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Abstract: In a plant microbial fuel cell (P-MFC), the plant provides the fuel in the form of
exudates secreted by the roots, which are oxidised by electroactive bacteria. The immature
plant is hampered by low energy yields. Several factors may explain this situation, includ-
ing the low open-circuit voltage of the plant cell. This is a function of the development of
the biofilm formed by the electroactive bacteria on the surface of the anode, in relation to
the availability of the exudates produced by the roots. In order to exploit the fertilising
role of biochars, a plant cell was developed from C. citratus and grown in a medium to
which 5% by mass of coconut shell biochar had been added. Its effect was studied as
well as the distance between the electrodes. The potential of Cymbopogon citratus was
also evaluated. Three samples without biochar, with inter-electrode distances of 2, 5 and
7 cm, respectively, identified as SCS2, SCS5 and SCS7, and three with the addition of 5 %
biochar, with the same inter-electrode distance values, identified as S2, S5 and S7, were
prepared. Open-circuit voltage (OCV) measurements were taken at 6 a.m., 1 p.m. and
8 p.m. The results showed that all the samples had high open-circuit voltage values at
1 p.m. Samples containing 5% biochar had open-circuit voltages increased by 16 %, 8.94%
and 5.78%, respectively, for inter-electrode distances of 2, 5 and 7 cm compared with those
containing no biochar. Furthermore, the highest open-circuit voltage values were obtained
for all samples with C. citratus at an inter-electrode distance of 5 cm. The maximum power
output of the PMFC with C. citratus in this study was 75.8 mW/m2, which is much higher
than the power output of PMFCs in recent studies.

Keywords: plant microbial fuel cell; photosynthesis; exudate; biochar; open-circuit voltage;
interelectrode distance

1. Introduction
As the world’s population grows and becomes more affluent, so does the demand

for energy [1,2]. Fossil fuels are unevenly distributed around the world, are becoming
scarce, and are increasingly difficult to extract [3,4]. Other sustainable alternative energy
sources (wind, geothermal, photovoltaic, hydroelectric) are geographically dependent and
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deform the landscape [3]. The conversion of solar energy by plants into chemical and then
electrical energy is a promising and environmentally friendly biotechnology, thanks to
the rhizodeposition process that produces exudates (sugars, organic acids, etc.), secretions
(polymeric carbohydrates, enzymes), lysates (dead cell material) and gases (ethylene,
CO2) [5,6] by the process of rhizodeposition [5]. The plant microbial fuel cell stores solar
energy as chemical energy and converts it into electricity by degrading the organic matter
released in the rhizosphere by electroactive bacteria [7–9]. Photosynthesis is the process by
which a plant uses light energy to convert carbon dioxide and water into chemical energy
that can be used for plant growth. The production of bioelectricity from living plants is a
new and exiting concept in the field of microbial fuel cells (MFC) known as plant microbial
fuel cells (PMFCs) [7]. In addition, the use of plants in PMFCs reduces CO2 emissions by
converting them into biomass through photosynthesis. This process is one of the methods
used to produce alternative energy without releasing compounds that are harmful to the
environment. The PMFC concept was first proposed by Strik et al. (2008), who used a
two-chamber MFC where the roots of a plant are coupled in the anode chamber to use the
carbohydrate reserves of the rhizome as a substrate for microorganisms. They designed a
PMFC with a Glyceria maxima plant using graphite felt as electrodes and a precautionary
exchange membrane. The maximum voltage they achieved was 256 mW with a power of
67 mW/m2, showing the potential of the PMFC as a starting point for future researchers.
During PMFC operation, anodes are inserted into the rhizosphere. Recent studies have
attempted several strategies to improve the electricity production of PMFC, such as the
use of different plant species [10], growth medium [10] cell configurations, inter-electrode
distance and electrode materials. The rhizosphere provides a favourable environment for
the proliferation of bacteria, which is beneficial for plant growth [11]. Several root exudates
and microbial metabolites have been reported to mediate electricity transfer. Plant type is
one of the factors influencing PMFC, as the amount of electricity produced by each plant
is different. Certain types of microorganisms are only found in certain plant roots or in
certain environments. In general, the types of plant commonly used in PMFC to produce
more electricity are those that live in water because of their electrolytic capacity. PMFC
technology has the potential to become an alternative source of bioenergy in the future,
which is green, clean, renewable, sustainable and much cheaper than any other form of
bioenergy [12]. Despite its advantages, the PMFC system is limited by its low bioelectricity
production capacity and relatively low cost. Helder and Marjolein have developed a new
plant-growth medium: Hoagland medium with added phosphate buffer [13]. In their study,
the influence of the Hoagland solution on electro-active bacteria was not studied. Wilgince
Appolon et al. used cattle urine to increase plant growth and electricity production [14].
The use of bovine urine for electricity generation would be problematic once the system
is scaled up. P. Chiranjeevi et al. varied the distance between the anode and the root
in the rhizosphere from 0, 2 cm, 4 cm, 8 cm and 16 cm [15]. Kazuka Takanezawa et al.
conducted a study that varied the depth of the anode by 5 cm and 2 cm. They experienced
solid performance at a depth of 5 cm; at a depth of 2 cm the anode is not sufficiently
anaerobic [16].

The aim of this study was to evaluate the influence of coconut shell biochar and the
optimal anode-to-cathode distance on voltage generation in the C. citratus-based PMFC.
The analysis includes open-circuit voltage measurements, which take into account electro-
chemical reactions at the electrodes and voltage and current measurement with a 1000 Ω
load. C. citratus was used as the fuel source. It has never been used before in P-MFC
technologies. This is the first time that this species has been used to generate electricity
using PMFC. C. citratus is an important plant because of its advantages. The long-term
power production of C. citratus was investigated as a function of the inter-electrode distance



Electrochem 2025, 6, 9 3 of 13

and the addition of coconut shell biochar. In addition, power ratings were calculated to
determine the potential power generated by the C. citratus plant compared to other plants
used in the PMFC microbial fuel cell.

2. Materials and Methods
2.1. Materials

Cymbopogon citratus (a member of the grass family Poaceae), known worldwide as
citronella, was used in this study. Its characteristic lemon scent is derived from the prefix
‘lemon’, which is mainly due to the presence of a cyclic monoterpene called ‘citral’ [17]. It
is a fast-growing, bushy, aromatic perennial herb that can reach a height of at least 1 metre,
with numerous stems with stiff leaves arising from short rhizomatous roots. Its green, linear
leaf blades are tapered at both ends, characteristic of grasses. It is a C4 monocot (plants
with a high photosynthetic rate) [18]. Although very well adapted to temperate climates,
C. citratus can grow in a wide range of environmental conditions. It is an economically
important plant with a reasonable life span of about five years. It is widely used in
Ayurvedic medicine. It is believed to have a variety of pharmacological activities, including
anti-amoebic, antibacterial, antidiarrhoeal, antifilarial, antifungal and anti-inflammatory
properties [17]. Its biomass is used to produce essential oils of commercial value and in food
technology and traditional medicine. The characteristics of this plant listed above favoured
its selection and use in our experiments. The graphite rod of the Leclanché battery was used
as an anode. This rod can conduct electricity to collect the electrons released by the exo-
electrogenic bacteria [19]. The same type of material is used for the cathode. These graphite
electrodes are extracted from the UM1.R20 SIZE D batteries manufactured by Sunwatt
(Hangzhou, China). The characteristics of the stem can be found at http: www.sunwatt.com.
Power is better when the same type of material is used for the electrodes [20]. In our
experiment, oxygen was used as the electron acceptor. Part of the cathode was in contact
with the ambient air to make use of atmospheric oxygen [21]. The cathode exposed to
air generated an exceptional power density due to the abundant availability of oxygen
and its high reducing power. Current production depends directly on the availability
of pure oxygen on the cathode, which could be produced by the photosynthetic biofilm;
atmospheric oxygen could also be used. Copper wire was used as an electron collector. The
wires were then connected to the metal component of the graphite electrode, utilising a
pair of bending pliers.

2.2. Methodology

The setup for PMFC entailed six prepared pots in all cases. All the pots were identical
in volume and geometry. The pots used were crafted from clay, a material that possesses
the capacity to retain water and maintain an optimal level of moisture, thereby facilitating
effective cation (proton) migration. In the event of excess water, the pots possess inherent
porosity that enables the water to be expelled, thereby ensuring that the plants, which are
not of an aquatic nature, are able to thrive. Each pot had a volume of 2.5 L. Each pot had an
upper diameter of 18 cm, a lower diameter of 10 cm and a height of 12 cm. Pots S2, S5 and
S7 represent pots without biochar with an inter-electrode distance of 2 cm, 5 cm and 7 cm,
respectively. Pots SCS2, SCS5 and SCS7 represent pots with biochar with inter-electrode
distances of 2 cm, 5 cm and 7 cm, respectively. Poultry manure was utilised for its elevated
nitrogen content, which is a pivotal element for plant growth. The manure was amassed
from CERSA (Regional Centre of Excellence for Poultry Science) at the University of Lome
in Togo. Table 1 summarises the composition of each pot and Figure 1 shows a diagram of
the experimental set-up.

www.sunwatt.com
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Table 1. Showing the different pots and their compositions.

Pots

S2 S5 S7 SCS2 SCS5 SCS7
Soil (g) 2037 2037 2037 1932 1932 1932

Manure (g) 63 63 63 63 63 63
Coconut shell biochar
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The soil used was collected in the vicinity of Solar Energy Laboratory and the samples
were sieved using a 1.5 mm sieve. The mass of soil for each soil was weighed using an
analytical balance. Before placing the anodes, each pot was filled to a height of 2 cm. The
anodes were placed horizontally in the soil close to the rhizosphere/root zone of the plant,
i.e., covered by the fibrous roots. Since the depth of an anode in the soil greatly affects
electricity production, the anode was placed 2 cm from the bottom of the pot as shown in
Figure 1. The length of all the plants was 30 cm. The mass of C. citratus stems in each pot
was 50 g. The cathodes were half-sunk into the pots using a hand-held drill to leave part of
the cathodes open to the air. The cathode was pressed in halfway so that its surface area
reactive with air was smaller than the surface area of the anode, to avoid a concentration
overvoltage that limits the life of the technology. These electrodes (0.7 cm diameter; 5.7 cm
height) were used as anodes and cathodes for the first time in PMFC research and the circuit
was completed using an external 1000 ohm resistor. Three replicates were used in this
experiment. The performance of the PMFCs was evaluated for 18 days (June 2022) at room
temperature. The experimental setup was exposed to direct sunlight and supplied with tap
water twice a day (6 a.m.; 5 p.m.). The amount of water for each pot was 0.33 L. The water
supply was gradually increased three to four times each day as the plants grew. The OCV
(open-circuit voltage) and the on-load voltage (U: measured at 1000 ohm) were measured
using an AstroAl multimeter https://www.amazon.com.be/AstroAI-Multim%C3%A8tre-
%C3%89lectrique-Automatique-R%C3%A9sistance/dp/B0842HTN8C (accessed on 3 Jan-
uary 2024). Plant growth is evidenced by the increase in voltage over time. Electrochemical
reactions and electron flow were assessed by measuring open-circuit voltage and on-load
voltage. All the PMFCs were placed in the laboratory under natural light and humidity
conditions. Measurements were taken at (6 a.m., 1 p.m. and 8 p.m.). The power density (P)

https://www.amazon.com.be/AstroAI-Multim%C3%A8tre-%C3%89lectrique-Automatique-R%C3%A9sistance/dp/B0842HTN8C
https://www.amazon.com.be/AstroAI-Multim%C3%A8tre-%C3%89lectrique-Automatique-R%C3%A9sistance/dp/B0842HTN8C
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in mW/m2 was calculated by correlating the overall voltage generated, the current and the
electrode area (A) according to the equation:

P =
VI
A

where
P is the power in mW/m2

V is the voltage in V
A is surface in m2

I is current in mA
For power normalisation, we used a surface power density instead of the volumetric

power density or the planted surface area. In fact, out of 102 publications consulted, 81
used a surface power density and 21 used a volumetric power density, with the anode
surface area being the most important. 58 studies out of 102 used the anode surface area, as
in the case of our study. The anode surface area was calculated by taking into account the
lateral surface area of the electrode used, which has a cylindrical shape.

3. Results and Discussion
This section is divided into subheadings. It should provide a concise and accurate de-

scription of the experimental results, their interpretation and the experimental conclusions
that can be drawn.

3.1. Effect of Photosynthesis on Bioelectricity Production

The electroactive microorganisms growing at the anode oxidise the organic carbon
(present in root exudates) and release electrons that can be harvested in the form of elec-
tricity. The potential developed between two unconnected electrodes (anode and cathode)
of the system was measured as the OCV. The conversion of solar energy by plants into
chemical and then electrical energy represents a promising and environmentally friendly
biotechnology, thanks to the form of exudates (sugars, organic acids, etc.), secretions (poly-
meric carbohydrates, enzymes), lysates (dead cell material) and gases (ethylene, CO2) [4]
through the rhizodeposition process [5]. These substances include low molecular weight
compounds (organic acids, monosaccharides, etc.) which are degraded by microorganisms,
whereas high molecular weight compounds, dead cells and root litter, are degraded over
a relatively long period of time. In the anodic chamber, microorganisms, acting as cata-
lysts for the oxidation process, convert organic substances (e.g., glucose) according to the
following reaction:

C6H12O6 + 6H2O → 6CO2 + 24H+ + 24e−

The released electrons pass through the anode into the external circuit and move
towards the cathode, while the hydrogen ions pass through the ion-selective membrane (in
this case the sol) and enter the cathode space. In the cathode chamber with the participation
of incoming electrons and hydrogen ions, the reduction of molecular oxygen in the air and
the formation of water molecules can take place under aerobic conditions [15]:

O2 + 4e− + 4H+ → 2H2O
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Under anaerobic conditions, it is possible to reduce hydrogen ions to diatomic H2

gas during the cathodic reaction, discharging hydrogen ions at the cathode and adsorbing
hydrogen atoms at the electrode:

H+ + e− → H

The bioelectrogenic activity in terms of the OCV was evaluated after the integration
of all the electrodes in the system. Measurements were taken at 6 a.m. (sunrise), 1 p.m.
(sun at its zenith) and at 8 p.m. (night). The PMFC operation showed an effective response
to direct sunlight (Figure 2). Oxillation of the OCV voltage was obtained. This oxillation
could depend on solar radiation (Figure 2). An increase in electrochemical activity was
observed, especially at 1 p.m.
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Table 1 shows that the maximum value for each electrochemical parameter was ob-
tained at 1 p.m. for each pot. These graphs show that photosynthetic activity has a direct
influence on compound (substrate) synthesis. The maximum OCV for each pot was ob-
tained at 1 p.m. (Figure 2) due to high photosynthetic activity. In fact, by capturing the sun’s
rays, the CO2 is fixed by the leaves and green stems in the form of carbohydrates, around
70% of which migrate to the roots, which release 60% of the 70% into the rhizosphere [22].
The maximum OCVs recorded at 1 p.m. were as follows SCS2 (742 mV), SCS5 (950 mV),
SCS7 (804 mV), S2 (638 mV), S5 (872 mV) and S7 (760 mV). The photosynthesis process
allows the synthesis of a large number of exudates or compounds in the rhizosphere [23].
These observations have shown that photosynthetic activity directly influences energy
production through the rhizodeposition phenomenon. Moqsud et al. [24] reported that
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the paddy cell, in which plant photosynthesis is combined with microbial conversion of
organic matter into energy, proved that solar radiation affects the paddy system. It was
noted that voltage generation was high when solar radiation was high. In the following
subheadings, we will consider the 1 p.m. measurements for all samples.

3.2. Effect of Inter-Electrode Distance by Electrochemical Response

The distance between the electrodes (anode and cathode) varied from 2 cm to 7 cm.
The current density and voltage values observed for each distance applied are shown in
Table 2 One of the determining factors for good performance of PMFCs with the tubular
design is the inter-electrode distance. To get an idea of the distance between the anode and
cathode in the Cymbopogon citratus-based PMFC and to determine it for the rest of our
work, we prepared samples with inter-electrode distance values of 2 cm, 5 cm and 7 cm.
Figures 3 and 4 show the evolution of the open-circuit voltage of the cells realised.

Table 2. Showing maximum values for electrochemical parameters as a function of time.

Icc max (mA) Vocv max (V) I1000 max (mA) V1000 max (V)

Pots 6 a.m. 1 p.m. 8 p.m. 6 a.m. 1 p.m. 8 p.m. 6 a.m. 1 p.m. 8 p.m. 6 a.m. 1 p.m. 8 p.m.

SCS2 264.24 412.88 388.10 0.610 0.742 0.569 140.37 165.15 165.15 0.200 0.224 0.184

S2 346.82 388.10 363.33 0.510 0.638 0.502 140.37 132.12 123.86 0.188 0.170 0.186

SCS5 355.07 396.36 355.07 0.911 0.968 0.761 181.66 280.76 165.15 0.260 0.270 0.220

S5 231.21 338.56 371.59 0.738 0.872 0.850 140.37 198.18 115.60 0.236 0.240 0.230

SCS7 189.92 330.30 289.01 0.835 0.874 0.712 156.89 198.18 148.48 0.180 0.248 0.170

S7 173.41 297.27 231.21 0.720 0.760 0.637 107.34 181.66 123.86 0.160 0.207 0.152
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Figure 3. Evolution of the OCV voltage of pots with biochar as a function of the inter-electrode
distance.

Latency times were almost 5 days for all PMFCs. Between day 1 and day 2, there was
a slight increase (Figures 3 and 4). This is due to the degradation of the substrate present in
the soil by the bacteria without any input from the plant. This phenomenon corresponds to
the formation of the biofilm. Measurements on days 4 and 5 were virtually constant. This
finding would indicate that the plant provides a continuous supply of organic matter to
the soil throughout its life [25]. These fluctuations are thought to be due to the complex
nature of the substrate synthesised by the plant, electrochemical reactions, the interaction
between the soil and the batteries, the nature of the plant and the microorganisms, etc. In
fact, the plant’s roots release into the rhizosphere root exudates (sugars, organic acids, etc.),
polymeric secretions rich in carbohydrates and enzymes, lysates (dead cell material) and
gases (ethylene and carbon dioxide) [26].
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Observation of Figures 3 and 4 shows that the optimum distance is 5 cm. It can be seen
that the SCS2 pot has a maximum OCV: SCS2 (742 mV), lower than that of SCS5 and SCS7
which are, respectively, SCS5 (950 mV), [SCS7 (804 mV) (Figure 3). The same observation is
made in Figure 4, where sample S2 has a lower OCV: S2 (638 mV) than S5 (872 mV) and
S7 (760 mV). This result, obtained for an inter-electrode distance of 2 cm, is thought to be
due to a phenomenon known as oxygen crossover, in which oxygen is introduced into the
anode instead of being concentrated in the cathode, thereby reducing its performance. This
phenomenon also occurred in the work of Kristopher Ray et al. [27]. A shorter distance
between the electrodes favours diffusion of oxygen through the anode because the anode is
not completely in an anaerobic environment, as pointed out by Takanezawa in 2010 [16].
Our analysis shows that the SCS5 sample has a higher OCV: SCS5 (950 mV) than SCS2
(742 mV) and SCS7 (804 mV) (Figure 3). The same applies to Figure 3 where S5 has a higher
OCV: S5 (872 mV) than S2 (638 mV)] and S7 (760 mV). This high value obtained for a
distance of 5 cm between the electrodes would obviously be due to a thicker layer of soil (a
layer compared with that of a distance of 2 cm) which limits the diffusion of oxygen at the
surface of the anode on the one hand. On the other hand, internal resistance increases with
the thickness of the soil layer. The distance of 5 cm therefore represents an optimum for
better performance of plant microbial fuel cells based on Cymbopogon citratus. Finally, in
Figures 3 and 4, we see that the OCV voltages of SCS7 and S7 are higher than those of SCS2
and S2, respectively. The 7 cm distance maintains a much thicker soil layer than the 2 cm
distance. The 7 cm distance makes the anode zone completely anaerobic, which favours
higher microbial activity, but when the PMFC has a long distance, the protons generated at
the anode (base of the PMFC reactor) have to travel a longer distance to reach the cathode
surface [28]. To reach the cathode, the protons have to face an obstacle in the form of a
gravitational force that hinders the process of moving the anode part. Consequently, in the
PMFC with a large distance, there is a greater possibility that the inability of the proton
to reach the cathode will undergo a reduction process with oxygen. This results in a high
internal resistance. As a result, oxygen diffusion through the anode would have a more
pronounced effect than internal resistance. Table 2 also shows that the maximum values for
all the electrochemical parameters were measured for pots with an inter-electrode distance
of 5 cm. These results are in agreement with those of Takanezawa and Deng et al. (2010) [10]
where a distance of 5 cm was found for rice plants for electricity generation from plants
when he worked in the rice field. Our results disagree with those of Gregory Bataillon
(2021) [29] for whom a distance of less than 7.5 disadvantages the technology because of
oxygen diffusion. Secondly, the results obtained complement those of Kamaran Raman
(2012) and M. Ghangrekar and V.B. Shinde (2006). In their study, M. Ghangrekar and V.B.
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Shinde [1] varied the distance between 20 cm, 24 cm and 28 cm. They concluded that
battery performance increased as the distance between the electrodes decreased.

3.3. Electrogenic Activity of PMFCs by Electrochemical Response as a Function of Biochar

To compare the voltage and power obtained from PMFCs with or without biochar, we
considered PMFCs that differed only by the presence of biochar. Figures 5–7 illustrate the
variation of the open-circuit voltage for PMFC with biochar and without biochar. Even
if the open-circuit voltage does not measure the flow of the electric current produced by
the plant, nevertheless it measures the activity of the anodic and cathodic reagents on the
surface of the electrodes. All the pots present the same appearance for the open-circuit
voltage. The curves initially present a low voltage value. This low voltage value is linked to
the accommodation of the plant to the new environment [30]. This low value could be due
to the process of the formation of the electroactive biofilm at the anode and the production
of the enzymes necessary for the transfer of electrons [31]. These results indicate that living
compost and soil as a matrix substrate already contain exo-electrogenic microorganisms and
that the addition of biochar would have made for a competitive situation on the electrode
surface. This is because the plant has not yet begun to release root exudates, which are
responsible for initiating metabolic activity. From the fourth day onwards, the plant begins
to release rhizopods into the rhizosphere, where the continuous availability of substrate is
possible for the production of sustainable electricity. Pots SCS2, SCS5 and SCS7 showed
higher values of open-circuit voltage than pots S2, S5 and S7, respectively (Figures 5–7).
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For Figures 5–7, the maximum OCV voltages in the biochar-differentiated pots are as
follows: [SCS2 (742 mV), S2 (638 mV)]; [SCS5 (950 mV), S5 (872 mV)], [SCS7 (804 mV, S7
(760 mV)]. This increase in performance is thought to be due to the presence of biochar. The
addition of biochar would have reduced the resistance of the soil, increasing the bioelectric
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production of the PMFC and maintaining good performance even in low humidity condi-
tions. Porosity allows electroactive bacteria to proliferate [32]. The high values observed
in biochar-amended pots are due to the proliferation of electro-active bacteria and the
water retention of the biochar. The retention of water in the biochar allows the moist
environment to be maintained, which has a dual benefit. The wet environment provides an
anaerobic environment for the anode and also allows a good flow of ions. The retention
of water would allow good contact between the cathode and the substrate, which would
facilitate good PMFC performance. In addition, under drought conditions, PMFC with
added biochar could show better drought resistance due to their ability to improve soil
moisture characteristics and improve soil conductivity. This study highlights the essential
role of biochar in optimising the performance of PMFC. It improves our understanding
of the optimisation of PMFC and could offer a new method of energy production for the
future, as well as presenting a new soil-monitoring strategy.
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3.4. Comparison of Voltage Generation and Power Density with Some Articles Reported in
the Literature

The highest voltage generation and power density were obtained for PMFC with
biochar, reaching values of 968 mV and 75.8 mW/m2 for SCS5, respectively, the highest
values for pots with biochar, while PMFC without biochar showed a voltage of 872 mV and
a power density of 47.56 mW/cm2 for S5, which were the highest values for PMFC without
biochar (Table 3).

Table 3. Voltage generation and power density of different PMFCs with C. citratus.

Sample Name p (%) d (cm) OCV (mV) Pmax (mW/m2)

SCS2 5 2 742 36.9 ± 0.09
S2 0 2 638 22.4 ± 0.06

SCS5 5 5 968 75.8 ± 0.05
S5 0 5 872 47.5 ± 0.06

SCS7 5 7 874 44.4 ± 0.04
S7 0 7 760 37.6 ± 0.03

d = interelectrode distance, OCV =open-circuit voltage, Pmax = maximum power and p = percentage.

The maximum voltage obtained in this work was found to be higher than others
reported in PMFC studies. Carmalin and Sreeja found 323 mV, 485 mV and 505 mV, respec-
tively, for Brassica juncea, Trigonella foenum-graecum and Cana Stuttgart [11]. JC Gomora
et al. found a maximum OCV of 630 mV when using Agapanthus africanus with compost
for PMFC [33]. This difference in the open-circuit voltage value shows the importance
of the microbial community at the rhizosphere level. The utility of photosynthetic plants
has been well studied using Glyceria maxima as a model and has achieved a maximum
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power production of 67 mW/m2. An average power density of 50 mW/m2 was achieved
by Spartina anglica for 33 days among the different PMFCs studied by Timmers et al. [34].
Moqsud et al. [24] used 1% and 3 % compost on rice-based PMFCs. The maximum power
density obtained in the study was 23 mW/m2. In the present study, we observed a much
higher power density than that obtained in a recent study [8]. A maximum power density
of 15.73 mW/m2 was obtained for a Canna indica-MFC system [35], which was about five
times lower than that obtained in this study. The high power density obtained in our study
can be attributed to the type of plant and the addition of biochar to the soil, resulting in
root deposits that are degradable by microorganisms and therefore responsible for electron
donation [36].

In agreement with the data obtained in this work, Cymbopogon citratus has the
capacity to generate a large amount of voltage in a PMFC. However, in order to improve
electrochemical performance, further studies are needed to evaluate the effect of certain
variables on voltage generation in order to gain a deeper understanding of the production
of green electricity from this plant.

4. Conclusions
In conclusion, the efficiency of C. citratus in PMFC was studied with the addition of

coconut shell biochar and the distance between the two electrodes to generate bioelectricity.
The incorporation of biochar into the soil showed a better open-circuit voltage compared
to pots without biochar. The addition of biochar promotes the growth and proliferation
of bacteria. The interelectrode distance is a determining factor for good performance;
an optimum distance of 5 cm was found to limit the diffusion of oxygen through the
anode as well as provide a high value of internal resistance. All the cells showed a higher
electrogenic activity at 1 p.m., which can be directly attributed to photosynthetic activity.
The PMFC technology based on C. citratus with the addition of biochar in the rhizosphere
and a distance of 5 cm between the electrodes gives a better power of 75.8 mW/m2. In
order to increase energy production, PMFC can be designed and studied by developing
the electrodes using an ecological method and finding the optimum percentage for the
addition of this biochar.
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