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a b s t r a c t

The use of carbon nanotubes (CNTs) for energy harvesting devices is preferable due to their unique
mechanical, thermal, and electrical properties. On the other hand, microbial fuel cells (MFCs) are pro-
mising devices to recover carbon–neutral energy from the organic matters, and have been hindered with
major setbacks towards commercialization. Nanoengineered CNT–based materials show remarkable
electrochemical properties, and therefore have provided routes towards highly effective modification of
MFC compartments to ultimately reach the theoretical limits of biomass energy recovery, low–cost
power production, and thus the commercialization of MFCs. Moreover, these CNT–based composites offer
significant flexibility in the design of MFCs that enable their use for a broad spectrum of applications
ranging from scaled–up power generation to medically related devices. This article reviews the recent
advances in the modification of MFCs using CNTs and CNT–based composites, and the extent to which
each modification route impacts MFC power and current generation.

& 2016 Elsevier B.V. All rights reserved.
Contents
1. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 537
2. Towards the fabrication of CNT–based electrodes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 538

2.1. Synthesis of pristine CNTs. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 538
2.2. Functionalization of CNTs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 538
2.3. Assembly of CNT–based materials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 539
2.3.1. CNT–based thin films. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 539
2.3.2. CNT–based monolith structures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 540
2.3.2.1. CNT aerogel . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 540
2.3.2.2. CNT foam . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 540
2.3.2.3. CNT sponge . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 540
3. Anode modification . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 542
3.1. Bacteria/electrode interaction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 542
3.2. CNT–based anode materials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 542
3.2.1. Polymer/CNT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 542
3.2.2. Metal/CNT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 543
3.3. CNT–based anode assembly . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 543

3.3.1. Thin film structures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 543
3.3.2. Self–assembled structures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 544
3.3.3. Monolith structures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 544
4. Cathode modification . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 546
4.1. Oxygen reduction mechanism on CNTs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 546
4.2. CNT–based cathode materials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 546
4.2.1. Pre-functionalized CNTs. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 546

www.sciencedirect.com/science/journal/09565663
www.elsevier.com/locate/bios
http://dx.doi.org/10.1016/j.bios.2016.05.033
http://dx.doi.org/10.1016/j.bios.2016.05.033
http://dx.doi.org/10.1016/j.bios.2016.05.033
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bios.2016.05.033&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bios.2016.05.033&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bios.2016.05.033&domain=pdf
mailto:jiexu@uic.edu
http://dx.doi.org/10.1016/j.bios.2016.05.033


Fig. 1. (Right) O
organic matters
(in conventiona
chambers, whe
mixing of co–flo
contact or elect
image is adapte
web version of

A.A. Yazdi et al. / Biosensors and Bioelectronics 85 (2016) 536–552 537
4.2.2. Metal /CNT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 548
4.2.3. Polymer/CNT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 548
4.2.4. Metal/polymer/CNT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 548
5. Challenges and promises. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 549
6. Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 550
Appendix A. Supplementary material. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 550
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 550
1. Introduction

Since the discovery of carbon nanotubes (CNTs) in1991 by Ijii-
ma and colleagues (Iijima, 1991), CNTs have drawn a great deal of
attention due to their unique features. CNTs are lengthy (up to
millimeters), narrowed (1–100 nm) cylindrical structures of car-
bon atoms that are often capped at each end (Hoenlein et al.,
2004; Thostenson et al., 2001). These tubular structures, often
classified as SWCNT (single–walled or single tube) and MWCNT
(multi–walled or concentric tubes), possess individually unique
mechanical properties such as extremely high elastic modulus
[higher than 1 TPa (Treacy et al., 1996)] and tensile strength [up to
63 GPa (Yu et al., 2000)], as well as excellent thermal (Berber et al.,
2000) and electrical conductivity [92 Scm�1 (Bradford and Bog-
danovich, 2008)]. Highly purified CNTs are extensively used as
building blocks of advanced materials with remarkable properties.
Owing to the attractive features of pristine CNTs including light-
weight, high surface area to volume (SAV) ratio, adsorption prop-
erties, biocompatibility, and magnetic properties, CNT–based
structures find their use in a wide collection of applications, in-
cluding microelectronics (Bottacchi et al., 2015; Franklin et al.,
2012; Held et al., 2015), tissue engineering (Bosi et al., 2014;
Hopley et al., 2014), biosensors (Esser et al., 2012; Kurkina et al.,
2011; Rivera et al., 2015; Shi et al., 2011; Zhao et al., 2012), energy–
storage materials (Chen et al., 2014; Yu et al., 2014), and biological
delivery systems (Al Faraj et al., 2015; Cai et al., 2005; Kam et al.,
2005).
perating principle of a conventional MFC; the bacterial community know
, releases carbon dioxide and protons, and transports the electrons to the
l MFCs) to form water, as shown in the figure. Often a membrane (gree
reas in laminar–flow MFCs (Li et al., 2011) this membrane is removed du
wing streams at micro scale. (Left) Extracellular electron transfer (EET); i
ron shuttles (mediators), while for outer layers the electrons are mainly t
d with permission from Kumar et al. (2015), Copyright © 2015. (For interp
this article.)
Electrical energy can be produced by microorganisms that are
capable of exocellular electron transfer, often referred to as
“exoelectrogen” (Logan, 2009). Microbial fuel cells (MFCs) generate
electricity by utilizing these exoelectrogens as biocatalyst to oxi-
dize organic matters, such as glucose, acetate, and lactate (Fig. 1).
The bacterial respiration or metabolic activity breaks down the
organic matter (electron donor) into electrons, protons, and car-
bon dioxide. Afterwards, the liberated electrons are exocellularly
transported to a conductive surface (anode), and travel through an
external circuit to produce power. Eventually, electrons are col-
lected at a positive terminal (cathode) where they are combined
with the protons, that have already travelled inside the electrolyte
from the anode to the cathode by probably passing through a
membrane, and oxygen (electron acceptor) to form water. Due to
their flexibility in exploiting diverse sources of bacteria, MFCs find
applications in energy recovery from biomass (Baranitharan et al.,
2015; Hernández-Fernández et al., 2015; Liu et al., 2004; Logan
et al., 2015; Tee et al., 2016), miniaturized power supplies (Choi,
2015; Mink et al., 2014; Ren et al., 2014; Vigolo et al., 2014), bio-
sensors and biofilm studies (Jayasinghe et al., 2014; Jiang et al.,
2015; Katuri et al., 2012; Lu et al., 2015; Malvankar et al., 2012;
Rasmussen and Minteer, 2015), hydrogen production (Carmona-
Martínez et al., 2015; Catal et al., 2015; Kuntke et al., 2014; Logan
et al., 2008; Zhang and Angelidaki, 2014), and chemical synthesis
systems (Li, 2016; Müller 2016; Sakimoto et al., 2016).

CNTs and CNT–based composites have been used as compo-
nents of MFCs since a decade ago. These emerging nanoengineered
n as biofilm (pink) which has colonized the anode surface catalyzes the oxidation of
anode. At the cathode, oxygen (mainly) is reduced with the help of metallic catalysts
n) is utilized to enhance the filtration of protons between the anode and cathode
e to the relatively high molecular diffusion of cations compared to low convective
n a multilayer biofilm, layers close to the anode surface transfer electrons via direct
ransported via bacteria self–produced conductive pili known as nanowires. The left
retation of the references to color in this figure legend, the reader is referred to the
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materials aim to improve MFC in two aspects: electrochemical
activities of the bacterial community at the anode, and oxygen
reduction reaction (ORR) at the cathode. Note that, in this cate-
gorization we exclude the use of biocathodes where bacterial
communities or enzymes act as electron acceptor (Wang et al.,
2013b; Xia et al., 2013). Recently, Ci et al. (2015) have reviewed the
performance improvement of MFC by exploiting graphene–based
materials with major emphasis on two–dimensional graphene
sheets as either catalyst or support material for electrodes.
Moreover, Antolini and coauthors (Antolini, 2015) presented an
overview of the MFC application of composite materials, including
metal/polymer, metal/carbon, and polymer/carbon composites,
whereas in another article the electrode materials were reviewed
in a more inclusive approach (Mustakeem, 2015). While ac-
knowledging their tremendous efforts, a review which addresses
the CNTs incorporation into the MFCs would be beneficial to both
MFC research community and nanomaterial researchers, due to
the ever–increasing demand for novel CNT–based materials in
bioenergy harvesting devices. In this regard, the present article
aims to highlight the most recent advances in exploiting CNTs and
CNT composites in MFCs by providing a review of the fast, facile,
and low–cost techniques for the preparation of CNT modified
electrodes. We first begin by understanding the synthesis process
of CNTs, functionalized CNTs, and the preparation methods of
CNT–based MFC electrodes. Then, the effect of newly synthesized
composites on MFC performance are discussed according to recent
reports, followed by discussing the challenges and opportunities
on the scaling–up and commercialization of the MFC with the aid
of CNTs.
2. Towards the fabrication of CNT–based electrodes

2.1. Synthesis of pristine CNTs

Individual CNTs can be mass–produced by three commonly
used method, namely, arc–discharge (Journet et al., 1997), laser
ablation (Thess et al., 1996b) and chemical vapor deposition (CVD)
(Cassell et al., 1999). Arch discharge and laser ablation produce
high quality CNTs by evaporating a solid carbon source, and sub-
sequent condensation in an inert gas, such as argon or helium
(Fig. 2). In arc discharge, the energy of a high–temperature plasma
discharged between two graphite electrodes is used for the eva-
poration of carbon source, whereas in laser ablation this high
temperature is provided by laser energy (Journet et al., 1997; Thess
et al., 1996a). In contrast to CVD, laser ablation and arc discharge
are faced with major setbacks for being used as a cost–effective
manufacturing technique mainly due to the high temperature
(≥ °3000 C) of the reaction environment limiting the quantity of
CNTs that these methods can synthesize (Cassell et al., 1999). In
CVD, however, bulk amounts of high quality CNTs can be yielded
Fig. 2. In arc discharge, the energy of a high–temperature plasma discharged between
grow CNTs. (b) Laser ablation, however, takes advantage of a high temperature laser ene
flow of helium or argon. (c) In CVD a gaseous hydrocarbon is fed into the furnace wher
catalyst bed. Adapted from Journet and Bernier, (1998), Copyright © 1998, with permis
via reaction between the gaseous hydrocarbon feedstock and
transition metal catalyst particles, as shown in Fig. 2 (Baker, 1989).

2.2. Functionalization of CNTs

As-prepared CNTs may vary in diameter, length, and structure,
and more importantly are often conjugated with impurities of
carbonaceous byproducts and/or metal residues that hamper their
unique properties. Thus, various functionalization routes are re-
quired to remove the impurities and pave the way for synthesis of
other CNT–based hybrid materials suitable for a desired applica-
tion. CNT functionalization can be achieved mainly via covalent
attachment of functional groups through a chemical reaction, or
adsorption or wrapping the CNTs with different groups like poly-
mers, biomolecules, and metal nanoparticles (Karousis et al.,
2010).

In principle, preformed metal nanoparticles (NPs) can be con-
nected to the CNT structure via covalent linkage or weaker bonds
(indirect approach), or being grown and/or deposited onto the CNT
structure (direct procedure) (Georgakilas et al., 2007; Karousis
et al., 2010). In the direct procedure, the adhesion of metal NP with
van der Waals interaction occurs via a reduction process in the
presence of CNTs in which noble metals are used as the precursor.
This process can be assisted by heat, light, and reducing agents
(Georgakilas et al., 2007). Metal NPs interaction with CNTs via
covalent linkage can be achieved via functional groups present on
NPs for efficient connection to the CNTs, known as linkers (Dubal
et al., 2013). These linkers may lead to the formation of covalent
bonds with the functional groups present on the CNT surface, or
bond with weak intermolecular interaction namely π − stacking,
hydrophobic, and electrostatic interactions. CNTs may also be
functionalized with polymer functional groups that are physically
adsorbed onto the CNT surface, or covalently bonded to its struc-
ture. The commonly used process of polymer functionalization of
CNTs is the solution casting techniques, where CNTs and polymers
are mixed in a solvent, followed by evaporation of the solvent to
obtain the polymer/CNT composite (Byrne and Gun'ko, 2010; Lee
et al., 2010). However, these conventional techniques as well as
low–tech methods of casting or dip–coating for the fabrication of
conductive cross–linked polymer matrix, exhibit low control over
the finished composite and material waste. New approaches in-
clude the class of layer–by–layer (LbL) assembly techniques that
have been extensively used for the synthesis of highly functional
electrodes for batteries and fuel cells (Hyder et al., 2011; Lee et al.,
2008; Paloniemi et al., 2006). Many variations of LbL have been
proposed among which spin–spray layer–by–layer (SSLbL) in-
troduced by Merrill et al. (Merrill and Sun, 2009) is notable. Their
synthesis method later upgraded by Gittleson et al. (2012) to be an
automated and highly fast assembly of polyelectrolyte/CNT films
within 13 s, with the possibility of reducing the cycle times to even
subseconds. Other features include reduction in costly material
two graphite electrodes evaporates the graphite, which then rapidly condenses to
rgy to sublime a carbon source followed by condensation of carbon vapor within a
e it is cracked into carbon and hydrogen, and finally precipitates as CNTs onto the
sion from Springer.
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waste, homogenization of thin film conductance, and nanolevel
control over the film growth.

2.3. Assembly of CNT–based materials

CNTs have been synthesized into many macroscopic structures
namely aerogels, sponges, foams, arrays, wafers, yarns, and sheets.
Each of these structures offers unique features, physical para-
meters, and functionalities that vary greatly from those of as-
prepared or functionalized CNTs. For many applications including
electrodes of energy storage/conversion devices, CNTs and CNT
composites are assembled either as 2D thin films supported by a
conductive substrate, or 3D monolith/free-standing structures.

2.3.1. CNT–based thin films
CNT thin films can be directly grown on a substrate such as

silicon oxide in a CVD furnace at a temperature often between 500
and 1200 °C (Souza et al., 2015), and further modified with func-
tional groups. This technique enables control over the surface
features of the CNT network in terms of alignment, porosity, and
density, with the help of catalyst nanoparticles, surface features of
the substrate, and CVD parameters. In a simpler manner, as–pre-
pared CNTs can be coated or deposited onto a desired substrate at
room temperature to produce a conductive thin film for use as
electrode (Ghasemi et al., 2013). This technique involves a multi–
step wet–chemistry process that is often comprised of acid treat-
ment of pristine CNTs, followed by dispersion in an organic solvent
Fig. 3. (a) Adhesive transfer of CNTs grown on silicon substrate with the aid of acrylic a
PDMS stamp acquires the CNT film sprayed on a glass substrate followed by immersing in
heat and pressure assistance. Reprinted from Abdelhalim et al. (2013), Copyright 2013, w
is loaded with CNT forest grown on silicon substrate. The loading process is assisted b
(2006), Copyright 2006, American Vacuum Society. (d) Laser assisted transfer; the CNT th
pulse energy and deposition on the patterned substrate. Adapted with permission from C
an organic solvent and an aqueous solution is stirred well, and then kept at rest until a fil
is pulled out in a bottom to top direction to have the thin films adhered to the surface.
often with the aid of surfactants. Compared to the direct growth of
CNTs on a substrate this technique can be scaled–up to commercial
levels; however, it uses harsh chemicals and surfactants that ne-
gatively influence the electrical conductivity of the CNT networks,
if they remain in the deposited thin film.

Many autoclavable and chemically resistant polymers (e.g.,
polycarbonate and acrylic glass) are quite popular for laboratory
design and fabrication of MFCs. However, they may not be directly
used in some of the CNT film fabrication techniques mentioned so
far, as they cannot undergo high temperature of CVD furnace or
cannot be used as a substrate for depositing the CNT solution
containing surfactants. These issues along with the need for pat-
terning the CNT network on the polymer substrate in accordance
with the MFC design requirements, necessitate the use of printing
methods of CNT thin films onto a receiving substrate that are
briefly covered in Fig. 3. From a general standpoint, CNT thin film
transfer can be divided as either a wet or dry process. Often these
techniques are assisted by heat, pressure, laser, etc., in the pursuit
of removing the surfactants, and improving the process speed and
quality of the transferred pattern. Dry transfer of CNTs is often
governed by the interfacial binding energy of the substrates in-
volved in the transfer; the sacrificial substrate or the substrate
transporting the CNTs should possess lower surface energy than
both target and initial substrates. Due to the lower surface energy
compared to many polymers used in MFC design and fabrication,
PDMS is a popular material for fast and facile film transfer be-
tween the initial and target substrate which can also undergo soft
dhesive. Adapted with permission from Lin et al. (2015). (b) Transfer printing; the
water. PDMS is then peeled off and transports the pattern to a desired substrate via
ith permission from Elsevier. (c) Microwave assisted transfer; a polymer transporter
y heating the CNTs via microwave. Reprinted with permission from Sunden et al.
in film on the initial substrate undergoes a sequence of evaporation enabled by laser
hang-Jian et al. (2006). (e) Liquid–liquid interface transfer; the mixture of CNT with
m is formed at the liquid–liquid interface. Eventually a substrate within the mixture
Reprinted from Souza et al. (2015), Copyright 2015, with permission from Elsevier.



Fig. 4. Schematic illustration of the CNT–based aerogel synthesis process: (a) A novel synthesis composed of preparing the CNT containing suspension, increasing the
concentration of colloids until the gel is formed, and eventually extracting the solvent by supercritical drying. Reprinted by permission from Macmillan Publishers Ltd.:
Scientific Reports (Jung et al. 2012), Copyright 2012. (b) Synthesis of composite aerogels of metal oxide/CNTs via a sol–gel process. Reprinted with permission from Worsley
et al. (2011) American Chemical Society, Copyright 2011. (c) Synthesis of aerogel on the CNTs grown on a microfibrous carbon paper. Reprinted with permission from Bordjiba
et al. (2008), Copyright 2008.
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lithography to transfer a pattern of CNT network as dictated by the
configuration of MFC compartments. A more difficult and delicate
approach is the wet transferring of thin films by using many
commercially available CNT solutions. This method is often ac-
companied by subsequent thermal annealing process to remove
the surfactants from the solution.

2.3.2. CNT–based monolith structures
In recent years, 3D monolith structures have gained profound

interest, as they fully expose CNTs surface for catalysis and ad-
sorption of chemical groups, while offering high electrical con-
ductivity as a free–standing electrode. Many variations of these 3D
structures have been developed based on CNTs, while here we
turn our attention to the synthesis of three classes of them namely
aerogels (Nardecchia et al., 2013), foams (Bradford et al., 2011), and
sponges (Cheng et al., 2015), which are identified as 3D assembly
of interconnected CNTs with open and hierarchical pores (Du et al.,
2015).

2.3.2.1. CNT aerogel
Among many techniques that have been adopted to synthesize

highly functional and hybrid CNT aerogels (Fig. 4), a commonly
used process starts by producing a gel filled with desired colloidal
particles such as CNTs or graphene sheets, followed by extracting
the liquid out of the gel structure via critical point drying (CPD).
Jung et al. (2012) have synthesized the SWNT aerogels in this
manner, where the homogenous dispersion of the solid phase at
dilute concentration is firstly prepared, followed by supercritical
drying of the solvent to finalize the aerogel structure (Fig. 4a).
Aerogels have been also synthesized in a three–step process in-
cluding (i) chemical assembly of CNTs in a solution and forming a
stable gel with the aid of a cross–linker [e.g. ferrocene-grafted poly
(p-phenyleneethynylene)], (ii) extracting the solvent by super-
critical drying the solution in CO2 to obtain the aerogel structure,
and (iii) thermal annealing of the aerogel to improve the me-
chanical as well as electrical properties (Kohlmeyer et al., 2011).

2.3.2.2. CNT foam
The 3D monolith structures of CNT foams can be grown directly

via CVD techniques on metal foams, followed by removal of the
metal substrate to leave a 3D entangled CNT structure with mac-
roporosities. These lightweight structures possess high sorption
properties with low bulk density which are desirable properties
for environmental cleanup applications, and can be further ma-
nipulated with functional groups and with the aid of many in-
novative synthesis techniques to produce hybrid materials with a
wide range of applications (Fig. 5). Dong et al. (2012) synthesized
the CNT–graphene foam via a two-step CVD process, where the
graphene is first grown on nickel foam, followed by the CNT
growth in CVD at 750 °C for 40 min, and overnight removal of the
metal foam substrate with the aid of hydrochloric acid. The re-
sulted structure exhibited super–hydrophobic properties, and
further claimed to be applicable as a 3D highly conductive elec-
trode for energy storage/conversion systems.

2.3.2.3. CNT sponge
CNTs have also been prepared as a self–assembled, inter-

connected network of highly porous (499%) sponges, with high
surface area, stability, and flexibility. Various methods for synthe-
sizing the CNT sponges have been developed over the years, en-
abling the production of composite sponges, as well as different
arrays and orientation of CNTs in the sponge–based fabricated



Fig. 5. Schematic illustration of the CNT–based foam synthesis process: (a) Growth and synthesis of graphene/MWCNT foam. Reprinted from Wang et al. (2013a), Copyright
(2013), with permission from Elsevier. (b) Synthesis of the hydrous ruthenium oxide (RuO2) anchored graphene and CNT hybrid foam (RGM). Reprinted by permission from
Macmillan Publishers Ltd.: Scientific Reports (Wang et al., 2014a), Copyright 2014. (c) Synthesis of the MnO2–CNT–graphene–Ni hybrid foam (EtOH means ethanol). Re-
produced from Zhu et al. (2014) with permission of The Royal Society of Chemistry.
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components (Fig. 6). Many variations of sponge-like CNT–based
structures were introduced which are mainly synthesized via CVD
process, however, the cost-effectiveness of such method of pro-
duction still remains a concern when these structures are to be
Fig. 6. Schematic illustration of the CNT–based sponge synthesis process: (a) Synthesis
zones. Reprinted with permission from Gittleson et al. (2012), Copyright 2012, American
followed by a hydrothermal process to attach the MnO2 shell. Reprinted with permissi
sponge–array–sponge structure with the aid of a multi–step CVD process. Reprinted wit
integrated into energy harvesting devices such as batteries and
MFCs. A recent effort to address this issue involves the cost-effective
(0.1 $/gCNT) synthesis of the CNT sponges in a single–step process
within a three zone CVD furnace (Fig. 6a) (Erbay et al., 2015b).
of CNT sponge electrodes inside a CVD furnace with three temperature controlled
Chemical Society. (b) Synthesis of MnO2–PPy–CNT sponge via coating a PPy layer,

on from Li et al. (2014), Copyright 2014, American Chemical Society. (c) Growth of
h permission from Zeng et al. (2013), Copyright 2013.



Fig. 7. SEM images showing the thickness of biofilm formed on (a) VACNT network or CNT forest, (b) RACNT network, and (c) spin–spray layer–by–layer (SSLbL) anodes.
Sheet resistances of anode measured by a four–point probe technique are ± ×1.48 0.004 103, ± ×2.98 0.354 103, ± ×3.84 0.17 100 Ωsquare�1, for VACNT, RACNT and SSLbL
networks, respectively. Reprinted from Ren et al. (2015), Copyright 2015, with permission from Elsevier.
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3. Anode modification

An anode compartment acts as an electron generator and thus
plays a major role in power output of the MFC. In this section we
first attempt to identify the bacteria/electrode communication, as
it is the key element for understanding pathways for anode im-
provement. Afterwards, we provide a review of the anode mate-
rials/structures that have been reportedly used to improve the
MFCs overall performance.

3.1. Bacteria/electrode interaction

Exoelectrogenic bacteria, or electrochemically active micro-
organisms, which are responsible for converting biomass into
electricity, live to a great degree in a self–produced polymeric
matrix attached to the electrode surface, known as biofilm. Due to
their complex nature, biofilms were studied from different aspects
in terms of formation, growth and metabolic activity (Speers and
Reguera, 2012), electron transfer mechanisms (Bonanni et al.,
2012; Korth et al., 2015; Renslow et al., 2013), and environmental
impacts (Kumar et al., 2013). Bacterial biofilms are the backbone of
bacteria/electrode interaction, which develop via sequential steps:
the process begins with bacteria surface attachment, followed by
monolayer formation, multilayer formation, production of a poly-
meric scaffold, and eventually maturation of the biofilm towards
forming a 3D structure (Romeo, 2008). This process can be re-
garded to take place in two periods of time; before and after
biofilm maturation.

Before biofilm maturation the surface of the electrode should
be a favorable place for the bacteria adhesion. This is highly
regulated by the surface morphology, and can be enhanced with
higher porosities, micro/nano–textures, hydrophilic substrates,
and more biocompatible electrode materials. Due to the low sur-
face density of the bacteria in this period, the MFC power output is
very low, and often is a combination of the low electrocatalytic
activity of the bacteria and presence of the electrolyte. In the
second period, bacteria and electrode interact through a 3D mul-
tilayer biofilm, which largely impacts the cell viability and catalytic
activity by regulating the mass diffusion of the substrate, and
electron transfer mechanisms. In a multilayer biofilm, three
pathways of electron transport have been known for a long time to
take place at the proximity of the anode surface (Fig. 1);
(i) electron shuttles in the bacterial environment that is reduced
by the bacteria and oxidized at the anode surface, (ii) electron
transfer via redox–active enzymes such as c–type cytochromes at
the outer surface of bacterial cell membrane, and (iii) electron
transfer mediated by self–produced electrically conductive pili
known as bacterial nanowire. Often the direct mechanism of
electron transfer (ii) is facilitated by micro/nano–textures with
high electrical conductivity, and is more preferred due to its lower
overpotential compared to other pathways.
3.2. CNT–based anode materials

Review of the recent advances in CNT–based MFC anodes
shows that CNTs were extensively used as the backbone of various
nanocomposites due to their high mechanical stability and elec-
trical conductivity, and this has emerged as an attractive strategy
to circumvent the restrictions, in terms of stability, toxicity, bio-
compatibility of inert CNTs. Generally, CNTs can be synthesized
with natural polymeric matrices such as chitosan (Canavar et al.,
2015), gelatin (Kavoosi et al., 2014), alginate (Sui et al., 2012), or
collagen (Lee et al., 2014), synthetic polymers including poly-
urethanes (Tijing et al., 2013), polycarbosilane (Dalcanale et al.,
2015), polycarbonate (Bautista-Quijano et al., 2016), poly (lactic–
co–glycolic acid) (PLGA) (Zhao et al., 2013), poly (methyl metha-
crylate) (PMMA) (Ormsby et al., 2012), and/or decorated with
metal oxide or metal catalyst nanoparticles. Exploiting these na-
nocomposites for the MFC anodes aims to pursue a more bio-
compatible anode with enhanced EET mechanisms of the bacterial
community.

3.2.1. Polymer/CNT
A key element in biocompatibility of anodes composed of CNTs

conjugated with a polymeric matrix is the sheet resistance which
also contributes to the anode ohmic loss. Ren and coauthors (Ren
et al., 2015) evaluated the biofilm formation on ultrathin CNT/
polymer multilayers against the bare CNT electrodes and bare gold.
Compared to the synthesized CNTs on a conductive substrate, CNT/
polymer multilayer constructed using a spin–spray layer–by–layer
(SSLbL) approach has shown an improved performance as the
anode material. This can be ascribed to the lower sheet resistance
of SSLbL electrodes that facilitates thicker biofilm formations as
shown in Fig. 7.

Positively charged polymeric matrix might attract negatively
active exoelectrogens by electrostatic attraction, which might
eventually enhance the active sites for short range EET mechan-
isms. This was observed by Nguyen and coworkers (Nguyen et al.,
2013), where the use of mesoporous polysulfone matrix (MPPS)
coated with SWCNT as the anode material of MFC enhanced the
direct EET of bacterial community, and improved the anode per-
formance. Moreover, with the aid of MPPS, this research group has
constructed a mesoporous (�100 μm pore size) anode to avoid the
mass transfer limitation and low active surface area associated
with very small (o10 μm) or very large (4500 μm) porosities,
respectively.

As aforementioned, CNTs can also be conjugated with natural
polymers. In a recent study CNT hydrogels were prepared for MFC
anode by first preparing a chitosan/CNT solution, followed by
electrophoretically depositing the solution on a carbon paper (Liu
et al., 2014). CNT hydrogel has been shown to facilitate electron
transfer and bacteria/electrode communication, paving the way for
higher current densities for oxidation reaction occurring at the
anode. As a quantitative comparison, carbon paper coated with



Fig. 8. Polarization and power density curves of MFCs improved by CNT–based anodes decorated with metal oxide. (Left) MFC Performance of MWCNT decorated with tin
oxide (SnO2) on glassy carbon electrode (GCE) as the anode material compared to bare GCE and MWCNT/GCE. Reprinted from Mehdinia et al. (2014), Copyright 2014, with
permission from Elsevier. (Right) MFC performance of CNT decorated with anatase titanium oxide (TiO2) as the anode material compared to the bare CNT and TiO2 anodes.
Reprinted from Wen et al. (2013), Copyright 2014, with permission from Elsevier.
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hydrogel has shown 23% and 65% increase in current generation
and maximum power density, respectively, compared to the case
of using bare carbon paper. This opens up the potentials for ap-
plications of CNT hydrogel coated substrates as an easy–to–pre-
pare, cost–effective, and highly porous candidate for MFC anodes.

3.2.2. Metal/CNT
Immobilization of metallic nanoparticles on CNTs as the scaf-

fold has long been known to have several potential applications in
sensors (Nayak et al., 2013), electronics (Vinoth et al., 2016), and
fuel cells (Vinayan et al., 2012). Metal oxides including TiO2, SnO2,
MgO2, showing structural stability, low–cost, and abundance, are
promising new materials to be integrated into CNTs or CNT/poly-
mer hybrid materials. MFC anodes utilizing CNT–based material
decorated with metal oxide nanoparticles have been shown to
outperform those comprised of bare CNTs or metal oxides on a
substrate. Wen et al. (2013) have applied anatase titanium oxide
(TiO2) nanoparticles synthesized with polymer modified CNTs as
the anode material for MFCs. This nanohybrid material owning the
characteristics of both TiO2 and CNTs has outperformed CNT– and
TiO2 based electrodes in terms of biocompatibility, electrical con-
ductivity, and surface properties (Fig. 8). Tin oxide (SnO2) nano-
particles glued to CNTs have also been applied for MFCs electrode
material. Mehdinia and coauthors (Mehdinia et al., 2014) eval-
uated a MFC anode composed of glassy carbon electrode coated
with MWCNT decorated with SnO2. On this basis, the MFC per-
formance was significantly improved compared to the cases with
MWCNT on glassy carbon electrode and bare glassy carbon elec-
trode, as shown by the polarization curves in Fig. 8.
Fig. 9. SEM images of various surface architectures of CNTs. (a) Vertically aligned MWCN
from Elsevier. (b) Pyramid–like structure of MWCNTs (scale bar¼15 μm). (c) Cross–link
Correa-Duarte et al. (2004), Copyright 2004, American Chemical Society. (d) Free–stand
permission of The Royal Society of Chemistry.
3.3. CNT–based anode assembly

Aside from the chemical properties of the CNT–based materials,
the architecture of the anode largely regulates the MFC perfor-
mance by controlling the mass diffusion, biofilm viability, and EET
mechanisms. According to the recent literature, MFC anodes were
structured as (i) thin films of CNTs or functionalized CNTs on a
conductive support, (ii) self–assembled CNTs, and (iii) CNT–based
monoliths/free–standing structures, which are covered in the
followings.

3.3.1. Thin film structures
When synthesizing CNTs thin films, CNT alignment regulates

many factors including porosity and sheet resistance that impact
to a large extent the electrode biocompatibility in terms of mass
transfer of nutrients, and biofilm formation and thickness. For
instance, the porosity determines the extent to which the bacteria
penetrate into the conductive network of CNTs, and nutrients are
diffused into the layers of biofilm. CNTs can be glued onto a sub-
strate to create an array of different surface architectures, includ-
ing vertical alignment often called “CNT forest”, randomly dis-
persed, and entangled CNTs; few examples are shown in Fig. 9.
Although potentially useful, these architectures have yet to be
studied for their impact on bacteria electrocatalytic activities be-
fore being used as MFC anodes. Mink and colleagues (Mink and
Hussain, 2013) used a silicon substrate within a CVD furnace to
grow vertically aligned MWCNT on a catalyst bed to be used as the
anode material. The selection of vertical alignment or “CNT forest”
resulted in highly increased active area of the electrode due to the
large SAV ratio of individual CNTs and porosity of the forest. On
this basis, a membraneless air–cathode micro–MFC utilizing the
Ts or CNT forest. Reprinted from Lobo et al. (2008), Copyright 2008, with permission
ed MWCNT forming cavities (scale bar¼60 μm). Reprinted with permission from
ing entangled CNTs (scale bar¼5 μm). Reproduced from Zhang et al. (2010) with



Fig. 10. Surface architecture of CNTs on a substrate of quartz. (Left) Synthesized
CNT in a vertical alignment (CNT forest or VACNT), SEM image of the resulting
anode surface, and the effect on bacteria adhesion most of which remain at the tip
of the CNTs. (Right) Randomly synthesized CNTs (RACNT), SEM image of the anode
surface, and bacterial growth within the CNT network that displays cell adhesions
in larger quantity and thus more biocompatibility compared to the CNT forest.
These improvements can be ascribed to a larger pore size of RACNT network.
Reprinted from Ren et al. (2015), Copyright 2015, with permission from Elsevier.
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modified anode was shown to be a high endurance energy har-
vester that reached current and power density of 6 and 20 times,
respectively, higher than conventional gold and nickel electrodes.
For the first time, these findings provide routes for sustainable on–
chip power production with a MFC to be utilized in electronics or
ultra–low power devices.

The pore size of various surface alignments of CNTs also im-
pacts the bacteria accommodation within the CNT network, cell
viability, and biofilm formation. Ren and others (Ren et al., 2015)
included in their study the comparison between highly porous
features with vertically aligned CNTs (VACNT) or CNT forest, ran-
domly aligned CNTs (RACNT), and spin–spray layer–by–later
(SSLbL) CNT films on the gold substrate. The results of the study
validated that VACNTs might in fact impede the bacterial pene-
tration into the CNT network and reduce the cell adhesion com-
pared to RACNTs (Fig. 10). As discussed in (Ren et al., 2015), VACNT
forest resists the mechanical force exerted by the bacteria, thereby
lowering the active area for mass transfer of nutrients and electron
Fig. 11. The effect of CNT length on MFC current and power density. (Left) Power density
(�13 μm), and long CNTs or L–LD (�19 μm), where LD stands for “low density” referring t
SEM images of (a) S–LD (b) M–LD (c) L–LD, where the scale bars are 20 μm. Reprinted f
conduction which is often followed by thin biofilm formations. In
contrast, easy accommodation of bacteria within the RACNT net-
work paves the way for thicker biofilms and thus higher electricity
generation.

As aforementioned, individual CNTs are known to have a very
high SAV ratio with a length that could achieve up to millimeters.
It is evident that longer CNTs increase the probability of cell ad-
hesion to the CNT network that can positively influence the anode
performance. To investigate the impact of CNT length, Erbay and
coworkers (Erbay et al., 2015a) have tested anodes of CNTs with
three different sizes ranging approximately between 8 μm and
19 μm that are loosely packed onto a stainless steel (SS) mesh.
Instead of applying polymeric binders, using direct growth of CNTs
to SS mesh reduces anodic ohmic loss. The results of the study
showed a 28% improvement in MFC power density when switch-
ing from the short CNT network to the long CNT network, as
shown in Fig. 11.

3.3.2. Self–assembled structures
Instead of bonding a CNT network onto a substrate, CNTs can be

directly dispersed into the anolyte to form a 3D conductive net-
work so as to increase to a maximum level the active surface area
for bacterial adhesion and biofilm growth. This approach opens up
the potential to enhance the contact based electron transfer, and
possibly increases to a great degree the extent of nutrition supply
to the bacterial biomass. Matsumoto et al. (2014) adopted this
approach for a two chamber MFC separated by a membrane
(Fig. 12). To generate the 3D conductive network, concentration of
CNTs simply dispersed without the aid of any dispersant should
meet the percolation threshold. The percolation theory determines
the volume fraction of CNTs in a solution after which CNTs start
forming a network by attaching to each other. The resulting en-
tangled conductive CNT network can be assembled onto a carbon
based anode. However, this approach might necessitate the use of
a membrane which negatively influences the sustainability of
energy production, power output, and device cost.

3.3.3. Monolith structures
Most techniques devised to generate 3D electrodes by syn-

thesizing CNTs with nanoparticles require support materials, such
as carbon paper, carbon cloth, textile, and stainless steel mesh. Gui
and coauthors (Gui et al., 2010) reported the synthesis of CNT
versus current density for short CNTs or S–LD (�8 μm), intermediate CNTs or M–LD
o the packing density of CNTs synthesized onto stainless steel (SS) substrate. (Right)
rom Erbay et al. (2015a), Copyright 2015, with permission from Elsevier.
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sponge which is a self–assembled interconnected network of in-
dividual CNTs without support materials. Reportedly, the sponge
has shown attractive properties, including very low density, high
porosity (99%), high structural flexibility, and high absorption ca-
pacity, thus it has recently been applied for environmental
cleanup, filters, compressible foams (Gui et al., 2011, 2010; Li et al.,
2010).

Conventionally, carbon felt and carbon brush were used as a 3D
anode material for MFCs, which enhance cell adhesion, owning to
their 3D structure and large SAV ratio. An alternative for these 3D
electrodes is the porous spongy scaffolds coated with CNTs. Chou
et al. (2014) have tested melamine sponges coated with the re-
duced graphene oxide (rGO)/CNT as the anode material for MFCs.
Due to the high mass transfer of nutrients through the 3D porous
melamine scaffold, the anode has shown excellent biocompat-
ibility for Escherichia coli (E. coli) proliferation and metabolic ac-
tivities compared to the traditional carbon paper and metal based
electrodes. Such biocompatibility enables long lasting operation
cycles of the MFC, as shown in Chou et al. (2014) where they
achieved a 20 days successful operating period. More recently, the
Fig. 12. (Top left) SEM image of CNTs adhered to Saccharomyces cerevisiae cells and (Top r
MFC. (Bottom left) Polarization and (Bottom right) power density curves of MFC, showi
respectively compared to the case without CNT dispersion. Reprinted with permission f
CNT sponge has shown to be a promising 3D CNT–based electrode
material that offers highly enhanced electrical conductivity com-
pared to its conventional counterparts. Erbay et al. (2015b) re-
cently synthesized a 3D flexible CNT sponges as a stand–alone
material for MFC anode, which has shown superior performance
over the 3D carbon felts: 13 times lower charge transfer resistance,
and 40% larger power density, as well as scalable and low–cost
synthesis of CNT sponges, thereby providing routes for commer-
cialization of MFCs. In future, CNT sponges can be used as a scaf-
fold for redox polymers or metal and metal–oxide nanoparticles in
the pursuit of fully functionalizing their properties.

In sum, the performance of various CNT–based materials, in-
cluding the methods of assembly and architecture were summar-
ized in Table 1. Note that despite the paramount importance of the
anode material and its surface architecture, many elements con-
tribute to the power output of the MFCs, including the electron
acceptor/donor that determines the theoretical half–cell poten-
tials, cathode materials for the ORR mechanism, and MFC size that
impacts the internal ohmic resistance.
ight) schematic of the 3D conductive network of CNTs used in the anode solution of
ng an approximately maximum 8– and 25–fold higher current and power density,
rom Matsumoto et al. (2014), Copyright 2014, AIP Publishing LLC.
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4. Cathode modification

The cycle of power generation in a MFC is completed when the
electron acceptor, mostly oxygen, is reduced at the interface of
cathode, oxygen, and electrolyte, as a result of which water is
produced. Normally, ORR kinetics is very slow, demanding the
search for catalysts and their support materials that could enhance
the active area for oxygen adsorption and increase the exchange
current density. Differences between catalytic activities of mate-
rials towards reducing the electron acceptor might stem from the
overall electron transfer for the surface reactions. Easier electron
transfer is often accompanied with higher catalytic performance
and lower activation energy. Conventionally, precious metals such
as platinum (Pt) were preferred mainly due to their high electro-
catalytic activity towards ORR. However, in the case of Pt cost and
lack of stability of commercially available carbon–black supported
Pt fueled the search for alternatives including noble metals, non–
noble metals, metal oxides, carbon materials, and alloys.

Over the years CNTs and functionalized CNT networks were
used as either the catalyst, or a durable scaffold for catalysis due to
their possible reactivity towards ORR and superior mechanical
stability. From a general standpoint, CNT scaffolds prevent de-
tachment of catalyst, which otherwise aggregates in certain points,
causing a disturbance in surface reactions and overall performance
of the electrode. Moreover, either functionalization of CNTs or the
chemical attachment of organic (proteins, enzymes, polymers, etc.)
and inorganic (metal, metal oxides, etc.) functional groups, even-
tually enriches the CNTs with high catalytic activity towards ORR
(Gao et al., 2012).

The ORR slow kinetics is a major setback for many industrial
applications, such as the fuel cell and battery industry, thus at-
tentions are given to the development of catalysts that can im-
prove energy conversion efficiency in lithium–air batteries (Christy
et al., 2015; Wang et al., 2012) as well as acidic and alkaline fuel
cells (Kruusenberg et al., 2012; Shui et al., 2015; Xiao et al., 2015).
However, the integration of such catalysts into MFC cathodes is
quite questionable, as their good performance towards ORR is to
be verified in the biocompatible environment provided for bac-
terial metabolism and viability that requires low antibacterial ef-
fects, and operation at virtually neutral electrolytes and room
temperature. In this section we first begin with identifying the role
of carbon materials in the mechanism of oxygen reduction, and
then we delineate the methods devised to reduce or eliminate the
use of traditional Pt loaded cathodes that could impact the cost–
effectiveness and efficiency of bioresource energy recovery in
MFCs.

4.1. Oxygen reduction mechanism on CNTs

The cathodic ORR mechanism is quite complicated and often
consists of intermediates that can be determined by experimental
techniques. Two general pathways of oxygen reduction to water
(H2O) are often examined to assess the catalytic activity of the
cathode: direct reduction to H2O through a 4–electron pathway,
and indirect reduction through 2–electron pathways with hydro-
gen peroxide (H2O2) as the intermediate, with the former pathway
being favored, as it provides higher energy conversion efficiency.
Generally in carbon materials the catalytic activities towards ORR
are attributed to the presence of quinone functional groups (Yea-
ger, 1986), which has also been ascribed to the reduction me-
chanism at CNTs surfaces (Zhang et al., 2004). Due to the high SAV
ratio and defect–rich surface of functionalized CNTs, CNT–based
materials have the potential to facilitate the ORR mechanism, and
enhance the adsorption sites for oxygen. However, in more com-
plex nanoengineered surfaces, the ORR mechanism may vary
widely depending on the type of carbonaceous material and
chemical functional groups that may lead to the formation of H2O2,
OH� , or a mixture of both. To better understand the ORR me-
chanism and develop non–precious catalysts, attentions were gi-
ven to the composition and structure of active sites on CNT–based
materials. For instance, Rao et al. (2010) investigated the structure
of the ORR sites on vertically aligned CNTs doped with nitrogen
containing groups, and found that the pyridine–type nitrogen sites
may be responsible for the good electrocatalytic activity of the
nitrogen–doped CNTs (N–CNTs).

4.2. CNT–based cathode materials

Recent progresses in MFC cathode modification demonstrate
the widespread use of electrodes loaded with CNTs functionalized
with chemical groups, metals/metal oxides, polymers, or a com-
bination of both, which are discussed in the followings.

4.2.1. Pre-functionalized CNTs
Oxidation of CNTs by having oxygen–bearing functionalities

such as carboxyl and hydroxyl groups introduced to the CNT
structure enables easier attachment of CNTs onto other materials,
creates surface defects for higher catalytic activity, enhances the
active sites for ORR, provides better dispersion of catalysts, and
improves CNTs solubility in the polymer matrix. Oxidative treat-
ment is often accompanied by boiling the CNTs in a solution of
sulfuric acid (H2SO4), nitric acid (HNO3), or a mixture of both.
Different substrates such as carbon felt, glassy carbon electrode,
and metal coated silicon wafers, can be then coated with func-
tionalized CNTs and used as MFC cathode. Zhu et al. (2015) elec-
trophoretically deposited the acid–treated MWCNTs on graphite
felt for use in sediment MFC, and achieved approximately 60%
higher power density than bare graphite felt cathode. Lu et al.
(2013) have shown that the HNO3 treatment increases the con-
ductivity of pristine CNTs by nearly 60%, which may utterly im-
prove the electrocatalysis ability of the cathode. The survey of
cyclic voltammetry (CV) of this cathode has also shown an in-
crease in ORR peaks, highlighting the importance of CNT pre-
treatment before being hybridized with other functional groups.
Ghasemi et al. (2013) have also functionalized inert CNTs in the
mixture of sulfuric and nitric acid, showing its improved ORR
catalysis compared to conventional carbon paper. Liew et al.
(2015b) have also showed that the acid treatment in a mixture of
sulfuric and nitric acid improves the catalytic activity of CNTs to-
wards ORR. In addition, they showed that the functionalized CNTs
tend to remain homogenous for a longer time compared to the
pristine CNTs dispersed in ethanol. As aforementioned this is as-
cribed to the attachment of hydroxyl and carboxyl groups to the
CNT structure after acid treatment.

Nitrogen–doped CNTs (N–CNTs) have also shown great promise
to produce highly activated CNT–based catalysts for the improve-
ment of sluggish ORR kinetics. The inclusion of nitrogen imposes a
non–uniform charge distribution on the CNT surface, allowing easier
adsorption and interaction with the oxygen (Wong et al., 2013). He
et al. (2016) grew vertically aligned nitrogen-doped CNTs on carbon
cloth to improve the ORR in MFC cathodes. The 3D vertical forest of
N–CNTs has shown to enhance the active sites for electrolyte and
oxygen adsorptions, lower the resistance, and improve the mass
transfer and electrochemical performance towards a facilitated ORR
pathway. This low–cost cathode for MFCs enhanced the MFC power
density by 8.6% compared to the conventional Pt loaded cathodes.
Similarly, Feng et al. (2011) studied the use of N–CNTs for catalysis in
MFC cathodes, and achieved �14% higher power density compared
to the commonly used Pt loaded electrodes. Rotating ring–disk
electrode (RRDE) and cyclic voltammograms shown in Fig. 13, de-
scribe in more details the impact of nitrogen containing groups on
catalytic activities of electrodes compared to Pt catalyst. The cyclic



Table 1
Summary of the CNT–based anode performance.

Anode Cathode Type Max. power density
(�mWm�2)

Refs.

Coating/Support Architecture/Method Coating/Support Microorganism Electron donor/
acceptor

Configuration

CNT/Carbon paper 3D conductive network/
Dispersion

None/Carbon paper S. cerevisiae Glucose/
Ferricyanide

Dual-chamber 1760 (Matsumoto et al.,
2014)

CNT sponge/None Sponge/CVD Pt/Carbon cloth Mixed Acetate/
Ferricyanide

Dual-chamber 2150* (Erbay et al., 2015b)

MWCNT/Silicon Vertically aligned/Plasma
enhanced CVD

PtþPTFE/NA Mixed Acetate/Oxygen Single-chamber 19.36 (Mink and Hussain,
2013)

MWCNTþSnO2þPTFE/GCE None/Drop casting Pt/None E. coli Glucose/
Ferrocyanide

Dual-chamber 1421 (Mehdinia et al.,
2014)

CNTþMo2CþPTFE/Carbon felt None/Pressure coating Polyethylene CEMþPtþPVDFþNMP/
Carbon paper

E. coli Glucose/Oxygen Single-chamber 1050 (Wang et al., 2014b)

PSSþMWCNTþPVA/Gold–coated
glass

Layer by layer/SSLbL CrþAu/Glass slide Mixed Acetate/
Ferricyanide

Dual-chamber 3320 (Ren et al., 2015)

CNTþTiO2þNafion/Carbon cloth None/Drop cast None/Carbon brush Mixed Acetate/
Ferricyanide

Dual-chamber 1.12 (Wen et al., 2013)

SWCNT/MPPS None/Dip coating Carbon cloth S. oneidensis Lactate/Ferricyanide Dual-chamber 1410 (Nguyen et al., 2013)
CNTþAuþTiO2/Carbon paper None/NA PtþTiO2/Carbon paper E. coli Glucose/Oxygen Single-chamber 2.4 (Wu et al., 2013)
CNTþChitosan/Carbon paper None/Electrodeposition Pt/Carbon cloth Mixed Acetate/Oxygen Dual-chamber 132 (Liu et al., 2014)
MWCNTþMnO2þNafion/Plain
graphite

None/Pressure coating None/Graphite Mixed Marine sediment/
Oxygen

Single-chamber 109.1 (Fu et al., 2014)

MWCNTþPANI/Graphite felt None/Electrodeposition None/Carbon cloth S. putrefaciens Acetate/
Ferricyanide

Dual-chamber 257 (Cui et al., 2015)

MWCNT/SSM NA/CVD Pt/Carbon paper S. oneidensis Acetate/
Ferricyanide

Dual-chamber 450 (Erbay et al., 2015a)

PTFE: Polytetrafluoroethylene; CEM: Cation exchange membrane; PVDF: Polyvinylidene fluoride; NMP: N-Methyl-2-pyrrolidone; PSS: Poly(styrenesulfonate); PVA: Polyvinyl alcohol; PANI: Polyaniline; SSM: Stainless steel mesh.
* The unit is mW m�3 based on anode volume.
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Fig. 13. (Left) RRDE voltammograms at 1000 rpm in oxygen saturated buffer, where the black and red line refers to the N–CNTs and Pt catalysts, respectively. (Right) Survey
of cyclic voltammetry in oxygen saturated buffer solution, where NCNTs, and Pt/C refers to the use N–CNTs and Pt catalysts, respectively. Reproduced from Feng et al. (2011)
with permission of The Royal Society of Chemistry. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.).
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voltammograms exhibit similar electrochemical activity of N– CNTs
compared to Pt, and the RRDEs suggest a 4–electron pathway re-
duction mechanism. These studies open up potential for the use of
metal–free and non–precious cathodes for MFCs.

4.2.2. Metal /CNT
Traditionally Pt deposited onto the carbon–supported sub-

strate, such as carbon paper, glassy carbon electrode, carbon felt,
have been tested for use in the cathodic reaction of MFCs. On the
other hand, due to the ability of CNT arrays to enhance the oxygen
adsorption by increasing the active area for surface reactions, they
are potentially useful as support material of metal catalysts. Ha-
lakoo et al. (2015) synthesized Pt/CNT nanocomposites and tested
various cathodes by adjusting the amount of Pt conjugated with
the CNTs. The results of MFC performance showed great promise
for unloading precious metals from the cathode while virtually
maintaining the same performance. Many researchers have also
hybridized non–precious metal oxide with CNT arrays to com-
pensate for the low electric conductivity of metal oxides when
used as MFC cathode. Liew et al. (2015b) synthesized manganese
(II) oxide (MnO) with functionalized CNTs to ease the charge
transfer at the cathode and, in turn, the ORR mechanism. The re-
sulting performance of the MFC has shown approximately 100%
and 18% improvement compared to CNT, and functionalized CNT
cathodes, respectively (Fig. 14). Similarly, manganese (I) oxide
(Mn2O) has also been investigated in a vertical array of CNTs
grown on SS mesh. The results showed promising improvement
compared to plain SS mesh that has high SAV ratio for oxygen
adsorption in ORR (Amade et al., 2015). Nickel oxide (NiO) con-
jugated with CNTs has also been tested for catalytic activity to-
wards ORR. The findings demonstrated superb catalytic perfor-
mance of NiO/CNT composite compared to NiO, highlighting the
importance of CNT array in MFC cathodes (Huang et al., 2015a).
Stainless steel (SS) mesh have also been hybridized with CNTs to
be used as the cathode of MFC. Zhang et al. (2013b), compared
oxygen reduction on SS mesh and CNT/SS mesh, and then put the
both electrodes into test as MFC cathodes; the findings demon-
strated 49 times increase in power density when bare SS mesh was
replaced by the CNT/SS mesh cathode. Similarly, Song et al. (2013)
investigated SS mesh coated with MWCNTs as the MFC cathode,
and the resulting power density of the MFC was improved by more
than 300% compared to the case of bare SS mesh cathodes.

4.2.3. Polymer/CNT
The synthesis of polymer/CNT composites often involves the

physical adsorption of polymers onto the CNT surface, or
establishment of a strong interaction (covalent bonding) between
the polymer chains and CNT structure. In the first approach the
fabrication route is simply wrapping the CNTs with polymer
chains. As to the second approach, the strong interaction between
the CNTs and the polymer are achieved via in situ polymerization
of monomers, or the chemical attachment of the polymer chains to
the CNT surfaces. In situ polymerization is a highly flexible route
for grafting the polymers to the CNTs with high density, and is
enabled by the initiators attached to the defect–rich surface of
oxidized CNTs. On the other hand, the monomers can be first
polymerized into macromolecules, and subsequently attached to
the CNT surfaces. While allowing the use of many commercial
polymers available, this method is hindered by the steric impact of
macromolecules and low reactivity of polymer chains when they
need to attach the CNT surface (Lou et al., 2004; Riggs et al., 2000;
Spitalsky et al., 2010; Wu et al., 2003). Among many commercially
and custom–made polymers, conductive polymers [e.g., poly-
pyrrole (PPy) and polyaniline (PANI)] exhibiting environmental
stability and easy synthesis with CNTs were also tested as MFC
cathodes. Ghasemi et al. (2015) have studied the catalytic activity
of PPy/CNT for use as MFC cathode, and evaluated the perfor-
mance with respect to Pt electrodes. Although showing less cata-
lytic activity towards ORR compared to Pt electrodes, this nano-
composite is a promising alternative of MFC cathode in that it is
cost–effective and only leads to �8% reduction in power density of
the MFC, while increasing the current density by �4%.

4.2.4. Metal/polymer/CNT
Even though metal oxides have shown catalytic activity to-

wards ORR, they possess poor electrical conductivity. Therefore,
their combination with conductive polymers (e.g., PPy and PANI),
and the highly conductive networks of CNTs may improve the
exchange current density and catalytic performance. On the other
hand, polymers may also be constrained by low conductivity and
their application as bare MFC electrodes arises many concerns in
terms of charge transfer. With that being mentioned, the metal/
polymer/CNT composites are potential candidates to provide a
highly conductive network for exchange of the charges and oxygen
adsorption, and thus they are expected to enhance the catalytic
activity of MFC cathodes. For example, Lu et al. (2013) synthesized
Mn/PPy/CNT composite as a cost–effective air–breathing cathode
for MFC which has comparable catalytic activity with traditional Pt
coated on carbon black, and may open up potential for scaling up
the energy recovery using MFCs (Fig. 14).

In sum, Table 2 provides overview of the recently reported MFC
cathodes based on CNTs and CNT hybrid materials. Note that, here



Fig. 14. Top row: (Left) CV curves of CNT–based cathodes, and (Right) power density curves of the MFC. Reprinted from Liew et al. (2015b), Copyright 2015, with permission
from Elsevier. Bottom row: (Left) CV curves of cathodes composed of (a) Mn/PPy/CNT, (b) Mn/CNT, (c) PPy/CNT, (d) HNO3–treated CNTs, (e) raw CNTs, and (f,g) Pt
(0.5 mg cm�2)/carbon black; (a-f) and (g) are operated in aerobic and anaerobic condition, respectively. (Right) Power density curves of the MFC; (a) Mn/PPy/CNT
(2 mg cm�2), (b) Mn/PPy/CNT (1 mg cm�2), (c) Pt/carbon black. Reprinted from Lu et al. (2013), Copyright 2013, with permission from Elsevier.
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we excluded the use of biocathodes as the catalyst for ORR
mechanism.
5. Challenges and promises

Over the years, innovations in CNT nanoengineered materials
have brought explosive growth in the techniques of production
and synthesis of nanocomposites for applications including energy
storage/conversion devices. Laser–ablation and arch–discharge
have been replaced by variations of CVD methods for industrial–
scale of CNT production, and less sophisticated microwave–as-
sisted synthesis facilitated in terms of time and cost the lab–scale
research on CNT–based composites. With these efforts in the CNT
industry, the price of MWCNTs have decreased from 45,000 to 100
$kg�1 (Zhang et al., 2013a), and if this trend continues to advance,
the nanoengineered CNT materials may replace for commercial
uses other carbonaceous or precious materials. In MFCs, for in-
stance, the use of CNTs and functionalized CNTs was able to
completely eliminate the need for expensive noble metal catalysts
(e.g., platinum) for oxygen reduction at the cathode (Feng et al.,
2011; Qu et al., 2010; Yang et al., 2011).

Many applications such as energy recovery during wastewater
treatment require the scaling up of MFCs, and efforts were made to
enlarge and stack such systems both in the laboratory and pilot–
scale tests (Logan, 2010). Clearly, the scaling up techniques require
fast, facile, and low–cost fabrication routes to make bioresource
energy recovery more economically appealing for industry. CNTs,
in this aspect, may contribute to resolve the issue of electrode
surface area and ohmic losses by introducing highly porous elec-
trode structures that not only offer superb electrical conductivity,
but also increase the specific surface area of the electrodes for the
enhancement of catalytic sites in both cathode and anode sides.
Aside from bulky MFC units for large–scale energy conversion,
miniaturized MFCs that are improved with CNTs may also find
potential applications in many commercially available lab–on–a–
chip devices such as micromixers (Yazdi et al., 2014, 2015a, 2015b),
microsensors (Journet et al., 1997; Jung et al., 2012; Kabiri et al.,
2014; Li et al., 2012), separators (Ahn et al., 2015; Brewer et al.,
2014; Rao et al., 2015), micropumps (Amirouche et al., 2009; Ur-
banski et al., 2006), and low and ultra–low power electronics
(Shenghua and Nanjian, 2007; Xu et al., 2014).

Clearly the CNT–based composites have enhanced the power
density (Tables 1 and 2) compared to the more traditional coun-
terparts such as carbon cloth, carbon paper, and metal–based
electrodes; CNTs have caused major catalytic improvements in
both cathodic and anodic reactions which helps to shrink the gap
between theoretical and practical limits for bioenergy extraction
from organic compounds. Despite these promising results, how-
ever, questions still remain about the antibacterial effect of these
newly introduced nanocomposites that may negatively influence
the cell voltage during long operating cycles. Moreover, our study
shows that compared to other nanoengineered graphene–based
electrodes, the CNT–based MFC electrodes still suffer from lower
catalytic performance especially in the cathodic ORR mechanism
(Table S1 and S2 in the Supplementary material). This suggests
that more works dedicated to the use of CNT–based material in
MFC cathodes are needed. For instance, the use of CNTs to modify
the biocathodes based on either bacterial biofilms or biomolecules
(e.g., enzymes) has yet to be studied in more depth, as they are
good candidate to replace precious metal catalyst such as Pt.
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6. Conclusions

In this review article we turned our attention to the modifica-
tion of MFC electrodes by taking advantage of CNTs and CNT
composites that have been extensively validated to own unique
characteristics compared to their conventional counterparts. High
SAV ratio and electrical conductivity are the pivots of CNT–based
material properties, causing them to positively influence the MFC
performance. CNT–based modification in the anode side improves
the electrocatalytic activity of bacteria by enhancing cell adhesion,
mass transfer of nutrients, and thus thicker biofilm formation. At
cathode, high SAV ratio of CNT–based composites paves the way
for oxygen adsorption and charge transfer; thus, improves ORR
kinetics.

Most of the techniques discussed in this review article are
concerned with the electrode modification of MFCs. The CNT
composite membranes may also replace conventional membranes
like Nafion which not only increase the cost of the device, but also
enhances the internal resistance and ohmic losses. There have
been numerous advancements in nano–porous membranes with
chemical selectivity based on polymer/CNT or graphene compo-
sites (Hinds et al., 2004; Khilari et al., 2013; Leong et al., 2015). In
this respect, CNT–based membranes are to be studied for their
ionic selectivity and exchange capability, while being evaluated
against highly efficient Nafion 117 and anion exchange mem-
branes. While acknowledging the study by Venkatesan et al.
(Venkatesan and Dharmalingam, 2013) in which chitosan syn-
thesized with MWCNT was used as the separator in a batch–fed
mode MFC, research in this field has yet to be continued. The last
step towards fast and facile modification of CNT–based MFCs is the
electrode preparation methods that are integral parts of MFC
manufacturing for commercial levels. Fortunately, fabrication
techniques of CNT–based materials are rapidly advancing in var-
ious fields of battery industry, fuel cells, and electronics. Many of
such reported techniques can also be employed for MFC
applications.

All in all, concerns still remain about the reduction mechanism
at the cathode which is mostly responsible for limiting the power
output of the device, and the anode performance upon which the
durability of biomass energy harvesting depends. We expect that
research for more biocompatible and efficient microbial anode
could also contribute to major improvements in biological hybrid
fuel cells (Higgins et al., 2011; Szczupak et al., 2012), and alter-
native cathodes alleviate the ongoing difficulty of slow ORR ki-
netics. Hopefully, the rapid development pace in nanoengineered
material for energy storage (Huang et al., 2015b; Huang et al.,
2016; Vatamanu and Bedrov, 2015) will continue to serve in all
aspects the field of MFC.
Appendix A. Supplementary material

Supplementary data associated with this article can be found in
the online version at http://dx.doi.org/10.1016/j.bios.2016.05.033.
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