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This paper is devoted to the study of the composite (hybrid) Nafion membranes doped by different
concentrations of cesium acid salt of phosphotungstic heteropolyacid. The conductivity of the membranes was
studied as a function of temperature (at 100 % relative humidity, RH) and RH (at t = 25 °C). Due to the
membrane modification, the conductivity increases. At 100% RH, the dependence of conductivity on the
dopant concentration passes the maximum at 3 wt.%. Conductivity of hybrid membranes is by 15-20% higher
than that of Nafion. Conductivity of the membranes containing = 7 wt.% of CsxH3xPW12040 is lower as
compared with that of the initial Nafion. Due to the introduction of CsxH3xPW12040, conductivity markedly
increases at low RH for all concentrations. At RH = 32 %, the maximum conductivity is observed for the
membrane containing 5 wt.% of the dopant (2.7-10-3 S/cm) and this value is three times higher as compared
with Nafion.

Permeability of electrolyte solutions through the membranes is studied. The presence of the dopant with acidic
properties decreases the HCI permeability; the higher is CsxH3.xPW12040 concentration in the membrane, the
lower is the diffusion permeability. Hence, the presence of the dopant prevents the diffusion of anions and
increases selectivity.

The effect of CsxHs.xPW12040 on the membrane transport characteristics was explained according to the
model of the limited elasticity of membrane pores and channels. Hybrid membranes containing minor amounts
of CsxHsxPW12040 can be considered as promising electrolytes for proton exchange membrane fuel cells due
to their high conductivity at low RH and high selectivity.

1. Introduction

According to The fuel cell industry review (2013), commercial fuel cells are primarily based on a proton-
exchange polymer membrane as a solid electrolyte (PEMFC). This technology offers a number of advantages:
the design of small-sized systems with a capacity varying from several watts to megawatts and low operating
temperatures which ensure their fast start-up. The benefits of PEMFC have encouraged intensive research
and development both in academic and commercial directions (Arpornwichanop et al., 2014). The main efforts
were focused on the improvement of performance and lifetime of FC and on the reduction in the energy costs.
Perfluorosulfonic cation-exchange membranes such as Nafion® are often used in the PEMFCs production
(Chandan et al, 2013). The advantages of the Nafion® membranes are related to their high chemical and
thermal stability, high proton conductivity, and strength (Ramkumar J., 2011). However, their use in PEMFC is
limited by the following drawbacks: reduced conductivity at low RH, relatively high gas permeability
(101-10"° mol-cm™'-s") and permeability of methanol (106 cm?/s), and high cost (Li et al., 2003). Their
performance at low RH can be improved by their modification with different dopants such as silica, zirconia,
and heteropolyacids (including phosphotungstic acid HsPW12040, PWA) (Ahmad et al, 2010; Tripathi and
Shahi, 2011; Yaroslavtsev et al., 2012a). One of the most promising procedures for the modification of the
Nafion-type membranes is concerned with the incorporation of silica nanoparticles with heteropolyacids
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(Mahreni et al., 2009) and their insoluble acid salts (Prikhno et al., 2014) or only insoluble acid salts of
heteropolyacids (Xiang et al.,2011) into the parent membrane matrix. The presence of cesium acid salt of
PWA in the membrane was shown to promote the catalytic reactions at the FC electrodes (Gerasimova et al.
2012). The concentration and distribution of dopants in the host membrane are known to exert a marked effect
on the characteristics of the hybrid membranes.

From this viewpoint, in situ modification of the membranes by the introduction of a dopant into the parent
membrane matrix makes it possible to achieve a uniform distribution of dopant particles with dimensions of 3-5
nm in the membrane matrix. However, this method suffers from evident drawbacks (for example, it does not
allow controlled introduction of the prescribed amounts of dopants) and can hardly be commercialized. The
more promising approach is related to the introduction of dopant nanoparticles into polymer solutions and
subsequent casting.

The objective of this work is concerned with the synthesis and characterization of the transport characterisrics
of the hybrid materials composed of the Nafion-based membranes and cesium acid salt of PWA. The
materials are prepared by casting from polymer solutions containing dopant nanoparticles.

2. Experimental

2.1 Materials

In this work, we used the solution of Nafion® membranes (Aldrich, perfluorinated resin solution, 5 wt.% in
lower aliphatic alcohols and water). As chemical reagents, we used phosphotungstic heteropolyacid hydrate
H3PW12040-44H20 (Acros), cesium carbonate Cs2COs (Khimmed, Russian Federation), hydrochloric acid (a
36% water solution), nitric acid (a 70% water solution) and hydrogen peroxide (Khimmed Russian Federation).
In all experiments, deionized water with a resistance of 18.2 MQ+scm was used.

2.2 Synthesis of caesium acid salt

Cesium acid salt of PWA was synthesised according to the procedure described by Yaroslavtsev et al. (1994).
Basic salt Cs3PW12040 was obtained from the solutions of cesium carbonate and PWA. Then it was treated by
the dilute solution of nitric acid in order to obtain the acid salt. A white precipitate was washed in deionized
water and dried at 110°C in air.

2.3 Preparation of Nafion / CsxHsxPW12040 membranes

Composite membranes were prepared by casting from polymer solutions containing the calculated amounts of
CsxH3xPW12040 (CsPWA). The mixture was stirred in the ultrasonic bath for 1 h. Then the solutions were cast
into a Petri dish and dried in air at 25°C for 12 h and at 60°C for 12 h to remove the solvent. The recast
membranes were detached from the Petri dish by the addition of deionized water. Then, the excessive water
was removed with the filter paper and the membranes were hot-pressed at 110 °C and 60 bar for 3 min to
improve their mechanical strength. All membranes were treated gradually by 10 % H202, HCI solutions and
deionized water at 80 °C for 2 h. The CsPWA concentration was ranged from 0 to 15 wt.%.

2.4 Instruments and methods

Crystalline structure was characterized by the X-ray diffraction (XRD) with CuKa radiation on a Rigaku D/MAX
2200 diffractometer. The XRD data were analyzed using the Rigaku Application Data Processing software.
Microstructure of the materials were examined by scanning electron microscopy (SEM) on a Carl Zeiss
NVision 40 (SEM images were obtained at a 1-kV acceleration voltage) and by transmission electron
microscopy (TEM) on a JEOL JEM-1011 (TEM images were obtained at a 100-kV acceleration voltage). Prior
to TEM measurements, the membranes were ultrasonically dispersed in methanol and supported onto carbon-
coated Cu grids.

Thermal analysis of the samples was performed on a Netzsch-TG 209 F1 instrument under an argon
atmosphere in platinum crucibles in the temperature range of 25-150°C and 25 — 700 °C for membranes and
CsPWA powder, respectively (heating rate was 10°C/min). Water uptake was determined as the difference
between the initial weight of the sample and its weight after drying at 150 °C.

Proton conductivity was measured in the temperature interval from 20 to 90 °C (measurements in contact with
deionized water, 100 % RH) and at different RH (measurements at t = 25 °C). To prepare the samples with
different water uptake, the membranes were conditioned at different RH maintained by the saturated solutions
of the following salts (RH given in parentheses): MgClz (32 %), NaBr (58 %), NaCl (75 %) and NazHPO4 (95
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%). The conductivity was measured by the impedance spectroscopy in a frequency range from 10 Hz to 2
MHz using a 2B-1 impedance analyzer. Carbon sheets were used to improve the contact between the
membrane and the electrodes. Conductivity was calculated from the impedance plots as the intercept on the
resistance axis.

The diffusion permeability was measured in a two-chamber cell with the effective surface area S = 3.9 cm?.
The electrolyte (0.1M HCI) was transferred through the membrane into a chamber filled with deionized water.
The volume of liquids in each chamber (V, cm3) was the same. Changes in pH were measured every 3 s
during the experimental runs using a pH-meter Expert-001 (“Ekoniks-expert”, Russia) in the water-filled
chamber. The pH-meter was calibrated using standard buffer solutions. The diffusion permeability is
calculated as:

dC Vh

p- . Y1
dt SAC ™

where h is the membrane thickness, cm; AC is the concentration drop, mol/cm?; and t is time, s. The rate of
concentration changes (dc/dt) was determined as the change in the proton concentration in the water-filled
chamber (the accuracy in P is below 1%).

3. Results and discussion

The XRD pattern of the CsxH3xPW1204 powder corresponds to the cubic modification of
Cs1.7H1.3PW12040-3H20 (Figure 1b). The unit cell parameters of crystal lattice change is 11.835+0.008 A. SEM
images show that the CsxH3.xPW12040 powder is composed of the aggregates with the dimensions up to 2
um. According to the thermal analysis data, the total weight loss of CsxH3.xPW12040 in the temperature range
of 25-700°C is 2.66 wt.%. The principal weight loss takes place at t<100°C and corresponds to dehydration
process.
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Figure 1: The XRD patterns of Nafion (a), CsxHzxPW12040 (b), and Nafion + 10 wt.%CsxH3zxPW12040 (C).

The XRD pattern of the composite membrane presents the superposition of XRD the patterns corresponding
to unmodified Nafion membrane and CsxHs-xPW12040 powder (Figure 1). According to the XRD data, the mean
size of the X-ray coherent scattering regions for CsxHs.xPW12040 particles within the membrane is about 30
nm. According to the TEM data, the average size of the particles in the composite membranes is about 10 nm,
but bigger particles with dimensions up to 40 nm are also observed (Figure 2). The dimensions of the particles
are independent of the CsPWA concentration in the membrane. Since the dopant concentration has no effect
on the dimensions of the particles, one can conclude that the number of pores, where the particles are
located, increases with increasing CsPWA concentration. The presence of smaller CsxHz-xPW12040 particles in
the membrane is a result of both ultrasonic treatment and prevented aggregation of nanoparticles due to the
reduced surface tension in the Nafion solution.



682

Figure 2: TEM image of the hybrid membrane based on Nafion+1.5 wt.% CsPWA.

The presence of CsPWA nanoparticles in the membrane matrix influences on proton conductivity both at high
and low relative humidities. The dependence of conductivity at 100% RH on the dopant content shows the
maximum at 3 wt.%. When the dopant concentration is higher than 5 wt.%, the conductivity of hybrid
membranes is lower than that of the initial Nafion (Figure 3). However, the difference between the
conductivities of the initial and the hybrid membranes is low and does not exceed 15 %. The decrease in RH
is accompanied by the increase in the difference between the conductivities of the hybrid membranes and the
initial Nafion (Figure 4). The maximum conductivity at low RH is observed for the Nafion+5 wt.% CsPWA
membrane and this value is 2.7-103S/cm at RH=32% and t=25°C. This value is three times higher as
compared with the conductivity of initial Nafion.
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Figure 3: Proton conductivity at 100 % RH in contact Figure 4: The dependence of proton conductivity on
with water as a function of CsSPWA concentration in the CsPWA concentration in the membrane at 25 °C
membrane. and at different RH.

The increased conductivity of hybrid membranes can be determined by the increased number of acidic
protons which serve as the current carriers. When conductivity is controlled only by the concentration of
protons, the corresponding dependence on the dopant concentration is linear. However, the conductivity of the
samples with high dopant concentrations is lower as compared with the conductivity of the initial Nafion
membrane. This dependence of conductivity on the CsPWA concentration at 100 % RH (Figure 3) can be
explained according to the model of the limited elasticity of membrane pores and channels (Novikova et al.,
2010). Proton transfer in the Nafion-type membranes proceeds via the system of pores and channels (Kreuer,
2003). At RH=100%, all functional —SO3sH groups of membrane are fully dissociated, the concentration of
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water molecules in the pores is high, and protons are transferred by hopping between water molecules
(Grotthus mechanism). As a result, a double electrical layer is formed near the pore walls and protons are
mostly localized within the thin Debye layer with a width of 1 nm. The proton transfer rate is controlled by the
proton migration in narrow membrane channels where their mobility is a minimum. Hydrophilic functional —
SOs3H groups in the Nafion solution are localized near the surface of CsPWA particles. As a result, the particle
appears to be incorporated within the hydrophilic pore of the cast membrane, the dimensions of the particles
and the channels connecting the pores become bigger. However, the possibility of unhampered deformation of
membrane pores and channels system is limited and further increase in the dopant concentration leads to the
decrease in the conductivity (Novikova et al., 2010).

When RH decreases, the Nafion membranes experience dehydration and the mechanism of proton transfer is
changed. Upon dehydration at low RH, the distance between two neighbouring oxygen atoms increases and
the activation energy of proton hopping increases whereas the hopping frequency decreases. At low RH, the
CsPWA particles are involved in the proton transfer via its oxygen atoms. Therefore, the composite effect is
more pronounced at low RH. Noteworthy is that conductivity of the hybrid membranes with high CsPWA
concentration is higher than that of initial Nafion.

Table 1 shows the diffusion permeability of HCI solution through the hybrid membranes. Due to the presence
of CsPWA nanoparticles in the membrane matrix, permeability of electrolyte decreases. The higher is the
dopant concentration, the Ilower is the diffusion permeability. The diffusion permeability of
Nafion+10 wt.% CsPWA membrane is five times lower than that of the virgin Nafion membrane.

Table 1: Diffusion permeability (P, cm?/sec) of 0.1 M HCI solution for Nafion+CsPWA membranes

W CsPWA, % 0 1.5 3 5 7 10

P 3.72:107 1.02:107 1.93-107 9.3-10® 8.9-108 7.4-108

A simultaneous transfer of cations and anions through the membrane takes place (transfer of only cations or
only anions should be accompanied by charge separation which requires marked energy consumption). The
driving force of diffusion permeability of the electrolyte solution through the membrane is the gradient of ion
concentrations, and the rate of ion transfer in the membrane is controlled by the carrier concentration.
Concentration of cations in the Nafion membranes is significantly higher than the concentration of anions.
Hence, the rate of diffusion of anions is much higher. As a result, the rate of HCI diffusion through the
membrane is determined by the anions diffusion. The protons are primarily transferred along the walls of
membrane pores and channels within the limits of the thin Debye layer formed by dissociated —SOsH
functional groups and counter ions (protons or metal ions). Anions are displaced from this region and their
transfer proceeds through the electrically neutral solution (“free solution”) in the central part of the pore
(Yaroslavtsev, 2012b). In the initial and in the composite membranes, the Debye layer along the pore walls is
nearly the same. In this case, the incorporated dopant particle displaces a certain volume of the free solution
where the anions are transferred. As a result, the rate of anionic transfer decreases. Furthermore due to the
dissociation on the CsPWA surface, the second double (Debye) layer is formed, thus additionally hindering
and slowing down the diffusion of anions.

Hence, incorporation of nanoparticles containing acidic protons decreases the diffusion rate of anions and
nonpolar molecules. Since conductivity of the composite membranes containing <5 wt.% of CsPWA is not
lower than that of the initial Nafion membrane (Figure 3), modification provides the increased selectivity of the
cation transfer.

4. Conclusions

In this work, the effect of cesium acid salt of PWA on the transport characteristics of the Nafion membranes
was studied. Due to modification, proton conductivity of the membranes increases. The best pronounced
composite effect was observed at low RH: conductivity of the hybrid membranes appears to be three times
higher than that of the initial Nafion membrane. The incorporation of CsPWA is accompanied by the retarded
diffusion of anions through the membrane. The reasons behind changes in the transport characteristics of the
hybrid membranes with varying ambient conditions and dopant concentrations are discussed.

The experimental data show that the membranes are characterized by higher conductivity at low RH and the
cation selectivity in the hybrid Nafion+CsxHs.xPW12040 membranes is improved. These materials can be used
as promising electrolytes for low-temperature PEMFC.
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