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’ INTRODUCTION

The electrochemical reduction of oxygen to water is one of the
most important reactions in electro-catalysis. Understanding the
mechanism of this reaction has huge implications in the field of
fuel cells and sensors. Fundamental electro-kinetic studies are
essential to understand the mechanism and characteristics of this
reaction. Such studies have been reported for oxygen reduction
using various metal catalysts. For example one can point to the
classic work by Damjanovic et al.,1�4 who studied the oxygen
reduction reaction (ORR) extensively on platinum surfaces.
Similarly Savinell et al. and Srinivasan et al. have studied this
reaction on various fuel cell electrodes and reported some
electrochemical parameters.5�8 These publications along with
other relevant literature published later,9�11 provide a quantita-
tive method of analysis to evaluate the electrochemical activity of
various metal catalysts for ORR, particularly for fuel cell applica-
tion. Recently, a comprehensive and analytical summary of the
kinetics of ORR by enzyme catalysts in comparison to the
platinum and nonplatinum group metal catalysts has been
presented by Gewirth and Thorum.12 The use of enzymes as
O2 reduction catalysts has huge implications for biological fuel
cells and biosensors.13 The critical issues in enzyme electro-
catalysis are the low active site loading (geometric area basis) and

insufficient electrical communication between enzyme redox
center and electrode. The former is due to the large size of the
enzyme compared to metallic catalyst centers, and the latter is
due to the electrical insulation of the enzyme redox center by the
surrounding protein matrix.14 A common strategy to overcome
the former issue is to composite the enzyme with nanomaterials
to increase the surface area and hence the catalytic loading.15�19

Among various nanomaterials used for this purpose, multiwalled
carbon nanotubes (MWNTs) possess high electrical conductiv-
ity and large surface area for enzyme immobilization. In evidence
to these MWNT properties, numerous research groups reported
enhanced electrochemical activity on MWNT-enzyme com-
posite modified electrodes as comprehensively reviewed in the
literature.20,21

To improve the immobilization stability of enzymes onMWNTs,
different approaches have been reported in the literature for a
multitude of enzymes.22 Of particular interest to this work are the
multicopper oxidases (MCOs) because of their electro-catalytic
activity for ORR. Accordingly, many research groups across the
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ABSTRACT:This article presents the kinetic studies of oxygen
reduction by one of the most important multicopper oxidases
(fungal laccase) using the classic tool of electrochemistry:
rotating ring-disk electrode (RRDE). Laccase was immobilized
on a multiwalled carbon nanotube (MWNT) modified inert
disk electrode using 1-pyrenebutanoic acid succinimidyl ester
(PBSE), as a tethering agent. The conditions for laccase
immobilization on MWNT were optimized to prepare a highly
active composite electro-catalyst for O2 reduction. The mecha-
nistic as well as kinetic parameters such as Tafel slopes, number
of electrons transferred, electrochemical rate constants (for heterogeneous charge transfer) and electron transfer rate constant were
calculated from the RRDE experiment results. The Tafel slope obtained was close to the value of that of ideal four-electron reduction
of O2 to water indicating a highly active laccase in the tethered composite. The RRDE results also suggested the presence of
intermediate steps in the oxygen reduction reaction. A model pathway for O2 reduction reaction at the laccase composite modified
electrode was postulated, and rate constants for individual reactions in the pathway were calculated. The rate constant for four-
electron O2 reduction was determined to be 1.46 � 10�3 mol s�1, indicating excellent electro-catalytic activity of the laccase-
MWNT composite catalyst.
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globe have explored the electro-catalysis of ORR by the MCOs
such as ascorbate oxidase, bilirubin oxidase, and laccase.23�29

Among these MCOs, laccase has received much interest because
of its ability to reduce O2 at high electrochemical potentials and
its potential use as cathode catalyst in biological fuel cells.30,31

Quite a few studies on the electrochemical oxygen reduction by
laccase have been reported in the literature.32�36 However, these
studies do not report key kinetic parameters of ORR by laccase,
except one where the biomolecular kinetics of mediated enzyme
electrode systems were discussed.36 No such studies have been
reported for a direct electrochemical reduction of oxygen by
enzyme electrodes.

Our previous work37 showed high electro-catalytic activity of
laccase-MWNT tethered composites for ORR through direct
electron transfer. In that work, laccase was molecularly tethered
to MWNT using 1-pyrene butanoic acid succinimidyl ester
(PBSE) as a tethering agent. As schematically shown in Figure 1,
PBSE covalently binds to the laccase on one end and noncova-
lently to the MWNT on the other end through a π�π inter-
action.38 The MWNT served as the immobilization support for
laccase while providing the added advantage of high electrical
conductivity and large surface area for electro-catalysis. In this
paper, we present the experimental results from our comprehen-
sive kinetic analysis of the tethered laccase-MWNT composite
catalysts using rotating ring-disk electrode (RRDE) studies. A
likely reaction mechanism for ORR by laccase in the kinetic
region has been postulated and substantiated. The various
electro-kinetic andmechanistic parameters for the bio-nanocom-
posite catalyzed ORR have also been quantified for the first time
for direct enzyme electro-catalysis.

’EXPERIMENTAL SECTION

Materials. MWNTs, 10 nm diameter and 1.5 μm length
(Dropsens, Spain) were used as the immobilization support.
PBSE (Anaspec Inc., Fremont, CA) was used as the hetero-
bifunctional tethering agent. N,N-dimethyl formamide (DMF)

(Thermo Fisher, NJ) was the solvent used for MWNTs and
PBSE preparation. Laccase from Trametes versicolor (Sigma,
St. Louis, MO) was the enzyme used for ORR electro-catalysis.
Industrial grade O2 (Airgas, Atlanta, GA) was used for the
electrochemical experiments. The electrolyte used was 100 mL
of 100 mM potassium phosphate buffer (pH 5.8). This phos-
phate buffer electrolyte was prepared using monobasic and
dibasic potassium phosphates (VWR, Suwanee, GA). Distilled
and deionized water (18 MΩ conductivity) was used to prepare
all the solutions.
Apparatus.RRDE setup (PINE Instruments Inc., Grove City,

PA) was used to carry out the electrochemical ORR kinetic
studies. The set up is made of glassy carbon disk and platinum
ring electrodes mounted on a rotating shaft controlled by an
RPM controller. An electrode polishing kit consisting of a polish-
ing pad and 0.3 μm pore size alumina powder (CH Instruments
Inc., Austin, TX) was used to polish the ring and disk electrodes.
A glass voltammetry cell of 125mL capacity was used to carry out
all the experiments. Ag/AgCl reference and platinum mesh
counter electrodes were obtained from CH Instruments Inc.,
Austin, TX. A potentiostat model CHI-920c (CH Instruments
Inc., Austin, TX) was used to control both the disk and ring
potentials. All the potentials were reported with respect to the
Ag/AgCl reference.
Laccase-MWNT Composite Preparation. The glassy carbon

disk and the platinum ring were polished with 0.3 μm pore size
alumina powder and then washed thoroughly with water. The
cleaned rotating disk electrode was coated with known quantity
of MWNT suspension, and dried at 70 �C. The MWNT coated
electrode was then incubated with PBSE solution of a known
concentration for 15 min. The excess tethering agent on the
electrode was washed away using DMF and then with phosphate
buffer (pH 7). After washing, laccase from a solution of known
concentration was immobilized on the MWNT-PBSE modified
electrode by drop coating and incubating for 30 min.
Electrochemical Characterization. All electrochemical mea-

surements were done in a 150 mL voltammetry cell containing
potassium phosphate buffer as electrolyte. The electrolyte was
initially saturated with O2 and then the experiments were carried
out using laccase-MWNT composite modified RRDE. Linear
sweep voltammograms were obtained for the disk and ring at
different rotation rates, where the disk potential was swept from
0.8 to 0 V at a scan rate of�0.01 V s�1, and the ring potential was
kept constant at 1 V. The Tafel region sweep experiment was
carried out for the disk electrode in the potential range of �0.2
to +0.2 V versus the onset potential for oxygen reduction. The
kinetic parameters such as Tafel slope, number of electrons, and
rate constants were calculated using voltammogram results and
Tafel plot data.

’RESULTS AND DISCUSSION

Optimization of Bio-Nanocomposite Preparation. The
preparation condition and composition of laccase-MWNT bio-
nanocomposite was optimized through a series of experiments as
explained below. The first set of optimization experiments was
carried out by varying the MWNT loading in the bio-nanocom-
posite to study the ORR. The various MWNT loadings tried on
the disk electrode surface were 0, 0.25, 0.5, and 0.8 mg cm�2, in
which 0.8 mg cm�2 gave the highest reduction current for ORR
at high potentials when tested using a cyclic voltammogram
(CV). Similar optimization studies were carried out for PBSE

Figure 1. Schematic of the bio-nanocomposite where laccase is tethered
to MWNT using pyrenebutanoic acid succinimidyl ester (PBSE).
Tethering is through a coupled covalent-binding of the protein and a
noncovalent sidewall functionalization of MWNT through a π�π
interaction. The tethered laccase reduces oxygen to water through direct
electron transfer.
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(incubating solution concentration = 1�10 mM) and laccase
(incubating solution concentration = 5�20 mg mL�1). The
optimized concentration of PBSE and laccase used for incubation
was 5 mM and 10 mg mL�1, respectively. The optimizations
were based on high achievable currents for ORR in the kinetic
region of the CVs (see Supporting Information, Figure A1). The
open circuit potential (OCP) obtained for the optimized bio-
nanocomposite modified electrode was 0.63 V vs Ag/AgCl. The
slope of the ORR curve was also higher in the optimized
condition, which is evident from the lowest difference between
the OCP and half peak potentials (see Supporting Information,
Figure A1).
For all our electrochemical kinetic studies, we prepared the

bio-nanocomposite using the optimized preparation conditions.
Figure 2 compares the CVs of the complete optimized bio-
nanocomposite (laccase, PBSE, and MWNT) with that of
incomplete composites (i.e., without one of the components).
As seen from Figure 2, the electro-catalytic activity of the
complete bio-nanocomposite was the highest, evidenced from
the steep oxygen reduction cathodic wave in the CV with an
onset potential of 0.55 V and a peak potential of 0.47 V. The
voltammograms also reveal that the absence of any one of the
components dramatically changed the shape of the cathodic
reduction wave. For example, in the absence of laccase, there was
no indication of any O2 reduction by the composite as both
anodic and cathodic waves showed no faradaic current. In the
absence of MWNT, the capacitance was too low (because of low
surface area of the composite) to notice any O2 reduction
activity. In the absence of PBSE, the laccase was only physically
adsorbed onto MWNT with weak interaction and poor direct
electron transfer. As a result, the ORR activity was significantly
less compared to that of the complete bio-nanocomposite.
Hydrodynamic Studies. RRDE studies were carried out to

derive the electro-kinetics of ORR by the laccase-MWNT bio-
nanocomposite. A schematic of the RRDE hydrodynamics for
ORR is shown in Figure 3a. The convection in the voltammetry
cell allows faster transport of the reactant (O2) from the bulk to
the disk electrode.39 At the disk, O2 is reduced, and the products
are immediately transported away toward the ring by convection
because of the rotating disk. Because the ring was held at
sufficiently high potential (1 V vs Ag/AgCl), any H2O2 formed
at the disk as a result of incomplete O2 reduction oxidizes to
water at the ring and is represented by ring current. The
experimentally measured disk current (ID) and ring current

(IR) at different disk rotation speeds (0�1500 RPM) are given
in Figures 3b and 3c, respectively. In the RRDE results, the
OCP of ORR measured on the disk at 0 RPM was 0.63 V
indicating a high redox activity by the catalyst. With no rotation,
the cathodic wave of CV showed O2 reduction at and below
0.55 V with a steep slope peaking at 0.47 V. Below this voltage,
the disk current started to decrease indicating the mass trans-
port limitation for O2 in the solution. At higher disk rotation
speeds, the mass transfer limitation for O2 transport to disk
surface was minimized resulting in high limiting currents. While
the increasing RPMs increased the limiting current (IL) of ORR,
the slope of the cathodic reduction wave remained constant
(37 μA V�1) indicating stable catalytic activity at all the rotation

Figure 2. Comparison of CVs of the complete and incomplete bio-
nanocomposite obtained in O2-saturated phosphate buffer (pH 5.8. Scan
rate is 10 mV s�1).

Figure 3. Rotating ring disk electrodemeasurements using linear sweep
voltammetry at various disk rotation speeds from 0.8 to 0 V at the scan
rate of 10 mV s�1. (a) Hydrodynamics at the rotating-ring disk
electrode. (b) Plot of disk current (ID) vs disk potential. (c) Plot of
ring current (IR) vs disk potential.
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speeds. The comparison of the ID for the highly active bio-
nanocomposite catalyst with a less active enzyme catalyst at a
rotation speed of 100 RPM is shown in Supporting Information,
Figure A2. The less active catalyst composite was prepared using
a partially denatured laccase. The figure shows a clear difference
in the cathodic wave slopes indicating that the laccase retained its
electro-catalytic activity inside the bio-nanocomposite. The
steepness of the ORR curve obtained for the bio-nanocomposite
consisting of laccase-MWNT provided clear evidence that the
tethered conjugates possess excellent direct electron transfer
capabilities as qualitatively determined in our previous work.37

Order of the Reaction. The order of the ORR at the bio-
nanocomposite modified disk electrode was determined by eq 1.

log ID ¼ log Ikin þ p log 1� ID
IL

� �
ð1Þ

where ID is the disk current, p is the order of the reaction, Ikin is
kinetic current of the disk electrode given by Ikin = (IL � ID)/
(IL � ID).

5 The equation shows the relationship between ID and
IL for different RPM, where IL is the limiting current at which the
rate of O2 reduction equals the rate of O2 diffusion. Ikin is the
intercept of the graph given in Figure 4. The values of ID and IL
were obtained from the voltammograms of rotation speeds
ranging from 50 to 1500 RPM at 0.25 and 0.3 V. High rotation
speeds were chosen for calculating p because they have low O2

diffusion control effects, which increases the precision of IL
calculation.40 Similarly the potential range 0.25 to 0.3 V was
chosen for calculations to ensure that the values are outside the
kinetic limited region. The plots of log ID versus log(1 � ID/IL)
in Figure 4 were linear with the slope values nearly unity, showing
that ORR at the laccase-MWNT modified electrode obeys first
order kinetics. The kinetic analysis such as the Levich analysis,
the Koutecky�Levich analysis, and rate constants are given in
the following sections based on first order kinetics of ORR.
Effect of Rotation Speed. The voltammograms given in

the previous sections were used to understand the relation-
ship between IL and concentration of O2 as a function hydro-
dynamics (i.e., RPM). This relationship can be explained by the
Levich eq 2.

IL ¼ 0:62nFAD2=3υ�1=6ω1=2c ð2Þ
where IL is the limiting current, n is the number of electrons
transferred per molecule of analyte, F is faraday’s constant, A is

the electrode surface area (0.196 cm2), D is the diffusion co-
efficient of O2 (2.6 � 10�5 cm2 s�1),41 υ is the kinematic
viscosity,ω is the frequency of rotation speed, and c is the analyte
concentration (1.22 mM).42 The IL values were obtained from
the voltammograms of the disk electrode. Because of the
difficulty in interpreting the precise value of the limiting current
from experimental data, the IL for 0 RPM was measured at a
potential of 0.48 V (where the disk current peaks), and for all
other rotation speeds it was measured at 0 V. The Levich and
non-Levich regions of the laccase-MWNT composite catalyzed
ORR is given by the plot between IL and ω1/2 as shown in
Figure 5. The linear region in the plot represents the Levich
region where the flow was laminar and Levich kinetics ap-
plies. Converting the ω1/2 of linear region to rotation speed
gives 0 to 500 RPM as the Levich region. The nonlinear region
is the non-Levich region where the free diffusion of O2 to the
electrode surface was hindered by heavy turbulence. The limiting
current in the non-Levich region is not a strong function of
O2 concentration. On the basis of these above results, all
other following kinetic studies were carried out within Levich
region.
Number of Electrons. The number of electrons involved in

the ORR laccase-MWNTmodified disk electrode was calculated
by the Koutecky�Levich eq 3 for a first order reaction5

1
ID

¼ 1
Ikin

þ 1

Bω1=2
ð3Þ

where ID is the disk current, Ikin is the kinetic current, ω is the
rotation speed, and B is the Levich slope given by eq 4.

B ¼ 0:62nFAcD2=3υ�1=6 ð4Þ
where n is the number of electrons transferred, F is the Faraday’s
constant, A is the electrode surface area, c is the bulk concentra-
tion of O2 in the electrolyte, D is the diffusion coefficient of O2,
and υ is the kinematic viscosity of the electrolyte (9.13 �
10�3 cm2 s�1).11 To calculate the n value, Koutecky�Levich
plots (1/ω1/2 vs 1/ID) for different RPM in the kinetic region
were plotted as shown in Figure 6a. The Koutecky�Levich plots
for various potentials (0.4, 0.35, 0.3, and 0.25 V) yielded straight
lines with slopes of 11.1, 11.9, 11.9, and 11.8 mA s�1/2 respec-
tively. By substituting these slope values in eq 4, the number of

Figure 4. Determination of the overall order of the reaction with
respect to oxygen for ORR by laccase-MWNT bio-nanocomposite.

Figure 5. Plot showing the Levich and Non-Levich regions for ORR by
bio-nanocomposite modified disk electrode. Rotation speeds ranged
from 0 to 2000 RPM. The linear part represents the Levich region, and
the nonlinear part is the non-Levich region.
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electrons transferred during ORR at bio-nanocomposite was
calculated to be between 3.8 and 4.0. These calculated values for
n were validated using IR data in the following section.
Ring Current Analysis.The variation of IR with disk potential

at different RPM as shown in Figure 3b indicates a difference in
H2O2 oxidation at the ring electrode. The IR was lower in the
diffusion limiting region when compared to the region above the
OCP. This is due to the activation polarization at high potentials
where the laccase could not “kick-start” the direct four-electron
reduction of O2 resulting in more H2O2 formation. The ring
currents showed also a decrease in magnitude with increase in
RPM, but at very high RPM the IRwas constant. Besides the high
electro-catalytic activity exhibited by the laccase-MWNT com-
posite catalyst, the ring and disk currents were comparable in
magnitude. This could be because of a simultaneous O2 and
H2O2 oxidation at the platinum ring, which was held at suffi-
ciently high overpotential for both these reactions to happen at
the operating pH. A detailed analysis of the ring current data has
been done to understand the extent of H2O2 formation at the
disk because of incomplete O2 reduction. The total number of
electrons exchanged per molecule of O2 directly relates to the
extent of the preferred four electron ORR. The number of
electrons was calculated from the ring and disk currents using
eq 5

n ¼ 4

1 þ IR
NID

ð5Þ

whereN is the collection efficiency. It refers to the fraction of the
H2O2 formed at the disk that was collected at the ring. It is purely
a geometric parameter that was experimentally determined to be
0.256 by the manufacturer for our RRDE setup.6 The potential
range used to calculate the number of electrons involved in O2

reduction was 0�0.525 V, which was the O2 reduction region.
The calculated values of n for different RPMwere plotted against
ID as given in Figure 6b. The plot shows that the number of
electrons involved in ORR varied between 3.8 and 4 at high
rotation speeds indicative of a direct four-electron reduction with
minimum intermediate formation (H2O2). The result supports
the argument that laccase-MWNT composites possess excellent
electro-catalytic activity for O2 reduction.
Electro-Catalytic Activity.The electro-catalytic activity of the

bio-nanocomposite toward ORR can also be evaluated using
Tafel slopes obtained in the kinetic region of O2 reduction from
the linear sweep voltammograms. Generally, the Tafel slope is
the slope of the linear region in an ID versus Ikin plot. The
theoretical value of the Tafel slope for a four-electron reduction is
15 mV (= 59 mV/n) per decade change of Ikin. The closer the
experimental value is to this number, the better is the electro-
catalyst for ORR.42 Figure 7 shows the Tafel plot for kinetic
region of ORR at the bio-nanocomposite, where the linear region
is from 1� 10�3 to 1� 10�2 mA. The obtained Tafel slope from
the above-mentioned region was 31 mV per decade change of
Ikin, and was constant for all RPM inside the Levich region. This
obtained Tafel slope for ORR on the disk electrode was lower
than the value obtained in our previous work.37 The difference
between the values could be due to the difference in the type of
the electrode used for bio-nanocomposite modification: glassy
carbon in this work whereas porous carbon paper in the previous
work.37 However, the Tafel slope for the laccase-MWNT com-
posite is significantly lower than the values for metallic ORR
catalysts reported in the literature that range from 60 to 140 mV
per decade,5,43 another metric supporting the evidence of high
electro-activity by the bio-nanocomposite. For comparison, the
electro-catalytic activity of a less active laccase containing bio-
nanocomposite for ORR (see Supporting Information, Figure
A2) was studied in a parallel experiment. The result for the less
active composite gave a Tafel slope >500 mV dec�1 of Ikin, which
is dramatically different from that of the active composite.
Electrochemical Rate Constants. The proposed reaction

pathway of ORR in the bio-nanocomposite modified electrode

Figure 7. Tafel plot obtained from the calculated kinetic current values
at different RPM in the kinetic region.

Figure 6. (a) Koutecky�Levichplots at variousdisk potentials (0.25�0.4V)
outside the kinetics limited region. (b)Number of electrons as a function
of disk potential in the O2 reduction region (0�0.525 V).
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is given by the eq 6, where K1, K2, and K3 are the reaction rate
constants for each of the reactions shown in the equation.

The O2,a in the above equation is the oxygen available to the
enzyme catalyst for reduction at the disk. H2O2,* is the hydrogen
peroxide formed as an intermediate at the disk because of
incomplete O2 reduction. A portion of the adsorbed H2O2,* on
the disk further gets converted into water, and the remaining
diffuses into the bulk electrolyte solution as H2O2,b. This
reaction model described in eq 6 is similar to the one reported
by Damjanovic et al.44 According to this model, the rate
constants of the ORR pathways were calculated by the following
equations.

K1 ¼ S2Z1
I1N � 1
I1N þ 1

ð7Þ

K2 ¼ 2Z1S2
I1N þ 1

ð8Þ

K3 ¼ Z2NS1
I1N þ 1

ð9Þ

Z1 ¼ 0:62D2=3
1 υ�1=6 ð10Þ

Z2 ¼ 0:62D2=3
2 υ�1=6 ð11Þ

where S1 and I1 are the slope and the intercept of the plot of ID/IR
versus ω�1/2, S2 is the slope of IDL/(IDL � ID) versus ω

�1/2.
These plots are shown in the Supporting Information, Figure A3.
The ID/IR versus ω�1/2 was plotted at 0.25 V, in which the
slope S1 is 4.50 and the intercept is �3.77. Similarly, the slope
of IDL/(IDL � ID) versus ω

�1/2 is 2.24. Applying these values in
the above equations gives the values of K1, K2, and K3 as 1.46 �
10�3 m s�1, 1.49 � 10�3 m s�1, and 2.27 � 10�4 m s�1,
respectively. The values of K1 and K2 were similar in magnitude
indicating that the rate constants for both water and peroxide
formation reactions were similar. The rate constant for O2 re-
duction by laccase-MWNT composite catalysts were an order of
magnitude higher than for oxygen reduction onmetallic surfaces,45

indicating that enzymes have higher electro-catalytic activity than
metallic catalysts on a per catalytic site basis as suggested by
Barton et al.25 For comparison the same reaction model (eq 6)
calculations were applied for less active laccase containing bio-
nanocomposite. For less active laccase (Supporting Information,
Figure A2), the obtained values were 1.03 � 10�4 m s�1, 1.1 �
10�4 m s�1, and 4.2� 10�6 m s�1 forK1,K2, andK3 respectively,
approximately 15 times lower than that for the active laccase-
MWNT composites.
Electron Transfer Rate. Electron transfer between an elec-

trode and the analyte happens at a finite rate depending on the

conductivity of the electrode, distance between the electrode and
the enzyme redox center, and the electro-activity of the catalyst.
The electron transfer rate constant of the ORR on laccase-
MWNT modified electrode was calculated by the eq 12.

I0 ¼ nFAKetc ð12Þ
where I0 is the exchange current obtained fromTafel plot, n is the
number of electrons, F is the Faraday’s constant, A is the
electrode surface area, Ket is the electron transfer rate constant,
c is the concentration of the analyte in the bulk solution. Figure 8
represents the plot of log I versus overpotential for the electro-
chemical redox reactions, which can be expressed by eq 13.

I ¼ a þ b expðηÞ ð13Þ
where a and b are empirical fitting constants and η is the over-
potential. For this, the disk electrode was swept between 0.33 to
0.73 V (�0.2 to +0.2 V vs onset potential for ORR) at 0 RPM.
Ideally this plot should be linear. However, it appears nonlinear
because of the large voltage window used for sweeping the
voltage. From the plot in Figure 8, I0 was calculated by
intersecting the tangents at nonlinear regions of the Tafel curve.
The obtained values of equilibrium exchange current density (I0)
and the electron transfer rate (Ket) were 3.3� 10�5 A cm�2 and
6.72 � 10�5 cm s�1 respectively.

’CONCLUSION

This paper comprehensively presents the first detailed elec-
trochemical and kinetic studies of ORR by a laccase based
composite catalyst. The electro-kinetic parameters for enzyme
electro-catalysis through direct electron transfer have been
reported for the first time. It was made possible by the successful
integration of the enzyme into a bio-nanocomposite catalyst that
can be deposited onto disk electrode and retains stability at high
rotation speeds. The effect of rotation speed on the O2 reduction
ability revealed that the increase in rotation speed increases the
limiting current of O2. This indicates that rotation helps over-
come the mass transfer limitation occurring at stationary electro-
des. The electro-kinetic parameters such as order of reaction,
number of electrons transferred per O2, Tafel slopes, kinetic rate
constant of reactions at the disk electrode, and the electron
transfer rate constant have been reported. These electro-kinetic
results demonstrated that laccase present in the bio-nanocom-
posite has high electro-catalytic activity toward ORR. The rate

Figure 8. Linear sweep voltammograms showing Tafel regions at no
rotation for the laccase-MWNT in phosphate buffer (pH 5.8). The
applied potential range was from 0.33 to 0.73 V.
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constant of electrochemical reduction of O2 by enzyme has been
reported for the first time, and it was an order of magnitude
higher than that reported for other metal catalysts, indicating
excellent electro-catalytic activity of the enzyme composite
catalysts. The properties reported in this work can be used as a
benchmark for developing laccase based catalysts for biofuel cell
and electrochemical sensor applications.
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