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ABSTRACT 

Sediment microbial fuel cells (SMFCs) are emerging as a promising green energy technology 

with enormous application potential for wastewater treatment and linked electrical energy 

production. However, the practical application of these devices is challenged by their low-

performance factors pertaining to the imbalanced electrolyte and oxygen levels and weak 

cathodic functions in open environment conditions. This study explored to address the poor 

performance of the SMFC by coupling it with a free-floating aquatic plant, Water lettuce. 

Growth of the plant balanced the catholyte pH in the range of 7.2–7.6, increased the ionic 

conductivity by 60%, stabilized the sub-surface water oxygen level, and boosted the cathodic 

potential by ~ 102 mV and ~ 49 mV in open and close circuit operations mode, respectively. 

The cumulative effect of these inputs led to producing a power density of 22.45 mW/m2 and a 

current density of 136.84 mA/m2 at 2 kΩ and 50 Ω loads, respectively. The enhanced 

cathodic performance was also attributed to the colonization of Water lettuce root bacteria as 

biofilm on the cathode that supported catalytic oxygen reduction on the graphite electrode. 

Metagenomic analysis indicated the biofilm is created mostly by aerobic microbes such as 

Ferrovibrio terrae, Comamonas aquatic, Achromobacter xylosoxidans, Hydrogenophaga 

taeniospiralis etc. bearing catalase enzyme, Pannonibacter phragmitetus, Streptococcus 

pyogenes, Streptococcus mutans etc. bearing heme enzyme and these microbes 

synergistically catalysed cathodic reduction reactions. This study demonstrated the positive 

role of Water lettuce in boosting the power performance of SMFC mainly by activating the 

cathodic functions of the setup. The progress of this innovative green energy technology 

destined for open environment applications is also mired by their inherent low voltage 

generation. A solution to improve the voltage level is to stack several unit cells through series 

or parallel connections. Paradoxically, such stacks frequently encounter voltage reversal 

(VR), which grossly affects their performance. Thus this study also presents strategy to 

mitigate VR in stacked water lettuce-assisted SMFCs (WL-SMFCs) by tuning the anodic 

surface area. A theoretical framework was first developed to relate electrical parameters to 

anodic surface area, predicting that increasing the anodic surface area of the terminal unit 

would enhance the overall stack voltage. This prediction was experimentally validated using 

a laboratory-scale stack of series-connected WL-SMFC units. When the anodic surface area 

of the terminal unit was increased to match the total anodic surface area of all other units 

combined, VR was significantly reduced. In two-, three-, and four-unit stacks, VR decreased 

by 70%, 57%, and 54%, respectively. Electrochemical impedance spectroscopic analysis 
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confirms the corresponding increase in anodic storage charge (C) to 318.25±12.35 (670±26), 

453.08±12.12 (964±26), and 422.92±9.39 (872±19) from the unit value of 240.58±25.65 

(523±55) with respective capacitance (pF) values shown in brackets. This anodic surface area 

tuning approach offers a technically simple, self-sustaining, and cost-effective solution for 

alleviating VR, thereby enhancing the feasibility of SMFCs for open-environment 

applications. Herein, another effort has been made to increase the power output of plant-

assisted sediment MFCs, using a power management system (PMS).  Water lettuce-assisted 

sediment MFCs with a reactor volume of 500 ml were constructed, and four stacks were 

made, each with two cell units connected in series. When each of the stacks was connected to 

a charge pump, the voltage increased to double with an efficiency of 97.15±0.01%. The 

output of the four charge pumps was cascaded for charging a pair of 3300 µF capacitors, 

which were then discharged in series through a 0.5 F supercapacitor. With the input from the 

capacitors, the time for charging the supercapacitor was 35 hours that generated 3.5 V, which 

is ~61.5% of its maximum voltage limit (5.69 V). At the maximum operating point for the 

stacks (10 kΩ load), the PMS delivers ~0.92 mW, which is 7.13 times the total power 

delivered by the stacks.  The maximum power conversion efficiency of the PMS was 81.76%. 

This study demonstrated powering a 1 W LED using the fabricated PMS. The power 

efficiency for the PMS can be further increased by allowing additional charging time for the 

supercapacitor and increasing the supercapacitor’s value. These results would be informative 

for designing a self-powered PMS topology to boost power in MFC stacks for their practical 

applications. 
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1.1 Introduction 

In the pursuit of sustainable and clean energy sources to support a global low-carbon 

economy, the scientific community emerged with an innovative concept termed microbial 

fuel cell (MFC). The foundational idea of exploiting the catalytic activity of microbial species 

to produce electrical current was first proposed by M.C. Potter (Potter, 1911) , who laid down 

the groundwork for MFC technology. This concept gained practical momentum when Suzuki 

et al. (1976) developed the first MFC design. In recent years, significant progress has been 

achieved in understanding the fundamental principles underlying the MFC operation. The 

effectiveness of MFCs relies primarily on the presence of an active microbial population and 

the availability of organic minerals to ensure sustained energy production. Installation of 

MFCs in natural environment settings facilitates continuous electrochemical activity by 

maintaining a natural supply of organic substrates. A noteworthy progression in this direction 

is the development of plant-assisted MFCs, which integrate vegetation into the system to 

enhance organic matter availability and improve overall performance. The concept of plant-

assisted MFCs, made well known by a group of researchers from Wageningen university of 

research, Netherlands in 2008, is rhizosphere-mediated generation of bioelectricity, 

effectively coupling plant activity with microbial electrochemical processes. 

Over the past decade, plant-assisted MFCs have evolved with the understanding of plant-

microbe interactions in various environmental settings such as floating water bodies, marshy 

wetlands, and paddy fields (Regmi et al., 2018) These studies exploring different plant 

species for bioelectricity generation convey the scope for further investigations in this 

domain. Another promising version of MFC technology for both energy generation and 

environmental remediation is the sediment microbial fuel cell (SMFC). Primarily, SMFCs are 

bioenergy generators that harvest energy from the chemical energy stored in the organic-rich 

sediment of natural water bodies such as rivers, lakes, ponds, etc. These aquatic ecosystems 

typically exhibit a columnar structure, where the uppermost zone is saturated with oxygen 

and the bottommost zone is anaerobic and serves as a sink for organic matter, both separated 

by a water column. This natural redox gradient is ideal for MFC operation: the 

exoelectrogenic microorganisms in the sediment act as the electron donor by oxidizing 

organic matter, and the oxygen-rich surface layer acts as the unlimited electron sink/acceptor. 

Thus, by implementing a solid anode in the sediment and a solid cathode near the water 

surface, this redox difference can be harnessed to generate electricity. 
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These considerations motivated us to conduct an investigation into the influence of floating 

aquatic plants on key performance parameters of sediment microbial fuel cells (SMFCs), with 

a particular focus on plant–system interaction mechanisms. The selection of a suitable aquatic 

floating plant for this study was guided by criteria such as natural availability, resilience to 

climatic variability, and adaptability to the physicochemical dynamics of the host aquatic 

ecosystem. Water lettuce (Pistia stratiotes, WL), which was chosen for this investigation, is a 

freshwater, free-floating small aquatic plant belonging to the family of monocotyledons and 

is the sole species of its genus, Pistia (Buzgo, 1994; Schmid, 2000). Typically forming dense 

green colonies on water surfaces, WL extends its submerged roots beneath the floating 

fronds. These morphological features allow it to interact directly with both the water column 

and sediment interface, potentially influencing the electrochemical dynamics of SMFCs. WL 

thrives within a temperature range of 22–30 °C and can tolerate conditions up to 35 °C, with 

an optimal pH range of 6.5–7.2 (Tamada et al., 2015). These environmental tolerances, 

combined with its rapid growth and structural characteristics, are expected to address several 

technical challenges associated with plant integration in SMFC systems, making it a viable 

candidate for this application. 

In addition to the challenge of scaling up the inherently low power output of SMFCs, the 

issue of voltage reversal (VR) in series-connected configurations poses a significant barrier to 

their practical application. VR refers to a condition in which the voltage of an individual 

MFC unit reverses polarity within a stack, thereby diminishing the total voltage and output of 

the entire series system (Aelterman et al., 2006; Oh and Logan, 2007). This phenomenon 

makes stacking strategy less feasible to address the high power demand in practical 

applications. Open-filed SMFC operate under fluctuating environmental conditions, these 

dynamic conditions increase the susceptibility of the system to VR, complicating long-term 

and scalable deployment. Previous research has suggested that increasing the anodic surface 

area can enhance SMFC performance (Ewing et al., 2014). However, this strategy has not yet 

been thoroughly examined as a potential solution for mitigating VR in stacked 

configurations. This gap in understanding motivated us to investigate the influence of anodic 

surface area on the occurrence of VR in series-connected SMFCs, with the goal of improving 

stack performance and enabling more reliable power delivery in practical applications. 

Under optimal operating conditions, sediment microbial fuel cells (SMFCs) typically produce 

an open circuit potential (OCP) of less than 1 V. To improve the voltage output, SMFCs can 

be stacked in series using voltage reversal (VR) elimination strategies. However, in natural 
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ecosystems, where SMFCs are often deployed, the physical size constraints make it 

impractical to connect a large number of cells in series. To address this, integrating a power 

management system (PMS) with SMFCs can enhance power delivery to meet application-

specific requirements and support practical implementations. The efficiency of the PMS is 

therefore a critical factor in realizing the real-world potential of SMFCs. From an energy 

sustainability perspective, it is essential to design a PMS that consumes only a minimal 

portion of the SMFC’s output for its own operation while effectively converting the harvested 

energy for practical use. Existing PMS designs that rely heavily on passive components can 

significantly increase internal power consumption, leading to lower overall energy 

conversion efficiency. As such, there is a strong need to develop self-powered, high-

efficiency PMS architectures capable of boosting the SMFC output voltage for practical 

applications. This motivation underpins our focus on designing a self-powered PMS that 

maximizes conversion efficiency and enables SMFCs to be viable power sources in natural 

environments. 

1.2 Microbial fuel cell  

1.2.1 Theory of operation 

Microbial cells (bacteria) function as biocatalysts that drive biotransformation processes and 

enable the synthesis of value-added chemicals (Beygmoradi and Homaei, 2017; Ladkau et al., 

2014; Wohlgemuth, 2010). These cells host a collection of enzymes that facilitate cascaded 

metabolic reactions essential for their survival on organic minerals. When integrated with an 

electrochemical system, this microbial metabolism can be harnessed for biologically driven 

electricity generation, a concept known in the literature as microbial fuel cells (MFCs) 

(Schröder et al., 2015). In this context, microbial cells are referred to as electrochemically 

active microorganisms, which serve as biocatalysts in MFCs, playing a critical role in energy 

recovery and organic waste degradation, primarily through anaerobic oxidation processes 

(Yang and Chen, 2021). An ideal MFC operates through effective electrical communication 

between these electrochemical biocatalysts and solid electrodes. The microorganisms donate 

electrons to the electrochemically polarized anode as part of their respiration process, 

oxidizing complex organic substrates (Kaushik and Goswami, 2018). A counter electrode, the 

cathode, is placed in a separate ionic environment to support the complementary reduction 

reactions and facilitate extraction of electrical energy. These anode and cathode chambers are 

typically separated by a semi-permeable ion exchange membrane to maintain electrolyte 
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continuity (Figure 1.1A). The system can be operated in either open-circuit (OC) or closed-

circuit (CC) mode across a fixed load (Abdul Quadir et al., 2025). In OC mode, electrons 

accumulate at the anode, generating a negative potential. When a load is connected, electron 

flow reduces the anode's negative potential and equilibrates it with the cathode through the 

resistor. The overall MFC voltage (EMFC) is measured as the potential difference between 

the cathode (Ecathode) and the anode (Eanode), as shown in Equation 1.1. By varying the 

external resistance and recording the corresponding voltage (V) and current (I), the power 

output (P) can be calculated using the equation P = VI (Logan et al., 2006a). A microbial 

community that generates high current at low resistance will yield high power density at that 

resistance. Conversely, communities producing lower currents at higher resistances may still 

yield high power at those resistance levels. MFCs can be configured in either single- or dual-

chamber designs. A sediment microbial fuel cell (SMFC) is a type of single-chamber MFC. 

In addition to structural design, MFCs are also classified by the resources they utilize. 

Environmental MFCs include plant-MFCs and SMFCs, while photosynthetic MFCs utilize 

photosynthetic microorganisms to generate electricity in response to light (Kaushik and 

Goswami, 2018; Sarma et al., 2016). This study focuses on evaluating the power performance 

of SMFCs due to their capability to produce electrical energy from the microbial metabolism 

of sediment organic matter, highlighting their versatility and potential for sustainable energy 

applications (Zabihallahpoor et al., 2015). 

𝐸𝑀𝐹𝐶 = 𝐸𝑐𝑎𝑡ℎ𝑜𝑑𝑒 − 𝐸𝑎𝑛𝑜𝑑𝑒  (1.1) 

1.2.2 SMFC 

Sediment microbial fuel cells (SMFCs) are ecosystem-based MFC configurations that can be 

deployed directly in natural environments with minimal construction material requirements 

(Gupta et al., 2023). The sediment bed in such environments is inherently rich in organic 

matter, enabling sustainable energy generation. SMFCs are thus considered a promising 

green energy technology, offering the dual benefits of renewable electricity production and 

bioremediation of pollutants in aquatic ecosystems (Sun et al., 2023). Additionally, the 

fabrication of SMFCs demands relatively low energy input, contributing to a favorable net 

energy balance. Tommasi and Lombardelli (2017) reported that an SMFC setup using 

graphite electrodes could recover its energy investment within 2.7 years, making it one of the 

most sustainable MFC types. Despite their sustainability advantages, SMFCs currently face 

limitations in both power output and contaminant removal efficiency, restricting their 
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practical real-world applications (Ewing et al., 2017; Li et al., 2023; Tommasi and 

Lombardelli, 2017; Wang et al., 2019). Various studies have attempted to address the issue of 

low power generation from multiple perspectives (Feregrino-Rivas et al., 2023; Wang et al., 

2023). However, SMFCs operate in open natural environments where key factors such as the 

availability of sedimentary organics, microbial community structure, dissolved solids, 

minerals, and nutrient content vary significantly based on climatic, geographic, and 

anthropogenic influences (Feregrino-Rivas et al., 2023). Critical environmental parameters 

such as dissolved oxygen (DO), ionic conductivity (EC), pH, and microbial interactions at the 

electrode interfaces substantially influence SMFC performance (Domínguez-Garay et al., 

2013; Parot et al., 2011; Rismani-Yazdi et al., 2008a; Song et al., 2019; Zhao et al., 2006). 

Suboptimal DO levels, large anode–cathode separation, and low EC contribute to elevated 

internal resistance. Specifically, increased electrode spacing and reduced conductivity lead to 

higher ohmic losses; insufficient cathodic oxygen levels result in mass transfer limitations; 

and inadequate organic matter leads to reduced exoelectrogenic activity and increased 

activation losses (Logan et al., 2006a). 

Unlike controlled laboratory conditions, field-deployed SMFCs are challenged by the 

difficulty of maintaining optimal biotic and abiotic parameters (He et al., 2007; Najafgholi et 

al., 2015). These issues are particularly pronounced in the cathodic region, where 

performance is heavily influenced by oxygen availability (for oxygen reduction reaction, 

ORR), electrolyte conductivity (to reduce internal resistance), and pH (impacting microbial 

activity and catalyst stability) (Zhao et al., 2006). To overcome cathodic limitations, some 

efforts have focused on enhancing the ORR through noble metal catalysts (Clauwaert et al., 

2009), bacterial catalysts (Milner et al., 2016; Parot et al., 2011), metal-organic framework 

(MOF) derived electrocatalysts (You et al., 2016), and increased cathode surface area 

(Freguia et al., 2007a). However, these strategies remain fragmented and lack a unified, 

scalable approach. A recent and promising development involves coupling plants with 

SMFCs to boost performance (Wang et al., 2023). Preliminary research indicates that plant 

root exudates can serve as additional substrates for electroactive biofilms at both electrodes. 

Furthermore, plants contribute oxygen through their roots, which supports ORR at the 

cathode (Li et al., 2023; Nitisoravut and Regmi, 2017; Regmi et al., 2018). While initially 

considered a strategy for enhancing SMFC power output, plant-coupled SMFCs have evolved 

into a distinct research subcategory. A detailed review of the historical background and 

development of plant-integrated SMFCs is presented in a later section of this chapter. 
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1.3 Enhancement of SMFC power performance 

The main elements of an SMFC setup are the anode and cathode electrodes, the sediment 

organic content, the microbial community in the sediment and the overlying water above the 

sediment (Figure 1.1B). The physicochemical parameters associated with these elements are 

the performance decisive factors of the SMFC. Improving the power performance of SMFC 

is subject to improve sediment and water characteristics, anodic and cathodic reaction 

kinetics, and internal resistance. To date, the strategies mainly introduce electrode 

modification, exogenous organic and inorganic salt addition to adjust electrolyte 

characteristics, SMFC configuration improvements and energy harvesting technology (He et 

al., 2007; Najafgholi et al., 2015; Prasad and Tripathi, 2021a; Shi et al., 2021). 

1.3.1 Causes of limited SMFC power performance 

SMFCs are open environment systems, the higher anode cathode displacement due to higher 

separation between the sediment and the water surface causes higher ohmic losses. Moreover, 

suboptimal electrolyte characteristics such as low electrolyte conductivity, acidic or alkaline 

pH, and low dissolved oxygen contribute to higher ohmic and mass transport losses, leading 

to increased internal resistance of the SMFC system (Domínguez-Garay et al., 2013; Logan et 

al., 2006b). In addition to this, the limited organic content and sluggish anodic reaction are 

responsible for higher activation losses in SMFCs (Domínguez-Garay et al., 2013). Also, 

higher cathodic oxygen reduction over potential contributes to the low power performance of 

SMFC (Rismani-Yazdi et al., 2008b). 

Now, to address the low ionic strength of electrolytes, Hong et al. (2005) showed the 

possibilities of increasing the ionic strength with the addition of exogenous inorganic salt and 

phosphate buffer in microbial fuel cell setup, which strategy was also implemented by others 

(Alipanahi and Rahimnejad, 2018; De Schamphelaire et al., 2010; He et al., 2007) in their 

studies with SMFCs. The power performance precincts caused by organic content limitation 

can also be addressed with the addition of exogenous organic salts or plant biomass 

(Danhassan et al., 2023). However, these techniques of conductivity and organic content 

enhancement are limited to laboratory-scale setups, as implementing these strategies in an 

onsite SMFC plant is practically challenging. Moreover, the sediment of aquatic ecosystems 

is a significant reservoir of organic content and according to the studies of Zhao et al. (2016), 

higher organic content in the sediment does not necessarily influence power performance. 
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Another power performance-influencing feature is the uniform distribution of sediment 

organic and nutrients. For example, Bombelli et al. (2013) demonstrated sediment depth-

dependent chemical access to the electro-active microorganisms and its relation with output 

power. 

Next, the major dominant limitation in SMFC is the cathodic oxygen reduction reaction 

(ORR) over potential. The higher ORR over potential can also contribute to internal 

resistance value and so can deteriorate power performance. Incomplete oxygen reduction 

attributed to less efficient cathode catalysts raises ORR over potential (Logan and Rabaey, 

2012). Studies have explored the utilization of noble metal catalysts, bacterial catalysts, and 

enlarged cathode surface areas to address ORR over potential (Babauta et al., 2013; 

Clauwaert et al., 2009; Freguia et al., 2007b). However, metal catalysts diminish the cost-

effectiveness of the technology; the bacteria-endorsed enzymatic catalysis of ORR is 

sustainable and cost-effective. Although, the bacterial catalysis of ORR is sustainable and 

cost-effective the efficiency of catalysis is limited and needs adequate enhancement. 

In brief, the limited SMFC power performance is a consequence of sluggish biodegradation 

kinetics due to complex substrate in sediment, higher ohmic losses, ORR overpotential, and 

suboptimal operating conditions such as pH, conductivity, and DO, especially for SMFCs 

deployed in aquatic ecosystems. 

1.4 SMFC’s power performance improvement strategies 

1.4.1 Anodic performance enhancement strategies 

The anodic performance of an SMFC is primarily dependent on the bacterial reaction 

kinetics. In an attempt to enlarge the anode surface area with the objective of providing more 

extent for electroactive biofilm growth, studies have revealed that power density does not 

depend on the surface area of the current limiting electrode (Hsu et al., 2013). Whereas, for a 

significant enhancement in power density, a very high enlargement of the surface area of the 

anode is required and that will induce constructional challenges and high costs for the system 

(Ewing et al., 2014). In addition to this challenge, non-uniform colonization of the 

electroactive microbial community on the electrode surface while steady-state current is 

reached limits current production for large anodes and is reported as the reason that 

constrains power enhancement using a large surface area anode (Harrington et al., 2015). 

However, increasing the total anode surface area of anode with multiple small-sized anodes 
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in parallel configuration within a single setup and single cathode is proven beneficial for 

power enhancement (Ewing et al., 2014; Zhao et al., 2017). Use of multiple anodes 

contributes to current production in SMFC to improve power density (Hsu et al., 2013). The 

horizontal or vertical placement of multiple anode configurations can produce higher power 

densities with uniform distribution of organic compounds in the sediments, which, however, 

is reported to be the physicochemical characteristics of sediment change with depth, leading 

to uneven anodic reactions in the anodes (An et al., 2013; Nam et al., 2020). Although with 

more burial depth of the anode electrode, the anodic performance increases, more anode to 

cathode displacement is attributed to more anode burial depth, and this leads to higher 

internal resistance (Tavakolian et al., 2020). The enhancement of anode performance with 

burial depth cannot be attributed to the stricter anaerobic condition since Reimers et al. 

(2001) concluded that oxygen level is completely depleted within the top 1-2 mm of the 

sediment layer, and there are no differences in the anaerobic condition beyond that depth 

(Reimers et al., 2001). Moreover, with burial depth the other sediment environmental 

conditions, such as the access of organic substances and microbial diversity, maintain the 

thermodynamically and kinetically favorable conditions for the anodic reactions (An et al., 

2015b; Bombelli et al., 2013). It is also reported that the microbial diversity reduces with 

depth in the sediment, and in contrast, studies have revealed that power performance 

deteriorates when the anode is buried beyond the depth of 3 cm from the water/sediment 

interface (Najafgholi and Rahimnejad, 2016). Based on these contradictory results, it can be 

concluded that the optimal depth for the anode is dependent on the sediment properties (An et 

al., 2015b). 

The choice of anode electrode material is crucial since the physicochemical characteristics of 

the electrode material attribute to different bacterial enrichments, electron transfer 

resistances, and contaminant removal performance (Karra et al., 2014; Yu et al., 2021). For a 

sustainable SMFC function, the anode electrode material must possess the characteristics of 

chemical stability, electrical conductivity, specific surface area, and biocompatibility. 

Moreover, the mechanical strength, corrosion resistance, and long-term stability are the 

additional properties that the electrode material must possess if the SMFC is installed in 

adverse environmental conditions such as acidic or alkaline conditions, high temperature 

variations, and high salinity (Dopson et al., 2016; Guo et al., 2021). Studies have presented 

that the use of noble metals, carbon cloth, carbon fibre, or carbon felt to build anode 

electrodes contributes to the high cost of the system, whereas graphite-based materials such 
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as graphite plate, graphite rod, and graphite granule are better choice from economic 

standpoint (Yaqoob et al., 2020). 

Lastly, the manipulation of sediment characteristics such as the organic content, conductivity, 

pH, and moisture is reported to be beneficial for power density enrichment. A sufficient 

carbon source and nutrient availability in the sediment can promote electroactive biofilm 

acclimation on the anode surface, resulting in improved power performance (Song and Jiang, 

2018). The strategies reported so far to adjust sediment characteristics include exogenous 

addition of biochar, zero-valent iron, nano zero-valent iron, and organic carbon sources. The 

addition of these sources decreases sediment resistivity, enhances electroactive biofilm, and 

provides additional electron donors (Chen et al., 2016; Domínguez-Garay et al., 2013; 

Matsumoto et al., 2020; Wu et al., 2019). However, along with the addition of exogenous 

carbon and iron-based sources, proper mixing is required, which is impractical for SMFCs 

installed in aquatic ecosystems. Moreover, optimization of sediment characteristics is also 

required since excess organic content in the sediment may deteriorate power performance 

(Zhao et al., 2016).   

1.4.2 Cathodic performance enhancement strategies 

The power performance of the SMFC largely influenced by the cathodic reduction reaction 

kinetics. In SMFCs, oxygen reduction on the cathode is essential, and this creates a situation 

where installation configuration of the cathode is crucial for increasing oxygen availability at 

the cathode vicinity for achieving desirable cathodic reaction kinetics. Studies have revealed 

that for optimal contact of oxygen, horizontal placement of the cathode at the air/water 

interface is a viable approach. Moreover, studies by Morris and Jin (2012) and Wang et al. 

(2017) have shown that a partially submerged (wicking) air cathode can produce higher 

power density (Morris and Jin, 2012; Wang et al., 2017). It was reported that 75% exposure 

of the cathode to open air can produce 6.44 times higher power density compared to a fully 

submerged cathode (Wang et al., 2017). 

It may be mentioned that, the material property of the cathode is also critical for MFC 

performance. Carbon-based materials are the most suitable for electrode; a detailed summary 

on cathode electrode materials has been discussed by Qiu et al. (2021) in their studies (Qiu et 

al., 2021). 

In open environment SMFCs, the sluggish oxygen reduction kinetics at the cathode is one of 

the major factors for low power generation. This concern of slow ORR kinetics has been 
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addressed with noble and non-noble metals, carbon-based materials, and biological catalysts 

for cathode. Amongst the noble metal catalysts, platinum is the most promising catalyst for 

catalysing ORR in SMFCs. However, the high cost of platinum constrains its use for scale-up 

applications. Studies have been conducted to innovate substitutes for noble metal catalysts, 

chitosan based electrocatalysts, activated carbon are some of the cost-effective ORR 

catalysts. The effectiveness of these catalysts has also been tested for improved power 

generation in the SMFC setups. For example, Türker et al. (2020) produced 15 times higher 

power density with novel chitosan based smart cathode electrocatalysts (Türker et al., 2020). 

Zhang et al. (2009) utilized activated carbon as cathode catalysts to produce higher power 

densities (Zhang et al., 2009). Further studies have shown the stability and sustainable power 

generation with activated carbon mixed with polytetrafluoroethylene as cathode catalysts 

(Karra et al., 2014). The microbial bio-cathodes are also cost-effective and eco-friendly for 

their non-toxic catalysis of cathodic reaction. The microbial metabolism of biofilm on the 

cathode surface can be utilized to reduce oxygen and other compounds such as nitrite, nitrate, 

and sulfate (Du et al., 2014; Kabutey et al., 2020; Rusli et al., 2019). Studies have shown that 

SMFCs with biocathodes can produce similar or even better power density compared to 

platinum-coated abiotic cathodes (Wang et al., 2012). Commault et al. (2014) demonstrated 

that a photosynthetic biofilm can increase oxygen availability at the cathode surface 

compared to an aerated cathode (Commault et al., 2014). However, one area that is yet to be 

explored is the open environment-based biofilms, their colonization pathway, and 

mechanisms of catalysing the cathodic ORR.   

The physicochemical characteristics of the overlying water of the SMFC also decide the 

cathodic ORR. As discussed previously, the cathodic reaction and hence the SMFC power 

performance greatly depend on the key properties of the overlying water. Dissolved oxygen, 

pH, conductivity, and temperature are the factors of the overlying water that greatly influence 

the power density of SMFC. Studies have shown the effect of conductivity on the power 

performance of the SMFC (Grattieri and Minteer, 2018; Guo et al., 2021). The  conductivity 

greatly affects the mass transport and internal resistance of the system (Alipanahi and 

Rahimnejad, 2018). However, the effect of these overlying water parameters on the SMFC 

power performance has received limited investigation (Grattieri and Minteer, 2018; Guo et 

al., 2021). 
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1.4.3 Aquatic plant-coupled SMFCs 

The aquatic plant-coupled SMFC is the concept of hybridization of conventional SMFCs with 

aquatic plants. With this concept, the photosynthetic food production process and the 

rhizosphere microbial diversity are utilized for the power production benefits of the SMFC. 

For example, the slow mass transfer of dissolved oxygen at the cathode of an SMFC can be 

addressed with the radial oxygen released by the plant to the cathode; simultaneously, the 

rhizodeposits maintain the organic content in the sediment (Nitisoravut and Regmi, 2017). 

Moreover, the coupling of aquatic plants in SMFC also contributes to the contaminants 

removal.  

In an aquatic plant-coupled SMFC, the first concern is the selection of the plant. The plants 

with immoderately long roots can transfer oxygen via the roots to the anode immerged in the 

sediment and can interrupt the anode environment. Therefore, the selection of the plant is 

crucial for the stable and long-term operation of the SMFC. Moreover, the choice of plant is 

subject to their availability in the local environment. Studies have explored the role of 

floating macrophytes planted in the cathode with an inference that the macrophytes release 

more oxygen to increase dissolved oxygen in the cathode and hence improve the power 

performance (Kabutey et al., 2020). Studies have also been conducted on the use of 

submerged aquatic plants in SMFC (Xu et al., 2021), where Ceratophyllum demersum L, 

Vallisneria natans, and Hydrilla verticillate contributed to the power density enhancement of 

SMFC. The simultaneous contaminant removal efficiency enhancement through the coupling 

of aquatic plants with SMFCs has also been explored. For example, Kabutey et al. (2019) and 

Zhao et al. (2019) in their corresponding studies, reported remediation of phenanthrene and 

pyrene and heavy metals such as Pb, Cd, Hg, Cr, As, and Zn. In the following studies by Xu 

et al. (2021) efficient remediation of phosphorus from contaminated soil and water was 

reported (Kabutey et al., 2019a; Xu et al., 2021; Zhao et al., 2019). However, beyond these 

advantages of aquatic plant-coupled SMFCs, there is a requirement for conducting substantial 

investigations on the effect of the aquatic plant on the SMFC performance decisive 

parameters for further advancement in the power production of aquatic plant-coupled 

SMFCs. 

1.4.4 Stacking of SMFCs 

The theoretical maximum attainable voltage for a microbial fuel cell is ~1.1 V, while the 

measured voltage across the anode and cathode electrode is comparatively of lower 
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magnitude (Logan et al., 2006b). The energy requirement for consumer electronics lies in the 

range of 3.3 V-12 V (Alipanahi et al., 2019a; Mamun et al., 2023). This introduces a situation 

where MFCs are required to be stacked to meet the voltage requirement. The stacking of fuel 

cells is a system structure that contains isolated fuel cell units connected in series or parallel 

to expand the fuel cell size and boost the electrical power production of the overall system 

(Kim et al., 2020). In general, the voltage or current output is expected to increase when 

multiple MFC/SMFC units are connected in series or parallel. With the stacked system, it is 

also expected to increase the overall power output of the system. However, studies have 

demonstrated that power output deteriorates poorly when SMFCs installed in the same 

environment are connected directly in series or parallel configurations (Ewing et al., 2014; 

Prasad and Tripathi, 2021b). SMFCs deployed in the same electrolyte environment cannot be 

connected in series or parallel, since all similar-type electrodes share the same electrolyte and 

form a short circuit when connected (Dutta et al., 2022a; Tang et al., 2015). This issue can be 

addressed with the isolation of anodic and cathodic environments of individual SMFCs. 

Similar to the short circuit issue, the occurrence of voltage reversal (VR) in series stacking of 

MFCs restricts continuous supply of power at the desired level. Incorporation of a power 

management system with MFCs may enable MFCs as a power source for small-scale 

electronics (Dutta et al., 2022a). A power management system is a combination of several 

electronic components that also require input voltage in the range of 0.3 V-3.3V (Dutta et al., 

2022a; Gao et al., 2015). Hence, the riddance of voltage reversal in the series stacking of 

MFCs is imperative, although challenging. Several concepts have been reported to eliminate 

VR hitherto (An et al., 2015c, 2016; Gurung and Oh, 2012; Kim et al., 2015b, 2020; Kim and 

Chang, 2018). These techniques to eliminate VR can be categorized at the micro-scale and 

macro-scale levels. Improving the MFC redox kinetics through improved microbial response, 

optimal biofilm growth, and improved electron transfer systems are the micro-scale approach. 

On the other hand, the elimination of VR with external electronic circuits and components is 

the macro-scale approach (Kim et al., 2020). 

1.4.5 Occurrence of VR: Definition and reasons 

Theoretically, a series connection can increase the power produced from an MFC or SMFC 

by increasing the voltage without increasing the current. VR is the phenomenon where the 

voltage of a unit MFC is reversed in a system operating in series, and this reversal reduces the 

overall voltage and output of the entire stack system (Aelterman et al., 2006; Oh and Logan, 
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2007). In a severe situation, the output voltage of a stack system of several unit MFCs 

connected in series may reduce to a voltage level comparable with that of a single unit MFC 

(Figure 1.2) (Kim et al., 2015b). 

The occurrence of VR is not reliant on the reactor size; the occurrence of VR has been 

reported from microlitre to litre scale MFC reactor size. The VR effect on the microbial fuel 

cell type can affect the functioning of both the anode and cathode. The VR effect reduces the 

lifetime of the MFC by disrupting the biofilms and also may result in electrode corrosion. 

Studies have suggested parallel stacking to avoid VR which, however, is not feasible due to 

inner circuit current losses known as current reversal.  

Studies have shown that power performance limitations of stacked MFCs are the primary 

reason for VR. For example, studies conducted by the group of Oh and Logan in 2007 and 

2009, respectively revealed that the occurrence of VR is due to the differences in the 

performances of unit cells constituting the series stack. The reason for differences in the 

performance between unit cells is attributed to fuel starvation in unit cells of the stack (Oh et 

al., 2009; Oh and Logan, 2007). Later, An and Lee demonstrated that the VR is the outcome 

of kinetic imbalances between unit cells connected in series (An and Lee, 2014). The further 

studies on VR in the context of kinetic imbalances suggested that the VR also arises from 

kinetic imbalances between the anode and the cathode (An et al., 2015a). However, a detailed 

investigation on the reason for the occurrence of VR is yet to be explored. 

1.4.5.1 VR elimination strategies 

In relation to the previous findings, controlling, preventing, and eliminating VR in the stack 

of the MFC types are achievable with equivalent reaction kinetics across all cells of the stack 

unit. However, balancing the reaction kinetics across all unit cells in a stack has been proven 

to be challenging for all MFC types. Based on the approaches adopted to eliminate VR in 

literature, the approaches can be categorized into nano, micro, and macro scale approaches. 

The micro and nanoscale approach for VR removal refers to electroactive microorganisms 

and redox molecules, respectively (Kim et al., 2015a). These strategies propose control of 

anodic reactions through controlling enzyme or microbial immobilization at the biofilm 

growth stage on the anode. For example, Ding et al. (2006) and Fapyane et al. (2016) 

proposed VR removal with more electroactive strain and functionalizing electrodes with gold 

nanoparticles to promote direct electron transfer (Ding et al., 2006; Fapyane and 

Ferapontova, 2016). However, the ORR at the cathode and the charge neutralization rate by 
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counter-ion transfer also control the overall performance of an MFC (Kim et al., 2007). The 

micro to nanoscale approaches to improve anodic and reaction kinetics are feasible for lab-

scale MFCs; however, they would encounter higher challenges in on-site SMFCs. 

The macroscale approaches refer to the external electrical adjustments to regulate power 

imbalances for the elimination of VR in fuel cell stacked operation. For example, connecting 

a threshold resistance as shown in Figure 1.3C is used to manipulate the state of current 

production between two unit cells in a series stack of two MFCs. The resistance required to 

manipulate the state of current production was calculated by Ohm’s law with the current 

value obtained under the I-V curve. It was reported that the connection of the threshold 

resistance did not limit the power production; however, a pretest is required for determining 

the accurate resistance (An et al., 2015c). Notably, SMFCs are open environment systems, 

and the power performance is regulated by environmental parametric changes, which would 

enforce continuous monitoring of the threshold resistance. Additionally, studies have shown 

that connecting an auxiliary fuel cell to provide assistance current can support the low-

performing cell and can prevent VR (Figure 1.3B) (Kim et al., 2015b). Manipulating the 

internal resistance of the stack is another way of regulating the VR. For example, studies 

conducted by Kim and Chang have suggested connecting an external resistor to the low-

performing fuel cell to regulate the current production and then VR (Figure 1.3E). 

Controlling internal resistance by improving charge and mass transfer resistances is also 

probable; however, this strategy is not economical, besides being impractical and more 

difficult than resistor control (Kim and Chang, 2018). Although regulating VR with an 

external resistor is advantageous, nonetheless, its contribution towards the internal resistance 

of the stack cannot be ignored. Several studies in the literature have utilized hybrid stacking 

configurations of MFCs (Figure 1.3A). The hybrid stacking refers to the combination of 

parallel and series stacking, which increases both the voltage and current rating of the stack 

configuration (An et al., 2016; Papaharalabos et al., 2017; Zhang et al., 2017). Conceding the 

fact that MFC in parallel connection would address the current limitation, the current reversal 

in parallel-connected MFCs should be simultaneously considered. The occurrence of current 

reversal due to kinetic imbalances would also contribute to the VR in the overall 

configuration (Wu et al., 2016; Zhang et al., 2017). In parallel to these studies, attempts have 

also been made to use electronic components as external circuits to address the issue of VR. 

Capacitors, which can store electrical energy, were utilized to store the energy output from 

MFC/SMFCs to avoid direct connection between the fuel cell while establishing the series 
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connection. The use of an external electronic circuit, also termed a power management 

system (PMS), can address VR and simultaneous boosting of fuel cell power output. A 

detailed study on the use of PMS to avoid VR and boost MFC/SMFC power has been 

discussed in the following section. 

1.4.6 Power management systems 

A PMS is a device that is constituted of some electronic components to work together in 

order to convert a low electrical input into an utilizable power output. The basic configuration 

of PMS mainly entails a charge pump, a supercapacitor (SC), and a boost converter (Figure 

1.4). The integration of this basic power management system enables the enhancement of the 

output characteristics of MFCs to intermittently power small-scale appliances. The inability 

of SMFCs to generate high power performance and their corresponding reasons from the 

literature have been discussed in the previous section of this chapter. In addition, Degrenne et 

al. (2012) tried to address the low performance of MFCs from an electrical point of view, few 

of which are listed in Table 1.1 (Degrenne et al., 2012b). This study also demonstrated the 

requirement of PMS to boost the power output of MFCs. 

Table 1.1: Strategies for addressing the limitations of MFCs as a source of electrical power 

Limitations Detailed explanation Strategies in power electronics 

Limited-power MFCs can produce power densities 

(normalized) ranging from 10 

µW/cm2 to a few mW/cm2. 

However, large MFCs fail to 

deliver better performances. 

Low-power-consuming circuit 

design is the special 

requirement 

Low-voltage In most cases MFCs can deliver  

~0.3 V at maximum power point 

(MPP). 

Require step-up DC/DC 

converters capable of operating 

at low input voltage and high 

energy conversion efficiency 

(Tehrani et al., 2017). 

Hydraulic-

association 

Serial electric association of MFCs 

is not possible during hydraulic 

associations. 

Require galvanic isolation by 

converters in association with 

each cell, or only a parallel 

combination of cells can be 

used. 
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Dispersion Many parameters (like physical, 

chemical, and biological) affect the 

electrical characteristics. 

Individual cell control (voltage 

balancing) is a must when a 

stack of several MFCs is 

considered (Kumar et al., 

2018). 

The basic operational principle of a PMS is to store the electrical energy generated by a 

capacitive load (e.g., a SC) and boost the stored energy into another level before releasing it 

to the load. Devices like DC/DC converters can convert the low potential differences to a 

required level of potential difference (Alipanahi et al., 2019a; Donovan et al., 2011a; Zhao et 

al., 2015). Several reports in recent times presented the use of SCs, charge pumps and 

DC/DC converters to harvest the MFC output power for practical applications. Khaled et al. 

(2014) deigned a stack of MFCs and a power management system to produce 1.5 mW power 

for powering sensor applications (Khaled et al., 2014). Bautista et al. (2015) presented a 

MPPT algorithm based PMS for extracting maximum power from the MFCs (Bautista et al., 

2015a). A duty cycle based energy neutral communication protocol for MFC powered 

wireless networks was proposed by Yang et al. (2015) (Yang et al., 2015). A switched 

capacitor based converter and a step-up converter simultaneously achieved 85% of power 

conversion efficiency from a stack of MFCs (Nguyen et al., 2019). Tang et al. (2015) 

presented that output power can reliably be enhanced if energy is harvested from several 

SMFCs operating independently with a single PMS (Tang et al., 2015). This PMS utilized the 

harvested energy for its operation, and hence, the main feature of the PMS was its self-

sustainability. Dallago et al. (2016) designed a battery less, programmable device free PMS 

to convert 8 μA-300 mV MFC output with 55% conversion efficiency (Dallago et al., 2016). 

Gao et al. (2015) designed a PMS to gather sufficient magnitude of voltage and current 

output from an MFC generating limited voltage and current for the sensors and 

communication devices monitoring water quality (Gao et al., 2015). Similarly, a multianode 

decoupling circuit, a SC, a switching circuit, and a DC/DC converter were used to construct 

the PMS by Umaz et al. (2017) (Umaz et al., 2017). The function of the multianode 

decoupling circuit in this system was to eliminate the consequences of weakened anodes in 

order to expand the heftiness of the Benthic MFC. The SC harvested energy through 

charging–discharging cycles controlled by the switching circuit. Moreover, the DC/DC 

converter supplied the required magnitude of voltage to the load. Hence, the general 

configuration of a PMS can be well thought out to be an electronic circuit configuration, 
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whereby the primary components included are a SC, a charge pump circuit (acting as a 

voltage booster) and a DC/DC boost converter. In addition, there are some occasions where a 

charge control circuit was also used. The charge control circuit works as a controller for 

harvesting energy at the SC and transferring it to the next component (Alipanahi et al., 2019a; 

Erbay et al., 2014; Gao et al., 2011; Kim et al., 2014, 2011). Depending on the energy 

requirement by the load, the circuit configuration for the PMS can be modified by modifying 

individual components of the circuit. A flyback converter designed by Degrenne and his 

group (Degrenne et al., 2012b) is such an example. Also, the circuit components, such as the 

charge pump and the DC/DC boost converter, can be modified to achieve maximum 

conversion efficiencies. 

1.4.6.1 Design for an improved power management system 

The MFCs encounter reciprocally low magnitude of voltage and current issues; the concept 

of a boost converter can be applied to increase the voltage level (Gao et al., 2011; Huang et 

al., 2013; Kanakasabapathy and Pillai, 2014; Meehan et al., 2009). The straightforward use of 

boost converters is, however, not always feasible, since most of the converters usually need a 

minimum of 800 mV potential to start (Meehan et al., 2011, 2009). Again, to increase the 

current output, high-value capacitors may be used. Initially, the capacitor(s) is charged to a 

certain value, and then the stored energy is discharged through the load in burst mode 

(Alipanahi et al., 2019b). SCs can serve the purpose of energy harvesting and current 

enhancement in most of the cases. However, the MFCs can generate voltage only up to 

several hundred millivolts, so a charge pump circuit can be connected in between the MFC 

output and the SC instead of connecting the SC directly to the MFC. The charge pump will 

boost the MFC voltage up to a level which is necessary to start the DC/DC boost converter 

(Kanakasabapathy and Pillai, 2014). Hence, from the design perspective of PMSs, MFCs 

power enhancement can be achieved in two steps: energy harvesting and boosting of the 

energy. In the PMS process flow, these two steps can be implemented either way, i.e., first 

energy harvesting and then boosting energy or vice versa. Again, these harvesting of the 

energy and boosting of the energy may involve different circuitry with varying circuit 

components (Gao et al., 2011; Kanakasabapathy and Pillai, 2014; Meehan et al., 2009; 

Schrader et al., 2013). The components that are necessary for a PMS and the latest 

modifications are discussed in the following sections. 
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1.4.6.2 PMS circuit components 

1.4.6.2.1 Supercapacitors  

A SC (also known as ultracapacitor) has a much higher capacitance than the general-purpose 

capacitors; however, it is limited to subordinate voltage levels. The value of capacitance of 

SCs is such that it fills the gap between rechargeable batteries and electrolytic capacitors. The 

SCs have the ability to store energy per unit volume, which is 10–100 times greater in 

magnitude than that of electrolytic capacitors. In addition, SCs have a faster response towards 

accepting and delivering charge and tolerance to a greater number of charge/discharge cycles 

(Häggström and Delsing, 2018). This feature of SCs provides a solution for the circuits which 

require rapid charge-discharge cycles as a priority instead of only storage of energy (Tehrani 

et al., 2017). A detailed discussion on the working principle and construction of SCs has been 

presented in the literature by Dutta et al. (2022). 

Coupling of SCs with MFCs may enable these storage units (SC) to serve the purpose of 

harvesting energy from MFCs and to deliver it on demand (Poli et al., 2020). The exploitation 

of these storage units for storing charge from MFC also results in higher instantaneous 

current supply towards the load (Walter et al., 2017). However, the low current levels of 

MFCs increase the charging time for such high-value capacitors (Donovan et al., 2011a). 

Also on a few occasions, the MFCs alone cannot charge the SC up to its maximum level of 

voltage (i.e., its OCP); hence, a supportive circuit such as a charge pump and charge control 

unit may be required. The storage of energy in SCs is temporary while the load is connected 

and requires recharging of SC to continue the power dissipation at the load. As a result, this 

activity requires energy which is supplementary to the capacity of MFCs. An efficient way to 

utilize the stored energy is to couple a control unit with the SC, which takes care of the 

threshold limit of stored energy by periodically transferring charge to the load (Umaz, 2020). 

These capacitors thus can be used as a final charge storage device after boosting the MFC 

voltage and for direct transmission of charge into the load on requirement. The energy 

storage can be increased by increasing the SC value. However, this functionality is not 

feasible in most cases since charging time is a major concern. Typically, a 5 F capacitor was 

charged up to a magnitude of 3.3 V in 13.6 hours. In this work the SC was charged from 

multiple MFCs in conjunction with an algorithm that also protects the power ranking as well 

as the MFC health by means of a PIC24F16KA102 microcontroller and an ultra-low-power 

DC/DC boost converter (BQ25505), which participated in the function of MPPT with an 

efficiency ranking of ~50.7% (Reyes et al., 2018). Like the general-purpose capacitors, the 
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SCs can be utilized to design switch mode charge pumps to enhance voltage to another level 

with high conversion efficiencies (Kim et al., 2011). 

1.4.6.2.2 Charge pump circuits 

A charge pump circuit is basically a DC/DC charge converter that raises a lower magnitude 

of voltage by means of the energy storage feature of capacitors. So far, the reported 

efficiencies of the charge pump circuits achievable during voltage conversions are up to 90–

95%. A charge pump is constructed on the platform of a specific semiconductor technology 

which is capable of operating at low input voltage. Its preliminary application was to boost 

the voltage of the MFC (Khaled et al., 2014; Liu et al., 2015; Yang et al., 2015; Zhao et al., 

2015). These semiconductor technology-based charge pumps were so designed that they 

extract a minimum amount of current from the MFC for the conversion of voltage magnitude 

and to charge a capacitor (or a SC). When the capacitor is charged up to the converted 

voltage level, it supports the start-up of the boost converter since the MFC voltage is 

insufficient for starting up this simple electronic device. Hence, the utilization of charge 

pump in the PMS helps in three different assignments: (1) it makes possible the startup of 

boost converter in a short interval of time, (2) it can extract nearer to the maximum attainable 

power by the MFC, since it draws low current from MFCs and finally (3) a power efficient 

PMS can be built with it (Rossi and Logan, 2020). The energy extracted from the MFC can 

be harvested by the charge pump while the output is connected to a SC (Liu et al., 2015; Zhao 

et al., 2015). The process of energy accumulation from MFC by charge pump and capacitors 

has also been further reported by Donovan et al. (2008). Gao and the group used the S-

882Z18 (made by Seiko) charge pump to design the PMS with improved efficiency. This 

charge pump drew 290 μA at 0.3 V from the MFC and charged a 1 F capacitor up to 1.8 V 

(Gao et al., 2015). However, the charge pump circuits may cause some drawbacks in PMS. It 

is to be noted that the loads connected to a source can operate only when a required level of 

voltage is supplied from the source. The energy requirement for the SC’s voltage to rise by a 

minimum amount, say from Vi to Vi+ΔV, however, would subsequently require a large 

magnitude of energy for the SC to attain the identical amount if Vi increased. Also, a longer 

charging time would be needed. These two statements can also be validated by equation 1.2 

and 1.3 given below (Dallago et al., 2016).  

∆𝐸𝑆𝑡𝑜𝑟𝑒 =
1

2
𝐶(∆𝑉2 + ∆𝑉𝑉𝑖)  (1.2) 
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∆𝑇𝑖 =
𝐶(∆𝑉2+∆𝑉𝑉𝑖)

2η𝑉𝑖𝑛𝐼𝑖𝑛
            (1.3) 

Where ΔEStore is the energy required to increase the SC’s voltage, η, Vin and Iin are termed as 

efficiency of energy conversion, voltage input and current through charge pump, respectively. 

Since Vin and Iin are related to the output characteristics of the MFC, an increment in the 

output voltage Vi of the charge pump, in order to adjust the load requirement, will result in a 

higher charging time and a reduction in the duty cycle of the load. Since the internal voltage 

of the charge pump is subject to the number of clock cycles, the above change will also affect 

the energy conversion efficiency (CMOS IC Datasheet, Seiko Instruments Inc.). Hence, a 

higher number of stages inside the charge pump can affect the efficiency of the circuit 

(Dickson, 1976). At the end, a new power management system will be required for the MFC 

(Huang et al., 2013). According to the requirement of power, multistage charge pump circuits 

can also be used to charge the SC (Kanakasabapathy and Pillai, 2014). In an algorithm based 

circuit for tracking the MPP of MFC, a charge pump functions as a generator of control 

voltage, which in turn modulates a voltage-control oscillator in order to generate a voltage to 

ensure the MPP (Bautista et al., 2014). The short-circuit effect between the anodes of a 

multianode MFC setup was addressed with charge pump circuits. Individual charge pump 

circuits were connected to individual anodes and a common cathode in a multianode and 

single cathode based benthic MFC. This decoupling circuit, consisting of an equal quantity of 

charge pumps to that of the anodes and individually connected to them through their negative 

terminals, also shares one common cathode as their input to the positive terminal, which 

could solve the issue of bioturbation (Umaz et al., 2017). 

1.4.6.2.3 Switching mode capacitor for charge pumping 

To address the issue of low efficiency of charge pump, a switched capacitor was designed, 

which assisted in the boost up of the MFC voltage (Alipanahi et al., 2019b). The elementary 

principle suggests that capacitors share parallel connections amongst them while extracting 

charge from MFC, and thereby each individual capacitor gets charged up to the maximum 

MFC limit; and while the capacitors are fully charged, the parallel connections get swapped 

with series connections, and the voltages of the capacitors are added up, and the boosted 

voltage is supplied to the targeted load. Gao et al. (2011) utilized this identical tactic, where 

capacitors were charged in parallel mode by individual MFCs, and once the charging 

operation was completed, all capacitors were disconnected from the MFCs, and then the 

capacitors were connected in series, which resulted in incremented voltage and energy 
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equivalent to the mathematical sum of the potential energy (voltage) stored in all capacitors. 

In this practice the quantity of capacitors and MFCs were so chosen that in the power 

delivery mode the power is sufficient to start the boost converter for further enhancement of 

the voltage. All the switching operations in the above discussion were controlled by solid-

state optical relay switches. An optical relay consists of a light-emitting diode (LED) and a 

MOSFET, where the light emitted by the LED controls the gate of the MOSFET, and so its 

drain current decides the on-off state of the switch. In this work the on/off state of the 

switches was decided by the power supplied from a charge pump and a capacitor (Gao et al., 

2011). In another work by Kim et al. (2011) four MFCs and eight 1F SCs were used to design 

a circuit that charged a group of 4 capacitors from the MFCs in parallel and discharged the 

other 4 capacitors in series mode at the same time. The switching of the capacitors was 

established every 1s with 5V DC/1A relays and a programmable Arduino board. In the first 

stage, one set of 4 capacitors was charged in parallel by four MFCs; the other set of 4 

capacitors was discharged through the load after disconnecting them from the source and 

confirming series connection amongst them. While in the second stage, the configuration was 

reversed; the set of 4, which was in discharge mode, went to charging mode, and the other set 

of 4 was connected to the load following series connection. 2.5 V was the maximum 

achievable voltage in this technique of voltage conversion (Kim et al., 2011). A similar 

approach was also previously presented where a capacitor-based energy storage circuit 

powered a microbial electrolysis cell (MEC) (Hatzell et al., 2013). The capacitors were 

charged in parallel using energy from a MFC and were discharged in series mode to the MEC 

to increase the hydrogen production rates. Pumping the charge of MFC with the utilization of 

these circuits may be considered the most efficient way of charge pumping. Notably, the 

capacitors are the charge storage devices, and in the switching mode, only the connection 

configuration is altered (i.e., from parallel to series or vice versa); hence, no energy is lost 

during this process. However, the circuit configuration is simple and the number of capacitors 

can be increased as per requirement; the increase in the number of capacitors or utilization of 

larger value capacitors often increases the charging time for such switching circuits. 

Additionally, the solid-state switches require an external source of supply for their operation 

(Kim et al., 2011). 

1.4.6.2.4 DC/DC boost converters 

A DC/DC boost converter is a device or a circuit which can increase the magnitude of an 

input voltage to a higher magnitude of voltage as its output, and hence is known as a boost 
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converter. The basic boost converter circuit can be built with an inductor, a capacitor and a 

switch, which is mostly a transistor or a MOSFET (Figure 1.5). The voltage increment in the 

circuit is dependent on the on/off period of the switch; the magnitude of voltage increases 

with a faster on/off cycle. Additionally, for a boost converter, the magnitude of voltage 

output is limited by the voltage rating characteristics of the MOSFET and/or diode. The 

maximum output voltage and the minimum input voltage are specified points, which are to be 

considered in choosing a DC/DC converter. Furthermore, the maximum duty ratio at which 

the converter can operate is also a practical limitation for the boost converters. Dividing the 

on-time of the MOSFET by the total switching period defines the duty ratio (Stasi, 2015). 

Determining the current of the boost converter is to use the power balance equation. This 

power balance concept for a boost converter states that the current at the output decreases, 

and it is lesser than the input current if the voltage at the output is greater than the input 

voltage for balancing the power on both sides of the circuit (Stasi, 2015). Although the boost 

converter is the last component of the PMS, it is essential, as it serves the purpose of meeting 

the voltage requirement by the load. The commercially available boost converter 

(bq25504EVM-674, Texas Instruments) was configured in the PMS to produce a 5 V output 

voltage from a 2.5 V input from the MFCs in order to charge a mobile phone battery (Walter 

et al., 2017). The switched mode capacitor-based voltage booster was discharged through a 

DC/DC boost converter so that 3.3 V output could be achieved from an input of 800 mV of 

the series-connected capacitors charged by 400 mV of the MFC’s output. The boosting of the 

voltage continued till the series-connected capacitor voltage reduced to 500 mV. Then, the 

boost converter was disconnected from the capacitors until the voltage across the capacitor 

reached the magnitude of MFC’s voltage. This cycle was repeated continuously (Alipanahi et 

al., 2019b). The minimum voltage requirement for L6920DB and LTC3429 series boost 

converters to start was 800 mV (L6920 Datasheet, 2006; LTC3429 Datasheet, 2004). 

However, 500 mV input voltage was sufficient to start a TPS61200 series boost converter, as 

claimed by Texas Instruments (TPS61200 Datasheet, 2008). MFCs producing more than 500 

mV, if connected directly to such boost converters, begin to draw high current, which is 

beyond the current limit of the MFC. As a result, the MFC’s voltage magnitude reduces, and 

the MFC cannot rejuvenate its previous voltage level, which is required for starting the boost 

converter. Hence, these converters are utilized by connecting a charge pump circuit in PMS if 

the MFC voltage is below the required level. For example, a 2.2 F SC was charged up to 1.8 

V, which was further boosted to 3.3 V through a boost converter (Meehan et al., 2009). The 

PMS built with L6920DB series converters also lags in performance while realizing voltage 
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boost conversion (Meehan et al., 2011; Umaz, 2020). This induces the requirement for a large 

SC discharging voltage as its input voltage, and this accordingly demands higher charging 

time for the SC. Again, the relatively high internal resistance of L6920DB is of concern as its 

utilization with a low input voltage significantly reduces its efficiency. Furthermore, these 

voltage converters assume no a priori information about the input voltage/energy signals. 

Hence, these issues can be addressed with complicated timing circuits, which enable control 

and synchronization of the switches to accept a dynamic range of input voltage/energy 

signals. Koffi and Okabe considered a single air-breathing cathode-based MFC as a model 

source of energy and increased the low voltage of the MFC with a circuit which could boost 

the low voltage by a process of voltage multiplication. The voltage boosting was 

implemented with a self-oscillating low-voltage booster prepared on transistor technology 

(Koffi and Okabe, 2020); voltage multiplication was achieved with a multistage AC/DC 

voltage multiplier and a storage unit for storing the enhanced energy. Here, a 4-stage 

multiplier increased the voltage up to 17 ± 1 V within a period of 20 h; this voltage increased 

further to 35 ± 2 V while the stage of the multiplier was increased to eight. Finally, with 20 

stages of AC/DC voltage multiplier circuits, the magnitude of voltage reached 99 ± 2 V with 

a maximum of 101.24 V. This circuit configuration could hold the boosted voltage with 

stability for a duration of 50 h, and it was equivalent to about 243-fold DC/DC voltage gain. 

However, the performance of the PMS is dependent on the characteristics of the MFC and it 

deteriorated with time. The efficiency related to energy harvesting obtained by this voltage 

booster and multiplier was about 82%. A special type of boost converter is a flyback 

converter, which is the simplest inductive step-up converter with galvanic isolation. While 

working with the low-power MFC circuits, simplicity of the boost converter is the most 

important factor to be considered. The flyback topology is constructed upon the use of 

coupled inductors. The use of coupled inductors effectively reduces the need for repeated 

variation in the duty cycle. However, exploitation of the additional winding in the flyback 

configuration reduces the need for input voltage for start-up and operation of the circuit 

(Damaschke, 1996). Moreover, a controlled operation of the flyback converter can extract 

power from MFC at the point of maximum power (MPP) (Degrenne et al., 2012b, 2012a). 

The flyback design configuration proposed by Degrenne et al. (2012) was operated at the 

MPP of the BFC, i.e., at 0.3 V with 62% conversion efficiency. In addition, this converter 

could be connected in series to achieve higher power. A recent work reported the use of a 

commercially available DC/DC boost converter built on semiconductor technology and using 

an integrated circuit named CE8301 (Prasad and Tripathi, 2021b). This IC CE8301 possesses 
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a CMOS (complementary metal-oxide-semiconductor), a PFM control (pulse frequency 

modulation control), an oscillator, a reference voltage source and a comparator. Besides 

these, a capacitor and an inductor were also connected to this IC during the conversion 

operation. The IC could provide a regulated voltage output up to a magnitude of 5.02 V to the 

load when an MFC could supply more than 0.288 V with the help of the PFM. 

1.4.6.3 Maximum power point tracking (MPPT) 

The maximum power point tracking (MPP or MPPT) defines a technique based on the 

principle of the maximum power transfer theorem for extracting power at maximum 

magnitude from an MFC. The theorem states that maximum power is only extractable from 

the cell when the resistance of the load is exactly equal to the internal resistance of the cell. 

An MPP based PMS utilizes a variable resistor which changes accordingly to match the 

magnitude of the MFC’s internal resistance with the load resistance for extracting the 

maximum power from the MFC. Earlier reports presented that PMSs designed for MFCs 

characteristically exploited mostly DC/DC converters with applications of discrete 

components for accentuating efficiency (Adami et al., 2011), along with the MPPT method 

(Park and Ren, 2012). However, these implemented methods for MPP introduced some 

drawbacks, such as the DC/DC converters continuing to consume power even during the 

period of inactivity and the lack of dedicated schemes for matching impedance to run MFCs 

at MPP (Bautista et al., 2015b). Furthermore, during the application of the PMS with MFC, 

power conditions suffered from reduced overall efficiency due to defective MPP and severe 

current losses in the inductor (Bautista et al., 2014). Addressing all these drawbacks, Bautista 

et al. (2015) proposed a PMS that was composed of two unique characteristics. First, the 

PMS had an accurate maximum power extraction algorithm (MPEA), which was 

implemented to efficiently monitor the MFC’s time constant. Second, the PMS had a zero 

current switching tracking (ZCST) loop, whose function was to effectively reduce the current 

losses in the inductor (Bautista et al., 2015b). 

Several techniques can be exploited to achieve the MPP. In general, MFC is a source of 

voltage that is equivalent to an electrical component having internal resistance, storage of 

energy in terms of voltage, and capacitance all together. Moreover, it is well known that the 

MFC output is in DC mode. Hence, the internal capacitance and the (OCP) can be exploited 

to determine the MPP. Erbay et al. (2014) implemented the MPPT model by first measuring 

the OCP of the MFC, then calculating the voltage at MPP (VMPP), which was half of the 
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OCP magnitude (VMFC). The comparator unit constantly monitored the VMPP for matching 

the input impedance of the converter to that of the MFC’s internal resistance. In another 

MPPT based PMS, the MPPT logic functioned considering 40% of the OCP as a reference 

voltage. Consideration of this constant voltage ratio was based on the pre-acquired maximum 

power condition of the MFC. The PMS extracted maximum power from the MFC by 

adjusting its voltage to the reference voltage. This process does not require any support from 

an external energy source since the PMS consumed a tiny amount of energy to complete this 

function. The process of energy conversion was accomplished with a commercially available 

integrated circuit (IC) (BQ25504, Texas Instruments, Dallas, TX, USA). Functionally, this IC 

requires 330–450 mV to start and possesses a voltage conversion range from below 1.0 V to 

3.8 V. In the PMS the reference voltage can also be configured on requirement by 

introducing variations in the external resistance value into the circuit (Erbay et al., 2014). 

In another instance, a DC/DC boost converter was programmed in such a way that during 

operation its input resistance varied and remained equal to 50% of the MFC’s (OCP), thus 

validating that the MFCs deliver maximum power to the load only when the load and internal 

resistance of the MFC have similar magnitude (Bautista et al., 2015a). The algorithm also 

took effective measures to set conditions for minimal power losses that could be tolerated by 

internal resistances of all the components of the PMS (Reyes et al., 2018). Nguyen et al. 

(2019) designed an algorithm to produce optimal duty cycles for online monitoring of the 

MPP for a switched capacitor based PMS (Nguyen et al., 2019). Alaraj et al. (2017) proposed 

a boost converter in which the duty cycle was adjusted with a microcontroller in order to 

track the MPP of the MFC along with avoidance of voltage overshoot (Alaraj et al., 2017). 

Studies have also been made on the effectiveness of the MPP technique. MPP based PMS 

may not be best for systems that have a finite amount of initial energy, such as the MFCs. 

This is because at MPP the output voltage is equal to half of the OCP of the MFC or the 

internal thermodynamic voltage; also, this is the condition when the output resistance is equal 

to the internal resistance. At the MPP, though maximum power is achieved from the MFC, 

the conversion efficiency is only 50%, which also means that 50% of the MFC’s internal 

energy is lost during the conversion process. Therefore, Park et al. (2018) formulated a multi-

objective optimization problem in order to define an optimal operating point for the MFC. A 

multi-objective optimization problem in general is an objective function, which is defined in 

combination with more than one conflicting objective function. This function can be 

optimized simultaneously to define a globally feasible solution for each of the conflicting 
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objective so that none of the other objectives is dominated and the system constraint(s) is/are 

also fulfilled (Park et al., 2018). An MPP generally targets harvesting more energy from the 

initial energy in the MFC reactor; however, this optimal operating point could acquire 

comparable electricity generation efficiency from an MFC. 

1.4.6.4 Elimination of voltage reversal with PMS 

The best configuration for removal of voltage reversal could be by using a single PMS 

connected to one unit of MFC or several MFCs connected in parallel (Kim et al., 2019). 

Several such combinations of MFC and PMS may be connected in series to eliminate voltage 

reversal. Studies suggested several approaches that could protect against voltage reversal 

through stack operation and PMS. As discussed earlier, Kim et al. (2011) showed a 

possibility for boosting the voltage of MFC by utilizing programme controlled relay switches 

and supercapacitors. Another method introduced by Papaharalabos et al. (2017) involved the 

use of an autonomous switch-box circuitry for continuous reconfiguration of electrical 

connections among the MFCs in the stack to address the issue of reversal voltage. The MPPT 

techniques also introduced a method through which cell reversal could be eliminated (Wang 

et al., 2015). All these proposed arrays and techniques were effective for voltage reversal 

elimination but demanded for an external energy source to conduct their operations. 

1.4.6.5 Ultra-low power PMS 

Energy harvesting circuits built for MFCs mostly rely on components consuming more than 

10 mW power for their respective operation. For example, Kim et al. (2014) proposed the 

system that coupled a customized small-scale (21.3 cm2) ultra-low power-consuming PMS 

with a benthic MFC producing 5.4 μW. This ultra-low-power electronic unit included a 

programmable interface that enabled self-sustainability and was suitable for sensor 

applications. The circuit design included a customized chip (CTRL chip) that consumed 

ultra-low power for performing operations like harvesting energy from benthic MFCs and 

processor operations. Fabrication of this chip was conducted on a 180 nm CMOS technology, 

which was part of a 1.0 mm3 die-stacked sensor node system (Kim et al., 2014; Lee et al., 

2013). In another report, Winfield et al. (2014) presented a simple voltage converter circuit 

constructed with ultra-low power-consuming electronic components to work with the MFC 

designed by this group. The MFC could produce 110 mV under a load of 1 kΩ. Following 

these characteristics of the MFC, they proposed a PMS configuration that consisted of an 

inductor-based energy harvesting board, a bridge rectifier, a capacitor (6.3 mF) and a custom-
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made comparator board with added hysteresis. The energy harvesting board had an internal 

resistance of 950 Ω, and it required 60 mV for its start-up. The energy harvester was an 

inductor-based DC-AC converter that converted the DC voltage of the MFC into an AC 

signal. The bridge rectifier that was present just next to the energy harvester rectified the AC 

signal into a DC voltage to charge a capacitor. The charge of the capacitor was again 

monitored with a voltage comparator board to set a threshold limit for voltage charge and 

discharge when connected to the load. With this PMS, the voltage of the MFC was increased 

by about 17 folds, which is recommendable for a PMS in conjunction with MFC. Here, since 

the energy harvester starts at 60 mV, the PMS has been termed as an ultra-low power 

consuming system (Winfield et al., 2014). However, the use of the diodes in the rectifier 

circuit may reduce the efficiency due to their barrier potentials. Later, Schievano et al. (2017) 

also showed an ultra-low voltage power management system that could be utilized to enhance 

the voltage of the floating MFCs to power appliances such as an LED or a buzzer and other 

sensors connected with a wireless data transmission unit (Schievano et al., 2017). Here the 

PMS consists of only a basic DC/DC boost converter based on linear technology LTC3108. 

The most advantageous feature of such a DC/DC converter is that they start up only at an 

input voltage of 20 mV. This device also consists of a feature that its output voltage can be 

set at different voltage levels, such as 2.35 V, 3.3 V, 4.1 V and 5 V (Kim et al., 2019; Thomas 

et al., 2013). Therefore, while powering the LED and the buzzer, the MFC was connected to 

the input end of the converter, and the LED or the buzzer was connected to the output end. 

However, the transmission of data from the sensors to the receiver was performed 

intermittently. 

1.5 Research gap  

Studies on aquatic plant-coupled SMFCs were reported by the scientific community from the 

late 2000s. However, the studies on aquatic plant-coupled SMFC increased after 2011, since 

the coupling of aquatic plants was proven to have prospects in improving contaminant 

removal and power performance of SMFCs. The future prospects of the plant-coupled SMFC 

technology attracted different research groups to come up with several ideas to understand 

plant and SMFC interaction for further improvement of this novel technology. Hence, there 

are research gaps in this field, and exploring them would help to improve the understanding 

of the plant and SMFC interaction for further improvement of the technology in terms of 

power production. 
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1. In plant-coupled SMFCs, it has been reported that the bottleneck of low oxygen 

availability for the air cathode can be solved with radial oxygen released by the plant 

(Nitisoravut and Regmi, 2017). However, the overall effect of the aquatic plant on the DO 

of the overlying water and the mechanism of regulating the DO are yet to be explored. 

2. Studies explained the effect of pH and electrical conductivity of the overlying water on 

the overall power performance of the SMFC (Grattieri and Minteer, 2018; Guo et al., 

2021; Alipanahi and Rahimnejad, 2018). However, the effect of aquatic plants on pH and 

conductivity and then the SMFC power performance is a less explored subject matter. 

3. The catalytic effect of open-environment cathode biofilm was investigated with an 

isolated group of microorganisms with cyclic voltammetry analysis (Parot et al., 2011). 

An investigation of cathode biofilm and their correlation with aquatic plant rhizobia 

microbial community in plant-coupled SMFC is required.   

4. In view of open-environment operating conditions, the microscale (Kim et al., 2015a) and 

macroscale (An et al., 2015c) approaches experience high costs, constructional challenges 

and regular maintenance. Hence, a robust, low-maintenance, sustainable strategy is 

required to eliminate voltage reversal in series-stacked SMFCs. 

5. The MPPT topology can extract power from SMFCs with ~50% conversion efficiency, 

and most topologies require external power sources for operation (Bautista et al., 2015a). 

For commercialization of SMFCs, a self-powered and more efficient PMS is required to 

enable SMFC technology as a power source for modern-day electronics. 

Moreover, in continuation of points, 1 and 3 mentioned above, floating aquatic plants hinder 

oxygen exchange at the gas-water interface, resulting in a lack of dissolved oxygen at the 

cathode. Again, floating aquatic plants release oxygen to maintain dissolved oxygen at the 

cathode (Yeruva et al., 2018). In addition, the roots of floating aquatic plants promote the 

growth of a wide variety of microorganisms, which enhance the biodegradation of organic 

matter by the release of root exudates (Kabutey et al., 2019b). The type of aquatic plant 

affects the root exudate composition and hence the microbial community structure of the 

plant rhizosphere (Kouzuma et al., 2014). The aquatic plant-coupled SMFC exploits the 

column height to maintain redox differences in the system. The aerobes of the rhizosphere 

dominate at the top, and the anaerobes dominate at the bottom. And the facultative microbes 

dominate the intermediate layer (Kataki et al., 2021; Sharma et al., 2021).  
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1.6 Objective of the study 

In correlation with the above challenges and research gaps acknowledged through the review 

of the literature (presented in chapter 1), this study aims to portray the possibilities to enhance 

the bio-electrochemical activity of ecosystem based MFCs for real-world commercial 

applications. To accomplish this aim, a Water Lettuce (Pistia stratiotes) assisted SMFC is 

considered as the device to study the impact of the aquatic plant on the electrochemical 

activity and sustainability of the device. In addition, the series connection associated concern, 

the voltage reversal phenomenon, has been studied, and a design of a self-powered PMS has 

also been presented. Corresponding electrochemical (voltammetry, impedance) 

investigations, biological (metagenomics, growth study, biofilm density) investigations, 

LCMS, EDX microscopy, pH, conductivity, and dissolved oxygen measurements as 

described in the following sections were conducted to streamline the inferences of the study. 

I. Installing a lab setup for SMFC using mud, water, and water lettuce from a designated 

pond. 

II. Preliminary investigation of the installed SMFC for open circuit potential (OCP), 

current, and half-cell potentials.  

III. Investigating the influence of parameters such as pH, conductivity, oxygen in 

different depth level, temperature, etc., on the performance of the WL-SMFC. 

IV. Identification and characterization of microbial community in Water Lettuce 

rhizosphere responsible for cathodic potential enhancement. 

V. Half-cell studies of the SMFC. 

VI. Study the performance of the SMFC in series stacking.  

VII. Designing a PMS to obtain a utilizable power from the SMFCs  

1.7 Significance of the work 

Aquatic plant assisted SMFCs can be beneficial for both aquatic pollutant remediation and 

electricity generation (Regmi et al., 2018). This concept of study carries both fundamental 

research and technology points of view. To gain the futuristic insights of plant impact on the 

SMFC electrochemical enhancement and sustainability, many investigations have been 

reported and are proceeding (Hubenova and Mitov, 2012; Zhang et al., 2024). Such studies 
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explore the plant-electrode interface for sustainable electricity generation. On the other hand, 

attempts to eliminate voltage reversal in the series stacking of MFC/SMFCs (Kim and Chang, 

2018; Sugnaux et al., 2017) confront us with the possibility of eliminating the voltage 

reversal phenomenon in stacking operation. In addition, studies on ultra-low-powered PMS 

design introduce the scope to design a self-powered PMS for intelligent management of 

SMFC power. The study embodied in this thesis work aims to stitch the approaches to 

intensify the power output of SMFCs through the integration of the SMFC setup with aquatic 

plants to investigate mechanistic insights of plant-SMFC interaction for power enhancement. 

Which is then followed by the elimination of voltage reversal in the series stacking of WL-

SMFC and its conjugation with a self-powered PMS for real-world application. 

1.8 Structure of the thesis 

The study incorporated in this thesis is categorized into the following chapters. 

Chapter 1: Introduction and review of literature 

This chapter aims to inform the readers regarding the theoretical basis of the concept of plant-

assisted Sediment Microbial Fuel Cells for enhancement of the electrochemical activity of the 

cell and its sustainability. Further, it explains the phenomenon of voltage reversal in the 

conventional process of series stacking, its causes, and probable methods of elimination. 

Also, it emphasizes the necessity of a self-powered PMS for the practical utility of SMFCs. 

This chapter draws the conclusion by contextualizing the concept of utilizing plant-assisted 

SMFCs with a PMS and describing the state-of-the-art developments of this concept in this 

field of research. 

Chapter 2: Improving power performance of sediment microbial fuel cell through 

Water lettuce (Pistia stratiotes) assisted boosting of cathodic activity 

This chapter investigates the effect of an aquatic plant, Water lettuce (Pistia stratiotes) on the 

pH, electrical conductivity (EC), dissolved oxygen (DO), and oxygen reduction reaction 

(ORR) on the cathodic surface and, subsequently, on the overall power performance of a 

Water lettuce-assisted SMFC (WL-SMFC). In addition, this chapter elaborates the 

relationship between the Water lettuce rhizosphere microbial communities and the SMFC 

performance decisive factors (viz. pH, EC and cathodic ORR) to comprehend the mechanism 

involved in performance enhancement of the WL-SMFC. Finally, the self-sustaining ability 

of the WL-SMFC system is studied to assess its potential for long term operations. 
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Chapter 3: An approach to eliminate voltage reversal in series connected plant-assisted 

sediment microbial fuel cells through surface area tuning of the anode 

This chapter lays down the effect of anode surface area on the removal of voltage reversal 

(VR) in series connected WL-SMFCs. This study proposes a concept of tuning anodic surface 

area to mitigate the occurrence of VR in series stacked plant-assisted-SMFCs. An effort has 

also been made to explain the underlying principle of the constructed design by deriving a 

mathematical expression to establish the relationship between the anodic surface area of the 

terminal anode and the voltage response of the series stacked WL-SMFCs. A detailed account 

of the findings has been presented in this chapter. 

Chapter 4: Design and fabrication of a self-powered voltage booster for enabling real-

time applications of Water lettuce-assisted sediment microbial fuel cell 

In this chapter, an effort has been made to improve the power performance of the stacked 

WL-SMFCs by virtue of a power management system. This work emphasizes designing a 

self-powered power management system that exploited the voltage double configuration of a 

charge pump IC to multiply the voltage output of two series connected WL-SMFC. The 

detailed account of the design, fabrication, operation, and performance of the PMS has been 

presented in this chapter. 

Chapter 5: Conclusion and scope for future work 

This chapter lays down the key findings of the experiments. It highlights the prominence of 

these research outcomes for further improvements in the field of open environment bio-

electrochemical systems and concisely discusses the future prospects of this technology in the 

context of practical applicability. 

TH-3738_186151002



 

32 
 

 

Figure 1.1: Typical (A) MFC and (B) SMFC configuration with main elements 

 

 

Figure 1.2: Voltage reversal (VR) occurrence in microbial fuel cells (MFCs) connected in 

series. Normally, when two galvanic cells are connected in series, the total voltage of the 

system is equal to the sum of the unit-cell voltages. During VR, the voltage across unit cells 

connected in series produces a negative voltage that significantly reduces the total voltage of 

the system (Kim et al., 2020) 

 

A B 
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Figure 1.3: Different macro-scale strategies to eliminate VR in series stacking of 

MFC/SMFCs. VR control (A) by increasing current capacity, (B) with assistance current, (C) 

with resistor control, (D) with electronic circuit components, (E) with manipulation of 

internal resistance (Kim et al., 2020) 

 

Figure 1.4: Basic configuration of a power management system (PMS) for scaling up the 

MFC/SMFC output power (Dutta et al., 2022a) 
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Figure 1.5: Simplified circuit diagram of a DC/DC boost converter (Dutta et al., 2022a) 
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CHAPTER 2 

IMPROVING POWER PERFORMANCE OF SEDIMENT 

MICROBIAL FUEL CELL THROUGH WATER LETTUCE 

(PISTIA STRATIOTES) ASSISTED BOOSTING OF 

CATHODIC ACTIVITY 
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2.1 Introduction 

Sediment microbial fuel cells (SMFCs) are evidential bio-electrochemical energy converters 

with simultaneous remediation capability for sediment pollutants (Sun et al., 2023). In an 

SMFC, electrochemically active microorganisms enable continuous energy recovery and 

waste utilization through the anaerobic oxidation process of the organic deposits (Yang and 

Chen, 2021). Studies have shown that they are sustainable in the context of energy recovery, 

cost effectiveness, and maintenance (Tommasi and Lombardelli, 2017). However, the power 

output of these devices is comparatively low, and contaminant removal is significantly 

sluggish, which poses limitations to their commercialization. (Ewing et al., 2017; Li et al., 

2023; Tommasi and Lombardelli, 2017). The suboptimal factors, dissolved O2 (DO), anode-

cathode electrode displacement, ionic conductivity (EC), pH, microbial interference at the 

anode and cathode, and organic matter content are identified as the dominant factors limiting 

the power performance of the SMFCs (Domínguez-Garay et al., 2013; Parot et al., 2011; 

Rismani-Yazdi et al., 2008a; Song et al., 2019; Zhao et al., 2006). The suboptimal oxygen 

availability, higher anode-cathode displacement, and low ionic conductivity induce higher 

internal resistance in the SMFC setup. Precisely, the higher electrode displacement and low 

ionic conductivity contribute to higher ohmic losses; less oxygen availability at the cathode 

leads to higher mass transfer losses; and limited organic content results in inept 

exoelectrogenic microbial activity and higher activation losses (Logan et al., 2006a). The 

SMFCs are open-environment systems, and optimization of the electrolyte characteristics is a 

challenging task. In laboratory-scale setups, the optimization of the electrolyte parameters, 

EC, and organic content has been achieved with the addition of exogenous organic or 

inorganic salts (He et al., 2007; Najafgholi et al., 2015). This approach to SMFC optimization 

is limited to laboratory-scale setups and would be far-fetched for setups established in natural 

water bodies.   

Suboptimal pH, in contrast to low EC, strongly influences oxygen reduction reaction (ORR) 

kinetics (Zhao et al., 2006). ORR over potential is also accountable for higher internal 

resistance in SMFCs. Efforts have been made to address the cathodic ORR limitations by 

introducing noble metal catalysts (Clauwaert et al., 2009), bacterial catalysts (Parot et al., 

2011), metal-organic framework-derived electrocatalysts (You et al., 2016), and large 

cathode surface areas (Freguia et al., 2007b). In regards to the production of sustainable 

energy for SMFCs, bacterial enzyme-based catalysis of ORR is the most promising since the 
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technique requires less maintenance and cost (Milner et al., 2016). Studies have also 

conducted on coupling of plants in SMFC systems to enhance the power performance (Wang 

et al., 2023). Incorporating plants into SMFCs also supports efficient contaminant removal 

from the water bodies and fosters self-sustainability to this bioelectrochemical device. Plant 

root microbial interactions with the electrode surfaces can promote ORR through 

electroactive biofilm. The root exhudates are utilized as substrates for the electroactive 

biofilms on the anode and cathode, and they also release oxygen to support the ORR (Li et 

al., 2023; Nitisoravut and Regmi, 2017; Regmi et al., 2018). The effect of the plant on the 

pH, DO, and EC and their corresponding interactions with the SMFC system is however, a 

less explored subject matter. Moreover, the open environment cathodic biofilm and their 

catalytic response towards O2 reduction are also not adequately studied.  

The choice of plant in plant assisted SMFC is subject to their availability in the local 

environment. Macrophytes or hydrophytes are widely used in constructed wetland MFCs and 

offer simultaneous phytoremediation as an additional benefit (Regmi et al., 2018). In this 

study, the effect of an aquatic plant, Water lettuce (Pistia stratiotes) (WL) on the SMFC 

performance has been investigated. WL is a fresh water free-floating small aquatic plant 

belonging to the family of monocotyledon and is the sole species of its genus, Pistia (Buzgo, 

1994; Schmid, 2000). These fast-growing plants usually float on the surface of the water and 

exist in colonies, forming a green and dense covering over the surface of the water bodies 

while their roots remain submerged and hang beneath the fronds. The WL flourishes in the 

temperature range of 22–30 °C and can withstand up to 35 °C and the pH range of 6.5–7.2 

(Tamada et al., 2015). These morphological and growth characteristics are expected to 

facilitate technical issues for their applications in the SMFC. The microbial community that 

the WL rhizosphere houses is anticipated to be beneficial for the catalytic performance of the 

SMFC electrodes. Additionally, the rhizodeposits of the plant are likely to support the growth 

of catalytic bacteria on electrodes. Some preliminary studies indicated that the root exudates 

of plants are sequestered as substrates for the electroactive biofilms on the electrodes, and the 

plant releases oxygen to support the ORR in the cathode (Li et al., 2023; Nitisoravut and 

Regmi, 2017; Regmi et al., 2018). The effect of plants on the pH, DO, and EC of SMFCs is, 

however, yet to be adequately explored.  

Herein, a laboratory-based WL (Pistia stratiotes)-assisted SMFC has been constructed to 

replicate a natural pond environment. The study investigates the effect of the aquatic plant on 

the pH, EC, DO, and ORR on the cathodic surface and, subsequently, on the overall power 
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performance of the SMFC. In addition, this investigation elaborates the relationship between 

the WL rhizosphere microbial communities and the SMFC performance decisive factors (viz. 

pH, EC and cathodic ORR) to comprehend the mechanism involved in performance 

enhancement of the WL-SMFC. Finally, the self-sustaining ability of the WL-SMFC system 

is studied to assess its potential for long term operations. 

2.2 Materials and methods 

2.2.1 Materials, chemicals and media solutions 

Pond sediment, natural water, and WL for setting up of a laboratory-scale WL-SMFC were 

collected from a pond located within the campus of the Indian Institute of Technology 

Guwahati, India (26.1903° N, 91.6920° E). Iso-molded graphite plates, used as electrodes, 

were purchased from GraphiteStore.com (USA). Silver-conductive epoxy, used to connect 

the electrodes with peripheral devices, loads, copper wire, etc., was purchased from MG 

Chemicals (USA). Highly conductive copper wire with a PVC coating used as electrode 

terminals was purchased from M/S KEI wires and cables (India). The glassware used to 

construct the WL-SMFC was purchased from Borosil, India. MilliQ water with 18.2 MΩ.cm 

was used for preparing media and cleaning species.  

NaH2PO4.H2O, Na2HPO4, glutaraldehyde solution, and ethanol (99%), used in the 

experimentation, were of AR grade and purchased from Himedia, India; HPLC grade 

acetonitrile and LCMS grade formic acid were purchased from Merck, India. Hoagland’s 

media, consisting of 1 ml/L MgSO4.H2O (246 g/L stock), 2.3 ml/L Ca(NO3)2.4H2O (236 g/L 

stock), 0.5 ml KH2PO4 (136 g/L stock), 2.5 ml KNO3 (101 g/L stock), 0.5 ml/L 

micronutrients, and 20 ml/L Fe.EDTA solution used as the microbial growth media was 

purchased from Himedia, India. The micronutrient stock solutions used in the experiment 

consisted of 2.86 g/L H3BO3, 1.82 g/L MnCl2.4H2O, 0.22 g/L ZnSO4.7H2O, 0.09 g/L 

Na2MoO4.2H2O, and 0.09 g/L CuSO4.5H2O. The Fe.EDTA solution was prepared with 

FeCl3.6H2O (0.48 g/L) and Na2EDTA.2H2O (1.5 g/L)(Carvalho and Martin, 2001; Hoagland 

and Arnon, 1950).  

2.2.2 Fabrication of WL-SMFC 

A laboratory-scale WL-SMFC of 500 ml capacity was constructed using a glass beaker. 1/4 

of the beaker height (about 3 cm) was covered by the pond sediment layer, and the water 
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height was maintained at 7 cm during the entire period of experimentation.  Two iso-molded 

graphite plates with dimensions of 6 cm × 2 cm × 0.3 cm and 3 cm × 4 cm × 0.3 cm were 

used as the cathode and the anode, respectively. The electrodes were sonicated at ultrasonic 

power of 150 W for 30 minutes in ultrasonic water bath (Labman Instrument Pvt. Ltd., India) 

prior to the installation. The anode was placed centrally in a horizontal position within the 

sediment layer. The cathode was placed vertically near the surface, with one half exposed to 

air and the other half submerged in water. The total surface areas of the cuboid-shaped anode 

and cathode were 28.2 cm2 and 28.8 cm2, respectively. Silver-conductive epoxy was used to 

attach the wire to the electrode surface, while non-conductive epoxy glue was used as anti-

corrosion to envelope the exposed surface of the copper wires. Finally, WL plantlet was 

seeded on the water surface to complete the setup. 

2.2.3 Operational conditions for the WL-SMFC 

The WL-SMFC system was operated at ambient conditions (25-31 0C, 68-82% humidity), 

which is reported to be the optimal for the vegetative growth of WL (Ahmed et al., 2020; 

Gadkari et al., 2020). A photoperiod of 10 and 14 hours light and dark respectively was 

maintained throughout the period of experimentation with artificial light of intensity 1120 

LUX was provided with a digital LUX meter (Dr.Meter, LX1010B, China).  

2.2.4 WL-SMFC performance analysis  

Electrode potentials of SMFCs were measured using a digital multimeter (Fluke 87v, Fluke 

Corporation, USA) with respect to Ag/AgCl as the reference electrode (BASI Research 

Products, USA). Ohm’s law: I= V/R, where I is the current, V is the voltage across the load, 

and R is the value of the load resistor, was applied to calculate the current produced in 

SMFCs under closed circuit conditions. In this study the SMFCs were operated for seventy-

two days both in OC and CC conditions. Under CC mode of operation, a 10 kΩ resistor was 

connected to observe the SMFC potential variations. The polarization curves were obtained 

with different resistive loads in the range of 300 kΩ to 50 Ω and after seventy-two days of 

SMFC operation. 

2.2.5 Physicochemical characterization of the electrolytes 

The physicochemical properties of the aqueous electrolyte were analyzed with a DO metre 

(Eutech DO700) for DO, a pH metre (Eutech Instruments) for pH, and an EC metre (Metler 

Toledo USA) for EC. Oven-dried sediment samples (100 °C for 24 hours) from the SMFCs 

TH-3738_186151002



 

39 
 

were characterized for their organic content thermogravimetrically in an O2 environment in 

the temperature range of 30-900 °C at a ramping of 10 °C per second with a 

thermogravimetric analyzer (TGA4000, PerkinElmer). The measure of the total organic 

content was predicted from the weight loss in the temperature range of 200-430 0C in the 

sediment samples (Pallasser et al., 2013). 

2.2.6 Analyses of WL root exudates  

The WL roots were cleaned with MiliiQ water before being cultured on nutrient media. 

Thereafter, the plants were transferred to MilliQ water for two days. The procedure was 

repeated multiple times to increase the concentration of root exudates in the collection 

medium. The objective of using the MilliQ water to collect the root exudates was to reduce 

the potential interference from salts in the growth media. Subsequently, the samples were 

lyophilized and analyzed using the LC-MS/MS (Liquid chromatography mass spectrometry) 

technique on an Agilent 6410 Tripple Quad MS-MS following a specific protocol. The 

sample was injected into a reverse phase C18 column at a flow rate of 200 nL/m. The mobile 

phases were H2O, with 0.1% formic acid as phase A, and 80% acetonitrile with 0.1% formic 

acid as phase B. The HPLC gradient ranged from 5% to 80%. An MS database (Mass Hunter) 

was used to analyze the mass of the eluted samples from the column. The elemental analysis 

of the moisture free root exudates was conducted using Energy Dispersive X-ray 

spectroscopy (EDX) (Make: Zeiss, Model: Sigma 300) (Sable et al., 2020). 

2.2.7 Analyses of biofilm and WL rhizosphere microbial community 

2.2.7.1 Analysis of microbial biofilm 

Biofilms developed over the cathode were examined using a field emission scanning electron 

microscope (FESEM) (Make: Zeiss, Model: Sigma 300). Electrode surfaces were prepared by 

following the standard protocol described previously (Bora et al., 2022). Briefly, the surface 

of the electrode was cleaned with 0.1 M sodium potassium phosphate buffer solution 

(NaPBS) of pH 7.2, followed by air drying. Before imaging, the biofilm-coated electrodes 

were fixed with a 2.5% glutaraldehyde solution for 12 hour of retention time and washed 

using a 0.2 M NaPBS, pH 7.2. Afterward, the electrodes were dehydrated using a 10–100% 

gradient alcohol series for 10 minutes for each stage with very gentle periodic agitation and 

then left overnight for air drying. The desiccated samples were mounted onto stubs, sputtered 

with gold, and then images were captured in the magnification range of 10 µm to 1 µm. 
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The biofilm was extracted from the cathodic surface into sterile water samples using 

sonication, and then the optical density (OD) was recorded instantaneously. The microbial 

density of the cathodic biofilm was determined by measuring the ratio between the OD at 600 

nm of the extracted biofilm using a UV-Vis spectrophotometer (Make: Agilent, Model: Carry 

100) and the total surface area of the cathode (Cobine et al., 2013; Mira et al., 2022).  

2.2.7.2 Analyses of microbial metagenomics 

The microbial diversity of the WL rhizosphere and cathodic biofilm were examined by 

metagenome analysis. The first step involved the extraction of the rhizosphere and the 

biofilm microbes into 1X NaPBS. The microbe extraction from the WL roots and biofilm on 

cathode surface was achieved through sonication at 20 kHz with a 150 W sonicator (Labman 

Instrument Pvt. Ltd., India) (Bjerkan et al., 2009). Thereafter, the sample was prepared for 

metagenome sequencing, which was done using the NGS technique on an Illumina platform 

(Vo and Jedlicka, 2014). Initially, the DNA was isolated, and its quality was checked using 

an Xcelgen DNA Isolation Kit. 1 µl of each sample was used to determine concentration 

using a Qubit 2.0 Fluorometer. After quality-checking of the isolated DNA, the paired-end 

sequencing libraries were prepared using a DNA library kit (Truseq Nano). The library 

preparation method involved the ligation of platform-specific adapters to both ends of the 

DNA to allow for PCR amplification and the binding of standard Illumina sequencing 

primers. The quantity and quality of the amplified library were analysed by a bio-analyzer 

(Bioanalyzer 2100, Agilent Technologies). After obtaining the concentration for the library 

and the mean peak size from the bio-analyzer profile, the library was loaded onto the Illumina 

platform for cluster generation and sequencing. The data generation and sequencing for the 

sample were performed on the Illumina Platform with a chemistry of 2 x 150 base pairs (bp) 

(“Principle and Workflow of Illumina Next-generation Sequencing | CD Genomics Blog,” 

2018). All the samples were then assembled using a standalone metagenome assembly 

program (SPADes Assembler). The assembled scaffolds for all the samples were then 

subjected to gene prediction using the metagenome gene prediction method using Prodigal 

(v2.6.3). These predicted genes were then taken further for taxonomic and functional analysis 

using a standalone metagenome classifier tool, Kaiju (Menzel et al., 2016). 

2.2.8 Electrochemical characterization of the cathodic biofilm  

Electrochemical characterization of the cathodic biofilms was done using a potentiostat 

(PGSTAT Metrohm, USA) in a three-electrode assembly setup with a glassy carbon electrode 
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(GCE) as the working electrode, Ag/AgCl as the reference electrode, and a platinum wire as 

the counter electrode. Differential Pulse Voltammetry (DPV) was employed to study the 

catalytic behaviour of the cathodic biofilm. The electrodes were first rinsed with sterile water 

for the removal of surface impurities, followed by immersion in growth media, which served 

as the electrolyte. Thereafter, they were subjected to sonication for 20 minutes for the 

detachment of the biofilms from the electrode and dissolute into the growth media for the 

DPV analysis. 

2.2.9 Statistical analysis of the data 

In this study, each data point in the graphs for potential, polarization, pH, DO, EC, electrical 

parameters and microbial growth is a means of triplicate data and error bar represents 

standard error of the mean. Matrix Laboratory (MATLAB) tool was used to analyze the 

statistical data. 

2.3 Results and discussions 

2.3.1 Electrical performance of the WL-SMFC 

The SMFC setups as shown in Figure 2.1, were operated in OC and CC modes, along with 

controls (without WL), and their respective potential variations were monitored over a period 

of seventy-two days and has been shown in Figure 2.2. The startup time at which the 

potential gets stabilized for the WL-SMFC was five days as against fifteen days for the C-

SMFC. In the initial phase of the OC operation mode, WL-SMFC exhibited significantly 

higher OCP than the control (Figure 2.2A). Beyond the day twenty, though the OCP 

difference between WL-SMFC and C-SMFC waned, the OCP for WL-SMFC was still higher 

(minimum 720 mV) than the control setup throughout the operation.  

Under the CC operation mode, the potential of both C-SMFC and WL-SMFC were dropped 

as expected, followed a general trend of biofuel cells, and the reduction was a cumulative-

downplaying effect of anodic and cathodic potentials as shown in Figure 2.2E and in Figure 

2.2F respectively. Continuous negative potential on the anode of WL-SMFC was evidential 

for sustainable current generation. Irrespectively, shifting of polarity of the anode (positive to 

negative) of C-SMFC beyond day twenty signified full discharge of the anode and hence 

incoherence in current generation (Figure 2.2E).   
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A maximum of 22.45 mW/m2 power density was recorded for WL-SMFC as shown in Figure 

2.3A. Coupling of WL to the SMFC could significantly enhanced the current density from 

77.89 µA/m2 (C-SMFC) to 136.84 µA/m2 as shown in Figure 2.3B, indicating improved 

redox mass transfer to the electrodes. This improved performance is a consequence of 

internal resistance reduction of the SMFC upon its coupling to WL. Based on the power 

transfer theorem, the internal resistance of 3 kΩ of the control was reduced to 2 kΩ upon 

coupling the cell with WL.  

In the OC mode of operation a sacrificial dip in the potential value on day seven, thirty-four 

and sixty-five as shown in Figure 2.2A was caused by the adjustment of water levels in the 

setups that effected the physicochemical properties of the catholyte, particularly pH and ionic 

conductivity as shown in Figure 2.5E-F. This disturbance was mostly contributed by the 

cathodic potential, as the anodic potential was unaffected and stable during the period as 

shown in Figure 2.2C and Figure 2.2B correspondingly. This result infers that the cathode, 

which is located in the sub-surface of the setup, is sensitive to the physicochemical 

parameters (such as oxygen, pH and solution conductivity); whereas, the activity of the 

anode, which is submerged inside the mud in the bottom of the setup, is greatly immune to 

these environmental parameters in such a transient disturbance. The overall cathodic and 

anodic potentials of the WL-SMFC were higher than the C-SMFC under the OC condition as 

shown in Figure 2.2B-C. The results confirmed a positive role of the WL in improving the 

electrical potential of the SMFC (see Table 2.1).  

Interestingly, the reduction of cathodic potential was much higher than the anodic potential 

under the CC conditions. The anodic potential of both the WL-SMFC and C-SMFC is 

stronger than their corresponding cathodic counterparts that resulted in negative over 

potential on the cathode under CC mode of operation. Beyond day twenty, the anode of C-

SMFC shifted its polarity from negative to positive, whereas the anode of WL-SMFC had 

steady negative potential (-121.01±6.5 mV) since day ten and can be seen in Figure 2.2E. The 

variation in the positive potential in the anode of C-SMFC as shown in Figure 2.2E, had a 

similar trend to that of the corresponding cathode as show in Figure 2.2F, signifying the 

sharing of cathodic potential with the fully discharged anode. The complete discharge of the 

anodic potential was confirmed by recording instantaneous null potential after disconnecting 

the load of C-SMFC. Sustainability of the anodic reactions in the WL-SMFC setup is reliant 

on the availability of organics in the sediment. The content released from the WL root 
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exudates and dead parts of the plant settled on the anodic sediment sustained the anodic 

activity as revealed from the result discussed below in section 2.3.2.1. 

In spite of the steady-state reduction of the potential, the WL-SMFC delivers current 

continuously, albeit at a low magnitude, indicating sustainability of the system. Further, the 

polarization studies have shown improved power generation and current generation in the 

WL-SMFC and the respective improvements can be seen in Figure 2.3A-B. An activation 

loss of 23 mV in the current density range of 0.89 to 3.7 mA/m2 was observed for the C-

SMFC, whereas the activation loss for WL-SMFC was limited to 8 mV and in the current 

density range of 0.90 to 1.78 mA/m2. In the Ohmic loss region, the C-SMFC had voltage loss 

gradient of -8.4 whereas voltage loss gradient for the WL-SMFC was -5.9. Mass transfer loss 

was evidential for the C-SMFC beyond the current density of 87.72 mA/m2 and interestingly 

negligible mass loss was observed for the WL-SMFC. The reduced internal resistance was 

due to the increased conductivity of the catholyte as shown in Figure 2.5F.  

Table 2.1: Electrical potentials of SMFCs and half-cells with and without WL seeded setup 

recorded at peak operations hours (the presented values are average of the potential values of 

the SMFCs recorded at peak operation hours, number of replica for each system was 3). 

Set-up Type of 

potential 

C-SMFC(mV) 

(A) 

WL-SMFC(mV) 

(B) 

Difference (mV)  

(B-A) 

SMFC OC 683.61 793.75 110.14 

CC 162.89 165.07 2.18 

Anode OC -443.23 -451.05 -7.82 

CC -184.78 -235.71 -50.93 

Cathode OC 239.47 342.08 102.61 

CC -22.11 -71.04 -48.93 

 

2.3.2 Effect of WL on the SMFC parameters 

2.3.2.1 Sequestration of organic mass 

The organic content accumulated in the anodic sediment of WL-SMFC over a period of 

seventy-two days operations under CC condition was analyzed. The organic content in the 

setup was 5.82% as against 3.01% in the control setup as shown in Figure 2.4, indicating an 

additional organic content of 2.81% accumulated in the WL-SMFC sediment over the 
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operation time.  Notably, the average biomass growth of the WL species in the WL-SMFC 

setup was 6.7±0.0023 mg/day.  

2.3.2.2 Effect of WL on DO and cathodic potential 

Figure 2.5A shows that the overlaying column of water in the SMFC setups was vertically 

divided into six layers with each level height of 1 cm. The DO level at each layer was then 

recorded to evaluate the effect of WL on the DO gradient across the column. The WL 

inclusion reduced DO concentration steadily and more intensely than the control setup from 

the top to bottom of the column (Figure 2.5B). The DO at level 1 (near the cathode area) was 

reduced from 5.84 mg/L (in control) to 4.91 mg/L. Whereas, in the level 6 (over the anodic 

sediment), it was reduced from 3.18 mg/L (in control) to 2.3 mg/L. The average rate of 

oxygen reduction across the column for the control (0.56±0.03 mg/L/cm) and WL-SMFC 

(0.49±0.02 mg/L/cm) was though, not much different (0.07±0.5 mg/L/cm), the overall 

reduction of the DO in WL-SMFC setup was higher than the control by an average of 

0.7±0.08 mg/L. 

Next, the relationship between the DO and cathodic potential was examined under OC and 

CC conditions in the setup (Figure 2.5C-D). Under the OC mode, an optimum DO 

concentration of 2.07 mg/L was identified. However, under the CC operation, the DO 

concentration of 1.12 mg/L was identified as the critical value for the cathodic ORR. 

Interestingly, an inverse relationship between catholyte conductivity and DO was observed in 

Figure 2.5C. 

It is known that the concentration of DO in the water overlying the sediment directly affects 

the air-breathing cathode potential (equation 2.1) (Renslow et al., 2011). However, in spite of 

the reduction of DO concentration in WL-SMFC, it generated a better cathodic potential than 

the control. Thus, to analyze the critical level of DO for ORR in the cathode, an experiment 

was conducted wherein the cathode potential of the SMFC was monitored under OC and CC 

modes against different DO concentrations adjusted by purging Ar gas through the 

electrolyte. The setup was covered with a lid bearing all the necessary electrodes and probes 

(Ag/AgCl reference electrode, DO probe, conductivity probe etc.) to prevent the interference 

from the atmospheric O2. 

𝐸 =
𝑇

𝑇0
𝐸0 −

∆𝐻𝑟
0

∆𝐻𝑠𝑜𝑙

𝑅𝑇

𝑛𝐹
𝑙𝑛 (

𝐶𝐾𝐻
0

𝑝
)  (2.1) 
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Under the OC mode, an optimum DO concentration of 2.07 mg/L was identified. Whereas, 

according to Figure 2.5D under the CC mode, when the DO was squeezed from 4.2 mg/L to 

1.12 mg/L, the cathodic potential increased at an average rate of 4.5±0.12 mV/mg/L. This 

increment could be attributed due to the increased ionic conductivity as shown in Figure 

2.5C. Remarkably, below 1.12 mg/L the cathode rapidly accumulated negative potential at a 

rate of 20.75±7.9 mV/mg/L and eventually stabilized at an average of -46±1.2 mV when the 

DO concentration was further reduced below 0.69 mg/L to 0 mg/L. This indicates sharing of 

anode potential due to absence of any cathodic activity. This fact was confirmed from the 

generation of null potential on the cathode at a DO concentration of 0 mg/L by removal of the 

load connecting the anode and cathode. Based on the above findings, it may be 

comprehending that the magnitude of DO concentration (0.7±0.08 mg/L) reduced by WL 

inclusion does not affect the ORR in the air-breathing cathode (working area of 28.2 cm2) as 

under the inclusion conditions, the level of DO in the SMFC was much higher than the 

critical level across all the depth levels shown in Figure 2.5B. Whereas, this WL–led 

reduction of DO in the sediment surface level might reduce oxygen diffusion to the anode, 

supporting anoxic environment in its periphery and thus minimizing the waste electron 

scavenging reactions.  Notably, for anodic reactions the DO level should be less than 1 mg/L 

at the periphery of the electrode (Elmaadawy et al., 2022; U.S. Geological Survey, 2006). 

2.3.2.3 Effect of WL on the pH 

The catholyte pH value was increased in both C-SMFC and WL-SMFC in the initial phase 

upto 24 hour of operations under CC mode of operation and the variation of pH with respect 

to time can be seen in Figure 2.5E. Following the increase, the pH was leveled off at pH~ 8.0 

in case of C-SMFC. Whereas in case of WL-SMFC the pH value was leveled off within 7.2-

7.6, indicating a metabolic role of the plant to bring the pH value closer to pH 6.5–7.2 for its 

optimal growth. The troughs in the graph are caused by the adjustment of water level during 

the operation period. 

The WL in the SMFC setups induces pH neutrality of the catholyte and this activity in turn 

reduces the ORR overpotential in the cathode (Zhao et al., 2006). The metagenomics study of 

the bacterial species present in the rhizosphere of WL planted in the SMFC helped us to 

understand their role on pH hemostasis. A sizeable number of bacterial species shown in 

Table 2.2, identified through the study have been previously reported to produce various 

metabolites and enzymes contributing to the pH neutralization of the growth medium for its 
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sustainability (Foster, 2004; Krulwich et al., 2011; Lund et al., 2014). Such root-induced pH 

changes involving the plant roots and their microbes are subject to the release of charges (H+ 

or OH-). Rhizosphere microbes release protons in response to an alkaline pH through the 

process of ATP consumption (Russell, 2007). When the pH is acidic, some microbes 

consume protons through the process of decarboxylation reactions as a response to a low or 

acidic pH, such as the decarboxylation of amino acids such as glutamate, arginine, or lysine 

(Krulwich et al., 2011; Lund et al., 2014, 2020). Also, microbial cells can deploy reactions 

that produce basic compounds to help neutralize the pH, such as the production of ammonia 

from urea or amine-containing amino acids such as arginine or glutamine to counteract 

acidity (Krulwich et al., 2011; Pennacchietti et al., 2018).  

Table 2.2: Species of WL rhizosphere and their metabolites and enzymes responsible for pH 

neutralization (“National Center for Biotechnology Information,” n.d.; Schober et al., 2025). 

Metabolite Species 

Glutamate Pannonibacter phragmitetus, Clostridium tagluense, Lachnotalea 

glycerine 

Arginine Halomonas hydrothermalis, Pannonibacter phragmitetus, Clostridium 

tagluense, Lachnotalea glycerine 

Lysine Pannonibacter phragmitetus, Clostridium tagluense, Lachnotalea 

glycerine 

Enzyme Species 

Urease Pseudomonas linyingensis, Rhizobiales bacterium, Pannonibacter 

phragmitetus 

2.3.2.4 Effect of WL on the Conductivity 

Figure 2.5F shows the variation in the conductivity of the catholyte in CC mode of operation 

of the SMFCs. The conductivity of the catholyte in the WL-SMFCs increased with time, the 

maximum being 492.1 µS/cm, while a decreasing trend was observed in case of that of the C-

SMFCs, the maximum being 354.8 µS/cm. 

The ionic conductivity of the catholyte significantly impacts the power generation capacity of 

the SMFC. An increase in the ionic conductivity lowers the internal resistance and 

consequently improves the power production (Najafgholi et al., 2015). Figure 2.5C represents 

the inverse relationship between the DO and conductivity values. Reduction of DO lowers the 

partial O2 pressure in the water, which subsequently increases the solubility of partially 

dissolved solids and thereby leads to an increase in the conductivity of the solution (Koralay 
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et al., 2018). The diffusion of atmospheric O2 into the catholyte was reduced due to the 

canopy of the WL on its surface, and hence an increase in conductivity was observed along 

with reduction of the internal resistance by 1 kΩ. Moreover, some of the plant metabolites 

might have also contributed to the conductivity enhancement (Ma et al., 2023). 

LCMS and EDX analyses were conducted to identify the metabolites of the WL plant 

contributing to the conductivity of the WL-SMFC, and the data are presented in Figure 2.6 

and Table 2.3. The WL plant root exudates consisted of complex compounds 

C14H51Ca2Fe3N7, C17H53Fe4N6, C18H53Fe4N4O, C19H57Fe4N4, C21H58Fe4P, C26H64Fe3KN, 

CH49ClFe14N5, C3H53ClFe14N3, C10H47Fe4N14, C12H51Fe4N12, C25H63Fe4, C24H59Fe4O, 

C22H59CaFe4, C23H55Fe4O2, C22H60Fe4K etc. The compounds identified as the WL 

rhizosphere exudates are mostly organic compounds and are iron (Fe)-based. Notably, the 

root exudates of aquatic plants contain various organic compounds like amino acids, organic 

acids, phenolics, sugars, polysaccharides, proteins, and enzymes that serve as carbon and 

nitrogen sources for rhizosphere microbial growth (Fan et al., 2023). The aquatic plant roots 

are also susceptible to the formation of iron plaques due to various Fe-oxidising bacteria and 

Fe-reducing bacteria, etc. (Xiao et al., 2023). These iron plaques can be mobilized by the root 

exudates due to ligand exchange and chelation; also, the root exudates contain Fe solubilizing 

agents (Aggarwal et al., 1999; Sardans et al., 2023) which result in the formation of such Fe-

based-organometallic compounds as the final exudates from the roots. These compounds in 

their dissolved state could be responsible for the increase in the ionic conductivity of the 

catholyte. These soluble Fe containing compounds may facilitated charge transfer thereby 

improving the cathode performance (Ucar et al., 2017). The aquatic plant root microbe and 

root exudates interactions may be interesting to know to address the phenomenon. The 

exudates here have been collected from roots inhabited by microbes. Hence, the compounds 

represented here are the products released mostly by the rhizopshere microbes. In the process 

of converting the root exudates into the complex organic compounds the microbes also 

utilized the O2 released by the aquatic plant roots (Srivastava et al., 2017). Other than the Fe 

oxidation or reduction, the microbes exhibited two more symbiotic approaches with plants: 

endophytic (such as N2 fixing) and ectophytic (such as ammonia oxidation). In the ectophytic 

microbe interaction, several biochemical reactions occur at the interactive surface that 

influence the elemental cycles in the aquatic ecosystem (Laanbroek, 2010). In these 

processes, O2 is utilized in the aerobic decomposition of organic matter present as plant 

exudates by heterotrophic bacteria (Bodelier, 2003). This oxygen consumption likely to be 
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one of the reasons for reduction of DO concentrations in the catholyte of WL-SMFCs as 

discussed above. 

Table 2.3: EDX analysis of the WL-root exudates 

Elements Weight % 

Carbon (C) 23.60 

Nitrogen (N) 9.60 

Phosphorus (P) 3.50 

Sulfur (S) 4.35 

Chlorine (Cl) 0.70 

Potasium (K) 6.03 

Calcium (Ca) 9.03 

Magnesium (Mg) 3.33 

Oxygen (O) 57.18 

Iron (Fe) 0.33 

 

2.3.3 WL rhizospherale bacterial community improve cathodic reactions 

The influence of WL on DO, pH and catholyte conductivity to enhance the cathodic potential 

has been presented above. In this step, the possible sequestration of bacterial community 

from the WL rhizobia to the cathodic surface for forming a biofilm, and the characteristics of 

the biofilm in terms of electrogenicity and metabolic function for supporting cathodic activity 

have been explored. Figure 2.7 shows the surface morphology of the cathode after seventy-

two days of operation under CC and OC modes for both WL-SMFCs and C-SMFCs, 

indicating the formation of biofilms on their surfaces.  The CC operation induced higher 

bacterial population on the cathode surface of WL assisted cells than the corresponding OC 

operational modes and the difference can be visualized in Figure 2.7B(1-2) and Figure 2.7C. 

However, the population for WL-SMFC was far higher than the corresponding control 

experiment and the difference can be seen in Figure 2.7B-E. The impact of operating 

conditions (OC and CC) on the cathodic biofilm was further investigated by determining the 

bacterial density present per unit area of the cathode. The corresponding biofilm density for 

WL-SMFC and C-SMFC under CC operations were 0.28±0.11 AU/cm2 (0.16±0.03 AU/cm2) 

and 0.05±0.03 AU/cm2 (0.05±0.01 AU/cm2), and the respective density values under OC 

operation are shown in brackets. It is thus, confirmed that a highest biofilm growth occurred 
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on the cathodic surface of WL-SMFC under the CC operational mode. The catalytic nature of 

these biofilm microbes has been demonstrated by the DPV studies (Figure 2.8). A positive 

shift in the reduction potential by 156 mV and 80 mV, respectively, from the reduction peaks 

of the blank and the C-SMFC was observed for the WL SMFC biofilm in the potential range 

of -0.2 to -0.6 V. 

2.3.4 Rhizospherale bacterial community linked to cathodic biofilm 

The metagenomic analysis was performed through NGS for the bacterial samples isolated 

from the rhizosphere root of the WL. The rhizosphere of the WL is the habitat of a wide 

range of microbial communities. The analysis of the rhizosphere microbial community 

includes mostly bacteria (identified 53.6% at species level and 17.3% at genus level), viruses 

(0.03%), and some unclassified microbial species (29.07%) (Figure 2.9A). The bacterial 

community of the WL rhizosphere was dominated by the species of alpha, beta and gamma 

subclasses of Protreobacteria (38.63%), Firmicutes (24.12%), Bacterodetes (9.79%), 

Actinobacteria (3.23%), Planctomycetes (1.16%), Verrucomicrobia (1.12%), chloroflexi 

(0.77%), Acidobacteria (0.37%), Cyanobacteria (0.28%), Spirochaetes (0.17%), 

Bacillariophyta (0.14%), Euryarchaeota (0.10%) etc as shown in Figure 2.10A1 (Genome 

accession- SAMN39410320). The microbial species identified on the cathodic biofilm were 

representatives of alpha, beta, and gamma subclasses of Proteobacteria (93.1%), 

Actinobacteria (5.36%), Planctomycetes (1.06%), Cyanobacteria (0.94%), and a few 

eukaryotic cells from the Strepophyta (0.51%) group  (Figure 2.10B1) (Genome accession- 

SAMN40275077).  Figure 2.9A and Figure 2.9B show the whole microbial diversity present 

in the WL rhizosphere and cathode biofilm, respectively. In this study, the characteristics of 

the top 100 species of these phyla and their active participation in the WL-SMFC power 

enhancement were analyzed. The top 30 species from rhizosphere and the biofilm are shown 

in Figure 2.10A3 and Figure 2.10B3, respectively. Many bacterial species (Table 2.2), which 

are also present in the WL rhizosphere of the current study, are widely known to possess 

metabolites such as glutamate, arginine, lysine and enzyme such as urease. These metabolites 

and enzyme are likely to influence the pH of the catholytes in the WL-SMFC as discussed in 

“effect of WL on pH” subsection. While, the cumulative deposits of plant and rhizosphere 

microbes may influence the conductivity of the catholytes as presented under “effect of WL 

on the conductivity” subsection.  
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An analysis revealed that the bacterial species identified in the cathodic biofilm of WL-

SMFC was mostly aerobic in nature. Upon mapping the microbial community, it was 

observed that the aerobic microbial species belonging to the Proteobacteria, Actinobacteria, 

Planctomycetes, Cyanobacteria, and Strepophyta that were present in WL rhizosphere 

colonized on the cathode surface to form biofilms. The catalytic behavior of these aerobic 

microbes is revealed from the cathodic ORR shown in Figure 2.8. 

The biofilm formed in aerobic conditions has been reported to possess the ability to catalyze 

the electrochemical reduction of oxygen and other redox-active compounds released by the 

microbes on the cathode surface (Parot et al., 2011).  Studies have also shown that the growth 

of biofilm on the cathodic surface can enhance ORR with the association of some enzyme 

catalysts or O2-reducing compounds produced by the microbes (Erable et al., 2010; Faimali et 

al., 2008; Parot et al., 2011; Scotto et al., 1985). The DPV result indicates catalytic 

participation of the biofilm microbes in the ORR that diminishes the O2 reduction 

overpotential on the cathode and its linked contribution to the SMFC's power generation 

(Faimali et al., 2008; Scotto et al., 1985). 

The metagenome analysis of the cathodic biofilms was performed to understand the type and 

role of the bacterial cohorts that contributed to the cathodic performance. From the analysis, 

Ferrovibrio terrae, Comamonas aquatic, Achromobacter xylosoxidans, Hydrogenophaga 

taeniospiralis, Phreatobacter stygius, Sphingobium xenophagum, Cupriavidus pauculus, 

Sphingomonas panacis, Delftia acidovorans, Comamonas thiooxydans, Acidovorax citrulli 

were found to be catalase-positive bacteria whose abundance was among the top hundreds of 

the microbial population in the cathodic biofilm of the WL-SMFC (CC). Notably, these 

microbes have link with the rhizosphere microbial community of the WL. The similarity 

between the bacterial profiles of the WL rhizosphere and the cathodic biofilm is evidential to 

understand the participation of WL rhizosphere microbes in the cathodic activity and 

formation of biofilm. The higher microbial density on the cathode of WL-SMFC operated 

with a load (CC mode) is a consequential of the electrical stress on the electrotrophs which 

elicit faster biofilm growth as a response towards the energy draining metabolic reactions 

occurring at the cathode (Li et al., 2020). 

It is known that many of the bacterial species of the cathodic biofilm are reported to secrete 

catalase to protect them from toxic by-products of O2 metabolism, which simultaneously aids 

the ORR in microbial fuel cells (Ammam and Fransaer, 2013; Chelikani et al., 2004; Parot et 
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al., 2011; Plumeré et al., 2012). Catalase breaks H2O2 and produces O2 molecules, which act 

as the electron acceptor at the cathode (Heck et al., 2010). The conversion of H2O2 to water 

and O2 by catalase is a two-step process. At the first step, the catalase heme Fe+3 reduces a 

singular molecule of H2O2 to water by producing a covalent Fe+4O oxyferryl species referred 

to as compound I and a porphyrin cation radical. This compound then oxidizes a second H2O2 

molecule, forming molecular oxygen and another molecule of water (George, 1948; Jones 

and Dunford, 1977; Kirkman and Gaetani, 2007).  

The metagenomic analysis of the cathodic biofilms confirmed Pannonibacter phragmitetus, a 

bacterium of the alphaproteobacteria class that possesses a heme metabolism pathway. Heme 

groups absorbed onto the surface of the carbon electrode can bind and activate the O2 

molecule, causing its reduction to H2O2, and hence symbiotically supplying H2O2 to the 

catalase-positive bacteria, where it is oxidized to O2 and water (Heck et al., 2010). In 

situations where the level of H2O2 is insufficient, the peroxidative activity of catalase is 

reported to result from the ability of compound I to oxidize alcohols to aldehydes and water 

(Keilin and Hartree, 1955; Kremer, 1970; Zámocký and Koller, 1999). Each catalase 

monomer is a constituent of a single heme subunit, and the tetrameric holoenzyme binds 

NADPH (Heck et al., 2010).  

In addition to the metagenome analysis, the presence of catalase-active bacteria in the biofilm 

was investigated with the standard catalase test protocol (Reiner, 2010). Presence of catalase 

active bacteria was evident only in the broths containing biofilms from WL-SMFCs operated 

in CC and OC modes.  

Many of the catalase-positive bacteria, such as the species of the genus Pseudomonas, are 

also reported to be oxidase-positive (Dodd, 2014). The enzyme oxidase belongs to the 

oxidoreductase class and is capable of catalyzing oxidation-reduction reactions using 

dioxygen as an electron acceptor, leading to the formation of water or H2O2 as a by-product 

(Phale et al., 2019). Less abundant bacterial species of the genus Streptococcus (S.pyogenes, 

S.mutans, and S.pneumoniae), Lctobacillus (L.johnsonii, L.crispatus, L.jensenii, and 

L.gasseri), and the heme-containing peroxidase-active bacteria Thermobifida fusca were also 

identified in the cathodic biofilm, producing H2O2. The reduction of current peaks obtained 

by DPV analysis was due to DO reduction and was confirmed by DPV analysis in 

deoxygenated (with Ar purging) and oxygenated conditions for both control and experimental 

solutions as shown in Figure 2.8B.  The nonexistence of the reduction peak in the potential 
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range of 0.4–0.2 V for the WL-SMFC biofilms in the deoxygenated DPV analysis signified 

that the compound formation could not be established due to the absence of O2. The presence 

of multiple reduction peaks in the DPV for the WL-SMFCs could be beneficial in the context 

of power generation in the WL-SMFC; however, identification of the compound with 

oxidation potential value is challenging due to the presence of numerous microbes in the 

biofilm, leading to the formation of various compound formation probabilities. In the OC 

mode of operation, reduction reactions are not expected to occur on the cathode surface; the 

enhancement in potential in this mode signifies the presence of more positive ions, most 

likely H+, on the cathode (Surhone et al., 2010). The increase in the conductivity value of the 

catholyte with the assistance of WL reduced the DO in the water in a controlled manner and 

created a higher DO concentration gradient between the top and bottom of the water column. 

This higher concentration gradient imposed an improved proton movement from the anodic 

to the cathodic region (Kornyshev et al., 2003). 

 

 

Figure 2.1: (A) Photoperiodic chamber with timer containing laboratory-based WL-SMFC 

and Control-SMFCs setups. B. Electrical data collection from the SMFCs using a data logger 
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Figure 2.2: Comparison of the (A) OCP, (B) Anode potential in OC mode, (C) Cathode 

potential in OC mode of the WL- SMFC and Control-SMFC setups and comparison of (D) 

CC potential, (E) Anode potential in CC mode, (F) Cathode potential in CC mode of the WL-

SMFC and C-SMFC 
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Figure 2.3: The polarization study showing the (A) Power density and (B) Current density 

profiles of the C-SMFC and WL-SMFC 

 

Figure 2.4: TGA analysis of the sediment of the SMFCs to investigate the total organic 

content available in the sediment 
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Figure 2.5: (A) WL-SMFC setup showing height level-grading of the water column and (B) 

DO concentrations versus depth levels of the water column, (C) DO concentration vs cathode 

potential under OC mode and vs ionic conductivity in the catholyte in the WL-SMFC setup, 

(D) DO concentration vs cathodic potential under CC mode at a load of 22 kΩ.s. The 

presented DO value indicates the DO concentration at the interface of level 1 and 2. 

Operation time versus (E) pH and (F) conductivity of the catholyte in SMFCs 
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Figure 2.6: LCMS analysis of the WL plant metabolites present in the catholyte 
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Figure 2.7: FESEM images of biofilm on the surface of the cathodes of (A) Bare graphite 

cathode, (B1-2) WL-SMFC operated in CC mode, (C) WL- SMFC operated in OC mode, (D) 

C-SMFC operated in CC mode and, (E) C-SMFC operated in OC mode 

 

Figure 2.8: DPV performed on (A) biofilm extracted from the cathode of different SMFC 

setups and (B) biofilms of cathode in oxic and anoxic (using Ar purging) conditions 
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Figure 2.9: Krona plots on the taxonomic distribution of (A) WL rhizosphere and (B) 

Cathodic biofilm microorganisms 

 

Figure 2.10: Abundances of predominant microbes at (A1) phylum, (A2) genus, (A3) species 

levels in WL rhizosphere and abundances of predominant microbes at (B1) phylum, (B2) 

genus, (B3) species levels in cathodic biofilm 
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CHAPTER 3 

AN APPROACH TO ELIMINATE VOLTAGE REVERSAL IN 

SERIES CONNECTED PLANT-ASSISTED SEDIMENT 

MICROBIAL FUEL CELLS THROUGH SURFACE AREA 

TUNING OF THE ANODE 
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3.1 Introduction 

Microbial fuel cells (MFCs) and their variants, such as sediment microbial fuel cells 

(SMFCs) and plant-assisted SMFCs, are emerging as self-powered, low-cost, sustainable, and 

environmentally friendly bioelectrochemical devices with promising applications in 

bioremediation and biosensors. However, the theoretical maximum potential of an individual 

MFC is only ~1.1 V (Dutta et al., 2022a), which is insufficient for powering most consumer 

electronics and other targeted applications. To overcome this limitation, multiple units can be 

connected in series or parallel to form stacks capable of delivering higher voltages. Yet, 

stacked MFCs often suffer from voltage reversal (VR), a phenomenon that disrupts their 

ability to maintain a stable output voltage at the desired level. 

Voltage reversal (VR) is a more critical issue in MFCs than in chemical fuel cells because the 

microbial catalytic communities on the electrodes are highly susceptible to damage when 

exposed to reversed voltages, which can significantly reduce long-term performance. 

Eliminating VR in stacked MFC units is therefore essential for practical applications. 

One primary cause of VR in series-stacked MFCs is the disruption of bioelectrochemical 

activity in one or more units due to fuel starvation (Oh and Logan, 2007). Additional 

contributing factors include mismatches between anodic and cathodic reaction kinetics and 

kinetic imbalances among the units (An et al., 2016, 2015c). Enhancing anodic reaction 

kinetics—such as by supplying exogenous fuel substrates or promoting electrogenic biofilm 

growth—can reduce VR and improve overall stack performance (Gurung and Oh, 2012; 

Hemdan et al., 2023). However, such micro-scale interventions require continuous 

monitoring of each MFC unit to ensure uniform anodic activity. This is challenging due to 

inconsistent fuel distribution, varying microbial metabolic rates, and fluctuating 

physicochemical parameters (e.g., pH, oxygen, electrolyte concentration) during operation. 

There are several macro-scale level approaches, which mostly deal with external electronic 

circuits and components, have been proposed (Kim et al., 2020; Kim and Chang, 2018; 

Papaharalabos et al., 2017), but they face operational limitations. Some prominent macro- 

level approaches and their downsides in eliminating VR are as follows. 1. Connecting a 

threshold resistance at the cathode-anode junction of the series connection (An et al., 2015c): 

The threshold resistor would increase the internal resistance, and eventually, the overall 

power generation may be affected. 2. Resistor control (Kim and Chang, 2018): This strategy 

requires continuous monitoring of the cells. Additionally, connecting multiple resistors in the 
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circuit makes the system complicated from an operational standpoint. 3. Connecting an 

auxiliary cell to assist current in the cell experiencing VR (Kim et al., 2015): In this strategy, 

identification of the cell in the stack experiencing VR is necessary to provide the assistance 

current that requires continuous monitoring of every cell of the stack. 4. Manipulation of 

internal resistance (Sugnaux et al., 2017): This strategy requires a dedicated system for the 

internal resistance manipulation process. 5. External electronics (Dutta et al., 2022; Prasad 

and Tripathi, 2022): Required voltage can be achieved with this strategy. However, the 

electronic components of the circuits are passive in nature and require external energy for 

operation, affecting the overall system's efficiency. 6. Combination of series and parallel 

connections to increase current capacity (An et al., 2016; Wu et al., 2016): This strategy 

results in a bulky system, and a large number of cells in parallel can introduce inner current 

losses. 

Herein, we propose a new approach to mitigate voltage reversal (VR) in plant-assisted 

sediment microbial fuel cells (SMFCs). SMFCs are a promising green energy technology 

with significant potential for wastewater treatment coupled with renewable electricity 

generation (Donovan et al., 2011, 2008). Their performance can be enhanced by integrating 

suitable plant species, forming plant-assisted SMFCs (Regmi et al., 2018). Incorporating 

plants not only supports efficient contaminant removal from water bodies but also promotes 

the self-sustainability of these bioelectrochemical devices. 

Plant-assisted SMFCs operate in open environments and are therefore subject to natural 

variations in physicochemical parameters such as temperature, pH, conductivity, and 

dissolved oxygen (DO) (Dutta et al., 2025). Under these fluctuating conditions, implementing 

strategies such as resistor control, internal resistance manipulation, or regulation of bacterial 

biocatalyst populations is complex and requires continuous system monitoring. Similarly, 

approaches involving exogenous carbon supplementation, auxiliary units, or series/parallel 

combinations are often impractical in the large-scale and variable conditions of natural 

ecosystems where SMFCs are typically deployed (Donovan et al., 2008; Meehan et al., 

2009). Consequently, most conventional macro- and micro-scale VR mitigation methods are 

challenging to apply effectively in plant-assisted SMFCs. 

This study introduces a novel concept of tuning the anodic surface area to mitigate voltage 

reversal (VR) in series-stacked, plant-assisted SMFCs. A mathematical framework was first 

developed to describe the relationship between the anodic surface area of the terminal cell 
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and key electrical parameters, including the voltage response of series-connected water 

lettuce-assisted SMFCs (WL-SMFCs). The concept was then experimentally validated using 

WL-SMFCs, in which the aquatic plant Water lettuce (Pistia stratiotes), the sole species of its 

genus, was grown on the electrolyte surface. P. stratiotes is a small, free-floating freshwater 

plant with submerged roots extending beneath its fronds (Thakuria et al., 2023). Its rapid 

growth, manageable size, and morphology make it well suited for SMFC integration. 

Previous studies have shown that root exudates from P. stratiotes serve as substrates for 

electroactive biofilms on the anode while also supporting oxygen reduction reactions at the 

cathode (Dutta et al., 2025). The plant’s presence has also been reported to positively 

influence SMFC parameters such as pH, dissolved oxygen, and electrolyte conductivity. In 

this work, multiple WL-SMFC units were connected in series to construct stacks, whose 

electrical performance was monitored under extended closed-circuit operation. The results 

revealed that the anodic surface area of the terminal cell plays a pivotal role in controlling VR 

in the stack. A detailed account of the experimental validation, analysis, and implications of 

these findings is presented in this chapter. 

3.2 Materials and methods 

3.2.1 Materials 

The WL-SMFC construction materials, such as the sediment, natural water, and WL, were 

collected from a pond within the campus of the Indian Institute of Technology Guwahati, 

India (26.1903° N, 91.6920° E). Electrodes of the cells were prepared with Iso-molded 

graphite plates purchased from GraphiteStore.com (USA). The copper wire with PVC coating 

used as the electrode terminals was purchased from M/S KEI Wires and Cables, India. The 

electrode and copper wire connection was established with silver-conductive epoxy (MG 

Chemicals, USA). The glassware used for the construction of WL-SMFC was purchased 

from Borosil, India. 

3.2.2 WL-SMFC configuration 

The WL-SMFC configuration used in this study has been mentioned in the previous chapter 

(Dutta et al., 2025). Briefly, the laboratory-scale WL-SMFC has a reactor volume of 500 ml, 

where 1/4 of the reactor height (about 3 cm) contains the pond sediment layer. Above the 

sediment layer, the reactor was filled with water, maintaining a height of 7 cm during the 

entire period of operation.  The anode and cathode electrodes in the setup were prepared with 
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iso-molded graphite plates. Copper wires were used to connect the electrode terminals with 

silver-conductive epoxy. Non-conductive epoxy glue was pasted at the node to envelop the 

exposed surface of the wires. The anode was fixed horizontally within the sediment layer, and 

the cathode was positioned vertically at the surface, with one half exposed to air and the other 

half submerged in water. Finally, the setup was completed by planting WL at the water 

surface. For the standard setups, the total surface areas of the cuboid-shaped anode and 

cathode were 28.2 cm2 and 28.8 cm2, respectively. 

3.2.3 WL-SMFCs stacking and operation 

The potential (voltage) behavior of WL-SMFC stacks was investigated separately in open 

circuit (OC) and close circuit (CC) modes. Figure 3.1 shows the equivalent block diagram of 

the stack containing unit cells connected in a series configuration. The units of WL-SMFCs 

were termed WL-SMFC1, WL-SMFC2, etc., according to their position in the stack. In any 

stack configuration, the stacking potential was the potential difference between the terminal 

cell's anode and the cathode of the unit cell located at the top. When a load was connected 

across these terminals, electrons from the anode of the terminal cell flow through the load to 

the cell's cathode at the top of the stack, facilitating the extraction of current at a potential of 

∆Vs (Figure 3.1). 

The WL-SMFC stacks were operated inside a photoperiodic chamber under an ambient 

condition (25-31 0C, 68-82% humidity), which is optimal for the vegetative growth of WL 

(Ahmed et al., 2020). The stacks were exposed to an artificial light intensity of 1120 LUX 

(measured with Dr.Meter, LX1010B, China) for 10 hours per day throughout the 

experimentation. Under these environmental conditions, the stacks were operated in OC and 

CC modes. 10 kΩ load was applied during the CC mode of operation. 

3.2.4 Analyses of the electrical parameters 

The potential variation in the individual WL-SMFC unit and stacked unit, as well as 

individual electrodes in the units and stacks, was monitored with a digital multimeter (Fluke 

87v, Fluke Corporation, USA). The electrode potentials were recorded against an Ag/AgCl 

reference electrode (BASI Research Products, USA). All the CC modes of operations were 

conducted with a 10 kΩ resistor as the load across the terminals. The load was connected to 

the stack after five days of OC operation. The polarization study was performed by scanning 

the potential response across differential resistive loads in the range of 300 kΩ to 50 Ω. 
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3.2.5 Anode surface capacitance measurement 

Electrochemical impedance spectroscopy (EIS) was performed for anodes of various 

electrode sizes in a three-electrode setup connected to an electrochemical workstation 

(PGSTAT Metrohm, Netherlands). A platinum electrode and an Ag/AgCl electrode (BASI 

Research Products, USA) were used as counter and reference electrodes in the setup. The EIS 

scan was performed at the maximum potential obtained for the anode and within the 

frequency range of 0.1 Hz to 1 MHz. The Randles equivalent circuit (RC) was fitted to the 

Nyquist plot obtained from the EIS with Nova 1.1 software (Metrohm, Netherlands). The 

fitted RC produced the surface capacitance value for all the anode electrodes. The effect of 

anode surface area on the capacitance and the total charge (q) stored in the electrode was 

investigated. The total charge storage was calculated with equation 3.1, where V is the 

electrode potential, and C is the electrode surface capacitance discerned from the EIS analysis 

and the corresponding RC fitting.   

𝑞 = 𝐶𝑉  (3.1) 

3.2.6 Statistical analysis 

All experiments were repeated three times to understand effectiveness and reproducibility of 

the proposed strategy. The data presented in all the graphical images represents the average 

result out of the three experiments. 

3.3 Results and discussions 

3.3.1 Detection of voltage reversal in stacked WL-SMFCs 

Two units of WL-SMFCs were connected in a series, and their potential behavior was 

recorded over five days of operation under both OC and CC conditions. The occurrence of 

VR under the OC operation was negligible (Figure 3.2A), whereas, under the CC operation, 

the polarity of the unit 2 (WL-SMFC2) was altered on day two (Figure 3.2B). Analysis of the 

individual electrode potentials revealed that the cathode of WL-SMFC2 was more negative 

than the anode, resulting in overall negative potential of the cells under the CC mode. The 

cathode potential gradually reduced, and simultaneously, the anode became more positive, 

leading to higher VR over time. A similar potential output trend was observed when the 

number of cells in the series stack increased to three and four units (Figure 3.3A-B).  The VR 

was observed in the 2nd unit (WL-SMFC2) for the three-unit stack and the third and fourth 

units (WL-SMFC3 and WL-SMFC4) for the four-unit stack on the second day of CC 
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operation. The VR was negligible under a very high load (> 350 kΩ) connected to the stack 

when the current flow in the circuit was close to zero. These studies confirmed that the VR 

occurs in series stack operation of WL-SMFCs in CC condition only and as a consequence of 

mainly anodic potential loss, which was obviously due to poor anodic activity. A previous 

study (Dutta et al., 2025) had shown that WL maintains the organic substrate level in the 

sediment, and hence, substrate limitation may not be the causative factor for this poor 

activity. Thus, the kinetic imbalance-linked charge imbalance among the anodes is the 

probable reason causing the VR in the stacked cells (An et al., 2015b; An and Lee, 2014). To 

mitigate the VR in series stacked WL-SMFCs during the prolonged operation, optimization 

of the anodic surface area was explored, which is discussed in the following sections.   

3.3.2 Theoretical foundation on the relation between the anodic surface area and 

electrical parameters 

If V1 and V2 stand for the potential of WL-SMFC1 and WL-SMFC2, respectively, and Vs 

denotes the potential across the load connected to the stack that can be expressed as equation 

3.2:   

Vs=V1+V2  (3.2) 

Again, V1 and V2 are the difference between the individual electrode potential of WL-

SMFC1 and WL-SMFC2. Hence, this indicates that, 

V1=V1Cathode-V1anode  (3.3) 

V2=V2Cathode-V2Anode  (3.4) 

If equation 3.2 is iterated with equation 3.3 and 3.4 the following relationship is obtained, 

Vs=(V1Cathode-V1anode )+(V2Cathode-V2Anode)  (3.5) 

Since this investigation is structured under CC condition, the load voltage is subject to 

change with respect to time and hence the individual potential of the cells in the stack. So, the 

equation 3.7 can be rewritten as 

dVs

dt
=

d(V1Cathode-V1anode)

dt
+

d(V2Cathode-V2Anode)

dt
  (3.6) 

Or, 

dVs

dt
=

dV1Cathode

dt
-

dV1anode

dt
+

dV2Cathode

dt
-

dV2Anode

dt
  (3.7) 
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The operation of fuel cells can be related to supercapacitors (Houghton et al., 2016; Santoro 

et al., 2018; Walter et al., 2020), and hence the following relationships of voltage, charge, 

capacitance and current shall also be true in WL-SMFC operations. 

q=CV  (3.8) 

And 

I=
dq

dt
  (3.9) 

Also, 

C=
εA

δ
 (3.10) 

Here, q is the charge in coulombs available on the electrode surface, C is the double layer 

capacitance in farad, V is the potential of the electrode in volts, and I is the magnitude of 

current in ampere, ɛ is the permittivity of the electrolyte in farad per meter and δ is the 

distance between the centre of the capacitance layer and the surface of the electrode in 

meters. 

Iterating the relationships shown in equation 3.10 and 3.11 in equation 3.9, the following 

relationship can be obtained, 

dVs

dt
=

1

C1Cathode
I1-

1

C1Anode
I1+

1

C2Cathode
I2-

1

C2Anode
I2  (3.11) 

Since  

dV1Cathode

dt
=

d

dt
(

q1Cathode

C1Cathode
) =

1

C1Cathode

dq1Cathode

dt
=

1

C1Cathode
I1        (3.12) 

Similarly, 

dV2Cathode

dt
=

1

C2Cathode
I2, 

dV1Anode

dt
=

1

C1Anode
I1and 

dV2Anode

dt
=

1

C2Anode
I2  (3.13) 

Now, if the equivalent electrical circuit (Figure 3.11) is followed, only one current Is is 

flowing in the circuit. So, we can write 

I1=I2=IS  (3.14) 

And can rewrite equation 3.11 as 

dVs

dt
=

1

C1Cathode
IS-

1

C1Anode
IS+

1

C2Cathode
IS-

1

C2Anode
IS  (3.15) 
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Or, 

dVs

dt
= [(

1

C1Cathode
-

1

C1Anode
) + (

1

C2Cathode
-

1

C2Anode
)] IS  (3.16) 

The boundary condition for non-occurrence of VR in the WL-SMFCs is 

1

C1Cathode
>

1

C1Anode
      (i)  and        

1

C2Cathode
>

1

C2Anode
    (ii)  

Since the conditions such as the electrolyte parameters (pH, conductivity, DO), surface area, 

material and operating conditions for the cathodes are constant in both the WL-SMFCs and 

hence, considering ideal cathode capacitance, we get 

C1Cathode=C2Cathode  (3.17) 

So, from equation i and ii, it can be concluded that 

1

C2Anode
>

1

C1Anode
       or     

1

C1Anode
>

1

C2Anode
  (3.18) 

Substituting equation 3.12 in the above condition, the following conclusion can be achieved: 

A2Anode>A1Anode or A1Anode>A2Anode  (3.19) 

Here, equation 3.19 shows increasing the anodic surface area of either of the WL-SMFCs can 

be effective for mitigating the occurrence of VR during the stack. The effectiveness of this 

strategy has been validated with experimental results in the subsequent sections of this study. 

3.3.3 Effect of anodic surface area enhancement on VR 

In a stack of two unit cells, the VR was reduced when the surface area of the WL-SMFC2 

anode was increased up to 56.4 cm2, which is two times the standard anode (28.2 cm2) 

(Figure 3.4A-B). The VR was also reduced in the reverse condition, where the anodic surface 

area of WL-SMFC1 increased to 56.4 cm2 while maintaining the standard anodic surface area 

of WL-SMFC2 (Figure 3.5A). However, on a comparative note, the reduction of VR was 

higher in the previous configuration, where the anodic surface area of the terminal cell unit 

(WL-SMFC2) was double the anode surface area of WL-SMFC1 (Figure 3.4A, Figure 3.5A). 

When the anodic surface of the WL-SMFC2 unit was larger, the rates of voltage discharge for 

WL-SMFC1 and WL-SMFC2 in CC conditions were 1.3±0.4 mV/day and 5.1±0.48 mV/day, 

respectively. In the reverse configuration, i.e., when the anode with the standard surface size 

in SMFC2 and its double size in WL-SMFC1 was installed, the discharge rate obtained were 

-19±4.2 mV/day, and 33.5±8.9 mV/day, respectively, indicating the larger anode is 
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complementing the smaller anode in CC operation. However, when the SMFC2 had a larger 

anode, the rate of discharge in both the units of WL-SMFCs was less, subsequently better 

performance delivered with respect to time (Figure 3.4A and Figure 3.5A). Nevertheless, 

increasing the anode surface area equally (1:1 ratio) up to 56.4 cm2 for each of the WL-

SMFC units was not effective in the VR reduction (Figure 3.6). When the WL-SMFC units 

were connected in series with a load, the anode of the terminal unit (WL-SMFCn, Figure 3.1) 

performed as the major functional anode of the stack; hence, its improvement boosted the 

overall stack’s activity. The modality was further examined with stacks of three (Figure 3.4C) 

and four (Figure 3.4D) unit cells separately and found to be effective. Interestingly, on the 

initial two days of operation of the four-unit stack, recovery of VR was seen in units 1 and 2. 

Considering the potential values of all the stacks on the fifth day of operation and comparing 

them with the stacks with standard anodes, a maximum of 70%, 57%, and 54% potential 

recovery was observed when corresponding two, three, and four units of WL-SMFCs were 

stacked (Figure 3.7). From these observations, the following standard formula can be adopted 

to design the anodes in series stacked WL-SMFC units to eliminate VR:  

𝐴𝑆𝑀𝐹𝐶𝑛
= 𝑛 × 𝐴𝑆𝑀𝐹𝐶   (3.20) 

Here, ASMFCn is the surface area of the anode of the terminal WL-SMFC unit in a stack as 

shown in Figure 3.1, n is the number of WL-SMFC units in the stack; ASMFC is the standard 

surface area (no modification) of the anode of a unit. Hence, to eliminate VR in a stack of cell 

units 1 to n, the anodic surface area for individual cell units from unit 1 to n-1 will be ASMFC 

and for the nth unit (WL-SMFCn), the surface area should be ASMFCn.  

3.3.4 Effect of enhanced anode surface area on the electrical parameters 

The EIS was performed to investigate the effect of the increased surface area of the terminal 

anodes on its charge storage capacity in 2, 3, and 4-unit stacked WL-SMFC configurations. 

Four different anodes with a surface area of 28.2 cm2 (standard), 56.4 cm2, 84.3 cm2 and 

113.7 cm2 were used in the terminal unit in the respective 2, 3, and 4 unit stacks (Figure 3.8). 

The Randles equivalent circuit fitting to the Nyquist plot provided the surface capacitance of 

the anode, which was further used for the analysis of total charge storage, overall cell 

capacitance, and the cell’s specific capacitance. The charge storage capacity was measured 

using the electrode capacitance (equation 3.1). Table 3.1 shows that with the increasing anode 

surface area, the surface capacitance and total charge storage increased, but not beyond the 

size of the anode three times the standard anode surface area. Notably, the charge collected 

TH-3738_186151002



 

68 
 

on the anode under the CC operation is directly related to the kinetics of the electro-catalytic 

oxidation reaction occurring at the anode. The reactions, in turn, are controlled by the 

bacterial catalysts density and substrate concentrations available in the sediment of the WL-

SMFCs (Dutta et al., 2025).  Thus, the substrate concentration and abundance of catalytic 

bacterial populations in the anodic sediment are the limiting factors for generating charge in a 

particular anodic surface area. Hence, for the given volume of the WL-SMFC unit and the 

sediment microbial population and substrate concentration, the optimum anode surface area 

for the highest capacitance and total charge was 84.3 cm2, about three times the standard 

anode size. The higher surface area of an anode may store more charge on it, although 

increasing the surface area of all anodes in a stack was not beneficial in addressing the issue 

of VR. The VR can be mitigated if the ratio of the anodic surface area is maintained as per 

the strategy stated in section 3.3.2. The anode with a higher accumulated charge in the 

terminal cell complemented the charge of the rest of the anodes facing charge limitation in 

the WL-SMFC stack. For instance, when the WL-SMFC1 and WL-SMFC2 experienced 

voltage loss, the WL-SMFC3 unit with higher anodic surface area shared its charge with 

these two cells to prevent the VR (Figure 3.4C). Likewise, in a four-units stack configuration 

(Figure 3.4D), the shared charges could significantly avert the charge limitation in unit 1and 

the rest of the units channelized from the unit 4. Beyond day 3, a stable discharge pattern 

could be observed in all SMFC units where the WL-SMFC4 had the highest potential 

amongst the cells. 

Table 3.1: The effect of increased anodic surface area of the terminal units of stacked WL-

SMFCs on various electrical parameters. 

 

aFor surface area of 28.8 cm2. bAbility of the unit to store electric charge. cThe capacitance of the unit 

normalized to anode surface area and mass of sediment  
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The impact of the increased anodic surface area of the terminal cell on power performance 

was evaluated on the individual and the stack of 2 units, and these were compared with that 

of the standard setups (Figure 3.9). Maximum power on an average of 17x10-3 mW was 

generated in all the units (Table 3.1). However, the internal resistance value increased to 10 

kΩ upon increasing the anode surface area from the standard size of 28.2 cm2. Moreover, a 

mass transfer limitation was observed for all the enlarged anodes beyond an average value of 

0.041 mA (at 10 kΩ) for the terminal WL-SMFCs (Figure 3.9A). In the unit with the standard 

anode, the mass transfer loss started beyond 0.058 mA (at 5 kΩ) (Figure 3.9A). Likewise, a 

significant difference in mass transfer limiting current was detected between the stacks of 2 

standard units (0.077 mA) and of 2 units (0.57 mA) with an anode surface area ratio 1:2, as 

presented in the brackets for 5 kΩ and 10 kΩ loads, respectively. Thus, it can be inferred that 

the internal resistance of the WL-SMFC has a significant role in the mass transfer limitation. 

The loss is also evident when the external resistance is below the internal resistance value of 

the unit cell. The polarization curve shows that the mass transfer limitation occurs when the 

surface area is increased to 2, 3, and 4 times the standard (Figure 3.9A) at load < 10 kΩ. 

Notably, the mass transfer limitation started in every situation when the load resistance was 

reduced below the internal resistance value. For the WL-SMFC with a larger anode surface 

area, the internal resistance was 10 kΩ; the mass transfer started for these WL-SMFCs when 

the load connected was below 10 kΩ. Similarly, for the WL-SMFC with the standard anode 

size, the internal resistance was 5 kΩ, and the mass transfer limitation started when the load 

connected was below 5 kΩ. Thus, the increased surface area increases the internal resistance; 

the cell's mass transfer limitation started when the load resistance was below the internal 

resistance. Hence, the operation of the stacks fabricated with the given strategy at the 

maximum operating point by connecting a load matching the internal resistance can eliminate 

VR in the stack.  

The increased surface area allows the attachment of more electroactive bacterial cells, 

resulting in enhanced reactions and charge accumulation on the enlarged anodes, which is 

validated by the improved charge storage and its linked higher discharge time under a close 

circuit operation (Figure 3.8 and Table 3.1). Nevertheless, the magnitude of current generated 

under a load also depends on the oxidation rate of organic species by the electroactive 

microbes. However, the reaction rate remains constant under a constant load, nutrients, and 

catalytic environment. Hence, this parameter has been excluded from formulating an ideal 

mathematical expression to elucidate the relation among the electrical parameters of the stack 
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we designed. Here, we investigate the effect of anodic surface area on the overall capacitance 

and specific capacitance of the WL-SMFC by comparing the system with a supercapacitor 

(Dutta et al., 2022b; Houghton et al., 2016; Santoro et al., 2018; Walter et al., 2020). The 

increased overall capacitance implies the increased charge storage ability and discharging 

time of the system. Thus, the specific capacitance value is suitable for evaluating the charge 

storage on the enlarged surface of the anode due to the higher conversion of sediment 

organics in the anodic compartment. It is inconsistent that when the anode area was 113.7 

cm2, the corresponding anode capacitance was reduced by ~92 pF; however, the effect of this 

reduction on the overall capacitance (by ~6.1 pF) and specific capacitance (0.04 pF) is less 

significant. The overall capacitance is calculated as: 

𝐶𝑜𝑣𝑒𝑟𝑎𝑙𝑙 =
𝐶𝑎𝑛𝑜𝑑𝑒×𝐶𝑐𝑎𝑡ℎ𝑜𝑑𝑒

𝐶𝑎𝑛𝑜𝑑𝑒+𝐶𝑐𝑎𝑡ℎ𝑜𝑑𝑒
           (3.21) 

Hence, it can be concluded that for the given reactor size and sediment content, the maximum 

anode surface area would be between 84.3 cm2 and 113.7 cm2. Moreover, considering the 

boundary condition to mitigate VR in series stacking of WL-SMFC units, the manipulation of 

anode surface area has been validated with the base equation 3.7 when two WL-SMFC are in 

series. 

In section 3.3.2, it was demonstrated that increasing the surface area of the anode of WL-

SMFC1 to two times the surface area of the anode of WL-SMFC2 could reduce VR; 

however, this strategy was not very effective in the context of performance over the operation 

time. Hence, the condition A2Anode>A1Anode has been considered for the fabrication strategy. 

Moreover, if the number of WL-SMFC units is more than two in the stack, the condition 

would be AnAnode>A1→(n-1)
Anode

. 

Next, the rate of discharge of the WL-SMFC was tested by calculating the discharge current 

under the CC mode of operation to investigate the effect of surface area on the current 

production in WL-SMFC. The discharge current of the WL-SMFC can be calculated using 

Ohm’s law (equation 3.20) and the potential drop across the external resistor. 

𝐼𝑑𝑖𝑠 =
𝑉𝑂𝐶−ɳ𝑎𝑐𝑡−ɳ𝑐𝑜𝑛

𝑅𝑒𝑥𝑡+𝑅𝑖𝑛𝑡
   (3.21) 

Here, Idis is the WL-SMFC discharge current, ɳact and ɳcon are activation and concentration 

over potentials, respectively.  Rext and Rint are external and internal resistances, respectively, 

and Voc is the OCP for the WL-SMFC setup. The numerator terms of equation 3.21 is the 
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voltage drop across the external resistor, and the measured value during the CC operation is 

considered here for the discharge current calculation. The current discharge behavior of the 

WL-SMFCs under different conditions was studied (Figure 3.10). With the increase in anode 

surface area, the discharge rate reduces (Figure 3.10A), allowing the external resistor to 

dissipate power for longer. In operating a two-unit stack, the unit with a similar anode size 

offered a discharge rate faster than the stack, where the anode surface area in the terminal 

unit was twice the anode surface area of unit 1 (Figure 3.10B). 

 

 

Figure 3.1: (A) Equivalent block diagram and (B) the equivalent circuit diagram of the series 

stacked WL-SMFCs 
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Figure 3.2: Potential variation in series stacks of two WL-SMFC units in (A) OC and (B) CC 

mode of operation. The potential variations in the individual electrodes of the cells in (C) OC 

and (D) CC modes of operations. The operation at CC mode was performed at a load of 10 

kΩ 
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Figure 3.3: Potential variation in OC mode in a stack of (A) three unit cells, and (B) four unit 

cells. Potential variation in CC modes in a stack of (A) three unit cells, (B) four unit cells 
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Figure 3.4: CC potential variation over operation time for (A) stack of two unit cells, and 

individual units, (B) individual electrodes of the two unit stacked cells, where the anode 

surface area ratio for unit one and two is 1:2, (C) stack of three unit cells and individual units, 

where the anode surface area ratio for unit 1, 2, and 3 is 1:1:3 and (D) stack of four unit cells 

and individual units, where the anode surface area ratio for unit 1, 2,3, and 4 is 1:1:1:4. 

Unit/electrodes with increased anode surface are marked with * 
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Figure 3.5: Close circuit potential variation of (A) the stack and individual WL-SMFC in a 

stack of two WL-SMFCs and (B) half-cell potential of the WL-SMFC in the stack where the 

anode surface area ratio for SMFC1 and SMFC2 is 2:1 

 

Figure 3.6: Close circuit potential variation of the stack and individual WL-SMFC in a stack 

of two WL-SMFCs if the anode surface area is increased to two times of the standard 

maintaining a ratio 1:1 
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Figure 3.7: A-C: Voltage profiles in stack’s individual units and in a stack of (A) two (B) 

three and (C) 4 units stacks with standard [■] and enlarged [■] anodic surface in the terminal 

units. The ratio of anodic surface area for standard to increased surface are 1:2 for two, 1:1:3 

for three, and 1:1:1:4 for four units stacks. (D) Percentage recovery through terminal anodic 

surface enlargement from the losses caused by the VR in the different stacks. The respective 

surface area ratio of standard to enlarged terminal anode in the stack of 2, 3, and 4 units is 

1:2, 1:1:3, and 1:1:1:4. The potential values of the units/stacks were measured on the fifth day 

of operation 
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Figure 3.8: EIS analysis of the terminal anodes in WL-SMFCs: (A) the standard anode in an 

unit, (B) anode with enlarged surface in a stack of 2 unit, and (C) anode with enlarged surface 

in a stack of 3 unit and (D) anode with enlarged surface in a stack of 4 unit. The inset 

equivalent Randles' circuits shows the corresponding resistance and surface capacitance 

values 
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Figure 3.9: (A) and (B) Shows the polarization curves of individual WL-SMFC when the 

anode surface area was increased (C) and (D) Indicates the polarization curves of stack of 

two WL-SMFCs with anode surface area ratio of the two WL-SMFCs 1:1 and 1:2. The load 

value was changed from 300kΩ-50Ω during the polarization scan 

 

 

 

 

 

 

 

 

TH-3738_186151002



 

79 
 

 

 

Figure 3.10: Discharge current of WL-SMFC at 10 kΩ load (A) with increased anode surface 

area and (B) in stack operation with two unit cells 

 

Figure 3.11: Electrical equivalent circuit of the WL-SMFC stack when connected to a load 
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CHAPTER 4 

DESIGN AND FABRICATION OF A SELF-POWERED 

VOLTAGE BOOSTER FOR ENABLING REAL-TIME 

APPLICATIONS OF WATER LETTUCE-ASSISTED 

SEDIMENT MICROBIAL FUEL CELL 
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4.1 Introduction 

Microbial fuel cells (MFCs) have been captivating attention in bioremediation of wastewater 

treatment and sensors for environmental monitoring due to their advantages for qualifying the 

conditions of self-sustainability and cost-effectiveness (Tommasi and Lombardelli, 2017). 

However, this bio-based green energy technology is still a myth for its commercial 

applications due to poor power performance constrained by the low theatrical potential value, 

delivering mainly in a single-digit range (Abbas et al., 2017). An effective approach to 

improve the working potential values of MFC is the stacking of several unit cells through 

either series or parallel connection networks. However, the real-time application even with 

the improved voltage is hampered by another challenge posed by the fast voltage discharge 

linked to the poor bioelectrode reaction kinetics (An and Lee, 2014; Shi et al., 2025). A 

viable approach to counter this challenge is to introduce a suitable power management system 

to improve the overall power output of the stacked MFCs (Dutta et al., 2022b).  

A power management system (PMS) is a device that consists of some electronic components 

functioning together to convert a low electrical input into an utilizable power output. The 

basic configuration of a PMS mainly entails a charge pump, a supercapacitor (SC), and a 

boost converter (Dutta et al., 2022b). This basic configuration of the PMS may be modified to 

develop improved PMS topologies for efficient enhancement of MFC performance. MPPT, 

flyback boost converter, ultra-low power PMS are some of the modified and improved 

topologies of PMSs. The MPPT defines a technique based on the maximum power transfer 

theorem for extracting power at maximum magnitude from an MFC. In MPPT-based PMS an 

algorithm or circuit configuration is implemented to track the MPP of the fuel cell, which 

require dedicated power for its operation. The conversion efficiency of MPPT-based PMS is 

mostly reported around 50%. The flyback converter design configuration proposed by 

Degrenne et al., was operated at the MPP of the BFC i.e., at 0.3 V with 62% conversion 

efficiency. Energy harvesting circuits built for MFCs that mostly consume not more than 10 

mW power for their operation are termed as ultra-low power PMS.  Kim et al. (2014), 

proposed the system that coupled a customized small-scale (21.3 cm2) ultra-low power 

consuming PMS with a benthic MFC producing 5.4 μW. This ultra-low power electronic unit 

included programmable interface that enabled self-sustainability and was suitable for sensor 

applications. The circuit design included a customized chip (CTRL chip) that consumed 

ultra-low power for performing operations like harvesting energy from benthic MFCs and 
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processor operations. Fabrication of this chip was conducted on a 180 nm CMOS technology, 

which was part of a 1.0 mm3 die-stacked sensor node system (Kim et al., 2014; Lee et al., 

2013). To meet the demand of energy sustainability, designing a PMS that consumes only a 

small part of the MFC’s power for their operation and simultaneously converting the total 

MFC power for practical application is yet a broad area to be explored. Designing a self-

powered PMS with high conversion efficiency for powering real-life applications is a subject 

matter of high significance. 

Herein, an effort has been made to improve the power performance of the stacked WL-

SMFCs, the design and fabrication of which have already been discussed in the previous 

sections. It may be mentioned that the PMS topologies built with too many passive 

components would increase the power requirement for their operation, and the excess power 

consumption would deteriorate the conversion efficiency. Additionally most of the PMSs 

designed with charge pump or switched mode capacitor topology reported to date primarily 

rely on external power sources for their functioning. Keeping the above critical issues in 

mind, this work designed a PMS with a limited number of components comprising a charge 

pump and capacitors of two different strengths. The charge pump ICs (ICL7660) was used to 

boost the SMFCs' output voltage. The voltage doubling setup of the integrated circuit was 

utilized to enhance the voltage output from two connected WL-SMFCs in series, and several 

of these configurations were linked together to increase the voltage level through the process 

of voltage addition. The boosted voltage was then stored in a SC finally. The approach of 

combining the output voltage from the voltage doubling configurations to generate usable 

power discussed in this study is an innovative strategy. A detailed account of the design, 

fabrication, operation, and performance of the PMS has been presented in this work. 

4.2 Materials and methods 

4.2.1 Materials 

WL-SMFC fabrication materials: The WL-SMFC fabrication materials such as pond 

sediment, natural water, and WL were collected from a pond located within the campus of the 

Indian Institute of Technology Guwahati, India (26.1903° N, 91.6920° E) as mentioned in the 

Chapter 1 and 2. Iso-molded graphite plates used to prepare the electrodes for the system 

were purchased from GraphiteStore.com (USA). Conductive copper wire (1.21×10-2 Ωm-1 at 

20 0C) with a PVC (polyvinyl chloride) coating used as electrode terminals were purchased 
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from M/S KEI wires and cables, India. The electrode and copper wire connection was 

established with silver-conductive epoxy purchased from M/S MG Chemicals (USA). The 

glassware used to fabricate the WL-SMFC reactor was purchased from Borosil, India. 

PMS materials: The charge pump IC ICL7660 was purchased from Maxim integrated (USA), 

Schotky diodes (1N5817) were purchased from Multicomp PRO (UK), capacitors and SCs 

was purchased from AVX corporation (USA), and a 1W LED was purchased from 

electroncomponents.com (India). The data of the PMS input and output was recorded with a 

Data acquisition system (Agilent 34972A LXI data acquisition system, Agilent USA) 

4.2.2 Fabrication of WL-SMFC series stacks 

The unit WL-SMFC was fabricated following the procedure described in Chapter 2. Briefly, 

eight units of such cells were constructed by using glass beakers; each with a volume of 500 

ml was used in this study. A total 1/4 of the beaker height (about 3 cm) was covered by the 

pond sediment layer, and the water height was maintained at 7 cm for the entire period of 

experimentation. Iso-molded graphite plates were used as both the cathode and anode 

material. The cathodes of dimensions of 6 cm×2 cm×0.3 cm (28.4 cm2) were planted 

vertically by submerging 50% in water at the air/water interface. The anodes were placed 

horizontally at half depth of the sediment layer. The anode of four WL-SMFCs has 

dimensions of 3 cm×4 cm×0.3 cm (28.2 cm2). Whereas, the anodes of the rest of the WL-

SMFCs had dimension of 6 cm×4 cm×0.3 cm (56.4 cm2). Silver-conductive epoxy was used 

to attach the wire to the electrode surface, while non-conductive epoxy glue was used as an 

anti-corrosion material to envelop the exposed surface of the copper wires. 

The stacking of WL-SMFCs was performed by connecting two WL-SMFC units in series in a 

single stack. In the stacks, the unit at the top position whose cathode was open for load 

connection had the smaller anode (28.2 cm2) and the terminal unit whose anode was open for 

load connection had the larger anode (56.4 cm2) (Figure 4.1). 

4.2.3 The charge pump based PMS 

The charge pump IC ICL7660 is a monolithic, CMOS switched-capacitor voltage converters 

that is capable of inverting, doubling, dividing, or multiplying a positive input voltage. This 

charge pump IC can operate from an input voltage of 1.5 V to 10 V with no external diode 

over the full temperature range and can deliver output current 10 mA with a 0.5 V output 
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drop. The ICL7660 provides low quiescent current and high efficiency. The oscillation 

control circuitry and four power MOSFET switches were included on-chip. The voltage 

conversion was performed by first accumulating charge in a bucket capacitor and then 

transferring it into a reservoir capacitor. The design configuration of  ICL7660 provide a 

simple, compact, low-cost solution while negative or doubled supply voltages are needed for 

a few low-power components. In this study the PMS was designed with voltage double 

circuit configuration of the ICL7660 (see Figure 4.2). The stack of two units WL-SMFC were 

connected to the input of the voltage double configuration of ICL7660. The output voltage of 

the IC was stored in the reservoir capacitor C2 (Figure 4.2). The loss of voltage at the output 

was attributed to the barrier potential (VB) of the two diodes in the configuration.  Hence, if 

V+ is the input voltage then the reservoir capacitor stores 2(V+)-2VB across its terminals at 

the end of the voltage double operation of the IC. To minimize voltage drop, two Schottky 

diodes (1N5817) with a low P-N junction barrier potential range of 0.2-0.45 V at room 

temperature (25 °C) are used in the circuit, provided that the forward current remains below 1 

A, while other diodes exhibit a barrier potential of 0.7 V under the same operating conditions. 

Herein, four stacks of WL-SMFCs were individually connected to voltage double 

configuration of ICL7660 and the output of the charge pump ICs were connected in pairs (in 

series) to charge a 3300 µF capacitor. The capacitors were then connected in series to charge 

the 0.5 F SC.  

4.2.4 The performance analyses of the PMS 

The performance of the PMS relates to the voltage conversion efficiency of the PMS circuit. 

The conversion efficiency of the PMS was estimated by calculating the input and output 

power characteristics of the PMS. The input power (Pin) was calculated by the equation 4.1. 

𝑃𝑖𝑛 = 𝑉𝑖𝑛 × 𝐼𝑖𝑛 (4.1) 

Vin and Iin are the voltage and current values of the WL-SMFC stacks when connected to the 

charge pump IC. The total input power Ptotal of the PMS was calculated by the sum of the 

input power of all charge pump ICs and by the equation 4.2. 

𝑃𝑡𝑜𝑡𝑎𝑙 = 𝑃𝑖𝑛1 + 𝑃𝑖𝑛2 + 𝑃𝑖𝑛3 + 𝑃𝑖𝑛4 (4.2) 

Here, PIN1 to PIN4 designates the individual input power of the charge pump ICs in the PMS. 

When the output of the charge pumps is used to charge the SC from a charging voltage VC to 
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a discharging voltage VD, the energy stored in the SC of capacitance C is given by equation 

4.3 (Li et al., 2022).  

𝐸𝑆𝐶 =
1

2
𝐶(𝑉𝐷

2 − 𝑉𝐶
2) (4.3) 

With the ESC value, the power stored in the SC (PSC) can be calculated with the SC 

discharging voltage VD and discharging time TC and by the following equation 4.4. 

𝑃𝑆𝐶 =
𝐶(𝑉𝐷

2−𝑉𝐶
2)

2𝑇𝐶
 (4.4) 

If the power output (Pout) at the load is obtained, the power efficiency of the PMS can be 

calculated with the given equation 4.5: 

𝜂𝑃 =
∫ 𝑃𝑜𝑢𝑡𝑑𝑡

𝑇𝐷
0

∫ 𝑃𝑆𝐶𝑑𝑡
𝑇𝐶

0

 (4.5) 

4.3 Results and discussions 

4.3.1 Power performance analysis of the WL-SMFC stacks 

The OCP of the WL-SMFC stacks containing the standard anodic surface (28.2 cm2) and the 

larger anodic surface (56.4 cm2) were 791±0.02 mV and 818±0.03 mV, respectively. The 

OCP of the four stacks in a cluster were 1.546±0.01 V, 1.692±0.06 V, 1.594±0.05 V and 

1.561±0.09 V, respectively. The OCPs were recorded when the SMFC’s voltage reached 

saturation period, which was identified after 5 days of operation. The minor OCP variation 

among the stacks were impelled by the fluctuations of their half-cell potential caused by the 

open environment factors even though the cell materials were similar across the cells. The 

long-term potential behavior of the WL-SMFC, along with the influence of environmental 

factors on its electrical parameters, has been explored in Chapter 2 and (Dutta et al., 2025). 

The electrical performance of the four stacks were investigated with the polarization curves 

as shown in Figure 4.3A. The maximum power densities (mW) of the stack 1, stack 2, stack 3 

and stack 4 were 0.033, 0.034, 0.033 and 0.029, respectively at an external resistance of 10 

kΩ (Figure 4.3B). When maximum power was derived from the stacks the respective current 

values (mA) were 0.057, 0.058, 0.058 and 0.054 for stack 1, stack 2, stack 3 and stack 4 

(Figure 4.3B). 
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4.3.2 The voltage double operation  

The input voltage range for consumer electronics is between 3.3 and 12 V (Alipanahi et al., 

2019b; Mamun et al., 2023). Therefore, the voltage rating and power output of the WL-

SMFC stacks are inadequate for practical use, indicating a necessity for further improvements 

in voltage and overall power ratings. As mentioned in chapter 3, the highest voltage recovery 

was achieved with a stack of two WL-SMFCs, generating an open circuit voltage exceeding 

1.5 V, which is sufficient for the operation of ICL7660 charge pump ICs. The voltage 

doubling functionality of the ICL7660 facilitates a voltage boost operation with minimal 

voltage loss. Figure 4.4 shows the input and output of the ICL7660 charge pump IC in the 

voltage double configuration when connected to a series stack of two WL-SMFCs. The 

default switching frequency of the charge pump ICL7660 was specified at a maximum of 10 

kHz. The choice of the capacitor pair for the voltage double configuration of the charge pump 

IC was dependent on the output requirements. Moreover, the high-value capacitors can 

reduce the output impedance. Figure 4.4A show the input and output voltages of the charge 

pump IC configured with 1000 µF capacitor pairs during voltage double operation. The 

selection of these high-capacity capacitors, specifically 1000 µF, aims to lower the output 

impedance of the integrated circuit, resulting in a shorter charging duration for the terminal 

SC. The voltage conversion efficiency was 97.15±0.01% when the output voltage at capacitor 

C2 reached the saturation voltage level (Figure 4.4B). At this voltage saturation stage, a 

voltage drop of 0.286±0.003 V was observed at the input at a constant current of 0.4 µA. 

Here, the BOOST pin of the IC was also connected to the stack to increase the oscillator 

frequency, which reduces the output impedance. Connecting the BOOST pin with the stack 

voltage is also beneficial for protecting the WL-SMFC stack if the stack undergoes higher 

voltage losses. The reduced stack voltage reduces the switching frequency and hence allows 

the stack more time to restore the voltage loss. 

4.3.3 Cascading the charge pumps 

The voltage double configuration of the ICL7660 was cascaded in series in pair of two and 

the output was connected to a 3300 µF capacitor (Figure 4.5). In the PMS two cascades of the 

voltage double configurations were used to charge the 0.5 F SC. The output of the cascades 

can be coupled in series or parallel configuration as per requirement and in this study the 

output of the cascaded charge pumps was connected in series to charge the SC. The low 
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power input of the WL-SMFC stacks thrust higher charging time for the SC. When the SC 

was charged to 3.5 V (61.5% of the limited value) after 35 hours of charging operation 

(Figure 4.6A), a 10 kΩ and 1 kΩ load were connected to the SC to investigate the power 

outputs.  The unit stack of WL-SMFC produced maximum power when a 10 kΩ resistor was 

connected directly to the stacks, and the summation of maximum power produced by all the 

stacks was 129 µW. However, with the PMS, the SC delivered an average output power of 

3.95 mW to the load with a total input power of 4.22 µW (Figure 4.6B). Moreover, when a 1 

kΩ resistor was connected, an average output power of 8.87 mW was consumed by the load 

with an average total power input of 4.13 µW from the four stacks (Figure 4.6C). The SC 

discharged at a rate of 0.4 µW/s and 20 µW/s, respectively when 10 kΩ and 1 kΩ loads were 

connected. The choice of SC depends on the power requirements by the load and the duration 

of operation. Here, considering the discharging voltage VD and charging voltage VC and the 

average power obtained for 10 kΩ and 1 kΩ loads, the choice of SCs has been determined 

with increasing discharging time (Figure 4.6D). It is evident that increasing the SC value 

would result in increased discharge time; however higher SC value would also induce higher 

charging time for PMS to charge the SC. The charging time can be reduced with combined 

parallel and series cascade of the charge pump output.  

4.3.4 PMS efficiency analysis 

The charge pumps in voltage double configuration converted the input voltage from the WL-

SMFC stack with 97.15±0.01% efficiency. The output of the cascaded charge pump was 

supplied to the SC, and the SC is discharged through the external load. The input and output 

power values govern the overall efficiency of the PMS. The power efficiency of the PMS was 

obtained as 24.59%, 81.76% and 74.05% for the loads of 10 kΩ, 1 kΩ and 100 Ω, 

respectively (Figure 4.7). The power efficiency of the PMS is dependent on the charging time 

and discharging time of the SC. Shorter charging time and longer discharging time improves 

the power efficiency of the system. Optimization of the switching frequency of the charge 

pump would improve the charging time of the SC. However, this optimization is a 

challenging task considering the frequent electrical parametric changes of the WL-SMFC. 

Additionally, incorporation of a control circuitry for the switching frequency optimization 

process using WL-SMFC or external power source for its operation would deteriorate the 

power efficiency and the sustainability of the WL-SMFC system. Finally, an application of 
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the PMS was shown by lighting a 1 W LED as shown in Figure 4.8B and Figure 4.8A shows 

the fabricated circuit of the PMS. 

Previous studies on PMS based on charge pump topology have shown the use of SCs in 

switching mode to boost MFCs power output with a conversion efficiency of 67%. However, 

the switching operation was performed through external energy sources (Kim et al., 2011). In 

some studies DC/DC boost converters were used to enhance the output voltage of the charge 

pump or switching mode capacitors to meet the energy requirement (Alipanahi et al., 2019a; 

Gao et al., 2011). However, the energy conversion efficiencies of the boost converters are 

usually not up to the mark. A PMS designed with a DC/DC boost converter can consume 

even up to 40% of the input energy for its operation (Donovan et al., 2011b). The PMS 

designed by (Gao et al., 2011) incorporated a charge pump, switching mode capacitors and a 

boost converter; which however, converted the MFC output with 79% efficiency. The present 

PMS design, however, could generate the WL-SMFC output with 81.76% efficiency when 

the SC was charged upto ~61.5% of the desired value. Furthermore, the design of the circuit 

is straightforward, using only a small amount of power from the WL-SMFC, and allows for 

the selection of capacitor size according to the load needs and mode of operation. 

 

Figure 4.1: (A) Schematic diagram of the WL-SMFC and the stacking strategy, (B) 

equivalent electrical diagram of the stack system 
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Figure 4.2: Voltage double configuration of ICL7660 with two Schotky diodes (D1 and D2), 

two capacitors (C1 and C2), V+ is the input voltage and VD is the barrier potential of the 

diode 

 

 

 

 

 

 

Figure 4.3: (A) Polarization and (B) power curves of the WL-SMFC stacks 

 

 

TH-3738_186151002



 

89 
 

 

Figure 4.4: (A) Voltage boosting performance of ICL7660 in voltage double configuration 

with 1000 µF capacitor pair as bucket and reservoir capacitor and (B) voltage conversion 

efficiency with time for the voltage double configuration of ICL7660 

 

 

Figure 4.5: Cascading the output of the charge pumps for voltage boosting and the charging 

the SC 
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Figure 4.6: (A) the charging operation of the SC with the cascaded charge pumps, input and 

output power variation with time when the SC is discharged through a (B) 10 kΩ and a (C) 1 

kΩ resistor, (D) estimation of SC value for increasing the discharge time  

 

Figure 4.7: Power efficiency of the PMS at different loads 
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Figure 4.8: (A) The circuit of the PMS and (B) an application of the PMS shown by lighting a 

1 W LED 
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5.1 Conclusions  

The work presented here unequivocally demonstrated the positive role of WL in boosting the 

electrical performance of SMFC. The significant impact of WL is visible in improving  the 

cathodic performance by ~1.86 fold of the control (that void WL). The effect on critical 

parameters namely catholyte conductivity, pH, DO, and biocatalytic ORR for cathodic 

performance was analyzed. The investigation revealed that the coupling of WL to the SMFC 

brings down the alkaline pH of the native electrolyte and stabilizes its value at near neutrality, 

which is conducive to the proton movement in the catholyte and plant growth. Further, the 

conductivity of the electrolyte drastically increased (by 60%) upon cultivation of the plant in 

the SMFC, supporting cathodic performance by reducing the cell's internal resistance. 

Interestingly, a significant reduction of DO was effected by the plant, the level of which is, 

however, above the critical level required for the ORR in the cathode and, hence, did not 

affect the cathodic performance; conversely, this dropped DO level in the vicinity of the 

anode surface supports anodic performance by facilitating its anoxic environment, and aiding 

biocatalytic electron transfer to the anode. Interestingly, many WL rhizobia bacterial species 

were sequestered and colonized on the cathode as resilient biofilm, hosting diverse oxygen-

reducing and catalase-active bacterial species and supporting ORR in the cathode. A further 

motivating finding is that the overall bacterial density on the biofilm was enhanced under CC 

operation conditions, which consequently contributed to the higher cathodic potential of the 

WL-SMFC. This finding highlights the prospect of inducing electrogenic biofilm by applying 

electrical stress to improve microbial fuel cell potential for real-world applications.   

Next, the reduction of VR has been demonstrated in a stack of series-connected units of WL-

SMFCs by adopting a new approach where the electrode surface size ratio of the terminal 

anode to the total anodic surface area was identified as the key factor to reduce the VR. It 

may be mentioned that the conventional macro- and micro-scale approaches to mitigate 

voltage reversal (VR) are challenging to implement in plant assisted sediment microbial fuel 

cell stacks, particularly when installed in natural, open-water environments. In this work, we 

developed a theoretical framework relating electrical parameters to anodic surface area, 

predicting that a larger anodic surface area in the terminal unit positively influences the 

overall voltage of a stacked microbial fuel cell system. This proposition was experimentally 

validated using a laboratory-scale stack of series-connected WL-SMFC units. Furthermore, 
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the total anode surface area was experimentally correlated with the surface capacitance and 

charge of the WL-SMFC stack. For optimum performance, the surface area of the terminal 

anode should equal the sum of the anode surface areas of all other units in the stack. 

However, in stacks containing more than three unit cells, this configuration should be applied 

intermittently, as the percentage of voltage recovery achieved by a single enlarged terminal 

anode decreases with increasing stack size. The decline in VR mitigation beyond this critical 

anode surface area ratio is attributed to limiting factors such as substrate availability and 

electroactive microbial population density, which govern anodic capacitance and charge. 

Higher capacitance and anode charge contribute to VR reduction and enhance the current 

discharge rate. These findings suggest that anodic surface area tuning is an effective and 

technically simple strategy for mitigating VR in WL-SMFC stacks. Further studies 

investigating the influence of bioelectrocatalytic reaction rates under varying 

physicochemical conditions in open environments will deepen understanding of this approach 

and advance the real-world application of these emerging bioelectrochemical devices. 

Finally, in the context of real-world application of WL-SMFCs, the present work established 

a new strategy to amplify the electrical performance (voltage and power) of Water lettuce-

assisted SMFC stacks by adopting a self-powered PMS. This three-step charging strategy 

comprising of SMFC stack to charge pump, charge pump to the capacitor, and then capacitor 

to supercapacitor amplified the overall electrical performance ~ seven-folds. The developed 

configuration also has a provision to upscale the setup by increasing the number of stacks and 

corresponding PMS components to increase the potential and power for high-power-

consuming applications. The critical step that might limit the present strategy for some 

applications demanding fast power delivery is the charging time for the capacitors. An 

improved current production ability of the WL-SMFCs and lower output impedance of the 

charge pump ICs may address this issue. In addition, optimization of the switching frequency 

of the charge pump IC as a function of the input and output would enrich the PMS 

performance for its successful implementation in real-world applications. The maximum 

power conversion efficiency of 81.76% achieved through this PMS strategy underscores its 

prospect for a standalone power supply for outdoor applications such as environmental 

sensors, operating aeration pumps for wastewater treatment, and allied applications. 
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5.2 Future scope 

1. The overall exciting findings described in this thesis stimulate further in-depth 

investigation, specifically on the seeding of the electrogenic bacteria at the cathode, 

their precise role in ORR, and the microbe-plant interactions that influence the pH, 

conductivity, and oxygen level in the catholyte for a comprehensive understanding on 

the WL-assisted performance of SMFC for its practical applications. Further in-depth 

study to correlate surface area to anode reaction kinetics would be supportive to 

overcome the higher mass transfer loss in the high current operation of WL-SMFC 

with larger anode surface area. 

2. The finding on the mitigation of VR in series stacked WL-SMFCs may be 

comprehended with the results of further research on the effect of bioelectrocatalytic 

reaction rate under the changing physicochemical parametric values in open 

environment conditions.  

3. The proposed PMS delivers a maximum power conversion efficiency of 81.76%. 

However, an optimization strategy for the switching frequency of the charge pump IC 

as a function of the input and output would enrich the PMS efficiency for its 

successful implementation in real-world applications. 
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