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A B S T R A C T

Microbial fuel cells (MFCs) are novel bio-electrochemical device for spontaneous or single step conversion of
biomass into electricity, based on the use of metabolic activity of bacteria. The design and use of MFCs has
attracted considerable interests because of the potential new opportunities they offer for sustainable production
of energy from biodegradable and reused waste materials. However, the associated slow microbial kinetics and
costly construction materials has limited a much wider commercial use of the technology. In the past ten years,
there has been significant new developments in MFCs which has resulted in several-fold increase in achievable
power density. Yet, there is still considerable possibility for further improvement in performance and
development of new cost effective materials. This paper comprehensively reviews recent advances in the
construction and utilization of novel anodes for MFCs. In particular, it highlights some of the critical roles and
functions of anodes in MFCs, strategies available for improving surface areas of anodes, dominant performance
of stainless-steel based anode materials, and the emerging benefits of inclusion of nanomaterials. The review
also demonstrates that some of the materials are very promising for large scale MFC applications and are likely
to replace conventional anodes for the development of next generation MFC systems. The hurdles to the
development of commercial MFC technology are also discussed. Furthermore, the future directions in the design
and selection of materials for construction and utilization of MFC anodes are highlighted.

1. Introduction

The growth in the use of energy has a direct link with the well-
being, quality of life and prosperity of a society. There is an increasing
need for not only generating sufficient energy, but also to find energy
from new sources that are safe, sustainable and environmentally
friendly. As the availability of coal, oil and gas are being exhausted
(Aziz et al., 2013), there is a growing need to consider alternate energy
sources. A reliance on the current renewable energy sources alone will
not sufficiently meet the required needs in the future. It would be
increasingly necessary to rely on the discovery of new energy sources in

order to continue to meet future energy needs (Sukhatme, 2011).
One of the promising solutions for addressing this energy problem

is to develop and deploy specific energy sources for different utilities.
This will involve developing strategies that enable derivation of energy
from waste materials. For example, across the world, huge volumes of
wastewater are continuously pumped directly into rivers, streams and
the oceans. The impact of this huge wastewater disposal is severe,
ranging from damage to the marine environment and to fisheries. Such
disposal of wastewater does little to preserve water at a time when we
are facing serious global water shortage and the problem is likely to be
exacerbated with the impact of climate change. Yet, in many cases, the
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effluent contains significant amount of organic substances which are
potentially significant source of energy. One way of achieving this is by
using microbial fuel cell (MFC) which is capable of directly converting
chemical energy present in the organic materials to electricity by using
microorganisms as catalysts (Thepsuparungsikul et al., 2012; Tsai
et al., 2009; Zhao et al., 2010). The electricity generated can be used
for maintenance and operation of the wastewater treatment facility,
and, thus, creating a self-sustaining energy supply for the water
treatment facility and, hence, to reduce operational costs (Liu et al.,
2004).

A typical microbial fuel cell consists of an anode and a cathode
compartments separated by proton exchange membrane, as illustrated
in Fig. 1. The anode is the site where biocatalyst grows in the form of
biofilm which promotes the decomposition of organic materials to
produce electrons and protons. The electrons are transferred to the
cathode compartment through an external circuit, while the protons
are transferred to the cathode compartment through the proton
exchange membrane (PEM). The electrons and protons are consumed
in the cathode compartment with the protons combining with oxygen
to form water (Min and Logan, 2004; Torres et al., 2010), as shown in
Fig. 1. The chemical reactions which occur in the anodic and cathodic
chambers, respectively, are given by Eqs. (1) and (2) below
(Rahimnejad et al., 2015):

Anodic reaction - C2H4O2+2H2O→2CO2+8H
++8e− (1)

Cathodic reaction - 2O2+8H
++8e−→4H2O (2)

The chosen electrode materials play a significant role in the
performance of the MFC and it is critically important for successful
utilization of this technology for efficient energy generation. In past two
decades, many different materials have been explored as anodes for
MFCs. While most of the earlier studies focused on the use of carbon
based material, such as graphite rod, graphite felt, carbon cloth, flexible
graphite sheets, graphite granules and activated carbon (Li et al., 2010;
ter Heijne et al., 2008; Wang et al., 2009; Wei et al., 2011), recent
studies have found that these two dimensional electrode materials have
many limitations, such as low surface area, high internal resistance,
high activation and mass transfer over-potential which hinders their
ability to achieve high performance with MFCs. With recent advances
in materials science and nanotechnology, the use of second generation
three-dimensional (3D) electrode material has attracted considerable

interest for the development of MFCs. In 2007, Logan et al. (2007)
developed a graphite fibre brush anode electrode with a 3D structure.
They achieved a maximum power density of 2400 mW/m2 with a single
chamber air cathode. 3D surface anodes offer high surface areas for
efficient colonization of bacterial communities and, hence, for increas-
ing substrate access to the anode respiring bacteria (ARB) and,
consequently, minimizing mass transfer limitation (Liu et al., 2010).
In addition to this surface characteristics, 3D surface anodes are very
quintessential in adhesion of bacterial colonies, have high volume to
surface ratio, and good biocompatibility (Cui et al., 2015; Garcia-
Gomez et al., 2015).

The anode surface also plays a significant role in promoting and
maintaining bio-catalytic activity. Surfaces can be modified to become
favourable habitats for biofilms which are capable of enhancing
electron transfer from bacteria to anode surface. Generally, the
achievement of more bacterial adhesion enables the generation of
more power with minimum loss (Jiang and Li, 2009). It has been
demonstrated in a recent study that surface modification not only
increases MFC system performance, but also decreases the MFC start-
up time (Luo et al., 2013).

Many studies have also recently developed and extensively studied
the use of graphene-based anodes, composite anodes, and surface
modified anodes (Kumar et al., 2013). Each electrode material has its
own merits and demerits. Metal based or metal composite anodes have
not been thoroughly studied or explored for MFCs. Most of the metals
failed to pass the set criteria for best anode electrodes for MFC because
of their tendency to corrode (Wei et al., 2011). Pocaznoi et al. (2012)
claimed recently that, of most metals, stainless steel is the most
promising material for MFC anodes. However, there is still a lot of
scope for further improvement in the use of stainless steel for MFC
anode development, as well as other new low cost efficient materials
(Pocaznoi et al., 2012).

The achievement of large scale development and economic viability
of MFCs systems requires the availability of cost effective anodes
capable of achieving higher performance for long term operation, while
also involving easy maintenance or, where possible, to be completely
free of maintenance (Chen et al., 2012b).

This paper reviews the recent advances in the development of anode
materials and configurations over the past five years. The considerable
developments in anode materials for microbial fuel cells within this
period is illustrated in Fig. 2 and this clearly demonstrates that the

Fig. 1. Working principle and basic construction of MFC.
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