
Charles University 
 

Faculty of Mathematics and Physics 
 

 

 
 

 
 

HABILITATION THESIS 
 

 

 

Mgr. Ivan Khalakhan Ph.D. 
 

 
 

Platinum-based bimetallic cathode catalysts for proton-exchange 

membrane fuel cells 

 

 

 
 

 

 

 

 

 

 

 

 
 

Prague 2020 



Acknowledgements 
 

Since the very nature of scientific work is cooperation the results presented in this thesis 

could not be accomplished without the valuable contributions of many colleagues with whom 

I have worked, collaborated, or discussed. I would like to express my gratitude to all my 

colleagues from the Department of Surface and Plasma Science of Charles University with a 

special mention to Prof. Vladimír Matolín and Prof. Iva Matolínová. I wish to further thank all 

co-authors for their very friendly and always helpful collaboration. 

I am also grateful for the opportunity to be a part of Supermolecules Group of National 

Institute for Material Science (Tsukuba, Japan) and Institute for Inorganic Chemistry, Graz 

University of Technology (Graz, Austria) during my internships. 

Last but not least, I want to thank my family and friends, for the continuous support and 

motivation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Contents 

Preface           1 

1. Background          2 

1.1. “Green” energy         2 

1.2. Proton-exchange membrane fuel cells      3 

2. State of the art          4 

2.1.   Proton-exchange membrane fuel cells: Current status and challenges  4 

2.2.  Recent strategies for the development of cost-efficient cathode catalysts  9 

2.2.1. PGM‐free cathode catalysts for PEMFCs     9 

2.2.2. Shape-controlled platinum cathode catalysts for PEMFCs   10 

2.2.3. Platinum-based bimetallic alloy cathode catalysts for PEMFCs  11 

2.3.  Investigation of catalyst degradation mechanisms     16 

3. Results           21 

3.1. Activity of Pt-based bimetallic alloys      21 

3.2. Stability of Pt-based bimetallic alloys      24 

4. Summary           29 

5. References          31 

6. List of selected own publications       41 

Appendices – Selected presented publications      43 

P-1  PEMFC made of magnetron sputtered Pt-CeOx and Pt-Co thin    43 

film catalysts  

P-2  Surface composition of magnetron sputtered Pt-Co thin film catalyst for  49 

proton exchange membrane fuel cells 

P-3  Compositionally tuned magnetron co-sputtered PtxNi100-x alloy as   57 

cathode catalyst for proton exchange membrane fuel cells 

P-4  Unravelling the surface chemistry and structure in highly active   66 

  sputtered Pt3Y catalyst films for the oxygen reduction reaction 



P-5 Surface composition of a highly active Pt3Y alloy catalyst for    76 

application in low temperature fuel cells 

P-6 In-situ electrochemical atomic force microscopy study of aging    84 

of magnetron sputtered Pt-Co nanoalloy thin films during accelerated  

degradation test 

P-7  In situ probing of magnetron sputtered Pt-Ni alloy fuel cell    92 

catalysts during accelerated durability test using EC-AFM 

P-8  Nanoscale morphological and structural transformations of PtCu alloy  103 

electrocatalyst during potentiodynamic cycling 

P-9  Structural transformations and adsorption properties of PtNi nanoalloy   113 

thin film electrocatalysts prepared by magnetron co-sputtering 

P-10  In situ electrochemical AFM monitoring of the potential-dependent   129 

deterioration of platinum catalyst during potentiodynamic cycling 

P-11  In situ electrochemical grazing incidence small angle X-ray scattering:   137 

from the design of an electrochemical cell to an exemplary study of fuel  

cell catalyst degradation 

P-12  Evolution of the PtNi bimetallic alloy fuel cell catalyst under simulated   146 

operational conditions 

P-13 Irreversible structural dynamics on the surface of bimetallic PtNi alloy  156 

catalyst under alternating oxidizing and reducing environments 

 



 

1 
 

Preface 

Presented habilitation thesis is focused on the investigation of platinum catalysts and 

platinum-based bimetallic alloys prepared by magnetron sputtering for application to the 

cathode side of hydrogen powered proton-exchange membrane fuel cells (PEMFC). Advanced 

in situ/in operando experimental methods and techniques such as an electrochemical cell (EC) 

coupled with atomic force microscopy (AFM), grazing incidence small angle X-ray scattering 

(GISAXS), inductively coupled plasma mass spectrometry (ICP-MS), infrared reflection 

absorption spectroscopy (IRRAS) and near-ambient pressure X-ray photoelectron 

spectroscopy (NAP-XPS) are used to probe relationships between the structure, composition, 

stability of catalytic materials and their ORR reactivity. The main goal of the thesis is to directly 

explore the physics and chemistry behind the activity and durability of the cathode catalysts 

prepared by magnetron sputtering in real PEMFCs.  

The work is comprised of an annotated collection of own works. The presented research 

was conducted at several institutions and research infrastructures, namely, Department of 

Surface and Plasma Physics at Faculty of Mathematics and Physics of Charles University, 

Department of Chemistry and Pharmacy of Friedrich-Alexander-Universität Erlangen-

Nürnberg (Erlangen, Germany), Helmholtz-Institute Erlangen-Nürnberg for Renewable 

Energy (Erlangen, Germany), Department of Materials Science and Physical Chemistry, 

Institute of Theoretical and Computational Chemistry of the University of Barcelona 

(Barcelona, Spain), Chalmers University of Technology (Gothenburg, Sweden) and the 

Synchrotron Elettra (Trieste, Italy). 
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1. Background  

1.1. “Green” energy 

Recent climate changes, a massive boost in global energy consumption, and the depletion 

of fossil energy sources faced humanity either shrinking economy or reducing reliance on fossil 

fuels through harvesting low or even zero-emission energy. The latter is seen as a priority 

option. Moreover, the development of renewable energy technology has now advanced enough 

to realize this ambitious idea. In this regard, the  European Council in December 2019 endorsed 

the European Union ground-breaking target of approaching towards achieving a zero carbon 

emissions by 2050 and advocated a 55 % reduction of emissions by 2030 [1].  

Like any ambitious project, Europe's fundamental transformation to “green” demands 

radical changes and breakthrough technologies. Renewable energy sources like solar cells and 

wind-power stations are already well-established and successfully functioning around the 

world. Batteries, especially Lithium ion batteries, are nowadays the undeniable choice for 

powering small portable devices and even vehicles. In recent years, however, fuel cells (FCs) 

are recognized as a promising additional option for the above-outlined challenge. Multiple fuel 

cells are now existing, which are classified on the type of fuel used and the type of electrolyte 

composing their architecture such as: molten carbonate fuel cells (MCFC), solid oxide fuel 

cells (SOFC), direct methanol fuel cells (DMFC), alkaline fuel cells (AFC), phosphoric acid 

fuel cells (PAFC), proton-exchange membrane fuel cells (PEMFC) and anion exchange 

membrane fuel cells (AEMFC). Nonetheless, among those, hydrogen-fueled proton-exchange 

membrane fuel cells (PEMFCs) are the most promising and flexible option due to their 

environmental sustainability, high energy density, high energy-conversion efficiency and low 

operating temperatures [2]. Hydrogen fuel cells have a very high efficiency of ∼65%. For 

comparison: the efficiency of the best combustion engines is around 35-40%. For solar power 

plants, it is only about 15-20% and is highly dependent on weather conditions. The wind power 

plant's efficiency reaches 40%, but wind turbines also require suitable weather conditions and 

expensive maintenance. Moreover, the abovementioned Green Deal identified hydrogen as a 

priority area. Hydrogen is increasingly seen as the key element that will serve as the main 

energy carrier when fossil fuels will be completely abandoned, and renewable energy sources 

will not be able to meet the required needs. Due to these numerous benefits, PEMFCs are 

expected to become a mainstream power source for a wide range of devices, ranging from 

stationary and portable [3] electronics to vehicles [4], eventually becoming one of the pillars 

of a future sustainable green-energy system.  
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1.2. Proton-exchange membrane fuel cells 

A PEMFC is an electrochemical cell that functions through converting the chemical energy 

of hydrogen into the electrical energy, with zero harmful emissions since it generates only pure 

water and heat as by-products. A membrane electrode assembly (MEA) is at the core of a 

PEMFC and is the most important 

component. It contains anode and 

cathode compartments separated by a 

special proton-conducting and, at the 

same time, electrically insulating 

polymer electrolyte membrane, as 

shown in the simplified schematic in 

Figure 1. H2 and O2 (or air) gases are 

supplied to opposing electrodes 

through the micro-porous gas 

diffusion layers (GDL) and flow fields. 

At the anode side, the hydrogen 

oxidation reaction (HOR) occurs where hydrogen splits into protons and electrons. The 

resulting protons migrate through a polymer membrane (typically Nafion) to the cathode. At 

the same time, electrons, which cannot pass through the membrane, run through an electrical 

circuit to produce electric power. On the cathode side, the oxygen reduction reaction (ORR) 

takes place: protons, passed through the membrane, and electrons, returned from doing work, 

recombine with the oxygen supplied to the cathode to produce water as its only emission. The 

overall cell reaction is:  

2H2 + O2 → 2H2O   E°cell = 1.23 V 

 

Figure 2. Schematic illustration of the PEMFC stack. Reproduced from [5], Copyright 2009, with permission from Elsevier. 

Figure 1. A simplified schematic illustration of a single cell 
membrane electrode assembly. 
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Due to the relatively low voltage produced by a single cell, the cells are usually combined 

into a so-called fuel cell stack with an acceptable output voltage and current for specific 

application (see Figure 2). A typical fuel cell stuck can be composed even of hundreds of 

individual cells.  

 

2. State of the art 

2.1. Proton-exchange membrane fuel cells: Current status and challenges 

Nowadays, PEMFCs are being intensively developed and their commercialization is 

dawning. Thanks to their modular structure, fuel cells can be utilized in a broad number of 

applications ranging from massive stationary power plants to compact portable power units. 

PEMFCs for stationary applications are being used extensively for commercial, industrial, and 

even residential purposes due to multiple advantages over conventional fossil fuel plants such 

as high efficiency, zero emissions, reduced noise production, and requirement of less space. It 

is a primary power source to power buildings that are not connected to the grid or to provide 

supplemented power. With their ability to scale from singular units to megawatt-scale 

establishments, they are capable to power a wide range of facilities, from smaller family houses 

to residential applications, stores, buildings, and larger structures in the commercial sphere, 

and even data centers and power plants in the industrial sector. Generally, stationary fuel cells 

are divided into three types: 

 Combine heat and power (CHP) – except of electricity it uses the heat generated by fuel 

cell, which can be further used to heat water or provide space heating for buildings. 

 Uninterruptable power supply (UPS) – produce uninterrupted power and used as backup 

power in critical facilities like hospitals or server farms. 

 Primary power units – large stationary units used to generate power for facilities or for the 

grid.  

The Ballard Generation Systems, with its 250 kW output power, is the largest power plant 

to date [6]. It can produce enough electricity for a small apartment complex or commercial 

building, or about 50 family houses. 

The ability to maintain efficiency while their size is reduced makes PEMFCs suitable for 

operating as small power generators. Portable fuel cell systems can effectively substitute 

batteries in many compact/mobile applications like laptops, cellular phones, military 

radio/communication devices, battery chargers, unattended sensors, etc. [3]. The power of 

portable fuel cells usually ranges from 5 to 50 W [7]. Nevertheless, the portable power has the 
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smallest share within the fuel cell market due to the competitiveness and performance 

improvement of battery technology. 

Among many applications of PEMFCs, the transportation sector is the most competitive and 

promising [6,8]. Major motor brands have been extensively developing PEM fuel cell 

technology producing FC cars, FC buses, heavy-duty vehicles, and even trains [9]. A major 

milestone for PEMFC commercialization in the transportation sector was introducing the first 

commercial Mirai hydrogen fuel cell vehicle (HFCV) by Toyota in 2014. Nowadays, three 

HFCVs are available in the market: Hyundai NEXO [10], Toyota Mirai [11], and Honda Clarity 

[12]. The comparison of their FC power and driving range is shown in Table 1. Moreover, 

several dozen urban transit fuel cell buses are operating in cities worldwide, although they are 

not yet in series production. In September 2018 Alstom company equipped German railways 

with the first hydrogen trains [13,14]. Hydrogen-powered trains are also expected to enter the 

British railway network from 2022 [15]. Fuel cells are currently also under studying to be 

employed in aviation for powering drones or unmanned aerial vehicles [16]. Moreover, 

aviation giant Airbus announced ZEROe concept aircraft, which is expected to use hydrogen 

fuel cells to create electrical power that complements the modified gas-turbine engines, 

resulting in a highly efficient hybrid-electric propulsion system [17]. Overall, the power output 

for the automotive fuel cell ranges from ∼100 to 200 kW or more.  

 

 Hyundai Nexo Honda Clarity Toyota Mirai 

Stack Max. Power (kW) 95  103 kW 114 kW 

Range (km) 610  590 km 500 km 

Table 1. HFCV power and driving range. Data adopted from [7]. 

 

Due to the numerous benefits of fuel cells across multiple sectors, the global investment 

together with the green energy initiative, the hydrogen fuel cell market is expected to witness 

a phenomenal growth in the near future. 

Despite dawning commercialization and great potential, such fuel cells are not without 

problems to solve. Large-scale deployment of PEMFCs has been hampered due to several 

shortcomings. Alongside more general ones being the hydrogen production and the 

underdeveloped hydrogen infrastructure, relatively high costs and limited lifetime of PEMFCs 

are the two major barriers that still exist. Both are currently under the considerable focus of 

researchers. 

https://www.airbus.com/innovation/zero-emission/hydrogen/zeroe.html
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Figure 3. Diagrams illustrating current status of automotive fuel cell systems (left) and stacks (right) relative to ultimate 
subprogram targets in key areas. Adopted from ref. [18]. 

 

To ensure PEMFCs' competitiveness, the US Department of Energy (DOE) set multiple 

targets for a fuel cell system. Figure 3 illustrates the diagram comparing the current status of 

automotive fuel cell systems and stacks with the ultimate targets in key areas [18]. The 

diagrams reveal that additional research and development efforts should be performed to 

improve fuel cell cost and durability in order to meet all targets for fuel cell systems.  

The catalytic layer plays a pivotal role in such fuel cells facilitating reactions on both 

electrodes. Among all components, the catalytic layer alone represents a major part of the fuel 

cell's total costs and it is not reduced even by scaling up production, as shown in Figure 4 [19]. 

So far, platinum remains the only choice that meets catalysis requirements for both HOR and 

ORR [20]. Current commercial PEM fuel cell catalyst typically consists of highly dispersed Pt 

nanoparticles dispersed on carbon black. However, platinum is expensive and rare. 

Furthermore, high Pt loading of about 0.3 mgPt cm-2 is required to reach the target lifetime 

without major efficiency loss. For example, total Pt loading in commercial Toyota Mirai FCV 

is 0.365  g cm-2 (anode loading of 0.05 g cm-2 and cathode of 0.315 g cm-2) [8]. It should also 

be kept in mind that the abundance of platinum, coupled with an expected increase in demand 

if the industry eventually shifts to fuel cells, are likely to affect its availability and price for the 

worse. The reduction of platinum content has been thus the primary approach for reducing the 

PEMFC costs.  
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Figure 4. Breakdown of the 2017 projected fuel cell stack cost at 1,000, 100,000, and 500,000 systems per year. Adopted from 
ref [19]. 

 

 The DOE developed the special technical targets for the catalytic layer itself to evaluate 

progress without testing entire systems. The total amount of Pt at both electrodes has been set 

to be less than 0.125 g cm-2 by 2025 [19]. This has triggered intensive research to seek 

approaches to reduce Pt loading in fuel cell.   

In recent years extensive research and development has allowed to significantly decrease Pt 

loading on the anode side down to 0.05 mgPt cm–2 without substantially influencing the cell 

performance. Yet, reducing cathode loadings still remains a challenge. The cathode four-

electron multistep ORR is six or even more orders of magnitude slower than the anode one-

electron HOR and consumes most of the catalyst material requiring approximately 10-times 

higher catalyst loading than the anode [21]. A decrease in cathode catalyst loadings usually 

strongly affects fuel cell activity and stability. Consequently, the requirements for ORR 

catalysts are very rigorous. Based on the foregoing, recent academic and industrial research 

efforts are addressed to accelerate the ORR and, at the same time, minimize the quantities of 

platinum at the cathode to meet the abovementioned cost-performance requirements.  

Apart from cost-efficiency, catalyst durability is another significant drawback that certainly 

deserves attention. The lifetime of a fuel cell is always associated with degradation processes 

occurring at electrodes, especially the cathode. Catalyst/support assemblies are exposed to 

corrosive environment of the fuel cell cathode during its operation facing low pH and relatively 

high potentials (from 0 to 1.5 V) [22]. The severity in operating conditions is further 

exacerbated by the transient and cyclic nature of the PEMFC operating conditions, especially 

for automotive applications. For example, at load cycle operation of a PEMFC potential on the 

cathode is below 1.0 V versus the reversible hydrogen electrode (VRHE), and at the start/stop of 

the device, potentials can reach as high as 1.5 VRHE due to the simultaneous presence of oxygen 

(air) and hydrogen in the anode compartment. Such conditions always occur during the purging 
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of the anode compartment with hydrogen at start-up or with air at shut-down and were found 

to be the most harmful to both catalyst and its carbon supports, initiating a decrease of the 

electrochemically active surface area (ECSA). 

The activity of fuel cell catalyst should be maintained over an extended period of fuel cell 

operation. According to the DOE, the lifetime target is from 5,000 to 80,000 operating hours 

depending on the specific application (5,000 for portable, 8,000 for automotive, and 60,000-

80,000 for stationary fuel cell systems) [19]. The durability and reliability of catalyst may thus 

pose even greater obstacle than its cost-efficiency for PEMFCs fast and sustained market 

penetration, especially for automotive applications [20]. Up to now, promising results were 

achieved by Toyota Mirai, which passed the 3,000 operating hours in the real world, which is 

still far from the aforementioned standards [8]. 

However, it is impractical, if not impossible, to test every fuel cell for 8000 hours. Moreover, 

the complexity of the multicomponent PEMFC system further complicates such types of 

investigations. That is why special accelerated stress tests (ASTs) protocols were developed. 

They allow accurately simulate degradation of a whole cell or a particular component within 

the MEA of a PEMFC in a practical timeframe and obtain reliable information about their 

degradation, thus elucidating fundamental phenomena undetectable in complex systems. In 

particular, AST protocols allow testing specifically the durability of the fuel cell catalyst. It 

consists of 30,000 triangular potential sweep cycles from 0.6 VRHE to 1.0 VRHE at 50 mV/s 

sweep rate [23]. This test takes about 130 h, which is much faster than the required 8,000 h for 

automotive applications. Furthermore, ASTs were developed to test catalyst support stability. 

It differs from the latter one and consists of 5,000 triangular potential sweep cycles from 1.0 

VRHE to 1.5 VRHE at 500 mV/s sweep rate [23]. Lower than 40% loss of initial catalysts mass 

activity and surface area during both ASTs has been set as a target for catalyst stability. ASTs 

can be performed on real PEMFC systems (in situ) or using an electrochemical cell with liquid 

electrolyte mimicking the membrane (ex situ). The advantage of ex situ ASTs is that they allow 

better control of the degradation conditions and thus can predict the fuel cell's lifetime while 

saving the material costs required for in situ testing in real fuel cells.  

Up to date, several closely related general degradation mechanisms have been identified for 

platinum and platinum-based cathode catalyst. They are divided into two classes: primary and 

secondary and are illustrated in Figure 5. Primary degradation mechanisms include carbon 

(support) corrosion and platinum dissolution [24,25]. Carbon corrosion induces secondary 

degradation mechanisms like platinum particle detachment or agglomeration. The secondary 
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degradation mechanisms 

associated with platinum 

dissolution are Ostwald ripening 

and Pt redeposition into a 

membrane [26,27].  

Platinum is known to be 

thermodynamically stable 

element but according to the 

Pourbaix diagram it is dissolving 

at potentials higher than about 0.9 

VRHE at pH values lower than two, 

which are typical for PEMFC 

cathode environment. The dissolution of Pt was detected using an electrochemical scanning 

flow cell (SFC) with online detection by inductively coupled plasma mass spectrometry (ICP-

MS) for a wide range of potentials, pH and types of catalysts [28,29]. The dissolved Pt can 

accumulate in the membrane influencing its operation [27]. Moreover, it can redeposit back to 

the catalytic layer but on larger nanoparticles. The later effect is known as Ostwald ripening 

when large particles grow at the expense of smaller ones due to differences in surface energy 

[27,30] leading to Pt catalyst coarsening and concomitant decreasing of its surface area.  

Carbon is also sensitive to conditions relevant to fuel cell operation [31]. The carbon 

oxidation (corrosion) reaction is very slow but can be enhanced at higher potentials 

representing start–stop cycles. The corrosion of the support in the vicinity of platinum particles 

weakens their bonding, which leads to particle movement with further coalescence or even 

particles detachment [32,33]. Moreover, in the case of alloys of platinum, faster leaching of 

less noble metals influences all the above mentioned processes [25]. 

 

2.2. Recent strategies for the development of cost-efficient cathode catalysts 

2.2.1. PGM‐free cathode catalysts for PEMFCs 

Several novel strategies have been put forth by the researchers towards reaching higher cost-

efficiency of ORR catalysts. Among all, the most intriguing, yet the most challenging approach 

is replacing Pt with non-precious metals (so-called platinum group metal (PGM)-free 

catalysts). Indeed, recently many PGM-free ORR catalysts have been extensively investigated 

and have been shown potential to be considered as cathode catalysts in PEMFCs.  

Figure 5. Simplified representation of degradation mechanisms for 
cathode catalyst on a carbon support in fuel cells. 
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In a last decade, significant progress has been made in PGM‐free catalyst development. 

Among them, the M‐N‐C catalysts containing nitrogen and transition metal-doped carbons (M: 

Fe, Co, Mn), represent the most promising ORR catalysts for PEM fuel cells [34–37]. To 

replace platinum-based catalysts for ORR, PGM-free catalysts must show activity at least 1/10 

of Pt-based catalysts i.e. >0.044 A/cm2 at 0.9 VRHE [19], excellent mass-transport properties, 

and high durability. Despite exhaustive research in nonprecious metal and even metal-free 

ORR catalysts have not yet shown sufficient power density owing to poor mass-transport 

properties. This is because of relatively high PGM-free catalyst loading at the cathode of the 

MEAs (3.8 and 4.1 mg cm–2) which is needed to compensate their lower activity [34,35]. 

Challenges also remain to maintain the electrochemical performance and durability of catalytic 

materials at the PEMFC cathode [37,38]. A significant effort is further needed to achieve full 

understanding of PGM‐free catalyst instability and to derive correlations between stability and 

intrinsic materials properties. A catalyst completely free of platinum seems to be an ideal 

solution, but limited performance of this type of catalysts and their poor stability hinder their 

commercial availability for the fuel cell industry, at least in the near future. 

 

2.2.2. Shape-controlled platinum cathode catalysts for PEMFCs 

Tuning the geometry/dimension of pure platinum represents another effective strategy on 

the way to conceiving a new cathode catalyst. It allows increasing as much as possible the 

active surface of the catalyst and can be realized by the preparation of high surface-to-volume 

ratio of the Pt catalyst through the development of three-dimensional Pt architectures or shape-

controlled Pt nanoparticles with selectively exposed facets. In this regard, multi-shaped Pt 

nanoparticles such as concave cubic [39,40], hexagonal [41], tetrahedral-octahedral [41] and 

high-index tetra-hexahedrons [42,43] together with various Pt nanostructures like nanowires 

(NWs) [44–48], nanorods [49–51], nanotubes [52,53] and hollow structures [54,55] have been 

synthesized and tested for ORR activity. Among them ultrafine jagged platinum nanowires 

NWs (J-PtNWs) deserves particular attention. Due to their highly stressed, undercoordinated 

rhombus-rich surface configuration J-PtNWs showed very high specific activity (SA) of 10.95 

mA cmPt
-2, unprecedentedly high mass activity (MA) of 13.6 mA mgPt

-1 at 0.9 VRHE and 

enhanced stability [47]. Although such strategy leads to better Pt utilization efficiency, it cannot 

increase the ORR kinetics itself. Furthermore, complex and expensive fabrication process make 

this strategy not completely suitable for the desired goal.  
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2.2.3. Platinum-based bimetallic alloy cathode catalysts for PEMFCs 

In order to increase the ORR kinetics, the mechanism of the reaction has to be taken into 

account. The understanding of the ORR catalytic activity falls under the Sabatier-volcano 

principle of heterogeneous catalysis representing the catalyst activity towards ORR (logarithm 

of the exchange current density) as a function of oxygen and OH adsorption energy (∆EO, 

∆EOH) as shown Figures 6a and b. As the reaction intermediates, O and OH adsorption energy 

thus serves as a valid activity descriptor for ORR catalysts. Such volcano-like plots are 

commonly used to estimate how close the catalyst is to the optimum performance for a given 

reaction. For example, for elements that bind oxygen too strongly (left side of the volcano in 

Figure 6a), the reaction rate is limited because the catalyst surface is strongly oxidized 

(poisoned by reaction intermediates). And vice versa, for elements that bind oxygen too weakly 

(right side of the volcano), the ORR rate is limited by the dissociation of O2. Extrapolation of 

these two trends towards increasing exchange current density leads to the peak of the volcano. 

Platinum appears to be the closest element to the theoretically predicted peak (red line in Figure 

6a) for ORR as compared to many other elements. However, the graph also hints that platinum 

still bind oxygen too strongly to be optimal. Consequently, there is a space to improve cathode 

catalyst activity by decreasing intermediate binding energies by about 0.2 eV. This can be 

realized by the precise engineering of platinum catalyst through tuning its electronic structure, 

the Pt-Pt interatomic distance, and the coordination number [56–58]. 

 

 

 

Figure 6. Volcano plots for the oxygen reduction reaction: (a) Trends in oxygen reduction activity of different elements plotted 
as a function of the oxygen binding energy; (b) Trends in oxygen reduction activity plotted as a function of both the O and the 
OH binding energy. Reproduced with permission from [21], Copyright 2004, American Chemical Society. 

 

https://www.sciencedirect.com/topics/engineering/exchange-current-density
https://www.sciencedirect.com/topics/engineering/adsorption-energy
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 One of the most promising ways to do that is to add the selected element to platinum, i.e., 

to produce a Pt-based alloy [59]. Alloying of platinum represents the third and the most 

promising strategy nowadays to increase the cost-efficiency of the ORR catalyst. The 

development of efficient and robust Pt-based bimetallic catalysts relies on a fundamental 

understanding of the structure-activity-stability relationship. That is why extensive 

experimental and theoretical studies were primarily focused on extended surfaces of Pt-alloys 

(including two-dimensional single-crystalline or polycrystalline bulk and thin-film (TF) 

surfaces) allowing control at the atomic level. This approach minimizes the complexity of a 

real technological catalytic system but, at the same time, maintains its essential properties. 

Catalytic studies on such systems have revolutionized the understanding of catalysis over 

bimetallic surfaces by providing detailed insight into the underlying surface chemistry. An 

enhancement of the ORR activity in comparison to pure platinum has been demonstrated for a 

wide range of platinum alloys with rare-Earth metals (REM), 3d-transition metals (3d-TM), 

and lanthanide metals.  

 

 

Figure 7. Summary of surface specific activities for the most active Pt-based extended electrode surfaces obtained from 
rotating disk electrode (RDE) measurements in the half-cell in acidic electrolytes at 0.90 VRHE. Data obtained from refs.  
[58–62]. 

 

Figure 7 summarizes a comparison of the real surface area‐based activity (denoted as 

specific activity, SA) for the selection of the most active Pt-based extended surfaces obtained 

from a rotating disk electrode (RDE) measurements in the half cell in acidic electrolyte. 

Stamenkovic et al. provided experiments on extended polycrystalline surfaces and showed that 

among Pt-based 3d-TMs Pt3Co had the highest ORR activity, followed by Pt3Fe, Pt3Ni, Pt3V, 

and Pt3Ti, respectively (Figure 7) [58]. In addition to 3d-TMs, polycrystalline platinum alloys 

with lanthanides and REM elements were identified as promising alloying elements to enhance 
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the ORR activity. Pt5La, Pt5Ce, Pt5Tm, Pt5Ca, Pt5Sm, Pt5Gd, Pt5Tb, and Pt3Y alloys showed an 

enhancement in SA by a factor of  3 to 10 over polycrystalline Pt [59–61]. The PtNi alloys 

were further investigated by Stamenkovic et al. using a model single-crystal surfaces. They 

developed a special Pt-skin Pt3Ni(111) surface structure showing improved ORR activity by a 

factor of 10 with respect to the Pt(111) surface which was a direct proof of the alloying effect. 

Subsequent studies on model single-crystal surfaces showed that incorporating submonolayer 

quantities of Cu into Pt(111) resulted in an 8-fold improvement in oxygen reduction activity 

[63]. It has been shown that a so-called Pt-skin surface is formed during the initial acid 

treatment. The structural and electronic effects of alloying metals in the subsurface play a 

significant role in weakening the adsorption of oxygen containing species. 

Figure 8a represents the Sabatier-volcano plot for some selected Pt-based alloy catalysts 

(now data are shown relative to pure platinum). The plot demonstrates that many bimetallic 

systems show slightly weaker bonds to oxygen than the pure Pt and show superior ORR 

activity. Furthermore, the partial replacement of platinum by cheaper and more abundant 

element (see Figure 8b) lowers the overall cost of the catalyst. 

 

 

Figure 8. (a) Measured kinetic current density for a range of Pt-based alloy catalysts plotted as a function of the oxygen 
binding energy (data are shown relative to Pt). The red lines represent the theoretical predictions. Reproduced with permission 
from [59], Copyright 2009, Nature Publishing Group; (b) Price of the elements versus their abundance in the Earth crust. 

 

The d-band theory established by Nørskov and Hammer back in the 1990s linking the 

surface adsorption strength with the different d-band filling of the metal was used for the 

explanation of the bimetallic catalyst structure-activity relationship [64,65]. An upshift of d-

band center (Ed) in bimetallic alloys compared to monometallic platinum catalysts was claimed 

to be responsible for decreasing the adsorption energies of reaction intermediates and thus 
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increasing ORR activity. Such shift was attributed to two main effects illustrated in Figure 9, 

namely electronic (ligand) and geometrical (strain). The ligand effect in a bimetallic system is 

caused by the modification of the d-states of the surface Pt atoms given by electronic charge 

transfer between Pt and alloying metal. In turn, the geometrical effect refers to the different 

ionic radii of the alloying atoms, which induces a lateral compressive arrangement of Pt atoms 

on the surface (surface strain Both bring beneficial effects on weakening of the binding energy 

of reaction intermediates.  

 

 

Figure 9. Schematic illustrations of ligand and strain effect caused by alloying on the electronic structure of platinum. 

 

The aforementioned studies have produced invaluable knowledge that has been used for the 

ORR catalysts preparation up to now. The application of the knowledge obtained from studies 

on Pt-based extended surfaces enabled the development of bimetallic nanoparticles for ORR. 

Figure 10 shows a comparison of the specific activity and Pt‐mass normalized ORR activity 

(denoted as mass activity, MA) obtained from rotating disk electrode (RDE) measurements in 

the half cell in acidic electrolyte for the selection of some of the most active ORR 

electrocatalysts. The red line indicates the DOE 2020 technical target for MA of ORR catalysts 

[19]. Stamenkovic et al. produced highly uniform Pt3M (M = Ni, Co, Fe) nanoparticles 

prepared by an organic solvothermal method supported on high surface area carbon with 

activity improvement factors of 2-3 versus conventional Pt/carbon catalysts [66,67]. Li et al. 

demonstrated well-designed core/shell structured L10-CoPt/Pt NPs with a tetragonal 

intermetallic hard-magnet CoPt core and a 2-atom-thick Pt shell. The L10-CoPt/Pt NPs showed 

superior ORR activity in the liquid half-cell test with SA and MA being ∼38 and ∼19 times 

higher than those measured on Pt/C [68]. Hernandez-Fernandez et al. in turn, reported highly 

active mass-selected PtxY NPs with mass activity of up to 3.05 A mgPt
−1 prepared through the 

https://www.sciencedirect.com/topics/chemistry/nanoparticle
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gas-aggregation technique [69]. Even higher MA of 3.6 A mgPt
−1 was reported for mass-

selected PtxGa NPs prepared using the same technique by Velázquez-Palenzuela et al. [70].  

The combination of composition control and precise surface engineering has led to even 

further increase in the specific and mass activities of the ORR catalysts. In a past decade, 

bimetallic octahedral nanoparticles [71–73], nanoframes [74], nanowires [75–77], nanopalets 

[78], etc. were synthesized and showed MA which largely exceeds the commercial Pt/C and 

the DOE target of 0.44 A/mgPt [19]. Among them, Mo-doped PtNi nano-octahedra showed 

∼80- and ∼70-fold enhancements in specific and mass activity for ORR, respectively, 

compared with commercial Pt/C catalysts [73]. Yet the record MA so far belongs to self-

supported Pt-CoO networks and Pt3Co alloy supported over PGM-free materials (denoted as 

LP@PF) showing 8.4 and 12.4 A mgPt
−1, respectively [79,80]. 

 

 

Figure 10. Summary of specific (left axis, grey bars) and mass (right axis, orange bars) activities the most active ORR 
electrocatalysts obtained from rotating disk electrode (RDE) measurements in the half-cell in acidic electrolytes at 0.90 VRHE. 
NA stands for not available value. Data obtained from refs. [66–80].  

 

 

Bimetallic catalysts are nowadays at different stages of research and development. Some of 

them have successfully entered the market, such as Pt-Co nanoparticles which are used in the 

Toyota Mirai fuel cell vehicle [81] while some were investigated only in well-defined half-cell 

conditions using RDE measurements but have not been even investigated in real fuel cells. As 

technology has now started reaching performance targets, the long-term stability of Pt-based 

catalyst as a second drawback for PEMFCs commercialization has become the most important 

challenge to be addressed. 
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2.3. Investigation of catalyst degradation mechanisms 

Bimetallic catalysts are very complex systems, where both structure and composition 

dynamically change under specific reaction conditions. The reactive gases, temperature as well 

as pressure conditions of catalytic reactions can initiate interdiffusion of constituent elements 

and significantly affect valuable properties of alloy materials [82–85]. The catalyst thus 

“adapts” to the reaction medium. Such behavior is a complex phenomenon driven by the 

interplay of multiple parameters, such as bonding of each metallic component with a given 

adsorbate, their surface energies, diffusion barriers, etc. Moreover, in the case of fuel cells, 

potentials on the cathode and low pH environment could further complicate alloy behavior and 

must be taken into account. For example, during high load operation of the fuel cell (0.6-0.8 

V) the catalyst is in its metallic state. Contrary, during shut-down or start-up conditions 

(potential is 0.95-1 V and up to 1.5 V, respectively) the cathode catalyst is oxidized. The 

thermodynamic stability of the metal M, as a rule, much lower than that of platinum [25] 

resulting in selective dissolution of M in the acidic environment during fuel cell operation. 

Monitoring the dynamic behaviour of bimetallic catalysts under specific reaction conditions 

thus poses greater challenges and is of utmost importance in order to advance the understanding 

of the alloy restructuring at real conditions for the knowledge-based development of highly 

effective and stable cathode catalysts in the future.  

Although fuel cell catalyst stability has been studied for a long time it was performed mainly 

ex situ by providing ASTs in electrochemical cell and characterization of a catalyst surface 

before and after stability tests with conventional surface science spectroscopic and microscopic 

tools. This led to a rather superficial knowledge about true environment-induced changes of 

catalysts in the course of electrochemical reaction [86]. That is why additional progress in 

catalyst characterization was highly demanded in order to provide in-depth insights into 

catalyst behavior directly at the electrified solid-liquid interface i.e., to perform so-called in 

situ/in operando measurements [86–88]. By definition, “in situ” describes characterization of 

the catalyst under conditions relevant or identical to the catalytic operation. In turn, “in 

operando” combines in situ characterization of the working catalyst during the actual reaction 

with simultaneous measurement of its catalytic activity [89]. Reaching such goals certainly 

require multisectorial and multidisciplinary approaches where electrochemistry is combined 

with material science and surface science.  
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A precise examination of surface chemistry underlying the ORR mechanism and catalyst 

degradation has been very limited due to experimental difficulties. Due to the complex 

architecture of PEMFC device in situ/in operando characterizations of cathode catalysts inside 

the real cell are still rare. They are mostly based on using high-energy X-rays at synchrotron 

facilities that are able to penetrate through the cell. Nowadays, much effort has been directed 

on adapting existing traditional surface science analytical methods, which generally operate 

under ultrahigh vacuum (UHV) conditions, to pass the pressure gap to be able to probe a 

catalyst exposed to high pressures or even liquids. Various powerful microscopic and 

spectroscopic methods have been recently developed to characterize catalyst structure, 

morphology, composition, and chemical state directly at electrified solid-liquid interface inside 

specially designed electrochemical cells under well-defined half-cell conditions, which become 

necessary for elucidating fundamental phenomena undetectable in complex systems. The most 

common in situ/in operando techniques are schematically summarized in Figure 11.  

 

 

Figure 11. Schematic representation of the selection of in situ/in operando characterization techniques used to investigate 
the cathode catalyst degradation in PEMFCs. 
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Electrochemical cells involved in these in situ/in operando measurements differ from 

technique to technique and from experiment to experiment in their structure, shape, volume, 

etc. However, mostly all of them have the three-electrode configuration containing the 

reference electrode (RE) to provide a reference point for voltage, the counter electrode (CE) to 

close an electrical circuit and measure current, and the working electrode (WE) representing 

the investigated sample. The PEMFCs working environment is simulated inside those cells in 

a low concentrated acidic electrolyte (mimicking the Nafion membrane) by potential variations 

using both potentiostatic and/or potentiodynamic (cycling) modes.  

Advances in design and construction of electrochemical cells have significantly increased 

the possibilities of the state-of-the-art techniques, and the degradation of the fuel cell catalyst 

has received renewed boosted interest and is becoming a spotlight for researchers. Studies 

using atomic force microscopy (AFM) [90,91], scanning tunneling microscopy (STM) [92–94] 

and transmission electron microscopy (TEM) [95,96] are extensively used to investigate 

morphological changes of Pt and Pt-based catalysts under conditions resembling a working 

fuel cell and directly interconnect obtained results with ECSA calculated from simultaneously 

recorded cyclic voltammograms, thereby significantly contributing to understanding the 

relationship between morphology and performance of catalysts. 

Recently, in situ/in operando X-ray scattering methods have become popular as a 

complement (or substituent) to in situ microscopy techniques because they are able to probe 

in-depth mean structure variation in a catalyst structure by analyzing a larger sample area in a 

relatively short time and provide very good statistical accuracy. In this framework, small angle 

X-ray scattering (SAXS) proved to be a suitable method. SAXS can be carried out in 

transmission or at grazing incidence conditions (GISAXS). Up to now, it was shown that 

electrochemical-based SAXS analysis can be used to study catalyst degradation in an 

electrochemical environment [97–99]. More recently electrochemical-based GISAXS was 

applied to investigate the roughening of the Pt(111) single-crystal surface during 

electrochemical cycling [93].  

In addition to online information about catalyst morphology, many specially designed in 

situ spectroscopic techniques are used to investigate its electronic structure and chemical 

composition. Synchrotron X-ray-based spectroscopy is the most common for that due to the 

ability of X-rays to penetrate into electrochemical setup. For example X-ray absorption 

spectroscopy (XAS) developed rapidly and became the most popular tool for investigating the 

catalyst in situ/in operando under electrochemical conditions. XAS includes both X-ray 

absorption near-edge spectroscopy (XANES) spectroscopy, which gives the information about  

https://www.sciencedirect.com/topics/physics-and-astronomy/x-ray-absorption
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oxidation states of the catalyst, and extended X-ray absorption fine structure (EXAFS) 

spectroscopy which, in turn, probes interatomic distances and coordination number [100–102]. 

X-ray photoelectron spectroscopy (XPS) is another exceptionally powerful tool for high-

resolution characterization of the catalyst elemental composition and electronic structure. It 

can be used to identify elements in the alloy and their oxidation states, estimate their relative 

concentration, charge transfer due to alloying, etc. The importance of XPS has grown 

tremendously in recent years due to the rise of modern near-ambient XPS (NAP-XPS) 

techniques that are able to measure the catalyst directly in realistic gaseous environments [103], 

yet the application of XPS in liquid environment is far more challenging. Nonetheless, few 

specially designed electrochemical cells allowed successfully apply XPS in liquid environment 

and perform in situ/in operando measurements [104–106]. 

Spectroscopic techniques provide invaluable chemical information, but they are relatively 

slow and possess a lower signal-to-noise ratio in comparison to diffraction measurements. As 

an alternative, high-energy X-ray diffraction (XRD) was shown to be an ideal probe to 

quantitatively study the crystal structure of Pt-based fuel cell catalysts in real time in 

electrochemical environment [102,107]. 

Compared with the above techniques, infra-red (IR) spectro-electrochemistry also allows in 

situ/in operando studies on electrified interfaces but is rather focused on the detection of 

different adsorption sites on the catalyst surface during ORR thus providing additional 

information on the course of the reaction [108,109]. The advantages of in situ/in operando IR 

spectro-electrochemistry is its high sensitivity and fast analysis. 

Understanding corrosion of catalyst is of further pivotal importance. Both Pt and alloying 

metals tend to dissolve in the PEMFC operating range. However, the onset of dealloying is 

different for different elements [25]. The success in understanding of catalyst electrochemical 

dissolution in simulated fuel cell environment in recent years can be attributed to successfully 

coupling the so-called scanning flow cell (SFC) to an inductively coupled plasma mass 

spectrometer (ICP-MS) [110,111]. This setup based on online mass spectrometry allows 

monitoring extremely low concentrations of dissolved metal in the electrolyte during 

electrochemical treatment while simultaneously monitoring the current response. Effect of 

temperature, scan rate, pH, potential can be carefully investigated [29,111,112].  

In situ/in operando studies have been proven to provide insightful information into the 

catalyst morphology, composition and chemical state of individual elements under reaction 

conditions bringing the current frontiers of knowledge to the next level. However, despite the 

impressive progress, there are still many factors hindering the full understanding of catalyst 

https://www.sciencedirect.com/topics/physics-and-astronomy/x-ray-absorption-fine-structure
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behavior in fuel cells. One of them is that the multiple factors govern the catalytic activity and 

stability and no single method is capable to provide a complete picture of the catalyst 

behaviour. Thus, the simultaneous combination of several in situ/in operando instruments is 

expected to obtain a more coherent picture of relationship between the structure, activity and 

stability of electrocatalysts. The second problem is the significant gap between a real PEMFC 

device and an idealized electrochemical cell designed specifically for a particular technique. 

Many challenges and opportunities thus persist, and the contributions of in situ/in operando 

characterization to decipher the working mechanisms and degradation pathways of 

electrocatalysts in real PEMFCs are yet to be overcome. 
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3. Results  

Apart from overcoming the ORR catalyst cost-efficiency and durability issues it is important 

in parallel to develop a simple and fast method for its scalable and economically viable 

production which is, at the same time, able to provide fine control over critical parameters such 

as morphology, structure, composition profile, etc. The majority of state-of-the-art cathode 

catalysts discussed above were prepared using a standard wet-chemical synthesis. This method, 

however, has certain drawbacks, such as a limited range of achievable materials and high price. 

Moreover, catalysts produced by wet-chemical synthesis often contain surfactants which are 

not easy to get rid of.  

In the presented thesis that is composed of 13 the most important papers (denoted as P1-

P13) we are focused on PEMFC cathode catalysts prepared by magnetron sputtering. 

Magnetron sputtering is one of the physical vapor deposition techniques for the preparation of 

thin films. It is a standard industrial technique that can be a suitable candidate for this call. 

Plenty of material combinations at different compositions are accessible for the sputtering 

technology. Moreover, the variation of deposition parameters allows precise, cheap and 

environmentally friendly preparation of an exceptionally broad range of surfactant-free alloy 

catalysts. Indeed, the magnetron sputtering technique is attracting a renewed interest in the 

field of PEMFCs [113–117]. 

The results presented here are divided into two chapters classified topically as follow: 

 

 Activity of Pt-based bimetallic alloys  

 Stability of platinum and Pt-based bimetallic alloys 

 

3.1. Activity of Pt-based bimetallic alloys 

Recently in the Department of Surface and Plasma Physics at Faculty of Mathematics and 

Physics of Charles University we developed a very efficient Pt-CeO2 material for the PEMFC 

anode [118]. Such material is based on nanoporous Pt-CeO2 thin films prepared by 

simultaneous magnetron sputtering of Pt and CeO2 allowing the production of oxide layers 

continuously doped with Pt atoms during the growth. Spectroscopic characterization revealed 

that, in the Pt-CeO2 catalyst Pt is mostly present as single platinum atoms [118]. Combining 

Density Functional Theory (DFT) studies with model experiments in UHV we determined that 

such Pt species on the surface are Pt2+ cations that reside in a square-planar [O2-]4 coordination 

site located at {100} nanofacets of CeO2 [119]. The unprecedentedly low Pt loading on cheap 
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cerium oxide support showing significant catalytic activity for HOR makes this material of 

eminent economical interest. 

In order to show the great potential of the promising technology of magnetron sputtered 

catalyst for fuel cell application, we decided to use it also for the preparation of cathode 

catalysts. The work P-1 presents our first study of the PEMFC made exclusively from thin film 

catalysts. We tested a single cell catalysed by combining the Pt-CeO2 anode and a new PtCo 

alloy cathode. The Pt50Co50 alloy layer was prepared by simultaneous magnetron sputtering 

from two individual targets: Pt and Co. FC tests revealed high power density of 125 mW cm−2 

with loading of 50 μgPt cm-2 for whole MEA (2 and 48 μgPt cm−2 for the anode and the athode, 

respectively) giving Pt mass activity of 2.5 kW g−1. The results demonstrated that magnetron 

sputtering can be successfully applied for the efficient cathode catalyst preparation.   

To gain insights into the activity of magnetron co-sputtered Pt-Co layer we performed its 

complete characterization using powerful surface sensitive techniques. The comprehensive 

investigation of the magnetron prepared PtCo catalyst thin film catalyst by both experimental 

and theoretical methods is presented in P-2. The microscopy characterization revealed the 

nanostructured character of the Pt-Co layer consisting of homogeneously distributed 

polycrystalline grains with the average size around 8 nm. SRPES and XPS data have 

demonstrated that Co affects the electronic properties of the Pt-rich surface resulting in the d-

band center shift as well as shifts of the Pt 4f, Co 3p and Co 2p photoelectron peak energies. 

This is consistent with the general theory of ORR activity enhancement in case of bimetallic 

alloys. 

To achieve a deeper understanding of the structure of thin films catalyst, we further carried 

out theoretical calculations for model PtCo NPs. Optimization of the chemical ordering by 

density functional theory (DFT) calculations showed that the gain in the energy corresponding 

to the segregation of Pt on the surface (preferentially on corner and edge positions) is the 

driving force in the stabilization of PtCo nanoparticles. According to experiment, the density 

of valence states of surface atoms in PtCo nanostructures is shifted by 0.3 eV to higher energies, 

which supported spectroscopic measurements. 

Next, Pt-Ni and Pt-Y alloys prepared by magnetron sputtering were studied as they pose the 

cathode catalytic material of the highest interest nowadays as highlighted in the section 2.2.3. 

In P-3 we investigated co-sputtered Pt-Ni alloy. The FC tests revealed higher mass activity of 

the Pt50Ni50 alloy cathode than that of pure sputtered platinum. We further investigated the 

correlation between Pt-Ni composition and its catalytic properties. Fine power adjustment on 

magnetrons allowed to deposit PtxNi100-x (0 ≤ x ≤ 100) alloys with precise composition and at 

https://www.sciencedirect.com/topics/materials-science/thin-films
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the same time with identical thickness of 10 nm and similar morphologies in order to avoid 

morphology influence on the ORR activity. The influence of the composition on the 

morphology and structure of the catalytic films was further evaluated using a combination of 

powerful characterization techniques. The thickness of all catalysts were estimated to be around 

10 nm and the roughness was ~0.35 nm and ~6 nm in vertical and spatial dimensions, 

respectively. XRD confirmed the alloy nature of all deposited films with one crystalline phase 

of the face-centered cubic (fcc) PtNi. The linear dependence in the construction of Pt lattice 

was observed with increasing the amount of Ni in the alloy in accordance to the Vegard’s law. 

The selected PtxNi100-x catalysts (x = 25, 50, 75 and 100) were further tested in an 

electrochemical cell and as a cathode in a single-cell. Cyclic voltammetry was applied to 

determine an ECSA of the selected alloys. ECSA gradually increases with increasing Ni 

concentration in the alloy. The higher ECSA for PtxNi100-x alloys in comparison to pure Pt was 

explained by the formation of the so-called Pt-skeleton with higher concentration of low 

coordinated Pt atoms due to nickel leaching from the surface. The alloys showed a significant 

increase in the specific power (power per Pt loading) comparing to the pure Pt thin films and a 

commercial Pt nanoparticle catalyst in a single cell. Particularly, the Pt25Ni75 sample exhibited 

the highest specific power of 24 kW/gPt which is almost 2-fold higher than that for pure Pt films 

(14 kW/gPt) and almost 10-fold higher with respect to the benchmark commercial Pt catalyst 

(2.3 kW/gPt). The activity enhancement was explained by the interplay of the intrinsic activity 

due to alloy formation (Pt lattice shrinking) and the expansion of the electroactive surface area 

as a result of surface dealloying.  

The works P-4 and P-5 deal with systematic investigation of Pt3Y cathode catalyst. In 

contrast to previous studies, the Pt3Y film was produced by magnetron sputtering from the 

alloy target. In P-4 we reported the activity increase about seven times comparing to that of 

polycrystalline Pt using RDE measurements in the half-cell in acidic electrolyte at 0.90 VRHE. 

In turn, in P-5 the Pt3Y cathode catalyst was tested as a cathode in a real fuel cell device and 

show two-time enhancement over pure platinum. The catalysts performance in a real fuel cell 

is known to be significantly affected by the mass and charge transport limitations and harsh 

working environment, resulting in lower activity than in case of well-defined half-cell 

conditions [120]. 

A detailed photoemission analysis of the sputtered Pt3Y catalyst surface, using surface 

sensitive SRPES was provided to examine the nature of the alloy surface. The Pt3Y catalyst 

surface was investigated before and after acid treatment. The increased activity of Pt3Y films 

was explained by the formation of a three monolayer thick Pt overlayer due to the removal 
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most of the yttrium oxide from the surface. The DFT calculations showed the core level shifts 

(CLS) for a surface atom in Pt(111) and Pt atom in a Pt3Y(111) are -0.35 eV and -0.20 eV, 

respectively. 

Overall results described in this chapter demonstrate the utility of the co-sputtering process 

to produce active alloys catalyst of specific composition in a controllable way for the PEMFC 

cathode. Taking into account our previous results on the Pt-CeO2 anode catalyst, MEA made 

from thin film catalysts on both PEMFC electrodes prepared by a single method simplifies and 

accelerates the scalable manufacturing process. Moreover, simplicity, scalability and economic 

viability of magnetron sputter deposition together with complete omission of undesirable 

surfactants underlines undisputable advantage of this approach. 

 

3.2. Stability of platinum and Pt-based bimetallic alloys 

In parallel advanced in-situ/in operando experimental methods were used to directly explore 

the physics and chemistry behind the activity and stability of fuel cell cathode catalysts 

prepared by magnetron sputtering. When deposited onto a flat surface, the relative flat character 

of the thin film catalyst permits the use of electrochemical AFM for in situ characterization of 

the catalyst morphology during simulated electrochemical aging. A combination of powerful 

ex situ spectroscopic analyses such as EDX, XPS and SRPES with in situ EC-AFM technique 

was effectively employed to provide step-by-step insight into the degradation mechanisms of 

the PtCo (P-6), PtNi(P-7) and PtCu(P-8) thin film catalysts. A cyclic voltammetry was applied 

to simulate catalyst aging inside the electrochemical cell integrated into AFM. EC-AFM thus 

allowed investigating electrochemical reactions on the surface of the catalyst by capturing CV 

curves and simultaneously visualizing changes in its morphology. Before and after 

electrochemical tests catalyst was thoroughly investigated with ex situ spectroscopic 

techniques to reveal possible changes in catalyst chemical composition induced by 

electrochemical cycling.  

The results showed that the bimetallic catalysts deteriorate tremendously, when operated at 

harsh conditions (cycling to upper potential 1.3 and 1.5 VRHE) that a fuel cell may experience 

during an automotive startup/shutdown mode. Such relatively high oxidation potentials during 

electrochemical cycling were found to gradually and irreversibly destroy the alloy catalyst due 

to strong Co (P-6), Ni (P-7), Cu (P-8) leaching Moreover, a significant catalyst coarsening was 

observed which was interconnected with a decrease of the catalyst active surface area 

calculated from corresponding CVs.  

https://www.sciencedirect.com/topics/chemistry/oxidation-potential
https://www.sciencedirect.com/topics/chemistry/alloy-catalyst
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More thorough investigation of bimetallic catalyst degradation during electrochemical 

cycling was conducted for PtCu (P-8) and PtNi (P-9) alloys where we investigated the 

potential-dependent behavior of the bimetallic catalysts during electrochemical cycling to 

different upper potential limits simulating different operational regimes of PEMFC. In addition 

to EC-AFM, complementary in situ infrared reflection absorption spectroscopy (EC-IRRAS) 

with CO as probe molecule was used. It enabled to explore the nature of different adsorption 

sites at the surface of the catalyst and allowed us to follow in situ reactions on the bimetallic 

surface during its degradation.  

For the Pt-Cu catalyst in P-8 three upper potentials were used: 0.8, 1.0 and 1.4 VRHE. In turn 

for PtNi in P-9 we systematically investigated the stability, structural transformations and 

adsorption properties of PtNi nanoalloy thin film electrocatalysts during stepwise increase of 

upper potential from 0.9 to 1.5 VRHE. Thorough potential control enabled to reveal an onset 

potential for significant bimetallic catalyst degradation. EC-AFM results showed that, 

regardless of the upper potential limit, the formation of cracks was observed already at the 

beginning of electrochemical cycling, which was attributed to the leaching of non-noble metal 

(Cu, Ni) from the alloy. With the increase of cycling number, only minor structural changes 

occur up to an upper potential limit of 1.1 VRHE. At these conditions in situ IR results reveal 

that in addition to regular on-top CO adsorbed on Pt sites, CO adsorbed at low-coordinated Pt 

atoms, that are released upon leaching of non-noble metal from the surface layer of the 

bimetallic alloy particles, were detected. In turn, drastic changes in the morphology and surface 

composition of the bimetallic nanoalloy particles occurred upon potential cycling to 1.2 VRHE 

and higher. The CO spectra in EC-IRRAS were nearly identical to those obtained on rough Pt 

surfaces indicating absence of alloying metal even in subsurface layers of the alloy due to 

strong dealloying. In addition, EC-AFM showed significant coarsening of these catalytic 

layers. 

The main reason for substantial catalyst degradation at potentials 1.2 VRHE and higher was 

find to be strong oxidation of platinum and its subsequent reduction at each cycle. The onset 

of Pt oxidation occurs at around 0.8 VRHE, however, after around 1.2 VRHE a so-called place-

exchange between Pt and O atoms occurs which leads to the formation of bulk Pt-oxides. The 

formation and reduction of these oxides at each cycle lead to catalyst surface restructuring 

which uncovers less noble metal (previously buried under a protective platinum overlayer) and 

stimulate its further dissolution. Moreover, Pt dissolution/redeposition is enhanced at these 

cycling condition which in turn stimulates Ostwald ripening-based catalyst coarsening. 
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Our efforts were further devoted to distinguishing between different mechanisms which 

occur during electrochemical degradation of bimetallic alloy catalyst namely dealloying, 

Ostwald ripening and coalescence. 

At first, the EC-AFM was applied to characterize in situ the potential dependent roughening 

of the pure platinum thin film catalyst during electrochemical cycling. For the first time, we 

apply the quantitative analysis based on AFM results to describe the surface coarsening kinetics 

during the electrochemical degradation of platinum (P-10). The comprehensive quantitative 

analysis was obtained by computing common roughness descriptors such as the root mean 

square roughness, the correlation length, and the critical exponents. The results showed that 

when the EU = 1.0 VRHE, the Pt film surface did not change significantly. The growth and the 

coarsening exponents were close to zero, meaning that the interface stays statistically self-

similar during the entire cycling procedure. The ECSA calculated from the CV curves was 

invariable as well, confirming relative electrochemical stability of platinum at aforementioned 

conditions at early stages of degradation (total 2000 cycles we apply in this study). When EU 

increased to 1.3 and 1.5 VRHE, the Pt morphology evolved significantly with the number of 

cycles. The morphology correlations in the lateral dimension propagated with the same 

coarsening exponent 1/z = 0.16 ± 0.02 for both 1.3 VRHE and 1.5 VRHE. In turn, the growth 

exponent β, which corresponds to correlations in the vertical dimension, was 0.22 ± 0.04 for 

1.3 VRHE and 0.40 ± 0.02 for 1.5 VRHE, indicating that the film evolves faster in the vertical 

direction than in the lateral one when the upper potential is 1.5 VRHE. The ECSA decreased by 

about 10% and 20% during the entire cycling procedure for EU = 1.3 and EU = 1.5 VRHE, 

respectively, indicating a good correlation with the development of roughness. The coarsening 

of platinum at higher potentials was explained by a combined influence of Ostwald ripening 

and coalescence. However, we could not distinguish individual contributions from these 

processes because they occur simultaneously, resulting in scaling exponents different from 

those theoretically predicted using idealized conditions. 

In order to obtain better statistics together with higher resolution, a special electrochemical 

cell for in situ grazing incidence small-angle X-ray scattering (GISAXS) was developed, which 

allowed to combine electrochemical studies and GISAXS in half-cell geometry. In situ 

electrochemical GISAXS permitted to investigate the in-depth mean morphological variation 

of the catalyst by probing a large sample area (around 4 mm2) in a relatively short time, 

providing very good statistical accuracy and very high resolution and thus complement EC-

AFM results. The work P-11 describes the electrochemical cell design and contains the study 

of the morphological evolution of a pure platinum catalyst layer using identical experimental 

https://www.sciencedirect.com/topics/materials-science/thin-films
https://www.sciencedirect.com/topics/physics-and-astronomy/ostwald-ripening
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conditions to those in P-10. The horizontal and vertical cuts of experimentally obtained 

scattering patterns were analysed, providing information about the in-plane and out-plain 

morphological evolution of Pt during electrochemical aging. At EU equal to 1.0 VRHE, the 

expected stability of the catalyst was confirmed during 2000 CV cycles. On the other hand, at 

EU equal to 1.5 VRHE, the morphological modification affecting the system was deciphered: in 

the first stage, the coalescence of Pt particles has been highlighted from a preferential growth 

in Pt NPs size occurring along the plane of the surface, together with a consequent, slight, 

thinning of the Pt film. In a later stage, it was possible to detect the particle growth induced by 

Ostwald ripening mechanism. The statistical parameters evolution such as mean particle size, 

roughness, and correlation length calculated from in situ GISAXS measurements showed 

trends identical to those obtained in P-10 using in situ EC-AFM during electrochemical 

cycling, proving the reliability of the developed setup. The work described in P-11, however, 

provides a more advanced picture about platinum catalyst coarsening. The applicability of this 

setup can also be easily extended to other research fields such as battery or super capacitors 

where electrochemical process is of significant importance, and the investigations of the 

electrode interface layers during operation are essential.  

Finally, the combination of both in situ EC-AFM and in situ GISAXS was apply in P-12 to 

investigate the potential-dependent degradation of the PtNi bimetallic catalyst. In addition to 

PtNi coarsening, attention was paid to its dealloying. For that, electrochemical scanning flow 

cell with online detection by ICP-MS was additionally applied to provide insights into the 

dissolution of both Pt and Ni during electrochemical cycling. The study revealed a clear 

correlation between the upper potential limit, PtNi catalyst dealloying and its morphological 

behaviour. The results show that at the low upper potential conditions (0.6 and 1.0 VRHE), the 

PtNi catalyst is affected only by negligible Ni dissolution at early stages of cycling and more 

or less preserves its morphology during the entire cycling procedure, which is in line with 

previous studies. On the contrary, dramatic changes in the morphology of the PtNi layers occur 

at higher cycling potentials (1.3 and 1.5 VRHE). At these upper potentials Ni dissolution 

occurred rapidly and Pt dissolution was progressively induced: the strong dealloying at the 

early stages of cycling was exchanged with strong coarsening of catalyst particles at later 

stages. By means of powerful in situ analysis, it was possible to establish that this exchange 

occurs after ∼300 cycles for cycling to 1.3 VRHE, while in the harsher conditions (cycling to 

1.5 VRHE), it starts already after few tenths of cycles. Moreover, with detailed GISAXS 

analysis, further supported by AFM measurements, it was possible to assign particle coarsening 

at the later stage of cycling to the Ostwald ripening process. The combination of three in situ 
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techniques described above provided a full time-resolved picture of PtNi bimetallic catalyst 

deterioration during electrochemical ageing and currently applied to investigate the 

composition-dependent degradation of the Pt-Ni ORR catalyst. 

During electrochemical cycling repeating oxidation and reduction of the catalyst surface 

occur. In order to get spectroscopic insights on what is going on bimetallic surface during 

electrochemical cycling we simulated oxidation and reduction of the PtNi catalyst by simply 

exposing it to changeable 5 mbar of oxygen and 5 mbar of hydrogen atmosphere. In P-13 we 

investigated the temperature-dependent surface restructuring of the PtNi thin film catalyst in 

response to five cycles of alternating oxidation and reduction atmospheres. The surface 

restructuring in response to reactive media were monitored by surface sensitive SRPES 

technique and more bulk sensitive XPS technique without sample exposure to air. The 

experimental results were substantiated by theoretical calculations of model PtNi nanoalloys.  

The results revealed that under oxidation environment the PtNi alloy oxidized on the surface 

through the formation of Ni (Niox) and Pt (Ptox) oxides. Upon increasing the temperature, the 

oxides contribution on the surface increased with complete disappearance of the metallic nickel 

(Nimet) signal at 523 K. Beyond that, the foregoing oxidation forced Ni atoms to segregate to 

the surface due to the stronger bonding of O to Ni as compared to Pt, as substantiated by 

suppression of the Pt 4f signal. Under subsequent reducing atmosphere Ptox and Niox, are 

reduced back to metallic states (Ptmet, Nimet). Consequently, the reduction also causes back 

diffusion of Ni atoms into the alloy. The series of five oxidation/reduction cycles led to an 

oscillatory behaviour of the surface composition. The changes were qualitatively reversible; 

quantitatively, however, the average composition was contentiously shifting towards nickel 

enrichment at elevated cycling temperatures. The enrichment of Ni species on the surface after 

an interaction with the reactive environments suppresses PtNi alloy on the surface which is 

critical for its high electrocatalytic performance. Moreover, we observed significant catalyst 

coarsening after five oxidation/reduction cycles at 523 K assigned to enhanced atomic 

(Ostwald ripening) and grains (coalescence) mobility at elevated temperatures in gaseous 

atmospheres. The results provided valuable insights into the PtNi alloy surface chemistry under 

switched reactive environments. 

The results described in this section allowed deciphering the time-resolved evplution of 

bimetallic alloys during electrochemical aging simulated in a half-cell thus contributing to the 

advance understanding of cathode catalyst behavior under PEMFC operating conditions. 
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4. Summary  

As environmental and economic concerns continue to grow, reducing reliance on fossil fuels 

through harvesting low or even zero-emission energy becomes increasingly important for our 

society. This is substantiated by the recent political will to authorize approaching towards 

achieving zero carbon emissions by 2050. Hydrogen-fueled PEMFCs are the most promising 

and flexible option for the above outlined call due to their environmental sustainability, high 

energy density, high energy-conversion efficiency and low operating temperatures. Although 

endowing with great potential and already showing partial success in the market, PEMFCs are 

facing some technological hurdles which require extensive research and development to be 

overcome. Among them cost-efficiency and stability of cathode catalysts in fuel cells pose the 

greatest challenge. Extensive academic and industrial research efforts are already made for 

conceiving new efficient catalysts with major focus on alloying of Pt with cheaper elements. 

A variety of Pt-based bimetallic catalyst have been developed and tested. Some of them have 

already entered the market, while some are still under investigation. 

   The long-term stability of Pt-based catalyst as a second drawback for PEMFCs 

commercialization has become the most important challenge to be addressed. The degradation 

mechanisms are well recognized for state-of-the-art Pt/C systems. However, novel materials 

may suffer from unpredictable new and even more complicated degradation mechanisms. With 

the development of powerful in situ/in operando techniques in recent years, PEMFC catalyst 

degradation has received an increased interest. In situ/in operando studies are expected to 

provide valuable insights into the catalyst degradation mechanisms under reaction conditions 

bringing the current frontiers of knowledge into the next level. 

It can be expected that continued intensive fundamental research and commercial 

development will eventually lead to the reduced cost and extended lifetime of cathode catalyst 

in PEMFCs. It is thus vital in parallel to develop the method for scalable and economically 

viable catalyst production.  

In this regard the presented thesis demonstrates the utility of the magnetron co-sputtering 

process to produce active alloy catalysts of specific composition in a controllable way for the 

PEMFCs cathode. Pt-Ni, PtCo and Pt3Y alloys prepared by magnetron sputtering were tested 

as cathode catalysts in the real PEMFC devise and showed enhanced activity in comparison to 

pure platinum. Moreover, using advanced in-situ/in operando experimental methods we 

obtained important insights in terms of the correlation between the structure, activity and 

stability of bimetallic catalysts. A combination of in-situ/in operando state-of-art techniques as 
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EC-AFM, GISAXS, ICP-MS, NAP-XPS and infrared EC-IRRAS were applied to decipher the 

time-resolved behavior of bimetallic alloys during electrochemical aging simulated in the half-

cell. Interplay between dealloying, particle coalescence and Ostwald ripening was described in 

details contributing to the advance understanding of magnetron sputtered cathode catalyst 

behavior under PEMFC operating conditions. 

The presented results demonstrate a complicated degradation mechanisms of cathode 

catalysts depending on operation conditions of a PEMFC. A further rigorous research is still 

required in order to increase understanding of these mechanisms and propose effective 

mitigation strategies. This is essential for the development of the cathode catalyst that satisfy 

all criteria for PEMFC commercialization. Overall, the global investment, political will and 

extensive research and development all together suggest that the hydrogen fuel cell market is 

expected to show a phenomenal growth in the future accompanied with incremental market 

entry. 
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