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Abstract 

Enhancing the efficiency of electrocatalysts is essential for developing a sustainable 

hydrogen economy. Pt-based electrocatalysts are the key cathode materials for the 

hydrogen evolution reaction (HER) and the oxygen reduction reaction (ORR) taking 

place in electrolyzers and fuel cells. However, the too-strong binding energies of Pt 

with reaction intermediates and the scarcity of raw materials cause bottlenecks in its 

applications in heterogeneous electrocatalysis. It is known that the effects of the surface 

structure of catalysts and the electrolyte compositions play an essential role in the 

rational design of electrocatalysts. This thesis investigates both contributions 

concerning the ORR and HER at Pt-based surfaces and develops new approaches for 

more informative characterization of those systems. This work first discusses the 

combined techniques of electrochemical impedance spectroscopy and the rotating disc 

electrode to investigate the HER mechanisms under controlled hydrodynamic 

configurations for the module systems consisting of polycrystalline Pt (Pt(pc)) and 

Pt5Gd in acidic and alkaline media. The electrical equivalent circuit has been 

established to differentiate the Volmer-Heyrovsky and Volmer-Tafel mechanisms of 

HER. In acidic media, both the reaction kinetics and diffusion influence the HER, and 

the contribution of both reaction pathways is independent of the electrode rotation rate. 

In contrast, the HER in alkaline media is more kinetically limited and prefers the 

Volmer-Heyrovsky mechanism at lower rotation rates. Secondly, the influence of alkali 

metal cations on the ORR activities for Pt5Gd and Pt5Y has been studied. Due to the 

strain effect, the Pt alloys have faster reaction kinetics, and the ORR performance 

increases linearly with the increasing hydration energy of alkali cations in the order of 

Li+ > Na+ > K+ > Rb+ > Cs+. However, Pt(pc) shows the reverse trend in alkaline 

solutions. The density functional theory calculations support the experimental results 

of the opposite trends of ORR activities between Pt alloys and Pt electrodes. Those 
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findings show that the non-covalent interactions between the hydrated solvation shells 

and reaction intermediates and the induced strain at the surface synergistically alter the 

activity, which can provide further guidelines for developing better energy devices. 
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Kurzfassung 

Die Effizienzsteigerung von Elektrokatalysatoren ist entscheidend für die Entwicklung 

einer nachhaltigen Wasserstoffwirtschaft. Pt-basierte Elektrokatalysatoren sind die 

Schlüsselmaterialien für die Kathode bei der Wasserstoffentwicklungsreaktion (HER) 

und der Sauerstoffreduktionsreaktion (ORR), die in Elektrolyseuren und 

Brennstoffzellen stattfinden. Allerdings stellen die zu starken Bindungsenergien von Pt 

mit Reaktionszwischenprodukten und die Knappheit der Rohstoffe Einschränkungen 

der Anwendungen in der heterogenen Elektrokatalyse dar. Es ist bekannt, dass die 

Effekte der Oberflächenstruktur von Katalysatoren und die Zusammensetzung des 

Elektrolyten eine wesentliche Rolle bei der rationalen Gestaltung von 

Elektrokatalysatoren spielen. Diese Dissertation untersucht beide Beiträge hinsichtlich 

der ORR und HER an Pt-basierten Oberflächen und entwickelt neue Ansätze für eine 

informativere Charakterisierung dieser Systeme. Diese Arbeit diskutiert zunächst 

kombinierten Techniken der elektrochemischen Impedanzspektroskopie und der 

rotierenden Scheibenelektrode, um die HER Mechanismen unter kontrollierten 

hydrodynamischen Konfigurationen für die Modulsysteme bestehend aus 

polykristallinem Pt (Pt(pc)) und Pt5Gd in sauren und alkalischen Medien zu 

untersuchen. Der elektrische Ersatzschaltkreis wurde festgelegt, um zwischen Volmer-

Heyrovsky und Volmer-Tafel Mechanismen der HER zu differenzieren. In sauren 

Medien beeinflussen sowohl die Reaktionskinetik als auch die Diffusion die HER, und 

der Beitrag beider Reaktionswege ist unabhängig von der Rotationsgeschwindigkeit der 

Elektrode. Im Gegensatz dazu ist die HER in alkalischen Medien stärker kinetisch 

limitiert und bevorzugt den Volmer-Heyrovsky Mechanismus bei niedrigeren 

Rotationsgeschwindigkeiten. Des Weiteren wurde der Einfluss von 

Alkalimetallkationen auf die ORR Aktivitäten für Pt5Gd und Pt5Y untersucht. Aufgrund 

des Verformungseffekts weisen die Pt Legierungen schnellere Reaktionskinetiken auf, 
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und die ORR Leistung steigt linear mit zunehmender Hydratationsenergie der 

Alkalikationen in der Reihenfolge Li+ > Na+ > K+ > Rb+ > Cs+. Pt(pc) zeigt hingegen 

den umgekehrten Trend in alkalischen Lösungen. Die Berechnungen der 

Dichtefunktionaltheorie unterstützen die experimentellen Ergebnisse der 

entgegengesetzten Trends der ORR Aktivitäten zwischen Pt Legierungen und Pt 

Elektroden. Diese Erkenntnisse zeigen, dass die nicht-kovalenten Wechselwirkungen 

zwischen den hydratisierten Solvatisierungshüllen und den 

Reaktionszwischenprodukten sowie die induzierte Oberflächenverformung 

synergistisch die Aktivität verändern, was weitere Richtlinien für die Entwicklung 

besserer Energiesysteme bieten kann. 
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1. Introduction 

1.1. Basics of Hydrogen Economy: Potential and 

Challenges 

Although the industrial revolution since the 18th century, continuous urbanization, and 

the manufacturing economy brought many advantages to global society, the 

accompanying issues of using fossil fuels as the main energy sources and the increasing 

energy demand have caused global environmental issues (e.g., global warming[1,2] as 

well as air and water pollution[3,4]) and the energy insecurity of limited resources of 

fossil fuels.[5] Governments and scientists worldwide have collaborated to develop and 

implement actions to reduce environmental damage. In 2005, the Paris Agreement set 

the goal of limiting the global average temperature increase to 1.5°C.[6,7] This involves 

reducing carbon dioxide (CO2) and other greenhouse gas emissions in the atmosphere 

and decarbonizing the energy supply to promote sustainable development. According 

to the Intergovernmental Panel on Climate Change (IPCC), it is expected to reach the 

status of a fully decarbonized or even carbon-negative economy by 2100.[8,9] 

To tackle this challenge, the concept of the future hydrogen economy was first proposed 

by John Bockris at General Motors Technical Center in the 1970s.[10 ,11 ,12 ,13 ] It is 

suggested that hydrogen replaces fossil fuels as the primary energy resource for 

industrial manufacturing, transportation, and the economy to achieve the zero-emission 

goal. Molecular hydrogen (H2) is regarded as an ideal energy resource because of its 

higher gravimetric energy density (120 MJ/kg) compared to fossil fuels, including 

liquefied natural gas (54.4 MJ/kg), automotive gasoline (46.4 MJ/kg) and diesel (45.6 

MJ/kg), etc.[ 14 , 15 ] Hydrogen is one of the earth's lightest and most abundant and 

widespread elements, and it is stored in different forms, such as water (H2O), 
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hydrocarbons, and other organic substances.[16,17,18,19]. With these advantages, it has a 

high potential of being one of the main energy sources. However, the main challenge 

in industrial manufacture is producing and extracting pure H2 environmentally friendly 

from these compounds. According to recent reports, the current global hydrogen 

production is mainly from natural gas (about 50%), refinery/chemical industry off-

gases (about 30%), and coal gasification (about 18%). Still, only approximately 4% is 

generated from water splitting.[20,21] The production cost of grey hydrogen, primarily 

derived from steam methane reforming, is estimated at 0.6-1.9 $/kg. In contrast, as of 

2020, green hydrogen produced through electrolysis costs significantly higher, ranging 

between 3.7 and 6.1 $/kg, making it unprofitable for industrial use.[22] 

  

Figure 1.1. The diagram illustrating the concept of a hydrogen economy with the so-called 

“green” hydrogen, which is produced from renewable energy sources, such as solar, 

geothermal,  wind, etc. The hydrogen from electrolysis is stored and then utilized to 

produce synthetic natural gases, generate power, and transport via fuel cells and other 

energy-conversion devices. Reprinted from reference [23]. 

The so-called ”green” hydrogen production method to supply the increasing demand 

for hydrogen must be improved to make it a feasible carbon-free alternative to 

conventional hydrogen generation.[24,25,26] As conceived in Figure 1.1, in a low-carbon 
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economy, renewable hydrogen is generated from clean, sustainable, and renewable 

energy sources, such as solar, wind, hydropower, geothermal, etc. The hydrogen gas 

produced via water electrolysis is then stored in solid, liquid, and gaseous forms for 

future use. The stored hydrogen can be used in the industrial manufacture of raw 

materials and chemicals or consumed as a fuel for daily power generation and 

transportation via fuel cells. The released by-products, water, and heat are pollution-

free and can be recycled and used in other applications.[23] 

According to reports, the transportation sector contributes approximately 20% of total 

CO2 emissions (overall 36.7 billion tons of CO2 in 2016), with road transport accounting 

for roughly 75% within this sector.[27] Within the scope of zero-emission transportation, 

the European Parliament set the goal to eliminate 40% of CO2 from vehicles by 2030.[28] 

Various types of alternative technologies are being pursued to replace conventional 

fossil fuel vehicles (e.g., Battery Electric Vehicles (BEVs), Plug-in Hybrid Electric 

Vehicles (PHEVs), and Hydrogen Fuel Cell Vehicles (FCVs)).[29,30,31,32,33,34] The global 

electric market share increased remarkably from about 0.27% to 13.0% from 2013 to 

2021.[ 35 ] Many car companies currently prioritize BEVs, mainly with lithium-ion 

batteries, due to their high efficiency, lower operating costs, and government support. 

However, the challenges, such as a restricted range, longer charging/discharging 

periods, and insufficient charging infrastructure, need further improvements.[36,37] In 

contrast, certain companies, such as Toyota,[38] Honda,[39] Hyundai,[40] BMW,[41] etc., 

continuously invest in the development of commercial FCVs, driven by the competitive 

advantages including quicker refueling time, longer driving range, and higher energy 

efficiency (40-60%) than traditional combustion engines (30-40%). However, the main 

problem is the high cost of fuel cell manufacturing and maintenance (e.g., precious 

catalysts and expensive membranes), which limits widespread 

commercialization.[ 42 , 43 , 44 ] Other technical and strategic drawbacks (e.g., the 
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insufficient hydrogen supply infrastructures and poor reliability, safety issues, slow 

cold start, and poor energy management systems) also need to be overcome.[45,46] From 

2023, two commercial FCVs are available, including Toyota’s Mirai[38] and Hyundai’s 

Nexo.[40,47] Indeed, each technology contains its own set of strengths and challenges 

related to infrastructure, cost, and technology development towards different 

transportation categories, from personal to public applications. As Zipse, Chairman of 

the Board of Management of BMW, highlighted the concept,[41] “We should harness the 

potential of hydrogen to accelerate the transformation of the mobility sector as well. 

Hydrogen is the missing puzzle piece for emission-free mobility; after all, no single 

technology will be enough to enable carbon-neutral mobility worldwide.” Specifically, 

in terms of long-distance transport (e.g., shipping, buses, and trucks), the significance 

of hydrogen-based fuels as alternative energy sources becomes pronounced and cost-

competitive since hydrogen tanks' mass and volume demands only increase slightly 

compared to the sharp increase of BEVs.[48] For example, it is expected that the global 

hydrogen bus and aircraft markets will grow to about $49.2 and $1.7 billion, 

respectively, by 2030.[49 ,50 ] Therefore, the goals of utilizing “green” hydrogen and 

increasing the conversion performance of fuel cells and electrolyzers still need much 

effort in terms of cost, reliability, and durability. Rational design approaches for 

efficient energy conversion device electrocatalysts are crucial for developing a 

sustainable economy. 
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1.2. Important Impacts Controlling Electrocatalytic 

Performance 

 

Figure 1.2. The schematic of the essential factors and parameters affecting the 

electrocatalytic performance in real-world high surface-area nanostructured 

electrocatalysts. Adapted with permission from reference [51]. Copyright © 2013 Elsevier 

Inc. 

As mentioned above, electrocatalysis is essential for the functionality of energy 

conversion devices like fuel cells and electrolyzers, enabling efficient redox reactions 

to occur at the electrode/electrolyte interfaces. Figure 1.2 schematically illustrates 

several parameters and factors to modify the reaction conditions and enhance the 

electrocatalytic performance towards activity, selectivity, and stability. Here, the 

primary focus is on the structural and electronic effects of electrode surfaces and the 

influence of electrolyte composition.[51,52,53,54,55] In real-world electrochemical cells, the 

active reaction sites are found on nanostructured electrocatalysts, which are contacted 

with high surface-area carbon supports for electrical conductivity.[56,57,58] The structural 

sensitivity of electrocatalysts is attributed to catalyst surfaces that contain varying 

crystal orientations, defects, atoms with different coordination numbers, and 

nanoparticle sizes and shapes, thereby influencing the overall electrocatalytic 
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performance.[59 ,60 ,61 ,62 ,63 ,64 ,65 ,66 ,67 ] Furthermore, the electronic effect influences the 

electronic status of the specific sites at the surface. Optimization strategies focus on the 

surface composition, which includes, for example, bimetallic alloys altering the binding 

energies of the reaction intermediates.[ 68 , 69 , 70 , 71 , 72 , 73 ] Other approaches involve 

computational methods such as density functional theory (DFT) calculations with 

particular descriptors to predict and search optimal electrocatalysts.[74,75,76,77,78,79,80] 

Besides the influence of electrode surface structure and composition, the effect of 

electrolyte components plays a crucial role in shaping reaction environments, including 

the pH value, the concentration, and the nature of cations and anions in 

electrolytes.[81 ,82 ,83 ] The electrochemical electrode/electrolyte interfaces are complex 

and dynamically interact between the catalyst surfaces, reactants, intermediates, 

products, and electrolyte components.[51] To sort out the puzzle of electrocatalytic 

systems, one of the primary objectives of this thesis is to systematically analyze and 

clarify these effects to understand their influences on electrocatalytic performance 

concerning Pt-based electrodes and two cathodic reactions, namely the hydrogen 

evolution reaction (HER) and oxygen reduction reaction (ORR). 
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1.3. Motivation and Aim of This Work 

In this thesis, we investigate model systems mainly focusing on how the electrolyte 

composition and the surface structure of Pt-based catalysts influence the HER and ORR, 

which are crucially essential for industrial water electrolyzers and fuel cells, 

respectively. Several unsolved questions regarding both reactions are highlighted in the 

following paragraphs.  

Firstly, the hydrogen reactions are known as the simpler and faster reactions compared 

to the complex and multi-electron transfer processes involved in the oxygen reactions. 

Previous studies have examined the contribution of Volmer-Heyrovsky and Volmer-

Tafel reaction pathways to the overall HER in acidic environments using 

electrochemical impedance spectroscopy (EIS) on Pt microelectrodes, which offer 

controlled mass transport at stationary electrodes and minimal ohmic drops due to their 

relatively small surface areas.[84,85] However, the relative contributions of each reaction 

pathway and the physicochemical parameters (e.g., reaction kinetic constants, 

parameters characterizing specific adsorption, mass transports, etc.) are still unclear 

under certain potential and hydrodynamic conditions.  

Because of the different reaction pathways of HER in acidic and alkaline media, we 

utilized a combined approach of the rotating disc electrode (RDE) and EIS to address 

both essential environments commonly used in lab research and industrial applications. 

We utilized the polycrystalline Pt (Pt(pc)) and Pt5Gd disc electrodes under controlled 

hydrodynamic configurations. Additionally, we explored a more complex system 

involving nanostructure electrocatalysts to validate the impedance model towards HER 

mechanisms further. 

Secondly, the complex reaction pathways of ORR, with its sluggish reaction kinetics 

and high overpotentials, consequently increase the costs of electrocatalysts with high 
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mass loading and limit the development of fuel cells. In addition to the factors and 

strategies outlined in Section 1.2 aimed at enhancing ORR performance (e.g., structural 

and electronic influences on electrocatalyst electrodes and electrolyte compositions), 

studies have highlighted the substantial impact of electrolyte cations and anions on 

ORR activities for various single-crystal electrodes and Pt/C 

electrocatalysts.[81,86,87,88,89,90] However, the comprehensive exploration of electrolyte 

effects on the ORR performance of Pt-based alloys remains insufficient. 

Therefore, we investigated the influence of alkali metal cations as spectators on the 

ORR activities for active Pt5Gd and Pt5Y as model systems of Pt alloys due to their 

relatively high ORR stability and compared the results with the reference Pt(pc) 

electrode. DFT calculations further examined the experimental findings to associate the 

correlation between surface strain and the alkali cation effects to find the optimal 

theoretical overpotential towards ORR. 

The basic theory and the important electrocatalytic reactions will be presented in 

Chapter 2 to outline the whole investigation in the following chapters. The 

experimental details of different setups and techniques will be briefly introduced in 

Chapter 3, while the experimental and computational results will be discussed and 

summarized in Chapter 4 and Chapter 5. 

. 
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2. Basics of Electrocatalysis for Energy Conversion 

2.1. Electrocatalysts  

2.1.1. Role of Electrocatalysts in Reactions 

In general, a catalyst is a substance that helps to increase a chemical reaction rate 

without being consumed or without being a part of the products. This concept was first 

formulated by Wilhelm Ostwald, who was awarded the Nobel Prize in 1909.[ 91 ] 

Electrocatalysis deals with redox reactions taking place at the electrified interfaces 

between electronically conducting electrodes and ionically conducting electrolytes.[92]  

Figure 2.1 depicts an example of the energy diagram of two reaction pathways 

involving catalyst participation and the other without. Regardless of whether the 

reaction is exothermic or endothermic, in the absence of a catalyst (represented by the 

blue curve), the reactants must overcome the activation energy (Ea) barrier to reach the 

transition state and form products. Compared with catalyst involvement (denoted by 

the red curve), the overall Ea notably decreases and accelerates the reaction rate. 

Moreover, the catalyst may lower the reaction barrier and alter the reaction pathway on 

its surface by forming intermediates between the reactants and products, each 

associated with corresponding reduced activation energies (noted as Ea1 and Ea2). It is 

worth noting that despite the participation of catalysts, the thermodynamic change of 

Gibbs free energy (ΔG) between reactants and products remains unchanged and 

independent of the catalyst.[93]  
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Figure 2.1. A schematic energy diagram of non-catalytic and catalytic reaction pathways 

from reactants (intermediates) to products. The activation energy (Ea, blue) without a 

catalyst is much higher than in the case with a catalyst to form the intermediates (Ea1 and 

Ea2, red). The energy change between the reactants and products is defined as ΔG and is 

thermodynamically the same for both cases. Adapted with permission from reference [94]. 

Figure 2.1 conceptualizes how catalysts influence activation energy and reaction 

pathways to promote reaction rates. However, the actual influence of catalysis is more 

complex. Various catalysts exhibit different activity, stability, and selectivity properties 

essential for different reactions. The activity usually indicates the ability of a catalyst 

to increase the reaction rate. Besides the two standard parameters of exchange current 

density,[95 ,96 ] and overpotential[97 ,98 ] to benchmark the electrocatalytic activity, the 

turnover frequency[99,100,101] determines the intrinsic activity by illustrating the amount 

of product formation per unit of time per catalytic site.[ 102 ] In addition, stability 

highlights the impact of deactivation issues on the catalyst's lifetime at a specific 

activity level.[103] Selectivity refers to the ability of the catalyst to promote preferentially 

one of the possible reactions to obtain the maximum yield of the desired products.[104]  
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2.1.2. Active Sites, Sabatier Principle, and Scaling Relations  

The concept of active sites plays a vital role in interpreting the reactions on solid 

catalysts. Two primary schools of thought illustrate active sites from different 

perspectives. Irvine Langmuir, in 1922, proposed a simplified theoretical consideration 

stating that the reactions occur with homogenous adsorbates on plane surfaces like a 

checkboard in two dimensions, in which the active sites are located at certain 

facets.[105,106] In comparison, in 1925, the school of thought from Hugh Stott Taylor 

considered the reactions taking place with higher complexity in a three-dimensional 

perspective, which differs from Langmuir’s equivalent adsorption sites. Taylor stated 

that a catalytic reaction does not occur homogeneously over the catalyst surface but 

only at certain active sites or spots with specific conditions defined by their crystalline 

structure, composition, and defects.[105,107,108] 

Furthermore, one of the direct approaches to assessing electrocatalytic performance is 

based on the activity of catalysts, as described previously. Paul Sabatier proposed the 

first conceptual statement in 1911,[109,110] that qualitatively explained the heterogenous 

catalytic performance. To obtain the highest catalytic activity, the principle involves the 

interactions between the catalyst surface and reaction intermediates as being “just right”. 

If the interaction is too strong, the reaction is limited by the desorption of species from 

the surface. On the other hand, if the interaction is too weak, the reaction does not occur 

as it is difficult to activate the reactants. The Sabatier principle led to the so-called 

volcano plot approach, introduced by Balandin in 1969, among others.[111] This type of 

plot establishes a relationship between the activity (i.e., the reaction kinetics) and a 

particular descriptor, which can be enthalpies of adsorption of intermediates or other 

parameters.[111, 112 ] At that time, however, determining experimentally accessible 

physical quantities as descriptors remained challenging and needed further exploration 

to be supported by theoretical studies.[113] 
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The problems have been partly addressed by developing theoretical and computational 

approaches. For instance, Nørskov et al. elaborated on using the intermediate's binding 

energy as a descriptor on simulated surfaces by DFT calculations,[74,75,76,77] which 

quantitatively predicts the catalyst activity and, in many cases, selectivity.  

(A) (B)  

 
 

Figure 2.2. (A) The ORR volcano plot linking the activity and the *O binding energy obtained 

by DFT calculations. Reprinted with permission from reference [74]. Copyright © 2004, 

American Chemical Society (B) The scaling relations in the case of the ORR involving the 

chemisorption energies of *O and *OOH with *OH as the descriptors for (111) surfaces of 

different metals. Adapted with permission from reference [75]. Copyright © 2018, American 

Chemical Society. 

For instance, Figure 2.2A shows the ORR volcano plot with the activity trend as a 

function of the theoretical binding energy of *O intermediate (ΔEO).[74] According to 

the Sabatier principle, the lower ORR activities exist at the two sides of the volcano 

plot, in which the catalysts have either too strong or too weak binding. Pt behaves as a 

relatively good ORR catalyst compared to other metals and is located close to the 

optimal binding to the oxygen species.  

However, the catalytic reaction mechanisms often involve multiple steps with different 

intermediates. The frequently observed mathematical relationships, known as the 

scaling relations, demonstrate the linear correlations between the binding energies of 
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adsorbed intermediates with various catalysts. For example, Figure 2.2B shows the 

scaling relations for the ORR with the chemisorption energies of *OOH and *O as a 

function of the chemisorption energy of *OH for several metals with (111) surfaces. 

The linear relationships are attributed to the similar binding conditions of all adsorbed 

species with the same atom (e.g., an O atom for ORR intermediates) on the surfaces.[75] 

By utilizing scaling relations, the prediction of the activity of catalysts in multistage 

chemical reactions can be simplified and expressed as a function of a single key 

intermediate adsorption energy for the volcano plots. Nevertheless, the strong 

correlations between the binding energies of intermediates hinder the optimization of 

each intermediate step independently to obtain a lower overpotential. Therefore, to 

“break” the scaling relations, several approaches are highlighted to developing three-

dimensional active catalysts and multifunctional active sites to optimize each 

intermediate step and provide additional promotors, functional ligands, and electrolyte 

compositions.[75,114] 
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2.2. Properties of Solid/Liquid Interfaces 

2.2.1. Electrical Double Layer 

The electrical double layer (EDL) is one of the essential parts of electrochemical 

systems because all the interfacial electrochemical processes occur within this 

region.[115,116,117] The formation of the EDL stems from the electrostatic forces at the 

interfacial region, where the electroneutrality is maintained between the polarized 

electrode and the ionic conducting solution. When no faradaic reaction occurs, this 

interface exhibits capacitor-like behavior (double-layer capacitance, Cdl). Historically, 

the first model of the EDL was proposed by Hermann von Helmholtz in 1853.[118] In 

this so-called Helmholtz model, the charge is linearly proportional to the applied 

voltage on the electrode without considering the thermal motion of ions (and other 

specific ionic interactions). The model was improved by Louis Georges Gouy and 

David Leonard Chapman in 1910 and 1913, respectively.[119,120] The Gouy-Chapman 

model proposes the diffuse layer model by considering the thermal motions of ions in 

the electrolyte. The distribution of charged ions considered as point charges follows the 

Maxwell-Boltzmann statistics, decreasing exponentially from the polarized electrode 

surface. A further modified model was suggested by Otto Stern in 1924,[121 ] who 

combined the Helmholtz and Gouy-Chapman models with the consideration of the 

thermal motions and the size of ions in the electrolyte. The contemporary 

comprehensive model of the EDL was presented by David C. Grahame in 1947. He 

refined and adapted the Stern model by dividing the Helmholtz layer into the inner and 

outer Helmholtz planes (Figure 2.3).[122]  

Figure 2.3 illustrates the classical EDL model, primarily based on Grahame's model, 

with a potential (ØMe) applied at the metal electrode with a negative charge. The rigid 

Helmholtz and diffuse layers in the electrolyte balance the electrode charge and 
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maintain system electroneutrality. Besides, the Helmholtz layer consists of the inner 

Helmholtz plane (IHP), mainly with specifically adsorbed anions and water diploes as 

the solvent aligning along the electrode surface, and the outer Helmholtz plane (OHP), 

primarily with non-specific adsorption of solvated ions. 

 

Figure 2.3. A model of the EDL at the electrode/electrolyte interface. Opposite of the 

negatively charged electrode (with potential ØMe), the EDL structure includes the Helmholtz 

and diffuse layers. Here, the potential increases linearly to ØH within the Helmholtz layer, 

transitioning to an exponential rise towards ØL within the diffuse layer. The Helmholtz layer 

is further subdivided into the IHP, which includes specifically adsorbed ions and water 

dipoles, and the OHP, which features hydration shells, extending to distances X1 and X2, 

respectively. Adapted with permission from reference [123]. 

Within the EDL region, the potential increases linearly from ØMe to ØH in the Helmholtz 

layer and exponentially from ØH to a nearly constant value of ØL in the diffuse layer of 

the bulk electrolyte. The corresponding EDL’s thickness and the Cdl value are typically 

in the range of nanometers and microfarad per square centimeter, respectively.[124,125,126] 

However, the parameters associated with the EDL structure are influenced by various 
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factors, such as temperature and the properties of the electrode surface and electrolyte 

at the interface.[ 127 , 128 ] Therefore, further research is required to comprehend the 

correlations between these factors and the performance of various electrochemical 

systems. 

 

2.2.2. Electrochemical Potential and Nernst Equation 

Electrochemical potential considers both chemical and electrical energies in the 

electrochemical systems and is introduced by the following Equation 2.1.[129,130] 

 𝜇𝑖̅ =  𝜇𝑖 + 𝑍𝑖Fφ Equation 2.1 

The electrochemical potential (𝜇𝑖̅) of a species i is the combination of the chemical 

potential (𝜇𝑖 ) and the electrical work in terms of 𝑍𝑖Fφ , where 𝑍𝑖  is the charge on a 

species i per mole, F  is the Faraday constant, and φ  is the absolute electrostatic 

potential of the exact phase.  

For redox reactions at the electrode/electrolyte interface, the net reaction rate and the 

change in electrochemical potential become zero when electrochemical equilibrium is 

reached. Consequently, the Galvani potential difference ( ∆φ ) between the metal 

electrode (φ𝑀𝑒) and electrolyte solution (φ𝑆𝑜𝑙) can be described by the Nernst equation 

(see Equation 2.2): 

 
∆φ = φ𝑀𝑒 − φ𝑆𝑜𝑙 = φ00 +

𝑅𝑇

𝑛𝐹
𝑙𝑛

𝑎𝑜𝑥

𝑎𝑟𝑒𝑑
 

Equation 2.2 

where 𝑅 is the ideal gas constant, 𝑇 is the temperature in Kelvin, 𝑛 is the number of 

electrons transferred, 𝐹  is the Faraday constant, and 𝑎𝑜𝑥  and 𝑎𝑟𝑒𝑑  are the chemical 

activities of the oxidized and reduced species at the interfaces, respectively.  

Since the absolute value of a Galvani potential is not directly measurable, the standard 
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potential ( φ00 ) is defined as a reference potential. One of the typical reference 

potentials is defined using the standard hydrogen electrode (SHE), in which 0 V vs SHE 

is based on the potential of the hydrogen reaction on a Pt electrode under a standard 

condition of 1 bar and 1 M of each gas and reactant (e.g., H2 and proton, H+) at 298.15 

K.[131 ] Another standard reference potential is defined via the reversible hydrogen 

electrode (RHE), which considers the pH dependence in electrolytes. The correlation 

between the potential in the SHE scale (denoted as 𝐸𝑆𝐻𝐸) and that of the RHE scale 

(denoted as 𝐸𝑅𝐻𝐸) is described by the equation: 

 

2.2.3. Reaction Kinetics and Overpotentials 

In an electrochemical system, non-Faradaic processes involve charged ions undergoing 

rearrangements at the electrode surface, resembling a capacitor within the EDL region, 

as mentioned earlier. In contrast, if Faradaic reactions occur at the electrode/electrolyte 

interface, the current is observed in an external circuit (Figure 2.4). For instance, the 

reactants initially diffuse to the interfacial region from the bulk electrolyte and adsorb 

at the electrode surface. Subsequently, the charge transfer occurs through the oxidation 

or reduction of the reactants, resulting in anodic or cathodic currents, respectively. 

Finally, the resulting products desorb from the surface and diffuse into the bulk 

electrolyte. The slowest step among the series of reaction steps restricts the overall 

reaction rate and is defined as the rate-limiting step. 

 𝐸𝑆𝐻𝐸(𝑉) = 𝐸𝑅𝐻𝐸 + 0.059(𝑉) ∗ 𝑝𝐻 Equation 2.3 
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Figure 2.4. The schematics of electrocatalytic reactions at an electrode/electrolyte 

interface with the diffusion, adsorption/desorption, and charge transfer processes. Adapted 

with permission from reference [132]. Copyright © 2022, Springer Nature. 

In a simple case of the following redox reaction (see Equation 2.4) with a one-step and 

one-electron process at the electrode/electrolyte interface 

 
𝑂𝑥 + 𝑒− 

𝑘𝑅𝑒𝑑

⇌
𝑘𝑂𝑥

𝑅𝑒𝑑 
Equation 2.4 

the rate constants, 𝑘𝑅𝑒𝑑  and 𝑘𝑂𝑥 , relate to the reaction rate of the reduction and 

oxidation processes, respectively, which demonstrate the probability of the reactions 

taking place. As illustrated in Figure 2.1, the charge transfer reaction must successfully 

overcome the activation barrier to convert reactants into desired products. The 

relationship can be expressed using the Arrhenius equation, as shown in Equation 2.5: 

 𝑘 = 𝐴𝑒−𝐸𝑎/𝑅𝑇 Equation 2.5 

Here, 𝑘 and 𝐸𝑎 are the aforementioned rate constant and activation energy, respectively. 

𝐴  is the pre-exponential factor, 𝑅  is the ideal gas constant, and 𝑇  is temperature. 

Furthermore, the current density (𝑗) is a function of 𝑘, and the species concentration 

(𝐶𝑠𝑢𝑟) at the electrode surface (Equation 2.6), with 𝑛 and 𝐹 representing the number 

of electrons transferred and the Faraday constant, respectively. 
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 𝑗 = 𝑛𝐹𝑘𝐶𝑠𝑢𝑟 Equation 2.6 

As the charge transfer occurs at the electrode, the total current density (𝑗𝑡𝑜𝑡), recognized 

as the net reaction current, is a combination of the cathodic and anodic current densities 

(𝑗𝑟𝑒𝑑 and 𝑗𝑜𝑥), as depicted in Figure 2.5A and Equation 2.7. At the standard free energy 

state of activation, the change in electrode potential shifts the energy profiles and leads 

to the Faradaic current following the so-called Butler-Volmer equation, which 

demonstrates the relation between the current density and electrode potential under non-

equilibrium conditions (Equation 2.8, Equation 2.9, and Equation 2.10). The value 

of exchange current density (𝑗0) can be obtained via the extrapolation of the current in 

the Tafel plots, as shown in Figure 2.5B, which is essential to evaluate the reaction 

kinetics at electrode surfaces. 

 𝑗𝑡𝑜𝑡 = 𝑗𝑟𝑒𝑑 + 𝑗𝑜𝑥 Equation 2.7 

 
𝑗𝑡𝑜𝑡 = 𝑗0 {exp [

(1 − 𝛼)𝑛𝐹𝜂

𝑅𝑇
] − exp [

−𝛼𝑛𝐹𝜂

𝑅𝑇
]} 

Equation 2.8 

 𝜂 = 𝐸 − 𝐸𝑒𝑞 Equation 2.9 

 𝑗0 = 𝑛𝐹𝑘0𝐶𝑜𝑥
∗(1−𝛼)

𝐶𝑟𝑒𝑑
∗𝛼  Equation 2.10 

Here, 𝑛 is the number of electrons transferred (i.e., 𝑛 = 1 for a one-electron transfer), 

𝐹 is the Faraday constant, 𝛼 is the symmetry factor, 𝐸 and 𝐸𝑒𝑞 are the applied potential 

and the equilibrium potential, 𝑘0 the standard rate constant, and 𝐶𝑜𝑥
∗  and 𝐶𝑟𝑒𝑑

∗  are the 

bulk concentrations of electroactive species being oxidized or reduced, respectively. 

The overpotential (𝜂) is defined as the difference between the applied potential at the 

electrode and the equilibrium potential, as shown in Equation 2.9. As the reaction 

reaches the equilibrium condition (𝐸 = 𝐸𝑒𝑞 and 𝜂 = 0), the net current is zero (𝑗𝑡𝑜𝑡 =

0) and 𝑗0 = 𝑗𝑜𝑥 = −𝑗𝑟𝑒𝑑 . Further elaboration on the entire procedure and equation 
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derivation can be found in textbooks.[130,133] 

(A) (B)  

  

Figure 2.5. (A) The current density-overpotential profile based on the Butler-Volmer 

equation with jtot consisting of jred and jox. (B) The Tafel plot with the determination of j0 and 

Tafel slopes for the reaction kinetics.  

In fact, the Butler-Volmer equation only describes the half-cell reactions taking place 

in energy conversion devices. Figure 2.6A depicts the polarization curves of complete 

cells for water electrolyzers and hydrogen fuel cells, illustrating the hydrogen and 

oxygen redox reactions at equilibrium potentials of 0 V and 1.23 V, respectively. For 

example, overpotentials above the thermodynamic equilibrium potentials must be 

applied to produce H2 and molecular oxygen (O2) in water electrolyzers under equal 

current densities on both anode and cathode sides. Similarly, the fuel cell voltage 

controls the current density of the reversed reactions. It is noted that the total reaction 

rate of both water electrolyzers and hydrogen fuel cells is mainly limited by the oxygen 

reactions due to their poor reaction kinetics compared to the hydrogen reactions.  

Figure 2.6B illustrates the three primary losses in the voltage-current (density) profile 

of a proton-exchange membrane fuel cell (PEMFC). As mentioned earlier, close to the 

thermodynamic ideal voltage (E0), the activation energy dominates the reaction kinetics 

at the electrocatalyst surface. As the current density further increases, the ohmic losses, 

primarily due to the resistance of the membrane electrode assembly (MEA) and the 
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electronic contacts of each component, cause the potential to decrease linearly with 

increasing current density. Finally, the cell voltage drops significantly when the 

diffusion limitations are reached. This is attributed to the slow mass transport of 

reactants through the gas diffusion layer (GDL) and MEA, resulting in a concentration 

gradient towards the highly reactive electrode surfaces.[134,135] 

(A) (B)  

 
 

Figure 2.6. (A) A schematic of polarization curves for the water electrolyzer and hydrogen 

fuel cell. Adapted with permission from reference [136]. Copyright © 2016, Springer Science 

Business Media New York. (B) The current density-voltage profile of a complete fuel cell 

with the different types of losses. Adapted with permission from reference [137]. 

  



 

36 

 

2.3. Typical Electrocatalytic Reactions in Fuel Cells and 

Electrolyzers 

Energy conversion devices, such as water electrolyzers and fuel cells, are pivotal in 

converting electric energy into chemical energy and vice versa. This section will briefly 

introduce the fundamental working principles, typical reactions, reaction mechanisms, 

and state-of-the-art electrocatalysts for these devices in acidic and alkaline media.  

Figure 2.7A shows the basic operating principle of the proton-exchange membrane 

(PEM) water electrolyzers. When an external bias is applied through the external circuit, 

hydrogen ions (e.g., H+ and hydronium, H3O
+) undergo reduction at the cathode during 

the HER, while water molecules are oxidized at the anode during the oxygen evolution 

reaction (OER), as shown in Equation 2.11, Equation 2.12, and Equation 2.13.  

Overall reaction  2𝐻2𝑂 → 2𝐻2 + 𝑂2 Equation 2.11 

HER (cathode) 4𝐻+ + 4𝑒− → 2𝐻2 Equation 2.12 

OER (anode) 2𝐻2𝑂 → 𝑂2 + 4𝐻+ + 4𝑒− Equation 2.13 

On the other hand, a PEMFC demonstrates the reverse reactions, as shown in 

Figure 2.7B. H2 fuel is oxidized at the anode via the hydrogen oxidation reaction 

(HOR), and O2 is reduced at the cathode via the ORR to produce electricity (see 

Equation 2.14, Equation 2.15, and Equation 2.16).  

Overall reaction  2𝐻2 + 𝑂2 → 2𝐻2𝑂 Equation 2.14 

ORR (cathode) 𝑂2 + 4𝐻+ + 4𝑒− → 2𝐻2𝑂 Equation 2.15 

HOR (anode) 2𝐻2 → 4𝐻+ + 4𝑒− Equation 2.16 

In water electrolyzers and fuel cells, electron flow moves from the anode to the cathode. 
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However, the positive and negative electrolyte ions, such as H+ and hydroxide (OH-), 

move in opposite directions through the membrane to maintain the electroneutrality of 

the device. This results in different reaction pathways in acidic and alkaline 

environments.[138,139,140]  

(A) (B)  

  

Figure 2.7. The schematic of a PEM (A) water electrolyzer and (B) fuel cell. During the 

electrolysis process, H2 and O2 gases are produced at the cathode through the HER and the 

anode through the OER. In contrast, a fuel cell operates in the opposite reaction direction 

to generate electricity. For a fuel cell in acidic media, H2 serves as a fuel and undergoes 

oxidation at the anode via the HOR, while O2 from air is reduced at the cathode through the 

ORR. H+ travels through the PEM from the anode to the cathode in acidic solutions to 

maintain electroneutrality and balance the electron flow in an external circuit.  

 

2.3.1. Hydrogen Evolution Reaction 

The HER occurring at the cathode during water electrolysis is a simple two-electron 

electrochemical process.[141] The whole HER process involves three elementary steps. 

In acidic media, the first step involves proton reduction via electron transfer and 

subsequent adsorption on the free active sites of the electrocatalyst, known as the 

Volmer step (Equation 2.17). Here, the adsorbed hydrogen atom is noted as 𝐻 
∗  . 

Following the Volmer step, the HER follows two different pathways in the second step. 
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The Heyrovsky step (Equation 2.18) illustrates the reduction of the second proton at 

the same 𝐻 
∗   site, resulting in the formation of H2. Alternatively, the Tafel step 

(Equation 2.19) describes a mechanism where two 𝐻 
∗  species from separate active 

sites combine directly to produce H2 at the electrode surface.  

Volmer step 𝐻+ + 𝑒− → 𝐻 
∗  Equation 2.17 

Heyrovsky step 𝐻 
∗ + 𝐻+ + 𝑒− → 𝐻2 Equation 2.18 

Tafel step 2 𝐻 
∗ → 𝐻2 Equation 2.19 

In contrast, the HER in alkaline media involves water dissociation to form 𝐻 
∗  and OH- 

of the Volmer and Heyrovsky steps (Equation 2.20 and Equation 2.21), while the Tafel 

step (Equation 2.22) remains the same as in acidic media.[142,143] 

Volmer step 𝐻2𝑂 + 𝑒− → 𝐻 
∗ + 𝑂𝐻− Equation 2.20 

Heyrovsky step 𝐻2𝑂 + 𝐻 
∗ + 𝑒− → 𝐻2 + 𝑂𝐻− Equation 2.21 

Tafel step 2 𝐻 
∗ → 𝐻2 Equation 2.22 

As a result, the HER pathway can follow either the Volmer-Heyrovsky or the Volmer-

Tafel mechanism in acidic and alkaline solutions. A detailed exploration of HER 

kinetics, adsorption, and mass transport characteristics via the combined RDE-EIS 

approach will be discussed in Section 4.2. Furthermore, the binding strength of 𝐻 
∗  is a 

crucial factor affecting HER kinetics. Figure 2.8A displays a volcano plot representing 

HER activity, with the logarithm of jo plotted against the chemisorption energy of 𝐻 
∗  

on the metal electrodes (EME-H) as the descriptor.[144 ,145 ] According to the Sabatier 

principle, the optimal interaction between the intermediate (e.g., 𝐻 
∗  ) and the metal 

catalysts should be precisely balanced. Platinum-group metals like Pt, Rh, and Ir, 

positioned at the peak of the volcano plot, present promising HER performances. 

However, they tend to exhibit slightly stronger hydrogen bond strengths. Conversely, 
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electrocatalysts situated on the left side of the plot, such as Au and Ag, display lower 𝑗0 

values due to comparatively weaker hydrogen binding.  

(A) (B)  

  

Figure 2.8. (A) The volcano plot for the HER with the relationship between the logarithm 

of j0 and the EME-H. Reprinted with permission from reference [144]. (B) The state-of-the-

art electrocatalysts with mass activity for HER/HOR in acid. Reprinted with permission 

from reference [146]. Copyright © 2019 WILEY‐VCH Verlag GmbH & Co. KGaA, 

Weinheim. 

Figure 2.8B illustrates the state-of-the-art electrocatalysts for HER in acid 

electrolytes,[146] in which the noble metal catalysts with superior HER activities follow 

the predicted volcano plot (Figure 2.8A). However, their restricted sources and high 

costs bring efforts to explore alternative promising materials, such as nonprecious 

electrocatalysts like MoS2 and transition metal phosphides like CoP and 

Ni2P.[146,147 ,148 ,149 ] Another promising approach involves optimizing the electrolyte 

compositions. Studies have reported that cation effects in alkaline media can influence 

the HER activity for Pt electrodes in the following order: LiOH > NaOH > KOH > 

RbOH > CsOH.[150,151] 
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2.3.2. Hydrogen Oxidation Reaction 

The HOR illustrates the reverse reaction pathways of HER with the same elementary 

steps, as shown in Equation 2.16. The correlation between hydrogen bond strength and 

reaction kinetics resembles the HER volcano plot depicted in Figure 2.8A. Pt/C 

catalysts are currently the state-of-the-art anode materials for fuel cells. Its high reaction 

rate allows for an ultralow Pt mass loading (0.05 mgPt/cm2) with an overpotential of 

less than 3 mV in PEMFCs.[152,153,154] However, even when using reformed H2 fuel with 

only trace amounts of carbon monoxide (CO), PEMFCs suffer from CO poisoning of 

the Pt electrocatalyst of the anode.[155 ] Therefore, alternative anode materials with 

higher CO tolerance, such as Pt alloys like Pt-Ru, Pt-Mo, and Pt3Sn, are 

reported.[156,157,158,159,160] The other candidates are non-precious catalysts like Ni-based 

alloys in hydroxide exchange membrane fuel cells (HEMFCs). Nevertheless, the 

reaction kinetics in alkaline electrolytes are 2-3 orders of magnitude slower than in 

acidic media.[161,162] Therefore, higher mass loading of catalysts is necessary to reach 

the same power output level as the counterpart in acid. 

 

2.3.3. Oxygen Reduction Reaction 

The ORR at the cathode, shown in Equation 2.15, is critical to the operation of 

PEMFCs. Due to the highly complex electron transfer process, the activation losses 

within the low overpotential region are primarily attributed to the ORR, as shown in 

Figure 2.6. As a result, the current mass loading of Pt in PEMFCs is approximately 

0.4 mg cm-2 at the cathode,[153,163 ,298] making the ORR a significant bottleneck for 

commercial product development. Figure 2.9A illustrates the possible ORR pathways 

in acidic solutions.[164] The four-electron pathway is preferred in fuel cell systems and 
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can be further described using dissociative and associative mechanisms. Initially, O2 

molecules are adsorbed onto the electrode surface. In the dissociative mechanism, the 

O-O bonds break to form *O intermediates, which are then reduced to *OH and finally 

to H2O molecules. In the associative mechanism, *O2 is first converted to *OOH, 

generating the same *O and *OH intermediates, finally forming H2O. Based on 

theoretical DFT calculations, the dissociative mechanism dominates at lower 

overpotentials, while the associative mechanism is more dominant at higher 

overpotentials.[74,164] In contrast, the two-electron pathway involves the formation of 

hydrogen peroxide as an intermediate (*H2O2) or H2O2 as a by-product. This pathway 

is challenging because H2O2 is difficult to reduce completely, and some decompose to 

O2. Therefore, the peroxide pathway is unfavorable in fuel cells due to the lowered 

current and the possibility of corrosion of active electrocatalysts.[164,165] However, in 

terms of selectivity, it could be advantageous to produce H2O2, which is essential for 

many industrial applications.[166]  

The ORR mechanism in alkaline media involves H2O molecules as the reactant, unlike 

in acidic media, where H2O is the product. Figure 2.9B schematically demonstrates the 

EDL structure during the ORR in an alkaline environment and suggests two possible 

reaction pathways.[167,313] First, the four-electron pathway in alkaline media occurs in 

the inner-sphere region by following a series of reactions (Equation 2.23). 

Four-electron 

pathway 

𝑂2 → 𝑂2 
∗  Equation 2.23 

 𝑂2 
∗ + 𝐻2𝑂 + 2𝑒− → 𝑂𝑂𝐻 

∗ + 𝑂𝐻−  

 𝑂𝑂𝐻 
∗ + 𝐻2𝑂 + 2𝑒− → 3𝑂𝐻−  

The second mechanism appears within the outer-sphere region, where the solvated O2 

weakly interacts with the adsorbed hydroxyl species to undergo the two-electron 
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pathway with the formation of HOO- as a product (Equation 2.24), compared to OH- 

in the four-electron pathway (Equation 2.23). The desorption of the final product anion 

can be detected by using a rotating ring-disc electrode (RRDE) configuration.[167,313] 

Two-electron 

pathway 

𝑀 − 𝑂𝐻 + [𝑂2 ∙ (𝐻2𝑂)𝑛]𝑎𝑞 + 𝑒−

→ 𝑀 − 𝑂𝐻 + (𝐻𝑂2) 
∗ + 𝑂𝐻−

+ (𝐻2𝑂)𝑛−1 

Equation 2.24 

 (𝐻𝑂2) 
∗ + 𝑒− → (𝐻𝑂2

−) 
∗   

 (𝐻𝑂2
−)∗ → (𝐻𝑂2

−)𝑎𝑞  

(A) (B)  

 

 

Figure 2.9. (A) The ORR mechanisms in an acidic environment (i.e., PEMFC) with the four-

electron and two-electron pathways. Reprinted with permission from reference [164]. (B) A 

schematic of the interfacial double-layer structure during the ORR in alkaline media. 

Reprinted with permission from reference [167]. Copyright © 2012 Nagappan Ramaswamy 

and Sanjeev Mukerjee. 

According to the ORR volcano plot of single-metal electrocatalysts in Figure 2.2A, Pt 

is located close to the peak, demonstrating the balanced binding energy with the 

intermediates. However, optimizing the binding conditions of single intermediates is 

limited by the scaling relations, making overcoming the overpotential challenging. 
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Theoretically, the optimal state of the ORR volcano plot is identified where the binding 

energy of *O is approximately 0.2 eV lower than that of pure Pt through DFT 

calculations.[78,304] Additionally, the formation of Pt oxides on the electrode surface 

under specific potential regions affects the reaction mechanisms with the involvement 

of different intermediates and alters the electrocatalytic activity, stability, and selectivity. 

The phenomenon takes an essential understanding of how reaction conditions change 

and requires further precise experimental and theoretical investigation.[168,169,170,171,172] 

Considering the structure-sensitivity of extended Pt surfaces and nanoparticles, 

Figure 2.10A shows the relationship between the generalized coordination number 

( 𝐶𝑁̅̅ ̅̅  ) of the Pt(111) surface as a descriptor and the corresponding activities (or 

overpotentials). The 𝐶𝑁̅̅ ̅̅  considers the variation among the neighbors of an atom 𝑖 with 

𝑛𝑖 first nearest neighbors in the following Equation 2.25:[173,174] 

 

𝐶𝑁̅̅ ̅̅ (𝑖) = ∑
𝑐𝑛(𝑗)

𝑐𝑛𝑚𝑎𝑥

𝑛𝑖

𝑗=1

 

Equation 2.25 

Here, 𝑐𝑛(𝑗) are the conventional coordination numbers of the first nearest neighbors 

and 𝑐𝑛𝑚𝑎𝑥 is the maximum coordination as found in the bulk. On the terrace site of 

Pt(111) surface, the corresponding 𝐶𝑁̅̅ ̅̅  is equal to 7.5 with 0.15 V of overpotential. It 

is found that the surface atoms on concave sites with 𝐶𝑁̅̅ ̅̅  > 7.5 (blue) are more active 

towards the ideal peak position in the corresponding volcano plot. However, atoms on 

convex sites with 𝐶𝑁̅̅ ̅̅  < 7.5 (red) are less active.  

Besides geometric structuring, efforts are reported to optimize the ORR activity and 

durability by alloying it with 3d transition metals (e.g., Fe, Co, Ni, and Cu) and 

lanthanide materials (e.g., La, Ce, and Gd).[68,175,176,177,301,178] Figure 2.10B shows the 

“double volcano” plot for polycrystalline and nanostructured Pt alloys, illustrating the 

relative ORR activities at 0.9 V vs. RHE with respect to the atomic radius of solute 
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atoms. For instance, PtxCu and PtxY alloys exhibit approximately six times higher 

activities than pure Pt. The formation of bimetallic alloys modifies the electronic 

structure of the catalyst active sites through the so-called strain and ligand 

effects.[179,180,181,182]  

(A) (B)  

 
 

Figure 2.10. (A) A summary of the relations between the site geometry on a Pt (111) surface 

and the corresponding ORR activities. Reprinted with permission from reference [174]. (B) 

The reported maximum ORR activities of Pt alloys (including polycrystalline and 

nanostructured electrocatalysts) compared to reference Pt at 0.9 V vs. RHE as a function of 

the atomic radius of solute metals. Reprinted with permission from reference [179]. 

Copyright © 2016, American Chemical Society. 

The strain effect arises from the difference in lattice parameters between the atoms in 

the surface layers and those in the bulk, introducing either compressive or tensile strain 

on the electrode surface. The ligand effect appears due to heterometallic bonding 

interactions of surface atoms with dissimilar neighboring atoms. Due to their close 

relation, it is difficult to decouple the influence of the strain and ligand effects on 

chemical properties. However, the ligand effect can be disregarded under certain 

conditions with more than three atomic layers away from the surface.[68,179,301]  

In addition, electrolyte composition, such as cation effects, profoundly impacts ORR 

performance. For example, the ORR activity of Pt(111) electrodes in alkaline media 
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follows an opposite trend to that of HER, increasing activity as the cation hydration 

energy decreases. The effect of alkali cations on ORR performance for Pt alloys with 

different surface strains is further explored in Section 4.3.  

 

2.3.4. Oxygen Evolution Reaction 

The overall OER at the anode during water splitting involves complex four-electron 

transfer pathways, as shown in Equation 2.13. This results in slower reaction kinetics 

and higher overpotentials compared to the HER at the cathode for the same current 

density. Similarly to the other reactions discussed above, the electrolyte's pH also 

influences the OER. Figure 2.11A shows the possible reaction mechanisms for OER in 

both acidic (blue line) and alkaline (red line) solutions, highlighting the black route, 

which involves several reaction intermediates (*OH, *O, and *OOH) leading to the 

formation of O2. Alternatively, the green route excludes the formation of an *OOH 

intermediate and involves the direct combination of two *O to form O2.
[183] The binding 

energy of these intermediates determines the overall reaction performance, as depicted 

in the OER volcano plot in Figure 2.11B.[184]  

Different from the other electrolyzer and fuel cell reactions, Pt-based electrocatalysts 

do not exhibit the highest OER activity. This is because the OER occurs at high 

potentials far from its thermodynamic equilibrium potential of 1.23 V vs. RHE, leading 

to the formation of thick Pt oxide layers on the surface. These oxides have poor 

electronic conductivity and differ from the Pt surface formed during the ORR, reducing 

the OER activity.[185,186] In contrast, many other oxides offer better binding conditions 

for the OER reaction intermediates with smaller overpotentials, as shown in 

Figure 2.11B.  

For instance, iridium oxide (IrO2) is recognized as an effective OER electrocatalyst 
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among noble metal oxides. However, due to the high cost and limited availability of 

noble metals and the limited stability in alkaline media caused by anodic dissolution at 

higher oxidation potentials,[98,187,188] alternative materials are being explored. First-row 

transition metal-based (e.g., Fe, Co, and Ni) oxides, perovskite oxides, and FeCoW 

oxyhydroxides demonstrate promising OER performance.[98,189,190,191] 

(A) (B)  

 

 

Figure 2.11. (A) The reaction pathways of OER in acidic (blue) and alkaline (red) media. 

The black line involves the participation of *OOH, while the green line shows the direct 

combination of *O intermediates in the OER mechanisms. Reprinted with permission from 

reference [183]. (B) The OER volcano plot for the metal-oxide electrocatalysts with 

experimental and theoretical findings. Reprinted with permission from reference [184]. 
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3. Experimental  

3.1. Surface Characterization 

3.1.1. X-ray Diffraction 

X-ray diffraction (XRD) is a non-contact and non-destructive technique that provides 

robust information about chemical characterization and crystalline phases in 

materials.[192,193] As shown in Figure 3.1, the basic working principle of XRD follows 

Bragg’s law,[ 194 , 195 , 196 ] which explains the relationship between the incident and 

reflecting angles of the crystal surface with the following Equation 3.1: 

 𝑛′𝜆 = 2𝑑ℎ𝑘𝑙𝑠𝑖𝑛𝜃 Equation 3.1 

where 𝑛′ is an integer, 𝜆 is the wavelength of the X-ray, 𝑑ℎ𝑘𝑙 is the space between two 

crystal layers in certain lattice planes (ℎ𝑘𝑙), and 𝜃 is the diffraction angles of impinging 

and reflecting X-ray photons, respectively.  

In this work, XRD measurements of Pt(pc), Pt5Gd, and Pt5Y electrodes were 

characterized using PANalytical X'Pert Pro equipment (Malvern Panalytical GmbH, 

Germany), which includes a Cu-Ka source (λ = 1.5406 Å) and a Ni-based filter. The 

samples were measured with a scanning range (2θ) from 5° to 90° and with a scan rate 

of about 0.78° min-1. The XRD patterns were further fitted using the corresponding 

powder diffraction file (PDF) cards, in which the Pt-Pt distance in a specific axis can 

be estimated based on Equation 3.1 for the Pt(pc) and Pt alloys. The relative surface 

strain can be further calculated due to the lattice mismatch between the bulk crystal and 

the Pt surface.  
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Figure 3.1. A schematic of XRD on a bulk crystal with the X-ray's incident and 

reflecting angles (θ) during constructive interference. The total phase difference, 

represented as 2dsinθ, occurs on the lattice planes, each spaced at a distance denoted 

as d. 

 

3.1.2. X-ray Photoelectron Spectroscopy 

In this work, X-ray photoelectron spectroscopy (XPS) was used to analyze the material 

surfaces' elemental composition and chemical bonding states.[197 ,198 ,199 ] Figure 3.2 

illustrates the working principle of XPS based on the photoelectric effect. The binding 

energy of the ejected electrons, known as photoelectrons, can be estimated by the 

measured kinetic energy with Equation 3.2:[200,201] 

 𝐸𝑏 = ℎ𝑣 − 𝐸𝑘 Equation 3.2 

where 𝐸𝑏 is the binding energy, ℎ is Planck’s constant, 𝑣 is the frequency of exciting 

X-rays, and 𝐸𝑘 is the kinetic energy, respectively. Each surface element's chemical and 

bonding condition is then derived from the XPS spectrum via the peak shifts. 
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Figure 3.2. A schematic demonstration of the working principle of XPS based on the 

photoelectric effect. Adapted with permission from reference [200]. Copyright © 2019 

Canadian Society for Chemical Engineering. 

Thermo Scientific K-Alpha+ was used in this work to investigate the surface 

composition of Pt-based alloys after electrochemical measurements, and the XPS 

spectra were fitted by the CasaXPS software. The molar concentration (𝑥𝑖 ) of all 

elements of the electrode surface can be calculated by the following Equation 

3.3:[202,203] 

 

𝑥𝑖 =

𝐴𝑖
𝑠𝑖

⁄

∑ (
𝐴𝑗

𝑠𝑗
⁄ )𝑛

𝑗=1

 

Equation 3.3 

where 𝐴𝑖  is the area under the corresponding core-level peak, 𝑠𝑖 is the relative 

sensitivity factor (RSF), and 𝑛 is the number of elements, respectively. 
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3.2. Electrochemical Measurements 

3.2.1. Cyclic Voltammetry 

Cyclic voltammetry is a common and robust technique used to study redox processes 

of molecular species[204,205,206] and to estimate the Cdl
[207,208,209] at electrode/electrolyte 

interfaces. This analytical method provides the “fingerprint” of each material and 

electrolyte composition by recording the cyclic voltammogram (CV). 

(A) (B)  

  

Figure 3.3. (A) A typical voltage-time profile with the applied potential varying linearly 

with selected potential from E1 to E2 over time with the noted anodic and cathodic scan 

sweep. (B) A CV profile with the applied potential and current response in an anodic 

(oxidizing) and a cathodic (reducing) scan.  

Figure 3.3A shows the measuring procedure in cyclic voltammetry, in which the 

potential is varied linearly and periodically within the selected region between E1 and 

E2 with a constant scan rate (mV s-1) over time. The scanning direction comprises the 

anodic and cathodic scans corresponding to the increasing and decreasing potential 

change. A CV shows the resulting current within an applied potential range, as shown 

in Figure 3.3B.  
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(A) (B)  

  

Figure 3.4. Typical CVs of Pt electrode measured in Ar-saturated 0.1 M (A) HClO4 and (B) 

KOH solutions, respectively, including the marked hydrogen adsorption/desorption (blue), 

double layer (red), and surface oxide formation/reduction (yellow) regions. Adapted with 

permission from reference [294] (own work). 

Figures 3.4A and 3.4B show the typical CVs of the Pt(pc) electrode measured in Ar-

saturated 0.1 M HClO4 and KOH solutions in a three-electrode system. The marked 

potential regions, hydrogen absorption/desorption (blue), double layer (red), and oxide 

formation/reduction (yellow), demonstrate different electrochemical conditions on the 

catalyst surface. As the potential rises from above 0 to about 0.4 V vs. RHE, the 

underpotentially deposited (UPD) hydrogen undergoes desorption, and protons are 

released from the Pt surface. This desorption is accompanied by a charge transfer, 

offering one method to estimate the electrochemical active surface area 

(ECSA)[210 ,211 ,212 ] by integrating the adsorbed/desorbed proton charges. Within the 

potential range between around 0.4 V and 0.6 V vs. RHE, the estimated current from 

the selected scan rate is contributed by the charging/discharging of the EDL capacitance, 

which is briefly introduced in Section 2.2.1. As the potential continuously increases up 

to the theoretical equilibrium potential of ORR/OER at 1.23 V vs. RHE, the surface is 

oxidized by forming an oxide layer. On the other hand, at the cathodic scan (negative 

current), the processes reversely take place on the electrode surfaces.  
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3.2.2. Electrochemical Impedance Spectroscopy 

EIS[213,214,215,216,217,218] is regarded as one of the most informative, non-destructive, and 

sensitive electrochemical techniques to study the reaction processes as well as the 

interfacial phenomenon for different types of current energy conversion and storage 

devices.[219,220,221,222,223,224] Figure 3.5 illustrates the schematic concept of the EIS study 

on electrochemical solid/liquid interfaces. An EIS spectrum is obtained by applying a 

probing alternating current (AC) signal to a measuring system, regarded as a black box, 

and recording the system response. A physical model, represented by an electrical 

equivalent circuit (EEC), is often built to fit the obtained EIS spectra, extract 

information on the interfacial properties, and elaborate on the mechanistic insights of 

the studying systems.[225] 

This work uses potentiostatic electrochemical impedance spectroscopy (PEIS), in 

which the potential is applied and the current is measured. The reverse measurement is 

called galvanostatic electrochemical impedance spectroscopy (GEIS), in which the 

current is controlled, and the potential is measured. In PEIS, the impedance can be 

represented by following Equation 3.4:  

 
𝑍(𝜔) =

𝐸(𝑡)

𝐼(𝑡)
=

𝐸0𝑠𝑖𝑛(𝜔𝑡)

𝐼0 sin(𝜔𝑡 + 𝜑́)
= 𝑅𝑒(𝑍(𝜔)) + 𝑖𝐼𝑚(𝑍(𝜔)) 

Equation 3.4 

where 𝐸(𝑡) = 𝐸0𝑠𝑖𝑛(𝜔𝑡) is the applied sinusoidal potential as a function of time (𝑡) 

with an amplitude (𝐸0) and a frequency (𝜔), and 𝐼(𝑡) = 𝐼0 sin(𝜔𝑡 + 𝜑) is the resulting 

sinusoidal current over time with an amplitude (𝐼0) and a phase shift (𝜑́), respectively.  
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Figure 3.5. The schematic overview of an EIS analysis for an electrochemical interface. 

The potentiostat applies and records the probing and responding AC signals with a phase 

shift to the studied system. The subsequent impedance spectrum is then fitted using a 

physical model via an EEC to differentiate each interfacial parameter and demonstrate the 

mechanistic insights. Adapted with permission from reference [225]. 

Figures 3.6A and 3.6B demonstrate two typical types of EIS data representation, 

including the Nyquist and Bode plots, respectively. The Nyquist plot includes a real 

part (ReZ) and an imaginary part (ImZ) of the impedance, with frequencies arranged 

from high to low values. The Bode plots represent the absolute value of impedance (|Z|) 

and the phase shift as a function of frequency.[226]  

It is noted that a valid EIS measurement with a finite frequency range needs to fulfill 

the necessary conditions of causality, stability, and linearity.[213,227,228,229] Here, the 

criterion of causality is that the responding output signal must be only attributed to the 

perturbation of the input signal. Stability requires that the system should not change 
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significantly over time and return to the initial state once the external signal is removed. 

Linearity involves applying probing signals with small amplitudes (typically a few 

millivolts) to reach the quasi-linear condition since the electrochemical systems are 

usually highly nonlinear.  

(A) (B)  

  

Figure 3.6. A typical (A) Nyquist plot and (B) Bode plots with the absolute value of 

impedance and the phase shift shown over selected frequencies. The EIS spectra were taken 

with an RDE setup using a Pt electrode under HER conditions. Adapted with permission 

from reference [276] (own work).  

The Kramers-Kronig (KK) transformation algorithms provide a checking approach for 

evaluating the validity of impedance data[230,231,232,233,234,235,236,237] by mathematically 

calculating the real part from the imaginary part of the impedance and vice versa. In 

other words, the application of the KK relations in an electrochemical system is free of 

any physical models and assumptions. It can ensure impedance spectra satisfy the 

required conditions before the subsequent fitting and analysis via an EEC model. 

As mentioned before, the physical impedance models can be expressed via EECs or 

mathematical equations, which contain the physicochemical parameters to model the 

electrochemical processes at the electrode/electrolyte interfaces. According to the 

Dolin-Ershler-Randles approximation,[213, 238 , 239 , 240 ] the electrochemical reactions 

consist of at least three main parts contributing to the EIS response of the 
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electrode/electrolyte interfaces. These components include the capacitive contributions 

from the interfacial impedance (the impedance of EDL or the interface itself), the 

charge transfer (Faradaic) reactions, and the electrolyte resistance. Notably, the first 

two parts are connected (exist) in parallel.  

Here, several common elements in the EECs are described in Table 3.1, along with the 

symbols and the corresponding impedances.   

Table 3.1. The common elements in the EEC models to fit impedance dada. 

Elements Symbol Impedance 

Resistor R 𝑅 = 𝑍 

Inductor L 𝑍 = 𝑗𝜔𝐿 

Capacitor C 𝑍 = 1/𝑗𝜔𝐶 

A resistor (𝑅) is independent of frequency (𝜔) and contributes to the real part of the 

impedance. It describes the resistances of a liquid electrolyte, the charge transfer 

resistances, and the resistances of adsorption. The impedance of an inductor (𝐿) is 

directly proportional to the frequency with the phase shift leading to a straight line in 

the Nyquist plots and the positive values of ImZ. In addition, a capacitor ( 𝐶 ) 

demonstrates the opposite trend of an inductor and shows a straight line and the 

negative values of ImZ. It is used to model the EDL's response and the adsorption 

pseudocapacitance. In the practical situation, the constant phase element (CPE) is also 

used to replace the pure capacitor in the modeling of the EDL remarked as the following 

Equation 3.5: 

 𝑍𝑑𝑙 = 𝑍𝐶𝑃𝐸 = 1/(𝐶𝑑𝑙
′ (𝑗𝜔)𝑛) Equation 3.5 

where the 𝑛  value is the exponent of the CPE and 𝐶𝑑𝑙
′  is the parameter that is 

proportional to the capacitance of the EDL (i.e., Cdl). If 𝑛 = 1, 𝑍𝐶𝑃𝐸 is considered as a 
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pure ideal capacitor. However, if 𝑛 = 0, it is regarded as a pure resistor. Subsequently, 

the Cdl is approximately close to 𝐶𝑑𝑙
′ , if 𝑛 is very close to 1. Moreover, if the constant 

phase shift is equal to 45°, the electrochemical system is related to the diffusional 

Warburg impedance (𝑊). Under the semi-infinite diffusion condition, the Warburg 

element is used to describe the linear diffusional behavior, where the thickness of the 

diffusion layer is assumed to be infinite, as described by the following Equation 3.6: 

 
𝑍𝑤 =

𝐴𝑊

√𝜔
+

𝐴𝑊

𝑗√𝜔
 

Equation 3.6 

where the Warburg coefficient (𝐴𝑊) is regarded as the coefficient dependent on the 

surface concentration of the electroactive species from the electrolyte side. In 

comparison, if the thickness of the diffusion layer is defined to a finite length, it is 

considered in the framework of the transmissive boundary and reflective boundary 

conditions, which are represented by the Warburg short (Ws) and the Warburg open 

(Wo) elements, respectively. Their corresponding impedances, 𝑍𝑊𝑠  and 𝑍𝑊𝑜 , are 

expressed by the following Equation 3.7 and Equation 3.8. 

 
𝑍𝑊𝑠 =

𝐴𝑊

√𝑗𝜔
tanh(𝐵√𝑗𝜔) 

Equation 3.7 

 
𝑍𝑊𝑜 =

𝐴𝑊

√𝑗𝜔
coth(𝐵√𝑗𝜔) 

Equation 3.8 

A detailed description of each element in the proposed EEC model for the HER 

mechanisms with the RDE setup is discussed in Section 4.2. In this work, the EIS data 

were first checked with the KK tests and then fitted and analyzed with EIS Data 

Analysis 1.3 software.  
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3.2.3. Electrochemical Active Surface Area 

ECSA is an important parameter to calculate the specific activities of electrocatalysts 

with different types of material, structure, morphology, geometry, etc., as well as to 

investigate the degradation/aging of the electrodes in fuel cells and 

electrolyzers.[211,241,242,243,244,245,246] The evaluation of ECSA by the electrochemical 

methods for Pt and Pt-based electrocatalysts includes integration of the charge of 

oxidation peaks corresponding to monolayers of adsorbed species, such as 

underpotentially deposited hydrogen (HUPD) and some metals and adsorbed CO 

molecules.[212,247,248]  

This study uses copper underpotential deposition (CuUPD) and its subsequent stripping 

to distinguish the contributions between Pt and the secondary element in alloys, 

compared to conventional methods like HUPD and CO stripping.[146,249,250] This approach 

allows for a more precise estimation of the ECSA for Pt5Gd and Pt5Y electrodes after 

operating electrochemical measurements because Cu forms a pseudomorphic overlayer, 

where one Cu atom goes to one Pt atom at the surface. The experimental procedures 

were based on the references.[ 251 , 252 ] The surface area is calculated based on the 

assumption that the stripping CuUPD on each surface atom is oxidized and then desorbed 

from the surface, as described in the following Equation 3.9. 

 𝐶𝑢𝑈𝑃𝐷 → 𝐶𝑢2+ + 2𝑒− Equation 3.9 

Before conducting CuUPD measurements, the electrode surface was cycled for the 

electrochemical cleaning. The voltammogram was then recorded in the potential range 

0.06 V to 1.0 V vs. RHE in 0.1 M Ar-saturated HClO4 solution at a scan rate of 

20 mV s-1. Subsequently, the electrode was immersed in an Ar-saturated solution with 

a mixture of 0.1 M HClO4 and 2 mM Cu2+, by utilizing the hanging meniscus 

configuration to avoid excessively immersed surface. The measured electrode was 
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polarized at 1.0 V vs. RHE for 160 seconds to eliminate any residual Cu and 

subsequently at 0.3 V vs. RHE for 100 seconds to form a CuUPD monolayer without any 

deposition of bulk Cu on the surface. The first cycle of CV was then recorded within 

the potential range between 0.3 V and 1.0 V vs. RHE under the same scan rate, as 

demonstrated in Figure 3.7. The ECSA was calculated by Equation 3.10: 

 
𝐸𝐶𝑆𝐴 =

𝑄

𝜃 × 𝑄𝑀𝐿
 

Equation 3.10 

where Q is the measured charge from the oxidation of the adsorbed Cu atoms (the 

integration of the red dotted area in Figure 3.7), 𝜃 is the coverage ratio, and 𝑄𝑀𝐿 is the 

charge density related to a Cu monolayer formation on the surface (420 µC cm-2), 

respectively. The value of 𝜃 is assumed to be equal to 1 due to sufficient polarization 

time to form a Cu monolayer on the surface.  

(A) (B)  

 
 

Figure 3.7. The example of the CuUPD measurement for Pt(pc) electrode. (A) The profile 

shows the stable CV (purple) and the 1st cycle of CV (red), recorded in Ar-saturated 

0.1 M HClO4 and a mixture of 0.1 M HClO4 and 2 mM Cu2+ solutions, respectively, at a scan 

rate of 20 mV s-1. (B) The evaluation of integrating CuUPD oxidation charge within the red 

dotted area. Adapted with permission from reference [294] (own work). 
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3.2.4. Calibration of Reference Electrodes 

In this work, the reported potential is presented in the RHE scale, which is commonly 

used to evaluate and compare the electrocatalytic performance of the electrochemical 

measurements in a three-electrode system.[131,253] The conventional approach to convert 

the potential to the RHE scale is based on the Nernst equation. For example, the 

potential with a mercury-mercurous sulfate (MMS) electrode as a reference electrode 

(RE) is converted to the RHE scale by the following Equation 3.11:[176] 

 𝐸𝑅𝐻𝐸(𝑉) = 𝐸𝑀𝑀𝑆 + 0.66𝑉 + 0.059𝑉 ∗ 𝑝𝐻 Equation 3.11 

However, this method may not consider the undefined potential shifts, like a liquid 

junction potential[254,255,256] appearing between the conducting electrolyte and the inert 

electrolyte of RE, and cause errors in estimating the activities of measured 

electrocatalysts. To more accurately report the measured potential vs RHE, it is 

necessary to calibrate the REs in the different acidic and alkaline solutions using the 

following procedure. Figure 3.8 shows the calibration examples of 0.1 M HClO4 and 

KOH electrolytes with an MMS electrode as a RE. The electrolyte was firstly purged 

with H2 for about 30 minutes to obtain the H2-saturated condition. The CV was then 

recorded with a scan rate of 10 mV s-1 at 1600 revolutions per minute (rpm) within the 

intersection potentials close to zero current to achieve the average potential for the 

measured acidic and alkaline electrolytes. The detailed calibration results for each 

acidic and alkaline medium, measured with two types of REs, including a MMS 

electrode and a mercury-mercuric oxide (MMO) electrode, are listed in Table 3.2. It is 

observed that there is approximately 30 mV of potential difference between the 

theoretical and experimental results for each calibration of 0.1 M alkaline solution with 

an MMS electrode, where the pH value is assumed to be 13. The results helped to report 

the CVs and the electrocatalytic activities with the potential in the RHE scale more 
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accurately for each measured solution.  

(A) (B)  

  

Figure 3.8. The examples of calibration of MMS as a RE in 0.1 M (A) HClO4 and (B) KOH 

solutions with a scan rate of 10 mV s-1 at 1600 rpm. The typical HER/HOR polarization 

curves were recorded in H2-saturated condition to define the intersection potential at zero 

current (the inset figures) for the measured RE. Adapted with permission from reference 

[294] (own work). 

Table 3.2. The calibration results of MMS and MMO as the REs in each electrolyte. The table 

is adapted with permission from reference [294]. 

Electrolyte Average interception potential Reference electrode 

0.1 M HClO4 ~ -719 mV MMS 

0.1 M LiOH ~ -1388 mV MMS 

0.1 M NaOH ~ -1392 mV MMS 

0.1 M KOH ~ -1393 mV MMS 

0.1 M RbOH ~ -1395 mV MMS 

0.1 M CsOH ~-1395 mV MMS 

0.1 M KOH ~ -906 mV MMO 
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Besides, it is noted that achieving the H2-saturated condition is necessary to ensure the 

accurate potential calibration of REs. For instance, Figures 3.9A and 3.9B show the 

potential differences between the H2- and Ar-saturated 0.1 M HClO4 and LiOH 

electrolytes for Pt(pc) with an MMS electrode as a RE. The potential exhibits about 

45 mV deviation for both solutions, which is attributed to the different saturated 

conditions that shift the Nernstian potential. Under the Ar-saturated condition, the 

reaction favorably produces H2 gas to achieve equilibrium, resulting in a higher current 

density of HER compared to that under the H2-saturated condition within lower 

overpotential regions in both acidic and alkaline media.  

(A) (B)  

 
 

Figure 3.9. The iR-corrected HER/HOR polarization curves in H2- and Ar-saturated (A) 

0.1 M HClO4 and (B) 0.1 M LiOH electrolytes in the potential scale of MMS electrodes at 

1600 rpm with a scan rate of 10 mV s-1. Adapted with permission from reference [294] (own 

work). 
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3.3. Experimental Setup and Measurement Details 

3.3.1. Three-Electrode Cell 

The three-electrode cells were used in this work to conduct the electrochemical 

measurements, as shown in Figure 3.10A. The cell consisted of the working electrode 

(WE), the counter electrode (CE), and the RE, which were connected to the RDE setup 

and further to the VSP-300 potentiostat (Bio-Logic, France). For a typical cyclic 

voltammetry or a PEIS measurement, the potential was controlled between the WE and 

the RE, and the current was measured between the working and counter electrodes via 

the potentiostat, respectively. The cell also includes the gas inlet and the gas outlet to 

manage the measuring gas environments. 

(A) (B)  

  

Figure 3.10. (A) The setup for the electrochemical measurements, which includes the 

RDE setup (green) and the three-electrode cell (DURAN® borosilicate glass) 

connected with the working electrode (red), counter electrode (blue), and reference 

electrode (gray), respectively. The gas inlet and the gas outlet of the cell controlled the 

gas environments during measuring. (B) The self-constructed perfluoroalkoxy (PFA) 

electrochemical cell with the same construction as a classical glass cell. 

Moreover, to ensure that the glass cell used for electrochemical measurements in 

alkaline solutions does not introduce any undesired contamination issues to impact the 



 

63 

 

electrocatalytic performance due to the glass itself,[257,258,259,260,261] all measurements 

were performed in short-term periods in diluted alkaline solutions. Figure 3.10B shows 

the self-constructed perfluoroalkoxy (PFA) electrochemical cell, which was used for 

the comparison with the typical glass cell (DURAN® borosilicate glass). 

 

3.3.2. Rotating Disc Electrode  

The RDE setup is one of the common hydrodynamic techniques and is exploited to 

analyze the kinetics of the interfacial reactions and benchmark the reaction activities 

under different mass-transport conditions.[262,263,264,265,266,267] Figure 3.11 shows the 

schematic RDE and the experimental RDE as a WE, which contains a measuring crystal 

inserted into an insulating holder, like Teflon. The holder maintains a consistent 

exposed surface area and prevents any leakages as the electrode immerses into the 

electrolyte. While the disc rotates at a given rate in a liquid electrolyte, it constantly 

provides a convective flow of reactant species coming from the bulk to the electrode 

surface and then flushing out horizontally along the electrode surface with the 

indicating directions of the blue arrows due to the centrifugal force.[268]  

As the RDE provides constant mass diffusion conditions, the kinetics of electrocatalysts 

can be estimated according to the Koutecký-Levich equation: 

 1

𝑗𝑚
=

1

𝑗𝑘𝑖𝑛
+

1

𝑗𝑙𝑖𝑚
 

Equation 3.12 

where 𝑗𝑚 is the measured current density, 𝑗𝑘𝑖𝑛 is the kinetic current density, and 𝑗𝑙𝑖𝑚 is 

the limiting current density during measurements, respectively.  

Besides, the diffusion-convection 𝑗𝑙𝑖𝑚 is dependent on the rotation speed and is defined 

as: 
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 𝑗𝑙𝑖𝑚 = 0.201𝑛𝐹𝐷
2

3 ⁄ 𝑣
−1

6⁄  𝜔
1

2⁄ 𝐶 Equation 3.13 

where 𝑛 is the number of electrons during electron transfer, 𝐹 is the Faraday constant, 

𝐷 is the diffusion coefficient of the reactant, 𝑣 is the kinetic viscosity of the solution, 

𝜔 is the rotation speed with a unit of rpm, and 𝐶 is the bulk concentration of the solution, 

respectively. 

(A) (B)  

  

Figure 3.11. (A) The schematic RDE and (B) the experimental RDE include a disc crystal 

as a WE and a Teflon holder (non-conducting material). During rotation, the RDE 

provides a constant flux toward the electrode surface. 

It is noted that Equation 3.13 only applies to calculating the 𝑗𝑘𝑖𝑛 when the reaction is 

under irreversible processes such as the ORR. However, hydrogen reactions are 

regarded as reversible processes, and the way to extract the 𝑗𝑘𝑖𝑛 is revised to the 

following equations:[281] 

 1

𝑗𝑚
=

1

𝑗𝑘𝑖𝑛
+

1

𝑗𝑑
 

Equation 3.14 

 
𝑗𝑑 = 𝑗𝑙𝑖𝑚(1 − exp (−

2𝐹𝜂

𝑅𝑇
)) 

Equation 3.15 

where 𝑗𝑚, 𝑗𝑘𝑖𝑛, and 𝑗𝑙𝑖𝑚 are the measured, kinetic, and limiting current density, 𝑗𝑑 is the 
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diffusion current density, 𝐹 is the Faraday constant, 𝜂 is the overpotential, 𝑅 is the ideal 

gas constant, and 𝑇 is the temperature in Kelvin, respectively. 

Furthermore, before calculating the 𝑗𝑘𝑖𝑛 for each measurement, the reported potential 

( 𝐸𝑖𝑅−𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 ) was done by the applied potential ( 𝐸𝑚 ) corrected with the iR 

compensation in Equation 3.16: 

 𝐸𝑖𝑅−𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 = 𝐸𝑚 − 𝑗𝑚𝑅𝑢 Equation 3.16 

where the uncompensated ohmic resistance (𝑅𝑢), mainly from the electrolyte resistance, 

was done by the staircase PEIS measurement. A shunt capacitor was connected between 

the RE and the CE to suppress the measurement artifacts from the high-frequency range, 

as stated in the reference.[269] 

(A) (B)  

  

Figure 3.12. The examples of (A) the HER/HOR and (B) ORR the polarization curves 

recording in anodic scan for Pt(pc) electrode measured in O2- and H2-saturated 

0.1 M HClO4 at 1600 rpm with the conditions of before and after the iR compensation. The 

background calibration of ORR polarization curves was corrected from the CV measuring 

in an Ar-saturated condition. The lower and higher ORR current densities mainly 

correspond to the regions of the electrocatalytic activation and the mass diffusion of 

electrolytes, respectively.   
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Figures 3.12A and 3.12B show examples of the HER/HOR and the ORR polarization 

curves in 0.1 M H2- and O2-saturated HClO4, where the curves were corrected by the 

iR compensation in Equation 3.16. The ORR polarization curve was further calibrated 

by the CV background recording in an Ar-saturated condition to estimate ORR kinetics 

more accurately for the measured electrodes. To be more specific, during the ORR, as 

the potential is close to its so-called unset potential, in which the cathodic current 

density starts turning above the set value, the reactions at the surface are dominated by 

the kinetic activation energy of the electrocatalysts following the Butler-Volmer 

equation mentioned in Section 2.2.3. As the potential decreases, in which the 

overpotential increases, the current density reaches the 𝑗𝑙𝑖𝑚 and the reactions are mainly 

influenced by mass diffusion.  

 

3.3.3. Preparation of Materials and Electrolytes 

Detailed information on measuring electrodes in this work is listed in Table 3.3. The 

electrolytes for the electrochemical measurements were prepared from chemicals of 

extremely high quality, as listed in Table 3.4. 

Table 3.3. The disc electrodes for electrochemical measurements. 

Electrode Surface dimension Company 

Pt(pc) About 5 mm in diameter MaTeck, Germany 

Pt5Gd alloy About 5 mm in diameter MaTeck, Germany 

Pt5Y alloy About 5 mm in diameter MaTeck, Germany 
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Table 3.4. The chemicals used to prepare the measuring electrolytes and cleaning processes. 

Chemical Quality Company 

Lithium hydroxide 

(LiOH) 

99.995% (metals basis) Thermo Fisher Scientific, 

USA 

Sodium hydroxide 

(NaOH) 

99.99% (metals basis) Thermo Fisher Scientific, 

USA 

Potassium 

hydroxide (KOH) 

99.98% (metals basis) Alfa Aesar, USA 

Rubidium hydroxide 

(RbOH) 

solution, 50 wt. % in H2O, 99.9% 

trace metals basis 

Sigma-Aldrich, USA 

Cesium hydroxide 

(CsOH) 

solution, 50 wt. % in H2O, 99.9% 

trace metals basis 

Sigma-Aldrich, USA 

Perchloric acid 

(HClO4) 

70% HClO4, Suprapur, and extra 

pure 

Merck (Suprapur) and Acros 

(extra pure), Germany 

Water (H2O) Ultrapure, 18.2 MΩ cm Merck Millipore, Germany 

Copper (II) oxide 

(CuO) 

99.999% (trace metals basis) Sigma-Aldrich, USA 

Sulfuric acid 

(H2SO4) 

96% H2SO4, p.a., ISO Carl Roth, Germany 

Hydrogen Peroxide 

(H2O2) 

30% H2O2, p.a., ISO Carl Roth, Germany 

To avoid any possible contaminations, the electrochemical cells were cleaned with the 

so-called “Piranha solution”,[270 ,271 ,272 ] a 3:1 mixture of Sulfuric acid and Hydrogen 
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Peroxide, and then rinsed with hot ultrapure water several times to remove the residual 

contaminations. Additionally, the measured electrodes were cleaned further using the 

electrochemical method. This procedure involved multiple cyclic voltammetry cycles 

with the potential to reach the HER and OER regions until a stable CV was obtained 

before the actual electrochemical measurements.  
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4. Results and Discussion 

4.1. Electrode Characterizations 

In this work, Pt(pc), Pt5Gd, and Pt5Y disc electrodes are utilized as a model system to 

investigate the electrochemical properties of the HER and ORR under different 

electrode/electrolyte interfacial conditions. Before discussing electrochemical results, 

the material characterizations, including the analysis of XRD, XPS, and ECSA, are 

illustrated in this section, respectively.  

4.1.1. XRD Analysis for the Pt and Pt Alloys  

Figures 4.1A-C show the XRD patterns of the Pt, Pt5Gd, and Pt5Y disc electrodes after 

the electrochemical measurements, in which the diffraction peaks are fitted according 

to the literature data,[68,251,301] as shown in Table 4.1. The measured crystals show 

polycrystalline structures. However, due to the presence of various secondary elements 

(e.g. Gd and Y) in the Pt alloys, the crystalline structures of both Pt5Gd and Pt5Y 

electrodes are more complex than that of pure Pt, which has a simple Cu structure with 

a lattice parameter 𝑎  of about 3.92 Å. The crystallographic type of Pt5Gd and Pt5Y 

correspond to a Cu5Ca and AuBe5 structure and the corresponding lattice parameter 𝑎 

are about 5.29 Å and 7.49 Å, respectively. While it is reported that Pt5Gd can also adopt 

an AuBe5 structure with the multiplication of the 𝑐  axis, the lattice parameter 𝑎  is 

relatively constant in both structures.[68,301] Therefore, the corresponding surface strains 

from the lattice mismatch are based on the difference between the lattice parameter 𝑎 

of the Pt overlayer and the underlying bulk alloy after the so-called acid leaching 

process (see Figure 4.1D). Here, we assume the Pt overlayer has the same crystalline 

structure as the Pt(pc). As the Pt overlayer has a smaller lattice parameter than that of 
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the bulk, the induced compressive strains affect the electronic and chemical properties 

of the electrode surfaces and significantly influence the electrocatalytic performances.  

(A) (B)  

  

(C) (D) 

  

Figure 4.1. The XRD patterns of (A) Pt5Gd, (B) Pt5Y, and (C) Pt(pc) electrodes with labeled 

peaks correspond to the literature [68,251,301]. It is worth noting that all spectra were 

recorded after electrochemical measurements. Adapted with permission from reference 

[294] (own work). (D) The schematic of the formation of the Pt overlayer after the acid 

leaching process for Pt bulk alloys. The atoms of a secondary element (e.g., Gd and Y) are 

marked in green, and the Pt atoms are marked in grey. 
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Table 4.1. The XRD fitting results of disc electrodes with the corresponding literature. The 

table is adapted with permission from reference [294].  

Crystal 

electrode 

Crystallographic 

prototypes 

Lattice  

parameter 𝒂 [Å] 

Corresponding  

literature 

Pt5Gd Cu5Ca  ~5.29 [68,301] 

Pt5Y AuBe5 ~7.49 [251] 

Pt Cu ~3.92 [251,301] 

 

4.1.2. XPS Analysis for the Pt Alloys 

Figure 4.2 demonstrates the XPS spectra and the fittings of the Pt5Gd and Pt5Y 

electrodes. The intensity peaks of Pt 4f, Gd 4d, and Y 3d and their corresponding 

binding energies are analyzed after the electrochemical measurements in acid media. 

The surface composition of Pt5Gd and Pt5Y is calculated by Equation 3.3. Based on 

the fitting results, approximately 6.2 % of Gd and 4.2 % of Y are detected on the 

electrode surfaces, respectively. This indicates that the complete dealloying Pt 

overlayer is formed for both Pt alloys after the acid-leaching process.  

Besides, it is noted that the detection of a small number of atoms of a secondary element 

is attributed to the possible reasons that the penetrating thickness of incident X-ray 

beams involves not only the Pt overlayer but also part of the bulk alloys. The more 

precise thickness of the Pt overlayer is reported in the literature[301] by utilizing the non-

destructive angle-resolved X-ray photoelectron spectroscopy (AR-XPS), which can 

extract the in-depth surface composition information and arbitrarily demonstrate three 
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monolayers of pure Pt overlayer (i.e., about 10 Å depth from the surface) for Pt5Gd 

electrode.  

(A) 

 

(B) 

 

Figure 4.2. The XPS spectra with the fitting results of (A) Pt5Gd and (B) Pt5Y electrodes 

after the electrochemical measurements. Adapted with permission from reference [294] (own 

work). 

 

4.1.3. ECSA Evaluation for the Pt and Pt Alloys 

To further confirm the formation of the Pt overlayer on the bulk alloys, the ECSAs of 

measured electrodes are conducted by the CuUPD measurements, in which the detailed 

experimental procedure is illustrated in Section 3.2.3. Figures 4.3A-C show the stable 

CVs (black) of Pt5Gd, Pt5Y, and Pt(pc) electrodes, respectively, in Ar-saturated 

0.1 M HClO4 with a scan rate of 20 mV s-1. It is noted that a stable CV is required to 
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ensure the completion of dealloying and the cleaning processes for the electrode 

surface.[301]  

(A) (B)  

  

(C) (D) 

 
 

Figure 4.3. The CuUPD measurements for (A) Pt5Gd, (B) Pt5Y, and (C) Pt(pc) electrodes. 

The profile shows the stable CV (black) and the 1st cycle of CV (orange) for the Cu stripping, 

conducted in Ar-saturated 0.1 M HClO4 and a mixture of 0.1 M HClO4 and 2 mM Cu2+ 

solutions, respectively, at a scan rate of 20 mV s-1. The calculated ECSA is noted in the 

slashed orange area for each electrode. (D) The bar chart represents the recorded ECSAs of 

the measured electrodes determined by Cu underpotential deposition/monolayer stripping. 

Adapted with permission from reference [294] (own work). 
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To that aim, Figures 4.4A and 4.4B show the long-term cyclic voltammetry for the 

Pt5Gd and Pt5Y electrodes in Ar-saturated HClO4 with a scan rate of 50 mV s-1, 

respectively. The current density of CVs gradually increases with the increased number 

of cycles until it reaches its steady condition at the 64th cycle after surface dealloying 

and reconstructing. The representing HUPD peaks for Pt, mainly attributed to (110) and 

(100) facets,[273,274,275] and the oxide formation/reduction peaks become more obvious 

during the cycling procedure, and this indicates that the Pt overlayer is developed with 

the secondary atom leaching out from the alloy surface.  

(A) (B) 

  

Figure 4.4. The CVs for (A) Pt5Gd and (B) Pt5Y electrodes in Ar-saturated 0.1 M HClO4 

with a scan rate of 50 mV s-1 during long-term cycling. 

In addition, the CuUPD measurement is subsequently conducted in a mixture solution 

of 0.1 M HClO4 and 2 mM Cu2+. The recorded CV (orange) shows the Cu stripping 

process at the surface (see Equation 3.9) and the corresponding ECSAs based on the 

integration of CuUPD charge can be estimated according to Equation 3.10. 

Figure 4.3D shows the average ECSAs of Pt(pc), Pt5Gd, and Pt5Y electrodes. Each 

electrode shows a similar ECSA, which closely matches its geometric surface area of 

approximately 0.2 cm2 (for a disc electrode with a diameter of about 5 mm). This 

further indicates that the complete Pt overlayer on Pt bulk alloys is formed after the 
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acid-leaching process. Since the average ECSAs are comparable to the geometrical 

surface areas for the measured electrodes, all recorded current densities in this work 

are obtained from normalizing the currents by the geometrical surface area.  
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4.2. Combining Impedance and Hydrodynamic 

Approaches in Electrocatalysis. Characterization of Pt(pc), 

Pt5Gd, and Nanostructured Pd/C for the HER 

As mentioned earlier, hydrogen reactions are highly studied in electrochemistry and are 

extremely important for developing highly efficient energy conversion devices. The 

RDE hydrodynamic approach is widely used to study the activity and stability of 

different electrochemical reactions, as it offers precise control over the mass transport 

of electroactive species. Combining cyclic voltammetry with RDE is a standard 

characterization protocol in electrocatalysis. In contrast, the EIS is one of the most 

informative electrochemical methods, which can provide more detailed insights into 

reaction processes occurring simultaneously at the electrode/electrolyte interfaces. In 

this section, we conducted the combined EIS-RDE method and explored the 

mechanistic study of HER for Pt(pc) and Pt5Gd disc electrodes in acidic and alkaline 

solutions as the model system. The EEC model was utilized to elucidate EIS spectra 

and extract the critical interfacial parameters during the HER under different rotation 

conditions. Each parameter in the EEC model and the relative contribution of Volmer-

Heyrovsky and Volmer-Tafel reaction pathways were discussed, along with the 

influence of rotation rates. Furthermore, the more complex system, like nanostructured 

Pd/C catalysts, has also been investigated.  

The main part of this section is based on the publication with the agreement of the listed 

co-authors: 

Song, K.-T.; Schott, C. M.; Schneider, P. M.; Watzele, S. A.; Kluge, R. M.; Gubanova, 

E. L.; Bandarenka, A. S. Combining Impedance and Hydrodynamic Methods in 

Electrocatalysis. Characterization of Pt(pc), Pt5Gd, and Nanostructured Pd for the 

Hydrogen Evolution Reaction. J. Phys. Energy 2023, 5 (1), 014016[276]  
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4.2.1. Elucidation of Electrical Equivalent Circuit  

The development of the EEC model is based on the previous work focusing on a Pt(pc) 

microelectrode under HER reaction conditions with different pH values and 

overpotentials.[84,85] As mentioned in Section 2.3.1, the overall HER can be divided into 

three elementary steps. The first step is the Volmer reaction, followed by the Heyrovsky, 

or the Tafel steps. The complete HER pathways are illustrated as the Volmer-Heyrovsky 

and Volmer-Tafel reaction pathways. The initial assumption of the EEC model is that 

the two reaction pathways are quasi-independent and take place simultaneously. 

Figure 4.5 illustrates the EEC model of HER with the RDE setup, which controls the 

mass transport conditions. In the series of 𝑅𝑢, there is a parallel connection between the 

non-Faradaic branch and the Faradaic branches. The non-Faradaic behavior 

corresponds to the Cdl. The Faradaic reactions are attributed to the total HER current 

mainly from the sum of currents of Volmer-Heyrovsky and Volmer-Tafel reactions.  

For the HER in acidic media, the Volmer-Heyrovsky mechanism includes one proton 

adsorption (Volmer step) and its subsequent reaction with another proton from the 

solution to form hydrogen gas (Heyrovsky step). In other words, this reaction type is 

limited by the fractional coverage of the adsorbed hydrogen species at the electrode 

surface, where the faradaic impedance consists of the charge transfer resistance of the 

Volmer-Heyrovsky mechanism (Rct,VH) in series with the parallel connection between 

the adsorption resistance (Ra) and capacitance (Ca). The EEC model of the Volmer-

Heyrovsky mechanism can be expressed by Equation 4.1.   

 
𝑍̂𝑉𝐻 = 𝑅𝑐𝑡,𝑉𝐻 +

1

𝑗𝜔𝐶𝑎 +
1

𝑅𝑎

 
Equation 4.1  

On the other hand, the Volmer-Tafel mechanism is relatively simple and involves the 

combination of two adsorbed hydrogen atoms to form H2. At sufficiently high 
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overpotentials, the Volmer mechanism is regarded as a relatively fast charge transfer 

step, and the reaction is limited by the hydrogen mass-transport processes.[84,85,277 ] 

Since the RDE technique provides a steadily convective flow of electrolytes towards 

the electrode surfaces, the condition fits the finite-length diffusion with the transmissive 

boundary. The corresponding Faradaic impedance is equal to the charge-transfer 

resistance of the Volmer-Tafel mechanism (Rct,VT) in a series of the parameter of Ws. 

The EEC model of the Volmer-Tafel mechanism is written by the mathematical 

Equation 4.2 

 𝑍̂𝑉𝑇 = 𝑅𝑐𝑡,𝑉𝑇 + 𝑍̂𝑊𝑠
 Equation 4.2 

The parameter of Ws consists of the two elements of 𝑊𝑠𝑐 and 𝑊𝑠𝑟, as described in 

Equation 4.3, Equation 4.4, Equation 4.5, and Equation 4.6, respectively.[227] 

 

𝑍̂𝑊𝑠
=

𝐴𝑊

√𝑗𝜔
tanh(𝐵√𝑗𝜔) =

𝜎√2

√𝑗𝜔
tanh(√

𝑗𝜔

𝐷
𝛿𝑁)  

Equation 4.3 

 
𝑊𝑠𝑐 =  

𝛿𝑁

√𝐷
  

Equation 4.4 

 𝑊𝑠𝑟 =  𝜎√2 Equation 4.5 

 
𝜎 =

𝑅𝑇

𝑛2𝐹2𝐴√2
(

1

𝐶𝑂√𝐷𝑂

+
1

𝐶𝑅√𝐷𝑅

) 
Equation 4.6 

Here, 𝜎 is the Warburg coefficient, 𝐷 is the diffusion coefficient, and 𝛿𝑁 is the Nernst 

diffusion layer thickness in Equation 4.4 and Equation 4.5. The parameters of Wsc 

and Wsr have the units of s1/2 and Ω s-1/2, respectively. In Equation 4.6,[278] 𝑅 is the 

ideal gas constant, 𝑇 is the temperature, 𝑛 is the number of electrons involved, 𝐹 is the 

Faraday constant, 𝐴 is the electrode surface area, 𝐶𝑂 and 𝐶𝑅  are the concentrations of 

oxidants and reductants, and 𝐷𝑂 and 𝐷𝑅 are the diffusion coefficients of oxidants and 
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reductants, respectively.  

 

Figure 4.5. The EEC model for HER in acidic and alkaline media under controlled 

rotation conditions with the RDE setup. The EEC includes the Ru in a series of the 

parallel non-Faradaic branch of the Cdl and the branch of the Faradaic processes of 

HER, including the Volmer-Heyrovsky and Volmer-Tafel mechanisms. Adapted with 

permission from reference [276] (own work). 

It is pointed out that the common approach to determining the rate-limiting step of the 

HER mechanisms relies on the calculation of the Tafel slope. The Tafel slopes of 

approximately 120, 40, and 30 mV dec-1 correspond to the rate-limiting Volmer, 

Heyrovsky, and Tafel steps, respectively.[279,280] However, this method requires precise 

extraction of the HER kinetics and is dependent on the applied potential. In this work, 

the study of HER mechanisms is not based on the Tafel slope but rather focuses on the 

EIS analysis, which can quantitatively differentiate the interfacial parameters based on 

their frequency domains. 
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4.2.2. HER for Disc Electrodes in Acidic Media 

This work selected Pt(pc) and Pt5Gd disc electrodes as the model system for 

investigation and comparison because Pt-based catalysts are known for their high and 

stable activities in various reaction conditions.[85,153] Figure 4.6A shows the Tafel plot 

of HER for Pt(pc) and Pt5Gd electrode in H2-saturated 0.1 M HClO4 at 1600 rpm with 

a scan rate of 10 mV s-1. The -𝑗𝑘𝑖𝑛 of Pt5Gd at -10 mV vs. RHE is higher than that of 

the Pt(pc) electrode in Figure 4.6B. This can be attributed to the compressive strain 

effect on the Pt5Gd surface, which reduces the binding energies with reactive 

intermediates, leading to optimal binding configurations for the HER. Similarly, more 

promising performance for Pt-based catalysts is observed for the ORR activity in acidic 

media.[68,251,301] 

(A) (B)  

  

Figure 4.6. (A) The Tafel plot for the HER on the Pt5Gd and Pt(pc) electrodes measured 

in H2-saturated 0.1 HClO4 at 1600 rpm with a scan rate of 10 mV s-1. (B) The bar chart of 

the negative value of jkin at -10 mV vs RHE for the Pt5Gd and Pt(pc) electrodes. Adapted 

with permission from reference [276] (own work). 

Besides, Figures 4.7A and 4.7B show the HER/HOR polarization curves for the Pt(pc) 

and Pt5Gd electrodes recorded at different rotation rates in H2-saturated 0.1 M HClO4. 

As rotation rates increase from 400 rpm to 2500 rpm, the limiting current density of 
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HOR demonstrates an upward trend. The linear relationship for both electrodes follows 

the Koutecký-Levich equation at 100 mV vs. RHE, which indicates that the HOR is 

mainly limited by the mass transport at high overpotentials due to the low solubility of 

H2 in aqueous solutions,[281,282,283] as illustrated in the insets of Figures 4.7A and 4.7B.  

(A) (B)  

  

(C) (D) 

 
 

Figure 4.7. The iR-corrected HER/HOR polarization curves (anodic scan) of (A) Pt(pc) 

and (B) Pt5Gd electrodes. The inset figures of (A) and (B) illustrate the Koutecký-Levich 

plot at 100 mV vs RHE. The EIS spectra with the Nyquist presentations of (C) Pt(pc) and 

(D) Pt5Gd electrodes at -10 mV vs. RHE. The dotted and the solid lines present the 

measured and fitted EIS spectra with the EEC model in Figure 4.5. The data was recorded 

in H2-saturated 0.1 M HClO4 with a scan rate of 10 mV s-1 at the chosen rotation rates of 

400, 900, 1600, and 2500 rpm, respectively. Adapted with permission from reference [276] 

(own work). 

Similarly, the current density of HER follows the same trend as the HOR and increases 
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with higher rotation rates for both Pt(pc) and Pt5Gd electrodes. This indicates that 

although the HER is assumed to be free of diffusion limitation, the contribution of the 

overall overpotential from both the charge transfer kinetics and the limiting mass 

transport needs to be considered for HER in acidic media.[281] Figures 4.7C and 4.7D 

show the Nyquist plots for the Pt(pc) and Pt5Gd electrodes, respectively, conducted the 

HER at -10 mV vs. RHE under different rotation conditions. The Bode plots illustrate 

added information regarding the total impedance and the phase shift as a function of 

frequency (see Appendix). The EIS data were fitted by the EEC model in Figure 4.5, 

and fitting results provide more quantitative information on the interfacial properties. 

It is observed that there is a slight alteration of the arcs within the high-frequency region, 

which is correlated to the Faradaic reactions under different rotation configurations. In 

contrast, the profound deviations within the lower frequencies mainly relate to the mass 

transport and adsorption processes. It is worth noting that the chosen potential ranges 

for the HER/HOR polarization curves and the EIS measurements are relatively low. 

This ensures that the corresponding current density remains low, thereby preventing the 

formation of H2 bubbles on the surface. 

Figure 4.8 and Figure 4.9 show the fitting results of EIS data for the Pt(pc) and Pt5Gd 

electrodes, respectively, with each parameter plotting as a function of the square root 

of the rotation rate. From the Volmer-Heyrovsky reaction pathway in acidic media, the 

resistance of the Faradaic reaction, the Rct,VH, increases with the decrease of the rotation 

speed for both measured electrodes. This can be related to the concentration variation 

of the redox species at the electrode/electrolyte interfaces under different rotation 

configurations and the time shift during the EIS measurements.[284] 

Besides, for both Pt(pc) and Pt5Gd electrodes, the Ra, associated with the resistance 

response of the adsorption processes, is several factors higher than the Rct,VH. The Ra 

increases significantly, approximately doubling from 2500 rpm to 400 rpm, while the 
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Ca slightly decreases with the decreasing rotation rate for both electrodes. This clearly 

demonstrates that the rate-limiting step of the Volmer-Heyrovsky mechanism is rather 

determined by adsorption processes and closely depends on the coverage fraction of the 

adsorbed hydrogen species. In other words, as the rotation rate increases, the Volmer-

Heyrovsky reaction pathway has a lower adsorption barrier and is preferred to take 

place at the electrode surfaces.  

(A) (B)  

  

Figure 4.8. The fitting parameters in the EEC model as a function of the square root of the 

rotation rate for Pt(pc) electrode measured at -10 mV vs. RHE in H2-saturated HClO4. (A) 

The parameters include the Rct,VH, Ra, and Ca for the Volmer-Heyrovsky mechanism and the 

Ru. (B) The parameters consist of the Rct,VT, and the Ws element (Wsc and Wsr) of the Volmer-

Tafel mechanism and the non-Faradaic contribution of Cdl. Adapted with permission from 

reference [276] (own work). 

On the other hand, the Volmer-Tafel reaction pathway is mainly associated with the 

charge transfer and diffusion configurations. For the charge transfer processes, the 

Rct,VT follows a similar trend as the Rct,VH, which increases lightly with the decrease of 
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the rotation rate. It is noted that the values of Rct,VT, and Rct,VH for Pt(pc) are relatively 

similar; however, the value of Rct,VT is larger than that of Rct,VH for Pt5Gd electrode. 

This indicates that the Volmer-Heyrovsky mechanism is preferred to take place for the 

total HER at -10 mV vs. RHE in 0.1 M HClO4.  

(A) (B)  

  

Figure 4.9. The fitting parameters in the EEC model as a function of the square root of the 

rotation rate for Pt5Gd electrode recorded at -10 mV vs. RHE in H2-saturated HClO4. (A) 

The parameters comprise the Rct,VH, Ra, and Ca for the Volmer-Heyrovsky mechanism and 

the Ru. (B) The parameters include the Rct,VT and the Ws element (Wsc and Wsr) of the 

Volmer-Tafel mechanism and the non-Faradaic contribution of Cdl. Adapted with 

permission from reference [276] (own work). 

Besides, the mass-transport properties are precisely illustrated for the RDE setup with 

the Ws element consisting of Wsc and Wsr. The Wsc is a function of the thickness of the 

Nernst diffusion layer, and the Wsr is mainly related to the Warburg coefficient, as 

shown in Equation 4.3, Equation 4.4, Equation 4.5, and Equation 4.6. For both Pt(pc) 

and Pt5Gd electrodes, as the rotation rate decreases from 2500 rpm to 400 rpm (i.e., a 
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slower mass transport), the value of Wsc increases about two times higher with a 

broader thickness of the diffusion layer. However, the trend of WSr shows the opposite 

as the rotation rate decreases. This can be attributed to the inverse relation between the 

Warburg coefficient and the species concentrations (see Equation 4.6). The larger 

deviation of both Wsc and Wsr with comparable higher impedance compared to the 

slight difference in the Rct,VT indicates that the HER is rather diffusion limiting instead 

of the fast Faradaic reactions. In addition, the other two parameters, Ru and Cdl, are 

relatively independent of the rotation rates during the HER, in which the values remain 

comparably constant at different rotation configurations for both Pt(pc) and Pt5Gd 

electrodes. 

In order to determine the dominant reaction pathway of HER, the ratio of Rct,VH/Rct,VT 

is calculated according to the related Equation 4.7[151]: 

 𝑅𝑐𝑡,𝑉𝐻

𝑅𝑐𝑡,𝑉𝑇
∝

𝐼𝑐𝑡,𝑉𝑇

𝐼𝑐𝑡,𝑉𝐻
 

Equation 4.7 

where the 𝐼𝑐𝑡,𝑉𝑇 and 𝐼𝑐𝑡,𝑉𝐻 correspond to the partial current of the Volmer-Heyrovsky 

and Volmer-Tafel reactions towards the total HER current, respectively.  

As shown in Figure 4.10A, the value demonstrates the relative contribution between 

the Volmer-Heyrovsky and Volmer-Tefal mechanisms measured at -10 mV vs. RHE in 

H2-saturated 0.1 M HClO4 under different rotation conditions. The ratio for both 

electrodes remains comparably constant under different rotation rates. Besides, the 

ratios are approximately 0.5 and 0.9 for Pt5Gd and Pt(pc) electrodes, respectively, 

which suggest that the Volmer-Heyrovsky is rather dominant in acid for Pt5Gd 

compared to Pt(pc) electrode at a certain low overpotential region at different rotation 

configurations. Furthermore, Figure 4.10B displays a clearly linear relationship 

between the Wsc and the inverse of the square root of the rotation rate for both 

electrodes. The trend follows Equation 4.4 and the following Equation 4.8: 
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 𝛿𝑁 = 1.61 × 𝐷1/3𝜔−1/2𝑣1/6 Equation 4.8 

As mentioned earlier, 𝛿𝑁 is the diffusion-layer thickness, 𝐷 is the diffusion coefficient, 

𝜔 is the rotation rate, and 𝑣 is the solution viscosity, respectively. Consequently, the 

thickness of the diffusion layer can be quantitatively assessed once all parameters in 

Equation 4.8 are known. 

(A) (B)  

  

Figure 4.10. (A) The relative contribution between the Volmer-Heyrovsky and Volmer-Tefal 

mechanisms with the ratio of Rct,VH/Rct,VT as a function of the square root of the rotation rate, 

and (B) Wsc as a function of the inverse of the square root of the rotation rate for the Pt(pc) 

and Pt5Gd electrodes at -10 mV vs. RHE in H2-saturated HClO4. The dashed lines in (A) are a 

guide to the eye, and the lines in (B) are a linear fit of the data, respectively. Adapted with 

permission from reference [276] (own work). 

 

4.2.3. HER for Disc Electrodes in Alkaline Media 

In this subsection, the same set of experiments and approaches was conducted in 

alkaline media to compare the differences from the measurements in acidic media. The 

reason for selecting 0.1 M LiOH as the alkaline solution is due to the highest HER 

activity for the Pt(pc) electrode.[151] Another reason is because of the relatively higher 
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HER stability compared to other alkaline media (i.e., RbOH and CsOH solutions), for 

which the formation of irreversible (sub)surface oxidation on Pt electrode for potentials 

above 0.6 V vs. RHE was reported in the literature.[285,286] It is worth mentioning that 

because of the instability of Pt-based catalysts in alkaline solutions,[287] the electrodes 

were conducted by electrochemical cleaning and activation processes before each EIS 

measurement. 

(A) (B)  

  

Figure 4.11. (A) The Tafel plot for the HER on the Pt5Gd and Pt(pc) electrodes measured in 

H2-saturated 0.1 LiOH at 1600 rpm with a scan rate of 10 mV s-1. (B) The bar chart of the 

negative value of jkin at -10 mV vs. RHE for the Pt5Gd and Pt(pc) electrodes. Adapted with 

permission from reference [276] (own work). 

Figure 4.11 shows the Tafel plots and bar chart of the -𝑗𝑘𝑖𝑛 at -10 mV vs. RHE for Pt(pc) 

and Pt5Gd electrodes recorded in H2-saturated 0.1 M LiOH at 1600 rpm with a scant 

rate of 10 mV s-1. The activity of Pt5Gd is slightly higher than that of the Pt(pc) 

electrode, which can be attributed to compressive strain effects on the Pt5Gd surface, 

showing similar results measured in 0.1 M HClO4, as shown in Figure 4.6. Furthermore, 

it is observed that the -jkin at -10 mV vs. RHE for both electrodes is several orders of 

magnitude lower in alkaline media than in acidic media, with results comparable to 

those reported in the literature.[288] This difference in activity can be attributed to the 

stronger hydrogen binding energy in alkaline media, which results in higher energy 
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barriers for hydrogen reactions and consequently limits HER activity. It is reported that 

the hydrogen binding energy depends on the pH of the electrolyte and increases linearly 

with higher pH values.[274]  

Besides, the HER mechanism in alkaline media involves an additional kinetic barrier 

of the water dissociation process at the Volmer step (Equation 2.20), which forms 

adsorbed H species and is also pH-related.[289,290] Although Pt is located at the peak of 

the volcano plot in alkaline media compared to the other catalysts,[291] the strategies of 

decreasing the hydrogen binding energy and reducing the energy barrier of water 

dissociation are essential to improve the HER performance in alkaline environments.[289]  

Moreover, Figures 4.12A and 4.12B show the HER/HOR polarization curves for the 

Pt(pc) and Pt5Gd electrodes measured in H2-saturated 0.1 M LiOH with a scan rate of 

10 mV s-1 under different rotation conditions. The limiting current density of the HOR 

for both electrodes increases with the rotation rate. A linear relationship is observed, 

consistent with the Koutecký-Levich equation at 300 mV vs. RHE, as illustrated in the 

insets of Figures 4.12A and 4.12B. In contrast, as the rotation rate increases, the HER 

current density only increases slightly in alkaline media compared to the more 

pronounced difference observed in acidic media in Figure 4.7.  

Similar findings are observed in the EIS spectra presented in the Nyquist plots (see 

Figures 4.12C and 4.12D) and Bode plots (Appendix) for both Pt(pc) and Pt5Gd 

electrodes. The overall impedance decreases only slightly for both electrodes at -10 mV 

vs. RHE in H2-saturated 0.1 M LiOH (Figures 4.12C and 4.12D) compared to the 

significant change observed in the EIS data in 0.1 M HClO4 (Figures 4.7C and 4.7D). 

Additionally, during the HER, the impedance spectra in acidic media consist of two 

small semicircles at high frequencies and one larger arc in the low-frequency range. 

However, the EIS spectra in alkaline media show larger semicircles within high 

frequencies than those in acidic media, indicating that the HER in the alkaline solution 
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is more dependent on reaction kinetics. This suggests that reaction kinetics become the 

rate-limiting step in alkaline media, whereas the reaction for the Pt(pc) and Pt5Gd 

electrodes is strongly influenced by mass transport and/or adsorption processes in 

acidic media. 

(A) (B)  

  

(C) (D) 

  

Figure 4.12. The iR-corrected HER/HOR polarization curves (anodic scan) of (A) Pt(pc) 

and (B) Pt5Gd electrodes. The inset figures of (A) and (B) illustrate the Koutecký-Levich 

plot at 300 mV vs. RHE. The EIS data present in the Nyquist plots of (C) Pt(pc) and (D) 

Pt5Gd electrodes at -10 mV vs. RHE. The dotted and the solid lines present the measured 

and fitted EIS spectra with the EEC model in Figure 4.5. The data was recorded in H2-

saturated 0.1 M LiOH with a scan rate of 10 mV s-1 at the chosen rotation rates of 400, 900, 

1600, and 2500 rpm, respectively. Adapted with permission from reference [276] (own 

work). 

Furthermore, Figure 4.13 and Figure 4.14 show the fitting results of EIS spectra for 

the Pt(pc) and Pt5Gd electrodes, respectively, with each parameter as a function of the 
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square root of the rotation rate in alkaline media at -10 mV vs. RHE. It is observed that 

the values of Rct,VH, and Rct,VT for both measured electrodes in 0.1 M LiOH are 

approximately an order of magnitude higher than in 0.1 M HClO4, shown in Figure 4.8 

and Figure 4.9. This further implies considerably higher reaction energy barriers, 

resulting in lower HER kinetics in an alkaline environment. 

(A) (B)  

  

Figure 4.13. The fitting parameters in the EEC model as a function of the square root of the 

rotation rate for Pt(pc) electrode measured at -10 mV vs. RHE in H2-saturated LiOH. (A) 

The parameters consist of the Rct,VH, Ra, and Ca for the Volmer-Heyrovsky mechanism, and 

the Ru. (B) The parameters contain the Rct,VT and the Ws element (Wsc and Wsr) of the 

Volmer-Tafel mechanism, and the non-Faradaic contribution of Cdl. Adapted with permission 

from reference [276] (own work). 

Besides, compared to the Rct,VH with relatively small deviations at different rotation 

rates, the Rct,VT increases more significantly with a higher resistance than that of Rct,VH 

at 400 rpm, which indicates that the Volmer-Heyrovsky pathway is more dominant at 

low rotation configurations for the Pt(pc) and Pt5Gd electrodes. For the adsorption 
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processes, mainly associated with the Volmer-Heyrovsky reaction pathway in Equation 

4.1, the variation trend of the Ra and Ca with rotation rate in alkaline media is similar 

to that observed in acidic media. Specifically, the Ra decreases while the Ca increases 

as the rotation rate increases from 400 rpm to 2500 rpm. This indicates that HER in 

alkaline media also occurs more easily under higher rotation conditions, with the proper 

fractional coverage of the adsorbed species at the electrode surfaces. 

(A) (B)  

  

Figure 4.14. The fitting parameters in the EEC model as a function of the square root of the 

rotation rate for Pt5Gd electrode recorded at -10 mV vs. RHE in H2-saturated LiOH. (A) 

The parameters include the Rct,VH, Ra, and Ca for the Volmer-Heyrovsky mechanism, and 

the Ru. (B) The parameters consist of the Rct,VT and the Ws element (Wsc and Wsr) of the 

Volmer-Tafel mechanism and the non-Faradaic contribution of Cdl. Adapted with 

permission from reference [276] (own work). 

In addition, for the Volmer-Tafel reaction pathway, the mass-transport elements (Wsc 

and Wsr) also follow a similar trend as detected in 0.1 M HClO4. For the Pt(pc) and 

Pt5Gd electrodes measured in alkaline media, the Wsc increases slightly, while the Wsr 
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decreases significantly, becoming several times lower as the rotation rate drops. This 

can be associated with the significant increase of the Rct,VT from 2500 rpm to 400 rpm. 

As the reaction rate decreases dramatically at lower rotation rates, the concentrations 

of species at the surfaces consequently increase, leading to a decreasing value of Wsr, 

as shown in Equation 4.6. Meanwhile, as the Wsc increases, the thickness of the diffuse 

layer becomes larger for both electrodes in alkaline media (see Equation 4.4).  

(A) (B)  

  

Figure 4.15. (A) The relative contribution between the Volmer-Heyrovsky and Volmer-

Tefal mechanisms with the ratio of Rct,VH/Rct,VT as a function of the square root of the 

rotation rate, and (B) Wsc as a function of the inverse of the square root of the rotation rate 

for the Pt(pc) and Pt5Gd electrodes at -10 mV vs. RHE in H2-saturated LiOH. The dashed 

lines in (A) are a guide to the eye and the lines in (B) are a linear fit of the data, respectively. 

Adapted with permission from reference [276] (own work). 

Besides, Pt(pc) and Pt5Gd electrodes exhibit a higher deviation of Wsr with different 

rotation rates in alkaline media, as displayed in Figures 4.13B and 4.14B, than in acid 

media, shown in Figures 4.8B and 4.9B. This difference can be attributed to the distinct 

reactants and products of the HER pathways. Since only charge species contribute to 

the impedance spectra in alkaline media, the diffusion of OH- species needs to be 

considered; however, the diffusion of H+ (H3O
+) dominates in acidic media.   

Furthermore, Figure 4.15A shows the relative contribution of the overall HER between 
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the Volmer-Heyrovsky and Volmer-Tefal mechanisms at different rotation rates in 

alkaline media based on Equation 4.7. The ratio of Rct,VH/Rct,VT is about 1 at 2500 rpm 

for both electrodes, but the value decreases to approximately 0.6 and 0.2 for the Pt(pc) 

and Pt5Gd electrodes, respectively, at 400 rpm. This indicates that the Volmer-

Heyrovsky reaction pathway is preferred in alkaline media at lower rotation 

configurations for both measured electrodes. Additionally, a linear relationship of the 

Wsc and the inverse of the square root of the rotation rate is also observed for the Pt(pc) 

and Pt5Gd electrodes during the HER in alkaline media (Figure 4.15B). The slopes of 

both electrodes appear less steep, with higher fitting errors in alkaline media compared 

to acidic media (Figure 4.10B). The reason can be attributed to the different reaction 

mechanisms and variations in species at the surfaces (see Section 2.3.1). For instance, 

the HER in acidic solutions involves H+ and/or H3O
+, and H2 as the reactants and the 

products, respectively. In contrast, H2O molecules are the reactants, and H2 and OH- 

ions are the products of HER in alkaline solutions. The thickness of the diffuse layer 

for each electrode can also be quantitatively calculated once the parameters in 

Equation 4.4 and Equation 4.8 are known. 

 

4.2.4. HER for Nanostructured Pd/C Catalyst in Acidic Media 

In the previous sections, the classical model system involving Pt(pc) and Pt5Gd disc 

electrodes for HER in electrolytes of 0.1 M HClO4 and LiOH was discussed by using 

the combining EIS-RDE approach. Here, we briefly explore the EIS findings in a more 

complex system, like a nanostructured Pd/C catalyst for HER under different rotation 

configurations. It is noted that the primary reasons for selecting the Pd/C catalyst for 

the measurements are its competitively high HER activity, historically lower cost, and 

its more abundant source.[292 ] These advantages make it a promising alternative for 
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HER catalysts in electrolysis. The detailed information, e.g., the top-down approach of 

producing the nanostructured particles, material characterization, and the ink 

preparation of catalyst on the RDE, are well illustrated in the publication.[276,293]  

Figure 4.16 shows the impedance spectra for about 17.1 wt% Pd/C catalyst measured 

at -5 mV vs. RHE in H2-saturated 0.1 M HClO4 under different rotation rates. The 

Nyquist plots for the Pd/C catalyst exhibit a similar shape to those observed for the 

Pt(pc) and Pt5Gd electrodes conducted in acidic media, as shown in Figure 4.7.  

 

Figure 4.16. The EIS data presented in the Nyquist plots of nanostructured Pd/C catalyst 

measured at -5 mV vs. RHE in H2-saturated HClO4 at different rotation rates, including 900, 

1200, 1600, 2000, 2500, and 3000 rpm. The dotted and the solid lines present the measured 

and fitted EIS spectra with the EEC model in Figure 4.5. Adapted with permission from 

reference [276] (own work). 

The higher frequency region of the impedance spectra can be mainly associated with 

the charge transfer process of the Volmer-Heyrovsky and Volmer-Tafel mechanisms, 

and the lower frequency region can be related to the mass transport and/or the 

adsorption processes, respectively. At the different rotation configurations, the larger 

deviation of EIS spectra at the low frequencies is observed, which can also be associated 

with the facile reaction of HER, which influences the slower processes (e.g., diffusion 

and adsorption). The Bode plots provide further information in terms of the absolute 
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value of the impedance and the phase shift as a function of Log frequency (see 

Appendix).  

Figure 4.17 shows the fitting results of each parameter in the EEC model for 

nanostructured Pd/C catalyst from the Nyquist plots in Figure 4.16. For the Faradaic 

reactions, the value of Rct,VH and Rct,VT also change slightly, and the possible 

explanation is comparable to the disc electrodes in acidic media, as elaborated earlier 

in Figure 4.8 and Figure 4.9.  

(A) (B)  

  

Figure 4.17. The fitting parameters in the EEC model as a function of the square root of the 

rotation rate for nanostructured Pd/C catalyst measured at -5 mV vs. RHE in H2-saturated 

HClO4. (A) The parameters consist of  Rct,VH, Ra, and Ca for the Volmer-Heyrovsky mechanism, 

and Ru. (B) The parameters contain Rct,VT, and the Ws element (Wsc and Wsr) of the Volmer-

Tafel mechanism, and the non-Faradaic contribution of Cdl. Adapted with permission from 

reference [276] (own work). 

In contrast, unlike the case of disc electrodes in both acid and alkaline media, all values 
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of the corresponding adsorption (Ra and Ca) and diffusion (Wsc and Wsr) processes 

increase as the rotation rate decreases. In particular, the trend of Ca and Wsr shows the 

opposite compared to the disc electrodes with decreasing rotation configurations. These 

can be associated with the more complex Pd/C catalyst involving the nanostructured 

reaction interfaces and the phenomenon of hydrogen absorption during the HER.[293] 

The systematical properties of Ru and Cdl remain constant with different rotation rates.  

(A) (B)  

  

Figure 4.18. (A) The fitting parameters of Rct,VH, and Rct,VT as a function of the square root 

of the rotation rate for nanostructured Pd/C catalyst, and (B) Wsc as a function of the 

inverse of the square root of the rotation rate at -5 mV vs. RHE in H2-saturated HClO4. 

The dotted lines in (A) and (B) are a guide to the eye. Adapted with permission from 

reference [276] (own work). 

Besides, compared to the Pt5Gd electrode with the dominating Volmer-Heyrovsky 

mechanism of HER (see Figure 4.10A), the results of the Pd/C catalyst in Figure 4.18A 

show the opposite. The value of Rct,VH is about twice as high as that of Rct,VT in acidic 

solutions within the selected rotation rates, which indicates the Volmer-Tafel reaction 

pathway is preferred to take place at the surfaces. Last but not least, while the spectra 

at lower frequencies decrease significantly, the expected linear relationship between 

Wsr and the inverse of the square root of the rotation rate is not observed for the 

nanostructured Pd/C catalyst in Figure 4.18B, in contrast to the disc-electrode systems 
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depicted in Figure 4.10B. This deviation is likely attributable to the complex surface 

structure of the nanostructured catalyst, resulting in localized variations in diffusion 

properties compared to the flat disc electrode. 
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4.3. Influence of Alkali Metal Cations on the ORR of Pt5Y 

and Pt5Gd Alloys 

In this section, we chose polycrystalline Pt5Gd and Pt5Y electrodes as model systems 

for Pt-based alloys. First, we investigated their ORR activities in acidic solutions, 

comparing them with the Pt(pc) electrode. Then, we further elucidated the effect of 

alkali metal cations on the ORR kinetic current for the measured disc electrodes in 

alkaline media. To investigate the experimental findings of Pt and Pt alloys more 

profoundly, we conducted theoretical DFT calculations that systematically correlated 

the influences of the surface strains from lattice mismatch of bulk alloys and the 

presence of alkali cations in the electrolyte on the ORR activities. 

The major part of the work is based on the published manuscript with the agreement of 

the listed co-authors: 

Song, K.-T.; Zagalskaya, A.; Schott, C. M.; Schneider, P. M.; Garlyyev, B.; Alexandrov, 

V.; Bandarenka, A. S. Influence of Alkali Metal Cations on the Oxygen Reduction 

Activity of Pt5Y and Pt5Gd Alloys. J. Phys. Chem. C 2024, 128 (12), 4969–4977.[294] 

4.3.1. ORR in Acidic Media 

It is worth noting that the main reason for selecting polycrystalline Pt5Gd and Pt5Y as 

the model system of Pt-based alloys is due to their high thermodynamic stability. 

Although there are various bimetallic Pt alloys with late transition metals (e.g., Cu, Ni, 

and Co) demonstrating outstanding ORR activities, the critical durability issue remains 

due to the segregation and continuous dissolution of atoms of the secondary elements 

into acidic solutions.[295,296,297,298] In comparison, the Pt alloys with Gd and Y atoms as 

the minor elements have negative heat formation properties, which can prevent the 

continuous dealloying process through the entire bulk and offer a relatively stable 
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condition during electrochemical reactions.[68,251,299,300,301]  

(A) (B)  

  

Figure 4.19. (A) The iR-corrected ORR polarization curves (anodic scans) and (B) the bar 

chart of the jkin at 0.9 V vs. RHE of the Pt(pc), Pt5Gd, and Pt5Y electrodes in O2-saturated 

0.1 M HClO4 with the scan rate of 50 mV s-1 at 1600 rpm. Adapted with permission from 

reference [294] (own work). 

Figure 4.19A demonstrates the typical ORR polarization curves of Pt5Gd, Pt5Y, and 

Pt(pc) electrodes in O2-saturated 0.1 M HClO4 at 1600 rpm with a scan rate of 50 mV s-1. 

The extracted ORR kinetic current densities at 0.9 V vs. RHE exhibit the following 

trend: Pt5Gd > Pt5Y > Pt(pc), as shown in Figure 4.19B. The resulting current densities 

are comparable to the reported literature.[68,251,301,302 ] The 2-4 times improved ORR 

activities of the Pt alloys compared with pure Pt electrodes mainly due to the 

compressive strain effects within the Pt overlayer on the surface, in which the Pt-Pt 

interatomic distances are shorter than in bulk Pt alloys, as also indicated by the XRD 

analysis (see Section 4.1.1) and the literature.[68,251,301] The d-band theory further 

strengthens the observed enhancement of ORR activities for Pt alloys.[303 ,304 ] The 

energy levels of metal d-band centers shift downwards for a Pt-overlayer under the 

compressive strain conditions, which leads to lower binding energies of adsorbed 

intermediates such as *O, *OH, and *OOH on the electrodes.  
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4.3.2. ORR in Alkaline Media 

Before delving into the ORR activities in various alkaline solutions, it's important to 

note that potential issues arising from contaminations of alkaline media with glass 

cells[257,258,259,260,261] have been addressed.  

(A) (B) 

  

Figure 4.20. (A) The CVs for Pt(pc) in Ar-saturated 0.1 M KOH and (B) the iR-corrected 

ORR polarization curves (anodic sweeps) for Pt(pc) in O2-saturated 0.1 M KOH with a 

scan rate of 50 mV s-1 by using MMS and MMO as the REs and with the glass cell and 

the perfluoroalkoxy (PFA) cell. The inset in (B) presents the enlarged scale of measured 

current density at potentials near 0.9 V vs. RHE. Adapted with permission from reference 

[294] (own work). 

Figure 4.20 shows the CVs and the ORR polarization curves obtained under three 

conditions of experimental cell and RE (i.e., the glass cell with the MMS, the glass cell 

with the MMO, and the PFA cell with the MMO) in Ar-saturated and O2-saturated 

0.1 M KOH, respectively. The results show negligible differences, indicating good 

agreement with short-term measurements conducted in alkaline media using glass cells. 

However, it is still highly recommended to use highly chemically inert materials (e.g., 

PFA) for long-term measurements in alkaline solutions. 
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Prior to the ORR measurements, CVs for Pt(pc) in Ar-saturated metal hydroxide 

electrolytes, AM-OH (AM+ = Li+, Na+, K+, Rb+, and Cs+), have been conducted to 

check the surface quality (see Figure 4.21). As mentioned previously, the CV comprises 

three primary regions: hydrogen adsorption/desorption, double layer, and oxide 

formation/reduction. The presence of various alkali metal cations in the solution causes 

shifts in the characteristic peaks in their CVs.  

 

Figure 4.21. The CVs for Pt(pc) in Ar-saturated 0.1 M AM−OH (AM = Li+, Na+, K+, Rb+, 

and Cs+) electrolytes with a scan rate of 50 mV s-1. Adapted with permission from 

reference [294] (own work). 

Furthermore, to understand the influence of the alkali metal cations on the ORR activity, 

we compare the results of Pt alloys with the reference model system of Pt(pc). 

Figure 4.22A shows the ORR polarization curves for the Pt(pc) electrode in different 

O2-saturated 0.1 M alkaline media. The set of measurements is the same as that in acidic 

media (see Figure 4.19). To further evaluate the ORR kinetics in the presence of 
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different alkali cations in the electrolyte, Figure 4.22B shows the corresponding bar 

charts of the calculated ORR kinetic current densities of Pt(pc) at 0.9 V vs. RHE.  

(A)  (B)  

  

Figure 4.22. (A) The iR-corrected ORR polarization curves (anodic scans) and (B) the bar 

chart of jkin at 0.9 V vs. RHE for Pt(pc) electrode, recorded in O2-saturated 0.1 M AM−OH 

(AM+ = Li+, Na+, K+, Rb+, and Cs+) electrolytes with the scan rate of 50 mV s-1 at 1600 rpm. 

The inset figure of (A) represents the enlarged scale of measured current density at potentials 

near 0.9 V vs. RHE. Adapted with permission from reference [294] (own work). 

The ORR activity of Pt(pc) follows in the order of Li+ < Na+ < K+ < Rb+ < Cs+, which 

follows the same order as Pt(111) in the literature.[81] The results can be associated with 

the non-covalent interactions at electrode/electrolyte interfaces, where these 

interactions involve stabilization and bond energies of less than 85 kJ mol⁻¹, including 

hydrogen bonding, cation-OH bonding, and cation-water bonding.[81,305,306,307] Here, we 

highlight the interactions at the electrode/electrolyte interface during the ORR between 

the adsorbed species in the IHP and the hydrated alkali metal cations (AM+(H2O)x) in 

the OHP, as schematically illustrated in Figure 4.25A. The charge density of alkali 

cations correlates with the cation hydration energy and increases with stronger 

interactions. In alkaline electrolytes, the structure-making cations (i.e., Li+ and Na+) 

demonstrate higher charge densities as well as a higher stabilizing effect on 

chemisorbed species on pure Pt surfaces. Consequently, along with the slightly stronger 

intrinsic binding energy between Pt and reaction intermediates (e.g., Pt-OH), the cations 
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possessing higher solvation energy hinder the mobility of reactive species and decrease 

the kinetics of the ORR. However, the structure-breaking cations (e.g., Rb+ and Cs+) 

have the opposite influence, in which the weaker interactions promote the movement 

of the intermediates and thus increase the ORR activities.  

(A)  (B)  

  

Figure 4.23. The CVs for (A) Pt5Gd and (B) Pt5Y in Ar-saturated 0.1 M AM−OH 

(AM = Li+, Na+, K+, Rb+, and Cs+) electrolytes with a scan rate of 50 mV s-1. Adapted with 

permission from reference [294] (own work). 

Figure 4.23 shows the CVs for Pt5Gd and Pt5Y in different Ar-saturated 0.1 M alkaline 

solutions before ORR measurements to check the quality of the electrode surface 

conditions. In contrast, the ORR polarization curves and activities in Figures 4.24A 

and 4.24B for both Pt5Gd and Pt5Y electrodes show a different trend compared to the 

Pt(pc) electrode in alkaline media in Figure 4.22. The order of the ORR kinetic current 

density at 0.9 V vs. RHE of both alloys follows the opposite order (i.e., Li+ > Na+ > K+ > 

Rb+ > Cs+), and the value measured in LiOH is more than twice as high as that in CsOH 

for each electrode (see Figure 4.24C and Figure 4.24D). This can be attributed to both 

non-covalent interactions and surface strain effects at the electrode/electrolyte interface.  
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(A) (B)  

  

(C) (D) 

  

Figure 4.24. The iR-corrected ORR polarization curves (anodic scans) of (A) Pt5Gd and (B) 

Pt5Y, and the bar charts of jkin at 0.9 V vs. RHE for (C) Pt5Gd and (D) Pt5Y, respectively, 

measured in O2-saturated 0.1 M AM−OH (AM+ = Li+, Na+, K+, Rb+, and Cs+) electrolytes 

with the scan rate of 50 mV s-1 at 1600 rpm. The inset figures of (A) and (B) represent the 

enlarged scale of measured current density at potentials near 0.9 V vs. RHE. Adapted with 

permission from reference [294] (own work). 

Compared to a pure Pt surface under no strain conditions, the compressive strains are 

introduced on the Pt-overlayer of Pt alloys after acid leaching, lowering the adsorbed 

species' binding energy and demonstrating higher intrinsic ORR activity of Pt alloys. 

The existence of the stronger solvation shells optimizes and stabilizes the molecular 

interactions within the outer and inner Helmholtz layers and causes enhanced ORR 

activity. However, the weaker hydrated alkali cations, which decrease the interaction 
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strength between the reaction intermediates and hydrated shells, further destabilize the 

binding of Pt-OH on the compressively strained surface and hinder the reaction kinetics 

of the ORR.  

(A) (B)  

  

Figure 4.25. (A) The schematic of electrode/electrolyte interface during the ORR in alkaline 

media with the interactions between the hydrated cation in the OHP and the adsorbed species 

(e.g., *O, *H2O,*OH, and *OOH) in the IHP. (B) The jkin at 0.9 V vs. RHE for Pt5Gd, Pt5Y, 

and Pt(pc) electrodes, extracted from Figure 4.22 and Figure 2.24, as a function of cation 

hydration energy with the dotted lines as linear fits. Adapted with permission from reference 

[294] (own work). 

Furthermore, Figure 4.25B combines the results of the ORR kinetic current densities 

at 0.9 V vs. RHE as a function of cation hydration energy for all measured electrodes 

in 0.1 M alkaline solutions. It has been found that the ORR activities of both Pt5Gd and 

Pt5Y electrodes are higher than those of Pt(pc) except for Pt5Y in CsOH, mainly due to 

the compressive strain effects on the Pt surface of Pt alloys. In addition, the ORR 

activity for Pt alloys increases linearly with the increase in the hydration energy (i.e., 

the ORR reaction rate shows the highest and worst in 0.1 M LiOH and CsOH, 

respectively). On the contrary, Pt(pc) demonstrates the opposite activity trend.  

It is noted that the ORR activities recorded in alkaline media are several factors lower 

than in 0.1 M HClO4 in Figure 4.19 for all measured electrodes. The results are 



 

106 

 

comparable to the literature with Pt-based electrocatalysts.[288,308,309,310] One reason for 

the lower activities in alkaline media could be the formation of the undesired HOO- 

species on the electrode surface, which involves the two-electron transfer of reaction 

pathway in the outer sphere process[ 311 , 312 , 313 ] (see Figure 2.9). Another possible 

explanation could be the existence of various reaction mechanisms of the ORR in 

alkaline media, where excessively strong Pt-OH bonding energy may lead to 

undesirable blockages of the active sites on the Pt surface and, therefore, decrease the 

reaction rate of the ORR.[311] 

 

4.3.3. Density Functional Theory Calculations of Alkali Cation 

and Strain Effects on the ORR  

Our collaborators at UNL conducted DFT calculations to investigate the different ORR 

trends for Pt-based electrocatalysts in alkaline electrolytes further. The computational 

details are reported in the Appendix and the published paper.[294] This work uses the 

Pt(111) surface as a standard model for Pt-based electrodes because of the favorable 

low surface energy and its common presence in polycrystalline structures. The 

electrocatalytic system is modeled under the conditions of Pt(111) surface with the 

adsorbed OH species.[68,314] The applied strain associated with the Pt-Pt distance on the 

surface is presented in Appendix. According to the results of XRD analysis (see 

Figure 4.1 and Table 4.1), the computational strain corresponding to the experimental 

data is about -2% on the Pt surface.  

Figure 4.26A depicts the adsorption energy of *OH species for the system containing 

different alkali metal cations, plotted against the Pt-Pt distance, along with the 

corresponding surface strain. Additionally, it includes a schematic representation of 
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structures and cell dimensions for the case at 0% strain on the right-hand side. It is 

observed that as the compressive strain (i.e., negative % strain) increases, the *OH 

adsorption energy increases, causing the destabilization of *OH on the pristine Pt 

surface[68, 315 ] as well as in the presence of different alkali metal cations. This 

destabilization has been previously demonstrated to enhance the ORR activity of Pt-

based catalysts by shifting the ΔG*OH closer to the peak of the volcano plot. The 

observed slope of -0.03 eV/% for pure Pt agrees with previous computational studies.[68]  

Compared to the destabilization effect of compressive strain on the adsorption energy 

of *OH species, the presence of alkali cations provides the opposite impact, stabilizing 

the Pt-OH interaction at the electrode/electrolyte interface. This stabilizing effect 

increases with the higher hydration energy of the alkali cations. For instance, the highly 

hydrated Li+ cation stabilizes *OH by 0.75 eV, whereas the least hydrated cation (e.g., 

Cs+) merely stabilizes *OH by 0.37 eV for Pt at 0 % of strain (see Appendix). 

Figure 4.26B shows the theoretical volcano plot with the correlation between the ORR 

overpotential (η𝑂𝑅𝑅) and the adsorbed energy of *OH. To obtain the optimal binding 

condition with the lowest η𝑂𝑅𝑅, it is essential to consider both the effects of surface 

strain and the specific nature of alkali cation. In particular, the pure Pt surface has too 

strong *OH adsorption energy under less compressive and no-strain conditions. The 

existence of Cs+ exhibits lower theoretical ORR overpotentials compared to Li+ due to 

the larger stabilization effect. For example, for the Pt surface strain at -2 % (i.e., 

corresponding to the Pt(pc) electrode), the η𝑂𝑅𝑅 of Li+ is 0.57 V, while the η𝑂𝑅𝑅 of Cs+ 

is 0.37 V. However, as larger compressive strains are applied (i.e., corresponding to the 

Pt overlayer on bulk alloys), the value of η𝑂𝑅𝑅 decreases in the presence of Li+ while 

increasing for Cs+. This is because under such significant compressive strains, the 

interaction of Pt-OH becomes too destabilized, and the strong stabilizing effect of Li+ 

brings it closer to the volcano peak with optimal ORR activity. Therefore, the 
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computational findings strongly support and help to elucidate the experimental 

observations, which illustrate the opposite trends of the ORR activity under the 

influence of alkali cations on the Pt(pc) and Pt alloys (see Figure 4.25B). 

(A) 

 

(B)  

Figure 4.26. (A) The adsorption energy of *OH on Pt(111) as a function of strain from 

-5% (compression) to +4% (expansion) (left), and the schematic structures and cell 

dimensions corresponding to 0% strain (right). (B) The theoretical volcano plot with 

the correlation between the η𝑂𝑅𝑅 and the computed *OH adsorption energy on the pure 

Pt(111) surface with alkali cations. The arrows demonstrate the direction of the strain 

(from tensile to compressive), and the encircled dots relate to 0% strain, respectively. 

Adapted with permission from reference [294] (own work). 
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Figure 4.27. The relative ORR activity at 0.9 V vs. RHE as a function of lattice parameter 

in O2-saturated 0.1 M HClO4 for Pt5Gd, Pt5Y, and Pt(pc) electrodes and the ORR activity-

trend recorded in 0.1 M O2-saturated alkaline solutions with the dotted arrows. The 

induced compressive strain on the surface increases with a larger lattice parameter a. It is 

worth mentioning that the dashed lines of the pseudo volcano plot only represent the 

guides to the eyes, and the lattice parameter a  of each electrode referred to the 

experimental XRD data in Section 4.1.1, which is comparable to the literature 

[68,251,301]. Adapted with permission from reference [294] (own work). 

Figure 4.27 briefly summarizes the investigation of the ORR performance in this work 

with the correlation between the influences of surface strains and alkali cations at the 

electrode/electrolyte interface. The (pseudo-)volcano plot demonstrates the relative 

ORR activities at 0.9 V vs. RHE in 0.1 M HClO4 for the Pt(pc), Pt5Gd, and Pt5Y 

electrodes as a function of lattice parameters 𝑎, according to the fitting XRD patterns 

(Section 4.1.1). The plot empirically explains that as the lattice parameter 𝑎 increases, 

the compressed surface strain increases from Pt to Pt overlayers of bulk alloys. Based 

on the experimental and computational results, compressive strain and stronger 
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hydrated alkali cations have opposite impacts on the ORR activity. It is observed that 

the Pt(pc) has slightly too strong binding energy with the *OH species, and the ORR 

activity increases as the cation hydration energy decreases by destabilizing the non-

covalent interactions in 0.1 M alkaline media. However, in the case of Pt5Gd and Pt5Y 

electrodes, which have larger lattice parameters and weaker bound energies, the ORR 

activities increase with the presence of higher hydrated alkali cations.  
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5. Conclusions and Outlook 

Improving renewable energy conversion is increasingly important to build the so-called 

hydrogen economy for sustainable development. Electrocatalysis plays a crucial role in 

energy devices like electrolyzers and fuel cells. Pt-based catalysts are the state-of-the-

art cathode materials commonly used for the HER for water splitting and the ORR in 

fuel cells. However, due to the slightly stronger binding energies of the reaction 

intermediates for Pt, the corresponding kinetics do not reach the optimum. The effects 

of surface structure and electrolyte composition are crucial for rationalizing 

electrocatalytic performance. To achieve this goal, we investigated the cathodic 

reactions of HER and ORR by utilizing Pt(pc), Pt5Gd, and Pt5Y bulk electrodes in both 

acidic and alkaline media under controlled hydrodynamic conditions via RDE 

techniques. 

Firstly, the combined study of RDE and EIS provides informative information on 

interfacial properties during the HER. Fitting the EEC model of EIS spectra 

comprehensively elucidates the HER mechanisms (i.e., the Volmer-Heyrovsky and 

Volmer-Tafel mechanisms) in 0.1 M HClO4 and LiOH solutions under different rotation 

configurations. Overall, due to the faster reaction kinetics in acidic than in alkaline 

media, the HER polarization curves in acidic media are more mass diffusion limiting 

than in alkaline media. The HER activity of Pt5Gd is higher than that of Pt(pc), mainly 

attributed to the induced compressive strain on the Pt overlayer of the bulk alloy surface 

after the so-called acid leaching process. Through EIS analysis in an acidic environment, 

the Volmer-Heyrovsky mechanism is more preferred for Pt5Gd than for Pt(pc), and the 

rotation rates do not affect the relative contributions of the two reaction pathways for 

either electrode. However, the Volmer-Heyrovsky mechanism dominates at lower 

rotation rates in alkaline media. Besides the charge transfer process, the adsorption and 
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diffusion properties during the HER are also well elucidated by EIS. For instance, the 

finite diffusion behavior with RDE adequately fits with the Ws element in the EEC. In 

addition to the model system of disc electrodes, the more complex system of a 

nanostructured Pd/C electrocatalyst in acid was also successfully described by the EEC 

model, with the Volmer-Tafel mechanism dominating under the controlled rotation 

configurations.  

Secondly, the study of the influence of alkali metal cations on ORR activities for Pt(pc), 

Pt5Gd, and Pt5Y electrodes has been demonstrated. Due to compressive strain effects, 

it has been verified that the ORR kinetic current densities of Pt alloys are several times 

higher than that of Pt(pc) in 0.1 M HClO4, in the order of Pt5Gd > Pt5Y > Pt(pc). In 

alkaline media, it has been confirmed that the ORR kinetic current density for Pt alloys 

decreases linearly with decreasing hydration energy of the alkali cation in the order of 

Li+ > Na+ > K+ > Rb+ > Cs+. In contrast, the opposite trend is observed for Pt(pc). The 

reasons have been identified by the non-covalent interactions between reactive 

intermediates and hydrated alkali cations that affect the ORR kinetics at the 

electrode/electrolyte interface. For pure Pt, the existence of structure-breaking alkali 

cations with lower hydration energies, such as Rb+ and Cs+, optimizes the originally 

too-strong binding energies towards ORR; however, on the compressively strained 

surface, the presence of alkali cations with higher hydration energy, such as Li+ and 

Na+, enhances the ORR performance for the Pt5Gd and Pt5Y electrodes. The DFT 

computational results have further supported the elucidation of the experimental 

observations of the different ORR trends under the influence of alkali metal cations on 

Pt surfaces with different strain conditions.  

In summary, the electrolyte components and electrode structure profoundly impact 

electrocatalytic efficiency. This thesis has successfully demonstrated the HER and ORR 

activities for Pt and Pt alloys in acid and alkaline media. The way of investigating the 
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HER pathways for well-defined model systems, like disc electrodes, by combining the 

EIS and RDE techniques can be applied to different electrocatalysts and other essential 

reaction mechanisms. Studying the impact of alkali metal cations on ORR activities 

provides a promising way to correlate the nature of alkali cations and the surface strains 

to reach the optimal binding energy and to rationalize the design of next-generation 

electrocatalysts for energy-conversion devices in the future. 
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6. Appendix 

6.1. Bode Plots 

(A)  

(B)  

Figure 6.1. EIS data presented in the Bode plots for the (A) Pt(pc) and (B) Pt5Gd electrodes 

in H2-saturated 0.1 M HClO4 at -10 mV vs. RHE at different rotation rates of 400 rpm, 

900 rpm, 1600 rpm, and 2500 rpm. The solid lines represent the fitting lines with the EEC 

model in Figure 4.5. Adapted with permission from reference [276]. 
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(A)  

(B)  

Figure 6.2. EIS data presented in the Bode plots for the (A) Pt(pc) and (B) Pt5Gd electrodes 

in H2-saturated 0.1 M LiOH at -10 mV vs. RHE at different rotation rates of 400 rpm, 

900 rpm, 1600 rpm, and 2500 rpm. The solid lines represent the fitting lines with the EEC 

model in Figure 4.5. Adapted with permission from reference [276]. 
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Figure 6.3. EIS data presented in the Bode plots for the nanostructured Pd/C catalyst 

in H2-saturated 0.1 M HClO4 at -5 mV vs. RHE at different rotation rates of 900 rpm, 

1200 rpm, 1600 rpm, 2000 rpm, 2500 rpm, and 3000 rpm. The solid lines represent 

the fitting lines with the EEC model in Figure 4.5. Adapted with permission from 

reference [276]. 
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6.2. Computational Details 

Table 6.1. The Pt-Pt distance in the slabs relating to the applied strain. The table is reproduced 

with permission from reference [294]. 

Strain -5.00% -4.00% -3.00% -2.00% 0% 2% 4.00% 

Pt-Pt distance, Å 2.687 2.715 2.743 2.772 2.828 2.885 2.941 

 

Table 6.2. Calculated adsorption energies and corresponding ORR overpotentials on the 

pristine Pt(111). The table is reproduced with permission from reference [294]. 

Strain 
ΔG(OH)-

ΔG(OH)Pt@0% 

ΔGads(O), 

eV 

ΔGads(OH), 

eV 

ΔGads(OOH), 

eV 

ΔG1, 

eV 

ΔG2, 

eV 

ΔG3, 

eV 

ΔG4, 

eV 
η, V 

Pristine Pt(111) 

-5% 0.19 3.04 1.54 4.56 -0.36 -1.52 -1.50 -1.54 0.87 

-4% 0.15 2.98 1.50 4.52 -0.40 -1.54 -1.48 -1.50 0.83 

-3% 0.11 2.92 1.46 4.47 -0.45 -1.55 -1.46 -1.46 0.78 

-2% 0.07 2.12 1.42 4.43 -0.49 -2.31 -0.70 -1.42 0.74 

0% 0.00 2.75 1.35 4.35 -0.57 -1.59 -1.40 -1.35 0.66 

2% -0.05 2.65 1.30 4.30 -0.62 -1.65 -1.35 -1.30 0.61 

4% -0.13 2.55 1.22 4.21 -0.71 -1.65 -1.33 -1.22 0.52 

 

Table 6.3. Calculated adsorption energies and corresponding ORR overpotentials on Pt(111) in 

the presence of alkali metal cations. The table is reproduced with permission from reference 

[294]. 

Strain 
ΔG(OH)-

ΔG(OH)Pt@0% 

ΔGads(O), 

eV 

ΔGads(OH), 

eV 

ΔGads(OOH), 

eV 

ΔG1, 

eV 

ΔG2, 

eV 

ΔG3, 

eV 

ΔG4, 

eV 
η, V 

Li+@Pt(111) 

-5% 0.15 2.18 0.75 3.86 -1.06 -1.68 -1.43 -0.75 0.48 
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-4% 0.12 2.14 0.72 3.83 -1.09 -1.68 -1.42 -0.72 0.51 

-3% 0.09 2.11 0.69 3.80 -1.12 -1.70 -1.42 -0.69 0.54 

-2% 0.06 1.67 0.66 3.77 -1.15 -2.10 -1.01 -0.66 0.57 

0% 0.00 1.99 0.60 3.70 -1.22 -1.71 -1.40 -0.60 0.63 

2% -0.05 1.90 0.54 3.65 -1.27 -1.76 -1.35 -0.54 0.69 

4% -0.09 1.86 0.51 3.61 -1.31 -1.75 -1.36 -0.51 0.72 

Na+@Pt(111) 

-5% 0.19 2.40 0.99 4.04 -0.88 -1.64 -1.42 -0.99 0.35 

-4% 0.17 2.36 0.96 4.02 -0.90 -1.66 -1.40 -0.96 0.33 

-3% 0.14 2.32 0.93 3.99 -0.93 -1.66 -1.39 -0.93 0.30 

-2% 0.09 2.06 0.89 3.94 -0.98 -1.89 -1.17 -0.89 0.34 

0% 0.00 2.18 0.79 3.86 -1.06 -1.68 -1.38 -0.79 0.44 

2% -0.03 2.09 0.77 3.82 -1.10 -1.72 -1.32 -0.77 0.46 

4% -0.06 2.07 0.73 3.78 -1.14 -1.70 -1.34 -0.73 0.50 

K+@Pt(111) 

-5% 0.16 2.46 1.08 4.10 -0.82 -1.64 -1.38 -1.08 0.41 

-4% 0.13 2.42 1.05 4.07 -0.85 -1.65 -1.37 -1.05 0.38 

-3% 0.10 2.38 1.02 4.04 -0.88 -1.66 -1.36 -1.02 0.35 

-2% 0.07 2.03 0.98 4.01 -0.91 -1.98 -1.04 -0.98 0.32 

0% 0.00 2.25 0.91 3.93 -0.99 -1.68 -1.34 -0.91 0.32 

2% -0.06 2.15 0.86 3.88 -1.04 -1.73 -1.29 -0.86 0.37 

4% -0.10 2.10 0.81 3.82 -1.10 -1.71 -1.29 -0.81 0.42 

Rb+@Pt(111) 

-5% 0.17 2.48 1.12 4.13 -0.79 -1.65 -1.37 -1.12 0.44 

-4% 0.13 2.44 1.08 4.10 -0.82 -1.65 -1.36 -1.08 0.41 

-3% 0.10 2.40 1.05 4.06 -0.86 -1.66 -1.36 -1.05 0.37 

-2% 0.07 2.36 1.01 4.03 -0.89 -1.67 -1.35 -1.01 0.34 

0% 0.00 2.28 0.95 3.96 -0.96 -1.68 -1.33 -0.95 0.28 

2% -0.06 2.17 0.89 3.90 -1.02 -1.73 -1.28 -0.89 0.34 

4% -0.10 2.12 0.85 3.84 -1.08 -1.72 -1.28 -0.85 0.38 

Cs+@Pt(111) 

-5% 0.17 2.49 1.15 4.16 -0.76 -1.67 -1.34 -1.15 0.47 
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-4% 0.13 2.45 1.11 4.13 -0.79 -1.68 -1.33 -1.11 0.44 

-3% 0.10 2.41 1.08 4.10 -0.82 -1.68 -1.34 -1.08 0.41 

-2% 0.07 2.03 1.05 4.06 -0.86 -2.03 -0.99 -1.05 0.37 

0% 0.00 2.29 0.98 3.99 -0.93 -1.71 -1.31 -0.98 0.30 

2% -0.06 2.18 0.92 3.94 -0.98 -1.75 -1.26 -0.92 0.31 

4% -0.10 2.14 0.88 3.88 -1.04 -1.74 -1.26 -0.88 0.35 
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6.3. Abbreviations 

AC 
 

alternating current 

AR-XPS 
 

angle-resolved X-ray photoelectron spectroscopy 

BEVs 
 

battery electric vehicles 

Cdl 
 

double-layer capacitance 

CE 
 

counter electrode 

𝐶𝑁̅̅ ̅̅  
 

generalized coordination number 

CPE 
 

constant phase element 

CuUPD 
 

copper underpotential deposition 

CV 
 

cyclic voltammogram 

DFT 
 

density functional theory 

ECSA 
 

electrochemical active surface area 

EDL 
 

electrical double layer 

EEC 
 

electrical equivalent circuit 

EIS 
 

electrochemical impedance spectroscopy 

FCVs 
 

fuel cell vehicles 

GDL 
 

gas diffusion layer 

GEIS 
 

galvanostatic electrochemical impedance spectroscopy 

HEMFCs 
 

hydroxide exchange membrane fuel cells 

HER 
 

hydrogen evolution reaction 

HOR 
 

hydrogen oxidation reaction 

HUPD 
 

underpotentially deposited hydrogen 

IHP 
 

inner Helmholtz plane 

ImZ  imaginary part of the impedance 
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IPCC 
 

Intergovernmental Panel on Climate Change 

KK 
 

Kramers-Kronig 

MEA 
 

membrane electrode assembly 

MMO 
 

mercury-mercuric oxide 

MMS 
 

mercury-mercurous sulfate 

OER 
 

oxygen evolution reaction 

OHP 
 

outer Helmholtz plane 

ORR 
 

oxygen reduction reaction 

PDF 
 

powder diffraction file 

PEIS 
 

potentiostatic electrochemical impedance spectroscopy 

PEM 
 

proton-exchange membrane 

PEMFC 
 

proton-exchange membrane fuel cell 

PHEVs 
 

plug-in hybrid electric vehicles 

RDE 
 

rotating disc electrode 

RRDE  rotating ring-disc electrode 

RE 
 

reference electrode 

ReZ  real part of the impedance 

RHE 
 

reversible hydrogen electrode 

rpm  revolutions per minute 

RSF 
 

relative sensitivity factor 

SHE 
 

standard hydrogen electrode 

UPD 
 

underpotentially deposited 

WE 
 

working electrode 

XPS 
 

X-ray photoelectron spectroscopy 

XRD 
 

X-ray diffraction 
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6.4. Main Publications 
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