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 1H-1,2,4-triazole grafted polysiloxane greatly enhances proton transport in PEM.
 Triazole-based PEM has high conductivity in low humidity at 25e100  C.
 Fuel cells based on the new PEM demonstrated promising performance.
 The triazole-based new PEM may dramatically simplify fuel-cell systems.
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The development of polymer electrolyte membrane (PEM) fuel cells that can be operated over a wide
temperature range without the need for humidiﬁcation is highly desirable for vehicle applications to
overcome the problems associated with CO poisoning and water management. Here we report a novel
PEM based on 1H-1,2,4-triazole grafted polysiloxane doped with phosphoric acid and reinforced with
porous expanded-polytetraﬂuoroethylene (ePTFE) ﬁlm. Both bulk resistances and interfacial polarization
resistances of the fuel cells based on this membrane were determined using impedance spectroscopy.
Results indicate that the proton conductivities of the PEM have little dependence on operation temperature while the PEM fuel cells demonstrated good performance under very low humidity in a wide
temperature range (from room temperature to more than 100  C). The triazole-based new PEM may
dramatically simplify the fuel-cell systems, offering great potential for mobile applications.
Ó 2013 Elsevier B.V. All rights reserved.
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1. Introduction
Polymer electrolyte membrane (PEM) fuel cells are considered
the next generation of power sources for zero emission vehicles due
to high energy conversion efﬁciency and minimal pollutants [1].
Although PEM fuel cells have tremendous potential to replace
automobile internal combustion engines, many challenges still
remain [2]. Most of these challenges are associated with an intrinsic
property of conventional polymer electrolyte membranes, the need
for water as a proton carrier.
The most widely-used electrolytes for PEM fuel cells are perﬂuorinated sulfonic acid (PFSA)-type polymer membranes, such as
Naﬁon, which shows adequate proton conductivity only in hydrated form [3]. The hydration requirement of a PFSA membrane
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limits the maximum operation temperature of fuel cells to below
the boiling point of water, i.e., 100  C under atmospheric pressure.
The limited operation temperature (typically 60e80  C) requires
very expensive platinum catalysts to increase the kinetics of the
electrode reactions. Additionally, only high purity hydrogen gas can
be used for the anode because even trace amounts of CO can easily
poison platinum catalysts [4]. The hydrated membrane can suffer
from degradation due to freeze/thaw cycling in outdoor applications (e.g. fuel-cell vehicles in a winter season) [5]. The humidiﬁcation requirement of PFSA type membranes also raises another
critical issue, the difﬁculty of implementing water-management
strategies [6]. Thus, a voluminous humidiﬁer and water-management systems are necessary to maintain stable performance in this
type of fuel cells.
In this regard, fuel-cell operation above 100  C under lowhumidity conditions is highly desirable because it can enhance
the rate of the electrochemical reactions on both the anode and
cathode, improve the CO tolerance, and eliminate or simplify a
cumbersome water-management system [7,8]. For automotive
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applications, high-temperature operation without external humidiﬁcation can reduce the size of the cooling system (i.e., radiator)
and humidiﬁer, thus increasing speciﬁc power density (kW L1 or
kW kg1) of the overall fuel-cell system. Therefore, the development of a novel proton PEM that can operate at high temperature
(>100  C) under an anhydrous condition is vital to the commercialization of fuel-cell vehicles.
To date, various approaches have been explored to develop
novel electrolytes operable at temperatures above 100  C, including
modiﬁed Naﬁon [9e11], alternative sulfonated polymers [12], and
heterocycle and acid based polymers [7,13]. Among them, the PEMs
based on phosphoric acid-doped polybenzimidazole (PBI) have
gained the most attention because of the high proton conductivity
in an anhydrous form and good thermal stability [14,15]. However,
a PBI-based membrane shows very low proton conductivity at
room temperature [7], requiring a long start-up time, which is not
desirable for fuel-cell vehicle applications. Therefore, the development of new anhydrous proton conducting materials, functional
under low-humidity conditions in a wide temperature range (from
room temperature to above 100  C) with high proton conductivity
and good stability, is vital to the commercialization of fuel-cell
vehicles.
Our group ﬁrst demonstrated triazole as an effective protogenic
group to replace water and imidazole as proton carrier in PEMs for
high-temperature operation [16e18]. Additional studies suggest
that these PEMs have high proton conductivity in an anhydrous
state and good electrochemical stability under fuel-cell operation
conditions [19e25]. Here we report a novel PEM consisting of 1H1,2,4-triazole grafted polysiloxane, doped with phosphoric acid and
reinforced with expanded-polytetraﬂuoroethylene (ePTFE) ﬁlm,
prepared using a modiﬁed solegel process. Due to the unique
molecular structure and membrane microstructure, this novel
membrane exhibited both high proton conductivity under very
low-humidity conditions and good thermal stability. PEM fuel-cells
employing triazole-based novel membranes showed very little
dependence of proton conductivity on operation temperature,
demonstrating excellent performance not only at high temperatures (above 100  C) but also at room temperature under ambient
pressure.
2. Experimental
We synthesized triazole-bearing polymers by grafting 1H-1,2,4triazole to a polysiloxane backbone through nucleophilic substitution (w50.4 wt.% 1,2,4-triazole in grafted polysiloxane triazole),
then fabricated novel polymer membranes using an in-situ polymerization (solegel) process under the presence of phosphoric acid
as the catalyst and the dopant with the reinforcement of porous
ePTFE ﬁlm. 1,2,4-triazole grafted polysiloxane (prepared as
described elsewhere [18]) was mixed with tetraethyl orthosilicate
(TEOS) and bis(ethanoxylsilicane)octane (Si-C8) organosiloxane (as
cross-linkers) at a mass ratio of 2:1:1 (total 0.5 g) in a mixture
(5 ml) of methanol and ethanol (1:1 v/v) under stirring for 24 h to
allow for sufﬁcient hydrolysis and condensation of the sol solution.
A separate solution containing 0.4 g of phosphoric acid (85%) in a
mixture (7 ml) of methanol and ethanol (1:1 v/v) was added into
the sol solution prepared beforehand and the mixture was stirred
for additional 15 min. Phosphoric acid was used as both the catalyst
to complete the solegel reaction and the acidic dopant. Then each
4 ml of the resulting mixture was casted into three expanded ePTFE ﬁlms (Donaldson) supported on plastic moulds with a diameter of 40 mm. During the gelation/drying process at room temperature, the solvents evaporation rate should be controlled
carefully, to avoid precipitation of white particles. After drying for
3e4 days, the membrane was hot-pressed at 200  C and 0.6 GPa.

The membranes were then immersed in concentrated phosphoric
acid solution for 1 day (for doping of free acid). The phosphoric
acid-doped triazole membranes were taken out, wiped-out and
dried inside the oven at 120  C. The typical thickness of membrane
was w50 mm. We measured the weight increase after the asprepared membranes were immersed in free acid for 24 h, followed by drying at 120  C for 24 h. The average weight gain was
about 13 wt.%, implying that additional 13 wt.% of PA was doped
into the membranes. If the PA-doping level is deﬁned as the molar
ratio of the PA per triazole ring [26], the PA-doping level of triazolebased membranes was estimated to be w1.9 mol and w2.15 mol of
PA per mole of triazole ring before and after immersion in free acid.
The PA-doping level of triazole-based membrane is still lower than
those of the PBI-based membranes (e.g., 6e32 mol PA per PBI
repeat unit) as reported in the literature [26e28]. The gas diffusion
electrodes (GDEs) were fabricated by mixing a suitable amount of
1,2,4-triazole grafted polysiloxane with commercial 40% Pt/C catalysts (1,2,4-triazole grafted polysiloxane: Pt/C ¼ 1:10 w/w) in the
presence of phosphoric acid (0.5 g for 25 cm2) in an ethanol/
methanol mixture (1:1 v/v), and casting this catalyst ink onto a
commercial gas diffusion layer (GDL, E-Tek). The loading amount of
Pt was controlled at 1 mg cm2. For the evaluation of fuel-cell
performances, dry and wet H2 and O2 gas were used (the wet refers
to humidiﬁcation by bubbling the gas through a water bubbler kept
at room temperature). The wet gas has a 3 v% water vapour, corresponding to 100% relative humidity at 25  C. Thus, the relative
humidity (RH, %) of the wet gas at 150  C, 120  C, 105  C, 95  C,
80  C, and 50  C was estimated to be 0.6%, 1.6%, 2.6%, 3.7%, 6.7%, and
26%, respectively.
Proton conductivities of triazole-based membranes and the
interfacial polarization resistance of triazole-based electrodes were
measured in dry H2 and O2 using impedance spectroscopy (Solartron 1286 and 1255) under the inﬂuence of an ac voltage of 10 mV
in the frequency range of 0.01 Hze1 MHz.

3. Results and discussion
1H-1,2,4-triazole has a molecular structure similar to that of
imidazole, as schematically shown in Fig. 1, but its pKa values are
much lower than those of imidazole [29], implying that 1H-1,2,4triazole may have lower electron density. We synthesized a membrane that consists of 1H-1,2,4-triazole grafted polysiloxane, doped
with phosphoric acid using a modiﬁed solegel process, and reinforced with ePTFE to improve the mechanical property. To evaluate
the performance of this membrane in a fuel cell under practical
operating conditions, we combined a 50 mm thick triazole-based
PEM with two GDEs to form a membrane-electrode-assembly
(MEA). The membrane-electrode-assembly (MEA) was fabricated
by pressing the two GDEs onto the PEM at 120  C under a pressure
of 250 kg cm2. For Naﬁon212 membranes (Dupont), commercial
GDEs (E-Tek, 1 mg cm2 Pt, PTFE binder) were used to prepare hotpressed MEAs under the same conditions.
The open circuit voltage (OCV) of the cell was monitored at
different temperatures in dry gas under ambient pressure. As
shown in Fig. 2, the OCVs of the cells were sufﬁciently high (above
0.95 V) over a wide temperature range, implying that the PEM
prepared by a modiﬁed solegel process is sufﬁciently dense even at
high temperatures above 100  C under dry conditions without
signiﬁcant gas crossover. This is quite promising because a
commercially available Naﬁon212 membrane has small pores under dry conditions; reactant gases (H2 and O2) can directly mix
through the membrane and this can be a cause of OCV drop as
shown in Fig. 2, which may also lead to membrane degradation,
lowering the efﬁciency and lifetime of fuel cells [30]. The OCV of PA-
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Fig. 2. Open circuit voltage of triazole-based and commercial Naﬁon212-based fuel
cells monitored at different temperatures (80e120  C) in low-humidity gas (H2 and O2)
environment.
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Fig. 1. Molecule structures of (a) imidazole, (b) 1H-1,2,4-triazole, and (c) schematic of
fabrication procedure and proposed proton conduction mechanism of novel membranes containing 1,2,4-triazole grafted polysiloxane cross-linked with Si-C8 and TEOS,
doped with phosphoric acid and reinforced with ePTFE.

doped PBI system is typically around 0.9 V or higher at 160  C under
dry conditions [26].
Fig. 3 shows some typical currentevoltage relationships and
power density curves for triazole-based fuel cells operated at
different temperatures (25, 50, 80, 95, 105, 120 and 150  C) with dry
H2 and O2 under ambient pressure. It should be noted that, for this
performance study, the ﬂow rates of the reactant gases (H2 and O2)
were kept at 50 mL min1 to both the anode and the cathode in
order to minimize the effect of a gas transport limitation on performance. Clearly, the performance of triazole-based fuel cells
increased with increasing temperature under dry conditions. The
short-circuiting current density increased from 1070 mA cm2 at
25  C to 1350 mA cm2 at 150  C, and the peak power density

Power density (mW/cm2)
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Fig. 3. (a) Cell voltages and (b) power densities as a function of current density for triazolebased fuel cells operated at different temperatures under low-humidity conditions.

222

M.-K. Song et al. / Journal of Power Sources 241 (2013) 219e224

increased from 157 mW cm2 at 25  C to 210 mW cm2 at 150  C.
The performance demonstrated here (e.g. w200 mA cm2 at 0.6 V
at 150  C, 0.6% RH) is lower than that (e.g. w1000 mA cm2 at 0.6 V
at 65  C, 100% RH) of a commercial Naﬁon-based membrane (from
Dupont) when fully humidiﬁed [31]. However, the performance of
Naﬁon-based fuel cells decreases dramatically with increasing
temperature because Naﬁon is not functional at high temperature
under dry conditions [32]. Many attempts have been made to
overcome drawbacks from the dry operation by increasing operation pressure up to 3e5 atm with a pressurized system [33e35] to
eliminate a voluminous humidiﬁer, which however, is also spacious
and unfavourable for automotive applications.
It is noted that the performance of the triazole-based membrane
with a PA-doping level of w2.15 mol PA per triazole ring is lower
than those of the PBI-based membranes with PA-doping levels of
6e32 mol PA per PBI repeat unit [26e28]. For example, the highest
power output (w900 mW cm2 at 160  C) was reported for the
membranes with 32 mol PA per PBI repeat unit [26]. A fuel cell
based on a commercial PBI-type membrane (from PEMEAS Fuel Cell
Technologies) also showed improved high performance at high
temperature (e.g. the peak power density increased from
w360 mW cm2 at 120  C to w540 mW cm2 at 200  C) [36],
however, the performance drops rapidly as the operating temperature is reduced, due primarily to lower proton conductivity of the
PBI-based membrane at lower temperatures [7]. It also has a long
start-up time, making it necessary to have an auxiliary power unit.
In contrast, the triazole-based fuel cells operated under an ambient

pressure with dry gas showed good performance over a wide
temperature range, from room temperature to more than 100  C.
To more closely examine the effect of operating temperature on
performance, a set of impedance spectra were collected at a constant cell voltage (i.e., DC polarization vs. OCV) to distinguish the
individual performance loss caused by membrane resistance and
the interfacial polarization resistance of the electrodes. Fig. 4 shows
some typical Nyquist plots of impedance spectra collected at
different temperatures under different DC polarization conditions.
The insert in Fig. 4(a) shows an equivalent circuit used to interpret
the impedance data. The ﬁrst intercept in the high frequency region
on the real axis represents the ohmic resistance (dominated by the
membrane resistance) for proton conduction under a real fuel-cell
operating condition. The diameter of the semicircle represents the
interfacial polarization resistance of the two electrodes, a combination of the resistance to charge transfer associated with the
electrochemical reactions taking place on two electrodes and the
resistance to mass transfer of electro-active species to or away from
the active sites. It was observed that the interfacial polarization
resistance of electrodes decreased dramatically with the operation
temperature, while ohmic resistance of the membrane was relatively independent of temperature. The performance losses due to
gas transport may be relatively small in these experiments because
the reactant gases were supplied to both electrodes at a relatively
high ﬂow rate.
The measured ohmic resistance and the electrode polarization
resistance are plotted as a function of operation temperature. Fig. 5
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Fig. 4. Typical impedance spectra (Nyquist plot) collected with dry H2/O2 at ambient pressure under various DC polarizations: (a) 0.2 V vs. OCV; (b) 0.3 V vs. OCV; (c) 0.4 V vs.
OCV; (d) 0.5 V vs. OCV.
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Fig. 6. Cyclic performance of triazole-based fuel cells operated at 120  C in a dry gas
(H2 and O2) environment at ambient pressure under different DC polarizations.
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Fig. 5. (a) Temperature dependence of electrode polarization resistance (estimated
from DC polarization of 0.4 V vs. OCV) and membrane resistance of triazole-based
fuel cells operated at different temperatures under low-humidity conditions. Membrane resistance was averaged. (b) Comparison of ohmic resistance of Naﬁon-based
and triazole-based fuel cells run on dry H2 and O2 at different temperatures.

shows that ohmic resistance of the membrane was relatively independent of temperature (from 0.342 U cm2 at 25  C to 0.34 U cm2
at 150  C under DC polarization of 0.4 V vs. OCV), implying that
novel membranes have good proton conductivity under dry conditions, and have little dependence on temperature. The observed
small dependence of proton conductivity on temperature under
low-humidity conditions is very encouraging, especially for an
automotive application which requires that the electrolyte membrane be functional in dry gas at high temperatures. The anhydrous
proton conducting mechanism of a triazole-based membrane is not
yet clearly understood, and requires further extensive study to
elucidate the proton conduction mechanism. The measured
membrane resistance is a little bit higher than those (0.08e
0.11 U cm2) of the commercial PBI-based membranes at high
temperatures (160 and 200  C) [36], but the performance loss from
ohmic resistance of the membranes is expected to be reduced by
decreasing the electrolyte thickness below 20 mm. This is possible

because the membranes reinforced by ePTFE showed good mechanical properties and low gas permeability.
The interfacial polarization resistance of triazole-based electrodes appeared to be higher at lower overpotentials (DC polarization vs. OCV, e.g. Fig. 4(a)), indicating that the charge-transfer
resistance of the electrode (i.e., activation polarization) is likely
the major cause of the performance loss in triazole-based PEM fuel
cells over a wide temperature range. As expected, however, electrode polarization resistances decreased dramatically with an increase in operation temperature (from 1.43 U cm2 at 25  C to
0.48 U cm2 at 150  C under DC polarization of 0.4 V vs. OCV)
because the electrochemical reactions on the electrodes are
thermally-activated processes. This result clearly shows the
advantage of high-temperature operation above 100  C. The
charge-transfer resistance of PA-doped PBI system also decreased
with an increase in operation temperature (from w0.15 U cm2 at
160  C to w0.13 U cm2 at 200  C under similar conditions) [36]. In
contrast, for a Naﬁon-based fuel cell, performance diminishes with
increasing operation temperature because of an increase in chargetransfer resistance [37]. This is attributed mostly to the decrease in
proton conductivity of Naﬁon in membranes and in catalyst layers.
An optimized microstructure for electrodes and improved fabrication techniques will be necessary to further reduce Pt loadings, and
lower the electrode polarization resistance of triazole-based fuel
cells.
Due to the anhydrous nature of the triazole-based membrane
and electrodes, fuel-cell performances were very stable at high
current density without ﬂooding when operated at 120  C with dry
O2 and H2 gas under ambient pressure, as shown in Fig. 6. It implies
that triazole-based fuel cells can potentially eliminate the voluminous water-management system. Further study will be performed
to extend the operation temperature of triazole-based fuel cells
down to 20  C and up to 200  C. The peak power densities of
triazole-based fuel cells are shown in Fig. 7 as a function of operation temperature (from 157 mW cm2 at 25  C to 210 mW cm2 at
150  C). Although the performance demonstrated here is lower
than those of the PBI-type membranes (from w360 mW cm2 at
120  C to w540 mW cm2 at 200  C) [36], a fundamental understanding of the anhydrous proton conduction mechanism may lead
to rational design of better PEMs for fuel-cell operation at a subzero
temperature to mitigate degradation originated from freeze/thaw
cycling. Additionally, the high boiling point (256  C) of 1,2,4-triazole and the good thermal stability of the membrane may allow
the operation of fuel cells at temperatures up to 200  C.
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Fig. 7. The peak power density as a function of operating temperature for triazolebased fuel cells operated under low-humidity conditions at ambient pressure.

4. Conclusions
In summary, fuel cells based on a triazole-type membrane
demonstrated good performance in a wide temperature range
(from room temperature to above 100  C) in dry fuels and oxidant
under ambient pressure. This novel membrane may allow a dramatic simpliﬁcation of fuel-cell systems, which could facilitate the
commercialization of fuel-cell vehicles. The fuel cells based on this
membrane may also serve as power sources for other applications,
where a wider range operation temperature is important without
cumbersome humidiﬁcation and pressurization systems such
as military and space applications. Additional research will
be necessary to improve the performance of triazole-based
fuel cells further by decreasing membrane thickness (thus
membrane resistance) and optimizing electrode composition and
microstructure.
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