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A B S T R A C T

The widespread deployment of Internet of Things (IoT) devices has led to an increasing demand for sustainable 
and cost-effective power resources. Soil microbial fuel cells (SMFCs) have emerged as a promising solution, 
offering great biocompatibility and operational viability. This study presents a thorough investigation of the 
critical design parameters that influence the performance of SMFCs, with a particular focus on electrode material 
selection and electrode spatial configurations. Six common metallic materials, including brass, copper, stainless 
steel, aluminum alloy, iron, and zinc, are evaluated for their effectiveness as electrode materials, with zinc- 
stainless steel being found to be the optimal combination based on voltage and current outputs. The spatial 
arrangement of the electrodes is also shown to impact performance, with the series connection mode providing 
higher voltage output and larger internal resistance, while the parallel mode results in higher power output and 
lower internal resistance. To showcase the practical potential of SMFCs, a nine-cell series array was utilized to 
power a customized low-power IoT node, enabling the successful transmission of temperature data to the cloud 
without the need for a traditional battery. This work highlights the viability of SMFCs as a renewable, battery- 
free solution for IoT devices, with potential applications in agriculture, environmental monitoring, and smart 
campuses.

1. Introduction

The need for frequent battery replacement in large-scale IoT system 
deployment increases maintenance costs and environmental burdens 
[1–5]. To address this issue, renewable energy sources such as solar and 
wind power have been explored [6,7]. However, solar energy highly 
relies on sunlight, making it unreliable in shaded or indoor environ
ments, and wind power is limited to specific geographical locations with 
sufficient airflow, restricting its applicability [8,9]. Additionally, both 
solutions entail high installation and maintenance costs, which hinder 
their widespread deployment in distributed IoT systems [10,11]. Given 
these limitations, there is a pressing need for a reliable, low-cost, and 
environmentally friendly power source to foster the development of 
self-sustaining IoT node devices [12,13]. In this context, energy har
vesting technologies such as piezoelectric [14], triboelectric [15], 
thermoelectric [16], electromagnetic [17], and bioenergy systems have 
been widely investigated for converting ambient mechanical, thermal, 

or chemical energy into electricity [11]. Among these, soil microbial fuel 
cells (SMFCs) represent a promising solution with unique advantages 
over the traditional ones [18]. They can continuously generate power 
outputs independent of illumination or weather conditions and, through 
microbial metabolism, produce no harmful pollutants, thereby offering a 
clean and sustainable energy solution (see Supplementary Table S2) [19,
20]. Moreover, SMFCs are cost-effective and easy to deploy, making 
them ideal for large-scale, eco-friendly distributed IoT systems.

The concept of SMFCs first appeared in 1911 when scientists 
discovered that microbes in soil could generate electricity [21]. In 1931, 
Barnett Cohen indicated that microbial metabolism could produce 
electric currents via electron transfer [22]. However, for decades, 
research on SMFCs remained limited. With advancements in electro
chemical technology and the growing demand for sustainable power 
sources in IoT applications, SMFCs have gained recognition as a prom
ising potential energy solution [23]. To enhance their efficiency, pre
vious studies have explored various anode materials, which play a 
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critical role in electron transfer [24]. However, despite significant 
progress, practical applications of SMFCs have been scarcely reported 
[25]. In addition to material selection, the physical placement of the 
anode has a substantial impact on microbial community structure and 
diversity, thereby influencing SMFC performance [26]. Studies have 
shown that factors such as the electrode material, biocompatibility, 
conductivity, and spacing can influence SMFC performance, yet their 
precise impacts remain unclear [19,27]. Since systematic research and 
experimental studies on optimizing SMFC design are limited, guidelines 
for improving SMFC efficiency are lacking. Hence, further investigation 
is needed to thoroughly explore the optimization of anode materials, 
electrode placement, and other parameters to improve the design of 
SMFCs and enhance their performance.

This study aims to tackle these challenges, focus on optimizing 
SMFCs, and then apply them to a practical IoT application. Based on 
electrochemical principles and the microbial fuel cell theory (Fig. 1(a)), 
the research begins by investigating the effects of electrode materials, 
spacing, and configuration on the output of SMFCs. Experiments are 
conducted under carefully controlled conditions, with specific soil vol
ume, temperature, and humidity levels. A constant temperature and 
humidity incubator (HWS-250) is utilized to maintain stable environ
mental conditions. For electrical measurement and monitoring, an 
electrometer (Keithley 6514) and an oscilloscope (DHO 1072) are uti
lized. Furthermore, we designed an energy management circuit (EMU) 
to regulate and store the energy harvested by the SMFC. Additionally, 
we developed a low-power consumption IoT node with sensing and 
communication capabilities. By integrating these components, we suc
cessfully built a battery-free IoT node capable of perpetually sensing and 
transmitting the ambient temperature data to the IoT cloud. Overall, this 
research presents an innovative approach for supplying energy to 
empower IoT nodes for perpetual operation in scenarios such as sus
tainable campuses, smart agriculture, etc.

2. Results

2.1. Overview of mechanisms and structures

Fig. 1(a) presents the schematic diagram of the SMFC, which consists 
of two electrodes made from different materials: the anode is buried in 
an oxygen-deficient (anaerobic) soil layer, while the cathode is 

positioned in an oxygen-rich (aerobic) region [19,28,29]. The soil serves 
as a medium for proton transfer and provides organic substrates 
necessary for microbial activities. During microbial metabolism, the 
microbes in the soil release electrons and transfer them to the anode, 
which then flows through the external wire to the cathode, generating 
an electrical current [23,30]. At the same time, protons migrate through 
the soil to the cathode, where they react with oxygen to produce water, 
completing the electrochemical process. When acetate is used as the 
organic substrate at the anode, the overall reaction in the SMFC can be 
simplified as: 

CH3COO− + 2 O2 → CO2 +HCO−
3 + H2O 

The whole process can be divided into two half-reactions, each 
occurring at the respective electrodes. The oxidation half-reaction at the 
anode is as follows: 

CH3COO− + 3 H2O → CO2 +HCO−
3 + 8 H+ + 8 e−

The reduction half-reaction on the cathode can be described as: 

2 O2 + 8 H+ + 8 e− →4 H2O 

Fig. 1(b–c) shows the prepared soil container for prototyping SMFCs 
used for material selection and electrode distribution tests. Unlike 
chemical batteries, which are non-recyclable and cannot be self- 
recharged, SMFCs harvest electricity from everlasting microbial meta
bolism activity in the soil, thereby producing zero pollution and mini
mizing environmental impact [31,32]. It can be envisioned that such 
SMFCs could be deployed to establish battery-free, eco-friendly IoT 
nodes for monitoring applications in the agriculture industry, such as 
temperature, humidity, and air quality. Fig. 1(d) shows an application 
scenario under development on the campus of the Hong Kong University 
of Science and Technology (Guangzhou).

2.2. Electrode material selection

Electrode materials play a crucial role in affecting the performance of 
SMFCs. Identified critical factors include surface area, roughness, elec
trical conductivity, and biocompatibility [33]. An ideal electrode should 
provide a large surface area and high roughness to facilitate microbial 
attachment, exhibit excellent electrical conductivity for electron trans
fer, and possess good biocompatibility to avoid disrupting microbial 

Fig. 1. (a) Working mechanism of the SMFC. (b–c) Soil containers prepared for SMFC prototyping. (d) Vision of sustainable, soil-powered distributed systems 
on campus.
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activity [25]. However, there is limited research on SMFC electrode 
materials, and a quantitative evaluation of the influences of those factors 
is lacking. Metal materials, in particular, provide distinct advantages, 
such as superior electrical conductivity, enhanced mechanical dura
bility, and ease of fabrication, making them well-suited for practical 
deployment in real-world SMFC applications [25]. In this study, six 
widely accessible metal materials, including brass, copper, stainless 
steel, aluminium alloy, iron, and zinc, are selected to assess their suit
ability as SMFC electrodes. The abbreviations for these materials are 
listed in Table I. To minimize the impact of external factors, the ex
periments are conducted in acrylic containers, each with dimensions of 
10 cm × 10 cm × 10 cm in Fig. 1(c). The soil used in the experiment was 
unprocessed commercial potting soil, commonly used for flower culti
vation and purchased in bulk to ensure a relatively homogeneous mi
crobial and nutrient composition. Throughout the test, the soil was 
maintained in a moderately moist state, corresponding to the effective 
moisture range reported by Zhang et al. [34], who observed a sharp 
decline in SMFC's voltage output below a moisture content of 0.2, a 
steady increase between 0.2 and 0.4, and a plateau beyond 0.4. 
Accordingly, soil moisture was kept within the range of 50–60 %, while 
the ambient temperature and humidity were precisely controlled at 26 
◦C and 70 %, respectively, using a biochemical incubator. All the elec
trodes are cut to a fixed size, ensuring an identical contact area of 5 cm 
× 10 cm with the soil. The six electrodes were combined and grouped 
into 15 electrode pairs, with each pair individually inserted into the soil 
samples at an electrode spacing of 2.5 cm. For each electrode combi
nation, ten independent samples were prepared to ensure statistical 
reliability. All SMFC samples were stabilized in an incubator for 36 h 
prior to testing and measurement, allowing sufficient microbial attach
ment and biofilm formation on the electrode surfaces.

As depicted in Fig. 2(a), among all samples, the brass-copper com
bination produces the lowest potential difference of only 0.015 V. 
Electrode pairs made of zinc with stainless steel, brass, or copper, as well 
as an aluminium-stainless steel combination, exhibit higher voltage of 
0.81 V, 0.72 V, and 0.65 V, respectively. By comparing the results, a 
relative potential ranking of the six materials is established as follows: 
stainless steel > copper > brass > iron > aluminium > zinc. To examine 
voltage and current outputs, a three-day continuous test is conducted 
using the three highest-performing electrode pairs: zinc-stainless steel, 
zinc-copper, and stainless steel-aluminium, as demonstrated in Fig. 2(d). 
The current values represent instantaneous peak currents measured 
under short-circuit conditions using a Keithley 6514 electrometer, cor
responding to the maximum steady-state output immediately after 
voltage stabilization. The results in Fig. 2(b) and (c) demonstrate that 
the zinc-stainless steel combination yields the highest performance, with 
an average open-circuit voltage of 0.87 V and a short-circuit current of 
2.68 mA. Therefore, the electrode pair consisting of zinc (anode) and 
stainless steel (cathode) is identified as the optimal combination and 
chosen for further exploration in the following study. The observed 
performance hierarchy among different electrode pairs can be attributed 
to the interplay of intrinsic material properties, such as surface rough
ness, electrical conductivity, and biocompatibility. Surface roughness 
influences microbial attachment and biofilm formation, while conduc
tivity governs the efficiency of electron transport. Biocompatibility 
modulates microbial metabolism and community stability. Among all 

the tested configurations, the zinc–stainless steel pair delivered the 
highest output, representing an optimal synergy between these physi
cochemical and biological factors that collectively enhance the SMFC's 
performance. To further interpret this result, scanning electron micro
scopy (SEM) images were captured for the post-use electrodes, as shown 
in Fig. 2(g). Compared with the SEM images of the unused electrodes, 
clear microbial adhesion and biofilm formation can be observed on the 
surfaces of both used electrodes, with a notably denser and more 
extensive biofilm coverage on the zinc anode. These morphological 
observations offer additional evidence supporting the microbial-driven 
electricity generation mechanism in SMFCs, and the superior biofilm 
development on zinc offers a plausible explanation for its enhanced 
performance as the anode. Moreover, both the anode and cathode sur
faces remained intact, with no visible signs of corrosion or chemical 
degradation. The internal resistance exhibited minimal variation over 
the seven days, indicating stable and consistent operational perfor
mance. Short-term evaluations of the other electrode materials revealed 
similar trends in microbial attachment and electrical outputs, suggesting 
that the observed stability is broadly representative across all tested 
configurations.

The spatial arrangement of electrodes, including their orientation 
and spacing, is another critical factor affecting the performance of 
SMFCs [34]. Previous studies have indicated that at a constant substrate 
feeding interval, smaller electrode spacings yield better performance at 
the beginning [35]. However, at the end of their long-term test, the 
conclusion was overturned, revealing that a larger electrode spacing 
showed the best performance. As external factors fluctuate over time 
and the increased discrepancies between different samples could distort 
the results [35], a short-term test is carried out to minimize these fluc
tuations and reduce their impact. As illustrated in Fig. 2(e)–a 0.001 m3 

container is divided into four equal sections, each fitted with 
zinc-stainless steel electrode pairs, all having an identical contact area of 
4.5 cm × 10 cm. But their electrode spacings are set to 1 cm, 2 cm, 3 cm, 
and 4 cm, respectively. They are preserved under consistent environ
mental conditions for 7 days. The open-circuit voltage output and 
impedance matching results are presented in Fig. 2(f). The measurement 
platform and the detailed impedance matching curves used to calculate 
these power values are shown in Fig. S1. Each power point in Fig. 2(f) 
was derived from the impedance matching curves in Fig. S1. The 
experimental results indicate stable performance, characterized by an 
open-circuit voltage of 1 ± 0.02 V, an internal resistance of 500Ω and 
600Ω, and a peak power of 0.1 ± 0.035 mW. It is important to note that 
power measurement in this test is challenging. Since shunting the SMFC 
to a resistive load dissipates energy instantly, with the dissipation rate 
varying with each instance, the voltage fluctuates when changing the 
resistances during the test.

Additionally, in the impedance matching test, resistance values are 
sampled at intervals of 100 Ω, which implies that a slight change in 
resistance may greatly change the calculated power. This explains why, 
although the variation in open-circuit voltage is negligible, the variation 
in power output is relatively noticeable. Based on the open-circuit 
voltage result and considering unavoidable measurement errors, these 
findings suggest that the electrode spacing has a limited impact on the 
performance of SMFCs in the short-term test under controlled condi
tions. The slight variations in the output might arise from many external 
factors, such as discrepancies in the soil composition and fluctuations of 
environmental conditions, rather than the inherent electrochemical 
properties of SMFCs. To complement the short-term performance eval
uation, a 30-day open-circuit voltage monitoring experiment was con
ducted under indoor conditions using SMFCs with electrode spacings of 
1, 2, 3, and 4 cm. As shown in Fig. 2(h), the voltage in all configurations 
slightly increased over time in the absence of external loads, but overall 
stabilizing within the range of 1.0–1.1 V. No substantial differences were 
observed among the different configurations, which is consistent with 
the short-term results and suggests that, within this range, electrode 
spacing has minimal influence on output voltage stability.

Table 1 
Abbreviations for selected metallic materials.

Metal Material Abbreviation

Brass Br
Copper Cu
Iron Fe
Stainless steel SS
Aluminium Al
Zinc Zn
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2.3. Electrode spatial distribution experiment

To investigate the effect of electrode spatial distribution on the 
output performance of SMFCs, three containers are designed and 
fabricated, as shown in Fig. 1(b). They maintain the same total volume 
while being divided into a single cell, four cells, and nine cells. The 
electrodes are made of zinc and stainless steel, with a consistent surface 
area of 18 cm3and an electrode spacing of 2 cm. After setting up the 
electrodes and filling the containers with soil, they were incubated 
under controlled conditions at 26 ◦C and 70 % humidity for three days. 
Over the following seven days, open-circuit voltage and current outputs 
were recorded ten times each day for all configurations, including 
single-cell, four-cell, and nine-cell SMFCs. For the SMFCs with four-cell 
and nine-cell configurations, repeated measurements were conducted 
under both series and parallel connection modes, resulting in five 
experimental groups.

Fig. 3(a–e) present the short-circuit current measurements recorded 
over seven days for the five experimental groups, and Fig. 3(f) offers a 
statistical analysis of these results. The parallel configurations exhibited 

superior current generation capabilities, with both the four-cell and 
nine-cell SMFCs exceeding 15 mA, outperforming the single-cell SMFC's 
output of 13 mA. In contrast, series-connected configurations demon
strated substantially reduced current outputs, with the nine-cell and 
four-cell series configurations generating 1.45 mA and 3.58 mA, 
respectively. Fig. 3(g) illustrates the voltage output characteristics of the 
five experimental groups. The nine-cell series configuration generated 
superior voltage output, with an open-circuit voltage of about 5.015 V, 
followed by the four-cell series configuration with a voltage output of 
approximately 2.737 V. In comparison, the single-cell SMFC and the 
four-cell and nine-cell parallel SMFCs exhibited significantly lower 
open-circuit voltage outputs, all below 1 V during the testing period.We 
additionally performed supplementary measurements on extended 
SMFC connection configurations, including a hybrid series–parallel 
arrangement. As summarized in Table S1, the hybrid configuration 
exhibited intermediate voltage and current outputs compared with the 
cases where the SMFCs were connected purely in series or purely in 
parallel, consistent with the performance trends predicted by circuit 
theory.

Fig. 2. Output performance of the SMFCs with various electrode materials and spacing. (a) Voltage outputs of the SMFCs with different electrode material com
binations. (b) Instantaneous peak current and (c) Voltage outputs of the SMFCs with zinc-stainless steel, zinc-copper, and stainless steel-aluminium electrode material 
combinations over three days. (d) Experimental setups for electrode material selection. (e) Setup for electrode spacing tests. (f) Output performance of the SMFC 
using the zinc-stainless steel combination with different electrode spacings. (g) SEM images of stainless steel and zinc electrodes before and after 7 days of SMFC 
operation. (h) Voltage output of the SMFCs with different electrode spacings over a 30-day period.
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To ensure the reproducibility and statistical reliability of the exper
imental results, the dataset was expanded and quantitatively analyzed. 
During the seven-day test, five independent SMFC samples were pre
pared for voltage measurements, and another five samples for current 
measurements. Each sample was tested under the identical environ
mental conditions for seven consecutive days, with ten repeated mea
surements performed daily to assess stability and day-to-day variation. 
The compiled data were analyzed using one-way ANOVA, and the 

detailed statistics are summarized in Table S3, including the mean 
values, standard deviations, and corresponding p-values. The analysis 
revealed significant differences in both the voltage and current (p =
7.82 × 10− 33 and p = 9.81 × 10− 17, respectively), confirming the strong 
statistical significance and high reproducibility of the experimental 
results.

Impedance matching experiments further reveal differences in 
maximum power output across the configurations. As shown in Fig. 4, 

Fig. 3. Current (a–f) and voltage (g) outputs of SMFCs with different electrode spatial arrangements.

Fig. 4. Output performance of the SMFCs with different configurations and connection modes.
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the single-cell exhibited the highest maximum power output of 1.00 
mW, followed by the four-cell and nine-cell parallel configurations, 
which produced about 0.97 mW and 0.85 mW, respectively. The series 
configurations of the four-cell and nine-cell SMFCs generated the lowest 
power outputs of about 0.76 mW and 0.35 mW, respectively. The in
ternal resistance of the nine-cell series SMFC is the highest, measuring 
8000 Ω, followed by the four-cell series one with an internal resistance 
of about 2000 Ω. In contrast, the internal resistances of the single-cell 
SMFC and two parallel SMFCs are all below 80 Ω. This observed dif
ference may primarily arise from the electrode area distribution: with 
the total electrode area maintained constant across configurations, each 
cell in multi-cell arrays has a smaller electrode area, resulting in higher 
internal resistance and lower per-cell power output [36]. Moreover, 
spatial variations in soil moisture, ion concentration, and microbial 
density in the array configuration can cause voltage imbalance, ampli
fying the performance gap [37,38]. Experimental results indicate that 
the electrode arrangement has a significant impact on the performance 
of SMFCs, including voltage and current outputs, as well as internal 
impedance. Hence, one knows that adjusting the spatial distribution of 
SMFCs and selecting appropriate connection modes can change voltage 
and current outputs to meet different load requirements. In addition, the 
single-cell SMFC developed in our study, using stainless steel and zinc as 
electrodes, achieved a power density of 555.6 mW/m2 under 
impedance-matching conditions. This value is significantly higher than 

the 17.4 mW/m2 reported by Yen et al. [19] using carbon-felt electrodes 
under comparable soil conditions. While differences in the soil compo
sition and environmental factors limit the precision of direct compari
sons, the substantial performance gap underscores the effectiveness of 
metal electrodes.

2.4. Application demonstration

In recent years, SMFC technology has been studied and explored as a 
potential power solution, with researchers attempting to showcase its 
application value [39]. However, because SMFCs typically deliver low 
power output, most studies cannot implement them in real-world ap
plications to really address power supply issues [18]. Existing research 
on SMFCs primarily focuses on optimizing configurations to enhance 
power output, with few successful practical applications. In this study, to 
offer a deeper understanding of the value and potential of this technique, 
we have carefully designed and prepared a practical application 
demonstration. Considering most electronic devices operate within a 
voltage range of 3.3 V–5 V, we use a nine-cell series SMFC to power the 
device in the following study.

As depicted in Fig. 5(c), the SMFC-powered IoT node consists of a 
nine-series SMFC and a customized low-power IoT node that can 
conduct sensing and communication. The working schematic of this IoT 
node is illustrated in Fig. 5(e). The power generated by the SMFC is 

Fig. 5. (a) Voltage history of the capacitor 
during the operation process of the SMFC- 
powered IoT node. (b) Physical layout of 
the testing platform. (c) Nine-cell series 
SMFC connected to the low-power IoT node. 
(d) Temperature data uploaded to the cloud 
and displayed on the laptop. (e) The inte
grated system architecture, illustrating the 
flow of harvested energy through a 47 μF 
energy storage capacitor, the LTC3588 en
ergy management chip, and the IoT node. 
(Multimedia – Video S1 available online). (f) 
Schematic map of the demonstration exper
iment showing the five campus soil sampling 
locations and the deployment site of the 
SMFC used to power the IoT sensor. (g) 
Temperature data collected by the SMFC- 
powered sensor over a 30-day period, along 
with the open-circuit voltage histories of 
both the active SMFC (driving the sensor) 
and the idle SMFC (under open-circuit 
conditions).
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stored in a 47 μF capacitor, which cooperates with the LTC3588 chip for 
energy management. When the capacitor voltage is charged over 4.9V, 
which is the Undervoltage lockout threshold (UVLO) of the LTC3588, 
the chip provides a stabilized 3.3V output to the IoT device. The 
embedded chip of the IoT node includes a built-in temperature sensor, 
and it transmits the data via Bluetooth to a receiver built on an ESP32 
microcontroller, which then uploads the data to the IoT cloud. The real- 
time operating interface of this SMFC-powered IoT system is shown in 
Fig. 5(d).The platform shown in Fig. 5(b) is designed to assess the per
formance of SMFCs and the connected IoT nodes they power. It enables 
the evaluation of SMFC energy output and the operational efficiency of 
IoT nodes, focusing on power stability, energy consumption, and data 
transmission reliability. It includes an electrometer and an oscilloscope 
for measurements, a laptop for displaying sensing data, and an SMFC- 
powered IoT node.

Fig. 5(a) shows the voltage charging history during the operation of 
the IoT node. During the cold-start phase, the voltage across the storage 
capacitor increases from 0 V to 4.9 V within approximately 23 s. Once 
the voltage reaches 4.9 V, the LTC3588 power management circuit be
gins to supply continuous, regulated power to the node and ceases 
output when the voltage drops to approximately 3.5 V, allowing 
recharging. Under steady-state operation, the node transmits 12 bytes of 
temperature data every second at a radio output power of 0 dBm. Within 
the 4.9–3.5 V operating range, the 47 μF capacitor provides approxi
mately 276 μJ of useable energy. The first transmission after a cold start 
consumes about 125 μJ, while subsequent cycles stabilize at around 82 
μJ. Even under extreme conditions where the SMFC output current is 
insufficient to promptly replenish the capacitor, the stored energy can 
sustain at least two complete transmission events, ensuring robust and 
continuous operation. A demonstration of using the SMFC to supply the 
IoT node is available in Video S1. This demonstration showcases the 
feasibility and reliability of using the SMFCs for practical IoT applica
tions. To further evaluate environmental robustness, an additional 
experiment was conducted using unprocessed soil randomly collected 
from five locations across our university campus. As shown in Fig. 5(f), 
two SMFCs were constructed: one was used to power an IoT node for 1 h 
per day, while the other remained idle. For both SMFCs, voltage was 
measured three times daily throughout the experiment. The soil was left 
in its natural state without any pretreatment and maintained under 
identical indoor environmental conditions for both SMFCs. As presented 
in Fig. 5(g), the SMFC-powered sensor performed stably, and the voltage 
outputs of both the active and idle SMFCs remained within a consistent 
range over the 30-day period. These results demonstrate that SMFCs can 
reliably operate using naturally variable soil, reinforcing their feasibility 
for powering IoT devices outside of tightly controlled laboratory envi
ronments. In addition, visual inspection after the 30-day test revealed no 
noticeable electrode corrosion or structural deterioration, confirming 
the good electrode integrity, stable microbial activity, and consistent 
electrochemical performance throughout prolonged operation.Consis
tent with these observations, a broader comparison with previous SMFC 
systems (Table S4) shows enhanced power stability and sustained 
operation. The integration with a continuously operating wireless IoT 
node highlights a clear application-level innovation with improved 
practicality.

Supplementary video related to this article can be found at https 
://doi.org/10.1016/j.decarb.2025.100137

3. Conclusion

This study has thoroughly examined the electrochemical potential of 
widely accessible metal electrodes in soil and identified zinc and stain
less steel as the most effective electrode pair for SMFCs. The influence of 
electrode spatial configuration on SMFC performance has also been 
comprehensively investigated. The results revealed that while the in- 
series connection mode increases the voltage output and the in- 
parallel connection mode enhances the current output, neither 

configuration significantly improves the overall energy conversion ef
ficiency of SMFCs. However, adjusting the electrode arrangement could 
alter the output characteristics of SMFCs, providing a way to tailor the 
system for specific energy demands. To demonstrate the potential value 
of SMFCs in practical applications, an SMFC-powered IoT node was 
developed and used to power a customized low-power IoT node. An 
energy management circuit was employed to regulate energy collection 
and consumption. The demonstration showed that the system can self- 
sustain and operate using energy harvested by the SMFC from 0.001 
m3 of soil. Moreover, the system maintained continuous temperature 
monitoring and data transmission during the test, demonstrating its 
potential as a stable, low-maintenance power solution. In general, this 
study advances the development of SMFCs for self-powered IoT appli
cations by optimizing electrode selection and spatial configuration, as 
well as designing customized low-power circuits. The effective deploy
ment of the SMFC-powered IoT node has demonstrated its feasibility and 
value, laying the foundation for future improvements in efficiency and 
scalability, ultimately contributing to the advancement of sustainable 
energy solutions.
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