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Abstract
A dual-chamber microbial fuel cell (MFC) was fabricated and optimized for electricity generation. Titanium wire, graphite 
rod, and carbon cloth supported on stainless steel mesh were the best current collector, anode, and cathode electrode materi-
als, respectively. To enhance the efficacy of the system, carbon-based materials in nano-scale (nanocarbonized materials) 
were prepared from pomegranate peel waste at different hydrothermal temperatures (300, 500, and 700 oC), and were used 
as anode coating material. The synthesized coating materials were characterized using EDX, FT-IR, Raman spectroscopy, 
XRD, TEM, fluorescence, UV, and XPS analyses. Data showed that nanocarbonized material prepared at 500 oC exhibited 
high surface area (682  m2/g), high pore size (122 nm), and indicated the presence of graphene oxide (GO) structure. The 
electrochemical behavior of MFC was monitored by cyclic voltammetry and impedance measurements. Results revealed 
that the anode coated with GO provided high MFC performance with a maximum voltage of around 1000 mV, and a maxi-
mum current of 0.1 mA, corresponding to a maximum power density of 12.46 W/m2, which is 2.85-fold higher than that of 
a cell with a free graphite plate as an anode. Furthermore, the large charge transfer resistance and the low diffusive resist-
ance observed upon coating the anode demonstrated the anode is functioning as a capacitor. The reported results proposed 
graphene oxide prepared from pomegranate peels as a novel coating anode material prepared from waste sustaining the idea 
of green curricular economy
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1 Introduction

Bio-electrochemical systems (BESs) are important tech-
niques that have gained a lot of interest for energy and 
wastewater treatment. BESs are bioreactors that use bacte-
ria as catalysts to generate electricity directly from organics 

in wastewater, thereby incorporating green technology [1]. 
Microbial fuel cell (MFC) is one of the BESs, acting as an 
eco-friendly bio-electrochemical technology with promis-
ing qualities for a sustainable and green future. There are 
numerous MFC types that can be categorized according to 
their design or mode of operation [2].

The concept of MFC operation involves an anode and 
a cathode which may or may not be separated by a semi 
permeable membrane. In order to metabolize the substrate 
(waste stream) and produce protons that will flow through 
a proton exchange membrane to the cathode chamber and 
give electrons to the cathode through an external wire, the 
bacteria are typically cultured at the anode in an anaerobic 
environment [3, 4]. Once they get to the cathode, the result-
ant electrons from the anode chamber will combine with 
oxygen, which will operate as an electron acceptor in the 
presence of protons, to form water as a byproduct [5]. As a 
result, MFC can be viewed as a sustainable water treatment 
method because it generates water as a byproduct.
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Microbial inoculums, the chemical substrate in the waste, 
the proton exchange membrane (PEM), and the electrode 
material are some of the variables that might determine how 
well MFCs operate. As it controls bacterial growth, the rate 
at which organic matter and pollutants are removed from 
the system, and the generation and transformation of elec-
trons into the cathode compartment, the anode is one of the 
important variables impacting the performance of MFCs and 
their potential for commercialization. The anode materials 
must have high conductivity, good biocompatibility, strong 
thermal and mechanical stability, high chemical stability, 
and a large surface area in order to meet high-performance 
requirements. Additionally, there are still many obstacles to 
overcome for the best design of anode materials to improve 
the performance of MFCs, including the inoculation of 
microorganisms onto electrode surfaces, the sustainability 
of microbes in the electrode environment, the electron trans-
fer rate for extended power generation, and the longevity of 
MFCs [6].

Different electrode materials have been developed to 
increase the rate of pollution removal and energy production 
efficiency. Although carbon-based nanomaterials such as 
glassy carbon, nanofiber, carbon felt, carbon cloth, nanorods, 
flexible sheets, and meshes were employed as anodes, their 
expensive costs prevented them from being used on larger 
scales [7]. As anodes, composite materials, metals, metal 
oxides, conductive polymer-based materials, and deriva-
tives of graphene were also employed. Making bio-based 
materials is essential in the modern world. Despite the fact 
that conventional materials are commonly used as anode 
materials in MFC applications, one common drawback is 
the addition of additional costs, and mediocre performance, 
and its preparation has certain environmental challenges [8]. 
The option of using a readily available, low-cost material is a 
really intriguing bonus in this situation. Anodes made from 
biomass waste such as sugar cane [9], coffee-based anode 
[10], onion peels [11], and coconut shell [12] are being con-
sidered an alternative to conventional electrode materials, 
because they are readily available, affordable, and capable 
of removing environmental contaminants brought on by the 
direct burning of waste biomass. These materials can also 
produce electricity and enhance the functionality of MFCs 
[13, 14].

The basic physical and chemical characteristics of car-
bon materials made from biomass, such as activated carbon, 
reduced graphene oxide, graphene oxide, and nanofibers, 
include heat resistance, high conductivity, and high thermal 
conductivity. Because of their high conductivity and high 
porosity in their structure, they were employed as an adsor-
bent to remove pollutants or in the fabrication of electrodes 
for MFCs. They are also cheap and renewable because they 
are created from waste biomass [15]. Consequently, one of 
the objectives of the present MFC technology research is 

to create more affordable, environmentally friendly, and 
electrochemically stable electrode anodes by coating regu-
lar graphite plate with carbon-based material in nano-scale 
(nanocarbonized material) extracted from pomegranate 
peels. Pomegranate peels contain bioactive chemicals that 
are abundant in oxygen groups, which promote the rapid 
growth of bacteria [16]. To the best of our knowledge, pome-
granate peels have never been used as biomass waste in the 
production of anodes for MFCs. Here, materials made from 
pomegranate peels that were then carbonized at nano-scale 
were created at hydrothermal temperatures of 300, 500, and 
700 °C while containing ferrocene as a catalyst. These mate-
rials will be employed as anode coating materials in the con-
structed double-chamber MFC to increase power production.

Utilizing EDX, FT-IR, Raman, XRD, TEM, fluorescence, 
UV, surface area, and XPS analyses, the synthesized nano-
carbonized materials were thoroughly characterized. With 
different current collectors and electrode materials used in 
the anode and cathode chambers, the operating parameters 
for the production of bioelectricity were optimized. Evalu-
ations have been performed of the MFC’s performance and 
electrochemical behavior using cyclic voltammetry and 
impedance. Additionally, pomegranate peel hydrolysate 
and untreated pomegranate peels were both used to test the 
constructed MFC's performance for comparison purposes.

2  Experimental work

2.1  Synthesis and characterization of pomegranate 
peels and nanocarbonized material prepared 
from pomegranate peels

The pomegranate fruits were purchased from the local fruit 
market, and the peels were manually removed. The collected 
peels were cleaned, dried at 60°C for 6 h, then crushed and 
ground for 5 min in a ball mill (FRITSH, pulverisette 7) 
to pass through sieves with a mesh size of 20. Energy dis-
persive X-ray analysis (EDX), thermal gravimetric analy-
sis (TGA), Fourier transform infrared analysis (FT-IR), 
Raman spectroscopy, and X-ray diffraction (XRD) were 
used to characterize the dried pomegranate peel powder 
that resulted. In accordance with the findings of the thermal 
gravimetric study of the powdered pomegranate peels, three 
distinct hydrothermal temperatures (300 °C, 500 °C, and 700 
°C) were chosen for the manufacture of the nanocarbonized 
material. One gram of the characterized powder was used 
as the precursor for the creation of nanocarbonized materi-
als (black in color) according to Asnawi et al. method [17], 
where the preparation was carried out at different hydro-
thermal temperatures of 300°C, 500°C, and 700°C using a 
muffle furnace [18, 19] in presence of 0.2 g ferrocene as a 
catalyst. Utilizing EDX, FT-IR, Raman spectroscopy, XRD, 
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TEM, fluorescence UV, surface area, and X-ray photospec-
troscopy (XPS) examination, the generated nanocarbonized 
material was also thoroughly characterized. Infrared spectra 
(KBr pellets, 3-mm thickness) were recorded on a Perkin-
Elmer Infrared Spectrophotometer (FTIR 1650). Electronic 
absorption spectra were recorded in the 200–600 nm region 
in UV-vis evolution 300 spectrophotometer equipped with 
quartz cells of 1.0-cm path length. Fluorescence measure-
ments were recorded on Parkin-Elmer LS-55 fluorescence 
spectrometer, using quartz cuvettes of 1.0-cm path, within 
the wavelength range 380–600 nm at room temperature 
(25±1°C). The surface morphology of prepared nanocar-
bonized materials was determined by using transmission 
electron microscopy (TEM) JICA (J 11-0254) model. Ther-
mal analysis was measured in the temperature range from 50 
to 800 °C in a stream of nitrogen atmosphere by a Linseis 
Sta Pt1000 thermal analyzer. The specific surface area was 
estimated by sears’ method [20] and the pore volume of the 
three nanocarbonized materials was determined from the 
nitrogen adsorption isotherms at 77 K using the Brunauer-
Emmett-Teller (BET) equation and the BELSORP-miniX 
(S/N: 149, Version 1.0.9.0) instrument. The total pore size 
was estimated to be the liquid volume of the adsorbate  (N2) 
at a relative pressure of 0.99. The surface area was estimated 
by agitating 1.5 g of the sample in 100 ml of diluted hydro-
chloric acid (0.1 N) at pH=3. Then add 30 g of sodium chlo-
ride while the suspension was stirring and then the volume 
of the solution was adapted to 150 mL by ionized water. This 
solution was titrated against sodium hydroxide (0.1 N) to 

raise pH from 4 to 9 and the volume is recorded. Summary 
of pomegranate peels and nanocarbonized material prepara-
tion and characterization is shown in Fig. 1.

2.2  Synthesis of pomegranate peel hydrolysate

The pomegranate peels were hydrolyzed by acid according 
to the reported method [21], whereas pomegranate peels 
were acid hydrolyzed using sulfuric acid (Aldrich) at a 1:10 
ratio at 100°C for 30 min before being filtered and neutral-
ized with NaOH.

2.3  Coating the anode electrode 
with the nanocarbonized material

After characterization of the prepared nanocarbonized mate-
rials, a certain amount (0.3 gm) was used for 10% coating. 
Coating was carried out according to the reported method 
[22]. It is based on using polyvinylidene difluoride (PVDF) 
dissolved in N-methyl 1,2 pyrrolidone (NMP) as a binder. 
The binder solution was prepared by dissolving 0.32 g of 
PVDF in 16 ml of NMP. To prepare a 10% coating, 0.03 g 
of the characterized nanocarbonized material was added to 
150 μl of the prepared binder solution, followed by sonica-
tion for 5 min. Before coating, the graphite plate (anode 
electrode) was cleaned with acetone, followed by drying at 
70 °C for 30 min. Finally, a brush was used to coat the anode 
with the prepared 10% coating of nanocarbonized material. 
MFC performance was also evaluated using either untreated 

Fig. 1  Preparation and characterization of nanocarbonized materials at different hydrothermal temperatures from pomegranate peels
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pomegranate peels and pomegranate peel hydrolysate as 
substrate to test the importance of coating anode of MFC 
with nanocarbonized materials extracted from pomegranate 
peels over using it as substrate with simple or without any 
treatment.

2.4  Construction of MFC bioreactor

The constructed dual chamber MFC bioreactor used in this 
study is shown in Fig. 2; the bioreactor is made of neoprene 
rubber sheets along with acrylic sheets. In all experiments, 
anode and cathode chambers are separated by a cation 
exchange membrane (CEM; NAFION 117). The anodic 
chamber contains organic matter that is metabolized by 
microorganisms for growth and energy production while 
generating protons and electrons. The anolyte was prepared 
using synthetic media [23] consisting of 1 g/L  CH3COONa, 
15 g/LNH4Cl, 50 g/L NaCl, 2 g/L  CaCl2, 1.5 g/L  MgSO4, 
10 g/L  NaHCO3, and 1 ml/L trace elements. The cathode 
chamber contains 100 mM potassium dichromate in 250 mM 
sulfuric acid as catholyte. It is worth mentioning that acidi-
fied potassium dichromate was used as electron acceptor 
instead of oxygen, which is cheaper and easier to handle, 
but previous studies reported that, using dissolved oxygen 
has been shown to be proportional to the concentration of 
the dissolved oxygen in the catholyte, which is limited in 
itself by the solubility of oxygen in water as well as by the 
extraneous energy requirement for the exogenous supply of 
oxygen [24, 25]. Accordingly, substituting oxygen with other 
electron acceptors such as potassium dichromate can provide 
relatively faster rates of reduction and a higher theoretical 
redox potential[24, 26]. The distance between the anode 
and cathode electrodes was approximately 4 cm. Anaero-
bic sludge used in this study was provided by Alexandria 
East Sewage Treatment Plant and was used to inoculate 120 
mL anolyte in the anode chamber of the MFC after activa-
tion and cultivation. The electrodes were connected by an 
external resistance (R) varying from 10000 to 10 Ω. All 

experiments were carried out at 37 ± 2°C. The MFC voltage 
and current were measured daily using a multimeter (model: 
CHY DT-9205A+).

2.5  Optimizing the operating conditions

The execution of a series of tests is provided below with the 
aim of optimizing the operating conditions for bioelectricity 
generation:

2.5.1  Current collectors

Different experimental trials were carried out using various 
current collectors to connect anode and cathode electrodes 
externally; for example, copper wire of 1-mm diameter con-
nected both electrodes; copper wire of 1-mm diameter was 
connected to the anode, while titanium wire of 1-mm diame-
ter was connected to the cathode; and finally, both electrodes 
were connected to titanium wire of 1-mm diameter.

2.5.2  Electrode material

Different anode and cathode electrodes were used where tita-
nium wire of 1-mm diameter served as the current collector 
in each trial, for example (both electrodes are carbon cloth 
supported on stainless steel mesh); graphite plate was the 
anode and carbon cloth supported on stainless steel mesh 
was the cathode and both electrodes are graphite plate.

2.6  Electrochemical characterization

The electrochemical characterization of the compact dual-
chamber MFCs was carried out after the system started up 
successfully and at a stable reaction condition (at steady 
state). Polarization is the common and best method to evalu-
ate MFC performance, but in this study, cyclic voltamme-
try (CV) using an Origa Flex Potentiostat (a modular and 
vertical multichannel made in Know-How and originally 

Fig. 2  Constructed dual cham-
ber microbial fuel cell
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manufactured in France) was utilized for the description 
of the electrochemical behavior. In cyclic voltammetry and 
electrochemical impedance spectroscopy, measurements 
were carried out for the anode, the cathode, and the MFC 
in a frequency range of 100 kHz to 0.01 mHz with an ac 
signal of 10-mV amplitude. Anode impedance spectra were 
recorded using the anode (graphite plate) as the working 
electrode (7 cm×1 cm×0.5 cm) and the cathode carbon 
cloth supported on stainless steel mesh as the counter elec-
trode (5 cm×5 cm). During these measurements, the Ag/
AgCl (Hanna instrument) reference electrode in the anode 
chamber was used as the reference electrode. When Execu-
tive Information Systems (EIS) electrochemical impedance 
spectroscopy measurements were performed for the MFC 
at several applied cell voltages, the anode was used as the 
working electrode and the cathode was used as the reference. 
Since the scan rate of the experiment controls how fast the 
applied potential is scanned, cyclic voltammetry was carried 
out at different scanning rates (10, 25, 50, and 100 mV/s) 
(based on the recommended scanning rate from zero to 100 
mV/s) [27, 28]. All measurements were carried out at atmos-
pheric pressure and room temperature with a frequency of 
0.01 Hz–100 MHz and a voltage of 0 to 1000 mV. For data 
acquisition, OrigaMaster 5 was used. Specific capacitance 
was calculated using the following Eq. (1)

where Cp is the specific capacitance in F/g. a is the area 
inside the CV curve having unit AV. m is the mass of active 
material. K is the scan rate of CV in volts per second and 
V2–V1 is the potential window of CV (total voltage range).

3  Results and discussion

3.1  Characterization of pomegranate peels 
and nanocarbonized materials

The pomegranate peels and the prepared nanocarbonized 
materials were fully characterized using EDX, FT-IR, 
Raman, XRD, TEM, fluorescence UV, surface area, and 
XPS analysis. The analysis of pomegranate peels and nano-
carbonized materials at different hydrothermal temperatures 
is given in Table 1.

The surface area of pomegranate peels and produced 
nanocarbonized materials at different temperatures was 
measured by rapid method (sears’ method) according to the 
following Eq. (2):

where V is sodium hydroxide volume required to raise the 
pH of the tested sample from 4 to 9. The obtained results 

(1)cp = a∕[2mk(v2 − v1)]

(2)S
(

m2∕g
)

= 32 V − 25

show that nanocarbonized material at 500°C showed much 
higher surface area (≈ 682 m 2 g −1) with respect to the other 
nanocarbonized materials with highest distribution of pore 
size (122 nm) and using of these two nanocarbonized materi-
als at 500 and 700 °C are promising as coating material for 
anodes in MFC as enhancement bacteria growth [29].

Table S1 shows the chemical composition of pomegran-
ate peels and nanocarbonized material prepared at 500°C; 
besides, Fig. S1 showed their EDX analysis. The obtained 
results suggested that a reduction reaction took place by 
hydrothermal process and ferrocene used only as a catalyst. 
Figure 3 A displays the thermogravimetry analysis (TGA) 
of pomegranate peels. As shown, the decomposition pro-
cess of pomegranate peels started at 150°C and the mate-
rial was reduced by increasing temperature, which may be 
due to the decomposition of organic components such as 
hemicellulose, and cellulose [30]. Therefore, the hydrother-
mal process of pomegranate peels will be processed at dif-
ferent temperatures 300°C, 500°C, and 700°C to prepare 
nanocarbonized materials. Chemical functional groups of 
pomegranate peels and different nanocarbonized materi-
als were identified by FTIR analysis. Figure 3 B shows the 
pomegranate peel spectrum, which confirmed the complex 
nature of the peels and proved the presence of a wide vari-
ety of compounds. The spectra showed a long bandwidth 
at 3403  cm−1 corresponding to the O–H stretching band, 
confirming the presence of phenolic acids. The C–H stretch-
ing band of the alkane group was detected at a bandwidth of 
2936  cm−1. The sharp mid-intense peak at 1729  cm−1 attrib-
uted to the carbonyl group C=O, indicating the presence of 
ketones, aldehydes, and carboxylic acids. The moderately 
sharp peak at 1624  cm−1 was assigned to unsaturated com-
pounds (alkenes). The  CH2 bending appeared at 1348  cm−1 
suggesting the presence of cellulose. However, the peak at 
1231  cm−1 was assigned to –CH3CO stretching, confirming 
the presence of ethers. The peak that appeared at 874  cm−1 
may correspond to –CCH and –COH bending [31]. Thus, 
pomegranate peels are rich in oxygenated surface groups. 
The FT-IR spectra of nanocarbonized materials prepared at 
different hydrothermal temperatures showed the low exist-
ence of some wave number bands (589, 874, 1056, 1231, and 
1348  cm−1) indicating a reaction between pomegranate peels 
and ferrocene. The formation of new bands at 2352–2359 
 cm−1 was assigned to C–O stretching; other bands appeared 
at 1542–1547  cm−1 and corresponded to the presence of 
the C=C group, indicating that the reduction process took 
place. The existence of the C–O group might be beneficial 
for the use of these nanocarbonized materials as electrodes 
to improve the growth of bacteria [30]. X-ray diffraction 
(XRD) of pomegranate peels and nanocarbonized materials 
is illustrated in Fig. 3C to investigate the crystal structure 
and phase information. The XRD pattern of the pomegran-
ate peels displayed a broad diffraction peak at 2Ɵ = 21.73°, 
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indicating the complex nature of the precursor material and 
the appearance of cellulose compounds. The broad peak was 
shifted to a higher diffraction angle, and the peak became 
sharper with increasing the temperature of the carboniza-
tion process. This was confirmed by the appearance of the 
diffraction line C (002) at 2Ɵ = 26°. The nanocarbonized 
material showed a broad peak around 2Ɵ = 41.73° which 
may be due to the overlapping of (100) and (101) planes 
(ICDD card no. 00-001-0640), which originated from the 
hybridization of  sp2 carbons, which is called turbostratic 
structure [32]. The spectrum of the hydrothermal process of 

the raw material (pomegranate peels) at 300°C displayed 2Ɵ 
at 17.82° indicating formation of fewer graphene oxide (GO) 
structures due to an uncompleted carbonization process. 
Moreover, by increasing the temperature than 300°C, the 2Ɵ 
= 17.82° disappeared, revealing chemical reduction, form-
ing a more regular multilayer graphene-like structure, which 
may be reduced graphene oxide (rGO) [33, 34]. Raman spec-
troscopy enables the observation of edges, doping, flaws, 
strain, disorder, and chemical alterations in any material. 
Furthermore, Raman spectroscopy is useful for confirming 
the presence of  sp2 phase. In Fig. 3D, there are two peaks for 

Fig. 3  Characterization of pomegranate peels and nanocarbonized materials prepared at different temperatures; A TG analysis of pomegranate 
peels, B FT-IR spectra, C XRD pattern, and D Raman spectra

Table 1  Analysis of 
pomegranate peels and 
nanocarbonized materials

Ash wt% Moisture wt% yield% Specific 
surface area 
 m2/g

Pore size, nm

Pomegranate peels powder 2.75 9.78 10.2
Nanocarbonized material at 300°C 50 23 27.006
Nanocarbonized material at 500°C 32 682.2 122.31
Nanocarbonized material at 700°C 27 570.2 24.613
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both the G and D bands at 1588  cm−1 and 1345  cm−1, respec-
tively, which are detected for the carbon surface. These 
peaks may indicate the presence of the graphitic crystalline 
structure, which originated from the stretching vibration of 
the sp3/sp2 orbitals of the carbon atom on both the hexago-
nal aromatic sheet and the lattice disordering [35].  ID/IG is 
an intensity ratio for the measurement of the zone edges of 
graphitic clusters as D/G ratio is related to  sp3/sp2 carbon 
ratio. A decrease in this ratio improves the ordered regions 
of the cluster sizes in a complete  sp2 network with fewer 
vacancies or disorder defects [36]. This ratio has the order 
nanocarbonized materials at 700 °C (0.88) > 500°C (0.57) 
> 300°C (0.54), which suggests an increase in the graphitic 
crystallinity  sp2 of carbon and a decrease in disordering with 
an increase in temperature [36, 37]. The spectra of nanocar-
bonized materials prepared at 300 and 500 °C displayed the 
presence of 2D at ≈ 2660.50  cm−1 revealing the absence of 
any defects and the formation of GO structure. However, 
this band disappeared with increasing the temperature of 
carbonization, conforming to the formation of rGO.

The surface morphology of nanocarbonized materials was 
examined by TEM micrograph, as shown in Fig. 4. Irregular 
shape and unorganized particle size were caused by crack-
ing of the structure of nanocarbonized material prepared at 
300°C due to its instability under a high-energy beam. In 
contrast, nanocarbonized material prepared at 500°C and 

700°C showed higher stability under a high-energy electron 
beam, which released a transparent reduced graphene oxide/
graphene nanofiber hybrid structure that may lead to the 
formation of rGO nanosheets with dimensions > 500 nm. 
HRTEM images in the bottom images show a high order 
of fringes with the value of d-spacing = 0.225 nm [35]. 
Also, the selected area electron diffraction shows the spots 
of planes (002) and (100) of the graphene oxide structure 
as shown in the sample prepared at 500 °C. This result is 
confirmed by Raman spectroscopy studies as an exciting 
2D band at 2660.50  cm−1 [38, 39]. Therefore, by linking the 
results of morphology, Raman spectroscopy, and structural 
properties (XRD), it is proved that there is a low existence 
or lack of oxygen functionality in the structure of graphene 
composition with increasing the temperature of the hydro-
thermal process.

In Fig. S2, the oxygen-containing functional groups, such 
as epoxy (C–O–C), carboxyl groups (COOH), and hydroxyl 
groups (COH), lead to the overlap of many fluorescence 
peaks resulting from its electronic energy transitions. Thus, 
increasing the hydrothermal temperature is accompanied by 
a decrease in the fluorescence intensity with a slightly blue 
shift in the band position, suggesting a zero-band gap and 
no fluorescence characteristics. These results are consistent 
with XRD analysis of rGO formation at elevated tempera-
tures [40]. The UV-visible spectra of the nanocarbonized 

Fig. 4  TEM images of nanocarbonized materials prepared at a 300 °C (left), b at 500 °C (middle), c at 700 °C (right)
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materials prepared at different temperatures are shown in 
Fig. S3. The spectra exhibited one band centered at 220–230 
nm attributed to π-π* transitions of aromatic C=C bonds, 
and a shoulder centered at 260–270 nm appear at a hydro-
thermal process of 500°C corresponding to n-π* transitions 
of CHO bonds of GO structure [41]. Figure 5 presents the 
XPS spectra of the nanocarbonized materials assembled by 
GO and rGO nanosheets. The  C1s peaks of nanosheet GO 
appear at 284, 286, 287, and 288 eV, which were assigned 
to C–C, C–OH, C=O, and O–C=O, respectively [42]. 
Increasing temperature led to an increasing C/O ratio where 
the reduction process occurs and rGO is formed; the C1s/
O1s ratios of GO and rGO were 1.2 and 1.6, respectively. 
This outcome supports the considerable GO reduction with 
increasing temperature. In the GO structure, the presence 
of the function groups enhances the conductivity of the 
nanosheets and makes them readily applicable as electrodes. 
Based on these results and data, the prepared GO as nanocar-
bonized material prepared at 500°C is selected to be used as 
the electrode coating material. The peak fitting of C1s core 
level of the XPS data of GO (Fig. S4a) shows two compo-
nents observed at 286.07 and 287.6 eV assigned to C–OH 
and/or C–O–C, and C=O, respectively. In the case of rGO 
(Fig. S4b), a marked reduction of the components associated 
with oxygenated functional groups occurred and an impor-
tant increase on C=C at 285 eV was observed, which agrees 
with other analysis results (Raman, fluorescence spectra).

3.2  Optimizing the operating conditions

3.2.1  External current collectors and electrodes

In the present research, all systems used were compact sys-
tems made of neoprene rubber sheets, and a cation exchange 
membrane was used to separate both chambers. Various 
trials were carried out to investigate the optimum operat-
ing conditions, including external current collectors and 

different anode and cathode electrodes, for the MFC’s per-
formance. Table S2 summarizes these experimental trails. 
Both voltage and current were monitored daily in all trails 
using a digital multimeter, and the results are shown in 
Fig. S5. It showed straight forward evidence of electric-
ity generation (voltage reading) in all the experimental 
trials. In the experimental trial (I), a low-voltage reading 
was observed, which was concomitant with the breakdown 
of the copper wire connected to the cathode, resulting in 
the disconnecting of the cathode and the cessation of the 
experiment. This failure of copper wire connected to the 
cathode could have been a consequence of using sulfuric 
acid, which led to copper dissolution [43, 44]. Due to the 
corrosion of copper wire in the cathodic chamber, titanium 
wire was used as a substitute to connect the cathode, and an 
experimental trial (II) was carried out. The data obtained 
from experimental trial II displayed an enhancement in the 
voltage reading; however, another cut of the copper wire 
in the anode chamber occurred later. Cutting copper wire 
can be attributed to a microbial effect since the inoculum 
is mixed sludge, and some microorganisms may affect 
the rigidity of the wire and eventually lead to temporar-
ily disconnecting the electrode. Microbial corrosion is a 
well-known phenomenon [14, 44]. To overcome the current 
disconnection, an experimental trial (III) was done, whereas 
titanium wires were used for current collection. In addition, 
carbon cloth supported on stainless steel mesh was used as 
electrodes on both poles. The obtained results were lower 
than those obtained in experimental trial II; additionally, 
corrosion of the stainless-steel mesh in the anodic chamber 
occurred [45, 46] (Fig. S6). No changes in titanium wires 
were observed, as titanium is known for its high resistance 
to corrosion, either microbial or chemical [46]. Based on 
the results of experimental trail (iii) (Fig. S6), the mixed 
sludge used in the present study is very sensitive to the 
presence of metals, and in fact, it can cause focal pitting. To 
overcome the drawbacks in experimental trial (iii), graphite 

Fig. 5  The XPS spectra of GO (left) and rGO (right)
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plate was used as an anode, and carbon cloth supported on 
stainless steel mesh was used as a cathode, with titanium 
wires as the current collector, representing experimental 
trial (iv). Results (Fig. S5) showed a more stable system 
without any interruptions, which was evidenced by a high 
voltage value without obvious fluctuations. In experimental 
trial (iv), the highest voltage reached 800 mV when the 
lowest resistance of 10 Ω was applied and after 20 days 
(about 3 weeks) of running the experiment. Accordingly, 
the configuration of using a compact system made of neo-
prene rubber with graphite plate as anode and carbon cloth 
supported on stainless steel mesh as cathode with titanium 
wires as current collector was evidently the best system that 
could be adapted for further experiments.

3.3  MFC performance with coated anode electrode

Based on the characterization of the prepared nanocarbon-
ized materials, the graphite plate anode is coated with nano-
carbonized material prepared at 500 °C (GO) and 700 ° C 
(rGO). Table 2 lists the configuration of MFCs with coated 
and uncoated anodes.

Voltage was monitored daily for 15 days (about 2 weeks) 
of operation in all cells to estimate electricity generation; the 

results are given in Fig. 6. Concerning cell potential, using 
a cell with a graphite plate coated with GO as an anode pro-
vides the highest voltage output (≈ 1000 mV), while the other 
two setup cells gave lower potential. This result confirms the 
higher electrogenic activity of the electrode and reaction rate 
in the anode chamber due to the highest surface area and high 
distribution of pore size. Interestingly, when rGO was used 
for coating, almost the same potential pattern was obtained as 
that GO-coated material but at a lower value. This indicated 
that carbonization temperature can affect the performance of 
coating materials and their electrical conductivity. This obser-
vation confirms the importance of our prepared nanocarbon-
ized material for MFC performance. As confirmed by XPS 
data, the presence of function groups on the material surface 
improves bacteria growth on the electrode surface.

3.4  Electrochemical behavior of MFCs

3.4.1  Cyclic voltammetry

In this work, cyclic voltammetry was carried out at different 
scanning rates of 10, 25, 50, and 100 mV/s. The resulted 
cyclic voltammograms are presented in Figs. S7-8. From 
the voltammograms, we can conclude that high current is 

Table 2  Microbial fuel cells with different anode electrode materials

Cell Non-coated MFC cell Coated MFC cell with reduced graphene 
oxide carbonized at 700 °C

Coated MFC cell with graphene oxide 
carbonized at 500 °C

Anode Graphite plates (7×1×0.5 cm) Graphite plates (7×1×0.5cm) coated by 
rGO

Graphite plates (7×1×0.5cm) coated 
by GO

Cathode Carbon cloth supported on stainless steel mesh (5 cm × 5cm)
Current collector Titanium wire (1mm diameter)
Anolyte Synthetic solution containing (per liter): 1 g acetate;  NH4Cl, 0.15 g; NaCl,0.5 g;  MgSO4, 0.015 g;  CaCl2, 0.02 g;  NaHCO3, 

0.5 g; and trace element, 1 ml.
Catholyte 100 mM potassium dichromate dissolved in 250 mM sulfuric acid

Fig. 6  Cell voltage generation 
during the operating period for 
noncoated and coated MFC
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observed at faster scanning rates and a higher potential win-
dow of 100 mV/s compared to lower ones. The obtained 
results agree well with those reported in the literature [27], 
whereas faster scan rates lead to increased electron transfer, 
resulting in higher currents. The continuing increase of the 
peak currents with successive potential scans indicated the 
conductive anode surface area. At a lower scanning rate of 
10 mV/s, a reduction peak is observed, indicating the reduc-
tion of dichromate at the cathode. The upper half of the 
curve indicated the oxidation potential, producing electrons 
that cause the generation of electric current, while the lower 
half depicted the reduction potential, consuming electrons 
and thus moving back to the initial voltage. This reduction 
peak is observed at lower scanning rates (10 mV/s and 25 
mV/s) and eliminated at higher scanning rates, suggesting 
complete reduction of dichromate with a potential of 0.6–0.7 
V and reaching steady state. This effect is known as the 
faradic effect; this effect does not appear on other MFC. 
The cyclic voltammograms of the MFCs have many differ-
ences that may be due to using various electrode materials, 
applying different sweep potentials, organic substrates, and 
the conductivity of the anode liquor applied in this work.

3.4.2  Electrical impedance spectroscopy

Electrical impedance spectroscopy (EIS) is a useful tool for 
figuring out the electrochemical characteristics of an MFC’s 
anode and cathode. The internal resistance (Rs) of MFC 
is divided into several types: charge transfer resistance is 
related to high frequencies and represented by the diam-
eter of the semicircle in the Nyquist plot, and the straight 
line at low frequencies represents the diffusive resistance 
of the electrolyte in the electrode that hinders the transfer 
of charges from solution to electrode [47]. The lower val-
ues of Rs may improve the total conductivity through the 
whole MFC cell and could also be considered a reflection 
of the high rate of electron transfer between the anode and 
the cathode. Figure 7 A shows the electrical impedance of 
MFCs, recorded in the frequency range of 0.01 Hz–100 kHz. 
The noncoated MFC has a high diffusive resistance value 
that is exhibited at low frequencies, representing slow bio-
electrochemical substrate oxidation-reduction processes, 
in contrast to the MFC with an anode coating with GO, 
which showed lower diffusive resistance, indicating higher 
oxidation-reduction processes. These results agreed well 

Fig. 7  Electrochemical imped-
ance spectroscopy of A coated 
and noncoated MFC and B 
different MFC setups (in the 
presence of pomegranate peels, 
hydrolyzed pomegranate peels, 
and anodes coatedwith GO)
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with cyclic voltammetry data and Nyquist diameter (charge 
transfer resistance) = 27; thus, this anode in an MFC cell 
can act as a capacitor (specific capacitance = 0.835 F/g). 
This charge transfer resistance was measured under different 
external resistances in the range of 10 to 1000.

3.5  Comparison between MFC performance 
of pomegranate peels, hydrolysate 
pomegranate peels, and coated anode 
electrode with GO

The purpose of estimating the advantages of coating the anode 
with the prepared nanocarbonized material GO rather than 
using pomegranate peels directly or using pomegranate peel 
hydrolysate as carbon sources on MFC performance and cell 
potential along with electrical current monitoring for 15 days 
(about 2 weeks) is applied and represented in Fig. 8a–b for all 
MFCs used. The observed results indicated that the highest 
electric potential is produced from cells with an anode coated 
with GO compared to the other cells. The electricity potential 
value was gradually increased from day 1 to day 11 for this 
cell; however, lower patterns were observed for other cells due 
to the high surface area of the coated anode and the presence 

of micropores in the coated GO that improve the extracellu-
lar electron transfer process. These fluctuations in electrical 
potential generated may be influenced by the condition and 
community development of the microorganisms in the MFC 
reactor. Moreover, these observations can be closely related 
to the substrates used, whether they are easy or difficult to 
degrade, and differ in the growth capability of microorgan-
isms MFC [48]. This study used electrochemical impedance 
spectroscopy to assess the internal resistance of various MFCs 
over the frequency range of 0.01 Hz to 100 kHz. The results 
are depicted in Fig. 7B. It is clearly seen that the coated elec-
trode with GO showed lower diffusive resistance, indicating 
higher oxidation reduction processes in MFC, which was con-
firmed by cyclic voltammetry measurements. In addition, the 
large Nyquist diameter of 27 Ω as compared to other cells of 
4 Ω confirms that the charge resistance of this cell can act as 
a capacitor. In addition, the starting points of the curves were 
remarkably similar, indicating similar Rs values for all MFCs.

Table  3 summarizes comparisons between different 
microbial fuel cells used in this study concerning electricity 
generation. The resulted data showed that cells with a graph-
ite plate coated with GO in the presence of acetate substrate 
gave the highest power density of 12.46 W/m2 after 15 days 

Fig. 8  a Cell voltage moni-
toring. b Electrical response 
of different MFC setups (in 
presence of pomegranate peels, 
hydrolysate pomegranate peels 
and anode coated by nanocar-
bonized material)
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(about 2 weeks) of incubation, while cells with a free graph-
ite plate with pomegranate peel hydrolysate gave the lowest 
value of 0.035 W/m2. The higher value of power density in 
the presence of GO as coating anode material is due to the 
larger pores of the anode which encourage extracellular elec-
tron transfer. Lower values of power density in the presence 
of hydrolysate may be due to the presence of some phenolic 
compounds and/or other components in hydrolysate that 
could inhibit microbial growth in the anode chamber and 
reduce microbial fuel cell performance. The obtained results 
agree with previous reports about microbial hydrolysis of 
lignocellulosic biomass [49, 50] and antimicrobial activity 
of pomegranate peel extract [51]. When pomegranate peels 
were used directly as substrate for anaerobic digestion in an 
anode chamber, the resultant power density was lower than 
that obtained using acetate as substrate because pomegran-
ate peels are a complicated compound with an exceedingly 
high carbon to nitrogen ratio, and for anaerobic degradation, 
we must adjust the carbon to nitrogen ratio, which is one 
of the main factors affecting anaerobic microbial growth. 
Accordingly, direct use of pomegranate peels as substrate is 
not good for this process unless we add other chemicals that 
will adjust the carbon-to-nitrogen ratio. This finding agrees 
with previous reports [50, 52, 53]. We can conclude that 
using graphite plates coated with GO as anodes gave the best 
performance for our constructed microbial fuel cell system 
in the presence of acetate as substrate.

4  Conclusion

A dual-chamber MFC was fabricated with optimized oper-
ating conditions for electricity generation. Nanocarbonized 
materials were prepared from pomegranate peels at different 
temperatures (300, 500, and 700°C) in the presence of ferro-
cene to be tested as a coating anode material to enhance the 
performance of the fabricated MFC. The nano-sized mate-
rials were fully characterized, and electrochemical charac-
terization of the MFC was performed. Results revealed that 
the anode coated with nanocarbonized material prepared at 
500 °C illustrated the best MFC performance, yielding high 
power density, low diffusive resistance by improving the 

extracellular electron transfer process, and charge transfer 
resistance, demonstrating the anode as a capacitor. Lowering 
the cost of MFC anode materials by using high-performance 
biomass waste is crucial for our future use of MFCs in real-
world applications. These encouraging results make the 
green nano-graphene oxide (green nano-carbonized mate-
rial) made from pomegranate peels appropriate for use as an 
appealing covering anode on MFC in a variety of applica-
tions, particularly for water and wastewater treatment.
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