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Microbial fuel cells (CS-UFC) utilize waste resources containing biodegradable 
materials that play an essential role in green energy. MFC technology generates 
“carbon-neutral” bioelectricity and involves a multidisciplinary approach to 
microbiology. MFCs will play an important role in the harvesting of “green electricity.” 
In this study, a single-chamber urea fuel cell is fabricated that uses these different 
wastewaters as fuel to generate power. Soil has been used to generate electrical 
power in microbial fuel cells and exhibited several potential applications to optimize 
the device; the urea fuel concentration is varied from 0.1 to 0.5 g/mL in a single-
chamber compost soil urea fuel cell (CS-UFC). The proposed CS-UFC has a high 
power density and is suitable for cleaning chemical waste, such as urea, as it generates 
power by consuming urea-rich waste as fuel. The CS-UFC generates 12 times higher 
power than conventional fuel cells and exhibits size-dependent behavior. The 
power generation increases with a shift from the coin cell toward the bulk size. The 
power density of the CS-UFC is 55.26 mW/m2. This result confirmed that urea fuel 
significantly affects the power generation of single-chamber CS-UFC. This study 
aimed to reveal the effect of soil properties on the generated electric power from 
soil processes using waste, such as urea, urine, and industrial-rich wastewater as 
fuel. The proposed system is suitable for cleaning chemical waste; moreover, the 
proposed CS-UFC is a novel, sustainable, cheap, and eco-friendly design system for 
soil-based bulk-type design for large-scale urea fuel cell applications.
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Introduction

The depletion of fossil fuels and the increase in environmental pollution necessitate energy 
solutions. Microbial fuel cells (MFCs) utilize waste resources containing biodegradable materials 
and play an important role in green energy. MFC technology, a “carbon-neutral” bioelectricity 
generator, involves a multidisciplinary approach to microbiology (Thulasinathan et al., 2022). 
Environmental awareness has increased the demand for green electricity, which is electricity 
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generated entirely from renewable energy sources (Calikoglu and 
Koksal, 2022) it has various opportunities and challenges such as 
electrophysiology, electrochemical, and process engineering 
(Magotra et al., 2020). MFC technology will play an important role 
in the harvesting of “green electricity.” Moreover, the rapid increase 
in power consumption and various environmental issues have 
compelled the research community to identify new sources of 
renewable energy (Kumar et al., 2018). MFCs use bacteria or secreted 
enzymes to break down fuel for power generation. In MFCs, bacteria 
and enzymes act as biocatalysts for the oxidation and reduction 
reactions involved in electricity production in compost soil systems 
(Ziyauddin and Pathrikar, 2013).

Almost all liquid MFCs have associated safety concerns; they 
quickly degrade due to the volatilization of ammonia, which mainly 
occurs due to toxicity, shifting, and leakage problems. Therefore, 
compost soil is preferred over liquid MFCs to minimize degradation 
risks and enhance microbial activity so that less fuel is consumed as well 
as to increase the work efficiency and yield more power, as discussed in 
our previous coin cell studies (Adegoke, 2022). Furthermore, reliable 
sources are usually cheap and do not cause volatilization issues; 
moreover, maintaining the pH levels in the soil in a solid state is easy to 
maintain (Anglada et al., 2010). Among all the available resources of 
sustainable energy, urea is a suitable fuel for MFCs. Urea application 
methods are key factors that influence NH3 emission either by increase 
or decrease (Magotra et al., 2022). Advantageously, composting soil 
microbes during their growth naturally causes nitrification and 
denitrification in urea (Kapałka et al., 2011). Compost soil is the best 
electrocatalyst reported in previous studies that are cheap and 
sustainable (Angar and Eddine, 2015) in this study, we propose the use 
of stable compost soil and urea-rich waste as fuel for energy generation. 
Compost soil acts as a mediator, ionic conductor, separator, and source 
of electro-genic bacteria, which supply additional nutrients to the 
microbes (Perez et al., 2012; Kumar et al., 2018). The proposed system 
is a complex system containing water, mineral, and bacteria, which are 
beneficial for plants too (Burke and Nugent, 1983; Lan, 2010; Teng 
et al., 2019).

The other advantage of the proposed system is the availability of 
reliable and leak-proof systems, which are easy to handle. A coin cell 
system is small, and thus, it is hard for the system to club the powers 
(Cho and Hoffmann, 2017). Nevertheless, it is easier for bulk single-
chamber fuel cells to club the powers at a large scale and makes 
connections compared to coin cells. The bulk-size design affords many 
advantages in terms of power and maintenance (Rollinson et al., 2011; 
Piche-Choquette and Constant, 2019; Vaishali and Das, 2019). Bulk-
sized CS-UFC fuel cells can easily refuel with abundant urea waste fuel 
and can easily prepare stacks in series and parallel for power generation 
at high rates. Which is not possible in coin cell fuel cells (Bor-Yann 
et al., 2013).

The coin type size is good for testing by this we can save the waste 
of material, and research time, easily we can find the way out for testing 
results and whether the experiment will work or not. Coin cell is mostly 
used for doing to analyzing the sample performance at a small scale 
level. We are using a coin cell for initial studies as the best option. The 
coin cell surface area is very small. As we  had discussed that if 
we increase the size of the surface area from a coin cell (surface area of 
3.14 cm2) as compared to a single chamber CS-UFC having (a surface 
area of 15cm2), the power density will be enhanced from (coin cell: 
3 mW/m2  →  to the single chamber: 55.27 mW/m2). For electrical 
applications, a coin cell is not a suitable solution for power generation. 

Either in comparison with stacks in series or parallel circuits. In a single 
chamber is easy to supply fuel and the lifetime of the fuel cell will also 
be enhanced due to refueling fuel for a higher power generation system.

Thus, these are novel and promising approaches for generating 
sustainable green energy at a large scale using any type of urea-rich 
waste as fuel. MFC technology provides a method for sustainable energy 
generation (Magotra et al., 2022). It decomposes corrosive substances 
via a “carbon-neutral” process to generate energy from organic waste. 
This carbon-neutral renewable energy generation technology can 
realistically replace fossil-fuel-based energy generation technologies that 
release fixed carbon into the atmosphere. Therefore, it can be used for 
the sustainable development of humankind (Vraghavulu et al., 2009; 
Huazhang et al., 2012).

Additionally, CS-UFC applications for recycling and reuse have 
been technically feasible for reducing CO2 in wastewater (per day 
efficiency of 40–60% relative to formic acid) for bioenergy and material 
generation. CS-UFCs can consume organic wastewater or waste and 
convert them into valuable chemicals (e.g., formic acid) to reduce CO2 
(Wang et  al., 2013). CS-UFCs employ catalyst electrodes and 
bioelectrochemical systems to realize CO2 reduction without external 
energy input, subsequently capturing and converting CO2 (Wang 
et al., 2017).

Urea/urine wastewaters can be  treated following an oxidation 
reaction to release nitrogen gas before their discharge into the 
environment, or they can be converted to recycled water after further 
treatment (Boggs et al., 2009).

Herein, a compost soil that uses naturally collected urea-rich 
wastewater as fuel is supplied to the single chamber CS-UFC. At anode 
and cathode with the same work, functional graphite electrodes for 
power generation and environment cleaning were analyzed under 
different urea concentrations. Further studies were done by selecting 
using 0.5 g/mL urea fuel concentration. Additionally, this multifunctional 
CS-UFC was successfully helpful to reduce the toxicity, and pollution, 
from urea-rich water using soil processes soil based systems, are cheap 
and trusted for cleaning soil air, and groundwater and safe the 
environment. This technology itself is clean, safe, and sustainable 
(Ziyauddin and Pathrikar, 2013; Magotra et al., 2021).

Methods

Sample preparation

Compost soil was supplied by Seoul Seung Jin compost soil, 
Fertilisers Pvt. Ltd., Korea. The compost is carbon-rich soil that was 
composed of dry leaves and Carbon-rich matter like branches, stems, 
dried leaves, peels, bits of wood, bark dust or sawdust pellets, 
shredded brown paper bags, corn stalks, coffee filters, coffee grounds, 
conifer needles, egg shells, straw, peat moss, wood ash gives compost 
its light, fluffy body, and decomposed plant products (Singh et al., 
2013). Graphite electrodes were used as the anode and cathode. 
Initial studies were conducted with five different concentrations of 
urea fuel cells for optimization: 0.1, 0.2, 0.3, 0.4, and 0.5 g/mL, using 
a single chamber CS-UFC with graphite/graphite (Gr/Gr) as 
electrodes (Baveye et al., 2020). To compare the power generation, 
the urea fuel concentration was fixed at 0.5 g/mL in the liquid state 
and mixed with 50 grams of soil for a bulk fuel cell having a surface 
area of 15 cm2. The Urea-based fuel cell was designed with sustainable 
properties and optimized conditions were used for Keithley 
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(SMU-Model 2420) current–voltage (I–V) measurements. Recently, 
graphite and its derivatives such as graphite rods, plates, sheets, cloth, 
or paper are commonly used because graphite material is more 
valuable than simple carbon types. The graphite material is very rigid, 
brittle, thin and so far, non-toxic material (Yaqoob et al., 2021). The 
catalytic activity of a coin-sized urea fuel cell with graphite foil as the 
working and counter electrodes was first analyzed in 3 g of soil taken 
in a 3.14 cm2 area with urea fuel concentration of 0.5 g/mL for the 
cyclic voltammetry (CV) studies to check the studies are repeatable. 
Then, a single-chamber compost soil urea fuel cell (CS-UFC) was 
fabricated to see and compared the catalytic activity including the 
power density were compared which is 12 times higher than the coin 
cell (Magotra et al., 2021). An electrochemical study of CS-UFC was 
conducted using the coin-cell-type CR2032 system in previous 
studies (Magotra et al., 2020) as the reason behind that small scale is 
not possible to generate the higher power at large scale for commercial 
compost soil electrical applications. CV experiments were conducted 
due to high soil impedance. We employed small unit samples to form 
a single-chamber CS-UFC and performed soil studies to confirm 
whether the fuel cell performance and experimental studies are 
repeatable (Boggs et  al., 2009; Kumar et  al., 2018; Magotra 
et al., 2022).

However, for bacterial studies colony count study was performed 
with standard nutrient broth to verify the effect of the healthy growth of 
microbes on the samples with a urea concentration of 0.5 g/mL in the 
feed. First, urea was seeded into a 9 mL peptone saline diluent (PSD) for 
2 h and incubated at a fixed ambient temperature. The inoculated PSD 
was diluted with fresh PSD 1:9, and the diluted soil sample suspension 
(100 μL) was directly distributed on the surface of the nutrient broth 
(N.B.) agar plates. After passing the 28 h, the bacteria growth was 
checked. The incubation temperature was 37°C.

Electrochemical characterization

For the I–V measurements and electrical characterization, Kiteley’s 
high current source meter (SMU-Model-2420) interfaced with the 
RS-232 mode was used to study the different I–V parameters. The CV 
bipolar scans at a scan rate of 50 mV/s. Impedance Nyquist curve of EIS 
measurements consisting of the imaginary and real impedance 
components in a frequency range from 0 Hz to 10,000 Hz and for an 
applied alternating signal of 10 mV was measured. The electro-catalytic 
performance of compost for ammonium oxidation in a coin cell layout 
for electro-catalytic bio-battery formation was investigated using 
MPG-2 16-channel battery cycler (Bio-Logic Scientific Instruments, 
France). Here, the role of the bacteria in the carbon-rich compost soil 
CS-UFC sample was studied in comparison to an autoclaved sterilized 
sample of the CS-UFC treated at 121°C (to kill the bacteria). Then, I–V 
studies were performed to verify the role of the bacteria as 
electrocatalysts. Furthermore, temperature-dependent studies were 
performed at three different temperatures, 25, 40, and 55°C, using a 
Joe-Tech Oven (TC-ME-06, Seoul, Korea). In the I–V measurement 
studies, the cells need to be refueled to obtain a constant power output; 
thus, the cells require a continuous fuel supply, which is required for the 
regular performance of the CS-UFC. The refueling time is the ratio of 
the voltage across the load in the circuit to the maximum output voltage 
of the cell under the no-load conditions. Owing to the small size of the 
CS-UFC, previous studies increased the cell surface area from 3.14 to 

15 cm2 to make it suitable for future commercial electrical applications 
as discussed above.

Results and discussion

Figure 1 displays the schematic diagram and vision of this study for 
high power generation and the cleaning process initiated by the single 
chamber CS-UFC. Starting from the problem and reaches to the solution 
at the end. The vision of this paper will explain how the soil processes 
work in the CS-UFC. Eutrophication and toxicity affect contaminate soil 
and water on the earth, thus polluting the environment. This directly 
affects human health and endangers aquatic life due to the presence of 
excess chemicals and fertilizers. It has highly toxic chemicals, which lead 
to soil pollution making troubles in crop production. Presently, 
advanced microbial fuel cell devices perform multiple functions, such 
as removing toxicity, cleaning the environment, and green bioelectricity 
so if we find a solution to save the environment from these wastewaters 
it will be helpful to save the environment for future generations. While 
using urea-rich waste as fuel for power production for sustainable 
electricity generation.

Furthermore, Figure 2 displays Gr/Gr noble electrodes were used as 
current collector electrodes at the anode and cathode, which were 
separated by compost soil at the Center for single chamber CS-UFC. This 
fuel cell system is a completely membrane less system. This figure 
displays the schematic used for the I–V study for the commercial-sized 
design for continuous power generation from CS-UFC, wherein a 
computer setup and Keithley meter are connected to CS-UFC and used 
to regularly record data to verify the cycle and sustainability of the 
CS-UFC (US EPA, 2013).

For continuous device operation and for cleaning the excess 
nitrogen compounds from wastewater, a constant state is the most 
desirable, where the device behavior is irreversible, which helps to feed 
fuel to the device. Figure 2 reveals that when urea-rich fuel is supplied 
to a single chamber CS-UFC. The electron transfer begins. Compost soil 
itself works as a mediator, and separator in the CS-UFC to transfer the 
electrons directly from the cell toward the anode while the protons move 
toward the cathode. The arrows in the figure show the directions of 
movement of the electrons and protons shown in the working of 
CS-UFC (Logan, 2009; Jaiprakash, 2011; Javalkar and Alam, 2013; Jiang 
et al., 2016; Kumar et al., 2018).

The electrochemical characterization measurements (CV and EIS) 
were performed to study the Electrocatalytic activity of the CS-UFC. For 
fuel cells, the peak current and the onset potential are commonly used 
to evaluate the Electrocatalytic activity of a new catalyst toward any 
electro-oxidation or electro-reduction. It is well augmented in the case 
of fuel cells that the Electrocatalytic activity is studied by knowing about 
the peak current and the onset potential (Ding et al., 2016). The fuel cell 
works efficiently if the system is irreversible and it is the ideal condition 
for reducing the toxicity effects of the fuel by its total degradation. 
Efficient the degradation of fuel, the more will the cleaning of the 
environment as the toxicity of fuel reduces drastically with its 
degradation. EIS studies disclose the internal mechanism related to the 
electrochemical and kinetics behavior of the MFC. EIS measurements 
confirm the enhanced bio-electro-catalytic activity in MFC and the 
overall impedance decreases appreciably. These studies reveal the 
intrinsic electrochemical and kinetics mechanism of the CS-UFC. EIS 
measurements confirm the higher electro-catalytic activity in CS-UFC 
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with urea as seen from CV measurements by showing that the overall 
impedance reduces significantly in comparison to the others.

Figures 3A–D displays the comparison of the catalytic activity of the 
samples. The optimization of the CS-UFC is addressed by considering 
peak current and onset potentials during the oxidation and reduction 
process. The Electrocatalytic activity was highest at a concentration of 
0.5 g/mL of the urea fuel. This result indicated that urea fuel directly 
affects the compost soil for power generation. However, the redox 
potential peak for urea in the bipolar measurements fell in the range 
between 0 and ±0.6 V. It is similar to the values reported in the literature 
for urea, urine and near ammonium redox potentials (Bard et al., 2022). 
The general peaks shifted between 0 and ± 1 V, covering the range of 
water, urea, and urine to ammonium redox potential states. The value 
reported in the literature is consistent with the range of ±0.46 to ±0.49 V 

obtained for urea in the study (Ye et al., 2018). The overall reaction of 
urea occurred close to ±0.49 V, and this value is considerably lower than 
the 1.23 V required for the electrolysis; thus, theoretically, with the urea 
fuel cell. Figure 3A displays the comparison between D. I. water as a fuel 
in a liquid state vs. D.I. water with the addition of soil. The comparison 
shows the effect of the soil process in the solid state Figure 3B Urea fuel 
0.5 g/mL in liquid state vs. CS-UFC with Urea fuel 0.5 g/mL displays the 
comparison between the urea fuel concentration of 0.5 g/mL fuel 
without and with the addition of soil for CS-UFC.

Figure 3A displays the comparison between D.I. water in the 
liquid state and D.I. water with the addition of soil. The figure 
clearly shows that the catalytic activity is enhanced in the addition 
of a soil sample. The comparison shows the effect of the soil process 
in the solid state.

FIGURE 1

The multifunctional role and vision of CS-UFC for the cleaning process and power generation.

FIGURE 2

Schematic of CS-UFC attached with Keithley for sustainable power generation.
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Urea fuel 0.5 g/mL in liquid state vs. CS-UFC with Urea fuel 
0.5 g/mL displays the comparison between the urea fuel concentration 
of 0.5 g/mL fuel without and with the addition of soil. Figure  3B 
displays the comparison between the liquid state with urea fuel and 
CS-UFC with urea fuel. The figure shows that owing to the redox 
potential difference, the soil state has a higher potential due to the 
direct effect of soil. Figure 3C displays that between D.I. water with the 
addition of soil sample and CS-UFC, the urea-fuel-based sample 
exhibited a higher redox potential. Figure 3D presents the comparison 
between soil with D.I. water with the addition of soil and CS-UFC. The 
results show the appreciable electro-catalytic activity of composts for 
CS-UFC in comparison to the CV of liquid urea solution which did 
not show any oxidation peak. Mild electro-oxidation peaks were 
observed in CS-UFC which can be due to the natural ammonium 
component present in composts. CV measurements with CS-UFC 
clearly show higher current density values in comparison with the 
other samples. For the continuous operation of a device for 
environment cleaning purposes, an irreversible state is the most 
desired state as it will help to feed the device continues with fuel filled 
with environmental toxins.

To verify the role of the compost soil (solid-state) in the ionic 
conductor of MFC, we have done further studies in comparison to the 
D. I. water (liquid state) as a pure electrolyte firstly. We took an ionic 
conductor (D. I. water + NaCl) mix with compost soil and analyzed with 
different NaCl concentrations used as fuel. We noticed that even the 
ionic conductor has a minute curve in the liquid state even using three 
different concentrations of NaCl (0.1, 0.2, and 0.3 g/mL). The liquid state 
has no role to raise the redox potential with NaCl. In the case of the 
addition of compost soil directly increases the catalytic activity as shown 
in the recorded CV curves. The redox potential is higher in support of 
the NaCl oxidation with the ionic conductor with the addition of 
(compost soil) in all concentrations of NaCl. The source of generating 
power in the compost soil is rich in organic matter, nutrient-rich and a 
thousand types of bacteria and enzymes present and working in 
themselves, which are responsible for the electrocatalyst activity and 
enhance the power after consuming the fuel. The compost soil is 
working as a source of ionic conductor, mediator, and source station for 
millions of bacteria. Here in our study, we are highlighting the role of 
the ionic conductor in power production and the solid state is a better 
option as compared to a liquid state.

A B

C D

FIGURE 3

Bipolar CV studies show the performance of the liquid state and role of the carbon-rich compost soil (A) D. I. water (the liquid state) vs. D.I. water with the 
addition of soil, (B) Urea fuel 0.5 g/mL of in liquid state vs. CS-UFC with Urea fuel 0.5 g/mL (C) D. I. water with the addition of soil vs. CS-UFC with Urea fuel 
0.5 g/mL (D) Comparison among 0.5 g/mL urea fuel in a liquid state, D. I. water with the addition of soil, CS-UFC with 0.5 g/mL urea fuel.
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From the above, all the compositions show the effective role of the 
soil and the redox potential is higher in all the samples with soil. The 
redox potential of CS-UFC is the highest rate and the soil process play 
here an important role. Both urea and ammonium ions are related to 
each other as sources of nitrogen and are used as fuel to accelerate the 
power generation process. The fuel cell device changed from a quasi-
reversible to a constant state showing positive polarity. The study 
showing the electrochemical reaction on the active electrode surface, 
occurred due to a diffusion-controlled process, according to the 
Randel’s-Sevcik model. Thus, the system supports both the power 
generation purpose and the cleaning urea related waste materials. The 
potential redox peak for urea bipolar CV measurements was in the range 
of zero to ±1, which is similar to the values reported in the previous 
literature. The catalytic activities were in the ±0.1 to 0.6 V range for urea 
and ± 0.5 V range for the ammonium ions. Both urea and ammonium 
ions are related to each other as sources of nitrogen and are used as fuel 
to accelerate the power generation process (Bor-Yann et  al., 2013; 
Sigurdarson et al., 2018; Wang et al., 2022).

Figures  4A–D displays the EIS difference among the samples 
followed by the CV studies from Figure  3. EIS is an efficient and 

non-destructive test for analyzing the bioelectrochemical processes of 
MFCs. The key factors limiting the output performance of an MFC can 
be identified by quantifying the contribution of its various internal parts 
to the total impedance. However, little attention has been paid to the 
measurement conditions and diagrammatic processes of the EIS for the 
fuel cell (Bisht and Chauhan, 2020). All of the peaks were recorded in 
the EIS measurements of compost samples, including the liquid state, 
and solid-state, either with or without soil. All impedance studies 
performed well with combinations as shown in the figure followed by 
CV data.

The comparative analyzes showed that the Electrocatalytic activity 
gradually increases, as the redox potential of CS-UFC with soil with 
0.5 g/mL urea fuel is higher than that of soil without fuel in both voltage 
polarities. Higher redox potential curves have lower impedance values, 
and vice versa. The same trend was observed for all the samples 
depending upon the performance. Here EIS measurements were 
performed to investigate the electrochemical behavior of the compost 
soil. The high-frequency region has no semicircle in Figure 4 displays 
the charge transfer resistance (Rct) between the working electrode/
electrolyte interfaces, which stems from the faradaic-redox reaction of 

A B

C D

FIGURE 4

(A) Comparison of EIS liquid state and effect of carbon-rich compost soil. (A) D.I. water as a fuel in the liquid state vs. D.I. water with the addition of soil, 
(B) Urea fuel 0.5 g/mL in liquid state vs. CS-UFC with Urea fuel 0.5 g/mL (C) D.I. water with the addition of soil vs. CS-UFC with Urea fuel 0.5 g/mL 
(D) Comparison among 0.5 g/mL urea fuel in a liquid state, D.I water with the addition of soil, CS-UFC with 0.5 g/mL urea fuel, and circuit for EIS analysis 
(inset of D).

https://doi.org/10.3389/fmicb.2023.1086962
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org


Magotra et al. 10.3389/fmicb.2023.1086962

Frontiers in Microbiology 07 frontiersin.org

the electrode. In the case of CS-UFC with urea, the value of Warburg 
impedance decreased remarkably, yielding increased diffusion-related 
kinetics during the ammonium oxidation reaction (Fricke et al., 2008).

We have tried to analyze EIS, and fitting of the observed EIS spectra 
using an equivalent circuit model was performed with ZsimpWin 
software. We have used the following circuit for EIS analysis (inserted 
in Figure 4D). The circuit consists of solution resistance (R1), charge 
transfer resistance (R2), a constant phase element (CPE1) and Warburg 
impedance (Wo). The intersection between the real axis and the Nyquist 
plots at high frequency is attributed to Rs which is the intrinsic electrical 
resistance of the active electrode. A semicircle observed at high 
frequency to the mid-frequency region can be  explained from the 
parallel combination of the Rct (charge transfer resistance) induced with 
redox reaction and CPE: constant phase element. From the EIS result, 
we also confirm the smaller charge transfer resistance of the additive 
added to the system compost soil, and graphite electrode than it is in 
liquid state or solid state, which matches well with the other experimental 
results present in the manuscript. For a soil MFC, the mass and electron 
transfer processes are relatively slow, and the system impedance value 
is high.

Temperature dependence study

Figure  5A shows the temperature dependence using CV 
measurements for the CS-UFC with urea at 25, 40, and 55°C, 
respectively. Figures 5B,C shows the corresponding EIS measurement 
data which matches the CV trend fully. First starting from the room 
temperature at 25°C increases to 40°C, and then at last to 55°C to see 
the effect of temperature on the working of the CS-UFC device. The 
comparative studies show that electro-catalytic activity increases 
appreciably with the increase in temperature and is higher than 
25°C. In the case of Electrocatalytic activity appreciably increased 
compared to that at room temperature at higher voltage polarities. 
The CV and EIS measurement trends are consistent with each other. 
The impedance trend at the highest redox potential corresponds to 
the lowest impedance or more vital Electrocatalytic activity at 55°C is 

highest than that at 40 and 25°C. The Rct slowly decreases with 
increasing temperature, and the diffusion connected with the Warburg 
impedance is observed at room temperature, which disappears as the 
temperature increases. The impedance of CS-UFC with use decreased 
appreciably in comparison to the others leading to the conclusion that 
bio-electro-catalytic activity increases with the increase in 
temperature for the trend of CV observations (Behera et al., 2011). 
RCT noticeably decreases significantly for CS-UFC. Warburg 
impedance which is related to the diffusion phenomenon also seems 
to decrease. Figure 5 clearly shows that the compost sample exhibits 
temperature-dependent behavior. Bio-electro-catalytic activity is 
found to increase with the increase in temperature which can 
be  useful for applications at temperatures higher than 
room temperature.

Cycle stability studies

The cyclic stability of the CS-UFC sample was performed with a 
single shot of 0.5 g/mL urea fuel tested over 600 cycles. In reality, such 
experiments are conducted at room temperature. The Device stability is 
also an essential factor that depends on the number of cycles, running 
stability, and how long the device may work. Figure 6A displays stability 
studies for 600 cycles showing that CS-UFC can be used as a long-term 
stable catalyst for fuel cells. Cyclic stability graphs are shown in 
Figure 6A. Figure 6B displays the results of the EIS studies before and 
after the 600-cycle test performed to check the effect of the impedance 
on the performance of CS-UFC. It proves the efficient repeatability of 
these results and the high stability of the CS-UFC just with the feeding 
of initial fuel. The results show that the cyclic stability of the device is 
sufficient for applications in both voltage polarities.

In this pursuit, energy storage devices such as fuel cells, which are 
mostly powered by organic compounds, can work as useful tools. Urea 
fuel cells available in the liquid state are not sustainable and portable. 
However, soil-based MFC uses natural bacteria or secreted enzymes to 
break down the fuel, typically to generate electricity from the soil. In 
MFCs, bacteria and enzymes act as biocatalysts to produce electricity. 

A B C

FIGURE 5

Effect of temperature-dependent studies for standard sample CS-UFC at different temperatures. (A) Comparison among 25, 40, and 55°C. (B) EIS studies 
(C) Enlarged view of (B).
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Until now, the reported liquid-state MFCs associated with safety 
concerns mainly related to toxicity, shifting, leakage, handling and 
degrading fastely in the liquid state (Kumar et al., 2018). Moreover, 
additional precautions are needed to prevent exposure to gaseous NH3 
due to the volatilization of the liquid fuel. Therefore, solid-state materials 
like soil compost are preferred to overcome the risk, as mentioned above 
for stable behavior.

Among elements of urine, urea is most of all. Urine, wastewater and 
nitrogen fertilizer are suitable fuels for MFCs in the future. We need to 
study the role of urea as the main element of urine, wastewater and 
nitrogen fertilizer. Moreover, it is advantageous for the soil-based system 
to go through the natural cleaning processes by following nitrification 
and denitrification in the nitrogen cycle by ammonification to nitrogen 
(N2) formation in soil. The soil itself is a source of many bacteria and 
microorganisms in aerobic and anaerobic forms. Urea and ammonium 
are elements of nitrogen fertilizer also. If urea and ammonium as fuel in 
the land will obtain electrical power and remove fertilizer (Wang et al., 
2017; Kumar et al., 2018; Magotra et al., 2020; Senthilkumar and Naveen 
Kumar, 2020; Kim et al., 2022; Magotra et al., 2022).

Urea when comes in contact with the soil while hydrolysis releases 
urease enzymes working as a catalyst with bacteria. Therefore, soil 
systems can be a neutral medium to transport electrons and protons 
easily in an eco-friendly medium for power generation. Power 
generation from urea as fuel is shallow in the liquid state, as shown in 
various studies done previously. The conventional charge separator, like 
a membrane, Nafion routinely used in the liquid type multiple chambers 
MFC, is expensive. Therefore, the soil advantage here soils themselves 
work as a charge separator. It is a purely microbial system the soil itself 
works as a separator, mediator, and ionic conductor to promote electrons 
and protons in the soil-based single-chamber MFC (Bor-Yann et al., 
2013; Wang et al., 2017; Kumar et al., 2018; Magotra et al., 2022).

Figure  7A shows the strength of the fuel cell with urea fuel 
concentration ranging from 0.1 to 0.5 g/mL. The highest catalytic activity 
was observed at 14 h with the inert Gr/Gr electrodes. Then, the device 
stability was checked after adding 0.5 g/mL urea fuel at regular intervals 
of time. The generated power density was 55.26 mW/m2, as shown in 
Figure 7B. Figure 7C displays the effects of urea concentration on the 

power density of the fuel cell (Lan, 2010). The Electrocatalytic activity 
and electro-oxidation of urea exhibit the same trend for both the 
polarities of the redox potential. For the urea fuel concentration of 0.5 g/
mL, a maximum oxidation peak generates the highest power as shown 
in Figure 7C. Thus, the power density is concentration-dependent, and 
the highest Electrocatalytic activity showed for the highest urea fuel 
concentration. Thus, from this single chamber CS-UFC studies show the 
role of soil processes and their direct effects on power generation (Xu 
et al., 2016). The role of the addition of urea as a fuel is to provide 
nitrogen with nitrification and denitrification in our manuscript. When 
using urea as fuel for single-chamber CS-UFC (Bor-Yann et al., 2013; 
Wang et al., 2017). Compost soil itself is loaded with ions and exhibits 
electronic behavior due to aerobic and anaerobic bacteria and enzymes. 
One gram of soil contains more than 1,000–2,000 types of bacteria. 
Moreover, both urea, and ammonium are the main sources of nitrogen. 
Urea is working as food for the bacteria in the soil and compost soil has 
its role in the CS-UFC (Simeon et al., 2020).

The role of the addition of urea is to provide nitrogen with 
nitrification and denitrification in our manuscript. When using urea as 
fuel for single-chamber CS-UFC (Wang et al., 2017). Compost soil itself 
is loaded with ions and exhibits electronic behavior due to aerobic and 
anaerobic bacteria and enzymes. One gram of soil contains more than 
1,000–2,000 types of bacteria. Moreover, both urea, and ammonium are 
the main sources of nitrogen. Urea is working on its role in the CS-UFC 
(Zhang et al., 2021).

The pH sustainability studies also performed for CS-UFC were 
confirmed while supplying standard urea fuel 0.5 g/mL at the beginning 
of the first running cycle (0–28 h). The pH of the compost was 9.2 and 
slowly increased to 9.7 in the fuel cell while refueling continually every 
28 h as shown in Figure 7D. We recorded the pH data with a pH meter 
(Apera PH700 benchtop lab pH meter) used to perform the studies and 
continuously diagnose the study for max from (0 to 140) hrs. The role 
of pH in the liquid and solid states of the compost fuel cell is crucial for 
power output. The pH studies of liquid state urea fuel 0.5 g/mL without 
the addition of compost soil in comparison with the CSUFC standard 
sample showed that pH shows an effect from the liquid to solid state. 
These are due to the addition of soil, which helps enhance power 

A B

FIGURE 6

Cyclic stability of the compost soil with a single shot of fuel. (A) Cyclic stability plotted for 600 cycles. (B) EIS studies before stability and after stability for 
600 cycles.
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production (Lee et al., 2004). Due to the addition of nitrogen in the soil, 
the chemical reaction enhances the pH from 6.5 to an alkaline pH in the 
range of 8–9. The Vmax for the high-affinity response reaction 
(N2O → NO → N2) showed a relatively small peak at pH 6.5, followed by 
first a decline and then a sharp increase in the pH to 9.5 to 9.7. Urea is 
food for the bacteria; urea stimulates bacteria to release urease. When 
urea was hydrolysed, it generates ammonia, and ammonium ions (NH4

+ 
ions). Compost soil performs ammonification through nitrification and 
denitrification processes to reach release (N2) as the last product while 
supplying protons and electrons (Žalnėravičius et al., 2022).

The proposed single-chamber CS-UFC employs industrial 
wastewater, urea, and urine-rich wastewater as the catalyst for soil 
bacteria and enzymes, which is economical, for power generation.

Nevertheless, compared to the 0.5 g/mL urea fuel fed to the CS-UFC, 
the power generation is enhanced which shows the effect on the pH 
study. The increase in the pH is due to proton consumption and OH 
(hydroxyl group) generation by the anodic and cathodic side reactions 
in the soil, which mostly indicates the effect of different types of bacteria 
and enzymes (He et al., 2008).

Figures 8A,B displays the sustainability study for the power density, 
with the maximum peak at 14 h and the single cycle was completed at 

(0–28) hour cycle (Cabrera et al., 1991). The I–V measurement studies 
represent the fuel cell sustainability, while the power generation and pH 
exhibit stable behavior as we optimized for 224 h while supplying the 
fuel continually. The results of the sustainability studies was shown in 
Figure 8A. The commercial fuel cell was refueled several times after 
every 28 h. accordingly. The power generation was monitored to assess 
the fuel cell’s sustainability in comparison study to pH stability in with 
working of CS-UFC performance. The results show that the normal 
stable functioning of the single chamber CS-UFC continues until 
we supplied fuel to the device (Tang et al., 2014).

To study the urea consumption, urea fuel 0.5 g/mL in the liquid state 
was injected at regular intervals of time and its current and power 
densities were calculated using Keithley (I-V) meter. We injected the 
urea fuel and left it for activation. The sample was activated and 
optimized which showed maximum peak power at 14 h in a single cycle, 
and then, the fuel degraded and power decreased. After refueling, the 
same trend was observed in the 2nd cycle. This indicates that CS-UFC 
devices consume urea fuel and generate power.

In the analysis of the CS-UFC device pH study, sustainability was 
measured at room temperature until 224 h in comparison to the working 
of a fuel cell, and the sustainability of CS-UFC was investigated. The 

A B

C D

FIGURE 7

Gr/Gr Electrodes, Keithley I–V measurement data using 0.5 g/mL carbon-rich compost. (A) Urea fuel concentration ranges from 0.1 to 0.5 g/mL with single-
chamber CS-UFC. (B) The polarization curve of CS-UFC. (C) Concentration ranges from 0.1 to 0.5 g/mL. (D) Effect of PH stability without and with soil using 
0.5 g/mL of standard fuel.
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results show that pH in the liquid state decreased, while in the power 
generation process in compost, the soil starts higher up taking fuel. A 
balanced system was established within the range of pH 9.2–9.7 in the 
compost-based system. A high pH value does not affect electricity 
generation due to the buffer effects of the bacterial activities in the fuel 
cell. Figure 8B shows the pH difference between the liquid and solid 
states; the solid state has a stable and higher pH than the liquid state, 
which is helpful for electricity generation for compost fuel cells that are 
regularly optimized and monitored (Cabrera et al., 1991).

To verify the effect of enzymes and bacteria for power generation 
on single chamber CS-UFC. Here we performed experiments with 
standard NB to demonstrate the effect of microbe cultivation on the 

power generation performance of compost samples at regular 
intervals of time as shown in Figures  9A–D. At the beginning of 
Figure 9A, the bacterial study was performed using two samples for 
comparison: one was prepared with a standard compost sample 
containing 0.5 g/mL urea fuel composed of a live bacteria sample (Yin 
et al., 2011). The other was an identical standard sample, albeit it was 
autoclaved at a temperature of 121 C0 to kill all of the bacteria and 
enzymes using autoclaved sterilization workstation (Bernhard, 2010). 
The comparison results confirmed the role of the bacteria and 
enzymes present in the live bacteria sample. The cultivation of the 
microbes is start between 28 h, and it starts to increase gradually with 
bacterial growth visible on the plates shown in Figure 9A. However, 

A B

FIGURE 8

Gr/Gr Electrodes, Keithley I–V measurement data for sustainability studies using carbon-rich compost with 0.5 g/mL fuel. (A) Sustainability study for CS-UFC 
for 224 h. (B) pH sustainability during the working of CS-UFC.

A

C

B D

FIGURE 9

Effect of the bacterial study for compost soil coin samples: (A) growth of the bacterial colonies present and (B) growth of colonies absent. (C) The I–V data 
between the standard compost sample and autoclaved sample on power generation. (D) Real photos of CS-UFC with and without microbe growth.
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the results confirm the no negligible role of the microorganisms after 
28 h. In the case of the autoclaved sample, there is no bacterial growth 
or enzyme activity throughout the experiment shown in 
Figure 9B. Thus, this study indicated the role of urea fuel in power 
generation due to the influential role of single-chamber CS-UFC. The 
similarity in the results obtained from bacterial studies and I-V 
measurements suggests that bacteria and enzymes played an essential 
role in power generation (Liu et al., 2014). This confirms the role of 
compost as a biocatalyst. As shown in Figure 9C, the same bacterial 
study effect was repeated other with Keithley (I-V) measurements 
using 0.5 g/mL fuel for CS-UFC. The results verified that the effects 
of the live urease enzymes and bacteria increased the sustained power 
density to 55.26 mW/m2. In comparison, the power density of the 
autoclaved sample was minute to 1.2 mW/m2 owing to the absence of 
any bacteria. Thus, the CV and I-V studies results are consistent and 
confirm the roles of the enzymes and bacteria for the power 
generation in the single chamber CS-UFC (Kumar et al., 2018; Shaw 
et  al., 2020). In this paper, we  demonstrated the single chamber 
CS-UFC can be a neutral medium to transport electrons and protons 
easily in an eco-friendly medium due to refueling fuel for high power 
generation. Presently, advanced CS-UFC performs multiple functions, 
such as removing toxicity, cleaning the environment, and 
green bioelectricity.

From Figure 9D real plates were photographed, and the soil bacteria 
and autoclaved samples were examined for a longer time up to 224 h. 
The results show that CS-UFC affords enhanced energy and 
sustainability due to the advantageous effects of different types of soil 
bacteria and enzymes (anaerobic and aerobic). An alkaline medium was 
used to perform the urea electrolysis for carbon-neutral bioelectricity 
generation (Barakat et al., 2018).

Our study results show that the combined mechanism of compost 
soil and urea fuel cell enhances power generation as urea fuel is dissolved 
in a liquid state to facilitate its uptake and catalysis by soil bacteria and 
enzymes (Urbańczyk et al., 2016).

Soil is a well-known electro-catalyst. Similar to bacteria and 
enzymes, the soil may catalyze the oxidation of urea. Due to the addition 
of the urea nitrogen source in the soil, the chemical reaction enhances 
the ph. Furthermore, the Vmax for the high-affinity response of the 
(N2O → NO→N2) reaction exhibited a relatively small peak, followed by 
a decline and then a sharp increase. Urea is always a portion of food for 
the bacteria, and it stimulates bacteria to release urease (Ghaly and 
Ramakrishnan, 2013). When urea is hydrolyzed, it generates ammonia 
and transforms to ammonium ions (NH3 to NH4 ions), which do 
not volatilize.

Compost soil in operation performs ammonification via the 
nitrification and denitrification processes to release the last product (N2) 
while supplying electrons and protons. When urea is hydrolyzed, the 
urease enzyme is released in the soil at a faster rate than that in liquid; 
subsequently, ammonia and ammonium ions (NH4 + ions) are generated. 
Moreover, ammonification and volatilization lead to nitrification and 
denitrification processes (Li et al., 2018).

Reaction 1 (NH3 + O2 + 2e− → NH2OH + H2O): Conversion of urea 
to ammonia and then hydroxylamine, which is catalyzed by enzymes to 
ammonia monooxygenase. Reaction 2 (NH2OH + H2O → NO2

− + 5H+ + 
4e−): Hydroxylamine is converted to nitrite, which is catalyzed by 
enzymes to hydroxylamine oxidoreductase (Jiang et al., 2016).

Bacteria oxidize urea to nitrogen gas and carbon dioxide, generating 
ammonia or transforming to ammonium ions, which are converted to 
carbonic acid C.O. (OH)2 or carbamate, as reported in the literature. 

Ammonification transforms Nitrosomonas and Nitrobacter to NO3 
(nitrate) or directly NO2 (nitrite) via nitrification, eventually producing 
nitrogen (N2) (Ye et al., 2018).

Therefore, compost soil systems are a natural medium for easily 
transporting electrons and protons in an eco-friendly and non-toxic 
manner for power generation. This study confirmed the profound effect 
of urea on power generation using the CS-UFC. The focus is to generate 
power from the CS-UFC in the coming future using waste like urea-rich 
wastewater, urine, and industrial wastewater, which contain considerable 
amounts of urea (Rysgaard et al., 1996).

Conclusion

This study demonstrated the multifunctional role of 
CS-UFC. CS-UFC can generate power using urea as fuel. Moreover, it 
can produce electricity, reduce eutrophication, and toxicity effect, which 
contaminates soil and groundwater by consuming urea-rich wastewater 
from water and soil pollution and contribute to environmental cleanup. 
The urea fuel concentration of 0.5 g/mL in soil was found to be optimal, 
yielding a power density of 55.26 mW/m2. Furthermore, this device was 
shown to be sustainable for electricity generation. It exploits different 
types of energy-generating soil bacteria and enzymes already present in 
the soil. Additionally, it can combat water and soil pollution. This study 
optimized the advancements of single CS-UFC by providing a 
sustainable, eco-friendly, and economical energy generation technology 
with plenty of scope for future research. On the other hand, for enhancing 
the power at a large scale, our group working on the multiple stacks in 
series and parallel for enhancing the powerhouse in bulk systems in the 
coming future for finding a solution for green energy applications for 
running the electricity-based devices at small and large scale.
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