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Multi-walled carbon nanotubes (MWCNTSs) with glucose oxidase (GOx) are directly fabricated on
glassy carbon electrode (GCE) and indium tin oxide electrode (ITO) by simple process. The
MWCNTs/GOx modified ITO electrode surface has been studied in detail using scanning electron
microscopy (SEM) and atomic force microscopy (AFM). This MWCNTs/GOx film modified GCE
effectively exhibits the electro oxidation signals for the detection of glucose. MWCNTS provided large
surface area for GOx base on modified electrode. The cyclic voltammetry (CVs) has been used for the
measurement of electroanalytical properties of analytes by means of modified electrodes. The power
densities of glucose biofuel cell based on the MWCNTSs/GOXx electrode was 65 uW/cm? at 0.58 V,
respectively. The biofuel cell showed highly stable output in long term performance. Efforts are
underway to improve the interface transfer to achieve higher potential and current output.

Keywords: Multi-walled carbon nanotubes (MWCNTS); Glucose oxidase (GOx); Glucose; Biofuel
cell ; Membraneless, Electrochemical Reactions, Bioelectrochemistry.

1. INTRODUCTION

Global energy demands continue to increase every year. While petroleum products currently
supply much of this demand, the increasing difficulty of sustained supply and the associated problems
of pollution and global warming are acting as a major impetus for research into alternative renewable
energy technologies [1]. Fuel cells are devices that convert chemical energy into electrical energy.
Biofuel cells offer a possible solution to this problem, with the fuel needed for conventional cells
usually being either hydrogen, methanol and glucose [2-3]. Biofuel cells have traditionally been
classified as either microbial-based and enzymatic fuel cells according to whether the enzymes were
located inside of microorganisms or outside of living cells [4]. The main benefits of enzyme-based
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biofuel cells are the capability to produce biofuel cells orders of magnitude smaller than equivalently
powered microbial cells and allowing operation to take place closer to the redox potential of the
enzyme itself. For an efficient operation of an enzyme-based biofuel cell a number of conditions must
be satisfied. The enzyme should have high catalytic activity, stability, and be inexpensive [5]. Enzyme-
based fuel cells have remained a popular focus for research due to the high turnover rates associated
with enzymes that lead to a high biocatalysis rate [6]. Glucose biofuel cells generate electricity through
oxidation of glucose on the anode and reduction of oxygen on the cathode [7-11]. Glucose oxidase
(GOx) may be the best enzyme for the biofuel cells [12-13]. GOXx is stable, highly catalytically active,
inexpensive, and glucose as a fuel is wide spread in the biological environment [14]. It comprises one
flavin adenine dinucleotide (FAD/FADH;) cofactor per monomer [15-16]. The FAD/FADH, is so
deeply buried in the electrically insulating glycoprotein, ~15 A below the protein surface, that it is not
directly electrooxidized or electroreduced at an electrode surface [17-18]. In aqueous solution at pH
7.0, the redox potential for the active site of the enzyme FAD/FADHj is sufficiently negative for anode
operation [19]. A major challenge is the FAD/FADH; redox center of GOx is located deeply in the
apoenzyme [20-21].

Advances in nanoscience and nanotechnology have created a new direction for design and
development of next generation electronic micro- and nanoscale materials and devices for industrial,
pharmaceutical, clinical, environmental, space exploration, and defense applications [22-30]. Suitable
electrode materials and immobilization methods of enzymes onto the electrode surface are important
for obtaining their direct electrochemical reaction and keeping their bioactivities [31-32]. Carbon
nanotube (CNT) is an attractive catalyst support because of its unique properties such as small size,
large surface area, high electrical conductivity, and high chemical and thermal stability. For these
reasons, conducting nanowires for fast electron transfer between the active site of an enzyme and the
electrode surface of conventional carbon supports in fuel cell electrodes [33-55]. Recent studies in the
field of multi-walled carbon nanotubes (MWNTSs) modified electrodes demonstrated new perspectives
for the nanodevice constructions. The MWNTSs have a fast electrontransfer rate for different redox
reactions and better electrical conductivity compared to single-walled carbon nanotubes. The unique
properties of MWNTS as an electrode material include nanometer scale and well-graphitized structure,
which can be used to construct three-dimensional nanoelectrode ensembles [56-58].

In this report, we have exploited unique properties of multi-walled carbon nanotubes for the
fabrication of a glucose oxidase (GOx) electrode as an anode for biofuel cells based on electrode
surface. We designed novel configuration biofuel cells for highly power density. The proposed
method is simple and would be applicable to enhance the power output of miniaturized biofuel cell.

2. EXPERIMENTAL

2.1. Materials

Multi-walled carbon nanotubes (Aldrich) was used as received, Cetrimonium bromide (CTAB),
Hydroquinone (HQ), Glucose oxidase (GOx) (EC1.1.3.4) were purchased from Sigma—Aldrich (St.
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Louis, U.S.A.). All other chemicals used were of analytical grade and used without further purification
0.1 M pH 7.0 phosphate buffer solutions (PBS). Aqueous solutions were prepared using doubly
distilled deionized water and then deaerated by purging with high purity nitrogen gas for about 20 min
before performing electrochemical experiments. Also, a continuous flow of nitrogen over the aqueous
solution was maintained during measurements.

2.2. Apparatus

Cyclic voltammetry (CVs) was performed in an analytical system model CHI-1205A
potentiostat. A conventional three-electrode cell assembly consisting of an Ag/AgCl reference
electrode and a Pt wire counter electrode were used for the electrochemical measurements. The
working electrode (anode) was glassy carbon electrode (GCE; area 0.07 cm?), cathode of electrode
was platinum electrode (Pt; area 0.007 cm?). In these experiments, all the potentials have been
reported versus the Ag/AgCI reference electrode. The morphological characterizations of the films
were examined by means of SEM (Hitachi S-3000H) and atomic force microscopy (AFM) (Being
Nano-Instruments CSPM5000). The power output measurements system by KEITHLEY 2400. All the
solutions were purged with high purity nitrogen gas for about 20 min before performing
electrochemical experiments. Also, a continuous flow of nitrogen over the aqueous solution was
maintained during measurements. All the experiments were carried out at room temperature (=~ 25°C).

2.3. Preparation of MWCNTSs/glucose oxidase (GOx) modified electrodes

There was an important challenge in the preparation of MWCNTSs. Because of its hydrophobic
nature, it was difficult to disperse it in any aqueous solution to get a homogeneous mixture. Briefly, the
hydrophobic nature of the MWCNTSs was converted in to hydrophilic nature by following the previous
studies [59-60]. This was done by weighing 10 mg of MWCNTSs and 200 mg of potassium hydroxide
in to a ruby mortar and grained together for 4 hr at room temperature. Then the reaction mixture was
dissolved in 10 ml of double distilled deionized water and it was precipitated many times in to
methanol for the removal of potassium hydroxide. A stable suspension of MWCNTSs was obtained by
dispersing the MWCNTSs in a solution of surfactant, such as cetyltrimethylammonium bromide (CTAB,
a cationic surfactant). MWCNTSs (dispersed in the solution of 0.1% CTAB) MWCNTSs (dispersed in
the solution of 0.1% CTAB) has promotion effects homogeneous dispersion. Thus obtained MWCNTSs
was ultrasonicated for 6 hr to get a uniform dispersion. This functionalization process of MWCNTSs
was done to get a hydrophilic nature for the homogeneous dispersion. This process not only converts
MWCNTSs to hydrophilic nature but this helps to breakdown larger bundles of MWCNTS in to smaller
ones also.

Prior to modification, glassy carbon electrode was polished with 0.05 um alumina on Buehler
felt pads and then ultrasonically cleaned for about a minute in water. Finally, the electrode was washed
thoroughly with double distilled water and dried at room temperature. The cleaned glassy carbon
electrode was coated with 2uL. of MWCNTSs and the solvent was allowed to evaporate at room
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temperature.

The glucose oxidase (GOx) was immobilized onto the MWCNTs modified electrode surface by
adsorption attachment. 2uL. GOx solution (5 mg/ml in pH 7.0 PBS) was pipetted onto the electrode
and the surface was dried for approximately 1 h at room temperature. The resulted modified electrode
was stored in a refrigerator at 4 -C for use. The film formed on the electrode surface can be expressed
as the Scheme 1.

Glucose 0,

o Gluconic H,O

— : —_—
K Anode electrolyte Cathode /

Scheme 1. A stack design for the configuration of biofuel cell with MWCNTs/GOx modified
electrodes.

3. RESULTS AND DISCUSSIONS

3.1. Electrochemical characterizations of MWCNTs/GOx

In the following experiments, each newly prepared film on GCE has been washed carefully in
deionized water to remove the loosely bound GOx on the modified electrode. It was then transferred to
pH 7.0 PBS for the other electrochemical characterizations. These optimized pH solutions have been
chosen to maintain the higher stability (pH = 7.0). Fig. 1 shows different types (a) only GOx, (b)
MWCNTSs and (¢) MWCNTs/GOx. The corresponding cyclic voltammograms have been obtained at
100 mVs™ scan rate in the potential range of -0.65 to -0.2 V. The redox peak current at formal
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potential E” = -0.39V represents the redox peak for GOx (curve ¢ ). Curve (a) of figure shows cyclic
voltammetric response of GOx modified electrode. As can be seen, there is no obvious peak in the
potential region studied. Curve (b) only MWCNTs modified electrode shows broad background
current. From this figure, comparison of curve (a) and curve (c) , it is found that the presence of
MWCNTSs shows the currents increased, it is found that the presence of MWCNTSs shows the catalytic
effect on GOx redox peak currents.
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Figure 1. Cyclic voltammograms in 0.1 M PBS (pH = 7.0) for different electrodes: (a) only GOXx; (b)
MWCNTS; (c) MWCNTS/GOX, scan rate = 100mV s™.

Immobilization of enzymes to solid electrode surface is a key step for the design, fabrication
and performance of the biosensor, since it is well known that some enzymes retain their activity when
they are immobilized [61]. Inorder to confirm stability of modified electrode, the cyclic voltammetric
of the MWCNTSs/GOx electrode using PBS ( pH = 7.0) at different scan rates (10 to 100 mV/s) . Fig. 2
shows that the anodic and cathodic peak currents of both the film redox couples which have increased
linearly with the increase of scan rates. Calibration curve for data in figure 2 (a) shows lpa & Iy Vs.
scan rate, (b) Ips & o vs. scan rate. The ratio of I/l from the inset has demonstrated that the redox
process has not been controlled by diffusion. However, the AE, of each scan rate reveals that the peak
separation of composite redox couple increases as the scan rate is increased.

Fig. 3 shows the cyclic voltammetric of MWCNTSs/GOXx on electrode obtained in PBS, then
washed with deionized water and was transferred to various pH aqueous buffer solutions. This shows
that the film is highly stable in the pH range between 1 to 13. The values of Ey, and Ey depends on the
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pH value of the buffer solution. The inset in Fig.3 shows the potential of MWCNTs/GOx plotted over
a pH range from 1 to 13.
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Figure 2. Cyclic voltammograms of 0.1 M PBS (pH = 7.0) at MWCNTs/GOx electrode at different
scan rate from 10 mV s to 1000 mV s, respectively. Calibration curve for data shows lpa &
loc VS. (scan rate) and lpa & Iy VS. scan rate'’?.
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Figure 3. Cyclic voltammograms of the MWCNTs/GOx transferred to various (a) 1, (b) 4, (c) 7, (e) 9,
(d) 11, (f) 13, pH solutions. The inset shows the formal E vs. pH.
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3.2. Morphological characterization of MWCNTs/GOx film

Figure 4. SEM images of (A) MWCNT; (B) only GOx; (D) MWCNTs/GOx on ITO electrode .

Over the last decade, biofuel cells have become a popular research area, and traditional
analytical techniques have been tailored to study them. Electroanalytical techniques were the first to be
used to characterize and understand bioelectrodes for biofuel cells, but recently, microscopic
techniques have been adapted for use in this field. Using these techniques, researchers have developed
a much more fundamental understanding of the properties of the bioelectrodes [60]. There are two
commonly used electron microscopy techniques for imaging biofuel cell materials: scanning electron
microscopy (SEM) and atomic force microscopy (AFM). Prior to modification, ITO surfaces were
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cleaned and ultrasonicated in acetone—water mixture for 15 min and then dried. Further, three different
films; MWCNTSs, only GOx and MWCNTs/GOx have been prepared on the ITO electrode were
characterized using SEM.
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Figure 5. AFM images of (A) MWCNT; (B) only GOx; (D) MWCNTSs/GOx on ITO electrode .

From Fig. 4, it is significant that there are morphological differences between both the films. It
is a well known fact that the prolonged exposure to the electron beam will damage the GOx films, so
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an utmost care was taken to measure these images. The top views of nano structures Fig. 4 (A) on the
ITO electrode surface shows uniformly deposited homogeneously dispersed MWCNTSs on this
electrode. The MWCNTs/GOx film in Fig. 4 (C) reveals that the GOx had covered the entire
MWCNTs. Comparison of (B) only GOx and (C) MWCNTs/GOx reveals, these results could be
explained as the increase in deposition of GOx presence of MWCNTSs. We can clearly see that the
immersed MWCNTSs/GOx have been gathered together. The same modified ITO electrodes have been
used to measure the AFM topography images of Fig. 5 (A) MWCNTs, (B) only GOx, (C)
MWCNTSs/GOx electrode. In all these cases the observed morphological structure is similar to that of
SEM.

3.3. Electroanalytical response of glucose at MWCNTSs/GOXx film

The MWCNTs/GOx film was synthesized on GCE at similar conditions as described in
Materials and Methods.
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Figure 6. Cyclic voltammograms of different electrodes in pH=7.0 PBS containing 1 mM
Hydroquinone (HQ) with 5 mM glucose, scan rate = 100 mV s™: (a’) bare GCE and (b)
MWCNTs/GOx; (a) MWCNTSs/GOx in the absence of glucose. Inset shows a current vs.
concentration plot of glucose at MWCNTs/GOx electrode.
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Then the MWCNTSs/GOx modified electrode was washed carefully in deionized water and
transferred to pH 7.0 PBS for the electrocatalysis of glucose. All of the CVs were recorded at the
constant time interval of 2 min with nitrogen purging before the start of each experiment. The
enzymatic reaction in the use of GOXx as a receptor can be described as follows:

GO :
FAD + glucose A FADH; + Gluconolactone (Enzymatic) 1)
HQ + - .
FADH,; = FAD +2H" + 2e (Electrochemical) @)

Fig. 6 shows the electrocatalytic oxidation of glucose. Curve (a’) bare GCE and (b)
MWCNTs/GOx; (a) MWCNTs/GOx (absence of glucose) in pH=7.0 PBS containing 1 mM
hydroquinone (HQ) with 5 mM glucose, scan rate = 100 mV s™ in the potential range of -0.5 t0 0.5 V.
Inset shows a current vs. concentration plot of glucose at MWCNTSs/GOXx electrode. Upon addition of
glucose a new growth in the oxidation peak at 788 mV of respective analytes have appeared at the
current values. An increase in concentration of glucose, simultaneously produced a linear increase in
the oxidation peak currents of the glucose. Oxidation of glucose by the biocatalyst yields the reduced
FADH; redox site. The hydroquinone (HQ) mediates oxidation of FADH; and further electron transfer
to the electrode. As the quinone is exposed to the electrode surface, its rapid oxidation by the
conductive support allows the cyclic electrochemically induced oxidation of glucose. The observations
at bare electrode (curve a’) clearly indicate that the fouling effect of the electrode surface with the
oxidation obtaining the weak single peak for glucose. From all these above results it is clear that
MWCNTSs/GOx film is more efficient and exhibits enhanced functional properties compared to that of
bare alone.

3.5. Biofuel cell performance of MWCNTs/GOx modified anode

As model for a membraneless biofuel cell working under physiological conditions, the
MWNTs/GOx modified electrode was applied as anode together with a Pt electrode as cathode in a 5
mM solution of glucose in pH 7.0 PBS containing 1 mM hydroquinone (HQ). The application of the
MWNTs/GOx modified electrode for the biofuel cell has been demonstrated during GOXx electrode
testing in galvanostatic regime (Fig. 7). Analysis has shown that the catalytic electrooxidation current
of glucose appears at 0.58 V with a current density of 0.02 uA/cm2 and reaches 59 pA/cm?® at 0 V vs.
Ag/AgCI. Current density was calculated versus geometric electrode area, giving 0.07 cm® The open
circuit potential (OCV) (0.58V) of the glucose oxidase (GOx) modified electrode is close to the redox
potential of the FAD/FADH, cofactor in the enzyme itself. Thus, MWCNTs/GOXx electrodes based on
membraneless electron transfer between the active site of the enzyme and MWCNTSs offer promising
solutions for generations of biofuel cells. As the current is produced, the cell voltage starts to decrease,
the cell voltage drops faster and become 0 Vat 59 uA/cm2 of the short circuit current (SCC). From the
measured 1-V curves, maximum power densities are calculated to be 65 pW/cm?.
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Figure 7. Polarization curve (red) and dependence of the power density on the operating voltage (blue)
for a membrane-less biofuel cell consisting of MWCNTs/GOx modified electrode as anode in
combination with a Pt electrode as cathode. As fuel a 5 mM solution of glucose in PBS (pH 7.0)
containing 1 mM hydroquinone (HQ) was used.

4. CONCLUSIONS

We have demonstrated application of MWCNTs/GOx modified electrode for biofuel cell. The
modified electrode showed stable response. High sensitivity and stability together with very easy
preparation makes MWCNTs/GOx electrode as promising candidate for constructing simple
electrochemical sensor for glucose. The SEM and AFM results have shown the difference between
type films morphological data. Further, it has been found that the MWCNTSs/GOx has an excellent
functional property along with good electrocatalytic activity on glucose. The experimental methods of
CVs with film biosensor integrated into the GCE which are presented in this paper, provide an
opportunity for qualitative and quantitative characterization, even at physiologically relevant
conditions. Thus, glucose biofuel cell anodes with increased coulombic efficiency far beyond the usual
yield of two electrons per substrate molecule can be developed. Besides glucose, a variety of other
substrates can be oxidized by these anodes. It is expected that this easy fabrication of enzyme
electrodes will paves the way for the development of a new generation of biofuel cells and also will be
useful for the development of bioreactors and biosensors.
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