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Summary
In the pursuit of making zero-emission transportation systems, hydrogen based fuel cells have
been considered as a good replacement of the fossil fuel engines. A hydrogen fuel cell that
could meet the operational requirements is the Proton Exchange Membrane Fuel Cell. The
electrolyte used in these fuel cells is based on Nafion® membranes that have a high conductivity
of protons through acidic water channels in the membrane, and can operate in the temperature
range of liquid water. Improvements of the electrolyte to widen the operational temperature
range is sought after as there is benefits to increase the temperature of the cell.
This thesis develops composite membrane from Nafion® and metal oxides such as ZrO2, SiO2
and TiO2, as it has been hypothesized that embedding metal oxide structures in polymer
matrices could increase the water uptake of the membrane at elevated temperatures. Since the
membrane is dependent on water to retain the high conductivity of protons, a higher water
uptake at temperatures of 100 ℃ and above can increase the proton conductivity. In literature,
contradictory results are commonly seen and sometimes the reported increase in conductivity
due to the embedding of the metal oxide nanoparticles are questionable. Herein, a systematic
approach is developed to critically assess the importance and functionality of the incorporation
of said nanoparticles in the polymer matrices. The characteristics of the composite membrane
that will be tested is the conductivity at 80 ℃, 100℃ and 120 ℃ over the achievable relative
humidity (RH) range, the thermal stability and the hydrogen permeability through the
membrane.
The membranes were synthesized using a self-assembly synthesis method that forms the metal
oxide particles in a Nafion® solution from a metal oxide precursor that decompose when
reacted with water. The membranes were then casted using a vacuum furnace to avoid high
temperatures that could damage the Nafion® isomers while removing the organic solvents. The
membranes were then cleaned and activated using hydrogen peroxide and sulfuric acid. For
each of the metal oxides, three membranes with the concentration of 3, 5 and 7 wt% metal oxide
were synthesized.
The conductivity was measured using electrical impedance spectroscopy and the result for some
of the composite membranes showed significant increases in the conductivities compared to the
control recast Nafion® membrane. The membrane containing 5 wt% ZrO2 had a conductivity
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of 91 mS/cm, which is close to the literature value of 100 mS/cm at 80 ℃ and at 100% RH and
had an increase between 15 and 60% in the lower RH range at all temperatures. The membrane
with 5 wt% SiO2 also showed an improvement of the conductivity, at the lower RH range,
doubling the conductivity of the recast Nafion® membrane at 40% RH and 20% RH at 80 ℃
The thermal combustion stability was measured using a thermogravimetric analysis, where the
composite membranes showed no significant changes compared to the pure Nafion®
membrane.
The hydrogen permeability of the composite membranes was measured using a two chamber
test cell with the membranes as a barrier between the two chambers. HAr mix (5% hydrogen
and 95% argon) was supplied through the first chamber, and the concentration of hydrogen in
the second chamber was measured using a gas chromatograph. The results showed a significant
decrease in the hydrogen cross-over rate of between 50 and 60% by embedding the membrane
with 3 wt% metal oxide compared to the control Nafion® membrane. The hydrogen cross-over
rates continued to show decreasing trends, with increasing doping levels.
The results have showed that composite membranes could be a viable substitute for Nafion®
membranes in a proton exchange membrane fuel cell to increase the operating temperature, as
well as improving other aspects of the cell like decreasing the hydrogen permeability of the
membrane.
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1 Introduction
Ever since the invention of the steam engine, the global requirement for power has increased.
The power demands are mainly fulfilled by the combustion of fossil fuels to generate power1,
emitting immense amounts of greenhouse gasses that have led to global warming and has left
the climate in a fragile state. In modern times the awareness around the climate change led to
the Paris agreement (2015) where the contributing nations agreed to lower the emission of
greenhouse gases to limit the overall increase in temperature on the globe to under 2 ℃ this
century 2.
Norway’s contribution to the reduction of greenhouse gases cannot come from the power sector
since Norway produces almost all of its power from renewable power sources such as wind and
hydro. Therefore, Norway must look to other sectors to fulfill its part of the Paris agreement.
An important sector to study in this case is the transportation where fossil fuels are still the
dominant energy source, and try to create new systems that can replace the current technology
without reducing our living standards.
To that end, the MoZEES (Mobility Zero Emission Energy Systems) project has been
established and launched in 2017 including several partners all over Norway. MoZEES focuses
on hydrogen and battery technology that can benefit from the renewable power generation in
Norway. The project focus on improving the materials in batteries and fuel cells and reducing
the cost of the cells, as well as making hybrid systems for specific applications. The project
includes partners such as of NTNU that focuses on battery technology, SINTEF on hydrogen
fuel cells and electrolysis, IFE that administrates the project as well as produce the battery and
hydrogen hybrid systems, TØI that implements the systems into the relevant markets, and UiO
that studies transport properties in polymeric ionic conductors. The zero-emission systems are
designed for road, rails and water transportation that can be implemented both on the national
and international markets3.

1.1

Hydrogen

As an alternative to today’s fossil fuels, hydrogen gas (referred to as hydrogen further on) has
been viewed as a possible substitute. Hydrogen has a much higher energy density per mass than
most other combustible fuels with 120 MJ/kg compared to gasoline and diesel with slightly
1

over 40 MJ/kg, but the volumetric energy density of hydrogen is roughly 5 times less energy
per volume. To get hydrogen up to these volumetric energy densities it has to be pressurized to
350-700 bar or be liquefied, and this requires more complex fuel tanks than those for fossil
fuels4. The “combustion” of hydrogen on the other hand only produces water as it reacts with
oxygen from the air, and is consequently more environmentally friendly.

Figure 1: :The energy density of different types of fuels in both volumetric and gravimetric magnitude 4.

1.1.1 Production of hydrogen
Hydrogen today is mainly produced in two ways, either by steam reforming of hydrocarbons
or electrolysis of water. Steam reforming uses hydrocarbons, usually lighter chains such as
methane combined with water to form hydrogen and carbon monoxide as seen in equation 1-1.
The reaction require a temperature between 700-800 ℃ and a nickel catalyst. The carbon
monoxide is then used in a water-gas shift reaction where more water vapor is added and the
products are carbon dioxide and more hydrogen as seen in equation 1-2. The process requires
two reaction chambers with different catalysts and temperature conditions. Producing hydrogen
this way, leaves a low concentration of carbon monoxide in the gas mix, with a concentration
in the range of ppm5.

2

CH4 (g) + H2 O(g) → 3H2 (g) + CO (g)

(1-1)

CO(g) + H2 O(g) → H2 (g) + CO2 (g)

(1-2)

Electrolysis of water is another way of producing hydrogen, where electrodes split water as in
reaction 1-3. Splitting water using electrolysis is more energy demanding than steam reforming
but produces a purer hydrogen gas and oxygen gas. The total energy efficiency of splitting water
with electrolysis can reach 50-70%5.
2H2 O(l) → 2H2 (g) + O2 (g)

(1-3)

1.1.2 The PEMFC
A fuel cell can utilize the chemical potential of a reaction by converting it to electricity and
therefore avoid a classical combustion reaction. This is accomplished by having one of the
reactants ionized and transported to a reactive site through an ion-conducting electrolyte, while
the electrons are transported in an external circuit. The electrons and ions recombine on the
other side of the cell with the other reactant and we can use the transport of the electrons to
power electronics. A fuel cell can be a lot more efficient than a classical combustion engine
since less energy is lost in heat production. The fuel cell also has the advantage of converting
the fuel directly to electrical energy6.
Fuel cells are limited in their choice of fuels since the electrolyte needs to be able to transport
the correct ions for the reaction, meaning that typical fuels are smaller hydrocarbons, alcohols,
and hydrogen. To utilize these types of fuel, the electrolytes usually conduct either oxygen ions
or protons.

3

Figure 2: A schematic of a PEM operating in fuel cell mode (black) and electrolysis mode (blue)7.

The transport of ions in a solid electrolyte is dependent on a diffusion mechanism for the ions.
Some materials have the ability that they can absorb water, where the water can function as an
ion transporting medium. Other materials can have a structure that permits diffusion of ions by
ion-hopping in the specific sites in the material. The ideal operating temperature of the cell will
then be determined by the temperature dependence of the ion diffusion and the thermal stability
of the components in the cell. Water aided ion transport has a lower energy barrier for ion
diffusion than ion-hopping in a solid material, but the water must be liquid. This makes water
aided electrolytes ideal for lower temperatures fuel cells. The Polymer Electrolyte Membrane
Fuel Cell (PEMFC) is a type of fuel cell that utilizes water aided proton transport.

1.1.3 Nafion® as an electrolyte
Nafion®’s structure is a perfluorosulfonic acid (PFSA) as shown in figure 3. This structure
forms a polymer membrane that can absorb water. The water forms channels with the
hydrophilic acid groups through the membrane. The protons then lie in the channels connected
to either water molecules or the acid groups. The protons diffuse through the Grotthuss
mechanism or the vehicle mechanism in the water channels.

4

Figure 3: The chemical structure of Nafion®7.

Since the PEMFC membrane is dependent on liquid water to transport protons, the temperature
range of the cell has to be limited to where liquid water can exist.
Since Nafion® is dependent water absorbed into the membrane to diffuse protons, the
membranes operational temperature range is set to that of liquid water. The cell under operation
is most efficient at a temperature of 80 ℃ and under high relative humidity where the
conductivity can reach 100 mS/cm8. The reaction in the cell produce heat and water during
operation, which should be managed appropriately in order for the cell to reach the optimum
operation conditions. If the temperature exceeds 90 ℃, the electrolyte begins to dry out,
reducing its proton conductivity. Water management is also important since water can condense
in the cell and flood the cathode side, blocking access to oxygen and slowing down the reaction
rate. This is solved by having flow plate designs in the cell that can take care of excess heat and
water, but at the cost of complexity and price. Another solution to this problem that circumvents
the complex flow plate design is to operate at a temperatures above 100 ℃. At such temperature,
the excess water would vaporize, and the increased temperature gradient would bring excess
heat out at a higher rate9.
For the PEMFC the catalyst used on both the anode and cathode side of the cell is platinum
since it is efficient at reacting with both hydrogen and oxygen, and has high operating stability.
However, platinum has a large carbon monoxide affinity at temperatures below 100 ℃. As
mentioned in section 1.1.1, the current fuel source for hydrogen can contain small amounts of
carbon monoxide, and this will then react with the surface of the catalyst and block reaction
sites. The carbon monoxide affinity of platinum decreases with increasing temperature, where
a change in operating temperature form 80 ℃ to 120 ℃ makes a significant change10, 11.
The stability of the membrane is an important characteristic since the membrane needs to
survive the conditions the fuel cell is exposed too, while retaining the expected lifetime. The
5

expected lifetime for a fuel cell is set today to be between 6000 and 12000 hours depending on
which sector the technology is to be used12.

1.2 Hypothesis, approach, and methodology
To overcome the above mentioned challenges that prevents PEMFC from operating at
temperatures above 80 ℃, one solution is to introduce metal oxides particles in the membrane
as some of these have shown water adsorbing properties. To implant inorganic materials in the
membrane while getting an even dispersion and be weight-efficient, the use of nanostructures
has been looked into. Different kinds of inorganic materials with varying sizes, amounts,
structures, and embedding (Doping is used in literature) methods have been tested and shown
that there is a potential for a membrane with a higher proton conductivity than pure Nafion® at
a temperature range from 80-120 ℃

13-16

. However, more factors need to be investigated to

determine if this is a viable strategy and moreover a critical assessment of the significance of
this strategy is needed and assessed herein. For this reason, an extensive literature review is
also attempted.
The stability of the membrane is a crucial factor as it will help determine the expected lifetime
of the cell. The mechanical stability of the membrane needs to be able to survive the different
types of strain in a fuel cell during operation, from thermal expansion, swelling from water
uptake, compression forces, etc12. The membrane also needs to have a comparable or better
thermal stability than the pure Nafion®, so that it can survive the thermal cycles under
operation, and it has been shown that different materials can either improve or worsen the
thermal stability of the membrane13. Lastly, the chemical stability of the membrane under
operation will be considered because the platinum catalyst can produce radicals and hydrogen
peroxide that can react with and decompose the membrane over time12, 17, 18.

1.2.1 Hypothesis
Based on the mentioned articles and papers12-18 we hypothesize that making a composite
membrane using Nafion® and inorganic nanostructures leads to a membrane that can operate
in a fuel cell at temperatures above 80 ℃ while retaining or strengthening some of the
characteristics of the Nafion® membrane, such as the stability, conductivity and hydrogen

6

cross-over. Depending on the metal oxide, structure, size, and concentration the characteristics
of the composite membrane will vary.
It is also hypothesized that the conductivity will be comparable or worse for the composite
membranes in respect to pure Nafion® at 80℃, but the composite membranes will show an
improvement at elevated temperatures. Mechanically we expect that the membranes will be
more fragile since the inorganic parts stiffen up the polymer matrix and finally for the thermal
stability, we expect no significant change within the temperature range between 80 and 120 ℃.

1.2.2 Approach and limitations
The metal oxides that will be tested during this thesis are chosen based on previous data from
the literature13, 19, 20, and based on these results, the chosen metal oxides for this thesis are
titanium oxide, silicon oxide, and zirconium oxide. The composite membranes will be made
with a method called self-assembly where the metal oxide nanoparticles are formed in-situ in
the Nafion® matrix and then diluted with more Nafion® solution to reach the correct
concentration. The composite membranes are then characterized and compared to literature and
a recast, unmodified Nafion® membrane. This project is limited to only focus on different types
of metal oxides and not the size and structures that the metal oxides can form, and no doping
of the metal oxides.

1.2.3 Methodology
We will synthesize a membrane of recast Nafion® to use as a baseline to compare results with
the composite membranes. The characterization of the different composite/ metal oxide
membrane will include conductivity measurements using impedance measurements under a
controlled atmosphere and temperature. The thermal stability and water uptake will be
measured using a ThermoGravimetric Analyzer (TGA) under controlled atmosphere and
temperatures. The gas crossover of the membrane will be measured using an appropriate, two
compartment cell with hydrogen gas supplied on one side and measure any hydrogen gas
crossing over to the other side using a gas chromatograph (GC).
The composite membranes are then produced with an in-situ formation of the nanoparticles,
with different metal oxides and at different concentrations. The membranes are then
characterized and compared to the recast Nafion® membrane.
7

1.2.4 Expected results
The aim of this thesis is to make a membrane for a PEMFC that can operate at higher
temperatures while retaining the characteristics of the current membranes by embedding metal
oxide nanoparticles. The important characteristics that are expected to be improved are the
water retention at elevated temperatures so that the membrane can have a high conductivity.
The thermal stability of the membrane is expected to have no significant change, but the
hydrogen cross over is expected to decrease since the metal oxide particles can block the gas
from diffusing through. A correlation with findings in the literature will also be attempted in an
effort to check the reproducibility and significance of the metal oxide doping strategy to
improve the main characteristics of composite polymeric membranes based on Nafion®.

8

2 Theory
The properties of Nafion® membranes are dependent on several factor. The following subchapters should give the required information about reactions in the PEMFC and measurement
methods to understand the results and literature included in this thesis.

2.1 Water content
The transport properties in Nafion® are dependent on the water content in the membrane. A
dry membrane of Nafion® is a dense material, but when exposed to water in liquid or gas form,
the membrane can swell and form pores through the membrane that adsorb water. These pores
are formed around the hydrophilic groups in the polymer because of the favored dipole-dipole
interactions, while the elastic forces of the polymer oppose the swelling of the membrane21.
Once the hydrated pores grow big enough, they can form the network by bridging the pores
with nanochannels of water. The level of hydration in Nafion® is measured in water molecules
per acid group (λ = H2 O/SO3 H). The total weight of water in the membrane and the level of
hydration is connected through the equivalent weight (EW = mol HSO3/g) of the membrane,
which is the amounts of acid groups per weight.
While considering the adsorbed water molecules along the pore surface in the water channels,
two main zones show vastly different characteristics. The first one is the one close to the surface
(up to 8 Å) where the adsorbed water is locked in a structure by the strong dipole-dipoleinteractions, the water behaves like ice and the mobility of the molecules are limited. The next
zone is further from the surface (more than 8 Å from the surface) where the water has a larger
degree of movement and behaves like in the liquid phase8, 21.

9

Figure 4: An illustration of the water pore surface with the water bound to the hydrophilic groups in the membrane.

Oxide surfaces have also shown similar properties of water adsorption that lead to the transport
of protons within the temperature range of liquid-like water layers formation. Humidification
of oxide nanoparticles follows the Langmuir isotherm or BET isotherm22.
Humidification of the membrane involves different factors than the humidification of inorganic
solid structures. The area that adsorbs water needs to be formed within the membrane instead
of occupying the existing area in the structure. The newly formed space means that the
membrane needs to swell, stretching the polymer chains and lowering the entropy of the
membrane. The polymer chains can in that case, reorganize to reduce the Gibbs free energy of
the system. While the water only can enter the membrane through the surface, the surface
resistance of the membrane and the diffusion of water will be a determining factors in how fast
the membrane is humidified. When considering all the factors for humidification of a membrane
we see that the factors determining the humidification are dependent on time, temperature,
current water content through the membrane and the morphology of the membrane. The
morphology will vary from membrane to membrane, but can also change for different
humidification cycles23.
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The membrane can be humidified in two ways, one is by soaking it in liquid water, and the
other one is through the water in a gaseous state. In liquid water, the activity of water is 1, and
the relative humidity (RH) is 100%. In the gaseous state, the water concentration of fully
humidified gas can vary with temperature, and the wanted relative humidity can be controlled.
To calculate the water partial pressure in a saturated gas mix at the wanted temperature (T) we
can utilize Buck’s equation, shown in equation 2-1. Now that we can calculate the water partial
pressure in a fully saturated gas, we can calculate the partial pressure of water for any relative
humidity at this temperature, as the relative humidity is the percentage fraction of the partial
pressure of water (PH2 O ) in a fully saturated gas24.

𝑇

𝑇

𝑃𝐻2 𝑂 = 6.1121 𝑒 (18.678−234.5)(257.14+𝑇)

(2-1)

Using the ideal gas equation, we can calculate the mass of the water at a given volume of
saturated gas, and therefore the theoretical mass of water in gas at different relative humidities.
Note that this is an approximation since the ideal gas equation does not consider the molecular
size and molecular attraction in the system.

2.2 Transport mechanism
The transport by which a solute can move through a medium can be defined through three
different driving forces, migration, diffusion and convection. Migration is driven by an
electrical potential in the medium that can transport charged molecules or ions. Diffusion
transports solutes through the activity or concentration gradients. The transport is based on
Brownian motion which is a random walk for a single particle but in the macro system will
have a flux traveling from the high concentration area to the low concentration area. This comes
from the collision chance in different directions, where the lower concentration area gives a
lower chance of collision. Convection is transportation in a system with pressure differences,
where molecules at high pressure moves towards low pressure. Transportation in
electrochemical systems usually considers migration and diffusion transport25.

11

2.2.1 Grotthuss mechanism
The Grotthuss mechanism defines a way for protons to jump between the hydrogen bonds in an
aquatic solution. In the solution relevant for this thesis the protons either exist as H3O+ or as
HSO3 and can move by overcoming the energy barrier and move the proton to either an H2O or
an SO−
3 . The proton jumps from molecule to molecule using vibrational energy or energy from
“collisions” to overcome the energy barrier.

Figure 5: An illustration of the protons jumping from water molecule to water molecule using the Grotthuss mechanism. It
also illustrates that it is not necessarily the same proton that jumps though all steps, but the net flux cover the whole distance.

For the jump to happen, the receiving site also needs to be in the correct orientation. To achieve
this the water and hydronium molecules need to rotate. The vibration and rotation of molecules
in the system all depend on the available energy in the form of heat. The rotation also depends
on the hydrogen bonding strength around the molecules, whereas mentioned in section 2.2, the
water acts differently based on how close it is to the surface of the hydrophilic parts of the
polymer. An illustration of the Grotthuss mechanism can be seen in Figure 5.
The Grotthuss mechanism can be defined by both migration and diffusion. Since the proton is
a small charged particle, the flux of protons can be affected by an electrical field. The flux of
the protons is also affected by the concentration gradient, and therefore diffuse. The Grotthuss
mechanism improves in the membrane with increasing temperature, as the added energy in the
system gives an increased value of vibrations and rotations in the molecules. The mechanism
also improves with a higher water content since it makes more volume of water makes more

12

room in the pores where the water molecules have a higher degree of freedom in its rotation
and mobility8, 26.

2.2.2 Vehicle mechanism
The vehicle mechanism is the transport of protons through water, where the protons are bound
to a water molecule and the hydronium ion move through the liquid face. This transport
mechanism is temperature-dependent where a higher temperature means more movement in
between the water molecules. Since the hydronium ion is a charged molecule it can be affected
by electric fields, meaning that the vehicle mechanism can be both migration and diffusion
transport. In the water channels that are formed in Nafion®, the water does not act as a liquid
as explained in section 2.1, and the water close to the hydrophilic groups of the polymer has a
stronger hydrogen bond meaning less mobility. This means that the vehicle mechanism is
dependent on the water content of the membrane, as a higher water content makes wider
channels and gives more mobile sections of the water channels8.

2.3 Conductivity and activation energy
The conductivity (𝜎) of the membrane can be expressed by the sum of all mechanisms
contributing to the total conductivity and the concentration fraction (𝑐𝑖 ) of the protons
transported by this mechanism, where the total concentration protons in the water pores are the
sum of them as seen in equation 2-28.
𝜎 = ∑ 𝜎𝑖 𝑐𝑖

(2-2)

The conductivity function for each of the mechanisms (𝜎𝑖 ) contain all factor that effect the
conductivity of the membrane. Some factors that affect the transport mechanism are the
activation energy (𝐸𝑎 ) for the mechanism, the reaction rate, step length. The factors of the water
pores of the membrane also affect the conductivity and contain factors like the total volume of
water absorbed into the membrane, the constrictively of the water in the pores and the tortuosity
of the water channels8.
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We can use the conductivity of the membrane to calculate the activation energy through an
Arrhenius plot, where we define the conductivity as a function of a pre-exponential factor (𝐴)
and an exponential factor containing the activation energy, the temperature (𝑇) and the ideal
gas constant (𝑅) as seen in equation 2-3. The pre-exponential factor in this expression contains
all other factors that contribute to the conductivity of the membrane, and the total expression is
only correct if the pre-exponential factor is constant for the temperature window of the
measurement.
𝐸𝑎

𝜎𝑖 = 𝐴 𝑒 −𝑅𝑇

(2-3)

To obtain the Arrhenius plot the natural logarithm of the conductivity is plotted as a function
of the reciprocal temperature, as this transform equation 2-3 into equation 2-4. The slope of the
linear function is defined by the activation energy divided by the ideal gas constant, and the
interception value is defined by the pre-exponential factor.
ln(𝜎𝑖 ) = ln(𝐴) −

𝐸𝑎 1
𝑅 𝑇

(2-4)

Since the total conductivity of the membrane contains all diffusion mechanisms contributions
to the conductivity as defined in equation 2-2, the calculated activation energy will contain an
average of the activation energies based on the contribution factor of each of the mechanisms.

2.4 Impedance spectroscopy
Impedance spectroscopy is a tool used to model and characterize complex electrical systems.
For an ideal resistor, the relationship between the resistance (R), voltage (V), and current (I) is
as shown in Ohm’s law in equation 2-5.
R=

V
I

(2-5)

This expression is limited since it only covers one ideal resistor, which transports electrons
evenly throughout without polarization. But the terms measured by Ohm’s law will only be
valid for that one component. To get a material property a new expression must be defined that
can be used in case the size of the resistor change. For this, we introduce the term resistivity (ρ)
14

with the unit ohm cm. Using the resistivity, the calculation of the resistance as seen in equation
2-6 only needs the volumetric measures in the form of the length (d) and cross-section (A) of
the resistor.

R=𝜌

d
A

(2-6)

Another component in a circuit is a capacitor, which consists of two parallel plates with a
dielectric material in between. The dielectric material does not conduct electrons, so the plates
can with applied voltage store electrical energy under applied voltage in the form of charge on
the surface of the conducting plates. The total charge in a capacitor is called the capacitance
(C) and has the unit Farads (F= C/V). The capacitance in a capacitor is depended on the crosssection (A), the length between the plates (d), the permittivity of the dielectric material (ε), the
permittivity of vacuum (ε0 ) and is defined as equation 2-7.
C = 𝜀0 𝜀 ∗

A
d

(2-7)

While using alternating current (AC) different components in a circuit will respond differently.
An ideal resistor with an applied alternating voltage will respond with a current in phase with
the frequency, while a capacitor with applied alternating voltage will respond with a current out
of phase with the AC-frequency. This phase shift is illustrated in Figure 6. This behavior stems
from the principle that a capacitor will try to hinder any change in the system. These situations
can be expressed mathematically through the amplitude of the voltage (VA ), the frequency of
the alternating voltage (f) and time (t), and the same for current with the phase angle (ϕ).
𝑉(𝑡) = 𝑉𝐴 sin(2𝜋𝑓𝑡) = 𝑉𝐴 sin(𝜔𝑡)

(2-8)

𝐼(𝑡) = 𝐼𝐴 sin(𝜔𝑡 + 𝜙)

(2-9)
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1
f
𝜙

V(t)
I(t)
Time
Figure 6: The

effect of AC-voltage on a circuit with a phase shift on the corresponding current.

Impedance is defined as a variation of the resistance in ohm’s law. Impedance uses AC and
therefore the functions for alternating voltage and current in equations 2-8 and 2-9. The new
expressions for voltage and current we can use in Ohm’s law and define the impedance (Z) and
the amplitude of the impedance (ZA ) as in equation 2-10.
Z=

V(t)
VA sin(ωt)
sin(ωt)
=
= ZA
I(t) IA sin(ωt + ϕ)
sin(ωt + ϕ)

(2-10)

Now that impedance has been defined, optimizing it from specters that can range for high
frequencies (GHz) to low frequencies in the scale of nano-hertz. This is achieved by using
Euler’s relationship in equation 2-11 and redefining the voltage and current functions to
equations 2-12 and 2-13.
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ejϕ = cos(ϕ) + j sin(ϕ)

(2-11)

V(t) = VA ejωt

(2-12)

I(t) = IA ejωt+ϕ

(2-13)

Z = ZA ejϕ = ZA (cos(ϕ) + j sin(ϕ)) = Zreal + j Zimag

(2-14)

tan(ϕ) =

Zimag
Zreal

(2-15)

If equation 2-10 is solved using the new definitions for voltage and current as shown in equation
2-12 and 2-13, we end up with a new expression for the impedance as shown in equation 2-14.
The impedance is split into two parts, the real impedance (Zreal ), and the imaginary impedance
(Zimag ) that contain the square root of minus one (j). The relation between the two impedance
parts and the phase angle is as shown in equation 2-15.
Table 1: The behavior of different ideal components in impedance spectroscopy27.

Component

Equivalent element

Current vs. voltage

Resistor

R [ohm]

V = IR

Capacitor

C [F, or ohm-1 s]

I = C dV/dt

Impedance
R
−j/ωC

The next step in using impedance spectroscopy is knowing the components in the circuit, and
how different components react under alternating voltage. Table 127 shows common
components found in electric circuits and their behavior in impedance spectroscopy. To analyze
an impedance measurement, the real impedance is plotted as the x-values and the imaginary
impedance as the y-values. This is called a Nyquist plot, and based on the shape and values of
the plot, a function can be fit to the curve. From the curve-fitting, the characteristics of each
component can be calculated.
A simple circuit to do impedance on is an RC-circuit, which consists of a resistor and a capacitor
in parallel as shown in Figure 7. For circuits with components in parallel, the voltage is equal
over the components, according to Kirchhoff’s law. With the values of how the impedance
reacts to the different components, the voltage over each component and the arrangement of the
components, the current flowing through each component can be expressed. The impedance
can also be expressed and split into the real and imaginary parts. An illustration of the Nyquist
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plot for this circuit is shown in Figure 8, where the expression for the imaginary and real part
of the impedance is expressed in equations 2-18 and 2-19.

R

C

ΔV
Figure 7: A drawing of an RC-circuit, consisting of a resistor and a capacitor in parallel.

I(t) =

V(t) V(t) ωCV(t)
1 ωC
1 + (ωRC)2
=
−
= V(t) ( −
) = V(t)
Z
R
j
R
j
R − jωR2 C
R
ωR2 C
Z=
−j
1 + (ωRC)2
1 + (ωRC)2
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(2-16)

(2-17)

Zreal =

R
1 + (ωRC)2

(2-18)

Zimag =

ωR2 C
1 + (ωRC)2

(2-19)

-Z_imag

ω

−Zimag
ϕ

Zreal

0

R

Z_real

|Z| = R
Figure 8: An illustration of a Nyquist plot for a simple RC-circuit with ideal components, showing the relation between the
imaginary and real impedance, and the phase angle.

With the RC-circuit solved, the circuit can be expanded with an additional resistor in series with
the RC-circuit as in Figure 9. While calculating the total resistance of a circuit of resistors in a
series, the resistance of each resistor is summed up. By applying this combined with how an
ideal resistor behaves in impedance spectroscopy, the resistance of the new resistor can simply
be added to the real impedance component. Since the new resistor does not contribute to the
imaginary part of the expression, it will serve as a point in the Nyquist plot rather than a semicircle.
R2

R1
C

ΔV
Figure 9: A circuit consisting of a resistor connected in series with an RC-circuit.
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R2
ωR22 C
−
j
1 + (ωR 2 C)2
1 + (ωR 2 C)2

(2-20)

-Z_imag

Z = R1 + RC = R1 +

ϕ
0 R
1

R2

Z_real

|Z| =R1 + R2
Figure 10: An illustration of a Nyquist plot for the circuit shown in figure 7.

In Figure 10, the values of the resistors can be seen on the real impedance axis, where the
magnitude of the impedance will be equal to the total resistance of the circuit at the frequency
with the phase angle zero. This concept can be expanded to make the circuit more complex to
fit the curves to the impedance data.
A component in the circuit does not always act as an ideal component. This stems from nonideal contacts in the electrodes in the form of rough surfaces, electrode porosity, non-uniform
potential, and current on a surface, or it can be inhomogeneous dielectric materials. This can
cause errors in the measurements like shifts in the phase angle but can be compensated for by
tilting the axis27.
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2.5 Red-ox potential and half-cell reaction
The total reaction of the cell can be viewed in steps to better understand the mechanism. At the
anode of the cell, the hydrogen reacts on the platinum surface and is oxidized to form protons
and electrons as shown in equation 2-21, and this reactions standard electrode potential is 0 V.

H2 (g) ↔ 2H + + 2e−

E0 = 0 V

(2-21)

The electrons move through the external circuit and the protons are transported to the electrolyte
where they follow the mechanism as described in section 2.3. The electrons are used to reduce
oxygen that has adsorbed on the platinum catalyst on the cathode, and the protons react with
the reduced oxygen to form water. The oxygen, protons, and electrons then react and form water
as in the reaction 2-22.

O2 (ads) + 4 H + + 4 e− ↔ 2H2 O (g)

E0 = 1.23 V

(2-22)

From this, the theoretical voltage of the cell can be calculate by the standard electrode potential.
For this reaction, the theoretical cell voltage is 1.23 V. In reality, the voltage over a single cell
is measured at between 0.6-0.7 V. The missing voltage over the cell comes from energy loss,
typically in the form of heat.
Unwanted reactions can occur in the cell, where one is the formation of hydrogen peroxide by
the reaction in equation 2-23 or hydroxyl radicals. These substances are highly reactive with
the polymers, and they can chemically degrade them. This reaction is less favorable in contrast
with the formation of water but can become more dominant if the cell's reaction conditions
change. The rapid drying of the membrane and fast re-humidification of the membrane is one
of such reaction condition where the formation of hydrogen peroxide and radicals become more
favorable12.

O2 (g) + 2 H + + 2 e− ↔ 2H2 O2 (aq)

E0 = 0.68 V

(2-23)
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3 Literature review
The PEM technology utilizing electrolyte materials is divided into studies where the focus is
on water-dependent transport or water-independent transport. Materials typically used for
water-dependent PEM is perfluorosulfonic acid (PFSA) membranes12. Since they are dependent
on liquid water within the membrane, the membrane’s area of operation is within the
temperature range of liquid water. A typical material used for water-independent membranes is
polybenzimidazoles (PBI) that operates at 150 ℃. This leaves a gap in the temperature range
between the PFSA and PBI where there is no appropriate material to use as seen in figure 1128.

Figure 11: The conductivity curves for PFSA-membranes and PBI-membranes as a function of temperature, showing the
temperature gap between the different types of electrolytes28.

Attempts have been made to “bridge” the gap and find a membrane that has a conductivity in
the temperature range from 80 ℃ to 150 ℃, where an ideal electrolyte would have a peak
conductivity at 120 ℃. Modifying the already existing membranes by embedding other
materials or doping the membrane to change the operational window and close the “gap”, could
be a solution and needs to be investigated. Doping a water dependent PFSA membrane with
inorganic nanostructures has been theorized to give the membrane the ability to retain liquid
water at temperatures above 100 ℃, therefor this could be a solution.
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One way of embedding metal oxide particles into a Nafion® membrane is to add premade
particles to a Nafion® solution before casting it18-20. A study by Chalkova. Et al. used two
different nanoparticles of TiO2 to test the effects of different morphology on the conductivity
of the membrane. The first one being a subhedral porous structure with particle sizes between
0.1 and 1 μm, named in this study as TiO2-I, and the second having well-shaped elongated
crystals with a particle size between 0.2-0.3 μm named TiO2-II. The particles were added into
a 5 wt% Nafion® solution, heat treated and cleaned. The finished membranes contained 10
wt% titanium dioxide. The membranes were tested at 80 ℃ and 120 ℃ at 26% RH and 50%
RH, and a pressure of 3 bar20.

Figure 12: The current density curves for the tested membranes at 80 ℃ on the left and 120 ℃ on the right20.

The results as seen in figure 12, shows that at 80 ℃, the doped membranes make no significant
improvement to the conductivity compared to the control recast Nafion® membrane. At 120 ℃
the TiO2-I membrane has conductivity four times higher at 26% RH compared to the control
recast Nafion® and a conductivity 1.4 times higher at 50% RH. The TiO2-II gives a conductivity
1.7 times the conductivity of recast Nafion® at 26% RH and 1.2 times the conductivity of recast
Nafion® at 50% RH 20.
A wider selection of metal oxide particles was used in a study by Adjemian. Et al. to make
composite membranes. The study used the same synthesis method as above, but used
nanoparticles purchased from Alfa-Aesar and Degussa-Huls with the compositions SiO2, Al2O3,
TiO2 and ZrO2. The membranes were made with 3 wt% of the metal oxide particles. This study
tested the membranes at 130 ℃ and at a pressure of 30 psi to achieve a relative humidity
between 77% and 100 %19.
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Figure 13: The I-V curves for different doped composite membranes at 130 ℃ 19.

From the I-V curves in figure 13, we can see that the SiO2 membrane has a 68% reduction in
resistance at 77% RH compared to the plain Nafion® membrane, but the change in resistance
becomes smaller at 100% RH. For the TiO2 membrane at 77% RH the doped membrane has a
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61% reduction in resistance compared to the pure Nafion® membrane and show similar
behavior as the SiO2 membrane, where the difference in resistance becomes smaller at 100%
RH. The Al2O3 membrane has a 22.2% reduction in resistance compared to the Nafion®
membrane, but shows a higher resistance at 100% RH. The last metal oxide doped membrane
in this study was the ZrO2 membrane that at 77% RH showed a 40% decrease in resistance, and
no significant improvement at 100% RH19.

Figure 14: Thermogravimetric mass analysis (TGMA) of a pure Nafion® membrane (left) and a TiO2-doped Nafion®
membrane (right)19.

The thermal stability of the pure Nafion® and a TiO2-doped membrane from the study was
measured using thermal gravimetric mass spectroscopy (TGMA). The results show in figure
14, show that the pure Nafion® membrane only loses water up to a temperature of 300 ℃. After
300 ℃, the change in mass observed in the TG show a steeper curve on the weight loss, and the
MS picks up SO2. The TG curve then continues to 400 ℃ where the curve steeps again for the
weight loss and the MS picks up C3F5 and COF. The TiO2-doped membrane show a very similar
start to the TG-graph, but the first big change happens a bit below 300 ℃ and the weight loss
is a lot faster. This corresponds well with the MS-graph where the peak for SO2 is sharper and
higher. The peaks for C3F5 and COF seems to be shifted to a higher temperature compared with
the pure Nafion® MS-graph and seems sharper and higher as well19.
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Chemical degradation of the membrane is often observed in the fuel cell under operation. A
proposed reaction that drives the chemical degradation is the production of hydrogen peroxide
on the electrode that travel into the membrane in the water pores. A common way of testing the
chemical stability of the membranes is under open circuit voltage (OCV) operation with
hydrogen and oxygen as reactant gases. Using direct gas mass spectroscopy on the gas outlet
from the cathode side of a PFSA PEM cell under OCV operation, there was found that the gas
stream contained HF, H2O2, CO2, SO, SO2, H2SO2 and H2SO3. This shows that the hydrogen
peroxide is produced, and that the hydrogen peroxide is reacting with the membrane,
decomposing the acid sites since we get sulfur oxides, and the polymer chains decompose to
hydrofluoric acid and carbon dioxide12.

Figure 15: The OCV of pure Nafion® and ZrO2-doped Nafion® at 60 ℃ and 50% RH18.

A study focused on using ZrO2 nanoparticles as a hydrogen peroxide decomposition catalyst,
therefore increasing the chemical stability of the membrane by hydrolyzing the hydrogen
peroxide and lowering the concentration of hydrogen peroxide in the membrane. The study
tested the chemical stability using OCV on a ZrO2-doped membrane and compare it to a pure
Nafion® membrane. The cell was kept at 80 ℃ and supplied 50% RH. The reagent gases were
hydrogen on the cathode side and oxygen at the anode side. The results shown in figure 15,
show that both membranes have the same starting OCV but the ZrO2-doped membrane retain a
higher voltage than the pure Nafion® membrane. The pure Nafion® membrane has a voltage
drop of 6.6 mV/h while the doped membrane has a voltage drop of 0.8 mV/h. Based on the
results of this study, using ZrO2 nanoparticles lowers the hydrogen peroxide concentration in
the membrane as the chemical stability have increased in the membrane18.
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Figure 16: The hydrogen cross-over of pure Nafion® and ZrO2-doped Nafion® before and after 24 h OCV measurement18.

Hydrogen cross-over in the membrane is when hydrogen in gas form diffuses from the anode
side to the cathode side through the membrane. The hydrogen can then react with oxygen
without generating electrical energy in the cell. The hydrogen cross-over of the membranes was
tested before and after the chemical degradation under OCV, to compare the effect of hydrogen
cross-over and the membrane degradation. The hydrogen cross-over was tested at 80 ℃
suppling the cell a fully humidified gas. The reagent gases were hydrogen as the anode gas and
nitrogen as the cathode gas. The results from this study shown in figure 16, show that both the
pure Nafion® and the ZrO2-doped Nafion® have a hydrogen permeability of 4 mA/cm2 before
the chemical degradation test. After 24 h in the OCV degradation test, the pure Nafion®
membrane have a significantly higher hydrogen cross-over, reaching around 50 mA/cm2, while
the doped membrane show no significant change in the hydrogen cross-over after the 24 h OCV
test18.
Another way of synthesizing composite membranes is through an in-situ sol-gel method. This
method grows metal oxide nanoparticles in the membrane using metal oxide precursors that
can be decomposed to metal oxides. The discussed articles using this method use a metal
precursor that react with water to trigger the decomposition reaction13, 29. The membrane is
swollen using alcohols such as ethanol13 or methanol29 to transport the metal precursors into
the membrane before dipping the membrane in water, forming the particles. The idea of this
synthesis method is that the size and morphology of the metal oxide particles are determined
by the structure of the pores in the membrane13, 29. A study by Jalani. Et al. tested membranes
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doped with SiO2, TiO2 and ZrO2 made using the described synthesis, and tested them at 90 ℃
and 120 ℃, using a partial pressure of water between 0 and 0.8 atm13.

Figure 17: The conductivity of the tested membranes as a function of the water vapor partial pressure at90 ℃ left and 120 ℃
right13.

The measured conductivity of the membrane is shown in figure 17, where that the doped
membranes have an equal or higher conductivity compared to the pure Nafion® membrane for
all the materials. The ZrO2 membrane gave a conductivity 33% and 45% higher than the Nafion
membrane at 90 ℃ and 120 ℃ respectively, at the higher water partial pressures. The other
membranes had a lower conductivity than pure Nafion® at 90 ℃ at the higher patial pressures
of water, and no significant change in comparison with the pure Nafion® membrane at lower
partial pressures of water. The TiO2 membrane has a conductivity equal to the pure Nafion®
membrane at 120 ℃ over all the tested partial pressures of water, and the SiO2 membrane has
a lower conductivity compared to the pure Nafion® membrane13.
The water uptake for the doped membranes was measured using a tapered element oscillating
microbalance that was fed a temperature controlled gas flow of helium and water vapor,
outputting the change in weight of the membranes. The membranes were tested at 90 ℃ with
an activity of water vapor between 0 and 1, and 120 ℃ with an activity of water vapor between
0 and 0.4 13.
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Figure 18: The water uptake for Pure Nafion® and doped membranes at 90 ℃ (left) and 120 ℃ (left)13.

The result of the water uptake measurements showin in figure 18, shows that the doped
membranes have equal or higher water uptake properties compared to the pure Nafion®
membrane. The ZrO2-doped membrane has a water uptake 33% and 45% higher than the pure
Nafion® at 90 and 120 ℃ respectively at a water activity of 0.4. The TiO2-doped membrane
show a water uptake 20-25% higher, compared to the pure Nafion® membrane the range of the
activity of water vapor and at the two measured temperatures. The SiO2-doped membrane show
a water uptake similar to the pure Nafion® membrane at 90 ℃, and a water uptake 15% higher
than the pure Nafion® at 120 ℃ 13.

Figure 19: The thermal gravimetric analysis (TGA) of the tested membranes13.
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The thermal stability of the membranes was tested by thermogravimetric analysis (TGA). The
results from the TGA shown in figure 19 show that all membranes retain more than 90% of
their weight up to 310 ℃. The degradation seems to happen in two steps as desicribed in the
previous article. The pure Nafion® membrane show the trigger temperature for the first step at
325 ℃. The effect of the different inorganic dopants varies on its effect on the thermal stability
of the surrounding polymer membrane. The ZrO2-doped membrane show a shift in the
degradation trigger temperature to 360 ℃. The SiO2-doped membrane show sharp changes at
470 ℃, which is a significant change in the thermal stability. The TiO2-doped membrane do not
show an improvement in the thermal stability as the curve show a similar behavior as the pure
Nafion®13.

Figure 20: The PEMFC performance with pure Nafion® (PN), 2 wt% SiO 2 doped membrane (NS 1) and 5 wt% SiO2 doped
membrane (NS 2) at 70 ℃ and 100% RH to the left and 110 ℃ and 30% RH to the right29.

A study conducted by Amjadi. Et al. used the same synthesis methode as above to make
composite membranes containg SiO2. The membranes were tested using hydrogen and oxygen
as reagent gases in a fuel cell testing setup. The current density vs. the cell voltage was measured
at 70 ℃ with a relative humidity of 100%, and 110 ℃ with a relative humidity of 30%. The
measured conductivity show that the pure Nafion® membrane has a higher proton conductivity
at 70 ℃, and the doped membranes has a higher conductivity at 110 ℃ at the lower relative
humidity. The two doped membranes shown in figure 20 are named NS 1 and NS 2 and contain
2 wt% and 5 wt% respectively29.
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Figure 21: The water uptake of Nafion® membranes doped with SiO2 as a function of the doping level29.

The study tested the water uptake for the membranes by leaving the membranes in deionized
water at room temperature and at 80 ℃ overnight, and then weighing the membranes. The
weight of the wet membrane was compared to the weight of the dry membrane. The results
from the water uptake show that the water uptake of all the membranes are higher at 80 ℃ than
at room temperature, and that the water uptake increase with doping level until 7 wt%. After 7
wt% the water uptake declined with doping level as shown in figure 2129.

Figure 22: The hydrogen permeability of Nafion® membranes with varying level of doping with SiO 2 at room temperature29.

The hydrogen cross-over of their SiO2-doped membranes by using a custom made cell with a
controlled hydrogen flow at 2.5 bars and measuring the flow rate of the gas on the other side of
the membrane. Figure 22 shows the hydrogen permeability of the membranes and that it goes
down with increased doping of the membrane. There is a significant change in the hydrogen
permeability from pure Nafion® to 2 wt% SiO2-doped Nafion®, as the permeability has been
halved, and the change from pure Nafion® to 10 wt% doped has decreased the permeability by
an order of magnitude29.
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Another way of synthesizing composite membranes is through self-assembly. This uses the
same metal precursor decomposition principle as the synthesis method above, but mix it into a
Nafion® solution. The particles were formed in the Nafion® solution and then casted. To
achive an even growth in the solution the solvent for the Nafion®-isomers needed to be
exchanged to a solvent not containing water. The particle growth in the solution was
triggered by reacting the metal oxide precursor with water, and the particles are surface
stabilized by the Nafion® isomers stopping the growth of the particle. The dispertion can then
be casted and heat treated. A study cunducted by Li. Et al. made composite membranes with
ZrO2 and SiO2 and tested their conductivity in the temperature range between 40 and 110 ℃
without external humidification15.

Figure 23: The meassured conductivity of Zirconia doped Nafion® (triangle), Silica doped Nafion (circle) and pure Nafion®
(squere)15.

The results from this measurement are shown in figure 23, and show that the conductivity drop
with temperature as the water retention ability of the membranes drops with temperature. The
doped membranes show a higher conductivity over all the temperatures, but it is only at
temperatures above 100 ℃, the doped membranes have a significant improvement on the
conductivity compared to the pure Nafion® membrane. The ZrO2 doped membrane performed
better in this study with a conductivity six times higher than the pure Nafion® membrane at
100 ℃ 15.
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Figure 24: The water uptake of ZrO2-doped (triangle), SiO2-doped (circles) and pure Nafion® membranes at 100 ℃ as a
function of the relative humidity15.

The water uptake of the membrane was measured by keeping the membrane at 100 ℃ and at
the desired relative humidity for 10 hours, before weighing the membrane and comparing it to
the membranes dry weight. The results shown in figure 24, shows that the doped membranes
have a higher water uptake than the pure Nafion® membrane over all tested relative humidities.
At low relative humidity (below 20%) the composite membranes show a water uptake higher
than the pure Nafion® membrane, but not a significant improvement. The area with the most
significant change in water uptake is at 40% RH, where the composite membranes have a water
uptake 2-3 times higher than the pure Nafion® membrane. As the relative humidity goes
towards 100%, the difference between the composite membranes and the pure Nafion®
membrane becomes smaller, but the composite membranes still shows a significant
improvement15.
.
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Figure 25: The conductivity of Ceria doped and undoped membranes at 60 ℃ 17.

A study conducted by Wang. Et al. tested CeO2- doped membranes using the same synthesis
method as above. They also made a sol-gel CeO2-doped membrane to compare with. This study
tested the membranes at varying relative humidities at 60 ℃. the measured conductivity of the
membrane is shown in figure 25, show that the pure Nafion® membrane has the highest
conductivity at 100% RH, but the doped membranes have a higher conductivity at lower relative
humidities, and that the 5 wt% CeO2-membrane has the highest at 25% RH17
Table 2: The measured water uptake of the CeO2-doped membranes after 8 hours in liquid water at 25 ℃ 17.

The water uptake of the membranes was measured at 25 ℃ by immersing the membranes in
liquid water for 8 hours and weighing the membranes. The humidified membranes where then

34

compared to the weight of the dry membranes. The results in table 2, show that the doped
membranes have a lower water uptake compared to the pure Nafion® membrane17.

Figure 26: The stress-strain curves for varying degrees of CeO2-doped Nafion® composite membranes (a) and the humidityinduced stress curves for the same membranes (b)17.

The mechanical stability of the membranes were tested in two ways. The first way was a stressstrain response to determining the elastic deformation and the inelastic deformation before the
membrane breaks. The second way they tested was the humidity-induced stress by fully
humidifying the membrane and clamping the membrane to the test cell. The strain on the
membrane is then measured as the membrane shrinks as the membrane dries. The results from
the stress-strain test on the membranes shows that the breaking point of the membranes has a
lower tolerance the more doped the membrane is, where the pure Nafion® membrane breaks at
24.8 MPa while the doped membranes between 1 and 5 wt% break between 20.8 and 22.6 MPa.
The worst is the 10 wt% doped membranes that breaks under 15 MPa. The elastic area of the
curve also seems to shorten with increasing doping amount of the membrane17.
The humidity-induced stress on the membranes shows that the higher concentration of doping
lowers the stress on the membrane. The paper discusses that the reduction in stress with
increasing doping level might stem from the increased water retention ability often seen in
membranes doped with inorganic fillers when external humidity is removed. Since the
membrane losses less water, the membrane also shrinks less, reducing the stress on the
membrane during this type of test17.
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Figure 27: The OCV of Pure Nafion® and 5 wt% CeO2 doped Nafion® under an accelerated degradation test at 95 ℃ with a
change from high RH to low RH every 10 min17.

The membrane degradation is shown to increase using an OCV measurement while changing
the relative humidity from high to low often. The membranes where therefor tested at 95 ℃
under OCV and changing from 100% RH to dry gas every 10 min. The results shown in figure
27, show that the pure Nafion® membrane have a voltage drop of 11,7 ∙ 10−4 mV/s on average
during the testing time. The self-assembled membrane show a voltage drop of 1.13*10-4 mV/s
under similar conditions while the sol-gel membrane has a voltage drop of 5.78*10-4 mV/s.
Based on the results, the doped membranes show a significant change in the chemical stability
compared to the pure Nafion® membrane. The difference between the doped membranes can
stem from the different structural changes of the nanoparticles or position of the nanoparticles
in the membrane, that comes from the different ways of synthesizing the membranes17.

Based on the results from the discussed articles13, 15, 17-20, 29 we have seen that TiO213, 19, 20,
ZrO213, 15, 19, SiO213, 15, 19, 29 and Al2O319 nanoparticles embedded in a Nafion® membrane can
increase the conductivity compared to pure Nafion® at temperatures above 100 ℃, especially
at lower RH’s. This can stem from the membranes increase in water uptake, with a significant
change above 100 ℃13, 15, 17, 29. The increased water uptake with increasing temperature has
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been found to stem from Nafion®’s ability to become more flexible and rubber-like at elevated
temperatures. The increase in flexibility allows more water to soak into the membrane since
there is less strain pushing the water out29, 30. The inorganic dopant’s effect on the water uptake
is thought to stem from the acidity of the surface of the nanoparticles, where the more acidic
surface the particles have, the higher water uptake they provide13.
The stability of the composite membranes have shown varying results. The thermal stability of
the composite membranes show that the metal oxide particle can act as a catalyst for the
decomposition of the hydrophilic part of the polymer with TiO2 as shown in figure 1419, and
we have seen that the decomposition reaction can be pushed to a higher temperature with ZrO2
and SiO213. The mechanical stability of composite membranes embedded with CeO2 has been
shown to have a lower elastic deformation and breaking threshold, but also less humidity
induced stress on the membrane17. The chemical stability of the composite membrane under
operation compared to pure Nafion®, is also shown to increase since the metal oxide can act as
a catalyst to remove hydrogen peroxide17, 18. The hydrogen cross-over of composite membrane
in comparison to the pure Nafion® membranes is also shown to decrease for membranes
containing ZrO218 and SiO229, where a higher doping concentration, means less hydrogen crossover29.
A paper by Siroma, et al., tested if the thickness of pure Nafion® membranes affected the total
conductivity and activation energy of the membrane, and if the water contents has an effect on
the activation energy. The membranes were tested at 85 ℃ at 85% RH and 60% RH31.

Figure 28: The logarithm of measured conductivity for the membranes as a function of the thickness of the membranes to the
left and the measured activation energy as a function of the thickness of the membranes on the right31.
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The results from Figure 28 shows that the conductivity and activation energy of Nafion®
membranes shows a dependency on the thickness, where the conductivity increases with
increasing thickness and the activation energy decreases with increasing thickness. The paper
argues that the changes in conductivity and activation energy must stem from an intrinsic
change in the material since the membranes show no difference in morphology31. The activation
energy of a Nafion® 112 membrane was calculated from conductivity measurements in range
of 15-85% RH31.

Figure 29: The activation energy for ionic conduction in Nafion® 112 as a function of the RH31.

Figure 29 shows the measured activation energy as a function of the RH, where the activation
energy decreases with increasing RH. The paper stated that the most significant area in the
curve is below 20% RH, where the lack of water in the membrane increases the activation
energy significantly. By combining the results from Figure 28 and Figure 29 there could be a
correlation between the decrease in conductivity and the increase in activation energy for the
decreasing membrane thickness and the water uptake of the membrane. The study states that a
possible explanation is that the thinner membranes could have problems fully humidifying
explaining the increase in activation energy, which will lead to a decrease in conductivity31.
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4 Experimental
4.1 Synthesis of the membranes
To synthesize the membranes, we start with a solution containing Nafion® isomers solved in
lower aliphatic alcohols and water. The solution was purchased from Sigma-Aldrich with a
concentration of 5 wt% Nafion®. Since the inorganic nanoparticles stem from metal precursors
that decompose when they react with water, the solvent for the Nafion® solution needs to be
changed to a water free solvent. This is achieved by mixing equal amounts for the Nafion®
solution with N-methyl-2-pyrrolidinone (NMP). Since NMP has a higher boiling point than the
other solvents, the alcohols and water can be removed by heating the solution to 203 ℃. After
reducing the volume by 50%, the solution should be water free and ready for the metal
precursors. The metal precursors used in this thesis were tetraethyl orthosilicate, titanium (IV)
butoxide and zirconium (IV) propoxide, to produce SiO2-, TiO2-, and ZrO2-nanoparticles.
Table 3: The calculated amounts of the different components needed to create the different dispersions.

Nafion®-NMP solution (ml) Metal precursor (g) HCl-Solution (g)
𝐙𝐫𝐎𝟐

15

0.3240

2.0570

𝑺𝒊𝐎𝟐

15

0.2671

1.6960

𝐓𝐢𝐎𝟐

15

0.3200

2.0315

The metal precursor is then measured as shown in Table 3 and added to the solution under
vigorous stirring to homogenize the solution. To trigger the reaction, a hydrochloric acid
solution with 33% HCl and 66% H2O is measured out with a 1:4 molar ration between the metal
precursor and water. The hydrochloric acid solution is then added to the Nafion® solution under
vigorous stirring to keep a homogenous decomposition reaction of the metal precursor in the
solution, creating a dispersion with metal oxide nanoparticles stabilized by Nafion® isomers.
To make dispersion with different concentrations of metal oxide nanoparticles, while having
similar particles sizes, all the dispersions containing different metal oxides were made by
diluting a dispersion made to make membranes with 10 wt% of the metal oxide, with a
39

Nafion®-NMP solution to obtain the correct concentration of the metal oxide as shown in Table
4.
Table 4: The mixing ratio for the start 10 wt% metal oxide dispersion and the pure Nafion®-NMP solution to obtain 5 ml of
the wanted wt% dispersion.

Final dispersion
10 wt% dispersion
Nafion®-NMP
1.5 ml
3.5 ml
3 wt%
2.5 ml
2.5 ml
5 wt%
3.5 ml
1.5 ml
7 wt%

The membranes were casted by pouring the solution or dispersion into a glass petri dish and
heat treating it in a vacuum furnace. The membrane was kept in the furnace at 120 ℃ overnight,
followed by 3 hours at 160 ℃ while maintaining a pressure of 5 mBar over the whole period.
After the membranes were taken out of the furnace, water was poured into the petri dish to
cover the membrane before carefully loosening the membrane from the petri dish with a scalpel.
The membrane needs to be cleaned and activated before it is ready for use. This is done by
immersing the membrane in a 5 wt% H2O2-solution at 80 ℃ for 30 min as this removes any
unwanted organic pollutants from the membrane. The membrane is then immersed in distilled
water at 80 ℃ for 30 min, then in a 0.5 M H2SO4-solution at 80 ℃ for 30 min to activate the
acid groups within the membrane. The last step is to immerse the membrane in distilled water
at 80 ℃ for 30 min to remove any excess acid from the membrane.

4.2 Impedance and conductivity
The conductivity of the membranes were measured using electrical impedance spectroscopy
(EIS) with a fixed frequency and temperature and a varying relative humidity. The sample is
mounted on a commercially available Fuel Cell Fixture from Scribner that consists of heating
plates with gas in- and outlets, flow plates and a custom sample holder with platinum wires for
a four-point-measurement and a thermocouple for temperature control. The measurement were
done using an Alpha-A High Performance Frequency Analyzer from Novocontrol with a four
wire impedance interface as the impedance spectrometer and the humidified gas flow is
controlled using a Humistat from NORECS, using compressed air as the gas and deionized
water as the water vapor source.
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Figure 30: The Scribner Fuel Cell Fixture with the heating plate on the top and bottom of the cell and the flow plates on each
side of the sample holder. The gas inlet and outlet is shown with blue arrows, the thermocouple is inserted into the sample
holder and the platinum electrodes connection points are shown.

The membrane is cut to a piece with the dimensions of 2.4 x 1.8 cm to fit on top of the four
platinum wires in the sample holder as seen in Figure 31 and clamped down to keep the
membrane in place. The cell’s thermocouple is connected to a temperature controller to measure
and control the temperature, and the gas inlet is connected to the Humistat. The impedance
spectrometer is connected using clamps to the four wires that indicate IHigh, VHigh, VLow and
ILow, and the Humistat is programed for the set temperature and relative humidity range.
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Figure 31: The 4-probe conductivity testing cell holder. The contact leads are explained.

The frequency used in the measurement is determined by fully humidifying the membrane and
doing an impedance sweep, obtaining the Nyquist plot for the membrane at the set temperature,
and a frequency in the semi-circle is chosen. Each membrane was tested at 80 ℃, 100 ℃ and
120 ℃ with a relative humidity range between dry and the highest achievable at a pressure of 1
atm and the relative humidity goes top-down, meaning from high relative humidity to low
during the measurement.
Once the measurement is completed the data needs to be divided into the different relative
humidity sections, and a region where the real and imaginary impedance has stabilized is found.
The real and imaginary impedance is then noted and transformed into the conductivity by
finding the phase angle and the absolute value of the impedance as described in section 2.4.
The conductance (G) is the calculated by equation 4.1.
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Table 5: The gas and water mixture for the gas humidifier to achieve all % RH for all temperatures, where the dry gas is 20%
oxygen and 80% nitrogen.

𝟖𝟎 ℃
RH

𝟏𝟎𝟎 ℃

Gas (𝜇𝑔/

Water

𝑚𝑖𝑛)

(𝜇𝑔/𝑚𝑖𝑛)

RH

𝟏𝟐𝟎 ℃

Gas (𝜇𝑔/

Water

𝑚𝑖𝑛)

(𝜇𝑔/𝑚𝑖𝑛)

RH

Gas (𝜇𝑔/

Water

𝑚𝑖𝑛)

(𝜇𝑔/𝑚𝑖𝑛)

100%

26456

14531.9

100%

8

29387.9

50%

1041

27247.6

80%

31108

11625.5

80%

9417

23510.3

40%

9765

21798.1

60%

35761

8719.1

60%

18827

17632.7

30%

18489

16348.6

40%

40414

5812.8

40%

28236

11755.1

20%

27213

10899.1

20%

45067

2906.4

20%

37645

5877.6

10%

35937

5449.5

10%

47393

1453.2

10%

42350

2938.8

Dry

44661

0.0

Dry

49720

0.0

Dry

47055

0.0

G=

1
∗ cos(−ϕ)
|Z|

(4-1)

Knowing the geometric parameters of the membrane, we can find the conductivity (σ) by
multiplying the conductance with the length (l) between VHigh and VLow and divide by the cross
section as seen in equation 4-2. The cross-section is defined as the width of the membrane (w)
times the thickness (t) of the membrane.
σ=G∗

l
w∗t

(4-2)

The conductivity for each of the membrane can then be plotted as a function of the RH. If we
assume that the water concentration in each membrane is constant for each relative humidity
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over the temperature range, we can calculate the activation energy of the proton transport of the
membranes by plotting an Arrhenius plot and solving it as shown in equation 2-4. The activation
energy for the membranes can then be plotted as a function of the relative humidity.

4.3 Thermogravimetric analysis (TGA)
The thermal stability of the membranes were tested by TGA using a STA 499 F3 Jupiter ®
from NETZSCH Analyzing and Testing. The TGA is programed with the wanted temperature
program and gas mixture. For the Nafion® composite membranes, the temperature was
increased to 700 ℃ by 1 K/min under an atmosphere consisting of 40 ml/min air and 10 ml/min
of protective gas (N2). After reaching 700 ℃, the chamber is cooled down by 5 K/min, back to
room temperature. The implementation of oxygen in the atmosphere if the TGA chamber
creates a more realistic representation of the conditions the membranes will face in a fuel cell,
but also opens up the possibilities of combustion reactions. As the thermal stability is usually
measured in an inert gas atmosphere, the measurement can be redefined as the thermal
combustion stability.

4.4 Hydrogen cross-over
To measure the hydrogen cross-over, the membrane was mounted between two-compartment
cell, playing the role of a separating membrane between the anode and cathode electrodes in a
real system. Each chamber is equipped with gas in and outlets chamber is filled with water to
fully cover the exposed area of the membrane. One of the chambers was supplied with HArmix (5% Hydrogen and 95% Argon). The other chamber is connected to a 3000 plus micro Gas
Chromatograph (GC) from Agilent Scientific Instruments, and the head space was regularly
analyzed to measure any hydrogen gas quantity, crossing-over from the other side. To
compensate for any pressure changes in the measuring chamber, there was a water lock
connected.
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Figure 32: The two compartment cell with a membrane separator taken apart (A) and assembled (B) used for the hydrogen
cross-over measurement.

Any hydrogen gas detected is quantified using a standard hydrogen curve according to equation
4-3, where 𝑛𝐻2 is the amount of hydrogen in percent, 𝐴 is the area under the hydrogen peak
and 𝑥 is the conversion factor from the standard hydrogen curve. For the GC used for the
experiments, 𝑥 = 1.14977 ∗ 10−6 . To account for the differences in thicknesses (𝑡) of the
membranes, we use equation 4-4.
n H2 = A ∗ x
HL = %H2 ∗

(4-3)
𝑡

0.82 𝑐𝑚

(4-4)
∗𝜋

The 𝑛𝐻2 can then be plotted as a function of time, and linearly fit to find the slope, or the gas
leak per hour.
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5 Results
The results from the synthesis and the plots from the measurements for all the membranes are
presented in the subchapters below.

5.1 Synthesis
The dispersions for the membranes were synthesized as described in section 4.1 with the
exception of the 7 wt% SiO2 doped membrane, as an error in the diluting of this dispersion was
made. A new dispersion was then made with 7 wt% SiO2 without the diluting process. Some
dispersions from the synthesis are shown in Figure 33.

Figure 33: A picture of the dispersions containing pure Nafion®-NMP on the left, Nafion 10 wt% TiO2 in the middle and 7
wt% SiO2 on the right.

After the heat treatment in the vacuum furnace, all the membranes show an uneven thickness.
The membrane seems to be thicker on the edges and show a thicker region on the side that was
closer to the gas outlet of the furnace. The color of the membranes were all transparent with a
yellow tone. The membranes were then cleaned and activated as described. After the cleaning
and activation step, most of the membrane became transparent. An example of a membrane
before and after the cleaning and activation can be seen in Figure 34.
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Figure 34: a picture of a membrane after casting and heat treating (left) and a membrane after cleaning and activation (right).

After the synthesis, the membrane was cut in to the correct size for the EIS. The thickness of
the membrane was measured by taking an average of five points of the membrane in the area
between Vhigh and Vlow illustrated in Figure 31. The measured thicknesses of the membranes
are shown in Table 6.
Table 6: The measured thickness of all tested membranes.

𝐃𝐨𝐩𝐢𝐧𝐠 𝐥𝐞𝐯𝐞𝐥

𝐏𝐮𝐫𝐞 𝐍𝐚𝐟𝐢𝐨𝐧

𝐙𝐫𝐎𝟐

𝐒𝐢𝐎𝟐

𝐓𝐢𝐎𝟐

𝟎 𝐰𝐭%

33 μm

𝟑 𝐰𝐭%

30 μm

32 μm

20 μm

𝟓 𝐰𝐭%

35 μm

23 μm

30 μm

𝟕 𝐰𝐭%

34 μm

40 μm

25 μm
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5.2 Conductivity and activation energy
The membrane was mounted onto the Scribner testing cell and the conductivity was measured.
Figure 35 shows an impedance sweep over the pure Nafion® membrane. Based on the Nyquist
plot the fixed frequency that was chosen was 10 kHz, and the other membranes showed similar
results, so all membranes were tested at this frequency.

Figure 35: The EIS sweep of the pure Nafion® membrane at 80 ℃ at 100% RH, at the frequency range of 20 kHz to 500 Hz.

The real- and imaginary impedance were then recorded at a fixed frequency for the membrane
over the different RH for the temperature, and the conductance graph was divided into the
different sections of RH. The graph for pure Nafion® at 80 ℃ can be seen in Figure 35.
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Figure 36: The measured conductance of pure Nafion® using EIS at a fixed frequency of 10 kHz over the different RH used
during the measurement.

When the measurement in each RH was stabilized then the conductivity was calculated using
equation 4-2. The conductivity as a function of the RH was then plotted as shown for pure
Nafion® in Figure 37. The rest of the membranes were tested the same way as the pure Nafion®
and the conductivity plots are shown in Figure 38, Figure 39 and Figure 40 with the conductivity
of pure Nafion® as a reference in all the plots.
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Figure 37: The measured conductivity of pure Nafion® at 80 ℃ (black), 100 ℃ (red) and 120 ℃ (green) as a function of the
RH.
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Figure 38: The measured conductivity of Nafion® embedded with 3, 5 and 7 wt% ZrO2 at 80 ℃ (top), 100 ℃ (middle) and
120 ℃ (bottom) as a function of the RH.
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Figure 39: The measured conductivity of Nafion® embedded with 3, 5 and 7 wt% SiO2 at 80 ℃ (top), 100 ℃ (middle) and
120 ℃ (bottom) as a function of the RH.
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Figure 40: The measured conductivity of Nafion® embedded with 3, 5 and 7 wt% TiO2 at 80 ℃ (top), 100 ℃ (middle) and
120 ℃ (bottom) as a function of the RH.
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The activation energy of pure Nafion® was calculated by plotting the measured conductivities
at a constant RH in an Arrhenius plot as seen in Figure 41. The calculated activation energy as
a function of the RH is shown in Figure 42.
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Figure 41: The Arrhenius plot using the measured conductivity for the pure Nafion® at a constant RH.
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Figure 42: The calculated activation energy for the pure Nafion® as a function of the RH.
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Figure 43: The calculated activation energy for Nafion® with 5 wt% ZrO2 as a function of the RH.

5.3 Thermogravimetric analysis
The TGA curve for pure Nafion® is shown in Figure 44 and the curves for the different doped
membranes are shown in Figure 45, Figure 46 and Figure 47, again with the pure Nafion®
plotted as the reference. The membranes contained different amounts of water before the TGA
measurement, so all the curves were normalized at 200 ℃ to get better comparable results.
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Figure 44: The TGA with the pure Nafion® memrbane from 25 ℃ to 700 ℃.
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Figure 45: The TGA of Nafion® membrane with 3, 5 and 7 wt% ZrO2 from 25 ℃ to 700 ℃ with the TGA of pure Nafion®
as a reference.
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Figure 46: The TGA of Nafion® membrane with 3, 5 and 7 wt% SiO2 from 25 ℃ to 700 ℃ with the TGA of pure Nafion® as
a reference.
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Figure 47: The TGA of Nafion® membrane with 3, 5 and 7 wt% TiO2 from 25 ℃ to 700 ℃ with the TGA of pure Nafion®
as a reference.
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5.4 Hydrogen Cross-over
The hydrogen concentration of the of the measured chamber in the two compartment cell for
hydrogen permeability test was measured by the GC and gave a curve as seen in Figure 48.
Each of the measured concentrations were then plotted as a function of time and linearly fit as
seen in Figure 49. The slope of the fitted functions that is the hydrogen cross-over rate could
be plotted as a function of the doping concentration as seen in Figure 50.

Figure 48: The CG specter for the Nafion® membrane after 16 hours where the first peak is the hydrogen, the second is oxygen
and last is nitrogen.
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Figure 49: The measured hydrogen in the measurement chamber as a function of time and linearly fitted.

Table 7: The measured thickness of the different membranes used in the hydrogen cross-over experiment.

𝐃𝐨𝐩𝐢𝐧𝐠 𝐥𝐞𝐯𝐞𝐥

𝐏𝐮𝐫𝐞 𝐍𝐚𝐟𝐢𝐨𝐧

𝐙𝐫𝐎𝟐

𝐒𝐢𝐎𝟐

𝐓𝐢𝐎𝟐

𝟎 𝐰𝐭%

42 μm

𝟑 𝐰𝐭%

15 μm

20 μm

25 μm

𝟓 𝐰𝐭%

20 μm

30 μm

22 μm

𝟕 𝐰𝐭%

35 μm

30 μm

35 μm
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Figure 50: The calculated hydrogen cross-over per time as a function of the doping level of the membranes.
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6 Discussion

6.1 Conductivity
The measured conductivity of the pure Nafion® membrane (Figure 37) at 80 ℃ had a
conductivity of 66 mS/cm at 100% RH, which compare to the expected value of 100 mS/cm is
only 2/3. This could either stem from the thickness of the membrane, as there might be a
dependency as discussed in literature31, or due to leftover pollutants in the membrane. At 100
℃, the measured conductivity of the pure Nafion® membrane were 174 mS/cm at 100% RH,
which is 2.6 times higher than the 100% RH at 80 ℃. The last tested temperature was 120 ℃
where the highest RH achievable was 50%, and the measured conductivity was 45 mS/cm. The
conductivity over all temperatures show a decrease with decreasing RH, because the water
content of the membranes is reduced.
The conductivity shows a trend where it increases with temperature at a fixed RH. This suggest
that the increase in temperature change in the favored transport mechanism, or increases the
transport rate of the diffusion mechanism.
The calculated activation energies (Figure 42) lies within the range of the Grotthuss mechanism
(9.5-38.5 kJ/mol) suggesting that the Grotthuss mechanism dominates the conductivity. The
activation energy show an increase with increasing RH, which could come from a change in
the dominant ion transport mechanism. The vehicle mechanism has an activation energy of 67.5
kJ/mol32, and if the ion transport favors the vehicle mechanism more at higher temperatures and
higher RH, then the activation energy should increase accordingly.
The conductivity of the membranes embedded with ZrO2 (Figure 38) have conductivities
compared to that of the pure Nafion®. In Table 8, we can see the improvement or decrease in
conductivity in percent.
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Table 8: A comparison between the conductivity of the ZrO2 membranes compared to the pure Nafion® membrane with the
change in conductivity in % and the pure Nafion® is set as 0% change.I

80 ℃

100 ℃

% RH

3 wt% ZrO2

5 wt% ZrO2

7 wt% ZrO2

% RH

3 wt% ZrO2

5 wt% ZrO2

7 wt% ZrO2

100

-27%

38%

188%

100

33%

88%

43%

80

10%

50%

317%

80

62%

63%

-43%

60

-43%

40%

85%

60

159%

44%

-92%

40

-79%

51%

308%

40

-69%

54%

-99%

20

-24%

69%

11%

20

-96%

64%

-99%

120 ℃
% RH

3 wt% ZrO2

5 wt% ZrO2

7 wt% ZrO2

50

-

29%

1%

40

-

39%

-90%

30

-

31%

-99%

20

-

13%

-98%

10

-

-17%

-70%

From Table 8 we see that the membrane embedded with 5 wt% ZrO2 has a higher conductivity
than the pure Nafion® membrane over all temperatures and RH except for 10% RH at 120 ℃.
The conductivity performs significantly better compared to pure Nafion® at all temperatures in
the RH range between 20% and 60%. But just because the membrane show a significant
increase in conductivity compared to pure Nafion® under the same conditions, the conductivity
might still not be sufficient to compete with the conductivity of the pure Nafion® under peak
I

The formula used to calculate the change in conductivity can been found in the Appendix, and a 100%
improvement is equivalent to doubling the conductivity and -50% is equivalent to half of the conductivity of
Nafion®.
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conditions. The membrane with 5 wt% ZrO2 shows an increase between 40 and 50% for all
temperatures at 40% RH, with a conductivity of 11, 21 and 29 mS/cm, which compared with
the100 mS/cm of pure Nafion® at 80 ℃ at 100% RH is a significant decrease in conductivity.
This does not mean that there are no areas with a significant change in conductivity, both in
respect to Nafion® under the same conditions, and compared to Nafion® under peak
conditions. The membrane embedded with 5 wt% ZrO2 has a conductivity of 113 mS/cm at 100
℃ at 80% RH, with a 63% increase in conductivity compared to the pure Nafion® under the
same conditions.
The activation energy for the different RH was calculated the same way as the pure Nafion®,
and the result is shown in Figure 43. At 100% RH, the activation energy is higher for the
membrane with 5 wt% ZrO2 embedded than the pure Nafion® membrane, reaching ~57 kJ/mol
compared to the pure Nafion® at ~43 kJ/mol, suggesting that the vehicle mechanism might be
more favorable for the composite membrane. This could be coupled to a potential increase in
water uptake for the composite membranes. The activation energy follow the same trends as
that of the pure Nafion® stating that the change with temperature and relative humidity is
consistent for the membranes
The membrane with 3 wt% ZrO2 embedded has a significant decrease in conductivity compared
to the pure Nafion® at 80 ℃, but has a significant increase in the conductivity at the higher RH
at 100 ℃. 7 wt% ZrO2 embedded in Nafion® show a significant improvement to the
conductivity at 80 ℃ over all the RH range, but as the membrane was kept in water before the
measurement, it could have had a higher water concentration than the system would have
supplied. The rest of the measurement at 100 and 120 ℃ show no significant improvement
except for 100% RH at 100 ℃, and the data seems to suffer from the same pump failure as the
3 wt% ZrO2 membrane.
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Table 9: A comparison between the conductivity of the SiO2 membranes compared to the pure Nafion® membrane with
change in conductivity in % and the pure Nafion® is set as 0% change.

80 ℃

100 ℃

% RH

3 wt% SiO2

5 wt% SiO2

7 wt% SiO2

% RH

3 wt% SiO2

5 wt% SiO2

7 wt% SiO2

100

-85%

174%

-39%

100

-91%

65%

-60%

80

-97%

266%

-25%

80

-98%

-63%

-93%

60

-94%

145%

-52%

60

-99%

-95%

-99%

40

-97%

273%

-27%

40

-99%

-99%

-99%

20

-99%

213%

-27%

20

-99%

-99%

-99%

120 ℃
% RH

3 wt% SiO2

5 wt% SiO2

7 wt% SiO2

50

-97%

-79%

-84%

40

-99%

-97%

-98%

30

-99%

-99%

-99%

20

-99%

-99%

-99%

10

-99%

-99%

-99%

The measured conductivity of the membranes embedded with SiO2 (Figure 39) compared with
the pure Nafion® is seen in Table 9. Based on the figure and the table the 3 wt% membrane
and 7 wt% membrane show no significant improvement on the conductivity. The membrane
with 7 wt% show no significant improvement over all the temperatures and all RH. The issue
with the pump might have affected the measurements at lower RH as it did with the other
samples, but as the conductivity show a decrease at 80 ℃ and no significant improvement at
100 ℃. The membrane could have been damaged thermally of mechanically resulting in poor
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conductivity. As this membrane was made separately the fault might also lie in the synthesis of
the dispersion as it got a darker color than the rest of the dispersions.
The membrane containing 5 wt% SiO2 shows a significant improvement on the conductivity
compared to pure Nafion® at 80 ℃ for all RH. This membrane was like the 7 wt% ZrO2
membrane, immersed in water before the measurement. Because of that, the conductivity might
be higher as the membrane could contain more water than the system would supply at higher
RH. As the measurement approached the lower RH range, the contribution to the conductivity
should decrease as the membrane dries out, but the membrane still shows a significant
improvement on the conductivity compared to the 7 wt% ZrO2 membrane. This could stem
from the membranes ability to retain water more efficiently, or that the membrane has a
significantly higher conductivity than pure Nafion® without excess water. The 100℃
measurement shows a significantly higher conductivity at 100% RH, but shows a decrease in
the conductivity at the rest of the RH for 100 ℃ and 120 ℃. This could be stem from the issues
with the water pump in the water humidifier, but based on the trends at 80 ℃ and 100% RH at
100 ℃, the membrane is worth re-measuring as it shows signs of improved conductivity at 80
and 100 ℃.
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Table 10: A comparison between the conductivity of the TiO2 membranes compared to the pure Nafion® membrane with
change in conductivity in % and the pure Nafion® is set as 0% change.

80 ℃

100 ℃

% RH

3 wt% TiO2

5 wt% TiO2

7 wt% TiO2

% RH

3 wt% TiO2

5 wt% TiO2

7 wt% TiO2

100

-18%

3%

-17%

100

-51%

-48%

-51%

80

34%

24%

23%

80

-94%

-78%

-85%

60

-36%

-23%

-44%

60

-99%

-95%

-99%

40

36%

79%

27%

40

-99%

-99%

-99%

20

40%

59%

-2%

20

-99%

-99%

-99%

120 ℃
% RH

3 wt% TiO2

5 wt% TiO2

7 wt% TiO2

50

-60%

-99%

-70%

40

-95%

-99%

-98%

30

-99%

-99%

-99%

20

-99%

-99%

-99%

10

-99%

-99%

-99%

All the membranes embedded with TiO2 particles had a conductivity comparable with pure
Nafion® at 80 ℃ (Figure 40). The comparison between the composite membranes and the pure
Nafion® is shown in Table 10. The TiO2 composite membranes show a significant decrease in
conductivity for 100 and 120 ℃. This could be related to the issue with the gas humidifier pump
as literature19 using TiO2 embedded in a Nafion® membrane show an improvement in the
conductivity.
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6.2 Thermal stability
The thermal stability of the pure Nafion® membrane was measured using TGA (Figure 44)
where any mass loss up to 200 ℃ is water. After 230 ℃ there a change in the slope till 330 ℃
that cover 40% of the mass after normalization. According to literature13, 19, the hydrophilic
parts of the membrane should not thermally decompose before 310 ℃. The literature also report
that the membrane should not reach a change in the slope for the last decomposition step before
500 ℃, while the measured Nafion® membrane reached this point around 460 ℃, where the
membrane had less than 5% of the mass left. As the literature used inert gas atmospheres during
the measurement, the potential combustion reactions between the membrane and oxygen did
not appear. This suggests that there is different decomposition reactions that include oxygen,
with a lower activation energy. Taking this into account that the decomposition reactions can
begin at a lower temperature as the membrane starts decomposing at 230 ℃. The second
decomposition step in the curve is at 330 ℃.
The TGA curves for the membranes embedded with ZrO2 shows no change in the compared to
the pure Nafion® membrane for the decomposition temperature at the first step. The second
step of the decomposition reaction show a shift from 330 to 370℃. The same trends can be
observed for the membranes embedded with TiO2 and SiO2.
Based on the results, the composite membranes shows no significant changes in the thermal
stability, as the first step of the decomposition reaction that include the decomposition of the
sulfonic acid groups according to literature13, 19 is unchanged between the membranes, but as
show a significantly lower thermal stability than the reported in literature using inert
atmospheres.

6.3 Hydrogen cross-over
The hydrogen cross-over (permeability) of the membranes (Figure 50) shows that the hydrogen
cross-over of the membranes goes down by ~50% for TiO2 and more than 60% for ZrO2 and
SiO2 by embedding 3 wt% metal oxide. The hydrogen cross-over of the membranes continues
down for the membranes embedded with TiO2, where the hydrogen content was too low to be
detected by the GC. The hydrogen cross-over is reduced by an order of magnitude by
embedding the membrane with 5 wt% ZrO2, but increases the hydrogen cross-over as the
doping goes to 7 wt%. The SiO2 embedded membrane show a slight increase in hydrogen cross67

over from 3 wt% to 5 wt%, and a similar value at 7 wt% to the 7 wt% ZrO2. This is a significant
reduction in hydrogen cross-over for all the membranes follows a similar behavior as shown in
literature29, with the exception of the increase in hydrogen cross-over from 5 to 7 wt% for ZrO2
and SiO2.
The mechanism behind the decrease in hydrogen permeability from embedding inorganic
structures into Nafion® membranes is not fully understood as stated in literature29. Theories
that could explain the decrease in hydrogen permeability is the increase in tortuosity of the
water channels and increase the diffusion path.
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7 Conclusion
In accordance to the main aims and objectives behind this thesis, the principal findings are
concluded herein.
To improve the electrolyte of PEMFC to operate at higher temperatures, composite membranes
with particles of ZrO2, SiO2 and TiO2 were synthesized using particles formed through selfassembly in Nafion® solution. The conductivities of the composite membranes were measured
using EIS and compared to a control recast Nafion® membrane. The composite membranes
showed instances with higher conductivities and instances with lower conductivities, stating
that utilizing metal oxides particles can improve the conductivity, especially at a RH between
20% and 60%, and at temperatures of 100 ℃ and 120℃. But simply embedding metal oxides
does not lead to a higher conductivity in the membrane, as the concentration and metal oxide
must be studied to achieve the wanted result.
The increase in conductivity at higher temperature could be caused by the metal oxide particles
increasing the membrane’s water uptake. Some of the membranes performed especially well.
The membrane embedded with 5 wt% ZrO2, had a higher conductivity than the pure Nafion®
over all temperatures and most of the RH range. The membrane reached a value close to the
literature value of pure Nafion® at 80 ℃, and increased significantly at 100 ℃. The 3 wt% ZrO2
membrane showed an increase in the conductivity at the lower end of the RH range and higher
temperature, but not as high as the 5 wt% membrane. The 7 wt% ZrO2 membrane show a
decrease in the conductivity compared to the 5 wt% membrane, suggesting that there is a doping
level where the increase in volume of the metal oxide reduce the conductivity. This can be
caused by the membrane having a lower concentration of protons as the mass of the membrane
is exchanged with metal oxides. The added tortuosity around the particles could also affect the
conductivity as the protons could get a longer “path” through the membrane. For the membranes
embedded with SiO2, the membrane embedded with 5 wt% had the highest conductivity with
the potential to have similar trends as the 5 wt% ZrO2 membrane. The membranes embedded
with TiO2 showed an increase in conductivity at lower the lower RH range at 80 ℃, but no
increase in conductivity at higher temperatures.
The composite membranes show no significant change in the thermal stability for any doping
concentration of the different materials, suggesting that the implementation of metal oxides in
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a Nafion® membrane does not affect the thermal stability in a significant way, under realistic
conditions for the membrane. The hydrogen permeability of the membranes are shown to
decrease with increasing doping level with trends that seem to be consistent for all the tested
metal oxides between the doping level of 0 and 5 wt%.
Over all, the composite membrane have showed the potential to be an improvement on the
Nafion® membrane commercially used, with the possibility to operate at a higher temperature.
Literature focusing on the same subject generally show similar trends of the measured
conductivities, but some papers report a significant increase in conductivity compared to
Nafion® under the same conditions without comparing the result to Nafion® under peak
conditions.

7.1 Outlook
As composite membranes have been proven to increase the conductivity and decrease the
hydrogen permeability compared to pure Nafion®, further research should be conducted to
study the metal oxide’s effect on the water uptake in the membrane as a function of the
temperature and the RH. This could be coupled to the conductivity of the composite membranes
to get a better understanding of the contributions of the different ion transport mechanisms in
the membrane.
Characteristics that should be tested to determine if the expected lifetime of the membrane meet
the set requirements is the mechanical stability and the chemical stability. The mechanical
stability can be measured by a stress-strain test and a humidity induced strain test. The chemical
stability can be measured using an I-V test cell with hydrogen and oxygen as reagent gases. In
the cell using OCV and varying the humidity from high to low often gives an accelerated
lifetime test, as this promotes the formation of hydrogen peroxide in the cell.
The morphology of the metal oxide particles should be studied using x-ray diffraction and
transition electron microscopy. Then new variations of the same metal oxide with different
morphologies or sizes should be fully tested to gain an understanding of the effect this has in
the structure. Finally, more novel materials could be developed and explored e.g. in the form
of new metal oxides, doped metal oxides or more complex oxides that show promising
properties for increased water adsorption at elevated temperatures inside the chemical
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environments of polymeric matrices. To that end, computational and theoretical studies could
further shed light and suggest new materials with such tailored made properties.
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Appendix
For the calculation of the change in conductivity between the compote membranes the pure
Nafion® membrane the following formula was used:

Δ𝜎 = (

𝜎𝑐𝑜𝑚𝑝
− 1) ∗ 100%
𝜎𝑁𝑎𝑓𝑖𝑜𝑛

Where the measured conductivities for the composite membrane and pure Nafion® were at the
same temperature and RH.
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