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Abstract
In this review, a partial description of inorganic materials from different sources has been presented to
understand the function of biofuel cells. One of today’s greatest problems is the deficiency of fossil fuels and
particularly oil. While also concerning over the environmental issue one of the new and effective resources of
energy is biofuel cells (BFCs). It is important to keep in mind that the recent progress in the application of
inorganic materials in biofuel cells put the emphasis particularly on the electrode and redox behaviour. Here
we have discussed the primary challenges of applying inorganic materials to use as electrode in BFCs for
future technology. Recently the future of energy depends on the creative design of the stable and efficient
systems to produce clean and renewable energy sources, such as biofuel cells. The physical challenges and
associated problems lead our discussion in better engineering path as well as in theoretical approach to
apply various inorganic substances in BFCs.
This mini review highlights the primary challenges of
applying inorganic materials to use as electrode in BFCs for
future technology such as waste water treatment, energy
generation, implantable medical devices and robots. The
physical challenges and associated problems lead our
discussion in better engineering path as well as in theoretical
approach to apply various inorganic substances in BFCs.
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Introduction
Nowadays, the application of advanced
inorganic materials can be useful in various branch
of sciences. From basic science to biofuel system
through multiple sensors, the inorganic materials
are highly important for future era. Generally, there
are two types of biofuel cells, namely enzymatic
biofuel cell and microbial biofuel cell that convert
the chemical energy to electric current on the basis
of electron transfer associated with redox reaction
via mediator or non-mediator process. The
advantage of biofuel cells is it is very small devices
and can be implanted within the body- such as pace
makers [1]. BFCs utilize different specific biological
moieties such as enzymes or living cells. In BFCs,
the power is generated directly from organic or
inorganic species. So, in this case the mechanism is
more advantageous than simple fuel cells.

The amenities of inorganic fabrication (figure
1) process compete favourably against enzymatic
fabrication methods, since the subtle character of
the enzyme need not to be accounted. Thus, the
more diverse, rapid and lower cost of processes
were promoted [2]. A comprehensive investigation
of the reported literature data reveals that either
powerful corrosive acidic (pH = 0) or alkaline
solutions (pH = 13) compose the maximum
electrolytic solutions. These are extensively applied
to conduct the non-enzymatic sensing [3].

Figure 1. The broad areas of application of
inorganic materials that range from basic study to
advanced applications.
We shall initiate the review with a discussion
on the application of inorganic materials in biofuel
cells (figure 2) which is subsequently followed by
an account of the conversion of chemical energy to
electrical energy in presence of suitable electro
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catalyst. In the early 21st century, BFCs have become
more environment friendly, less toxic chemical
removal and also a clean as well as green energy
source. Furthermore, it operates at mild
temperature range within 20-40 ºC with
physiological pH [4]. The most beneficial
conveniences of using biofuel cells are the diversity
and specificity that they provide for the electrolytes
and electrode materials.
People in every civilization have used enzymecatalyst for functioning the main skeleton of BFCs
but in recent days the nano-materials derived from
noble metals are fullfilling the requirements vastly.
Besides, the various allotropes of carbon are
potential alternatives to enzyme-catalyst because
carbon nanotubes have high stability and show
positive electro-catalyst behaviour like platinum.
So, the need for discussion of inorganic materials in
BFCs is really a basic concept from electrode point
of view and it can be easily adoted and applied for
the BFCs technology. The traditional approach in
the use of various materials in BFCs is really
challenging and cost-intensive. Thus, the new
approach to apply purposefully built advanced
materials should exceed the limitation of the
traditional research. Finally, it evolved out of the
following consideration that the principally
examined materials for BFCs are pure noble metals
and then carbon-based nanotubes.

Chowdhury et al., 2020
density due to the decreased speed of transport
across the cell membranes [7]. The total
microorganisms can be difficult to handle, however,
and require specific conditions to survive, and
contact with support for direct electrochemical
electrodes [8].
Materials
for BFCs

Metal-based
Principal

Carbon-based
Hybrid

Advanced
material

Figure 2. Different types of materials that can be
used to operate in BFCs.
There are two common ways to depict the
electrical contact between active site of the enzyme
and electrode in BFCs. Figure 3 shows a comparison
diagram for mechanism in Fuel cell and Biofuel
cells. Redox centres of enzymes have 4 to 15 nm
diameter and often buried deeply in the proteins.
The spatial separation between the prosthetic site
and the electrode surface operates as a steric barrier
for shuttle of electron [9]. Therefore, some
molecules termed as mediators need to help the
transport of electrons from enzyme active site to the
electrode surface [10].

Classification and Mechanism of BFCs
A number of indispensable and various ranges
of BFCs are reported in literature. The classification
is in principle based on the actual location of
catalytic enzyme e.g. either it is placed inside or
outside of the living cells. If they are inside the
living cells, biological systems are related to the
microbial cells and if they are not, these systems are
called enzymatic cells. For the replacement of
conventional fuel cell technology, microbial fuel
cells (MFCs) were introduced. It can convert
chemical energy from the bio molecules to electrical
energy using microorganism through a catalytic
pathway [5].
Microbes have so many advantages compared
to the enzymes in which they can catalyze complete
oxidation of biofuels and can be less sensitive to
poisoning and loss of function in normal working
environments. Thus, they are an appropriate
candidate for the application in BFCs [6]. MFCs
have some disadvantages including low power

Figure 3. A comparison diagram for mechanism in
Fuel cell and Biofuel cells [4].
The two principal mechanisms for electron
transfer are direct electron transfer (DET) and
mediated electron transfer (MET) [11]. DET is
occurred only at distances shorter than 20 Å
between the prosthetic groups of enzyme and
electrode surface. DET is the process in which a
biocatalyst can transfer electrons to/from the
electrode without the involvement of another redox
moiety. MET utilizes a separate redox moiety to
shuttle the electrons between the biocatalyst and the
electrode. Alternatively, the DET can be accelerated
with
altering
of
electrode
surface
by
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conductivenano-elements,
including
carbon
nanotubes (CNTs) or gold nanoparticles (AuNPs)
[12].
Anode Reaction:
C6H12O6 + H2O → C6H12O7 + 2 H+ + 2e
Cathode Reaction: ½ O2 + 2 H+ + 2 e → H2O
Overall Reaction: C6H12O6 + ½ O2 → C6H12O7
It was observed that the main reaction
descriptors are Au(OH)x in the case of gold
electrodes and redox couples are Cu(III)/Cu(II),
Co(IV)/Co(III) and NiO(OH)/Ni(OH)2 for non-noble
metals. So, for biofuel cells reaction the primary
reactive ions are inorganic in nature to undergo the
chemical path for completion.

Design and
Materials

Fabrication

of

Inorganic

Although there were several early endeavours
at implantation, performance and stability exhibited
by “BFCs’’ had not yet been developed to the state
where implantable prototypes were feasible [7].
Enzymatic biofuel cells have a rich research history

over the last 50 years. The field was started in the
early 1960s when researchers first realized that
redox enzymes could be applied to catalyze fuel
oxidation at anode of the biofuel cell. However, it
was not really until 1970s but in the late 1990s and
early 2000s that researchers started to develop the
usable materials.
After decades of subsequent extensive research
and development in this field an ideal nano-surface
emerged. An electro catalyst can be heterogeneous
such as a platinum surface or material should have
a high dispersion of the active sites, a controllable
surface structure and morphology has been
developed by the researchers [13]. If we compare
the nanostructure metals behaving as porous or
non-porous materials for monitoring the glucose
oxidation then nano-porous materials offer many
opportunities. For electrode comprising inorganic
materials within their composition offer higher
catalytic activity as well as efficiency. Table 1 shows
the Construction and performance of some recent
enzymatic biofuel cells.

Table 1. Construction and performance of some recent enzymatic biofuel cells.
Anode
Au/Glucose oxidase(GOx)
Au/GOx

Cathode
Au/micro peroxidase
Au/micro peroxidase

Separator
Glass frit
H2O/CH2Cl2
interface
None

Fuel
Glucose/H2O2
Glucose/cumen,
peroxide
Glucose/O2

Au/GOx

Au/cytochrome c /
cytochrome oxidase

Pt

Nafion

H2/O2

Graphite (Formate / Aldehyde /
Alcohol dehydrogenase
solution
Porous carbon/Carbon
nanotube/GOx

Carbon or Pt with
laccase in solution
Pt

Nafion

MeOH/O2

Porous carbon/Carbon
nanotube/laccase

Nafion

Glucose/O2

Carbon felt

Pt/C

Nafion

Glucose/O2

Inorganic material as electro catalyst
An electro catalyst is a kind of catalyst that
participates in wide range of electrochemical
reaction. Catalyst materials truly modify and
increase the rate of chemical reactions without
being consumed in the electrochemical process.
Electro catalysts are a specific form of catalysts that
function electrode surfaces or may be the electrode
nanoparticles or homogeneous like a coordination

complex or enzyme [13]. The electro catalyst assists
predominantly in transferring electrons between the
electrode and reactants, and/or facilitates an
intermediate chemical transformation described by
an overall half-reaction.
Formerly, in ethanol-powered fuel cells
ethanol can be oxidized into hydrogen ions by
using an electro catalyst of platinum and rhodium
on carbon backed tin-dioxide nanoparticles. The
134
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reaction occurs at room temperature with only
carbon dioxide as a by-product. In heterogeneous
electro catalysis, the reaction kinetics depends
fundamentally on both the catalyst and the
electrolyte as well as on the interface between them.
An electro catalyst can be tuned with a number of
chemical modifications. Heterogeneous electrode
materials of Au- and Cu-based hydroxide or oxide
interfaces used as an alternative to the noble metals.

Copper has an excellent electronic conductivity
and can replace gold as electro catalyst [14]. Table
2 shows construction and performance of some
recent microbial fuel cells. Although much of the
early attention was devoted to the investigation of
reactions occurring at anodes, numerous biological
molecules can also be utilized to catalyze the
reduction of oxygen at the cathode as an alternative
to the conventional use of platinum [15].

Table 2. Construction and performance of some recent microbial fuel cells.
Anode
Graphite

Cathode
Graphite in solun
K3Fe(CN)6 3-

Separator
Ultrex
membrane

Microbial source
Potato processing
sludge

Fuel
Glucose/O2

Graphite

Graphite in solun
K3Fe(CN)6 3Graphite with Fe3+

Ultrex
membrane
Ceramic

Evolved potato
processing sludge
Sewage sludge

Glucose/O2

Graphite

Nafion

Clostridium

Glucose or starch/O2

Carbon cloth/Pt

None

Wastewater

Graphite cloth
soaked with
K3Fe(CN)6 3Graphite disk

Ultrex
membrane

Previous microbial
cell

Glucose or
wastewater/O2
Wastewater

None

Marine sediment

Graphite with Mn4+
Poly tetra fluoro
aniline on graphite
Carbon paper
Granular graphite

Graphite disk

Homogeneous electro catalyst
Generally, the transition metal complexes and
organometallic
compounds
behave
as
homogeneous electrocatalyst and can be used in
both industry and academia. In BFCs enzymes are
best examples of homogeneous catalysts. Graphene
and carbon nanotubes are also used for alternate
sources of homogeneous catalyst to oxidise glucose
in BFCs. Nanomaterials have the advantage to
reduce the inner temperature of cell for effective
conversion.
Design and construction of electrode
There are four general categories in the
fabrication of electrode. Figure 4 (a)
is the
schematic representation for fabrication of cobalt
oxide/Au hierarchically nanostructure electrode.
The processing steps are deposition, removal,
patterning and modification of electrical properties.
Again, there has been debate on what criteria the
inorganic materials have been used as electrode in
BFCs as choice or effectiveness of inorganic
materials. The benefits of inorganic fabrication
methods compete favourably against enzymatic

Lactate/O2

Sediment organics/O2
(seawater)

fabrication, as the delicate nature of the enzyme
need not to be considered, thus allowing for more
diverse, rapid and lower cost processes [2]. Careful
analysis of the literature data usually reveals that
either strong corrosive acidic solutions (pH = 0) or
alkaline ones (pH = 13) constitute most of the
electrolytic solutions used to conduct the nonenzymatic sensing [3].
Copper, gold and platinum are the most
promising candidate for electron transfer redox
reactions and owing to their mimicking behaviour
with the biological systems Cu (III)/Cu (II) redox
couple can be used for the oxidation of glucose in
BFCs [16]. As an alternative to noble metals, cobalt
(Co) can also be considered as promising candidate
for electrocatalysis. For the fabrication of
heterogeneous electrode materials consisting of Auand Co-based hydroxide or oxide interfaces are
developed by several steps. Figure 4(b) is theTEM
images of Co3O4/Au hierarchically nanostructured
material. The following reactions scheme is shown
for the oxidation of glucose in alkaline media. But
Ni electrodes are not suitable for BFCs due to their
high anodic potential [3].
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this case MFCs are very much potential
biotechnological devices to improve the regular
needs of power generation. The biodegradation of
bio-masses to energy is done with heterogeneous
catalyst and this process is very much green
method. The role of nano catalyst for the conversion
of biomass to biofuel in BFCs has been remarkably
developing through nanotechnology in recent days.
Waste water treatment

Figure 4: (a) Scheme for fabrication of cobalt
oxide/Au hierarchically nanostructure electrode: (i)
FTO; (ii) cobalt particles and (iii) Co3O4/Au
hierarchically nanostructured material and (b) TEM
images of Co3O4/Au hierarchically nanostructured
material. Reprinted and adapted with permission
from ref. [3].

Limitation of BFCs
The performance of biofuel cells has been
shown to be affected by magnetic fields. One major
drawback, however, is that it can be extremely
difficult to utilize the electrons generated by the
reaction occurring inside the cell. The most
significant challenges are to give the longevity of
the biocatalysts and to conduct successfully in
practical purposes. So, to remove this difficulty, we
in this chapter try to develop the cheapest source of
electrodes and biocatalysts from natural source
derived materials like CNTs, graphene and various
metal nanoparticles. Moreover, some of the natural
materials possess a porous structure, which will
surpass the electron transfer more easily and acting
as a good biocatalyst.

Application of BFCs
BFCs have several applications including
power generation and waste water treatment. It has
been observed that some biofuel cells can be used as
self-powered sensors for the detection of toxic ions.
Moreover, modern textile devices are based on
biofuel cells.
Energy generation
Nowadays BFCs are the alternative source of
electrical energy with significant environmental
benefits. They showed simply “green chemistry”
process by providing technology to generate power
electricity from nontoxic natural substances [17]. In

Many of fuel cells can generate power by using
materials found in wastewaters. Urban sewage
contains many organic compounds that can be used
as fuel for MFCs. The power generated by MFCs in
wastewater treatment procedure can reduce
requirements of electricity in traditional treatment
procedures. Two benefit purposes can be realized in
this way are elimination of organic compounds
from waste stream and generate electricity power
[17]. MFCs in wastewater treatment can improve
the progress of bio electrochemically active
microbes through wastewater treatment. Therefore,
their functional stability is excellent [18].
Heavy metals recovery
Highly toxic Cr(VI), V(V) and Cu(II) can be
removed by using microbial fuel cells through
redox reactions from the electrodes. The removal
and recovery of metals not only a very difficult
work but also environmentally sustainable process
for mankind. A microbial fuel cell (MFC) is a bioelectrochemical device that harnesses the power of
respiring microbes to convert organic matter in
waste-water directly into electrical energy.
Although a decent amount of studies has
investigated the capacity of MFCs to remove heavy
metals, there still is a lack of information on the
mechanisms involved in the process of their
removal. By the use of BFCs we can easily remove
the toxic metals in cathode chamber [19]. A single
chambered or a double chamber MFCs has very
functional role to remove copper(ii) by simple
redox systems. Abed and Co-workers had
investigated the mechanism for the removal of
heavy metals at the cathode surface in abiotic
condition and the function of BFCs to electrodeposition can be easily achieved by applying an
effective inorganic material.
Implantable medical devices
To overcome the function of certain
malfunctioning organs biofuel cells may be a strong
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tool to use for implantable medical devices (IMD).
An IMD is a strong weapon for recovery of
malfunctioning organs needs a strong power source
that can be accommodated from BFCs. A few, very
few BFCs were used earlier in a pacemaker but
recent research makes them more advanced to
utilize. From 2010 onwards, there lie multiple
examples of implantable biofuel cells in the
literature [14].
Robots
One of the interesting potential applications is
the use of microbial fuel cells for power robots,
which instead of relying on being recharged or solar
and nuclear power would be able to “live off the
land” [20]. Thorough investigation in this
concerned field has been carried out at the
University of the West of England which developed
“Slugbot” [21]. Slugbot applies image recognition
software to visualize, realize and capture slugs and
these are returned to a stationary microbial fuel cell
which is efficient to “digest” the slugs. These use
the resultant current to recharge Slug bots’
batteries.

Conclusions and Future Directions
In this brief review, we have systematically
discussed the different perspectives of the modern
inorganic materials in biofuel cells. It is pertinent to
note that all the necessary materials usable for
biofuel cells for both types of BFCs can be
successfully implemented over a simple technique.
And of course, the challenging tactics exclusively
needs a way to overcome the inconveniences and
disadvantages inevitably. In this representation for
glucose oxidation the more efficacious and
susceptible redox couple have been supposed to be
Cu(III)/Cu(II), Ni(III)/Ni(II), Co(IV)/Co(III) and Au
(OH)x species. In order to enhance and achieve the
advantage of catalytic kinetics of the electrode
materials we should involve the nanostructure
inorganic materials. The low power of BFCs is the
extensive challenge to implant it outstandingly and
therefore an extended research studies are
extremely necessary for optimization and
heightening or advancement of accurate BFCs in the
forthcoming periods.
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