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Bio-inspired materials or natural biopolymers have attracted much attention for industrial applications as biocom-
patible materials. Although these materials have been discarded as industrial waste around the world, there is an increas-
ing interest in environmental, engineering, and electrical applications of the biomaterials because of their well-controlled
structures and superior conducting properties. The controlled structures of the hydrogen-bonding network in biomole-
cules, such as bioenergetic proteins, are essential for efficient energy transduction in living systems and application
of a biomolecular mechanism could make it possible to prepare efficient electrolytes with superior conducting properties.
We report here a recent investigation on the new class and new concept of electrolyte materials with bio-inspired mo-
lecular architectures of acid—base pairs for anhydrous proton conduction and its application in intermediate temperature
(100-200°C) polymer electrolyte fuel cells (PEFC). Although some membranes were composed from entirely bio-
molecular materials, they showed large anhydrous proton conductivities from room temperature to 160 °C, and fuel cells
employing biomembranes as a polymer electrolyte produced electrical power under non-humidified H, /O, condition at
160 °C. These bio-inspired materials may have many potential applications not only because of its superior ion conduct-
ing properties, in particular, under anhydrous (water-free) or extremely low-humidity conditions, but also because of its
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biocompatibility.

Increasing interest toward the global sustainable energy has
occurred in relation to political, economical, and environmen-
tal protection aspects, whereas, from an industrial development
point of view, advanced energy technology is becoming inten-
sively important recently in ordered to reduce fossil fuel con-
sumption and keep the environment clean for human activities.
The Kyoto protocol has stimulated research activities in re-
newable energy technology in every nation and every industri-
al sector. Among them, polymer electrolyte fuel cells (PEFC)
have been recognized as most promising energy conversion
devices because they are much very efficient and emit less
of CO, from automobile, terrestrial, and industrial power sour-
ces.! Penetration of PEFC to the market might cause a large
scale transformation of the industrial energy system, causing
more efficient fossil fuel use and reduced atmospheric pollu-
tion. Also, compact and reliable PEFC units will definitely ac-
celerate the development of eco-vehicles, typically so-called
hybrid cars, in the world transportation market.! However,
the current PEFC materials and system have many obstacles
before they gain wide scale use: They use precious platinum
electrodes and expensive Nafion® membranes, there are sta-
bility issues with Membrane-Electrode Assemblies (MEA),
and managing the humidity is complicated.

The performance of the PEFC strongly depends on the na-
ture of the electrolyte membrane.'"'* In order to operate PEFC
more effectively, membranes that are tolerant to high temper-
ature are required, because the use of higher temperatures has
various electrochemical as well as system advantages, such as
the highly efficient power generation, reduced CO poisoning on
the platinum surface, simplified reforming/cooling units, and
co-generation. So, encouraged by these merits, many attempts
have been made to develop advanced electrolyte membranes
durable in an intermediate temperature range (100-200°C),
such as nano-particle impregnated Nafion®,">~!7 organic/inor-
ganic hybrids,'®2?? engineering polyaromatic polymers,?>28
heteropolyacids in organic silicates,?®3° and nano-structured
proton conductors.3!* If a membrane shows large proton con-
ductivities in intermediate temperature range under either non-
humidified or extremely low-humidified conditions, efficient
PEFC operation becomes feasible. In recent years, a lot of
effort has been devoted to finding new electrolyte membranes
that are tolerant to high temperatures and that are conductive
under dry (non-humidified) conditions, although fast proton
conduction in the low-temperature regime usually necessitates
the presence of mobile water molecules in the electrolytes; hy-
drated protons of H;O™ are mobile through an ion-exchanged
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membrane, such as Nafion®, with a liquid-like mobility.33-3
This is why the electrolyte membrane loses its conductivities
under anhydrous conditions because of the evaporation of lig-
uid vehicle molecules. A new conducting mechanism that does
not require the presence of water, but retains sufficient mobi-
lity, has been a long term challenge to overcome in the fuel
cell technologies.

Here, we report our efforts to develop a new proton-con-
ducting membrane, which has superior conducting properties
than the present materials (such as Nafion® as an ion-ex-
changed membrane) under anhydrous conditions. In particular,
an anhydrous proton-conducting membrane was synthesized
by using the bio-inspired molecular systems. Self-organized
molecular systems have a proton assembly arranged along its
acid-base pairs and direct hopping of ions is possible along
these assembled pathways. Whereas fast translocation of pro-
tons in aqueous solutions is assumed to be responsible for
superior electrolytic conduction in PEFCs, the self-assembled
electrochemical acid—base network provides novel conducting
channels via a “hop-and-turn” or the Grotthuss mechanism,
which involves chemical exchange of proton and reorganiza-
tion among hydrogen-bonded molecular networks for suffi-
cient anhydrous conductivities.33-3

Bio-inspired materials or natural biopolymers have attracted
much attention for a industrial applications as a biocompatible
material 3 Although these materials are often discarded as
industrial waste around the world, there is an increasing inter-
est towards the application of the biomaterials in devices be-
cause they have well-controlled structures and superior con-
ducting properties. The controlled hydrogen-bonded network
in biomolecules, such as bioenergetic proteins, is essential for
efficient energy transduction in living systems,*”*3 and these
biomolecules may be efficient electrolytes with superior con-
ducting properties. We report here a recent investigation on
a new class of electrolyte materials with bio-inspired molecu-
lar architectures of acid—base pairs for anhydrous proton con-
duction and its application in an intermediate temperature
PEFC. Although some membranes were composed from en-
tirely biomolecular materials, they showed a large anhydrous
proton conductivity from room temperature to 160°C, and a
fuel cell employing the biomembrane as a polymer electrolyte
generated an electrical power under non-humidified H,/O,
condition at 160 °C.

1. Acid-Base Composite Materials

Recently, acid—base composite polymer materials have been
considered to be polymer electrolytes of single proton conduc-
tors under intermediate temperature (100-200°C) and an-
hydrous (low-humidity) conditions.*~'* In this case, anhydrous
proton transport might be based on a non-vehicular mechanism
(Grotthuss mechanism), in which only protons are mobile from
site to site without the assistance of diffusible water mole-
cules.>*-3 Proton mobility in the electrolyte most likely de-
pends on the distance between the hopping sites in the polymer
material,3*=3> and usually, it is related to the activation energy
of proton transfer under anhydrous condition. Several new
polymers have been reported as possible electrolytes: polybenz-
imidazole(PBI)-acidic molecules,**' imidazole group im-
mobilized polymer-acidic molecules,”®® ionic liquid,>’-%°
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Scheme 1. Molecular structures of acid-base composite
materials.

and inorganic—organic copolymers.®! These electrolyte materi-
als have high proton conductivity even under anhydrous and
intermediate temperature conditions; however, some require
the presence of liquid moieties, such as phosphoric or sulfuric
acid solutions or an ionic liquid, to make proton conductivity
high enough for the practical applications.

So, we prepared anhydrous proton-conducting electrolytes
by employing a strong phosphonic acid polymer, poly(vinyl-
phosphonic acid) (PVPA) or mono-dodecylphosphate (MDP),
and an organic base heterocycle, such as imidazole (Im), pyra-
zole (Py), 1l-methylimidazole (Melm), and benzimidazole
(BnIm).%%%% These acidic and basic molecular structures are
shown in Scheme 1. By tuning the combination of these acid—
base pairs, it might be possible to maximize the conductivities.

Figures la and 1b show the thermogravimetric (TG) and
differential thermal analyses (DTA, scanning rate of 10
°Cmin~!) of (1) PVPA material, (2) PVPA-89mol % Im,
and (3) Im materials, respectively. PVPA material showed a
TG weight loss, which is due to the evaporation of water from
the membrane, of ca. 5% at 150°C. In contrast, we have
reported in our previous paper®® that the TG weight loss of a
PVPA-Im composite material decreases with an increase in
the Im mixing ratio and that, the endothermic peak due to
the evaporation of water also decreases with an increasing in
the mixing ratio of Im molecules. Interestingly, for the compo-
site electrolyte materials, the melting of Im molecule itself was
not observed when interacting with acidic phosphonic groups
in the solid polymer materials, resulting in stable solids above
the melting points. The enhanced structural stability of PVPA—
Im composite materials, even at intermediate temperatures
(<160°C), implies the existence of strong acid-base interac-
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Fig. 1. TG (a) and DTA (b) curves of PVPA-Im composite
materials with the heating rate of 10°Cmin~! under a dry
nitrogen flow. (1) PVPA, (2) PVPA-89mol % Im, and
(3) Im materials (*reproduced from Ref. 63).

-HPO,- P-O
(a) P=0 \4\_\ /

S
©
o
c
s
=
%)
c
©
=

| 20 %

11 1 1 I 11 . 1 , 11 1
2000 1500 1000 500

Wavenumber / cm?

Fig. 2. 1R spectra of PVPA-Im composite materials with
different mixing ratio of Im. (a) PVPA, (b) PVPA-89
mol% Im, and (c) Im materials (*reproduced from
Ref. 63).

tions between phosphonic acid and imidazole molecules that
blocks melting as well as structural deterioration of the solid
compounds.

Figure 2 shows the IR spectra of (a) PVPA material, (b)
PVPA-89 mol % Im, and (c) pure Im materials. The absorption
band at 1140 cm™!, which can be attributed to the phosphonyl
group (P=0) of PVPA 68 disappeared in the PVPA-89
mol % Im composite material. Moreover, the absorption bands
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at 904 and 983 cm—!, a symmetric and an asymmetric vibration
of P-O of PVPA*%468 decreased as well, although new
—PO3>~ band>*%468 at 1010cm™" emerged. The shift of the
IR spectra indicated the deprotonation of P-OH group of
PVPA, resulting in the formation of anionic P-O~ groups.
The stretching band of N—H group,’*%+% at ca. 3100 cm~! be-
came larger than that of the pure Im materials®® as the amount
of Im increased (not shown here). These results suggest that
P-OH group in acidic polymer deprotonates by the extraction
of protons by basic molecules and form anionic P-O~ group.
The free proton from P-OH group interacts with non-protonat-
ed —N= group of Im molecules and forms a protonated-hetero-
cyclic molecule. It is speculated that proton-transfer reactions
between PVPA (acidic polymer) and Im (basic molecule)
makes the acid-base ionically paired complex materials, in-
cluding imidazolium organic salts.

Proton-conducting properties of acid—base composite mate-
rial were characterized by using a.c. impedance under non-
humidified conditions (dry nitrogen flow). The composite
materials were sandwiched between two platinum electrodes.
Cole—Cole plots of the acid—base composite materials showed
a response similar to that of highly ionic-conducting materi-
als.!8-20.7071 Because these composite materials are electroni-
cally insulating, the measured resistance indicates the ionic
contributions. There were no other diffusible ions besides pro-
tons in the composite material; therefore, we believe that the
impedance responses provide true anhydrous proton conduc-
tion of the composite materials.

The anhydrous proton conductivities of PVPA-Im com-
posite materials with different Im mixing amount of (OJ) 61
mol % Im, (W) 76 mol % Im, (O) 83 mol % Im, (®) 89 mol %
Im, (¢) 91 mol % Im in temperature range from 80 to 150°C
are shown in Fig. 3. The insert shows the Arrhenius plot
of the proton conductivity of PVPA-89 mol % Im composite
material. The conductivity of the PVPA-Im composite materi-
al increased with the temperature and reached a maximum
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Fig. 3. Proton conductivities of PVPA-Im composite mate-
rials with different Im mixing ratios under anhydrous
conditions. Conductivities reached a steady-state after
the temperature swing of three times. Mixing ratios of
Im are [J, 61 mol %; M, 76 mol %; O, 83 mol %; @, 89
mol %; and <, 91 mol %, respectively. The insert shows
Arrhenius plots for PVPA-89 mol % Im composite materi-
al (*reproduced from Ref. 63).
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conductivity of 7 x 1073 Scm™" at 150°C, although the pro-
ton conductivities were sensitive to the molar ratio of the
heterocyclic molecules. Similar Arrhenius plots for various
composition ratios were linear over all temperatures. The acti-
vation energies (E,) of the series of these composites were
similar, which suggests that the proton-conducting mechanism
must be same unless the imidazole molecules are involved.
The Arrhenius formula for anhydrous proton conductivity is
described as follows:

-E,
G:Aexp(kBT), @))
—E,
Inoc =InA + <kBT>’ 2)

where o = anhydrous proton conductivity, A = frequency
factor, kg = Boltzmann constant, and 7 = absolute tempera-
ture. Using to this equation, the value of E, for proton transfer
in the acid—base composite materials was estimated to be 0.22—
0.34eV. These values are almost one order of magnitude high-
er than the proton conduction in the Nafion® membrane,’®7!
and almost the same as other anhydrous proton conductors,
such as solid oxides electrolytes®>’>"7* and fullerene deriva-
tives.”>7% The value of this activation energy suggests that
proton transport in the acid-base composite materials is not
assisted by the liquid-like motion of vehicular molecules, but
occurs directly in the solid-state matrix.

Proton-transfer and proton-conducting mechanisms of hetero-
cycles under water-free conditions have been reported.”’-8 In
these cases, a Grotthuss-type diffusion mechanism has been
proposed, in which proton transfer occurs from protonated
molecules to neighboring non-protonated molecules. Namely,
protonated and non-protonated nitrogen atoms in the hetero-
cycles may act as donors and acceptors in proton-transfer reac-
tions. So, we performed conductivity measurements on various
heterocycles with the different acid dissociation constant (pK,)
values. Table 1 shows the pK, values of various heterocycle
molecules.! Figure 4 shows the proton conductivity of com-
posite materials with various heterocycle molecules of differ-
ent pK, values at 150 °C under anhydrous conditions. Clearly,
the conductivity of PVPA-Im composite material is larger
than the others, such as PVPA-Py and PVPA-Melm compo-
site materials. These results suggest that proton conductivity
is related to the pK,; value and the number of protonation site
in heterocycle molecules. In fact, the Im molecule with two
protonation sites has been reported to assemble into a molecu-
lar cluster, consisting of ca. twenty molecules®! through inter-
molecular hydrogen-bonding. Therefore, PVPA-Im composite
material might possess fast proton transfer. However, Melm
molecule, which has only one protonation site, does not form
a molecular assembly, which would lead to fast proton trans-

Table 1. Dissociation Constants (pK, Values) of Various
Heterocycle Molecules

pK, value of heterocycle

Heterocycles PKay Ko
Im 7.2 14.5
Py 2.5 14
Melm 7.4
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Fig. 4. Proton conductivities of PVPA-heterocycle com-
posite materials at 150 °C with various heterocycle mole-
cules. (1) PVPA-Im, (2) PVPA-Py, (3) PVPA-Melm, and
(4) pure PVPA materials (*reproduced from Ref. 63).
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Fig. 5. Current—voltage (/-V) and current-power (I-W)
characteristics of the fuel cell employing the PVPA-
89mol % Im composite electrolytes and E-TEK® Pt/C
electrode (Pt loading 20 wt %) under the cell operation
temperature from 40 to 90 °C and anhydrous (dry H,/O,)
conditions.

fer, due to a weak intermolecular interactions. These results
suggest that the basicity and assembled structure of hetero-
cycle in acid-base composite material are crucial for the for-
mation of the proton-conducting pathways if there are no lig-
uid vehicular molecules present and at intermediate tempera-
ture conditions.

Figure 5 shows current—voltage (/-V) and current—-power
(I-W) characteristics of the fuel cell employing the PVPA-
89 mol % Im composite electrolytes and E-TEK® Pt/C elec-
trode (Pt loading 20 wt %) under the cell operation temperature
from 40 to 90°C and anhydrous (dry H,/O;) conditions.
The open circuit voltage (OCV) was ca. 0.75 V. Additionally,
the maximum power density was approximately 10 mW cm~2
at a current density of 35 mA cm™2. The anhydrous conductivi-
ty of the MEA with composite material can be estimated from
the /-V characteristics. Therefore, the calculated anhydrous
conductivity was 5 x 107%-1 x 1073 Scm™~! at 80°C, for ex-
ample. These conductivities at 80°C are almost same as the
anhydrous conductivity data from the impedance method
(see Fig. 3). Therefore, the conductivities in Fig. 3 indicate
the same substantial anhydrous proton conductivities across
the electrolyte membrane as in the fuel cell operations.
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Fig. 6. XRD patterns of UI-MDP composite materials with
inserts of (a); the XRD patterns at low-angle regions and
(b); the polarized light microscopic image, respectively
(*reproduced from Ref. 82).

2. Self-Assembled Proton Conductor

2.1 Proton-Conducting Pathway with Self-Assembled
Structure. Proton transport without the assistance of diffusi-
ble molecules,*~ such as oxonium ions, phosphoric acid, or
sulfuric acid, is important for an anhydrous proton conductor.
Additionally, the mixing of acidic and basic molecules is also
effective (please, see Section 1). Furthermore, the proton-con-
ducting pathway in the conductive material is important. So,
we prepared a self-assembled acid-base complex consisting
of an acidic surfactant, mono-dodecylphosphate (MDP), and
a basic surfactant, 2-undecylimidazole (UI), with long hydro-
phobic chain.3? The UI-MDP composite material possessed
self-assembled lamellar structures, which may act as an effec-
tive proton conductive pathway.

The molecular structures of MDP and UI are shown in
Scheme 1. The UI-MDP composite material was prepared
by mixing UI and MDP solutions. Figure 6 shows the X-ray
diffraction (XRD) pattern of UI-MDP composite material in
high angle region. Inserts (a) and (b) in Fig. 6 are the XRD
patterns in the low-angle region and a polarized light micro-
scopic image of UI-MDP composite material, respectively.
Fundamental and associated higher order diffraction peaks
suggest that highly ordered lamellar structures formed in
UI-MDP composite material. The d-spacing of 39.9 A, which
was calculated using Bragg’s equation, is almost equivalent to
summation of the length of Ul and MDP molecules. In con-
trast, the distance between the alkyl chains was calculated to
be 4.09 A (peak A in Fig. 6). In addition, the lamellar structure
was found throughout the composite (see polarized light
image).

The proton conductivities of UI-MDP composite materials,
measured by using the impedance methods, with MDP mixing
ratios of (A) 10wt%, (@) 12.5wt%, (V) 15wt%, (H) 20
wt %, and (®) 50 wt %, respectively, are shown in Fig. 7. The
proton conductivity of the composites depended on the mixing
ratio of MDP molecules. Especially, UI-12.5 wt % MDP com-
posite material (mole ratio; ULMDP = 9.6:1) showed the
highest conductivity of 1 x 107> Scm™' at 150°C under an-
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Fig. 7. Arrhenius plots of the proton conduction of Ul-
MDP composite materials under anhydrous condition.
Mixing ratios of MDP are A, 10wt %; @, 12.5wt%; V¥,
1I5wt%; B, 20wt%; and @, 50wt%, respectively
(*reproduced from Ref. 82).

hydrous conditions among the series. In contrast, the compo-
site material of imidazole molecule and MDP, which did not
form a well-ordered lamellar structure, exhibited a low proton
conductivity under anhydrous conditions.

The activation energies (E,) for the conduction in the lamel-
lar structures estimated from the slop of Arrhenius plot were in
the range of 0.30-0.45eV. This value is almost the same as
for other materials reported as anhydrous single proton con-
ductors.3362:63.72-7683 These results indicated that the proton-
transporting mechanism in UI-MDP composite material with
lamellar structure is, perhaps, not a vehicular mechanism with
a diffusible carrier molecules, such as H;O" or H;O,™, but a
proton hopping Grotthuss-type mechanism. Figure 8 shows a
plausible mechanistic model for the two-dimensional proton
conduction within the layered molecular space of the surfac-
tant head groups of the UI-MDP lamellar composite material.
The UI and MDP molecules assembled to form a lamellar
structure with a d-spacing of ca. 40 A. In addition, the distance
between alkyl chains of UI and MDP molecules was ca. 4 A.
Addition, the self-assemble surfactant’s head group, such as
imideoale or phosphonic acid groups, provides fast proton-
conducting pathway through direct hopping between the
neighboring donor and acceptor sites. The proton-conducting
mechanism in the self-assembled structure is thought to be
as follows: The imidazole groups are protonated by proton
transfer from neighboring phosphate groups and form an
acid-base complex. These ionic acid-base complexes can
form in various mixing ratios of acidic molecules and hetero-
cyclic molecules. Proton transport in the self-assembled struc-
ture occurs from a protonated imidazole group (proton donor)
to a non-protonated neighboring imidazole group (proton
acceptor). Because fast translocation of the protons needs a
smaller energy barrier of activation, the close packing structure
and the highly ordered assembly of the acid-base head groups
in the lamellar structure might reduce the activation energy
and play an important role to afford rapid proton transfer. As
a result, the UI-MDP composite material had a high proton
conductivity of 1 x 1073Scm™! at 150°C under anhydrous
conditions. Therefore, the control of proton-conducting path-
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Fig. 8. Mechanistic model for two-dimensional proton con-
duction within the layered molecular spaces of surfactant
head groups of UI-MDP lamellar composite material.

way in acid—base composite materials is an important factor in
obtaining anhydrous proton conduction.

2.2 Proton-Conducting Organic Crystal. Solid-state
proton-conducting crystals with conductivities of a practical
level are very interesting in molecular science for application
as electrolytes in PEFCs. Although many investigations have
been reported on inorganic crystals, few have been on entirely
organic crystals to date. Therefore, control of the proton con-
duction in an organic crystal with arranged multi-dimensional
ionic-conducting paths is not only interesting from the view-
point of the fundamental materials science of solid-state ionics
but also from the viewpoint of the energy technology. So, we
have investigated zwitterionic-type proton-conducting organic
crystals as the anhydrous electrolyte, because the molecules
have acidic and basic sites in their unit structure, meaning that
a binary mixture is not necessary.®* In particular, we studied
the protonic properties of 3-pyridinesulfonic acid (PS) as an
example of the zwitterionic-type molecular solid. Pure PS
exhibited a proton conductivity on the order of 107> Scm™!
at 160°C under anhydrous condition. This conductivity was
not high for the anhydrous proton conductor. However, sur-
prisingly, the anhydrous proton conductivity increased up to
about 107> Scm™! by adding a secondary complex, methyl-
enediphosphonic acid (MP).

The chemical structures of PS and MP are shown in
Scheme 1. PS-MP composite materials were prepared by mix-
ing in an agate mortar. These powder samples were compacted
into pellets using a hand press. The proton conductive mea-
surements of the PS-MP composite materials were performed
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Fig. 9. Arrhenius plots of proton conductivities of PS—-MP
composite materials with different MP mixing ratios under
anhydrous conditions. Mixing ratios of MP were A,
Owt%; V¥V, 41wt%; @, 50wt%; @, 5S4wt%; and A,
MP materials (*reproduced from Ref. 84).

under a dry nitrogen flow. Typical Cole-Cole plots of PS-MP
composite materials showed a feature similar to that of highly
ionic conducting membranes. In contrast, according to the TG-
DTA, diffusible ions other than protons do not exist in the
composite materials (data not shown). Therefore, the
impedance response represents the anhydrous proton conduc-
tivity. Arrhenius plots of PS and PS-MP composite materials
are shown in Fig. 9a, where the plot of (A), (V¥), (@), (),
and (A) indicate the conductivities of pure PS, PS—41wt%
MP, PS-50 wt % MP, PS-54 wt % MP, and pure MP materials,
respectively. The anhydrous proton conductivity of the pure
PS material increased with the temperature and reached a max-
imum conductivity of 4 x 103Scm™! at 160°C; however, it
is not high enough for use as an electrolyte in a fuel cell. So,
we mixed PS with MP, which has a large proton-exchange
capacity, thus increasing the proton-carrier density. As a result,
surprisingly, the anhydrous proton conductivity abruptly in-
creased. Figure 9b shows the anhydrous proton conductivity
at 160 °C of the composite material as a function of MP mixing
ratios. The conductivity increased with the MP mixing ratio
and reached a maximum conductivity of ca. 2 x 1073 Scm™!
at a mixing ratio of 50 wt % MP. Additionally, we have tested
the long-term thermal stability of the materials and found a
conductivity greater than 107 Scm™! was maintained at 160
°C for 2 days. Therefore, binary zwitterionic-type molecular
solids can be recognized as a thermostable proton-conducting
materials, which can be distinguished from other very an-
hydrous proton conductors, like metal oxides’*’>7* or inor-
ganic materials,®88 such as perovskite-type oxides or super
protonic conductor, CsHSOy, reported so far.3

The E, for proton transfer in the PS-MP composite materi-
als was estimated from the slope of Arrhenius plots. The plots
for pure PS and MP were almost linear in the experimental
temperature ranges, which suggest that one dominant proton-
conducting mechanism prevails in the individual pure material
with a constant activation energy (E,). This is comprehensible
in the light of simple molecular structures and an absence of
a phase transition. Because the molecular structure is quite
different, pure PS and MP materials have different value of
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E, (0.10 and 0.65eV at 80-160°C, respectively). A value of
E, of 0.1eV is very small for a solid-state proton conductor,
over though there is no mobile liquid molecules in the molecu-
lar crystals. However, surprisingly, the PS—-MP composite
materials had two different activation value of E,, 0.37-0.45
and 0.86-1.61eV, in low- and high-temperature regions, re-
spectively. These two E,s indicate that the proton-conducting
mechanisms are different in the respective regions. Namely,
PS—-MP composite material has two parallel proton-conducting
pathways. The E, of ca. 0.4eV in low-temperature region is
one order of magnitude higher than that of Nafion® mem-
brane’®’! and almost the same as anhydrous proton conduc-
tors.33:62:63.72-76.82 However, the E, in the high-temperature re-
gion is much larger than that of other reported materials and
closes to the activation energy of ion conduction in the oxide
materials.3>74

Proton transfer in heterocycles was based on a hopping
mechanism, including Grotthuss-type diffusion of protons,
and the E, was approximately 0.3 eV. In fact, a similar value of
E, for heterocycle molecules in sulfonated poly(ether-ether-
ketone) (S-PEEK)-Im or —Py composite materials has been
reported.35 In this research, E, of ca. 0.3eV was almost the
same as that of PS-MP composite material in low-temperature
region. Therefore, the proton-conducting mechanism in the
low-temperature region is mainly dominated by the motion
of the PS molecules with heterocyclic ring. Figure 10a shows
one plausible proton-conducting scheme for the PS molecular
crystals, in which proton hopping from sulfonic acid group to
pyridine ring occurs first and the rotation (Grotthuss-type
mechanism) of pyridine ring occurs second. Therefore, the
net transport of a proton can occur from protonated hetero-
cyclic molecules to non-protonated neighbor heterocyclic
molecules. The protonated and non-protonated nitrogen in
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Fig. 10. Proposed proton-conducting mechanism of PS—
MP composite material where (a) and (b) showed the in-
dividual conduction in the PS and MP phase, respectively.
Arrows indicated the direction of proton transfer or molec-
ular rotation.
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the heterocycles may act as donors and acceptors in proton-
transfer reactions. On the other hand, the E, in the high-tem-
perature region is very large, 0.86-1.61 eV, and the conducting
pathway is different from that of heterocyclic PS molecules.
However, a phase transition or construction of PS-MP compo-
site phases in the high-temperature region could not be detect-
ed by using IR and XRD measurements after heating at 150 °C
for 6h or 170°C for 6h. Therefore, proton conduction in
the binary materials in the high-temperature region might be
ascribed to the MP phases. Figure 10b shows a possible proton
conducting scheme in the MP molecules. Although the activa-
tion energy is large, proton transfer in the high-temperature
region can occur from the neighboring proton to the proton
defect sites in MP molecule. Especially, there are four mobile
protons in the MP molecules. The acid dissociation constant
(pK, values) of each proton in the MP molecules is different.
Therefore, the proton defects and the free protons increase
with the temperature, and the proton-transfer reaction between
phosphonate groups must be thermally activated, because the
energy barrier is larger than that in the PS phase.

3. Biomolecular Composite Proton Conductor

3.1 Proton Conductor Employing Chitin. Generally, hu-
midified Nafion® membranes are unstable at higher tempera-
tures (>100°C) and proton conductivity abruptly decreases.
This is due to the evaporation of water molecules from the
membrane and the destruction of the molecular structure by
irreversible reactions.*'* Additionally, the production cost of
perfluorinated sulfonic acid membranes is extremely high.
Therefore, these factors make it difficult for their industrial
application in PEFCs. Therefore, an anhydrous proton-con-
ducting membrane with a low production cost, high proton
conductivity, and high stability at intermediate temperatures
(100-200°C) can offer multiple technological advantages for
advanced membranes.3%%

Chitin, a mucopolysaccharide composed of N-acetyl-D-glu-
cosamine, is known to be present abundantly in nature as an
essential supporting structure for several living organisms, in-
cluding fungi, algae, annelids, mollusks, and arthropods. Addi-
tionally, chitin-enriched materials, such as crab and shrimp
shells, are often discarded as waste. Furthermore, chitin is a
biodegradable, non-toxic, and low-cost polymer. Therefore,
chitin has been used for bio- or medical-materials, such as a
biodegradable materials, sutures in surgical operations, tissue
engineering materials, surgical tapes, and artificial skin.3%*?
However, applications of biopolymers, such as chitin, as an
engineering material, have been scarcely reported as far as
we know. Applications of chitin in electrical devices are not
only interesting for material science but also important for
environmental science, energy science, and resource science.
Additionally, the production cost is lower by using a biopoly-
mer, which was discarded as waste, instead of expensive engi-
neering-polymers. Therefore, the utilization of chitin, which
is a well-known biopolymer, as an electrolyte membrane is
highly advantageous. So, we prepared an anhydrous proton
conductor employing the chitin phosphate (CP), a chitin de-
rivatives, and imidazole (Im), a heterocyclic compound.’!
Here, CP and Im molecules are an acidic polymer and a basic
molecule, respectively.
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Fig. 11. TG (a) and DTA (b) curves of biopolymer compo-
site materials for (1) pure CP material, (2) CP-200 wt %
Im composite material, (3) CP-50mol% U composite
material, (4) CT-200wt% MP composite material, and
(5) AA-Im (R =2) composite materials, respectively
(*reproduced from Refs. 91, 94, 95, and 98).

The molecular structures of these biopolymers are shown in
Scheme 2. Chitin phosphate (CP) was synthesized by using a
previously reported method.”>* The degree of phosphoryla-
tion (DS) of chitin was determined by using elemental analy-
ses (C, H, and N elements) and inductively coupled plasma
(ICP) atomic emission spectrophotometry (P element). In this
research, we used 100% phosphorylated chitin. Figure 11
shows (a) TG and (b) DTA curves of various biopolymer com-
posite materials with (1) pure CP material, (2) CP-200 wt %
Im composite material, (3) CP-50 mol % U composite materi-
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Fig. 12. IR spectra of CP-Im composite materials with
different mixing ratio of Im molecules as (a) pure CP,
(b) CP-200wt % Im, (c) CP-500wt % Im, and (d) pure
Im materials, respectively (*reproduced from Ref. 91).

al, (4) CT-200 wt % MP composite material, and (5) AA-Im
(R = 2) composite materials, respectively. These materials at
160 °C showed a TG weight loss, which was due to the evapo-
ration of hydrate water, solvent, or imidazole from the material
and the dehydrate condensation of phosphate group. In the
DTA analysis, although the pure CP material indicated as an
exothermic peak by the thermal decomposition at 167.9°C,
this peak disappeared after the mixing with Im molecules.
These results suggest that the CP-Im composite material
becomes more thermo-stable than pure CP material by the con-
struction of acid-base complex.

The molecular structures of CP-Im composite materials
were characterized by using IR analysis. Figure 12 shows
the IR spectra of (a) CP, (b) CP-200wt% Im, (c) CP-500
wt % Im, and (d) Im materials, respectively. The absorption
band at 1011 cm™! was attributed to the asymmetric stretching
vibration of P-OH group.%>%367.% This band decreased when
basic Im molecules were mixed with the acidic CP material,
and two new absorption bands appeared at 1028 and 967 cm™!,
the stretching vibration band of -HPO,~ and —PQ,>~ 496263
respectively. This phenomenon has been reported for PVPA-
Im composite materials (please see Fig. 2). The data indicats
that P-OH group of acidic CP material deprotonates upon
mixing with basic Im and forms a P-O~ group. On the other
hand, the absorption band at ca. 3100cm™!, which is the
stretching band of N-H group,5>3%° also increased (data not
shown). These results suggest that free proton from the P-OH
group strongly interacts with the non-protonated —-N= group of
basic Im and form a protonated-heterocyclic molecule. There-
fore, the composite material from mixing CP and Im produce
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of CP-200wt % Im composite material under anhydrous
condition. The frequency range is 1 Hz to 1 MHz. (b) Pro-
ton conductivities of biopolymer composite materials.
(@) CP-200wt% Im composite material, (¥) CP-50
mol % U composite material, (l) CT-200 wt % MP com-
posite material, (A) AA-Im (R = 2) composite materials
(*reproduced from Refs. 91, 94, 95, and 98).

an acid-base salt and, as a result, become more themo-stable
than pure CP or Im materials (see TG-DTA in Fig. 11).
Proton conductivity measurements of the CP-Im composite
materials were performed by using an a.c. impedance method
in the frequency range from 1 Hz to 1 MHz under a dry nitro-
gen flow. Cole—Cole plots of the CP-Im composite materials,
which is quite similar to that of Nafion®,”®7! inorganic proton
conductor, and our anhydrous proton conductors,?>%* are
shown in Fig. 13a. The anhydrous proton conductivities of the
biopolymer composite materials in the temperatures range
from RT to 160 °C are shown in Fig. 13b. Proton conductivi-
ties of (@) CP-200wt % Im composite material, (¥) CP-50
mol % U composite material, () CT-200 wt % MP composite
material, and (A) AA-Im (R = 2) composite materials are
shown. The anhydrous proton conductivity of the CP-200
wt % Im composite material increased with the temperature
and reached a maximum conductivity of 7 x 1073 Scm™! at
150 °C. The conductivity is highest among the various biopoly-
mers in the present studies. In contrast, the CP membrane did
not show any measurable proton conductivity (<1078 Scm™!
at 150°C) (data not shown). These results suggest that bio-
polymer—heterocycle composite material becomes proton con-

nium ions. Proton transfer in CP-Im composite material can
occur from protonated Im molecules to non-protonated Im
molecules. This phenomenon has been reported for various
acidic molecule-heterocycle composite materials, such as
PVPA-Im or PS-MP composite material. Namely, since the
P-OH group in CP can produce an active free proton, the
acidic group plays a role in the proton donor33-33638283 ¢
Im molecules, and proton transfer in the composite material
occurs between the Im molecules. As a result, the CP-Im
composite material have a high anhydrous proton conductivity
of 7x 1073 Scm™! at 150°C. The biopolymer composites of
CP-U have shown the similar proton conducting properties
as shown in Fig. 14 (V).

3.2 Various Biopolymers as Proton Conductor. We also
prepared other biomolecule composite proton conductors, such
as chitosan (CT)-MP** and alginic acid (AA)-Im”* composite
materials. Chitosan (8-1,4-poly-D-glucosamine) is a deacety-
lated chitin, and alginic acid (linear chains of 1,4'-linked B-
D-mannuronic acid and «-L-guluronic acid) is an organized
elements of marine algae. The molecular structures are shown
in Scheme 2. From the TG-DTA data, these biopolymers
were stable at intermediate temperatures (<150°C) (see (4)
and (5) in Fig. 11). However, the biopolymers themselves
did not show any measurable proton conductivity (<1078
Scm~! at 160°C). So, we prepared the acid-base composite
material employing a basic chitosan or an acidic alginic acid.
Figure 13b (M) and (A) shows the anhydrous proton conduc-
tivity of CT-200 wt % MP composite materials and AA-Im
(R = 2) composite material, respectively. The CT-MP com-
posite material showed a high proton conductivity (>1073
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Scm™!) from 70 to 150°C under anhydrous conditions. This
composite has a larger conductivity than the others below
100°C. Additionally, the proton-conducting mechanism of
the CT-MP composite material was due to proton transfer
from the phosphonic acid group in MP to a proton defect site,
such as P-O~, without the assistance of diffusible carriers,
such as oxonium ions. On the other hand, AA-Im composite
material showed a proton conductivity of 2 x 107> Scm™! at
130°C under anhydrous conditions. The E, of proton transfer
in AA-Im composite was 0.2-0.4 eV, and it is almost the same
as these of anhydrous proton conductor with the heterocyclic
molecules. 9263828491 Therefore, the proton-conducting mech-
anism of the AA-Im composite material is due to the an-
hydrous proton transfer between heterocycle molecules. These
results suggest that the composite material of the biological
product, such as biopolymer, and the artificial molecule has
a potential for the anhydrous proton conductor as the electro-
lyte in PEFC.

3.3 Biomembranes as Proton Conductor. Uracil is one of
the most important genetic materials in ribonucleic acid
(RNA).% Although nucleic acids, such as uracil, have been in-
vestigated in molecular biology, genetic engineering and bio-
chemistry,®” uracil has many interesting characteristic proper-
ties, such as tautomerism and thermal stability. Additionally,
nucleic acid-enriched materials are often discarded as industri-
al waste. So, we prepared a proton conductive biomembrane
consisting of uracil (U) and chitin phosphate (CP).”® Since this
biomembrane did not contain an artificial substrate, it is envi-
ronmentally safe. Therefore, the biomembrane exhibiting pro-
ton conduction may have a potential for the electrolyte of dis-
posable fuel cells.

The molecular structure of uracil is shown in Scheme 2.
Uracil have been known to arrange a lactam structure under
neutral conditions and a lactam-lactim structure (lactam—
lactim tautomerism) under acidic conditions.*®!'%° From TG-
DTA data, the CP-50 mol % U composite material was stable
at the intermediate temperatures (<150 °C) (see (3) in Fig. 11).
The IR spectra of (a) pure CP material, (b) CP-50mol % U,
(c) CP-100mol % U, and (d) pure U materials are shown in
Fig. 15. Spectra (b) and (c) are differential spectrum. The
absorption band of the CP-U composite materials at 1550—
1700 cm™!, attributed to the lactam form,%*°1®7 was small in
comparison to that of pure U. Additionally, the absorption
band at 1100 cm™!, attributed to the lactim form, was observed
in the CP-U composite materials. In contrast, two new absorp-
tion bands at 1070 and 920cm™!, the stretching vibration of
—-HPO,~ and —PQ,>~ 6%63:67.69.9197 reqpectively, appeared after
mixing with U. This indicates the deprotonation of the phos-
phate groups in CP by U. Similar effects have been obtained
for PVPA-Im and CP-Im composite materials. These results
suggest that the molecular structure of U in the CP-U compo-
site materials partially changes from the lactam form to lactim
form (i.e., lactam-lactim tautomerism) by addition of a free
proton from the acidic CP. Lactam-lactim tautomerism in
acid-base composite material has also been reported to occur
in a U-mono-dodecylphosphate (MDP) composite material.””

The anhydrous proton conductivities of the CP-50mol %
U composite materials are shown in Fig. 13b (V). The
anhydrous proton conductivity of the CP-50mol % U com-
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Fig. 15. IR spectra of CP-U composite materials with dif-
ferent mixing ratios of U; (a) pure CP, (b) CP-50 mol %
U, (c) CP-100mol % U, and (d) pure U materials, respec-
tively. The spectrum (b) and (c) are the differential spectra
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posite material increased with the temperature and reached
a maximum conductivity of 2 x 103Scm~! at 160°C.
Figure 14 (V) shows the Arrhenius plots of the proton con-
ductivity for the 50mol % U composite material. The E, of
the conduction estimated from the slop were 0.5-0.7eV and
are about one order of magnitude higher than that of the
Nafion® membrane.”®’! This E, value is two to three times
higher than that of heterocyclic molecules. These results imply
that this proton transfer in CP-U composite material has a
higher energy barrier for Grotthuss-type diffusion than that in
other molecules. This is, probably, due to the strong-hydrogen-
bonding network of U molecules, which have many hydrogen-
bonding sites. Transport of the proton in the hydrogen-bonded
U networks can possibly occur from protonated U molecules
(proton donor) to neighboring non-protonated U molecules
(proton acceptor). The E, of this translocation is much higher
than the same process in the water, because the rotational
motion of U molecules in the hydrogen-bonding network
might cause a higher barrier height due to stronger interactions
among the U molecules and/or with the CP backbone.

Next, we tested the performance of a fuel cell under H, /O,
conditions employing a CP-50 mol % U composite membrane
electrode assembly (MEA) as the electrolyte. Figure 16 shows
I-V and I-W characteristics of the MEA at 160 °C under non-
humidified conditions (0% RH) and low humidified conditions
(10% RH, 20% RH, and 30% RH). An OCV of ca. 0.75V is
lower than the conventional potential for H, /O, cell. There-
fore, this indicates that the membrane has a low gas permeabil-
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Fig. 16. I-V and I-W characteristics of the fuel cell em-
ploying the CP-50mol% U composite electrolytes and
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under non-humidified H,/O, conditions (0% RH) and
humidified conditions (10% RH, 20% RH, and 30% RH),
respectively.

ity and/or that oxygen reduction by U has a large cathode
overpotential. The current densities increased with an increase
in the cell temperature (data not shown). The maximum power
output was ca. $mW cm~2 at 160 °C under 0% RH conditions.
Additionally, the power output at 160 °C was stable for 24 h
under non-humidified H,/O, conditions (data not shown).
Finally, we tested the fuel cell performance under low-
humidity conditions. The power density of the cell was found
to increase with an increase in the humidity, and the CP-
50mol % U composite material had a maximum output of
ca. 35mWem™2 at 160°C under 30% RH conditions (see
Fig. 16). In contrast, the power output of CP-U composite
material under H,/O, conditions increased linearly with the
relative humidity (data not shown). The increase in the power
output with the humidity can be ascribed to the increase of the
electrolyte’s conductivity. These results suggested that the
CP-U composite biomembrane can be used as an anhydrous
proton-conducting electrolyte for fuel cells under H, /O, con-
ditions even though they consist of only biological molecules,
such as nucleic acids and discarded biopolymers.

4. Conclusion

Several of acid-base composite biopolymer materials were
investigated as anhydrous proton-conducting membranes in
the present work. The acid—base pairs were shown proved to
form proton-conducting pathways by direct proton-transfer re-
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actions between the two moieties, and the membrane exhibited
a large conductivity in spite of the absence of mobile liquid
molecules, such as water.”’-80 The temperature dependence
of the conductivities and activation energy of conduction
suggests a novel proton-transfer reaction among the electro-
chemical network of the acid—base pairs in the solid polymeric
materials, which is much different from those in the hydrated
protons in water phase. Table 2 summarizes the results of con-
ducting properties of the composite membrane studied in the
present work 62:03.82.84.91.94.95.97.99.101 1y gt cases, the conduc-
tivity ranged from 1 x 107* to 1 x 1072 Scm™', and the acti-
vation energy ranged from 0.2 to 0.5eV. The maximum con-
ductivity was obtained for polystyrene sulfonic acid/12-phos-
photungstic acid (PSS—PWA) composites (I x 1072Scm™! at
180°C) and the activation energy was 0.4-0.5eV.'%! It is very
interesting that a large anhydrous proton conductivity was
obtained at 180 °C, which has never been achieved by ion-ex-
changed membrane at this temperature due to the drying of the
membrane.!®' An anhydrous conductivity of 1 x 1072 Scm™!
at 180 °C is the highest value ever reported for a PEFC electro-
lyte and should encourage the development of new electro-
Iytes. Also, the high power outputs under dry conditions was
also achieved by the MEA these anhydrous proton-conducting
membrane; the maximum power output of 8 mW cm™2 at 160
°C under anhydrous conditions seems to be the highest also the
top record among those reported elsewhere. An anhydrous
PEFC cell operation was tested for several cases for different
acid—base composite membranes and the composite were
shown to be anhydrous proton-conducting electrolytes. Also,
the possibility of biomaterials for PEFC application was also
demonstrated; the well-known biomaterials Chitosan, Chitin
phosphate, and Uracil were shown to possess proton conduc-
tivities under anhydrous conditions when mixing with a coun-
ter acid or base. A fuel cell electrolyte membrane consisting of
only biomaterials was prepared for the first time: these mem-
branes are low-cost and environmentally friendly, and thus,
it is advantageous to use them in industrial devices.”!-949397.98
Additionally, the self-assembling properties of the acid-base
molecules, including Uracil, helped to form fast conducting
proton channels.

However, the problems for the practical applications were
raised. An anhydrous conductivity of 1072Scm™! is large
compared to the other investigations, but, still too small for
practical use. Usually, a conductivity of 107! Scm™! is re-
quired for high power outputs. Only fast proton-conducting
ion-exchanged membranes, such as Nafion®, have been used,
because the proton mobility in the liquid phase has been
known to be the only mechanism for fast proton transfer in
low-temperature electrolyte. An activation energy between
0.2-0.5eV suggests that strongly bound protons in the acid—
base pairs’ bonding network of the composite membranes,
move by jumping to the next neighboring sites through a ther-
mally actuated diffusion. Direct proton transport between the
acid-base couples in the solid-state polymer matrix necessi-
tates an energy because of less than an electron volt transport
process due to the electrochemical (proton transfer) reactions.
If more suitable molecular pairs are found with a smaller acti-
vation energy, the anhydrous proton conductivities should
increase and reach at the practical levels. Closely matched of
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Table 2. Proton-Conducting Properties of Acid—Base Composite Membranes

Acid-base composite

Molecular structure

Anhydrous proton

Activation energy

conductivity
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acid and base strengths should result in a much smaller activa-
tion energy for having large conductivities. In liquid water, an
activation energy of only about 0.02eV is necessary for pre-
vailing Grotthuss mechanism of proton rotation and transfer,
i.e., a hop and turn mechanism of conduction. Additionally,
the thermal as well as electrochemical stability should be con-

sidered before practical applications, because usually, bio-
materials are often fragile and particularly weak to attack by
various radicals in electrochemical reactions. Finally, interface
charge transfer between the anhydrous membrane and the
platinum electrodes is also an important issue for efficient cell
operations.
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