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a b s t r a c t

The present research, describes preparation and application of a novel bioanode for ethanol–oxygen
biofuel cells. We applied an enzyme based nanocomposite consisting of polymethylene green as electron
transfer mediator, carboxylated-multiwall carbon nanotubes as electron transfer accelerator, alcohol
dehydrogenase as biocatalyst and polydiallyldimethylammonium chloride as supporting agent. In the
presence of β-nicotinamide adenine dinucleotide as cofactor, and ethanol as fuel, the feasibility of the
bioanode for increasing the power was evaluated under the ambient conditions. In the optimum con-
ditions the biofuel cell produced the power density of 1.713 mW cm�2 and open circuit voltage of
0.281 V.

& 2015 Elsevier B.V. All rights reserved.
1. Introduction

Biofuel cells (BFCs) are alternative energy sources which pro-
vide bioenergy for portable devices that require low power density
batteries. They are usually using biological material such as en-
zymes which are renewable and non-polluting catalysts. De-
pending on the biocatalysts, BFCs offer fuel flexibility and operate
devices at room temperature in physiological pH. Generally, these
systems oxidize organic fuels and reduce oxygen and convert
chemical energy into electricity via biochemical reactions. The
very early BFC was planned in the beginning of the 20th century,
when M.C. Potter used microbial cells on platinum electrodes to
produce electricity (Potter, 1912). In the 1960s, NASA was inter-
ested in power generation from human wastes for space shuttles
(Clark et al., 1962). Then, in 1964, the first enzyme-based biofuel
cell was reported using glucose oxidase (GOx) as anodic catalyst
and glucose as fuel. However, NAD-dependent alcohol dehy-
drogenase (NAD-ADH), which catalyzes the oxidation of ethanol,
was noticed from different point of views (Liao and Chen, 2001;
Sokic-Lazic and Minteer, 2008; Palmore et al., 1998). Akers by
immobilizing ADH on a tetra n-butyl ammonium bromide mod-
ified Nafion, could improve the power density to 1.16 mW m�2

(Akers et al., 2005). Aquino Neto by using the polyamidoamine
dendrimer as supporting material for electrostatic layer by layer
u),
immobilization of ADH could achieve an acceptable mechanical
stability and better control of enzyme disposition for the BFC
(Aquino Neto et al., 2011). Several reviews published in recent
years cover the newest developments and the different challenges
that the scientists in this area are facing (Aquino Neto and de
Andrade, 2013; Hao and Scot, 2010). The key point in bioenergy
production using NAD-dependent enzymes such as ADH is to re-
generate the NADþ species and restore the enzymatic cycle (Sokic-
Lazic and Minteer, 2008). Direct oxidation of NADH at conven-
tional electrodes, such as gold, platinum, and carbon occurs at
extensive over voltage (41.0 V), with passivation of the electrode
surface (Wu et al., 1996). To solve this problem the electrodes
surfaces were modified with multi-walled carbon nanotubes
(MWCNTs). MWCNTs mediate the electrocatalytic oxidation of
NAD-dependent enzymes (Zhang et al., 2007), diminishing the
high overvoltage for NADH oxidation (Shin et al., 2012). The na-
nosize dimension of CNTs allows them to come toward the active
center of biomolecules more closely, favoring electron transfer (Liu
and Cai, 2007). Functionalizing the CNTs improves their electronic
communication with either the electrode or enzyme. This could be
occurred at the end of CNTs via oxygenated species (Yuan et al.,
2011). Besides decreasing the over voltage of NADþ/NADH system,
modification of electrode by CNTs enhances the efficiency of en-
zyme in power density and electron transfer kinetics (Mei et al.,
1996). Polydiallyldimethylammonium chloride (PDDA) is a normal
and water soluble cationic polyelectrolyte, which has been widely
used for the immobilization of biomolecules (Liu and Lin, 2006;
Zhao and Ju, 2006; Chen et al., 2007). PDDA usually acts as a
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Scheme 1A. Steps for bioanode modification. B: Representations of the anodic and cathodic reactions in ethanol–oxygen biofuel cell. C: Representation of BFC whole cell.
(A) Pt/C cathode, (B) Plexiglas body, (C) inlet for water jacket, (D) buffer inlet, (E) septum valve, (F) bioanode connector, (G) perforated Teflon support, (H) graphite connector,
(I) outlet for water jacket, (J) buffer outlet, (K) Teflon support for graphite connector, (L) Teflon support for bioanode connector, (M) screw, (N) bioanode.
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positively charged colloid when it is dissolved in aqueous solution
(Li et al., 2008). This positively charged PDDA can be easily coated
on the negatively charged surface by electrostatic interaction
(Ensafi et al., 2013). While PDDA can form stable ultra-thin layers
on CNTs, it is capable of interacting with negatively charged sites
of the enzyme. Obviously, the presence of CNTs supports transport
of electrons within the bio-electrocatalytic film.

In the present research, an ADH based nanocomposite is de-
signed in which PDDA is used to disperse the carboxylated multi-
wall carbon nanotubes (HOOC-MWCNTs) for developing a new
bioanode. Since the isoelectric point of ADH lies around 6.8, the
negatively charged ADH can adsorb the polycationic PDDA at pH
7.5 via electrostatic interaction. To diminish the overvoltage and
improve the BFC efficiency, polymethylene green (PMG) and
HOOC-MWCNTs are used. The prepared ADH based nanocompo-
site in the presence of NADþ and ethanol shows a satisfactory
power output in comparison to those reported so far.
2. Materials and methods

2.1. Chemicals

ADH (EC. 1.1.1.1) from Saccharomyces cerevisiae (lyophilized
powder, 4300 Units mg�1) and NADþ were purchased from
Sigma-Aldrich, USA. Sodium phosphate dibasic (Na2HPO4),
dimethylformamide, sodium phosphate monobasic monohydrate
(NaH2PO4.H2O), sodium tetraborate (Na2B4O7), sodium nitrate
(NaNO3), PDDA, ethanol (EtOH) and methylene green (MG) were
obtained from Merck, Germany. All the enzyme and coenzyme
solutions were freshly prepared and rapidly used. HOOC-MWCNTs
(�COOH content: 0.49 wt%, outer diameter: 50–80 nm, inner
diameter: 5–15 nm, length: 10–20 mm and purity495%) were
acquired from US Research Nanomaterials Inc., USA. All the solu-
tions were prepared with double distilled deionized water.

2.2. Instrumentation

Electrochemical investigations were done using a Potentiostat/
Galvanostat EG&G 263 A, Princeton, USA (controlled by a Power
Suite software package and a GPIB interface), equipped with a
three electrode electrochemical cell including an Ag/AgCl (KCl sat.)
as reference electrode, a platinum rod as counter electrode and a
glassy carbon (GC, φ¼3 mm, bare or modified with nanocompo-
site film) from Azar Electrode (Uromia, Iran) as working electrode.
Surface morphological studies were carried out using Hitachi
S4160 field emission scanning electron microscope, Japan (FESEM)
with 10–20 nm gold deposition layer thickness and 30 kV voltages.
All the electrochemical measurements were carried out at room
temperature and pH was measured using a pH electrode coupled
to a Metrohm (Herisau, Switzerland) model 691 pH meter.
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2.3. Electrochemical polymerization of methylene green

The GC electrode was polished with 0.3 and 0.05 mm alumina
slurry and sonicated in water and ethanol, respectively. Electro-
chemical polymerization of MG was carried out according to the
method described by Zhou et al. (2010).

2.4. Bioanode preparation

For ADH immobilization, at first 1 mg of HOOC-MWCNTs was
dispersed in 1 mL of dimethylformamide by using ultrasonic bath
to form a black suspension. The PMG modified glassy carbon (GC)
electrode was further modified by dropping 2 ml of the prepared
HOOC-MWCNTs suspension and drying in air. The modification
was followed by addition of 2 ml PDDA (0.5% solution in distilled
water) and then dried at air. Finally, 2 ml ADH solution (10 mg/mL)
in phosphate buffer solution (PBS, pH 7.5, 0.1 M) was dropped on
the modified electrode and then it was covered with 0.5% PDDA
solution and dried at room temperature. The thus prepared bioa-
node (PDDA/ADH/PDDA/HOOC-MWCNTs/PMG/GC) was rinsed
with 0.1 M PBS pH 7.5 and stored at 4 °C. The steps for preparation
of bioanode were represented in Scheme 1A.

2.5. Biofuel cell design

To set up the BFC, the PDDA/ADH/PDDA/HOOC-MWCNTs/PMG/
GC electrode was used as bioanode and a platinized carbon sheet
(1�1 cm2, Vulcan XC-72, 2 mg Pt per cm2 of carbon, abbreviated
as Pt/C, from Nu Vant Systems Inc., Indiana, USA) was used as
cathode (Scheme 1B). The bioanode and cathode were fixed in a
Plexiglas single compartment cell (Scheme 1C). A graphite rod,
attached to the cathode sheet, was placed in a screwed Teflon
holder and used for adjusting the distance between cathode and
bioanode by screwing the holder. The anode was fixed in the
chamber by a septum valve. In order to change the three electro-
des electrochemical systems in to two electrodes BFC system, both
the reference and auxiliary electrodes were connected to the
bioanode and also the working electrode was connected to the
cathode. For studying the cell performance, oxygen gas was bub-
bled in PBS containing 1 mM NADþ and 1 mM EtOH for 20 min
and injected in the cell using a syringe.
Fig. 1. (A) CVs of MG polymerization on glassy carbon electrode. The experiment
was carried out in PBS containing 0.4 mM methylene green, 0.1 M NaNO3 and
10 mM Na2B4O7 at the scan rate of 50 mV s�1. The CVs from inner to outer are
attributed to the first to 10th cycles. (B) FESEM images of (a) bare GC, (b) PMG/GC;
(c) PDDA/HOOC-MWCNTs/PMG/GC and (d) PDDA/ADH/PDDA/HOOC-MWCNTs/
PMG/GC electrodes.
3. Results and discussion

3.1. Electropolymerization of methylene green

Fig. 1A represents the cyclic voltammograms (CVs) for the
electrochemical polymerization of MG onto the GC electrode for 10
cycles. Three potential regions are significant. According to Ak-
kermans (Akkermans et al., 1999), the first cathodic region begins
with the adsorption of MGþ to the electrode surface and reducing
to two forms of neutral MG (one in solid form at zero V and the
other in aqueous form at �0.1 V) in a two-electron, single-proton
reaction (Zhao and Ju, 2006):

( )+ + ⇄ ( ) = −+ + −HMG aq 2e MG s E 0.09 V vs. SCEp
reduction

( )+ + ⇄ ( ) = −+ + −HMG aq 2e MG aq E 0.22 V vs. SCEp
reduction

The reduction wave is converted to two peaks that seems to be
due to the separation of consecutive 2e� transferring and ob-
taining a single proton from solution. In the second anodic region
(around 0.18 V vs. Ag/AgCl), the adsorbed MG layer is then oxi-
dized and released to the solution. The third region (1.05 V vs. Ag/
AgCl) represents those oxidation processes that complete the film
grown on the electrode which is related to cycle number (Fenga
et al., 2013). More details about the mechanism of MG electro-
chemical polymerization have been reported elsewhere (Akker-
mans et al., 1999; Fenga et al., 2013; Karyakin et al 1999a, 1999b).
The consecutive cycles in Fig. 1A, represents the progressive pro-
cess of PMG formation. As shown in Fig. 1A, by increasing the cycle
number, the peak currents also increase. At the same time the
anodic peak potential shifts to the positive direction and the
cathodic peak potential to the negative direction. This could be
due to the increase in the quantity of electroactive species on
electrode surface and consequently decreases in the rate electron
transfer (Yang et al., 1998).

3.2. Surface morphology

Fig. 1B shows the FESEM images of bare GC, PMG/GC, PDDA/
HOOC-MWCNTs/PMG/GC and PDDA/ADH/PDDA/HOOC-MWCNTs/
PMG/GC electrodes. The image of polymerized PMG is verified by
comparing the image of bare GC (Fig. 1B(a)) and that of PMG/GC



Fig. 2. (A) The CVs of naked GC (a), HOOC-MWCNTs/PMG/GC (b), PDDA/ADH/
PDDA/HOOC-MWCNTs/PMG/GC (c) electrodes. The experiment was carried out in
PBS (0.1 M, pH 7.5) at scan rate of 50 mV s�1. (B) CVs of different concentrations of
NADþ: (a) 0, (b) 1, (c) 2 and (d) 3 mM at PDDA/ADH/PDDA/HOOC-MWCNT/PMG/GC
electrode in PBS (0.1 M, pH 7.5).
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(Fig. 1B(b)). A surface-coated layer of CNTs (Fig. 1B(c)) can be
clearly differentiated from the uncoated CNTs (Fig. 1B(b)). Com-
parison between the images of CNTs (Fig. 1B(b)) and that coated by
enzyme (Fig. 1B(d)) indicates that ADH is not adsorbed on CNTs as
single molecules but it covers the CNTs' surface in agglomerated
form so that the overall appearance seems very rough (Moumene
et al., 2013; Zebda et al., 2011).

3.3. Electrochemical behavior of nanocomposite

The electrochemical performance of PDDA/ADH/PDDA/HOOC-
MWCNTs/PMG nanocomposite on GC electrode in PBS was in-
vestigated using cyclic voltammetry. While no peak was observed
at the bare GC (Fig. 2A(a)), a well-defined CV was recorded by
electropolymerization of MG on naked GC. By adsorbing the
HOOC-MWCNTs on PMG, the CV enlarged significantly due to the
high conductivity of CNTs (Fig. 2A(b)). It is known that phenazine
dyes including carbon nanotube can be easily adsorbed onto the
surface of PMG owing to the favorable electrostatic and π–π in-
teractions (Ali and Omanovic, 2013). Coverage of PDDA on HOOC-
MWCNTs can shift the cathodic peak to more negative potential
and then immobilizing the ADH on PDDA/HOOC-MWCNTs de-
crease the current peak height that caused by insulating behavior
of peptide backbone of enzyme and finally, covering the enzyme
with PDDA does not change peak current (Fig. 2A(c)).

The electrochemical behavior of nanocomposite in the pre-
sence of NADþ was investigated. Fig. 2B showed the CV re-
presenting the electrocatalytic activity of modified electrode to-
wards the reduction of NADþ . PMG is a two-electron mediator
which reacts with NADþ , followed by the regeneration of both
PMG and biologically active NADH. Thus, electrochemical response
of the modified electrode depends on the reduction of PMG, as
given by the following reactions:

+ → + ++
( ) ( )

+HNAD PMG NADH PMGred ox

+ →( )
−

( )PMG 2e PMGox red

As seen in Fig. 2B (curve a) a couple of stable cathodic peaks at
�358 and �158 mV vs. Ag/AgCl was observed at modified GC in
the absence of NADþ . However, by addition of NADþ an en-
hancement in cathodic current peak associated with decrease in
anodic peak current was observed due to the reduction of NADþ to
NADH (Fig. 2B).

The electrochemical behavior of nanocomposite in the pre-
sence of ethanol was also considered. ADH catalyzes the oxidation
of ethanol and simultaneously the cofactor NADþ gets reduced to
NADH. The reaction that occurred was as follows (Svensson et al.,
2005):

+ ⟹ + ++ +Ethanol NAD Acetaldehyde NADH H
ADH

According to the above reaction, the current from NADH in-
creases with increasing concentration of ethanol, but with adding
NADH concentration, the PMG(ox) converts to PMG(red) and at
electrode surface, the PMG(red) is changed to PMG(ox) again. Upon
addition of ethanol to the solution, the oxidation current increases
gently to reach a stable value. The results demonstrate clearly that
the electrocatalytic response is very fast and the modified elec-
trode can use as efficient anode in BFC (data not shown).

The amperometric responses of the modified electrode upon
additions of 1 mM ethanol to PBS containing 1.0 mM NADH at an
applied potential of �0.5 V were shown in Fig. 3A. Upon addition
of an aliquot of ethanol to the buffer solution, the reduction cur-
rent increased steeply to reach a stable value. The results de-
monstrated clearly that the electrocatalytic response was very fast,
which could be used as an efficient ethanol modified electrode.
The magnitude of the electric current was proportional to the
concentration of ethanol over the range of 1.66–30 μM (Fig. 3B).
The effect of pH on ethanol modified electrode lay in two main
aspects: the peak potentials and the peak currents. Generally, the
optimal pH for enzymes varies based on the immobilization
method and microenvironment around them. As seen in Fig. 3C,
the maximum current response was obtained at pH 7.5. Fig. 3D
shows the plot of potential vs. pH change with the slope of
�117 mV pH�1, indicating that two electrons attend in the elec-
tron transfer process.

The storage stability of the ADH modified electrode was also
examined. When the ADH modified electrode in PBS was stored at
4 °C, it retained 91% and 57.3% of its initial current response for
ethanol after two and four weeks, respectively (data not shown).
For operational stability, the CV responses of ADH modified elec-
trode were recorded and after 90 continuous cycles the current
responses remained �92% of the original signal.

The reproducibility of electrochemical response for biocathode
was examined by CV. The reproducibility of bioanode was de-
termined by comparing 5 modified ADH electrodes. The RSD of
ADH modified electrode response toward 1 mM ethanol and 1 mM



Fig. 3. (A) Chronoamperometric responses of PDDA/ADH/PDDA/HOOC-MWCNTs/PMG/GC electrode toward different concentrations of ethanol (1.66, 3.32, 4.98, 6.62, 8.26,
9.9, 11.53, 13.16, 14.78, 16.39 18.00, 19.61, 21.21, 22.81, 24.39 and 25.94 mM) at the applied potential of �0.5 V (vs. Ag/AgCl). The experiment was carried out in phosphate
buffer (0.1 M, pH 7.5) containing 1 mM NADþ . (B) Current changes against ethanol concentration. (C) Effect of pH on current response. The electrode was inserted in PBS
(0.1 M) with different pHs (6.2–7.8) and the CVs were recorded at the scan rate of 50 mV s�1. (D) Potential dependence on pH changes.

Fig. 4. Polarization curve (dotted line) and power curve (solid line) obtained by the
ethanol–oxygen BFC. The experiment was carried out in oxygen saturated PBS
(0.1 M, pH 7.5) containing 1 mM ethanol and 1 mM NADþ . The power density was
calculated by multiplying the voltage by the corresponding current density.
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NADþ in 0.1 M PBS pH 7.5 was 0.97% (data not shown).

3.4. Biofuel cell performance

The BFC is characterized while PDDA/ADH/PDDA/HOOC-
MWCNTs/PMG/GC and Pt/C are used as bioanode and cathode
respectively and the voltage is measured in oxygen saturated PBS
(0.1 M, pH 7.5) containing 1 mM ethanol and 1 mM NADþ . One of
the important parameter in the evaluation of BFCs that will be
addressed is open-circuit voltage (OCV), which is the difference of
electrical potential between two terminals of a device while dis-
connected from the circuit and therefore, no external electric
current flows between the terminals (Topcagic and Minteer, 2006).
The measured OCV is typically less than the theoretical value due
to overpotentials at very low current densities. Determination of
OCV is necessary for polarization testing. So, the OCV is de-
termined using a Potentiostat/Galvanostat over time until reach to
a plateau. The voltage is initially less than 100 mV and then gra-
dually rises to a maximum value of 281 mV. This value is stable at
least for 5 h. For polarization testing, the potential is scanned from
the OCV value to 0 V at the voltage scan rate of 1 mV s�1.

Fig. 4 represents power and voltage generated in the BFC with
respect to current. The produced current density reveals the rate of
catalytic turnover and transport processes as a function of the
surface area of the electrode. As seen, maximum power density
produced by the BFC was 1.713 mW cm�2. The power density of
our BFC is higher than those reported in the literature (Table 1).
Each polarization curve has three overpotential zones that are
related to activation loss, ohmic loss and mass transfer loss which
result BFC overpotential (Basu and Basu, 2013; Radoi and Com-
pagnone, 2009). The activation loss is dominant at low current
densities when the rate of the electrochemical reaction at the
electrode surface is controlled by slow electrode kinetics. The
processes comprising adsorption of reactant species, transfer of
electrons across the double layer, desorption of product species,
the number and distribution of active sites, and the nature of the
electrode surface can all contribute to activation loss. Ohmic losses
differ directly with current, increasing over the entire range of
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current density. These are due to the electrode materials, inter-
connects current collector plates and constant resistance between
various interfaces. The Ohmic losses can be decreased by reducing
contact resistances at various interfaces. The concentration losses
occur due to the mass transport limitation of reactants/products to
or from the electroactive sites. These voltage losses occur over the
entire range of current density, but become prominent especially
at high currents, when it is difficult to provide enough reactant
transferring to the enzyme active sites. But as seen in Fig. 4, only
two regions can be distinguished: (a) activation loss in the initial
part and (b) ohmic loss and mass transfer loss which are combined
in the same zone. For increasing the BFC efficiency, the activation,
Ohmic and mass transfer losses should be decreased. The mass
transport voltage losses can be reduced by making the higher
porosity of the electrode without losing conductivity, or a right
combination of the hydrophobic and hydrophilic properties of
materials used to construct electrode layer (Deng et al. 2010). The
use of HOOC-MWCNTs can decrease all overpotentials because of
high electrical conductance and more enzymes loading and
therefore promoting the enzyme-substrates interaction (Heller,
2004).

As seen, beside the simplicity of the bioanode preparation, OCV
and power density is improved satisfactorily. It seems that PMG as
mediator could increase the power generation and cell current
because of reducing the redox potential between NADþ and
electrode and also the existence of HOOC-MWCNTs could increase
the electron transferring from substrates to electrode (Motoyama
et al., 2008). In addition PDDA provides a biocompatible en-
vironment to preserve ADH bioactivity. In the optimum condition
the power density test is carried out three times and the standard
deviation at maximum power density is calculated to be
6�10�5 mW cm�2. The reason for such an increase in power and
current density could be attributed to the different parameters:
(a) CNTs as efficient hosts for redox species may enhance the
electroactivity of bioanode. (b) The large surface area and the
electronic conductivity of CNTs may also improve both the reactive
species (ADH) loading and electron transfer rate at bioanode, as
well. (c) PMG is able to diminish the redox potential of NADH/
NADþ which accelerate electron transfer rate. (d) CNTs may also
accelerate the rate of electron transferring via connecting to the
active site of enzyme. (e) Moreover, PDDA may prevent the de-
naturation of ADH at the surface of CNTs and consequently the
enzyme catalyzes more ethanol oxidation. (f) Besides, CNTs in-
crease bioelectrocatalytic processes by offering a closer proximity
between the reactive species and the electrode surface, and by
improving diffusion of ethanol and oxygen within the enzyme
films (Bourourou et al., 2014; Kowalewska and Kulesza, 2012).
4. Conclusion

The large surface area and high electronic conductivity of CNTs
are two important factors that improve both the enzyme loading
and electron transfer rate. The existence of PDDA as a polyelec-
trolyte in nanocomposite could keep enough water and other
hydrophilic molecules around the enzyme which prolong the ADH
activity. In addition, due to some reasons the BFC is so simple
which make it more user friendly for commercial applications:
(I) It is operating at ambient conditions. (II) The ethanol as fuel is
available in fermentation process in low cost. (III) The BFC is non-
compartmentalized and does not need to use the membrane. (IV)
The design allows the application of BFC directly in a vessel con-
taining alcohol solution (e.g. barrel of wine fermentation). (V) The
method for enzyme-immobilization is simple. (VI) The application
of MG as mediator decreases the over potential for NADþ .
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