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ABSTRACT 

The objective of the current research is to study the effect of mechanical vibration 

on catalyst layer degradation via Platinum (Pt) particle agglomeration and growth in the 

membrane electrode assembly (MEA) of a proton exchange membrane fuel cell (PEM 

Fuel Cell).  

This study is of great importance, since many PEM fuel cells operate under a 

vibrating environment, such as the case of vehicular applications, and this may influence 

the catalyst layer degradation and fuel cell performance.  Through extensive literature 

review, there are only few researches that have been studied the effect of mechanical 

vibration on PEM fuel cells. These studies focused only on PEM fuel cell performance 

under vibration for less than 50 hours and none of them considered the degradation of the 

fuel cell components, such as MEA and its catalyst layer. 

To study the effect of the mechanical vibration on the catalyst layer an accelerated 

test with potential cycling was specially designed to simulate a typical vehicle driving 

condition. The length of the accelerated test was designed to be 300 hour with potential 

cycling comprised of idle running, constant load, triangle (variable) load and overload 

running at various mechanical vibration conditions. These mechanical vibration 

conditions were as follows: 1g 20 Hz, 1g 40 Hz, 4g 20 Hz and 4g 40 Hz. No vibration 

tests were also conducted to study the influence of operating time and were used as a 

baseline for comparison study.  

The series of accelerated tests were followed by microscopy and spectroscopy 

analyses using environmental scanning electron microscopy (ESEM), transmission 

electron microscopy (TEM) and X-Ray diffraction (XRD). An ESEM was used to 
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qualitatively analyze pristine and degraded catalyst. TEM and XRD were used to 

quantitatively analyze catalyst layer degradation via Pt agglomeration and growth in 

pristine and degraded states. For each test condition, PEM fuel cell performance by 

means of Voltage – Current (VI) curves was monitored and recorded. 

It was observed that the mean diameter of Pt particles tested under mechanical 

vibration is 10% smaller than the ones that were tested under no vibration conditions. The 

Pt particles in the order of 2 to 2.5 nm in the pristine state have grown to 6.14 nm (after 

300 hour accelerated test at no vibration condition), to 5.64 nm (after 300 hours 

accelerated test under 4g 20 Hz vibration condition) and to 5.55 nm (after 300 hours 

accelerated test under 1g 20 Hz vibration condition). The mean Pt particle diameters, 

after 300 hour accelerated test under 1g 40 Hz and 4g 40 Hz vibration conditions, were 

5.89 nm. 

With an increase of the mean Pt particle diameter, the active surface area of the 

catalyst layer of the MEA decreases and as a result, performance of MEA and PEM fuel 

also decreases. It was observed that performance of the MEA tested under no vibration 

condition is about 10% lower than the one tested under 1g 20 Hz. The VI curve showed 

that the lowest performance of the MEA after 300 hour accelerated test corresponded to 

no vibration conditions and equaled to 7.85 Watts at 0.5 V (Pt particle size ~ 6.14 nm) 

and highest performance, corresponded to the MEA tested under 1g 20 Hz, and equaled 

to 8.66 Watts at 0.5 V (Pt particle size ~ 5.55 nm).  
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CHAPTER 1 

INTRODUCTION 

 

Proton exchange membrane fuel cells (PEM fuel cell) have been the focus of 

many studies as an alternative to internal combustion engines (ICE) because of their zero-

emissions and high efficiency [1 – 4]. Although PEM fuel cells have been considered to 

be one of the most attractive candidates for automotive applications, its components, 

including carbon supported platinum catalyst layer of membrane electrode assembly 

(MEA), have yet to meet requirements such as durability and the mass activity of the 

oxygen reduction reaction (ORR) [5 – 11]. 

Carbon supported platinum as a catalyst material has very high kinetics for the 

hydrogen oxidation reaction (HOR). Compared to the HOR reaction, the kinetics of the 

platinum for ORR are slow. However, platinum remains the most preferable catalytic 

material because it has one of the best electrode performances at low temperature and 

acidic environment inside a PEM fuel cell. In recent years, quite a few scientific research 

experiments have been conducted to study carbon supported platinum and its stability, 

including agglomeration and growth [11 – 22]. The catalyst stability depends on several 

factors such as potential, temperature, humidity, and contamination. For example, Lin et 

al [18] have studied the effect of dynamic load cycling on the degradation and Pt growth. 

Rapid degradation of the performance was observed after 280 hours of the PEM fuel cell 

operation. Additionally, Pt growth was observed after 370 hours of testing. For their 

experiment, a PEM fuel cell was not introduced to any mechanical loading, only to the 
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voltage loading cycle for simulating driving conditions. Although Pt agglomeration and 

growth have been studied by many researchers [11 – 22], few have considered studying 

the effects of mechanical loadings, especially vibration on the Pt agglomeration and 

growth. 

For PEM fuel cell to be used as an alternative energy source in vehicular 

applications [1, 4, 23, 24], the effect of mechanical loadings, such as mechanical 

vibration in automobiles, on the PEM fuel cell performance and its component’s 

durability needs to be fully understood and studied. Through a literature survey, it is 

apparent that there is a lack of studies discussing the influence of mechanical vibration, 

especially for a long-term test procedure. A few studies discussed the effect of shock and 

vibration [25, 26] on PEM fuel cell performance as well as developed a model describing 

PEM fuel cell behavior subjected to mechanical vibration [27]. However in those studies 

all tests were conducted for a short time (up to 50 hours) and the effect of the mechanical 

vibration on PEM fuel cell components have not been studied.  

In this research, a study evaluating the effect of mechanical vibration on catalyst 

layer degradation via Pt particles agglomeration and growth and PEM fuel cell 

performance was conducted. A 300-hour accelerated test procedure with potential cycling 

and mechanical vibration conditions was designed to simulate real life long-term PEM 

fuel cell operation. It should be mentioned that the effect of potential cycling during an 

accelerated test on the Pt agglomeration and growth has been discussed by many 

researchers [16, 28 – 35]; however, in their studies the effects of mechanical vibration 

have not been considered. During a 300 hour accelerated test the PEM fuel cell 

performance and operating parameters were monitored and controlled by a fuel cell test 
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station. During the current study, over 7,000 hours of various mechanical vibration and 

time duration tests were conducted followed by Environmental Scanning Electron 

Microscope (ESEM), Transmission Electron Microscope (TEM) and X-Ray Diffraction 

(XRD) analysis. The microscope analyses were performed to qualitatively and 

quantitatively analyze the changes in Pt particle diameters in the catalyst layers due to 

mechanical vibration. Finally, the connections between the Pt particle agglomeration and 

growth and PEM fuel cell performance were investigated to explain the effect of 

mechanical vibration on the PEM fuel cells. 
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CHAPTER 2 

BACKGROUND 

 

2.1 Proton Exchange Membrane Fuel Cell (PEM fuel cell) 
 

A PEM fuel cell is an electrochemical device that converts chemical energy of the 

reactant gases into electrical [36 – 38]. Schematic of the PEM fuel cell and its 

components is shown in Figure 2.1. PEM fuel cell is composed mainly of a membrane 

electrode assembly (MEA), gas diffusion layers (GDL), graphite plates (GP) with flow 

channels, current collector plates and end plates (EP). All this components are clumped 

together at certain pressure level in order to obtain good contact and to reduce resistance.  

Depending on the design, the number of cells can vary from one to hundreds. 

Figure 2.2 shows an example of commercial PEM fuel cells. 

In a PEM fuel cell, hydrogen is fed to the anode (negative electrode) while an 

oxygen is fed to cathode (positive electrode). The reactant gases are passing through the 

flow channels in the GPs and are diffused through GDL on the anode and cathode sides 

of the MEA. On the MEA the hydrogen and oxygen are recombining and an electrical 

current is being produced. The by-product of the reactions is only water and heat. 

MEA is the “heart” of a PEM fuel cell and understanding of its operation as well 

as degradation mechanisms is very important in order to increase its durability.  
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Figure 2.1 Proton Exchange Membrane Fuel Cell 

MEA consists of a Nafion membrane coated with catalyst layers from both sides (anode and cathode) 
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Figure 2.2 Ballard stationary Mark1030 PEM fuel cell stack generations [39] 
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2.2 Membrane Electrode Assembly (MEA) 
 

Schematic of the MEA is shown in Figure 2.3. As its name suggests, an MEA 

consists of a proton exchange membrane (electrolyte) and two electrodes or catalyst 

layers, both from anode and cathode sides.  

At the anode catalyst layer the Hydrogen gas is ionized, releasing electrons and 

creating hydrogen ions (protons). The proton exchange membrane is nonconductive 

electrolyte and allows only protons to pass through. The protons are transported through 

the membrane to the cathode side and electrons have to bypass and create electrical 

current. At the cathode, oxygen reacts with electrons taken from the anode electrode and 

hydrogen ions from the electrolyte, to form water. The reaction on the anode side called 

hydrogen oxidation reaction (HOR) and on the cathode side called oxygen reduction 

reaction (ORR). Both reactions proceed continuously and are shown in equations 2.1 and 

2.2 [61]. 

HOR:    H2→2H++2e- (2.1) 

ORR: ½O2 +2H+ + 2e-→ H2O (2.2) 

 

Besides the blockage of the electrons and conduction of protons the proton 

exchange membrane also prevents leakage of the reactant gases, and resists to corrosive 

environment inside the cell. Most of the membranes used in PEM fuel cell are made of 

perfluorcarbon-sulfonic acid (PSA).  

Nafion® is probably the most studied and operated electrolyte for PEM fuel cell 

[40] but other perfluorocarbon sulfonic acid membranes from Dow, Gore and Asahi 
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Chemical are also used and investigated [41]. Structure of the Nafion® molecule is shown 

in Figure 2.4. Nafion® possess both hydrophobic and hydrophilic properties. Water 

content in hydrophilic clusters allows hydrogen ions to transport. 

Membranes usually have a small temperature range in which they are stable. The 

upper limit of temperature is dictated by the need of humidification of the membrane, as 

water is a prerequisite for conduction. 

Improvements in membrane structure and conductivity are made by producing 

composite membranes. This can be done in several ways, one of which consists of 

reinforcing the membrane by polytetrafluoroethylene (PTFE) components, which is the 

successful approach of Gore and Asahi Chemicals (however with different procedures). 

Another possibility is to impregnate a membrane with a solution or with a solid powder 

to decrease the permeability of the reactant gases. Another technique is to dissolve the 

membrane into an appropriate solvent and to mix it with another substance. After 

recasting (usually by evaporating the solvent) the composite membrane can be used in a 

PEM fuel cell [42, 43]. Impregnation of PTFE films with Nafion ionomer was carried out 

to make thinner membranes, thus, reducing the membrane resistance in the system [44]. 

The conductivity of this membrane was comparable to Nafion  but its permeability 

towards gases is higher. Novel membranes are also prepared by new techniques such as 

radiation grafting or plasma polymerisation [45 – 48]. Plasma polymerisation is known to 

give highly cross-linked, uniform and stable thin membranes. Radiation grafting gave 

membranes with a lower oxygen solubility but higher diffusion than through Nafion. 

These membranes are promising for PEM fuel cells as long as they prove to be 

mechanically and electrochemically stable.  
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Figure 2.3 Membrane Electrode Assembly schematics 
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Figure 2.4 Structure of a Nafion® molecule 

 

Membranes in PEM fuel cells are generally water filled to keep the conductivity 

high [49 - 52], a dried out membrane possesses a lower conductivity as proton transport 

through a wet membrane is similar to that of an aqueous solution. Water management in 

the membrane is one of the major issues in PEM fuel cell technology. Factors influencing 

the water content in the membrane are water drag through the cell (electro-osmotic) (for 

every proton a shell of H2O is also transported through the membrane) and back diffusion 

from product water from the cathode into the membrane. One way of improving the 

water management is to humidify the gases coming into the PEM fuel cell.  

Anode and cathode electrodes for PEM fuel cell are created from porous carbon, 

to allow reactant gases supply to the active catalyst zone, which usually consist of the 

noble metal, usually Platinum (Pt) or its alloys. Carbon plays a role of a support for Pt 

particle as well as an electron conductor [53, 54]. 
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There is a three-phase boundary between the gas supply on the one hand, and the 

catalyst Pt particle and the ionic conductor on the other hand. The particles must be in 

direct contact with a carbon support to ensure the electrons are supplied to or taken away 

from the reaction site. The three-phase boundary is made by impregnating the 

catalyst/support powder with some ionomeric binder (usually Nafion solution) before 

pressing the electrode onto the membrane. This ensures good contact of most Pt particles 

with ionomer material that has ionic contact with the membrane. The size of the Pt 

particles usually 2 – 3 nm and the size of the carbon particles are 20 – 50 nm. The carbon 

particles can form a carbon aggregated islands 100 – 300 nm in size. Figure 2.5 shows 

schematic of carbon support with Pt particles and (b) actual catalyst layer transmission 

electron microscopy (TEM) image [55, 56]. 

The size of the Pt particles as well as particle distribution is vital to provide 

maximum efficiency, lifetime and cost of the PEM fuel cell [11 – 28].  The PEM fuel cell 

overpotential largely depends on the catalyst surface active area. 

Gas diffusion occurs through the GDL and the carbon support to the catalyst 

particles. When using humidified gases the catalyst layer must be sufficiently 

hydrophobic to prevent the pores from flooding. This hydrophobicity can be provided by 

introducing PTFE as a binder, in combination with Nafion that is hydrophilic. Usually the 

catalyst is made into an ink with water and isopropanol and mixed with the binder 

material (the optimum binder quantity depends on the type of catalyst) after which the ink 

can be cast straight onto the membrane. 
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Figure 2.5 Catalyst layer in pristine state (a) schematic view (b) TEM image 
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The presence of the acidic environment and water content at the catalyst layer as 

well as operating potential of the PEM fuel cell leads to the catalyst layer degradation and 

PEM fuel cell performance drop. Understanding of the catalyst layer degradation 

mechanisms is very important in order to manufacture more durable MEA for a PEM fuel 

cell. In the next section the mechanisms of the catalyst degradation will be discussed. 

 

2.3 Catalyst layer degradation in the PEM fuel cells 
 

During the PEM fuel cell operation the catalyst active surface area decreases due 

to Pt agglomeration and growth phenomena which lead to increase in activation 

overpotential, decrease in efficiency and PEM fuel cell lifetime. There are many factors 

that are influencing Pt particles agglomeration and growth, such as operating 

temperature, relative humidity, potential cycling, reactant gases partial pressure and 

hydrogen crossover. Figure 2.6 shows schematic and TEM image of degraded catalyst 

layer. 

The mechanisms of catalyst active surface area loss in low temperature are not 

well understood however there were proposed several mechanisms which are: Pt 

dissolution and redepostition (Ostwald ripening) (Figure 2.7 (a)), migration and 

coalescence (Figure 2.7 (b)), detachment from carbon support and migration of the Pt 

crystals in the ionomer (Figure 2.7 (c)). [12, 14 – 17, 19 – 21, 54 – 62]. However which 

mechanism contributes more to the Pt particle agglomeration and growth is still a subject 

of debates. It was proposed that combination of both, dissolution/redeposition and 

migration/coalescence, mechanisms contributes to particle agglomeration and growth 
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[29]. More detailed the mechanisms of MEA catalyst layer degradation via Pt particle 

agglomeration and growth are described in next sections.  

 

2.3.1 Catalyst degradation via Pt dissolution and redeposition 
 

During the steady state or cycling operation under potential greater than 0.8 V 

several observations were made which support Pt particle growth due to mechanism of 

dissolution and redeposition: (a) Pt growth rate is potential dependent; (b) loss of Pt 

particles from electrode layer and observation of them in the electrolyte layer; (c) the rate 

of the Pt growth can be accelerated by potential cycling and increasing of the potential 

upper limit [29, 60, 63 – 70]; (d) changes in the Pt particles sizes and distributions [60]. 

There are many studies reporting the influence of the potential on the particle 

growth especially at potentials over 0.8 V [29, 60, 63 – 65]. The authors proposed that the 

small Pt particles dissolve and later redeposit on a larger particles. This process is called 

Ostwald ripening where the growth occurs at the expense of the small particles. The 

process involves dissolution of Pt ions from small particles and reduction (redeposition) 

of them from solution onto larger particles [60 – 66]. 
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Figure 2.6 Catalyst layer in degraded state (a) schematic view (b) TEM image 
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a) Growth via Modified Ostwald Rippening 

 
 

 
b) Coalescence via Crystal Migration 

 
 

 
c) Detachment from carbon support 

 
 

Figure 2.7 Mechanisms for the Pt particle agglomeration and growth [61] 
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2.3.2 Catalyst degradation via Pt migration and coalescence 
 

In early studies a Pt agglomeration process was proposed, via migration and 

coalescence that included a sequences of transitions and it was viewed as a stepwise 

process beginning with a transition from individual atom (monomer) to two-dimensional 

islands followed by transition to three-dimensional island and culminating in the 

formation of quasi – macroscopic particle [74]. 

In contrast to dissolution and redeposition process, the dependence of 

agglomeration, via migration and coalescence, on potential cycling is low [74 – 78]. 

However the major role in the migration and coalescence process plays particle 

concentration. 

The study of Ribeiro et al [79] proposed a mechanism of particle agglomeration 

that occurs in high concentration environment by oriented – attachment coalescence 

process (Figure 2.8). Mentioned type of collision processes may occur in liquid or gas 

environments, where the degree of freedom of particle is high. Ruckenstein and 

Pulvermacher [81] in their study also showed that the rate of particle agglomeration and 

growth is dependent on the initial particle concentration. The higher the concentration is 

the higher the rate of particle coalescence and agglomeration.  

The same statement was made by More et al [29] in his study of degradation 

phenomena observed by electron microscopy techniques. By analyzing TEM images of 

the catalyst layer they observed that extremely close proximity of Pt particles allow their 

coalescence and accelerate their agglomeration. 
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Figure 2.8 Schematic of the oriented-attachment coarsening mechanism by coalescence. 
(a) collision in surfaces not crystalographically compatible. Coalescence does not occur. 

(b) collision in compatible surfaces [79] 

 

2.4 Effect of operating conditions on catalyst degradation 

 

2.4.1 Effect of humidity 
 

Xie et al [80] conducted a life tests on two different types of MEA under high-

humidity conditions i.e., over-saturated gas feed streams and high current density 

operation. TEM and ESEM examinations of the MEA revealed the agglomeration and/or 

growth of metal catalyst clusters and the possible loss of recast Nafion ionomer from the 

cathode catalyst surface. The electrochemically active surface area of the cathode catalyst 

layer decreased continuously during the course of life testing. This loss was caused by 

metal-catalyst cluster agglomeration and/or dissolution, ripening of metal clusters from 

the catalyst layer. One major cause of PEM fuel cell performance degradation at high-

humidity conditions during life tests, up to around 2000 hours, has been shown to be the 

catalyst cluster agglomeration/growth phenomena. The presence of fluoride and sulfate 
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anions in the cathode outlet water suggests degradation of either the Nafion 112 

membrane or catalyst layer recast ionomer, or both. 

 

2.4.2 Effect of hydrogen crossover 
 

In addition to potential cycling, other influencing factors on Pt particle 

agglomeration and growth have been studied by many researchers. It has been well 

established that hydrogen influences the agglomeration and growth of Pt particles [17, 70 

– 73]. In a study by Darling and Meyers [70], it was proposed a three-stage Pt growth 

model that included Pt dissolution, formation of Pt ions and removal of ions from the 

system by hydrogen that has crossed over MEA from the anode to the cathode. In the first 

stage, Pt oxides are forming under high potentials at the cathode side as explained in 

Equation 2.3. In the second stage Pt oxide dissolution process occurs with formation of Pt 

ions as illustrated in Equation 2.4. Finally, in the third stage, the Pt ionic species are 

removed from the system as described by Equation 2.5, which is called the precipitation 

reaction. In this stage Pt ions are getting reduced to Pt particles by hydrogen crossed over 

the MEA from anode to cathode side.  

 

Pt+ H2O → PtO +2H+ +2e- (2.3) 

PtO + 2H+ → Pt2+ +H2O (2.4) 

Pt2+ + H2 → Pt +2H+ (2.5) 
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Chen et al [71] studied the effect of hydrogen crossover on Pt agglomeration and 

growth. It was observed that local concentration of Pt ions was higher at the cathode 

catalyst layer when there was less crossover hydrogen and based on the observation it 

was hypothesized that hydrogen crossover chemically reduces Pt oxides and decreases 

the amount of Pt ions formed via the oxide pathway. This observation suggested that Pt 

growth would be higher in the case with less hydrogen crossover, since there was higher 

concentration of Pt ions available for deposition and crystallite growth. 

 

2.4.3 Effect of mechanical vibration 
 

There are several studies that discussed effect of vibration on PEM fuel cells and 

their performance. Rajalakshmi et al [25] discussed the effects of shock and vibration for 

a short duration. In their study, the fuel cell stack was undergoing horizontal and vertical 

vibrations with the amplitude of acceleration of 3 g and a frequency range of 30-150 Hz.  

The duration of the test was 90 minutes for each of the vibration cases. For studying a 

shock effect, the acceleration was kept at 30g for 10 pulses, 15 ms length each. The 

performance of the PEM fuel cell stack was recorded before and after the vibration and 

shock test. The results of the study showed that vibration does not affect the performance 

of the PEM fuel cell stack. They have recommended further dynamic life testing.  

In another study, Rouss and Charon [26] developed a model for the mechanical 

nonlinear behavior of a PEM fuel cell system subjected to vibration. Raw experimental 

data was used to create a multi-input and multi-output (MIMO) model using a multi-layer 

perceptron neural network combined with a time regression input vector. Results from 
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the analysis showed good prediction accuracy. In the study conducted by Bétournay et al 

[26], the effects of underground mining conditions, gases, dust, shock and vibration on 

the performance of PEM fuel cell were investigated during extensive testing in an 

operating underground metal mine. The fuel cell was tested during 50 hours for different 

vibration test types and exposed to mine contaminant levels using air intake filters. After 

the tests, the VI (Voltage – Current) curve did not show any significant damage, but 

further tests were recommended. 

It should be mentioned that the effect of the mechanical vibration on Pt particle 

agglomeration and growth was not very well studied and described in the literature. There 

no evidence of the direct impact of the mechanical vibration on the Pt particle growth. 

However vibration can affect mechanical properties of the PEM fuel cell components, 

such as EPs, GPs as well as add micro-shear stresses to the interaction media of GPs with 

MEA from cathode and anode sides. This can cause hydrogen leaking and crossover to 

the cathode side and thinning of the MEA which can lead to Pt ions reduction and 

decrease in Pt agglomeration and growth rate. 

 

2.5 Analytical techniques 

 

With the development of PEM fuel cell technology, many different investigative 

tools have become available that explain catalyst layer degradation and PEM fuel cell 

performance. These methods provide valuable information on PEM fuel cell 

performance, morphology (surface or cross section of the catalyst, size distribution of the 

catalyst Pt particles), elemental content and distribution and atomic structure of the local 
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particles inside the catalyst layer. In current research, analytical techniques could be 

divided in three main parts: PEM fuel cell performance analysis, catalyst layer 

morphology analysis (qualitative and quantitative) and statistical analysis. Performance 

of the PEM fuel cell was analyzed by producing a voltage-current (VI) curves. 

Morphology analysis of the catalyst layer was obtained using ESEM, TEM and XRD. All 

analytical techniques used in current research are described in sections below. 

 

2.5.1 PEM fuel cell performance analysis 
 

The performance of an ideal PEM fuel cell, i.e. a fuel cell without any losses or 

irreversibilities, is governed by the two half-cell electrochemical reactions occurring at 

the two electrodes. The maximum electrical energy that can be obtained is related to the 

Gibbs free energy (∆G) for the overall reaction. The theoretical value of the open circuit 

voltage (OCV) of a PEM fuel cell is given by Equation 2.6 [36, 37] and is about 1.2 V for 

a fuel cell operating at temperatures below 100oC. However actual voltage of the fuel cell 

usually does not exceed 1V. Figure 2.9 shows performance plot of a typical single cell 

PEM fuel cell [37]. 

E = −∆GnF  (2.6) 

 

where n is the number of electrons produced per mole of hydrogen (2 for hydrogen), and 

F is the Faraday constant. 

The performance plot, also known as a VI (voltage-current) curve, is a most 

common plot produced to analyze fuel cell performance.  
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The voltage of an operational fuel cell is lower than the ideal OCV due to 

irreversibilities. These irreversibilities are caused by several factors, including: activation 

losses (∆Vact), fuel crossover, ohmic losses (∆Vom), and mass transport losses (∆Vtrans). 
The operational voltage of a fuel cell, therefore, can be calculated by Equation 2.7: 

 

V�� = E�� − ∆V��� − ∆V�� − ∆V�!�"# (2.7) 

 

 

Figure 2.9 Performance curve for a PEM fuel cell 
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2.5.2 Catalyst layer morphology analysis using microscopy and spectroscopy 

techniques 

 

In the current research catalyst layer of each MEA was analyzed for Pt particle 

diameter changes, using several microscopy and spectroscopy techniques. These 

techniques can be divided on two analytical groups: qualitative and quantitative. For the 

qualitative analysis an ESEM was used and for quantitative TEM and XRD techniques 

were used. In the next sections both qualitative and quantitative analytical tools are 

described. 

 

2.5.2.1 Environmental Scanning Electron Microscope 

 

ESEM is an electron microscope that allows to image specimens without their 

preparation, by allowing for a gaseous environment in the specimen chamber. Figure 2.10 

shows the ESEM, used in the current study. 

Samples do not need to be desiccated and coated with gold–palladium, for 

example, and thus their original characteristics may be preserved for further testing. 

Sample can be imaged, modified, and imaged again, ad infinitum, without destroying its 

usefulness by having coated it to make it conductive. Dynamic experiment also can be 

performed with the ESEM in wet mode. The hot stages may be used to heat a small 

sample to as much as 1500ºC and image it during every step of the heating/cooling 

process. The combination of temperature and high water vapor pressure (e.g., 6.1 Torr) 

permits us to achieve 100% relative humidity at the sample surface. At 100% RH sample 
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is not dehydrating during the imaging process (at less than 100% RH, a moist sample will 

be constantly losing water as the vacuum in the chamber pumps on it) [83].  

In absence of heating/cooling stage the environment in the specimen chamber can 

be controlled by changing the pressure in it. In Figure 2.11 an ESEM relative humidity 

chart [84] is shown. 

 

Figure 2.11 ESEM relative humidity chart 
 

Besides the advantages of the ESEM, such as ability to image samples “as is”, it 

also has several disadvantages. The main disadvantage is relatively low resolution and 

ability to image particles that are larger than 20 nm in size. In Appendix A the operation 

of an ESEM is described in further details. 
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2.5.2.2 X-Ray Diffraction 

 

 

Figure 2.10 ESEM FEI 600 Quanta FEG , West Chester University [82] 

ESEM electron 
column 

Specimen 
chamber 

Control console with 
sample analytical software 

Inca 



27 

 

XRD is an analytical technique that reveals information about crystal structure 

and chemical composition based on scattered intensity of an X-ray beam as a function of 

scattered angle and wavelength or energy.  

The XRD is a nondestructive material analysis technique, which allows obtaining 

information about chemical composition of the sample as well as average crystallite size. 

It should be noted that there are differences between crystallite and particle sizes.    

Figure 2.12 shows schematic of the particle size and crystallite size [85]. The differences 

in the crystallite and particle sizes give the numbers of objects analyzed by XRD tend to 

be lower than those analyzed by other quantitative imaging techniques (such as TEM). 

Schematics and operation of XRD is shown in Appendix B. 

 

 

Figure 2.12 Schematic diagram for particle size and crystallite  

 

 
2.5.2.3 Transmission Electron Microscope  
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TEM is a microscopy technique in which a beam of electrons is transmitted 

through a thin specimen, interacting with the specimen as it passes through. An image is 

formed from the interaction of the electrons transmitted through the specimen; the image 

is magnified and focused onto an imaging device, such as a fluorescent screen, a layer of 

photographic film, or to be detected by a sensor such as a CCD camera. 

In a conventional TEM (Appendix C), a thin specimen is irradiated with an 

electron beam of uniform current density. The acceleration voltage of routine instruments 

is 100 – 200 keV [86]. 

TEMs are capable of imaging at a significantly higher resolution than light 

microscopes, owing to the small de Broglie wavelength of electrons. This enables the 

instrument's user to examine crystals on nano scale and even a single column of atoms on 

Angstrom scale. In the current research two types of TEM were used, the conventional 

TEM and high resolution TEM (HRTEM). The main differences between two TEM 

microscopes used in this research are resolution and maximum accelerating voltage that 

can be produced (120 keV for TEM and 200 keV for HRTEM). Figure 2.13 shows 

pictures of the TEM and HRTEM used for the current research (a) TEM JEOL JEM 

1400, (b) HRTEM JEOL 2010F FEG.  

TEM forms a major analysis method in a range of scientific fields, in both 

physical and biological sciences. TEM finds application in cancer research, virology, 

materials science as well as pollution, nanotechnology, and semiconductor research. 

At smaller magnifications TEM image contrast is due to absorption of electrons in 

the material, due to the thickness and composition of the material. At higher 

magnifications complex wave interactions modulate the intensity of the image, requiring 
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expert analysis of observed images. Alternate modes of use allow for the TEM to observe 

modulations in chemical identity, crystal orientation, electronic structure and sample 

induced electron phase shift as well as the regular absorption based imaging. 

 

2.5.3 Statistical analysis 

 

In the current research collected data was analyzed using several statistical 

techniques, specifically box plot diagram, ANOVA and multiple comparison tests [90] 

and regression model [92, 93].  

The box plot is a descriptive statistical technique that is summarizes certain 

statistical measures, such as median, upper and lower quartiles, and minimum and 

maximum data values.  

An ANOVA test tells whether there are statistically significant differences 

somewhere in the data as a whole. The result from the ANOVA test is usually a p – 

value, that tells if the certain data sets are significantly different or not. But it cannot tell 

where those differences lie. In this reason a combination of ANOVA and multiple 

comparison tests usually conducted to check a significant difference in between various 

data sets.  
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Figure 2.13 (a) TEM JEOL JEM 1400, Temple University, Philadelphia, PA (b) HRTEM JEOL 2010F FEG, University of 
Pennsylvania, Philadelphia, PA 
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The results of multiple comparison analysis usually presented in a form of matrix 

where first two columns represent groups for the comparison, fourth column shows the 

difference in means of the groups compared. Third and fifth column are showing a 95% 

confidence interval for the true difference of the means. If the confidence interval does 

not contain zero value, the difference is significant at the 0.05 level. If the confidence 

interval did contain zero value, the difference would not be significant at the 0.05 level. 

The multiple comparison analysis also displays a plot with each data set mean value, 

represented by a marker, and an interval around the marker, showing a confidence 

interval. Two means are significantly different if their intervals are disjoint, and are not 

significantly different if their intervals overlap.  
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CHAPTER 3 

EXPERIMENTAL METHOD 

 

The accelerated degradation tests were performed using a PEM fuel cell hardware 

assembly connected to a fuel cell test station (Fuel Cell Technologies, Inc., New Mexico, 

USA), as shown in Figure 3.1. The PEM fuel cell hardware assembly has a 25 cm2 active 

surface area. An MEA (N115) made by DuPont Fuel Cells (Delaware, USA) was used. 

The Pt loading for each of the MEA was 0.3 mg Pt/cm2, both for the cathode and anode 

sides. The Sigracet 25 (SGL Carbon SE, Wiesbaden, Germany) for the GDL and PTFE 

coated fiberglass fabric (Precision Coating Co., Inc., Massachusetts, USA) for the gaskets 

were used.  

The experimental approach included the following steps: a) run the accelerated 

test with potential cycling and under mechanical vibration conditions; b) monitor 

performance of the PEM fuel cell during accelerated test using the fuel cell test station; c) 

visualize and analyze Pt particle diameter in the degraded MEA (after the accelerated 

tests) using, ESEM (FEI 600 Quanta FEG), TEM (JEOL JEM-1400) and XRD (Bruker 

Apex II DUO). 
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Figure 3.1 Fuel cell test station with PEM Fuel Cell installed on a shaker 
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3.1 Accelerated Test Procedure 
 

Based on reviewed articles and tests performed by different researchers [16, 18, 

26 – 33], the accelerated test to study MEA catalyst layer degradation via Pt particles 

agglomeration and growth and PEM fuel cell performance operating under mechanical 

vibration was designed. An accelerated test was designed to simulate the common 

operation of a PEM fuel cell under real driving conditions, where the effects of 

mechanical vibration and potential cycle are common. Each MEA was subjected to a 

300-hour potential cycling and mechanical vibration. The potential cycle and PEM fuel 

cell operation conditions, during the 300-hour accelerated test, are shown in Table 3.1 

and Table 3.2. The PEM fuel cell operation conditions such as PEM fuel cell 

temperature, reactant gases humidity, stoichiometry ratio, etc., were kept constant during 

each 300-hour accelerated test. 

As discussed by Lin et al [18], the rapid performance drop was investigated after 

280 hours of PEM fuel cell operation and Pt particle growth was observed after 370 hours 

of testing. In the study of Garland et al [28] the electrocatalyst was subjected to 500 

hours two step potential cycling at 0.7 and 0.9 volts with 30 seconds at each step. For the 

current research, more aggressive test conditions, such as mechanical vibration and rapid 

voltage change (triangle step voltage), were applied and the length of the accelerated test 

was designed to be 300 hours.  

The 300-hour accelerated test simulated idle running (open circuit voltage, OCV), 

constant load running, variable load acceleration, and overload running conditions [18, 

26, 31 – 33]. Figure 3.2 shows the diagram of the accelerated test cycle. The length of 
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one potential cycle was 310 seconds and during 300-hour accelerated test it was repeated 

3,483 times. 

 

Table 3.1. Potential cycle of the accelerated test 
Step Description 

OCV – 1V 20 sec 

Triangle step voltage, two way 095V – 0.45V 0.05V/5sec 

OCV – 1V 20 sec 

Constant load running – 0.75 V 60 sec 

Full power – 0.5 V 40 sec 

OCV – 1V 20 sec 

Overload running, one way 0.5V – 0.4 V 0.05V/10sec 

 

Table 3.2. Accelerated test conditions 
Fuel/Oxidant Hydrogen/Air 

Fuel Cell Temperature 80±1, oC 

Backpressure 4, psi 

Hydrogen Humidity 100, % 

Oxygen Humidity 100, % 

Hydrogen Temperature 80±1, oC 

Oxygen Temperature 80±1, oC 

Hydrogen flow, stoic 1.5 

Oxygen flow, stoic 2.5 

Test length 300, hours 

 

The mechanical vibration experiments were conducted using a shaker VTS 

(Vibration Test Systems, Inc, Ohio, USA) with different parameters of oscillations: 20 

Hz and 40 Hz (1g and 4g of magnitude). The vibration frequencies for the test were 
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chosen to be close to real vehicle frequencies during its operation (17 – 40 Hz) where the 

maximum magnitude of vibration of the vehicle usually does not exceed 0.95 g [26, 87].  

To apply a more aggressive test conditions, the PEM fuel cell was tested under the 

acceleration of 4g in addition to 1g. 

 

3.2 Pt Particle Measurements 
 

To study the Pt particles agglomeration and growth on the catalyst layer of the 

PEM fuel cell the ESEM, TEM microscopy and XRD spectroscopy equipment were used. 

The ESEM was used to qualitatively determine Pt distributions and agglomerations. The 

TEM and XRD were used to quantitatively measure platinum particle diameters both on 

the cathode and anode sides of the catalyst layer. Images from the TEM procedures were 

analyzed using ImageJ software [88]. The high concentration of the Pt particles on some 

TEM images and the low contrast between the edges of the particles did not allow the use 

of the available automatic particle count procedure. Therefore, a manual approach was 

used. The number of Pt particles counted was dependent on the number of available 

samples and TEM images and therefore varied from sample to sample. For example in 

Table 4.2 and 4.3, in the sixth column, are shown the total number of Pt particles counted 

(in the parentheses) during image analysis process. 

For XRD, an average Pt particle crystallite size (τ) was derived from the peak width 

of the intensity - scattered angle plot using the Scherrer equation (Equation 3.1) [89]. 
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τ = Kλβcosθ 
(3.1) 

where K is shape factor (0.9), λ is  x-ray wavelength (0.1540598 nm), β is line 

broadening at half the maximum intensity (FWHM) and θ is Bragg angle. 

TEM is a destructive microscopy technique where an electron beam is transmitted 

through a thin specimen. An image is formed by detecting the interacted electrons as they 

pass through specimen. For TEM, the Pt particles from the MEA were removed by 

scraping catalyst layer with a scalpel and dissolving it in pure ethanol. The solution then 

was sonicated for 1.5 hours in order to separate the Pt particles from carbon support. 

After sonication, a 1µL of solution was deposited on a TEM grid for imaging. 

The microscopy and spectroscopy data was obtained from seventeen specimens 

tested at different mechanical vibration conditions and time durations. As shown in Table 

3.3, the vibration test conditions are: 1g 20 Hz (case 1), 1g 40 Hz (case 2), 4g 20 Hz (case 

3), 4g 40 Hz (case 4) and no vibration (case 5). All mechanical vibration tests were 

repeated three times and no vibration test was repeated four times. In addition, different 

time duration tests, with only potential cycling, were performed for the statistical Pt 

particle size prediction model. The tests with various time durations are: 2 hours (T1), 50 

hours (T2), 126 hours (T3), 300 hours (T4 - Case5) and 420 hours (T5). The time 

duration test matrix is shown in Table 3.4. 
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Figure 3.2 One cycle of the accelerated test 
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Table 3.3. Vibration test matrix 
Test type Time, hour Acceleration, g Frequency, Hz 

Case 1 300 1 20 

Case 2 300 1 40 

Case 3 300 4 20 

Case 4 300 4 40 

Case 5 300 0 0 

 

 

Table 3.4. Time duration test matrix 
Test type Time, hour Acceleration, g Frequency, Hz 

T1 2 0 0 

T2 50 0 0 

T3 126 0 0 

T4 – Case 5 300 0 0 

T5 420 4 20 
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CHAPTER 4 

RESULTS AND DISCUSSION 

 

4.1 PEM fuel cell performance 
 

Figure 4.1 shows the performance of the MEAs after each of the 300-hour 

accelerated tests. It can be seen that after the 300-hour accelerated test, the performance 

of the MEA tested at no vibration conditions (Case 5) degraded the most. The MEA 

tested at 1g 20Hz (Case 1) vibration conditions had the best performance among the other 

tests. During each of the 300-hour accelerated test all parameters, such as temperature, 

humidity, gases flow rate, pressure, were kept constant and the only variable parameters 

were frequency (Hz) and acceleration (g). Table 4.1 shows maximum power generated by 

each MEA after 300-hour accelerated test. The data was taken from the VI curve, 

generated at last cycle of the accelerated test. The drop in the performance presumably 

happened due to the difference in the diameters of the grown Pt particle ~ 6 nm (Case 5) 

and ~ 5.47 nm (Case 1).  

 

Table 4.1.Power generated by the MEAs after 300-hour accelerated test 
Test Power, Watts 

Case 1 (1g 20 Hz) 8.66 

Case 2 (1g 40 Hz) 8.09 

Case 3 (4g 20 Hz) 8.57 

Case 4 (4g 40 Hz) 8.21 

Case 5 (No Vibration) 7.85 
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Figure 4.1 VI curves for each MEA after 300-hours accelerated tests 
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Figure 4.2 shows the effect of Pt particle diameter on MEA performance. It can be 

noted from the Figure 4.2 that power generated by MEA reduces with the increase in Pt 

particle diameter on the catalyst layer. 

 

 

The backscattered electron (BSE) images for the MEA catalyst layer before and 

after the 300-hour accelerated test are shown in Figures 4.3 and 4.4 (a-b). The resolution 

of the ESEM allows the observation of particles larger than 20 nm. The brighter/charged 

areas (clouds) on the image represent areas with a high concentration of Pt particles. 

Most importantly, a comparison of the BSE images before and after the 300-hour 

accelerated test showed a charged clouds and a formation of areas with high 

concentration of Pt particles on the catalyst layer of MEA after an accelerated test (Figure 

4.3 (b) and Figure 4.4 (b)). It is evident from the ESEM results that the Pt particle 

agglomerated and grew after the 300-hour accelerated tests; however, the Pt particle 

diameters cannot be quantified using these results. In order to get quantitative results an 

XRD and TEM techniques were then used to measure the particle sizes. 

4.2 Qualitative results 
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Figure 4.2 Effect of Pt particle size (means and standard deviations shown) on MEA performance 
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Figure 4.3 BSE image of the catalyst area a) pristine MEA (prior to no vibration accelerated test), b) degraded MEA (after no 
vibration accelerated test) 

a) b) 
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Figure 4.4 BSE image of the catalyst area a) pristine MEA (prior to 4g 40Hz accelerated test), b) degraded MEA (after 4g 40Hz 
accelerated test) 

a) b) 
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4.3 Quantitative results 
 

Figures 4.5 – 4.7 show the TEM images of the catalyst layer from the cathode 

side after 300-hour accelerated tests under various mechanical vibration conditions (Case 

1 – Case 5). Figures 4.8 – 4.10 show the TEM images of the catalyst layer from the 

cathode side after the various time duration accelerated tests (T1 – T5). 

Figures 4.5 – 4.10 show an increase in the Pt particle diameter as well as a 

decrease in the catalyst active area. Figures 4.5(a) and 4.8(a) show the TEM image of the 

cathode side of the catalyst layer in a pristine state. To determine initial average Pt 

particle diameter, five pristine MEAs were analyzed. Initially, Pt loading and mean Pt 

particle diameters on the anode and cathode sides of the catalyst layer were 

approximately the same. Analysis of the TEM images of the anode and cathodes sides of 

the MEAs showed that the Pt particle growth on the anode side is minimal and can be 

neglected. Figure 4.11 shows a TEM image of the pristine and degraded anode catalyst 

layer. The same observation was noted by Borub et al [35]. 

This happens due to high potential and presence of the water on the cathode side 

of the MEA (potential at cathode under standard conditions is 1.229 V, the potential on 

the anode side is close to 0 V). 

The XRD plots are shown in Figures 4.12 and 4.13. The diffraction peaks at 40º, 47º, 

68º correspond to the (111), (200), (220) planes and faces of platinum respectively. The 

average particle crystallite diameter has been estimated for pristine and degraded catalyst 

layer by analyzing the broadening of the X-ray diffraction line corresponding to different 

faces of platinum. 
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Figure 4.5 Carbon-supported Pt catalyst layer. TEM Image cathode side. a) Pristine MEA b) Case 1 (1g 20Hz) 

a) b) 
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Figure 4.6 Carbon-supported Pt catalyst layer. TEM Image cathode side. a) Case 2 (1g 40Hz) b) Case 3 (4g 20Hz) 

a) b) 
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Figure 4.7 Carbon-supported Pt catalyst layer. TEM Image cathode side. a) Case 4 (4g 40Hz) b) Case 5 (No Vibration) 

a) b) 
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Figure 4.8 Carbon-supported Pt catalyst layer. TEM Image cathode side. a) Pristine MEA (0 hours) b) T1 (2 hours)  

a) b) 
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Figure 4.9 Carbon-supported Pt catalyst layer. TEM Image cathode side. a) T2 (50 hours) b) T3 (126 hours)  

 

  

a) b) 
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Figure 4.10 Carbon-supported Pt catalyst layer. TEM Image cathode side. a) T4-Case 5 (300 hours) b) T5 (420 hours)  

a) b) 
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Figure 4.11 Carbon-supported Pt catalyst layer. TEM Image anode side. a) Case 5 (Pristine state) b) Case 5 (degraded state) 

a) b) 
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Figure 4.12 XRD diffraction patterns of the catalyst area of MEA after 300-hour accelerated test under various vibration conditions 



55 

 

 

Figure 4.13 XRD diffraction patterns of the catalyst area of MEA after various time duration accelerated tests 
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For each TEM image the Pt particle total area was recorded. The diameters were 

calculated by assuming the shape of Pt particles to be circle [15]. From the obtained TEM 

images we can see darker spots that are interpreted as the Pt particles. Mean platinum 

particle diameters obtained by the TEM and XRD for the pristine state and after each 

accelerated test are presented in Table 4.2 and Table 4.3. The TEM and XRD data are 

consistent in that the mechanical vibration caused relatively smaller Pt particles. 

From Table 4.2 and 4.3, it is clear that the accelerated test increases the mean Pt 

particle diameter thus confirming the previous findings by other researchers. An 

important observation of the data is that it is shown that mechanical vibration caused 

smaller Pt particles. 

We conjectured that the reason for the decrease in Pt particle agglomeration and 

growth subjected to vibration was due to the hydrogen crossover that reduces the amount 

of Pt ions on the cathode side. We also observed that mechanical vibrations may cause 

the thinning of the MEA, which lead to hydrogen crossover increase after the 300-hour 

accelerated test. However further studies need to be performed to confirm these 

observations and link the component degradations to the growth and agglomeration of Pt 

particles. 

From our study, it was evident that the exposure of PEM fuel cell to mechanical 

vibration in 300 hours affects the structural integrity of the cell components, especially 

the GP, the GDL, and the MEA. It was observed that there was a loss of compression due 

to vibrations from the initial compression at a bolt torque value of 13 Nm. Due to the loss 

of compression, the GDL and the MEA were experienced to mechanical shearing stresses 

that could cause the thinning of the MEA and the increase of GDL porosity.  
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Table 4.2. Pt particle sizes after various vibration condition tests 

Test # 
Test 

length, h 

Acceleration, 

g 
Frequency, Hz dXRD 

dTEM (# of particles 

analyzed) 

# of test 

repetition 

Case 1 300 1 20 5.12±0.01 5.55±1.16 (1348) 3 

Case 2 300 1 40 5.34±0.04 5.89±1.41 (636) 3 

Case 3 300 4 20 5.07±0.03 5.64±1.42 (1128) 3 

Case 4 300 4 40 5.04±0.05 5.89±1.21 (876) 3 

Case 5 300 0 0 5.46±0.44 6.14±1.53 (1505) 4 

 
 

Table 4.3. Pt particle sizes after various time duration tests 

Test # 
Test 

length, h 

Acceleration, 

g 
Frequency, Hz dXRD 

dTEM (# of particles 

analyzed) 

# of test 

repetition 

Pristine 0 0 0 2.53±0.12 2.34±0.38 (173) 4 

T1 2 0 0 3.35 3.34±0.55 (155) 1 

T2 50 0 0 3.81 4.48±1.04 (211) 1 

T3 126 0 0 4.26 5.61±1.53 (378) 1 

T4 (Case 5) 300 0 0 5.45±0.44 6.14±1.53 (1505) 4 

T5 420 4 20 4.82 6.41±1.6 (231) 1 
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Figure 4.14 HRTEM images of the Pt agglomerates, with aligned lattices, in the process of collision 

Pt agglomerates 
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Figure 4.15 HRTEM image of the area with high Pt particle concentration with continuous lattice fringes from one Pt crystal to the 
other. Location 1 
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Figure 4.16 HRTEM image of the area with high Pt particle concentration with continuous lattice fringes from one Pt crystal to the 
other. Location 2 
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The thinning of the MEA could cause the increase in hydrogen crossover and in 

short term decrease the rate of Pt agglomeration and growth [17, 60, 69 - 78]. Subjecting 

PEM fuel cell to vibration for a longer term will lead to further thinning of the MEA and 

its permanent damage.  

From the Tables 4.2 and 4.3 it can be noted that measurements made by XRD 

technique differ from ones made by the TEM. This happens due to the fact that XRD 

gives information about average crystallite size, however the TEM image reveals 

information about agglomerated crystals of platinum that form a single Pt particle. In 

order to answer the question if the Pt particles observed by TEM imaging are 

agglomerations of the several crystals an HRTEM imaging was used. 

Knowing that Pt agglomeration occurs at areas with high concentration of the 

particles [29, 74 – 79, 81] those areas were analyzed by taking HRTEM images. Figure 

4.14 shows the HRTEM image of the Pt agglomerates at different magnifications. In the 

image, the process of agglomeration of two Pt particles can be observed with aligned 

lattices. It can be seen that Pt crystals with continuous lattice fringes from one branch to 

the other. Areas with even higher Pt particle concentration are shown in Figures 4.15 and 

4.16 where several Pt crystals formed multi grained agglomerates. 

 

 

The data obtained by microscopy and spectroscopy techniques was analyzed 

using several statistical methods, particularly, boxplots, ANOVA [90] and multiple 

comparison [90] tests.  

4.4 Statistical analysis 
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Figure 4.17 shows box plots of the Pt particle diameter distribution on the catalyst 

layer of pristine and degraded MEAs after 300-hour accelerated tests under various 

vibration conditions (Case 1 – Case 5).  

Comparing the box plots for the Pt particle diameters after the 300-hour 

accelerated test, it can be noted that the Pt particle diameter distributions in the Case 1, 

Case 3 and Case 4, are skewed to the right which tells us that significant numbers of Pt 

particles are above the median size (more particles are in higher size range). The particle 

diameter distributions for the Case 2 and Case 5 are close to normal (the number of large 

and small Pt particles are equal). 

Unlike the mean, the median (red horizontal line in the box) is not influenced by 

outliers at the extremes of the data set. For this reason, the median is used when there are 

a few extreme values that could greatly influence the mean and distort what might be 

considered typical. 

Figure 4.18 shows box plots of the Pt particle diameter distribution on the catalyst 

layer after various time duration accelerated tests. From the box plot it can be noted that 

Pt particles grow fast during the first 50 hours of PEM fuel cell operation, followed by a 

decrease in the growth speed.  

In order to answer the question if Pt particle mean diameters after each of the 300-

hour accelerated test under various mechanical vibration conditions were significantly 

different or not, an analysis of variance (ANOVA) and multiple comparison tests were 

conducted. The null hypothesis in the current study was stated as follows: mean Pt 

particle diameters between each 300-hour accelerated test under various mechanical 

vibration conditions (Case 1 – Case 5) are the same.  
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The statistical analysis was conducted in software MATLAB [91]. From the 

ANOVA test, the “p-value” (p=2·10-28) suggests that Pt particles mean diameters after 

300-hour accelerated tests under various vibration conditions are significantly different, 

thus null hypothesis cannot be accepted. 

The results of multiple comparison analysis are presented in a form of matrix and 

are shown in Table 4.4. The groups that are not significantly different are highlighted 

using bold font. The multiple comparison analysis plot is shown in Figure 4.19. 

 

Table 4.4. Case 1 - Case 5 multiple comparison matrix  

Group of comparison 

Lower 

confidence 

interval 

Mean 

difference 

Upper 

confidence 

Interval 

Case 1 Case 2 -0.5275 -0.3341 -0.1407 

Case 1 Case 3 -0.2484 -0.0862 0.0761 

Case 1 Case 4 -0.5117 -0.3372 -0.1627 

Case 1 Case 5 -0.7429 -0.5921 -0.4414 

Case 2 Case 3 0.0486 0.2479 0.4473 

Case 2 Case 4 -0.2125 -0.0031 0.2063 

Case 2 Case 5 -0.4482 -0.2580 -0.0679 

Case 3 Case 4 -0.4321 -0.2510 -0.0700 

Case 3 Case 5 -0.6643 -0.5060 -0.3476 

Case 4 Case 5 -0.4258 -0.2549 -0.0841 

 

The multiple comparison analysis showed that average Pt particle diameters after 

300-hour accelerated test under various mechanical vibration conditions (Cases 1 – 4) are 

significantly different from average Pt particle diameters tested at no vibration conditions 

(Case 5). Analyses also revealed significant difference between average Pt particle 
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diameter tested at 1g 20Hz, 4g 20Hz and 1g 40Hz 4g 40Hz. Meaning that average Pt 

particle diameter after Case 1 and Case 3 tests are significantly different from Case 2 and 

Case 4 tests with 95% confidence. 

In addition, the collected data (Case 1 – Case 5 and T1 – T5) was used to develop 

a statistical model that describes the Pt particle growth as a function of time (t), frequency 

(Hz) and acceleration (g). The model predicts Pt particle diameter size up to 300 hours 

and in various vibration ranges up to 40 Hz and 4 g. 

In addition to modeling mechanical vibration effects on Pt particle diameter, the 

statistical model aimed to predict a mean particle diameter for possibly unobserved 

vibration conditions (in the range of 0 - 40 Hz and 0 - 4 g) and time length (up to 300 

hours). The effect of time was modeled using a generalized linear model [92, 93] with a 

hyperbolic tangent link function. This is a consequence of the fact that, as time 

progresses, its effect on Pt particle diameter tends to decrease. The effect of time (t) and 

vibration parameters such as frequency (Hz), acceleration (g) on particle size was 

described by a second-degree generalized linear model [93]. The aforementioned 

considerations lead to the developed statistical model shown in Equation 4.2. 

 

D*+,-. = β�// + tanh1λX*+,�.3 4β� + β5,�X*+,5. + β�6,�X*+,�6.7 + X*+,�6.8 β�6,�6 + ε+,- (4.2) 

 i = 1 … n-   
X*:,5. = > g@…g"�A ; X*:,�6. = C hz@…hz"�E ; X*:,�. = > t@…t"�A ; β = 1β�//, β5,�, β�, β�6,�, β�6,�63 
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where X*i,t. is the time elapsed; X*i,g.  is the acceleration exposure; and X*i,hz. is the 

frequency applied to the ith  particle. D*i,v. is the diameter of ith Pt particle under certain 

mechanical vibration condition v.  εi,v is the Gaussian residual error.  βoff  is the offset 

parameter (initial Pt particle size at time 0 under 0 g and 0 Hz), βt is the time effect on Pt 

particle size, βg,t is the interaction effect of acceleration and time on Pt particle size; βhz,t 
is the interaction effect of frequency and time on Pt particle size, λ is the parameter 

governing the Pt particle size growth speed reduction with time. The number of Pt 

particles observed under mechanical vibration condition v is denoted by nv.  g1,...,gns is the 

observed acceleration settings; hz1,…,hzns is the observed frequency settings, and t1,…,tns 
is the observed time settings. 
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Figure 4.17 Box plots for Pt particle size distribution after 300-hour accelerated test under various vibration conditions 
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Figure 4.18 Box plots for Pt particle size distribution after various time duration accelerated tests 
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Figure 4.19 Multiple comparison analysis after 300-hour accelerated test under various mechanical vibration conditions 

 



69 

 

Figure 4.20 shows predicted, as well as experimentally observed, Pt particle 

diameter as a function of time under various vibration conditions. Figure 4.21 shows 

predicted and experimentally observed Pt particle diameter as a function of frequency 

under 1g and 4g acceleration at fixed time value (300 hour).  

From Figure 4.20, it can be noted that the fast increase in Pt particle diameter 

between 0 and 50 hours followed by progressively smaller increase in particle diameter 

after about 50 hours. From Figures 4.20 and 4.21 can be seen that the time and the 

frequency are influencing Pt particle growth the most, however, contribution of the 

acceleration to particle growth may be neglected. It can also be noted that the decrease in 

Pt particle diameter due to increase in frequency for the values up to 28 Hz and the 

associated increase in particle diameter for frequencies between 28 and 40 Hz was 

observed. 
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Figure 4.20 Time (h) vs Pt particle diameter size (nm) 
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Figure 4.21 Frequency vs Pt particle average diameter size (nm) under 1 g and 4g at 300 hours 



72 

 

CONCLUSION 

The effect of mechanical vibration on catalyst layer degradation via Pt 

agglomeration and growth has been investigated using a designed accelerated test and 

analytical techniques such as ESEM, TEM and XRD.  

The ESEM data qualitatively showed changes in Pt content on the degraded 

catalyst layer after 300-hour accelerated test. Comparing ESEM images, the degraded 

catalyst layer qualitatively showed an area with higher Pt concentration then the pristine 

catalyst layer. In order to obtain qualitative results XRD and TEM techniques were used.  

The TEM and XRD data showed that the mean Pt particle diameter is generally 

smaller under mechanical vibration conditions (Case 1 – Case 4). The analysis of TEM 

images showed that after 300-hours accelerated test the mean Pt particle diameter under 

vibration conditions is 10% smaller then under no vibration condition. The Pt particles in 

the order of 2 to 2.5 nm in the pristine state have grown to approximately 6.14 nm (after 

300-hour accelerated test without vibration condition), to approximately 5.64 nm (after 

300-hour accelerated test under 4g 20 Hz vibration condition) and 5.55 nm (after 300-

hour accelerated test under 1g 20 Hz vibration condition). The Pt particles, after the 300-

hour accelerated test under 1g 40 Hz and 4g 40 Hz were approximately 5.89 nm.  

Performance of each MEA during the 300-hour accelerated test under mechanical 

vibration conditions was monitored and VI performance curves produced. 

Increase in Pt particle diameters on the catalyst layer decreased catalytically-

active surface area and reduced MEA overall performance. It was observed that 

performance of the MEA tested without vibration is 5% - 10%, lower than one tested 
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under vibration conditions. The VI curve showed the lowest performance corresponded to 

the MEA after the 300-hour accelerated test at no vibration conditions and was 7.85 

Watts at 0.5 V (Pt particle diameter ~ 6.14 nm) and highest performance corresponded to 

the MEA after the 300-hour accelerated test under 1g 20 Hz and was 8.66 Watts at 0.5 V 

(Pt particle diameter ~ 5.55 nm). The performance of the other MEAs after the 300-hour 

accelerated test was 8.57 W (4g 20 Hz Pt particle diameter ~5.64 nm), 8.21 W (4g 40 Hz 

Pt particle diameter ~5.89 nm) and 8.1 W (1g 40 Hz, Pt particle diameter ~5.89 nm). 

The statistical multiple comparison test showed that the mean Pt particle diameter 

of the catalyst layer tested under 1g 20Hz (Case 1) and 4g 20Hz (Case 3) mechanical 

vibration conditions were significantly different, with 95% confidence level, from the 

mean Pt particle diameter of the catalyst layers tested at different mechanical vibration 

conditions (Case 2, Case 4). Also the mean Pt particle diameters after 300-hour 

accelerated test at various mechanical vibration conditions (Case 1 – Case4) were 

significantly different from the mean particle diameters after the no vibration 300-hour 

accelerated test (Case 5).  

The statistical regression model as well as experimental data showed that mean Pt 

particle diameter tend to decrease (as a function of frequency) when frequencies are 

below 28 Hz and tend to increase for frequency between 28 and 40 Hz. It was also 

observed that the increase in mean diameter size slows significantly after about 50 hours 

of the PEM fuel cell operation.  

The statistical regression model showed that, among three parameters, specifically 

time, frequency and acceleration, time is a dominant factor in Pt particles agglomeration 

and growth. 
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Despites good results obtained from the current research there are several 

limitations that have to be addressed in future work. First of all the effect of mechanical 

vibration on PEM fuel cell components integrity has to be studied to answer the question 

rather or not mechanical vibration cause the MEA thinning which lead to hydrogen cross 

over from the anode to the cathode side and reduce Pt particle agglomeration and growth. 

Second, during the current work the PEM fuel cell was subjected to mechanical vibration 

in the vertical plane only. However it is important to know how PEM fuel cell does 

behave when subjected to mechanical vibration at different planes, such as horizontal 

and/or angled plane. Thus, in future research the PEM fuel cell has to be subjected to 

mechanical vibration in horizontal as well as angled planes and effect of these vibrations 

on PEM fuel cell components and on catalyst degradation has to be studied. 

Another limitation of current research is that Pt particle diameter, for the tests at 

various vibration conditions (Case 1 – Case 4), was obtained at two time points, at 0 hour 

and at 300 hour. For the no vibration tests (Case 5) Pt particle diameter was obtained at 

various time points (0, 2, 50, 126 and 300 hours). In order to develop a precise model that 

could describe Pt particle agglomeration and growth under various vibration conditions, 

accelerated tests at various time duration for the Cases 1 – 4 should also be conducted in 

future research. 
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APPENDIX A 

FUNCTION OF ENVIRONMENTAL SCANNING ELECTRON MICROSCOPE 

 

The major component of the ESEM is electron column. The electron column 

consists of an electron gun and two or more electron lenses, which influence the paths of 

electrons traveling down an evacuated tube. The base of the column is usually taken up 

with vacuum pumps that produce a vacuum of about 10-4 Pa (about 10-6 torr, or roughly 

one billionth of atmospheric pressure). The control console consists of a cathode ray tube 

(CRT) viewing screen and the knobs and computer keyboard that control the electron 

beam. 

 The electron gun generates electrons and accelerates them to an energy in the 

range 0.1 – 30 keV (100 – 300,000 electron volts). The spot size from a tungsten hairpin 

gun is to large to produce a sharp image unless electron lenses are used to demagnify it 

and place a much smaller focused electron spot on the specimen. Most ESEMs can 

produce an electron beam at the specimen with a spot size less than 10 nm (100 Å) that 

contains sufficient probe current to form an acceptable image. The beam emerges from 

the final lens into the specimen chamber, where it interacts with the specimen to a depth 

of approximately 1 µm and generates the signals used to form an image [83]. 
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Figure A.1 Schematic drawing of the ESEM column 
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APPENDIX B 

FUNCTION OF X-RAY DIFFRACTION  

 

A diffractometer is a precision instrument with two axes (ω and 2θ) of 

independent rotation. This equipment enables us to obtain the intensity data of a 

diffracted X-ray beam, as a function of angle, to satisfy Bragg’s law under the condition 

of X-rays of known wavelength. The basic design of the diffractometer is illustrated in 

Appendix A. Three components, X-ray source (F), sample holder (S), and detector (G), 

lie on the circumference of a circle, as known as the focusing circle. When the position of 

X-ray source is fixed and the detector is attached on the 2θ-axis, a powder sample in the 

flat plate is usually set on the ω axis corresponding to the center of the diffractometer. 

The line focal spot on the target of the X-ray tube is set to be parallel to the 

diffractometer ω axis. The main reason for using a flat plate sample is to take advantage 

of the focusing geometry for effectively collecting the intensity of weak diffracted beams. 

During the course of measurements, the 2θ-axis rotates two times as much as the ω-axis, 

and therefore frequently called as theta two-theta scan. This is to maintain the 

experimental condition that the angle between the plane of the sample and direction of 

the incident X-ray beam is equal to that of direction of the diffracted beam, with 

reference to the direction of propagation of the incident X-ray beam. In other words, the 

direction of normal to the sample plane should be fit to the direction of the scattering 

vector q = s – s0  defined by the difference between vector s0 of the incident X-ray beam 

and vectors of the diffracted X-ray beam s. In addition, a circle through the points F 
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(focal spot on the target), S (the center of the diffractometer), and G (the focal point of 

the diffracted beam) named as focusing circle or Rowland circle [85].  

To minimize angular dispersion and to improve spatial resolution for the incident 

X-ray beam, as well as the diffracted X-ray beam, some slit systems are inserted into the 

X-ray path. We also use a soller slit, which consists of a set of closely spaced, thin metal 

plates parallel to the plane of the diffractometer circle and this soller slit is to restrict the 

perpendicular dispersion of both the incident and the diffracted X-ray beams. As shown 

in Figure B.1, the divergent slits (DS) and the scattering slits (SS) are set to restrict each 

horizontal dispersion of both incident and diffracted X-ray beams, and the receiving slit 

(RS) in front of the detector is set to determine the spatial resolution. The important 

feature of a diffractometer is not only the restriction of dispersion by the DS and SS, but 

also the focusing of the diffracted X-ray beam from powder samples by the RS. This 

collimating and focusing principle is called para-focusing. As is seen from Figure B.1, 

the position of RS in front of the detector always matches with a para-focusing spot in the 

diffractometer, and this makes the intensity measurement effective and the spatial 

resolution better. 
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Figure B.1 Para-focusing geometry and some essential point of an XRD 
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APPENDIX C 

FUNCTION OF TRANSMISSION ELECTRON MICROSCOPE 

 

In transmission electron microscope (TEM), a thin specimen is irradiated with an 

electron beam of uniform current density. The acceleration voltage of routine instruments 

is 100–200 keV. 

High resolution TEM (HRTEM) work at 200 keV – 3 MeV to provide better 

transmission and resolution. Electrons are emitted in the electron gun by thermionic, 

Schottky, or field emission filament. The latter filaments are used when high gun 

brightness and coherence are needed. A three – or four – stage condenser lens system 

permits variation of the illumination aperture and the area of the specimen illuminated. 

The electronintensity distribution behind the specimen is imaged with a lens system, 

composed of three to eight lenses, onto a fluorescent screen. The image can be recorded 

by direct exposure of a photographic emulsion or an image plate inside the vacuum, or 

digitally via a fluorescent screen coupled by a fiber – optic plate to a CCD camera. 

Electrons interact strongly with atoms by elastic and inelastic scattering. The 

specimen must therefore be very thin, typically of the order of 5–100 nm for 100 keV 

electrons, depending on the density and elemental composition of the object and the 

resolution desired. Special preparation techniques are needed for this; electropolishing 

and ion-beam etching in materials science and ultramicrotomy of stained and embedded 

tissues or cryofixation in the biosciences [86]. 
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Figure C.1 Schematic drawing of TEM 
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APPENDIX D 

TEM GRID PREPARATION 

 

Typical TEM grid consist of three layers, the formvar layer (30-50 nm), copper 

grid and carbon layer (3nm) as shown in Figure D.1. In order to obtain better TEM image 

and allow more electrons to transmit through the sample, it has to be kept as thin as 

possible (sample thickness has to be in the range of 5-100 nm). For this purpose it was 

decided to prepare TEM grid by removing a formvar layer from it. The procedure of 

formvar layer removal described in Pelco® technical notes and consists of the following 

steps [94]: 

1. Grip grid with anti-capillary tweezers;  

2. Hold at about 15°
 to vertical plane with darker side of grid facing down; 

3. Lower straight down into the chloroform and wait 10 seconds; 

4. Pull out of chloroform at an angle (see Figure D.2); 

5. Slip filter paper between arms of tweezers to remove any residual chloroform. It 

is important to do this before releasing the grid onto any surface. 

 



94 

 

 

Figure D.1 TEM grid layers  

 

 

 

Figure D.2 Formvar layer removal procedure 
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APPENDIX E 

FUEL CELL TEST STATION 

 

The 300 hour accelerated degradation tests were performed using a PEM fuel cell 

hardware assembly connected to a test station (Fuel Cell Technologies, Inc., New 

Mexico, USA). Test station was controlling temperature of the fuel cell hardware, 

temperature of the reactant gases their humidity level, back pressure and potential cycle 

parameters. Figure E.1 shows the picture of the fuel cell test station. 
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Figure E.1 Fuel cell test station (Fuel Cell Technologies, Inc.) 

 


