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Abstract i

Abstract

Composite-Effects in Proton Conducting Membranes for Fuel Cell Applications

Inorganically modified composite ionomer membranes comprise an inorganic compound
which is distributed in a polymeric matrix. Composite-effects, i. e. effects which originate
from the specific interactions between inorganic and polymeric phase in the composite, were
investigated aiming at an improved understanding of fundamental interactions on a molecular
scale. In addition, it was intended to gain practical experience about the application of such

materials in fuel cells.

Composite membranes were prepared from commercially available sulfonic acid PFSA
membranes (Nafion® 117) by ion-exchange with a zirconium precursor followed by
precipitation of Zr(HPO,), with phosphoric acid. Characterization of the composites was
mainly based on X-ray diffraction (XRD), impedance spectroscopy (IS) and dynamic
mechanical analysis (DMA). XRD was used to determine the crystalline phase, size and shape
of the crystallites. The proton conductivity was measured by IS. The stiffness and the glass
transition of the composite was investigated by means of DMA. The last mentioned method
was used within this work first-time to characterize mechanical properties of an ionomer
under application-relevant temperatures as a function of water activity. The sorption isotherm
of the membrane was recorded in order to correlate conductivity and mechanical properties in

a direct manner with their water content.

The inorganic compound was identified as the o-phase of zirconium layer phosphate by
means of XRD. The analysis of the position, intensity and broadness of the reflections led to
the conclusion that the inorganic particles are monolayered, have a size of up to 20 nm and
are distributed uniformly in the membrane on a nanometer scale. The preferred orientation
direction of the crystallite is (010) and they are of tape-like shape. The shape of the particles

may be explained by the template effect of the membrane since it is compatible with the
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interconnected-cluster-morphology of the bare membrane. The spatial constraints hinder the
formation of multilayers. Therefore, the highest possible interface area and the strongest

interactions between both phases are expected from such composites.

In the water saturated state no improvement of the proton conductivity was found in the
composites as compared to the unmodified membrane. Up to a molar phosphate-to-sulfonate-
group ratio of one the observed change in conductivity is small. At higher ratios the
conductivity drops significantly as compared to the unmodified membrane. This effect is
explained by the ionic interaction between the groups. At ratios below one proton
conductivity proceeds along highly conductive sulfonic acid -SO3;H and phosphateacidium ion
-PO4H," groups, at ratios above one less conductive phosphate -PO4H groups are inserted into
the conduction pathways. At a ratio of one the inorganic weight fraction in the dry
Nafion® 117 membrane corresponds to 11.4 %. Using composites with a ratio smaller than
one at water contents below the saturation level an increase in conductivity is achieved. The
effect is the more pronounced the closer the ratio approached one.

Increasing temperature increases the conductivity of the composites stronger than the
conductivity of the unmodified membrane.

As a conclusion it is stated that as far as conductivity is concerned the advantages of
composites are most significant at high temperature, low water activity and inorganic content

slightly below a molar fraction of one.

The dynamic mechanical analysis revealed a new effect of the unmodified ionomer: Hitherto
water was considered to decrease the stiffness of the ionomer monotonously with increasing
vapor pressure due to its plasticizing effect. It could be shown in this work that from a certain
temperature T the stiffness as a function of water vapor pressure exhibits a maximum which
shifts with increasing temperature to higher vapor pressure. Therefore, above T water acts
as a stiffener at low vapor pressure and as a plasticizer at high vapor pressure. The effect
appears in the high temperature region where future application of improved fuel cell
membranes is strived for.

The inorganic intercalation effects a significant increase of the membrane stiffness and a shift
of the o—transition temperature by more than 100 K. The o-transition is initiated by the
increasing mobility of side chain groups which build the hydrophilic regions of the ionomer.

The intensity of this effect again correlates with the molar ratio of phosphate to sulfonate
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groups. Up to a ratio of one a significant increase of the stiffness is observed whereas higher
ratios showed nearly no additional effect as compared to the one-to-one ratio.

The stiffening effect was also investigated as a function of water vapor pressure. The
interpretation by ionic acid-base interactions between sulfonate and phosphate groups was
supported by the results of this investigation: Starting at the dry composite material an
exponential decrease of the stiffness was observed which is explained by the formation of the
first hydrate shell around the ion pairs. Upon further increase of the vapor pressure the
stiffness decreases only linearly. In the water saturated composite membrane the stiffening
effect is lowest as compared to the unmodified material.

The cross-linking effect is expected to be the stronger the lower the dielectric strength of the
solvent. Methanol exhibited a stronger stiffening effect in the composites than water.

As a conclusion it is stated that as far as mechanical properties are concerned the advantages
of composites are most significant at a temperature above the o-transition, low water vapor

pressure and inorganic content above a molar fraction of about 0.7.

Comparing the composites prepared by the recast-method, where inorganic particle size is in
the pm-region, with the composites prepared by the ion-exchange-precipitation-method it
turns out that composite-effects are the stronger the higher the interface area between

inorganic and polymeric phase.

The degree of ionic cross-linking plays an important role for the strength of the observed
effects. Molar ratios of phosphate to sulfonate groups between 0.7 and 1 are most preferable
in order to yield good conductivity performance and mechanical properties at the same time.
This range corresponds to inorganic weight fractions between 8.3 % and 11.4 % in the dry
Nafion® 117 membrane.

Investigations on another PFSA ionomer prepared from a different perfluorovinylether

monomer suggest that the results gained for Nafion® apply to all phase segregated ionomers.

In a second section application oriented information about the composite membranes was
ascertained.

The comparison of stability properties between different titanium-, zirconium- and titanium-
zirconium -layerphosphates led to the result that zirconium phosphate is the most preferable

additive since its stability against hydrolysis is highest. Titanium was found to increase the
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susceptibility towards hydrolysis in the layer phosphates. Binary titanium zirconium
phosphates were only stable in concentrated phosphoric acid.

The choice of zirconium precursor drastically influences the morphology of the inorganic
compound in the resulting composite. The hydrophilic zirconium oxychloride precursor led to
crystallite sizes up to a maximum of 7 nm, whereas the hydrophobic zirconium butylate
precursor led to crystallite sizes of 21 nm.

The fuel cell testing was carried out under optimal conditions of humidification of the reactant
gases. Due to their lower conductivity the composite membranes exhibited lower power
density than the Nafion® 117 membrane over the whole range of current density when
operated in a hydrogen/oxygen cell. In the direct methanol fuel cell higher rest potentials were
found for the composites. Also, in the low current density range up to 100 mA cm™ the power
density was increased as compared to Nafion®. In the range of higher current densities the
power density was decreased. Nethertheless, the significant reduction of methanol
permeability in the composites led to an increased efficiency of the direct methanol
conversion.

Cross-sections of the membrane-electrode-assemblies were investigated after the fuel cell
testing. The analysis showed improved mechanical stability of the composites and
morphological as well as chemical stability of the zirconium phosphate phase in the

composite.
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