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Abstract—Boron nitride nanotube (BNNT) joint to Flavin adenine dinucleotide (FAD) makes a nano-bio-
fuel cell due to the direct electron transfer principle which has been studied by density functional theory
methods. Flavin adenine dinucleotide was immobilized on the boron nitride nanotube by linking a simulation
water medium. In this work, it has been done the quantum chemical and computational methods to estimate
the effect of boron nitride nanotube through electron charge transfer, electric properties including resistance,
voltage, and current, conductivity, limiting conductivity, power and nuclear magnetic resonance parameters
and thermochemical properties using a Nano-biofuel cell. The results of boron nitride nanotube can be used
for generating electric power in lower resistances with the best agreement in linear correlation of voltage-cur-
rent directly from sustainable fuel substrate such as Flavin adenine dinucleotide (FAD). In this investigation,
the data explained that the feasibility of using boron nitride nanotube and Flavin adenine dinucleotide
becomes the norm in electrochemical bio system applications.
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INTRODUCTION

The connection between biology and electricity has
been known since the experiments of Galvani in the
1780s, nowadays biofuel cells have a key role for study
about this connection. Biofuel cells use biocatalysts
for the conversion of chemical energy to electrical
energy [1].

Biofuel cells consist of a two electrode set (of any
stable and electrically conducting material) modified
by biocatalytic enzymes to specifically oxidize/reduce
substrates [2].

Biofuel cells, in which either enzymes or whole cell
organisms are used as the catalyst, have attracted
much attention for generating electric power directly
from sustainable fuel substrates such as glucose and
ethanol. Numerous enzyme fuel cells employing glu-
cose oxidizing enzyme have been reported [3, 4].

Electron transfer has been gotten for many
enzymes by immobilizing them within thin films of
various sorts on an electrode [5—9]. Glucose oxidase
(GOX) based glucose oxidizing electrodes have
attracted attention as candidate for bio catalytic fuel
cell anodes. The FAD/FADH, redox cofactor of GOX
has a sufficiently negative formal potential for a biofuel
cell anode [10]. The resulting anodes operate at poten-
tials significantly more positive than that of

FAD/FADH, and decrease cell voltage output of the
biofuel cell [11—14].

p-Hydroxybenzoate hydroxylase catalyzes the oxy-
genation of p-hydroxybenzoate (pOHB) to 3,4-dihy-
roxybenzoate (3,4-diOHB); FAD, NADPH, and
molecular oxygen are all necessary for this reaction.
NADPH first transfers a hydride equivalent to FAD,
creating FADH™, and then NADP™ dissociates from
the enzyme. Reduced PHBH then reacts with molec-
ular oxygen to form the flavin-C(4a)-hydroperoxide.
The flavin hydroperoxide quickly hydroxylates pOHB,
and then eliminates water to reproduce oxidized flavin
(Scheme 1) [15].

Single walled carbon nanotube can be used to elec-
trically connect glucose oxidase to electrodes to
demonstrate direct ET and bio catalysis using func-
tionalized SWCNTs on gold, with FAD [18, 19].
CNTs on other conductive surfaces were also used to
obtain direct ET for GOX [20—23].

The most obvious target for biofuel cells research is
still for in vivo applications where the fuel used could
be withdrawn virtually without limit from the flow of
blood to provide a long-term or even permanent power
supply for such devices as pacemakers glucose sensors
for diabetics ex vivo applications are gastrobat, battery
packs for laptop computers and mobile telephones
[24].
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Scheme 1. An alternative flavin-mediated oxygenation mechanism involves the use of a flavin-N(5)-oxide rather than a flavin-

C(4a)-(hydro)peroxide [16, 17].

Carbon nanotubes have also been intensively
explored to develop optical based sensing approaches
for biological in vitro and in vivo molecular sensing
and imaging applications in recent years due to their
unique properties [25—28].

Among carbon nanotubes, the group III nitrides
and especially boron nitride nanotube (BNNT),
which always exhibit semi conducting behavior, are
considered as proper alternates of CNTs [29, 30]. This
behavior and also the equality of total B and N atomic
number, which are the first neighbors of C in the peri-
odic table to that of two C atoms, made BNNT as
interesting subject of numerous studies [31, 32].

Electron transfer to or from the bio catalytic active
sites can be mediated by polymer bound or entrapped
redox complexes [33]. In this study we selected flavin
adenine dinucleotide (FAD) as a bio catalytic and sin-
gle walled boron nitride nanotube (SWBNNT) as a
entrapped redox complexes.

An enzyme fuel cell using a carbon electrode and
bacterial FAD dependent glucose dehydrogenase
(FADGDH) based on the direct electron transfer
principle was constructed which its scalability and cel-
lulolytic sugar conversion were studied [34—36].

Since the discovery of carbon nanotube in 1991
nanotubes have received much attention, BNNT
together with carbon nanotube are considerate to be
promising material for the electronic industry due to
their structure and physical properties [37, 38].

FAD is a redox cofactor involved in several
important reactions in metabolism. Many oxidore-
ductase called falvoenzyme or flavor proteins,
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required fad as a prosthetics group, which function in
electron transfer.

In electrolytes, electrical conduction happens not
by band electrons or holes, but by full atomic species
(ions) traveling, each carrying an electrical charge.
The resistivity of ionic liquids varies tremendously by
the concentration, while distilled water is almost an
insulator; salt water is a very efficient electrical con-
ductor [39—41].

Electrolyte solutions can also result from the disso-
lution of some biological and synthetic polymers,
termed polyelectrolytes, which contain charged func-
tional groups.

In this paper, we have recombinantly prepared
FAD to construct a boron nitride nanotube (BNNT)
based direct electron transfer type enzyme fuel cell,
and investigated its stability, residence, nuclear mag-
netic resonance parameters and electrochemical
properties [42, 43].

THEORETICAL BACKGROUND
AND COMPUTATIONAL METHOD

One of the most employed approximations is the
Hartree—Fock “self-consistent field” approximation
and DFT methods. The density-functional theory of
Hohenberg, Kohn, and Sham allow for the theoretical
study of material properties [44].

DFT theory proves an advantageous method for
predicting chemical systems, and in order to under-
stand its similarities and differences to other computa-
tional methods employed, a brief introduction dealing
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Fig. 1. Schematic depict of BNNT-FAD conjunction in water box.

with how the solution to multielectronic systems has
been approached follows.

In this study, the geometries were optimized at the
framework of DFT using the three-parameter Becke’s
exchange [45] and Lee—Yang—Parr’s correlation non-
local functional [46], usually known as BLYP and
B3LYP method by 6-31G* basis set was used for
description of electronic structure of (5, 5) single wall
carbon nanotube (SWCNT) jointed to ancistroqui-
none using the NMR measurements on the basis of
Gauge including atomic orbital (GIAO) [47].

In addition, the electrical conductivity of a solution
of an electrolyte is measured by determining the resis-
tance of the solution [48, 49].

An alternating voltage is used in order to avoid elec-
trolysis. The resistance is measured by a conductivity
meter. Typical frequencies used are in the range 1—
3 kHz. The dependence on the frequency is usually
small [50], but may become appreciable at very high
frequencies, an effect known as the Debye—Falkenha-
gen effect.

In this paper, the Onsager model has been applied
that was developed by Frisch, Wong, and Wiberg uti-
lizes spherical cavities. Even though this implies a less
accurate description of the solute and solvent inter-
face, this approximation facilitates the evaluation of
energy derivatives in geometry optimizations and fre-
quency analysis. In addition, Cramer and Truhlar
expanded this model at dipole level [51—55].

As a general rule, a cavity should have a physical
meaning, such as that introduced by Onsager, and not
be only a mathematical artifice as often happens in
other descriptions of solvent effects [56]. On the phys-
ical meaning of Onsager’s cavity, see also the com-
ments. In particular, the cavity should exclude the sol-
vent and contain within its boundaries the largest pos-
sible part of the solute charge distribution [56].
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Quantum partial charges, accounting for polariza-
tion of the nanotube due to the weak ionic and cova-
lent bonding of B—N and the polarization of the
nanotube because of nanotube water interaction
Jointed to FAD quenzyme extracted from glucose oxi-
dase were computed by density functional theory
(DFT) calculations. Gaussian 03 [57] was used for the
HF and DFT calculations with BILYP/B3LYP/6-
31G** on the geometry-optimized structures. The
partial charges on the tubes were obtained by fitting
the electrostatic potential to fixed charges on the
boron, nitrogen, and hydrogen atoms for the nano-
tube-biomaterial hybrid system (BNNT-FAD) link-
age [58, 59].

The quantum partial charges are included in the
calculation that the BNNT was jointed to FAD and
water reservoirs are attached to the nanotube (Fig. 1).

RESULTS AND DISCUSSION

We first modeled a BNNT single-module fuel cell,
applying FAD as the anode catalyst directly immobi-
lized and then, the (5, 5) BNNT-FAD with water mol-
ecules was formed a single-file chain similar (Fig. 1).
We then obtained geometry-optimized structure for
BNNT-FAD method using Gaussian 03 [57].

The NMR data of isotropic (0;,), anisotropic
shielding tensor (G,us,), chemical shift anisotropy
(AG), chemical shift (8), asymmetry (1) (ppm) have
been reported for (5, 5) single wall boron nitride nano-
tube jointed to FAD vs. different atoms in Table 1 in
water solvent.

Moreover, the influence of the solvent on the rela-
tive stability of our molecule was studied by means of
the Onsager approach has been considered. The for-
mations of hydrogen bonds between the confined
water and nitrogen atoms on the BNNT can markedly
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Table 1. Calculated electronic properties of BNNT-FAD complex in water box (NMR data in ppm)

I)E;f:;;’tr:fs N16 N21 B25 B24 H22 cll N17 C6 N26 N27
HF
Gio 222.19 | 20931 | 7335 | 770444| 33.16 | 185.98 | 281.53 | 200.93 | 167.04 | 185.12
Ganico 120.75 | 4126 | 8513 | 5049 | 1244 | 5292 | 8518 | 2594 | 10131 | 256.50
A 12074 | 4126 | —69.43 | —73.70 | —20.04 | 52.92 | 85.18 | —37.20 | 101.31 | 107.06
8 80.50 | 27.51 | 4629 | 4913 | 13.36 | 3228 | 5679 | 2480 | 67.54 | 7137
n 0.13 0.60 | —0.36 | —0.37 | —0.24 0.75 0.30 | —0.39 0.91 0.94
Atomic charge | —0.65 | —0.76 0.82 0.77 0.33 0.54 | —0.94 | —0.05 | —0.79 | —0.79
BILYP
Gio 246.65 | 232.61 | 76.07 | 66.96 | 32.39 | 199.95 | 305.28 | 215.20 | 185.87 | 201.94
Ganico 103.09 | 3793 | 7945 | 5035 | 1625 | 4412 | 8266 | 2928 | 1659 | 28.22
Ac 103.09 | 3793 | —91.06 | —63.19 | —20.71 | 44.12 | 8267 | —30.54 | —21.75 | 28.22
8 68.73 | 2528 | 6070 | 4212 | 13.81 | 29.41 | 5511 | 2036 | 1450 | 18.79
n 0.1 086 | —074 | —0.59 | —0.57 0.93 017 | —091 | —0.52 0.76
Atomic charge | —0.23 | —0.28 0.35 0.31 0.20 0.10 | —0.33 0.04 | —037 | —0.37
B3LYP
i 256.86 | 241.06 | 73.35 | 62.96 | 32.84 | 205.85 | 31515 | 219.81 | 192.03 | 208.46
Ganico 109.62 | 3728 | 8513 | 8513 | 1710 | 4518 | 8753 | 29.92 | 1020 | 23.85
Ac 109.61 | 37.28 |-100.37 | —78.12 | —21.53 | 45.18 | 87.53 | —32.87 | —19.10 | —24.85
8 73.08 | 2485 | 6692 | 5208 | 1435 | 3012 | 5835 | 2192 | 1273 | 16.57
n 0.17 091 | —0.69 | —0.49 | —0.59 0.72 018 | —082 | —0.06 | —0.92
Atomic charge | —0.24 | —0.29 0.38 0.33 0.20 0.1 | —035 | —0.05 | —0.39 | —0.39

influence the structure and dynamical properties of
water inside the tube (Fig. 2).

In addition, we have found that the isotropic and
anisotropy shielding increase with the occupancy and
consequently the negative charge (Figs. 2a, 2b).

Boron nitride nanotubes (BNNTs) have been
reported to possess superior water permeation proper-
ties.
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To investigate the effect of water molecules on the
FAD-BNNT partial charges, we performed DFT cal-
culations based on four different representative tem-
peratures and levels of theory (HF, BLYP, and
B3LYP). Due to the inhomogeneous distribution of
water molecules along the tube axial direction, the
partial charge distribution is not quite symmetric with
respect to the center of the nanotube (Table 1 and
Fig. 3).
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Fig. 2. The NMR plot of (a) isotropic (0j,), (b) anisotropic shielding tensor (,,;s,) data in different levels of theory and 6-31G*

basis set.
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Fig. 3. Plot of the atomic charge data versus some active
atoms of FAD in binding to BNNT to construct a biofuel
cell based on electron transfer.

Electrolyte solutions are normally formed when a
salt is placed into a solvent such as water and the indi-
vidual components dissociate due to the thermody-
namic interactions between solvent and solute mole-
cules, in a process called solvation. Then we measured
the atomic charge of some active atoms of FAD in
binding to BNNT in water medium to form a multi-
module biofuel cell based on the direct electron trans-
fer principle (Fig. 3).

In this study thermo dynamic properties of BNNT
and FAD and hybrid system were investigated respec-
tively, next we examine the modification of tempera-
ture in water on this structure.

(@)
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Fig. 4. Plot of (a) voltage—current behavior and (b) resis-
tance—temperature of BNNT-FAD fuel cell using theoret-
ical methods at 295, 298, 300, and 305 K.

RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY A

Vol. 96

S109

Results illustrated hybrid system has minimal level
of free energy into FAD and BNNT (Table 2).

Boron nitride nanotube, because of its superior
electrical, physical, and chemical properties has been
considered such a fuel cell. Electron transfer between
BNNT and FAD as a biofuel cell has the potential to
operate close to thermodynamic redox potentials of
the FAD active sites, thereby maximizing voltage out-
put (Tables 2 and 3).

The voltage and current generated by the cell
between the two BNNT and FAD were measured by
resistance of water molecules for the voltage and cur-
rent measurements (Fig. 4).

Table 3 showed the voltage-current and behaviors
of the constructed BNNT-FAD fuel cell using theo-
retical methods with linear regressions of 0.9966 at
295, 298, 300, and 305 K (Fig. 4a).

In addition, it has been seen that by increasing the
temperature, the resistance will be enhanced with lin-
ear correlation of 0.9807 (Fig. 4b).

The conductivity of a proton solution is a measure
of its ability to electricity. Conductivity measurements
are used routinely in many industrial and environmen-
tal applications as a fast, inexpensive and reliable way
of measuring the ionic content in a solution [60].

Thus, the electrical conductivity of our electrolyte
(BNNT-FAD in water box) has been measured by
determining the resistance of the system (Fig. 5).

r (a)
0.348
-e
0.344 y=-0.0017x + 0.862
B R2=10.9799
0.340
b —
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0.328 ' ' ] L L *
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. . (b)
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g - 295K a298K
T 200 + 0300 K x305K
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<
100 -
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Fig. 5. Plot of (a) the electrical conductivity and (b) limit-
ing ion conductivity of the BNNT-FAD in water box
model in different temperatures and concentrations.
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Table 2. Thermodynamic redox potentials of the FAD active site bonded to BNNT as a biofuel cell
£ % % AH, HF AS, cal/(K mol) AG, HF
E5 &
T,K
method
295 298 300 305 295 | 298 | 300 | 305 295 298 300 305
HF —1092.59|—1092.59|—1092.59|—1092.59{122.95|123.60{123.98|125.01{—1092.60|—1092.61|—1092.63|—1092.65
BILYP [—1093.07|—1093.07(—1093.07|—1093.07{120.17 {120.80| 121.17 | 122.17 | —1093.11 |—1093.13|—1093.14 |—1093.16
B3LYP [—1093.07|—1093.07(—1093.07|—1093.07(120.51|121.14 | 121.51 |{122.51|—1093.13 |—1093.15|—1093.17 | —1093.18
Table 3. Electrophysical parameters of BNNT-FAD biofuel cell at different temperatures in water box model
K | Method |AC* 1075 £ v |k, x 104 2A’ | as |rRx10%,Q| LA | Power, W
J S m“ mol
295 HF —286.58 0.297 11.87 344.57 0.344 2.90 102.41 30.41
BILYP —286.63 0.297 11.89 344.92 0.346 2.89 102.77 30.52
B3LYP —286.69 0.297 11.92 345.34 0.346 2.89 102.76 30.56
298 HF —288.34 0.299 11.33 336.63 0.336 2.97 100.60 30.05
BILYP —288.56 0.299 11.43 338.13 0.339 2.95 101.36 30.30
B3LYP —288.91 0.299 11.59 340.53 0.341 2.93 102.04 30.26
300 HF —290.52 0.301 11.44 338.29 0.339 2.95 102.05 30.72
BILYP —290.61 0.301 11.48 338.90 0.339 2.95 102.03 30.72
B3LYP —290.73 0.301 11.54 339.71 0.340 2.94 102.47 30.87
305 HF —293.67 0.304 10.70 327.19 0.327 3.05 99.77 30.36
BILYP —293.84 0.304 10.77 328.29 0.329 3.04 100.16 30.49
B3LYP —293.92 0.304 10.81 328.80 0.329 3.04 100.19 30.51

In Fig. 5a, it has been demonstrated that with
enhancing the temperatures, the electrical conductiv-
ity has be decreased.

Conductivity is traditionally determined by mea-
suring the AC resistance of the solution between two
electrodes. Dilute solutions follow Kohlrausch’s laws
of concentration dependence and additive of ionic
contributions. Lars Onsager gave a theoretical expla-
nation of Kohlrausch’s law by extending Debye—
Hiickel theory (Fig. 5b).

Limiting ion conductivity for cation H* (\)) and

anion OH~ (1) in water at 298 K are 34.96, 19.91 mS x
m? mol~! [61].

In Fig. 5b, it has been obvious by increasing the
square root of concentration (N =1 x 1074, 2 x 1074,
3x1074,4x1074,5%x 1074 6 x1074,7 x 1074, 8 x 1074,
9 x 10~* g-equiv), the limiting conductivity has been
decreased in various temperatures.

RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY A Vol. 96

With discussing the dependence of the power to
resistance, a rapid decay in power generation was
observed. This decrease might be due to combining
BNNT to FAD complex (Fig. 6). The electric power
generation demonstrated in this study clearly exhibited
that biofuel cells employing FAD are capable of gener-
ating electric power utilizing variety of cellulolytic sug-
ars as the substrate, including glucose. Consequently,
we allowed utilizing cost effective and versatile boron
nitride nanotube as the electrode materials in water
environment in different temperatures.

Boron nanotube jointed to FAD immersed in an
ionic solution has been studied extensively of applica-
tions in our biological—chemical system.

These results demonstrated that boron nitride
nanotube is a feasible conductive material for the
direct electron transfer type biofuel cell, for its poten-
tial cost efficiency, material flexibility and stability
and the combination of FAD and BNNT will indicate
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Fig. 6. Power generation from direct electron transfer type
BNNT-FAD biofuel cell model.

the effective and practical electrochemical utilization
of biofuel cell.

CONCLUSIONS

A biofuel cell has attracted much attention for gen-
erating electric power directly from sustainable fuel
substrate. Thus, we have studied BNNT-FAD interac-
tion by DFT and HF methods, and then we have
investigated effects of BNNT-FAD as a hybrid system
in order to optimize biofuel cell. Our result illustrated
that BNNT can use effectively in biofuel cell.

Through considering different electron, with draw-
ing of nitrogen atoms in BNNT jointed to FAD and
analysis of NMR parameters it can be seen that the
electron transferring caused more structural stability
to BNNT-FAD complex because of hydrogen bond-
ing in solution.
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