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Here we present the design and study of a simple biofuel cell consisting of a glucose oxidase (GOXx)-
based bioanode and a laccase based bio cathode. Ferrocene monocarboxilic acid (FMCA) was used as
a mediator for the bio anode to enhancing the electron transfer at the glassy carbon electrode (GCE)
surface. GOx was co immobilized at electrochemically reduced graphene oxide (ERGO) by simple
electrochemical approach, and the Laccase was incorporated in multiwalled carbon nanotube/Zinc
oxide composite modified GCE. The morphological studies of the bio anode and bio cathode have
been investigated by scanning electron microscope (SEM). The electroanalytical properties of each
modified bioelectrodes have been investigated by the cyclic voltammetry. The redox potential of the
each enzyme as used to set up the open circuit potential. The fabricated biofuel cell delivers a power
density up to 54 nW cm ~ 2 and an open circuit voltage of 0.055 V, under the physiological conditions

(pH 7).

Keywords: ERGO/GOx biocomposite, MWCNT/ZnO, Laccase, FMCA, electrocatalysis, glucose, O,
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1. INTRODUCTION

For the past one decade, the enzyme based biofuel cell has been well known and demonstrated
in various research articles [1-2]. Various nanomaterials modified enzymatic electrode materials have
been reported for enzymatic biofuel cell [3]. Glucose oxidase has been used as an anodic oxidant for
the oxidation of glucose in the glucose biofuel cell [4-5]. The first GOx based glucose biofuel cell has
been reported in 1964 by Yahiro et al [6]. However, the direct oxidation of glucose by GOx is very
poor at the electrode surface. To over come this problem, redox mediators has been used to achieved
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the direct oxidation of glucose by GOx at electrode surface [7-11]. Though, the direct electron transfer
of GOx at bare electrode is too poor, because of the deeply buried active sides of GOx. Nowadays,
nanomaterials have been used for achieve the DET of GOx by different modifications, such as
covalent linkage or entrapment, physical absorption, etc [12-13]. Among various nanomaterials,
reduced graphene oxide (RGO) as the hottest material for past one decade in many enzyme based
biosensor and biofuel cell applications [14]. GOx has been immobilized at RGO surface by using cross
linkers or binders and it has been used in the biofuel cell applications. However, in this report, we
present the single step electrochemical fabrication of electrochemically reduced graphene oxide
(ERGO)/ GOx biocomposite without any binders and cross linkers by reported early [15]. The
fabricated (ERGO)/ GOx has been used with ferrocene mono carboxylic acid (FMCA) mediator as a
bioanode for glucose oxidation in the biofuel cell.

On the other hand, multi walled carbon nanotube (MWCNT) is an emerging material for the
immobilization of various enzymes because of its unique properties such as large surface area and high
electron communication [16-24]. Laccase has been used as a biocathode material in the biofuel cell for
the reduction of O,. In this report, the biocathode has been constructed by immobilizing laccase at
multiwalled carbon nanotubes (MWCNT)/ zinc oxide (ZnO) composite. In our previous literature
reports proved that, MWCNT/ZnO composite has been used as a potential candidate for immobilizing
the negative charged enzymes at the electrode surface [25-28].

In this article, we present a simple enzymatic biofuel cell consisting of ERGO/GOx based
bioanode and MWCNT/ZnO/laccase based biocathode for glucose/oxygen biofuel cell. The fabricated
ERGO/GOx biocomposite shows, the enhanced oxidation of glucose in the presence of FMCA
mediator. MWCNT/ZnO/laccase shows, superior cathodic reduction of molecular oxygen at the
bioanode in ambient conditions. The unique properties of the bioanode and biocathode have been used
to construct the efficient glucose/O, enzymatic biofuel cell.

2. EXPERIMENTAL

2.1 Chemicals

Graphite powder was purchased from Sigma-Aldrich. MWCNTSs with the lengths of 0.1-10 um
were obtained from Aldrich. Zinc nitrate hexa hydrate, (Zn (NO3),. 6H,0, 99 % pure) and potassium
nitrate (KNO3) were obtained from Sigma-Aldrich. GOx was obtained from Sigma-Aldrich and used as
received without any further purification. Laccase was received from Trametes versicolor and stored in
the -20°C. The supporting electrolyte used for all experiments was pH 7 phosphate buffer solution
(PBS), which was prepared by using 0.05 M Na,HPO, and NaH,PQO, solutions. All agueous solutions
were prepared with doubly distilled water. Electrochemical experiments were performed using a single
compartment, three-electrode cell apparatus under an anaerobic condition.
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2.2. Apparatus

Electrochemical measurements were performed on a computer-controlled electrochemical
analyzer (CHI 750 A, CH instruments). Surface morphological studies were carried out using Hitachi
S-3000 H scanning electron microscope (SEM). Cell current and voltage were measured with a
precision multimeter (Keithley instruments; model 2400). Electrochemical experiments were
performed in three electrode system with Ag/AgCI (Sat. KCI) as the reference electrode, platinum foil
as the counter electrode and glassy carbon electrode (GCE) was used as working electrode. All
electrochemical measurements were conducted at ambient temperature.

2.3 Fabrication of the bioanode and biocathode

The fabrication of GOx immobilized ERGO at GCE by simple electrochemical approach by
our method reported previously [15]. The ERGO/GOx modified electrode was further used to
construct a bioanode. Before modification of GCE (active surface area = 0.07 mm), electrode was first
polished with alumina slurry then sonicated in the ethanol in distilled water for 3 min. The fabricated
ERGO/GOx electrode was rinsed with distilled water, dried in room temperature, and modified
electrode was used as a bioanode for the oxidation of glucose in FMCA containing pH 7 solution at
glucose BFC.

The biocathode for glucose BFC was prepared by laccase immobilized onto the MWCNT/ZnO
modified GCE. MWCNT/ZnO was prepared by according to our method previously reported [24-27].
Fresh laccase enzyme was prepared by using (pH 5) phosphate buffer solution. About 8 ul of laccase
was drop coated on MWCNT/ZnO modified GCE. After that, it was rinsed with doubly distilled water
and dried in an air oven. MWCNT/ZnO/lac modified GCE was used as a biocathode for the reduction
of O, in pH 7 solution in glucose BFC.

3. RESULTS AND DISCUSSION

3.1. Formation mechanism of ERGO/GOx biocomposite and MWCNT/ZnO composite

For the preparation of ERGO/GOx biocomposite, 15 consecutive cycles were performed by
cyclic voltammetry at GO-GOx modified GC electrode in pH 5 solution at the scan rate of 50 mV s
in anaerobic condition. As shown in fig.1A, a broad cathodic peak was appeared with an onset
potential of -0.8 V, after the first cycle, the cathodic peak was disappeared. It is indicating that the
reduction of oxygen functionalities of GO surface. Moreover, while the electrochemical reduction,
GOx free amino groups were covalently linked with COOH group of ERGO to form the ERGO/GOx
biocomposite. From these results we confirmed that, ERGO/GOx biocomposite was formed by the
covalent entrapment between ERGO and GOX.
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Figure 1. A) Cyclic voltammogram obtained at electrochemical reduction of GO—GOx modified GCE
in N, saturated PBS (pH 5) at the scan rate of 50 mV s™. B) 30 consecutive cyclic
voltammograms recorded at a MWCNT modified GCE in 0.5 mM (ZnNO3),. 6 H,O and 0.5
mM KNOj; containing N, saturated 0.05 M PBS (pH 7) at the scan rate of 50 mV s™.

MWCNT/ZnO composite was prepared by MWCNT modified GC electrode immersed in an
electrochemical cell containing 0.05 M (ZnNO3),.6H,0 and KNO3 solution in an anaerobic condition.
30 successive cycles of cyclic voltammograms were performed in the potential range between 0 and -
1.5 V at the scan rate of 50 mVs™ in 0.5 mM ZnNO3.6 (H,0) and 0.5 M KNOj3 in pH 7 solution. As
shown in fig.1B, a small anodic hump appears at -0.66 V at the first cycle, representing the formation
of Zn?" ions from the ZnNO3.6 (H,0) solution [29]. During the further scans at more negative potential
(~1V), the as dissociated NOs. ions had undergone further reduction forming both NO,. ions and
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oxygen. Meanwhile, the released oxygen was captured by the anchored Zn?* ions, resulting in the
formation of MWCNT/ZnO composite as we mentioned early in our reports.

3.2. Surface characterization of bioanode and biocathode

Surface characterization of bioanode has been characterized by SEM analysis. As fabricated
ERGO/GOx biocomposite as shown in fig.2A, the GOx spheres are appeared above the ERGO sheets
after the electrochemical reduction of GO/GOx composite. Moreover, electrochemically reduced GO
has several sheets are folded together to form the typical structure to retained the ERGO. From the
SEM results clearly indicate that, the GOx was well immobilized on the ERGO.

Figure 2. SEM images of ERGO/GOx biocomposite (A), MWCNT/ZnO composite (B)

The MWCNT/ZnO composite also been investigated by SEM as shown in fig.2B. From that
figure, individual ZnO micro-sponges were interconnected through MWCNT networks with an
average size about 500 nm to 1um. The good biocompatibility and net positive charged surface of the
MWCNT/ZnO are beneficial for immobilizing negatively charged enzyme like laccase.
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3.3. Electrochemical studies of bioanode
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Figure 3. (A) Cyclic voltammograms obtained at bare GCE/GOx (a), GO/GOx (b), and ERGO/GOx
(c) film modified GCEs in deoxygenated PBS at 50 mV s 'scan rate. (B) Cyclic
voltammograms of ERGO/GOx bio composite film modified GCE in deoxygenated PBS at
different scan rates.

The immobilization of GOx at ERGO/GOx biocomposite modified GCE was confirmed by
using cyclic voltammetry studies. In fig.3A shows that different modified electrodes at pH 7 in
anaerobic condition. In fig. 3c, ERGO/GOx modified electrodes showed a pair of well defined redox
peaks -0.458 and -0.413 V for GOx at electrode surface. However, GO/GOX (b) and GCE/GOx (a)
modified electrodes does not show any electrochemical peaks for GOx. These results suggest that,
electrochemically prepared ERGO/GOx biocomposite has the ability for efficient electron transfer at
the electrode surface.

The effect of different scan rate at ERGO/GOx biocomposite modified GCE also been studied
by varying the scan rates from 0.1 VV to 1.0 V in N, saturated pH 7 solution. As shown in Fig.3B, the
effect of scan rate is linearly dependent with the peak current and also the peak potential was shifted
towards negative direction by increasing the scan rates from 0.1 V to 1.0 V. From the results we
concluded that, the electron transfer of GOx at the electrode surface as a surface-controlled quasi-
reversible process, and as well GOXx retain its bioactivity even in higher scan rates.
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3.4. Electrochemical studies of biocathode

In order to confirm the immobilization of laccase at MWCNT/ZnO, the cyclic voltammetry
was performed at MWCNT/ZnO modified GC electrode in pH 7 solution at the scan rate of 50 mV s™.
Fig.4A shows that, the different type of modified electrodes at the potential range from 0 to 0.6 V.
From the figure, well defined redox peaks were observed at 0.373 V and 0.284 for laccase at
MWCNT/ZnO modified GCE (d). In that same case, only ZnO (b) and bare GC (a) modified
electrodes does not give any electrochemical signal for laccase. Moreover, MWCNT modified GCE (c)
has lower background current than that of MWCNT/ZnO composite modified electrode. From those

results confirmed that, laccase was stably immobilized at the composite electrode and also it used to
construct the biocathode.
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Figure 4. (A) Cyclic voltammograms obtained at bare GCE (a), ZnO (b), MWCNT (c) and
MWCNT/ZnO/laccase (d) film modified GCEs in deoxygenated PBS at 50 mV s 'scan rate.
(B) Cyclic voltammograms recorded at MWCNT/ZnO/laccase composite film modified GCE
in deoxygenated PBS at different scan rates. The scan rates from inner to outer are: 100 to 500
mV s~ . Inset shows the linear dependence of I, and I Vs scan rate.
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The different scan rates study of laccase immobilized MWCNT/ZnO composite electrode have
been shown in Fig. 4B. The cathodic and anodic peak current was linearly increased with increasing
the scan rates from 100 mV to 500 mV. The scan rate has the linear dependence with the peak current
of laccase modified electrode and the linear dependence as shown in Fig. 4B (inset).

3.5. Electrocatalysis of glucose by FMCA at ERGO/GOx biocomposite

The electrocatalytic ability of ERGO/GOx biocomposite towards glucose by FMCA has been
investigated by cyclic voltammetry in N, saturated 0.05 M PBS (pH 7) containing 0.5 mM FMCA in
the absence of glucose (a) and presence of 10 mM glucose (b) with the scan rate of 50 mVs™ as shown
in Fig.5. The well defied redox peaks were observed at 0.265 and 0.384 for FMCA in the absence of
glucose with the onset potential of 0.155 V (a). The oxidation peak current was increased significantly
in the addition of 10 mM glucose solution (b). The lower onset potential of FMCA which helps to
achieved a good performance towards glucose oxidation in the glucose biofuel cell. These results
confirmed that, the glucose was oxidized efficiently by FMCA at ERGO/GOx biocomposite modified
electrode and it could be used to construct the mediated glucose biofuel cell.
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Figure 5. (A) Cyclic voltammograms recorded at ERGO/GOx biocomposite film modified GCE
without (a) and with (b) 10 mM glucose containing deoxygenated PBS with 5 mM FMCA.

3.6. Electrocatalytic reduction of oxygen at ERGO/GOx biocomposite

The electrocatalytic reduction of molecular oxygen at laccase immobilized MWCNT/ZnO
composite modified GCE has been investigated by cyclic voltammetry in Nitrogen (a), air (b) and
oxygen (c) saturated conditions. As shown in Fig.6, in oxygen saturated condition the electrode
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exhibits more cathodic current than air saturated PBS solution. Moreover, the composite modified
electrode has more cathodic current in the presence of oxygen at ~ -0.1 V. These results indicate that,

the Cu active site of laccase has been efficiently reduced the molecular O, to H,O as shown in Equ.1.
[29]

Oy +4H' + 46— H,0 (1)
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Figure 6. (A) Cyclic voltammograms recorded at MWCNT/ZnO/laccase film modified GCE in N,
(@), air (b), and oxygen (c) saturated PBS.

3.7. The performance of bioanode and biocathode in Biofuel cell

The performance of bioanode and biocathode in biofuel cell has been investigated by results
from the polarization curves of the biofuel cell performance. For the construction of biofuel cell,
ERGO/GOx biocomposite (anode) and MWCNT/ZnO/laccase (cathode) modified GCE as used in 5
mM FMCA containing 10 mM glucose in PBS (pH 7) solution. The performance of the constructed
biofuel cell has been shown in Fig.7. From the polarization curve results; the open circuit voltage
(VOC) of the biofuel cell has been found as ~0.055 V and maximum power density has been achieved
as 54 nW cm ~ % These results shows that, the ERGO/GOx biocomposite and MWCNT/ZnO/laccase
modified electrodes have been used for constructed the efficient biofuel cell in ambient conditions.
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Figure 7. The Polarization curves of the constructed biofuel cell with ERGO/GOx biocomposite and
MWCNT/ZnO/laccase modified GCE electrodes in the presence of 10 mM glucose.

4. CONCLUSIONS

The simple biofuel cell consisting of the ERGO/GOx based bioanode and
MWCNT/ZnO/laccase based biocathode has been presented. From the SEM results clearly indicate
that, the GOx was well immobilized at the ERGO surface. ERGO/GOx biocomposite modified
electrode has potential for the effective oxidation of glucose in the presence of FMCA. Moreover,
MWCNT/ZnO/laccase modified electrodes have been used as a potential candidate for the molecular
oxygen reduction. The constructed biofuel cell delivers a power density up to 54 nW cm ~ 2 under the
physiological conditions (pH 7). As the future prospective, these composite materials could be used to
construct the biofuel cell by immobilization of various enzymes.
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