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Abstract: Biomaterials attract a lot of attention as next-generation materials. Especially in the energy
field, fuel cells based on biomaterials can further develop clean next-generation energy and are
focused on with great interest. In this study, solid-state hydrogen fuel (PSII-chitin composite)
composed of the photosystem II (PSII) and hydrated chitin composite was successfully created.
Moreover, a biofuel cell consisting of the electrolyte of chitin and the hydrogen fuel using the PSII-
chitin composite was fabricated, and its characteristic feature was investigated. We found that
proton conductivity in the PSII-chitin composite increases by light irradiation. This result indicates
that protons generate in the PSII—chitin composite by light irradiation. It was also found that the
biofuel cell using the PSII—chitin composite hydrogen fuel and the chitin electrolyte exhibits the
maximum power density of 0.19 mW/cm?. In addition, this biofuel cell can drive an LED lamp.
These results indicate that the solid-state biofuel cell based on the bioelectrolyte “chitin” and biofuel
“the PSII-chitin composite” can be realized. This novel solid-state fuel cell will be helpful to the
fabrication of next-generation energy.
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1. Introduction

As is well known, environmentally friendly energies are strongly required as next-
generation energy. In particular, hydrogen energy, which reduces CO; emissions during
power generation, is focused on as next-generation clean energy [1-3]. However, in general,
hydrogen gases are artificially produced from fossil fuels [4-8]. Therefore, a method to
generate hydrogen gas without using fossil fuels is also significantly important. Fuel cells
are the most common way to obtain energy from hydrogen. It is known that energy gener-
ation using a fuel cell is achieved by a simple reaction of Hy +1/20, — HyO [9]. Therefore,
the efficiency of power generation becomes high. Concerning the materials contributing to
the hydrogen energy, the biomaterial is focused. Biomaterials have the ability to transport
and produce hydrogen ions and are expected to be used as fuels and electrolytes for fuel
cells. For example, materials such as DNA, collagen, chitin, and chitosan exhibit relatively
high-proton conductivity by hydration and can be used as the fuel-cell electrolyte [10-18].
Furthermore, many studies were conducted on hydrogen production using biomateri-
als, such as enzyme reactions, microbial electrolysis-cell reactions, fermentative reactions,
and reactions using the anaerobic environment of the algae [19-27]. In addition to these
reactions, hydrogen ions are produced in the process of photosynthesis reaction, which
proceeds on the Thylakoid membrane. The Thylakoid membrane includes the membrane
protein complexes such as photosystem I (PSI) and photosystem II (PSII), and the man-
ganese (Mn) cluster in PSII deprotonates water molecules [28-30]. Therefore, proton and
electron transfers and water-splitting reactions are achieved by the light absorption of
PSII [31-33]. In the general photosynthetic reaction, the generated electrons are used in
the NADPH reaction at PSI, and the generated hydrogen ions are passed to ATP synthase.
However, if we can extract PSII independently, we can directly use hydrogen ions and
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electrons generated by light irradiation as a fuel. Miyao, Shen, and Enami reported that
PSII could be extracted by the surfactant [34,35]. Therefore, using this method, we can
extract PSII using surfactants and obtain hydrogen ions. We recently investigated the
hydrogen generation of the PSII solution by light irradiation and fabricated the biofuel cell
using the fuel of the PSII solution and the collagen electrolyte [36]. As a result, we found
that by controlling the non-ionic surfactant concentration in the PSII solution, the hydrogen
can be generated from the PSII solution by light irradiation. Further, it was also found that
the PSII solution becomes the fuel of the fuel cells based on collagen electrolytes. Thus, in
the previous works, we successfully fabricated the biofuel cell composed of the hydrogen
fuel of the PSII solution and collagen electrolyte, concerning electrolyte and fuel, which are
important elements in the fuel cell. However, the problem of the fuel being liquid has not
been solved yet. By solidifying hydrogen fuel, there are a lot of advantages; for example,
convenient to carry, corrosion-proof, no leakage of PSII solution, etc. In particular, the fact
that the PSII solution does not leak during transportation will significantly improve the
convenience of energy use. For this purpose, it is necessary to change the material from
liquid to solid. Therefore, in this study, we attempted to convert PSII hydrogen fuel into
solid form and fabricated the biofuel cell based on the solid-state PSII hydrogen fuel and
chitin electrolyte. By realization of the solidification of hydrogen fuel, rapid progress for
the fuel cell will be realized. In addition, this work will help facilitate the study of new
environmentally friendly hydrogen-energy sources.

2. Materials and Methods
2.1. Bioelectrolyte “Chitin”

Chitin is the chemical formula of (CgH;305N),, and consists of a long-chain polymer of
N-acetyl-glucosamine. Figure 1 shows the chemical formula and photograph of the chitin
film. In the present study, the purified chitin slurry (Sugino Machine Limited, Uozu, Japan)
was used to prepare the chitin film. The purified chitin slurry was sufficiently dispersed in
distilled water, and the chitin films were grown by suction filtration at room temperature.
In suction filtration, the PTFE hydrophilic filter with a hole of 0.2 ym diameter was used.
The film thickness was adjusted to approximately 80 pum.

CHs; n
Chitin film

(a) (b)
Figure 1. Molecular formula of chitin (a) and photograph of chitin film (b).

2.2. Preparation of PSII Containing Solution

The PSII solution was obtained from the spinach leaves. The spinach leaves were
crushed in a disrupted suspension, consisting of distilled water and pH 7.4 phosphate
buffer solution, and were filtrated. The filtrated solution of green color was centrifuged
at 6000 rpm for 15 min. Then, the residue was suspended in the disrupted suspension.
The obtained solution was centrifuged at 6000 rpm for 15 min again, and the supernatant
was removed. Then, the obtained precipitate was suspended in the pH 6.8 buffer solution
to satisfy the 2 mg/mL condition. The extracted solution was solved by the 20 w/v%
surfactants (Triton X-100: Nacalai tesque Inc., Kyoto, Japan) diluted with distilled water.
Moreover, the obtained PSII containing solution was centrifuged at 12,000 rpm for 60 min.
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Then, the precipitate was extracted to eliminate the PSI complex. Finally, the precipitate
was suspended in the distilled water, and the obtained solution was centrifuged twice at
12,000 rpm for 60 min, and the PSII solution was obtained. Then, the obtained PSII solution
was mixed with the chitin slurry, as shown in Figure 2a. The chitin and the PSII solution
were sufficiently mixed for 30 min in the ratio of 2:1 by weight. The obtained PSII-chitin
composite was then dried and molded in a desiccator using the diphosphorus pentaoxide
as a drying agent. As a result, we obtained the PSII-chitin mixed composite, as shown in
Figure 2b. As shown in Figure 2b, the color of the PSII-chitin composite becomes green.
This PSII—chitin composite was used as the hydrogen fuel film by containing the water in
this composite.

\

PSII-chitin composite

PSII solution j

(a) (b)
Figure 2. Chitin slurry and PSII solution (a), and photograph of the PSII-chitin composite (b).

2.3. Preparation of Biofuel Cell Using Bioelectrolyte and Hydrogen Fuel Composed from the
PSII-Chitin Composite

Figure 3 shows the schematic diagram of the biofuel cell using bioelectrolyte and the
PSII-chitin composite hydrogen fuel. As shown in Figure 3, the biofuel cell is composed of
hydrogen fuel using the PSII—chitin composite, Pt-C catalysts, stainless mesh plates, and
the bioelectrolyte. In the present work, the chitin film was used as the bioelectrolyte. The
thickness of the chitin film was typically 80 pm. The chitin film was sandwiched between
a cathode and an anode. In the electrodes of the cathode and the anode, carbon sheets
of 4.5 mm diameter were used. The chitin electrolyte and these electrodes were bonded
using the ethanol solution, including Pt-C powder, to realize a three-phase interface. Here,
the concentration of the ethanol solutions, including the Pt-C powder, was 1 g/mL. The
electron-collecting electrode composed of a stainless mesh of 100 mesh/cm? was mounted
on Pt-C electrodes in order to collect electrons produced at the anode of the fuel cell.

The collected electrons at the anode go through the external circuit and reach the
cathode electrode and the electrons at the cathode electrodes bond to the oxygen and
protons via the electrolyte. As a result, HyO is produced, and the energy is obtained as
electricity from the fuel cell. In order to obtain this energy from the fuel cell, hydrogen and
oxygen gases must be supplied to the anode and the cathode, respectively. Usually, the
prepared fuel gases (hydrogen and oxygen gases) are used in energy production by the
fuel cell. In this work, the hydrogen ions were directly introduced to the anode electrode
from the PSII—chitin composite, while oxygen fuel gases were introduced to the cathode
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from the air. The hydrogen ions introduced at the anode pass through the chitin electrolyte,
react at the cathode with oxygen in the air, and generate energy.

Light irradiation

Stainless mesh

2e”
— | L
Pt-C 0
electrode A
' D
. 2e
Stainless mesh H,O Air(1/20,)

Figure 3. Structure of the biofuel cell using the chitin electrolyte and the PSII—chitin composite
hydrogen fuel.

2.4. Measurement of FT-IR, Impedance, and Fuel Cell Characteristics

The infrared (IR) absorbance spectra for 1200-1700 cm ! were measured in the chitin,
PSII solution, and PSII-chitin composite using an FT-IR spectrometer (iS-5, Thermo Fisher
Scientific, Waltham, MA, USA). Proton conductivity in the PSII-chitin composite was mea-
sured using the precision LCR meter (E4980A: Agilent technology, Santa Clara, CA, USA).
The relation between current density i versus cell voltage V in the biofuel cell was measured
using the homemade i~V measurement system with the electronic voltmeter (keythley2100
and 2000) with the high-impedance input resistance. The values of i and V were captured
by the data acquisition system using the computer. The relation between i and power
density P in the biofuel cell was also calculated by the data of the i~V characteristics with
the relation of P = iV. In the present work, the measurement under light irradiation was
carried out using the white light of the average light intensity of 0.5 mW /cm?.

3. Results

In the fuel cell, the electrolyte and hydrogen fuel are extremely important parts of
power generation. In particular, the mechanical stability of the electrolyte is necessary
for power generation. In order to investigate the mechanical stability of the hydrated
chitin electrolyte film, we measured the relationship between stress and strain. Figure 4
shows the result for the hydrated chitin electrolyte film with a thickness of 80 pm. As
shown in Figure 4, the strain linearly increases with increasing stress until 2.70 MPa. From
this result, the Young’s modulus of the prepared hydrated chitin film can be determined
to be 0.134 GPa. This Young’s modulus is larger than that (~0.06 MPa) of the hydrated
Nafion 117 film, which is used as the fuel cell electrolyte [37]. This result indicates that the
hydrated chitin film has sufficient mechanical stability as the fuel-cell electrolyte.

Furthermore, we reported that the hydrated chitin films become a proton conductor in
the previous paper [17,18]. Figure 5 shows the relation between the number of hydration
ng and proton conductivity oy in the hydrated chitin film. Here, ny was obtained from the
weight change in the hydration.

It is evident that proton conductivity monotonously increases with increasing ny and
becomes 7.8 x 1072 S/m at 19 = 2. In this way, the chitin film becomes a proton conductor
by hydration and can be used as the fuel cell electrolyte. Actually, the chitin film becomes
the fuel cell electrolyte using hydrogen gas as a fuel gas [17].

Figure 6a—c show the IR spectra in the chitin, the PSII solution, and the PSII-chitin
composite film, respectively. The absorption bands observed at 1621 and 1656 cm ! in
Figure 6a are assigned as amides I [38]. In contrast, the N-H bending band of the amid Il is
uniquely observed at 1556 cm ™! [38]. In this way, the IR spectrum is the same as that of
chitin as well known. In Figure 6¢, the solid line shows the measured spectrum in the PSII-
chitin composite, and the dotted line exhibits the simple superposition of the IR spectra
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of the chitin film (Figure 6a) and the PSII solution (Figure 6b). As shown in Figure 6c,
the IR spectrum of the PSII-chitin composite film is in good agreement with the simple
superposed spectrum by the IR spectra of the chitin film and PSII solution. Therefore, the
structures of the chitin and PSII do not change by mixing. It is deduced from these results
that the PSII—chitin composite is a simple complex with PSII of proton generator and the
chitin of proton transporter. These results indicate that PSII is successfully confined in the
chitin film.
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Figure 4. Stress—strain curve of the chitin film.
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Figure 5. Relation between DC proton conductivity ¢y and hydration number 7 in the chitin film.



J. Compos. Sci. 2021, 5, 317

6 of 12

@) Amide II

A (arb. units)

A (arb. units)

A (arb. units)

0 1 1
1200 1400 1600

Wavenumber (cm 71)
Figure 6. IR spectra in chitin film (a), PSII solution (b), and the PSII-chitin composite film (c).

Figure 7 shows the example of the Nyquist plot in the PSII-chitin composite film in
the dark and under the light irradiation at n. = 0.80, where n. is the hydration number of
the PSII—chitin composite for one chitin molecule. As shown in Figure 7, the relationship
between the real part Z,e and the imaginary part Z;,, becomes a semi-circle one. This result
indicates that the PSII—chitin composite is expressed by the parallel equivalent circuit of
resistance R and capacitance C, and Z;. and Z;,, are shown in the following equations:

R wCR?

Te

As shown in Equation (1), by approaching w to 0, Z;e and Z;, become R and 0,
respectively. Thus, we can obtain bulk DC proton conductivity of the PSII-chitin composite
film from the value of Z,. extrapolated to w — 0, considering that the measured impedance
for low angular frequency mainly results from the existence of the double-layer capacitance
near electrodes.

In order to visualize the change in the impedance spectrum by irradiating light, we
show the enlarged spectra near Z,e = 120 k() in the inset of Figure 7. As shown in this
figure, the DC resistance R, which is the intersection of the Z.-axis and the semi-circle
described by Equation (1), decreases by light irradiation. Considering that the resistance in
the chitin film is no change by the light irradiation, this result indicates that the decrease
in the resistance by the light irradiation is the characteristic feature of the PSII-chitin
composite film.

Figure 8 shows the relation between the hydration number 7. and the value Ac of
proton-conductivity change by irradiating the light obtained by the analyses of Figure 7.
Here, proton conductivity ¢ in the dark (or under the light irradiation) can be calculated
using the equation of o = I/RS, where S and ! are the area of the electrode and the length
between electrodes, respectively. As shown in Figure 8, proton conductivity increases by
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the light irradiation in all n.. In addition, it is noted that Ac increases with the increase in
ne. Considering that the proton mobility of the generated protons by the light irradiation
will increase due to the increase in proton-transfer path accompanied by the increase in
hydpration, the rise of Ac by increasing 7. is reasonable.

150 : : : :
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é\ 20F
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1001 10 ]
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50 ///f—-ﬂx\\ T
o,
Ob o
0 X L : L _I
0 50 100 150
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Figure 7. Example of Nyquist plot in the PSII-chitin composite film in the dark (open circle) and
under the light irradiation (solid circle). Inset is the enlarged spectra near Z. = 120 k().
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Figure 8. Relation between the hydration number 7. and the value Ac of proton-conductivity change

by irradiating the light.
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Figure 9 shows the i~V characteristics under the white light irradiation of 0.5 mW /cm?
at ne = 2.0 for the fuel cell based on the chitin electrolyte and the hydrogen fuel using the
PSII—chitin composite as shown in Figure 3.
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Figure 9. i-V characteristics of the fuel cell based on the chitin electrolyte and the hydrogen fuel
using the PSII—chitin composite.

It is evident that the relation between i and V is the typical i~V characteristics of the
fuel cell. Further, the open-circuit voltage becomes 0.75 V. This value is the typical value
(~0.8 V) using the bioelectrolyte [13,17,36]. These results are consistent that the hydrated
PSII-chitin composite operates as the fuel of the fuel cell. Thus, the hydrated PSII—chitin
composite generates the hydrogen ions and electrons by light irradiation and provides
the hydrogen fuel to the fuel cell. In the present fuel cell, the maximum power density
becomes 0.19 mW /cm?, as shown in Figure 9.

Figure 10 shows the LED lighting of the present fuel cell using the chitin electrolyte
and the hydrogen fuel of the hydrated PSII-chitin composite under the white light of
0.5 mW /cm?. In this demonstration, the three fuel cells are connected in series. As shown
in Figure 10 actually, the green LED lamp is driven by the present fuel cells. This result is
evidence that the PSII-chitin composite becomes the hydrogen fuel of the fuel cell.

Figure 10. Photograph of the driving of the green LED lamp using the fuel cell based on the chitin
electrolyte and the hydrogen fuel of the PSII-chitin composite.
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4. Discussion

The present study investigates the possibility of the solid-state hydrogen fuel using
the PSII-chitin composite, which generates proton by the light irradiation, and reports the
fabrication of the biofuel cell using the chitin electrolyte and the PSII-chitin composite
hydrogen fuel. These realized results are already shown in Section 3. In this section,
we discuss the consistency of the proton generation by the irradiation to the PSII-chitin
composite and exhibit the schematic figure of proton transport in the PSII-chitin composite.

In Figure 8, we found that light irradiation increases proton conductivity. It is noted
that the value of Ac at 7. = 2.0 becomes 0.35 x 1073 S/m. It is well-known that proton
conductivity ¢ is generally expressed as “o = nep” using the elementary charge e, the
number of mobile proton n and the mobility of proton u. In addition, we obtained the
result from the measurement of proton conductivity in chitin by the light irradiation that
proton conductivity of chitin is no change by the light irradiation. Therefore, the number
and mobility of mobile protons in the chitin are not changed by light irradiation. By
considering these results, the increase in proton conductivity by the light irradiation in
the PSII-chitin composite is mainly caused by the number An of protons generated by the
light irradiation. Therefore, the increase in proton conductivity caused by the generated
protons An with the light irradiation is described as “Ac = Anep”. It is well-known that the
mobility of protons by the Grotthuss mechanism is ~3.6 x 1072 cm?/sV [39]. By using the
values of the mobility of 4.3 x 1073 cm?/sV in hydrated maleic chitosan [40], which has
a similar molecular structure with the main chain of chitin, and the elemental charge of
1.6 x 10712 C, An is calculated to be 5.1 x 10 ecm 2 at 7. = 2.0. On the other hand, we can
roughly estimate the generated hydrogen number from the i~V characteristic of the fuel
cell, as shown in Figure 9 using Faraday’s second law of electrolysis. Faraday’s second law
is described as “imax = znF/NA”. Here, n and z are the hydrogen molecular number per
unit time and the total charge number of the hydrogen molecule, respectively. The symbols
of N and F are the Avogadro constant and the Faraday constant, respectively. In the case
of the present work, n corresponds to An with z = 1. From Figure 9, the maximum current
is calculated to be 0.37 mA with an electrode area of 0.28 cm?. By using this value, we can
obtain the number An of protons to be 2.3 x 10> cm~3. This value is the same order as An
calculated from A in spite of the rough estimation using the different measurements. In
this way;, it is consistent that protons generated by the light irradiation in the PSII—chitin
composite play a role in the hydrogen fuel of the fuel cell.

Finally, we would like to exhibit the schematic figure of proton transport in the PSII-
chitin composite in Figure 11. As shown in Figure 11, the light irradiation excites the
electron in chlorophyll and yields the deprotonation of H,O by the catalytic reaction of the
Mn cluster in PSIL. The generated protons yield the oxonium ions at the side chain of the
hydrated chitin. Considering that the proton transfer is caused by the proton transfer with
the breaking and rearrangement of the hydrated water bonded with the sidechain of the
chitin, the oxonium ions produced by the protons injected in the chitin are successively
rearranged by the proton transfer. Thus, the protons in the PSII—chitin composite are
transported to the chitin electrolyte of the fuel cell. On the other hand, the generated
electrons are caught at the anode electrode and are transported to the cathode electrode via
the external circuit. By this reaction, the fuel cell in the present work drives the LED light,
as shown in Figure 10.

In the present work, we used the white light of 0.5 mW /cm? for the light irradiation
to the PSII-chitin composite, and we obtained a power density of 0.19 mW/cm?. As
shown in previous work [36], the hydrogen generation in the PSII solution depends on the
light wavelength, and the hydrogen generation is mainly realized by the red or blue light
irradiation. Therefore, in the PSII-chitin composite, it is also important to investigate the
wavelength dependence of power density. Currently, we plan to investigate the optimum
condition to obtain the maximum power density in the present type of fuel cell. These
results will appear in future issues.
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Figure 11. Schematic diagram of proton generation by the light irradiation and proton transfer in the
PSII-chitin composite.

5. Conclusions

This study provides the possibility of a new type of solid-state hydrogen fuel using
the PSII-chitin composite and the fabrication of the biofuel cell using the chitin electrolyte
and the hydrogen fuel by the PSII-chitin composite. It was found that the light irradiation
to the PSII—chitin composite yields an increase in proton conductivity due to the proton
generation in the PSII-chitin composite. Further, the biofuel cell fabricated using the chitin
electrolyte and the PSII-chitin composite hydrogen fuel exhibits the maximum power
density of 0.19 mW/cm? and drove LED by three single cells. Therefore, in this work, we
indicated that the PSII—chitin composite becomes the new type of solid-state hydrogen fuel
and, by using this biofuel and bioelectrolyte chitin, a new type of solid-state biofuel cell
can be realized.
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