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Abstract

We have fabricated a fuel cell based on the tissue-derived biomaterial “chi-
tin”, and investigated its proton conductivity. It was found that chitin be-
comes the electrolyte of the fuel cell in the humidified condition, and power
density of the fuel cell using chitin electrolyte becomes typically 1.35 mW/cm?
at the 100% relative humidity. This result is the first result showing that the
polysaccharide obtained from nature becomes the fuel cell electrolyte. More-
over, this result indicates that chitin is proton conductor in the humidified
condition. In the chitin sheet plane, proton conductivity in chitin is observed
approximately 0.1 S/m. Further, it was also found that chitin has the aniso-
tropic proton conductivity. The proton conductivity along the chitin fiber di-
rection is higher than that perpendicular to the chitin fiber direction. From
these results, it is deduced that the formation of water bridges accompanied
by hydration plays an important role in the appearance of proton conductivi-
ty in chitin.
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1. Introduction

As well-known, fuel cells attract attention as a clean next-generation energy.
Among them, solid fuel cells are particularly attracting attention in terms of
portability and stability. Therefore, these are required to find new electrolytes
of the fuel cell, which is low cost and has no environmental load in the produc-
tion process of the fuel cell. Recently, we focus on the tissue-derived biomate-
rials as the electrolyte of a fuel cell, because the tissue-derived biomaterials are

low cost and abundant in nature. Chitin, which is one of tissue-derived bioma-
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terials, is obtained from the shells and tendon, such as crabs, shrimps, etc., and
is biomass of huge amount in nature. Furthermore, the chitin and the deacety-
late chitin (chitosan) have been recently used in the several fields such as the
industrial and medical care field, because chitin and chitosan have superior
strength, thermal stability and biocompatibility as the biomaterial. Malette et al.
have investigated the curative effect of chitosan on the vulnerary [1]. Sandford
et al. have suggested the useful substituent effect of chitosan to skin [2] [3].
Nair and Madhavan have investigated the method for the elimination of Hg in
solution using chitosan [4]. Peniche-Covas et al. have investigated the efficiency
of adsorption of Hg [5]. Jha et al have also shown that chitosan powder has the
effect on the adsorption of Cd ions [6]. Allan et a/ reported that chitosan gives
the wet strength of paper [7]. In the field of electrical device, Schulte et al have
shown that chitin can be used as an electrochemical sensor component [8]. In
this way, a lot of investigations on chitin and chitosan have been carried out.
This fact is realized by the characteristic features of chitin and chitosan which
are easy to handle.

Recently, we have found that the fuel cell based on the biopolymer “collagen”
electrolyte shows the maximum power density 0.86 mW/cm® with the humidi-
fied condition and that operates LED lighting as shown in Figure 1 [9]. This re-
sult indicates that tissue-derived biomaterials become the electrolyte of a fuel
cell. Very recently, we have discovered the new bio-electrolyte of the fuel cell.
This electrolyte consists of chitin, and the fuel cell based on chitin electrolyte ex-
hibits higher power density compared with that based on other biomaterials,
which are DNA and collagen and so on [9] [10]. Moreover, we have investigated
the key factor in the appearance of proton conductivity in chitin. In the present
paper, these results are shown. These results will be helpful for the development

of further new fuel cells based on the biomaterials.

2. Experimental
2.1. Sample Preparation

Chitin films were prepared with the purified chitin obtained from crab shells
(Sugino Machine Limited). This purified chitin slurry was well dispersed in dis-
tilled water and the chitin sheets were prepared by suction filtration. Figure 2
shows the photograph of the chitin film. The thickness of the film is approx-
imately 0.07 mm.

The chitin fiber specimens were prepared by purifying chitin obtained from
the tendon of crab’s legs. Based on the article of Prosky et al, the purification
method was performed using a group of enzymes obtained from Streptomyces
griseus (Wako Pure Chemical Industries, Ltd.) [11] [12] [13]. Figure 3 shows
the purified the chitin fiber observed under the polarizing microscope. As shown
in Figure 3, the extinction position and diagonal position are observed in the
prepared chitin fiber. This result indicates that the purified chitin fiber has high-
ly orientated structure.
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Figure 1. The fuel cell using collagen electrolyte is operating LED.

Figure 2. Photograph of chitin film.

—— 1.0mm

(®)

Figure 3. Chitin fiber: (a) extinction position and (b) diagonal position.

2.2. Fabrication of the Fuel Cell Based on Chitin Electrolyte

Figure 4 shows the shape of the fuel cell based on the chitin electrolyte. As show
in Figure 4, the chitin electrolyte was inserted between Pt-C electrodes (anode
and cathode). The current was collected from the current collector plates. The
hydrogen and oxygen gases were introduced from the up and down sides of the

fuel cell, respectively. In the fuel gas flow, the relative humidity, temperature and
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gas-flow ratio were controlled by the humidified gas-flow control system of Auto
PEM (Toyo Corporation) at room temperature. The H, gas flow rate and the air

flow rate are 0.1 L/min and 0.25 L/min, respectively.

2.3. Impedance Measurement and Water Contents Measurement

The water contents were measured from the relative humidity dependence of the
weight of chitin using the electronic analytical balance (OHAUS Inc.) and the
number of water molecules per a chitin molecule was calculated from the ob-
tained water contents and molecular weights of water and mono-chitin.

The measurement of electrical conductivity was carried out using precision
LCR meter (E4980A, Agilent Technologies Inc.). The relative humidity and
temperature were controlled by the humidified gas-flow control system (Auto
PEM). In the impedance measurement, the electrical conductivities perpendicu-
lar to the surface and parallel to the surface in chitin sheet were measured. In the
case of chitin fiber specimens, impedance measurements were performed for
specimens along the fiber direction and normal to the fiber direction, respec-

tively.

3. Results and Discussion

Figure 5 shows the current density—cell voltage (V) curve of the fuel cell
based on chitin electrolyte with the 100% relative humidity. As shown in Figure
5, the cell voltage steeply decreases due to the anode over-potential at the very
lower current region and then linearly decreases with increasing current density.
In this way, the i-V,, curve shows the typical i-V,, characteristics of a fuel cell.
This result indicates that the chitin becomes the electrolyte of the fuel cell and
the chitin exhibits proton conductivity with the humidified condition. Further, it
is also noted that the fuel cell using chitin electrolyte exhibits the maximum
power density 1.35 mW/cm®. This value is large compared with the fuel cell
based on other biomaterials of collagen and DNA [10].

Figure 6 shows the relation between the relative humidity R, and n in the
humidified chitin. Here, nis the number of water molecules per one molecule of
the chitin at 300 K. This result indicates that » monotonically increases with the
increase of humidity. This result indicates that there is no hydration-induced
transition in the humidity region between 50% and 100% in chitin, and chitin
has 2 water molecules per 1 molecule at the 100% relative humidity. Therefore,
for the analysis of proton conductivity, we can use not the relative humidity but
the number “n” as an index of the hydration.

Figure 7 shows the frequency dependence of AC conductivity. In Figure 7,
AC conductivity is calculated with the equation ¢ = we,e” obtained from the
simple Capacitance-Resistance (C-R) parallel equivalent circuit for specimen.
Here, w is angular frequency, &, is the dielectric constant in vacuum, and &£”is
the imaginary part of dielectric constant. We can clearly see that all AC conduc-
tivity increases with the increase of the hydration number n. These results indi-

cate that AC conductivity increases by the formation of the bonding between the
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chitin and water molecules. Moreover, it is noted that the conductivity calcu-
lated by 0= weye”strongly depends on the frequency. This result means that the
chitin cannot be described by simple C-R equivalent parallel circuit. In order to
clear the origin of frequency dependence of AC electrical conductivity, we show
the relation between the real and imaginary parts obtained from the measured
impedance data in Figure 8. As shown in Figure 8, the observed impedance data
Z shows the semicircle part and linear parts in the impedance plane. This result
indicates that two components are contained in the measured impedance. The
almost linear behavior in impedance plane is well known as the contribution of
Warburg impedance caused by the double layer capacitance and charge transfer
resistance at the interface between the electrode and the specimen [14]. On the
other hand, the part of semicircle behavior in impedance plane is also observed.
When the specimen is considered by the simple C-R parallel equivalent circuit,
the impedance Zcan be described by the following equation,

Hydrogen gas

- <— Anode
<> Chitin sheet

Current
collector

ﬂAir
(Oxygen gas)

Figure 4. Fuel cell based on the chitin.
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Figure 5. i-V curve of the fuel cell based on chitin elec-
trolyte in the 100% relative humidity.
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Figure 6. Water content of chitin with the humidification.
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Figure 7. Frequency dependence of o, at various n.

Z" [x10°Q]

3 .
2t ]
s n=0.93 ]
7=0.99 .
1.1 . .
% 1 2 3
7' [ x10°Q]

Figure 8. Relation between Z’and Z”in hydrated chitin.
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R . oCR?

- - 1
1+(wCR)’ ’ 1+(wCRY’ W

Here, Rand Care resistance and capacitance in the simple C-R parallel equiv-

alent circuit, respectively, and jis imaginary unit.

2
For 7'= Lz and Z"= jﬂ2 , the relation between 2 and
1+(wCR) 1+(wCR)
2’ becomes the following equation,
(Z2'-R/2) +Z"™ =(R/2)". )

In this way, the semicircle part in the impedance plane is caused by the simple
C-R parallel equivalent circuit in the specimen. That is, considering these results,
the observed semicircle part of Z represents the conductivity and polarization
property in bulk of chitin. In addition, we note that DC proton conductivity in
the bulk of chitin can be derived by extrapolating the circular arc to the real axis
in the impedance plane.

Figure 9 shows the relationship between DC proton conductivity o, and nin
the bulk of chitin. The DC proton conductivity is obtained from the extrapola-
tion of the circular arc using the method shown in Figure 8. As shown in Figure
9, DC proton conductivity increases with increasing n and tends to saturate in
the region of n > 1. This result indicates that the formation of proton conduction
path changes at around 2 = 1. That is, the bonding of water molecules to chitin
molecule at around n = 1 changes from that below 1 < 1. Considering that the
bonding between chitin and water molecule is formed by hydrogen bond, the
formation of hydrogen bond between chitin and water molecule plays an im-
portant role in proton conductivity. In addition, as shown in Figure 9, it is noted
that there is the anisotropy for proton conductivity in chitin. It is evident that
the water number n dependences of g, and o show the similar behavior. More-
over, it is also noted that g, becomes approximately 1 x 10" S/m at n = 2. On the
other hand, gy becomes about 2 x 10> S/m. The conductivity normal to plane is
5 times smaller than that in plane. These results indicate that the direction of
bonding between the chitin and water molecules is important for the determina-
tion of the value of proton conductivity. It is well known that the chitin has fiber
structure. Therefore, in order to investigate the orientational dependence of
proton conductivity in detail, we have measured the difference between proton
conductivities along the fiber o, and perpendicular to the fiber oy.

Figure 10 shows the humidity dependences of op; and oy Here, opr and oy
are proton conductivity parallel and perpendicular to chitin fiber, respectively. It
is evident that oy has approximately 6 times higher than g. In the sheet sample
in Figure 9, it is deduced that chitin fiber is lied in plane of chitin sheet and that
therefore the conductivity in plane is mainly related to proton conductivity
along the fiber. On the other hand, proton conductivity normal to the chitin
sheet is mainly contributed by that perpendicular fiber direction. Therefore, the

anisotropy for proton conductivity of chitin fiber in Figure 10 is consistent with

DOI: 10.4236/msa.2018.910056

785 Materials Sciences and Applications


https://doi.org/10.4236/msa.2018.910056

T. Kawabata, Y. Matsuo

that in sheet sample (Figure 9). Considering the results for anisotropic proton
conductivity, it appears that the relation between chitin hydrated structure and
proton conduction path formed by the hydrogen bond with water molecule is
significantly important.

Figure 11 shows the crystal structures in the a-c and b-c planes in the hy-
drated chitin reported by many researchers [15]-[20]. As shown in Figure 11(a),
it is evident that the hydrated chitin has water network which is formed along
the chitin fiber direction. On the contrary, as shown in Figure 11(b), the forma-
tion of water network perpendicular to the chitin fiber direction is difficult
compared with that along the fiber direction, because water molecules are
bonded between chitin fibers. Therefore, proton transport in perpendicular to
the fiber direction is prevented by difficulty of formation of the water network.
These results indicate that the direction of water network is closely related to the
value of proton conductivity. It is also noted that these water molecules form
hydrogen bonds between hydroxyl group and amino-acetyl group in chitin, or
between water molecule and next water molecule. Considering that proton con-
ductivity increases with the increase in the number of water molecule and that
proton conductivity along the direction of water network becomes high, these
results indicate that the realization of proton conductivity is achieved by proton
transfer via the water network formed between chitin and water molecules with
the breaking and rearrangement of hydrogen bond. In addition, it seems that the
hydroxyl group and amino-acetyl group in the side chain of chitin, which form
the hydrogen bonds with water molecules, facilitate the generation of hydro-
nium ions. It is deduced that the generated hydronium ions in the water network
move with the breaking and rearrangement of hydrogen bond, and consequently
proton conductivity is realized in the water network. It is necessary to investigate

the quantitative analyses between the water network and proton conductivity, in

4| @ InPlane
10 O Normal to plane
£
2 1077 1
S
107°% 1
0 2

Figure 9. Relation between hydration number and proton conductivity
in chitin sheet. Solid circle and open circle denote proton conductivity in
plane of chitin sheet and normal to chitin sheet, respectively.
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Figurel0. Orientation-dependent proton conductivity in orientation chitin.
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Figure 11. Structure of hydrated chitin [18] [19] [20]. (a) in the a-c plain and (b) in the
b-c plane. These pictures show ball and stick model of hydrated chitin. Gray, red, blue
and white ball show carbon, oxygen, nitrogen and hydrogen atoms.

order to understand the anisotropic conductivity in chitin in detail. These results

will appear future issues.

4. Conclusion

We have fabricated the chitin fuel cell and investigated whether the chitin be-
comes the electrolyte or not. As a result, chitin becomes proton conductor and
operates as the electrolyte of the fuel cell. The proton conductivity increases with
the increase in the number of water molecule. Moreover, chitin has the aniso-
tropic conductivity from the measurement of proton conductivity in the sheet
and highly-orientated specimens. It is found that proton conductivity along the
chitin fiber direction becomes higher than that perpendicular to the chitin fiber
direction. Considering that water molecules is bonded with the side chain of chi-

tin along the chitin fiber direction, the appearance of proton conductivity in chi-
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tin is caused by the proton transfer via the water network formed between the

chitin and water molecules.
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