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Abstract 
We have fabricated the fuel cell based on the tissue derived biomaterial “col-
lagen” and investigated its proton transfer. It was found that “collagen” be-
comes the electrolyte of fuel cell in the humidified condition. The power den-
sity of the fuel cell becomes typically 8.6 W/m2 in the 80% humidity. Further, 
these results indicate that collagen exhibits proton conductivity in the humi-
dified condition. Both of proton conductivity and dielectric constant increase 
by the increase of humidity. From the analyses of the frequency dependence 
of AC conductivity, it was found that proton conductivity and the dielectric 
dispersion observed in the humidified condition are caused by the formation 
of the water bridge, which is bonded with the collagen peptide chain. Consi-
dering that hydration induces the formation of the water bridge and that in-
creases proton conductivity and dielectric constant, it is deduced that proton 
transfer in the fuel cell based on collagen is caused by the breaking and rear-
rangement of hydrogen bond in the water bridge. 
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1. Introduction 

It is well-known that tissue-derived biomaterials are abundant in nature and 
are widely used in biomedical field. Especially, it is known that these materials 
are used to the formation of artificial blood vessel, artificial bone filling ma-
terial and so on. Recently, even in the field of electrical conductor, the applica-
tion of tissue-derived biomaterials to devices begins to investigate, because the 
tissue-derived biomaterials have the features of charge transfer such as proton 
pump and ion channel, and further have a potential to achieve a low-carbon 
society. For example, the electrical properties of deoxyribo-nucleic acid (DNA) 
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have been investigated by many researchers, and there are many reports 
[1]-[7]. For example, in the field of electrical devices, the investigations of 
DNA molecular wire and DNA based materials for switching devices have 
been carried out [8] [9]. It is also known that the DNA film exhibits proton 
conductivity in the humidified condition and can be used as the electrolyte of 
fuel cell [10] [11]. In this way, tissue-derived biomaterials are useful for the 
application to electrical devices and become excellent proton-transfer mate-
rials. These facts mean that tissue-derived biomaterials are important material 
in the field of “Protonics”. Recently, we have fabricated the fuel cell based on 
the electrolyte of submucosa film, which is the part of intestine [12]. It was 
found that the current density i dependence of cell voltage V (i-V curve) of 
fuel cell based on submucosa in the humidified condition shows a typical i-V 
characteristics of fuel cell [12]. The maximum power density in its fuel cell 
reaches to 1.4 W/m2 and is stable for 30 days at least. This result indicates that 
submucosa becomes the electrolyte of fuel cell and that becomes proton con-
ductor in the humidified condition. It is well-known that submucosa film 
mainly consists of collagen which is one of biopolymers. In the present work, 
we have shown the possibility to the fuel cell based on the biopolymer “colla-
gen” electrolyte and investigated the important factor for the appearance of 
proton conductivity. It is expected that these results will be helpful to the de-
velopment to the electrical devices and energy devices of biopolymer, such as 
the power supply of artificial heart. 

2. Experimental 
2.1. Sample Preparation 

The films of collagen were prepared from the decalcified scales of Tilapia fish 
(Nitta Gelatin Inc). Figure 1 shows the photograph of the collagen film. The 
thickness of its film is approximately 0.25 mm. In the fabrication of fuel cell, the 
collagen film was used as an electrolyte. In the impedance measurement, the 
electrical conductivity perpendicular to the surface of collagen film was meas-
ured. 
 

 
Figure 1. Photograph of collagen film. 
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2.2. Fabrication of Fuel Cell Based on Collagen Electrolyte 

Figure 2 shows the shape of fuel cell based on the collagen electrolyte. The col-
lagen electrolyte was sandwiched by the Pt-C catalyst electrodes (anode and ca-
thode). The current was collected from the current collector plate. The hydrogen 
gas was introduced from the center of the fuel cell and was injected in the left 
sides of fuel cell. The oxygen gas was introduced in the right side of fuel cell. The 
relative humidity and fuel gas flow were controlled by the humidified gas-flow 
control system of Auto PEM (Toyo Corporation). 

2.3. Impedance Analysis 

For the impedance measurement, the admittance mode which consists of the 
parallel circuit of capacitance and conductance was used as the equivalent circuit 
of collagen film. In this case, the electrical conductivity σAC is calculated from the 
simple equation of σAC = ωε0ε”, where ω is angular frequency, ε” and ε0 are the 
imaginary part of complex dielectric constant and the dielectric constant in va-
cuum, respectively. In the case that σAC is proportional to ω, the equivalent cir-
cuit corresponds to the simplest equivalent circuit which consists of the parallel 
circuit of capacitor and resistor.  

On the other hand, when the measured AC conductivity is not proportional to 
ω and shows the complex frequency dependence, we cannot use the simple equ-
ation σAC = ωε0ε”, because the AC electrical conductivity includes the compo-
nents of dielectric dispersion. The AC conductivity including dielectric disper-
sion is described by the following equation:  
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where σDC is DC electrical conductivity, εs and ε∞ are the static and unrelaxed di-
electric constants, respectively, τ and β are the relaxation time for dielectric  
 

 
Figure 2. Collagen based fuel cell (two single cells). 
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dispersion and the degree of mono-dispersion, respectively. The second term of 
Equation (1) shows the component of dielectric dispersion and the step-like 
anomaly appears in the frequency dependence of AC electrical conductivity. In 
other words, we can obtain the motion of molecules causing the dielectric dis-
persion from the frequency dependence of AC conductivity using Equation (1). 
The AC electrical conductivity measurement was carried out using precision 
LCR meter (E4980A, Agilent Technologies Inc.). 

3. Results and Discussion 

Figure 3 shows the current density i versus cell voltage Vcell curve (i − Vcell curve) 
of fuel cell based on the collagen electrolyte in the 80% relative humidity. It is 
evident that i − Vcell curve in Figure 3 shows the typical i − V characteristic fea-
ture of fuel cell with the slight over-potential effect at around the very 
low-current region. Considering that this i − Vcell curve is observed by introduc-
ing the hydrogen gas, this result indicates that the collagen becomes the electro-
lyte of fuel cell. The maximum power density in collagen is 8.6 W/m2. This value 
is about 6 times larger than the maximum power density 1.4 W/m2 of fuel cell 
based on submucosa electrolyte which consists of collagen and cellulose [12]. 
This result implies that the power generation is caused by the collagen which is 
mainly included in both the scale of fish and submucosa. 

Figure 4 shows the operation of digital clock by using the collagen-based fuel 
cell in the 100% relative humidity. As shown in Figure 4, it is evident that digital 
clock actually operates by three collagen-based fuel cells. In this way, the bioma-
terials have a potential as the electrolyte which is the most important part in  
 

 
Figure 3. Current density versus cell voltage in collagen-based fuel cell. 

0 20 40
0

0.4

0.8

0

4

8

i   (A/m2)

V c
el

l  
(V

)

P 
  (

W
/m

2 )

https://doi.org/10.4236/msa.2017.811054


Y. Matsuo et al. 
 

 

DOI: 10.4236/msa.2017.811054 751 Materials Sciences and Applications 
 

 
Figure 4. State of the operation of digital clock using the collagen-based fuel cell. 

 
fuel cell. In addition, these results in Figure 3 and Figure 4 indicate that the 
collagen exhibits proton conductivity in the humidified condition. 

In order to investigate the key factor for the appearance of proton conductivi-
ty, we have carried out the impedance measurements. Figure 5 shows the fre-
quency dependence of AC electrical conductivity σAC in collagen with a parame-
ter of relative humidity. The value of σAC increases with the increase in relative 
humidity. Moreover, it is noted that electrical conductivity in the higher humid-
ity condition shows not the monotonous increase with the increase in frequency 
but the small-step anomaly with the increase in frequency. This result shows that 
electrical conductivity σAC includes not only the component of DC electrical 
conductivity but also the component of dielectric dispersion due to the dielectric 
polarization which is caused by the humidification. Further, the frequency, 
where small-step anomaly is observed, decreases with the increase in humidity. 
These results indicate that the dielectric loss with the relaxation frequency, 
which corresponds to the frequency of the small-step anomaly, appears by the 
increase in humidity. 

As described above, the AC conductivity including the dielectric dispersion is 
described by Equation (1). The AC conductivity σAC calculated from Equation 
(1) is shown in Figure 5 as solid lines. The values of σDC, εs − ε∞, τ and β used in 
the calculation of solid line in Figure 5 are listed in Table 1. 

As shown in Figure 5, we can clearly see that the calculated curves are in good 
agreement with experimental results. These results mean that the measured σAC 
is described by Equation (1). Figure 6(a) shows the humidity dependence of DC 
proton conductivity σDC obtained from Figure 5 and Equation (1). As shown in 
Figure 6(a), σDC increases by increasing relative humidity, shows the change of 
slope at around 80% relative humidity and thereafter increases. This result indi-
cates that proton conducting path increases with the increase in the relative  
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Table 1. Values of DC conductivity and dielectric dispersion parameters. 

Relative humidity (%) σDC εs − ε∞ τ β 

100 4.0 × 10−3 2.0 × 103 1.0 × 10−6 0.40 

81 5.0 × 10−5 9.1 × 102 1.9 × 10−5 0.60 

53 1.0 × 10−5 8.7 × 102 8.1 × 10−5 0.63 

 

 
Figure 5. Frequency dependence of σAC in collagen. 

 

   
(a)                                                          (b) 

Figure 6. Relative humidity dependences of σDC (a) and εs − ε∞ (b). 
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humidity. Figure 6(b) shows the humidity dependence of static dielectric con-
stant εs − ε∞. The static dielectric constant εs − ε∞ also increases by increasing 
relative humidity and shows the change of slope at the 80% relative humidity 
where the slope of σDC changes. These consistencies of the behaviors of σDC and 
εs − ε∞ indicate that the water molecule injected into collagen causes not only the 
change in proton conductivity but also the change in dielectric constant. There-
fore, these results indicate that the water molecules lead to not only the appear-
ance of proton conducting path but also of dielectric polarization. In addition, 
we can see clearly that in the present case the long dielectric-relaxation times τ 
(10−6 - 10−5 sec) are observed. It is known that the relaxation time τ of 10−6 to 
10−5 sec is observed when the cooperated motion seen in “α relaxation” exists 
between protein and water molecule [13] [14] [15] [16] [17]. These results indi-
cate that the long relaxation time observed in the present case is caused by the 
relaxation of the cooperated motion between collagen peptide and water mole-
cule generated by humidifying. It is also known that, in the humidified condi-
tion, collagen molecule forms the water bridges [18]. As an example, we show 
the schematic structure for the collagen peptide chain with the water bridges in 
Figure 7. As shown in Figure 7, in the humidified condition, collagen has the 
water bridges of inter- or intra-collagen peptide chains. Considering that the 
water bridges strongly affect the proton conductivity and dielectric properties 
and that cause the α relaxation, it is deduced that these water bridges in collagen 
lead to the increases of σDC and εs − ε∞ in the humidified condition. Figure 8 
shows the example of proton transfer in the water bridge between the collagen 
peptide chains. The water bridge is constructed by the bonding between the wa-
ter molecule and hydrophile molecules (hydroxylproline or glycine carbonyl 
group) in the collagen peptide. It is well known that, in the hydrogen bond, hy-
dronium ions will be generated, because hydroxyproline and glycine (amino  
 

 
Figure 7. Schematic structure for collagen peptide chain with the water bridges. 
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Figure 8. Example of proton transfer in the water bridge between 
collagen peptide chains. 

 
acid) are easily able to give and take protons of water molecule in the water 
bridge. The generated hydronium ions moves with the proton transfer in the 
water bridge, as shown in Figure 8(b) and Figure 8(c) and consequently proton 
moves from one peptide chain to another peptide chain. In this way, water 
bridges cause the proton transfer. 

Considering these results, it is deduced that mobile protons appear by the 
breaking and rearrangement of hydrogen bond in the water bridges and then 
proton conductivity and large dielectric polarization are realized. In the present 
work, it is also found that the slope of the humidity dependences of σDC and εs − 
ε∞ changes at the 80% relative humidity. This anomaly may be caused by the hy-
dration-induced phase transition. In order to clarify the anomalous behavior of 
σDC and εs − ε∞ at the 80% relative humidity, we are now planning the investiga-
tion of the structure change at the 80% relative humidity by neutron diffraction 
measurement. These results will appear future issues. 

4. Conclusion 

In the present paper, it was found that collagen becomes the electrolyte of fuel 
cell and that the collagen based fuel cell shows the power density of typically 8.6 
W/m2 in the 80% humidity. These results also indicate that collagen exhibits 
proton conductivity in the humidified condition. From the humidity depen-
dences of proton conductivity and dielectric constant, proton conductivity but 
also dielectric increase by the increase in humidity. From the analyses of the 
frequency dependence of AC conductivity, it was found that the dielectric dis-
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persion observed in the humidified condition is caused by the formation of the 
water bridge, which is bonded with the collagen peptide chain. Considering that 
hydration induces the formation of the water bridge and that increases proton 
conductivity and dielectric constant, it is deduced that proton transfer in colla-
gen is caused by the formation of the water bridge and that proton transfer is 
realized by the breaking and rearrangement of proton in water bridge. 
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