
Hydrogels Used in Microbial Electrochemical
Technologies
Subjects: Engineering, Electrical & Electronic | Environmental Sciences

Contributor: Zeena Wang, Dunzhu Li, Yunhong Shi, Yifan Sun, Saviour I. Okeke, Luming Yang, Wen Zhang, Zihan Zhang, Yanqi Shi, Liwen

Xiao

Hydrogel materials have been used extensively in microbial electrochemical technology (MET) and sensor development

due to their high biocompatibility and low toxicity. With an increasing demand for sensors across different sectors, it is

crucial to understand the current state within the sectors of hydrogel METs and sensors. 
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1. Introduction

Microbial electrochemical technology (MET) is a fast-expanding field of research that utilises the metabolism of

electrogenic microbes to catalyse oxidation and reduction reactions that occur in the anode and cathode . The

electrogenic microorganisms are able to release electrons through a variety of electron transfer methods and the electron

is then passed from the anode to the cathode to produce an electrical output. MET is an overlap of a variety of research

areas including microbiology and electrochemistry, material sciences, environmental and electrical engineering, etc. .

Its ability to sustainably utilise and convert a wide range of products in any form (solid, liquid, or gas) into useful products

such as electricity and biofuels makes it highly applicable in a wide variety of research fields .

Microbial fuel cells (MFCs) and microbial electrolysis cells (MECs) are the most typical METs widely used for wastewater

treatment and green energy production. In recent literature, they have garnered significant interest in the sensor industry

due to their versatile biosensing properties and ability to use microorganisms as a biocatalyst . They have been

developed as the sensor detecting organic matters (e.g., biological oxygen demand—BOD ), nutrients (e.g., nitrate ions

), toxicants (e.g., heavy metals ) in water, wastewater, soil, and human fluid. Additionally, the ability of MFCs and

MECs to act as energy sources demonstrates the potential of these technologies to act as alternative green power

supplies for sensors .

Hydrogels have great advantages when applied to METs and sensor technology development. For instance, a typical

biosensor consists of four parts: the analyte, the analyte binding substrate, the transducer, and the data processor .

The stability and sensitivity of a biosensor are crucial during its application. Hydrogels are composed of a network of

three-dimensional crosslinked polymers that are able to absorb large amounts of liquid . They have a range of unique

properties including swelling behaviour, biocompatibility, non-toxicity, porous structure, and self-healing , which makes

them extremely versatile and suitable for improving the stability and sensitivity of the sensor. Hydrogel networks can either

be chemically or physically crosslinked, ensuring structural stability during water absorption . This allows the hydrogel

to immobilise the biological substrate as well as create a microenvironment in which the analyte can be confined, thus

improving the sensitivity . These properties make hydrogels extremely suitable for electrochemical biosensing

applications and development .

2. Hydrogels for Microbial Immobilisation

In the last ten years, hydrogels have become a common material used for microbial immobilisation, which is crucial for

METs . The highly porous structure and rigid matrix provide a stable environment, protecting microbes from

environmental fluctuations . This benign environment can suppress outside noise, thereby improving sensing signals

. Singh et al. immobilised five strains of strontium-resistant bacteria into an acrylamide hydrogel polymer and found that

the immobilised microbes had a higher rate of strontium removal efficiency .

Multiple researchers have used alginate , cellulose , gelatine , and silica  hydrogel to immobilise different

bacterial species for a variety of sensing applications. E. coli is commonly used as the model organism in many studies
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due to its fast growth and easy manipulation. Other popular bacterial species used include S. oneidensis , G. oxidans
, and Lactobacillus sp. . Microbes often have to be cultured just before use as they have been shown to lose their

biological activity when placed in storage . Immobilising E. coli in poly(vinyl alcohol) (PVA) hydrogels showed

exceptional biological activity even after 40 days of storage .

Electrochemical sensors often employ electrogenic microbes for sensing as the microbial metabolism can convert

chemical energy to electrical energy, forgoing the need for transducers . The electrogenic microbes are often found in

consortiums in the form of stable biofilms; however, this can decrease the selectivity of the species. Single species are

beneficial as organic consumption is directly linked to the voltage output; however, single-species biofilm is rarely seen in

nature and tends to be unstable . Hydrogels can act as an artificial matrix, allowing for single species to be embedded.

Kaiser et al. embedded S. oneidensis into a PVA hydrogel anode and compared the electrochemical performance to an

anode only containing a natural biofilm . The hydrogel-embedded anode showed an improved voltage output. For

highly electrogenic pure culture microbes that lack the genes for biofilm formation, hydrogels can also improve

immobilisation . Evidently, hydrogel shows great advantages to carry and immobilise bacteria and benefit their

performance.

3. Hydrogel-Based MFCs

3.1. Anode Hydrogels

Conducting Polymer Hydrogels

Conducting polymer hydrogels (CPHs) are a class of materials that combine the high electrocatalytic activity of conductive

polymers, with the porous structure of the hydrogel . They are used in the anodes of MFCs as they can physically

interact with cell membranes, aiding in the facilitation of electron transference . The improved electrocatalytic activity

reduces the electron transfer resistance, and the hydrogel encapsulates microbes in a buffered environment, thereby

promoting metabolic activity .

Throughout literature, the fabrication of CPHs is commonly observed for anode fabrication . Polyaniline (PANI)

and polypyrrole (PPy) have often been used to modify anodes due to their good electrical conductivity and bioadhesive

properties . Cellulose hydrogels are often used in conjunction with PANI and PPy. In parallel studies, Mashkour et al.

tested the power density of PANI-Bacterial cellulose (BC) and PPy-BC anode against a graphite plate anode . The

PANI-BC produced a maximum power density of 117.76 mW/m  whereas PPy-BC yielded a slightly higher power density

of 136 mW/m . Further conductivity improvement was demonstrated by incorporating titanium dioxide into the PANI-BC

construct .

The addition of multiple conductive materials into hydrogels has demonstrated an improvement in electrical conductivity.

Szöllősi et al. created a composite hydrogel containing three electrically conductive materials (Alginate-PANI-titanium

dioxide-graphite composite hydrogel) . Although the addition of 0.05 g/mL of PANI and graphite separately yielded a

ten-fold increase in conductivity, the addition of PANI and graphite together enhanced the conductivity 105-fold. However,

increasing the carbon materials results in the collapse of the gel matrix. A compromise concentration of 0.02 g/mL and

0.05 g/mL of PANI and graphite respectively demonstrated improved conductivity and was able to run continuously for 7

days. Wang et al. created an alginate, PANI, and carbon brush (CB) electrode to monitor chemical oxygen demand (COD)

removal . The MFC resulted in a power output of 515 mW/m , 1.5 times greater than the bare anode. Wang et al.

further constructed PPy, carboxymethyl cellulose (CMC), and carbon nanotubes (CNT) construct on a CB. The power

density output of 2970 mW/m  was 4.34 times greater than the bare anode. This large difference in comparison to the

PANI study would mainly be due to the addition of CNTs .

Mixing two types of conductive polymers has been shown to also increase the power density. PANI and PPy hydrogel

anodes have been shown to have similar power densities (2737.12 and 2859.53 mW/m ); however, the PANI-PPy hybrid

hydrogel anode had a noticeably higher power density (4413.03 mW/m ). Further addition of CNT and Fe O  into the

composite reduced internal resistance improving power density .

Carbon Composite Hydrogels

CNTs are a class of nanostructures that are increasingly being applied to the anode of MFC due to their ability to improve

the electrocatalytic activity of microbes . In 2014, Lui et al. fabricated a CNT-chitosan hydrogel anode by

electrodepositing CNT–Chitosan onto a carbon paper anode . The CNT was able to improve the power and current

density by allowing direct electron transference between the cytochrome enzyme and the anode. Further improvement of
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MFC performance can be achieved by incorporating CNT into a CPH. A graphene oxide (GO), CNT, and Poly N-

Isopropylacrylamide (PNIPAM) hydrogel anode showed a 100% increase in power and current densities . PPy is

another common conductive polymer commonly forming a composite with CNT. Examples in the literature include the

production of a PPy-CNT hydrogel , and PPy, CMC and nitrogen-doped CNT hydrogel , both showing improved

power output.

GO is another common material used within electrodes due to its hydrophilic nature and large surface area, supporting

microbial adhesion and growth. GO is not a conductive material; however, it can be reduced by some species of microbes

and act as a conductor . According to a study by Yoshida et al., the growth of certain electrogenic microbial species has

been linked to GO reduction, and the resulting structure is an reduced graphene oxide (rGO) microbial complex . This

rGO hydrogel complex has since been used for electricity recovery from dialysis wastewater using MFCs, however, the

current output was lower than expected . This is explained by incomplete GO reduction, therefore longer incubation

between GO and the microbial species is required .

3.2. Cathode Hydrogels

Although a large body of hydrogel-based MFC research is dedicated to improving the microbe–anode interactions and

electron transfer efficiency, some studies have applied hydrogels to the cathode of MFC to improve oxygen reduction

reactions (ORRs). ORRs are the reduction half-reaction that occurs at the cathode, reducing oxygen to water or hydrogen

peroxides . ORR catalysts are often used to improve the slow and complex ORR kinetics that occur in traditional air

cathodes, directly effecting electric energy production . Current ORR catalysts are expensive and scarce, with some

disrupting oxygen and ion transfer. Hydrogel-derived cathodes have been fabricated in multiple studies to improve ORR

performance.

Li et al. synthesised a microalgae hydrogel whereby Chlorella pyrenoidosa, conductive polyacrylonitrile fibre, and agar gel

were applied to the cathode . A 33% increase in maximum power density was produced in comparison to the traditional

Pt electrode. This cathode however was limited by carbonate precipitation after prolonged operations. A tofu gel produced

from soybeans was mixed with nitrogen and iron co-doped carbon to produce an ORR electrocatalyst . They showed a

maximum power output increase of 30.62% in comparison to the Pt electrode. The highest power density MFC was

synthesised by Yang et al., whereby a nitrogen and iron chitosan gel was applied to activated carbon support . The

MFC had a shorter running time in comparison to the tofu gel and was slightly more expensive to fabricate than the other

hydrogels.

3.3. Membrane, Separator, and Electrolyte Hydrogels

Nafion or non-fluorinated polymers are traditionally used as the proton exchange membrane of MFCs due to their high

proton conductivity, thermal and mechanical stability, and durability in the hydrated state. The high cost of these non-

fluorinated membranes has resulted in their replacement with cheaper alternatives such as polyvinyl alcohol (PVA) .

The hydrogel form of PVA (PVA-H) can undergo repeated cycles of freezing and thawing to create an elastomer

membrane . The membrane showed excellent proton exchange, and when combined with the cathode to form an

electrode assembly, further improved electricity production .

PVA-H has only been applied to air cathodes and the MFCs are used to remove or degrade toxins from water sources.

Chang et al. created a tubular MFC with the PVA-H PEM to remove benzene from ground water, while Wu et al. created a

waterfall MFC to remove organics from molasses wastewater . A similar application to remove azo dye was also

conducted in 2017 . Insufficient water uptake and retention by PVA-H can limit the proton transference ability of the

material. In order to solve this, Liu et al. incorporated a water-retaining clay into the PVA-H, improving the proton

conductivity by 2.87 times compared to the PVA-H MFC .

Evaporation is a common limitation in many air cathodes, especially miniature MFCs, resulting in unstable power

generation . Hydrogel polymers often contain hydrophilic functional groups; therefore when water evaporates, the

internal pressure is reduced allowing the substrate to be pulled into the hydrogel. This phenomenon has been exploited to

maintain ion transport in a horizontal air cathode design , to improve the contact between the ion exchange membrane

in an MEA air cathode , and to create an auto feeding MFC that is able to draw up substrates mimicking transpiration

. Hydrogel electrolytes can be used to improve cathode potential without disrupting ion exchange.
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4. Hydrogel-Based MECs

Hydrogels have also been used in MEC research for microbial immobilisation. Lescano et al. aimed to improve the

efficiency of bioelectrochemical systems by improving the bacteria loading capacity of electrodes . Graphene

electrodes have been increasingly used due to their conductivity, high mechanical strength, and stability. However, the 2D

structure limits bacterial attachments. Lescano et al. immobilised the electrogenic bacteria, Geobacter sulfurreducens, in a

graphene hydrogel. The graphene hydrogel electrode resulted in a three-time increase in current density in comparison to

that of the bare graphene electrode. The SEM images of the hydrogel showed large pore structures with dense microbial

growth on the electrodes.

Gandu et al. on the other hand utilised hydrogels to isolate exoelectrogens from non-exoelectrogens, reducing

competition for nutrients and resources . The Geobacter sulfurreducens bacteria were immobilised in an alginate and

chitosan hydrogel and the current density, COD removal, and hydrogen production was measured. The MEC systems

were treated with acetate and wastewater, one containing no additional bacteria and the other containing free-growing

microbes. The study found that the non-immobilised system performed better when fed with acetate; however, this

performance decreased significantly when the analytes were switched to wastewater. The opposite occurred for the

hydrogel-immobilised MECs. Genetic analysis of the communities showed that the hydrogel was able to maintain the

community composition of the exoelectrogens, and protect it from external competitors .

Modification to improve the microbe-electrode interaction has been conducted on both MECs and MFCs . Electrode

and microbial modifications, cell immobilisation, and electrode material selection have been extensively researched 

. Although hydrogels are not commonly used within MEC research, other microbe immobilisation methods are used .

Dubrovin et al. for example looked at encapsulating the microbial anode in a microfiltration membrane and Rozenfield et

al. utilised a dialysis bag for the encapsulation .

Aerogels are macroporous versions of hydrogels that are also used in microbial entrapment of MECs. They are prepared

via the sol–gel process followed by supercritical drying to remove all the liquid of the gel and replace it with air . The

following gel is extremely lightweight, highly macroporous, has good thermal conductivity, large surface area, and low

density . Hou et al. created an aerogel anode from Molybdenum disulphide (MoS2) and nitrogen-doped graphene (NG)

. The hybrid MoS /NG has excellent electrocatalytic activity as well as good conductivity. By changing the structure

from 2D to 3D aerogel, the porosity and surface area of the gel increased, further improving electrocatalytic activity.

Another paper experimented on carbon aerogels and found that the hydrogen production was five times higher than that

of the carbon cloth control . The large surface area and large pores can promote greater microbial attachment,

extracellular electron transfer, and electrocatalytic activity and make it a popular material for MECs.
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