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Single-walled carbon nanotubes (SWCNTs) covalently phenylated, naphthylated or terphenylated were
used for the construction of cathodes in a biobattery, and in a biofuel cell. Zn is the anode in the biobattery
and single-walled carbon nanotubes are covalently modified with glucose oxidase/catalase (SWCNT-
GOx/Cat) on the biofuel cell anode. The cell parameters were determined and the potentials of each of
the electrodes under cell working conditions were simultaneously measured vs. the Ag/AgCl reference
electrode. This allowed to evaluate the changes of potential under changing loads of the fuel cell or bio-
battery. A power density of ca. 1 mW/cm? was achieved using the biobattery with phenylated nanotubes
at the cathode and the open circuit potential was 1.5V. The fully enzymatic fuel cell studied had power
density of 40 wW/cm? at 20 kS2 loading. The open circuit potential for the biofuel cell was 0.4 V. The power
densities and working potentials are larger for the biobattery which is especially useful for testing novel
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1. Introduction

Biological fuel cells (BFCs) and biobatteries transform chemi-
cal energy into the electrical energy using enzymes as catalysts
and natural compounds e.g. glucose or ethanol, as the fuels [1-9].
BFCs can utilize glucose and dioxygen dissolved in body fluids as
fuel and oxidant, respectively, and could serve as power source for
implanted devices such as, microvalves, drugs dispensers, pace-
makers, and sensors [10]. The advantages of these biodevices are
the specificity and selectivity of processes occurring at the enzy-
matically modified electrodes and the ability to operate at room
temperature and at pH close to neutral. Biofuel cells that could
also be constructed in membrane-less version can be easily minia-
turized and, in addition, open construction allows the utilization
of oxidant and fuel from the surrounding environment [4,7,11].
Important advantage of BFCs over conventional fuel cells is low
cost of their components. Problems that still required to be solved
are connected with the limited stability of the modified electrodes,
transport limitations of the substrates and products of redox reac-
tions, not efficient direct electron transfer due to large distance
between the electrode surface and the active center of the enzyme,
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and limited number of enzyme molecules, that can be electrically
connected with the electrode.

For the dioxygen bioelectrocatalytic reduction catalyzed by lac-
case or bilirubin oxidase, mediators are typically used to facilitate
transfer of electrons between the electrode and the active site of
the redox center, T1, hidden inside the protein in the hydropho-
bic pocket arranged by amino-acid residues [4,11]. Leaching of the
mediators into the solution causes fast decrease of catalytic cur-
rents; on the other hand, side reactions with the components of
the biocathode could cause the adverse effects of diffusing medi-
ators. In our earlier reports, ABTS was chemically bonded to some
extent preferentially to the sides or ends of single-walled carbon
nanotubes (SWNTs) to eliminate leaching to the solution; in addi-
tionit significantly improved the catalytic efficiency of the modified
cathode [12-15]. Carbon nanotubes (CNTs) can be easily modified
non-covalently or by covalent bonding at the edges or defect sites
and side-walls of the carbon nanotubes [16-23].

Minteer et al. [23] used multiwalled CNT modified at the ends
with anthracene residues. The anthracene residue was bonded to
phenolic hydroxylated carbon nanotubes forming ester groups.
Carboxylates of phenols belong to so-called “active” esters that
are known to be very sensitive to nucleophilic reactions, hence
the stability of such modified carbon nanotubes may be quite lim-
ited.

The aryl moieties have been shown earlier to enter the
hydrophobic pocket of T1 center of copper oxidoreductase
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facilitating direct electron transfer from the electrode [24]. Blanford
etal. coupled anthracene residue to the surface of pyrolytic graphite
electrode to improve the electrical contact with the enzyme active
site and provide hydrophobic interaction that holds the enzyme at
the electrode surface [24-26]. The modification required electro-
chemical generation of free radicals from anthracene diazonium
salt. As shown by Sosna et al. [26] and Doppelt et al. [27], such
modification led to the formation of a layer of branched anthracene
structures, that are thicker than one molecule. This would explain
the high oxygen catalytic currents obtained and the appearance of
additional voltammetric peaks [26].

In our previous paper, we described SWCNT modified with
anthraquinone or anthracene groups, either preferentially on the
side or at the ends of the carbon nanotubes [28]. We compared
these two types of modification in order to show that the redox
properties of the group are not required for efficient electron trans-
fer between the enzyme and the electrode. The electrodes were
tested as cathodes in hybrid batteries. Laccase modified cathode
nanostructured with arylated SWCNT were active towards dis-
solved dioxygen and the anode was Nafion-coated Zn wire covered
by a protective film impermeable to dioxygen. Nanostructuring the
electrode with arylated single-walled carbon nanotubes (SWCNTSs)
would transforms the 2D type of electrode surface modification
into the 3D assembly connected electrically with the electrode. It
allows significantly more laccase molecules to be connected with
the electrode surface, leading as the result to evident increase of
the catalytic oxygen reduction current. Fuel cell prototypes utiliz-
ing printed laccase-ABTS layer as the cathode and printed Zn layer
as the anode have been constructed by Smolander et al. [29]. Under
2.2 k2 load, the cell voltage of 0.6-0.8 V could be maintained for
several days.

In a full biofuel cell glucose oxidase (GOX) is a most common
anode biocatalyst. The main disadvantage of GOx based electrodes
is that the hydrogen peroxide produced in the catalytic reaction can
affect dioxygen catalytic reduction current [30]. To minimize this
unfavorable effect, catalase together with GOx or dehydrogenases
are frequently used instead [31-35].

Rincon and coworkers reported a fully enzymatic biofuel cell
operating under a continuous flow - through regime [36]. A fungal
laccase was used as air-breathing cathode, and maleate dehy-
drogenase (MDH) or alcohol dehydrogenase (ADH) coupled with
poly-methylene green (poly-MG) were employed to modify the
anode. An open circuit voltage (OCV) was 0.584 V for MDH-laccase,
and 0.618V for the ADH-laccase biofuel cells. Maximum power
density was 20 uW/cm3.

Ferapontova et al. constructed a biobattery based on the Zn
anode and biocathode with laccases cross-linked onto graphite and
microstructured graphitized carbon cloth (GCC) electrodes [37]. In
this system the efficiency of the bioelectrocatalytic reduction of
0O, was enhanced by immobilizing laccases on the high-surface
area GCC, due to the increased surface concentration of the lac-
case molecules properly oriented for the direct electron transfer
reaction within the micro-structured electrode. An open circuit
voltage (OCV) was 1.76 V. A maximum power density of the cell
was 0.44 mW/cm? at the cell voltage of 0.5V, pH 5. The biobattery
with cross-linked stabilized laccases at GCC was able to power a
1.5V domestic device for 38 days.

In the present paper, we compare the efficiencies of cathodes
modified with SWCNT with phenyl, naphthyl and terphenyl moi-
eties. The electrodes are tested as cathodes in hybrid biobattery and
in a full biofuel cell. In the first case Zn wire covered with a Nafion
film serves as the anode. In the second case, the anode is glassy
carbon electrode covered with a mixture of single-walled carbon
nanotubes (SWCNTs) bioconjugate with glucose oxidase and cata-
lase, and multi-walled carbon nanotubes (MWCNTSs) covalently
modified with ferrocene.

2. Experimental
2.1. Materials and chemicals

Laccase Cerrena unicolor C-139 was obtained from the cul-
ture collection of the Regensberg University and deposited in
the fungal collection of the Department of Biochemistry (Maria
Curie-Sklodowska University, Poland) under the strain number
139. Laccase from the fermentor scale cultivation was obtained
according to already reported procedure after ion exchange chro-
matography on DEAE-Sepharose (fast flow) [38] and lyophilized
on Labconco (Kansas City, USA, FreeZone 12 Lyophiliser) in
clear stoppering chambers. Laccase activity was measured spec-
trophotometrically with syringaldazine as the substrate [39].
The protein content was determined according to Bradford with
bovine albumin as the standard [40]. The concentration of isolated
and frozen (—18°C) enzyme was Clacc=178 pg/cm3 and activity
186,000 nkat/dm?3. After lyophilizing, the laccase activity dissolved
in 1 ml of water was 3,000,000 nkat/dm3 and Clacc=1.5 mg/cm?3.

Glucose oxidase and catalase, both from Aspergillus niger were
purchased from Sigma (St Louis, USA), the inorganic reagents from
POCh (Gliwice, Poland), and the organic reagents from Aldrich, were
used without further purification. The GOx and Catalase activities
were determined according to the procedures described previ-
ously [41,42]. Single-walled carbon nanotubes (>90%) purchased
from CheapTubes.com (Brattleboro, USA) were washed with nitric
acid/hydrochloric acid mixture before using for binding GOx and
catalase. For arylation reaction SWCNT were used in the pristine
form. For the preparation of MWCNTSs with covalently bonded fer-
rocene the tubes from NANOCO Sp. z o.0. ul. Zagérska 159, 42-600
Tarnowskie Gory, Poland were used. Water was distilled and passed
through Milli-Q purification system.

2.2. Apparatus

Thermogravimetric analysis (TGA) was done using Universal
V4.3ATA Instrument. The measurements were carried out in argon
atmosphere at a heating rate of 10°/min.

Raman spectra were collected using the Witec confocal Raman
microscope system (Ulm, Germany) equipped with a fiber coupled
Melles Griot (Carlsbad, CA) argon ion laser operating at 514.5 nm
focused through a 60x objective. Collected light was dispersed
through a triple monochromator (600 g/mm, 500 nm blaze angle)
and detected with a thermoelectrically cooled (—60°C) charge-
coupled device. A small amount of carbon nanotubes in form of
powder was placed on a microscope slide and covered with a cov-
erslip. Laser power at the sample was approximately 5 mW.

Electrochemical experiments were done in three electrode
arrangement with Ag/AgCl (KCl sat.) reference electrode, platinum
foil as the counter electrode and glassy carbon electrode (GCE, BAS)
as the working electrode with surface area of 0.071cm?2. Cyclic
voltammetry experiments were carried out using ECO Chemie
Autolab potentiostat. All electrochemical measurements were done
at22 +2°C. All current densities were calculated using geometrical
area of the electrode.

2.3. Synthesis and characterization of arylated SWCNT

2.3.1. Purification of pristine SWCNT [43,44]

A suspension of pristine SWCNT in 4N hydrochloric acid was
sonicated at 50 °C for 4 h, the solid was collected by filtration and
exhaustively washed with water until the pH of washings is close to
7. Then the solid was washed with methanol and dried in vacuum.
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Fig. 1. (A) Phenylation of SWCNT on side walls: (PHE-CNT), (B) naphthylated SWCNT (2): side-naphthylated-CNT (NAPH-CNT), (C) N-terphenoyl-aminoethylated SWCNT (4)

(TERPH-CNT), and (D) ferrocene modified carbon nanotubes (MWCNT-Fc).

2.3.2. Phenylation of SWCNT on side walls: side-PHE-CNTs (Fig. 1)

To a mixture of carbon nanotubes (CheapTubes; 50mg,
4,125 mmol), aniline (0.484 ml, 5.2 mmol), chlorobenzene (5ml)
and acetonitrile (5 ml) sonicated for 15 min., amyl nitrite (0.69 ml,
5.2 mmol) was added. The mixture was sonicated at 65°C for 6h,
diluted with DMF, sonicated for 5 min and centrifuged. This wash-
ing procedure was repeated 5 times, and then the mixture was
washed with chlorobenzene, methanol, ethyl acetate, diluted acetic
acid and acetone until the washings become clear and colorless.
Finally the product was dried in vacuum. Free radical arylation of
SWCNT proceeds not only on nanotube’s carbon atoms, but also
on aryl residues bonded to SWCNT on first stage of the reaction.
The successive reaction is probably more efficient because aromatic
residues are more reactive [24,26].

TGA: no solvent release was observed up to 200 °C. Maximum
peaks at 350 °C with 4% weight loss and at 560 °C with 3% weight
loss. Calculated molar ratio of phenyl residues directly or indirectly
bonded to nanotube carbon atoms equals 0.012 (1.2 x 10~2),

2.3.3. Naphthylated SWCNT (2): side-naphthylated-CNT,
NAPH-CNT (Fig. 1B)

To a sonicated for 15min mixture of pristine carbon nano-
tubes (40 mg, 3.3 mmol), 2-naphthylamine hydrochloride (936 mg,
5.2 mmol), pyridine (0.45ml), o-dichlorobenzene (5ml) and ace-
tonitrile (5 ml), the amyl nitrite (0.72 ml, 5.2 mmol) was added. The
mixture was sonicated and maintained at 65°C for 6 h. Next the
solid was collected, washed with DMF, toluene, ethyl acetate, ace-
tonitrile, and finally with hot pyridine. After that the nanotubes
were washed with methanol, 1N HCI, again with methanol and
chloroform and dried in vacuum.

As in the case of phenylated SWCNT the product contains not
only naphthyl residues bonded to nanotubes, but also naphthylated
naphthyl residues. TGA: 2% mass decrease was observed below
200°C (maximum peak at 130°C) due to removal of solvent, and
6% loss was found between 200 and 600 °C (maximum at 330°C).
The number of naphthyl residues directly or indirectly bonded to
nanotube’s carbon atoms equals 0.0061 (6.1 x 10-3).
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2.3.4. Aminoethylated SWCNT (1)

Aminoethylated SWCNTSs (1) were obtained by a method sim-
ilar to described by Price and coworkers [45]. To a sonicated
for 10 min mixture of HCl treated SWCNT (300 mg, 24.75 mmol),
ethylenediamine (2.08 ml, 31.2 mmol), 7ml chlorobenzene and
7 ml acetonitrile, the isoamyl nitrite (2.7 ml, 15.6 mmol) was added.
The mixture was heated and sonicated at 65°C for 6 h in a sealed
vessel. The cooled mixture was filtered on the membrane and the
solid was dried in vacuum thoroughly washing procedure with
methanol, and methylene chloride.

TGA: mass loss of 1% was found in the range up to 200°C
with maximum at 50°C. In the range 200-600°C 4% mass loss
was found wit maximum at 310°C. The calculated number of
aminoethyl residues bonded to carbon atoms of nanotube’s walls
equals 1.4 x 1072,

2.3.5. N-terphenoyl-aminoethylated SWCNT (4); TERPH-CNT
(Fig. 1C)

A mixture of terphenylcarboxylic acid (10 mg), thionyl chloride
(1 ml)and a drop of dry pyridine was sonicated at 50 °C for 6 h. Then
2 ml of dry toluene was added and the excess of thionyl chloride
and toluene was thoroughly removed under reduced pressure at
60°C. To the residue diluted with pyridine (1.5ml) aminoethyl-
SWCNT-side (20mg) was added and sonicated at 50°C for 5h.
Then methanol was added, sonicated for 5min and the mixture
centrifuged at 10,000 x g min. The sediment was washed with
methanol, chloroform, DMF, again with methanol and chloroform
and dried under vacuum.

In this case oligo- or polymerization is not possible.

TGA: no solvent was released up to 200°C. 11% mass loss was
found between 200 and 600 °C with maximum at 385 °C. The calcu-
lated number of terphenoyl-aminoethyl residues bonded to carbon
atoms of nanotube’s walls equals 5 x 1073,

2.3.6. Ferrocene modified carbon nanotubes (MWCNT-Fc)
(Fig. 1D)
Preparation of the MWCNT-Fc has been described earlier [15].

2.3.7. Glucose oxidase/catalase bioconjugate of carbon nanotubes
(GCE/SWCNT-GOx/Cat)

Functionalized SWCNT containing amine as terminal groups
(SWCNT-(CH;);-NH;) were used for the covalent immobiliza-
tion of glucose oxidase and catalase. SWCNT-(CH;),-NH, were
sonicated for 4h and activated with glutaraldehyde (5% in 0.1 M
phosphate buffer pH 7.0) according to procedure published by
Kamen and coworkers [46], in 1.5 ml Eppendorf tube by 8 h rota-
tion in Rotator (Neolab, Heidelberg, Germany) at 10 rpm. Then the
samples were centrifuged at 10,000 x g force for 8 min, washed by
MilliQ water and centrifuged in the same as above conditions. The
washing procedure was repeated 3 times. Next the GOx/catalase
solution (1000 U/5000 U) with bovine albumine (added into 1 mg
of protein in the mixture) was added to activated suspension of
carbon nanotubes and allowed to react for 12 h under rotation at
10 rpm. The washing conditions of the obtained materials were as
above.

2.4. Electrode modification procedures

GCE/SWCNT-aryl/laccase + Nafion electrode. Onto GCE surface
10 1 suspension of SWCNTs-aryl-side in ethanol (4 mg/ml) was
dropped. After drying, 10 il of enzyme/Nafion casting solution was
pipetted onto the electrode and allowed to dry.

GCE/SWCNT-GOx/Cat/MWCNT-Fc electrode preparation - GCE
surface was covered with mixture SWCNT-GOx/Cat and MWCNT-Fc
by dropping a 10 pl suspension of nanotubes in ethanol (4 mg/ml)
and allowed to dry.

O,
R
e ™ I (

=
S| 3.; 3]
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Fig. 2. Schematic representation of the biobattery circuit.

Laccase solution was prepared by dissolving 1 mg of enzyme
in 0.64 ml Mcllvaine buffer containing 0.2 M NaNOs (pH 5.2). 1%
Nafion was prepared by dissolution of 5% Nafion in ethanol. Mix-
ture of laccase and Nafion was prepared by mixing 50 .l of Nafion
and 50 pl laccase solution. The biofuel cell parameters were exam-
ined in dioxygen saturated Mcllvaine buffer solution (pH 5.2)/0.2 M
NaNOs3 and in 0.2 M phosphate buffer (pH 7.1). Fig. 2 shows the
configuration of the biobattery. Open circuit voltage (OCV) was
measured in all experiments. The cell voltage (V¢ ), the anode volt-
age (V,), the cathode voltage (V.) were measured under varying
loadings in the range from 1 k€2 to 10 M£2. To minimize the power
loss caused by fuel depletion during the test, measurements under
each load were restricted to 5s. The anodes for the Zn-0, hybrid
fuel cells (called further biobatteries) were zinc wires (0.25 mm
diameter, Goodfellow) coated with a Nafion film by dipping in 0.5%
Nafion solution in ethanol and dried for 5 min at ambient condi-
tions. A hopeite layer was formed during the Zn electrode oxidation.
The length of these electrodes were adjusted so as to obtain the
same surface area as the cathode.

3. Results and discussion
3.1. Electrochemical studies

The reduction of dioxygen at a non-modified glassy carbon
electrode (GCE) proceeds with large overpotential (ca. —0.6V vs.
Ag/AgCl) both in the absence and presence of laccase. In order to
increase the efficiency of the system, the GCEs were structured
with nanotubes covalently derivatized with phenyl-PHE-CNT (1),
naphthyl-NAPH-CNT (2) and terphenyl-TERPH-CNT (4) moiety. We
have recently shown that modification of electrodes with pristine
SWCNT, SWCNT-anthraquinone and SWCNT-anthracene covalent
combination, and laccase in a Nafion film leads to a decrease of the
overpotential of dioxygen reduction. The onset of reduction current
is at ca. +0.60V vs. Ag/AgCl (+0.80V vs. NHE) and current density
measured at 0.2V is 200 wA/cm? [14].

In the presence of covalently arylated SWCNT and laccase on the
electrode, the dioxygen reduction wave appears at the same poten-
tial as on the pristine carbon nanotubes but the current density was
higher (Fig. 3). The highest current density of dioxygen reduction
was obtained for the electrodes structured with TERPH-CNT (4) and
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Fig. 3. Cyclic voltammograms recorded using electrodes modified with (A) PHE-CNT, (B) NAPH-CNT, (C) TERPH-CNT and covered with a Nafion film containing laccase,
recorded in (—) deoxygenated and (- -) saturated with dioxygen solution of Mcllvaine buffer +0.2 M NaNO; (pH 5.2), scan rate 1 mV/s.

covered with Nafion film containing laccase (Table 1). The catalytic
current density, equal to —388.3 wA/cm? was measured at 0.2 V.
The electrodes were tested in the biobattery. The power
density-voltage and current density-voltage behavior of the bio-
battery were tested by applying different external loads. To
minimize the power loss caused by fuel depletion during the test,
measurements under each load were restricted to 5s [47]. To
enable monitoring the potential of each of the electrodes simul-
taneously to the measurement of the voltage of the full cell, the
biobattery was tested in the three electrode arrangement: anode,
cathode and reference electrode Ag/AgCl (KCls,¢). Variable loads, in
the range from 1k to 10 M2, were applied between the anode
and the cathode to determine the cell voltage (V o), the volt-
age between anode and reference electrode (V,), and the voltage
between cathode and reference electrode (V.). During discharge of
Zn anode in buffer solution a film of hopeite-phase Zn3(P0O4),-4H,0
is deposited on its surface [29,37,48-53]. The film blocks the trans-
port of oxygen to the Zn surface, thus enabling the necessary
transport of Zn2* while preventing Zn corrosion. Plots of power
density vs. current density, cell voltage and vs. current density
are presented in Fig. 4. Potentials of the anode and cathode vs.
Ag/AgCl are plotted vs. current density flowing in the cell. The
open circuit potential measured for all systems containing arylated
SWCNT was ca. 1.5V (Table 2). The best power density is achieved
for the biofuel cell: anode-Zn/Zn3(PO4),, and cathode-modified

Table 1

Characteristics of electrodes covered with modified SWCNT-aryl-side and lac-
case/Nafion layer in deoxygenated and saturated with dioxygen in Mcllvaine buffer
solution (pH 5.2)/0.2 M NaNOs.

SWCNT Jbeg [LA/cm?] Jeat [pAJcm?] Jeat —Jbeg [LA/cm?]
modified with:

PHE —-51.5+24 -150.3 £ 239 -98.8 + 21.1
NAPH -51.0 + 8.0 —-2412+7.0 —-190.2 + 1.0
TERPH —100.5 + 9.8 —-388.3 +£21.0 —-287.8 £ 11.2

PHE-CNT/laccase + Nafion. The maximal power density approaches
1145.7 pW/cm? at 900 mV and 10kS2 loading.

The tri-electrode system is convenient for assessing the poten-
tial stability of each of the electrodes working in the cell. At large
loadings, hence small current flow, the biocathode is stable, at high
flows its potential decreases rapidly due to oxygen diffusion lim-
itations. Up till 1500 wA/cm?, the laccase based oxygen reduction
controls the cathode potential.

Fig. 4B and C allows to compare the behavior of the biobattery
where GCE is covered by PHE-CNT and a Nafion layer with and
without laccase. It is proposed that in case of the ohmic loads in
the range 10,000-10 k2 the biobattery is operative while for lower
resistances the cathode is working as a simple carbon nanotube
modified electrode at potentials close to 0V. At currents smaller
than ca. 1500 pA/cm?, the system is working as a biobattery, at
higher currents the enzyme is not satisfactorily efficient and the
cathodic process takes place at potentials close to 0V vs. Ag/AgCl
reference as in case of nanotube modified electrode. In all these
cases the Zn anode potential is almost unaffected. Hence the tri-
electrode monitoring system allows to follow the behavior of each
of the electrodes under changing loading of the cell.

The electrodes with SWCNT-aryl-side were tested also in a full
biofuel cell. In this case, the bioanode was constructed using multi-
wall carbon nanotubes modified with ferrocene (MWCNT-Fc) and
single wall carbon nanotubes modified with glucose oxidase and
catalase (SWCNT-GOx/Cat). Linear dependence of ferrocene oxida-
tion current at 0.4V on glucose concentration was observed up till
160 mM of glucose (Fig. 5). H,0, is not interfering in the process
because it undergoes disproportionation to H,O and O, catalyzed
by catalase covalently bound to the same nanotubes. The buffer
was changed to phosphate (pH 7.1) to be close to the biological pH
conditions inside the body.

The bioanode was tested in the biofuel cell. The biofuel cell was
constructed in three electrode system: anode, cathode and refer-
ence electrode Ag/AgCl (KCls,¢). Variable loads, in the range from
1kS2 to 10 M€2, were applied between the anode and the cathode
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Fig. 4. (A) Dependence of power density on cell voltage for biobattery with cathodes modified with: (ll ) PHE-CNT (1), (®) NAPH-CNT (2), (A ) TERPH-CNT (4) and each of
them covered with Nafion film containing laccase, anode: Zn electrode. Dependence of (B) biobattery voltage on current density; (C) cathode, V. and anode, V, potentials
vs. Ag/AgCl (KCls,c) on biobattery current density for the cathode modified with: PHE-CNT and covered with a Nafion film (M ) with, and (¥ ) without laccase. Electrolyte:

Mcllvaine buffer with 0.2 M NaNOs, pH 5.2.

Table 2

Characteristics of biobatteries and biofuel cells with three different cathodes. Biobattery electrolyte: Mcllvaine buffer solution +0.2 M NaNOj3 (pH 5.2), biofuel cell electrolyte:

0.2 M phosphate buffer solution (pH 7.1).

Anode

Cathode with laccase and Prax [WW/cm?] j[nAlcm?] E[V] R [kR2] E[OCV][V]
SWCNTs modified on the
walls with:
PHE 1145.7 1272.9 0.90 10 1.54
Zn/hopeite-phase NAPH 968.1 827.4 1.17 20 1.54
TERPH 1026.9 1555.9 0.66 6 1.59
. PHE 40.7 169.7 0.24 20 0.41
Covered with SWCNT-GOx/Cat NAPH 181 1132 0.16 20 0.37
and MWCNT-Fe TERPH 111 396 028 100 035

to determine the cell voltage (V e), the voltage between anode
and reference electrode (V,), and between cathode and reference
electrode (V.). The plots of power and currents are presented in
Fig. 6.

The open circuit potential measured for all systems contain-
ing arylated SWCNTs was ca. 0.4V. The largest power density was
obtained for the biofuel cell: consisting of a GCE modified with

0.0 0.3
E [V] vs. Ag/AgCI

0.6

SWCNT-GOx/Cat and MWCNT-Fc as the anode, and the cathode
modified with PHE-CNT/laccase in Nafion. The power density was
40 pW/cm? at 0.24V under 20 k<2 load.

The parameters of the three biobatteries and three biofuel cells
described in the present paper are compared in Table 2. The Vg
at 10M£2 of the biobattery and the biofuel cell were monitored
for 2 weeks (Fig. 6D). The Vg for both of these devices were

B)

360 o .
t
S 240 °
< °
=5
— 120 ¢

0
0 40 80 120 160 200
cglucose [mM]

Fig. 5. (A) Cyclic voltammograms recorded using GCE electrodes modified with SWCNT-GOx/Cat and MWCNT-Fc for increasing concentration of glucose (—) 0 mM,

(_ ) 60 mM, (
on glucose concentration in oxygenated 0.2 M phosphate buffer solution (pH 7.1).

) 110 MM, (e——) 160 MM, (———) 210 mM, scan rate 5mV/s. (B) Dependence of current density of ferrocene oxidation
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Fig. 6. Dependence of (A) power density and (B) cell voltage on current density for the biofuel cell with cathodes modified with: (ll ) PHE-CNT (1), (®) NAPH-CNT, (& )
TERPH-CNT and each of them covered with a Nafion film containing laccase and anode: SWCNT-GOx/Cat and MWCNT-Fc, (C) cathode, V. and anode, V, potentials (vs. sat.
Ag/AgCl electrode) vs. biofuel cell current density, (D) dependence of V.. on working time for the two systems studied: (@ ) biobattery: anode: Zn/Zn3(PO, ),, cathode: GCE
covered with PHE-CNTs and a film of Nafion containing laccase, (& ) biofuel cell: anode: SWCNT-GOx/Cat and MWCNT-Fc. Cathode: GCE covered with PHE-CNT and a film
of Nafion containing laccase, electrolyte: 0.2 M phosphate buffer solution (pH 7.1) saturated with dioxygen and containing 0.21 M glucose.

satisfactorily stable - of course due to the very negative Zn anode
potential the value of Vg for the biobattery is much larger.

4. Conclusions

We compare the efficiencies of biobattery and enzymatic fuel
cell that employ arylated carbon nanotubes to connect laccase elec-
trically with the conducting support. We simultaneously monitor
under external resistances: the cell power and the potential of each
of the electrodes vs. Ag/AgCl reference electrode. This immediately
shows which electrode determines the efficiency of the cell. The
anodes used in the present work are more stable than the cathodes.
The maximum power densities obtained for the hybrid biofuel cell
with zinc wire anode and GCE cathode covered with PHE-CNT and
laccase in Nafion film were ca. 1 mW/cm2. The open cell voltage
for the hybrid biobattery exceeds 1V, hence it is higher than that
of glucose-0, biobattery, due to negative value of Zn/Zn2* redox
potential (Eg = —0.76 V vs. NHE [54]). This high cell voltage is shown
to be stable for more than 2 weeks of continuous work of the cell.
For the fully enzymatic biofuel cell with glucose oxidase/catalase
bound covalently to SWCNT on the anode, the power density was
40 pW/cm? and the open circuit potential was 0.4 V. Biobatteries
employing functionalized carbon nanotubes are demonstrated to
be important alternative devices since they have much higher open
circuit potentials and power outputs in comparison with the bio-
fuel cells constructed so far. They are also a convenient choice for
testing new types of biocathodes.
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