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Abstract
The solution casting technology was applied to manufacture thin polymer films (~ 20–30 μm) from the ionomer solution of
perfluorinated polymer with short side chains (an analogue of the commercial polymer Aquivion®). The influence of annealing
temperature on the mechanical properties (elastic limit), proton conductivity, and heat capacity was investigated. The elastic limit,
glass transition temperature, and proton conductivity of the samples were found to reach their maximum values at the annealing
temperature 170 ± 5 °C. Comparative studies of membrane-electrode assemblies (MEA) using the commercial (Nafion NR212)
and solution-casted membranes were carried out. MEAwith optimized Aquivion-type membranes showed satisfactory values of
fuel crossover and maximum output power. The results of the conducted studies show that the prepared Aquivion-type mem-
branes are very promising for practical application in MEA.

Keywords Materials preparations . PEM-FCs . Polymer electrolytes . Proton conductors

Introduction

The current interest in proton-conductive polymers is largely due
to their practical use as proton-exchange membranes in low-
temperature hydrogen fuel cells. At present, themost widespread
membranes are those developed in the mid-60s by DuPont™
using perfluorinated sulfonopolymer Nafion®. This polymer
consists of long perfluorinated hydrocarbon chains with side
branches ending with sulfogroups [1]. The Nafion®membranes

became the first stable and one of the most functional solid
electrolytes in terms of basic fuel cells parameters, and now,
Nafion® is the most common commercial membrane [2, 3].
The thickness of DuPont™Nafion®membranes varies between
20 and 200 μm, the average proton conductivity at room tem-
perature is about 0.1 S/cm, and the membrane retains the re-
quired functional parameters in the fuel cell up to 10,000 h [2,
3]. The water confined in the micropores of the membrane plays
an important role in the proton transport [4, 5], and the operating
temperature of the fuel cells with a Nafion membrane does not
exceed 90 °C because of the rapid degradation of the electrolyte
at a higher temperature, leading to a change in the polymer
structure and a decrease in the proton conductivity [2, 3].
When a fuel cell with such a temperature limit is used, the plat-
inum catalyst is poisoned on the electrodes due to impurities in
hydrogen (especially, carbonmonoxide). Since an increase in the
operating temperature above 130 °C could significantly reduce
the catalyst poisoning, many attempts have beenmade tomodify
Nafion®, as well as to develop alternative ionomers for proton-
exchangemembranes with a higher operating temperature [6–8].

In this respect, the development of perfluorinated polymers
with shortened chains could be very promising. In particular,
the Aquivion-type polymer is shown to have an improved
water retention performance, a higher proton conductivity at
the same temperature and humidity, and an increased mechan-
ical and chemical resistance compared to Nafion® [9–11].

* V. V. Sinitsyn
sinitsyn@issp.ac.ru

1 Inenergy LLC, ul. Elektrodnaya 12-1, Moscow, Russia 111524
2 A.M. Prokhorov General Physics Institute RAS, ul. Vavilova 38,

Moscow, Russia 119991
3 Institute of Problems of Chemical Physics RAS, ul. Academica

Semenova 1, Chernogolovka, Russia 142432
4 Lomonosov Moscow State University, GSP-1, Leninskie Gory,

Moscow, Russia 119991
5 Moscow Institute of Physics and Technology (State University),

Institutskiy per. 9, Dolgoprudny, Russia 141701
6 Institute of Solid State Physics RAS, ul. Akademica Osypyana 2,

Chernogolovka, Russia 142432
7 AС DCM-Analitica, Narodnaya street 2A, Nigniy Novgorod, Russia

603074

Ionics
https://doi.org/10.1007/s11581-018-2531-5

Author's personal copy

http://crossmark.crossref.org/dialog/?doi=10.1007/s11581-018-2531-5&domain=pdf
mailto:sinitsyn@issp.ac.ru


Recently, a fuel cell using the Russian analogue of the
Aquivion® polymer synthesized by the method of water-
emulsion polymerization of fluoromonomers was investigated
in [12, 13]. This method allows obtaining an Aquivion-type
ionomer with a much lower cost than ionomers of other com-
mercial proton-conducting polymers. Some electrochemical
characteristics of membrane-electrode assemblies (MEA)
using Aquivion-type membranes and commercial Nafion®
membranes were measured and compared in ref. [13]. The
Aquivion®-based MEA demonstrated higher output power
and better thermal stability when compared with their
Nafion-based analogues [14, 15]. Note also the advantage of
Aquivion® membranes in other electrochemical cells, e.g.,
water electrolysis where these system operate stably at high
potentials [16]. These encouraging results were not however
supplemented with measurements of the mechanical strength
and proton conductivity of the Aquivion-type membranes un-
der different operating conditions, and the method used to
obtain the membranes was not described. At the same
time, this information is of primary importance for eval-
uating the advantages of perfluorohydrocarbonic short
chain polymers in comparison with Nafion® for the
use as electrolyte in the fuel cells.

The present work is aimed at obtaining Aquivion-type
polymer membranes by solution casting method and studying
their mechanical strength, transport, and calorimetric charac-
teristics as function of the annealing temperature. The mem-
branes with the optimal mechanical strength-conductivity
properties were further used to fabricate MEAs, and
their electrochemical characteristics were examined in a
model fuel cell.

Experimental

The Aquivion-type polymer membranes studied in this work
were prepared by the solution casting method. Aquivion type
of copolymer powder was prepared using modified emulsion
method described in ref [12]. Wet copolymer powder equiva-
lent weight about 850–870 in SO3H-form was dissolved in
isopropanol by boiling with Liebig condenser for 2 h. Then,
solution was cooled to 20 °C, filtered, and centrifuged.

To prepare a polymer film, 0.8 ml of the ionomer was
casted onto a glass substrate 4 × 4 cm2 in size, and the sample
was air-dried for 1 h under normal conditions. The second and
third layers of the ionomer were then applied in the same way
and the resulting membranes were annealed for 20 h at differ-
ent temperatures from 80 to 220 °С. Each annealed membrane
was protonated and cleaned of organic residues in a 1-M so-
lution of H2SO4 and a 3% solution of H2O2 at 80 °С for 4 h,
and then triple-rinsed in deionized water for 1 h. All obtained
samples were stored in deionized water.

The elastic strain limit was chosen as a criterion for the
mechanical strength of the producedmembranes. The samples
in the form of rectangular fragments measuring 20 × 5 mm2

were cut from different parts of the polymer film and dried at
room temperature for 4 h. The experiments were carried out at
room temperature on the TA Q800 DMA instrument. The
length and width of the samples were determined with an
accuracy of ± 0.01 mm and the thickness was measured to
within ± 0.001 mm.

Within one experiment, measurements of multiple pieces
of the same membrane (not less than 5 pcs.) were carried out,
and those fragments were takenmainly from the central part of
the membrane, where their thickness was more uniform.
Then, the average mechanical stress dependence of the mem-
brane, σ , versus its deformation ε was plotted.

The value of proton conductivity was determined from the
impedance spectra measured in the longitudinal direction
using four-probe method. For these purpose, 5 × 35mm2 sam-
ple of membrane was drained with filter paper and clamped
between four contacts of platinum wire (Ø = 1 mm) in the cell
[17]. The cell was placed in a sealed glass thermostatic con-
tainer with water in order to reach 100% humidity conditions.
The hydrogen was passed for an hour through the solution
before the measurement and then workspace of the cell was
heated to the desired temperature (20, 30, 50, and 70 °С). In
some cases, the proton conductivity was measured directly in
an electrochemical cell in order to check the isotropy of trans-
port characteristics. The impedance spectra were measured
with spectrometer Elins P-40 x in the range of 0.5 Hz to
50 kHz in potentiostatic mode. The amplitude of the applied
voltage was equal to 100 mV.

Calorimetric studies were carried out during heating from
50 to 300 °C in argon atmosphere using a Perkin-Elmer DSC-
7. Heating rate was 10 K/min; sample weight was varied in
range of ~ 5–12 mg.

MEA of 22 × 22-mm2 size was fabricated on the membrane
which revealed the best characteristics of two parameters (me-
chanical strength and conductivity) simultaneously. TheMEA
was made by hot pressing method of the membrane and the
gas diffusion layer (GDL) with inflicted catalyst. The pressure
of 80 kg/cm2 was applied for 3 min at the temperature 130 °С.
The commercial product of Freudenberg Company (GDL
I2C8) was used as GDL with inflicted catalytic Nafion
ionomer-based ink and catalyst, produced by Inenergy LLC,
with 29.75% Pt content and loading of Pt about 0.4 mg/cm2.

The hydrogen crossover research was carried out by elec-
trochemical method. The cell was connected by the 4-h con-
tact pattern: current electrodes were connected to the cur-
rent—collecting plates, the potential electrodes—to graphite
bipolar plates. The cathode cell area was blown on by N2 flow
with the rate of 100 ml/min; the anode area was supplied by
H2 with the same flow rate. Measurements were started when
open-circuit voltage dropped to 200 mV. A constant 400 mV
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potential was set up by potentiostat and the cell current time
dependence was measured. A typical obtained crossover
curve is shown in Fig. 1. It can be seen from the figure that
the measured current changes during 6–10 min then becomes
the stationary on its value which accepted as a specific leakage
current i. The active square of the MEA in this study consisted
of 1 cm2.

MEA polarization curves (U-I characteristics) were got by
means of the measuring cell at the Electrochem measuring
stand. The MEA activation process prior the measurement
was carried out at 65 °С. The cathode was supplied with
O2 at 200 ml/min flow rate, the anode, with H2 at 200 ml/
min flow rate. Both gases were applied at 100% relative hu-
midity; the cyclic potential was applied to the cell in the range
of 0.1–0.9 V with scan frequency 10 mV/s. Activation was
carried out until U-I curves had not become more less the
same from cycle to cycle. Total activation lasted for 1 h. For
U-I data measurement in potentiostatic mode, the 30-s dura-
tion step of 50 mV was applied.

Experimental results

Figure 2 shows a typical deformation curve measured for three
different experimental samples annealed at Тan = 150 °С. The
point corresponding to the intersection of the two approximat-
ed elastic and plastic deformation lines was chosen as the
elastic limit characteristic.

The values of elastic deformation for membranes, pro-
duced with different thermal conditions, are presented in
Fig. 3. It can be seen that with the increase of annealing tem-
perature from 80 °С c to 110 °С, the mechanical strength of
the membrane slightly increases. Then, with the annealing

temperatures from 120 to 170 °С, the mechanical strength plot
almost reaches a plateau. Maximum elastic deformation limit
value was obtained for a sample annealed at 170 °С. Further
increase of annealing temperature produced a negative impact
on the mechanical strength of the samples. The limit of elastic
deformation goes rapidly down at the level of membranes
strength, annealed at 120 °С.

The measurements of proton conductivity for membranes,
annealed at temperatures of 100, 120, 140, 150, 170, and
200 °С, and for the commercial Nafion NR212 membrane
were carried out. As can be seen from Fig. 4, the conductivity
of all membranes increases with temperature, and the relative
conductivity increases with the temperature of annealing at
Т ≤ 170 °С, afterwards begins to decrease nonmonotonic, so
that is why the membrane, annealed at 200 °С, has the lowest
conductivity. It is worth noting that the conductivity of
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membranes annealed in the temperature range of 140–170 °С
is comparable to the conductivity of the commercial sample
Nafion NR212. The values of the activation energy compared
to commercial sample Nafion NR212 are shown in Table 1. It
can be seen that the activation energies of membranes,
annealed at temperatures Tan = 120–170 °С, are almost twice
less than the energy of activation of the membrane, annealed
at 200 °С and the commercial sample Nafion NR212.

Figure 5 shows a typical calorimetric curve for the studied
samples. It can be seen that there is an abnormal growth of
heat capacity associated with the glass transition process at the
temperature range ~ 150–190 °С. The glass transition temper-
ature for membrane annealed at 160 °C was Tg = 175 °C and
was defined by the average height of heat capacity step; the
heat capacity change for this sample in the glass transition
point was ΔСР = 1.14 J/(K*gr). Data analysis showed that
the glass transition point Tg strongly and non-monotonically
varies depending on the annealing temperature of the mem-
brane (Fig. 6), whereas heat capacity changeΔСР is about 1–
2 J/(K*gr) for all investigated samples. In Fig. 6, it can be seen

that maximum of glass transition temperature is within 165–
175 °С temperature interval. This correlates well with data on
mechanical strength, where maximum strength was also ob-
served at annealing temperatures about Тan ≈ 160–180 °С, and
data on transport characteristics, where the membranes,
annealed at Тan ≈ 140–170 °С, had the highest values of con-
ductivity. As we know, the higher values of Tg polymers are
responsible for more stiffened polymer chains, which explains
the observed correlation with mechanical properties. On the
other hand, stronger polymeric chains allow the creation of an
optimal structural polymer matrix with direct channels, in-
creasing the mobility of protons. However, for more reliable
conclusions, the additional detailed structural research is need-
ed to be carried out.
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Fig. 5 Typical DSC dependence of studied membranes in the field of the
glass transition temperature Tg. This curve corresponds to the sample,
annealed at 160 °С

Fig. 4 Proton conductivity temperature dependence of membranes,
annealed at different temperatures

Table 1 Values of the pre-exponential factor A, the activation energy
Еа, and quantities of proton conductivity σ at room temperature for
membranes annealed at different T and commercial membrane Nafion
NR212

Sample A, Ohm-1 cm-1K Ea, эВ σ, S/см

Aq100 6.64 0.069 9.78

Aq120 4.47 0.045 5.05

Aq140 5.33 0.054 7.54

Aq150 4.48 0.046 5.53

Aq170 4.49 0.047 6.05

Aq200 8.2 0.084 12.94

N212 8.14 0.086 22.42 Fig. 6 Dependence of glass transition temperature Tg from annealing
temperature Тan, of examined membranes
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Thus, the analysis of physical characteristics (mechanical
properties, conductivity, and calorimetry), measured in this
study, indicates that annealing of this membranes at Tan =
170 ± 5 °C is optimal to achieve the best mechanical and pro-
ton conductivity characteristics. Therefore, all the next elec-
trochemical measurements were carried out on the membrane,
annealed at Тan = 170 °С.

The results of leak current (fuel crossover) measurement
are presented in Fig. 1 for MEA based on solution-casted
Aq170 and Nafion NR212 membranes. Specific leakage cur-
rent for MEA based on the commercial sample was 0.34 mА/
cm2, and for the MEA based on membrane Aq170–1.71 mA/
cm2. Despite the fact that the crossover of hydrogen through
the membrane Aq170 in MEA was 5 times more than the
crossover through Nafion membrane NR212, this value does
not exceed the allowable world standard set by DOE—2 mA/
cm2 [18]. It should be here noted that the crossover value can
be down using radical scavengers in combination with recast
Aquivion membranes which was experimentally demonstrat-
ed in ref. [19].

Figure 7 shows the current-voltage and output power char-
acteristics of solution-casted membranes, annealed at T =
170 °С (Aq170 in Fig. 7). It can be seen that the maximum
output power at T = 65 °С is equal to ~ 0.2 W/cm2. However,
it should be noted that optimization MEA fabrications are
necessary to increase maximum output power. This process
includes catalytic ink layer deposition on gas diffusion layer
(GDL) and thermal pressing of GDL layers on the membrane.
However, these studies are the part of separate work.

Discussion

There are two main methods used to increase the mechanical
and transport characteristics of the original proton-conducting
polymers, which can be classified tentatively on physical and

chemical. In the first case, the applied effects are of physical
cause: temperature [20–22], pressure [23, 24], electromagnet-
ic fields [25–27], and so on. A significant effect on transport
properties results from the water vapor treatment at elevated
temperatures and pressures [26]. In the second case, different
types of doping with organic and inorganic materials are ap-
plied to the original polymer [28–32]. The first way is rela-
tively simpler and allows to find the limits of key fuel
cell characteristics. In this study, the annealing method
was used, which is widely distributed in materials sci-
ence including a number of works on proton-exchange
membranes [26–28, 33–36].

In one of the first studies, where the solution-casted Nafion
membranes were subjected to the thermal treatment, it has
been shown and experimentally proved that only annealing
or solvent evaporation at high temperatures made the
solution-casted membranes competitive with the extruded
membranes [33]. The temperature treatment effect on the
structure of perfluorinated solution-casted membranes and
the relationships between the structure and basic membrane
parameters were described in study [20]. The authors sug-
gested that higher annealing temperature results in the more
effective side chains restructure. The annealing processes in
this study were conducted at 150, 170, 190, and 210 °С.
During this structure rearrangements, the hydrophobic poly-
mer matrix sulfogroups shift in the direction of the ionic hy-
drophilic channels and thereby causing proton conductivity
increase. Authors [34] performed comparison studies of the
commercial and solution-casted Nafion membranes. It was
found that the maximum conductivity values were reached
at annealing temperatures ~ 210 °С (commercial membrane)
and 190 °С (solution-casted membrane). Various anneal-
ing procedures were proposed [34–36], which also dem-
onstrated that there is some optimum temperature corre-
sponding to the best transport characteristics of the sam-
ples under investigations.

This comprehensive study of mechanical and transport
properties of solution-casted Aquivion-type membranes pre-
pared at the different annealing temperatures was directed to
the optimal annealing conditions determination, when the key
characteristics (mechanical strength, conductivity, and glass
transition temperature) proved to be near their extreme values.

It should be noted that we have used the elastic deformation
limit as a criterion for mechanical strength of membranes al-
though the specifications of commercial membrane samples
indicate it as tensile strength. This was done in view of the fact
that, despite the use of protocol ASTMD882, the stress-strain
diagram had no plastic deformation characteristics and the
limit of elastic deformation is also suitable for detection of
the influence of heat treatment on mechanical properties of
membranes manufactured by the casting solution method.
According to technical specification, the tensile strength of
commercial samples Nafion NR212 is equal to ~ 20–

Fig. 7 U-I and output power characteristics of the MEA, with membrane
annealed at 170 °С (Aq170)
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30 MPa and for reinforced Nafion XL—~ 40–45 MPa. The
elastic deformation limit of Aquivion-type membrane pre-
pared at optimal conditions occur around 20 MPa (Fig. 3).
Taking into account that the elastic deformation limit cannot
exceed the tensile strength, it was concluded that elastic prop-
erties of prepared membranes are competitive with analogous
parameter of commercial samples.

The dependence of the elastic strain limit of the obtained
membranes on the annealing temperature (Tan) is nonlinear
and passes through a maximum at Tan ≈ 170 °C (Fig. 3).
Similar dependences on Tan with a maximum at
Tan ≈ 170 °C are also observed for the glass transition temper-
ature (Fig. 5) and for the isotherms of proton conductivity
measured at 20 ≤ T ≤ 70 °C (Fig. 4). This clearly indicates
that the annealing temperature of 170 °C is optimal for achiev-
ing the best mechanical and transport characteristics for the
membranes made of a perfluorinated polymer with a short side
chain. Presumably, annealing at temperatures up to 170 °C
results in a structural rearrangement of the polymer chains,
whereas at higher temperatures, the polymer begins to decom-
pose that leads to a degradation of its operating characteristics.
This assumption is confirmed by results of our recent thermo-
gravimetric measurements and X-ray scattering analysis,
which are in progress now. Moreover, researchers [35, 36]
demonstrated similar membrane behavior. Therefore,
Т ≈ 170 °С is the limit for the reliable operation temperature
ofMEAwith anAquivion-type membrane.Many studies have
shown that the protonic conductivity of these perfluorinated
membranes increases with temperature and reaches 0.1–0.2 S/
cm [21, 22]. At room temperature, the proton conductivity of
the Boptimal^ membranes prepared in the present work is
slightly higher than that of the Nafion NR212 membranes,
and at temperatures around 80 °C, it has the same value as
the commercial sample. Given the much higher decomposi-
tion temperature of our solution-casted Aquivion-type mem-
branes, they are promising candidates for use in medium-
temperature fuel cells (above 100 °C). The medium-
temperature fuel cells allow the utilization of industrial hydro-
gen with a CO concentration of more than 10 ppm, which can
significantly reduce the cost of the entire electrochemical gen-
erator with a proton-exchange membrane.

Conclusions

The solution casting technology was applied to manufacture
thin polymer films (~ 20–30μm) from the ionomer solution of
perfluorinated polymer with short side chains (an analogue of
the commercial polymer Aquivion®). Casting membranes
were optimized by means of simultaneous measurement of
three physical characteristics of the samples annealed for
20 h at temperatures from 80 to 220 °C. These three charac-
teristics that were measured were the limits of elasticity, the

proton conductivity, and the glass transition temperature.
Optimizing these characteristics plays a crucial role in
obtaining high performance and a long lifetime in the
membrane-electrode assembly (MEA). A comprehensive
analysis of all of the physical characteristics that were inves-
tigated in the membranes showed that the characteristics ob-
tain their maximum values when the samples are annealed in
the temperature range 160–180 °C. Therefore, 170 °C was
determined to be as the optimal annealing temperature for
membranes created with a casting method. Moreover, the
maximum achieved value of proton conductivity at room tem-
perature of Boptimal^ membrane (Aq170) consists of 0.09 S/
cm which is about 1.5 times higher than the conductivity
under the same conditions of a commercial membrane
Nafion NR212. To clarify the functional features of the opti-
mal membrane, we carried out comparative measurements of
gas permeability and the polarization characteristics of
membrane-electrode assemblies on the basis both commercial
membrane Nafion NR212 and Aq170. The gas permeability
of the membrane (i.e., crossover) was measured by the method
of leakage, which showed that the crossover of Aq170 mem-
brane did not exceed 1.1 mA/cm2. This value is fully consis-
tent with the standard set by the DOE electrochemical com-
munity (Fuel Cell Technical Team Roadmap, website: https://
energy.gov/sites/prod/files/2014/02/f8/fctt_roadmap_
june2013.pdf) according to which the membrane crossover
cannot exceed 2 mA/cm2. The polarization characteristics
demonstrated that the values of the output power maximum
of MEA on the basis of Aq170 membrane was only 30%
lower than the for MEA based on Nafion NR212, for
which we previously optimized the whole MEA creation
process with the best power characteristics. Thus, further
optimization of MEA fabrication on the basis of a Aq170
membrane is necessary to improve power characteristics.
However, these studies are the part of separate work.
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