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Abstract: Soil microbial fuel cells (SMFCs) are a promising cost-effective power source for on-demand
electricity generation applications. So far, reported SMFC configurations are usually bulky and hard
to setup. In this study, a low-cost portable plugged-type SMFC (PSMFC) was designed and fabricated
for on-demand micropower generation. The PSMFC can be activated just by plugging into natural
wet soil, which is easy to access in the natural condition. The PSMFC uses carbon-based electrodes
for cost-effectiveness. After setting the PSMFC into the soil to activate, it started to produce electricity
after 1 h and reached the power density of 7.3 mW/m? after 48 h. The proposed PSMFC can
potentially generate electricity for remote sensors or soil sensing systems.
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1. Introduction

The soil microbial fuel cell (SMFC) is an environmentally sustainable bioelectrochemi-
cal technology that uses bacteria to convert the chemical energy from organic compounds
stored in the soil to electrical energy. In the SMFC, organic matter in the anode chamber
is oxidized by electrochemical microorganisms living in the soil to produce electrons and
protons. These electrons and protons then migrate to the cathode, where they are reduced
by oxygen to transform into water. The system is constructed for electricity generation via
spontaneous redox reactions. In the past decade, SMFCs have attracted much attention as
a promising technology for many environmental applications such as renewable electricity
generation, pollution degradation, bioremediation, and biosensors [1-6].

Since the first SMFCs were reported in 2001 by Reimers [7], most of the tested soils
in SMFCs were sediment or water-saturated soil [1,2]. Aside from the many advantages,
SMEFCs still have some disadvantages such as low power production, the long distance
between the electrodes leads to large ohmic losses, and power generation depends on the
water content and internal resistance of the tested soils [7,8].

On the other hand, microorganisms that exist in the soil play a key role in electricity
generation and are affected by the initial soil physicochemical properties such as pH, tem-
perature, moisture content, conductivity, nutrient ions, growth factors, and soil porosity [9].

The performance of a SMFC depends much on its configuration. Most recent studies
have extensively focused on optimizing the SMFC configurations such as single-chamber
MEC with or without membrane, column-type MFC, and dual-chamber MFC with proton
exchange membrane (PEM). Some studies have attempted to decrease the internal soil
resistance or electrode spacing; addressed in electrode material innovation such as using
a TiO,, Ag@g-C3Ny4 nanostructure, developed multilayer capacitive anodes to improve
anode capacity, or the electricity generation performance [4,8,10-16]. Other studies have
attempted to enhance the performance by adding carbon fiber into the soil to increase soil
conductivity, accelerated the transport of substrates in the soil, and developed mixed cul-
ture electrochemically active biofilms [7,10,17]; however, there has still been little research
reported for portable SMFC construction.
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Furthermore, conventional SMFC with a column or tubular configuration assembled
with the air-cathode suspended on the top of the soil and the anode buried deep inside
the soil showed significant effectiveness in power production and contamination removal.
However, this conventional configuration is bulky and hard to setup [18].

In this study, we fabricated a compact and portable plugged-type SMFC (PSMFC)
based on low-cost materials. The PSMFC was designed as a module with the cathode and
anode already mounted on the case. The cathode was put inside an enclosed chamber
without touching the soil, while the anode was left exposed to the soil. The PSMFC could be
easy to setup by merely plugging it into the wet soil. The proposed PSMFC was designed
for on-demand electricity generation.

2. Materials and Methods
2.1. Materials

Activated carbon felt was purchased from Azumi Filter Paper Co. Ltd. (Osaka, Japan).
Nafion solution (10% Nafion) was purchased from Wako Pure Chemical Industries Ltd.
(Osaka, Japan). Activated carbon powder (6 pm) was purchased from UES Co. Ltd. (Osaka,
Japan). Multi-walled carbon nanotube (MWCNT) dispersion coating liquid N7006L, which
contains 6.1 wt% MWCNT, was purchased from KJ Specialty Paper Co. Ltd. (Tokyo,
Japan). Nafion proton exchange membrane was purchased from AGC Engineering Co. Ltd.
(Mihama-ku, Japan). Acrylic board (2 mm thickness) and stainless mesh (0.1 mm thickness)
were bought from MonotaRO Co. Ltd. (Hyogo, Japan).

2.2. Soil Sampling

The soil utilized in this study was collected between depths of 10-30 cm from drainage
near rice paddies (34°59'51.8" N, 135°57/00.7" E (34.997716, 135.950191), located in Shiga
Province, Japan. Tested soil presented the physicochemical properties as follows: pH was
4.5, electrical conductivity (EC) was 1.36 dS/m, and total carbon (TC) was 85,200 mg/kg.
In the present study, the authors could not conduct DNA sequence analyses to identify
the bacterial communities that existed in the tested soil due to the lack of measurement
devices.

2.3. Plugged-Type Soil Microbial Fuel Cell (PSMFC) Configuration and Operation

Figure 1a shows the structure of the proposed PSMFC. The reactors were made of
acrylic boards with external dimensions of 7.5 cm height x 4.0 cm width x 2.5 cm thickness.
The cathode chamber was separated from the anode chamber by a PEM. A perfluorinated
polymer membrane (Nafion PEM) was selected due to its high protonic conductivity and
low equivalent weight [19]. The cathode chamber was enclosed to prevent the soil water
from penetrating. A small hole was opened at the top (this part was out of the soil) of the
cathode chamber to expose the cathode to the open air. Carbon-based materials were used
for both the anode and cathode electrodes.

Each anode electrode was fabricated by activated carbon felt, which had a surface
area of 4 cm? and 0.5 mm thickness. The LB medium prepared with 10 g/L glucose, 10 g/L
tryptone, 5 g/L yeast extract, 10 g/L yeast extract, 10 g/L NaCl, and NaOH was used
to adjust the pH to 7.0. The anode electrode was dipped in 0.5 mL LB medium and then
dried naturally. The LB medium loaded on the anode could facilitate the biofilm formation
process, leading to fast startup time. The anode was put in contact with the soil directly.
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Figure 1. (a) Schematic of the plugged-type soil microbial fuel cell (PSMFC) structure and (b) schematic diagram of the

experimental setup.

To evaluate the cathode electrode performance, the present study investigated two
cathode patterns. The cathode of PSMFC1 was made by absorbing 2 mL of the mixture
of 1 g carbon fiber (CF), 1 g activated carbon powder (ACP), 5 mL carbon nanotube, and
2 mL Nafion solution to a sponge (2 cm height x 2 cm width x 0.3 cm thickness), followed
by drying at 40 °C for 24 h. The cathode of PSMFC2 was made by absorbing 2 mL of the
mixture of 0.2 g CF, 0.2 g ACP, 3 mL carbon nanotube, and 1.5 mL Nafion solution to a
sponge (2 cm height x 2 cm width x 1 cm thickness), followed by drying at 40 °C for 24 h.
The cathode was put inside the cathode chamber.

In addition, Figure 1b shows the schematic diagram of the experimental setup of the
PSMFC. Since there are many electrochemically active microorganisms that already exist in
the wet soil [10], no external microorganisms were needed for the operation of this PSMFC.

Figure 2 shows the photo images of the fabricated PSMFC and its experimental setup.
The stainless mesh was used as the current collector. The two electrodes were connected
by a 2 k() external resistor. The experimental conditions were saturated water content at
30~33 °C. All experiments were conducted in triplicate, and the data were collected and
shown by average results.

Figure 2. Photo images of the fabricated PSMFC: cathode side (a), anode side (b), and experimental setup with two

PSMECs (c).

2.4. Analysis and Calculation

Scanning electron microscopy (SEM) (Hitachi SU-1500) was used to examine the
surface morphology of the anode. The anode after the experiment was slightly cleaned
by water to remove the remaining soil on its surface. Then, it was dipped in a sterilizing
solution at 4 °C for 24 h to kill bacterial cells. After that, it was continuously treated by
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20%, 50%, 70%, and 99% ethanol solutions to dehydrate. Finally, it was dried at room
temperature for 24 h.

The output voltage over the external resistor was measured by a data acquisition
system (National Instruments NI USB-6210) sampled every 20 min for the duration of
seven days. The current density (I) and power density (P) were calculated based on
the measured output voltage using Ohm’s law: I = U/(RA); P = UI, where U is the
measured output voltage (V), A is the anode surface area (m?2), and R is the external specific
resistance ((2). The polarization and power density curves were measured by changing the
external resistance in the range of 0.3-10 k().

3. Results and Discussion
3.1. Characterization of Anode Surface Morphology and Biofilm Formation

The surface morphology of the surface of the anode electrode was examined by SEM.
As shown in Figure 3a, the anodic electrode’s surface was porous with layers of clustered
particles of activated carbon attached to carbon fibers and cellulose fibers. Although the
preparation process of the samples for SEM measurement may significantly remove many
cells attached to the surface of the anode, the SEM images at high magnification clearly
showed biofilms of bacteria on the surface (Figure 3b,c). Previous studies have reported
that a higher microporous surface could improve the biofilm formation on the anode,
leading to higher current generation and power density [20,21].

Figure 3. Scanning electron microscope (SEM) images of the surface of the anode electrode. (a) 150, (b) 4000, and

(c) 12,000 %.

Due to the lack of characterization devices, bacterial communities in the soil used in
this study were not identified. However, according to some reported literature in the field,
paddy soil contains many exoelectrogenic bacteria such as Shewanella sp., Geobacter sp. or
Pseudomonas spp. [9,10,13]. Therefore, it can be assumed that the paddy soil used in this
study contained the same species.

3.2. PSMEFC Performance and the Effect of Different Cathodes

To evaluate the performance of the PSMFC1 and PSMFC2, the output voltage was
recorded over a 2 k() external resistor during the tested period. The current densities versus
time were calculated and shown in Figure 4a. It can be seen that the current densities
increased rapidly in the first 5 h and reached the peaks after about 35 h. The maximum
current density of the PSMFC1 (100.12 mA/ m?) was higher than that of the PSMFC2
(81.48 mA /m?). This result is considered a short startup time, which may be attributed to
the LB medium absorbed in the anode that facilitates the biofilm formation process and
microorganism activities.
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Figure 4. Electricity generation characteristics. (a) Polarization curve, (b) power density of PSMFC1 measured at 48 h and
120 h, and (c) power density of PSMFC2 measured at 24 h and 96 h.

After reaching the peaks, the current densities of both PSMFC1 and PSMFC2 decreased
gradually. After 168 h, the current densities of both PSMFC1 and PSMFC2 showed similar
values (41.85 mA/m? and 39.52 mA/m?, respectively). Compared with the peaks, the
degradation rates were 58% and 51% for PSMFC1 and PSMFC2, respectively. This result
may be attributed to the decrease in organic matter in the soil, causing low bacterial
activity. Both PSMFC1 and PSMFC2 showed similar behaviors regardless of the differences.
However, the PSMFC1 showed a better output in the first 72 h.

In this study, the tested period was fixed at seven consecutive days. However, accord-
ing to the experimental data shown in Figure 4a, the PSMFCs could continue to generate
the output for a much longer time. The degradation of the output depends on the nutrition
content of the soil and other complex factors. It may take a much longer time to determine
the end of life of the PSMFCs. This problem will be taken into account in future studies.

Moreover, the power densities of the PSMFC1 and PSMFC2 were measured and are
shown in Figure 4b,c, respectively. The results showed that the power density of the
PSMFC1 measured at 48 h was 7.3 mW/m2, and that of the PSMFC2 measured at 24 h was
5.4 mW/m?. These results are in good agreement with the polarization curves shown in
Figure 4a.

4. Conclusions

In this paper, a portable PSMFC was designed and fabricated. The PSMFC was
fabricated using low-cost materials. By simply plugging the PSMFC into natural wet soil,
it started producing electricity after 1 h and increased gradually to reach the maximum
after 24-48 h. Experimental results showed that the PSMFC could produce a maximum
power density of 5-7 mW/m?. Additionally, it can be expected that more power can be
obtained if the cathodic quality is further improved. With the compact and easy-to-setup
design, the proposed PSMFC can potentially be used for powering remote sensors and soil
quality sensing systems.
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