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Chapter  1  

Introduction 
 

The notion that excessive CO2 emissions from decades of burning fossil fuels has driven 

mankind to the verge of a dangerous environmental predicament, has already been 

thoroughly exhausted in just about every thesis, publication, conference paper and book 

report. It is assumed that the reader already has that context, so that this introduction can 

focus on the state of the art of the research concerning platinum and its alloys as fuel cell 

catalysts. Pulling on the thread that the devil is in the details, this thesis explores the intricacies 

of the electrode-electrolyte interface of Pt-based catalysts and their effects on electrocatalyst 

performance using X-ray spectroscopy techniques.    

The overall theme of this thesis is to complement the electrochemical data acquired in fuel 

cell research with in situ X-ray photoelectron spectroscopy (XPS) and soft X-ray absorption 

spectroscopy (XAS). On the basis of recent theoretical and experimental studies in the 

literature, it has been revealed that electrocatalysts experience dynamic changes under 

experimental conditions, adapting their initial state to the changing environment1–3. 

Therefore, in situ identification of these changes in the electrocatalyst is key to understanding 

the atomic features that are associated with the performance of the electrocatalyst, separating 

them from spectator species. Precisely decoding the atomic scale configurations under realistic 

operation conditions has been a long-standing challenge in the electrocatalysis community 

due to experimental challenges, which we try to address in this thesis. The methodology 

described in this thesis forms a general approach that can be used for a wide variety of 

electrocatalytic systems. However, here we have focused on the oxygen reduction reaction 

(ORR) on platinum based catalysts. 

1.1 Oxygen Reduction Reaction (ORR) and Polymer Electrolyte Fuel Cells  

Fuel cells have the potential to play a pivotal role in the green energy transition4. Their main 

role is to supply carbon neutral energy when and where it is needed using a renewable fuel 

such as green hydrogen. Platinum and its alloys are at present the benchmark catalysts for the 

widely used proton exchange membrane fuel cell (PEMFC) because of their relatively high 

stability and low activation barrier for both half-cell reactions, i.e. the hydrogen oxidation 

reaction and the ORR5 (see Figure 1.1). To understand the reaction environment that these Pt 

catalysts experience, I briefly describe the basic working principle of the PEMFC. The cell is 

divided into an anode and a cathode chamber, separated by a proton exchange membrane 

(e.g. Nafion). The anode and the cathode are connected electrically through an external circuit 

to which the cell delivers electrical power. Hydrogen gas is introduced into the anode chamber 

where it is oxidized into protons (Hydrogen Oxidation Reaction, HOR) which travel through the 

PEM membrane towards the cathode chamber. The electrons released during the hydrogen 

oxidation travel through the external circuit to the cathode where they combine with protons 
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and oxygen (from the air) to produce water via the oxygen reduction reaction (ORR). The Gibbs 

free energy change for the overall reaction is 237.14 kJ/molH2, so that the fuel cell could 

theoretically deliver a potential of 1.23 V. However, energy losses within the fuel cell reduce 

the potential delivered when current is drawn. These energy losses arise to a large extend from 

the high activation barrier for the ORR6, making this a key research focus in fuel cell research. 

 

Figure 1.1: Schematic overview of a PEM Fuel Cell 

Another key focus point for the research on Pt fuel cell catalysts is to lower the amount of Pt 

that is used in the catalyst film. The cost of the Pt in the fuel cell is one of the major hurdles 

towards its large-scale commercialization7, since the Pt catalyst cost alone makes up for 40-

60% of the price of the fuel cell stack. In this regard, extensive research has led to the reduction 

in Pt loading in commercial fuel cells, from 28 mgPtcm-2 to 0.4 mgPtcm-2 at the cathode and 

0.05 mgPtcm-2  at the anode8, and there are continuous efforts to push towards even lower Pt 

loadings9. A key bottleneck for further reducing the catalyst loading is the degradation of the 

Pt catalyst on the cathode side during operation. Due to this degradation, an excess amount 

of catalyst has to be used to maintain long-term performance10. Therefore, understanding and 

mitigating Pt degradation is crucial to achieve affordable and long-term stable fuel cells. 

1.2 Degradation Mechanisms in a Fuel Cell 

There are a number of factors that are responsible for the decline in fuel cell performance over 

time such as platinum sintering, catalyst layer dissolution at the cathode and carbon support 

corrosion11. All of these primarily occur during changes in the potential of the fuel cell, for 

example when the fuel cell is started or when more or less current is drawn. Under these 

conditions, Pt atoms can detach from the catalyst nanoparticles and dissolve as ions into the 
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polymer electrolyte. In part, these ions migrate towards the larger neighboring particles and 

attach to increase the particle size. This phenomenon is known as Ostwald ripening and 

becomes greater in magnitude with decreasing average particle size because of the greater 

thermodynamic driving force12. Ostwald ripening leads to an increasing average particle size 

over time and a decrease in the electrochemically active surface area (ECSA)13,14, which lowers 

the catalytic activity during the ORR. In addition to Ostwald ripening, migration of the dissolved 

Pt into the polymer membrane also presents a major challenge, as it constitutes a loss off 

active material.  

First hints about the chemistry involved in the Pt dissolution can be extracted from the 

thermodynamics of Pt. As depicted in the Pourbaix diagram15 in Figure 1.2,  metallic Pt is stable 

at potentials lower than ~1.05 VRHE whereas higher oxidation states PtO (Pt2+) and PtO2 (Pt4+) 

are stable at more positive potentials8,16,17. The onset oxidation on the surface of Pt 

nanoparticles starts a little earlier than predicted by the Pourbaix diagram (Figure 1.2), i.e. 

around 0.9 VRHE. In relation to this, the rate of loss of active surface area of the catalyst has 

been shown to increase at potentials above 0.9 VRHE. Furthermore, the dissolution rate is 

relatively much larger under dynamic potential conditions (load changes, startup/ shutdown) 

as compared to constant potential conditions(steady state operation)18–20. Therefore, Pt 

dissolution has been linked to the formation and reduction of Pt oxides21,22. Indeed, operando 

Pt dissolution measurements have shown that the Pt dissolution spikes during oxide formation 

and reduction, especially when the upper potential is >1.3 VRHE
23–25. In fuel cells, this is 

situation occurs during start-up/shut-down. Under these conditions, the fuel cell cathode 

potential temporarily reaches values of ~1.4 VRHE, causing significant oxidation of the surface26. 

This potential spike lasts around a ~5 s before the potential returns to a steady state operation 

value (0.7 VRHE-0.8 VRHE) and causes a significant dissolution of the catalyst, as discussed 

earlier26–30. Despite that these start-up/shut-down potential spikes take up only a minute 

fraction of the operating time of a fuel cell, they cause around a 3rd of the overall 

deterioration26,31, as shown in Figure 1.3. Due to this fast dissolution rate, (simulated) start-

up/shut-down spikes are often used to study the mechanisms of Pt degradation. 
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Figure 1.2: Potential-pH equilibrium diagram for the platinum-water system at 25°C15 

 

 

Figure 1.3: PEMFC degradation under different operating conditions32 
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Figure 1.4: Establishment of H2-Air interface in the Anodic chamber of the fuel cell, causing 
large potential spikes at the cathode during startup/ shutdown stages of the fuel cell 

Zhang and coworkers32  have investigated the reasons behind the transient voltage spikes and 

concluded that the formation of a H2-Air interface (Figure 1.4) in the anodic chamber of the 

fuel cell produces momentary high potentials at the cathode surface, leading to oxidation of 

the catalyst as well as degradation of the catalyst support. Since the fuel cell startup and shut 

down fluctuations can be hard to simulate accurately, accelerated stress testing (AST) methods 

in regular liquid phase laboratory cells are frequently relied upon33–35.  This is exemplified in 

Figure 1.5, where it can be seen that transient voltage fluctuations indeed have a rapid 

degradation effect on supported Pt nanoparticle catalyst, visible as a loss in active surface area. 

We will make use of this methodology in Chapter 3. 

 

 

Figure 1.5: Pt transient degradation observed in 0.1 M H2SO4 electrolyte; a) shows 5 nm thick 
Pt nanoparticle catalyst sputter deposited onto a polished glassy carbon working electrode 

and coated with Nafion ionomer, b) shows the potential applied simulating transient voltage 
pulses, with 5 second duration for peak (1.4 VRHE) and base (0.7 VRHE) potentials and c) shows 

the progressive loss of active surface area as a consequence of transient degradation 
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While the discussion above shows that the conditions leading to fuel cell degradation are fairly 

well understood, the molecular-scale mechanisms for Pt degradation remain a debated topic 

in the electrochemical community. The integration of in situ X-ray spectroscopy alongside 

conventional electrochemical measurements has a strong potential for unraveling these 

mechanisms, as it offers the possibility to directly couple electrochemical signals to atomic-

scale surface structures. In this thesis, I will explore this direction using in situ X-ray 

photoelectron spectroscopy and soft X-ray absorption spectroscopy. 

In our Spectro-electrochemical studies, we have focused not only on pure Pt catalysts, but also 

on a Pt3Ni alloy. In recent years, alloying Pt with transition metal catalysts such as Ni and Co 

has emerged as a highly effective strategy to improve the activity and stability of the fuel cell 

catalyst. Through modulation of the (electronic) structure of the surface Pt layers36,37, Pt-Ni 

alloy catalysts to have exceptionally high ORR activity when compared to benchmark 

commercial Pt catalysts38,39. Also, catalyst degradation studies on Pt-alloy catalysts have 

revealed the suppression of mechanisms such as coalescence and Ostwald ripening40.  

1.3 Near-ambient Pressure X-ray Photoelectron Spectroscopy 

To facilitate the Spectro-electrochemical analysis of my samples and to be able to do that 
independent of the time and logistical limitations of the synchrotron, I undertook the task of 
commissioning the in situ X-ray Photoelectron Spectroscopy set-up at our own lab in the 
Leiden Institute of Chemistry. From buying the smallest of the screws to facilitating the 
purchase of the analyzer module, today it stands in all its glory measuring both ex situ and in 
situ electrochemical samples. The purpose of this section is to refresh the reader’s knowledge 
about the working principle of in situ XPS.  
 
Starting off with the customary tribute to the inventors, the concept of XPS is based on the 

photoelectric effect discovered by Heinrich Hertz in 1887. Photoemission as a result of 

irradiation by X-rays was first discovered in 1914 by Robinson and Rawlinson, and its first 

demonstration as a method of material analysis can be accredited to Steinhardt and Serfass in 

195141. The bulk of the work done to formally develop XPS as it is used today is attributed to 

Kai Siegbahn from the University of Upsala in the 1970s, for which he was awarded the Nobel 

prize in 198142. 

XPS is a surface-sensitive technique where soft X-rays (<2 keV) are bombarded onto the 

sample, which excites electrons inside the material43,44, as shown schematically in Figure 1.6. 

The electrons absorb the photon energy and are expelled from the material, after which their 

kinetic energy is measured by the electron energy analyzer. The emission of the electron is a 

result of complete transfer of the photon energy to the electron, which can be expressed 

mathematically through Equation 145 .  

hʋ = B.E + K.E + ɸspectrometer                           (1) 

where hʋ is the energy of the incoming X-rays, B.E and K.E are the binding energy and the 

kinetic energy of the core electron and ɸspectrometer is the spectrometer work function, which is 

a constant. Using Equation 1, the measured kinetic energy can be converted into a binding 

energy. This binding energy is typical to the element and core level from which the electron 
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was ejected. Consequently, an XPS spectrum displays separate peaks for every element and 

core level, as exemplified in Figure 1.7.   

 

Figure 1.6: Working principal of the XPS 46 

Figure 1.7 shows the XPS survey spectrum of a gold single crystal electrode, where the peaks 

from different Au core levels can be seen. The spectrum also shows O 1s and C 1s peaks, 

originating from adsorbates on the surface. This sensitivity to surface species is a key property 

of XPS, which originates from the measurement principle: only the photo-electrons emitted a 

few nanometers from the surface will be able to make it out of the sample to reach the 

detector. As a result, the detected XPS signal only reflects the properties of the top 1-8 nm of 

the sample.    

 

Figure 1.7: XPS Survey spectrum of an Au electrode 
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XPS experiments are normally done in an ultra-high vacuum environment to reduce the 

scattering of the emitted photoelectrons by gas phase molecules as they fly from the sample 

to the detector, and to avoid surface contamination. Also, the X-ray source operates at a very 

high voltage (~15 kV) and will cause arcing even at low vacuum pressures.  

In near-ambient pressure XPS (NAP-XPS), the latter problem is solved by introducing a silicon 

nitride (SiNx) window, which separates the measurement chamber from the X-ray source 

enabling the measurement chamber to operate at a higher (near-ambient, ~1 mbar) pressures 

while the X-ray source is at a high vacuum. In addition, several differential pumping stages are 

placed between the main chamber and the electron energy analyzer, producing ~9 orders of 

magnitude reduction in pressure. This greatly reduces scattering of the photoelectrons with 

gas molecules, making it possible to detect photoelectrons while there is a mbar pressure in 

the main chamber. In this way, the catalyst-adsorbate interaction can be probed under reaction 

conditions, which is critical for correlating the activity and stability of a catalyst with the change 

in its structural properties under reaction conditions. 

The instrument present in our lab is an electrochemical NAP-XPS, which is capable of doing 
precisely that; resolving the oxidation states at the surface as well as the chemical state of the 
adsorbates under electrochemical conditions. To maintain a stable electrolyte film on the 
electrode surface under vacuum conditions, the electrocatalyst is sandwiched between a 
membrane and bilayer graphene, as further detailed in Chapter 2. Previously, access to 
membrane-based electrochemical XPS was limited to a few synchrotron beamlines in the 
world and even those were highly limited in the choice of electrolytes. Our setup removes 
both of these limitations and allows us to employ XPS to investigate changes in both sides of 
the electrode-electrolyte interface as a function of applied potential. This enables us to study 
a wide array of reactions under operando electrochemical conditions. The details of this 
instrument will be discussed in Chapter 2 of this thesis. 
 

1.4 Soft X-ray Absorption Spectroscopy 

Another spectroscopy technique that was employed using the same experimental geometry, 

was soft X-ray Absorption Spectroscopy (XAS). XAS is a powerful tool which yields element-

specific information about the unoccupied states in the electronic structure of the catalyst. 

Unlike XPS, the X-ray energy is swept during a measurement, and the X-ray absorption as a 

function of X-ray energy is measured. Due to the requirement of a tunable X-ray energy, one 

needs to go to a synchrotron facility for the measurements.  

In the studies presented in this thesis XAS is used to complement XPS. The excitations of core 

electrons to unoccupied valence states are highly sensitive to the bonding environment of an 

atom, often more so than in XPS. In the following chapters, we will exploit this sensitivity to 

track subtle changes in the bonding configuration and electronic structure of the catalyst. 

The photon energy of the X-rays defines the type of XAS being used; they are broadly 

categorized into soft (<2 keV), tender (2-5 keV) and hard X-rays (>5 keV)47. Due to the nature 

of absorption edges required in the research work presented in this thesis, we rely on soft X-

rays for our XAS measurements. 
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1.5 Outline of the thesis 

This thesis aims to combine electrochemical measurements with in situ electrochemical X-ray 

spectroscopy to explore the (near) surface chemistry of fuel cell catalysts, addressing the 

mechanisms responsible for their activity and stability.  

Chapter 2 presents the details of the in situ electrochemical NAP-XPS commissioned at Leiden 

Institute of Chemistry. We provide the details of the design and the components used to 

construct the instrument, and highlight its application to study all components of the 

electrode-electrolyte interface in electrochemical systems using the case study of the Pt-0.1 

M H2SO4 interface.   

Chapter 3 explores the evolution of oxidation states of Pt within the potential range relevant 

for fuel cell start-up degradation. We present a data model comparing the electrochemical 

signals measured during AST cycles to the oxidation state evolution detected by in situ 

spectroscopy,  which directly links electrochemistry to the surface oxide structure on the Pt 

nanoparticles.  

Chapter 4 describes the potential-dependent restructuring of a Pt3Ni alloy catalyst. We show 

that, even though the catalyst surface of the Pt-alloy catalyst is composed of pure Pt, the 

subsurface Ni takes part in the surface chemistry via electron density donation and subsurface 

migration. We show that this migration has a profound effect on the catalytic activity of the 

material, making the catalytic properties of the Pt-Ni alloy potential-dependent.  

I believe that in order design the optimal fuel cell catalyst, we have to improve our 

understanding right down to the Pt atom, understand its environment, see what it sees at 

reaction conditions, so in short: try to observe the world from its point of view. Through the 

course of these chapters, we try to achieve that by recreating those conditions and then 

probing them spectroscopically in real time to improve the atomistic understanding of the 

electrode-electrolyte interface. I hope the readers find that journey as insightful as I did. 
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