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1 Introduction 

1 

1 Introduction 

The ever-growing energy consumption and the global environmental pollution 

combined with limited supplies of fossil fuels lead to increased demand for efficient and 

sustainable solutions for energy supply. Regenerative energy sources like solar energy 

or wind and water power have gained considerable attention in the last years and their 

further development is object of current research. A potential carrier for the energy 

generated by these regenerative sources is hydrogen which allows for a decentralized 

energy supply. The fuel cell technology offers an environmentally friendly and highly 

efficient way to convert the chemical energy of a fuel like hydrogen directly into 

electrical energy.[1] The first fuel cell was developed in 1839 by Sir William Grove who 

generated energy using the reaction of hydrogen and oxygen to water.[2] Nevertheless, 

other energy generators like the dynamoelectric machine seemed to be more promising 

and cheaper that time and the development of fuel cells was marginalized.[3] In 1889 

Ludwig Mond and Charles Langer postulated that the contact area of the applied gases, 

the electrolyte and the catalyst in a fuel cell should be maximized to reach good 

performance. They used Pt powder as catalyst, porous electrode materials and a liquid 

electrode to increase the contact area.[4] Nevertheless, it took approximately another 

100 years until fuel cells attracted considerable attention. The launch of Sputnik in 1957 

and the following space race heavily influenced the development of fuel cells. The high 

energy density as well as the high efficiency combined with the small weight and size of 

a fuel cell made it the perfect candidate for space applications. In addition, the reaction 

product obtained during energy generation could be used by the astronauts as drinking 

water.[5] The type of fuel cells used in these first applications were polymer electrolyte 

membrane fuel cells (PEMFC)[4] and it is still the one which gains most interest in 

studies and developments today.[6] One major concern in PEMFC is the fabrication of a 

chemical and mechanical stable polymer electrolyte membrane. In the late 1960s the 

company DUPONT was able to produce the first commercial fuel cell membrane named 

Nafion®. Due to its good long-term stability this membrane is still used in applications 

today.[4,7] 

Besides PEMFCs, a variety of fuel cell types exists which are tailored to different fields of 

application. They can be used as auxiliary power units in vehicles, as power generator in 
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mobile devices like notebooks or as stationary units to provide electricity and heat.[8] 

The stationary systems for combined heat and power have been used in Japanese 

households for years and have recently started penetrating the European market.[9] 

Nevertheless two major barriers to large-scale fuel cell commercialization remain: cost 

and durability. Regarding cost reduction, great progress was achieved in the last few 

years. The cost of running a complete fuel cell system was $275/kW in 2002 and only 

seven years later in 2009 a price of $61/kW was reached. This was achieved by using 

reduced loadings of the expensive catalyst Pt or by exchanging Pt with alloys (e.g. PtCo) 

or other catalysts like Ni.[10] A further reduction of the costs to $30/kW by 2015 would 

allow competition with conventional combustion engines.[9] Improving the durability of 

fuel cells in long-term operation still remains challenging. After a thousand hours of 

operation most current fuel cells exhibit major performance decay. Even stronger 

degradation occurs when the fuel cell is operated under start-stop conditions.[11] The 

materials used in fuel cells are exposed to acidic conditions, high temperatures, high 

electrochemical potentials, and abrupt changes in temperatures and potentials. 

Therefore the development of inexpensive and stable fuel cell components is still a 

challenging task. 

On the basis of low temperature PEMFC (LT-PEMFC), fuel cells with operating 

temperatures above 100 °C were developed. The so-called high temperature PEMFC 

(HT-PEMFC) is operated between 150 °C and 200 °C and offers several advantages in 

contrast to the LT-PEMFC. First, the operation of HT-PEMFCs is simplified because no 

difficult additional water management is needed to humidify the fuel cell.[12-14] 

Additionally, at higher temperatures the tolerance of the catalyst against catalyst 

poisoning from CO is increased and the cost- and time-intensive cleaning of the fuel with 

a reformer is not necessary before operation.[15] Furthermore the increased 

temperatures lead to faster reaction kinetics on the electrodes and enhanced catalytic 

activity.[16-18] Because of the higher temperatures new polymer electrolyte membranes 

based on thermally stable phosphoric acid doped polybenzimidazole (PBI) were 

developed.[12,19,20] 

Core components of a HT-PEMFC are the proton conductive polymer electrolyte 

membrane and the adjacent, catalyst loaded electrodes.[6] These components account for 

nearly 50% of the fuel cell production costs.[21] New materials and modifications of 
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conventional systems are investigated for membranes and electrodes. For example the 

mechanical stability and therefore the lifetime stability of membranes can be increased 

by incorporating silica nanofillers.[22-24] The standard electrode material so far is high 

surface area carbon (HSAC) which suffers from severe degradation e.g. due to oxidation 

during fuel cell operation. The carbon electrodes can be replaced with novel materials 

like tungsten oxide which also has beneficial effects on the catalyzed reaction.[25,26] 

Knowledge of the morphology of the fuel cell components is of great importance, since a 

high contact area between the catalyst, electrolyte and fuel is necessary for instance. 

Transmission electron microscopy (TEM) and related analytical techniques offer the 

possibility to analyze the microstructure of fuel cell electrodes and membranes. It allows 

the investigation of morphology, chemical composition and coordination of the systems 

with high spatial resolution.[27] Several TEM studies of fuel cells are reported in 

literature, which mainly focus on the investigation of the catalyst loaded electrodes but 

some research was also done regarding fuel cell membranes. When it comes to the 

electrodes, the analysis of the catalyst particle distribution[28] with different loadings[29-

33] or with ongoing fuel cell operation[34-37] as well as new catalyst alloys[38-41] are major 

fields of interest. Studies that focus on the fuel cell membranes mostly investigate the 

formation of catalyst bands in the membrane.[35,42] Only few studies address the size and 

distribution of inorganic nanofillers (e.g. silica nanoparticles) in the membrane.[23,43,44] 

In addition, most of the mentioned TEM studies on fuel cells deal with degradation 

processes occurring at the electrodes. As all degradation processes take place on small 

scales, TEM is a useful tool to analyze and understand them.[32,45] 

Although several studies about the degradation of the catalyst during fuel cell operation 

exist, detailed investigation of the structural changes of novel catalyst support materials 

like tungsten oxide due to degradation are still rare in literature.[26] The influence of 

different operation times and modes on the electrode structure has yet to be analyzed. 

Only few TEM studies of polymer electrolyte membranes exist due to the difficult 

investigation of organic materials in TEM.[46,47] The size, distribution and homogeneity of 

silica nanofillers in membranes are important data to interpret its resulting stability and 

performance but have not been quantitatively addressed yet. 

The focus of this thesis is the detailed investigation of the structure of fuel cell 

components and their degradation using TEM and scanning electron microscopy (SEM) 
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and related analytical methods. Knowledge of the morphology, crystallinity and 

chemical composition of electrodes and membranes is a key issue to understand 

ongoing processes and optimize existing systems. 

1.1 Aim of the thesis 

The objective of this thesis is the investigation and optimization of novel materials for 

fuel cell applications. Different fuel cell membranes and electrodes are characterized via 

X-ray diffraction (XRD), SEM as well as TEM and its analytical techniques. Sample 

preparation strategies are developed in order to allow the investigation of very thin but 

stable samples with TEM. The organic polymers in particular proved very challenging 

and a new approach was needed. The morphology at the micro- and nanoscale, the 

crystallinity and the chemical composition of the components are analyzed. The results 

are then correlated to in-situ and ex-situ fuel cell tests that are performed by the 

collaboration partners at ELCOMAX GmbH. Besides determination of the chemical and 

mechanical stability and performance analysis, studying the degradation behavior of the 

proton exchange membranes and the catalyst loaded electrodes is a major focus of this 

thesis. 

The incorporation of inorganic fillers into the organic membrane material positively 

influences the stability as well as the performance of this component. Different silica 

particle contents are generated in PBI based membranes by in-situ sol–gel reaction from 

the precursor tetraethoxy silane (TEOS) and cross-linked to the polymer chains. The 

size, shape and distribution of the silica nanoparticles are examined by TEM. The 

amorphous characteristics and the chemical composition of the silica particles are 

investigated using XRD as well as electron diffraction (ED) and energy dispersive X-ray 

spectroscopy (EDS) in TEM. The findings are described in Chapter 5. 

Chapter 6 focuses on the influence of an additional heating step before membrane 

casting. Again, a PBI based proton exchange membrane with incorporated silica 

nanoparticles is analyzed with a focus on the homogeneity of the particles and their 

distribution within the membrane. The homogeneity and the morphology of the silica 

particles are investigated in detail by EDS line scans and maps in the scanning TEM 

(STEM) mode and electron energy loss spectroscopy (EELS) measurements. 
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The durability of fuel cell catalyst supports is of great importance for stable, long-term 

fuel cell operation. Tungsten carbide, tungsten oxide and self-synthesized tungsten oxide 

are investigated as possible candidates to replace standard HSAC as catalyst support 

materials. Cyclic voltammetry and XRD are used to investigate the new catalyst 

supports. The size and distribution of the catalyst nanoparticles on the electrode 

substrate are determined via TEM. The findings are discussed in Chapter 7. 

A membrane electrode assembly (MEA) which utilizes a tungsten oxide based anode is 

tested under different operation modes and runtimes in single cells and fuel cell stacks 

in Chapter 8. Detailed TEM investigations of the anode before operation and after 600 h, 

2000 h and 35 start-stop cycles are performed to gain insights regarding degradation. 

The redistribution of the elements in the anode depending on the operation mode is 

investigated by EDS line scans. Four different areas of the anode are analyzed with 

regard to degradation effects and the observed changes are correlated to fuel cell 

performance measurements. 
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2 Theoretical background 

2.1 Working principle of fuel cells 

A fuel cell is an electrochemical device that converts chemical energy of a fuel directly 

into electrical energy. Different types of fuel cells exist and they are distinguished by the 

used electrolyte and by their individual operating temperature. For a PEMFC for 

example the electrolyte is an insulating, proton conductive polymer electrolyte 

membrane. The core of a fuel cell system is the MEA. It consists of the electrolyte in the 

middle, the adjacent catalyst loaded anode and cathode electrodes and a gas diffusion 

layer (GDL) for each electrode. The anode and cathode usually consist of a microporous 

carbon catalyst support layer (MPL) that contains Pt nanoparticles with a high surface 

area.[1,2] The GDL is composed of a macroporous carbon network and ensures 

homogeneous gas distribution and electric contact to the MPL. The combination of GDL 

and electron layer is called gas diffusion electrode (GDE). In order to reach an 

appropriate voltage, several MEAs are connected in series to a stack. Between the cells 

bipolar plates are introduced to supply the MEA with fuel and to remove the reaction 

products water and heat.[3-7] The components of a PEMFC are illustrated in Figure 2.1. 

 

Figure 2.1: Schematic drawing of the main components of a PEMFC. The MEA in the middle consists 

of the polymer electrolyte membrane and the adjacent catalyst loaded electrodes with their GDLs. 



2 Theoretical background 

9 

In the following the working principle of fuel cells is described using the example of a 

PEMFC. The reaction that converts chemical into electrical energy occurs at the two 

interfaces between the electrodes and the electrolyte. At the anode hydrogen is oxidized 

to protons (E0 = 0 V) (2.1). 

2H� → 4H� + 4e	  (2.1) 

The electrons travel via an end-consumer to the cathode where oxygen from air is 

reduced. The protons formed at the anode can traverse the polymer electrolyte 

membrane to the cathode. At the cathode water is formed by the reaction of protons and 

oxide ions (E0 = 1.23 V) (2.2). 

O� + 4H� + 4e	 → 2H�O  (2.2) 

From the standard potentials E0 of equations (2.1) and (2.2) an open circuit voltage of 

1.23 V is obtained. Due to overpotentials at the electrodes the actual open circuit voltage 

is usually ≤ 1 V.[4,8] Both the hydrogen oxidation reaction (HOR) and the oxygen 

reduction reaction (ORR) at the cathode are catalyzed by a catalyst (e.g. Pt 

nanoparticles). The membrane separates the oxidation and reduction processes and acts 

as electrical insulator.[9] The working principle of a PEMFC is illustrated in Figure 2.2. 

 

Figure 2.2: Schematic of the working principle of a PEMFC. 

In the region of the porous electrode a three-phase interface is established among the 

reactants, the electrolyte and the catalyst. This area has to be filled with the respective 

gases (hydrogen or oxygen) and must have electric contact to the electrode and also to 

the electrolyte. Only when all three components are connected to each other the 

electrochemical reaction can take place. The absolute area of this three-phase interface 
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has a major impact on fuel cell performance. In fuel cells which contain a liquid 

electrolyte it is important to maintain a balance among the electrode, electrolyte and 

gaseous phases in the porous electrode structure. Otherwise the electrode may be 

flooded by the electrolyte and therefore block the transport of gaseous reactants to the 

reaction sites.[10] 

2.2 Types of fuel cells 

As already mentioned, above several types of fuel cells exist and they can be classified by 

the used electrolyte and/or the operating temperature. Low-temperature fuel cells are 

the alkaline fuel cell (AFC), the LT- and the HT-PEMFC, the direct methanol fuel cell 

(DMFC) and the phosphoric acid fuel cell (PAFC). The molten carbonate fuel cell (MCFC) 

and the solid oxide fuel cell (SOFC) belong to the group of high-temperature fuel cells 

and are operated above 600 °C. Table 2.1 gives an overview of fuel cell types in the order 

of increasing operation temperature.[2,10,11] 

Table 2.1: Fuel cell types that are currently in use and development. 

 
Operating 

temperature / °C 
Electrolyte 

Charge carrier in 

the electrolyte 

LT-PEMFC 50–90 Proton exchange membrane H+ 

AFC 60–90 Potassium hydroxide OH− 

DMFC 80–150 Proton exchange membrane H+ 

HT-PEMFC 150–200 Proton exchange membrane H+ 

PAFC 160–220 Phosphoric acid H+ 

MCFC 600–800 Molten carbonate CO32− 

SOFC 800–1000 Yttrium stabilized zirconia O2− 

 

As explained above, PEMFCs use a proton exchange membrane as electrolyte. The most 

used membrane in LT-PEMFCs is Nafion® which is a sulfonated tetrafluorethylene based 

fluoropolymer and an excellent proton conductor.[12] In a LT-PEMFC the only liquid is 

water which minimizes corrosion. Nevertheless, the water management plays a crucial 

role for the performance of the fuel cell. If the electrolyte dries out the membrane loses 

its proton conductivity and the fuel cell cannot operate. Therefore, humidification of the 

introduced gases and heat management is needed. Due to the lower temperatures and 

hence reduced reaction kinetics on the electrodes, the use of high catalyst loadings of 
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expensive noble metals like Pt is necessary. The catalyst is also vulnerable to CO 

poisoning at the rather low operating temperatures.[13,14] Since the HT-PEMFC is 

operated at temperatures above 100 °C the electrolyte Nafion® is replaced by 

temperature and chemically stable polymers like PBI. Instead of water, phosphoric acid 

is introduced to ensure proton conductivity. In an AFC the electrolyte potassium 

hydroxide (concentration ~ 30 wt.-%) is retained in an asbestos matrix and several 

electrocatalysts like Ni, Ag, metal oxides and noble metals can be used. AFCs exhibit very 

high electrical efficiencies but they underlie restrictions concerning the used gases. 

Smallest impurities of the gases with CO2 lead to decomposition of the electrolyte to 

carbonate ions and water. Therefore cost intensive pre-cleaning of the introduced 

oxygen is necessary.[15] The DMFC is based on the technology of LT-PEMFC. Here, 

methanol is directly used as fuel and reforming is applied in DMFC. Its advantages are a 

high energy density and the possibility to use liquid fuel. DMFCs are suitable for devices 

that are turned on and off regularly.[10,16] In a PAFC phosphoric acid concentrated to 

100% in a silicon carbide matrix is used as electrolyte. Operating temperatures of up to 

220 °C are possible which results in a high tolerance against CO and CO2. Typically Pt is 

used as catalyst in this type of fuel cell.[2] A combination of alkali carbonates in a ceramic 

matrix of LiAlO2 is used as electrolyte in MCFCs. At operating temperatures of above 

600 °C the alkali carbonates form a conductive salt and carbon ions provide ionic 

conduction. The advantage of MCFC is that Ni (anode) and NiO (cathode) are sufficient 

as catalysts. At this high temperature expensive noble metals are not required.[17] The 

SOFC is operated at 800–1000 °C and uses solid, nonporous metal oxides like yttrium 

stabilized zirconia as electrolyte. Oxygen ions act as charge carriers. Like in MCFCs no 

noble metals are needed as catalysts and the fuel can be reformed internally. 

Nevertheless, the high operating temperatures also limit the application of SOFC since 

shutting down and starting up takes long time and effort.[2,10,18] 

2.3 Strengthening of PBI membranes for HT-PEMFC 

With the introduction of HT-PEMFCs new membranes had to be found that meet the 

requirements of this type of fuel cell. Thermally stable phosphoric acid doped PBI 

membranes have proven to be ideal candidates for long-term fuel cell operation in HT-

PEMFCs.[19-21] PBI membranes are usually synthesized by casting a solution of PBI 
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powder in N,N-dimethylacetamide (DMAc). Afterwards, the prepared membrane is 

immersed in a phosphoric acid solution which leads to an immobilization of the acid in 

the polymer.[22] With an increasing amount of phosphoric acid present in the membrane 

an improvement of the proton conductivity is possible but simultaneously the tensile 

strength of the membrane decreases.[19] Different concepts have been developed to 

improve the mechanical properties of PBI membranes. To increase the strength, the 

formation of ionic and covalent networks or the incorporation of additional particles 

have been demonstrated to be successful.[19,23] Different additives to the PBI have been 

investigated such as graphene[24,25], carbon nanotubes[26-28], clay[29,30], silica- and 

phosphotungstic acid[31-33] and silica nanoparticles which can be modified further with 

functional groups.[34-41] 

Silica nanoparticles can be incorporated in the membrane via an in-situ sol-gel 

synthesis.[42,43] Chuang et al. synthesized silica nanoparticles in-situ using the precursor 

TEOS and connected them to the membrane using (3-isocyanatopropyl)triethoxysilane 

as linker. The resulting membrane exhibited an improved mechanical stability. The 

incorporated silica particles also have an influence on the proton conductivity of the 

membrane, although contradictory findings are reported in literature. Suryani et al. 

found that the proton conductivity increased due to incorporation of sulfonated silica 

nanoparticles. They concluded that a higher acid doping level is possible for the 

modified membrane and that new and faster proton conductive channels can form.[34,35] 

On the other hand Chuang et al. observed a slight decrease in proton conductivity and 

they suggested that the silica particles inhibit the mobility of the protons within the 

membrane.[37] It seems that the morphology, size and distribution of the silica 

nanoparticles are important and that differences in these quantities are responsible for 

the different results. 

The mechanical properties get slightly worse at higher silica amounts as well as in the 

presence of phosphoric acid.[37] The morphology of the silica nanoparticles can be 

controlled by additives and the reaction conditions.[44] However, the resulting particle 

size, the morphology and the distribution of the particles has to be studied for new or 

modified membrane system again since its formation processes are not fully understood 

yet.[45] 
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2.4 Degradation of Pt catalysts in HT-PEMFC 

The most often used material for electrodes in HT-PEMFC is HSAC[1] loaded with Pt 

nanoparticles.[2] In order to enhance fuel cell efficiency effective and durable catalysts 

are necessary and this is an active area of research resulting in a large number of 

publications. On the same time, a reduction or replacement of Pt is desired because of its 

high costs and its limited natural resources.[46,47] In addition, Pt is easily poisoned by CO 

or chlorides which can be inserted into the cell in the form of reactants or during 

synthesis.[47] The distribution of the Pt particles and their available surface area has a 

large impact on fuel cell performance. A major degradation effect leading to a decrease 

in performance is the coalescence of Pt particles during operation. Smaller particles 

dissolve, they diffuse towards other particles and then agglomerate via Ostwald 

ripening.[48-51] Another possibility is the migration of Pt particles and subsequent 

agglomeration.[52,53] This type of degradation is well studied and huge effort is made to 

avoid it. 

2.5 Tungsten oxide as candidate for HT-PEMFC electrodes 

Besides the catalyst particles, also the catalyst support material can suffer from 

degradation with ongoing fuel cell operation.[3,54] The turbostratic carbon used as 

catalyst support material can get oxidized which leads to a detachment of catalyst 

particles and therefore to a reduced efficiency. Although the oxidation of carbon is 

kinetically hindered to a great extent, high temperatures and potentials can still lead to 

carbon corrosion.[55,56] A sign for carbon corrosion is a detectable amount of CO2 in the 

exhaust gases.[57] Due to this type of degradation non-carbon based materials are 

investigated as possible candidates to replace HSAC. Several requirements have to be 

fulfilled by an adequate electrode material. A high electrical conductivity is needed to 

ensure optimal transport of the electrons to the electrodes and away from them. 

Furthermore a stable anchoring of the catalyst to the electrode is important to prevent 

catalyst movement, agglomeration or loss. Besides a high corrosion resistance, a high 

surface area of the applied electrode material is beneficial to obtain good long-term 

efficiency. Alternatives to standard carbon material that are currently under 

investigation are electrodes based on e.g. titanium oxide, silicon oxide and tungsten 

oxide.[58-60] 
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Tungsten is a transition element that can form a variety of oxides with different valence 

states (from −1 to +6). This flexibility makes tungsten suitable for photochromic, 

electrochromic, photocatalytic, gas sensor and fuel cell applications.[61] Stoichiometric 

WO3 is a 5d-transition-metal-oxide which exhibits a slightly distorted ABO3 perovskite 

crystal structure. The W ions occupy the octahedral B cation sites and the A site is 

vacant.[62,63] This monoclinic crystal structure is formed below 180 °C.[64] Stoichiometric 

WO3 is an insulator due to the unoccupied 5d-orbitals of the W6+.[60,63] Since a high 

conductivity is vital for a fuel cell electrode material, tungsten suboxides WO3−x are 

used.[65] Due to oxygen vacancies pentavalent tungsten atoms are present in the WO3−x 

which positively influences the electric conductivity of the material.[65-68] In that case, 

the 5d-orbitals host delocalized electrons which makes WO3−x an n-type semiconductor 

with a band gap of 2.6–2.8 eV. Further advantages of this material are its high corrosion 

resistance, high melting point (1700 °C), high tolerance against CO and excellent 

stability against the electrochemical conditions in a fuel cell. It can be used as catalyst, 

co-catalyst or catalyst support in fuel cell applications.[58,60,68-71] Additionally, WO3−x can 

also support the catalyst reaction due to hydrogen spill over when it is used as electrode 

material at the anode. The phenomenon of hydrogen spill over is related to the 

formation of tungsten bronzes as first described by Wöhler in 1824.[72] During this 

process the protons, formed from hydrogen directly at the catalyst, can transfer to the 

support material WO3−x and form oxyhydroxides as WO3−x(OH)y. Hence the active 

catalyst sites can receive the next reactant faster. Via the Grotthuss mechanism the 

adsorbed protons can travel through the anode material to the electrolyte.[73] This 

mechanism was proven by Tseung et al. in 1997.[74] 
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3 Characterization methods 

3.1 X-ray diffraction 

XRD is a common technique to obtain quantitative and qualitative information 

concerning the crystal structure of a material. With its help it is possible to determine 

lattice parameters, particle sizes and phase compositions of the analyzed material. 

X-rays are generated in a high vacuum tube by acceleration of a focused electron beam 

which is then directed towards an anode material (such as Cu or Co). The electron beam 

excites inner shell electrons of the anode material to unoccupied states. When these 

electrons relax back to their ground state X-rays can be emitted or Auger electrons are 

released which are characteristic for each material. In addition, a fraction of the incident 

electrons is slowed down in the Coulomb field of the atomic nucleus which leads to the 

so-called bremsstrahlung. By using several metal filters, a collimator and a 

monochromator a monochromatic X-ray beam without bremsstrahlung can be achieved 

(for example Cu Kα radiation). The so generated X-rays possess wavelengths between 

0.1 Å and 100 Å. 

A part of the X-rays is scattered at the electron cloud of the individual sample atoms 

located at different lattice planes. At certain Bragg angles constructive interference 

between several scattered waves occurs. The scattered waves remain in phase when the 

path length difference of each wave is equal to an integer number of the wavelength (see 

Figure 3.1). The Bragg equation (3.1) gives the relation of the lattice plane distance to 

the scattering angle. 

�� = 2���� sin � (3.1) 

Here, n is a positive integer corresponding to the order of diffraction, λ is the wavelength 

of the X-rays, dhkl is the lattice plane distance of the analyzed sample with the Miller 

indices hkl and θ is the scattering angle.[1,2] 



3 Characterization methods 

19 

 

Figure 3.1: Schematic illustration of the Bragg relation. Two X-rays (blue) with the wavelength λ 

are scattered at an angle θ by parallel atomic lattice planes (red) with a distance dhkl. The path 

difference is marked in green. Modified from Williams and Carter.[3] 

Depending on the crystallinity of the material different diffraction patterns are obtained. 

XRD patterns of crystalline materials show sharp diffraction peaks with a defined 

distribution regarding their position and intensity. This is because of the regular, 

periodic arrangement of atoms in such materials. For amorphous materials exhibiting no 

long-range ordering only broad diffraction peaks can be observed. 

By measuring the broadening of the diffraction peaks the average crystallite size (DXRD) 

of e.g. crystalline nanoparticles can be calculated via the Scherrer equation (3.2).[4] 

���� =
��

�(2�)	cos�
 (3.2) 

K is the shape factor (0.9 for spherical shape), λ is the X-ray wavelength in nm, Δ(2θ) is 

the peak broadening at full width at half maximum (FWHM) in radians and θ is the 

Bragg angle. 

3.2 Electron microscopy 

Electron microscopy is a powerful tool that is commonly used to investigate the micro- 

and nanostructure of materials. In contrast to a light microscope, accelerated electrons 

are used as source of illumination in electron microscopes. The idea of electron 

microscopy was proposed shortly after the discovery of the wave-particle dualism by 

Louis de Broglie in 1924. In general, the resolution of a microscope is limited by 
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diffraction effects and the wavelength of the illumination source (Rayleigh criterion). 

Hence, the substantially shorter wavelength of electrons compared to visible light and 

their wave-like characteristics allow atomic resolution and ED. The term electron 

microscopy was first used in 1932 by Knoll and Ruska who also built one of the first 

TEMs. 

Each type of electron microscope utilizes an electron gun that generates a beam of 

electrons accelerated by an electric field. The kinetic energy of the electrons is equal to 

the potential energy (equation (3.3)): 

!"#�

2
= $% (3.3) 

where e is the elementary charge, V is the acceleration voltage and m0 is the electron 

mass. The momentum p of the electrons can be calculated as shown in equation (3.4): 

& = !"# = '2!"$% (3.4) 

Via the de Broglie equation the wavelength of the electrons can finally be related to the 

acceleration voltage of the electron microscope (equation (3.5)): 

� =
ℎ
&
=

ℎ
!"#

=
ℎ

'2!"$%
 (3.5) 

where h is Planck’s constant. This calculation is valid for SEMs but since most TEMs are 

operated above 100 kV the velocity of the electrons becomes greater than half the speed 

of light. Therefore a relativistic approach has to be used to calculate the wavelength in 

these cases. In a typical TEM wavelengths shorter than 0.03 Å can be reached. 

Nevertheless, the resolution of an electron microscope is way larger due to lens 

aberrations as explained later. 

Another advantage of electron microscopes versus light microscopes is the fact that 

electrons as an ionizing radiation can interact with matter in various ways. The 

generation of these secondary signals can be used to gather information about e.g. the 

morphology and chemical composition of the sample. Electron microscopes are usually 

operated at high vacuum to prevent interaction of the electron beam with gas molecules 

in the column. Figure 3.2 illustrates the signals generated due to interaction of an 

electron beam with a sample. 
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Figure 3.2: Scheme of the interaction of an electron beam with the specimen. Several signals which 

can be utilized for analysis are generated in this process. Modified from Williams and Carter.[3] 

Secondary electrons (SE) and backscattered electrons (BSE) are used for imaging in 

SEM. The imaging in TEM is based on elastically scattered and inelastically scattered 

electrons which are transmitted through the sample. The generated characteristic X-rays 

and Auger electrons can be utilized for analytical measurements giving information on 

the elemental composition. The energy loss of the transmitted inelastically scattered 

electrons is required for EELS. 

In summary in electron microscopy, the generated signals allow imaging, diffraction 

investigations and additional analytical methods. The following chapters will go into 

more detail on the utilization of the different signals and on the mentioned 

techniques.[3,5]  

3.2.1 Scanning electron microscopy 

SEM is commonly used to analyze the surface morphology of a bulk sample or to 

investigate cross-sections of layered structures. In a SEM an accelerated electron beam 

is scanned over a specimen. The generated signals of each sample point, which are 
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separated in SE and BSE, are detected and an image of the sample surface topography or 

composition can be formed. Although the resolution of an SEM is inferior to a TEM, 

resolutions better than 1 nm can be achieved. In contrary to micrographs obtained from 

TEM, the images in SEM provide a high depth of field which gives an intuitively 

understandable three dimensional impression of the sample surface. The investigated 

samples have to be conductive or otherwise charging effects due to electron trapping 

can occur. To avoid this disturbance samples are usually coated with thin layers of a 

conductive material e.g. graphite or gold before measurement. Different types of 

electron guns are available to generate an electron beam in a SEM. In thermionic guns a 

tungsten wire or a lanthanum hexaboride crystal are heated up and thus emit electrons. 

Other emitters are thermally assisted field emitters (Schottky emitters) and cold field 

emitters. By applying an electrical field at the sharp tip of the field emitter the potential 

barrier is reduced and electrons can tunnel from the cathode into the vacuum. In the 

case of thermally assisted field emitters additional heating is provided to raise the 

electrons energy. The advantages of field emitters are the high intensity and the narrow 

energy distribution of the generated electron beam. The emitted electrons are 

accelerated in a SEM to energies between 1 keV and 30 keV by applying an electric field 

between the cathode and the anode. A condenser lens system and the objective lens 

demagnify the electron beam to a diameter of 2–10 nm when hitting the sample. With 

help of scanning coils the electron beam is scanned across the sample. SE have energies 

of few eV and are collected by an Everhart-Thornley detector. Since they arise from the 

upper ~50 nm of the sample surface they are used to study the morphology of the 

sample. BSE on the other hand have energies of several keV close to the energy of the 

incident electron beam. These electrons are quasi-elastically scattered by the specimen 

and their intensity strongly depends on the atomic number of the investigated material. 

Therefore BSE are most commonly used to visualize the elemental composition of the 

sample. The detection of BSE is realized with dedicated BSE detectors based on 

semiconductor devices.[5,6] A schematic illustration of a SEM showing its main 

components is given in Figure 3.3. 
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Figure 3.3: Schematic drawing of a SEM assembly and the electron path. Modified from Brandon 

and Kaplan.[6] 

3.2.2 Focused ion beam microscopy 

Focused ion beam (FIB) microscopy is similar to SEM with regards to setup and basic 

imaging as can be seen in Figure 3.4. It is a powerful tool that allows the precise milling 

of specimens so that for example high quality TEM samples or defined nanostructures 

for semiconductor devices can be achieved.[7] Instead of electrons, accelerated ions (e.g. 

gallium or helium) are used to image and manipulate the sample. In general an electron 

and ion beam column can be implemented in one system to enable both processes at the 

same time. An ion gun is built of a tungsten needle that is covered with liquid gallium 

which forms a so-called Taylor cone. A strong electric field is applied at the small tip 

which causes ionization and finally emission of the ions, a process called field 

evaporation. The ions are accelerated by an electric field to energies of 1–50 keV. The 

beam is focused via electrostatic lenses and scanned over the sample like in a SEM. 

When the ion beam hits the sample at lower beam currents secondary ions and SE are 

generated which can be used for imaging. The imaging contrast depends on the 
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orientation of the investigated crystals. If a sample is oriented in a particular zone axis 

the incoming ion beam is penetrating deeper into the crystal (channeling effect). During 

this process SE are generated but since they cannot escape from the sample the 

regarding crystal appears darker. As mentioned above, the great advantage of a FIB is 

the nanometer precise sputtering and milling of material (micro machining). That way it 

is possible to choose the exact area that should be prepared for TEM investigations. At 

higher beam currents sample atoms can easily be removed due to inelastic interaction 

with the ion beam. Before the milling a protection layer of e.g. C or Pt is deposited at the 

desired sample area to avoid damage of the surface structure of the specimen. After the 

rough cutting of the sample it is polished by using very low beam currents until electron 

transparency is reached.[6,8] Depending on the type of TEM sample preparation the 

thinned lamella is transferred to a TEM grid or the thinned stripe of material is fixed in a 

folding grid. The two mentioned sample preparation strategies are described in detail in 

4.4.2. 

 

Figure 3.4: Schematic drawing of a FIB microscope. Modified from Brandon and Kaplan.[6] 
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3.2.3 Transmission electron microscopy 

In TEM, electrons are transmitted through a thin sample and the interaction of the 

electrons with the sample is used to form an image and gain analytical information on it. 

The resolution of a standard TEM/STEM lies in the sub-nanometer regime (see chapter 

3.2) and in addition it allows the accomplishment of several analytical measurements. 

The setup of a TEM/STEM is similar to a SEM (see Figure 3.3) with the main difference 

that only electrons that are transmitted through the electron transparent sample are 

detected. The electron beam can be generated by different electron guns as described in 

chapter 3.2.1. TEMs are operated at an acceleration voltage ranging from 80–300 kV 

depending on the studied material. Just like in SEM the focusing and deflection of the 

beam is realized via electromagnetic lenses. Usually a TEM consists of three sets of 

lenses and corresponding apertures. The condenser lens system focuses the electron 

beam on the specimen and regulates the intensity and the convergence of the beam. It 

can be operated such that an illumination with a parallel or a convergent electron beam 

is possible. The objective lens system forms the first intermediate image or diffraction 

pattern of the sample and is located in close distance to the specimen. The specimen 

itself is inserted via a special sample holder and usually has a diameter of 3 mm and a 

thickness of less than 100 nm. The ED pattern of the specimen is created in the back 

focal plane of the objective lens. Via the objective aperture inserted in this back focal 

plane a selected part of the transmitted electrons can be blocked in order to enhance the 

contrast of the resulting image (explained in more detail later). The following selected 

area diffraction (SAD) aperture which is placed in the first image plane below the 

objective lens allows to choose a specific sample area. The intermediate and projection 

lens system magnifies the intermediate image generated by the objective lens. The 

resulting image or diffraction pattern can be detected via a fluorescent screen or a 

charge coupled device camera. One advantage of a TEM is the ability to switch between 

imaging and diffraction mode. This can be achieved by changing the strength of the 

intermediate lens so that the back focal plane of the objective lens is projected on the 

screen. Figure 3.5 shows the beam paths in the lens system below the specimen in the 

case of diffraction and imaging. 
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Figure 3.5: Beam paths in a TEM for diffraction (left) and imaging mode (right). Modified from 

Brandon and Kaplan.[6] 

Different lens aberrations like spherical aberration, chromatic aberration and 

astigmatism together with the diffractions limit the resolution of a TEM. While 

astigmatism can be corrected in each TEM, additional correctors have to be 

implemented to eliminate the spherical and chromatic aberrations. By doing so, the 

resolution of a TEM can be enhanced to < 1 Å. In addition, the implementation of a 

monochromator can reduce the energy width of the primary beam to ~0.1 eV which is of 

interest for EELS measurements with high energy resolution.[3,5] 

Electron diffraction 

Just like in XRD (see chapter 3.1) diffracted electrons can interfere constructively and 

lead to spots in ED patterns. Since the wavelength of electrons in a TEM is much smaller 
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than the radiation used in XRD, a much larger Ewald sphere occurs and several 

reflections can be observed in the pattern. The lattice spacings dhkl of a material can be 

calculated for a known camera constant (see equation (3.6)). 

�) = *���� (3.6) 

The camera constant λL can be determined by measuring a standard sample like a Si 

single crystal. R is the distance between the primary beam and the investigated 

diffraction spot and can be measured in the diffraction pattern. A specific area of the 

specimen can be selected for diffraction by inserting a SAD aperture.[2,3] 

Conventional TEM 

The most common imaging mode in conventional TEM is the bright-field (BF) imaging. 

Hereby, the objective aperture is positioned around the primary beam. The electrons 

that are scattered by the specimen are blocked. Areas exhibiting stronger scattering 

appear darker. On the contrary only electrons scattered in a preferred direction can be 

used for imaging in dark-field (DF) mode. Either the aperture is placed at the position of 

a scattered beam or the beam is tilted in a way that the diffracted beam is oriented 

parallel to the optical axis. In this mode only the specimen areas that scatter the beam in 

a certain direction appear bright. Diffraction contrast arises when the sample is oriented 

such that the Bragg condition is fulfilled, meaning that crystalline specimen regions 

appear darker in BF images. Besides the diffraction contrast the mass-thickness contrast 

plays an important role in conventional TEM. Regions of the specimen that are thicker or 

have a larger atomic number scatter electrons more strongly and also appear darker in 

BF images.[3] 

High resolution TEM 

High resolution TEM (HRTEM) is used to study the specimen at the atomic scale. When a 

crystalline specimen is tilted in zone axis its lattice planes become visible. The objective 

aperture is removed in this mode, so that all scattered and unscattered electrons 

contribute to the image. Using aberration-correcting optics and a monochromated high-

brightness source resolutions of 0.05 Å can be realized in HRTEM.[9] Nevertheless, unlike 

in STEM, the interpretation of the obtained HRTEM images is not intuitive and more 

difficult. Therefore, simulations have to be performed in order to be able to assign the 

gathered signals to atomic columns. The parallel electron beam which is used in HRTEM 
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is treated as a plane wave. In general the phase and the amplitude of this plane wave is 

shifted when it passes through the specimen due to interactions with the Coulomb 

potential of the atoms. The so-called exit wave which is the electron wave that leaves the 

sample is influenced by the atomic arrangement, the chemical composition and the 

thickness of the specimen. For thin samples it is assumed that, the amplitude of the 

electron wave stays constant and only the phase changes (“weak-phase object”). Due to 

defocussing and lens aberrations the different wave vectors of the exit wave experience 

different phase shifts. The simplified contrast transfer function (CTF) (3.7) for a weak 

phase object describes the influence of defocus and spherical aberration on the phase of 

the exit wave. 

+(,) = -Δ/�,� +
1
2
-12�3,4 (3.7) 

Δf is the defocus, λ is the wavelength, u is the spatial frequency and Cs is the spherical 

aberration coefficient. Whenever the function passes zero, the contrast in the resulting 

image is reversed. The instrumental resolution limit is defined as the first zero-crossing 

of the CTF at the highest possible spatial frequency. The corresponding defocus value is 

called Scherzer defocus.[2,3] 

Scanning TEM 

In STEM mode the specimen is scanned by a convergent electron beam (probe) and the 

transmitted electrons are detected. The beam is deflected with two pairs of scan coils in 

such a way that the beam is always parallel to the optical axis when it is scanned across 

the specimen. For each scanned position the scattered signal is measured and an image 

is formed point by point. Three different detectors which are placed around the optical 

axis can be used depending on the scattering angle θ of the transmitted electrons. A BF 

detector is applied for electrons that are scattered in forward direction (θ < 10–

25 mrad). For larger scattering angles (25 < θ < 50 mrad) annular dark-field (ADF) and 

finally high angle annular dark-field (HAADF) detectors (θ > 75 mrad) are used. The 

HAADF signal is proportional to the scattering cross section of the incoherent, elastically 

scattered electrons. This Rutherford cross section is directly proportional to the atomic 

number squared. This allows an intuitive interpretation of HAADF STEM images 

regarding the distinction of heavier and lighter elements in the specimen. 
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Figure 3.6: Schematic drawing of the available detectors in STEM mode. Modified from Williams 

and Carter.[3] 

Due to the image formation, STEM images are not affected by aberrations of the imaging 

lenses but depend on the quality of the condenser system. The resolution in a STEM 

image depends on the size of the formed probe. By implementing a probe corrector in 

the condenser lens system resolutions of < 0.1 nm can be achieved. A great advantage of 

STEM is the possibility to obtain analytical signals, like EDS and EELS, with a high spatial 

resolution while simultaneously acquiring a HAADF image.[3,10] 

3.3 Energy dispersive X-ray spectroscopy 

EDS can be used in SEM and TEM to investigate the chemical composition of a sample. 

The process leading to the emission of characteristic X-rays is visualized in Figure 3.7. A 

high energy electron beam hits the sample and eventually knocks out an inner-shell 

electron of an atom. Since this state is instable, an electron from an outer shell with a 

higher energy can be transferred to the inner shell to fill the hole. The energy difference 

between the two shells can either be released as an X-ray or lead to the emission of an 

Auger electron. Since this energy difference and therefore the X-ray wavelength are 

characteristic for each element, EDS can be used for qualitative analysis. 
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Figure 3.7: Schematic drawing of the excitation of an inner shell electron followed by relaxation 

and emission of a characteristic X-ray. Modified from Williams and Carter.[3] 

The emitted X-rays are named depending on the electron shell from which the electron 

is excited (K, L, M) and depending on the electron shell from which the electron comes to 

fill the state (α, β, γ). EDS is preferably used for elements with an atomic number Z > 13 

because the low energy X-rays associated with light elements can easily be absorbed by 

the sample itself or the detector window. In addition to the emission of characteristic X-

rays, a part of the electrons are decelerated by the Coulomb field of the atomic nucleus. 

This process leads to the generation of bremsstrahlung which forms the background of 

an EDS spectrum. Before performing quantitative EDS analysis, the background has to 

be subtracted from the spectrum which can be done via Kramer’s equation. Finally the 

area under the peaks is measured and the concentration ratio of the contained elements 

can be calculated with the Cliff-Lorimer equation (3.8). 

56
57

= 867
96
97

 (3.8) 
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The concentration ratio cA and cB is proportional to the intensity ratio IA and IB of the 

elements A and B. The Cliff-Lorimer factor kAB depends on the analyzed elements and 

measurement parameters like high voltage and detector efficiency.[3,5,6] 

3.4 Electron energy loss spectroscopy 

EELS is a versatile technique to investigate a number of properties of a material (e.g. 

chemical composition, electronic properties, coordination) with high spatial and energy 

resolution. In a TEM, electrons pass through the sample and loose a certain amount of 

energy due to inelastic scattering events with electrons from the material. The 

inelastically scattered electrons are energy-dispersively separated by a magnetic prism 

and finally detected as a function of their energy loss. In Figure 3.8 an EELS spectrum is 

shown which can be classified in three regions. At 0 eV the most intense peak, called the 

zero loss peak, is formed by the transmitted electrons that did not undergo inelastic 

scattering processes. Electrons with very small energy losses due to excitation of 

phonons are also part of the zero loss peak. The low loss region which contains 

excitation of plasmons as well as inter and intra band transitions reaches up to an 

energy loss of 50 eV. This area can be used for band gap investigations or to determine 

the thickness of the sample. At energy losses higher than 50 eV characteristic ionization 

edges can be detected in the so called-core loss region. The energy of the primary 

electrons can be transferred to inner shell electrons of the sample that are excited into 

empty states above the Fermi level. The onset and the shape of the edge give 

information about structural and chemical properties of the investigated specimen. The 

edge fine structure for example is determined by the density of states and acts as a 

fingerprint for coordination and valence state. In addition, EELS is used best to detect 

lighter elements and is therefore a complementary method to EDS. 
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Figure 3.8: EELS spectrum showing the zero loss peak and the element specific ionization edge of 

oxygen. 

EELS spectra also hold quantitative information and allow the determination of the 

chemical composition of the sample. First, the background has to be modeled via a 

power-law function and is subtracted. Then a scattering cross-section has to be 

determined theoretically or experimentally depending on the measurement parameters 

and the specimen properties.[3,11] 

3.5 Fuel cell characterization methods 

In the following chapter the fuel cell characterization methods most commonly used in 

this work are presented. All of the mentioned measurements were performed at ELCOMAX 

GmbH, Munich by Tanja Ossiander and Markus Perchthaler. 

3.5.1 Polarization curves 

The standard electrochemical technique for the characterization of fuel cells is the 

acquisition of polarization curves. It allows obtaining information on performance losses 

in the cell or stacking under operating conditions. Hereby, the cell voltage is recorded in 

dependency of the current during operation (see Figure 3.9). 
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Figure 3.9: Schematic drawing of a polarization curve which can be divided into three regions 

corresponding to different voltage losses. The multiplication of voltage and current gives the 

electrical power at each data point. 

When no electric load is applied, the corresponding voltage provided by a fuel cell is 

called the open-circuit voltage (OCV). The measured OCV is always lower than the 

theoretical thermodynamic voltage, mainly due to fuel cross-over from the anode to the 

cathode. 

The shape of the curve is influenced by several processes that are related to voltage 

losses during operation. The difference between measured and thermodynamic voltage 

is called overpotential which is an important factor for the performance of fuel cells. The 

polarization curve can be divided into three different regions that give information on 

different types of voltage losses. The first region (see Figure 3.9 A) is influenced by 

kinetic-related activation losses. Due to the charge-transfer kinetics of the O2 reduction 

and H2 oxidation rates at the electrode surfaces the working potential is reduced in the 

low current density region. The second region (see Figure 3.9 B) corresponds to so-

called ohmic losses. These originate from electric contact resistance among the fuel cell 

components and the proton resistance of the proton-conducting membrane. The 

working potential shows a linear behavior with increasing current density. At high 

current density values (see Figure 3.9 C) the transfer speed of reactants and products is 

slower than the reaction rate which leads to a severe decrease of the working potential. 

Therefore, the third region is called mass transport loss region.[12,13] 



3 Characterization methods 

34 

All polarization curves were measured using a single cell setup with an active area of 

50 cm² and a serpentine channel flow field structure on anode and cathode. Mass flow 

controllers regulated the reactants flow rates. Electrical heating cartridges controlled 

the cell temperature at 160 °C. 

3.5.2 Cyclic voltammetry 

With cyclic voltammetry qualitative information about the rates of reaction and reactant 

diffusion in a fuel cell system can be obtained. It is often used to examine the 

electrochemical active surface area (ECA) of the catalyst. This method can be performed 

ex-situ for the catalyst only and in-situ for the MEA of a fuel cell. The potential is scanned 

at a working electrode and the resulting current is monitored via a counter electrode. In 

the conducted experiments the anode is fueled with hydrogen. Therefore, it acts as the 

counter electrode and as a pseudo reference electrode. For the determination of the 

active catalyst surface at the cathode (working electrode), a triangular voltage is applied 

and the resulting current is measured. Assuming carbon based fuel cell electrodes with 

Pt catalyst, the potential is cycled between 0 V and 1.23 V. At the anodic half cycle at 

positive current values surface oxidation reactions like H desorption and Pt oxidation 

take place (see Figure 3.10). In contrast at negative current values surface reduction 

reactions (Pt-O reduction, H adsorption) can be observed. The shape of the cyclic 

voltammogram is dependent on the type of used electrode, the ECA of the catalyst and 

impurities on the surfaces. The ECA of the catalyst can be calculated by measuring the 

area under the peak which corresponds to the H desorption. The amount of electrons 

which is needed to oxidize the Pt equals the amount of desorbed H atoms and is 

therefore also equal to the number of free adsorption places on the Pt surface.[12,13] 
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Figure 3.10: Schematic drawing of an in-situ cyclic voltammogram. Several characteristic regions 

are labeled. 

3.5.3 Long term fuel cell test with continuous operation 

Long term fuel cell degradation measurements were performed under constant load in 

an assembled fuel cell stack. In these experiments the voltage is monitored as a function 

of time. A 20 cell stack with an active surface of 153 cm2 was used. The measurements 

were done under a constant load of 0.2 A cm−2 and at a temperature of 160 °C. The stack 

was fueled with reformed methanol on the anode side and air on the cathode side. 

3.5.4 Long term fuel cell test with start-stop cycle operation 

The start-stop cycle operation for fuel cells is usually performed to examine the long 

term stability of fuel cell materials. The cyclic heating and cooling as well as the 

periodical load change lead to a high electrochemical and thermal stress for the fuel cell 

material. This allows for investigation of the reliability of the system when it comes to 

regular shutdowns as well as the degradation stability in general.[14] 

A 50 cm² single cell was heated up to 80 °C. At this temperature, the cathode was purged 

with dry air for 5 min. Then the cell was heated to 120 °C. At this temperature, the anode 

was purged with nitrogen plus the hydrogen and air gases were switched on. While the 

cell was heated up to 160 °C, current was drawn at 0.25 A cm−². As soon as a 

temperature of 160 °C was reached, the current was increased to 0.5 A cm−² and then 
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held for 4 h. In the stop phase, the current was decreased to 0.25 A cm−² while cooling 

the cell to 120 °C. The current was switched off when the temperature was reached. 

Afterwards, the anode was purged with nitrogen and the cell cooled down to room 

temperature for 4 h. This procedure was repeated for several cycles. 
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4 Experimental details 

In the following chapter the used chemicals and substrates as well as the used 

equipment and microscopes are listed. Furthermore the sample preparation of SEM and 

TEM samples is described. 

4.1 Chemicals and substrates 

In Table 4.1 the used chemicals and substrates are summarized. 

Table 4.1: Used chemicals and substrates. 

Name Chemical formula Purity Supplier 

Acetone C3H6O Pure BRENNTAG 

Ethanol C2H6O ≥ 99.9% MERCK 

Isopropyl alcohol C3H8O ≥ 99.9% FLUKA-ANALYTICAL 

Silver conductive lacquer - - ACHESON 

G1 Epoxy - - GATAN 

Aluminum substrate Al - CONRAD ELECTRONIC 

Brass substrate CuZnx - CONRAD ELECTRONIC 

Silicon substrate Si - SILCHEM 

4.2 Equipment 

The equipment used for sample preparation is summarized in Table 4.2. 

Table 4.2: Equipment used for sample preparation. 

Equipment Short description 

Diamond wire saw Precision Vertical Diamond Wire Saw, Model 3242 from WELL 

Disc grinder Model 623 from GATAN, grinding paper with 40 µm and 5 µm grain size 

Dimple grinder Model 656 from GATAN, diamond paste with 3 µm and 0.25 µm (for 

polishing) 

Ion polishing system Precision ion polishing system (PIPS) from GATAN equipped with a 

cold stage controller from GATAN 

Light microscope Optical Technology from OPTECH 

Thickness gauge Model 12.5 mm-0.001 / .5”-.00005 from KÄFER 
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4.3 Analytical instruments 

The microscopes and X-ray diffractometers used in this work are listed in Table 4.3. 

Table 4.3: Analytical instruments used in this work. 

Method Instrument Short description 

XRD 

D8 Discovery from BRUKER Using Cu-Kα radiation (λ=1.54 Å) 

Seifert THETA/THETA from 

GE INSPECTION TECHNOLOGIES 

(operated in Düsseldorf) 

equipped with a Meteor OD detector, using 

Co-Kα radiation (λ=1.79 Å) 

SEM JSM-6500F from JEOL 
Equipped with an EDS spectrometer from 

OXFORD INSTRUMENTS INCA ENERGY 

FIB 

NVision 40 from ZEISS 

(operated in Garching) 

Dual focused ion beam and scanning electron 

microscope; SEM used at 2.5 keV; FIB used at 

30 keV and 1.5 pA 

Helios NanoLab 600i from FEI 

(operated in Düsseldorf) 

Dual focused ion beam and scanning electron 

microscope 

TEM 

JEM 2011 from JEOL 

Operated at 200 keV acceleration voltage; 

equipped with an EDS spectrometer from 

EDAX 

Titan from FEI 

S/TEM operated at 80–300 keV; equipped 

with an EDS spectrometer from EDAX, a 

HAADF detector from FISCHIONE INSTRUMENTS 

(model 3000) and a Tridiem energy filter 

from GATAN 

 

The XRD measurements were performed by Tina Reuther at the LMU Munich and by 

Benjamin Breitbach at the MPIE Düsseldorf. 

The preparation of TEM samples via FIB was performed at the Walter-Schottky Institute 

of the TU Munich by Ramona Hoffmann and Sonja Matich. In addition, Tristan Harzer 

and Katharina Hengge prepared TEM lamellae at the MPIE in Düsseldorf. 
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4.4 Sample preparation 

4.4.1 SEM sample preparation 

For basic investigations of sample surfaces a 0.5×0.5 cm piece of the samples was cut 

with a scalpel and then glued onto a cylindrical SEM sample holder using conductive 

silver lacquer. Cross-sectional SEM samples were prepared by molding the rotated 

sample in resin and subsequent grinding until the desired sample area was uncovered of 

the resin at the top. 

A thin layer of carbon was sputtered on all samples to prevent charging effects during 

investigation of the sample surface. 

4.4.2 TEM sample preparation 

As a rule of thumb samples have to be thinner than about 100 nm in order to analyze 

them in a TEM. In this work different sample preparation strategies were applied to 

reach this small sample thickness. 

Standard TEM samples 

To investigate shape and crystallinity of individual components the dropping method is 

a useful and quick way to prepare TEM samples. The sample powder was suspended in a 

solvent and ultrasonicated so that larger features broke apart and electron transparency 

was ensured. Afterwards, one drop of the suspension was dropped onto a 3 mm in 

diameter TEM grid (usually copper) coated with an amorphous holey carbon film. The 

solvent was evaporated at room temperature and the sample material remained on the 

grid. 

Cross-sectional TEM samples 

The preparation of cross-sectional TEM samples was performed following the method 

reported by Strecker et al..[1] In this work it was primarily used for the preparation of 

membrane samples. The procedure for this method is illustrated in Figure 4.1. A small 

piece of specimen material (see Figure 4.1 a)) was glued between two wafers 

(aluminum, brass or silicon) by using a two-component glue (G1 

Epoxy : hardener = 10 : 1). The formed “sandwich” was then cut with a diamond wire 

saw in a way that it fitted into a brass tube with an internal diameter of 2.0 mm (see 
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Figure 4.1 b)). The “sandwich” was glued into the brass tube (see Figure 4.1 c)) using 

again a two-component glue (G1 Epoxy : hardener = 10 : 1). A specimen slice with a 

thickness of approximately 200 µm was cut off the tube with the diamond wire saw (see 

Figure 4.1 d)). Afterwards the slice was thinned via manual disc grinding to a thickness 

of about 50 µm (see Figure 4.1 e)). In the next step two dimples were grinded into the 

thinned specimen disk to further reduce the thickness in its center to about 15 µm (see 

Figure 4.1 f)). The final thinning was performed by a precision ion polisher. Two argon 

ion beams with an energy of 3 keV were directed at the specimen center with an angle of 

5°. Due to the ion bombardment a wedge shape with a small hole in the middle of the 

specimen was formed. During the Ar ion bombardment the sample was cooled with 

liquid nitrogen to prevent damage due to heat (see Figure 4.1 g)). The wedge right next 

to the hole in the specimen is thin enough for TEM investigation. 

 

Figure 4.1: Schematic illustration of the preparation of a TEM cross-sectional specimen: a) gluing 

of a metal wafer (grey) and specimen material (brown) forming a “sandwich”; b) cutting of the 

“sandwich” with a diamond wire saw; c) brass tube with seated “sandwich” and embedded in glue; 

d) cutting of specimen slices with the diamond wire saw; e) reducing the thickness of the specimen 

slice via disc grinding leads to a sample thickness of about 50 μm; f) grinding of two dimples with a 

dimple grinder for further specimen thinning; g) final preparation of the specimen slice with help 

of an ion polishing system. Figure courtesy of Stephan Gleich.[2] 

TEM sample preparation with FIB 

Two different preparation routes for TEM samples via FIB have been used in this work. 

For the first method a surface region of the sample (20 µm × 2 µm) containing the 
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desired features (see Figure 4.2 a)) is sputtered with a 400–800 nm thick, protective 

carbon layer (see Figure 4.2 b)). Subsequently, the material at the long sides of the 

specimen area is removed by a focused beam of gallium ions, starting at a distance of 

10 µm at an angle of 20° (see Figure 4.2 c)). The free-standing lamella has a size of 

2 × 20 × 5 µm and is cut out of the sample material (see Figure 4.2 d)). Before cutting the 

lamella loose, it is fixed to a manipulator needle by depositing carbon with a gas-injector 

system (see Figure 4.2 e)). The remaining connection of the lamella to the sample is cut 

(see Figure 4.2 f)) and the lamella is transported to a 3 mm half-ring Cu TEM grid (see 

Figure 4.2 g)). It is glued to the grid with carbon and the manipulator is cut off with the 

ion beam (see Figure 4.2 h)). Finally, the lamella is further thinned and polished at low 

beam currents until electron transparency is reached (see Figure 4.2 i)). 

 

Figure 4.2: Schematic representation of the conventional sample preparation of a TEM lamella via 

FIB. Figure courtesy of Katharina Hengge.[3] 

Part of the investigation in this work focused on the interface of anode and membrane of 

the fuel cells. Since this interface is located about 20 µm below the sample surface a 

different preparation strategy was used. The MEA was glued cathode side down onto an 
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aluminum substrate. The carbon GDL and micro porous layer (MPL) were removed and 

the sample was cut in stripes with a thickness of about 150 µm (see Figure 4.3 a)). A 

20 µm long sample area in the center of the stripe was chosen and thinned until electron 

transparency was reached (see Figure 4.3 b)). The thinning was performed by going 

towards the interesting sample area at high beam currents (45 nA, 27 nA, 13 nA). The 

closer the beam got to the region of interest the more the ion beam current was reduced. 

By doing so, damaging of the sample and incorporation of gallium into the sample was 

reduced (see Figure 4.3 c) and d)). The thinned area remained in the 150 µm long 

sample stripe and the stripe was transferred to a folding Cu TEM grid. Some of the Cu 

stripes were removed so that the thinned sample area was free-standing and could be 

analyzed in the TEM. 

 

Figure 4.3: Schematic representation of the alternative sample preparation of a TEM lamella via 

FIB. 
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5 Influence of the size and shape of silica 

nanoparticles on the properties and degradation of 

a PBI-based high temperature polymer electrolyte 

membrane 

This chapter is based on the following publication: 

Tanja Ossiander*, Christoph Heinzl*, Stephan Gleich, Frank Schönberger, Petra Völk, 

Marina Welsch, Christina Scheu Journal of Membrane Science 2014, 454, 12–19. 

* These authors contributed equally. 

5.1 Introduction 

Polymer electrolyte membrane fuel cells (PEMFC) have gained considerable attention in 

fuel cell applications over the last several years.[1] The limitation of low temperature 

PEMFC membranes like Nafion® leads the main focus of future development on 

membranes which can be operated at temperatures above 100 °C.[2,3] Savinell et al. 

presented phosphoric acid doped polybenzimidazole (PBI) for fuel cell operation from 

150 °C to 200 °C without humidification.[4-6] These high temperature PEMFCs (HT-

PEMFC) benefit from faster reaction kinetics on the electrodes, increased catalytic 

activity and simplified heat management.[7-10] In spite of these advantages, the lifetime of 

HT-PEMFC still remains the major concern.[11] Striving for the goals of performance, 

lifetime and cost on the membrane side, different approaches for ruggedized 

membranes have been reported in literature.[12-15] Besides ionic and covalent cross-

linking, the third main concept is the application of organic-inorganic composite 

membranes. 

The incorporation of inorganic nanofillers in the polymer matrix is often realized by an 

in-situ sol-gel creation of the particles during membrane casting.[16-21] This method 

prohibits silica nanoparticle agglomeration and therefore enables higher inorganic 

contents.[22] Chuang et al. prepared silica nanoparticles in-situ from tetraethoxy silane 
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(TEOS) with (3-isocyanatopropyl)triethoxysilane as a cross-linker by sol-gel 

technique.[23] The procedure is driven by a combination of hydrolysis and condensation 

reactions. The resulting silica particles are surrounded by silanole end groups and cross-

linked to the polymer chains.[24] By using the sol-gel technique the size, shape and 

amount of particles are controlled by the concentration and type of additives as well as 

the reaction parameters such as temperature or time.[22,23,25,26] The smaller the resulting 

particles are, the more surface sites are available which can interact with the polymer 

chains and therefore influence the membrane properties.[1] The membrane benefits in 

various ways such as better retention for liquids, higher mechanical and thermal 

stability and lower gas permeability.[4,23,27,28] In some cases even better proton 

conductivity was gained.[4,29,30] Originally various different combinations of inorganic 

fillers and polymer materials were tested and reviewed for low temperature PEMFCs 

and direct methanol fuel cells.[20,22,31] It turned out that silica nanoparticles play an 

outstanding role because of their high pore volume and thermal stability.[21,32] These 

particles were also incorporated in phosphoric acid doped PBI-membranes for HT-

PEMFC.[24,33-35] This general concept of organic-inorganic composite membranes 

addresses the weaknesses of PBI-based membranes by improving the mechanical 

stability in doped status plus reducing the phosphoric acid loss during operation.[21] 

While the mechanical strength of the these membranes is reported to be increased, the 

proton conductivity is frequently too low.[21] Lifetime analysis of phosphoric acid PBI-

based HT-PEMFC have been reported previously.[36] Since the publications in the field of 

organic-inorganic PBI-based composite membranes concentrate mainly on ex-situ 

membrane properties, the important question of this materials' long term stability still 

remains open. 

In this work, silica nanoparticles are formed from TEOS by in-situ sol-gel procedure and 

cross-linked to the PBI polymer chains with (3-glycidyloxypropyl)-trimethoxysilane 

(GPTMS) (see Figure 5.1). The influence of three different TEOS contents on the size, 

shape and distribution of the nanoparticles are investigated by transmission electron 

microscopy (TEM). By applying local energy dispersive X-ray spectroscopy (EDS) 

measurements at nanometer regime and electron diffraction the observed particles 

were proven to be amorphous silica. Their influences on the thermal, chemical and 

mechanical properties are studied using thermogravimetric analysis (TGA), solvent 
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Figure 5.1: Sol-gel reaction of TEOS with GPTMS. The cross

epoxide ring opening reaction of GPTMS with the imidazole gro

5.2 Experimental 

5.2.1 Preparation methods

Membrane and MEA preparation

Three different membranes with TEOS contents of 40, 80 and 120 

PBI were prepared. PBI was dissolved in N,N

stirred for 3 h at 200 °C under pressure. The solution was filtered over a 20

added in a glass reactor. A solution of TEOS (Alpha Aesar) and 

DMAc was added to the PBI solution under stirring. To the resulting viscous solution,

potassium hydroxide (Sigma Aldrich) is added. The reaction product was filtrated over a 

20 µm filter and coated on a carrier foil.

The HT-PEM MEAs are manufactured by doping the gas diffusion electrodes with 

phosphoric acid and hot-pressing them with the membrane.
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extraction analysis and stress-strain measurements. Besides in-situ performance testing, 

the main goal of this work is to prove lifetime and cycle stability of the develope

membrane electrode assemblies (MEA) in long-term fuel cell operation.

gel reaction of TEOS with GPTMS. The cross-linking of the particles is based on an 

epoxide ring opening reaction of GPTMS with the imidazole groups of the PBI. 

Preparation methods 

Membrane and MEA preparation 

Three different membranes with TEOS contents of 40, 80 and 120 wt

PBI were prepared. PBI was dissolved in N,N-dimethylacetamide (DMAc, Merck) and 

°C under pressure. The solution was filtered over a 20

added in a glass reactor. A solution of TEOS (Alpha Aesar) and GPTMS (Alpha Aesar) in 

added to the PBI solution under stirring. To the resulting viscous solution,

hydroxide (Sigma Aldrich) is added. The reaction product was filtrated over a 

µm filter and coated on a carrier foil. 

PEM MEAs are manufactured by doping the gas diffusion electrodes with 

pressing them with the membrane. 
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5.2.2 Characterization methods 

5.2.2.1 Ex-situ membrane testing 

Thermal properties 

The thermal stability of the membrane samples was determined by TGA on a Perkin-

Elmer TGA 4000. About 10 mg of the material was filled into the crucible. All 

measurements were recorded with a heating rate of 10 °C min−1 in the temperature 

range between 40 and 600 °C under nitrogen atmosphere. 

Chemical stability 

The membrane chemical stability was tested by extraction in DMAc. Pieces in the size of 

3 × 3 cm2 were dried in the oven over night at 150 °C before their weight was measured. 

After this, the membrane was put into a round bottom flask and covered with DMAc. The 

solvent was heated up to 130 °C for 1 h. After cooling the solution to room temperature, 

within 1 h, the samples were taken out of the flask. The extracted samples were dried 

over night at 150 °C and weighted afterwards. The extraction residue was calculated. 

Swelling ratio and liquid uptake 

The swelling behavior and liquid uptake of the membranes were measured by 

immersing 2.5 × 3 cm2 pieces in phosphoric acid for 30 min at 130 °C. The weight and 

dimensional changes between the dry and the doped membrane were recorded. Liquid 

uptake and swelling ratios were calculated as percentage weight increase and 

dimensional growth. 

Mechanical properties 

The mechanical properties of the samples were determined by acquiring stress-strain 

curves on a BT1‐FR0.5TN.D14/500 N Zwicki from Zwick. Membrane pieces (1 × 15 cm2) 

were punched out of the membrane. The average thickness of every sample was 

evaluated with a thickness gauche from Sylvac. All measurements were carried out at 

room temperature. 

Morphology and chemical composition analysis 

The morphology as well as the chemical composition of the silica structures 

incorporated in the membrane was examined via TEM. The samples were prepared in a 
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way based on the standard cross-sectional TEM sample preparation as described by 

Strecker et al.[37] The membrane was glued between two spacers (aluminum or brass) 

and this sandwich was glued into a brass tube with an outer diameter of 3 mm. After 

slicing thin discs (200 µm) off this tube with a diamond saw, these slices were thinned 

by using a grinder and dimpler from GATAN. Electron transparency was reached by 

further thinning the samples with a beam of argon ions (precision ion polishing system 

from GATAN; 3 keV, 5°, double mode). The used TEM was a FEI Titan 80–300 (S)TEM 

equipped with an EDAX detector for EDS measurements. Although the Titan can be 

operated between 80 and 300 kV, the measurements were mostly done at 80 kV to 

reduce beam damage effects like knock-on damage. The microscope is also equipped 

with a high angle annular dark-field (HAADF) detector from Fischione Instruments 

(Model 3000) which allows for scanning TEM (STEM) imaging. 

Statistical particle evaluation 

To evaluate the size distribution of the particles and to determine the membrane area 

covered by silica, the area of several hundred particles was measured in each sample 

with help of the program ImageJ.[38] A band-pass filter was applied on micrographs to 

enhance the contrast between particles and substrate. In the next step, the threshold of 

intensity was defined filtering out the background and leaving only the particles. The 

size and number of particles were determined and subsequently the equivalent 

spherical diameter as well as the particle density was calculated. 

Crystallinity analysis 

X-ray diffraction (XRD) patterns were obtained on a Bruker D8 Discovery diffractometer 

with CuKα radiation (λ = 1.54 Å) to investigate the crystal structure of the membranes 

and the incorporated silica. The 2θ range was chosen from 10° to 50° with a scanning 

rate of 0.05°/s. 

5.2.2.2 MEA testing 

Electrochemical behavior 

The electrochemical behavior of the MEAs was studied using begin of beginning-of-life 

(BOL) polarization curves. A single cell setup with an active area of 50 cm² and a 

serpentine channel flow field structure on anode and cathode was used. Reactants flow 
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rates were measured and controlled using mass flow controllers. Cell temperature was 

160 °C and controlled by electrical heating cartridges. 

Cycle stability 

Start-stop cycle tests were done to investigate the stability of the MEAs under cycled fuel 

cell operation. A 50 cm² single cell was heated up to 80 °C. At this temperature, the 

cathode was purged with dry air for 5 min. Then the cell was heated to 120 °C. At this 

temperature, the anode was purged with nitrogen plus the hydrogen and air gases were 

switched on. While the cell was heated up to 160 °C, current was drawn at 0.25 A/cm². 

As soon as 160 °C was reached, the current was increased to 0.5 A/cm² and then held for 

4 h. In the stop phase, the current was decreased to 0.25 A/cm² while cooling the cell to 

120 °C. The current was switched off when the temperature was reached. Afterwards, 

the anode was purged with nitrogen and the cell cooled down to room temperature for 

4 h. This procedure was repeated for several cycles. 

Degradation at long term operation under constant load 

Long term operation under constant load was conducted at a current density of 0.2 

A/cm² at 160 °C. The stack was fueled with reformed methanol on the anode side with a 

stoichiometry of 1.4 and air on the cathode side with a stoichiometry of 2.0. 

5.3 Results and discussion 

5.3.1 Structural analysis 

The TEM investigation of the membrane samples containing 40%, 80% and 120% of 

TEOS and a constant amount of 10% GPTMS reveals the successful formation of silica 

particles during the in-situ sol-gel reaction. Figure 5.2 shows HAADF STEM micrographs 

of the three different systems. The intensity in these images is proportional to the 

atomic number squared. Therefore, the obtained silica structures appear bright in the 

micrographs. The inhomogeneous brightness and the channel-like structure of the gray 

appearing membrane matrix arise from the sample preparation. The observed silica 

structures in all samples are amorphous. Neither via electron diffraction nor via high 

resolution TEM could any evidence of crystallinity be found. 
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While the sample with a content of 40% TEOS shows elongated large silica particles, the 

other two membranes contain relatively round-shaped silica particles. When comparing 

the membrane containing 80% TEOS with the 120% TEOS sample it can be seen that the 

size of the silica particles gets smaller but their amount rises. Overall, it can be observed 

that the sizes of the well dispersed silica particles in the membranes decrease at higher 

concentrations of introduced TEOS. 

 

Figure 5.2: STEM micrographs of membrane specimens with an amount of TEOS of 40% (a), 80% 

(b) and 120% (c) reveal incorporated bright appearing particles with different sizes and 

distributions. 

The statistical size distribution of the silica particles in the samples 40%, 80% and 120% 

TEOS is illustrated in Figure 5.3. 

 

Figure 5.3: Size distribution of the silica particles in the membranes with different contents of 

TEOS. 
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The silica particle sizes in the sample containing 40% TEOS are distributed over a large 

range and show no preferred size. More than half of the evaluated particles exhibit a size 

larger than 100 nm2 and smaller than 400 nm2. For reasons of vivid representation, the 

shown histogram was cut off at a particle size of 500 nm2. Nevertheless, only about 10% 

of the counted silica particles of the sample 40% TEOS are larger than 500 nm2 and their 

size distribution above 500 nm2 linearly decreases to a maximum particle size of about 

800 nm2. The silica particles in the 80% TEOS membranes are in generally smaller than 

those of the sample containing 40% TEOS but they are also distributed over a wide size 

range up to several hundred nm2. When it comes to the sample with 120% TEOS, the 

size distribution of the particles is rather narrow and the particles are again smaller in 

size. Less than 7% of the measured particles in the 120% TEOS membrane inherit a size 

larger than 150 nm2. For a better overview the average particle size and the average 

particle density with their respective standard deviations were calculated and are 

summarized in Table 5.1. The particle density was determined by dividing the total area 

of all particles in a micrograph by the whole area of the micrograph. Furthermore, an 

average equivalent spherical diameter, assuming spherical particles, is given which 

simplifies the estimation and comparison of the particle sizes of each specimen. 

Table 5.1: Average particle size, average equivalent spherical particle diameter and average 

particle density of the samples containing 40%, 80% and 120% TEOS as well as their respective 

standard deviations. 

TEOS (%) 
average particle size 

(nm2) 

average equivalent 

spherical particle 

diameter (nm) 

average particle density 

(%) 

40 293 ± 201 18 ± 6 3 ± 1 

80 162 ± 107 14 ± 4 3 ± 1 

120 56 ± 56 8 ± 3 6 ± 1 

 

As already implied, the average particle size decreases with higher concentrations of 

TEOS from 293 ± 201 nm2 (40% TEOS) over 162 ± 107 nm² (80% TEOS) to 56 ± 56 nm² 

(120% TEOS). The high standard deviation arises from the existence of a few large silica 

particles and the broad size distribution in every sample. The average equivalent 
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spherical particle diameter follows the tendency of the average particle size. Regarding 

the particle density an inverse behavior can be observed. The higher the amount of 

introduced TEOS the higher the density and the smaller the size of the particles is. 

In order to verify that the bright structures in STEM micrographs are silica, EDS 

measurements were performed on both, the bright particles and particle-free regions of 

the membranes. In Figure 5.4 two EDS spectra measured on 120% TEOS are shown 

exemplarily. The black colored spectrum was measured on a bright particle and the gray 

spectrum was measured on a particle-free region. 

 

Figure 5.4: EDS spectra of 120% TEOS on a bright particle (black) and on a particle free region 

(gray). 

PBI is composed of carbon and nitrogen. A dialkylphosphate softener which is equally 

distributed within the membrane contains phosphor and oxygen and an added catalyst 

is made up of potassium. The elements copper and zinc originate from the used brass 

tube and wafer for the specimen preparation. The data clearly shows a higher silicon 

and oxygen proportion for the bright particle indicating that the particles consist of 

silica. 

In addition to measurements over only a few nm2, several EDS overview measurements 

over an area of 5 × 5 µm2 have been conducted on all samples. In Table 5.2 the amount of 
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silicon is compared to the amount of phosphor which is present in each of the 

membranes in equal quantity as well as in uniform distribution. 

Table 5.2: Detected ratio of silicon to phosphor in atomic percent for the samples with 40%, 80% 

and 120% TEOS via overview EDS measurements. 

TEOS (%) Si (at%) P (at%) 

40 71 ± 5 29 ± 5 

80 74 ± 4 26 ± 4 

120 77 ± 3 23 ± 3 

 

The silicon to phosphor rate increases from 40% over 80% to 120% TEOS content 

which correlates with the silica precursor concentration. Thus, it appears that if a higher 

amount of TEOS is used, a higher amount of silica is indeed incorporated into the 

membrane. 

XRD measurements were performed to reveal possible structural changes in the 

polymer matrix due to the presence of silica particles. In Figure 5.5 the X-ray diffraction 

patterns of the three membrane specimens with 40%, 80% and 120% TEOS are 

illustrated. Additionally, the pattern of a PBI membrane which was not treated with 

TEOS (0% TEOS) is shown by way of comparison. At a 2θ value of about 21.0 ° a broad 

reflection can be identified in all samples. This value for the amorphous PBI membrane 

is in rough agreement with literature.[39] The full width at half maximum (FWHM) ∆ was 

measured for each broad reflection. All of the broad diffraction peaks of 40% TEOS 

(∆ = 9.154°), 80% TEOS (∆ = 8.290°) and 120% TEOS (∆ = 8.485°) exhibit a larger FWHM 

than the one of 0% TEOS (∆ = 7.128°). A possible explanation for this observation is an 

increasing disorder in the polymer matrix because of the existence of silica particles. A 

high disorder leads to a less defined stacking of the PBI chains resulting in a broader 

reflection. The reflection width of the membranes incorporated with silica particles also 

varies but no obvious trend can be detected between the size or the amount of silica 

precursor and the FWHM of the respective reflections. 

No discrete, sharp reflexes were observed during the measurements indicating that 

none of the parts of the membrane or the silica particles are crystalline. 
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the diffraction patterns are normalized as well as displaced along the y-axis. 
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Figure 5.6: TGA measurements of membrane samples with 40%, 80% and 120% TEOS content in 

comparison to a pure PBI membrane. 

The first mass loss until 150 °C is due to absorbed water in the membranes and traces of 

the solvent. As organic-inorganic membranes have higher water binding capacity, they 

lose more weight in this temperature range than the pure PBI membrane. Between 300 

and 500 °C a constant weight loss of 9% for the samples containing silica was observed. 

As the boiling point of GPTMS is at 260 °C, this mass loss results mainly from DMAc 

evaporation.[41] Altogether, the examined samples are thermally stable uptil 300 °C, 

which qualifies all three membranes for high temperature fuel cell operation. This is in 

agreement to the results previously reported for related membrane 

compositions.[24,27,42] These materials also showed no differences in thermal stability at 

different silica contents. Respecting the effects of the different pre-treatments and 

additives, their curve behavior was also similar. 

5.3.2.2 Mechanical stability 

Stress-strain curves of the different materials were measured to test the mechanical 

stability of the samples with 40%, 80% and 120% TEOS as well as a pure PBI membrane 

(Figure 5.7). Based on the different sizes, shapes and distributions of the silica particles 

in the three membranes, a difference in the mechanical stability is observed. 

Incorporation of inorganic particles in the membrane enhances the strength in 

comparison to pure PBI significantly. 
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Figure 5.7: Stress-strain curves of membranes with 40%, 80% and 120% TEOS content in 

comparison to a pure PBI membrane. 

The membrane with 40% TEOS content gives the best mechanical stability. By adding 

additional silica, the mechanical strength of the materials is reduced. Young's modulus 

decreases from 4500 to 2800 MPa and the yield stress from 136 to 119 MPa. 

Furthermore, the ultimate strain is reduced from 52% to 42% by raising the TEOS 

content in the membranes. 

The elongated, large particles in the membrane with 40% TEOS enhance the strength 

and Young's modulus without leading to cracks in the material. The elastic deformation 

of these membranes is improved, compared to membranes without TEOS, as the 

particles block the unfolding process of the polymer chains to a certain extent.[20] The 

higher amount and smaller particle size at higher silica contents does not hinder the 

unfolding of the polymer chains as much as bigger particles. This results in lower elastic 

deformation and therefore lower yield strength and Young's modulus.[20] The slight 

differences in ultimate strain of the samples with different TEOS contents are also 

affected by the different particle morphologies. In the membrane with 40% TEOS, a 

small amount of large particles is bound to the polymer chains via the cross-linker 

GPTMS. On the other hand, in membranes with high silica contents the same amount of 

small particles can be bound to the polymer. This results in nearly equal plastic 

deformation and values of ultimate strain. Assuming a higher amount of separate 

unbound particles in the material with 120% TEOS, its plastic deformation is smaller 

than in membranes with lower silica contents. Even in the three membranes' 

preparation, the 120% TEOS content showed a much higher brittleness than the other 
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samples. In related membrane compositions with lower TEOS contents, a comparable 

reduction in strength was observed in literature while increasing the TEOS contents.[24] 

5.3.2.3 Chemical stability 

For testing the chemical stability of the 40%, 80% and 120% TEOS samples, the 

extraction residue in DMAc was measured. In addition, the amount of liquid uptake and 

the swelling in plane plus thickness in phosphoric acid were determined (Table 5.3). 

Table 5.3: Extraction residue, liquid uptake and swelling of the membrane samples. 

Inorganic 

content [%] 

Extraction 

residue 

[%] 

Liquid uptake 

[wt%] 

Swelling in 

plane 

[%] 

Swelling in 

thickness 

[%] 

Pure PBI 0 490 72 96 

40 98 430 113 81 

80 99 410 116 79 

120 100 430 107 79 

 

While a membrane of pure PBI dissolves in hot DMAc, the incorporation of inorganic 

particles in the membrane results in high extraction residues of 98–100%. In 

coincidence with previous works, all membranes containing TEOS exhibit equally good 

chemical stability in the solvent.[24] In phosphoric acid, the incorporation of 40% TEOS 

leads to a slight reduction in liquid uptake from 490 wt% to 430 wt% in comparison to 

the pure PBI. The swelling in thickness is reduced from 96% to 81%, whereas the 

swelling in plane is rising from 72% to 113%. Comparing different inorganic contents of 

40%, 80% and 120% TEOS, the liquid uptake behavior and the swelling parameters are 

not affected by the amount of used TEOS. The phosphoric acid uptake in membranes 

with different TEOS contents is schematically shown in Figure 5.8. The swelling and acid 

uptake of the material is mainly influenced by the chambers size, which are formed by 

cross-linking the inorganic particles with the polymer chains. These chambers can take 

up phosphoric acid to a certain extent. Smaller, highly distributed particles at higher 

silica contents have the same degree of cross-linking and therefore the same liquid 

uptake behavior as the samples with larger particles. It seems, that smaller particles 
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Figure 5.9: BOL polarization (solid lines) and power density (dashed lines) curves of the MEAs with 

40%, 80% and 120% TEOS. 

5.3.3.2 Start-Stop-Cycling and degradation effects 

The long-term degradation behavior of the post cured membranes was simulated in 

MEAs under fuel cell conditions via start-stop-cycling. This method is often used for the 

simulation of accelerated lifetime tests in HT-PEMFC.[43] The results of the samples with 

40% and 80% TEOS content are shown in Figure 5.10. As mentioned before, the 

membrane with 120% TEOS content was very brittle and therefore not suited for MEA 

production. The graph demonstrates the higher cycle stability of the membrane with 

lower TEOS content. This MEA starts at a 50 mV lower BOL voltage, but as its 

degradation with 0.05 mV per cycle is much less, its performance surpasses the MEA 

with 80% TEOS content after 230 h of operation. 
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Figure 5.10: Start-stop-cycling of the MEAs with organic-inorganic composites with 40% and 80% 

TEOS content. 

To identify the reason for the higher degradation rate in the MEA with 80% TEOS 

content, the cycled MEAs were characterized after operation (end of life, EOL). The 

polarization and power density curves before and after the testing are shown in Figure 

5.11. While the performance of the MEA with 40% TEOS content remains unchanged at 

low current densities, the polarization curve of the MEA with the higher content is 

reduced during operation. The reduced performance occurs mainly at low current 

densities. The loss in open-circuit voltage indicates the formation of short circuits during 

cycling. 
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Figure 5.11: Polarization (solid lines) and power density (dashed lines) curves of 40% and 80% 

TEOS samples before (BOL) and after (EOL) cycling. 

Short cut localization tests proved that the MEA with 80% TEOS content formed several 

electrical and gas short circuits in fuel cell operation. These results explain the high cycle 

degradation of the material. The increased formation of short circuits in MEAs and the 

brittleness of the membrane at higher TEOS contents lead to the assumption that lower 

silica contents are more beneficial for fuel cell operation. 
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5.3.3.3 Long-term fuel cell operation 

In order to prove the benefits of the developed organic-inorganic composite membrane 

composition with 40% TEOS content, a MEA using this membrane is compared with a 

pure PBI membrane under long term fuel cell operation over 1300 h (Figure 5.12). The 

MEA made out of pure PBI starts at a lower voltage and shows a higher degradation rate 

during operation. By incorporating the fibrous silica particles and cross-linking them to 

the polymer, a better performance and durability are gained. 

 

Figure 5.12: Long term fuel cell operation at constant current of the MEA with 40% TEOS content in 

comparison with a pure PBI membrane. 

5.4 Conclusion 

By in-situ sol-gel reaction PBI-based membranes with 40%, 80% and 120% of the 

inorganic silica precursor TEOS was produced. The particles were bound to the polymer 

PBI by adding a constant amount of 10% GPTMS as a cross-linking agent. Structural 

analysis by STEM, EDS and XRD proved the formation of amorphous silica particles in 

the membrane. Their shape, size and distribution were shown to be highly affected by 

the precursor content. Whereas lower silica contents lead to few large, fibrous particles, 

adding higher TEOS contents resulted in small, highly distributed particles of spherical 

shape. By TEM and statistical methods the distribution of the inorganic particles was 

analyzed. 

Ex-situ membrane characterization showed an unaffected thermal stability at different 

silica contents. The best mechanical stability was observed with a small amount of 
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fibrous silica particles resulting from a low TEOS content of 40%. Even though the 

incorporation of silica particles did not result in a higher acid uptake, it did influence the 

efficiency of acid distribution in the MEA and therefore led to an improved performance. 

The cross-linking of differently sized inorganic particles to the polymer gave an overall 

high ex-situ chemical stability of the membrane. 

Whereas the beginning of life polarization curves of all samples were the same, the 

cycling behavior of the MEA with 80% TEOS showed a much higher degradation per 

cycle than the sample with 40% TEOS due to the formation of electrical short circuits. At 

high silica contents the membranes had a lower mechanical stability and started to get 

brittle. The higher amount of smaller particles accelerated the formation of short circuits 

and gas leakages in cycle testing. In comparison to the MEA with pure PBI, the developed 

membrane with large, fibrous inorganic particles showed an enhanced durability in 

constant operation. 

Altogether the optimized phosphoric acid distribution and mechanical stability of the 

organic-inorganic composite membrane with few fibrous particles from 40% TEOS 

content led to a higher performance and degradation rate in constant and cycled fuel cell 

operation. 
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6 Transmission electron microscopy study of silica 

reinforced polybenzimidazole membranes 

This chapter is based on the following publication: 

Christoph Heinzl, ,Tanja Ossiander, Stephan Gleich, Christina Scheu Journal of Membrane 

Science (accepted). 

6.1 Introduction 

The development and optimization of proton exchange membrane fuel cells (PEMFC) as 

promising systems for efficient, environmentally friendly energy conversion has gained 

considerable attention in research over the last several years.[1] One research focus is 

the introduction of new membrane types, which can be operated above 100 °C and 

thereby overcome the limitations of commonly used Nafion® membranes. By operating 

at higher temperatures (150 °C to 200 °C) the high temperature PEMFC (HT-PEMFC) 

exhibits features like an increased CO tolerance, an increased electrocatalytic activity, 

simplified water management and in addition no need for a complex thermal 

management system.[2] The most widely used material for HT-PEMFC membranes is 

polybenzimidazole (poly(2,2’-m-phenylene-5,5’-bibenzimidazole), PBI).[3-5] It combines 

advantageous properties like high thermal and mechanical stability as well as low gas 

permeability with a high CO tolerance.[3] The long-term stability of the phosphoric acid 

doped PBI-based membranes under fuel cell operation conditions is a crucial 

prerequisite for the development of stable and efficient HT-PEMFCs. In this regard, 

leaching of the phosphoric acid and low proton conductivity are some of the known 

challenges of PBI-based membranes. Different strategies were applied to improve the 

stability and the properties of these kinds of membranes for the use in HT-PEMFC. By 

modifying the polymer structure to adjust the basicity of PBI a higher proton 

conductivity was obtained.[6] To enhance the mechanical strength and oxidative stability 

of PBI-based membranes the preparation of hyperbranched and cross-linked PBI was 

reported to be a successful approach.[7,8] Another promising method is the incorporation 

of inorganic nanofillers in the polymer matrix to form organic-inorganic composite 
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membranes. Pure or functionalized silica particles introduced in PBI-based membranes 

enhanced their mechanical stability and improved their acid retention capability and 

therefore their proton conductivity.[9-16] These positive effects were also observed for 

silica doped Nafion® membranes.[17] The incorporation is often realized by an in-situ sol–

gel reaction of the particles during membrane casting.[18] By doing so, the agglomeration 

of the silica particles is prevented. Saxena et al. reported that control over the spacing 

between silica domains can be achieved by applying polyethylene glycol of different 

molecular weight during synthesis.[11] In order to maintain a high conductivity the 

formation of percolation pathways at the interface between the polar and nonpolar 

domains in the functionalized membrane is important.[19] 

Altogether control over the size and distribution of the incorporated inorganic particles 

is crucial for the development of efficient HT-PEMFC membranes. Most of the applied 

analysis methods in literature focus on ex-situ and in-situ techniques which give an 

averaged behavior of the membrane properties. Regarding the electrodes of HT-PEMFC 

detailed electron microscopic analytical work was performed.[20,21] In case of 

membranes only basic scanning electron microscopy and transmission electron 

microscopy (TEM) measurements were mostly conducted to get information on the size 

and agglomeration behavior of the introduced particles.[9,10,12-14,17,21] Detailed studies of 

the distribution of the occurring elements via analytical measurements such as energy 

dispersive X-ray spectroscopy (EDS) and electron energy-loss spectroscopy (EELS) are 

rare. The electron microscopical analyis of organic materials such as the PBI-based 

membrane is challenging due to several reasons.[22] The interaction of electrons with 

organic matter results in inelastic scattering processes which cause ionization and break 

chemical bonds. In addition, the sample suffers from mass loss, fading of crystallinity 

and heat generation.[23] Thus, polymers decompose and damage quickly under electron 

bombardment. 

In our recent work[18] we showed that silica nanoparticles embedded in a PBI-based 

membrane significantly enhance the chemical and mechanical stability as well as the 

performance of the resulting membrane electrode assemblies (MEA). We found that a 

certain amount of silica doping gave the best results and that larger silica nanoparticles 

seemed to have a beneficial influence on the MEA performance. In the present work the 
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influence of an additional heating step during the membrane synthesis on the size, 

distribution and composition of the embedded silica particles is investigated. We also 

demonstrate that TEM is a well-suited method to obtain local information on the size, 

distribution and composition of silica nanoparticles in a PBI-based membrane as well as 

to study possible segregation phenomena which might occur at the particle/polymer 

interface. The applied techniques include high-angle annular dark-field (HAADF) 

imaging in the scanning TEM (STEM) mode for the determination of the sizes and 

distribution of the silica particles in the membrane as well as EDS and EELS for the 

chemical composition analyses. In addition, the chemical and mechanical properties of 

the membranes are studied. The cycle stability as well as the long-term fuel cell 

operation stability was examined to investigate the suitability of the newly synthesized 

silica stabilized PBI-membrane electrode assemblies in HT-PEMFC applications. 

6.2 Experimental 

6.2.1 Synthesis 

Membrane and MEA preparation 

Two different membranes based on the polymer PBI were prepared. First, PBI was 

dissolved under pressure by stirring in N,N-dimethylacetamide (DMAc, Merck) over 3 h 

at 200 °C. After filtering using a 20 µm filter, the product was mixed with a solution of 

tetraethoxy silane (TEOS, Alpha Aesar) and (3-glycidyloxypropyl)-trimethoxysilane 

(GPTMS, Alpha Aesar) in DMAc. Potassium hydroxide (Sigma Aldrich) was added to the 

resulting viscous solution. Stirring at 70 °C, filtration and coating on a carrier foil 

resulted in membrane M I. For comparison we used a membrane which had been 

studied in our previous work and which was stirred at room temperature while all other 

parameters were the same.[18] This reference membrane is labeled M II in the following. 

For both membranes an amount of 40% TEOS with regard to the PBI was introduced.  

The membrane thickness was ~50 µm. By the chosen synthesis procedure the silica 

nanoparticles are cross-linked via GPTMS to the PBI chains of the membrane. In order to 

fabricate HT-PEM MEAs, the membranes were hot-pressed with phosphoric acid doped 

gas diffusion electrodes as described elsewhere.[24] 



6 Transmission electron microscopy study of silica reinforced polybenzimidazole 

membranes 

70 

6.2.2 Characterization methods 

6.2.2.1 Ex-situ membrane testing 

Chemical stability 

Chemical stability of the two membranes was tested by extraction in the solvent DMAc. 

Samples were dried overnight at 150 °C in the oven to obtain the basic weight. The 

membrane pieces were covered with DMAc in a round bottom flask and heated to 130 °C 

for one hour. Within one additional hour the solution was cooled to room temperature. 

The extracted samples were dried at 150 °C over night, weighted and the extraction 

residue was calculated. 

Swelling ratio and liquid uptake 

Swelling behavior and liquid uptake were determined as percentage weight increase 

and dimensional growth by immersing the samples in phosphoric acid at 130 °C for 

30 min. The changes in weight and dimension between the undoped and phosphoric 

acid doped membranes were measured. 

Mechanical properties 

Stress-strain curves of the samples where measured on a BT1‐FR0.5TN.D14/500 N 

Zwicki from Zwick at room temperature. The average thickness of the membrane pieces 

was evaluated with a thickness gauche from Sylvac. 

Morphology and chemical composition analysis 

In-depth investigations of the silica particles in the membrane regarding their 

morphology as well as their chemical composition were performed by TEM based 

techniques. Cross-sectional TEM samples were prepared using the procedure reported 

by Strecker.[25] By glueing a piece of the membrane between two spacers (aluminium or 

brass) a sandwich was obtained which was subsequently glued into a brass tube with an 

outer diameter of 3 mm. Thin discs (200 µm) were sliced off this tube with a diamond 

saw and thinned using a grinder and dimpler from GATAN. Further thinning of the 

samples with a beam of argon ions (using a precision ion polishing system from GATAN; 

3 keV, 5°, double mode) was performed until electron transparency was achieved. For all 

TEM investigations a FEI Titan 80-300 (S)TEM equipped with an EDAX detector for EDS 

measurements was used. The Titan was operated at 80 kV and at 300 kV. Beam damage 
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of the membrane material could be minimized by keeping the accumulated electron 

dose lower than ~105 e/nm2. This was achieved by carefully choosing the spot size, the 

condenser aperture and the acquisition time. An attached HAADF detector from 

Fischione Instruments (Model 3000) was used for STEM imaging. EELS measurements 

were performed in STEM mode with a Gatan Tridiem image filter. The full width at half 

maximum (FWHM) of the zero loss peak was around 0.9 eV. We used a 2 mm entrance 

aperture and a dispersion of 0.1 eV per channel leading to a satisfying energy resolution 

and a good signal to noise ratio. The camera length was varied between 128 mm and 

196 mm leading to collector angles of 13.5 mrad and 9.3 mrad respectively. 

Statistical particle evaluation 

For statistical analysis, an area of several hundred silica particles was measured in each 

sample and analyzed with help of the program ImageJ[26] to evaluate the size 

distribution of the particles and to determine the membrane area covered by silica. By 

applying a band-pass filter the contrast between particles and the PBI-based matrix was 

enhanced. A threshold of brightness value was defined to filter out the background and 

to allow for analyzing only the particles. After the determination of the size and number 

of the particles, the equivalent spherical diameter as well as the particle density was 

calculated. 

Crystallinity analysis 

X-ray diffraction (XRD) patterns were taken on a Seifert THETA/THETA-diffractometer 

(GE Inspection Technologies) equipped with a Meteor OD detector, using Co-Kα 

radiation (λ = 1.79 Å) to investigate the crystallinity of the membranes and the 

incorporated silica on a global scale. A 2θ detection range of 10°–70°, a step size of 

2θ = 0.05° and an acquisition time of 10 s/(2θ-step) were used. In addition, selected 

area electron diffraction (SAD) studies were performed in the TEM to obtain 

information on the crystallinity on a local scale. For these investigations a SAD aperture 

with a diameter of approximately 170 nm was used to select the region of interest. 
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6.2.2.2 MEA testing 

Electrochemical behavior 

Beginning-of-life (BOL) polarization curves were measured using a single cell setup with 

an active area of 50 cm² and a serpentine channel flow field structure on anode and 

cathode. Mass flow controllers regulated the reactants flow rates. Electrical heating 

cartridges controlled the cell temperature at 160 °C. 

Cycle stability 

The start-stop-cycle stability of a 50 cm² single cell was investigated under cycled fuel 

cell operation. The cell was heated up to 80 °C and purged with air for 5 minutes on the 

cathode. After heating the cell to a temperature of 120 °C, the anode was purged with 

nitrogen. Under hydrogen and air, the cell was heated up to 160 °C. At this temperature, 

current was drawn at 0.5 A/cm² and held for 4 h. In the stop phase, the current was 

decreased to 0.25 A/cm² while cooling the cell to 120 °C. Current was switched off and 

the anode was purchased with nitrogen. Afterwards, the cell was cooled to room 

temperature. This procedure was repeated for several cycles. 

Degradation at long-term operation under constant load 

Long-term operation under constant load was conducted at a current density of 

0.2 A/cm² at 160 °C. On the anode side, the stack was fuelled with reformed methanol 

(stoichiometry 1.4) and on the cathode side with air (stoichiometry 2.0). 

6.3 Results and discussion 

6.3.1 Ex-situ membrane properties 

The membrane prepared at 70 °C (M I) was characterized ex-situ by several techniques 

including chemical and mechanical stability. The data are compared to the ones of 

membrane M II which was prepared at room temperature.[18] 

The chemical stability of the membrane samples in the solvent DMAc turned out to be 

similar for both membranes and amount to 98% (see Table 6.1). On the other hand 

liquid uptake and swelling of these samples are influenced by the temperature applied 

during processing. Higher temperatures during the sol-gel reaction lead to a membrane 
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exhibiting a higher liquid uptake. While swelling in plane of both membranes gave 

similar results, at room temperature prepared membrane samples expanded less in 

thickness. 

Table 6.1. Extraction residue, liquid uptake and swelling of the membrane samples. 

Sample 
Extraction residue 

[%] 

Liquid uptake 

[wt%] 

Swelling in plane 

[%] 

Swelling in thickness 

[%] 

M I 98 ± 1 500 ± 20 110 ± 1 101 ± 3 

M II 98 ± 0 430 ± 13 113 ± 2 81 ± 2 

 

Stress-strain curves of the two membranes were measured in order to determine the 

mechanical properties of the different membranes. Figure 6.1 shows that the 

membranes prepared at higher temperatures have a higher yield stress of 160 MPa 

(compared to 135 MPa[18]) whereas the ultimate strain of the samples was reduced from 

52 % to 43 %. The Young’s modus of both samples is equivalent in the range of 

4500 MPa. 

 

Figure 6.1: Stress-strain curves of membranes prepared at different temperatures. Data for M II is 

taken from Ref.[18]. 

Thus, the manufacturing temperature apparently affects the membrane structure 

resulting in an enhanced strength of the membrane during stress-strain testing as well 

as an enhanced liquid uptake and difference in swelling. 
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6.3.2 In-situ membrane properties 

The two membranes M I and M II were also characterized in-situ by analyzing 

polarization curves, start-stop cycles and long-term fuel cell operation tests.  

The polarization curves in Figure 6.2 show the voltage of the MEAs in dependency of 

current density. An equivalent ideal phosphoric acid doping level was determined for 

both samples. Even though the good open-circuit voltage values at 0 A cm−² indicate that 

no short circuits and electrical losses are present, the performance of the MEA of the 

membrane prepared at higher temperature is far lower than the one prepared at room 

temperature. 

 

Figure 6.2: BOL polarization (solid lines) and power density (dashed lines) curves of the MEAs with 

membranes prepared at different temperatures. Data for M II taken from Ref.[18]. 

Accelerated stress tests of the membranes in MEAs were done via start-stop-cycling 

under fuel cell conditions over 240 h (see Figure 6.3). Both samples have good cycling 

stability. But the membrane M II that was prepared at room temperature results in a 

higher performance of the corresponding MEA at the end of the test. Therefore, lower 

preparation temperature lead to an enhanced cycle stability of the MEA. The explanation 

of these findings will be addressed later (see section 6.3.3.1). 
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Figure 6.3. Start-stop-cycling behavior of the MEAs stirred at different temperatures. Data for M II 

is taken from Ref.[18]. 

Long-term testing under constant current conditions of the two different MEAs is shown 

in Figure 6.4. The MEA constructed using M II does result in a higher performance and 

slightly lower degradation rate over 1300 h. In contrast to the above shown ex-situ data, 

the higher preparation temperature of the membranes which apparently affects the 

membrane structure is not beneficial for the MEAs performance under constant current 

and cycling conditions. Consequently, structural and chemical analyses of the two 

membranes M I and M II by various TEM methods are crucial to understand the results 

of the in-situ as well as the ex-situ membrane measurements. 
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Figure 6.4. Fuel cell operation under constant current conditions of MEAs with different 

preparation temperatures of the organic-inorganic composite membrane. Each graph is based on 

three measurements. Data for M II is taken from Ref.[18]. 

6.3.3 Structural analysis 

6.3.3.1 Morphology 

The two synthesized membranes were analyzed in-depth with several TEM based 

methods in order to explain their observed ex-situ and in-situ characteristics shown 

above. In Figure 6.5 a comparison of the two membrane systems is presented. The top 

row a) – c) presents the microstructure of membrane M I, which underwent an 

additional heat treatment at 70 °C during synthesis, and the bottom row d) – f) presents 

that of membrane M II, synthesized without additional heating. In both samples the 

successful formation of particles during the in-situ sol-gel reaction can be observed. 

Since the shown micrographs were recorded with the HAADF detector in STEM mode, 

the obtained bright contrast of the particles indicates that they consist of heavier 

elements compared to the membrane. This is due to the fact that the intensity is roughly 

proportional to the atomic number squared in this image mode.[27] As will be shown 

below, these particles are silica particles which form during the membrane synthesis. 

The channel-like structure and the irregular brightness of the grey appearing membrane 

matrix arise from an inhomogeneous argon ion thinning process during the TEM sample 

preparation resulting in thickness variations. 
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Figure 6.5. Comparison of the two investigated membranes. The top row shows the 

microstructural features of membrane M I (synthesized at 70 °C), the bottom row presents the one 

of the conventional membrane M II (synthesized at room temperature). (a, b, c) STEM micrographs 

of membrane M I with increasing magnifications. The insets in (a) show an electron diffraction 

pattern of the sample as well as a photograph of it; (d, e, f) STEM micrographs of membrane M II. 

Again, the insets in (d) show an electron diffraction pattern of this sample as well as a photograph 

of it. The white arrow in (a) corresponds to the pulling direction during processing. 

Figure 6.5 a) and b) show that membrane M I which was synthesized at 70 °C comprises 

large ellipsoidal particles (up to few hundred nanometers in diameter). All of these 

particles are elongated in membrane pulling direction and are homogeneously dispersed 

in the membrane. When going to higher magnifications such as in Figure 6.5 b) and c) 

additional smaller, bright appearing agglomerates of nanoparticles are visible. These 

worm-like arranged structures exhibit no preferred orientation in the membrane. In 

membrane M II which was casted at room temperature no large ellipsoidal particles 

could be found (d)). However, at higher magnification bright, worm-like nano 

agglomerates are also present in this membrane. The size and distribution of these 

agglomerates strongly resemble those found in membrane M I. The quantitative analysis 

of the particle size distribution will be addressed later. 

The electron diffraction patterns of the two membranes shown as insets in Figure 6.5 a) 

and d) expose the amorphous character of the organic membranes as well as the 
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inorganic silica structures. In both electron diffraction patterns two diffuse rings 

indicative for an amorphous material are observed. They can be correlated to 

interatomic distances of 1.2 Å and 2.0 Å, respectively, and are the same for both samples. 

Photographs of each membrane are shown as insets in Figure 6.5 a) and d). Membrane 

M I is opaque and darker, brownish in color in comparison to the clean yellow color of 

membrane M II. Most likely the larger ellipsoidal silica particles in membrane M I scatter 

light strongly and therefore lead to an opaque appearance. 

Figure 6.6 shows schematic drawings of both membranes to further illustrate the 

distribution of the particles. As seen in the STEM micrographs in Figure 6.5, membrane 

M I exhibits both types of particles whereas in membrane M II only the smaller 

elongated silica particles are observed. All of the large, ellipsoidal particles are oriented 

parallel to the horizontal plane of the membrane. The arrow in the inset illustrates the 

membrane pulling orientation. 

 

Figure 6.6. Schematic drawing of the silica particle (blue) distribution in the membranes (green). 

Large, ellipsoidal and smaller, elongated silica particles are present in M I (a). In M II (b) only the 

small worm-like nano agglomerates can be observed. 

The small, elongated silica nanoparticles, present in both membranes, form during the 

beginning of the synthesis, when both sample solutions are stirred at room temperature. 

Due to the higher temperature applied for the second stirring procedure in case of 

membrane M I the formation of larger silica particles is favored. We assume that for this 
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membrane, in some regions the small silica particles congregate and/or that TEOS which 

has not formed silica particles so far starts to react. The morphology and orientation of 

the large ellipsoidal particles can be explained as followed. The coating of the final 

membrane is realized via a doctor blade process. The silica particles have already 

formed before, however they are most likely not present as rigid, perfect aligned SiO2. 

Instead the merging of the TEOS molecules via condensation leads to an inhomogeneous 

flexible network. Some of the large silica particles are large enough to be affected by the 

constraints during the doctor blade process. Therefore, they become compressed and 

align in a preferred orientation resulting in an ellipsoidal shape. The elongated silica 

particles which are present in both membranes are too small to be affected and remain 

distributed with no preferred orientation. 

The orientation of the larger particles in plane within the membrane M I are potentially 

the reason for the enhancement of the liquid uptake in thickness (see 6.3.1). 

Furthermore, the large ellipsoidal particles in the membrane enhance the strength 

during stress-strain testing (see 6.3.1). Due to a blocking mechanism the unfolding of the 

polymer chains during the elastic deformation of the material is prolongated.[18,27] 

However, it seems that the larger particles influence the phosphoric acid distribution 

within the membrane which is not beneficial for its proton conductivity and therefore 

performance (see Figure 6.2). Most likely the large particles hinder the formation of 

proton channels through the membrane. In addition, the microstructure of M II 

containing only smaller, elongated particles, which can be achieved with lower 

preparation temperature, leads to an enhanced cycle stability of the MEA and to a 

slightly better long-term cycling stability. 

6.3.3.2 Statistical particles size evaluation 

By measuring the size of several hundred silica particles in each sample statistical 

information can be obtained. In Figure 6.7 a histogram illustrates the particle size 

distribution of the silica particles in the membranes. For comparison the equivalent 

spherical particle diameter is used which assumes spherical particles and therefore 

simplifies the real microstructure. The size of the worm-like silica nano agglomerates in 

membrane M II shows a narrow distribution.[18] The equivalent spherical particle 

diameter reaches from 10 nm to a maximum of 40 nm. No larger silica particles were 
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found in this sample. For membrane M I the two types of observed silica particles are 

discussed independently. The ellipsoidal, large silica particles show an overall broad size 

distribution and can be separated in two distribution functions. About 30 % of the 

particles exhibit an equivalent spherical particle diameter in the regime of 25 nm to 

50 nm. The remaining 70 % have sizes of 70 nm up to a maximum of 360 nm. Since only 

approximately 1 % of the particles have a diameter larger than 300 nm, the histogram is 

cut off at this maximum value. The smaller, elongated silica particles show similar 

behavior regarding equivalent spherical particle diameter distribution as those of 

membrane M II. These particles also lie within the size range of 10 nm to 40 nm. Only 

0.5 % of the particles are larger, having sizes up to a maximum value of 80 nm. Since the 

morphology as well as the size distribution of the small, worm-like particles is similar in 

both membranes we assume that these particles are formed via a similar reaction 

mechanism. 

 

Figure 6.7. Size distribution of the silica particles in the membranes which had been synthesized at 

different temperature. Membrane M I was prepared at 70 °C, membrane M II at room temperature 

(data for M II taken from Ref.[18]). 

The results of the statistical particle size evaluation are summarized in Table 6.2. Aside 

from the average equivalent spherical particle diameter, the average particle size and 

the average particle density were calculated with their respective standard deviations. 
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To determine the particle density the total area covered by all particles in a micrograph 

was divided by the whole area of the micrograph. 

Table 6.2. Average particle size, average equivalent spherical particle diameter and average 

particle density of the silica particles as well as the respective standard deviations. The data for M 

II is based on Ref.[18]. 

Sample (type of 

particle) 

Average particle 

size / nm2 

Average equivalent 

spherical particle 

diameter / nm 

Average particle 

density / % 

M I 

(ellipsoidal 

particles) 

Small 1034 ± 157 36 ± 3 
1.6 ± 0.5 

Large 20595 ± 15658 153 ± 54 

M I (elongated 

particles) 
458 ± 368 23 ± 9 4.0 ± 0.8 

M II (elongated 

particles) 
472 ± 357 23 ± 9 4.0 ± 0.6 

 

As shown in the histogram (Figure 6.7), the average equivalent spherical diameter of the 

elongated particles is similar in both membranes and is about 23 ± 9 nm. Consequently, 

also their occupied size in nm2 is about the same. It is interesting to note that also the 

particle density has similar values of 4.0 ± 0.8 % when only the small particles are 

assumed. Regarding the large ellipsoidal particles in membrane M I two size ranges can 

be distinguished. The smaller ones have an average spherical particle diameter of 

36 ± 3 nm and the larger ones 153 ± 54 nm. The particle density of this type of particles 

is lower (1.6 ± 0.5 %) than for the small, elongated particles. Since the size difference of 

the two types of particles in membrane M I is large, they cannot be evaluated 

simultaneously using one micrograph taken at one specific magnification. An alternative 

route was developed in order to obtain statistically relevant values for the particle 

density of both types combined. The smaller particles can only be observed at high 

magnifications. However, only few large particles are present in the same micrograph as 

can be seen for example in Figure 6.5 b). Hundreds of particles have to be taken into 

account to achieve representative results. Therefore, we normalized the measurement 

areas for the discussed elongated particles and calculated a normalized average particle 
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density. In a second step the same procedure was performed for the large particles, but 

using images taken at lower magnifications. Then the results were combined. 

The total particle density obtained in this way is 5.6 ± 1.3 % and is larger than the silica 

particle density of M II (4.0 ± 0.6 %). The overview EDS measurements (shown later) 

indicate that the total amount of Si is similar in both membranes. This would imply that 

the amount of Si which has not reacted to form silica particles is higher in membrane M 

II or that small particles are present in this membrane which have a size below the 

resolution limit in our micrographs. 

Overall, we can state that membrane M II contains only small, elongated particles 

whereas M I has additional large, ellipsoidal particles. 

6.3.3.3 Crystallinity 

XRD measurements were performed to determine the crystallinity of the polymer and 

the particles on a global scale. Figure 6.8 shows the X-ray diffraction patterns of the 

membranes M I and M II. For comparison a pure PBI membrane without silica particles 

(standard membrane) is also displayed. The diffuse peak present in all samples at a 2θ 

value of about 24.0° is typical for amorphous PBI and in rough agreement with the data 

published in literature.[12] For each broad reflection the FWHM ∆ was measured. The 

standard membrane has the smallest FWHM (∆ = 15.9°), followed by membrane M II 

(∆ = 16.6°) which contains only the smaller elongated silica particles. The largest value 

for the FWHM was obtained for membrane M I (∆ = 16.8°) in which also large ellipsoidal 

silica particles are present. These results indicate that the incorporation of silica 

particles in the PBI-based membrane leads to a slightly increased disorder of the 

polymer matrix compared to the standard, particle free membrane. A less defined 

stacking of the PBI chains is responsible for the broader peaks in the XRD pattern of the 

silica reinforced membranes. In addition, the results indicate that larger particles 

further promote the disordering of the polymer chains. 
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Figure 6.8. X-ray diffraction patterns of the membrane samples M I and M II. A standard PBI 

membrane without incorporated silica particles is also shown. For a better comparison the 

diffraction patterns are normalized as well as displaced along the y-axis. The most prominent 

features are labeled with a, b and c. 

Three distinctive features can be observed in all diffractograms. Features a and b are 

located in the broad reflection discussed earlier and feature c is a weak, broad signal at a 

2θ of about 53°. Feature c can also be found in literature[28]. Table 6.3 summarizes the 

measured angles and the calculated d-spacings of the XRD measurements. 

Table 6.3. Measured angles in the XRD data and calculated d-values for features a and b. Feature c 

could not be determined. 

Sample Feature a Feature b 

 
angle [° 2θ] d [Å] angle [° 2θ] d [Å] 

M I 22.17 4.65 25.90 3.99 

M II / Standard membrane 22.75 4.54 26.20 3.95 

 

Membrane M II and the standard membrane without silica particles have peaks at 

identical 2θ values in the XRD pattern. The peaks in the diffractogram of M I are shifted 

to smaller angles and therefore correspond to slightly larger d-values. However, the 

difference between the obtained d-values is small when considering the large error 

associated with the diffuse peak in our XRD measurements. Since the signal of feature c 

is too broad and shallow, no d-values were calculated. Nevertheless, a 2θ value of about 
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53° corresponds to a d-value of 2.0 Å which was also determined from the electron 

diffraction pattern (see Figure 6.5). The large d-values of features a and b in the XRD 

could not be detected in the electron diffraction patterns because of the high intensity of 

the direct electron beam. It is likely that the signals gathered in electron diffraction 

(d = 2.0 Å and d = 1.2 Å) represent high order diffraction (n = 2, 3) of the main signal of 

PBI at about 4.0 Å. All presented values originate from near-order phenomena. In 

summary the insertion of silica particles into the membrane did not strongly alter its 

crystallinity i.e. it remains non-crystalline. The silica particles themselves are 

amorphous as no reflexes attributable to crystalline silica are visible in the XRD pattern. 

6.3.3.4 Elemental composition analysis 

EDS measurements were performed to determine the overall amount of introduced 

silicon and to analyze the particles in more detail. The EDS data reveal the presences of 

C, N, O, Si, P, Cl, Cu and Zn. The detected elements C and N can be attributed to the PBI 

membrane. Si and O are visible due to the presence of silica particles. P originates from a 

dialkylphosphate softener. Cl is present in all samples as minor contamination. In 

addition, Cu and Zn were detected which originate from the used brass tube for the TEM 

specimen preparation. For quantitative analysis we used only Si and P. The reason for 

this is that the fluorescence quantum yield of the elements C, N and O is rather small and 

that the corresponding characteristic, low energy X-rays are easily absorbed in the 

detector or in the sample. Accordingly, the quantification of these elements can only be 

considered as a rough estimate and is therefore not considered here. 

In Table 6.4 the detected amount of silicon is associated with the amount of phosphor 

which is present in both membranes in equal quantity as well as in uniform distribution, 

as will be shown below. Several 5 x 5 µm2 large areas were measured to compare the 

overall amount of silicon. The quantification was performed using the standard Cliff-

Lorimer equation.[27] 
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Table 6.4. Comparison of the average amount of Si to the amount of P measured by EDS in a 

window of 5 x5 µm2. 

membrane Si / atomic% P / atomic% 

M I 72 ± 3 28 ± 3 

M II 71 ± 5 29 ± 5 

 

The data show that, independent of the synthesis temperature, the same amount of 

silicon is introduced into the membrane when the same amount of precursor (TEOS) is 

used. 

The different regions of interest of the membranes were analyzed in more detail via EDS 

measurements performed on the nanoscale. By applying small measuring windows only 

the region of interest of the membranes was taken into account. Three distinctive 

regions were investigated: the pure membrane without silica particles, the elongated 

worm-like silica nano agglomerates and the larger ellipsoidal silica particles. In order to 

get statistic relevant data more than ten measurements were performed for each region 

of interest. One has to consider that the investigated TEM samples still have a thickness 

of several tens of nanometers and that the X-ray signals emerge from the whole sample 

volume illuminated by the electron beam. Therefore, when measuring on the small, 

elongated silica particles, the surrounding matrix (in particular below the particle) is 

also contributing to the signal. Instead of quantitative values only trends were obtained 

because of the mentioned difficulties. For example, the homogeneous distribution of P 

was verified on all samples and the measurement areas of bright particles showed 

increased amounts of Si and O, which proves that the bright structures are silica 

particles. 

In addition, EDS elemental maps were used to analyze and illustrate the distribution of 

the elements, in particular in and close to the silica particles. With this method the 

distribution of the different elements of a defined sample area can be visualized. Figure 

6.9 shows two elemental maps of the elements C, O and Si of membrane M I exemplarily. 

In Figure 6.9 a) an area containing two ellipsoidal silica particles is analyzed with a 

scanning step size of 20 nm and a measuring time of several seconds for each acquisition 
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point. It can be seen that the elements Si and O dominate at the position of the bright 

particles. The element C can be found mostly on the pure membrane while its 

concentration is much lower at the area of the bright particles. Other elements like P, Cl 

and K are not shown here because their intensity is too weak for elemental mapping at 

the chosen conditions. Nevertheless, it is possible to analyze the small elongated silica 

particles via EDS mapping as well. In Figure 6.9 b) the elemental maps for such a particle 

are shown. Here the scanning step size is 5 nm for each acquisition point. The observed 

noise in the maps of Si and O is stronger than for the large particles in a), as a smaller 

amount of Si and O atoms generates less X-rays. Also the investigated TEM sample 

thickness is much larger than the size of these particles and therefore the surrounding 

polymer matrix (in direction of the incident beam) is strongly contributing. Nonetheless, 

the shape of the silica particle can be recognized in the Si and O maps. In addition, we 

were able to prove that silica is enriched in the bright structures. 

 

Figure 6.9. Elemental maps of sample M I acquired via EDS. Both large (a) and small (b) silica 

particles can be detected. The Kα signal for the elements C, O and Si is displayed as insets. Please 

note the different scale bars in the images. 

In a next step we examined the interface between silica particles and the matrix with 

regard to enrichment of specific elements. Therefore, EDS line scans were performed. In 

Figure 6.10 a) a HAADF STEM micrograph of a large, ellipsoidal particle, which was 

analyzed in two perpendicular directions, is shown exemplarily. Another feature, which 

can be observed in this micrograph, is the superposition of different particles in the 
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projection direction (for this effect see also the schematic representation in Figure 6.6). 

Some of the small, elongated particles appear to lie on top of the large ellipsoidal silica 

particle. Since TEM gives a two dimensional projection of a three dimensional object this 

can easily occur. The elemental composition of the particle in vertical direction is shown 

in Figure 6.10 b). Every 2 nm an EDS signal was collected for 5 s. It can clearly be seen 

that the intensity of the signal for Si and O strongly rises once the beam is scanned over 

the bright appearing particle. The continuous increase in intensity for these signals can 

be explained by an increase of particle thickness. When the electron beam is positioned 

adjacent to the particle, the signal intensity for Si and O drops. An inverse behavior can 

be observed for the C signal. N is distributed homogeneously over the scanning range. 

Other elements like P, Cl and K are likewise present at all scanned sample positions in 

very low concentrations (< 1 atomic %). In horizontal direction (c, d) similar results 

were found for all given elements. With these EDS line scan measurements we were able 

to prove not only that the particles consist of Si and O but also that they have a 

homogeneous elemental composition and are free of any kind of contamination. In 

addition, we did not find an enrichment of other elements such as P or Cl at the interface 

between the particles and the polymer matrix. 
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Figure 6.10. EDS line scans of an ellipsoidal silica particle found in membrane M I. The particle was 

scanned parallel to its short axis (a) and to its long axis (c). The corresponding elemental 

distributions are shown in (b) for the vertical scan and in (d) for the horizontal one. 

6.3.3.5 EELS investigation 

By examining the membranes via EELS we can determine the local chemistry, the 

bonding behavior, the valence state and the nearest-neighbor coordination. In Figure 

6.11 the results of the EELS measurements are summarized. We analyzed the 

characteristic, element specific edges of Si, O, C and N at different sample positions 

which have an edge onset of 105 eV for Si-L2,3, 539 eV for O-K, 283 eV for C-K and about 

400 eV for N-K. The measured values are in good accordance with literature.[29-32] This 

approach enables the detection of possible deviations of the composition, phase and 

bonding situation of different shaped silica particles in the two membranes. 
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Figure 6.11. Results of the EELS analysis of the different membrane areas. Four different 

characteristic edges are shown: the Si-L2,3 edge (a), the O-K edge (b) and the C-K and N-K edges (c). 

The samples are labeled in the following way: lp stands for large (ellipsoidal) particle, sp stands 

for small (elongated) particle. For comparison the EELS spectra of an amorphous silica particle 

were added in (a) and (b). 

The different silica particles were analyzed regarding their Si-L2,3 edges shown in Figure 

6.11 a) and their corresponding O-K edge shown in b). The spectra of an amorphous 

silicon oxide standard sample were added for comparison. For both Si and O five 

different areas were investigated. The spectra of an ellipsoidal large silica particle 

shown in red exhibit very similar features compared to the amorphous silica standard. 

The center of a large particle and the corresponding particle/matrix interface were also 

analyzed via EELS to examine possible differences in composition or bonding situation. 

Both spectra of Si and O are again similar to the standard. Hence the ellipsoidal particles 

are apparently built of homogeneous, amorphous silicon oxide. In addition, the EELS 

spectra of the small elongated particles of membranes M I and M II are shown in Figure 

6.11 a) and b). Since the EELS spectra possess similar features as the standard material 

we can assume that the smaller elongated silica particles, present in both membranes, 

also consist of pure amorphous silicon oxide. The only difference between some of the 

spectra is the signal to noise ratio. The spectra of the small particles in M II exhibit 

stronger noise which can be attributed to the fact that a much lower number of atoms 

contribute to the signal. In principle, the signal to noise ratio can be improved by using 

longer acquisition times, but the sample suffered from beam damage during the 

measurement. This can also be seen from the pre-peak in the O-K EELS spectrum at an 

energy loss of about 535 eV. This pre-peak originates from atomic oxygen and is a sign 
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for the decomposition of the sample.[33] In Figure 6.11 c) the C-K edge and the N-K edge 

of the two membranes M I and M II are shown. The spectra were taken on a particle-free 

region to analyze possible differences of the membranes. The C-K edge which has the 

characteristic appearance of amorphous carbon as well as the N-K edge which also 

originates from the PBI is similar for both membranes. The higher intensity of the peak 

at ~320 eV of the C-K edge of membrane M I can be attributed to multiple scattering 

events which are related to the larger thickness of the TEM sample. 

6.4 Conclusion 

Organic-inorganic PBI-based composite membranes were synthesized by incorporation 

of silica particles via an in-situ sol-gel reaction. The binding of the particles to the 

polymer PBI was achieved by the use of a linker (GPTMS). The influence of an additional 

heating step during synthesis on the morphology of the silica particles as well as the 

resulting fuel cell performance was investigated. The detailed structural analysis of the 

membrane was performed by using several electron microscopy based methods like 

STEM, EDS and EELS. The size, shape and distribution of the silica particles were 

studied. In addition, the crystallinity of the samples was analyzed via XRD. The 

introduction of silica nanoparticles did not change the overall crystallinity of the 

samples but the disorder of the polymer chains was slightly increased. By applying EDS 

maps the position and distribution of the silica particles was visualized. The additional 

heating step heavily influenced the morphology and the size of the resulting silica 

particles. This was analyzed in detail by a statistical particle size evaluation. The 

synthesis without additional heating led to a network consisting of small, elongated 

silica particles, whereas in case of the heated membrane in addition particles with a size 

five times larger and an ellipsoidal morphology were found. The homogeneity and 

amorphous character of the silica particles was proven by EDS line scans and EELS 

measurements. 

The membranes containing the large, ellipsoidal silica particles have a higher liquid 

uptake and also a higher mechanical stability. MEAs of both membranes were assembled 

and analyzed in-situ via polarization curves, start-stop-cycling and long-term fuel cell 

operation. Here the results show that the large, ellipsoidal silica particles are not 
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beneficial for the fuel cell performance. It seems that the silica particles obtained via an 

additional heating step are too large and therefore hinder the formation of proton 

channels through the membrane. Further studies have to be carried out to determine the 

optimal size and distribution of silica nanoparticles in a PBI-based membrane which 

combine excellent ex-situ properties and performance. 
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7 Tungsten materials as durable catalyst supports for 

fuel cell electrodes 

This chapter is based on the following publication: 

Markus Perchthaler, Tanja Ossiander, Viktorija Juhart, Jens Mitzel, Christoph Heinzl, 

Christina Scheu, Viktor Hacker Journal of Power Sources 2013, 243, 472–480. 

7.1 Introduction 

The corrosion of today’s widely used high surface area carbon blacks is one of the main 

reasons of performance degradation in fuel cells, especially under start-stop conditions 

and high electrochemical potentials on anode and cathode. Because of high potentials 

and temperatures the carbon catalyst support oxidizes to CO2, which can be detected in 

the anode and cathode off-gas.[1] A lot of effort was put in the development of more 

stable carbon compounds as catalyst support material, especially with a more graphitic 

structure, e.g. carbon nanotubes or carbon nanofibers. These structured carbon 

materials show lower carbon corrosion rates[2-4], but they cannot prevent carbon 

oxidation. 

Due to this non-carbon materials with high corrosion resistance and high stability under 

acidic fuel cell conditions are in the focus of interest of research groups worldwide in 

order to substitute conventional electrode material. However there are several factors 

which are important for catalyst support materials such as high surface area, porosity, 

electrical conductivity, electrochemical stability and surface functional groups.[5] These 

mentioned parameters have to be fulfilled for any successful application. 

Tungsten Oxides (WOx) are compounds with very high melting points of 1700 °C and 

very low vapor pressure.[6] WOx is formed by the reaction of metallic tungsten with 

oxygen to form stoichiometric tungsten trioxide (WO3) and lower non stoichiometric 

oxides WOx, with 2<x<3.[7] WO2<x<3 is an n-type semiconductor with a band gap of about 

2.6–2.8 eV.[8] It has a high conductivity which arises from a donor level formed by 

oxygen-vacancy defects. This leads to the decrease in the resistivity from 1 Ω cm for WO2 
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to a minimum of 0.1 Ω cm for WO2.75[8], which is sufficient for the use in fuel cell 

electrodes. 

Hobbs and Tseung[9] observed that the rate for hydrogen oxidation in acidic solution 

increases by the use of Polytetrafluoroethylene (PTFE) bonded Pt supported on WO3. 

They explained this behavior with hydrogen that spills over onto the surface of the 

hydrogen tungsten bronze (HxWO3), freeing these Pt sites for further chemisorptions of 

hydrogen. This spill-over mechanism of hydrogen between WO3 and Pt has been 

suggested as being responsible for the increased activity for the Oxygen Reduction 

Reaction (ORR).[10] On the other hand Ota et al.[11] claimed that the observed 

enhancement of the ORR activity is due to reduced PtO2 formation. This leads to a higher 

oxide free Pt-surface area, which is more active for the ORR. Further works on the topic 

of the relationship between structure and activity of Pt on different synthesized WO3 

support material were done by Shim et al.[12] and Kulesza and Faulkner[13]. They showed 

that Pt loaded WO3 nanorods are more stable compared to WO3 bulk when cycling is 

conducted between −0.2 and 1.0 V in 2 N H2SO4 for several times. 

As discussed before WO3 shows a considerable high proton transfer due to the 

formation of WO3 hydrates. This is a very attractive property for fuel cell catalyst 

supports[14] since this has a beneficial impact on the number of three phase reaction 

zones, where the catalyst is in contact with an electron conducting support and a proton 

conducting electrolyte. 

In contrast to WOx, WC was also evaluated as possible material for fuel cell catalyst 

supports and even catalyst material for the hydrogen oxidation reaction (HOR). Nikolov 

and Vitanov[15,16] investigated the corrosion resistance of WC in H2SO4 and the changes 

in catalytic activity during corrosion. They discovered that the amount of oxides linearly 

increases with time, suggesting that during corrosion the catalyst surface was not 

passivated. In contrast to these findings, Brady et al.[17] reported passivation of WC 

based catalysts. Depending on the surface stoichiometric ratio of W:C, with higher W 

content, surface passivation to WO3 in H2SO4 occurs. This causes a loss of electrocatalytic 

activity of WC for the HOR. 

Chhina et al.[18] claimed that the stability of WC under electrochemical oxidizing 

conditions is higher compared to High Surface Area Carbons (HSAC). Meng and Shen[19-
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21] studied the effect of the addition of Pt onto WC. They observed a ten times larger 

activity for the ORR of Pt-W2C/C than that of Pt/C in an alkali medium and proposed a 

synergy between W2C and Pt. In acidic media Santos et al.[22] found that the use of Pt on 

W2C as catalyst support material leads to a remarkable enhancement of the ORR activity 

compared to Pt on carbon, although both catalysts follow the four electron mechanism. 

Another idea from Shao et al.[23] to get a higher stability of the catalyst support material 

is to coat the commercial available carbon based catalyst supports with an 

electrochemical process with phase pure WC and Pt. They achieved a two fold increase 

of the corrosion resistivity compared to not coated carbon based support materials. 

The major drawback of commercial available WC and W2C is the low Brunauer-Emmett-

Teller (BET) surface area (2.1 m2 g−1) compared to HSAC (about 250 m2 g−1), which 

hinders their implementation in fuel cells. Ganesan and Lee[24] synthesized platinum 

particles on WO3 nanoparticles with controlled oxidation of W2C microspheres by 

calcination at 773 K in O2 atmosphere for 3 h. Zhu et al.[25] recently showed that the 

electrochemical stability of WC is dependent on the specific surface area. The higher the 

specific surface area, the more WC is prone to get oxidized to WO3 under oxidizing 

electrochemical conditions (>0.7 V). They also measured very low ORR activity values, 

which they explained by a high contact resistance between the catalyst and catalyst 

support. When WC is oxidized it forms an insulating WO3 layer. This layer blocks the 

electron transfer between the catalyst and catalyst support, and according to that the 

contact resistance increases significantly.[26] 

In this study we evaluate the characteristics of WC, self-made WOxs and commercial 

available WOx for the use as electrode material in high-temperature proton exchange 

(HT-PEM) fuel cells. Electrodes are fabricated with and without platinum and their 

electrochemical properties are investigated and compared to each other. 

The materials are evaluated in in-situ experiments in HT-PEM fuel cells and ex-situ with 

Cyclic Voltammetry (CV), Potential Cycling (PC), CO-Stripping, Thermogravimetric 

Analysis (TGA), X-ray diffraction (XRD) and electron microscopy investigations. The 

resulting degradation effects, the formation of WOx and tungsten bronzes and the 

influence of the catalyst support on the CO oxidation behavior are discussed. Finally a 

980 h long term test at constant load in a HT-PEM fuel cell stack was done and no 

degradation was observed. 
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7.2 Experimental 

7.2.1 Synthesis of WOxs 

Commercial available WC (WC CRC 010u, Wolfram Bergbau und Hütten AG) with a BET 

surface area of 2.71 m2 g−1 and a grain size of 0.47 mm were oxidized in order to obtain a 

surface oxidized WOxs species. 

For this, the raw WC powder (3 g) is dispersed in 50 ml of a mixture (3:2) of HNO3 

(65wt%, BDH Prolabo, AnalaR Normapur) and H2SO4 (98wt%, MERCK KGAA, EMSURE) 

and heated under reflux for 6 h. After this treatment the resulting green powders are 

washed several times with deionized water until a neutral pH value was obtained. 

7.2.2 Catalyst deposition 

The deposition of platinum catalyst on the different catalyst supports is realized via 

electroless deposition methods. WOx, WOxs, WC and for comparison HSAC based catalyst 

supports (0.5 g) are ultrasonicated in a three neck round bottom flask in 30 ml of 

ethylene glycol and 10 ml deionized water. The deposition of the Pt precursor was done 

according to the procedure described elsewhere.[26] A platinum loading of 13wt% on 

tungsten and HSAC based powders is obtained and confirmed via elemental and Energy-

Dispersive X-ray (EDS) measurements. 

7.2.3 Determination of catalyst crystallite size and support structure 

To investigate the general morphology and to determine the overall chemical 

composition of the Pt loaded and unloaded electrode materials a JEOL JSM-6500F 

scanning electron microscope operated at 4.0 kV and equipped with an energy-

dispersive X-ray detector from Oxford Instruments (Inca Energy) was used. Using the 

implemented JEOL standard detector, secondary electron (SE) images were acquired. 

SEM top view samples were prepared using conventional preparation techniques. 

Transmission electron microscopy (TEM) investigations were accomplished by using a 

FEI Titan 80e300 (S)TEM microscope equipped with a Gatan Tridiem image filter and an 

EDAX EDS detector for analytical measurements. Standard TEM samples were obtained 

by suspending the powders in ethanol (100%) followed by ultrasonication for 10 min 

and placing it on a holey carbon coated copper grid. The Titan was operated at 300 kV 

for all measurements. 
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7.2.4 Electrochemical characterization 

7.2.4.1 Ex-situ cyclic voltammetry 

The electrochemical measurements are performed in a PTFE cell, using a working 

electrode with a glassy carbon substrate (2.01 cm2 geometrical surface area) and a 

potentiostat (Ivium) in a conventional three-electrode setup with an aqueous 0.1 N 

HClO4 solution. The electrolyte is prepared using deionized water (>17.8 MΩ) and 1 N 

HClO4 (BDH Prolabo). A chlorine free saturated Hg/Hg2SO4 electrode (Radiometer) was 

used as reference electrode, and a glassy carbon electrode (Radiometer) as counter 

electrode. All potentials are given to the reversible hydrogen potential. 

The catalysts or the catalyst supports are ultrasonically suspended in 

isopropanol/water. Then an appropriate amount of 42 µg cm−2 catalyst support or 

7 µg cm−2 Pt for catalyst loaded support material are pipetted on the glassy carbon 

surface and are dried at room temperature to get a uniform film on the glassy carbon 

electrode. 

After immersion into the nitrogen saturated electrolyte the catalyst is treated by 

potential cycling between 50 and 1100 mV with 500 mV s−1 until a stable CV is recorded. 

The scanning speed in all analysis measurements is set to 50 mV s−1. The analysis scan is 

performed between 50 mV and 1100 mV. 

7.2.4.2 Potential cycling 

PC experiments are done by cycling the catalyst 3600 times at a scan rate of 500 mV s−1 

between 50 mV and 1100 mV, followed by an analysis scan. Then they are cycled 3600 

times between 50 mV and 1200 mV, followed by an analysis scan, and finally 3600 times 

between 50 mV and 1300 mV followed by an analysis scan. The decrease of the charge in 

the analysis scans between 50 mV and 400 mV is compared to the starting value and the 

relative loss is calculated. 

7.2.4.3 CO-stripping 

For supported catalysts the electrochemical active surface area (ECA) and the CO-

oxidation behavior is measured in an electrochemical cell. The same cell as in the CV 

measurements is used. The electrolyte is purged for 90 s with a flow of CO 

(100 mL min−1) at an adsorption potential of 50 mV to obtain a CO monolayer on the 
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catalyst. At this potential the catalyst is blocked very fast with CO. After that the 

electrolyte is purged with nitrogen for 18 min in order to remove any excess CO from 

the electrolyte. 

The working electrode is then cycled between 50 mV and 1100 mV to get information 

about the CO-desorption charge, the ECA and the onset potential of the CO oxidation. 

The ECA is calculated according to equation  (7.1). 

ECA(m�g	@) =
ABC

420 × 10	FCcm	� ×G
× 1000  (7.1) 

QCO is the charge for the CO oxidation on Pt, 420 × 10−6 C cm−2 is the charge required for 

the oxidation of a monolayer of adsorbed CO on 1 cm2 of Pt surface and M is the Pt 

loading of the electrode. 

7.2.5 Electrode and membrane-electrode-assembly preparation 

For in-situ tests of the supported catalysts Membrane Electrode Assemblies (MEAs) are 

prepared and evaluated by in-situ CV tests and in-situ CO-stripping. The catalyst support 

is applied on a wet proofed carbon based gas diffusion layer via a doctor blade process. 

The catalyst support slurry consists of PTFE dispersion (DyneonTM, TF 5035 PTFE), used 

as hydrophobic reagent and binder, deionized water and isopropanol (gradient grade, 

Merck). The applied slurry is dried at 170 °C. Then the catalyst is deposited on the 

catalyst support layer via an electroless deposition method. The HT-PEM MEAs are 

manufactured by doping the catalyst layer with phosphoric acid and hot pressing them 

with a membrane based on polybenzimidazole (PBI). 

7.2.6 In-situ test conditions 

CVs are recorded in a 50 cm2 HT-PEM single cell at cell temperatures of 160 °C with 

humidified nitrogen with a relative humidity of 6% at ambient pressure. The gas flows 

are 131 mL min−1 for H2 and 100 mL min−1 for N2. The electrochemical measurements 

are carried out with an electrochemical workstation (Zahner IM6) and a power 

potentiostat (Zahner PP240). CVs were recorded between 52 mV and 1200 mV with a 

sweep rate of 50 mV s−1 and three cycles per measurement. 
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7.2.7 Thermogravimetric analysis 

The catalyst support materials are characterized by a thermogravimetric analysis 

system. The heating rate is set to 10 °C min−1 starting from 40 °C to 450 °C under air 

atmosphere. The weight change of the sample (starting weight approx. 10 mg) is 

recorded. 

7.2.8 HT-PEM long term stack test 

The HT-PEM MEAs were tested in a 20-cell stack at a constant current of 0.2 A cm−2. As 

anode gas reformed methanol with 1.2 vol% CO, 76 H2 and 22.8% CO2 was used. The cell 

potential over the time is recorded. 

7.3 Results and discussion 

7.3.1 Characterization of WC support material 

The commercially available WC powders were used as reference and starting material 

for the WOx synthesis. In Figure 7.1 the CV analysis before and after 100 cycles between 

52 mV and 1100 mV are shown. 

 

Figure 7.1: CV curves of commercially available WC in 0.1 N HClO4 at room temperature and sweep 

rates of 0.05 V s−1 and a loading of 42 mg cm−2 before and after stabilization of the CV. 
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The first scan shows a significant oxidation current starting at about 0.9 V. This can be 

attributed to the oxidation of WC and formation of surface oxides. After 100 scans with a 

sweep rate of 0.5 V s−1 the CVs are stabilized and the oxidation currents at potentials 

higher than 0.9 V are decreased. In addition to that, at lower potentials the shape of the 

CV changed significantly. After most of the surface is oxidized, WC shows a muted peak 

between 0.7 and 0.8 V. The surface oxidation of WC–WOx can be identified with the peak 

area at low potentials between 0.052 V and 0.4 V in the oxidation and reduction 

direction of the CV.[12,13] This shape can be assigned to the intercalation of protons into 

the support material. The applied electrochemical pre-treatment of WC in acidic media 

and the applied potentials are comparable to the conditions in an operating fuel cell. 

7.3.2 Characterization of self-made WOxs 

For the characterization of self-made WOxs, ex-situ CVs of the prepared samples were 

recorded. The stabilized CV curves after 100 cycles of each material are shown in Figure 

7.2. 

 

Figure 7.2: CV curves of WC and self-made WOxs without platinum in 0.1 N HClO4 at room 

temperature, sweep rates of 0.05 V s−1 and a loading of 42 mg cm−2 after 100 potential cycles with 

0.5 V s−1. 

The synthesis of WOxs leads to a more pronounced peak in the potential range which is 

characteristic for WOx compared to the WC sample after 100 electrochemical potential 

cycles. Starting from the same WC material the chemical oxidation leads to a higher level 
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of amorphous or nanoparticulate WOx as observed in literature.[26] Bearing in mind that 

mechanical detachment of catalyst from the catalyst support material is a main 

degradation factor in fuel cell electrodes, the use of WC, which is prone to get oxidized 

on the surface, is not suitable as support material for fuel cell electrodes. 

7.3.3 Characterization of commercial WOx 

The CV curve of commercially available WOx (WO3-XY-JM, Wolfram Bergbau und Hütten 

AG) with a BET surface area of ~5 m2 g−1 is compared to self-made WOxs (Figure 7.3). 

 

Figure 7.3: CV curves scans of commercial WOx and self-made WOxs in 0.1 N HClO4 at room 

temperature, sweep rates of 50 mV s−1 and a loading of 42 mg cm−2. 

The commercial WOx shows a more pronounced current in the WOx designated low 

potential region in the oxidation direction, which is comparable to results shown in 

Figure 7.2. 

For commercially available WOx the hydrogen oxidation current increases dramatically 

compared to WC or WOxs materials. This indicates that the activity of the WOx samples 

toward the formation of hydrogen is higher compared to WC or WOxs samples. The BET 

surface areas of the two samples are comparable within an order of magnitude. 

7.3.4 Catalyst deposition on tungsten based support materials 

The CV curves of WOxs and WC catalyst support material after platinum deposition are 

given in Figure 7.4. They possess very different characteristics in the voltammetric 
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profile compared to each other. This is in accordance with the results of the non catalyst 

loaded supports (see Figure 7.2). The self-made Pt/WOxs shows a more pronounced 

peak area in the WOx characteristic low potential region compared to Pt/WC, which can 

be attributed to the formation of tungsten bronzes (compare equation (7.2)): 

WO3 + IH� + Ie	 ↔ HKWO3  (7.2) 

 

Figure 7.4: CV curves of Pt/WC and Pt/WOxs after stabilization with a sweep rate of 0.05 V s−1 in 

0.1 N HClO4. 

The CV curve of the Pt/WC sample in Figure 7.4 shows the analysis scan after 100 

stabilization cycles, where the Hupd region gets more pronounced (compare Figure 7.1). 

The Pt/WOxs sample shows a characteristic WOx behavior in the low potential region 

even in the first CV cycle. 

In Figure 7.5 the analysis scans of Pt/WOxs and WOxs are shown. The Hupd region of 

Pt/WOx shows the same characteristics of Pt in the Hupd region. Below 0.4 V several 

processes occur: hydrogen underpotential deposition (Hupd) and desorption, formation 

of tungsten bronzes and formation and decomposition of substoichiometric tungsten 

oxides. So it is not possible to distinguish between these superimposing factors 

occurring in the low potential region.[27] 
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Figure 7.5: CV curves of Pt/WOxs and WOxs after stabilization with a sweep rate of 50 mV s−1 in 0.1 N 

HClO4. 

The formation of oxides on the surface of WC is confirmed by the results of the 

electrochemical characterization of WOx. The CV curves of the commercial available 

WOx, where Pt is deposited via the same in-house procedure, reveals the same shape 

compared to self-made WOxs. The CV measurements of Pt/WOx and Pt/WC are displayed 

in Figure 7.6. 

 

Figure 7.6: CV curves of Pt/WC and Pt/WOxs with a sweep rate of 0.05 V s−1 in 0.1 N HClO4. 
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The peak in the low potential region in the case of Pt/WOx is more than one magnitude 

higher than for the Pt/WC. The CV shape of Pt/WOxs is similar to the CV shape of WOx. 

Another difference is the double layer charge capacity (Cdl) in the region of about 0.6 V, 

which is much higher in the case of Pt/WOx, which indicates a higher surface area of 

WOx compared to WC. 

7.3.5 Potential cycling 

Potential Cycling (PC) experiments were done in order to get information on the 

stability of the platinum loaded tungsten based support material and compared to 

measurements on Pt loaded HSAC. The results are shown in Figure 7.7, Figure 7.8 and 

are summarized in Figure 7.9. The decrease of the Hupd charge (Figure 7.7) of Pt/WOxs 

can be attributed to the loss of active platinum sites. The Cdl, which can be seen at 0.6 V, 

is not changing, so the surface area and the amount of tungsten based support material 

is not changing significantly and no loss of support material can be observed. The loss of 

charge in the low potential region can be attributed to Pt-agglomeration or Pt-

dissolution. 

 

Figure 7.7: Analysis scans of WOx supported Pt catalyst. (A) Initial analysis scan of Pt/WOx, (B) 

after 3600 cycles up to 1.1 V, (C) after 3600 consecutive cycles up to 1.2 V and (D) after 3600 

consecutive cycles up to 1.3 V. 

In Figure 7.8 the CV scans of a PC experiment with Pt/HSAC are shown. The decrease of 

the Hupd charge (between 0.052 and 0.3 V) is much higher compared to WOx, especially 
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when the electrode is cycled up to potentials of 1.3 V, where almost the whole Hupd 

charge is lost after the PC. 

 

Figure 7.8: Analysis scans of Pt loaded HSAC. (A) Initial analysis scan of Pt loaded HSAC, (B) after 

3600 cycles up to 1.1 V, (C) after 3600 consecutive cycles up to 1.2 V and (D) after 3600 

consecutive cycles up to 1.3 V with a sweep rate of 0.05 V s−1 in 0.1 N HClO4. 

In Figure 7.9 the results of the PC experiments are summarized. Depending on the upper 

reverse potential the remaining Hupd charge in the low Potential region is calculated and 

compared to the starting value. The Pt loaded WOxs catalyst supports showed a much 

higher remaining Hupd especially at potentials up to 1.3 V, indicating a higher stability of 

the catalyst and catalyst support system (compare Figure 7.7). 
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Figure 7.9: Comparison of Hupd charge loss of different supported Pt catalysts after 3600 cycles 

with upper reverse potentials of 1.1, 1.2 and 1.3 V. 

7.3.6 CO-stripping 

The CV curves after the adsorption of a CO monolayer were recorded in order to 

determine the CO-oxidation behavior of Pt on different catalyst support materials, as 

shown in Figure 7.10. In the first scan the CO-oxidation behavior from Pt onWOxs is 

different from the CO-oxidation behavior from Pt on carbon. The CO-oxidation peak of 

tungsten based supports at 0.8 V is much smaller compared to Pt on HSAC, but therefore 

a broader peak at lower potentials appears. In Figure 7.10 a clear CO oxidation of Pt 

loaded WOxs between 0.6 and 0.8 V is observed. It is significantly smaller than the 

maxima for Pt on HSAC. The calculated ECA from the CO-stripping experiments of WOxs 

based catalyst support is only 8 m2 g−1 Pt. 
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Figure 7.10: CO-stripping result of Pt loadedWOxs and Pt loaded HSAC with a sweep rate of 

0.05 V s−1 in 0.1 N HClO4. 

7.3.7 In-situ CV 

PBI based MEAs were produced according to the procedure described in Section 2.5 in 

order to get information about the stability and performance of tungsten based catalyst 

support materials. On the working electrode WC, home-made WOxs or WOx with and 

without platinum were used. A Pt/HSAC electrode was used as reference electrode. 

The in-situ CV for HT-PEM of a Pt/WC working electrode is presented in Figure 7.11. The 

initial CV (A) shows a different shape in contrast to the peaks after 100 cycles between 

0.052 V and 1.2 V (B). The region in the range of 0.052–0.4 V shows similarities to the 

character of WOx. The cathodic oxidation region (>0.7 V) stabilizes after gradually 

diminishing (C), which is due to the electrooxidation of WC–WOx. The WOx formation on 

the WC support in the range between 0.052 V and 0.4 V pretends an increase in the Hupd 

charge, when platinum loaded WC is used. 
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Figure 7.11: In-situ CVs for HT-PEMFC of Pt/WC at different aging levels. (A) Initial scan, (B) after 

100 cycles between 0.052 V and 1.2 V (C) after 100 consecutive cycles between 0.052 V and 1.2 V. 

The in-situ CVs after 100 cycles of WOx-based working electrodes with (A) and without 

(B) platinum are shown in Figure 7.12. The cathodic peak at 0.3 V in the WOx and 

Pt/WOxs working electrode can be attributed to the intercalation of protons and forming 

hydrogen tungsten bronzes (HxWO3). The difference between Pt/WOxs and WOx in the 

low potential region (<0.4 V) can be attributed to H2 formation and its re-oxidation at 

the platinum catalyst. 
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Figure 7.12: In-situ CVs of WOx with (A) and without platinum (B) on the working electrode after 

100 cycles between 0.052 V and 1.2 V with a sweep rate of 0.050 V s−1 in 0.1 N HClO4. 

7.3.8 TGA 

The TGA measurements in air of WOxs, WC and WOx were done to get information about 

the stability of tungsten based support materials and are presented in Figure 7.13. 

 

Figure 7.13: TGA of WOx, WOxs, WC and HSAC from 40 °C to 400 °C at a scan rate of 10 °C s−1 under 

air atmosphere. 
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Commercial WC possesses a stable behavior up to 400 °C under air atmosphere. In 

contrast to that stable behavior, the commercial WOx shows a linear decrease of weight. 

The self-made WOxs revealed a weight gain up to 400 °C. When compared to today’s 

widely used HSAC support materials, the weight loss of the tungsten based materials is 

insignificant up to 400 °C. 

The different behavior of WOxs and WOx at temperatures up to 250 °C occurs due to 

incomplete oxidation of WC in the synthesis of WOxs. This can explain a weight gain of 

2% for WC. In contrast to that, the commercial available WOx powders are losing about 

1% of the initial weight up to 250 °C, which can be explained by impurities in the 

fabrication process. 

7.3.9 XRD and electron microscopy analysis 

The XRD patterns for Pt loaded tungsten based catalyst support materials are given in 

Figure 7.14. The diffractogram of the pre-treated WC shows the characteristic 

reflections for Pt-fcc and hexagonal WC. The procedure to synthesize Pt on self-made 

WOxs leads to a similar, but not equal, XRD pattern compared to Pt on WOx, which is in 

accordance with the ex-situ and in-situ CV results and the TGA measurement. The 

intensity as well as the number of reflections is changed in these two patterns indicating 

a change in symmetry. In all patterns, the WC, WOx and WOxs signals possess a high 

diffraction intensity, in contrast to the platinum signals at 39.7° and 63.5° 2θ which are 

rather small. In addition, the observed reflections of Pt are broad due to the small size of 

the Pt particles. This finding is in good accordance to the results of the HR-TEM 

measurements shown later. 
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Figure 7.14: XRD patterns of Pt/WC, Pt/WOx and Pt/WOxs. 

Electron microscopy investigations were performed in order to get information on the 

size of the WOx and Pt particles as well as the platinum distribution on WOx. As an 

example Figure 7.15 shows SEM and TEM images of untreated WOx particles without 

platinum. The size of the connected WOx particles ranges from 0.1 mm to 0.8 mm. With 

the aid of EDS measurements performed in the SEM a loading of 13wt% of Pt on WOx 

was confirmed. The high-contrast TEM bright-field image (b) and electron diffraction 

pattern (c), shown as insets in Figure 7.15 clarify the high crystallinity of the WOx 

particles. 
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Figure 7.15: (a) Secondary electron top view image shows the crystalline morphology of WOx. (b) 

High-contrast TEM bright-field image of WOx particles and related electron diffraction pattern (c). 

The catalyst particles are randomly distributed on the surface of the WOx particles as 

visible in Figure 7.16. The morphology of the WOx particles is not very uniform. 

Nevertheless, the diameter of the platinum particles can be estimated from the high 

resolution micrograph (Figure 7.16). It displays the characteristic Pt-interatomic 

distances of small spherical platinum particles in a (111) lattice plane configuration and 

reveals a Pt crystal size of about 3–4 nm. 

 

Figure 7.16: TEM images of two representative areas of WOx. 13 wt% Pt loaded WOx (a) and detail 

with visible (111) lattice planes of Pt on WOx (b). 

In Figure 7.17 the Pt loaded WOxs support materials are shown. The platinum 

distribution and the particle sizes of WOxs are in the same range as in the WOx samples. 
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Figure 7.17: TEM images of two representative areas of WOxs. 13 wt% Pt loaded WOxs (a) and detail 

of Pt on WOxs (b). 

7.3.10 HT-PEM fuel cell results 

The catalyst support material was used as anode support in HTPEM fuel cells. The WOx-

based anode was doped with phosphoric acid and pressed with a standard HSAC-

cathode. 

In Figure 7.18 the results of a HT-PEM MEA test for 980 h with a WOx based anode are 

shown. After a conditioning time of about 500 h with rising cell potential, a stable cell 

potential until 980 h was obtained. 

 

Figure 7.18: 980 h test of a HT-PEM MEA in a 20-cell HT-PEMFC stack with methanol reformate on 

the anode at 160 °C and 0.2 A cm−2 current density at ambient pressure. 
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7.4 Conclusions 

Self-made WOxs, commercial available WC and commercial available WOx were 

evaluated as a catalyst support material for HTPEM fuel cells. The self-made WOxs was 

compared to the starting material WC and commercial available WOx. The 

electrochemical and chemical characteristics were determined via ex-situ CV, PC, TGA, 

SEM and TEM and in-situ CV and PC measurements. The chemical and electrochemical 

treatment and high electrochemical potentials are leading to a formation of WOx on the 

surface of WC. WOx formed during the PC leads to the formation of hydrogen tungsten 

bronzes and to the oxidation and reduction of sub-stoichiometric oxides. The loss or the 

oxidation/reduction of catalyst support material can be identified from the Cdl at 

potentials in the cathodic scan direction in the region higher than 0.7 V. WOx and WOxs 

were used as catalyst support material for further investigations because WC gets 

oxidized to WOx under fuel cell conditions. 

XRD investigations showed that the self-made WOxs is formed under oxidizing acidic 

conditions. The commercially available WOx shows the same electrochemical 

characteristics compared to the self-made WOxs. The onset potential of the CO oxidation 

is shifted to more negative values. This effect arises from a hydrogen spillover on the 

surface of WOx, which liberates the active Pt sites from contaminants. 

HT-PEM in-situ experiments with WC based MEAs show a comparable formation of WOx 

(or hydrogen tungsten bronzes), which was confirmed with measurements of MEAs with 

a WOx working electrode without Pt. 

In-situ measurements show that the deposition procedure of platinum on WOx support 

results in a partial reduction of WOx, which can be re-oxidized under fuel cell conditions. 

WOx-based support materials have a high chemical stability up to more than 450 °C 

under air. The electrochemical stability under oxidizing conditions is higher compared 

to Pt/HSAC. TEM measurements showed that platinum particles have an average 

diameter of 3–4 nm and are uniformly dispersed on the tungsten based support 

material. A 980 h test with reformed methanol on the anode in a PBI based HT-PEM MEA 

at 0.2 A cm−2 was done. After a conditioning time of 500 h a stable cell potential for 

480 h was achieved and no degradation rate was observed. This test showed that WOx 

can be used as catalyst support material for the anode in HT-PEM fuel cells. 
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8 Insight into the degradation of HT-PEMFCs 

containing tungsten oxide catalyst support 

material for the anode 

This chapter is based on the following publication: 

Christoph Heinzl, Katharina A. Hengge, Markus Perchthaler, Viktor Hacker, Christina 

Scheu Journal of The Electrochemical Society (accepted). 

8.1 Introduction 

With the ongoing increase of energy demand, the advancing sensibility for the 

environment and the slow but steady running out of natural resources like oil, coal or 

natural gas there is an urgent need for new, nonpolluting energy sources.[1] Among the 

wide field of feasible solutions like wind power, solar cells, etc. also fuel cells are an 

interesting alternative. Fuel cells enable the conversion of chemical energy of a fuel into 

electrical energy with an efficiency of up to 60%.[2] Generally the wide variety of fuel 

cells can be divided into six classes which differ from each other in fuel, operating 

temperature and material.[3,4] In the present work we investigated high temperature 

proton exchange membrane fuel cells (HT-PEMFCs). These are operated at elevated 

temperatures in the range of 100–200 °C, taking advantage of an improved water 

management, a decrease of catalyst poisoning[5,6] as well as a significant increase of the 

oxygen reduction reaction kinetics which is one of the limiting factors in the 

performance of the HT-PEMFCs.[7-10] Associated with the increased operating 

temperature the produced thermal heat can as well be utilized by an end-consumer, 

leading to a theoretical total maximum efficiency of 90% of the operating fuel cell 

system.[11,12] 

The major drawback in fuel cell applications are degradation processes that take place 

with ongoing fuel cell operation times. Though these processes happen at the nanoscale, 

a macroscopic loss of active surface area and thereafter a decrease in fuel cell efficiency 

can be observed. The most common used catalyst support material up to now is high 
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surface area carbon (HSAC), coated with Pt nanoparticles. However, investigations 

render that HSAC is not the optimum catalyst support material for long-term and start-

stop operation modes, especially at elevated temperatures, due to its susceptibility for 

degradation.[13-16] HSAC is subjected to oxidation during fuel cell operation. The formed 

CO adsorbs to the surface of the catalyst where it blocks catalytic active sites.[17] Further 

degradation mechanisms like dissolution[18-25], Ostwald ripening[26-28], 

agglomeration[29,30] and particle detachment affect the Pt catalyst.[31,32] 

Tungsten oxide as a catalyst support exhibits several advantages over HSAC which have 

an impact on fuel cell performance. It has a high melting temperature of up to 

1470 °C[33], a good corrosion resistance as well as an exceptional stability in 

electrochemical cells. Its outstanding CO tolerance[34] renders tungsten oxide a 

promising material to replace HSAC. However, it is important to use a tungsten suboxide 

(WO3−x) rather than stoichiometric WO3. The latter one is an insulator due to unoccupied 

5d-orbitals whereas WO3−x contains W5+ ions next to W6+ ions so electron conductivity is 

ensured.[35] The resistivity is ranging from 1 Ωcm for WO2 to a minimum value of 

0.1 Ωcm for WO2.75.[36] 

Beside electron conductivity also proton conductivity belongs to the attributes a suitable 

catalyst support should have. Tungsten oxide is capable of hydrogen spill over, a 

phenomenon that was first reported by F. Wöhler in 1824.[37] Hydrogen spillover defines 

the process during which previously oxidized protons are transferred from the catalyst 

to the support material, setting active catalytic sites free comparatively fast while 

forming oxyhydroxides. In the case where tungsten oxide is the support material, 

WO3−x(OH)y is formed. The presence of water enables the adsorbed protons to travel 

through the anode material via the Grotthuss mechanism.[38,39] Due to the insertion of 

protons into the tungsten oxide material also the electrical conductivity is changed. Thus 

by exposing the material to different atmospheres the electrical and proton conductivity 

can be controlled.[40] Due to these reasons WO3−x is a promising material for application 

as fuel cell electrode material.[41] In preliminary tests we had used WO3−x as support 

material at both, the anode as well as the cathode side. The performance of the resulting 

fuel cells was lacking behind the performance of a cell using a standard HSAC support. 

Therefore, in the present work we used WO3−x only as anode support material. Due to 



8 Insight into the degradation of HT-PEMFCs containing tungsten oxide catalyst support 

material for the anode 

119 

the hydrogen spillover mechanism and the good electrical conductivity, which are both 

important quantities at the anode side, we expect an optimized fuel cell characteristic 

and lower degradation for this assembly. 

The addressed degradation processes mentioned above take place on small scales and 

therefore electron microscopy is a useful tool to analyze and understand the related 

phenomena.[18,42] Some of the reported degradation analysis via electron microscopy is 

done using the so called identical location transmission electron microscopy (TEM) 

method.[43,44] Here, exactly the same position of an electrode on a TEM grid is analyzed 

before and after operation. The operation is designed as to simulate realistic conditions 

of fuel cell operation but is performed on a sample consisting of Pt decorated HSAC 

particles which represent an electrode in a cell. In our work we present detailed TEM 

analysis of real HT-PEMFC stacks with a WO3−x based anode before and after different 

modes of operation. These include continuous operation as well as start-stop cycles 

which are designed to reach high anode and cathode potentials according to the 

mechanism postulated by Reiser et al..[45] 

Due to our employed focused ion beam (FIB) microscopy sample preparation strategy 

we are able to analyze large sample areas at specific regions of interest and obtain 

satisfying statistics. The morphology as well as the chemical composition and 

distribution of elements are investigated via electron microscopy based techniques like 

scanning electron microscopy (SEM), energy dispersive X-ray spectroscopy (EDS), TEM 

and electron energy loss spectroscopy (EELS). In addition in-situ membrane electrode 

assembly (MEA) testing is performed to investigate the suitability of the WO3−x based 

anode material in HT-PEMFC applications. 

8.2 Experimental 

8.2.1 Synthesis 

8.2.1.1 Synthesis of WO3−x 

Commercially available WC raw powders with a surface area of 2.71 m² g−1 and a grain 

size of 0.47 µm were surface modified via harsh chemical oxidation. For this, 3 g of WC 

powder was dispersed in a 50 ml mixture (3:2) of HNO3 (65 wt%, BDH Prolabo, AnalaR 
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Normapur) and H2SO4 (98 wt%, MERCK KGAA, EMSURE) and heat treated under reflux 

for 6 h. The obtained green powders were washed several times with deionized water 

until a neutral pH was detected.[41] 

8.2.1.2 Anode preparation 

500 mg of WO3−x and HSAC based catalyst supports were ultrasonicated in a mixture of 

30 ml ethylene glycol and 10 ml deionized water. The Pt catalyst was then deposited on 

these substrates via different electroless deposition techniques. The Pt precursor 

required for this was prepared by a procedure described elsewhere.[46] The amount of Pt 

was kept constant which results in different thicknesses for support layers based on 

WO3−x or HSAC. The loading was 13 wt% Pt. This value was confirmed via elemental and 

EDS measurements. 

8.2.1.3 Membrane electrode assembly 

For in-situ tests MEAs were prepared using WO3−x based catalyst support materials on 

the anode side and a HSAC material on the cathode side. Additionally, an MEA with HSAC 

on both electrodes was fabricated as a standard. The catalyst support materials were 

deposited on a wet proofed carbon based gas diffusion layer via a doctor blade process. 

The ink contained polytetrafluorethylene dispersion (Dyneon™, TF 5035 PTFE) as 

hydrophobic reagent and binder, deionized water, isopropanol (gradient grade, Merck) 

and the catalyst material. The applied slurry was dried at 170 °C. For the preparation of 

MEAs phosphoric acid was added to the catalyst layer and then hot pressed with a 

membrane based on polybenzimidazole (PBI) as described elsewhere.[47] 

8.2.1.4 Investigated samples 

Table 8.1 summarizes the samples investigated in this work and gives the modes of 

operation. Altogether, four MEA samples were analyzed in this work regarding their 

morphology and chemical composition on the nanoscale as well as their electrochemical 

behavior. One MEA was studied before operation (MEA I), two after nominal 

600 h (MEA II) and nominal 2000 h (MEA III) of continuous operation respectively and 

one after periodical start-up and shut-down cycles (MEA IV). In all cases the same 

electrodes and membrane were used for the fabrication of the MEA. It is important to 

note that the real testing times of the stacks was usually slightly lower than these 
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nominal values due to shut-downs of the testing devices. The two continuous operation 

modes differed in the type of supplied fuel and number of cells. For the nominal 600 h 

continuous operation mode a single cell test with pure hydrogen and for the nominal 

2000 h continuous operation mode a stack test with reformed methanol were 

performed. This is related to standard in-house procedures, in which the nominal 600 h 

continuous operation mode is used as a pre-test before the nominal 2000 h continuous 

operation stack test is started. While the differences in fuel and number of cells tested do 

have an influence on the in-situ fuel cell characteristics as can be seen later, the overall 

morphology and elemental distribution should not be affected strongly. For comparison, 

the morphology of the ready-to-use WO3−x anode was investigated. 

Table 8.1: Overview of the analyzed samples in this work and their mode of operation. 

Sample Operating mode 

MEA I Ready-to-use 

MEA II Continuous operation for nominal 600 h 

MEA III Continuous operation for nominal 2000 h 

MEA IV Start-stop operation for 35 cycles 

WO3−x anode Ready-to-use 

 

8.2.2 Characterization methods 

8.2.2.1 Structural and chemical analysis 

SEM 

The general morphology of the WO3−x based electrode and the resulting MEAs was 

studied by using a JEOL JSM-6500F SEM operated at 25.0 kV. Secondary electron (SE) 

micrographs were obtained by using the JEOL standard detector. The distribution of the 

chemical components was analyzed via EDS line scans which were acquired with an EDS 

detector from Oxfords Instruments (Inca Energy). The overall chemical composition of 

the MEAs was determined by quantitative EDS analysis, which was performed on a JEOL 

JSM-6490 operated at 15.0 kV and equipped with a standard EDAX detector. SEM top 

view samples of the anode were prepared by using conventional preparation 

techniques. For cross-sectional samples, the MEAs were embedded in resin and grinded 

until a smooth sample surface was reached. 
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Crystallinity analysis 

To investigate the crystallinity of the electrodes on a global scale, X-ray diffraction (XRD) 

patterns were taken on a Seifert THETA/THETA-diffractometer (GE Inspection 

Technologies) equipped with a Meteor OD detector, using Co-Kα radiation (λ=1.79 Å). A 

2θ detection range of 10–120°, a step size of 2θ = 0.05° and an acquisition time of 40 s 

per 2θ-step were used. Prior to the investigation, the gas diffusion layer and the micro 

porous carbon were removed with a scalpel from the MEA so that the anode was 

freestanding. The broadening of the peaks was measured and an average crystallite size 

of the Pt catalyst particles (DXRD) was calculated using the Scherrer equation (8.1).[48] 

���� =
��

Δ(2�)	cosθ
 (8.1) 

K is the shape factor which is 0.9 for spherical particles, λ is the X-ray wavelength in nm 

(here Co-Kα), Δ(2θ) is the peak broadening at full width at half maximum (FWHM) in 

radians and θ is the Bragg angle. The Scherrer equation was applied to obtain statistical 

information on the average size of the catalyst in the MEA before and after operation. 

To obtain information on the crystallinity on a local scale selected area electron 

diffraction (ED) studies were performed in the TEM. The region of interest was selected 

by using a selected area diffraction aperture with a diameter of approximately 170 nm. 

TEM 

To obtain information on the nanoscale concerning the morphology, chemical 

composition and crystal structure different TEM based techniques were applied. Site-

specific TEM samples were prepared by FIB sectioning since conventional cross-

sectional sample preparation failed. A ZeissNVision40 FIB microscope with an 

integrated SEM and an FEI Helios NanoLab 600i also with an integrated SEM were used 

for TEM lamellae preparation. Besides the conventional lift-out technique an additional 

FIB preparation method was used, which allowed to fabricate larger (up to 40 µm) than 

average sized FIB lamellae. For this method, the MEA was glued, cathode side down, on 

an aluminum spacer. At the anode side the gas diffusion layer and the micro porous 

carbon layer were removed with a scalpel. 150 µm broad stripes of the MEA were then 

sliced off with a diamond wire saw from GATAN. This stripe was then thinned in the FIB. 

A size of 20-40 µm was chosen which was reduced in thickness until electron 
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transparency was achieved (< 100 nm). Afterwards the stripe was fixed in a special 

folding TEM grid (Plano). The sample exhibits a higher stability than usual, free standing 

FIB lamellae, due to the presence of the stabilizing stripe. 

All TEM investigations were performed with an FEI Titan 80-300 (S)TEM equipped with 

an EDAX detector for EDS measurements. The Titan was operated at 300 kV. Scanning 

TEM (STEM) imaging was achieved by using the attached high angle annular dark-field 

(HAADF) detector from Fischione Instruments (Model 3000). A Gatan Tridiem image 

filter was utilized for EELS measurements in STEM mode. The FWHM of the zero loss 

peak was around 0.9 eV. By using a 2 mm entrance aperture and a dispersion of 0.1 eV 

per channel we were able to achieve satisfying energy resolution and a good signal to 

noise ratio. The camera length was 77 mm leading to a collector angle of 20.6 mrad. 

8.2.2.2 MEA testing 

Polarization curves 

To record polarization curves, a single cell setup with an active area of 50 cm² and a 

serpentine channel flow field structure was chosen. The flow rates of the reactants were 

controlled using mass flow controllers. The cell temperature was fixed at 160 °C with the 

help of electrical heating cartridges and the stoichiometries of the fuel were kept 

constant at 1.4 for hydrogen (3.0, Westfalen AG) or synthetic reformate (76% H2, 1.2% 

CO and 22.8% CO2, Westfalen AG) and 2.0 for air, respectively. 

Cycle stability 

The cycling was done according to the strategies developed by Reiser et al..[45] The cell 

was heated up with heating cartridges to 80 °C and purged with air for 5 min on the 

cathode. The next step consisted of heating the cell to a temperature of 120 °C, while the 

anode was purged with nitrogen for 1 min. When hydrogen and air were present, the 

cell was heated up to the operating temperature of 160 °C. At this temperature, the cell 

voltage at a current density of 0.50 A cm−² was recorded and fixed for 4 h. In the shut-

down period, the current density was decreased to 0.25 A cm−² while cooling the cell to 

120 °C by switching off the heating cartridges. Current was switched off and the anode 

was purged with nitrogen. Afterwards, the cell was cooled to room temperature and this 

procedure was repeated for several cycles. 
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Degradation at long term operation under constant load 

Long term operation under constant load was conducted at a current density of 

0.2 A cm−² at 160 °C. On the anode side, the single cell was fed with pure hydrogen 

whereas the stack was fuelled with reformed methanol (stoichiometry 1.4), on the 

cathode side always air was supplied (stoichiometry 2.0). Due to a different test 

equipment for the degradation tests a different gas composition was used compared to 

the polarization measurements. The gas composition, determined by gas 

chromatographic measurements, was 21.0% CO2, 64.0% H2, 14.5% H2O and 0.5% CO. No 

methanol was detected. 

8.3 Results and Discussion 

8.3.1 Structural Analysis 

8.3.1.1 Morphology and elemental composition 

To study the redistribution of elements in an MEA during fuel cell operation we analyzed 

the elemental distribution of the components of our MEA before and after different 

modes of operation (see Table 8.1). The SEM micrograph in Figure 8.1 shows a cross-

section of the ready-to-use MEA (sample MEA I). The cathode is located on the left side, 

in the middle is the proton exchange membrane and to the right the anode. Via EDS 

elemental mapping the distribution of the elements C, O, P, W and Pt was analyzed. 
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Figure 8.1: Cross-sectional SEM micrograph of a ready-to-use MEA (sample MEA I). The 

corresponding elemental maps obtained by EDS are also shown. 

As can be seen in Figure 8.1b), a high amount of C is detected at the cathode electrode 

and the adjacent micro porous layers which is due to the presences of HSAC based 

catalyst supports in the cathode and pure carbon in the micro porous layers, 

respectively. Since the incorporated proton exchange membrane is a PBI based 

membrane, C can also be found in this region. On the anode side a band with a thickness 

of about 20 µm where mostly W can be detected is found which corresponds to the 

WO3−x based catalyst support material. The detected amount of O in this region is very 

small. This can be explained by the absorption of low energy X-rays in this high density 

material. That is why the signal of most of the X-rays of the light elements like C, O and P 

is low at this region. This circumstance is also present in the EDS line scans shown later 

(Figure 8.2). During the MEA fabrication the electrodes were doped with phosphoric 

acid and finally hot pressed with the membrane. In this process the phosphoric acid is 

absorbed by the proton exchange membrane which leads to a strong increase in its 

proton conductivity. Therefore P and O are mainly detected in the membrane region 

which has a thickness of about 65 ± 2 µm, as can be seen in Figure 8.1 d) and e). Pt is 

present in both electrode areas (Figure 8.1 f)). On the cathode the Pt is distributed 
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homogeneously over the whole electrode. However, at the anode side the concentration 

of Pt is highest directly at the area which contains WO3−x. 

After studying the elemental distribution in the ready-to-use MEA, we compared the 

elemental distribution of the differently operated and the ready-to-use MEA via EDS line 

scans. Several measurements have been performed from which one line scan of each 

MEA is shown exemplarily (Figure 8.2). These measurements have revealed that the W 

rich areas have an inhomogeneous thickness within each sample which varies between 

14 µm and 36 µm. However, related to the total length of the electrodes all W rich areas 

have an average width of 22 ± 7 µm which is not markedly changing during operation. In 

Figure 8.2 only the X-rays associated with Pt-L, W-L and P-K are shown. Since the 

fluorescence yield for light elements is low and X-rays of C-K and O-K can be easily 

absorbed in the sample these data are omitted. 

The EDS line scan of the ready-to-use MEA I (Figure 8.2 a)) exhibits the same elemental 

distribution as already described in the EDS map in Figure 8.1. The membrane of MEA I, 

located between the electrodes, contains a high amount of P, but no Pt. P is stemming 

from the doping with phosphoric acid which guarantees proton conductivity during fuel 

cell operation. The concentration of P within the MEA is constant in the center of the 

membrane and has a maximum value at the interfaces of the membrane and the 

electrodes. In all EDS line scans the P concentration is lowest at the location of the WO3−x 

based anode (Figure 8.2). Again, the dense WO3−x can absorb the X-ray signals emitted 

by the lighter P, explaining this phenomenon. A rather high amount of P is observed in 

the HSAC and the C-based regions of both electrodes. This is related to the fabrication 

process described above. The detected amount of Pt (ten times magnified) in the 

cathode (left) of MEA I is larger than the amount of Pt in the anode (right) (Figure 8.2). 

This is reasonable and done deliberately in the manufacturing process of the MEA since 

the water which is produced during fuel cell operation at the cathode side might wash 

out a part of the Pt catalyst. 

In Figure 8.2 b) the EDS line scan of MEA II which was operated continuously for 

nominal 600 h is shown. Via the distribution of P the membrane can easily be located. 

Here, the membrane has a reduced thickness of about 46 ± 2 µm which might be due to 

the assembly into a test fuel cell or due to degradation of the PBI. In the electrodes the P 
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distribution shows some variation that might be attributed to the preparation method of 

the SEM cross-section. During the wet grinding the introduced phosphoric acid can be 

washed out of the MEA. Nevertheless, this can happen for all discussed samples. The Pt 

loading of the cathode shows a broader distribution compared to the one of the ready-

to-use MEA I. This indicates that part of the Pt moved towards the gas diffusion 

electrode. A small amount of Pt can also be found in the membrane area directly next to 

the cathode and is therefore lost for the catalytic reaction. On the anode side small 

amounts of Pt also diffuse away from the membrane electrode interface into the 

electrode. Nevertheless, it can be observed that most of the contained Pt is still located 

at the W rich region. 

The distribution of the elements for MEA III is presented in Figure 8.2 c). After nominal 

2000 h of continuous operation the membrane shows a thickness of about 46 ± 2 µm 

and thus has not decreased in thickness any further. The diffusion of Pt from the cathode 

into the membrane is stronger than it was observed for MEA II. On both electrodes a 

higher loss of Pt compared to sample MEA II was found. When comparing the standard 

carbon cathode with the WO3−x based anode, the Pt concentration at the membrane 

electrode interface is higher at the anode, even after nominal 2000 h of operation. 

Figure 8.2 d) displays the elemental distribution in MEA IV, which was operated for 

300 h in start-stop cycles. The abrupt temperature changes in the system strongly 

induce mechanical stress in the MEA. Due to high cathode potentials, which occur during 

this test protocol, the amount of Pt, which diffused from the electrode into the 

membrane, is higher than for sample MEA II and MEA III. As in all samples so far, this 

effect is stronger at the cathode side rather than at the anode side in agreement to 

literature results. The thickness of the membrane did not change compared to MEA II 

and MEA III. In the shown EDS line scan two separated regions at the anode, containing 

W can be seen. Most likely the anode was damaged during the SEM sample preparation. 

Nevertheless, this measurement demonstrates the correlation of the elements Pt and W, 

showing that Pt is strongly bound to the WO3−x support. 

The distribution of C and O (not shown here) strongly correlates in the three operated 

MEAs. This indicates a partial oxidation of the carbon present in the electrodes during 

the fuel cell operation. Our EDS analyses indicate that the Pt binds more strongly to 
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tungsten oxide compared to C based materials even after different modes of operation. 

The W rich regions in all MEAs reveal a high value of Pt and only a relatively weak Pt 

diffusion from this area into the membrane is detected. In contrast, on the cathode side a 

high amount of Pt is observed in the adjacent membrane after fuel cell operation. 

  

Figure 8.2: SE images and correlated EDS line scans of the four MEA samples. The elemental 

distribution of the elements Pt (red, magnified ten times), P (orange) and W (blue) are shown for 

the ready-to-use MEA (a), after continuous operation for nominal 600 h (b), after continuous 

operation for nominal 2000 h (c) and after start-stop operation (d). 
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The WO3−x based anode was also analyzed separately in the SEM before it was used for 

MEA fabrication. Figure 8.3 shows a representative SEM top view micrograph of the 

ready-to-use anode surface. The rough surface observed in Figure 8.3 a) consists of 

WO3−x grains which are covered homogeneously with bright octahedral features. The 

size of the WO3−x grains is between 0.2 µm and 1.0 µm while the octahedrons have a size 

of about 1.1 ± 0.3 µm. One of the bright octahedrons is shown in detail in Figure 8.3 b), 

which reveals a porous morphology but also defined, planar surfaces, edges and corners. 

Via EDS measurements these structures were proven to be pure Pt. The presence of 

these Pt structures, tightly bound to the WO3−x surface, explains the Pt distribution 

behavior observed in the EDS line scans. The superordinate Pt structures are only 

formed on the surface of the tungsten oxide based anode while deeper inside the anode 

there is not enough space provided to form these several micrometer large structures. 

During the subsequent production process of the MEAs the anode is pressed with the 

surface first to the membrane, so the superordinate structures are located at the 

interface between anode and membrane. Since a considerable amount of Pt is present in 

these superordinate structures the Pt distribution curves of the EDS line scans exhibit a 

high value at the aforementioned interface. 

Usually the desired morphology of the introduced catalyst in HT-PEMFC is in the form of 

nanoparticles with sizes of only few nanometers. Due to their small size, the 

nanoparticles have a highly favorable surface to volume ratio and exhibit therefore a 

large catalytic active surface area. As can be seen later, the MEAs with the WO3−x based 

anode containing Pt octahedrons still perform reasonably well. Due to the porous 

morphology the free-standing surface area of the Pt octahedrons, consisting of 

nanorods, seems to be large enough so that the majority of the Pt can be utilized in the 

catalytic process. The formation of these Pt structures is not part of the present study 

and will be addressed in a future work. 
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Figure 8.3: SEM top view image of the ready-to-use WO3−x anode. a) The electrode surface 

consisting of WO3−x crystals is homogeneously covered with bright octahedral features. b) Detailed 

view at one bright feature which is built of a porous network of Pt nanorods. 

8.3.1.2 Crystallinity analysis 

The differently operated MEAs were further analyzed using XRD. The XRD patterns of 

the ready-to-use MEA I, the nominal 600 h operated MEA II, the nominal 2000 h 

operated MEA III and the start-stop cycle operated MEA IV are given in Figure 8.4. The 

2θ Bragg reflexes at about 46.7°, 54.5°, 80.5°, 98.6° and 104.8° correspond to the 

reflections of face-centered cubic Pt(111), Pt(200), Pt(220), Pt(311) and Pt(222), 

respectively.[49] In addition the reflexes of the contained WO3−x are observed. The d-

values correspond to several monoclinic phases with a stoichiometry varying between 

WO3 and W18O49. Due to this and the fact that our electrode is conductive we chose as 

chemical formula WO3−x throughout the manuscript. 
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Figure 8.4: Comparison of the X-ray diffractograms of the investigated MEAs. The face-centered 

cubic reflections of Pt are marked with dashed lines. The remaining reflexes originate from WO3−x. 

By using the Scherrer equation the average size of the crystalline Pt catalyst particles 

was determined assuming a spherical shape.[48] The experimental error of Δ2θ was 0.1°. 

The obtained crystallite sizes are presented in Table 8.2 and compared to the Pt catalyst 

sizes determined by TEM analysis. For the ready-to-use MEA I an average Pt particle size 

of about 10.5 ± 1.1 nm was calculated. In the course of continuous fuel cell operation the 

overall crystallite particle size usually increases. During operation the particles tend to 

grow together via coalescence or an Ostwald ripening process.[50] This was indeed 

observed for MEA III after nominal 2000 h of operation where Pt particles with a mean 

diameter of 13.3 ± 1.7 nm occur. However in the nominal 600 h operated MEA II the 

catalyst exhibits particle sizes in the range of 9.5 ± 0.9 nm. This decrease is unexpected 

but was also observed in the TEM analysis (see below). It seems that the Pt octahedra 

partly dissolve in the first hundred hours of operation. The crystallite size of 

9.1 ± 0.8 nm for the start-stop cycle operated MEA IV is about the same as for the 
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nominal 600 h operated MEA II, thus also smaller than expected. Nevertheless, one has 

to consider that by applying the Scherrer equation for X-ray measurements only average 

values of the size of the diffracting crystals can be obtained. As can be seen in the TEM 

micrographs shown later, the Pt catalyst exhibits different morphologies in the MEAs 

operated for different times or modes. Therefore the XRD results only give a trend about 

the development of the Pt catalyst size in the course of operation. 

Table 8.2: Summary of the Pt catalyst particle size obtained by XRD and by TEM. The sign “-“ stands 

for not detected, the sign “*”for data which did not allow a quantitative size determination. 

Sample 

Average 

crystallite size of 

Pt catalyst 

particles 

determined by 

XRD / nm 

Average width and 

length of Pt rods 

determined by TEM 

/ nm 

Average size of 

spherical Pt 

particles on C based 

material 

determined by TEM 

/ nm 

Average size of 

spherical Pt 

particles in the 

membrane 

determined by TEM 

/ nm 

MEA I 10.5 ± 1.1 7.3 ± 1.5 // 36.0 ± 9.2 - - 

MEA II 9.5 ± 0.9 5.1 ± 0.8 // 24.5 ± 6.3 10.0 ± 3.4 5.4 ± 0.7 

MEA III 13.3 ± 1.7 8.5 ± 1.7 // 25.0 ± 6.2 12.5 ± 3.8 2.9 ± 0.5 

MEA IV 9.1 ± 0.8 * 

7.1 ± 1.9 and 

agglomerates 3.7 ± 0.5 

 

8.3.1.3 In-depth TEM investigation 

TEM measurements were performed to obtain information on degradation processes 

that take place during fuel cell operation at the nanoscale. As mentioned above, the focus 

of the TEM investigation was laid on the anode as well as the membrane side. We 

investigated in detail the WO3−x and C based areas and the Pt particles located in the 

anode as well as the membrane before and after the different types of fuel cell operation. 

Figure 8.5 shows exemplarily one of the FIB lamellae that were investigated. The 

micrograph was taken in HAADF STEM mode. In this mode of operation the measured 

intensity is proportional to Z2, the square of the atomic number of each element in the 

sample. The colored squares in Figure 8.5 highlight the MEA components of interest. The 

anode is built up of a C based micro porous layer (MPL, area marked by a green square) 

and WO3−x (blue square) which is used as support material for the Pt catalyst (red 

square). The membrane (yellow square) is composed of PBI and impregnated with 
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phosphoric acid. These different areas will be separately described for the four different 

MEAs. 

 

Figure 8.5: Overview STEM micrograph of the anode area of one of the FIB lamellae that were 

investigated via TEM (sample MEA I). The colored squares highlight a carbon based area (green), 

WO3−x grains (blue), a Pt catalyst structure (red) and the membrane (yellow). The areas labeled 

“vacuum” are regions where material was completely removed of broke off during FIB sectioning. 

Figure 8.6 shows micrographs of WO3−x based areas of MEA I (a), MEA II (b), MEA III (c) 

and MEA IV (d). As already seen in the SEM measurements, the WO3−x forms grains with 

sizes of up to 1 µm. Before fuel cell operation two morphologies of these grains were 

observed: in some areas WO3−x forms loosely arranged, rounded grains, in other sections 

densely packed, facetted grains could be found (Figure 8.6 a)). After fuel cell operation 

only loosely arranged assemblies of rounded WO3−x grains were observed (Figure 8.6 

b) – d)). Since hydrogen spill over and good electrical connection between Pt and WO3−x 

are attributes of the used anode and catalyst material, a high contact area between Pt 

and the support material WO3−x is crucial. Besides in the octahedral Pt structures 
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described above, further Pt catalyst material could be found between loosely arranged 

grains (Figure 8.6 b)-d)). No Pt was detected between the mosaic-like assemblies, 

probably because there is not enough space provided. 

ED measurements reveal that the WO3−x grains are single crystalline. On the bottom 

right corner of Figure 8.6 a) an ED pattern is displayed which was taken in [−2−32] zone 

axis. 

 

Figure 8.6: STEM images of WO3−x based areas of: a) MEA I, b) MEA II, c) MEA III, d) MEA IV. In a) in 

addition an ED pattern of one grain is given. 

EELS measurements of the WO3−x grains were performed to examine a possible change 

of the oxidation state of W due to oxidation during fuel cell operation. This information 
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can be obtained by analyzing the oxygen K edges at 532 eV which are shown for the four 

investigated MEAs in Figure 8.7. The data were acquired in the center of the grains. 

 

Figure 8.7: O-K EELS spectra of MEA I, MEA II, MEA III and MEA IV, taken in the interior of the WO3−x 

grains. 

All four EELS spectra have an onset of 529 eV followed by a first main peak at 531 eV 

and two other features at around 537 eV and 545 eV, which is in good agreement with 

literature.[51] All EELS spectra exhibit the same features at identical energy loss. This 

indicates that in all investigated MEAs O and W have the same coordination and most 

likely oxidation state in the interior of the grain. Since our EELS measurements cover a 

large internal area of WO3−x it is possible that only the surface of the WO3−x grains 

change their oxidation state during fuel cell operation. In order to prove this, additional 

EELS measurements using a monochromator have to be performed, which will be done 

in future studies. The M4,5 ionization edges of W occur at 1872 eV and 1809 eV. The 

measurement of such large energy losses is difficult since the intensity ratio of 

characteristic edge and background decreases rapidly with increasing eV. A minor 

ionization edge of W N4,5 appears at energy losses of 245 eV and overlaps with the C-K 

edge at 284 eV making the analysis more difficult. Therefore, these data are not shown 

here. 
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The Pt catalyst octahedrons that have already been discussed in the foregoing SEM 

investigation were also analyzed via HAADF STEM. In Figure 8.8 one section of these 

features of each MEA is displayed. These features are only present on WO3−x grains and 

are exclusively located at the interface between anode and membrane. The elemental 

composition of these features is pure Pt as was further proven via local EDS 

measurements in STEM. Having a closer look at the features it can be seen that they are 

built of elongated, cross-linked Pt crystals. In the upper right corner of Figure 8.8 a) an 

ED pattern is shown which was acquired at the displayed superordinate catalyst 

structure. The ED experiments confirmed the presence of polycrystalline, cubic Pt in all 

MEAs. 
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Figure 8.8: Pt catalyst structures at the interface region between anode and membrane of a) MEA I, 

b) MEA II, c) MEA III, d) MEA IV. 

Before operation of the fuel cell system the observed octahedral Pt morphologies are 

formed by crystalline Pt rods with a diameter in the range of 7.3 ± 1.5 nm and a length of 

about 36.0 ± 9.2 nm (Figure 8.8 a)). Some holes are visible in the network which might 

partly originate from the FIB sample preparation (see arrow Figure 8.8 a)). After an 

operation time of nominal 600 h and even more after nominal 2000 h the Pt 

octahedrons are more closely packed. Similar observations were made for MEA IV. Also 

in MEA IV (Figure 8.8 d)), the edges of the catalyst structure are not smooth anymore 

which can be caused by disintegration of the Pt network due to the stressful potential 
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changes. Furthermore after a continuous operation of nominal 600 h the Pt crystals 

were found to have a reduced width (5.1 ± 0.8 nm) and length (24.5 ± 6.3 nm) compared 

to MEA I, but with an ongoing operation time (MEA III, nominal 2000 h) they become 

even thicker than at the beginning (8.5 ± 1.7) while the length remains nearly constant 

(25.0 ± 6.2 nm) (Table 8.2). The medium width and length of single Pt rods in the 

catalyst structures of MEA IV could not be measured due to their strongly condensed, 

interconnected architecture after start-stop cycling which makes it difficult to identify 

the individual rods. Nevertheless the changes in the width and length of the Pt rods in 

MEA I – MEA III match the results of the XRD measurements shown earlier. The different 

values obtained by XRD compared to the TEM results can be explained by the 

assumption of using spherical particles in the Scherrer equation. In addition, the XRD 

data are averaging over all catalyst particles – the rods on the tungsten oxide as well as 

spherical particles on the HSAC – while in TEM we analyzed them separately. Further 

investigations of the catalyst structures are still subject to ongoing work. 

C based areas in the anode are also exposed to degradation during fuel cell operation. In 

Figure 8.9 C based areas of the four investigated MEAs are displayed. Since these areas 

were visualized by applying conventional TEM a different contrast compared to 

measurements in the HAADF STEM mode is obtained. Having a closer look at the series 

that is displayed in Figure 8.9 C based areas with Pt particles can be seen. The C material 

exhibits holes. Presumably these holes mark areas where WO3−x grains have been 

located before they were removed during the preparation of the FIB lamellae. The dark 

areas are Pt particles. Before fuel cell operation large areas of C are free of Pt and only 

areas in close vicinity to WO3−x are loaded with the catalyst (Figure 8.9 a)). Before 

operation Pt is mostly present in form of elongated crystals like the ones that form the 

three dimensional network, as discussed above. In contrast to MEA I the C based areas of 

MEA II, MEA III and MEA IV are increasingly covered with Pt. Here Pt is present in the 

form of individual nanoparticles possessing a spherical shape. After an operation time of 

nominal 600 h these nanoparticles exhibit an average diameter of 10.0 ± 3.4 nm. With an 

ongoing fuel cell operation the nanoparticles still grow to a size of 12.5 ± 3.8 nm after a 

working period of nominal 2000 h. The comparatively large standard deviations of the 

size of the Pt nanoparticles in MEA II and MEA III illustrate the wide particle size 

distribution. The operation mode of periodically repeated start-up and shut-down cycles 
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of the investigated fuel cell system (MEA IV) leads to the formation of large 

agglomerates in the range of up to several 100 nm (Figure 8.9 d)). In addition individual 

small spherical nanoparticles with an average diameter of 7.1 ± 1.9 nm are also present. 

Different Pt degradation mechanisms on C material during fuel cell operation have been 

studied elsewhere in literature[52] and are only minor subject to the work in hand. 

Nevertheless it seems that part of the Pt, which is in the beginning located in the 

superordinate structures, is diffusing onto the contained C during operation. 

 

Figure 8.9: Carbon based areas in the anode of a) MEA I, b) MEA II, c) MEA III, d) MEA IV. 

Another important fuel cell component which is subjected to degradation in the course 

of operation is the proton exchange membrane. In Figure 8.10 areas of the membrane 
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before (a) and after (b)-d)) fuel cell operation are displayed. All shown HAADF 

micrographs were recorded at positions having about the same distances from the 

membrane anode interface. The absolute penetration depth of Pt into the membrane 

could not be determined, since the FIB lamellae are thin enough for TEM analysis only 

for a finite length. The PBI based membrane itself is amorphous and therefore shows 

constant contrast in the TEM images.[53] The bright area in the upper part of Figure 8.10 

a) is WO3−x which is located close to the membrane. The dark spot in Figure 8.10 d) is a 

hole in the membrane that was caused by electron beam damage. As discussed above in 

the SEM investigations, Pt can be found in the membrane material after fuel cell 

operation. The bright spots in Figure 8.10 b) – Figure 8.10 d) are Pt nanoparticles. This 

was proven via high resolution TEM and EDS measurements as well as ED. The inset in 

Figure 8.10 b) shows a higher magnification high resolution TEM (HRTEM) image of a Pt 

particle. The distances of the visible atomic planes are 2.24 ± 0.03 Å and match (111) hkl 

values of cubic Pt.[49] Diffraction experiments reveal diffraction patterns equivalent to 

the one that is shown in Figure 8.8 a). Furthermore the diameter of the Pt nanoparticles 

within the membrane was measured. After an operation time of nominal 600 h (MEA II) 

the nanoparticles exhibit an average diameter of 5.4 ± 0.7 nm which decreases in size 

with ongoing fuel cell operation. After nominal 2000 h (MEA III) Pt particles in the range 

of 2.9 ± 0.5 nm can be found. The decrease in size of the nanoparticles can be explained 

by a periodical dissolution and precipitation of the catalyst in the course of redox 

reactions within the PBI membrane. In 2005 Xie et al.[24] postulated an oxidation of Pt to 

form PtO due to the presence of water, which is then dissolved in the acidic solution of 

the cell. Periodically repeated start-up and shut-down cycles result in nanoparticles with 

an average size of 3.7 ± 0.5 nm. The result of the TEM particle size determination is 

summarized in Table 8.2. Comparing the total amount of Pt diffused into the membrane 

it is highest in MEA IV (Figure 8.10 d)). This type of accelerated lifetime test seems to 

put the highest stress on the Pt catalyst. 
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Figure 8.10: STEM HAADF micrographs of the proton exchange membrane of: a) MEA I, b) MEA II, c) 

MEA III, d) MEA IV. The inset in b) shows a HRTEM image of an individual Pt particle. 

8.3.2 In-situ MEA properties 

8.3.2.1 Polarization curves 

The polarization curves in Figure 8.11 show the voltage of the four investigated MEAs as 

well as a standard HSAC based MEA in dependency of current density. The performance 

tests were done with synthetic reformate on the anode with a CO content of 1.2%. This 

leads to an anode overvoltage of approximately 20 mV. An equivalent ideal phosphoric 

acid doping level was determined for all samples. Even though the open-circuit voltage 

(OCV) indicate that no short circuits and electrical losses are present, the performance of 



8 Insight into the degradation of HT-PEMFCs containing tungsten oxide catalyst support 

material for the anode 

142 

MEA I is 10 mV lower compared to the HSAC based reference MEA. This can be 

explained by a slightly higher ohmic resistance of MEA I due to the use of WO3−x. For 

MEA IV the OCV is lowered due to the start-stop cycling from 910 to 890 mV. Regarding 

the polarization curve of MEA II the cell voltage at 20% of the maximum current density 

shows a decrease from 590 to 570 mV, compared to MEA I. This correlates to the cell 

voltage behaviour during the long term test (Figure 8.12). After the nominal 2000 h 

stack test (MEA III), the corresponding polarization curve shows an increase in the slope 

in the ohmic region. The increase of the ohmic resistance at the anode side of the WO3−x 

based MEAs is one reason for the lowering of the overall cell performance. 

 

Figure 8.11: Polarization curves with synthetic reformate of MEAs with WO3−x as catalyst support 

material on the anode after different fuel cell tests and in comparison to a HSAC based MEA. 

8.3.2.2 Start-stop cycling 

Accelerated stress tests of the WO3-x based MEA were done via start-stop cycling under 

fuel cell conditions over nominal 300 h for 35 start-stop cycles (MEA IV). During the 

shutdown of the cell, only air was used on the cathode. Hydrogen was allowed to diffuse 

out of the cell and was replaced with air. This leads to a long lasting hydrogen air mixing 

time on the anode and in consequence to a long exposure of the cathode and anode to 

high potentials. There were no countermeasures in the operation strategy to reduce the 

humidity on the cathode side. The air supply was switched off only a few seconds after 
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switching off the current. The degradation rate of MEA IV is 1.1 mV per cycle. In 

comparison, the calculated cycle degradation rate for the standard HSAC based MEA is 

2.3 mV. By using WO3−x the cycle loss was reduced by 48% compared to standard HSAC. 

8.3.2.3 Long-term fuel cell operation 

 

Figure 8.12: MEA II: nominal 600 h test at constant current density in a 50 cm² single cell with pure 

hydrogen. 

In Figure 8.12 a nominal 600 h single cell test with pure hydrogen is shown. A large cell 

voltage increase was gained at the shutdown at 170 h, which is currently under 

investigation. A reason for this increase could be a partly incorporation of Pt into the 

WO3−x layer as was observed by the TEM investigations. After running up the system 

again a 50 h lasting conditioning time occurs. Afterwards the cell voltage stabilizes at 

574 mV and no further pronounced degradation is visible. Compared to a stack test with 

a standard HSAC based MEA the here investigated MEA containing WO3−x shows a 

slightly lower performance. The difference in the corresponding cell voltages is in the 

range of 10 mV. 
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Figure 8.13: Cell voltage during a nominal 2000 h stack test of MEAs with WO3−x based anodes and 

HSAC based reference MEAs. 

In Figure 8.13 the cell voltages during the nominal 2000 h stack test of WO3−x containing 

MEAs (MEA III) in comparison to HSAC based MEAs are shown. The lower performance 

of the WO3−x containing MEAs can be explained by the fact that reformed methanol was 

used for the stack test instead of pure hydrogen. Compared to the single cell test (Figure 

8.12) the performance of WO3−x containing MEAs in the stack test was reduced. At the 

peak power after 450 h a voltage difference of 40 mV between HSAC based MEAs and 

WO3−x containing MEAs occurred. Nevertheless this difference decreased to 30 mV after 

nominal 2000 h of stack operation, including four test rig related shutdowns. The 

reduced slope indicates that the degradation rate of WO3−x based MEAs is slightly lower 

compared to the standard HSAC based MEAs. We expect that for longer operation times 

and a high number of start-stop cycles the WO3−x based MEA outperforms the standard 

HSAC based MEAs. 

8.4 Summary and Conclusion 

In this paper the morphology, the elemental distribution and the performance of Pt 

loaded WO3−x based anodes for HT-PEMFCs were analyzed after different operation 
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modes and times. HT-PEMFCs with WO3−x as catalyst support material on the anode, a 

standard HSAC based cathode and a PBI based membrane were manufactured and 

studied ex-situ via several electron microscopy based methods like SEM, STEM, EDS, ED 

and EELS. The MEAs were investigated before operation, after nominal 600 h of 

continuous operation in a single cell test, after nominal 2000 h of continuous operation 

in a fuel cell stack test and after nominal 300 h of start-stop cycle operation. The 

variation of the elemental distribution in the MEAs was analyzed via EDS line scans in 

the SEM. The diffusion of Pt into the membrane and away from the electrodes was 

observed. Furthermore the crystallinity of the components in the MEAs’ anodes was 

analyzed via XRD. The development of the size of the crystalline Pt catalyst particles was 

revealed by applying the Scherrer equation and compared to the sizes obtained by TEM 

measurements. In contrast to conventional HT-PEMFC electrodes where the Pt catalyst 

forms spherical particles in the size of only few nanometers, here the Pt forms up to 

about 1 µm large, three dimensional networks of few nanometer thin, crystalline Pt rods 

on the WO3−x grains. The thickness of the Pt rods building this network changes with 

ongoing operation time and Pt diffuses onto the C based areas of the anode. The WO3−x 

grains are single crystalline and form mosaic-like assemblies which get more rounded 

and show small Pt incorporations after operation. EELS measurements in the interior of 

the grains revealed that the oxidation state of the W does not change due to the different 

operation modes in the center of the grain. In the PBI based membrane adjacent to the 

anode few nanometer small Pt particles were found after operation. The highest amount 

of Pt in the membrane was found after the start-stop cycling. In addition, in-situ 

measurements like polarization curves, start-stop cycling and long-term fuel cell tests 

were performed. The performance of the WO3−x based MEAs was found to be slightly 

below the standard HSAC MEAs due to the higher ohmic resistance of the WO3−x layer 

compared to HSAC. Nevertheless the degradation due to start-stop cycling of the WO3−x 

based MEAs is better than the standard HSAC MEAs. Also the nominal 2000 h long-term 

fuel cell tests showed that the degradation rate of the WO3−x based MEAs is superior and 

therefore it is supposed that they should outperform the standard HSAC based MEAs 

with ongoing operation. 
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9 Conclusion 

The main focus of this thesis was the investigation of membranes and electrodes for fuel 

cell applications. Sample preparation strategies were developed for both types of 

materials. In the case of polymer electrolyte membranes a conventional cross-section 

sample preparation was modified to meet the requirements of an organic material. The 

fabrication of artifact-free TEM samples of membranes strengthened by inorganic 

nanofillers was successfully performed by using gentle grinding and ion beam thinning 

conditions. Considering the electrode materials, different sample preparation methods 

were applied. For basic investigations material was scratched off, ultra-sonicated in 

solvents and dropped on a carbon-coated copper grid. For more detailed analysis of 

specific sample areas, two cross-section sample preparation strategies using FIB were 

applied. The preparation of FIB lamellae for TEM also allowed the investigation of 

anodes after fuel cell operation, as the area of interest could be cut out of the whole 

MEA. Stable, electron transparent and artifact-free samples with lengths of up to 20 µm 

were achieved in this way. 

The materials for fuel cell application were analyzed regarding their morphology, 

crystallinity and chemical composition. For this purpose, different analytical methods, 

most of them based on electron microscopy, were used. SEM was applied to investigate 

the morphology and general microstructure of electrodes and membranes and EDS 

measurements in the SEM were used to determine the average chemical composition of 

the samples. Conventional TEM, HRTEM, STEM and ED were performed for in-depth 

studies of the morphology, particle size, particle distribution and crystallinity. EDS and 

EELS in the STEM mode were applied for the chemical analyses and bonding behavior 

analyses of electrode and membrane materials at the nanometer scale. In addition, the 

overall crystallinity of all components present in electrodes and membranes was 

determined with XRD measurements. The results were correlated to in-situ and ex-situ 

fuel cell performance tests. 

As described in chapter 5, PBI-based membranes with different amounts of silica 

nanoparticles were synthesized by an in-situ sol-gel reaction. The amount of the 

precursor TEOS was varied between 40, 80 and 120 wt% of the polymer PBI and the 

resulting silica nanoparticles were bound to the polymer via a cross-linker. The size, 
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shape and distribution of the silica nanoparticles were determined by STEM HAADF 

measurements and analyzed in detail by a statistical particle evaluation. Only in HAADF 

imaging the silica nanoparticles could be distinguished well enough from the organic 

background. In the sample with 40% TEOS elongated, larger silica particles were found. 

The other two membranes contained smaller, round particles. The average particle size 

decreased with increasing concentrations of TEOS from 293 ± 201 nm2 (40% TEOS) 

over 162 ± 107 nm² (80% TEOS) to 56 ± 56 nm² (120% TEOS). In all samples the 

particles were well dispersed and via EDS measurements it was proven that they consist 

of Si and O only. EDS measurements of large areas also showed that a higher amount of 

silica is incorporated into the membrane when a higher amount of TEOS was used in 

synthesis. Phosphorus, which is present in each of the membranes in equal quantity as 

well as in uniform distribution as a softener, was used as the reference quantity. XRD 

experiments of the three membranes showed a broad signal for the amorphous PBI and 

no signal of crystalline silica was found. In addition, the FWHM of the broad PBI 

diffraction peaks was measured. It was shown that all samples with incorporated silica 

particles had a larger FWHM than a pure PBI membrane without any inorganic 

nanofillers. This is indicative of the incorporation of silica nanoparticles leading to 

increasing disorder of the polymer matrix. The mechanical stability of the 40% and 80% 

TEOS membranes was increased compared to a pure PBI membrane. The sample with 

120% TEOS was too brittle for operation and thus not analyzed in more detail. In a 

360 h start-stop cycling test the sample with 40% TEOS outperformed the 80% TEOS 

sample. Hence, the 40% TEOS sample was tested in long-term fuel cell operation and 

compared to a pure PBI membrane. The membrane containing silica nanoparticles 

exhibited a higher voltage and a lower degradation rate. This study showed that the 

incorporation of the larger, fibrous silica particles enhanced the durability and 

performance of HT-PEMFCs. 

The influence of an additional heating step before membrane casting on the size, 

distribution and composition of the embedded silica particles was investigated in 

chapter 6. Since the implementation of 40% TEOS in PBI-based membranes turned out 

to give the best properties, the same amount was used here. The membrane which was 

heated to 70 °C (M I) before casting showed a higher yield stress of 160 MPa in stress-

strain measurements and exhibited a higher liquid uptake than the membrane 

synthesized without additional heating (M II). Nevertheless, the performance of the 
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membrane prepared at a higher temperature was lower than the one prepared at room 

temperature, as shown by polarization curves, start-stop cycling and long-term testing. 

The reason for this behavior was investigated by TEM measurements. The focus in this 

study was set on a detailed investigation of the distribution of elements in the 

membranes via analytical measurements in the TEM such as EDS and EELS. The silica 

particles were visualized by STEM HAADF imaging. In membrane M II the typical 

elongated, fibrous silica nanostructures were found. Membrane M I on the other hand 

comprised several large, ellipsoidal particles which had sizes of up to few hundred 

nanometers in diameter. The large particles were elongated in the membrane pulling 

direction and homogeneously dispersed. In addition to the large silica structures, the 

same elongated particles as in M II were found in M I. Due to the higher temperature 

applied in the case of membrane M I the formation of larger silica particles was favored. 

The results indicated that for this membrane, small silica particles congregated in some 

regions and/or that TEOS which did not form silica particles so far started to react. XRD 

measurements showed no differences between the two amorphous membranes. Further 

TEM investigation on the silica reinforced membranes focused on elemental 

composition analysis with a high spatial resolution. EDS line scans and maps revealed 

that all types of silica particles had a homogeneous elemental composition and were free 

of any kind of contamination. No enrichment of other elements such as P or Cl was found 

at the interface between the particles and the polymer matrix. EELS measurements of 

the Si-L2,3 and the O-K edge on all types of silica particles also proved the homogeneity of 

the particles and confirmed their amorphous character. The results of this study showed 

that very large silica particles in PBI membranes are not beneficial for the fuel cell 

performance, possibly because large particles hinder the formation of proton channels 

through the membrane. 

In chapter 7 WOx synthesized by the project partner, commercial WC and commercial 

WOx were evaluated as alternatives for the conventionally used catalyst support 

material HSAC. It was shown that WOx was formed on the surface of WC due to high 

electrochemical potentials during testing. This can lead to mechanical detachment of 

catalyst material which is a main degradation factor in fuel cell electrodes. Therefore, 

WC is not a suitable catalyst support material. Furthermore it was shown that the non-

commercial WOx did not lose as much electro-catalytically active surface area as HSAC 

after 3600 cycle scans. Via XRD and ED in the TEM the high crystallinity of the WOx was 
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determined. A loading of 13 wt% of Pt on WOx was confirmed by EDS measurements. 

The Pt catalyst nanoparticles had sizes of about 3–4 nm and were randomly distributed. 

The study revealed by several performance and degradation tests that WOx has a higher 

electrochemical stability than HSAC and is an appropriate catalyst support material in 

the anode of HT-PEMFCs. 

A detailed degradation analysis of Pt loaded WO3−x based anodes for HT-PEMFCs is 

described in chapter 8. At first, the assembled MEA was investigated via SEM and EDS 

measurements to determine the morphology and the overall distribution of elements in 

the MEA. It was shown that Pt forms up to 1 µm large, three dimensional networks of 

few nanometer thin, crystalline Pt rods on WO3-x grains. This is in contrast to 

conventional HT-PEMFC electrodes where the Pt catalyst forms particles of a few 

nanometers only. Afterwards, the same MEA was operated for different time spans and 

in different operation modes. FIB was used to prepare TEM samples of the operated 

MEAs. EDS line scans perpendicular to the MEA interface revealed diverse behavior 

regarding the redistribution of e.g. Pt after different operation times/modes. Pt was 

preferably present at sample locations where a high amount of W was detected, 

indicating that Pt is tightly bound to the WO3−x anode. With ongoing operation times the 

Pt diffused into the membrane from both electrodes and was lost for the catalytic 

reaction. XRD measurements were applied to analyze the changes in crystallinity in 

dependence of operation times and modes. Via the Scherrer equation changes in the 

average crystallite size of Pt catalyst particles were calculated and correlated to the 

measured particle sizes in TEM. STEM HAADF imaging was used to investigate four 

different areas of each anode after different operation times/modes. The tungsten oxide 

structure changed with time and the tightly packed grains found in the beginning 

formed loosely arranged, rounded grains with Pt catalyst material between them. EELS 

measurements of the O-K edge at 532 eV of WO3−x showed no change in oxidation state. 

The large Pt catalyst networks consisting of elongated, cross-linked Pt crystals were 

deformed by operation. Also, the thickness of the Pt rods forming the network changed. 

During operation Pt, which was in the beginning located in the superordinate structures, 

partly diffused onto carbon based areas in the anode. In addition, it diffused into the 

polymer electrolyte membrane. The fuel cell performance of the WO3-x based MEAs was 

slightly below the standard HSAC but the degradation rate due to start-stop cycling of 

the investigated WO3−x based MEAs was lower than for the standard HSAC MEAs. The 
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WO3−x based MEAs also showed better results in a 2000 h long-term fuel cell test 

compared to the standard carbon material. This study proofed that WO3−x based anodes 

are superior to HSAC electrodes regarding degradation. 

In summary, this thesis shows that combining different electron microscopic and 

spectroscopic methods allows for an in-depth characterization of fuel cell components. 

The obtained results further the understanding of the processes and degradation 

phenomena happening during the operation of the fuel cell and should be taken into 

consideration when designing future fuel cell generations. 
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Figure 10.1: TEM micrographs of a C based electrode before operation (a) and after 2

operation (b). 

Figure 10.2: a) HRTEM micrograph of a Pt particle; b) schematic drawing of the particle with 

indexed facets (right). 
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: a) HRTEM micrograph of a Pt particle; b) schematic drawing of the particle with 

 

: TEM micrographs of a C based electrode before operation (a) and after 2000 h of 

 

: a) HRTEM micrograph of a Pt particle; b) schematic drawing of the particle with 
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Figure 10.3: SE image of a thinned FIB lamella. Three Pt octahedrons (marked in orange) were 

investigated. 

 

Figure 10.4: HRTEM image of crystalline Pt particles on turbostratic carbon (left). Electron 

diffraction pattern of this area shows the signals of cubic Pt. 
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