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ABSTRACT

The design and fabrication of anhydrous proton exchange membranes are critically
important for high temperature proton exchange membrane fuel cell (HT-PEMFC) oper-
ating between 100 and 200 °C. Herein, we demonstrate a novel proton conducting mem-
brane consisting of poly(vinyl alcohol) (PVA), poly (2-acrylamido-2-methylpropane sulfonic
acid) (PAMPS) and 1,2,4-triazole, which was fabricated by physical blending, casting and
solvent evaporation techniques. The in-situ chemical cross-linking was performed by
glutaraldehyde (GA) to improve the water management of the membranes. The molecular
structure of the membranes and intermolecular interactions between the constituents
were confirmed by Fourier-transform infrared spectroscopy (FT-IR). The surface and cross-
section morphologies of the membranes were observed by scanning electron microscopy
(SEM). The thermal stability performance of the membranes was studied with thermog-
ravimetric analysis (TGA). In order to determine the physico—chemical properties of the
membranes, water uptake (WU), dimensional change and ion exchange capacity (IEC) tests
were carried out. The proton conductivities of composite membranes increase with the
temperature and the temperature dependencies exhibit an Arrhenius behavior. Proton
conductivity measurements revealed an optimum ratio between PAMPS and 1,2,4-triazole
content to achieve higher proton conductivity. In anhydrous state at 150 °C, the highest
proton conductivity measured was 0.002 S/cm for PVA:PAMPS:1,2,4-triazole (1:1:1)
composition. Overall, our investigation showed that 1,2,4-triazole is a promising proton
carrier reagent above 100 °C when it is embedded into appropriate host polymers.
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Introduction

Since the beginning of the 20th century, the excessive uses of
fossil fuels have led to negative consequences on the envi-
ronment and climate. In order to address this global issue
alternative clean energy resources and their environmentally
friendly utilization need to be discovered. To this end
hydrogen is an environmentally friendly fuel, which has been
proposed as an alternative to fossil fuels. Polymer electrolyte
membrane fuel cell (PEMFC) is an electrochemical device in
which chemical energy of a fuel is directly converted into
electricity. When hydrogen is used in PEMFC as the fuel, its
inherent chemical energy is converted into electricity with
higher efficiencies in comparison with the conversion of fossil
fuels in thermal plants and internal combustion engines. On
the other hand, hydrogen fueled PEMFCs produce zero pol-
lutants, because the byproducts of this reaction occurring in
PEMFCs are only water and heat [1].

In a typical PEMFC, one of the most important components
of the device is the electrolyte membrane which provides
proton (e.g. H") conduction between anode and cathode.
Today, the most common membranes are based on the per-
fluorosulfonic acid, and the most well-known example is
Nafion®, which is manufactured by Dupont. It has high ther-
mal, mechanical and dimensional stability, and shows high
proton conductivity. Nevertheless, because of high water de-
pendency of proton conductivity, the operation temperature
of a PEMFC with Nafion® is restricted up to 100 °C [2].

Several problems emerge during the operation of a PEMFC
at low temperatures. The major challenges in this case are as
follows: (i) poor electrode performance because of the slow
reduction kinetics of oxygen at the cathode, (ii) low tolerance
to fuel impurities (e.g. CO), (iii) need for complex liquid water
and thermal management system, and (iv) low overall system
efficiency due to limited recovery of the heat. Yet at high
temperatures, high temperature proton exchange fuel cells
(HT-PEMFCs), which correspond to an operation temperature
ranging from 100 to 200 °C, are a promising technology which
can prevail over these challenges [1,3,4].

On the other hand, the operation of PEMFCs at high tem-
peratures requires advanced membrane, with desired phys-
ical and chemical properties. To date great efforts have been
made to develop novel proton exchange membranes which
can operate in anhydrous conditions with high proton con-
ductivity at high temperatures. One of the most effective
methods among them relies on the preparation of the acid-
base complexes. The backbones of the polymers, which are
used in such a complex, react with acids. In such a reaction,
the polymer's backbone acts as a proton acceptor and this
result in an ion pair formation [1,3]. There is a rich literature
on poly (vinylpyrrolidone) (PVP) [5,6], poly (ether ether ketone)
(SPEEK) [7—9], polyethyleneoxide (PEO) [10] and poly-
benzimidazole (PBI) [3,11]based membranes. Several studies
have revealed that amphoteric acid, which can act both as an
acid and as a base, enhances the proton conductivity of the
membrane. The typical amphoteric acids used in such studies
are phosphoric and phosphonic acids, which enable dynamic
hydrogen bonding and breaking due to the dual behavior [12].
However, these kind of polymer-acid structures have had

some limitations and drawbacks in several ways. For instance,
excessive acid contents in the polymer causes gel-like for-
mation, so membrane could not be cast. Moreover, most of
these acid—base complex structures reported in the literature
have demonstrated proton conductivities less than 10~ S/cm
[13—15].

Recently, the design of composite structures in which a
polymer is combined with aromatic heterocycles such as
imidazole, triazole have attracted much attention. It is
thought that these heterocycles assist in proton conduction
via intermolecular proton transfer, and thus they can be used
to substitute water as a proton carrier in the HT-PEMFC
membrane. When compared with imidazole, 1,2,4-triazole
has received attention as proton carrier reagent due to its
higher melting point (120 °C), lower pK, (pKa1 2.39, pKaz 9.97),
and nitrogen-rich structure. Previous research has docu-
mented that pure 1,2,4-triazole has proton conductivity about
5 x 10™* S/cm at 115 °C and 1.2 x 107> S/cm at its melting
temperature, 120 °C [13,15—18]. In our previous paper, we
demonstrated anhydrous proton conducting membranes
prepared by embedding azole reagents into Nafion for use in
HTPEMFC. In that work, the highest proton conductivity re-
ported for the Nafion 115/1,2,4-triazole composite membrane
was 7.74 x 10* S/cm at 180 °C [18].

In this study, we demonstrate that the synthesis of a new
composite membrane consisting of poly(vinyl alcohol), poly(2-
acrylamido-2-methylpropane sulfonic acid) (PAMPS) and
1,2,4-triazole, which exhibit high proton conductivity under
anhydrous conditions and also good chemical and thermal
properties. In our design, PVA is used as the host constituent
owing to its good film-forming ability, chemical stability,
mechanical strength, and cost efficiency. To improve the
swelling properties of the membrane, the chemical cross-
linking was carried out by using glutaraldehyde (GA), and
the chemical cross-linking takes place between aldehyde
groups of GA and hydroxyl groups of PVA to form acetals
[2,19—-21]. Adding PAMPS increases the density of charge car-
riers in the membrane and generate favorable proton-transfer
pathways by forming hydrogen bonding with 1,2,4-triazole
molecules [13]. Similar to PVA, PAMPS acts as the host poly-
mer and its chains provide the immobilization of small 1,2,4-
triazole molecules by trapping them throughout the mem-
brane. It's noteworthy that PAMPS also acts as the catalyst for
the acid-catalyzed cross-linking reaction between PVA and GA
[20]. 1,2,4-triazole is the primary proton carrier agent in the
new membrane systems thanks to its nitrogen-rich structure
and easily hydrogen bonds forming ability, hence a promising
agent to replace the use of water above 100 °C [13—15].

Experimental
Materials

PAMPS (Mw = 2 000 000, 15 wt % in aqueous), PVA
(Mw = 89 000—98 000, more than 99% hydrolyzed), 1,2,4-tri-
azole (98% purity) and Glutaraldehyde solution (GA, 25 wt %
aqueous) were purchased from Sigma—Aldrich. Methanol
with 99.9% purity was purchased from Merck. Distilled water
was used in the experiments.
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Membrane preparation

The PVA/PAMPS/1,2,4-triazole based composite membranes
were formed by solution casting and solvent evaporation
method. At the first step, 3 g PVA powder was fully dissolved
in 100 ml distilled water (DW) at at 80 °C by stirring to yield a
homogenous solution. Simultaneously, 4 g 1,2,4-triazole was
dissolved in 100 ml methanol (MeOH) at room temperature.
Then certain amount of 1,2,4-triazole/MeOH was poured into
certain amount of PVA/DW solution. The solution was vigor-
ously stirred for overnight. Next, appropriate amount of
PAMPS was diluted in DW and slowly added into the prepared
solution. Final solution was vigorously stirred for overnight. In
the last of step of the preparation of the solution, the chemical
cross-linking was performed in situ by adding 0.1 ml GA (25 wt
% in water). It should be noted that no extra acidic catalyst
was needed for the cross-linking reaction due to the fact that
the reaction was catalyzed by PAMPS. Finally, the prepared
solutions were cast onto glass petri dishes. Films on the petri
dishes were put in a chemical hood under ventilation for
overnight and then placed in vacuum oven (~100 mTorr) at
70 °C for 4 h, so as to evaporate residual solvents in the cast
films. The resulting compositions of PAMPS:1,2,4-triazole in
all films were (1:0.5), (1:1), and (1:2) in terms of weight. Fig. 1
illustrates the preparation steps of the composite mem-
branes and the images of membranes obtained.

Characterization
Fourier transform infrared spectroscopy (FT-IR)

The prepared membranes were examined by Attenuated Total
Reflectance Fourier Transform Spectroscopy (ATR-FTIR) on
Thermo Nicolet 6700. Spectrum was obtained with 4 cm™?

resolution between 400 and 4000 cm 2.

Scanning electron microscopy (SEM)

The Scanning electron microscope (SEM) (Zeiss EVO LS 10) was
used for the morphological analysis of PVA/PAMPS/1,2,4-tri-
azole membranes. To prove the homogenous distributions of
constituents in the composite membranes, surfaces and
cross-sections were examined.

Thermogravimetric (TG) analysis

Thermal stability of the membranes was examined by Shi-
madzu DTG 60. Before the measurements, all membranes
were held at 65 °C under vacuum for 12 h. All thermal mea-
surements were carried out under nitrogen at a heating rate of
10°C min~.

Water uptake and dimensional stability analysis

The water uptake (WU) studies of the prepared membranes
were performed in accordance with a reported procedure [22];
square pieces of the membrane samples with known di-
mensions (1 x 1 cm? square pieces) were dried at 65 °C to
evaporate residual solvent, and then weighed. Next, dry

membranes were soaked in DW for 24 h, surface water was
properly wiped by a filter paper and weighed. Water uptake of
the membranes was calculated by using the following equa-
tion (Eq. (1)):

Wiget — Wdry)

wu - { (1)

dry
where Wy, and Wy, are the wet and dry masses of the
membranes, respectively.
Similarly, dimensional changes in the membranes were
studied by the same procedure. The changes of ratio were
calculated by using following equations (Eq. (2)):

(Lwet - Ldry)

AL =
Lay
AW = 7("""1;;,; War) @
Ty
AT — (Twet - Tdvy)
Tary

where L, W, and T are dimensions of the membranes in
length, width, and thickness, respectively. The dimensions of
the membranes were measured by using electronic calipers.
The swelling experiments were repeated three times to make
sure the accuracy.

Ion-exchange capacity

The ion exchange capacity (IEC) values of the prepared
membranes were determined by titration following a reported
procedure [22]. Firstly, the sample pieces were cut from the
membrane and dried at 65 °C under vacuum. Then, mem-
branes were immersed in 25 mL of 2 M NaCl aqueous solution
to replace the H* by Na*. Afterwards, the solution was titrated
with 0.1 M NaOH solution using a phenolphthalein indicator.
The IEC is expressed in terms of milliequivalents of sulfonic
groups per gram of dried sample. The IEC experiments were
repeated three times in order to ensure the accuracy.

Proton conductivity

Proton conductivity measurements of the prepared mem-
branes were performed using a Novocontrol dielectric-
impedance analyzer. The films were sandwiched between
platinum blocking electrodes and the conductivities were
measured in the 1 Hz to 3 MHz frequency range as a function
of temperature between 20 and 150 °C with 10 °C intervals.
Before the measurements, all membranes were held at 65 °C
under vacuum for 12 h.

Results and discussions
PVA/PAMPS/triazole membrane structure

All of the membranes prepared in this study, regardless of
their composition, are colorless, transparent and flexible. The
measured thicknesses of membranes by electronic caliper are
between 90 and 150 um. Fig. 2b illustrates the proposed
structure for the obtained membranes. In our design, while
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Fig. 1 — Preparation steps of the composite membranes and images of the membranes prepared demonstrating flexibility

and transparency.

PVA and PAMPS are the host polymers of the composite water resistance of the membranes, a chemical cross-link was
membranes, small 1,2,4-triazole molecules are trapped in the performed on PVA. The cross-linking reactions occur between
polymer matrix. They are homogenously dispersed through aldehyde groups (-CHO) of GA and hydroxyl groups (-OH) of
the membrane. To enhance the mechanical properties and PVA to form cyclic acetals. In the membrane, the sulfonic acid
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Fig. 2 — a. The chemical structures of PVA, GA, PAMPS, and 1,2,4-triazole. b. The proposed membrane microstructure for the
cross-linked PVA/PAMPS/1,2,4-triazole. c. The proposed proton transfer path along PAMPS chains and 1,2,4-triazole

molecules.

groups (-SOsH) on PAMPS backbone and (-NH) groups in 1,2,4-
triazole participate in the proton conduction along the mem-
branes by structural diffusion.

Fourier transform infrared spectroscopy (FT-IR)
ATR/FT-IR was used to provide information about molecular

structure of PVA/PAMPS/1,2,4-triazole membranes and
confirm the existence of cross-linking reactions between PVA

and GA. Fig. 3 shows the transmittance FT-IR spectra of the
membranes and its individual constituents. The broad ab-
sorption peaks arise at around 3500 cm ™ and 3000 cm ™' in all
spectra correspond to (O—H) stretching in PVA and PAMPS,
and asymmetrical stretching of methylene (C—H) group in
PVA, respectively [2,19,20,23]. The peaks at around 3120 cm™*
are associated with (N—H) stretching in 1,2,4-triazole units
[14,15,18,24]. The sharp peaks at about 1635 cm ' and
1550 cm ! are attributed to vibrations of (C=0) and (N—H)
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Fig. 3 — FT-IR spectra of the composite membranes with
different compositions and individual constituents.

groups in PAMPS, respectively. The sharp peaks at around
1130 cm™? are assigned to (S—O) stretching of sulfonic acid
groups in PAMPS. Likewise, the weak signal at 840 cm™* cor-
responds to the bending of (O—H) due to free (-CHO) groups
coming from excess GA [2,20]. An important implication of the
FT-IR spectra is that as the amount of 1,2,4-triazole in the
membranes increases, the relative intensity of the signals
coming from PAMPS decreases. This result may be explained
by hydrogen bonding between (N—H) group in 1,2,4-triazole
ring and (O—H) and (N—H) in PAMPS. Conversely, the forma-
tion of hydrogen bond between hydroxyl groups of PVA and
sulfonic acid groups in PAMPS could not be observed sepa-
rately because of the overlapping of hydrogen bonding be-
tween -SOsH:--HO- and -OH:--HO-. [25]. The detailed FT-IR
spectra are summarized in Table 1.

Morphology

Fig. 4 shows the surface and cross-sectional SEM images of
composite membranes with three different 1,2,4-triazole
compositions. Surface morphologies show that all constitu-
ents of the membranes in each composition are homoge-
neously distributed through the membranes in the lateral
direction without causing any notable phase segregation.
From Fig. 4 (a,b,c) it can be also seen that the surface rough-
ness of the membranes gradually increases with increasing
1,2,4-triazole concentration. This is explained based on the
fact that in comparison to long polymer chains, small 1,2,4-
triazole molecules are highly-likely to seep out from the
polymer matrix. Cross-sectional views indicate that mem-
branes have a uniform morphology and microstructure along
the cross section and there is no sign of void or agglomeration
at the inter-phases. The cross-sectional images show that the
thickness of the membranes changes between 80 and 150 um
depending on the compositions.

Thermogravimetric analysis

The prepared composite membranes have to be thermally
stable at high temperatures due to the operation temperatures

Table 1 — FT-IR absorption peaks for PVA:PAMPS:1,2,4-

triazole composite membranes.

Wavenumber (cm ™) Attributions
35003600 u(O—H)
32001550 w(N—H)
3050 u(C—H)
1770—800 8(N—H)
1635 (C=0)
1130 (SO3)

840 »(C—OH)

of HT-PEMFCs (100—200 °C). As the host polymers in the
designed membranes, PVA and PAMPS have high thermal
stability and low thermal volatility up to 300 °C and 200 °C,
respectively. On the other hand, proton conductive organic
reagent 1,2,4-triazoles shows thermal stability up to 250 °C
due to strong hydrogen bonding in its structure. Fig. 5 presents
the thermal degradation micrographs of the composite
membranes with different 1,2,4-triazole loadings. An initial
linear drop in weight between approximately 120 °C and
190 °C corresponds to evaporation of water from the mem-
brane. Then, two decomposition steps can be observed for
each membrane. The first major decomposition step occurs
between 190 and 300 °C. This stage corresponds to the
degradation of sulfonic acid groups (-SO3H) in PAMPS and the
degradation of 1,2,4-triazole inside the membranes. Likewise,
the cleavage of side chain of PVA occurs in this region. The
second decomposition stage starts at 350 °C and finishes at
450 °C, which is attributed to the cleavage of the backbone of
the PVA [2,14,20,23,25]. Thermal decomposition onsets are
taken as 5% of the weight after initial water loss, which cor-
responds to 220 °C for membrane (1:1:0.5), 205 °C for mem-
brane (1:1:1), and 177 °C for membrane (1:1:1.5). Thermal
degradation analysis points out two major results: (i) the
thermal stability of the membranes decreases with the
increasing of 1,2,4-triazole content, and (ii) in terms of thermal
stability, the most stable membrane is PVA:PAMPS:Triazole
(1:1:0.5). Based on these results it is possible to conclude that
the membrane with (1:1:1) composition shows thermal sta-
bility up to 200 °C so it is thermally suitable for use as a
membrane in the HT-PEMFC.

Physico—chemical characteristics of the membranes

Swelling behavior, or water uptake (WU), has an essential
function for both proton migration and dimensional stability
of a membrane. Specifically, in the case of anhydrous proton
conduction, this value is especially important to determine
the dimensional stability of membrane during the operation
conditions in HT-PEMFC. The water uptake values and the
changes in dimensions of the membranes are presented in
Table 2. The hydrophilic character of each constituent de-
termines the overall water uptake performance of the mem-
brane. Because of the hydrophilic hydroxyl (-OH) groups in its
structure, PVA shows a large water affinity, yet the chemical
cross-linking by GA causes greater flexibility of the polymer
chains and allows the presence of more water molecules be-
tween the polymer chains. Also, sulfonic acid groups (-SOsH)
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Fig. 4 — Surface and cross-sectional SEM micrographs of the composite membranes with different 1,2,4-triazole
compositions: (a) PVA:PAMPS:Triazole (1:1:0.5), (b) PVA:PAMPS:Triazole (1:1:1), and (c) PVA:PAMPS:Triazole (1:1:1.5).
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Fig. 5 — Thermogravimetric (TGA) thermographs of the
composite membranes.

of the membranes did not change by the 1,2,4-triazole con-
tent. The reason is that small 1,2,4-triazole molecules are
tightly trapped between the cross-linked PVA and long PAMPS
chains, hence they may not contribute the swelling behavior
of the membrane significantly. Nevertheless, the membrane
with PVA:PAMPS:1,2,4-triazole (1:1:1.5) composition has a
slightly higher WU value than the others. The most likely
explanation of this phenomena is that, as can also be seen
from SEM images, the excessive 1,2,4-triazole content couldn't
be trapped throughout the membrane, and more hydrophilic
sites available on the surface, and thus resulted in capturing
of more water inside the membrane.

The overall dimensional swelling measurements of the
membranes are summarized in Table 2. The results show that
the changes in lengths of the membrane because of swelling
were found to be almost the same in all directions (L, W, T)
which indicates the isotropic property. Moreover, based on
these results, it can be concluded that all membranes show
good dimensional stability when they are exposed to water.

The ion exchange capacity (IEC) is about the number of

Table 2 — Physico—chemical properties of the composite membranes.

PVA:PAMPS:1,2,4 IEC Water uptake AL AW AT n Proton Activation energy

Triazole ratio (meq/g) (g/g) (cm/cm) (cm/cm) (cm/cm) (Azole/SOsH) conductivity (kJ/mol)
(S/cm)

1:1:0.5 1.62 2.42 0.24 0.28 0.21 1.5 2 x10°° 14.17

1:1:1 1.62 2.48 0.30 0.31 0.24 3 2 x 1073 17.75

1:1:1.5 1.61 2.74 0.41 0.39 0.36 45 7 x10°° 8.40

in PAMPS are very hydrophilic [2,20,26]. Although 1,2,4-tri-
azole molecules show hydrophilic characteristics, WU values

exchangeable ion groups in the membrane. IEC is commonly
given in terms of the moles of fixed -SO; ! sites per gram of
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polymer. Since the charge density increases in the membrane,
the proton conductivity increases with increasing IEC. In our
design, the only ion source for -SO3~! is PAMPS polymer,
which is present at the same concentration in all membranes,
so it is expected to have similar IEC values for all membranes.
The IEC values of the prepared membranes are demonstrated
in Table 2. As expected, IEC values obtained by titration are
almost equal to each other and consistent with the literature
values [2,13,20].

Proton conductivity

Proton conductivity measurements of the membranes were
performed by impedance spectroscopy so as to investigate
their potential for use in HT-PEMFCs. Frequency dependent
AC conductivities of the membrane (o, (w)) were calculated
from the following equation (Eq. (3)):

0’ () = Oac(w) = € (W)we, (3)

where ¢’ (w) is the real part of conductivity, w = 2=f is the
angular frequency, e, is the vacuum permittivity
(e0 = 8.852 x 107** F/cm), and ¢’ is the imaginary part of
complex dielectric permittivity (¢*). The AC proton conduc-
tivity of the PVA:PAMPS:Triazole (1:1:1) as a function of fre-
quency is given in Fig. 6. As a result of typical behavior of ion
conducting polymers, all curves have frequency dependent
and independent regions. Frequency independent regions
shift toward higher frequencies with increasing temperatures.
While increases in proton conductivities are attributed to
electrode polarization of the blocking electrode at low fre-
quencies (1-10% Hz), they are ascribed to dispersion formation
in  polymers at  high  frequencies  (10°-10°
[2,11,14,15,17,19-21,27]. By the extrapolation of frequency
independent plateau regions to zero frequency, the direct
current (DC) conductivities (oq4c) (i.e. Arrhenius plots) of the
membranes were derived.

: PVA:PAMPS:Triazole (1:1:1)
1E-3 4
T 1E-4+
o E
2 1 #%
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1 & » 80
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Fig. 6 — AC conductivity versus frequency of anhydrous

composite PVA:PAMPS:1,2,4-triazole (1:1:1) membrane at
several temperatures (20—150 °C).

i —#- PVA:PAMPS:Triazole (1:1:0.5)
—@— PVAPAMPS:Triazole (1:1:1)
—A— PVA:PAMPS:Triazole (1:1:1.5)
34
—~ 44
£
(8]
=
n
=
8 5
o)
()]}
kel
-6 -
o .
T T T T T T T T T T T T
22 2,4 2,6 2,8 3,0 3.2 34

1000/T[K-1]

Fig. 7 — DG conductivity versus reciprocal temperature of
anhydrous composite PVA:PAMPS:1,2,4- membranes with
different compositions.

Fig. 7 presents the Arrhenius plots of the composite
membranes. The results show that the proton conductivity of
the membrane with PVA:PAMPS:Triazole (1:1:1) composition
has a linear temperature dependence between 20 °C and
150 °C. Moreover, although there are some fluctuations on
proton conductivities of other membranes with temperature,
all of them reach the highest conductivity at 150 °C. The
conductivity of PVA:PAMPS:Triazole (1:1:1) reaches
0.002 S cm™! at 150 °C. The proton conductivity results ob-
tained for our membranes are comparable to phosphoric acid
doped PBI membranes in the literature [1,28,29].

Temperature dependence of proton conductivity is given
by the Arrhenius equation (Eq. (4)):

0 = 0o eXp <f%> 4

Where E, is the activation energy of proton conduction, k is
the Boltzmann constant, and T is temperature in terms of
Kelvin. The slope of the plot — i.e. log ¢ vs 1000/T-gives the
activation energy for proton conduction. The calculated acti-
vation energies of proton conduction for composite membranes
are between 8.40 and 17.75 kJ mol~*. These results are similar to
the activation energies of 1,2,4-triazole containing membranes
in the literature. In anhydrous state, in the lack of water mole-
cules, composite membranes allow the formation of protonic
defects sites and enable easily altered proton donor and
acceptor functional sites. A heterocycle, such as imidazole and
triazole, assists the proton migration since the nitrogen sites in
its structure act as proton acceptor with regard to the acid group
in the polymer. Based on the obtained results, the proton
transfer phenomena can be described throughout the mem-
brane as follows: During a typical proton migration, the sulfonic
acid groups of PAMPS and 1,2,4-triazole molecules serve as
donor and acceptor proton carrier sites and they undergo
continuous protonation/deprotonation processes by forming
and breaking hydrogen bonding through their nitrogen and
oxygen atoms [13,14,17,24,29-31]. (Fig. 2c.) An important
implication of these findings with the data obtained from FTIR
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and conductivity measurement is that proton transfer occurs
throughout the composite membranes by Grotthuss-type
mechanism. However, the results were quite surprising and
indicated that the proton conductivity of the composite mem-
branes is not increasing with increasing acid content (namely
PAMPS) in the membranes. There is an optimum mixing value
for PAMPS and 1,2,4-triazole, and the highest conductivity was
collected at PAMPS:1,2,4-triazole (1:3) molar ratio. Based on the
results, we can speculate that while a well-developed proton
transfer pathway can be built at this molar ratio (1:3), a suitable
hydrogen bonding path cannot be established below or above of
this ratio because of the pinning of molecules in themselves
throughout the membranes.

Conclusion

In the present work, anhydrous proton conducting composite
membranes consisting of PVA, PAMPS, and 1,2,4-triazole were
designed and fabricated. The prepared membranes are flexible,
transparent and free-standing. The 1,2,4-triazole to PAMPS ratio
varied from 0.5 to 1.5 in weight. (This corresponds to 1.5 to 4.5 in
terms of molar ratio.) SEM images of surfaces and cross-sections
showed that all constituents are uniformly distributed through
the membrane. TG analyses demonstrated the thermal stability
of all membranes up to approximately 220 °C. The chemical
cross-linking of PVA by GA and intermolecular interaction be-
tween the constituent was verified with FT-IR. The detailed
water uptake (WU) tests showed that the dimensions of the
membranes are highly stable. Ion exchange capacity (IEC)
studies demonstrated that the IEC values are directly related to
the PAMPS content. The proton conductivities of composite
membranes increase with the temperature and the temperature
dependencies obey an Arrhenius behavior. Among the mem-
branes, the membrane with PVA:PAMPS:1,2,4-triazole (1:1:1)
composition exhibits the highest proton conductivity, i.e.
0.002 S/cm at 150 °C, under anhydrous state. According to our
results, it can be concluded that the proton transport in the
composite membranes occurs via Grotthuss mechanism. Over-
all, this study clearly shows that incorporating 1,2,4-triazole
agents into a suitable polymer matrix can be a very promising
approach to realize membrane for HTPEMFCs. Our findings will
open up new perspectives for research on novel HTPEMFC
membranes based on heterocycles.
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