
 

    

 

Physics of Energy Conversion and Storage 

 

 

Impact of Electrolyte Composition on Electrode Processes. 
Investigation Using Laser-Assisted, Electron Paramagnetic 

Resonance, and Impedance Techniques 

 

 

 

 

 

Dissertation 

by 

Theophilus Kobina Sarpey 



Technische Universität München 

TUM School of Natural Sciences 

Impact of Electrolyte Composition on Electrode Processes. 
Investigation Using Laser-Assisted, Electron Paramagnetic 

Resonance, and Impedance Techniques

Theophilus Kobina Sarpey 

Vollständiger Abdruck der von der TUM School of Natural Sciences der Technischen 
Universität München zur Erlangung des akademischen Grades eines 

Doktors der Naturwissenschaften (Dr. rer. nat.) 

genehmigten Dissertation. 

Prof. Dr. David Egger Vorsitz:               

Prüfer der Dissertation: 1. Prof. Dr. Aliaksandr Bandarenka

2. Prof. Dr. Heine Anton Hansen

Die Dissertation wurde am 28.07.2023 bei der Technischen Universität München 
eingereicht und durch die TUM School of Natural Sciences am 28.09.2023 angenommen. 





IV 

This doctoral thesis is based on the following published (in preparation, submitted, and/or 

accepted) manuscripts and conference contributions:

List of Publications - Manuscripts 

1. Ding, X., Garlyyev, B., Watzele, S. A., Sarpey, T. K., & Bandarenka, A. S., Spotlight

on the Effect of Electrolyte Composition on the Potential of Maximum Entropy:

Supporting Electrolytes are not Always Inert., Chemistry-A European Journal, 2021,

27, 39, 10016-10020.

2. Haid, R. W., ‡ Ding, X., ‡ Sarpey, T. K., Bandarenka, A. S., & Garlyyev, B., Exploration

of the Electrical Double-Layer Structure: Influence of Electrolyte Components on the

Double-Layer Capacitance and Potential of Maximum Entropy., Current Opinion in

Electrochemistry, 2021, 100882.

3. Ding, X.,‡ Sarpey, T. K.,‡ Hou, S., Garlyyev, B., Li, W., Fischer, R. A., & Bandarenka,

A. S., Prospects of Using the Laser‐Induced Temperature Jump Techniques for

Characterisation of Electrochemical Systems., ChemElectroChem, 2022, 9, 4,

e202101175.

4. Hou, S., Xu, L., Ding, X., Kluge, R. M., Sarpey, T. K., Haid, R. W., Garlyyev, B.,

Mukherjee, S., Warnan, J., Koch, M., Zhang, S., Li, W., Bandarenka, A. S., & Fischer,

R. A., Dual In Situ Laser Techniques Underpin the Role of Cations in Impacting

Electrocatalysts., Angewandte Chemie, 2022, 134, 24, e202201610.

5. Sarpey, T. K., Keleş, E., Gubanova, E. L., & Bandarenka, A. S., Probing the Electrified

Solid-Liquid Interfaces with Laser-Induced Transient Techniques. In:  Wandelt, K., and

Bussetti, G. (Eds.) Encyclopedia of Solid-Liquid Interfaces, Elsevier: Amsterdam,

First Edition (Volume 1), 2024, 43-58.

6. Götz, R.,‡ Sarpey, T. K.,‡ Song, K. T ., Gubanova, E. L., & Bandarenka, A. S., et al., In-

situ Electron Paramagnetic Resonance Spectroscopy for Characterization of Electrified

Solid/Solid and Solid/Liquid Interfaces. (In preparation)

7. Sarpey, T. K., Gubanova, E. L., & Bandarenka, A. S., et al., Determination of the PME

of Pd/Au Electrodes in HClO4 media. (In preparation).

8. Sarpey, T. K., Gubanova, E. L., & Bandarenka, A. S., et al., Determination of the PME

of Au Electrodes in Mixed Na+/K+ electrolytes. (In preparation).

‡ Authors contributed equally to the publication. 



 
V 

Conference Contributions 

Oral Presentation  

§ 71st Annual International Society of Electrochemistry (ISE) Meeting - Belgrade Online, 
“Nanostructured PtxM/C (M = Cu, Co, Ni, Ir, Y) Alloy Electrocatalysts Synthesized via 
a novel Top-Down Route Towards the Enhancement of the ORR Activity,” Monday, 
August 31st to Friday, September 4th, 2020, ise200478, Symposium s17 (Electroactive 
Materials: Polymers, Inorganic Solids, Nanocomposites, and Hybrid Materials). 

Poster Presentation  

§ 10th Energy Colloquium of the Munich School of Engineering (MSE) 2020, 
“Nanostructured PtxM/C (M = Cu, Co, Ni, Ir, Y) Alloy Electrocatalysts Synthesized via 
a novel Top-Down Route Towards the Enhancement of the ORR Activity,” 
Munich/Garching Online, July 30th, 2020, Topics: Experimental, Fundamental, Fuel 
cell/Electrolysis. 

Attendance 

§ 12th Energy Colloquium of the Munich School of Engineering (MSE) 2021, Garching 
- In person, Wednesday, July 27th, 2022. 
 

§ 7th RUHR-Symposium, Online, Wednesday, October 27th, 2021, Functional Magnetic 
Materials: Performance Enhancements for Electric Drives and Thermal Management. 

§ The SUNCAT Summer Institute: Catalysis for a Sustainable Future, Virtual meeting, 
16 - 19 August 2021.  

§ 11th Energy Colloquium of the Munich School of Engineering (MSE) 2021, 
Munich/Garching Online, Wednesday, July 28th, 2021. 

 

 

 

 

 

 

 



 
VI 

Abstract/Synopsis  

In remedying the Earth from the overreliance on fossil fuels paradigm toward more sustainable 

and greener options, i.e., renewable energy, there is no doubt an opportune place exists for 

electrochemical energy conversion and storage devices (electrolyzers, fuel cells, batteries, etc.). 

Electrocatalysis offers several solutions for efficient energy conversion and storage. In turn, the 

crucial role and significance of the electrified electrode/electrolyte interface in optimizing 

electrochemical systems must be emphasized. Therefore, grasping the processes, phenomena, 

and mechanisms occurring at the electrode/electrolyte interface is a prerequisite and significant 

for optimizing electrochemical systems. To this end, the advent of sub-microsecond laser pulses 

has paved the way and eased the investigations of the electrochemical interface (e.g., electric 

double layer), which is problematic. Remarkably, the laser-induced current transient (LICT) 

technique has proven to be a valuable and unique tool for measuring critical parameters of the 

electrified interface, such as the potential of maximum entropy (PME) and the potential of zero 

charge (PZC). The knowledge of the PME is essential as the net orientation of dipoles and 

solvent layer structure at the electrode/electrolyte interface can immensely impact 

electrochemical processes such as the electrode catalytic activity and the charge and mass 

transfer.  

 

In this dissertation, the theory behind the LICT technique is accentuated, laying the foundation 

for the relevant information about the experimental setup and design. Specific applications of 

the LICT methodology in probing the electrolyte (cation, anion, and pH) effects are studied 

using various electrodes and electrolytes. In general, the hypothesis that “the closer the PME is 

to the thermodynamic equilibrium potential of a specific electrocatalytic reaction, the faster the 

kinetics of the reaction should be” was further tested to conform with all the investigations 

performed. Notably, using a polycrystalline Au (Aupc) electrode and 0.5 M Na2SO4 and K2SO4 

solutions, pH, cation, and dissolved oxygen effects were probed. The PME of Aupc shifts 

towards more positive potentials as the pH increases or O2 is introduced. The PME exhibited a 

higher sensitivity to the pH in the presence of K+ than Na+. In this regard, the two alkali metal 

cations cannot be considered equal supporting electrolytes. A mixture of the two cations shifted 

the different PME values toward “an average” value significant for enhancing the oxygen 

reduction reaction (ORR) activity.  
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In another study, atomic layer deposition (ALD) deposited palladium (Pd) monolayers (MLs) 

on the Au electrodes were investigated. The system (electrode as mentioned earlier and 

electrolyte, i.e., varying concentrations or pHs of perchloric acid solutions) was probed via the 

LICT, cyclic voltammetry (CV), and electrochemical impedance spectroscopy (EIS) 

methodologies. The PME and minimum double-layer capacitance correlated, with the latter 

drifting to more positive values, indicating the difference between the two parameters. At a 

higher pH of 2, the PME value was calculated as ca. 0.66 V vs. reversible hydrogen electrode 

(RHE). In comparison, the PME value increased to ca. 0.71 V vs. RHE at a lower pH of 0, 

suggesting that proton reduction in the electrolyte tremendously promotes the hydrogen 

evolution reaction (HER). The cation effect was probed using electrochemically deposited Pd 

MLs on an Au electrode and 0.1 M AMOH (AM = Li+, Na+, K+, Cs+). The obtained PME results 

show that Cs+ is well suited to enhance the HER, whereas Li+ promotes the ORR. Cation effect 

investigations on SURMOF electrodes revealed an exciting trend. Here, Cs+ showed the best 

performance toward the oxygen evolution reaction (OER). For the NiHCF electrode, different 

sodium-based anions NaX (X = ClO4-, NO3-, Cl-, SO42-, CH3COO-) were deployed to probe the 

anion effect. Multiple PMEs were found, and the interpretation of the data became challenging, 

albeit the impact of anions in the degradation processes and toward the understanding of 

intercalation and deintercalation mechanisms were also observed. Stemming from these 

findings, one can infer that electrolyte components drastically influence electrode activity. 

 

Moreover, specifically targeted and fastidious cell design makes it possible to simultaneously 

conduct electron paramagnetic resonance (EPR) spectroscopic and electrochemical 

measurements like CV. As such, the informative power of a single electrochemical experiment 

can be drastically increased with the detection of paramagnetic species at the electrochemical 

interfaces. As both EPR and electrochemical techniques have characteristic demands on the 

experimental setup, this study describes the challenges, design, and results for an exemplary 

electrochemical system. Within a solid/liquid system, adsorbed hydrogen atomic species were 

monitored at the surface of platinum (Pt) electrodes, attempting to detect and identify them 

using EPR spectroscopy. However, a functional in-situ EC-EPR cell was constructed and tested 

before that. The EPR signal reveals the dynamics of paramagnetic species at 0.25 V to 0.3 V 

vs. a palladium hydride (PdH) reference electrode. This work discusses the synergetic 

informative power of combined electrochemical and EPR experiments. 
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In a nutshell, within the framework of this dissertation, electrochemical reactions have been 

studied by combining a host of electrochemical methodologies, i.e., cyclic voltammetry, in-situ 

laser-induced current transient technique, electrochemical impedance, and in-situ 

electrochemical electron paramagnetic resonance spectroscopic methods. Combining two or 

more electrochemical techniques enhances the electrochemical measurements’ value, 

authenticity, and informative power. 
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Kurzfassung 

Beim Übergang von einer übermäßigen Abhängigkeit von fossilen Brennstoffen zu 

nachhaltigeren und umweltfreundlicheren Optionen, d.h. erneuerbaren Energien, ist der Einsatz 

elektrochemischer Energieumwandlungs- und -speicherungssysteme (Elektrolyseure, 

Brennstoffzellen, Batterien usw.) zweifellos sinnvoll. Die Elektrokatalyse bietet mehrere 

Lösungen für eine effiziente Energieumwandlung und -speicherung. Im Gegenzug muss die 

entscheidende Rolle und Bedeutung der elektrifizierten Elektrode/Elektrolyt-Grenzfläche bei 

der Optimierung elektrochemischer Systeme hervorgehoben werden. Daher ist das Verständnis 

der Prozesse, Phänomene und Mechanismen, die an der Grenzfläche zwischen Elektrode und 

Elektrolyt ablaufen, eine Voraussetzung und von großer Bedeutung für die Optimierung 

elektrochemischer Systeme. Das Aufkommen von Submikrosekunden-Laserpulsen hat den 

Weg dafür geebnet und die Untersuchung problematischer elektrochemischer Grenzflächen 

(z.B. elektrische Doppelschichten) erleichtert. Bemerkenswerterweise hat sich die Technik der 

laserinduzierten Stromtransienten (LICT) als wertvolles und einzigartiges Werkzeug zur 

Messung kritischer Parameter der elektrifizierten Grenzfläche erwiesen, wie z.B. des Potentials 

der Maximalen Entropie (PME) und des Potentials der Nullladung (PZC). Die Kenntnis des 

PME ist von entscheidender Bedeutung, da die Nettoorientierung der Dipole und die Struktur 

der Lösungsmittelschicht an der Elektroden-Elektrolyt-Grenzfläche elektrochemische Prozesse 

wie die katalytische Aktivität der Elektrode und den Ladungs- und Stofftransport wesentlich 

beeinflussen können.  

In dieser Dissertation wird die Theorie hinter der LICT-Methode erläutert, die die Grundlage 

für die relevanten Informationen über den Versuchsaufbau und die Versuchsplanung bildet. 

Spezifische Anwendungen der LICT-Methode zur Untersuchung von Elektrolyteffekten 

(Kationen, Anionen und pH-Wert) werden mit verschiedenen Elektroden und Elektrolyten 

untersucht. Im Allgemeinen wurde die Hypothese “Je näher das PME am thermodynamischen 

Gleichgewichtspotential einer spezifischen elektrokatalytischen Reaktion liegt, desto schneller 

sollte die Reaktionskinetik sein” weiter getestet, was mit allen durchgeführten Untersuchungen 

übereinstimmt. Unter Verwendung einer polykristallinen Au-Elektrode (Aupc) und 0,5 M 

Na2SO4- und K2SO4-Lösungen wurde insbesondere der Einfluss von pH-Wert, Kationen und 

gelöstem Sauerstoff untersucht. Die PME der Aupc verschiebt sich zu positiveren Potentialen, 

wenn der pH steigt oder O2 hinzugefügt wird. In Gegenwart von K+ reagiert die PME 

empfindlicher auf den pH-Wert als in Gegenwart von Na+. In dieser Hinsicht können die beiden 

Alkalimetallkationen nicht als gleichwertige Stützelektrolyte angesehen werden. Eine 
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Mischung der beiden Kationen verschiebt die unterschiedlichen PME-Werte in Richtung eines 

“Mittelwertes”, der für die Steigerung der Aktivität der Sauerstoffreduktionsreaktion (ORR) 

von Bedeutung ist. 

In einer weiteren Studie wurden durch Atomlagenabscheidung (ALD) abgeschiedene 

Palladium-Monoschichten (MLs) auf Au-Elektroden untersucht. Das System (Elektrode wie 

oben beschrieben und Elektrolyt, d.h. verschiedene Konzentrationen oder pH-Werte von 

Perchlorsäurelösungen) wurde mittels LICT, zyklischer Voltammetrie (CV) und 

elektrochemischer Impedanzspektroskopie (EIS) untersucht. Die PME und die minimale 

Doppelschichtkapazität korrelierten miteinander, wobei letztere zu positiveren Werten driftete, 

was auf einen Unterschied zwischen den beiden Parametern hinweist. Bei einem höheren pH-

Wert von 2 wurde der PME-Wert mit ca. 0,66 V gegen eine reversible Wasserstoff-Elektrode 

(RHE) berechnet. Im Vergleich dazu stieg der PME-Wert bei einem niedrigeren pH-Wert von 

0 auf ca. 0,71 V gegen die RHE, was darauf hindeutet, dass die Protonenreduktion im 

Elektrolyten die Wasserstoffentwicklungsreaktion (HER) stark fördert. Der kationische Effekt 

wurde mit elektrochemisch abgeschiedenen Pd-MLs auf einer Au-Elektrode und 0,1 M AMOH 

(AM = Li+, Na+, K+, Cs+) untersucht. Die erhaltenen PME-Ergebnisse zeigen, dass Cs+ gut 

geeignet ist, die HER zu verstärken, während Li+ die ORR fördert. Untersuchungen des 

Kationeneffekts an SURMOF-Elektroden zeigten einen spannenden Trend. Hier zeigte Cs+ die 

beste Leistung bei der Sauerstoffentwicklungsreaktion (OER). Für die NiHCF-Elektrode 

wurden verschiedene Natrium-basierte Anionen NaX (X = ClO4-, NO3-, Cl-, SO42-, CH3COO-) 

verwendet, um den Anionen-Effekt zu untersuchen. Es wurden mehrere PME gefunden, und 

die Interpretation der Daten erwies sich als schwierig, obwohl auch die Auswirkungen von 

Anionen auf die Degradationsprozesse und das Verständnis der Interkalations- und 

Deinterkalationsmechanismen beobachtet wurden. Aus den Ergebnissen lässt sich ableiten, 

dass die Elektrolytbestandteile die Elektrodenaktivität erheblich beeinflussen. 

Darüber hinaus ermöglicht ein gezieltes und ausgeklügeltes Zelldesign die gleichzeitige 

Durchführung von Elektronen-Paramagnetischen-Resonanz-Messungen (EPR) und 

elektrochemischen Messungen wie CV. Dadurch kann die Aussagekraft eines einzelnen 

elektrochemischen Experiments durch den Nachweis paramagnetischer Spezies an 

elektrochemischen Grenzflächen drastisch erhöht werden. Da sowohl EPR als auch 

elektrochemische Techniken charakteristische Anforderungen an den experimentellen Aufbau 

stellen, werden in dieser Studie die Herausforderungen, der Aufbau und die Ergebnisse für ein 

beispielhaftes elektrochemisches System beschrieben. In einem Fest-Flüssig-System wurden 
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an der Oberfläche von Platin (Pt)-Elektroden adsorbierte Wasserstoffatomspezies überwacht 

und mittels EPR-Spektroskopie detektiert und identifiziert. Zuvor wurde jedoch eine 

funktionsfähige in-situ EC-EPR-Zelle gebaut und getestet. Das EPR-Signal zeigt die Dynamik 

der paramagnetischen Spezies bei 0,25 V bis 0,3 V in Bezug auf eine Palladiumhydrid (PdH)-

Referenzelektrode. In dieser Arbeit wird die synergetische Aussagekraft von kombinierten 

elektrochemischen und EPR-Experimenten diskutiert. 

Zusammenfassend lässt sich sagen, dass im Rahmen dieser Dissertation elektrochemische 

Reaktionen durch die Kombination verschiedener elektrochemischer Methoden untersucht 

wurden: zyklische Voltammetrie, laserinduzierte in-situ Stromtransiententechnik, 

elektrochemische Impedanz und elektrochemische in-situ 

Elektronenspinresonanzspektroskopie. Die Kombination von zwei oder mehr 

elektrochemischen Verfahren erhöht den Wert, die Authentizität und die Aussagekraft 

elektrochemischer Messungen. 
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CAES    Compressed Air Energy Storage 

CE    Counter Electrode 

CMIP    Coupled Model Intercomparison Project 

CV    Cyclic Voltammogram/Cyclic Voltammetry 

DFT    Density Functional Theory 

DFTMD   Density Functional Theory Molecular Dynamics 

DoD    Depth of Discharge 

DHFC    Direct Hydrocarbon Fuel Cell 

ESI    Earth Similarity Index 

ESM    Earth System Model 

EMIC    Earth System Models of Intermediate Complexity  

EV    Electric Vehicle 
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EDL    Electric Double Layer 

EES    Electrical Energy Storage 

EEI    Electrified Electrode/Electrolyte Interface 

EESS    Electrochemical Energy Storage System 

ECSA    ElectroChemical active Surface Area 

EIS    Electrochemical Impedance Spectroscopy 

EC-EPR   ElectroChemical Electron Paramagnetic Resonance 

Emf    ElectroMotive Force 

EPR     Electron Paramagnetic Resonance 

ESS    Energy Storage System 

EEC    Equivalent Electric Circuit 

FBESS    Flow Battery Energy Storage System 

FES    Flywheel Energy Storage 

FCEV    Fuel Cell Electric Vehicle 

GDL    Gas Diffusion Layer 

GMST    Global Mean Surface Temperature 

GHG    GreenHouse Gas 

HEV     Hybrid Electric Vehicle 

HBE    Hydrogen Binding Energy 

HESS    Hydrogen Electrode in the Same Solution 

HER    Hydrogen Evolution Reaction 

HOR    Hydrogen Oxidation Reaction 

Hupd    Hydrogen UnderPotential Deposition 

IHP    Inner Helmholtz Plane 

IPCC    Intergovernmental Panel on Climate Change 

ICE    Internal Combustion Engine 

IEA    International Energy Agency 

LiB    Lithium(Li)-ion Battery 
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LICT    Laser-Induced Current Transient 

LIPT    Laser-Induced Potential Transient 

LITJ    Laser-Induced Temperature Jump 

LITT    Laser-Induced Transient Technique 

LBL    Layer-By-Layer 

LGR    Loop Gap Resonator 

MES    Mechanical Energy Storage 

MEA    Membrane Electrode Assembly 

MMO    Mercury-Mercurous Oxide 

MMS    Mercury-Mercurous Sulfate 

MCFC    Molten Carbonate Fuel Cell 

ML    MonoLayer 

Nd:YAG   Neodymium-doped Yttrium Aluminum Garnet 

n-EC-STM   noise ElectroChemical Scanning Tunneling Microscopy 

NMR    Nuclear Magnetic Resonance 

OHP    Outer Helmholtz Plane 

OER    Oxygen Evolution Reaction 
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PTFE    PolyTetraFluoroEthylene 

PME    Potential of Maximum Entropy 

PZC    Potential of Zero Charge 

PZFC    Potential of Zero Free Charge 

PZTC    Potential of Zero Total Charge 
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PZT    Potential of Zero Transient 

PBA    Prussian Blue Analog 

PHS    Pumped Hydroelectric Storage 

QCM    Quartz Crystal Microbalance 

RE    Reference Electrode 

RCP    Representative Concentration Pathway 

RHE    Reversible Hydrogen Electrode 

SHINERS   SHell-Isolated Nanoparticle-Enhanced Raman Spectroscopy 

SSC    Silver-Silver Chloride 

SEV    Smart Electric Vehicle 

SOFC    Solid Oxide Fuel Cell 

SHE    Standard Hydrogen Electrode 

SMES    Superconducting Magnetic Energy Storage 

SEIRAS   Surface-Enhanced InfraRed Absorption Spectroscopy 

SERS     Surface-Enhanced Raman Spectroscopy 

SURMOF   SURface mounted Metal-Organic Framework  
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TCRE    Transient Climate Response to Cumulative CO2 Emission 

UPS    Uninterrupted Power Supply 
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Nomenclature/Symbols 

Symbol Description Unit 

A Area m2/cm2 

C Capacitor/Capacitance Farad (F/µF) 

Cdl/Zdl/qdl Capacitance of the double-layer µF s1-n cm-2 

Q Charge density µC cm-2/nC cm-2 

C Concentration M/mM/µM 

Z or Q Constant Phase Element S sn 

 Cost of Energy Euro/kW 

D Diffusion coefficient cm2 s-1 

E Energy J/mJ 

E Energy density MJ m-3/Wh kg-1 

F Fluence mJ cm-2 

f/n Frequency s-1/Hz/GHz 

G Gerischer element S s1/2 & s-1 

H/h Height/Distance m/km 

Hhyd Hydration energy kJ mol-1 

L Inductor/Inductance Henry (H)/kg m2 s-2A-2 

B/H Magnetic field T/mT/µT 

r Mass density g cm-3/µg cm-2 

P Power W/mW 

R Resistor/Resistance Ohm 

 Scan rate mV s-1 

𝜇 Shear modulus g cm-1 s-2 
 Tafel slope mV dec-1 

T Temperature K/°C 

t/T Time s/ms/minutes 

V Voltage/Potential Volt (V) 

V Volume m3 

V Velocity/Speed m s-1 

W Warburg impedance Ohm/Ohm cm2 

f Work function eV 
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Name of Chemical Description 
ACN Acetonitrile 

CO Carbon monoxide 

CsOH Cesium hydroxide 

CD3OD Deuterated methanol 

DMF Dimethyl formamide 

DMSO Dimethyl sulfoxide 

HCl Hydrochloric acid 

H2O2 Hydrogen peroxide 

OH- Hydroxyl 

LiOH Lithium hydroxide 

LiClO4 Lithium perchlorate 

CH3OH Methanol 

CH2Cl2 Methylene bichloride 

NiCd Nickel Cadmium 

NiMH Nickel Metal Hydride 

N2O Nitrogen oxide 

HClO4 Perchloric acid 

KOH Potassium hydroxide 

K2SO4 Potassium sulfate 

H+ Proton 

RbOH Rubidium hydroxide 

NaCH3COO (NaOAc) Sodium acetate 

NaCl Sodium chloride 

NaCl-KCl Sodium chloride – Potassium chloride 

NaOH Sodium hydroxide 

NaNO3 Sodium nitrate 

NaClO4 Sodium perchlorate 

Na2SO4 Sodium sulfate 

NaS Sodium sulfide 

H2SO4 Sulfuric acid 

O2- Superoxide 

H2O Water 
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1.0 Introduction and General Overview 

The so-called hydrogen economy, which involves electrochemical-based technologies (e.g., 

electrolyzers and fuel cells), is arguably the most promising driver of “green” energy. It is vital 

to ensure that global energy generation (stationary, portable, and mobile) is decoupled from the 

relatively high carbon emission cycle. The realization of the hydrogen-based economy would 

invariably result in a massive reduction of carbon emissions, especially in air pollution, which 

originates from the fossil fuels often used in generating electricity, other energy-related 

demands, and in the internal combustion engine of most vehicles, thereby essentially addressing 

the significant and urgent global environmental challenges of global warming and climate 

change. In this respect, this chapter explicitly reveals the emerging/eminent energy crises and 

makes a strong case for employing renewables, principally highlighting the significance of 

hydrogen as fuel. The discussion proceeds to tackle the essential fundamentals necessary to 

understand the principles behind the various technologies. More specifically, the paramount 

interest lies in comprehending the underlying principles of electrocatalysis at the electrified 

electrode/electrolyte interface, which will be discussed in detail in subsequent chapters.  
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1.1 The Current Global Energy-Related Challenges  

Advances in innovations and technology, especially since the “Industrial Revolution,” have 

triggered mammoth transformations and improvements, specifically in the health and industrial 

sectors. These vital milestones and developments have led to progress in the quality of human 

life. While the global birth rate has declined significantly, especially in the last 50 years, global 

maternal and infant mortality has fallen, and global health outcomes and life expectancy have 

improved. Therefore, it is no surprise that humankind’s population continues to surge 

astronomically. Statistics show that in 1804, the world’s population stood at 1 billion, and 

currently (October 2022), this figure has risen to ca. 7.98 billion, with an average growth rate 

of ca. 1% annually.[1] The United Nations predicts a population of ca. 10 billion by 2057, 

provided no significant alteration in the current trend occurs.[ 2 ] Figure 1.1 provides 

supplementary information on the statistics. 

 

Figure 1.1. A clear depiction of the accelerated growth in the global population from 1700 to the present 

time (2022). The statistical data for the plot was obtained from reference.[1] 

 

The dramatic and continuous population hikes come with accompanying challenges, namely, 

increasing energy and vital amenities demands, especially as developing countries have set 

ambitious electrification, industrialization, and modernization (urbanization) agendas. This 

intriguing but well-envisaged development is already underway, as evident in the following 

statistics: 17% of the global population, based mainly in Sub-Saharan Africa and developing 

Asia, representing 1.278 billion people lived without electricity in 2013, and this reduced 
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marginally to ca. 14%, i.e., 1.071 billion people in 2016.[3] Due to the recent global challenges, 

including but not limited to the COVID-19 pandemic, the deteriorating world economy, and 

energy price hikes, the progress made in increasing universal access to electricity plateaued 

from 2020 to 2021.[3] It declined for the first time in two decades in 2022 to 774 million people 

from 754 million people in 2021. Another remarkable development in global electricity 

production was the giant leap observed between 1973 and 2013. A little over 280% rise in 

universal electricity production was recorded for the already mentioned period, representing ca. 

23,391 TWh from the initial 6,144 TWh.[4] In 2019, the figure rose to ca. 28,000 TWh, and this 

trend is projected to further increase by 80% to ca. 50,000 TWh in 2050.[5]  

From a different perspective, the global average energy consumption rate in 2018 was pegged 

at ca. 18.6 TW and was ca. 13.5 TW in 2001.[6] The forecast indicates that by 2050, it will 

amount to ca. 30 TW. On the other hand, the universal total power generation capacity stood 

abysmally at ca. 7 TW in 2018 and was estimated to be ca. 7.9 TW in 2021.[6] Meanwhile, on 

the premise of the growing global energy demand, this trend will surge in the coming years, 

with a 37% increase forecast in the next decade, and a doubling is projected to be evident by 

2050.[7] These looming statistics imply that sufficient (available, reliable, stable, and non-

erratic) energy must be generated to meet the world’s growing energy consumption rate, which 

is worryingly turning into a global energy crisis and has been termed the “terawatt challenge”, 

or more generally, “generation versus consumption” challenge by Smalley.[8]  

Current attempts to address this issue heavily rely on non-renewable primary energy sources, 

particularly fossil fuels, whose reserves are witnessing consistent and continuous depletion. It 

is well known that these hydrocarbon resources are rare and in limited supply across the globe. 

According to research, at the current consumption rate of these non-renewable primary energy 

sources, in addition to their scarcity in the world, most of them will be exhausted even before 

the next century (coal ~100 years, natural gas ~60 years, crude oil ~40 years) if this trend is not 

abated.[9,10] While fossil-based energy sources provide about 80% of the current energy mix,[9] 

it is paramount to have alternatives for the future, e.g., renewable energy sources. Nevertheless, 

fossil fuels will likely continue to supply more than 60% of the world’s energy demand by 

2040.[11] That notwithstanding, the exclusive reliance on certain or few energy sources will 

render economies susceptible to innumerable problems, such as political instabilities, market 

fluctuations, and so on, besides the occurrence of natural disasters and resource depletion. 

Conversely, diversifying energy sources is mainly concomitant with improving the stability of 

energy provision, which tremendously affects economic and political stability. Thus, sustaining 
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the diminishing rate of non-renewable primary energy sources such as fossil fuels is yet another 

vital reason for the terawatt challenge to tackle the predicted calamitous energy crisis.  

There is apparent clarity that the massive and continuous global use of fossils will be inevitable, 

at least in the next two decades. As such, carbon dioxide (CO2) molecules usually generated 

through the oxidation of carbon atoms in fossil fuels will continue contributing immensely to 

global warming.[ 12 , 13 , 14 ] This means that substantial adverse effects on the environment, 

atmosphere, and by extension, the weather patterns and climate of the planet Earth, which is a 

measure that impacts human life, are to be expected. This invariably initiates tremendous 

modifications in the hydrological cycle, cryosphere, atmospheric circulation patterns, and even 

with the oceans concerning rising sea levels, etc. Consequently, the magnitude and frequent 

occurrence of unprecedented natural disasters like hurricanes, tornados, floods, typhoons, 

droughts, and so on will be rife and on the ascendancy for every ca. one (1)°C change in 

atmospheric temperature.[15,16,17]  

The adverse effects of such disasters are not far from now and can be vividly corroborated by 

recent occurrences. One such example would be the 2021 flash floods in Germany’s Rheinland-

Pflaz region. To address the issue, an estimated 40.5 billion Euros were spent on damages 

only.[ 18 ] In a similar incident recorded in 2018-2019, the heat and drought period across 

Germany resulted in damages to the tune of 40 billion Euros.[18] The dire consequences of 

climate change have already been witnessed all over the world. Besides the drastic economic 

impacts accompanying this crisis mentioned above, it also immensely impacts the global 

political, biological (health), and social ecosystems if the trend continues.[19] For instance, sea 

level rise affects the habitability of delta regions like Bangladesh, salinization of fresh water, 

species extinction, crop failure, etc. Therefore, innovative, solid decisions and bold measures 

must be adopted and implemented to curb the occurrence of such disasters. To achieve this 

ambitious but inevitable goal, it is imperative to consciously reduce the constant emissions of 

greenhouse gases (GHGs), especially CO2.  

In this light, to reverse and mitigate the impact of the ongoing climate change, 196 UN member 

states met in Paris in December 2015. They adopted a legally binding charter aimed at limiting 

global warming to a threshold of 2°C compared to pre-industrial levels by 2050.[17, 20 ] 

Additionally, stringent measures are to be followed to limit the temperature upsurge to 1.5°C.[17] 

Prior to adopting and implementing the Paris Agreement, a similar commitment had earlier 

been made in the so-called Kyoto Protocol held in December 1997. Despite these strong desires 

to curb global warming, only CO2 emissions from the energy sector (emanating from the impact 
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of human activities and lifestyles) on the climate systems still account for ca. 60% of all global 

greenhouse gas emissions.[21] Specifically, the concentration of CO2 emission in 2022 was 

reported to be 417 ppm (averaged marine surface annual mean value). Meanwhile, it was 

approximately 315 ppm in 1960, constituting an annual average growth of 2 ppm, particularly 

in the last decade.[22] This implies that the advanced and industrialized countries must lower 

nearly 80-95% of their GHG emissions by 2050 compared to 1990.[23] A deliberate decline in 

fossil fuel consumption is required. Therefore, larger-scale clean energy grids and substitutes 

for conventional internal combustion engines (ICEs) for vehicles are advocated and must be the 

way forward to improve the quality of life, mainly in urban areas. Incredibly, this objective has 

seen massive progress since the Paris Charter, as the intentional push to diminish the use of 

CO2 emissions in highly developed countries has yielded substantial growth. Unfortunately, the 

reverse is the case in developing countries, which have recorded steady increases in CO2 

emission rates due to the drive to industrialize and modernize their societies. The next step to 

stem this trend is perhaps penalizing developing countries for flouting such enactment to emit 

more CO2 in the name of industrialization. However, this will be unfair as the developed 

economies were engaged in the same act (situation) decades ago. In this regard, developed 

countries should have a moral imperative to assist developing economies by investing in green 

technologies to achieve their industrialization agenda without causing further harm to climate 

patterns. Studies portray that in 2017, the universal greenhouse gas emissions already accrued 

over 1°C temperature rise relative to the pre-industrial level[17] (cf. Figure 1.2[24]), a clear 

indication of non-compliance by some member states. A closer look at Figure 1.2 reveals that 

provided there is no alteration in the current rate of global temperature rise (ca. +0.2°C per 

decade), the threshold global warming value of 1.5°C will be in sight between 2030 and 

2052.[17,24] However, according to reliable projections, global warming can be kept well below 

the 1.5°C threshold provided 80% and 100% net zero emission energy is achieved in 2030 and 

between 2040 and 2055, respectively.[25]  
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Figure 1.2. Graphical depiction of the eminent global warming. It is important to remark that most of the 

data relate to the fifth assessment report (AR5) released in 2013-2014. The AR5 data originated from 15 

Earth system models (ESMs) and 5 Earth system models of Intermediate Complexity (EMICs). Displayed in 

black are the historical observations, the representative concentration pathway (RCP)8.5 scenario is in red, 

and the red-shaded plume portrays the range across the models. The solid line with dots depicts the globally 

averaged near-surface air temperature response to cumulative carbon dioxide (CO2) emissions in addition 

to non-CO2 forcers. The purple-shaded plume and the line signify the temperature response to cumulative 

CO2 emissions and the non-CO2 warming transient climate response to cumulative CO2 emission (TCRE) 

distribution. The filled purple diamond represents the 2010 observation of surface temperature change 

(0.97°C based on the 2006-2015 mean compared to 1850-1900) and cumulative carbon dioxide emissions 

from 1876 to the end of 2010 of 1,930 GtCO2. Shown as a hollow purple diamond is the value for 2017 based 

on the latest cumulative carbon emissions up to the end of 2017 of 2,220 GtCO2 and a surface temperature 

anomaly of 1.1°C based on an assumed temperature increase of 0.2°C per decade. The thin blue line reveals 

the annual observations, with CO2 emissions and estimated globally averaged near-surface temperature from 

scaling the incomplete coverage and blended HadCRUT4 dataset. The thin black line shows the coupled 

model intercomparison project (CMIP)5 multimodel mean estimate with CO2 emissions. The thin black line 

portrays the global mean surface temperature (GMST) historical temperature trends, displaying lower 

temperature changes (0.87°C) up to 2006-2015, consequently leading to a larger balance in the carbon 

budget. The dotted black lines illustrate the remaining carbon budget estimates for 1.5°C. It is important to 

note that these remaining budgets exclude possible Earth system feedback that could reduce the budget, such 

as CO2 and CH4 release from permafrost thawing and tropical wetlands. Reproduced from reference.[24] 

Open access, permission of unrestricted use. 
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As a holistic approach to resolving the problem of climate change, a rigorous search for 

alternative exoplanets by astrophysicists was activated, leading to the successful discovery of 

thousands of exoplanets.[26,27] That notwithstanding, only ca. ten (10) of these planets are 

hypothetically habitable per the Earth similarity index (ESI), a measure of similarity in 

planetary properties in comparison with the Earth’s stellar flux and mass or radius (Earth = 1.0). 

Strictly speaking, a habitable zone is a range of distances or a region around a host star within 

which liquid water, a critical necessity for life, may exist on an orbiting planet’s surface. On 

this basis, it might be possible to attempt to make at least one other planet besides Earth 

habitable in the future. However, the budget to execute this project might be exceptionally huge 

and non-existent, invariably leading to the current reality that the Earth is the only planet 

supporting life in our solar system.[28] As such, it is expedient to continue to preserve and keep 

the earth habitable through a conscious effort to regulate human activities that negatively impact 

the global climate of the planet Earth. This move is essential since the quality of life on a planet 

is significantly dictated by the nature of the atmosphere and, by extension, the climate.  

In a nutshell, to resolve the urgent global warming issue on earth, a transition toward a clean, 

“green” (net zero)/low-carbon emission energy system is indispensable. Therefore, it is no 

secret that the world needs radical, innovative, and permanent (long-term) solutions to the 

current energy-related challenges. On this note, the next section will address the potential of 

renewable energy sources and how effectively they can help combat climate change.  

 

 

1.2 Reducing the Over-reliance on Fossil Fuels: Renewable 

Energy and Other Alternatives  

As earlier established, there is a pressing need to develop sustainable alternatives to fossil fuels 

further to meet the rapidly soaring energy demands, substantially assuage the impact of climate 

change, and hasten the transition to the envisioned low-carbon emission society.[29,30,31,32] As 

such, swift and effective actions were adopted since the Paris Agreement, leading to tremendous 

upgrades in almost all renewable energy sources, not limited to wind, wave, solar, tidal, 

geothermal, hydroelectric, and bio (biomethane, biofuels, biomass) energy, to meet the high 

commercialization and upscaling standards/demands.[33,34,35] 
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Remarkably, the BP Energy Outlook 2022 captures the gradual shift of the global dominance 

of hydrocarbon-based fuels to more clean, low-carbon emission, and sustainable options, 

including renewables and other non-fossil fuel sources.[36] This is mainly seen in the sharp 

decline in the overall contribution of fossil fuels toward the global primary energy supply. 

Simply put, non-fossil contribution to the universal primary energy demand is forecast to be 

between 60% and 20% in 2050, whereas fossils contributed ca. 80% in 2019.[36] Figure 1.3 

illustrates the emerging dominance of clean energy alternatives (renewables and others, 

including nuclear), further buttressed by the International Energy Agency (IEA) projection that 

renewable energy and other clean energy sources will contribute over 50% of the global energy 

capacity expansion by 2050. Leveraging the Paris Agreement, various world leaders’ social and 

political snags towards the upscaling and full-scale implementation of cleaner energy 

technologies have witnessed dramatic reduction. Consequently, solar (photovoltaics) and 

onshore wind power are reported to account for a considerable chunk of the global renewable 

energy generation besides hydro energy.[37,38,39] Put differently, estimates indicate that several 

TWs of renewable energy sources, mainly water (hydro), wind, and solar (WWS), should be 

fully installed by 2050, with substantial additional energy capacity already expected to be 

installed by 2030, provided no unforeseen economic situation hampers the progress.[39,40]  

 
Figure 1.3. The gradual global shift from the over-reliance on fossils to clean, green, low-carbon emission 

replacements. In 2020, oil contributed over 30%, coal ca. 30%, and natural gas over 20%, indicating ca. 

80% of the global energy generation was based on high-carbon emission fossil fuel sources. The narrative 

in 2050 will be substantially the opposite as the reliance on fossils is predicted to dwindle while renewables, 

nuclear, and other sources will dominate. Adapted from reference.[36] Open access, permission of 

unrestricted use. 
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One critical question worth answering is whether the WWS technologies and other renewables 

can adequately solve the terawatt challenge. The good news is that the combined theoretical 

potential of wind and solar energy sources surpasses the predicted future energy demands. 

Estimates indicate that solar energy can deliver up to 240-340 TW, and wind energy (i.e., wind 

speeds over 7 m/s and over land or near the shore) can deliver approximately 72-170 TW.[41] 

The main impediments to the broad commercialization and use can trace their roots from the 

stochastic and erratic nature of the various renewable energy sources, as they rely heavily on 

climatic, environmental, and even atmospheric patterns.[42,43]  

Another promising substitute to fossils is nuclear energy, thanks to its relatively low CO2 

emission, high volumetric and gravimetric energy densities, and providing a stable and 

controllable supply of power/energy at a suitable price. However, serious drawbacks exist that 

exacerbate its potential, which should be tackled head-on. These include the dependence on the 

limited stores of Uranium/Plutonium, the likelihood of incidents such as the ease of nuclear 

weapons proliferation, and the unresolved issues regarding nuclear/radioactive waste 

disposal.[41,44,45,46]   

 

 

1.3 Energy Storage Systems 

Owing to the energy fluctuation and intermittency drawbacks accompanying most renewable 

energy sources and the need to consume energy upon generation immediately, the so-called 

“generation vs. consumption” challenge occasioned by a discrepancy in energy demand and 

provision arises/ensues. To smoothly seal and close the erratic/stochastic gap (time and space), 

employing energy storage systems (ESSs) is prudent. Moreover, some of these energy sources 

are generated cheaply at locations without any urgent demand for power supply. Hence the need 

to have mechanisms to store such energies, upscale them to the TW level and transport them 

elsewhere or for future use. Energy storage involves converting electrical energy from a power 

network into a form of energy for storage and converted back to electrical energy when 

needed.[ 47 ] Energy storage systems consist of energy/power input (charging) and its 

corresponding output (discharging) scheme and two energy converters sandwiched between the 

storage device. Simply put, each energy storage facility is equipped with the following 

fundamental components: storage medium, power conversion system, and balance of plant.[48] 
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However, some basic requirements must be fulfilled to implement ESSs effectively. The 

prerequisites are not restricted to the following: high energy and power densities, high 

efficiency, reasonable costs for installation and maintenance, long lifetime, quick response rate, 

and little losses of stored energy due to self-discharge. Admittedly, diverse types of energy 

storage systems have been developed and are usually categorized by energy storage, i.e., 

thermal, mechanical, electrical (electromagnetic), chemical, or electrochemical.[ 49 , 50 , 51 ] In 

general, with the implementation of an energy storage facility, electricity can be generated and 

delivered when there is either low demand, low generation cost, or when unreliable energy 

sources are deployed. These become necessary when there is a high demand for electricity, high 

generation cost, or other energy generation sources are unavailable.[47,52]   

Thermal energy storage (TES) is applicable in special situations and at specific locations. They 

operate by storing energy in latent heat, sensible heat, or via thermochemical means (i.e., 

adsorption and absorption) in a cold/heat storage medium.[53,54,55] Particularly, when mounting 

a solar thermal power plant, a typical desert with arid diurnal sunlight is a crucial prerequisite. 

Apart from storing energy, this technology (i.e., solar chimney, concentrating solar thermal 

power technologies) can deliver energy (electricity and heat) on demand. Employing solar 

collectors as the energy source, one can effectively tap into the practicality of molten salt 

technology[56 , 57 ] by generating a by-product like fresh water (for cooking, drinking, etc.) 

through desalination. 

Mechanical energy storage (MES) systems can be categorized into potential energy storage, 

comprising pumped hydroelectric storage (PHS) and compressed air energy storage (CAES), 

and kinetic energy storage, namely, flywheel energy storage (FES). The PHS technology is by 

far the most advanced in this category, boasting large volumes, a relatively low capital cost per 

unit of energy, and a long storage duration.[ 58 ] Therefore, several countries have already 

operationalized it. PHSs typically offer large capacities (i.e., ranging from MW to several 

GWs), long life cycles, and high efficiency between 60 and 80%.[59] Regarding capacity, PHSs 

are well suited in mountainous regions as dams require such geographical locations to augment 

the width and height of the reserved/trapped water. The dam’s operation produces 

hydroelectricity, which can be fed into the power utility grid. More so, the excess energy 

generated can be utilized in a different form of energy, where water is pumped from a lower to 

a higher basin/sink. The current global overall installed PHS generation capacity amount to 

over 100 GW (over 200 PHS systems), amounting to approximately 3.6% of the universal total 

energy consumption and 99% in terms of electricity storage capacity.[39,49,58,60,61] Despite these 
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irresistible statistics, PHSs embody some primary drawbacks like geographical conditions 

(great differential elevation, sufficient rainfalls, large land areas), a very low energy density 

(for instance, 3 Wh m-3 for a 1 m height difference), demanding capital investments, and long 

construction duration. Additionally, lack of benign environmental conditions, including the 

removal of trees and vegetation from the vast area of land before the reservoir can be flooded, 

and the likelihood of flooding inhabited lands closer to the proposed dam site before, during, 

or even after its construction eventually leads to huge resettlement costs.[49,50,51,62]  

As the name suggests, compressed air energy storage (CAES) systems store energy by way of 

compressed gasses, particularly air, and represent a different type of currently commercially 

available mechanical ESSs.[63] They are employed for grid operational support functions such 

as load shifting and regulation control.[63] Amazingly, only two plants of CAES are presently 

in operation globally, despite their applicability as long-duration and large-scale energy 

storage.[63] One exists in Huntorf, Germany, and the other in McIntosh, Alabama, USA. The 

good news is that some proposed projects, mainly in Europe and the USA, are underway, with 

others stalled.[63] CAESs provide a large capacity (hundreds of MW-level), small self-discharge 

losses, high efficiency (ca. 70-89%), low capital cost, fast ramp rates, and high-power 

capacity.[58,64] Nonetheless, CAESs are not appropriate for ESSs of renewable energies due to 

their topographical application limitations in addition to the consumption of fossil fuels 

occasioned by the system’s dependency.[49,58] Discussions are currently underway to 

operationalize them as supplementary energy storage for remotely located (offshore) wind 

power plants. This has been mainly hampered by suitable geology that permits CAES in windy 

regions.[63]  

Flywheel energy storages (FESs), on the other hand, exhibit some merits like high energy 

efficiency (over 85%), little maintenance cost, long life cycles (> 15 years), low environmental 

impacts, 1:1 charge-to-discharge ratio, and high power and energy densities compared to other 

mechanical ESSs.[65] They are mainly deployed as short-duration energy storage technology. 

Therefore, typical fields of their application are not limited to the following: local peak power 

supply, storage of recuperated energy in vehicles, uninterrupted power supply (UPS) systems 

in hospitals, etc., and storage buffers for fluctuating energy supply, especially in satellites.[66] 

Regardless of their many benefits, some impediments like short operation lifetime and high 

self-discharge losses (idling losses due to friction or magnetic forces) must be circumvented to 

enhance their operation.[67]  
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Electrical energy storage (EES) systems can be subdivided into electrostatic (capacitors, 

supercapacitors, etc.) and magnetic/current energy storage (superconducting magnetic energy 

storage-SMES) schemes. Capacitors operate by storing energy through the polarization of 

charge carriers at two electrodes. The commonly known capacitors, i.e., conventional 

capacitors, appear in a configuration of two metal plates with (electrically) insulating media 

between them, exhibiting characteristics like high efficiency, swift response time, and several 

thousands of life cycles. However, because of their very low energy density, they are not 

deployed as ESSs. Through research, diverse types of capacitors, namely, pseudocapacitors, 

double-layer capacitors, and supercapacitors, exhibiting high energy densities, have been 

introduced. Despite this development, the so-called advanced capacitor types still possess short 

storage time caused by the high cost (1100-1500 Euro/kW), which is a significant disincentive 

in addition to the high self-discharge loss. Besides, supercapacitors[68] and superconducting 

magnetic energy storage[49,69] are mainly deployed to compensate/makeup for the short-term 

fluctuation in the power distribution as they tend to operate with high energy (20-70 MJ m-3) 

and power densities, long life cycles (106 cycles), and optimum efficiencies (90-99%, mostly > 

95%). As the intermittency duration increases, they prove ineffective because they suffer from 

low energy storage densities and are not applicable in such scenarios.[70,71]  

Chemical energy storage (CES) usually functions and is classified by the kind of material that 

goes through reversible chemical reactions. They possess several admirable properties, 

including ease of storage and transport, high energy density, and can rely on existing 

infrastructure. Metal-air batteries, synthetic natural gas, biofuels, and hydrogen (fuel cells, 

molten-carbonate fuel cells - MCFCs) are perfect examples of this form of energy storage 

system.[53,55,72] Thermochemical energy storage (solar hydrogen, solar metal, solar ammonia 

dissociation-recombination, and solar methane dissociation-recombination) is another CES 

category. Hydrogen storage will be further elaborated in section 1.4.  

Electrochemical energy storage systems (EESSs) form a group with an appealing response to 

the erratic nature of most renewable energy sources.[73,74] Their operations center on reversible 

chemical and electrical energy conversion in a substance. Conventional, advanced, and flow 

batteries are the standard, most popular, and commercially available types of EESSs. Batteries 

primarily dispense electricity via internal electrochemical reactions and are mainly classified 

by their rechargeability prowess: primary (non-rechargeable) and secondary (rechargeable) 

batteries. Rechargeable batteries, with their alluring properties such as high energy and power 

density, high round-trip efficiency, negligible self-discharge, relatively long cycle life, very low 
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standby losses, and quick response time[58,75,76] have gained traction for deployment as energy 

storage systems for renewable energy sources. In that sense, a myriad of rechargeable batteries 

displaying matured technologies, namely, lead (Pb)-acid, Ni-Cd, NiMH, and NaS batteries, 

have been commercialized to serve the automotive subsector as well as for other industrial and 

individual purposes. The operations of the aforementioned rechargeable batteries can be 

likened to large conventional batteries because of their shared similarities.[48] They function by 

immersing two electrodes in an electrolyte, triggering a chemical reaction, and generating 

current when required. They all encounter significant limitations overshadowing their merits, 

hindering their global use as grid-scale ESSs for renewable energy sources. Popular among the 

drawbacks are low depth of discharge (DoD), short life cycle,[58] memory effect, relatively low 

efficiency, the apparent toxicity of cadmium (Cd),[48,49,77] high self-discharge, and high-pressure 

failure. Flow batteries initiate a chemical reaction by pumping two charged electrolytes to the 

cell stack, which creates current from the device whenever demanded.[48] Vanadium Redox 

(VR), Polysulfide-Bromide (PSB), and Zinc-Bromine (ZnBr) flow batteries are significant 

examples of flow batteries. VR and PSB flow batteries operate similarly with enhanced 

characteristics such as high efficiency (ca. 75-85%), charge/discharge ratio of 1:1, fast response 

time (ca. 1-20 ms), high overload capacity, and long-life cycle (2,000 to 10,000 cycles). The 

power and energy capacities are decoupled from each other for both VR and PSB flow batteries. 

The power capacity is usually in the kW range and is determined by the cell stack size. In 

contrast, the volume of the electrolyte (size of the tank) indicates the energy capacity (usually 

in the kWh regime). The power capacities of both VR and PSB flow batteries have the potential 

to be upscaled to the MW scale. VR flow batteries can primarily be deployed for UPS, load 

leveling, telecommunications, peak shaving, and electric utility purposes. Designed with a 

versatility function, VR flow batteries can help to integrate renewable energy resources into the 

grid.[48] However, VR flow batteries suffer many demerits, including having the lowest power 

density and requiring several cells to obtain the same power output as other flow batteries. ZnBr 

flow batteries, with their electrolytes separated by microporous membranes, operate slightly 

differently from VR and PSB flow batteries. Key characteristic merits of this kind of flow 

battery include the display of high efficiency (75-80%), suffering from no memory effect, 

having a high cycle life (2000 cycles), charge/discharge ratio of 1:1, and showing the highest 

energy density of 75 to 85 Wh kg-1, and a cell voltage of 1.8 V. ZnBr flow batteries are readily 

deployed for load management, UPS, supporting transmission and distribution grids, 

substations, microturbines, and solar generators, with the main drawback being the inability to 
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upscale to the MW regime because the modules can only be linked electrically and not both 

electrically and hydraulically.[48] 

For advanced rechargeable batteries such as Li-ion batteries (LiBs), optimum characteristics 

such as high energy and power density, high efficiency (80-90%), and long lifetime best 

describe them.[ 78 , 79 ] Thanks to their incontrovertible exhibition of the highest gravimetric 

energy density and substantially improved technology, they are well suited for mobile 

applications such as laptops, tablets, phones, and in electric and the so-called hybrid vehicles.[80] 

Several drawbacks, including but not restricted to the low abundance, or scarcity and uneven 

distribution of Lithium (Li) and Cobalt (Co), which serve as electrode compounds, limit their 

broad use in both grid-scale ESSs and the electric vehicle (EV) market because of the 

skyrocketing prices emanating from the high market demand.[81,82,83] Other factors that pose 

significant impediments to the stationary grid-scale application of LiBs are installation cost and 

safety concerns.[84,85] Several safety hazard examples can be cited regarding facilities and 

devices that deployed LiBs. These include the universal explosion of a few Samsung Galaxy 

Note 7s in 2016,[86] the explosion of several Tesla cars recorded in 2013 and beyond,[87] as well 

as the eruption/fire ignition of ca. 27 ESS facilities in Korea.[88] As such, these concerns are 

held more prominent/supreme over their enhanced gravimetric energy densities. Delightfully, 

the safety issues appear to be resolved as no new cases have been reported, but then comes the 

question of the sustainability of the global lithium reserves for the grand transition into grid-

scale ESSs and still support the EV and other portable device industries. An alternative in 

Sodium (Na) instead of Li appears to be a more prudent solution as adequate reserves of the 

former in various forms (compounds, etc.) can be found in the oceans and all over the earth. 

More so, Na-ion batteries with aqueous electrolytes have proven viable for grid-scale 

applications.[85,89,90,91,92] 

 

 

1.4 The Hydrogen-Based Economy 

From the discussions in the previous sections, it is clear that there are intense advocacies for a 

complete transition to cleaner, “green” energy sources to preserve the earth and its inhabitants 

from global warming and climate change. However, the bottleneck to circumvent is the 

stochastic and erratic nature of the alternatives, namely, renewables, as they render the energy 
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utility grid unreliable. A successful approach (the way forward) to resolving/addressing the new 

challenge entails an enhanced mechanism of converting and storing energy for reuse, especially 

when power outages and fluctuations set in. From the many energy storage systems or schemes 

adequately elaborated in section 1.3, it was evident that each ESS has some limitations 

regarding the widespread scope of application, cost of installation, inability to support grid-

scale operations, optimal integration of renewables to the grid, and so on. In other words, there 

is a lack of efficiency and sustainability in almost every ESS.  

Hydrogen, one of Earth’s simplest and most abundant elements, comprises a single proton and 

one electron. However, hydrogen is not often found as a stand-alone molecule or chemical 

compound but intertwined with, for instance, oxygen to form water or carbon in hydrocarbons. 

Additionally, it does not naturally exist in the form of fuel.[93] The deployment of hydrogen in 

transitioning to cleaner energy sources as an energy carrier comes with its production, storage, 

and use. Hydrogen is important in contemporary energy architecture as an energy carrier 

because of its remarkable characteristics, such as the convenience of storage and transport, high 

energy density, and theoretically high energy conversion efficiency.[94,95,96,97] In this regard, 

hydrogen easily flexibly permits renewable energy storage, balancing energy demand and 

supply.[98,99] Ultimately, renewables that cannot be deployed directly can be stored as hydrogen 

and its derivatives and later used to provide low-carbon emission electricity.  

It is significant to remark that the transportation sector accounts for ca. 28% of the global CO2 

emissions (and cars and water navigation constitute ca. 75% of them in the European Union 

(EU), Figure 1.4A), and hence targeting that industry will substantially impact the global 

climate.[100]  Since the Paris Agreement, several companies have begun to lead the charge 

toward the green energy transition by developing and applying hydrogen-based 

technologies.[101] Similarly, many countries, including Germany, are acting in line (complying) 

with the Paris Agreement with a long-term policy aimed at reducing carbon footprints, 

especially in the transportation sector.[102,103,104]  

Until now, hydrogen is mainly produced from the orthodox high carbon emission approaches 

through the gasification of oil, coal, and petroleum coke, as well as ca. 71% from natural gas 

via steam reforming.[ 105 ,106 ,107 ] This implies, in real terms, a continuous increase in CO2 

emissions as the advocated “clean” hydrogen is primarily obtained via the deployment of fossil 

fuels.[108] To substantially make hydrogen production cleaner and greener (carbon emission-

free), renewable and nuclear resources must replace fossil fuels (cf. Figure 1.4B).[109] 
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A) 

 
B) 

 
Figure 1.4. A)  Transport emissions in the European Union (EU) in 2019. B) Schematic depiction of the 

enormous potential of electricity and a hydrogen-powered universe. Herein, the numerous ways hydrogen 

can be generated and its scope of use are highlighted. The goal is to produce hydrogen utilizing a “green” 

and clean methodology, i.e., via electrolysis from a renewable energy source. Hydrogen is mainly employed 

in the production of ammonia. It is believed that eventually, the application of hydrogen will be dominant in 

the chemical production, metal refining, and fuel cell industries as the oil refining and synthetic gas 

production industries take the backstage. Reproduced from reference.[109] Open access, permission of 

unrestricted use. 
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Splitting water (into hydrogen and oxygen) by classical electrochemical means, also known as 

water electrolysis, presents a cost-effective avenue to producing “green” hydrogen. Nowadays, 

other approaches besides the primitive water splitting strategy, including photochemical water 

splitting, thermochemical water splitting, and biological pathways, are also deployed.[ 110 ] 

Presently, only 4% of hydrogen is produced by water electrolysis (using water and electricity 

from renewables), thereby offering the possibility for further exploitation.[111] It is significant 

to remark that water electrolysis reactions employ the so-called electrolyzer.[112] Following 

production, oxygen can be discharged into the atmosphere. In contrast, hydrogen (chemical 

energy) can be stored and transported in either a liquid or gaseous state (e.g., high-pressure 

tanks) and eventually reconverted to electricity using the so-called fuel cells. The MYRTE 

platform is an example of a device that combines an electrolyzer transforming H2O into H2 and 

O2 and completes the cycle by converting the generated electricity from solar panels into 

chemical energy and storing it in high-pressure tanks.[ 113 ] Subsequently, the eminent 

recombination of H2 and O2 in a fuel cell is a sure possibility of ensuring the “green” generation 

of heat and electricity.[114] In this regard, the hydrogen economy is achieved, for instance, when 

natural gas is changed to hydrogen for heating purposes. Electrolyzers and fuel cells encounter 

operation bottlenecks and hence suffer inefficiencies, stability, and selectivity issues.[115,116] For 

electrolyzers, the drawback primarily occurs at their anode, where the oxygen evolution 

reaction (OER) occurs. In contrast, fuel cells experience their setback at the cathode end 

housing the oxygen reduction reaction (ORR). Solutions through developing efficient and 

effective catalysts to cure the sluggishness at either end of the various reactions and optimize 

them are among the current hot research topics.  

Nowadays, fuel cells and, by extension, hydrogen are mainly deployed in the transportation 

sector for submarine, airplane, ship, train, and vehicular applications.[117] Thus, in realizing the 

so-called hydrogen economy, H2 as a low-carbon energy source is set to replace diesel or 

gasoline as a transport fuel. The so-called electric vehicles (EVs) lead the implementation 

charge, an intention/idea incubated/hatched several years ago. EVs needed more support to 

break through for mass production due to the popularity and efficiency of vehicles powered by 

conventional internal combustion engines employing fossil fuels. There is now an unsurprising 

resurgence of the EV industry occasioned partly by the overall public interest and 

environmental awareness and the automobile companies investing heavily in research. These 

happenings can be attributed to the damning reality of climate change and global warming and 

the acceptance and/or recognition that the way forward involves a shift to EVs. It is essential to 

clarify that EVs can be distinguished by the type of storage device that fuels the vehicle. In this 
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respect, there are fuel cell electric vehicles (FCEVs), battery electric vehicles (BEVs), and 

hybrid electric vehicles (HEVs). Another way of classifying them is based on the means of 

recharging; hence, BEVs, Smart Electric Vehicles (SEVs), and Vehicle to Grid (V2G) exist.[48] 

BEVs function by plugging into the electric grid, behaving as an additional load. By contrast, 

SEVs reserve the prospect of communicating with the grid. In this regard, it automatically 

recharges the EV when the grid peaks. V2G electric vehicles operate similarly to SEVs, with 

the added feature of the capability to supply power back to the grid, increasing the flexibility 

levels within the system.  

Leveraging the factors mentioned above, the much-enhanced technology, and the Paris 

Agreement, the advent of the Tesla Model S in 2012 received much attention in terms of 

purchases.[118] Consequently, many automotive industry players have either already started or 

still wield the desire/ambition to manufacture hydrogen-powered EVs as of 2019. Popular 

among them are Toyota,[119] Hyundai,[120] BMW,[121] Honda,[122 ] Daimler,[123] and Tesla.[124] 

Until recently, BEVs have always outperformed commercially available FCEVs. However, 

thanks to a conscious agenda to further optimize FCEVs, commercially available models such 

as the Toyota Mirai[119] and Hyundai Nexo[120] can now outperform state-of-the-art BEVs like 

the Tesla Model X[125] in terms of driving range (over 600 km) and refueling time. Moreover, 

a fast-refueling duration of between 3 to 5 minutes, comparable to the readily available diesel- 

and gasoline-powered cars, has been instituted into these hydrogen-powered EVs.[120] For long-

distance journeys, there is certainly the need to refuel, and this reveals the significant limitation 

in owning EVs as a handful of H2 gas stations exist. This is a major disincentive to the choosing 

power of consumers when purchasing EV cars compared to ICE cars.[126] Another bottleneck 

to circumvent to make EVs appealing is the influx of several car manufacturing companies 

producing varied models of EVs, as it is with the ICE cars to attract customers’ attention, as 

several choices are made available. For the insufficient H2 gas stations, existing gasoline, diesel, 

etc., infrastructure can be adapted and equipped with H2 gas networks to cure the challenge. It 

is worth noting that EVs can feed directly from the power grid while stationary at individual 

homes or common recharging points, such as car parks or stations.[127] The cost of owning EV 

cars compared to conventional ICE cars is another major hindrance consumers consider. 

Perhaps some financial incentives should be considered to cushion consumers and make owning 

EV cars attractive. Hydrogen vehicles have a much larger driving range than electric vehicles, 

although hydrogen vehicles are much less efficient.[48] Therefore, technology preference is 

subject to the dominant factors among the different energy systems. 
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Besides deploying hydrogen primarily for petroleum refining, its use in the ammonia industry 

is quite substantial (cf. Figure 1.4B).[109, 128 ] Additionally, hydrogen can produce several 

chemicals, particularly as a starting material in synthesizing methanol and the like, and plays a 

vital role in the metal refining industry.[129] 

In a nutshell, hydrogen as an energy carrier holds enormous potential, especially as it helps to 

integrate renewables into the utility grid. Challenges concerning inefficiencies arise, hampering 

its widespread commercial availability. Therefore, current research works are primarily 

dedicated to addressing the issue to make it more viable for the future. In this regard, an upscale 

to the TW regime is a chief consideration. 

 

 

1.5 Methodological Perspectives 

In liquid electrochemistry, a big part of electrocatalysis research in recent years is keen on 

investigating the behavior of interfacial water dipoles on the electrified electrode/electrolyte 

interface. Other electrolyte components,[130,131,132,133] including cations, pH, and anions, as well 

as the electrode’s structure and composition,[134 ,135 ,136,137] have all gained center stage in 

electrochemistry research. In this regard, little attention is devoted to the processes and 

mechanisms that occur in the electrolyte solution. Electron Paramagnetic Resonance (EPR) 

spectroscopy can determine intermediate paramagnetic species on the electrode surface or 

inside the active material as a non-destructive technique. The advocacy for applying this 

methodology makes perfect sense, as EPR spectroscopy helps to monitor and detect 

paramagnetic reaction intermediates in solution after desorption and identify species on the 

electrode surface.[138] Primarily,  EPR was used in conjunction with electrocatalysis in what is 

known as in-situ electrochemical EPR (EC-EPR) or in-situ EPR-spectroelectrochemistry for 

the detection and identification of paramagnetic radical species generated or consumed during 

electrochemical reactions.[139,140] This crucial investigation provides valuable information on 

selectivity (i.e., the reaction pathway/mechanism) and clarifies the kinetic parameters involved. 

More so, elusive interactions between, for instance, the radical and its environment can be 

elucidated.[141]   

It is significant to acknowledge that a larger percentage of EC-EPR studies in the late 2000s 

still involve organic materials at the forefront regarding the nature of the reactions investigated, 
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with the X-band microwave frequency regime being the most popularly used EPR range. 

Usually, the solvents used are organic in nature, ranging from methanol (CH3OH),[142,143] 

acetonitrile (ACN), [142, 144 , 145 , 146 , 147 , 148 ] dimethylformamide (DMF),[142,146, 149 ] dimethyl 

sulfoxide (DMSO),[143] deuterated methanol (CD3OD)[143] to methylene bichloride 

(CH2Cl2).[150] It is intriguing to note that the most prominent electrode employed for the EC-

EPR investigations remains Pt as both working and counter electrodes with Ag wire or Ag/AgCl 

as the reference electrode.  

Interestingly, water,[147,151] with a high dielectric constant, has also been used as a solvent in 

EC-EPR measurements. Nonetheless, the nature of the reactions investigated was organic. 

Aqueous electrolytes generally lead to several complications, including dampening 

electromagnetic radiation and deterioration of the cavity’s sensitivity, among other pertinent 

factors.[147] To address this, special cell types, resonators, etc., must be designed to overcome 

the challenges encountered in electrochemistry and EPR measurements. Another aspect worth 

tackling in developing a functional in-situ EC-EPR cell is the dimensions of the wires 

(electrodes) to be employed. Essentially, utilizing microelectrode dimensions, the 

electrochemical performance in terms of ohmic drop, cell time constants, and mass transport 

can all be significantly enhanced.[152] Nonetheless, some drawbacks still exist in applying 

microelectrode dimensions for EC-EPR applications. This mainly stems from the tiny currents 

that accompany their use, resulting in the generation of insufficient radical concentrations. In 

this regard, studying the short-lived intermediates or radicals may prove futile using the EPR 

methodology. The good news is that using microcylindrical geometry can generate a significant 

current to detect adequate quantities of radicals via the EC-EPR technique.[153]  

Therefore, the aim is to design, construct, and test a working in-situ EC-EPR cell to investigate 

the hydrogen underpotential deposition (Hupd) using Pt as both the working and counter 

electrodes and adapting it to several reference electrodes. 0.1 M HClO4 is employed as the 

electrolyte, even though its use is hardly seen in the EPR community’s literature. The choice of 

this electrolyte and the acidic pH were due to the relative simplicity in realizing and verifying 

the hydrogen adsorption pathway. Besides, HClO4 does not specifically adsorb compared to 

other readily available commercial electrolytes like H2SO4. Thus, it is arguably the most used 

electrolyte in electrocatalysis. 

In-situ laser-induced current transient (LICT) technique has already been well-developed and 

established by my predecessors in our chair.[131, 154 ,155 , 156 ,157 , 158 ,159 , 160 ,161 ] Leveraging the 

knowledge of the methodology, several experimental data are recorded. Particularly, the 
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potential of maximum entropy (PME) is recorded for each set of experiments. By so doing, the 

stability, activity, and selectivity of electrochemical processes or reactions can be correlated to 

the PME and other solvation effect parameters. Specifically, solvent, anion, cation, and 

concentration of H+ and OH- ions (denoted as pH) effects of electrolyte components or 

compositions are highlighted under various LICT experiments.   

Electrochemical Impedance Spectroscopy (EIS), another robust and well-developed 

methodology, is also deployed to measure the minimum of the double layer (CDL) capacitance, 

augmenting the data and results of the LICT measurements. 

 

 

1.6 Scope and Goals of the Dissertation 

This dissertation, therefore, sets out to utilize several electrochemical techniques, such as laser-

induced current transient methodology, impedance spectroscopy, and in-situ electrochemical 

electron paramagnetic resonance spectroscopy, to address various electrochemical challenges. 

In doing that, the findings would bring incredible insights and new ideas regarding the 

challenge. 

The objectives of the dissertation are the following: 

• To contribute to designing, constructing, and testing an in-situ electrochemical electron 

paramagnetic resonance spectroscopic cell to investigate and confirm or otherwise the 

reaction pathway of various electrochemical reactions. The Hupd is targeted for the 

hydrogen adsorption pathway and studied on the Platinum (Pt) polycrystalline electrode 

in this work. 

 

• The LICT methodology is deployed to reveal the PME of gold (Au) quartz crystal 

microbalance (QCM) electrode in the presence of argon (Ar) saturated cation mixture 

of 0.5 M K2SO4 and 0.5 M Na2SO4 at pH = 8. The cation mixtures were studied at five 

(5) varying ratios, namely, 0.5 M K2SO4:0.5 M Na2SO4 = 0:100; 25:75; 50:50; 75:25; 

100:0. Prior to this, several measurements were performed at several pHs (0, 2, 4, 6, 8, 

and 10) of 0.5 M K2SO4 and 0.5 M Na2SO4 electrolytes in both Ar and oxygen (O2) 

atmosphere. Correlation to the hydrogen evolution reaction (HER) and oxygen 

reduction reaction (ORR) activities were the main objectives. 
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• Utilizing the Palladium (Pd) monolayers (MLs) deposited strategically via atomic layer 

deposition (ALD) on an original Au electrochemical quartz crystal microbalance 

(EQCM) electrode, the LICT methodology was employed to identify the PME in the 

presence of varying concentrations (pH) of Ar-saturated HClO4. Herein, the various 

concentrations were 0.01 M, 0.1 M, and 1 M HClO4, corresponding to pH of 2, 1, and 

0, respectively. Electrochemical impedance spectroscopic data were also recorded to 

obtain the capacitance of the double layer, which is somewhat within the vicinity of the 

PME, to supplement the PME findings. The reaction under consideration was the 

activity of the hydrogen evolution reaction. 

 

• Furthermore, the Pd monolayers were electrochemically deposited on the Au QCM 

electrode, and the LICT methodology was used to determine the PME with various Ar-

saturated 0.1 M alkali metal (AM) hydroxide solutions as the electrolyte. More 

specifically, LiOH, NaOH, KOH, and CsOH electrolytes, all with a pH of 

approximately 13, were utilized. Herein, the PME was correlated with the hydration 

energy and other parameters like hydrogen evolution reaction activity. 

 

• Using surface-mounted metal-organic framework (SURMOF) derivatives as the 

electrode material, the cation effect on the oxygen evolution reaction (OER) activity via 

the PME determination was investigated using different Ar-saturated 0.1 M AMOH (pH 

= 13) as electrolytes. In-situ Raman Spectroscopic measurement and results coupled 

with density functional theory (DFT) calculations, verifying the catalytic activity trend 

in the presence of different alkali metal cations complemented this. 

 

• The Prussian Blue Analog (PBA) electrode, i.e., NiHCF was also experimented with to 

reveal the anion effect on the PME. Ar-saturated 0.25 M NaClO4, NaNO3, NaCl, 

NaOAc, and Na2SO4 were employed as electrolytes. The intercalation and 

deintercalation mechanisms were also studied. 
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2.0 Theoretical Underpinnings - Electrochemistry 

To fully grasp the working principle of all the methodologies employed in this work and to 

relate with the discussions expounded, it is paramount first to understand the basics of 

electrochemistry. Therefore, the following discussion will be centered on the phenomena in the 

electrified solid/liquid interface, principles in thermodynamics, kinetics, mass transport, and 

electrochemical techniques since they form the fundamentals for fully comprehending this 

dissertation. This then serves as a platform to commence the discussion on electrocatalysis. A 

massive chunk of this chapter is published in:  

• Sarpey, T. K., Keleş, E., Gubanova, E. L., & Bandarenka, A. S., Probing the electrified 

solid-liquid interfaces with laser-induced transient techniques. In: Wandelt, K., and 

Bussetti, G., (Eds.), Encyclopedia of Solid-Liquid Interfaces, Elsevier: Amsterdam, 

First Edition (Volume 1), 2024, 43-58.[162] 

• Ding, X.,‡ Sarpey, T. K.,‡ Hou, S., Garlyyev, B., Li, W., Fischer, R. A., & Bandarenka, 

A. S., Prospects of Using the Laser‐Induced Temperature Jump Techniques for 

Characterisation of Electrochemical Systems., ChemElectroChem, 2022, 9(4), 

e202101175.[163] 

• Haid, R. W.,‡ Ding, X.,‡ Sarpey, T. K., Bandarenka, A. S., & Garlyyev, B., Exploration 

of the electrical double-layer structure: Influence of electrolyte components on the 

double-layer capacitance and potential of maximum entropy., Current Opinion in 

Electrochemistry, 2021, 100882.[164] 

 

 

2.1 Electrochemistry 

Electrochemistry is sub-zoomed under physical chemistry and/or chemical physics and focuses 

on the relation between electrical and chemical effects of reactions. This field mainly handles 

the study of chemical changes occasioned by the passage of an electric current and the 

generation of electrical energy via chemical reactions. As a result, electrochemistry covers 

many kinds of phenomena, such as electrophoresis or electroplating (corrosion), which forms 

part of the focus of this study. In chemical phenomena, charge separation typically leads to 

charge transfer that occurs either homogeneously in solution or heterogeneously on a 



 
24 

solid/liquid (an electrode/electrolyte) interface. In real systems, the electroneutrality is 

preserved by at least two charge transfer half-reactions occurring in opposite directions. Apart 

from homogeneous redox reactions, other reactions are separated in space and mainly occur at 

the solid/liquid interfaces of different electrodes in a cell. An electronic/electrical connection 

through the electrolyte (ionic conductor) and employing external wires (electronic/electrical 

conductor) permits charge transport between the electrodes.[165] 

 

2.1.1  Electrode 

An electrode is a term for an electronic/electrical conductor (not necessarily metallic) that is 

usually in contact with a nonmetallic part of an electric circuit (usually and herein referred to 

as an electrolyte). 

 

2.1.2  Electrolyte 

The term electrolyte principally describes a conducting medium in which the current flow is 

transported by the movement of charged matter known as ions. In essence, while an electrolyte 

triggers ion transport, it is immune to electron transport, i.e., it acts as an insulator to electrons. 

Hence, any substance that produces an electrically conducting solution when dissolved in a 

polar solvent is termed an electrolyte. A perfect example occurs when a chemical salt like bulk 

sodium chloride (NaCl) is immersed in water. The NaCl will dissolve in the water and 

eventually metamorphose into Na- and Cl-ions. Subsequently, the ions leave the solid lattice 

into the liquid, thus creating a salt solution of NaCl. During the ensuing dissolution process, the 

positive Na-ion (or cation) will be surrounded by a water molecule in such an arrangement that 

the negatively charged part of the molecule will orient itself towards the cations. Likewise, the 

Cl-ion (or anion) will be surrounded by the water molecules with an inverse orientation of the 

water molecules. A solvated ion or, more generally, the solvated shell can be defined as a 

structure in which water molecules (or other molecules from solution) surround an ion to 

screen/shield the charge from the ions. 

Invariably, the size of the solvation shell depends on the ion. In that light, comparing the size 

of the solvation shells for Cl- and Na+, the former exhibits larger size even though both possess 

a charge of 1 (or more precisely, a charge of -1 and +1, for Cl- and Na-ions, respectively). This 
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difference can be ascribed to the differences in the radii of both ions, resulting in different 

electric field strengths. This implies that the solvation shell of elements in the same period on 

the periodic table increases with increasing atomic/ionic radii. Hence, the ion of elements in the 

same group in the periodic table, for example, Na-ion and K-ion, will also portray different 

sizes of their solvation shells. With these vital terms defined, it is significant to clarify the 

relations between the parameters now. 

The conductivity 𝜅 of an electrolyte with concentration c relies on the nature of ions. It can be 

calculated using the relation: 

𝜅 = 𝑐𝛬! (2.1) 

Where 𝛬! denotes the molar conductivity. Strong electrolytes are known to dissociate 

completely at low concentrations and, as such, follow Kohlrausch’s law: 

𝛬! = 𝛬!" − 𝐾√𝑐 (2.2) 

𝐾 represents an empirical constant, and 𝛬!"  is the limiting molar conductivity, which is a sum 

of the cation and anion conductivity. The latter can accordingly be expanded and is given by:  

𝛬!" = 𝜐#𝜆#" +	𝜈$𝜆$"  (2.3) 

Here, 𝜐±  is the number of moles of cations and anions, respectively, created from the 

dissociation of one (1) mole electrolyte. 𝜆±"  denotes the limiting molar conductivities of the 

individual ions. 

 

 

2.2 Electrocatalysis 

A catalyst is a substance that enhances the reaction kinetics without participating in the overall 

chemical reaction. Therefore, it can be reused in subsequent reactions as it is not consumed in 

the process (not a by or side product). By convention, a catalyst can be subdivided into three 

groups: homogenous, heterogeneous, and enzyme (bio) catalysts.[166,167] 

 

In the scenario of a homogenous catalyst, the reactants and catalyst are in the same aggregate 

physical phase. For instance, if both reactants and catalyst are in the liquid or gaseous (fluid) 
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phase. However, if the reactants and catalyst exist in different physical phases, the catalyst is 

called a heterogeneous catalyst. An enzyme/biocatalyst, on the other hand, depicts a special 

kind of protein that increases/accelerates the rate of a chemical reaction. 

As this dissertation focuses on heterogeneous catalysis, it is essential to zoom further into its 

other categories. In this respect, one can classify a heterogeneous catalyst into two main 

subdivisions: 

§ Photocatalyst, which best describes a substance that facilitates a reaction when 

illuminated by a light source. 

§ Electrocatalyst, representing a substance that acts as a catalyst (i.e., fast tracks the 

reaction kinetics) in an electrochemical process or reaction. It is worth remarking that, 

in most cases, a specific electric potential is introduced into the substance. However, 

the potential application is not required or optional in exceptional cases like Pt 

catalyzing the H2O2 decomposition into hydrogen and water.  

Heterogeneous catalysts, particularly electrocatalysts, are an important class of functional 

energy materials. Primarily, heterogeneous catalysis involves five essential reaction steps: 

diffusion of reactant molecules to the catalyst surface, adsorption on the active surface, reaction 

on the surface, desorption of product molecules, and outward diffusion. Electrocatalysis 

comprises multiple elementary reaction steps. The intermediate species’ adsorption and 

desorption equilibrium at the active sites in each elementary step (grade) determines the 

reaction process. Rational design and implementation of new generational efficient catalytic 

materials will largely determine the future of sustainable energy conversion and provision. The 

development of electrocatalysts considers that three key factors, namely, activity, selectivity, 

and stability, determining their performance are optimized. The activity depicts the number of 

catalytic cycles per time per active site, characterizing the turnover frequency. The selectivity 

of a catalyst primarily ensures the formation of desirable product(s) at the end of a chemical 

reaction. This property essentially limits the formation of large amounts of unsought side 

products. Its stability is vital for a catalyst to function efficiently and effectively, as constant 

degradation will render it unreliable. While methodologies to rationally design more active 

catalysts are available, addressing stability and especially selectivity remains, in most cases, 

challenging. Developing and optimizing efficient electrocatalysts is perhaps a more difficult 

task than material development in “classical” heterogeneous catalysis. The LICT methodology 

examines activity enhancement through the potential of maximum entropy determination 

relative to several parameters, like the hydration energy.  
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Applying the LICT technique in electrocatalysis can help to get valuable information regarding 

the properties of the electric double layer (EDL), which forms between the electrode and 

electrolyte. For instance, knowing the effect of the electrode structure and electrode/electrolyte 

composition on the PME/potential of zero charge (PZC) can significantly improve the 

development of an effective catalytic system for a defined catalytic reaction. To be more 

precise, the closer the PME value is to the thermodynamic equilibrium potential of a particular 

electrocatalytic reaction, the faster the kinetics of this reaction should be. Specific examples of 

LICT application in electrocatalysis will be discussed in the following. The selectivity is also 

exploited using the in-situ EC-EPR and the LICT methodologies. More details will be discussed 

in sections 3.4 and 4.2. 

 

 

2.3 The Electrified Solid/Liquid Interface 

This section deals with the effects, not excluding electrochemical reactions at the 

electrode/electrolyte interface. The formation of the double-layer capacitance at the interface is 

explained. A brief discussion of electrochemical (electrode) reactions and their kinetics follows. 

The Nernst and the Faradaic equations are expounded, and subsequently, the Butler-Volmer 

equation and its related consequences are tersely shown. The theory and principle of mass 

transport, which occurs in the electrode and serves as a limiting factor for the reactions at the 

interface, is further highlighted. 

 

2.3.1  The Electric Double Layer 

The fundamental requirement in fruitfully designing efficient electrochemical systems dwells 

mainly on comprehending and appreciating the electric double-layer properties as their essential 

role in batteries, fuel cells, supercapacitors, electrolyzers, and several others cannot be 

overlooked. The EDL gives information regarding the relationship between the solid (electrode 

surface) and the liquid (electrolyte) at the interface. Hence, to enhance several electrocatalytic 

reactions, optimizing the interfacial processes is crucial; therefore, adequate knowledge of the 

EDL structure is required. The EDL structure mainly comprises an array of charges and 

corresponding potential at the solid/liquid interface. This classification was first heralded in 
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1853 by Hermann L. F. von Helmholtz[168] when he suggested a simplified EDL structure, 

thereby earning the name Helmholtz model. In this model, the charged/electrified electrode 

(electron(ic) conductor) surface (i.e., when submerged in an electrolyte) repels similarly 

charged ions and attracts counter-ions in the electrolyte (ion(ic) conductor) to its surface. 

Practically speaking, suppose a metal serving as the electrode is immersed into an electrolyte 

(for instance, aqueous NaCl solution). For a positively charged metal electrode, a few 

negatively charged solvated ions and some water molecules will experience a Coulomb force. 

Subsequently, a double layer of ions is formed on the electrode surface. The resulting charge 

layers act like a standard capacitor with two planar parallel electrodes disconnected by a 

dielectric material upon applying a potential. It is essential to add that a distance, say H, 

separates the two formed charge layers in the Helmholtz model. 

Since the influence of the thermal motion of ions in the double layer (e.g., ion-ion interaction) 

is not negligible, Louis Georges Gouy[169] and David Leonard Chapman[170] accounted for that 

through the extension of the Helmholtz model by proposing a diffuse layer at the interface. The 

diffuse layer principally extends beyond the distance H and incorporates a distribution of ions 

of opposite polarity to the electrode surface. In the diffuse layer, the charge distribution of the 

ions can be explained/determined by the distance from the electrode surface. In turn, the region 

under consideration follows the Maxwell-Boltzmann statistics and displays an exponential 

decrease in the electric potential from the electrode surface.[171] Based on the failure of the 

Gouy-Chapman model to recognize the Helmholtz layer, defined by H from the Helmholtz 

model, it faced some setbacks.  

In that light, the two models, namely, Helmholtz and Gouy-Chapman models, were 

subsequently merged by Otto Stern[172] to describe the size and ion distribution in the Helmholtz 

and diffuse layers. The Stern model, therefore, comprises two separate charged regions, the 

Helmholtz layer (otherwise termed the Stern layer) and the diffuse layer. However, this 

reformation still needed to be improved in adequately describing the molecular dynamics at the 

interface. On that score, David Caldwell Grahame[ 173 ] modified the Gouy-Chapman-Stern 

model, inferring that the Helmholtz layer can be further divided into two planes, the inner and 

the outer Helmholtz planes. In brief detail (cf. Figure 2.1), specifically adsorbed species lose 

aspects of their solvation shell and, therefore, mainly attach to the electrode surface, together 

with the water molecules, and from their center to the electrode surface is termed the inner 

Helmholtz plane (IHP). From a less complicated standpoint, the Helmholtz layer refers to the 

entire region between the electrode surface and the IHP.  
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In turn, the outer Helmholtz plane (OHP) comprises the non-specifically adsorbed species 

known to retain their full solvation shells and hence cannot approach closer to the electrode 

surface. Therefore, they are distant and eventually form another layer called the outer 

Helmholtz plane. As mentioned, due to thermal agitation, another layer comprising the bulk 

electrolyte and some fully solvated/hydrated species forms outside the outer Helmholtz plane. 

This region is known as the diffuse layer. It is paramount to remark that regardless of the 

electrode surface polarity, anions can be specifically adsorbed at the interface because of their 

intrinsic interaction with the electrode surface. Besides, every species, from ions to solvent 

molecules, can be adsorbed at the electrode surface from interactions, such as chemical 

reactions between surface and adsorbates (chemisorption), van-der-Waals (physisorption), or 

even Coulombic forces. 

Although the models have been polished unendingly, they remain the basis of today’s research 

concerning the double-layer structure at the solid/liquid interface. It is, therefore, not surprising 

that besides the electrode structure and composition,[174,175,176,177,178,179,180,181,182] the electrolyte 

components play a crucial role regarding the electrocatalytic performance (most especially 

activity and selectivity) of the electrode[183,184,185,186,187,188] upon exploring the concepts of the 

EDL. 

 
Figure 2.1. Modified schematic demonstration of the electric double-layer model on a negatively charged 

metal electrode. The inner and outer Helmholtz planes, as well as the diffuse layer, are exhibited. Water 

molecules are shown as blue spheres with arrows, whereas the hydrated cations are depicted in green, with 

the specifically adsorbed anion species in red. Figure adapted from reference.[189] 

 

The effect of the space-charge region, i.e., an electrically neutral region, due to the balancing 

of the net charge (depletion layer) in a hitherto conductive area can be neglected when metallic 
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electrodes are employed, as is the case in this dissertation. From a different perspective, to 

assume electroneutrality, one can consider the ions as point charges attracted by the electrode, 

constituting a total charge of the diffuse layer that coincides with the electrode surface charge. 

In a macroscopic view of the potential profile of the electrode/electrolyte solution interface, an 

analogy to an electric circuit can be made to simplify system analysis. In that sense, the 

Helmholtz and diffuse layers can be modeled as two capacitors in series. More precisely, both 

IHP and OHP can each be modeled as capacitors. This is because the behavior of any 

solid/liquid interface is like that of a capacitor, where opposite charges attract each other in 

different media.[190] The Helmholtz capacitance, which is defined by the capacitance of the IHP 

(𝐶&'() and the OHP (𝐶)'(), viewed as two capacitors in series, is represented by the equation: 

𝐶' = 0
1

𝐶)'(
+

1
𝐶&'(

2
$*

 
(2.4) 

Furthermore, the electrolyte can be represented by a resistive element connected in series with 

the capacitors since the electrolyte possesses a resistance towards the conducting ions. In 

Figure 2.2, the equivalent electric circuit of this electrode/electrolyte interface is illustrated. It 

is important to stress that the equivalent electric circuit should be modified for a more complex 

electrochemical process. 

 

 
Figure 2.2. Equivalent electric circuit model of the electrode/electrolyte interface. 
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2.4 Electrochemical Cell Potential and Overpotentials 

The behavior of ions and molecules in solution when exposed to an electrode (usually charged) 

has been explained in section 2.3.1. Some molecules and ions primarily adsorb on the 

electrode’s surface or undergo a long-range interaction with the electrode. A much more 

positively (or negatively) charged electrode results upon applying a higher potential to the 

electrode. Consequently, an electron from the electrode will gain enough energy, leading to an 

electron transfer between the electrode and electrolyte. Simply put, a chemical reaction is 

triggered at a certain potential at the electrode surface. In the following, the equilibrium 

potential for a redox reaction (a reaction in which reduction and oxidation occur concurrently 

and proceed with either the gain or loss of electrons/charged species) will be determined, which 

is usually the potential sufficient to initiate the charge transfer reaction.  

To begin with, the energy of each phase of the electric double layer, i.e., the power/energy of 

each electrode and electrolyte separately, will be critically examined. Two interactions 

contribute to the total energy of each phase. The first is the interaction between the species and 

the chemical environment, which gives rise to the chemical potential μ. The chemical potential 

also represents the energy released to the environment (or acquired from the environment) 

during a chemical reaction. The chemical potential is related to the species’ activity a and the 

temperature T in Kelvin by: 

𝜇 = 𝜇" + 𝑅𝑇𝑙𝑛(𝑎) (2.5) 

Here 𝜇"corresponds to the chemical potential, which is the chemical potential at standard 

conditions, i.e., at room temperature and a pressure of 1 bar. Activity a is the entropic driving 

force of the reaction.  

The second interaction is the electrical interaction originating from the electric field of the 

charged species. To sum it up, the total energy for species-i can be written as: 

𝜇+ = 𝜇+ + 𝑧+𝐹𝜙 (2.6) 

Here, the first term relates to the chemical potential in the system, and the second term 

corresponds to the electrostatic energy of the system in which z is the number of transferred 

electrons, F is the Faraday constant, and 𝜙 is the inner potential of the species (also called 

Galvani potential). The total energy depicted in Equation (2.6) is called the electrochemical 

potential 𝜇+. Physically, the electrochemical potential can be seen as the Fermi level of the 
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system. Put differently, the electrochemical potential of the system represents the average 

energy of an available electron in any given phase. 

Based on the definition and description of the electrochemical potential for each phase, the 

electrode/electrolyte interface can now be explored or considered in detail. The solid (electrode) 

and liquid (electrolyte) have their respective inner and electrochemical potentials. It is common 

knowledge in the Physics of Fermi level that when two substances come into contact, their 

Fermi levels (or electrochemical potentials in this case) must be equal to reach equilibrium. 

Hence, the condition at equilibrium is: µ=+,-./012.3"4+5 = µ=+,-./012.
6+78+5 . By combining this condition 

with Equations (2.5) & (2.6), the potential difference between the electrode/electrolyte 

interface can then be determined: 

𝜙3 − 𝜙6 =
𝜇"6 − 𝜇"3

𝑧𝐹 +
𝑅𝑇
𝑧𝐹 𝑙𝑛 >

𝑎6

𝑎3? = 𝜙"3 − 𝜙"6 +
𝑅𝑇
𝑧𝐹 𝑙𝑛 >

𝑎6

𝑎3? 
(2.7) 

From Equation (2.7), 𝜙"3, 𝜙"6  are defined as the standard potential of the solid and liquid 

phases, respectively. According to Equation (2.6), there exists a theoretical possibility to 

calculate the potential difference between the solid (electrode) and the liquid (electrolyte). As 

the use of concentration is more convenient or preferred in experiments than the activity, the 

two parameters are linked via the relation: 

𝑎+ = 𝛾+
𝐶+
𝐶"

 (2.8) 

Here, 𝐶+  is the concentration of species- 𝑖  in the solution (𝐶"  corresponds to the standard 

concentration of species, which is 1 mol/l (1 M) for all solids), and 𝛾! is the activity coefficient 

of the species (for low concentrated/dilute solutions, it is assumed that: 𝛾+ ≃ 1).  

For water electrolysis, it is expedient to use a pH-independent reference, which is the so-called 

reversible hydrogen electrode (RHE) with the potential:  

𝐸9': = 𝐸3': + 0.0591 ∗ 𝑝𝐻  (2.9) 

Here, 𝐸3': is the potential for the standard hydrogen electrode (SHE).  

Since Equation (2.9), i.e., the RHE is often used as the benchmark reference electrode, almost 

all potentials are converted to the RHE scale in this dissertation’s experimental and results 

section to ease the comparison and fully fathom the measured activities. Merging Equations 
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(2.7) & (2.8) and taking activity of 1 for solid species, as well as assuming that 𝛾+ ≃ 1, the 

potential difference between the solid and liquid can be rewritten as: 

∆𝜙 = 𝜙"3 − 𝜙"6 +
𝑅𝑇
𝑧𝐹 𝑙𝑛 >

𝑎6

𝑎3? = ∆𝜙" +
𝑅𝑇
𝑧𝐹 𝑙𝑛

(𝐶6) 
(2.10) 

If there are more than one species in the electrolyte, a more general form of Equation (2.10) 

must be used: 

𝐸.7 = ∆𝜙 = 𝐸" +
𝑅𝑇
𝑧𝐹 𝑙𝑛 0L𝐶

+

;"
2 = ∆𝜙" +

𝑅𝑇
𝑧𝐹 𝑙𝑛 0L𝐶

+

;"
2 (2.11) 

Where 𝜐+  is the stoichiometric coefficient of species-i, with 𝐸.7 , 𝐸"  representing the 

equilibrium potential and the standard equilibrium potential, respectively, being the potential 

differences between the solid (electrode) and the liquid (electrolyte). Equation (2.11) is 

popularly called the Nernst equation. The equilibrium potential given in the Equation (𝐸#$) 

corresponds to the potential required for an electron transfer across the electrode/electrolyte 

interface. 

 

2.4.1  Faraday’s Laws 

Faraday established the fundamental laws governing electrochemistry. These so-called 

Faraday’s laws fundamentally correlate the amount of substance liberated in an electrochemical 

reaction to the electric charge, for instance, in electrolysis.  

The first law states that the amount of substance 𝑛 precipitated at an electrode is directly 

proportional to the Faradaic electrical charge 𝑄<1/15 = ∫ 𝐼<1/15-
= (𝑡)𝑑𝑡 passing the electrolyte 

over time 𝑡.  

The second law links the mass 𝑚 of this substance to the molar mass 𝑀 and the stoichiometric 

number of electrons 𝑧. In short, Faraday’s laws can be summarized as follows: 

𝑛 = >
𝑄<1/15

𝐹 ? 0
1
𝑧2 

(2.12a) 

𝑚 = >
𝑄<1/15

𝐹 ? 0
𝑀
𝑧 2 

(2.12b) 
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2.5 Reaction Kinetics at the Electrode Surface 

Section 2.4 highlighted that the Nernst equation gives vital information regarding the electron 

transfer across the electrode/electrolyte interface. It fundamentally indicates the potential 

needed to drive a chemical reaction, which subsequently triggers the electron transfer across 

the electrode/electrolyte interface. Besides the equilibrium potential, other aspects of the 

reaction must be considered. Significant among them is the reaction rate because it corresponds 

to the speed at which the electron transfer occurs across the electrode/electrolyte interface. In 

that respect, there is the need to formulate another mathematical expression in addition to the 

Nernst equation to determine the electron transfer rate at the electrode/electrolyte interface. In 

general, the electron transfer at the interface can be represented by the chemical equation:  

𝑂 + 𝑧𝑒$ 	
>%
⇔
𝑘?
𝑅 

(2.13) 

For which O and R denote the oxidized and reduced species, respectively, while 𝑒& stands for 

the transferred electron, and z represents the number of transferred electrons (sometimes written 

as n in other kinds of literature). 𝑘0and 𝑘? represent the reaction rate constants for the forward 

and backward reactions, respectively, with dimensions of s-1. The equation (cf. Equation 2.13) 

shows that the reaction can occur in both directions, implying that both the electron transfer 

from the electrode to the electrolyte and the transfer from the electrolyte to the electrode happen 

at the interface. The rate of reaction might, however, be different for each direction. 

As was explained earlier in section 2.4, a certain amount of energy must be provided to initiate 

the electron transfer and, eventually, the chemical reaction. The required amount of energy is 

called activation energy, 𝐸' . The activation energy is related to the rate constant by the 

Arrhenius equation: 

𝑘 = 𝐴𝑒
$:(
>)@  

(2.14) 

In which k represents the rate constant, A is a prefactor, which is constant for each chemical 

reaction, 𝐸A  denotes the activation energy or more accurately, the Gibbs free energy of 

activation, 𝑘* stands for the Boltzmann constant, and T is the temperature in Kelvin. From 

Equation (2.14), one can infer that to increase the rate constant and thereby hasten the electron 

transfer and the reaction, either the temperature must be increased, or the Gibbs activation 

energy must be decreased/lowered. Increasing the temperature ensures the system has higher 

thermal energy, leading to a faster reaction. This leads to one undeniable reason for the need to 
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operate some fuel cells at high temperatures. These include the solid oxide fuel cells (SOFCs) 

operated around 800°C-1000°C and the molten carbonate fuel cells (MCFCs) operated at 

approximately 600°C. However, running secondary batteries or fuel cells at high temperatures 

is not practicable for some systems like portable and household applications. Instead, increasing 

the reaction rate by lowering the Gibbs free energy of activation is a more feasible option for 

these kinds of applications. In order to comprehend how to reduce the Gibbs free energy of 

activation, the physical origin of the activation energy will be explored to understand better 

how the electron transfer takes place at the electrode/electrolyte interface. 

As in the earlier discussions, an electrode immersed in an electrolyte is considered. No chemical 

reaction exists at the electrode surface before applying the Nernst potential to the electrode. Put 

differently, before supplying sufficient energy to the chemical species at the electrode surface, 

the species are in a stable state or at the minimum of the potential energy profile. This stable 

state before the reaction is represented on the left side of Equation (2.13) and is known as 

reactant(s). After the application of the Nernst potential, however, enough energy is transferred 

to the species. It drives a chemical reaction in which the chemical species (reactants) evolve 

into another chemical species. These are called the product(s) and are represented on the right 

side of the chemical equation in Equation (2.13). It is valid to assume that as the product species 

are also stable, they must lie in a potential energy minimum. Then, by comparing the potential 

energy of the reactants and products from the least energy principle, it can be quantitatively 

said that the product(s) have a lower minimum energy for a spontaneous reaction. Taking all of 

this into consideration, a qualitative plot of the potential energy of the reaction can be made, as 

illustrated in Figure 2.3. 
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Figure 2.3. Typical schematic representation of the potential energy profile of a chemical reaction. 

 

From Figure 2.3, the system’s potential energy as the electron transfer reaction progresses can 

be observed. Here, the reaction coordinate indicates the progress of the reaction, so as the 

reaction advances, reactants are transformed into products. This implies that electron transfer 

is induced after the Nernst potential is applied and a current is produced. This current causes 

the system to move from the equilibrium condition and shifts the potential from the Nernst 

equilibrium potential. Now the focus will be to explain and understand how this phenomenon 

affects the potential energy diagram. 

Suppose the reduced and oxidized species in Equation (2.13) have a parabolic free energy 

profile along the reaction coordinate. As described above, the Nernst potential E° applied to the 

electrode drives an electron transfer. However, current is produced following this, causing the 

electrode potential to shift from the Nernst equilibrium potential to another potential E. This 

change in potential shifts the potential energy parabola of the species by 𝑧𝐹(𝐸 − 𝐸"), in which 

𝑧	is the number of transferred electrons and 𝐹	is the Faradaic constant.  

The current is measured instead because measuring the reaction rate experimentally is 

challenging. Therefore, establishing a relation between the two parameters (reaction rate and 

current) is necessary. The number of moles is related to the species’ concentration C and the 

volume V, via 𝐶 = ,
B
.  
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Also, the electric current is defined as the rate of charge moving on any given surface: 

𝑖 =
𝑑𝑄
𝑑𝑡  (2.15) 

Where i is current, and t is time. The rate of reaction represents the concentration of species 

consumed as the reaction progresses; in other words, the number of moles of species consumed 

per unit of time. By expressing this and substituting Equations (2.12) and (2.15), the equation 

can be reformulated as: 

𝑑𝑛
𝑑𝑡 =

𝑑
𝑑𝑡 0

𝑄
𝑧𝐹2 =

1
𝑧𝐹
𝑑𝑄
𝑑𝑡 =

𝑖
𝑧𝐹 (2.16) 

Equation (2.16) explicitly indicates the relation between the rates and the current. This, 

therefore, provides a leeway/platform to evaluate rates from the measured current in an 

experiment. Even so, to precisely determine the rates, one correction must be added in 

Equation (2.16). In a heterogeneous system like an electrode/electrolyte interface, rates are 

mostly determined by incorporating the surface area of the electrode in contact with the 

electrolyte. Therefore, in an electrode/electrolyte system, Equation (2.16) is generally 

normalized to the surface area of the electrode in contact with the electrolyte: 

𝜐 =
Z𝑑𝑛𝑑𝑡[
𝐴 =

1
𝑧𝐹

𝑖
𝐴 =

𝑗
𝑧𝐹 

(2.17) 

In which 𝑣 is the reaction rate, j is the current density, and A is the surface area of the electrode. 

Solving Equation (2.17) for the current density and substituting the reaction rate with the net 

reaction rates at one electrode, the Equation can be written as: 

𝑗,.- = 𝑧𝐹𝜐,.- = 𝑧𝐹𝑘° >𝐶)C𝑒
(*$E)G<(:$:+)

>)@ −	𝐶9𝑒
$EG<(:$:+)

>)@ ? = 

𝑧𝐹𝑘° >𝐶)C𝑒
(*$E)G<H

>)@ − 	𝐶9𝑒
$EG<H
>)@ ? 

(2.18) 

This Equation is called the Butler-Volmer equation, with 𝛼	as a symmetric constant ranging 

between zero and unity. The Butler-Volmer equation represents, in physical terms, the net 

current density across one electrode for a given electric potential. As seen from Equation 

(2.18), the first term in the bracket represents the current generated from the oxidized species, 

also called the anodic current. At the same time, the last term in the bracket stands for the 
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current generated from the reduced species, also called the cathodic current. A new 

relation/term has been introduced in Equation (2.18): 𝜂 = 𝐸 − 𝐸°. This term denotes the so-

called overpotential, the difference between the equilibrium potential and potential observed 

during an experiment. In other words, the overpotential can be defined as the potential 

difference between a thermodynamically determined potential for the redox event and the 

potential at which this event is experimentally observed. It is interesting to observe how the 

current density changes as a function of the potential according to Equation (2.18). The current-

overpotential dependency is illustrated in Figure 2.4. 

 
Figure 2.4. A plot of current density as a function of the calculated overpotential from the Butler-Volmer 

equation. As calculated via the Nernst equation, the equilibrium potential herein is termed the Zero 

overpotential. The red curve indicates the total current density calculated using the Butler-Volmer equation. 

The blue curves depict the anodic and cathodic current densities corresponding to one electrode’s oxidation 

and reduction currents. 

 

The intersection between the anodic and the cathodic current part of the Butler-Volmer equation 

and the current density are marked as jo and –jo, respectively (cf. Figure 2.4). The jo is called 

the exchange current density and is usually written in a more compact form in the Butler-

Volmer equation as follows: 

𝑗 = 𝑗" >𝑒
(*$E)G<H

>)@ − 𝑒
$EG<H
>)@ ? 

(2.19) 
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This exchange current density is a material property. The exchange current density plays a 

significant role in electrochemical energy storage devices, and by extension, in catalysis. 

Although an exponential dependence of the applied overpotential on the current is implied by 

Equation (2.19), this is only true for sufficiently small currents when mass-transport effects 

(as discussed in the next section) can be neglected.  

For larger values of 𝜂, an exponential term in Equation (2.19) becomes negligible, resulting in 

the so-called Tafel equation: 

𝜂	 = 	
𝑅𝑇
𝛼𝐹 ln 0

𝑗
𝑗"
2 (2.20) 

 

 

 

 

2.6 The Principle of Mass Transport 

The limitations that emanate from the kinetics aspects have been pointed out in section 2.5. At 

higher overpotentials, the current/current density does not follow the exponentially growing 

curve as witnessed in Equation (2.19) and Figure 2.4. This occurs due to the limitation of mass 

transport. The solvated ions (reactant species) present in the electrolyte move at different 

velocities. The charge and size of the solvation shell determine the rates (velocities). Generally, 

the transport of the ions can occur through diffusion, convection, or migration.[191]  

 

2.6.1  Diffusion 

Without applying any potential (i.e., electric effects), the spontaneous movement of species in 

solution through establishing a concentration gradient is termed diffusion. This is governed by 

the so-called Fick’s first law given by the relation: 

𝐽+I = −𝐷 𝜕𝑐+ 𝜕𝑥I⁄  (2.21) 

𝐽+I 	represents the diffusion flux of species-i in the direction 𝑥I , 𝑐+ is the concentration gradient, 

and D (with typical values of 10-5 to 10-6 cm2 s-1) is the diffusion coefficient for ions in an 

aqueous solution. Its value can be calculated using the Stokes-Einstein equation:  
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𝐷 =
𝑘J𝑇
6𝜋𝜂𝑟 (2.22) 

Herein, T is the temperature in Kelvin, r is the radius of the species with a solvation shell, 𝑘J 

is the Boltzmann constant, and 𝜂 is the viscosity of the solution. 

Fick’s second law governs the variation of the concentration with time: 

𝜕𝑐+
𝜕𝑡 = 𝐷+𝛥𝑐+ = 𝐷+𝛻K𝑐+ 

(2.23) 

A reaction in which reactants are consumed at an electrode surface leads to a difference in 

concentration compared to the bulk electrolyte. This eventually gives rise to a gradient shifted 

towards the electrode.  

The diffusion layer is the region where the concentration is significantly lower than in the bulk. 

Apparently, the thickness of the diffusion layer grows with time t when the concentration of the 

reactants at the electrode becomes zero (𝑐, = 0) and is defined as: 

𝛿 = (𝜋𝐷𝑡)* K⁄  (2.24) 

To compare it with the reaction kinetics, it is prudent to introduce a mass transfer coefficient 𝑘- 

which is related to the diffusion layer thickness. Neglecting convection at this point, a 

microscopic planar electrode that possesses the exact dimensions of a heterogeneous rate 

constant can be derived as: 

𝑘5 = 𝐷 𝛿⁄ = (𝐷 𝜋𝑡⁄ )* K⁄  (2.25) 

 

2.6.2  Convection 

Applying some force (flow, rotation, or even gravity) on the electrolyte yields what is termed 

convection. There exist two types of convection; natural and forced convection. Natural 

convection is caused by small thermal or density fluctuations (differences) by mixing the 

solution randomly/haphazardly. This can happen in any solution. 

Intentionally introducing convection to a system via stirring or rotating the disk electrode leads 

to forced convection. Forced convection is several orders of magnitude higher than natural 
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convection. This effectively removes the random aspect from the experimental measurement. 

The convection flux is given by: 

𝐽+I = 𝑐+𝜐I (2.26) 

Here, 𝜐I is the linear velocity in the direction 𝑥. 

 

2.6.3  Migration 

Herein, a gradient in the electrical potential triggers the movement of ions, termed migration. 

The migration relation is described by the Nernst-Planck equation and is given as follows: 

𝐽+I = −𝐷+ l𝑧+𝑐+
<
9@
𝐸Im (2.27) 

With the applied electric field, 𝐸I =
MN
MC/

. 

Finally, all the factors contributing to mass transport can be summed up to obtain the total flux 

𝐽+I of species-i in the direction 𝑥I as: 

𝐽+I = −𝐷+ n
𝜕𝑐+
𝜕𝑥I

+ 𝑧+𝑐+
𝐹
𝑅𝑇 𝐸Io + 𝑐+𝜐I 

(2.28) 

In hydrodynamic systems, forced convection increases the flux of species to even reach a point 

corresponding to the thickness of the diffusion layer from the electrode. Mass transfer rates are 

more prominent than just by diffusion alone (cf. Equation (2.28)). Therefore, the relative 

contribution of mass transfer to electron transfer kinetics is minimal. Instead, since quick 

steady-state can be reached, the double-layer charging can be excluded at steady-state.  
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2.7 Ohmic Drop (Uncompensated Resistance) 

The potential drop ∆𝐸0 due to the so-called uncompensated resistance 𝑅1 at a current 𝐼 follows 

Ohm’s law: 

∆𝐸0 = 𝑅1𝐼 (2.29) 

In a nutshell, Ohmic resistance can be divided into three categories:[192] resistance due to ion 

migration within the electrolyte, electron transport within the components of the circuit, and 

contacts between the two.[193 ] Under experimental conditions, the latter two can often be 

significantly reduced, whereas the resistance of the electrolyte dominates. The resistance of the 

electrolyte solution between the tip of the Luggin capillary and the working electrode (WE) is 

a function of several parameters like temperature, cell and electrode geometry, current density, 

and hydration state of the ions and ion concentration.[192,194,195] The resistance can be determined 

by employing electrochemical impedance spectroscopy.[196] The uncompensated resistance is 

measured at a constant potential with EIS or specific steps, whereas in cyclic voltammetric 

(CV) measurements, the voltage is not constant but varies over time. As such, the correction of 

CVs is only partially physically accurate.  

 

 

2.8 Sabatier Principle, The Volcano Plot & Scaling Relations 

Having discussed the various interaction between the catalyst surface and reactants (reaction 

intermediates/adsorbates) in sections 2.4 and 2.5, it is now ripe to focus on boosting the features 

of the catalyst. Paul Sabatier proposed in the early 1900s that the characteristics of a suitable 

catalyst lie in the interaction between its surface and the reaction intermediates1 (reactants), as 

that is pivotal in catalyzing the reaction.[197,198,199] Based on that, he theorized that the binding 

energy between the catalyst (catalyst surface) and the reactant (reaction intermediates) should 

 

1 A chemical generated in one reaction step but used up in the following step is called a reaction 
intermediate.  
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be neither too strong nor too weak. The Sabatier principle can be further elaborated in the 

following.  

The catalyst (catalyst surface) will fail to activate the reactants (reaction intermediates) in case 

there is too weak interaction. On the other hand, a too strong interaction (adsorption) between 

the catalyst surface and the reactants leads to the blocking of the catalyst surface by the 

intermediates or products. The binding energy/strength between the catalyst surface sites and 

the reaction intermediates should be “just right” to guarantee efficient catalysis.[ 200 , 201 ] 

Although very useful, this fundamental concept in chemical heterogeneous catalysis provides 

only qualitative information.  

According to the Sabatier principle, the activity of different catalyst materials can be plotted as 

a function of the binding energy (or Gibbs energy of activation) for any given chemical reaction. 

Activity can be best described as the parameter that shows the increase in the chemical reaction 

rate. The rate increases linearly as the activity. For an optimum catalyst, having the right binding 

strength yields the highest activity, often represented in a plot with a triangular or volcano-like 

shape. As a result, the graph is popularly referred to as a volcano plot and was first announced 

by A. A. Balandin.[202] It remains a well-established practice in heterogeneous catalysis since 

the work by S. Trasatti to visualize and quantify activity trends through this so-called volcano 

plot, giving physical meaning to the Sabatier principle.[203] Through the volcano plot, a variable 

connected to the catalytic reaction activity, like the current density, overpotential, half-wave 

potential, etc., is plotted against an appropriate “descriptor” having a direct correlation to the 

stability of the reaction intermediates. In principle, any selected descriptor must correlate to the 

rate law. Therefore, the descriptor is usually the calculated surface binding energy for a single 

intermediate or a variable logically linked to it (e.g., the heat of formation of a bulk compound 

or adsorption energy of reaction intermediates/reactants).[204,205,206] 

Figure 2.5 shows the volcano plot pattern for the oxygen reduction reaction on several metal 

electrode surfaces.[207] The activity is plotted versus the binding energy (descriptor) of one of 

the reaction intermediates (specifically, adsorbed oxygen species). The thermodynamically 

modeled catalyst, in this case, is Pt since it is the closest to the pinnacle of the volcano plot, 

representing the highest activity at which the binding energy of the catalyst surface and the 

adsorbed oxygen species is neither too weak nor too strong. On the contrary, catalysts to the 

left and right sides of Pt indicate strong (too strong) and weak (too weak) binding, respectively, 

of their individual catalyst surface sites to the reaction intermediate (adsorbed oxygen). 
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Figure 2.5. Volcano plot for the oxygen reduction reaction. Herein, the activity is plotted as a function of the 

binding energy of adsorbed oxygen for different metal electrode surfaces. Pt exhibits close to optimum 

binding energy as well as activity. Reprinted with permission from reference. [207] Copyright Ó (2018), Royal 

Society of Chemistry. 

 

Scaling relations. Until now, the volcano plot (cf. Figure 2.5) portrayed considers one of the 

many reaction intermediates for the graph. However, other volcano plots exist that rightly 

combine the Sabatier principle with the so-called linear scaling relations (cf. Figure 2.6).[208] 

Using several elementary electrochemical reactions,[208] the mechanism of the complex ORR 

can be well understood. 

𝑂K + 𝐻# + 𝑒$ 	→ 𝑂𝑂𝐻(15O) (2.30a) 

𝑂𝑂𝐻(15O) + 𝐻# + 𝑒$ → 𝑂(15O) + 𝐻K𝑂 (2.30b) 

𝑂(15O) + 𝐻# 	+ 𝑒$ → 𝑂𝐻(15O) (2.30c) 

𝑂𝐻(15O) + 𝐻# 	+ 𝑒$ 	→ 𝐻K𝑂 (2.30d) 

 

It has been proven through studies by several researchers that there exists a correlation between 

the free energies of adsorption ∆𝐺  (binding energies) of the intermediate species ( 𝑖. 𝑒.,

𝑂(15O), 𝑂𝐻(15O), 𝑎𝑛𝑑	𝑂𝑂𝐻(15O) ).[208,209,210] In this regard, deploying the features of a single 

reaction intermediate as the descriptor to represent the others is meaningful. Hence, examples 
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of Figure 2.5 continue predominantly in the literature. Figure 2.6 indicates that the 

optimization of an electrocatalyst for Equation (2.30a), which requires a strong binding of the 

𝑂𝑂𝐻(15O)  species, is detrimental to Equation (2.30d), which needs a weak binding of the 

𝑂𝐻(15O)  species. The difference of the energy of adsorption ∆𝐺  between the 𝑂𝐻(15O)  and 

𝑂𝑂𝐻(15O)  species is a constant and is given by ∆𝐺))'(345) − ∆𝐺)'(345) ≅ 3.2	eV.[208] Put 

differently, each reaction step requires optimization of the binding energy, but the challenge is 

that independent adjustments are not straightforward due to the scaling relations. Hence, the 

optimum implies a compromise. In that regard, an ideal catalyst for the ORR should follow the 

Sabatier principle and, by extension, the volcano plot. The scaling relations are an inevitable 

embodiment of the Sabatier principle and volcano plot as they function together to tailor/dictate 

catalyst design and material selection. 

There are occasions when the scaling relations are not strictly followed. These occur when the 

linear scaling of a few typical reactions requires strong binding whiles others need weak 

binding. Therefore, the scaling relations are inapplicable in such circumstances. Several 

measures have been successfully adapted to circumvent the scaling relations.[211,212,213,214] 

Nowadays, the strength of computational calculations or models with roots from the density 

functional theory (DFT) eases the derivation of binding energies for catalysts and surface 

sites.[215,216,217,218]  
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Figure 2.6. Theoretical predictions of the free energies of adsorption of HOO(ads) (HOO*), HO(ads)  (HO*) 

and O(ads) (O*).  A plot of ΔGHOO*, ΔGHO*, and ΔGO*, respectively against ΔGHO* for (111), (100), and (211) 

for pure metal surfaces (filled squares) and Pt overlayers on Pt-alloy surfaces (open circles). Reprinted with 

permission from reference.[208] Copyright © (2005), Elsevier B. V.  

 

 

2.9 Active Sites 

Having obtained the necessary tools and mechanisms to identify and design optimum 

performing catalytic materials (cf. section 2.8), it is incumbent to further zoom into the exact 

location where the reactions occur on the catalyst surface. In addressing the issue, I. Langmuir, 

in 1922, was the first to opine that the catalyst surface does not consist of identical sites and, 

therefore, is not homogeneously distributed at the atomic level.[ 219 ] In this respect, the 

corresponding adsorption energies toward intermediates can vary for specific catalyst surface 

sites due to dissimilar localized electronic and/or geometric structures. Put differently, only 

specific “active sites” on the catalyst surface and not the entire surface contribute to its overall 

activity. Tersely, Langmuir posited that the catalyst surface could be regarded as an area 

consisting of a definite number of elementary sites that determine the overall activity.  

Three years on, the work by Hugh Stott Taylor further enriched the understanding of the concept 

of active sites, stating the existence of different active sites for specific reactions.[220] This can 

be interpreted as the adsorption activation of specific atomic sites on the catalyst surface for 

particular reactions. Active sites are dependent on the chemical reaction and can be classified 

as a single atom, an arrangement of atoms, or structural motifs. Generally, two categories of 

reactions, namely, structure-sensitive and structure-insensitive, can be identified. The structure-

sensitive ones require the reaction to occur at specific sites, suggesting a relatively strong 

interaction between the reaction intermediates (reactants) and the catalyst surface. The 

structure-insensitive ones are characterized by weak interactions of reaction intermediates 

(reactants) with the catalyst surface and are not dependent on such structural motifs.[221]  

Accurately identifying the active sites at the solid/liquid interfaces, either theoretically or 

experimentally, is a prerequisite to better understanding the mechanisms involved, leading to 

the enhancement of catalyst design.[222,223,224] An effective experimental tool to achieve this 

goal dwells on analyzing the noise level of the electrochemical scanning tunneling microscopy 
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(n-EC-STM) signal.[225,226,227] In effect, the nature of the most active sites of a catalyst for 

particular reactions can be obtained, thus enhancing the predictive power of surfaces.  

 

 

2.10 Essential Electrocatalytic Reactions 

It has been revealed in the previous sections that specific electrocatalytic processes, i.e., 

electrochemical water splitting and fuel cell technology, are pivotal to the realization of the 

energy conversion and storage of the much-anticipated “green” hydrogen economy. It has been 

established that the potential required to trigger and drive an electron transfer, a critical 

phenomenon, can be harnessed for the production and storage of energy. As has been elaborated 

earlier (see Chapter 1), water splitting via electrochemistry is vital to producing “green” 

hydrogen, which will serve as the source fuel in the other device, namely, fuel cells. Fuel cells 

require an oxidant to operate, which is also produced via water electrolysis, albeit the 

atmosphere (i.e., air) has an abundance of it. As this dissertation centers on the aforementioned 

electrocatalytic processes, it is necessary to discuss the main reactions that constitute the core 

underpinning it.  

 

2.10.1    Electrochemical Water Splitting 

There are notions that the maiden practice of electrochemistry can be traced back to the third 

century BC and could have included water electrolysis. It is also debated that several scientists, 

including van Troostwijk, Deinman, and Alessandro Volta, might have already experimented 

with and observed the water electrolysis phenomenon by 1789.[228] However, according to the 

accessible scientifically documented evidence, electrolysis of water was first discovered in 

1800 by William Nicholson and Anthony Carlisle, both of English descent.[229] Driven by the 

voltaic pile developed by Alessandro Volta, German scientist Johann Wilhelm Ritter 

constructed the first reported electrochemical cell (water electrolyzer) equipped with 

the capability of evaluating the to-be-produced hydrogen and oxygen gases in the same year.[230] 

Water-splitting technology reached a stage where its practical realization was possible owing 

to the development of novelties such as the realization of the direct current electrical generator 

in 1860.[231] It is significant to remark that the technology underwent further development, and 
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by 1939, the construction of the first large-scale water electrolyzer was completed. Its capacity 

was announced to be in the region of 10,000 m3 (H2)/hr.[232] In brief, a water electrolyzer (cf. 

Figure 2.7)[233] splits and/or decomposes H2O into its constituent gases (i.e., O2 and H2). In 

effect, the generated H2 is useful as the source fuel in fuel cells. The electrolyzer requires the 

application of an external potential to trigger the water-splitting reactions, namely, the HER, on 

the cathode and the OER, on the anode. The accompanying equations for the two half-cell 

reactions in acidic media and the resulting overall reactions are as follows:[189]  

Cathode (HER): 4𝐻#(𝑎𝑞) + 4𝑒$ 	→ 2𝐻K(𝑔) (2.31a)  

Anode (OER):  2𝐻K𝑂(𝑙) 	→ 	𝑂K(𝑔) + 4𝐻#(𝑎𝑞) + 4𝑒$ (2.31b)  

Overall reaction: 2𝐻K𝑂(𝑙) → 2𝐻K(𝑔) + 𝑂K(𝑔) (2.31c) 
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A) 

 
B) 

 
Figure 2.7. A) Schematic depiction of a typical water electrolyzer, with the HER taking place at the cathode 

and the OER occurring at the anode. B) Schematic representation of the water splitting process, which has 

its source of electricity to decompose water into its gas components from renewables. Reproduced from 

reference[233] with permission from the Royal Society of Chemistry. Open access, published under a CC-BY 

license. 

 

To facilitate the discussions, the next section focuses on the reaction pathways in various 

electrolyte solutions (either alkaline and/or acidic) for each reaction (HER, OER) deployed in 

this dissertation.   
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2.10.1.1    Hydrogen Evolution Reaction  

The electrolyte pH is a specific parameter for the HER mechanism under consideration. The 

overall reaction of the HER in acidic media progresses as given in Equation (2.31a). Typically, 

HER charts a 2-electron transfer reaction, encompassing one (1) catalytic intermediate, H*. The 

general consensus regarding the HER is that it follows two separate mechanisms (i.e., Volmer- 

Heyrovsky or Volmer-Tafel mechanism) for both alkaline and acidic electrolytes.[234]  In each 

pathway, the first step, i.e., the Volmer step, involves the adsorption of a hydrogen atom 

(combining a proton from the electrolyte and an electron from the electrode) to the catalyst 

surface. 

Volmer step: H+ + e- + * ® *H (2.32a)  

Heyrovsky step: H+ + e- + *H ® H2 + * (2.32b)  

Tafel step: *H + *H ® H2 + 2* (2.32c) 

Herein, * represents an adsorption site on the catalyst surface.  

Subsequently, the adsorbed hydrogen atom (Volmer step) proceeds to the second step via two 

distinguishable pathways, namely, the Heyrovsky step or Tafel step. The former (cf. Equation 

(2.32b)) occurs when the adsorbed hydrogen atom from the Volmer step merges with a proton 

and an electron, yielding a hydrogen molecule. The latter (cf. Equation (2.32c)) happens if the 

adsorbed hydrogen atom (Volmer step) combines with a nearby adsorbed hydrogen atom to 

produce a hydrogen molecule. The last step, which is either the Heyrovsky or Tafel step, 

characterizes the desorption of the produced molecular hydrogen (H2) from the catalyst surface. 

The overall HER in alkaline media proceeds as follows: 

2𝐻K𝑂(𝑙) + 2𝑒$ 	→ 	𝐻K(𝑔) + 2𝑂𝐻$(𝑎𝑞) (2.33) 

In principle, the high electrolyte pH of alkaline electrolytes makes the HER undergo different 

Volmer, Tafel, and Heyrovsky pathways/steps. The form of the various reaction steps is 

presented below: 

Volmer step: H2O + e- + * ® *H + OH- (2.34a)  
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Heyrovsky step: H2O + e- + *H ® H2 + OH- + * (2.34b)  

Tafel step: *H + *H ® H2 + 2* (2.34c) 

For high electrolyte pH, the Volmer step proceeds with the merging of an electron from the 

electrode with an H2O molecule on the catalyst surface. Following the Volmer step, the HER 

advances in two distinct phases. While the Tafel step in alkaline electrolytes follows the same 

process as in acidic electrolytes, the Heyrovsky step in higher pH solutions combines an 

adsorbing hydrogen atom with another water molecule and an electron to yield a hydrogen 

molecule. Of course, the desorption of the produced hydrogen molecule via either the 

Heyrovsky or Tafel step epitomizes the end of the entire process. 

In a nutshell, the HER mechanism follows either Volmer-Heyrovsky or Volmer-Tafel reaction 

pathway. A single-bound intermediate, i.e., *H, is a critical criterion for assessing catalytic 

performance in each pathway.[235] It is essential to state that the features of the electrified 

solid/liquid interface, the nature of the catalyst, and the overpotential immensely influence the 

kind of HER pathway that will be followed. In certain instances, both types of electron transfer 

can concurrently exist.[236,237,238] The HER mechanism can be inferred from the Tafel plot, a 

direct product of the polarization curve. The Tafel slope reveals the deep-rooted nature of the 

catalyst, such as the rate-determining step, and hence, its deployment to justify the HER 

mechanisms.[239,240] In case the rate-limiting step of the HER corresponds to the Volmer step, 

the Tafel slope will be around 120 mV dec-1. Contrarywise, smaller Tafel slopes of 40 and 30 

mV dec-1 are obtained for the HER rate determined by either the Heyrovsky step or the Tafel 

step, respectively.[241] Nevertheless, it should be revealed that several factors not limited to mass 

transfer, adsorption processes, and electrode potential inhibit the Tafel slope.[242] Accordingly, 

the rate-determining step of the HER could be altered by those factors. 

The open question worth answering is, which materials are outstanding candidates to enhance 

the HER activity? In this respect, platinum and platinum group metals (PGMs) are deemed the 

ideal pure metal catalysts that exhibit optimum activities towards the HER. For instance, Pt 

shows an almost thermo-neutral free energy binding towards the adsorbed hydrogen species. 

Based on the Sabatier principle, it has its roots in the hydrogen binding energy on the platinum 

surface close to the summit of the volcano plot.[242] As cost-effective and high-efficient 

materials are being contemplated as substitutes to remedy the dwindling PGMs reserves, 

especially in alkaline electrolytes, non-noble metal-based materials such as nickel and nickel-
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based alloy have been found to have high activity and long-term stability.[135] Additionally, 

carbon-based catalyst materials are emerging as alternatives.[235] 

 

2.10.1.2     Oxygen Evolution Reaction 

Ideally, the thermodynamic equilibrium potential of the OER on the anode of the water-splitting 

process is 1.23 V vs. RHE. High overpotentials usually accompany real-world water-splitting 

devices, even when using standard catalysts like metal-oxides and perovskite structures. This 

arises from the involvement of the OER in a four-proton-electron transfer, comprising several 

reaction intermediates (*OOH, *OH, and *O), thereby making the mechanism of the OER 

much more multifaceted than the HER.[242] It is significant to add that because the binding 

energies of the multiple reaction intermediates are strongly correlated, decoupling them is 

almost impossible due to the scaling relations.  In this sense, the OER is reckoned as the 

bottleneck of the overall water-splitting process owing to its sluggish kinetics. 

Unsurprisingly, the OER mechanism relies on the pH of the electrolyte, as in the HER scenario. 

Equation (2.31b) provides the overall reaction of the OER in acidic media. In this regard, some 

plausible reaction pathways of the OER in acidic media can be represented as follows: 

H2O + * ® *OH + H+ + e- (2.35a) 

*OH ® *O + H+ + e- (2.35b) 

*O + H2O ® *OOH + H+ + e- (2.35c) 

*OOH ® O2 + H+ + e- + * (2.35d) 

By contrast, upon introducing high pH (alkaline) electrolytes, the OER is depicted differently: 

4𝑂𝐻$(𝑎𝑞) 	→ 	𝑂K(𝑔) + 4𝑒$ + 2𝐻K𝑂(𝑙) (2.36) 

It is worth remarking that the reaction pathways in alkaline electrolytes are comparable to the 

case in acidic media: 

OH- + * ® *OH + e- (2.37a) 
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*OH + OH- ® *O + H2O + e- (2.37b) 

*O + H2O + OH- ® *OOH + H2O + e- (2.37c) 

*OOH + OH- ® O2 + H2O + e- + * (2.37d) 

For both low and high electrolyte pHs, oxygen gas or molecule (O2) could be directly generated 

by combining two *O intermediates following the second reaction pathway of the OER as 

indicated below: 

*O + *O ® O2 (2.38) 

It is paramount to remember that the thermodynamic barrier of this reaction pathway is always 

higher than the reaction(s) forming *OOH intermediate.[243] 

As already alluded to, the complex mechanism of the OER instigates sluggish kinetics and low 

energy efficiency for the overall water electrolysis. Several attempts have been devoted to 

enhancing the OER activity to remedy the sluggishness. One well-accepted approach is 

increasing the number of active sites on the electrocatalyst surfaces.[244,245] Consequently, the 

binding energies of the reaction intermediates (i.e., *OOH, *OH, *O), according to the Sabatier 

principle, are well balanced.[246,247] A new suggested equally-refreshing approach involving the 

promotion of mass transfer was recently opined by Liang et al.[248] Moreover, the electrolyte 

composition also considerably influences the OER activity. As a poignant example, Michael et 

al. systematically investigated the effect of alkali metal cations on the OER activity for nickel 

oxyhydroxide catalysts in the presence of varying alkaline electrolytes.[249] It was established 

that the performance of the OER improves in the presence of Cs+, whereas Li+ lowers the OER 

activity. An analogous trend of the alkali metal cation effect on the OER activity was reported 

by Garcia et al. for a nickel oxyhydroxide catalyst.[250] Until now, most of the appealing catalyst 

materials deployed are relatively abundant. However, the quest to gradually eliminate rare and 

valuable metals as catalyst materials must be seriously considered. More research is required to 

fully fathom the internal OER mechanism and eventually resolve the sluggish kinetics and poor 

energy efficiency, despite the progress in deploying various methods to enhance the OER 

performance. In this respect, this dissertation aims to contribute a piece to help address the 

bottleneck.   
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2.10.2    Fuel Cells – Fundamental Concepts 

It has been established (see section 1.4) that one of the appealing technologies behind the 

electric vehicle concept, providing solutions in the automobile industry with devices such as 

airplanes, submarines, trains, heavy-duty trucks, buses, and cars, thrives on fuel cells. The 

already elaborated electron transfer phenomenon is leveraged to generate electrical power, with 

the significant merit being the production of water as the only “waste”. Therefore, in this 

section, a brief history of fuel cells will be given, anchored on the underlying concept of the 

technology. Most significantly, the reactions critical to the subsequent discussions in this 

dissertation will be elucidated. 

Historic archives confirm that the galvanic cell was the first device that employed principles of 

electrochemistry. The galvanic cell basically comprises two sets of half-cells placed in a bath 

containing two electrodes immersed in their respective electrolytes. These half-cells are then 

connected to form a single configuration. More specifically, the electrodes are connected by 

electrically/electronically conducting materials (e.g., wires), and both electrolytes are 

connected via a salt bridge. A chemical reaction occurs in each half-cell, and electrons are 

transferred from the electrode to the electrolyte or vice versa.  

The underlying idea of the cell is to harvest this electron transfer by forcing electrons through 

an outer electronic conductor. Of course, this can eventually be used to power an 

electric/electronic device. Meanwhile, ions move freely through the electrolyte. One of the 

reactions is called the oxidation reaction because the species’ oxidation number increases as 

electrons are transferred to the electrode. The electrode for this reaction is called the anode. The 

other reaction is called the reduction reaction because the oxidation number of the species gets 

reduced when the species receive one or more electron(s) from the electrode. Herein, the 

electrode is called the cathode. State-of-the-art technologies like fuel cells and battery systems 

were developed from the basic principles of the galvanic cell. The key distinguishing feature 

between galvanic cells and fuel cells emanates from the immersion of both electrodes in the 

same electrolyte for the latter. In contrast, for the former, both electrodes are inserted into two 

separate electrolytes and linked through a salt bridge.  

From the anecdote/short narrative, an energy conversion device that supplies electricity using 

a spontaneous spatially separated redox reaction between a source fuel (e.g., hydrogen) and an 

oxidant is called a fuel cell (see Figure 2.8).[251] The source fuel could be almost anything that 

can be oxidized, including hydrogen, methane, methanol, diesel fuel, and so on. The oxidant 
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can be, e.g., atmospheric oxygen (from air). The implementation of fuel cells is usually only 

possible with ionic conductors. It is worth noting that electrolytes are not necessarily liquid. 

Hence, any substance that can conduct ions, as a poignant example, solid electrolytes like 

stabilized zirconia and stabilized bismuth oxides, are another type of electrolyte. In that regard, 

an electrolyte can be either conventional, i.e., in the liquid state (an acidic or alkaline electrolyte 

solution), or less traditional, i.e., fused salts (e.g., molten NaCl-KCl eutectic). Ionically 

conductive polymer (e.g., Nafion®, polyethylene oxide-LiClO4) is yet another possibility. Fuel 

cells are mainly characterized by their electrolytes because the electrolyte dictates key operating 

parameters/factors, including the operating temperature. Therefore, there exist solid oxide fuel 

cells (SOFCs), alkaline fuel cells (AFCs), molten carbonate fuel cells (MCFCs), direct 

hydrocarbon fuel cells (DHFCs), phosphoric acid fuel cells (PAFCs), polymer electrolyte or 

proton exchange membrane fuel cells (PEMFCs), and a host of others.[252] 

The concept of fuel cells was first discovered and experimentally demonstrated between 1837-

1842 by Christian Friedrich Schönbein, who described the so-called fuel cell effect (the 

hydrogen/oxygen chain between two Pt foils connected by acidified water and fed with H2 and 

O2), inverse electrolysis.[253,254] Around the same period, precisely in 1839, Sir William Robert 

Grove was the first to design a complete fuel cell system.[255,256] Later, Francis Thomas Bacon 

in 1932 showcased the first practical hydrogen-oxygen fuel cell at King’s College, London, and 

Trinity College, Cambridge. He proposed using fuel cells (specifically, AFC) in submarines 

and eventually demonstrated a successful six-kilowatt forty-cell battery in 1959.[257, 258] Within 

a similar timeline, further technology development was ongoing, and from that, NASA’s space 

program emerged with the first practical device.[259,260] Fuel cells have since evolved to cover a 

wide range of applications and systems, including transportation, versatile stationary power 

generation, and portable energy devices.  

There is much interest in developing fuel cells for commercial applications. This interest is 

driven by fuel cells’ technical and environmental advantages, including high-performance 

characteristics, reliability, durability, and “clean” power. It uses an electrochemical process to 

convert chemical energy into electricity directly. Unlike batteries, fuel cells can continuously 

produce electricity provided the source fuel and oxidant are supplied. In reference to this, 

several fuel-cell electric vehicles are currently in operation (see section 1.4).  

The most outstanding candidate out of the variety of fuel cells available is the PEMFC. 

PEMFCs are captivating energy conversion devices. For instance, PEMFCs operate at relatively 

low operating temperatures, ca. 60-80°C. Hence, they are attractive for applications in the 
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automotive industry.[252,260]  PEMFCs also portray high power density, can vary output quickly, 

release zero toxic emissions, and exhibit relatively good performance compared to other fuel 

cells. Additionally, they are well-suited to power applications (e.g., automotive industry) where 

quick or short startup time is required.[261] More so, PEMFCs have operational advantages, 

including using a solid polymer electrolyte that reduces corrosion and doubles as an effective 

means of minimizing fuel crossover. PEMFCs are anticipated to be durable but are exposed to 

various contaminants, either present in air and hydrogen (source fuel) or released by fuel-cell 

system materials, leading to potential deleterious performances.[262,263] Hence, improvements 

(catalytic activity, selectivity, and stability) are still required to meet the strict demands of the 

automotive and other markets, which is one of this work’s primary goals.  

 
Figure 2.8. Schematic representation of a typical PEMFC. The anode has the source fuel H2 where the HOR 

occurs, whereas the cathode with the oxidant (atmospheric oxygen) exhibits the ORR. Reproduced with 

permission from reference.[251] Copyright Ó (2000), WILEY‐VCH Verlag GmbH, Weinheim, Fed. Rep. of 

Germany. 

 

According to Figure 2.8, the PEMFC comprises two catalytic layers (CLs), an electronic 

separator, and flow-field plates (gas diffusion layers - GDLs). The two catalytic layers 

showcase the catalytic layer for the cathode and the anode, where the ORR and fuel oxidation 

(H2 in this case) occur, respectively. Each catalytic layer is in contact with a gas diffusion layer. 

The separator acts as an ionic conductor between the two catalytic layers, which is polymer-

based (in PEMFC). The flow-field plates (illustrated in Figure 2.8 as anode and cathode plates) 
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serve as the electronic conductor for the electrons produced/consumed by the electrochemical 

reactions. Additionally, they allow the distribution of gases, first to the GDLs (the macroporous 

- microporous carbon layer), which supplies a homogeneous flux of gases and removes the 

water produced by the electrochemical reactions (see Equations (2.33 a-c)) and then ultimately 

to the catalytic layers. The membrane, the CLs, and GDLs make up what is called the membrane 

electrode assembly (MEA).  

Hydrogen and oxygen are fed through flow channels and diffuse through the GDLs to the 

catalyst on their respective sides of the MEA. Hydrogen is oxidized to form protons and 

electrons activated by the anode’s catalyst. The protons move through the PEM, and the 

electrons travel from the anode through an external circuit to the cathode. At the cathode 

catalyst, oxygen reacts with the protons that move through the membrane, and the electrons 

travel through the circuit to form water and heat. Indeed, fuel cells are not limited by the Carnot 

efficiency since hydrogen and oxygen react to produce electricity directly rather than indirectly, 

as in a combustion engine. Although more efficient than combustion engines, the fuel cell does 

produce some waste heat. Hence, the typical efficiency for hydrogen fuel cells that also employ 

Nafion® as the membrane ranges from ca. 50 to 83%.[264]  

At 25°C (298 K), the standard hydrogen electrode measurements for the PEMFC are as follows:  

Anode (HOR): 2𝐻K(𝑔) 	→ 4𝐻#(𝑎𝑞) + 4𝑒$ (2.39a)  

Cathode (ORR): 𝑂K(𝑔) + 4𝐻#(𝑎𝑞) + 	4𝑒$ 	→ 2𝐻K𝑂(𝑙) (2.39b)  

Overall reaction: 2𝐻K(𝑔) +	𝑂K(𝑔) 	→ 2𝐻K𝑂(𝑙) (2.39c) 

Overpotentials occur on both fuel cell electrodes, particularly the cathode. This manifests 

because the voltage produced from fuel cells is lower than the ideal voltage, which is the 

thermodynamic equilibrium potential difference for both electrodes. In a PEMFC, as illustrated 

in Figure 2.8, the hydrogen is oxidized at the anode at a thermodynamic equilibrium potential 

of 0 V vs. SHE (see Equation (2.39a)). Meanwhile, the oxygen is reduced at the cathode at a 

thermodynamic equilibrium potential of +1.23 V vs. SHE (see Equation (2.39b)).  

The PEMFC should generate an ideal voltage of 1.23 V (the difference of equilibrium potential 

of cathode and anode). Nonetheless, less than 1.23 V is generated in reality because of the so-

called overpotential. This implies that it is prudent and desirable to produce just as little 
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overpotential as possible to produce a higher voltage when the fuel cell draws current. Then 

arises the inevitable and obvious question: how can the overpotential be lowered?  

As discussed in section 2.5, the exchange current density is a property of the material. The 

higher the exchange current density, the closer the potential is towards the thermodynamic 

equilibrium potential as far as iR mass transfer is kept negligible. Put differently, using a 

material with a higher exchange current density or putting more catalysts will lower the 

system’s overpotential at the same current density. That is the fundamental idea behind using a 

specific material to reduce the overpotential. The material that lowers the overpotential is called 

an electrocatalyst, as discussed in section 2.2. It was established in section 2.5 that the 

overpotential is generated because activation energy is needed for the electron transfer across 

the electrode/electrolyte interface, leading to the electrochemical reaction conversion of 

chemical energy into electrical energy. The activation overpotential or loss stems from the 

sluggish reaction kinetics occurring at either both electrodes or just one electrode. Several other 

parameters contribute to the overpotential besides the activation overpotential in real 

systems.[207] Some of these are: 

§ Ohmic overpotential/Ohmic drop: According to Ohm, every substance has a certain 

amount of electrical resistance. The electrolyte and the electrode are indifferent since 

they are prerequisites to guarantee the successful transportation of ions through external 

circuits, i.e., wires. Losses from electronic transport are deemed negligible, whereas ion 

conduction, emanating principally from the less efficient hopping mechanism, is 

saddled with high losses. These losses can be compensated or largely managed using 

electrolytes with high ionic conductivities or reducing the membrane thickness of 

devices like fuel cells and electrolyzers.  

§ Mass transport/transfer overpotential: A few ions are required at the electrode surface 

for initiating chemical reactions. For instance, two or four electrons/protons are needed 

for the ORR’s occurrence. It takes some time, however, for the ion to move from the 

anode to the cathode. Hence, a loss is encountered if the electron transfer occurs faster 

than the ion transfer from one electrode to the other. Thus, diffusion and migration of 

ions affect the overpotential. Diffusion of oxygen, which forms just 21% instead of 

100%, inadvertently leads to additional Nernst shift. In summary, the continuous supply 

of reactants to the electrode surface and the timely removal of products from the 

electrode surface are significant for the reactions’ effectiveness and efficient progress.  
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§ Chemical side reactions: As already mentioned, an electron transfer reaction occurs at 

two electrodes for a fuel cell to generate electricity - the oxidation reaction at the anode 

and the reduction reaction at the cathode. However, sometimes a reduction reaction 

occurs at the anode, while an oxidation reaction occurs at the cathode. Involuntarily, 

this process generates losses and, therefore, decreases the efficiency of the fuel cell. 

This process is termed a parasitic reaction, with H2 crossover as an example. Apart 

from parasitic reactions, a reaction of different pathways can sometimes occur at an 

electrode. For instance, peroxide formation influences stability, especially when carbon 

(usually the support) corrodes. Reactions of specific pathways run slower (some 

pathways are energetically unfavorable; hence, their reaction rates run significantly 

slower) than other pathways. Therefore, a reaction in other pathways is unfavorable to 

the system, decreasing its efficiency. 

As mentioned earlier, all the parameters contribute to the overpotential and increase the 

overpotential of the fuel cell.  

 

2.10.2.1     Hydrogen Oxidation Reaction 

Once again, the pH of the deployed electrolyte is crucial as it serves as a platform to distinguish 

between the HOR mechanism being considered. Under this aspect, different HOR pathways 

exist for acidic- and alkaline-based electrolytes. Equation (2.39a) illustrates the HOR in acidic 

media. However, for high pH (alkaline media), it is represented as follows: 

2𝐻K(𝑔) + 4𝑂𝐻$(𝑎𝑞) 	→ 4𝐻K𝑂(𝑙) + 4𝑒$ (2.40) 

The pivotal role that the HOR, generally recognized as the reverse of the HER, plays in the 

lead-up to developing hydrogen‑based energy sources cannot be downplayed. Both HER and 

HOR involve only one intermediate, adsorbed hydrogen, during the reaction. Moreover, the 

HOR follows either the Volmer-Heyrovsky or Volmer-Tafel mechanism as well. In most cases, 

the performance of these two reactions should be comparable. 

The rate of the HOR in alkaline electrolytes, like its reverse counterpart, the HER, is slower 

than in acidic solutions. Again, platinum, platinum alloys, and platinum group metals are 

regarded as the state-of-the-art pure metal catalysts for the HOR, despite various efforts towards 

developing abundant, less noble metal, bimetallic/alloy, and metal-free 
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catalysts.[ 265 , 266 , 267 , 268 , 269 ] Recently, Jin et al. explored the performance of Ni-based 

electrocatalysts, which have been touted as promising alternatives to PGMs. The study revealed 

that several effective strategies could help optimize the interaction with intermediates and 

eventually promote the HOR kinetics in alkaline solutions.[270] 

 

2.10.2.2     Oxygen Reduction Reaction 

Knowledge from the Sabatier principle has established that the interactions between the 

reactants and the catalyst determine the performance of a catalyst. Additionally, it has been 

adequately clarified that the catalytic performance of a material will essentially be different for 

different reactions. Therefore, in this section, the ORR mechanism and how the reaction is 

catalyzed will be discussed in detail. Later, this section will identify and highlight the optimum 

catalyst for the ORR. Premised on this, the four-proton-electron pathway in an acidic medium 

will be discussed in detail. This is vital since it is preferable for several applications (e.g., fuel 

cells), and as an acidic medium was primarily employed in this dissertation.    

As one of the reactions in electrochemical energy conversion technologies, the ORR remains 

significant for delivering a global green future. It encompasses similar reaction intermediates 

(*OOH, *OH, *O) as its reverse counterpart, the OER, but considerably differs in terms of their 

reaction mechanisms. Broadly speaking, O2 electroreduction can occur through two different 

pathways for any electrolyte pH (i.e., either acidic or alkaline media) and proceeds via a multi-

proton-electron transfer process. The first possibility is a four-proton-electron pathway in which 

oxygen is directly reduced to water. The second likelihood consists of a two-proton-electron 

pathway in which oxygen receives two electrons, forming a reaction intermediate. Afterward, 

the intermediate receives two electrons, completing the reduction reaction process.  

In summary, the ORR encompasses sluggish/slow kinetics, translating to losses in the operating 

voltage. This is mainly/partly due to the complex reduction mechanism. To circumvent this, 

huge overpotentials are usually used in PEMFC devices. 

Details of the various steps and pathways for varying electrolyte pH of the ORR are presented 

as follows: 
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i. In acidic media, the ORR can occur via two pathways: the reduction of O2 to H2O 

via a four-proton-electron process or the reduction of O2 to H2O2 and subsequently 

to H2O through a series of two-proton-electron steps. 

Four-proton-electron:  𝑂K(𝑔) + 4𝐻#(𝑎𝑞) + 	4𝑒$ 	→ 2𝐻K𝑂(𝑙) (2.39b)  

First two-proton-electron: 𝑂K(𝑔) + 2𝐻#(𝑎𝑞) + 2𝑒$ 	→ 	𝐻K𝑂K(𝑙) (2.41a)  

Second two-proton-electron: 𝐻K𝑂K(𝑙) + 2𝐻#(𝑎𝑞) + 2𝑒$ 	→ 2𝐻K𝑂(𝑙) (2.41b) 

 

ii. In alkaline media, however, O2 can be reduced to OH- and HO2- via either a four-

proton-electron or a two-proton-electron pathway. 

Four-proton-electron:  𝑂K(𝑔) + 2𝐻K𝑂(𝑙) + 	4𝑒$ 	→ 4𝑂𝐻$(𝑎𝑞) (2.42a)  

First two-proton-electron: 𝑂K(𝑔) + 𝐻K𝑂(𝑙) + 2𝑒$ 	→ 	𝑂𝐻$(𝑎𝑞) + 𝐻𝑂K$ (2.42b)  

Second two-proton-electron: 𝐻𝑂K$ + 𝐻K𝑂(𝑙) + 2𝑒$ 	→ 3𝑂𝐻$(𝑎𝑞) (2.42c) 

 

It is worth stating that O2 can also be reduced to superoxide (O2-) in non-aqueous aprotic 

electrolytes, which involves the transfer of one electron.[271]   

 

Several researchers concur that the ORR on Pt electrodes typically follows the four-proton-

electron transfer process in both acidic and alkaline aqueous electrolytes.[272] The reaction 

mechanism proceeds via either the associative or dissociative pathway.[207] Considering Pt in 

acidic media for illustration purposes, these two mechanisms can be summarized as follows: 

 

i. Dissociative mechanism: 

O2 + 2* ® 2*O (2.43a) 

2*O + 2H+ + 2e- ® 2*OH (2.43b) 

2*OH + 2H+ + 2e- ® 2H2O + 2*  (2.43c) 
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ii. Associative mechanism: 

O2 + * ® *O2 (2.44a) 

*O2 + H+ + e- ® *OOH (2.44b) 

*OOH + H+ + e- ® *O + H2O (2.44c) 

*O + H+ + e- ® *OH (2.44d) 

*OH + H+ + e- ® H2O + * (2.44e) 

 

Studies have revealed that due to the ORR’s sluggish kinetics, even benchmark Pt-based 

catalysts require much higher Pt mass loading to yield an adequately good activity.[271] 

Additionally, the relatively poor long-term stability of ORR electrocatalysts is also a significant 

hurdle. As a practical precept, reports indicate that ORR activity significantly decreased after 

long-cycling times for commercial Pt/C (Pt on carbon support).[273,274] To this end, developing 

cost-effective, excellent-performing, and long-term durable electrocatalysts is imperative. 

 

Furthermore, studies indicate that the electrolyte components impact the catalyst’s ORR 

performance. Mainly, the ORR activity varies contingent on the different cations present in the 

solution. Anion adsorption must also be considered, as it can affect the ORR processes.[275,276] 

For instance, the strongly adsorbed anion in the electrolyte can substantially decrease the ORR 

activity. Remarking that the pH effect does not match in acidic and alkaline media is worth 

it.[277,278] 
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3.0 Fundamentals of Interfacial Processes & 

Characterization 

Herein, theoretical considerations of the various methodological approaches possible to be 

deployed in characterizing interfacial processes are elaborated. Most especially, several 

methods for measuring and evaluating the potentials of zero charge and maximum entropy are 

highlighted. It is then narrowed down to the main methodology deployed for characterizing and 

determining the interfacial parameters, which is at the forefront of this dissertation. Most of this 

chapter is published in references.[162,163,164] 

 

 

3.1 Water Layer Structure at the Interface 

The net orientation of solvent molecules, i.e., the water layer structure (as the often-applied 

solvent in most electrolytes is water) at the electrified electrochemical interface, one of the 

indispensable interfacial properties, can immensely impact the electrochemical processes such 

as the electrode activity and the charge and mass transfer at the interface.[ 279 , 280 , 281 ] 

Electrochemical energy conversion and storage and corrosion systems can eventually benefit 

from the obtained data.[282,283] Refreshingly, relying on robust methodologies like the laser-

induced transient techniques, vital parameters (potentials of maximum entropy and zero charge) 

can be determined near the electrified electrode/electrolyte interface. Their knowledge supplies 

the pertinent facts necessary to better grasp the electrode/electrolyte interface structure. By 

extension, the electrochemical processes taking place in a structure (i.e., adsorption of charged 

and uncharged species at the surface) and their kinetics can also be well understood.[279,280]   

The interfacial water layer structure is primarily influenced by the electrode potential, 

electrolyte composition/components, and electrolyte pH.[130,131,284,285] In short, sufficient data 

on the electrode’s surface charge is crucial to ascertain the net orientation of the interfacial 

water layer structure. In this vein, one can predict that when the surface charge on the electrode 

is negative, as exhibited in Figure 3.1A, the hydrogen end of the water molecules will tend to 

orient more towards the electrode surface. The reverse can be expected for a positively charged 
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electrode surface, in which the oxygen end of the water molecule drifts toward the electrode 

surface, as portrayed in Figure 3.1B.  

 

 
Figure 3.1. Schematic depiction of the orientation of water molecules at the electrode surface for A) a 

negatively charged and B) a positively charged electrode surface, respectively. For the water layer structure, 

oxygen is shown in red, whereas hydrogen is represented in silver/grey. 

 

It is significant to point out that the simple instance illustrated in Figure 3.1 is only sometimes 

the case. Most techniques available for such evaluations do so at potentials near the potential 

of zero charge (PZC). This is rooted in the type of electrode materials employed, as some 

electrodes undergo a complex interaction with the interfacial water molecules at specific biased 

potentials. In some recent publications by Wang et al., the enterprising behavioral pattern of 

the water layer structure at the Pd electrode/electrolyte interface when subjected to bias 

potentials was studied using in-situ shell-isolated nanoparticle-enhanced Raman spectroscopy 

(SHINERS) and ab initio molecular dynamics (AIMD) simulations.[286,287] They elucidated that 

as the potential becomes more negative, the interfacial water layer structure transforms from a 

random distribution to a more ordered distribution. The ordered distribution composition was 

in the sequence of “one-H-down” followed by a “two-H-down” type interfacial water. It is 

worth adding that the H atoms of ordered water would be close to the Pd surface thanks to the 
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ever-changing water structure (cf. Figure 3.2). In short, a framework for obtaining optimum 

outcomes at such interfaces was proposed. This analogy is peculiar, particularly for a negatively 

charged atomically flat Pd single-crystal electrode (Pd(hkl)). Analogous explanations can be 

proffered for the other single-crystal electrodes (Au, Ag, Cu) investigated by the same authors.  

 
Figure 3.2. AIMD simulation results showing the calculated Ndonor of interfacial water molecules as a 

function of the potential. Potential-dependent structures of the interfacial water layer are shown in the inset, 

labeled i to vi. The dynamics of interfacial water layer structure reveal constantly evolving patterns of the 

hydrogen molecules, from (i) two-H-sideways, (ii) to (v) one-H-down, and (vi) two-H-down. Reproduced with 

permission from reference. [287] Copyright Ó (2021), The Author(s), under exclusive license to Springer 

Nature Limited. 

 

Another typical example of this scenario was reported by Tong et al., where the interfacial 

water molecules did not orient themselves with either their oxygen or hydrogen toward the Au 

electrode but instead deployed dangling O-H bonds to embark on such interactions.[288] This 

occurs because of the interaction between the permanent water dipole and the surface field. 

Moreover, the electrode surface charge morphs from negative to positive upon an increase in 

the density of the interfacial water molecules. More so, according to the studies by Li et al., the 

interfacial interaction between a negatively charged Au electrode surface and the water layer 
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structure considerably alter at particular points.[289] They further explained that the distribution 

and alignment of the interfacial water molecules could differ for negatively charged electrode 

surfaces due to the potential difference between the applied potential and the PZC. Moreover, 

the interfacial water keeps the “one-H-down” pattern at specific potential differences but 

transforms to the “two-H-down” orientation when the applied potential approaches 

extreme negative values.  

According to the publications available, an upward trajectory of in-situ characterization 

techniques is being used to probe interfacial water molecules’ role in aqueous electrochemical 

processes. These include surface-enhanced infrared absorption spectroscopy (SEIRAS),[290,291] 

vibrational sum-frequency generation (VSFG) spectroscopy,[288, 292 ] x-ray scattering (XRS) 

spectroscopy,[290] surface-enhanced Raman spectroscopy (SERS),[ 293 , 294 ] shell-isolated 

nanoparticle-enhanced Raman spectroscopy,[286,287] and x-ray absorption spectroscopy 

(XAS).[290,295,296] Despite the availability of numerous techniques,[297] most of them only give 

information about interfacial water close to the PZC. Since many electrocatalysis processes 

tend to occur at vicinities remote from the PZC, other approaches like ab initio molecular 

dynamics simulations have been successfully deployed to investigate the interfacial water layer 

structure.[286,287,298] Usually, by merging two of the techniques mentioned above, the structure 

and composition of the interfacial water layer at extreme electrocatalytic potentials can be 

obtained. Besides, recently the water layer structure at the interface of both monocrystalline 

and polycrystalline electrodes are accessible.  

However, a complete understanding of the interfacial water layer structure’s role in aqueous 

electrochemical processes remains elusive. This dissertation seeks to contribute a piece to 

comprehend such dynamics and, by extension, better elucidate electrocatalysis. To this end, 

essential parameters, namely, the PZC and potential of maximum entropy (PME), will be 

significant. 

 

 

3.2 Potential of Zero Charge and Potential of Maximum Entropy 

The first announced concept of the potential of zero charge was devised in 1928 by A. 

Frumkin.[ 299 ] The PZC corresponds to the potential where there is ostensibly no net 

accumulation of excess charge on the electrode surface. In other words, it signifies the potential 
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where the excess charge on the electrode surface vanishes as the applied potential varies. On 

this note, the PZC can be regarded as a function of the electrode material and the electrolyte 

chemistry. 

Primarily, the electrode surface charge depends on the applied potential. Taking the surface of 

a metal electrode as an example, the charge per unit area is given by: 

𝑞! 	= 	−𝐹xΓ+𝑧+
+

 (3.1) 

Here, 𝑞!	denotes the charge of the metal, which is equal but opposite in sign to the charge of 

the solution in the EDL, i.e., (𝑞! 	= 	−𝑞O), Γ+ 	stands for the excess surface charge (in moles 

per unit area) of the ionic species, i in this case, in the interface, 𝑧+ 	represents the charge with 

the sign of the component, i. 

At invariable temperature and pressure, the following equation can result: 

𝑑𝜎	 = 	−𝑞!𝑑𝐸 +	xΓ+𝑑𝜇+
+

 (3.2) 

with 𝜎 as the interfacial tension. It is worth noting that the interfacial tension can be determined 

as a function of the electrode potential. Accordingly, the excess charge density on the metal can 

be expressed by:  

𝑞! 	= 	− 0
𝜕𝜎
𝜕𝐸2@,(,Q"

 (3.3) 

In this light, it can be anticipated that the potential where the derivative (𝜕𝜎 𝜕𝐸⁄ )@,(,Q" amounts 

to zero corresponds to the state where no excess charge appears on the metal electrode surface, 

which is the location of the PZC. 

As a first approximation, the PZC is associated with the work function for transition metals and 

can be expressed by the following equation:  

𝐸(RS =	Φ 𝑒=| + 𝐾O (3.4) 

where,  Φ  denotes the metal’s work function of the electrode material for thick electrodes. 

However, for thin electrodes, it relates to both the electrode and the EDL resistance to the 
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electron transfer, 𝑒=	signifies the electron charge, and 𝐾O is an interfacial constant depicting the 

influence of the solvent on 𝐸(RS 	of the electrode. 

Essentially, two types of PZCs exist contingent on the nature of the electrode material, as the 

PZC is not an inimitable property of the metal but substantially depends on the detailed 

composition of the whole system. Stemming from that, one can isolate the condition that 

considers adsorption processes at the electrified electrode/electrolyte interface and hence 

depends on the electrolyte pH from the other, which is independent of adsorption processes. 

The latter is usually referred to as the potential of zero free charge (PZFC) and is defined as a 

type of PZC that occurs when the free, electronic net charge of the electrode surface is zero in 

any given applied potential.[163,300,301] By contrast, the former is called the potential of zero total 

charge (PZTC) and happens as a consequence of the sum of the free, electronic net charge 

density and the charge density transferred throughout reversible adsorption (Faradaic) 

processes are zero in any applied potential.[162,163] The only outlier is that ideally polarizable 

electrode materials do not exhibit specific adsorption (hydrogen, hydroxyl - OH-, and anions) 

processes induced by charge transfer. Therefore, in this situation, the PZFC and PZTC 

overlap.[302] When this is the case, the value of the PZFC can be obtained from the PZTC 

measurement as it is the only experimentally accessible parameter.[176,177] The scenario is 

different, particularly for platinum group metals (Pd, Pt, Ir, Rh) which involve adsorption 

processes, triggering the PZTC and PZFC not to coincide.[303,304,305]  

The PZTC can be experimentally determined, for instance, from voltammetry.[176,177] Deploying 

the same conventional methodologies, namely, voltammetric and potentiostatic techniques to 

measure the PZFC proves futile, as these techniques cannot the decouple double-layer charging 

current density from the total current density.[306] Moreover, additional measurements and 

critical thermodynamic assumptions are required to evaluate the PZFC from the 

electrochemical measurements.[307] Specifics concerning the various methods for determining 

the PZC are further elaborated in section 3.3.  

Meanwhile, the potential of maximum entropy indicates the potential where the disorder of the 

water molecules close to the electrode surface reaches its zenith.[308] Simply put, the entropy of 

the double-layer formation peaks at the PME. Consequently, the PME is significant in assessing 

the rigidity or looseness of the interfacial water layer structure and is closely related to the PZC, 

particularly the PZFC, in most cases. This close association originates from the water dipoles’ 

electrostatic interactions with the interface’s electric field. To be more accurate, the PME is 

located at a slightly negative potential relative to the PZC due to the strong directional bond 
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existing between the oxygen of the water molecule and the (unoccupied) d-orbitals of the 

(uncharged) transition metal electrode surface.[ 309 ] Admittedly, relatively high energy is 

required to break the bond from the PZC to the PME. Therefore, the latter tends to occur at a 

more negative (lower) potential than the former. Figures 3.3A and B elucidate the positioning 

of some vital parameters significant in describing the properties of the electrified 

electrode/electrolyte interface. 

Remarkably, striking nomenclatures, including the potential of turnover of the water molecules, 

the potential of water reorientation, and the potential of zero transient (PZT), have all been 

validly used to represent the PME.  The deployment of such terms can be justified from the 

witness of the flipping (upwards or downwards) of the hydrogen and oxygen in the water 

molecules at the PME. It is, therefore, unsurprising to observe faster reaction kinetics for 

electrochemical reactions in the vicinity of the PME. This observation can be explained by 

lowering the energy barrier triggered by the loose water layer structure, permitting the easy 

movement of species (charges, mass, etc.) through the EDL.[310] By contrast, at potentials far 

off from the PME, the solvent (mostly water) layer structure becomes stiff, elevating the energy 

barrier, which decelerates the reaction kinetics. In this regard, mass and charge transfer through 

the EDL progresses slowly. Figure 3.3C further elaborates on the concept and significance of 

the PME. 

A) 

 
B) 
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C) 

 
Figure 3.3. A) The double layer structure of a negatively charged electrode surface and the arrangement of 

the water layer structure around it. The PME is depicted as the potential with the most chaos and where the 

flipping of the signs of the water dipole occurs, whereas at the PZC, no net charge exists on the electrode 

surface. Figure reprinted from reference.[157] B) A schematic explanation of the arrangement of interfacial 

water dipoles and net electrode surface charges for key interfacial parameters like the potentials of zero 

charge and maximum entropy. Figure modified from reference.[161] C) Schematic depiction of a possible 

expectation at the potential of maximum entropy. Thanks to the enormous degree of chaos at the PME, species 

can be exchanged rapidly, which leads to faster kinetics and enhanced performance.  Meanwhile, for the 

other instances showing either positive or negative electrode surface charge, the water layer structure is well 

ordered; hence the exchange of species proceeds rather slowly. Figure reproduced with permission from 

reference.[160] Copyright © (2021), The Authors. ChemElectroChem published by Wiley-VCH GmbH. Open 

access, published under a CC-BY license. 
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3.3 Techniques for Determining the PZC and PME 

Following the unambiguous descriptions of the PZC and PME, it now paves the way to critically 

examine some of the available methodologies deployed to determine these parameters. It is 

essential to acknowledge that determining the PZC and PME, particularly for solid electrodes, 

has always been challenging despite their grave importance. A myriad of methodologies, 

however, exist, enabling the determination of the PZC, primarily the PZTC, since the PZFC is 

currently not experimentally accessible. The electrode type mainly determines the desired 

methodology since the various methods are tailored toward specific purposes. The procedures 

comprise the electrocapillary, capacitance, CO charge displacement, N2O reduction, scrapping, 

laser ablation voltammetry, and many other methods. As the role of interfacial water molecules 

is crucial in attaining significant improvements in the design and enhancement of 

electrocatalytic systems, dissociating the potential interference of its response from the water 

in the bulk of the solution is pivotal in the established techniques. 

 

3.3.1  Electrocapillary Method 

Electrocapillary describes the relationship between the interfacial tension or stress and the 

electrode/electrolyte potential. To this end, this method employs the electrocapillary 

equation,[311,312] which also incorporates the so-called Lippmann equation.[313] In this method, 

the PZC is recognized as the potential where the electrocapillary curve reaches its peak (cf. 

Figure 3.4). Several authors have reported accurate measurements of the interfacial tensions 

for liquid/liquid interfaces.[314,315,316] The electrocapillary method has also been successfully 

applied to determine the PZC of some unique materials, including liquid metals (mercury, 

gallium, and its alloys).[317] Recently, this method has been applied to determine the PZC of 

certain metal-free electrodes like carbon aerogel.[318]  

According to Lippmann’s proposition, the electrocapillary curves of liquid metals can be 

measured with a device called a capillary electrometer.[313] This device can chronicle the 

pressure required to force the electrode material (mostly liquid metal) down to a pivotal point 

of a conical capillary, which is wetted by the electrolyte solution. In operating the device, one 

must essentially ensure that the entire capillary walls are thoroughly soaked in the electrolyte 

solution. The basic equation governing this methodology considers the surface tension of the 

electrode material 𝛾 as a function of the EDL capacitance per unit area 𝐶 and is given by: 
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𝛾	 = 	 𝛾) −
1
2𝐶𝑉:T6

K  (3.5) 

Where 𝛾)	denotes the surface tension that exists between the electrolyte and the conductor even 

at the minimum electric field of zero, and 𝑉:T6	represents the applied potential across the EDL. 

Primarily, the scope of use of the electrocapillary method is limited, as the dependency of 

surface tension on the electrode potential is explored in this method. Simply put, it is 

experimentally impossible to access the absolute interfacial tension at the solid/liquid interface 

due to several complexities in estimating the interfacial stress of solid electrodes. Moreover, 

solids generally do not exhibit surfaces that are in equilibrium, which is a prerequisite for 

employing this method.  

 
Figure 3.4. Schematic depiction of a typical electrocapillary curve. In other words, the surface tension of an 

electrode is plotted as a function of the applied potential. The PZC is indicated with a dot and arrow, 

corresponding to the apex of the surface tension. 

 

3.3.2  Capacitance Method 

Section 3.2 extensively revealed that the PZC is one of the significant parameters at the 

electrified electrode/electrolyte interface. It is also not in doubt that the double-layer 
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capacitance (𝐶54 ) is an essential electrode/electrolyte interface descriptor. Therefore, it is 

pragmatic to correlate the PZC to the 𝐶54. The PZC is the potential where the 𝐶54 is at minimum 

(cf. Figure 3.5). Theoretically, the PZC should be located at the minimum of the differential 

capacitance, 𝐶5 .	 This method of PZC determination first originated from Vorsina and 

Frumkin.[319] Although the capacitance method is very useful, it comes with its limitations and 

hence can only be deployed for dilute solutions and without specific adsorption. This emanates 

from the inner Helmholtz double layer 𝐶+  typically dominating the 𝐶54  at high electrolyte 

concentrations, as shown in Equation (3.6), obtained from the Gouy-Chapman-Stern model of 

the EDL.  

1
𝐶54

=
1
𝐶+
+
1
𝐶5

 (3.6) 

Here, 𝐶+  and 𝐶5 	 represent the capacitance of the inner Helmholtz double layer and the 

differential capacitance of the diffuse layer, respectively. 

Consider an example to serve as a model in which the dilute electrolyte solution has a very low 

concentration of ca. 10-3 M. In this light, 𝐶+ will be invariable, and 𝐶5 	will be the only parameter 

dependent on the applied potential and is represented as follows:[320] 

𝐶5 	= 	 (𝜕𝑞! 𝜕𝐸⁄ )@,(,Q" (3.7) 

With 𝑞 being the free charge density on the surface of the electrode material, mostly solid metal, 

and 𝐸 the potential of the electrode. Of course, Equation (3.7) originally corresponds to the 

𝐶54. 

Therefore, the capacitance method can scarcely be employed for the PZC determination in the 

case of high electrolyte concentrations,[321] electrodes such as PGMs, and electrolytes that 

specifically adsorb like sulfates. 
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Figure 3.5. Typical graphical representation of the double layer capacitance (𝐶!" ), which depicts the 

capacitance plotted as a function of the potential. The minimum of the capacitance-potential curve is known 

to be the minimum of the differential double-layer capacitance and corresponds to the PZC. 

 

 

3.3.3  CO Charge Displacement Method 

The CO charge displacement method is particularly suitable for determining the PZC of some 

prominent noble metal electrodes.[322,323] This method operates through the complete exposure 

of noble metal surfaces, especially Pt group metals (Pt, Pd, Ir, Rh), to CO adsorption till 

saturation is reached. Equation 3.8 underpins the operations of the methodology.  

𝑞5+O = 𝑞0 − 𝑞+ (3.8) 

Where 𝑞5+O is the charge measured during the CO adsorption process, 𝑞+ 	represents the total 

electrode charge before the CO adsorption (initial total electrode charge), and 𝑞0 denotes the 

total electrode charge after the CO adsorption (final total electrode charge).  
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Figure 3.6. Graphical representation of the total charge plotted as a function of the electrode potential. The 

PZC is captured as the potential corresponding to a total electrode charge (charge density) of zero. 

 

During the CO adsorption process, the oxidation states of the noble metal are expected to be 

invariable. Consequently, the charge measured during the CO adsorption process, 𝒒𝒅𝒊𝒔, should 

be equivalent to the difference between the total electrode charge before (𝒒𝒊) and after (𝒒𝒇) CO 

adsorption. However, as 𝒒𝒇 cannot be directly determined but is assumed to be negligible when 

compared to 𝒒𝒊, and therefore, Equation (3.8) further approximates to: 

𝑞5+O ≈ −𝑞+ (3.9) 

Following several measurements at varying potentials for a particular electrode, the PZC can 

be evaluated as the potential where 𝒒𝒊  is zero (cf. Figure 3.6).[ 324 , 325 ] Although the CO 

displacement method can also be used to evaluate the dependence of the PZC on stepped single 

crystal surface[324] and electrolyte pH,[323] its benefits mainly lie in noble metal electrodes. 
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Furthermore, this method becomes redundant at high anodic potentials, as CO oxidation must 

be prevented. 

 

3.3.4  N2O Reduction Method 

Premised on the findings from initial research conducted by Ebert et al.,[326] Attard et al.[327] 

claimed that the N2O reduction method could be considered a surface probe to determine the 

PZC based on N2O’s sensitivity to the total local charge. A perfect example is deploying the 

N2O reduction method to uniquely characterize the difference between local PZTCs in a 

specific study sample.[326] 

Noteworthy, Ebert et al. are acknowledged to have premiered the PZC investigation on single 

crystal Pt surfaces using the N2O reduction method. So far, this method has been applied to 

only noble metals such as Ir, Rh, Pd, and Pt electrodes,[326,327] which limits its broad 

applicability. Figure 3.7 highlights an instance involving a Pt(111) electrode in 0.1 M HClO4. 

Accordingly, the maximum current peak of N2O reduction is located at 0.34 V. Another 

limitation has its roots in the structure type; this method is applicable. To illustrate this, Climent 

et al. deployed the N2O reduction method to confirm that this methodology is fundamentally 

limited to interfacial structures sensitive to N2O reduction reactions.[325] 

One distinguishing inference from the studies by Ebert et al. and Attard et al. dwelt on the N2O 

reduction mechanism, particularly on Pt electrodes. The former opined that the reaction was 

structure sensitive, and by extension, adsorbed hydrogen must be regarded as an integral 

catalytic intermediate, and is given by: 

𝑁K𝑂(15O) +	𝐻(15O) 	→ 	𝑁K(Z) +	𝑂𝐻(15O) (3.10) 

Contrarywise, the latter believed that the N2O reduction mechanism should be a characteristic 

feature of the pre-equilibrium step:[328] 

𝑃𝑡 + 𝑁K𝑂(Z) 	⇌ 	𝑃𝑡 − 𝑁K𝑂(15O) (3.11) 

And this will be followed by:  

𝑃𝑡 − 𝑁K𝑂(15O) 	
>7→ 	𝑃𝑡 − 𝑂 + 𝑁K(Z) 

(slow) (3.12) 
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𝑃𝑡 − 𝑂 + 2𝐻# + 2𝑒$ 	
>8→ 	𝑃𝑡 + 𝐻K𝑂 (fast) (3.13) 

In this respect, one can anticipate and/or expect that with a copious amount of adsorbed N2O, 

the rate of N2O reduction would be high. This analogy makes perfect sense, especially in 

situations that induce competitive adsorption between N2O and other adsorbed species like 

anions, hydrogen, and water on the electrode surface. The consequence is observing the highest 

N2O reduction rate where the maximum number of available free sites for N2O adsorption 

exists. 

 
Figure 3.7. Graphical representation of an N2O reduction plot conducted on Pt(111) in 0.1 M HClO4. The 

maximum current peak of N2O reduction, which is also the PZC, was found to be 0.34 V. Scan rate: 50 mV 

s-1. Reprinted with permission from reference.[327] Copyright © (1995), Published by Elsevier B. V. 
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3.3.5  Other Methodologies 

Other captivating approaches, such as the vibrational properties of water molecules in the 

interface,[291,329] the scrapping method,[330] and even the laser ablation voltammetry method,[331] 

have all been equally used to determine the surface charge of electrode materials. However, all 

these methods have some limitations, like the ones mentioned earlier. Due to the ostensibly 

destructive nature of the latter two approaches, they cannot be applied to single crystals. For 

instance, in the scrapping method,[330] the electrode charge is extracted through the regeneration 

of the metallic surface. Meanwhile, for the laser ablation voltammetry method,[331] the surface 

of electrode materials can be destroyed entirely, and this approach was first employed on a 

molybdenum electrode.    

Besides these promising methodologies, even more enterprising and improved computational 

(theoretical) and experimental techniques are springing up. An example of the latter is the recent 

phase-sensitive second harmonic generation optical methodology studies by Xu et al. aimed at 

determining the potential of zero charge of Pt electrodes.[ 332 ] Usually using the so-called 

jellium-Poisson-Boltzmann model,  a host of simulations, such as density functional theory 

molecular dynamics (DFTMD), DFT calculations, AIMD, and so on, have been deployed to 

determine the PME and PZC, fundamental concepts in interfacial 

electrochemistry.[ 333 ,334 , 335 , 336 ,337 ] The electrodes investigated included Ag(100), Ag(111), 

Au(111), Pt(111), and Pd(111). In some of the studies, the PZC was referred to as the charge 

of maximum capacitance (CMC), whereas the PME was called the charge of maximum entropy 

(CME).      

In brief, all the various methods so far enumerated here have numerous limitations in their broad 

applicability to several material types. Therefore, it is imperative to find alternative techniques 

that are robust, versatile, and can be employed for many different materials without/with little 

restrictions. In that regard, the laser-induced transient methods can help realize and overcome 

most of the limitations the already discussed methods pose.  
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3.4 Overview of the Laser-Induced Transient Techniques  

Previous sections (sections 2.3, 3.1, 3.2, 3.3) have shown that in any attempt at optimizing 

electrode processes or electrocatalytic reactions, the electrified electrode/electrolyte interface 

must be considered, as it plays a crucial role in the overall rational design process. Stemming 

from this, it is paramount to determine parameters like the PZC and PME at the vanguard of 

the electrified solid/liquid interface. Yet, one critical question worth answering is, how can 

these parameters be measured effectively and help close the gap between simplified theoretical 

models and dynamic actual electrocatalytic systems? More so, resolving and clarifying the role 

interfacial solvent (mostly water) plays in these reactions and electrochemical systems must 

feature prominently.  

By deploying the laser-induced transient techniques, which involve directly measuring the 

electrode surface charge or sign, most, if not all, of the answers to the unsettled questions can 

be obtained. The earliest acknowledged use of this methodology was reported by Benderskii 

and co-workers[338] in 1978 when short, powerful laser pulses were employed to investigate the 

mercury electrode/electrolyte interface. In a short while, Benderskii’s group and others 

deployed an analogous technique to reveal information on the kinetics of electrochemical 

processes occurring on platinum electrodes.[339,340,341,342] The method has further been explored 

to probe the electrified interface of several electrochemical reactions and systems predicated on 

these feats. Prevalent among the wide-scope application of the methodology in recent years 

include investigating the surface charge of gold,[130,343,344] platinum,[160,345,346,347] and iridium[308] 

electrodes. As a means to further extend the frontiers and scope of application of this technique, 

our group has experimented on materials such as aqueous metal-ion batteries,[154,155] manganese 

oxide,[156] copper,[158] and surface-mounted metal-organic framework[131] electrodes, with the 

prospects of examining other electrodes apparent. 

The laser-induced transient techniques use the so-called temperature jump effect. In that regard, 

when the surface of a non-transparent electrode is irradiated with a robust and ultrafast 

(submicrosecond - ns, fs, etc.) laser source, a rapid surge (ca. 20-40 K) in the temperature of 

the interfacial region is activated. Undeniably, the working electrode and the electrolyte (the 

majority being water) build a double layer when a constant potential is supplied to the system. 

This system initially reaches an equilibrium state. Once the laser pulses are launched to target 

the interfacial region, i.e., the double layer, the equilibrium is briefly destabilized. 

Fascinatingly, the system’s response is displayed as current or potential transients 
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corresponding to the electrode surface charge. More precisely, the system’s reaction mainly 

highlights the influence of the quick temperature upsurge on the structure of the inner 

Helmholtz plane. 

The technique is applicable in assessing parameters like the PZC, closely associated with the 

PME, where water molecules reorient more easily. Thus, independent and valuable information 

on the interfacial properties and structure can be retrieved. Therefore, a typical example of the 

direct application of the technique is the determination of the kinetics and mechanism of various 

electrode processes. It can be true, provided that the only influence of the laser illumination is 

heating the electrode surface. In this respect, fast processes occurring at the electrode/electrolyte 

interface can be investigated. Depending on the significant difference between the rate of the 

temperature change and the relaxation time, thermodynamic and kinetic data can be decoupled, 

thereby permitting the seamless retrieval of the information of interest.[130] Thermodynamic 

information is obtained when the temperature change rate is slower than the relaxation time, 

while the opposite is true for the latter, kinetic. Ultimately, combining results from the laser 

technique with data obtained from methods like electrochemical impedance spectroscopy and 

electrochemical quartz crystal microbalance yields in-depth characterization, validity, and a 

better understanding of solvation effects in electrochemical systems. Accordingly, the behavior 

of interfacial water molecules on several electrodes, particularly on the surfaces of metal and 

metal oxides, under in-situ conditions can be determined with high selectivity. 

 

3.4.1  Theoretical Considerations of the Laser-Induced Current 

Transient Technique 

Following briefly introducing the technique and its range of applications, discussing the 

fundamentals fortifying it is paramount. Section 3.4 highlighted two main methods founded on 

almost the same principles. However, this dissertation focuses on one of them: the laser-induced 

current transient (LICT) methodology. On that note, subsequent discussions will most often 

center on this particular methodology. 

The temperature change after a laser pulse can be conveniently defined by Equation (3.14a) 

on the assumption that the penetration depth of the applied light (laser, in this case) is negligible. 
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∆𝑇(𝑡) = 	
1

√𝜋𝜅𝑐𝑑	 + �𝜋𝜅O𝑐O𝑑O
�𝑞(𝑡 − 𝑡[)

1
√𝑡[

-

=

𝑑𝑡[ 
(3.14a) 

Here, κ, c, and d and 𝜅O, 𝑐O, and	𝑑O	represent the thermal conductivity, thermal capacity, and 

density of the metal and the aqueous electrolyte (solution). 

As an alternative, the temperature change on the electrode surface occasioned by the absorption 

of the laser right after the end of the short laser pulse can be estimated as follows: 

Δ𝑇(𝑡) = 	
𝐼(1 − 𝑅)
√𝜋𝜅𝑐𝑑

�1 + �
𝜅O𝑐O𝑑O
𝜅𝑐𝑑 �

$*

�𝑡= 
(3.14b) 

Where I stands for the intensity of the laser light, R defines the reflectivity of the surface, and 

𝑡= is the duration of the laser pulse. 

The function 𝑞 describes the power density adsorbed at the metal surface and relies on the 

temporal shape of the laser pulse via the following equation: 

𝑞(𝑡) = (1 − 𝑅)𝐼(𝑡) (3.15) 

Where 𝐼(𝑡)	describes the intensity or the time-dependent energy flux per unit area. 

It is vital to add that for any uniform laser pulse, integrating Equation (3.14a) yields the 

following key formulas: 

Δ𝑇(𝑡) = 	
2(1 − 𝑅)𝐼

√𝜋𝜅𝑐𝑑 + �𝜋𝜅O𝑐O𝑑O
√𝑡						(𝑡	 ≤ 𝑡=)				𝐻𝑒𝑎𝑡𝑖𝑛𝑔 

(3.16) 

 

Δ𝑇(𝑡) = 	
2(1 − 𝑅)𝐼

√𝜋𝜅𝑐𝑑 + �𝜋𝜅O𝑐O𝑑O
�√𝑡 − �𝑡 − 𝑡=�				(𝑡	 > 𝑡=)				𝐶𝑜𝑜𝑙𝑖𝑛𝑔 (3.17) 

When the laser pulse irradiates the electrode surface for a long duration, it essentially leads to 

an expansion of the term �𝑡 − 𝑡= . Correspondingly, the higher terms in the series become 

redundant, resulting in a decrease in the temperature change with time as follows: 
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∆𝑇(𝑡) = 	
1
2∆𝑇!

�
𝑡=
𝑡  

(3.18) 

Where ∆𝑇(𝑡) describes the rate of decay of the current after the laser pulse or the temperature 

of the metallic surface fall. ∆𝑇! defines the maximum temperature change achieved at the end 

of the pulse.  

A linear relationship between the temperature and the potential change can be obtained in 

situations where the temperature change is small enough, as depicted below: 

Δ𝐸 = 	 0
𝜕𝐸
𝜕𝑇2Δ𝑇 = 	0

𝜕𝐸
𝜕𝑇27

1
2∆𝑇!

�
𝑡=
𝑡  

(3.19) 

In essence, the temperature coefficient of the open circuit potential can be calculated from the 

gradient after plotting Δ𝐸 vs. 1/√𝑡. Notably, from the electrocapillary equation, the following 

invariable equation ensues:[348] 

0
𝜕𝐸
𝜕𝑇27

=	−0
𝜕Δ𝑆
𝜕𝑞 2@

 (3.20) 

With ΔS denoting the interfacial entropy of formation. By integrating the slopes obtained from 

plotting Δ𝐸	𝑣𝑠. 1/√𝑡 as a function of the double layer charge, a graphical representation of Δ𝑆 

can be fabricated. As a consequence, one can safely predict that ZM\3
M7
[
@
	will be zero when the 

curve Δ𝑆 vs. 𝑞 reaches its peak. Concurrently, deducing from Equation (3.20), it is not out of 

place to infer that the change of the electrochemical potential elicited by the abrupt but brief 

temperature rise via laser illumination will correspondingly be zero. It is impressively evident 

that this technique sanctions the identification of the PME of double-layer formation. 

The caveat worth highlighting is that the equations derived so far did not consider all the 

possible contributions accompanying the irradiation of an electrode surface with laser pulses. 

In principle, the response of the potential to the sudden increase of the temperature due to the 

laser illumination can be segregated into three categories, namely, the temperature coefficient 

of the potential drop through the electric double layer ZM:
M@
[
7
, which is the main contributor to 

the thermodiffusion potential arising from the difference in the temperature between the 

solution in contact with the working and reference electrodes and the temperature gradient in 
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the metal electrode.  Generally, the temperature coefficient of the metal/solution potential 

(𝐸]$3) drop through the EDL can be further fragmented into three contributions and is given 

as follows:    

>
𝜕𝐸]$3

𝜕𝑇 ?
7,]

=
1
𝑒 0
𝜕Φ
𝜕𝑇27

+ >
𝜕𝐸K

𝜕𝑇 ?
7
+ >

𝜕𝐸^

𝜕𝑇 ?
7
 

(3.21) 

Where Φ is the work function at the given charge 𝑞, 𝐸^ is the potential drop emanating from 

solvent (re)structuring, and 𝐸K depicts the potential drop at the diffuse layer. 

Incredibly, the discussion above does not account for the influence of thermodiffusion potential 

on the open circuit potential after laser illumination heating. This gap can be filled by estimating 

the so-called Eastman entropy of transfer from the ions involved. This is given as: 

Δ𝐸@_./!"5+008O+",
Δ𝑇 = −

1
𝐹x

𝑡+
𝑧+
𝑆�+ 

(3.22) 

With 𝑡+ , 𝑧+ , and	𝑆�+ 	being the transport number, the charge, and the Eastman entropy of the ion i, 

respectively. It is explicitly implied following a glance at Equation (3.22) that the 

thermodiffusion potential substantially relies on the nature of the electrolyte. It is equally 

important to point out that the applied electrode potential does not influence this potential 

contribution. In that accord, in accounting for the highly significant responses from the EDL, 

the thermodiffusion effect is often neglected.[346,349] A similar reasoning can be followed for 

metal electrodes to evaluate the temperature gradient. This leaves the undeniable notion that 

the temperature coefficient of the potential drop through the electric double layer is at the 

forefront of this technique. 

 

3.4.2  Origin of a System Response during a Laser-Induced Current 

Transient Experiment 

Section 3.4.1 elaborated on the theoretical principles underpinning the laser-induced transient 

techniques, particularly the LICT technique. Before proceeding further, some vital aspects of 

the discussions thus far are worth reiterating. It has been established that upon irradiating the 

surface of a non-transparent electrode with a laser source, a sudden hike in the temperature (ca. 

20-40 K) of the interfacial region arises. The temperature variation prompts the manifestation 
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of a series of transients. With this change in place, it is possible to extract valuable information 

regarding the interface by monitoring the current or potential transients, which hitherto is not 

available in in-situ techniques. One outstanding feature of the method is that the high-power 

laser illumination yields a sudden temperature change, which is very fast, and isolating the 

double layer response from the charge transfer processes is possible.  

According to the universally recognized model, in the absence of specifically adsorbed ions, 

the innermost plane of the solid/liquid interface, termed the inner Helmholtz plane, is composed 

of a solvent monolayer.[189Error! Bookmark not defined.] Imperatively, the actual system response to 

the short laser irradiation unveils the influence of the electrode temperature on the structure of 

the inner Helmholtz plane of the electric double layer. In aqueous electrolyte systems, one can 

envisage that the polarized water molecules will adjust their average orientation according to 

the sign of the excess surface charge resulting from the applied potential.[349,350] The positioning 

of solvent molecules is a function of the interactions between their dipole moment and the 

electric field produced by the electrode surface charge (𝐸S_1/Z.). As a result of the relatively 

large dipole moment of the electrode surface charge, the potential drop of the electrode 

originates to a large degree from the water molecules 𝐸5+`"4..[349] Consequently, the potential 

generated between the electrode surface and the electrolyte solution 𝐸]$3	can be described by: 

𝐸]$3 	= 	𝐸S_1/Z. 	+ 	𝐸5+`"4. (3.23) 

A swift temperature jump emanating from the laser illumination randomizes the solvent adlayer 

for a brief period, altering 𝐸5+`"4.  and, eventually, 𝐸]$3  (Equation (3.23)). Crucially, the 

exposure of the excess charge accumulated at the electrode surface emerges, producing 

potential drops. The current or potential transients can be detected once the double-layer 

interface relaxes. 

The potential jumps are portrayed as current or potential transients, with their sign coinciding 

with the sign of the electrode surface charge. With this phenomenon at center stage, the so-

called laser-induced current transient and laser-induced potential transient (LIPT) methods, or 

more generally, the laser-induced transient techniques (LITT), or laser-induced temperature 

jump (LITJ) techniques, can be applied to check the electrode surface charge. For the LIPT 

technique, which is realized coulostatically, a change is induced at the open circuit potential, 

signifying the orientation of the water dipoles depending on their sign. Contrarywise, the LICT 

technique is performed potentiostatically. At this juncture, it is useful to mention that the laser-

induced transient methods can be mainly categorized into two, namely, LICT and LIPT 
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techniques. The former is implemented under coulostatic conditions to monitor the change of 

the open-circuit potential, i.e., potential transients. By contrast, the LICT technique is executed 

under potentiostatic conditions (keeping the electrode potential constant) to record the current 

transients flowing through the external circuit after the laser pulse.  

During the measurement, the reorganization of the EDL initiated by the laser illumination can 

be documented as the current transient. A positively charged electrode is projected to show 

positive current transients, whereas an identified negatively charged electrode will produce 

negative current transients from the laser pulse results. The PME is ascribed to the potential 

where the sign of the current transient flips, as shown in Figures 3.8A and B. The 3D graphical 

representation (cf. Figure 3.8A) of the current spikes reveals increasing magnitudes of the 

current transients in both negative and positive directions and an almost zero point, the PME. 

As designated in Figure 3.8A, the orientation of water dipoles is depicted as oxygen (red color) 

down when the electrode excess surface charge is positive (positive current transient) and 

hydrogen (grey/silver color) down for negatively charged electrodes (negative current 

transient). It is essential to comment that Figure 3.8B was fashioned from Figure 3.8A. 

Accordingly, the peak (extreme/maximal) current transient values were isolated and plotted as 

a function of the applied potential to streamline and distinctly illustrate the location of the PME 

in the 2D plot. The zero-crossing point symbolizes the PME, as is manifest in Figure 3.8B. 

A) B) 

  
Figure 3.8. A) An example of a 3D plotted current transients recorded during the laser measurement at 

various electrochemical potentials. The potential at which the current transients flip its sign corresponds to 

the PME, and the sign of the current transients coincides with the sign of the electrode surface charge. The 

figure was obtained from measurements conducted on polycrystalline gold in 0.5 M O2-saturated Na2SO4 

solution (pH 2) and was reprinted with permission from references.[161,130] Copyright Ó (2021), The Authors. 

Published by Wiley-VCH GmbH. Open access, published under a CC-BY license. B) An instance of a 2D 
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current transient diagram with the extreme current transients plotted as a function of the applied potential 

on the reversible hydrogen electrode (RHE) scale. The data for plotting B was obtained from A). It is 

necessary to note that only some of the current transients are presented in this illustration. Reproduced from 

reference.[161] 

 

3.4.3  Important Laser Parameters and Specifications for the LICT 

Measurements 

The LICT experiments in our laboratory are performed via deploying a Quanta-Ray INDI 

pulsed Nd:YAG laser (Spectra-Physics Lasers, USA) with a repetition rate of 10 Hz and 5-8 ns 

pulse duration. Essentially, an apt selection of the laser illumination wavelength is strategic in 

evading side effects, such as the photoemission of electrons. It is worth stating that the 

photoemission threshold for typical metal electrodes is approximately 200-300 nm (i.e., 

representing a work function of ca. 4-5 eV).[344] Beyond that, other critical laser parameters, 

such as energy, power, or intensity, must be chosen carefully.  Fundamentally, the intensity of 

the laser beam is contingent on the nature of the electrode and electrolyte under investigation. 

On that note, an appropriate laser beam intensity should permit a rapid increase in temperature 

without causing any destruction to the metallic electrode surface.  

The wavelength of the laser device applied in all our LICT measurements is 532 nm (i.e., the 

second harmonic generation of the fundamental frequency of this laser), which is discernibly 

above the photoemission of electrons and, therefore, prevents the stated side effect. Another 

parameter that can be tailored or fixed is the diameter of the laser beam. In our case, it is kept 

at 9 mm for every LICT measurement. Crucially, since the energy originating directly from the 

laser beam can reach 200 mJ, constituting a fluence of ca. 314 mJ cm-2, which is excessively 

high and can destroy the working electrode, a motorized beam splitter (VA-CB-532-CONEX, 

Newport Corp.) operates as an attenuator (cf. Figure 3.9). By so doing, proper energy control 

of the laser pulses that will ultimately reach the working electrode is achieved. A tabletop 

controller or a GCR control software (Spectra Physics Lasers, USA) can be employed to operate 

the laser. The attenuator is manipulated by a Variable Attenuator software (model: CCVA-PR-

CD, Spectra-Physics Lasers, USA) to regulate the laser beam energy.  
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Figure 3.9. Representative scheme of the laser-induced current transient (LICT) technique setup. The laser 

head is shown on the left, with the three-electrode configuration electrochemical working cell on the right. 

The various numerically labeled parts are described as follows: 1 - electrolyte inlet, 2 - hot-water outlet, 3 - 

gas outlet, 4 - counter electrode (CE), 5 - electrolyte inlet/preconditioning chamber, 6 - gas inlet, 7 - reference 

electrode (RE), 8 - working electrode (WE), and 9 - hot-water inlet. Essentially, the relative positions of the 

electrodes, as portrayed in Figure 3.9, do not precisely correspond to the real measurement configuration, 

where the RE is located in between the WE and CE instead. Figure modified with permission from 

references.[161,162] Copyright © (2023), Elsevier Inc. All rights reserved. 

 

 

3.5 The Impact of Electrolyte Components in Electrocatalysis 

One of the research challenges in electrocatalysis is understanding how the catalyst surface’s 

physical or chemical state affects intermediate species’ adsorption and desorption equilibrium 

at each step and, ultimately, its impact on the ensuing catalytic performance. Generally, 

considerable literature exists on the effect and modulation of catalysts’ extrinsic physical 

properties or core electronic structure on the kinetics of catalytic reactions. These control the 

crystal plane, defect engineering, strains, particle size, and surface adjustment.[351,352,353] In 

perspective, electrocatalysis research primarily focuses on improving the catalytic activity to 

enhance the electrode structure and composition.[354,355] The role of the electrode structure in 

electrocatalysis is most pervasive in structure-sensitive reactions. For instance, the oxygen 

reduction reaction can be promoted on the Pt electrocatalyst by introducing surface defects such 
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as steps and concavities.[354,355] Understanding the electrode structure/activity and the electrode 

composition/activity relations can assist the rational usage of active materials by developing 

effective catalyst design.  

Nowadays, there is a gradual rise of studies focusing on understanding the crucial role 

electrolyte components, the so-called “spectator species”, play in optimizing the performance 

of electrocatalytic systems. Remarkably, it reveals that the catalytic system’s activity is closely 

related to the electrolyte composition and the corresponding local disparate chemical 

environment.[ 356 ] Surprisingly, in certain instances, the electrolyte components’ effect 

outperformed the activity of the same electrolytes for different electrode structures and 

electrode compositions (cf. Figure 3.10).[357,358] 

A) B) 

  
C) D) 

  
Figure 3.10. A bar chart plot depicting a comparison of the hydrogen evolution reaction activities of A) 

Pt(111), Pt(221), and Ptpc electrodes in H2-saturated 0.1 M MeOH electrolytes (Me+ = Li+, Na+, K+, Rb+, 

Cs+), B) Ir(111), C) Au(111) and Agpc electrodes.[357] D) OER activities of Ir-oxide thin films in HClO4 and 

H2SO4 at pH = 1 (the curves have been iR-corrected).[358] The conditions and electrolyte components for 

each measurement are provided in the respective Figures. The so-called spectator species significantly 

impacts the hydrogen and oxygen evolution reactions, i.e., water electrolysis. Reproduced with permission 
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from references.[357,358] Copyright © (2018), Wiley‐VCH Verlag GmbH & Co. KGaA, Weinheim; Copyright 

© (2015), Royal Society of Chemistry. 

 

3.5.1   Solvent Effect 

As established in section 3.5, besides the electrode structure and composition, the role of 

electrolytes in electrocatalytic systems should not be underestimated. As such, in recent years, 

ballooning attention has been dedicated to investigating the effects of electrolyte pH and alkali 

metal cations, anions, and even the impact that certain ionic liquids have on the activity of the 

catalytic system.[356,359,360] 

In principle, anions or cations in the electrolyte are surrounded by solvent molecules referred 

to as “solvated ions”, serving as the charge carriers (see section 2.3.1). In this light, the solvent 

type and properties are essential for catalytic reactions. Water exhibits several merits, such as 

abundance, availability, cost-effectiveness, and high sustainability, leading to widespread usage 

and reliance.[361] As such, aqueous solvents and solutions are used in many electrocatalytic 

systems. Intriguingly, aqueous solutions are one of the most critical factors regulating catalytic 

performance for reactions involving proton-coupled electron transfer or using H2O as a reactant. 

Nonaqueous solvents are also used in many catalytic systems. Interestingly, protons’ absence 

can constrain proton depletion reactions, and aprotic solvents usually offer a higher potential 

window than water.[362,363,364] 

 

3.5.2   Cation Effect 

Studies have revealed that cations residing in the electrolyte and, by extension, the EDL, 

especially in neutral or alkaline solutions, can considerably influence the reaction 

rate.[310,365,366,367] Due to their vast laboratory and industrial applications, alkali metal cation-

containing electrolytes remain the most relevant example investigated.[368,369] A typical example 

is the exploitation of impedance spectroscopic studies on Pt microelectrodes in alkaline media 

by Taji et al., revealing a change in the HER reaction pathway in the presence of alkali metal 

cations.[370] The activity follows the trend: Li+ ≥ Na+ > K+ > Cs+, with the highest activity 

occurring in 0.1 M LiOH electrolytes at low overpotentials (cf. Figure 3.11A). Additionally, it 
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was demonstrated that the nature of the alkali metal cations modifies the relative contribution 

of the Volmer-Heyrovsky and Volmer-Tafel mechanisms to the overall reaction, with the 

former being more significant for LiOH electrolytes (cf. Figure 3.11B).  

A) 

 
B) 

 
Figure 3.11. A) A plot of the activity trend of the HER for Pt(pc) electrodes in 0.1 M AMOH electrolytes 

(AM = Li+, Na+, K+, Cs+). Insert: Information on the Tafel slopes for the different electrolytes. B) Bar chart 

depicting the reaction-free energies computed for the Volmer, Tafel, and Heyrovsky steps of the HER on the 

pristine Pt(111) surface and in the presence of alkali metal cations. The results for bare and solvated cations 

are presented on the left and right sides, respectively, with the exemplary atomic-structure snapshots for the 

Li+ case. Only the most energetically favorable reaction pathways obtained for each step are displayed for 

clarity. Reproduced from reference.[370] Copyright © (2022), Chongqing University. Production and hosting 

by Elsevier B.V. on behalf of KeAi. Open access, CC-BY-NC-ND 4.0. 

 

Earlier, Xue et al. discovered that for electrodes like Pt(111), Pt(221), and polycrystalline Pt 

(Pt(pc)), the electrochemical HER activity measured in alkaline electrolytes followed a strict 
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trend Li+ > Na+ > K+ > Rb+ > Cs+.[357] Notably, the HER current densities of all Pt electrodes 

in LiOH were four-fold better than those measured in the CsOH electrolyte, regardless of the 

electrode surface structure (cf. Figure 3.10A), suggesting that alkali metal cations strongly 

impact the HER activity of different Pt electrodes.  

Besides the impact of alkali metal cations on the HER, its effect has also been established on 

other reactions, like the ORR, OER, and HOR.[ 371 , 372 , 373 ] For instance, Strmcnik et al. 

demonstrated that the non-covalent interactions between hydrated alkali metal cations and 

adsorbed OH species correlate to Pt(111)’s oxygen reduction reaction activities.[373] In detail, 

the ORR activity on Pt(111) follows the trend of Cs+ > K+ > Na+ > Li+, which is inversely 

proportional to the hydration energies of the corresponding cations.  

 

3.5.3   Anion Effect 

The discussion thus far has established the critical role of cations in the electrocatalytic 

performance of reactions. Similarly, the role of anionic components of electrolytes must be 

elucidated. Anions specifically adsorb onto the electrode surface, poisoning the local catalytic 

centers at the electrified electrode/electrolyte interface through chemical interactions with other 

electrolyte species.[374,375] For instance, Santos et al. investigated the modifications witnessed 

on Pt surfaces in perchloric, sulfuric, phosphoric, and hydrochloric acid solutions in the 

potential range of 0.05 V to 0.8 V versus hydrogen electrode in the same solution (HESS) using 

CV and EQCM methods.[ 376 ] They observed mass incorporation of ca. 39 ng cm-2, 

corresponding to a complete monolayer of adsorbed water, due to the adsorption of water 

molecules replacing the UPD H atoms in every case. The potential range associated with water 

adsorption varied from 0.05 V to a final value (cf. Figure 3.12A) depending on the anion 

adsorption’s strength on Pt (0.4 V for ClO4- and 0.3 V for Cl-). Moreover, they asserted that the 

mass incorporations in the potential region between 0.4 V and 0.8 V were associated with the 

adsorption of the corresponding hydrated anions, i.e., ClO4-·2H2O, HSO4-·2H2O, HPO42- and 

Cl-·6H2O (cf. Figure 3.12B).  

Lamy-Pitara et al. investigated the electrocatalytic hydrogen oxidation and evolution reactions 

on a rotating disk platinum electrode. They reported that the strongly adsorbed anions (SO42-, 

Cl-) could cause a decrease in the electrocatalytic oxidation of hydrogen of Pt.[377] Meanwhile, 

the hydrogen evolution reaction probed in the underpotential and low overpotential regions is 

independent of the nature of the supporting electrolyte (i.e., HClO4, H2SO4, HCl). Hunter et al. 
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observed that the electrocatalytic water oxidation activity is a function of anion basicity. Put 

differently, the Brewster or Lewis basicity of the anion plays a role in the mechanism of water 

oxidation.[378] 

A) B) 

 

 

Figure 3.12. A) Graphical representation of cyclic voltammograms (—) and concurrently recorded mass 

change (…) of a quartz-supported Pt electrode in the various electrolytes indicated in the figures. Scan rate: 

100 mV s-1. B) Absolute values of ∆𝑚 versus ∆𝑞 obtained from Figure 3.12A. The mass variations and 

charge densities correspond to the electrochemical area of the Pt electrode. Reproduced with permission 

from reference.[376] Copyright © (2000), Elsevier Science S. A. All rights reserved. 

 

Shin et al. probed the impact of anions (Cl-, Br-, I-, ClO4-, BF4-, PF6-) on the ORR activity of 

palladium nanoparticles in acidic media. They affirmed that the influence of anions emanated 

from the interactions between the anions and the electrolytes affecting the local proton 

concentration around the catalyst surfaces, i.e., the local pH.[379] 
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3.5.4   pH Effect 

pH dependence plays a pivotal role in determining the mechanism and kinetics of many 

electrode processes and electrochemical reactions, especially those involving the 

consumption/production of H+/OH-. Systematic investigation of the pH effect over a wide pH 

range can provide beneficial information about the reaction mechanism(s) and help to establish 

the optimum reaction conditions.[ 380 ] The reaction activity and product selectivity can be 

efficiently tuned, provided the electrolyte pH is appropriately regulated.  

Due to the vast activity difference for various electrodes in alkaline and acidic media, the 

electrolyte pH’s role is crucial for electrocatalytic reactions, such as the HER and 

ORR.[381,382,383] For fast electrode reactions in solutions of medium pH and low buffer capacity, 

correcting the effects induced by the shift of local pH near the electrode/electrolyte interface 

(pHs) is a prerequisite for untangling the intrinsic kinetics and its pH dependence. Despite these 

facts, a comprehensive appreciation and interpretation of the pH effect on a specific reaction 

remain challenging.[384] For example, many researchers deem the metal-Had bond energy the 

sole descriptor for the HER mechanism.[203] However, adequate information is required to 

sufficiently explain the lower HER activity in alkaline solutions. The nature of the proton source 

and the presence of surface adsorption must be considered.[385]  

Zheng et al. employed four carbon-supported platinum-group metal (PGM) nanocatalysts to 

study the effect of pH (broad pH ranging from 0 to 13) on the activity of the HOR and HER.[386] 

They reported that the HOR/HER activities on Pt/C, Ir/C, Pd/C, and Rh/C decreased 

monotonically with rising pH (cf. Figure 3.13A), consistent with the theory that higher 

hydrogen binding energy (HBE) quells catalytic performance. Moreover, a linear correlation 

was observed between hydrogen binding energy and pH for all four catalysts, implying that the 

pH dependence of HBE is metal-independent. The desorption peaks for Hupd on Pd/C 

nanoparticles shift to more positive potentials as the electrolyte pH increases, indicating an 

increase of HBE with pH (cf. Figure 3.13B). Principally, as the trend on all investigated metals 

was coherent (exchange current density and HBE), it suffices to infer that the same elementary 

steps and rate-determining steps can be assigned to all of them and that the HBE is the dominant 

descriptor for the HOR/HER activities. 

Strmcnik et al. investigated the pH effect on the HER activity of Au(111) and other electrodes 

in various pHs of 0.1 M NaClO4 solutions.[385] For Au(111), increasing the electrolyte pH from 
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1 to 4 changes the typical HER polarization profile, indicating that the HER is controlled by the 

mass transport of reactive hydronium species in this case.  

The cation and anion effect must be considered when investigating the pH effect, especially 

when involving specifically adsorbed anions.[387,388] This makes it significantly challenging to 

decouple the pH effects and contributions from cations and anions. Disentangling the intrinsic 

pH effects in electrocatalysis is of great importance for a deep understanding of the reaction 

mechanism(s) and kinetics and for improving the operating conditions of electrochemical 

energy conversion and storage devices. 

A) B) 

  

Figure 3.13. A) A graphical representation of the exchange current density of HOR/HER plotted as a 

function of electrolyte pH on Pd/C nanocatalyst. The HOR/HER polarization curves were recorded via the 

rotating disk electrode (RDE) method in H2-saturated electrolytes at 293 K. Scan rate: 1 mV s-1, rotation 

speed: 1600 rpm. B) Hupd desorption peak potentials obtained from cyclic voltammograms of Pd/C plotted 

against electrolyte pH. From reference.[386] Reprinted with permission from AAAS. Copyright © (2016), The 

Authors. Open access, Creative Commons Attribution-NonCommercial license. 
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4.0  Other Experimental & Characterization Techniques 

This section presents an overview of the fundamentals governing the other interfacial science 

experimental and characterization techniques deployed in this dissertation besides the LICT 

methodology. These additional techniques are highly significant to complement, authenticate, 

and help disclose detailed data regarding the interfacial processes under study. Electrochemical 

methods such as cyclic voltammetry (CV), chronoamperometry (CA), and electrochemical 

impedance spectroscopy, all deploying the three-electrode configuration, were utilized to reveal 

the ongoing electrode processes fully. In-situ interfacial spectroscopic tool for characterizing 

the electrified electrode/electrolyte interface is also highlighted here. A succinct theoretical 

background and its related working principles are elucidated.  

 

 

4.1 Electrochemical Techniques 

After outlining the primary concepts underpinning certain electrochemical aspects, discussing 

the various electrochemical techniques useful to comprehend surface and interfacial 

electrochemistry better is imperative. Characterizing electrode materials in segments not 

limited to activity, selectivity, and stability is paramount to aid further insights into such 

materials. 

 

4.1.1   Electrochemical Three Electrode Setup/Configuration 

It is essential to profile the theoretical aspects governing using the three-electrode configuration. 

This sub-section directs its focus toward the electrochemical three-electrode setup. 

The electric potential difference for many materials is easily obtained through a voltmeter. 

Employing this same principle to measure the electric potential of an electrode/electrolyte 

system, however, always proves abortive. Given the described limitation emanating from using 

a voltmeter in both systems, a modification is warranted to measure an electrode’s electric 

potential. By nomenclature, the potential of the electrode under study, the so-called working 

electrode (WE), can be evaluated from the potential difference or electromotive force (emf) 

provided the electric potential of the benchmark electrode, often termed the reference electrode 

(RE), is known. Suppose a chemical reaction (e.g., electron transfer from an electrode to an 
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electrolyte) occurs at one electrode. In that case, it triggers a counter-reaction at the 

corresponding electrode, called auxiliary or counter electrode (CE), to ensure charge balancing. 

More precisely, using three electrodes to conduct practical and effective electrochemical 

measurements is advocated in the electrochemistry community. Conventionally, a potential is 

applied between the RE and WE such that the current flowing between the CE and WE can be 

measured. It is essential to add that the RE always possesses a very high impedance compared 

to the CE or the WE. Because of this, almost no current flows through the RE, making its 

potential invariable under certain standard conditions. Figure 4.1 highlights the three electrodes 

(WE, CE, and RE) required to implement an electrochemical three-electrode configuration.  

 
Figure 4.1. Simplified scheme of a typical three-electrode setup. The reference, working, and counter 

electrodes are denoted by RE, WE, and CE, respectively. The electrolyte is depicted as blue color, whereas 

the voltmeter and ammeter are represented by V and A, respectively. 

 

The voltmeter measures the potential difference between the WE and RE. Correspondingly, the 

working electrode potential can be determined thanks to the already-known reference electrode 

potential. As shown in Figure 4.1, a potentiostat serves as an ammeter, a power source, etc., 

and is placed between the WE and CE. As current is drawn from the CE, the ammeter and the 

power source control the current in the system. On that note, the CE is chosen as a typical inert 
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material (e.g., Pt) that does not readily corrode or produce any foreign substance from 

electrolysis. This is relevant to primarily safeguard the CE from altering the system’s 

behavior.[389]  

At this juncture, it is paramount to enquire into how the potential of the RE can be 

determined. By convention, certain reactions’ standard potential under specific conditions is 

often set to fixed values. Consequently, the potentials of other electrochemical reactions are 

pitched relative to this particular reference reaction. The frequently used RE, the so-called 

standard hydrogen electrode (SHE), follows the HER (cf. Equations (2.31) and (4.1)) with Pt 

serving as the electrode material at standard conditions (i.e., the pressure of 1 bar).  

2𝐻#(𝑎𝑞) + 2𝑒$ 	→ 𝐻K(𝑔) 4.1 

Following the application of the Nernst equation (cf. Equation (2.11)) to the HER (cf. 

Equation (4.1)), the standard potential of the HER is set to zero (i.e., 𝐸= 	= 0	𝑉). From a 

broader perspective, there exist several REs to deal with the impracticalities of always using 

the SHE as the RE in experiments. 

Unless otherwise stated, the three-electrode configuration was used for all the performed 

experiments in this dissertation. Often the reference electrode of choice for experimental 

purposes is the mercury-mercurous sulfate (MMS) RE. However, in the analyzed data or 

presentation of results, the reversible hydrogen electrode RE is preferred as that is the standard 

for reporting most electrocatalysis findings in the literature. 

 

4.1.2   Voltammetric Techniques 

Numerous voltammetric techniques have been developed for quantitative electrochemical 

analysis to aid in measuring and regulating the current as a function of the electrode potential 

(i.e., electrochemical processes).[ 390 , 391 ] Four primary voltammetric modes exist, such as 

potentiostatic, galvanostatic, potentiodynamic, and galvanodynamic. The electrode potential 

remains invariable and varies over time for the potentiostatic and potentiodynamic 

voltammetric modes. The latter involves a relatively fast and robust approach, which can be 

deployed for investigating non-stationary electrocatalytic systems. The drawbacks include the 

inability to isolate Faradaic processes from double-layer currents distinctively. Regarding the 
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galvanostatic mode, the potential is varied by the potentiostat such that the current remains 

fixed while the current is varied over time in the galvanodynamic mode. 

Following its advent, cyclic voltammetry (a well-known voltammetric technique) has evolved 

into one of the most popular and arguably the most frequently used electrochemical methods to 

investigate electron transfer-initiated processes.[ 392 , 393 , 394 ] This way, valuable information 

concerning the understudy electrochemical system is discovered. Of course, characterizing the 

electrified electrode/electrolyte interface’s behavior falls within the technique’s ambit. The 

voltammetric approach is also associated with the examination of capacities and the 

performance of electrochemical depositions. 

 

A) 
 

 

 

 

 

 

 

 

B) 

 
Figure 4.2. A) A model cyclic voltammetric plot indicating the time dependence relative to the applied 

electrode potential. E1 and E2 represent the minimum initial and maximum final electrode potentials. 

Essentially, parameters like the potential range and scan rate immensely influence the shape of the CV. B) 
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A recorded typical stable cyclic voltammetric profile of a well-ordered Pt(111) electrode in 0.1 M HClO4 

electrolyte at a scan rate of 50 mV s-1. Three distinguished regions can be observed: the hydrogen regime, 

the double-layer region, and the oxygen region. These separate regions are labeled I, II, and III, respectively. 

Figure reproduced with permission from reference.[395] Copyright Ó (2014), Royal Society of Chemistry. 

 

Cyclic voltammetry is an easily applicable technique belonging to the potentiodynamic 

voltammetric class. In its operations, it commences from an initial minimum potential E1, and 

the electrode potential is linearly ramped over time upwards (anodic scan) or downwards 

(cathodic scan) until a final maximum potential E2 is reached. Afterward, the scan direction is 

reversed until the potential corresponds to the starting potential E1. This is characteristically 

repeated several times while the current is recorded, as shown in Figure 4.2A. For clarity, the 

cyclic and periodic potential is introduced to the working electrode. The potential limits (E1 and 

E2), number of scans, and the slope 𝑑𝐸 𝑑𝑡⁄  of the potential variation over time termed the scan 

rate with units [mV s-1] are vital parameters that require further consideration.[189,396]  

 

For a classical cyclic voltammogram, the current is plotted as a function of the applied potential. 

A typical instance presented in the reproduced Figure 4.2B, from the literature, features a stable 

cyclic voltammogram recorded for the model Pt(111) electrode in Ar-saturated 0.1 M HClO4 

electrolyte. Three separate regions can be identified corresponding to the processes occurring 

at the electrocatalyst surface. The demarcation labeled I, closer to the cathodic limit, represents 

the hydrogen adsorption/desorption region. Adsorption of protons on the Pt(111) surface results 

when cathodic potentials ranging from 0.3 V vs. RHE are applied. 

 

Notably, the proton transfer automatically initiates the transfer of electrons. A reverse reaction, 

oxidation of protons, occurs when the applied potentials are probed anodically. At these 

potentials, popularly termed underpotential deposition (UPD), adsorbates are energetically 

propitious to produce a single monolayer. Primarily, the UPD allows the estimation of the so-

called electrochemical active surface area (ECSA) of Pt electrodes by integrating the charge of 

the resulting peak. Region II, which encompasses the non-occurrence of redox reactions or 

processes, takes effect at slightly more anodic potentials. An almost zero current (electric 

double-layer capacitance) emanating from the capacitive behavior of the electrode is witnessed 

in this region, hence earning the name double-layer regime. The third region, labeled III, is 

called the oxygen region and is characterized by higher potentials. In this light, the platinum 
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surface begins to oxidize, forming an oxide layer at higher anodic potentials. The oxide layer 

is subsequently reduced at the cathodic scan. As compared to the adsorption of protons, the 

oxidation/reduction of the platinum surface is less reversible, implying that the peaks are 

energetically shifted away from each other.  

 

Fundamentally, CVs provide insights and valuable information, such as reactant, intermediate, 

and product stability of electrode processes and reactions and quantifying electron transfer 

kinetics. In this sense, CVs often serve as the first characterization tool deployed for analyzing 

every system, including new ones. To investigate any specific reaction, limiting the CV to the 

corresponding potential window for that reaction is necessary. The shape of a cyclic 

voltammogram, a function of the electrode type and electrolytes used, can be very characteristic 

of certain electrocatalyst surfaces. For instance, a Pt(111) surface can be easily distinguished 

from polycrystalline or stepped platinum surfaces by CV. Additionally, CVs of materials under 

certain conditions are used as fingerprint representations to ascertain the cleanliness and 

wholesomeness of the surface under study.   

 

In this dissertation, CVs are deployed for many different purposes. For instance, CVs were 

deployed to ensure the surface cleanliness of electrodes. More precisely, the electrodes are 

cleaned from contaminations or residual catalyst films by cycling the electrodes in a relatively 

large potential window in acidic electrolytes. Furthermore, CVs were used to condition working 

electrodes as reference electrodes. Short potential range CV measurements were performed 

before the laser ignition, mainly within the double-layer region. CVs were also employed for 

the electrochemical deposition of the Pd MLs on the Au electrodes. Finally, cyclic voltammetry 

was utilized to investigate the electrocatalytic activities of the different electrodes. 

 

4.1.3  Electrochemical Quartz Crystal Microbalance Electrode  

The electrochemical quartz crystal microbalance is an uncomplicated, cost-effective, and non-

destructive technique used to monitor deviations in the electrode mass on the ng to μg scale. 

The QCM is a vital tool in electrochemical research for measuring the modifications in mass 

loading on the electrode during the electrochemical investigation. The device comprises a thin 

piezoelectric quartz crystal sandwiched between two metal electrodes. It operates by creating 

an alternating electric field across the crystal, constituting the vibrational motion of the crystal 

at its resonance frequency. Notably, the resonance frequency is sensitive to the mass of the 
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crystal.[397]  Therefore, the electrode mass loading can be accessed via a QCM electrode, a 

precise and sensitive technique to monitor small mass changes by measuring the frequency 

change of a quartz crystal resonator.[398]   

The observed variations are usually instigated by material deposition at the electrode or its 

removal from the surface. It finds application in many electroanalytical studies, such as 

underpotential deposition of metals, intercalation/deintercalation of ions, or 

adsorption/desorption of species.[399]  

According to Sauerbrey’s equation, the shift of the quartz resonance frequency (∆𝑓 ) is a 

function of the mass change (∆𝑚) on the quartz crystal and the electrodes:[397]  

∆𝑚 =	−>
𝐴�𝜇𝜌
2𝑓=

K ?∆𝑓 = 	−𝐶0∆𝑓 
4.2 

where 𝑓= represents the fundamental resonance frequency of the quartz crystal (Hz), 𝐴 depicts 

the piezoelectrically active crystal area (cm2), 𝜇 is the shear modulus of quartz for AT-cut 

crystal (2.947 ×1011 g cm-1 s- 2), 𝜌 stands for the density of quartz (2.648 g cm-3), and 𝐶0  is the 

calibration constant or sensitivity factor.  

 

4.1.4   Chronoamperometry 

Chronoamperometry or transient amperometry is a technique that involves the application of a 

constant potential to a particular system (e.g., electrode/electrolyte interface) and eventually 

measuring its response in the form of current. The chronoamperometric response can be used 

to obtain valuable information, including the diffusion coefficient of electroactive 

species.[400,401,402] Another application is the investigation of the reaction mechanisms occurring 

at the electrode/electrolyte interface through deploying several potential step 

chronoamperometry.[403,404]  

In this dissertation, the CA technique was utilized during the laser measurements to record the 

emanating system’s response, i.e., current transients, at specific potentials. Several potentials 

are measured at fixed potential steps or intervals to get a complete experimental insight. 
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4.1.5   Electrochemical Impedance Spectroscopy 

Electrochemical Impedance Spectroscopy, another tried and tested tool, is an indispensable and 

non-destructive electroanalytical technique deployed in this dissertation. In the modern era, one 

can attribute an enormous chunk of the enhancement of EIS to the research conducted by E. 

Warburg. In this study, EIS was applied to investigate the analysis of redox reactions.[405] The 

EIS field was further strengthened following the research works of J. E. B. Randles,[406] H. 

Gerischer,[407 ,408,409 ,410] and D. C. Grahame.[411] EIS primarily provides information about 

electrode reaction kinetics and physicochemical properties (i.e., electrode capacitance and 

electrolyte and contact resistances). Even from a cursory look, one can project that the probing 

of porous electrode properties, determination of the dielectric and transport characteristics of 

materials, and examining the properties of passive surfaces can all find applications with 

EIS.  Additionally, mechanisms of electrochemical processes such as adsorption/desorption, 

intercalation/deintercalation, catalytic reactions, and even corrosion fall within the remit of EIS, 

owing to its capacity to distinguish several constituent components, the invention of 

potentiostats, and the development of frequency response analyzing tools.[412,413,414,415]  

However, the interpretation of the obtained EIS data sometimes leads to complexities. 

Resolving or circumventing it necessitates the deployment of certain initial assumptions. In 

certain instances, the analyzed data can result in ambiguous interpretations of the 

electrochemical processes. In this situation, using other complementary techniques are essential 

to stem misapprehension.  

EIS is a frequency domain measurement that involves the application of a sinusoidal 

electrochemically perturbed signal (potential or current) to a system. To explore the frequency-

dependent complex resistance, i.e., the so-called impedance 𝑍, EIS is usually executed under 

quasi-stationary conditions at a fixed potential, although nonstationary EIS applications exist. 

Practically speaking, a fixed potential 𝐸(𝑤, 𝑡) is applied and modulated with a small sinusoidal 

signal 𝐸= or small amplitude, and angular frequency w, while the current 𝑖(𝑤, 𝑡) is measured 

for potentiostatic EIS. The measurement is typically repeated for a broad range of frequencies. 

Mathematically, the sinusoidal input signal can be expressed as: 

𝐸(𝑤, 𝑡) = 	𝐸=sin	(𝑤𝑡) 4.3 

Here, 𝐸=	is the amplitude, 𝑤 = 2𝜋𝑓	stands for the angular frequency, and 𝑡 is the time. 
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Correspondingly, the system’s output produces a current, which is phase-shifted and with a 

different amplitude: 

𝑖(𝑤, 𝑡) = 	 𝑖=sin	(𝑤𝑡	 + 	𝜙) 4.4 

Where 𝑖=	is the amplitude of the current response and 𝜙 corresponds to the phase shift. 

Therefore, the system’s impedance, 𝑍(𝑤, 𝑡), can be formulated as: 

𝑍(𝑤, 𝑡) = 	
𝐸(𝑤, 𝑡)
𝑖(𝑤, 𝑡) = 	

𝐸=
𝑖=
𝑒IN =	 |𝑍(𝑤)|𝑒IN 

4.5 

With |𝑍(𝑤)|	being the absolute value of the impedance. 

Galvanostatic EIS usually finds industrial-based applications in devices like fuel cells and 

electrolyzers. In this approach, the current is regulated in such a manner enabling the potential 

to be recorded.  

Generally, the response of an electrochemical system toward a perturbation is non-linear. That 

notwithstanding, a quasi-linear response results from sufficiently small sine-shaped 

perturbation, implying that it also follows a sine-shape with the same frequency but is phase 

shifted by 𝜙 (see Equation 4.4). Remarkably, for EIS data to meet the validity standard, four 

criteria, namely, linearity, causality, stability, and finiteness, must be fulfilled.[416] Regardless 

of the mode, either potentiostatic or galvanostatic, EIS is performed in, the amplitude of the 

applied potential/current must be sufficiently small (which depends on the degree of local 

linearity of the electrochemical system at the chosen potential/current) but also large enough 

not to interfere with the background noise. From common practice, amplitudes ranging from 

ca. 2 mV to 30 mV are usually preferred in the potentiostatic mode.  

The quality and validity of the recorded EIS data can be scrutinized using the Kramers-Kronig 

(KK) transform test, correlating the frequency-dependent real part ReZ(w) or Z’ to the 

imaginary part ImZ(w) or Z” of the impedance. It’s worth clarifying that realizing the demands 

of the KK relations is no substitute for poorly collected impedance data. Put differently, 

obtaining good impedance data must be the starting point before proceeding to reliably fulfill 

the requirements of the KK relations, which is also paramount. The universal nomenclature of 

representing impedance data is by relating -ImZ vs. ReZ (-Z” vs. Z’) in the so-called Nyquist 

plot (cf. Figure 4.3A). Although the Nyquist plot is the most standard and relatively 

comprehensive way of presenting impedance data, the frequency information is always latent. 
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In addressing the challenge, the Bode plot representation, which reveals the modulus |𝑍(𝑤)| 

and 𝜙 vs. the angular frequency w (cf. Figure 4.3B), is used as the alternative.[189,417] The Bode 

plot is significant when inductive and capacitive effects are the main focus during EIS 

investigations. 

A) B) 

  
Figure 4.3. A) Prototypical Nyquist plot representation of EIS data and the insert is the electrochemical 

equivalent circuit depicting the type of reaction ongoing. B) Standard Bode plot representation for the EIS 

data corresponding to the Nyquist plot. Figures reproduced with permission from reference.[418] Copyright 

© 1994 IUPAC. 

 

As earlier stated, the analysis of EIS data sometimes comes with complexities. Therefore, prior 

familiarity with the electrochemical system will guide in predicting the feasible reactions and 

their mechanism(s) likely to occur at the electrode (or system) under investigation. 

Correspondingly, the assumptions can be used to formulate equations to describe the Faradaic 

and non-Faradaic currents resulting from small perturbations. In turn, this can be used to derive 

an equation for the total impedance of the system. Often, this equation is (if possible) 

represented in the form of an equivalent electric circuit (EEC), which facilitates understanding. 

However, it must be emphasized that the EECs in this dissertation are not arbitrary but based 

on electrochemical phenomena and their influence on impedance. EECs typically comprise 

three ideal and real electric circuits or components: resistors, R; capacitors, C; and inductors, 

L. Other non-existing circuits, like constant phase element (CPE) symbolized by Z or Q, 

describe the capacitances exhibited by porous systems.  The Warburg impedance element, 

denoted by W, best depicts the diffusion occurring in the system. The Gerischer impedance 

element, often represented by G, merges Faradaic and non-Faradaic reactions, thereby 

significantly influencing the diffusion process.  Accordingly, the model can be applied to fit the 

recorded impedance data. In cases where the model cannot fit the impedance data sufficiently 
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or some parameters are not well defined (e.g., if a side reaction was accounted for but did not 

contribute), the model needs to be readjusted. Once a good fitting is attained, the model should 

be further validated and checked for plausibility. For instance, experimental conditions are 

varied, and the influence on the fitting parameters must be carefully evaluated and compared 

with theoretical predictions.[189,417] 

 

 

4.2 Electron Paramagnetic Resonance Spectroscopy 

Nowadays, the application of Electron Paramagnetic Resonance spectroscopy does not feature 

conspicuously in electrocatalytic research compared to other techniques like CV and EIS. 

Hence, an introduction and a brief overview of the basic concepts governing the electron 

paramagnetic resonance spectroscopy method are outlined herein. 

Electron Paramagnetic Resonance spectroscopy has been a familiar technique since the 1950s 

in both the biological and chemical sciences to detect and identify free radicals (chemically 

stable or transient) and irradiation-induced effects.[419,420,421,422,423] The fundamental principle 

underpinning EPR spectroscopy is hinged on one significant condition, requiring the inclusion 

of enough species with unpaired electrons in one of the atomic orbitals of the material under 

investigation. This is a prerequisite to reveal the magnetic dipole moment and, by extension, 

the paramagnetism of the material under study. It suffices to state that EPR spectroscopy deals 

with the interaction of electromagnetic radiation with magnetic dipole moments originating 

from unpaired electrons. Interestingly, certain oxidation states of transition metals belong to the 

group of paramagnetic materials. Ultimately, the scope of materials besides the aforelisted 

readily available to probing by EPR spectroscopy is substantially limited as just a handful of 

materials are inherently paramagnetic.  

EPR spectroscopy is akin to nuclear magnetic resonance (NMR) spectroscopy, with the 

difference being that the magnetic dipole moments arise from the nuclei for the latter, premised 

on the earlier statements. Consequently, resonance frequencies lie within the microwave range 

(in this dissertation, X-band: ~ 9 GHz). From a broader perspective, EPR spectroscopy can be 

regarded as part of the giant umbrella of molecular absorption spectroscopy. As such, insightful 

information on the molecular structure of materials can be obtained. In realizing these spectrum 

types, the absorption of the sample under investigation is plotted as a function of the applied 

magnetic field strength. Correspondingly, the electron’s spin can now orient either parallel or 
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anti-parallel toward the magnetic field direction in an external magnetic field. In this way, the 

energy difference ∆𝐸3	 between both spin states (Zeeman splitting) can be estimated using the 

expression: 

∆𝐸3	 = 𝑔𝜇J𝐵 4.6 

Here, 𝑔 is the so-called g value or factor, which inherently depends on the material type (for 

instance, for free electrons, 𝑔 = 2.0023), 𝜇J denotes the Bohr magneton, and 𝐵 is the magnetic 

field. 

Invariably, ∆𝐸3	 = ℎ𝜈 with ℎ being the Plank’s constant and 𝜈	being the microwave frequency. 

In this sense, it suffices to claim that in triggering an electron transition with 𝜇J 	as its intrinsic 

magnet moment, the energy difference, ∆𝐸3	 , must precisely correspond to the supplied 

microwave energy, ℎ𝜈. Until recently, the 𝐵-field was the parameter that was always varied, 

while the microwave frequency remained invariable and has become the convention, 

particularly in the continuous wave mode. In consequence, spin 𝑆 = 7
8  species, and its 

corresponding g value can be identified according to the position of the observed absorption 

peak. Besides the Zeeman effect, hyperfine interaction can play a role, provided the magnetic 

moment of nuclei interacts with the electron’s magnetic moment. This takes precedence when 

the nuclear spin 𝐼 and the number of affected nuclei 𝑛 lead to the further splitting of possible 

spin states of the local magnetic field of a nucleus. In effect, a total of (2𝑛𝐼 + 1) hyperfine lines 

can usually be spotted. To illustrate this scenario, following the coupling of an unpaired electron 

to one nucleus with 𝐼 = 	3 2⁄ , one can anticipate that four hyperfine lines will be observed. The 

resulting hyperfine lines are arranged symmetrically around the resonance 𝐵-field without 

hyperfine interaction 𝐵= and are separated according to the relation: 

∆𝐵& 	= 	
𝐴
𝑔𝜇J

 
4.7 

Here, 𝐴 denotes the hyperfine constant (cf. Figure 4.4). More detailed information featuring 

the anisotropies of both hyperfine constant and g factors is extensively discussed elsewhere.[424] 

The narrative so far has solely focused on single electrons. Remarkably, one can adjust the 

already discussed principle to the surroundings of a single spin. The coupling to this so-called 

lattice is crucial to aid in fully comprehending why many samples do not show the expected 

EPR signal. In this case, a characteristic spin-relaxation time 𝑇* measures how efficiently the 

lattice couples to a particular spin, such that as 𝑇* gets smaller, the better the coupling becomes. 

This especially becomes problematic for transitional elements, as their spins usually exhibit fast 
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relaxation, leading to a broadening of the signal to the extent that renders them undetectable. 

Therefore, cooling to cryogenic temperatures is often deployed to decrease the spin-relaxation 

time.[424,425] 

Paramagnetic radicals, often transient species like OH$, can, for instance, be formed in aqueous 

electrolytes. Their reactivity leads chemically to short lifetimes resulting in an extremely low 

steady-state radical concentration, typically below the EPR detection limit. Special spin traps 

are deployed to fixate the spins such that an EPR spectrum can be recorded to salvage that.[426] 

 

Figure 4.4. Energy state diagram of an element with spin 𝑆 = ½ interacting with a nuclear spin of 𝐼 = 3/2  
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5.0 Experimental Methodological Aspects 

The fundamental principle underlying the experimental measurements, and the characterization 

techniques, have been discussed in chapters 3 and 4. This chapter outlines the detailed 

experimental procedure for the cyclic voltammetric, laser, EIS, and EPR measurements. 

Additionally, various experimental setups for the electrochemical characterization are provided. 

Precisely, to carry out the electrochemical measurements, the appropriate setups employed will 

be illustrated. 

 

 

5.1 Electrochemical Cell 

Two different electrochemical cells were used in this dissertation. One of the electrochemical 

cells was purposely deployed for the voltammetry, EIS, and laser measurements, and the other 

electrochemical cell was designed specifically for the in-situ EC-EPR spectroscopy 

experiments (see section 6.7). The three-electrode configuration was the setup employed in 

both electrochemical cells. All glassware was cleaned with a piranha solution comprising a 3:1 

mixture of H2SO4 (96% Suprapur™, Merck, Germany) and H2O2 (30% Suprapur™, Merck, 

Germany) to get rid of trace amounts of organic residues, etc. before the measurements. 

Subsequently, every compartment of the respective electrochemical cells was rinsed several 

times with cold and near-boiling ultrapure water (MilliQ water system - Merck Millipore & 

Evoqua, Germany).  

To specify, the electrochemical cell for the cyclic voltammetric, EIS, and laser-induced current 

transient measurements was made up of two parts, namely, the preconditioning compartment 

(1) and the main compartment (2) (cf. Figure 5.1). The electrolyte solutions were 

preconditioned by purging gases (Ar 5.0 and O2 4.7, Air Liquid, were used in this dissertation) 

in the compartment labeled (1) before being introduced to the second compartment, named (2). 

It is significant to highlight a flat, light (laser, in this case) transmittable glass window, specially 

designed on the main compartment, named (2), which essentially permits the laser beam to 

directly irradiate the working electrode surface. Refreshingly, the inner atmospheric conditions 

of the electrochemical cell can be regulated via a gas inlet and outlet on the main 

compartment (2) during the experiments. Of course, the temperature of the deployed 
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electrolytes can be controlled via a water thermostat available for this electrochemical cell. 

However, the electrolyte temperature adjustment was not a vital requirement in this dissertation. 

Figure 5.1. Schematic depiction of the specially designed electrochemical cell for realizing several 

measurements, including CV, EIS, and LICT. Two compartments, namely, the preconditioning chamber, 

labeled (1), and the main compartment, named (2), make up the electrochemical cell. For completion, it is 

essential to mention that the three electrodes, the working electrode (WE), the counter electrode (CE), and 

the reference electrode (RE), are all placed in the main compartment. A distinct feature worth mentioning is 

the flat, light (laser, in this case) transmittable glass window, specially designed on the main compartment, 

named (2), permitting the laser beam to directly irradiate the working electrode surface. As represented in 

this figure, the relative positions of the various electrodes in the setup do not precisely correspond to their 

appearance in actual experimental measurements. Figure reprinted with permission from reference.[130,161]  

Copyright © (2021), The Authors. Published by Wiley-VCH GmbH. Open access, published under a CC-BY 

license. 

 

In some experiments, AT-cut quartz crystal wafer electrochemical quartz crystal microbalance 

(EQCM) electrodes (polycrystalline Au with a surface area of 1.37 cm2, Stanford Research 

Systems, USA) were used as working electrodes for the CV and LICT measurements. To ensure 

the stability and electrical conduction of the AT-cut quartz-crystal wafer EQCM electrodes 

while measuring, a crystal holder (Stanford Research Systems, USA) was employed. In another 

experiment, 5 MHz QCM gold substrates (10 mm diameter) procured from Biolin Scientific, 

Inc., served as WE for the surface-mounted metal-organic frameworks synthesis, CV, and 

 

https://www.ncbi.nlm.nih.gov/pmc/about/copyright/
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eventually the LICT measurements. For these purposes, a mercury-mercurous sulfate (MMS -

Hg/HgSO4) electrode (SI Analytics, Germany) and a mercury-mercurous oxide (MMO - 

Hg/HgO) electrode (1 M NaOH, Bio-Logic, France) served as the reference electrodes for the 

experiments of AT-cut wafer EQCM Au electrode and SURMOFs, respectively.  

In other experiments, atomic layer deposition methodology was employed to deposit palladium 

monolayers on AT-cut EQCM wafer electrodes (polycrystalline Au with a surface area of 1.37 

cm2, Stanford Research Systems, USA). In a separate investigation, the Pd monolayers were 

electrochemically deposited on the AT-cut quartz-crystal wafer electrodes (polycrystalline Au 

with a surface area of 1.37 cm2, Stanford Research Systems, USA). These modified Pd MLs on 

Au EQCM served as working electrodes for the CV, EIS, and LICT measurements. Battery 

electrodes, precisely, Prussian Blue Analog (specifically Na2Ni[Fe(CN)6] - NiHCF) electrode, 

also deposited on original AT-cut wafer EQCM electrodes (polycrystalline Au with a surface 

area of 1.37 cm2, Stanford Research Systems, USA), were experimented on as the WE. Here, a 

silver-silver chloride (SSC - Ag/AgCl) electrode was employed as the RE. 

Crucially, the deployed reference electrodes were connected to the electrolyte through a Luggin 

capillary. A Pt wire served as the counter electrode for all the experiments. All measurements 

were performed using a VSP-300 potentiostat (Bio-Logic, France), operated with the software 

EC-Lab V11.43. 

 

 

5.2  Electrochemical Measurements 

Herein, the effects of voltammetric measurements on various electrodes are conducted. As 

described in section 4.1.2, the CV reveals the characteristic fingerprint of the electrode type 

under investigation. The so-called electrochemical cleaning always preceded the performance 

of a proper CV (either narrow, broad, or both range(s)). The preparation before the 

electrochemical measurements is laid out in addition to how the measurements were performed. 
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5.2.1  Preparation of Electrodes 

Before commencing the main experiments, the AT-cut polycrystalline Au EQCM wafer 

electrodes (10 mm diameter, see Figure 5.2A) were electrochemically cleaned. More precisely, 

the Au electrode was electrochemically cleaned in an Ar-saturated 0.1 M H2SO4 electrolyte in 

the potential range of 0.40-2.10 V vs. RHE and was repeated for several cycles till a stable 

voltammogram was obtained. In realizing the corresponding CV, the potential window was 

narrowed to 0.50-1.70 V vs. RHE. The scan rate used for this measurement was 50 mV s-1. This 

step was necessary to validate the quality of the working electrode surface. The ensuing CV 

results were compared with the existing reports in the literature to confirm the fingerprint 

characteristics of the electrode under investigation. This procedure was repeated for every 

freshly introduced electrode, including Au, SURMOFs, etc.  

In the case of the Ni|Fe-[TA]-SURMOF-derived electrodes, a layer-by-layer (LBL) deposition 

method was deployed to accomplish that. The LBL deposition aimed at growing MOF thin 

films (SURMOFs) was performed in a homemade pump system and was controlled by a 

LabVIEW program. Before the deposition, the QCM Au substrates (Biolin Scientific, Inc.) were 

functionalized for 12 hours in a mixed ethanol solution incorporating 20 µM 16-mercapto 

hexadecanoic acid (MHDA, 90%, Sigma Aldrich) and acetic acid (5 vol.%). Subsequently, the 

electrodes were rinsed severally with absolute ethanol to remove any soluble organic molecules. 

A 0.2 mM deprotonated organic linker solution was prepared via stirring a solution mixture 

composed of 0.185 mmol terephthalic acid (TA, Sigma Aldrich), 1.02 L ethanol (99.9%, Th. 

Geyer GmbH & Co. KG, Germany), 60 mL distilled water, and 0.8 mL trimethylamine (Et3N, 

Acros) for 24 hours. To begin the Ni|Fe-[TA]-SURMOF deposition procedure, the Au 

substrates were immersed into the 0.25 mM NiCl2.6H2O (99.3%, Alfa Aesar) solution for ca. 

10 minutes. This was followed by washing the electrodes with ethanol for ca. 2 minutes, 

principally aimed at removing the unadsorbed species. Eventually, the electrode was submerged 

into the already-prepared 0.2 mM deprotonated organic linker solution for ca. 10 minutes to 

generate the metal-organic bonds. Subsequently, the system was cleaned for ca. 2 minutes with 

ethanol. The realization of the Ni-[TA] then proceeded following 45 deposition cycles 

constituted via four immersion processes corresponding to one LBL deposition cycle. In 

incorporating the top layer, i.e., Fe-[TA], 15 additional cycles in 0.25 mM FeCl3 (98%, abcr 

GmbH & Co. KG, Germany) solution were performed. The as-prepared heterostructured Ni|Fe-

[TA]-SURMOF electrode was carefully rinsed with absolute ethanol severally and dried at 

room temperature to end the synthesis procedure.  
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The electrochemical activation and activity measurement of the Ni|Fe-[TA]-SURMOF 

electrode was performed using a conventional three-electrode configuration. However, the laser 

measurement was conducted in the three-electrode setup depicted in Figure 5.1. The 

electrochemical derivation and activation always preceded the laser measurements.  

Figure 5.2. AT-cut EQCM electrode A) Au B) Electrochemically deposited Pd MLs on the Au electrode C) 

Atomic layer deposition deposited Pd MLs on the Au electrode D) Graphical illustration of the CVs of the 

Au QCM electrode before (red-labeled CVbd) and after (blue-labeled CVad) the electrochemical deposition 

in 0.1 M H2SO4 and 0.1 mM H2PdCl4. The CVs were conducted in an Ar-saturated 0.1 M H2SO4 at a scan 

rate of 50 mV s-1. E) Scanning electron microscope image showing the topology of the freshly 

electrochemically deposited Pd MLs on the Au electrode. Almost the entire surface is homogeneously covered 

with Pd MLs. The few dark spots represent the Au electrodes that were not adequately covered due to 

mechanical failure and other defects.     

  

For the Pd MLs deposited on the AT-cut quartz crystal wafer electrodes (polycrystalline Au 

with a diameter of 10 mm and a surface area of 1.37 cm2, Stanford Research Systems, USA) by 

ALD methodology (cf. Figure 5.2C) or electrochemical means (cf. Figure 5.2B), 

A) B) C) 

   
D) E) 
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electrochemical cleaning and CVs were performed in a broad potential window on both 

electrodes. For the latter, the electrochemical deposition was conducted in an electrolyte 

mixture of 0.1 M H2SO4 and 0.1 mM H2PdCl4 at a scan rate of 1 mV s-1 and within the potential 

range of 0.96 V to 0.25 V vs. RHE.[427,428,429,430,431] The CVs (cf. Figure 5.2D) of the Au QCM 

before and after the deposition prompt/indicate the success of the process. The CVs were 

performed in an Ar-saturated 0.1 M H2SO4 at a scan rate of 50 mV s-1.[428,429,430,432] Figure 5.2E 

reaffirms that the CVs obtained from the as-received electrode and the electrochemical 

deposition were the Au and Pd MLs on the Au electrode, respectively. The morphology from 

the scanning electron microscope (SEM) micrograph (cf. Figure 5.2E) indicates that the Pd 

MLs are homogeneously distributed all over the surface of the Au electrode, with just a few 

dark spots occasioned by some defects or mechanical errors from the initial Au electrode. 

Figure 5.3A portrays an example of the broad and narrow range CVs performed on the ALD-

deposited Pd MLs on an Au QCM electrode in an Ar-saturated 0.1 M HClO4 electrolyte. In this 

illustrated instance, a scan rate of 50 mV s-1 was used for both the narrow and broad potential 

windows. A maximum of 3 CV cycles were performed in the wide potential window, and ca. 

ten (10) CV cycles were conducted within the double layer range. Interestingly, the obtained 

results (cf. Figure 5.3A) concurred with the results from the literature. 

One instance of the broad and narrow range CVs performed on the electrochemically deposited 

Pd MLs on an Au QCM electrode in an Ar-saturated 0.1 M KOH electrolyte is shown in Figure 

5.3B. A lower scan rate of 10 mV s-1 was used for the narrow potential window, whereas a scan 

rate of 50 mV s-1 was used for the broad potential range. A maximum of 3 CV cycles were 

performed in the wide potential window, and ca. ten (10) CV cycles were conducted within the 

double layer range. The obtained results (cf. Figure 5.3B) matched the expectations from the 

literature.  

The CVs following the attainment of a stable cycle during the electrochemical cleaning were 

performed in different electrolytes, namely, 0.01 M HClO4, 0.1 M HClO4, and 1 M HClO4. 

These correspond to pHs of 2, 1, and 0, respectively. The broad-range CV was performed within 

the potential window of 0.06 V and 1.20 V vs. RHE, and only three cycles were done. 

Afterward, 10 CVs were performed in a narrow potential window (i.e., the double-layer), from 

ca. 0.52 V to 0.72 V vs. RHE. 
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A) 

 
B) 

 
Figure 5.3. CV (cleaning and surface probing) obtained on the A) ALD Pd ML on the Au QCM electrode 

using Ar-saturated 0.1 M HClO4 B) electrochemically deposited Pd ML on the Au QCM electrode using an 

Ar-saturated 0.1 M KOH. Only 3 CV cycles were performed at a scan rate of 50 mV s-1 for A) and B). 

However, before the LICT, 10 CV cycles were done at a scan rate of A) 50 mV s-1 and B) 10 mV s-1. The 

arrows indicate the direction of potential application for the laser measurements. 
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The NiHCF thin films were synthesized via co-precipitating and applying an electrical contact 

using a slurry, comprising a mixture of the active and a conductive material, a polymeric binder, 

all as powders, and a volatile solvent, as a binder or adhesive. Before the LICT experiments, a 

cyclic voltammogram of ca. two (2) cycles in a broad potential window (-1 V to 0.8 V vs. SSC) 

was performed on the PBA (NiHCF thin film) electrode deposited on an original AT-cut quartz 

crystal wafer EQCM electrode (polycrystalline Ti-Au with a diameter of 10 mm and a surface 

area of 1.37 cm2, Stanford Research Systems, USA). The few cycles warranted that the 

deposition would not degrade speedily. For each electrolyte, the same procedure was repeated. 

The electrolytes used in this case were NaClO4, NaNO3, NaCl, NaCH3COO (NaOAc), and 

Na2SO4.  

 

5.2.2  Preparation of Electrolytes 

In cleaning and subsequently performing the electrochemical measurements of the various 

working electrodes, different HClO4 and H2SO4 electrolyte concentrations were prepared by 

diluting concentrated acid solutions with ultrapure water. In preparing the 0.5 M (AM)2SO4 (AM 

= Li+, Na+, K+, Rb+, and Cs+) electrolyte solutions, corresponding salt powders (all 99.0%, Alfa 

Aesar) were dissolved with ultrapure water. To get the appropriate concentrations of the various 

0.5 M (AM)2SO4 electrolytes, either H2SO4 or AMOH solutions (LiOH 99.995%, Alfa Aesar, 

NaOH 99.996%, Alfa Aesar, KOH 99.98%, Alfa Aesar, RbOH 99.995%, Alfa Aesar, CsOH 

99.9%, Sigma Aldrich) was used to adjust the pH and monitored through a PHH222 portable 

pH meter (Omega) and later, Mettler Toledo FiveEasy pH meter F20. 

In a separate experiment, i.e., the SURMOF electrodes, 0.1 M AMOH (LiOH 99.995%, Alfar 

Aesar, NaOH 99.99%, Alfar Aesar, KOH 99.98%, Alfar Aesar, RbOH 99.995%, Alfa Aesar, 

and CsOH, 50 wt.% in H2O, 99.9% trace, Sigma Aldrich) solutions were prepared by either 

dissolving the corresponding salt powders or diluting the solution. 

To prepare the various concentrations (0.01 M, 0.1 M, and 1 M) or pHs (2, 1, and 0) of the 

perchloric acid (96% Suprapur™, or Extrapur™, Merck, Germany) used for the ALD deposited 

Pd MLs on the Au QCM electrode, the verified amounts of the stock concentrated acid solution 

were mixed with the corresponding amount of ultrapure water.  
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Finally, in preparing the 0.25 M NaClO4, NaNO3, NaCl, NaCH3COO (NaOAc), and Na2SO4 

electrolyte solutions, the corresponding salt powders (all 99.0%, Alfa Aesar) were dissolved 

with the right volume of the ultrapure water.  

Before the electrochemical measurements, the electrolytes were well-saturated with the suitable 

gas for at least 15 minutes. While performing the measurements, the chosen electrolyte was 

slowly purged with the appropriately selected gas. 

 

5.2.3   Electrochemical Cleaning and CV Measurements 

The polycrystalline Au QCM electrode (10 mm diameter and surface area: 1.37 cm2) was 

electrochemically cleaned by submersing them into the 0.1 M H2SO4 electrolyte and cycling 

between 0.35 V-2.10 V vs. RHE at a scan rate of 50 mV s-1. After getting stable CVs (see 

Figure 5.4), they were compared with the voltammograms accessible in the literature. 

 
Figure 5 4. Graphical representation of the stable cyclic voltammogram recorded using Aupc QCM electrode 

and 0.1 M H2SO4 electrolyte following electrochemical cleaning of several cycles. Scan rate: 50 mV s-1. 

 

The CVs obtained from the electrochemically deposited Pd MLs on the Au QCM electrode are 

shown in Figure 5.5. Relatively stable and consistent CVs before and after the LICT 

measurements are evident in all the used electrolytes. 
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A) B) 

  
C) D) 

  
Figure 5.5. Various CVs performed on the electrochemically deposited Pd MLs on the Au EQCM electrode 

in Ar-saturated A) 0.1 M LiOH, B) 0.1 M NaOH, C) 0.1 M KOH, and D) 0.1 M CsOH. A scan rate of 50 mV 

s-1 was used for all the measurements. The red curve represents the starting or initial CV (CVi) before the 

laser measurements, while the blue curve indicates the final CV (CVf) or CV after the laser measurements. 

 

 

5.3 Laser-Induced Current Transient Technique Measurements 

 

5.3.1   LICT Setup 

Figure 5.6 depicts the setup deployed for the LICT investigations. Before the actual laser 

irradiation of the working electrode, the laser is warmed up for ca. 20 minutes, followed by 
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testing the positioning of the working electrode using very low laser intensity and the controlled 

laser pulsing mode.   

 
Figure 5.6. Pictorial representation of the laser-induced current transient setup. The laser is depicted on the 

rear or furthest left part, with the attenuator placed a few centimeters away. The front or far right part is the 

position of the electrochemical cell, incorporating the three-electrode configuration. The working, counter, 

and reference electrodes are inserted at designated positions and connected to the potentiostat via clamps 

and wires. In detail, the WE is placed in the EQCM holder, and a clamp is inserted into the holder’s head. 

The reference electrode is connected to the main cell, and by extension, the electrolyte via a Luggin capillary. 

 

 

5.3.2  LICT Measurements for the AT-cut Polycrystalline Au Quartz  

Following the electrochemical cleaning, the polycrystalline Au electrodes were characterized 

at different pHs (2, 4, 6, 8, and 10) in Ar-saturated and O2-saturated 0.5 M Na2SO4 and K2SO4 

solutions with the LICT method. However, the laser beam energy was kept at ca. 20 mJ (32 mJ 

cm-2) in this case. The potential ranges within which the LICT experiments were carried out 

slightly differ depending on the system under study. All the potential ranges during the LICT 

measurements for the Aupc electrode system, the applied potential steps, and the electrolytes are 

listed in Table 5.1. 
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Table 5.1. Potential ranges and potential steps applied during the LICT measurements for the polycrystalline 

Au electrode. 

 

 

5.3.3  LICT Measurements for SURMOFs 

A laser irradiation energy density of ca. 12.5 mJ cm-2 was applied to prevent electrode damage 

for all the investigated SURMOF systems. In this regard, the potential range was set between 

0.81 V and 1.21 V vs. RHE. The LICT experiments were conducted potentiostatically with a 

potential step of 20 mV.  

 

pH Electrolyte Potential range 
(VRHE) 

Potential step (mV) 

2 0.5 M Na2SO4, Ar-sat.        0.10 – 1.00                20 
2 0.5 M Na2SO4, O2-sat. 0.12 – 1.00 20 
4 0.5 M Na2SO4, Ar-sat. 0.10 – 1.02 20 
4 
6 
6 
8 
8 
10 
10 
2 
2 
4 
4 
6 
6 
8 
8 
10 
10 

0.5 M Na2SO4, O2-sat. 
0.5 M Na2SO4, Ar-sat. 
0.5 M Na2SO4, O2-sat. 
0.5 M Na2SO4, Ar-sat. 
0.5 M Na2SO4, O2-sat. 
0.5 M Na2SO4, Ar-sat. 
0.5 M Na2SO4, O2-sat. 
0.5 M K2SO4, Ar-sat. 
0.5 M K2SO4, O2-sat. 
0.5 M K2SO4, Ar-sat. 
0.5 M K2SO4, O2-sat. 
0.5 M K2SO4, Ar-sat. 
0.5 M K2SO4, O2-sat. 
0.5 M K2SO4, Ar-sat. 
0.5 M K2SO4, O2-sat. 
0.5 M K2SO4, Ar-sat. 
0.5 M K2SO4, O2-sat. 

0.10 – 1.02 
0.11 – 1.01 
0.11 – 1.01 
0.23 – 1.03 
0.23 – 1.03 
0.25 – 1.11 
0.29 – 1.11 
0.08 – 1.12 
0.10 – 1.00 
0.10 – 1.10 
0.10 – 1.10 
0.61 – 1.37 
0.61 – 1.51 
0.39 – 1.45 
0.43 – 1.45 
0.40 – 1.50 
0.42 – 1.54 

20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 

8 0.5 M Na2SO4+K2SO4, 
Ar-sat. 

0.39 – 1.45 20 

8 0.5 M Na2SO4+K2SO4, 
O2-sat. 

0.43 – 1.45 20 
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5.3.4   LICT Measurements for Pd MLs on Au EQCM 

Under this section, two types of electrodes were utilized, all containing the deposition of Pd 

MLs on the AT-cut polycrystalline QCM Au electrodes. One of the depositions was performed 

using ALD, and the other was done electrochemically.  

 

5.3.4.1   LICT Measurements for ALD deposited Pd MLs on Au QCM 

The LICT measurements were performed at least three times within a similar vicinity (i.e., 

double-layer region) as the narrow CV. Specifically, the first laser measurement was conducted 

from high to low applied potentials in the double-layer region. The potential step utilized for 

the laser measurements was 2 mV. This was followed by the performance of broad and narrow 

potential range CVs and the EIS measurements. Subsequently, further wide and narrow 

potential range CVs were conducted, and the second laser measurements followed suit. It must 

be mentioned that the second LICT measurements were performed in a reverse direction (from 

low to high double layer potentials) as compared to the first LICT measurements. The same 

procedure was followed, and the third laser measurements were eventually done. The third laser 

measurement followed the same direction as the first to ease comparison and predict 

reproducibility. In these scenarios, the laser power and beam energy were kept at ca. 140 mW 

and 14 mJ (corresponding to a fluence of 22 mJ cm-2). 

 

5.3.4.2   LICT Measurements for Electrochemically Deposited Pd MLs on Au QCM 

An analogous measurement scheme was employed in this case, as presented in section 5.3.4.1. 

In detail, at least three laser measurements were conducted within the double-layer region at a 

potential step of 2 mV. Here, no EIS measurements were done, and hence, the first laser 

measurements were carried out after the 10-cycle CVs within the double-layer region. At the 

end of the laser measurements, the broad and narrow range CVs were reproduced to confirm or 

otherwise if the characteristic feature of the electrode was still intact. On this occasion, the laser 

power and beam energy were kept at ca. 140 mW and 14 mJ, respectively, corresponding to a 

fluence of 22 mJ cm-2. An example of the LICT measurements obtained from this electrode 

using an Ar-saturated 0.1 M KOH is shown in Figure 5.7. In this instance, the PME was found 

to be ca. 0.65 V vs. RHE. 
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Figure 5.7. An example of the LICT measurements performed on the electrochemically deposited Pd MLs on 

the Au QCM electrode in an Ar-saturated 0.1 M KOH electrolyte. The potential range used lies within the 

double-layer region, and the PME (signaled by the zero-charge crossing) was found to be 0.65 V vs. RHE, 

as depicted with the arrow.    

 

5.3.5   LICT Measurements for PBA Battery System Deposited on Au 

QCM 

The LICT measurements using the battery Prussian Blue Analog electrodes deployed different 

anions and were investigated based on the degradation performance (from best to worst), as 

revealed in an earlier study. In this light, the order of the LICT experiments was 0.25 M NaClO4, 

0.25 M NaNO3, 0.25 M NaCl, 0.25 M NaOAc, and 0.25 M Na2SO4. Before and after each set 

of LICT measurements, two (2) CV cycles were carried out. The CV measurements were 

conducted in the potential window 0.1 V-0.8 V vs. SSC at a scan rate of 50 mV s-1. The potential 

range of -1.0 V to 0.8 V vs. SSC at 50 mV potential steps was used for the LICT measurements. 

The laser power and beam energy were kept at ca. 140 mW and 14 mJ, respectively, 

corresponding to a fluence of 22 mJ cm-2. 

 

 

 

 

 

Ar saturated 0.1 M KOH  

0.65V 
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5.4 Electrochemical Impedance Spectroscopy  

Following the LICT measurements, a broad potential range CV was run on the system, and 

electrochemical impedance spectroscopy was performed. A capacitor was connected between 

the counter and reference electrodes to realize the EIS. The potential range deployed for the 

measurement was from 0.00 V to -0.30 V vs. MMS (double-layer region) in 10 mV potential 

steps.  

 

 

5.5  Electron Paramagnetic Resonance Spectroscopy 

 

5.5.1  Sample Preparation for the In-Situ EC-EPR Measurement 

For the first cell design attempt, the cell components were assembled before performing the 

electrochemistry, i.e., cyclic voltammetry. This was accomplished by properly inserting the 

quartz EPR tube into the Teflon main cell, followed by the various working and counter 

electrodes. Shortly thereafter, the reference compartment was assembled and connected to the 

main compartment through a capillary. The gas inlet and outlet parts were also connected using 

capillaries to complete the setup. The electrolyte was now introduced into the reference 

compartment under some pressure via a syringe such that the entire volume of the quartz EPR 

tube was filled with some remnant or additional electrolyte entering the Teflon main cell 

housing, mainly the counter electrode and the quartz EPR tube containing the electrolyte and 

working electrode. The commercially available mercury-mercurous sulfate reference electrode 

was then carefully introduced into the reference compartment, ensuring that the electrolyte 

remained in both compartments (main and reference). Gas (Argon - Ar) purging was initiated 

for ca. 15 minutes, ensuring saturation. 

For the second cell (courtesy LIVEV ADANI, Belarus) attempt, the as-received electrode, 

namely, the working electrode (Pt), was placed in the quartz EPR capillary tube of outer 

diameter ca. 2 mm and inner diameter ca. 0.8 mm. Before introducing the counter and reference 

electrodes into the quartz EPR capillary tube, the tail end of the Ag wire (ca. 5-10 mm) was 

dipped for 30 seconds in a prepared mixture of FeCl3 and H2SO4 solutions such that Ag/AgCl 

RE was produced. The remaining uncoated Ag parts served as the counter electrode, while the 
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coated part was used as the reference electrode in the pseudo three (3) electrode system. The 

quartz EPR tube was now placed in its holder/protector, which also contained the connectors 

for the electrodes. 

In the third cell design and construction attempt, a proper 3-electrode setup was built based on 

the setup employed in the second attempt. In the first trial, Pt wire was used as the working, 

counter, and reference electrodes. Following that, a Pd wire replaced Pt as the reference 

electrode in the second trial. In the final trial, Pd wire was initially used as the working 

electrode, with Pt serving as both reference and counter electrodes. With this configuration, Pd 

was charged by applying a potential in the hydrogen evolution reaction region to produce 

hydrogen in the bulk of Pd via absorption, thereby forming a PdH reference electrode. The PdH 

now served as the reference electrode, whereas Pt was utilized as both working and counter 

electrodes to implement the 3-electrode system in the EC-EPR measurements. It is essential to 

state that for the second and final trial, Pt wire was utilized as both the working and counter 

electrodes.  

 

5.5.2  Electrochemical Investigations - Cyclic Voltammetry  

All measurements are performed at room temperature. To realize the electrochemistry, cyclic 

voltammetry was performed in a wide potential range using VSP300 potentiostat (Biologic, 

France) first to ensure and ascertain the surface quality of the working electrode. Once this was 

achieved, the applied potentials were restricted to just the hydrogen underpotential deposition 

(Hupd) region (adsorption and desorption). Two different potentials were held for several 

minutes while simultaneously measuring the EPR response. The specifications used for the CV 

measurements were as follows: scan rate of 50 mV s-1 and later 200 mV s-1.  

 

5.5.3   Specifications of the Electron Paramagnetic Resonance 

Spectroscopy Device & In-situ EC-EPR Measurement 

The used CW-EPR spectrometer is the SpinscanX from LINEV ADANI (Belarus). A 

modulation frequency of 100 kHz was kept for all described experiments. Other parameters are 

given specifically for each measurement. All measurements are performed at room temperature. 
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EPR spectra were recorded while holding both potentials (0.25 V and 0.30 V vs. PdH) in the 

Hupd region. Before this, the EPR spectrometer was tuned and retuned in case any sample 

modification was introduced in the cavity. 

 

 

5.6 Design and Construction of the In-situ EC-EPR Cell 

This section discusses the evolution of the experimental setup for the in-situ electrochemical 

EPR characterization of adsorbed hydrogen.  

 

5.6.1   Discussion on the Design Evolution  

Several approaches ranging from using flat cells to incorporating loop-gap resonators (LGRs) 

in the cavity in designing in-situ EC-EPR cells[433,434,435,436,437,438,439,440,441,442,443] are discussed 

in detail in this subsection. It has already been established that solvents of high relative 

permittivity (dielectric constant) non-resonantly absorb microwave radiations and eventually 

dampen the obtained signal. As a consequence of the significant dielectric losses at microwave 

frequencies, aqueous in-situ EC-EPR naturally demands the use of so-called flat cells or 

miniature sizes of quartz EPR tubes alongside specially designed cavity resonators capable of 

constraining the sample to a feasible extent away from the electric fields in the 

resonator.[444,445,446,447] 

In this vein, Fielding, Dryfe, and coworkers[448] earlier developed and designed a functional 

EC-EPR cell for in-situ investigations of electrochemical systems (cf. Figure 5.8A). 

Subsequently, Wang et al.,[439,440,449] utilized the same EC-EPR cell design to in-situ study a 

variety of several materials, namely, activated carbon and graphene oxide. One outstanding 

feature in the investigations was the continuous use of aqueous electrolytes despite using 

different electrode types. For instance, using EPR spectroscopy, the electrochemical 

capacitance of activated carbon in aqueous electrolytes was in-situ monitored.[448] Figure 5.8B 

clearly depicts a schematic representation of the in-situ EPR cell design with activated carbon 

as the working electrode and Pt as the counter electrode, whereas silver-silver chloride (SSC -  

Ag|AgCl) was employed as the reference electrode. Of particular importance are the dimensions 

employed in the whole cell construction. These dimensions ( (a) (supporting Pt wire (diameter 
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0.5 mm), WE; (b) GO membrane coated onto Pt wire, with a length of ∼2 cm; (c) intertwined 

Pt wire (diameter 0.05 mm); (d) sealant epoxy, prevents the short circuit, not in the EPR 

detecting area; (e) RE, insulated Ag wire (diameter 0.2 mm, coated with PTFE) with one end 

oxidized; (f) insulated Ag wire (diameter 0.2 mm, coated with PTFE) to connect the WE and 

the potentiostat; (g) CE, Pt mesh; (h) quartz capillary (diameter 1 mm)) are similar to Figure 

5.8C. It is evident that the reference electrode employed here was just a wire and not any 

recognized standard reference electrodes. Therefore, better control of the potential, in our 

opinion, is problematic. 

In that respect, we envisage that there may be other problems associated with the cell design 

that must also be surmounted to achieve optimal electrochemical results. Some of these include 

significant Ohmic drops occasioned via the electrodes, specifically the working and reference 

electrodes, and even large capacitive currents, which limit the cell time constant.[441,442] These 

invariably lead to other challenges in EPR performance. For instance, deterioration of the 

resonator’s quality factor (Q-value) can be triggered. Others include deterioration of the EPR 

sensitivity due to the interaction of the microwave electric field with the metal electrodes and 

the aqueous sample inside the resonator,[444] deterioration of the reproducible alignment of the 

electrochemical cell inside the resonator between experimental runs, and the inhomogeneity of 

the microwave magnetic field B*	inside a cavity resonator.[443] Additionally, when flat cells (cf. 

Figure 5.8E) are utilized, they may be prone to convection during protracted electrolysis 

times,[450] resulting in distortion of both the electrochemical and EPR performance.  

Based on the aforementioned cell designs and their predicted bottlenecks, a clear path to 

designing an ideal in-situ EC-EPR (cf. Figure 5.8D) was adopted following a rigorous search 

through various available research articles. The first implemented setup (cf. Figure A1.1) was 

only valuable for electrochemistry, but the EPR tuning and, by extension, the measurement 

proved futile. Following the apparent drawbacks of the initial setup, a different approach was 

adopted to address the challenge. Tamski et al.[435] revealed in their studies that accurate 

potential electrochemistry control can be achieved using micro-wires as working electrodes, 

especially for EPR investigations involving the electrochemical generation or consumption of 

radical species in aqueous samples.[451] The authors also opined that developing a loop-gap 

resonator (LGR) in conjunction with micro-wires could be a worthy substitute for the usual 

resonant cavities for energy dissipative samples. LGR basically confines the electric fields in 

gaps such that the understudy species will cover most areas of the EPR cavity to absorb the 

microwave with the magnetic fields resonantly. 
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A) B) C) 

  

 
D) E) 

 

 

Figure 5.8. A) A pictorial (left) and schematic (right) representation of the in-situ electrochemical cell 

employed by reference in their investigation. Adapted from reference.[448] Copyright © (2022), American 

Chemical Society. B) Schematic representation of the in-situ EPR cell comprising a three-electrode 

configuration in the EPR capillary. Labeled a to k are: (a) Supporting Pt wire (diameter 0.5 mm); (b) WE, 

GO membrane coated onto Pt wire, with a length of ∼2 cm; (c) intertwined Pt wire (diameter 0.05 mm); (d) 

sealant epoxy, prevents the short circuit, not in the EPR detecting area; (e) RE, insulated Ag wire (diameter 

0.2 mm, coated with PTFE) with one end oxidized; (f) insulated Ag wire (diameter 0.2 mm, coated with 

PTFE) to connect the WE and the potentiostat; (g) CE, Pt mesh; (h) quartz capillary (diameter 1 mm); (i) 

aqueous electrolytes, e.g., Na2SO4/KOH; (j) sealant epoxy; (k) in-situ cell introduced into the EPR cavity. 

Adapted from reference.[449] Copyright © (2018), Royal Society of Chemistry.  C) Schematic depiction of the 

in-situ EPR cell design used by reference[439] with a three-electrode configuration. Activated Carbon, Pt, and 

Ag|AgCl were the working, counter, and reference electrodes. Reprinted from reference.[439] Copyright © 

(2022), American Chemical Society. D) Schematic illustration of the entire EC-EPR cell design and 



 
127 

construction as implemented by reference.[437] Reproduced with permission from reference.[437] Copyright © 

(2015), Elsevier. All rights reserved. E) A schematic example of typical EC-EPR cell designs implemented 

for use in Q- and W-band EPR range as reported by reference.[451] Adapted from reference.[451] Copyright 

© (2011), Elsevier. All rights reserved. 

 

The advent of the LGR occurred in 1982 when W. Froncisz and J. S. Hyde published such a 

development in their paper.[452 ] For a while, LGR applied mainly for EPR purposes was 

employed for EC-EPR by Allendoerfer et al.,[453] allowing aqueous samples to be investigated 

with 50 to 100 times larger absolute sensitivities compared to other resonator-EC-EPR cell 

(e.g., TE011) combinations at the time (cf. Figure 5.9C). The constructed LGR (cf. Figure 5.9A) 

improves the research work of Allendoerfer et al.[453] The in-situ EC-EPR cell designed to fit 

in an LGR is portrayed in Figure 5.9B. The intriguing breakthrough worth highlighting is the 

extremely small dimensions used to implement the cell successfully. 

A) B) C) 

 
 

 

Figure 5.9. A) Pictorial representation of the interior of the EPR device, particularly highlighting the LGR 

attached to the constructed EC-EPR cell. B) The EC-EPR cell specifically developed to fit into the LGR. 

Labeled 1 to 6 are: 1, 3 - capillary supports, 2a - EPR sample tube specifically for use in the Q-band regime, 

2b - X-band EPR tube for structural support, 4 - an adaptor for electrodes and sample flow, 5 - pegs for 

electrode attachment, 6 - capillary aiding the insertion of the working electrode to the resonator’s sensitive 

part. WE, CE, and RE stand for working, counter, and reference electrodes, respectively.  C) The output 

signal intensity plotted as a function of the magnetic field. Enhanced EPR signal sensitivity is realized using 

the LGR relative to the typical TE011 resonator used in most resonator cavities. Reproduced from 

reference[435]with permission from the Royal Society of Chemistry. Copyright © (2015), Royal Society of 

Chemistry. 
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The main challenge the use of an LGR addresses lies in the ideal confinement of the microwave 

electric field in the gaps of the resonator, thereby allowing the aqueous or other dielectrically 

lossy samples to occupy a larger volume relative to the resonator’s size. Thus, the role of the 

LGR is to concentrate the B*	field in the sample and make the signal produced by the change 

in magnetic susceptibility at resonance as large as possible. In effect, the use of LGR is 

particularly applicable to samples of limited volume, such as the concentration of short-lived 

radical species in the diffusion field during an electrochemical experiment. Therefore, a 

satisfactory EPR performance is achieved in aqueous media, especially when the sample 

volume is of the order of microliters.[454] Moreover, owing to the tiny size of the resonator, a 

large filling factor in the LGR is guaranteed. Therefore, the optimization of the electrochemistry 

is realized in miniaturized dimensions. On the contrary, the larger the inner diameter of the 

sample tube is, the closer the sample is to the fringing electric fields in the gaps of the LGR, 

leading to an increasing dielectric microwave loss.  

Since our EPR device had electromagnets enclosed within a compact surrounding, 

implementing the LGR was impossible, leading to a boycott of the idea. The next solution 

dwelled on an industrial-related approach from the manufacturer of our EPR device (LINEV 

ADANI, Belarus). The main identified issue to correct was to employ a smaller diameter of the 

EPR tube, ca. 2 mm outer diameter or even less with an inner diameter of about 0.8 to 0.9 mm 

(see Figure 5.10A). This measure means the water/electrolyte volume in the EPR tube will be 

in the microliter range. It thus prevents, to a greater extent, the dampening of the EPR signal 

because of the high dielectric constant of the electrolyte (mainly water).  

The next one involves using smaller diameters of electrode materials, etc., to avoid large Ohmic 

drops, and so on. The LINEV ADANI in-situ EC-EPR cell setup, which was implemented, 

encompassed solutions to almost all the identified drawbacks. A pictorial representation of the 

already inserted electrodes (WE, CE, and RE) can be seen in Figure 5.10B. Approximately 2-

10 mm distance between the two electrodes (WE and RE) is essential to ensure that only the 

working electrode is within the resonator area of the EPR spectrometer. This minimum 

separation also minimizes the high ohmic drop between the reference and working electrodes. 

A Teflon tube holder is introduced to guarantee that a length of 95 mm is established between 

the upper part of the Teflon tube holder and the sample center within the quartz EPR tube. This 

further ensures that at least 10 mm of the working electrode’s length lies inside the resonator 

area (cf. Figure 5.10B). 
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The assembled cell in Figure 5.10B is placed in the EPR spectrometer (Figure 5.10C), 

tightened, and connected initially with the connecting pins (cf. Figure 5.10D). Eventually, it is 

connected to the potentiostat (Figure 5.10E). It is essential to note that a 2-electrode or a 

pseudo-3-electrode system is employed by the LINEV ADANI setup, even though there is a 

clear intention to implement a 3-electrode cell configuration. This system is seen in the dipping 

of the tail end of the Ag wire into the prepared mixture of FeCl3 solution and H2SO4 solution 

for close to 30 seconds, generating Ag/AgCl reference electrode. The CV obtained with the 

configuration described in Figure 5.10 was not ideal. However, the EPR spectrometer was 

tunable. Due to specific defects, the EPR signals showed no significant differences or changes 

when the potentials were held at several spots in the Hupd for adsorption and desorption charges.  

The major drawback of the above configuration was that a 2-electrode setup (or a pseudo-3-

electrode configuration) was used, making it non-ideal for measurements, especially controlling 

the potential. Essentially, the counter and reference electrodes were implemented on the same 

electrode material, which could be better. The Ag, the counter electrode, was oxidized (always 

deposited on the working electrode), forming dark spots at the edge of the WE and the RE/CE. 

In other words, the CE was oxidized during the electrochemistry. This devastatingly affected 

the EPR measurements and may be an additional basis for the observed non-distinguishable 

EPR signals. 

To solve this shortcoming, a proper 3-electrode setup was implemented in the ca. 2 mm outer 

diameter EPR tube. This was realized by insulating almost the entire length, leaving just 5 mm 

of the RE bare with an insulating spray, Plastic 70 (Kontakt Chemie), and later 3M Scotch® 

1601. This was necessary to prevent possible short-circuiting within the quartz EPR tube or the 

resonator cavity. Initially, Pt was used as the working, counter, and reference electrodes (Figure 

5.11A). The CV features did not reveal much activity in the hydrogen underpotential deposition 

region, and the currents produced were extremely negligible, partly due to the low scan rate of 

50 mV s-1 that was used. Therefore, further improvement was necessary. Hence, in subsequent 

experiments, Pd instead served as RE, with Pt acting as both the counter and the working 

electrodes (Figure 5.11B). The CV was now relatively stable and exhibited tremendous 

enhancement in the Hupd region and the current values. However, the challenge was the 

robustness, capacity, and duration of the insulated spray’s degradation (wearing off 

/detachment) on the RE. Based on the possible detachment of the insulation spray and other 

factors, the EPR signals were again indistinguishable. In effect, it was not easy to clearly 

establish the generation of radicals. 
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A) B) C) 

 

 

 

D) E) 

  

Figure 5.10. A) The in-situ EC-EPR cell components as-received from LINEV ADANI. Labeled 1 is the 

syringe, 2 - represents the working electrode, graphite in this case, 3 - is the counter/reference electrode; the 

tail end of the Ag wire has been coated with a mixture of FeCl3 and H2SO4 to produce Ag/AgCl as the 

reference electrode, and the uncoated Ag parts represent the counter electrode, 4 -  quartz EPR capillary 

tube of outer diameter 2 mm, inner diameter ca. 0.8-0.9 mm, 5 - tube holder/protector for the quartz EPR 

capillary tube, 6 - FeCl3 solution, and 7 - ketoconazole solution in H2SO4. B) Pictorial depiction of the 

electrodes placed in the quartz EPR capillary tube. Particularly interesting is the display of the region where 

the center of the resonator is marked. C) Fully assembled EC-EPR cell D) The fully assembled EC-EPR cell 

in contact with their respective connecting pins. E) The connecting pins linked to the potentiostat. 
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Before properly starting the in-situ EC-EPR measurements, a CV was performed in the 

hydrogen evolution reaction region in a 0.1 M HClO4 open-air atmosphere to ensure enough 

hydrogen was produced using Pd as the WE. This was checked and realized whenever the 

current produced was ca. -1.0 mA and beyond, with bubbles observed on the WE (Figure 

5.11C). During this process, Pt acts as both CE and RE. As a further check, the current is held 

at -1.0 mA for 5 minutes (cf. Figure 5.11D) to ensure that the Pd is charged/loaded with 

sufficient H to form PdH, which now serves as the RE. This newly produced RE is close to the 

RHE (ca. 50-150 mV deviation) scale and is also stable for prolonged measurement duration. 

A) B) 

 
 

C) D) 

  

Figure 5.11. A) Cyclic voltammogram of Pt working electrode with Pt as CE and RE in an argon-saturated 

0.1 M HClO4 at a scan rate of 50 mV s-1. B) CV implemented on Pt WE and CE with Pd as the RE in an 

argon-saturated 0.1 M HClO4 at a scan rate of 200 mV s-1. C) Graphical illustration of the hydrogen 

evolution reaction region performed using Pd as the working electrode and Pt as both counter and reference 

electrodes in 0.1 M HClO4 in an open-air environment. D) Current held at -1 mA in the HER region for 300 

seconds to further cause hydrogen adsorption in the bulk of Pd to produce a PdH reference electrode. 
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6.0 Results & Discussions 

It has been revealed from the previous chapters that a basic appreciation of the processes 

transpiring at the electrode/electrolyte interface is a prerequisite to developing highly efficient 

electrocatalytic performance successfully. The performance of a specific electrocatalytic 

reaction is primarily deemed to rely starkly on the composition and structure of the electrode 

surface.[455,456] However, the electrolyte composition tremendously influences electrocatalytic 

processes when considering aqueous electrolytes.[457,458] In this aspect, the degree of order of 

the electric double layer is regarded as a critical consideration underpinning the control of the 

interface structure and activity and, by extension, the electrocatalytic processes.[310] As the 

interfacial water layer structure becomes more ordered, extra energy is required to rearrange 

the water dipoles at the interface after the electron transfer. The process should be effortlessly 

executed at the potential of maximum entropy, at which the interfacial water molecules have 

the maximal disorder and hence relatively eases the movement of reactant species. 

Consequently, it is expected that the closer the PME is to the thermodynamic equilibrium 

potential of a specific reaction, the faster that reaction should be. 

This chapter is subdivided into several sections, dealing extensively with interface structure, 

electrode activity, and cation and pH effects on the Au, SURMOFs, and Pd PMLs on the Au 

QCM electrodes. As such, the experimental results using polycrystalline Au electrodes in 

various electrolytes are discussed in the following. Specifically, the effect of the pH value in an 

acidic solution was analyzed, which led to examining the influence of alkali metal cations in 

the electrolyte. The well-known hydrogen evolution and oxygen reduction reactions, selected 

as model reactions, were investigated. The obtained results of the laser-induced current transient 

measurements were associated with the HER and ORR activity data measured in the 

corresponding systems. The results suggest that determining the PME with the LICT method 

can be a valuable way to evaluate and investigate the influence of the electrolyte composition 

on the electrocatalytic processes at the electrode/electrolyte interface. More so, electrochemical 

impedance spectroscopy was conducted to reveal the minimum double-layer capacitance on the 

Pd ML on the Au QCM electrode. The impact of anions using the Prussian Blue Analog battery 

systems is highlighted in another section. The final section centers on revealing the pathway of 

the electrochemical reaction under investigation by employing combined EPR and 

electrochemical techniques. Parts of the results section were performed alongside a few 

colleagues (Dr. Xing Ding, Dr. Shujin Hou, and Emre Keles) and are, therefore, duly 

acknowledged. 
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6.1 Interface Structure and pH Effect  

In detail, this set of experiments was conducted on the Aupc electrodes to explore the pH effect 

on the EDL properties at the electrode/electrolyte interface. The corresponding CV 

measurements are displayed in Figure 6.1. The typical anodic peaks between approximately 

1.3-1.6 VRHE and a sharp reduction peak at ca. 1.1 VRHE are all noticeable. The surveyed CV 

features are consistent with those published in the literature.[459] When comparing the peak areas 

of the oxidation and reduction processes on the Aupc, they are promoted in the electrolyte 

containing a higher concentration of H+ ions. Notably, the shape and, most importantly, the 

features of the CV remained invariable even after the laser measurements. 

 
Figure 6.1. Typical cyclic voltammograms of Aupc measured at different pH values (0, 1, and 2) of the HClO4 

electrolytes. Scan rate: 50 mV s-1. It is important to note that the CVs before and after the LICT measurements 

are almost indistinguishable. Reproduced from reference.[161] 
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Mockup current transients acquired for the Aupc electrode are shown in Figure 6.2. The positive 

and negative current transients for the Aupc electrode are evident. 

 
Figure 6.2. Model LICTs measured for Aupc in an Ar-saturated HClO4 at A) pH 1 and B) pH 2. It should be 

noted that all initial current values of the obtained transient peaks have been normalized to zero to ease 

comparison. The PME is located between the two potentials where the sign of the current transient varies. 

Reproduced from reference.[161] 

 

The PME values of the Aupc electrode are ~0.07 V, ~0.13 V, ~0.20 V, ~0.27 V, and ~0.32 V 

vs. RHE at pHs of 0, 0.5, 1.0, 1.5, and 2.0, respectively, for HClO4 electrolytes as shown in 

Figures 6.3A to E. Interestingly, the PME of the Aupc electrode displays a linear dependence 

on the pH value of the electrolyte (cf. Figure 6.3F). The assembled results are equivalent to 

previous literature data.[459,460] It is worth mentioning that the PME does not shift by ca. 59 mV 

per pH unit on the RHE scale when the PME lies within the double-layer potential region. That 

could be attributed to the reconstruction of the gold surface, which influences the location of 

the PME.[343] 

Specifically, the PME of the Aupc drifts away from the onset potential of the HER towards the 

potential where the ORR takes place. An increase in pH makes the surface water layer at 

potentials close to the onset of the HER stiffer. Conversely, the order of the EDL decreases at 

potentials close to the ORR onset. Accordingly, it can be deduced that as the pH value rises, 

the activity of the Aupc electrode decreases towards the HER and increases towards the ORR. 
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Figure 6.3. (A to E) Current extrema of the LICT results attained for the Aupc electrode at different pH values 

(0, 0.5, 1.0, 1.5, and 2.0) of Ar-saturated HClO4 electrolytes. F) The PME of Aupc plotted as a function of the 

electrolyte pH. The PME of Aupc shifts towards more positive values because of the pH rise. Reproduced 

from reference. [161] 

 

To buttress these projections, measurements of the Aupc activity towards the HER and ORR 

were performed at several pH values (0, 1.0, and 2.0) of H2-saturated (HER) or O2-saturated 

(ORR) HClO4 electrolytes (cf. Figures 6.4A and B). Remarkably, the activity towards the HER 

increases at high H+ electrolyte concentrations. By contrast, lower H+ electrolyte concentrations 

enhance the activity towards the ORR. The HER activities (expressed as the exchange current 
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density) of the Aupc electrode portray a linear relationship with the PME values (cf. Figure 

6.4C). 

 
Figure 6.4. Characteristic A) HER and B) ORR polarization curves for Aupc electrodes recorded at several 

pH values (0, 1.0, and 2.0) of H2-saturated or O2-saturated HClO4 electrolytes. To augment the visibility, 

only the region dominated by the four-electron ORR kinetics is shown in B). C) The HER activities of Aupc, 

expressed as the exchange current density j0, plotted as a function of the PME. A linear trend is observed 

between the PME and activity. Reproduced from reference.[161] 

 

 

6.2 pH Effect in the Presence of Alkali Metal Cations  

The previous section significantly revealed that the pH effect of the PME on the electrocatalytic 

activity is substantial. Outstandingly, the impact of pH can be entirely different for assorted 

electrolyte compositions.[461,462] Several studies have established that electrocatalytic properties 

can be influenced by both H+ and other ions in the electrolyte.[463,464,465] Recently, there has 

been an influx of research centered on the effect of alkali metal cations.[462,464] In a recent 
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account, our group established the influence of the alkali metal cations on the EDL capacitance 

of several single-crystal electrodes.[466,467] Despite all these exciting developments, there is a 

need for a complete understanding of the alkali metal cations’ effect on electrocatalytic 

processes. In this vein, a series of LICT measurements for the Aupc electrode was performed to 

investigate further the effect of pH and electrolyte ions on the interfacial processes. These were 

conducted at various pHs (2, 4, 6, 8, and 10) in Ar-saturated and O2-saturated 0.5 M Na2SO4 

and K2SO4 electrolytes. It is significant to mention that since the hydration energies of the Na+ 

(406 kJ mol-1) and K+ (322 kJ mol-1) cations are much closer to that of the ClO4- (229 kJ mol-1) 

anions, the SO42- anions with higher hydration energy (1059 kJ mol-1) were preferred since it 

helped to circumvent competition for the influence of other species in the electrolyte. In this 

regard, any variation in the interfacial properties would only correlate to the modifications in 

the H+ concentration and the nature of the alkali metal cations in the investigated systems. 

In executing the experiments, CVs of the Aupc electrode were recorded in Ar-saturated 0.5 M 

Na2SO4 and K2SO4 electrolytes at different pHs to validate the surface quality of the electrode, 

as shown in Figure 6.5. Intriguingly, CVs of the Aupc electrode in Na+- and K+-containing 

electrolytes at pH 2 are comparable with the results measured in 0.1 M H2SO4 solution (cf. 

Figure 5.4). The usual three distinctive anodic peaks between ca. 1.3 V-1.6 VRHE and a sharp 

reduction peak at ca. 1.1 VRHE are evident. Upon increasing the electrolytes’ pH, both the 

oxidation and reduction processes on the Aupc surface were influenced by both Na2SO4 and 

K2SO4 electrolytes. This influence was exceptionally noticed when the electrolyte pH reached 

6. Two broad reduction peaks are observed for Na+-containing electrolytes, and three reduction 

peaks in the presence of K+ are visible within the investigated potential range. This could be 

attributed to the local protons at the interface having a low concentration in a nearly neutral pH 

electrolyte. Consequently, the generated and consumed protons during the oxidation and 

reduction processes on the Aupc surface can easily alter the local pH. A typical example occurs 

during the O2 electroreduction process, where the protons at the interface can be instantaneously 

consumed in a nearly neutral pH electrolyte, resulting in a lower reduction potential of Au 

oxide.[468,469,470] 
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Figure 6.5. Representative cyclic voltammograms of Aupc at various pHs (2, 4, 6, 8, and 10) in 0.5 M Ar-

saturated A) Na2SO4 and B) K2SO4 electrolytes. The scan rate used was 50 mV s-1. Reproduced with 

permission from reference. [130,161] Copyright © (2021), The Authors. Published by Wiley-VCH GmbH. Open 

access, published under a CC-BY license. 

 

When considering the same pH as a reference point, the influence of alkali metal cations on the 

Aupc electrode processes can be further observed. One typical example witnessed at pH = 6 is 

shown in Figure 6.6. K+ cations promote the oxidation of Au, which is evident from the 

increased peak areas when compared to Na+. 

 
Figure 6.6. Examples of cyclic voltammograms of the Aupc electrode in 0.5 M Ar-saturated Na2SO4 (blue) 

and K2SO4 (red) electrolytes at pH 6. Scan rate: 50 mV s-1. Reproduced with permission from 

https://www.ncbi.nlm.nih.gov/pmc/about/copyright/
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reference.[130,161] Copyright © (2021), The Authors. Published by Wiley-VCH GmbH. Open access, published 

under a CC-BY license. 

 

CV measurements at different scan rates were conducted in 0.5 M K2SO4 solution as a 

supplement. Figure 6.7 demonstrates that all the oxidation and reduction peaks increase with 

an increase in the scan rate quasi-linearly. Accordingly, the adsorbed species at the electrode 

surface likely dominate the observed oxidation and reduction processes. 

 
Figure 6.7. Typical cyclic voltammograms of the Aupc electrode in 0.5 M Ar-saturated K2SO4 electrolytes at 

different scan rates. Reproduced from reference.[161] 

 

To further explore the impact of pH and cations, LICT measurements were conducted to detect 

the PME. The LICT experiments were performed in Ar-saturated and O2-saturated solutions 

(cf. Figures 6.8A and B). The relaxation peaks were spotted in Ar-saturated and O2-saturated 

0.5 M Na2SO4 solutions. The current transients’ extreme values were plotted as a function of 

the working electrode potential (cf. Figures 6.8C and D) to locate the PME. The PME values 

for the Aupc electrode were evaluated to be ~0.19 V and ~0.35 V vs. RHE in the Ar-saturated 

and O2-saturated 0.5 M Na2SO4 electrolytes (pH 2), respectively. 

https://www.ncbi.nlm.nih.gov/pmc/about/copyright/
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Figure 6.8. 3D schemes of the LICT results acquired for Aupc at pH 2 in A) an Ar-saturated and B) an O2-

saturated 0.5 M Na2SO4 electrolytes, respectively. (C and D) The corresponding 2D LICT graphs of the 

collected current extrema plotted as a function of the working electrode potential. Reproduced with 

permission from reference.[130,161] Copyright © (2021), The Authors. Published by Wiley-VCH GmbH. Open 

access, published under a CC-BY license. 

 

Amazingly, the PMEs become more positive as the pH increases in both Ar-saturated and O2-

saturated 0.5 M Na2SO4 solutions. The evaluated PME values for the Aupc electrode in the Ar-

saturated 0.5 M Na2SO4 solutions; ~0.25 V, ~0.34 V, ~0.58 V, and ~0.88 V vs. RHE for pHs 4, 

6, 8, and 10, respectively are displayed in Figures 6.9A to D. In the case of O2-saturated 0.5 M 

Na2SO4 electrolytes (cf. Figures 6.9E to H), the PME values for the Aupc electrode move 

towards ~0.39 V, ~0.46 V, ~0.66 V, and ~0.98 V vs. RHE for pHs 4, 6, 8, and 10, respectively. 

https://www.ncbi.nlm.nih.gov/pmc/about/copyright/
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Figure 6.9. (A to D) Extreme current values of the laser-induced transients for Aupc submerged into Ar-

saturated 0.5 M Na2SO4 solutions of different pHs (4, 6, 8, and 10). (E to H) The analogous extreme current 

values collected for the Aupc immersed into the O2-saturated 0.5 M Na2SO4 solutions. Reproduced with 

permission from reference.[130,161] Copyright © (2021), The Authors. Published by Wiley-VCH GmbH. Open 

access, published under a CC-BY license. 

 

Admittedly, the pH dependence of the PME, in this case, involves the effect of adsorption 

processes on the free charge distribution at the interface.[301,308] The PME is theorized to be 

independent of the electrolyte pH on the SHE scale when it is located within the potential range 

with no adsorption influence.[471] Nonetheless, the PME depends on the electrolyte pH when 

the PME lies at the potentials where adsorption processes affect the free charge.[301] 

Figure 6.10 showcases a shift of the PME values towards more positive potentials arising from 

the pH increase for the Aupc electrode in both Ar-saturated and O2-saturated 0.5 M Na2SO4 

solutions. Even more intriguing is that in O2-saturated Na2SO4 solutions, the evaluated PMEs 

are more positive than those measured in Ar-saturated electrolytes for all the investigated pH 

ranges. As such, the reduced O2 can consume local protons at the electrode interface during the 

LICT experiments. Accordingly, changes in the local pH emanate and consequently shift the 

corresponding PMEs’ location, which concords with the Aupc electrode in HClO4 solutions at 

https://www.ncbi.nlm.nih.gov/pmc/about/copyright/
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different pHs (see section 6.1). In this regard, determining the PME provides an avenue for 

estimating the local pH at the interface.  

Another spotlight worth mentioning is the drastic elevation of the PME for the Aupc electrode 

in both Ar-saturated and O2-saturated 0.5 M Na2SO4 solutions when the pH varies from 6 to 

higher values. Subsequently, the PME became more sensitive to any pH alteration. A cursory 

look at Figure 6.10 also reveals a gradual decrease in the influence of O2 on the PME of the 

Aupc electrode as the pH increase, especially when comparing the difference of the PME values 

in the Ar-saturated and O2-saturated 0.5 M Na2SO4 solutions at pH 2 (~0.16 VRHE) and pH 10 

(~0.10 VRHE). 

 
Figure 6.10. The PME values chronicled for Aupc in Ar-saturated (blue) and O2-saturated (red) 0.5 M 

Na2SO4 solutions plotted as a function of the electrolyte pH. Reproduced from reference.[161] 

 

In the same vein, measurements on the Aupc electrodes at various pHs (2, 4, 6, 8, and 10) in Ar-

saturated and O2-saturated 0.5 M K2SO4 solutions were conducted to probe the role of the alkali 

metal cation. Figures 6.11A to E reveal the potentials where the sign of the current transients 

flip for the Aupc electrode in the Ar-saturated 0.5 M K2SO4 solutions. These potentials are ~0.13 

V, ~0.27 V, ~1.26 V, ~1.30 V, and ~1.43 V vs. RHE for pHs 2, 4, 6, 8, and 10, respectively. 

The various potentials at which the water molecules turn over in the O2-saturated 0.5 M K2SO4 

electrolytes for the Aupc electrode shift towards more positive values. These are ~0.27 V, ~0.37 
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V, ~1.40 V, ~1.38 V, and ~1.49 V vs. RHE for pHs 2, 4, 6, 8, and 10, respectively (cf. Figures 

6.11F to J).  

 
Figure 6.11. (A to E) Extreme values of laser-induced current transients estimated for Aupc immersed into 

the Ar-saturated 0.5 M K2SO4 solutions of different pHs (2, 4, 6, 8, and 10). (F to J) Analogous extreme 

current values collected for Aupc submerged into the O2-saturated 0.5 M K2SO4 solutions of the 

corresponding pH values. K) The PME values plotted versus pH values for Aupc in Ar-saturated (blue) and 

O2-saturated (red) 0.5 M K2SO4 solutions. Reproduced from reference.[161] 

 

In the case of the Aupc electrode in the 0.5 M Na2SO4 solutions, pH increase and oxygen 

involvement can reposition the PME values to more positive potentials. The only exception to 

this trend was the case of the Aupc electrode in the O2-saturated 0.5 M K2SO4 electrolytes from 

pH 6 to 8. It is worth remarking that the PME value was tremendously shifted from pH 4 to 6 

for the Aupc electrode in both Ar-saturated and O2-saturated 0.5 M K2SO4 solutions (cf. Figure 

6.11K). This implies that a slight modification in pH within this pH region can vary the EDL 
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structure substantially. A possible explanation for the observation stems from the specific 

adsorption, such as *OH (* representing the adsorbed species) and sulfate adsorption resulting 

in a phase transition coupled with interfacial water rearrangements in the double layer,[472] 

which ultimately shifts the location of the PME. Surprisingly, the outcome differed from the 

case of the Aupc electrode in the Na2SO4 electrolyte. The PME did not exhibit higher sensitivity 

to the pH change for higher pH (pH > 6), despite a rapid PME change from pH 4 to 6. 

Furthermore, like the case of the Aupc electrode in the 0.5 M Na2SO4 electrolytes, the influence 

of O2 on the PME of Aupc became smaller with the pH increase (except in the case of pH 6) 

when comparing the difference of the PME values for the Aupc electrode in the Ar-saturated 

and O2-saturated 0.5 M K2SO4 solutions at pH 2 (~0.14 V) and pH 10 (~0.06 V). 

Although the PME values for the Aupc electrode in Ar-saturated 0.5 M K2SO4 solutions at pHs 

6, 8, and 10 already exceed the thermodynamic equilibrium potential of the ORR (1.23 V vs. 

RHE), introducing oxygen further moves the PME to more positive potentials. Therefore, it can 

be envisaged that the water layer structure at the interface between the electrode and electrolyte 

is not solely influenced by dissolved O2 but also by H+, OH-, and SO42- ions adsorbed on the 

electrode surface. 

What’s more, Figure 6.12 demonstrates that the location of the PME shows higher sensitivity 

to the pH in the presence of K+ than Na+ on the Aupc electrode when the effect of the two cations 

on the Aupc electrodes is compared. Particularly, when the pH of the electrolyte reaches 6 or 

higher, the difference in the PME value for the systems containing these two cations becomes 

large (around 0.92 V). Consequently, Na2SO4 and K2SO4 cannot be considered equal supporting 

electrolytes. Hence, the EDL properties in the presence of these two cations are significantly 

different at the same pH. From a combined CV of Figures 6.5 and 6.6, it can be suggested that 

an intense phase transition occurs at the electrode surface in the case of a K2SO4 solution. 



 
145 

 
Figure 6.12. The PME values for Aupc in Ar-saturated (dot) and O2-saturated (dash) 0.5 M Na2SO4 (blue) 

and K2SO4 (red) solutions depicted as a function of the electrolyte pH. Reproduced with permission from 

reference.[130,161] Copyright © (2021), The Authors. Published by Wiley-VCH GmbH. Open access, published 

under a CC-BY license. 

 

Based on the PME values from pH 6 to 10 in Ar- and O2-saturated 0.5 M Na2SO4 and K2SO4 

electrolytes (cf. Figure 6.12), it is evident that the PMEs of the Na+-containing electrolytes 

were consistently below the thermodynamic equilibrium potential of the ORR, whereas the K+- 

containing electrolytes moved beyond the onset potential of the ORR. In this vein, the two 

cations were mixed to tailor the PME values toward the thermodynamic equilibrium potential 

of the ORR. This was necessary to establish the assertion that the PME is a valuable parameter 

for catalysis, as it can be tuned toward various targeted electrochemical reactions and systems. 

In realizing this, laser experiments were conducted in a mixed solution (60 mL 0.5 M Na2SO4 

and 60 mL 0.5 M K2SO4) at pH 8 (cf. Figure 6.13). The evaluated PMEs for the Aupc electrode 

in the Ar-saturated and O2-saturated mixed solutions were found to be ~0.96 V and ~1.08 V vs. 

RHE, respectively. Impressively, the PME values for the Aupc electrode in this hybrid 

electrolyte are located between the PMEs of the Aupc electrode in Na2SO4 and K2SO4 solutions 

at the same pH value.  

https://www.ncbi.nlm.nih.gov/pmc/about/copyright/
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Figure 6.13. Plots of the PME determined on the Aupc electrode in A) Ar-saturated and B) O2-saturated 

mixed solution of 60 mL 0.5 M Na2SO4 and 60 mL 0.5 M K2SO4 at pH 8. Reproduced with permission from 

reference.[130,161] Copyright © (2021), The Authors. Published by Wiley-VCH GmbH. Open access, published 

under a CC-BY license. 

 

Broadly, the investigated electrocatalytic activities (HER and ORR) for the Aupc electrode are 

highly related to the electrochemical interface order (cf. Sections 6.1 and 6.2). In this respect, 

it is possible to foretell the electrocatalytic activity with the PME change, resulting from the 

influence of electrolyte species (concentration and their nature). Therefore, the impact of the 

electrolyte component can be described quantitatively, owing to the linear trend observed for 

the electrocatalytic activity versus the PME in all investigated systems. If there exist several 

PMEs, the others that do not coincide with the PZC arise from specific adsorption effects. PME 

is a function of specific adsorption for certain systems. Note that one cannot generalize it to 

include PME is not a function of non-specific adsorption.  

The degree of order of the interface between the electrode and electrolyte can be associated 

with the polarizability of the electrolyte, which the relative dielectric constant, 𝜀/ , can 

quantify.[473,474,475] The relative dielectric constant depends on the nature and concentration of 

the ions. Within a particular concentration range (C < 2 M), this fundamental characteristic 

becomes a linear function of the nature and concentration of ions present in the solution,[475] as 

depicted by the following equation: 

https://www.ncbi.nlm.nih.gov/pmc/about/copyright/
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𝜀/ =	𝜀`8/.	'8) − 𝛼(𝐶+",) 6.1 

where 𝜀`8/.	'8)		 denotes the dielectric constant of pure water ( 𝜀`8/.	'8)		 ~ 82 at room 

temperature), 𝛼  stands for the proportionality coefficient describing the relative ion 

contribution, and 𝐶+",  is the ion concentration. Remarkably, previous scientific reports and 

Figure 6.3F performed within a narrow concentration range all portray a linear relationship for 

the value of the PME.[308,471] Analogous to Equation (6.1), could be valid for some range of 

concentrations: 

𝐸(]: = 𝐸(]:
1-	aba9:;<	>8?		 ± 	𝛽𝐶+", 6.2 

 

where 𝐸(]:  represents the PME value under study while 𝐸(]:
1-	aba9:;<	>8?		 depicts the 

corresponding value acquired for the system containing pure water and the function	𝛽 stands 

for the relative contribution of the ion concentration. 

 

As mentioned above, the electrocatalytic activity and the PME value correlate linearly in all the 

investigated systems. Rearranging Equation (6.1) in terms of 𝐶+",, combining it with Equation 

(6.2), and taking the electrode activity in pure water,	𝐴'8), as the reference, one can express 

the electrode activity, A, as follows: 

𝐴 ∝ 𝐴'8) 	± 	 �̈��𝜀`8/.	'8)		 − 𝜀/
.4.2-/"4c-.� 6.3 

 

where �̈� describes the proportionality coefficient or even function/operator dependent on the 

nature of the reaction.  

Sections 6.1 and 6.2 show the systematic studies on the impact of the electrolyte composition 

on the interfacial process. The presented results and analyses qualitatively and quantitatively 

clarify the strong influence of the electrolyte composition on the performance of electrocatalytic 

systems. Associating the PME with the corresponding changes in the electrocatalytic reactions 

reflects how the interface structure can control the related electrocatalytic processes. Therefore, 

determining the PME can be a formidable method to comprehend better the electrochemical 

processes occurring at the electrode/electrolyte interface. 

The results indicate that the alkali metal cations’ nature strongly influences the EDL properties. 

Increasing the electrolyte pH in the presence of Na+ and K+ can shift the PME to more positive 
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potentials for the Aupc electrode. Nonetheless, the PME exhibits a higher sensitivity to the pH 

in the presence of K+ than Na+. Especially for the Aupc electrode in 0.5 M Na2SO4 and K2SO4 

solutions at pH 6, the difference in the PME values for these two electrolytes is ca. 0.92 V, 

indicating the EDL structure is significantly different for the Aupc electrode in the solution 

containing Na+ and K+ ions. In this case, Na2SO4 and K2SO4 cannot be regarded as electrolytes 

of the same strength under the same conditions. As for the case in HClO4 solutions, oxygen can 

move the PME to more positive potentials in the presence of Na+ and K+. 

Interestingly, although the PME values for the Aupc electrode in Ar-saturated 0.5 M K2SO4 

solutions of pHs 6, 8, and 10 surpass the thermodynamic equilibrium potential of the ORR, 

introducing oxygen further moves the PME to more positive potentials. Moreover, the PME 

exhibits a linear trend with the hydration energies of the corresponding alkali metal cations. All 

the presented results demonstrate that the nature of the cation significantly sways the electrode 

processes. Consequently, determining the PME is a powerful approach to optimizing 

electrochemical devices via, for example, the electrolyte composition. 

 

 

6.3 Cation Effect on Surface-Mounted Metal-Organic 

Framework Derivatives 

Metal-organic frameworks, also known as porous coordination polymers, are a class of ordered, 

crystalline materials designed by coordinating organic ligands/linkers with metal 

ions/clusters.[476,477,478,479] Owing to their unique properties, including tunable pore structure, 

ultrahigh porosity, diversified framework architectures, ligand designability, and high specific 

surface areas, MOFs and MOF-derived materials have gained considerable research interest 

and are exploited for various applications in heterogeneous catalysis,[480,481,482,483,484] drug 

delivery,[ 485 , 486 ] gas separation and storage,[ 487 , 488 , 489 , 490 ] biomedical imaging,[ 491 ] and 

sensing,[492] in the last 20 years.  

Recently, our groups developed a multipurpose and facile approach to synthesize mixed metal 

hydroxide electrocatalysts derived from surface-mounted MOFs with exceptional OER 

performance in alkaline media.[493,494] As such, this section elaborates on the cation effect on 

the SURMOF derivatives investigated via the LICT technique. The experiments were 

conducted for the Ni|Fe-[TA]-SURMOF derivatives in 0.1 M AMOH (AM = Li+, Na+, K+, and 
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Cs+) solutions. Here, [TA] represents deprotonated terephthalic acid. Figure 6.14 depicts the 

OER performance of these derivatives assessed in the alkaline electrolytes containing different 

alkali metal cations. A decrease in the OER activity in the order of Cs+ > K+ > Na+ > Li+ is 

observed, which concords excellently with the previous research accounts.[495] 

 
Figure 6.14. OER polarization curves of Ni|Fe-[TA]-Catalysts recorded in O2-saturated 0.1 M LiOH (pH 

13.1), 0.1 M NaOH (pH 13.4), 0.1 M KOH (pH 13.4), and 0.1 M CsOH (pH 13.5) electrolytes. Scan rate: 5 

mV s-1. Note, the SURMOFs derivatives are denoted as Catalyst after electrochemical cycling here. 

Reproduced with permission from references.[131,161] Copyright © (2022), The Authors. Angewandte Chemie 

International Edition published by Wiley-VCH GmbH. Open access, Creative Commons Attribution Non-

Commercial NoDerivs License. 		

 

To check the interfacial water layer structure effect on the OER activity of the SURMOF-

derived NiFe(OOH) electrocatalysts, the LICT measurements were performed in the 

corresponding systems containing different alkali metal cations (cf. Figure 6.15). Accordingly, 

the PMEs were evaluated to be ca. 0.96 V, 0.98 V, 1.00 V, and 1.04 V vs. RHE for 0.1 M LiOH, 

0.1 M NaOH, 0.1 M KOH, and 0.1 M CsOH electrolytes, respectively. Evidently, the PME 

increases with the decrease of the alkali metal cation hydration energy. This trend was further 

affirmed using the in-situ Raman spectroscopy measurements. 
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Figure 6.15. (A to D) The maximum current transient values plotted as a function of the applied potential 

for 0.1 M LiOH (pH 13.1), 0.1 M NaOH (pH 13.4), 0.1 M KOH (pH 13.4), and 0.1 M CsOH (pH 13.5) 

electrolytes, respectively. One can find the PME values at the point when the current transient changes its 

sign, i.e., iXtrm ~ 0. Reproduced with permission from references.[131,161] Copyright © (2022), The Authors. 

Angewandte Chemie International Edition published by Wiley-VCH GmbH. Open access, Creative Commons 

Attribution Non-Commercial NoDerivs License. 

 

According to the discussion in section 6.2, hypothetically, the closer the PME is to the 

thermodynamic equilibrium potential of the OER, the better the OER activity should be. In this 

regard, as the PME for the Ni|Fe-[TA]-Catalyst in the presence of Cs+ is closer to the onset 

potential of the OER, its interfacial order at the onset potential of the OER will be more chaotic. 

Consequently, the Ni|Fe-[TA]-Catalyst would exhibit better OER performance in the presence 

of Cs+. The observed OER activity results confirm these hypothetical expectations (cf. Figure 

6.14). Additionally, the OER activity scales almost linearly with the PME (cf. Figure 6.16), 

indicating that the OER performance of the Ni|Fe-[TA]-Catalyst has a strong correlation with 

the interface structure influenced by the alkali metal cations in the electrolyte. 
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Figure 6.16. Graphical representation of the current density at the potential of 1.53 V versus the PMEs of 

Ni|Fe-[TA]-Catalyst in electrolytes containing alkali metal cations. The Pearson correlation coefficient (r) 

is 0.92, according to the linear fitting. Reproduced with permission from references.[131,161] Copyright © 

(2022), The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH. Open 

access, Creative Commons Attribution Non-Commercial NoDerivs License. 

  

In summary, the cation effect on the OER activity of the SURMOF-derived NiFe(OOH) 

electrocatalysts follows the order of Cs+ > K+ > Na+ > Li+. Employing the LICT technique, the 

correlation between the OER performance and the PME was established. The obtained results 

further reinforce the proposition that the closer the PME is to the thermodynamic equilibrium 

potential of a certain reaction, the faster this reaction should be. Thus, the PME determination 

with the LICT can be considered a powerful method for investigating the electrochemical 

processes at the electrode/electrolyte interface. 
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6.4 Anion Effect on Prussian Blue Analog Battery Electrodes 

Chapter 1 established the blueprint for the so-called hydrogen economy. Batteries are essential 

in achieving a carbon-free or green environment based mainly on renewable energy 

technologies.[496,497 ] Rechargeable aqueous alkali-ion batteries have recently attracted great 

interest due to their natural abundance, cost efficiency, environmental friendliness, safety, 

moderate to high capacity, and operation within the electrochemical stability window.[498] 

Therefore, Prussian blue (PB) and its analogs (PBAs) have been extensively explored as 

electrode materials for aqueous alkali metal-ion battery applications.[499] Investigating and 

understanding the mechanism of intercalation and de-intercalation (charge state of the surface) 

provides leeway to enhance the specific capacities and working potential and, by extension, 

facilitate efficiency.[497,498,499] Our group has demonstrated that one way to accomplish this is 

by employing the LICT technique.[154,155,157]  

Motivated by the previous studies on the PBA electrodes, pH, and cation effect on electrode 

processes, the LICT method was deployed to probe the role of anions in the 

electrode/electrolyte interface of the NiHCF cathodes for aqueous sodium-ion batteries. Five 

different anions, namely, ClO4-, NO3-, Cl-, OAc-, and SO42-, were chosen to understand the 

proton-driven degradation at low pH and obtain insights into the charge state of the interface. 

Figure 6.17A portrays the CVs recorded in Ar-saturated 0.25 M NaClO4, 0.25 M NaNO3, 0.25 

M NaCl, 0.25 M NaOAc, and 0.25 M Na2SO4 electrolytes. The potential window for each CV 

measurement ranged from 0.1 V to 0.8 V vs. SSC at a scan rate of 50 mV s-1. Only two CV 

cycles were conducted before and after the LICT measurements to avoid the thin films’ possible 

degradation (stability issues) in the investigated electrolytes. Essentially, the CVs before and 

after the LICT measurements overlapped perfectly, meaning they all pursued the same paths. 

The CVs conform to reports in the literature.[500] For the LICT probing to obtain the PME, the 

potential range of -1.00 V to 0.8 V vs. SSC at 50 mV potential steps in Ar-saturated 0.25 M 

NaX (X = NO3-, ClO4-, Cl-, OAc-, and SO42-) solutions was adopted.  

Figure 6.17B presents the obtained PME values for the system containing NO3- anion at ~-0.68 

V, ~0.38 V, and ~0.70 V vs. SSC. There exist multiple PMEs in every electrolyte. The 

electrolyte containing OAc- anion shows only two PMEs, ~0.25 V and ~0.57 V vs. SSC (see 

Figure 6.17E). Specifically, the NiHCF electrode in Ar-saturated 0.25 M NaClO4, NaCl, and 

Na2SO4 electrolytes portrays five PMEs (cf. Figures 6.17C, D, and F). Although every system 

possesses only one PZC[501] that is related to the PME, obtaining several PMEs is familiar, 
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especially for battery electrodes.[154,155,157] The existence of three or more PMEs or the non-

existence of any PME is supposed to be in harmony with the theory on the mass and charge 

influence from the interfacial water layer structure.[155] However, these findings make 

explaining the anion effect on the intercalation/deintercalation and activity much more difficult.  

Furthermore, unlike the case in the cation effect study, a few of the hydration energy of the 

investigated anions, such as Cl- (-381 kJ mol-1), NO3- (-314 kJ mol-1), and CH3COO- (-300 kJ 

mol-1), is very close to the employed cation, Na+ (-406 kJ mol-1). Despite the hydration energies 

of SO42- (1059 kJ mol-1) and ClO4- (229 kJ mol-1) being distant from the cation, Na+ (-406 kJ 

mol-1), it is unavoidable for some of the obtained results to be affected by the competition of 

the cations in the electrolyte. More so, the anions known to specifically adsorb (Cl-, SO42-) could 

introduce other effects to the LICT and activity measurements.[374,375,376,377] 

In general, the hydration energy affects the ion’s mobility. The lower the hydration or solvation 

energy, the faster the mobility of the ionic species. An increase in the hydration energy 

decreases the order of the water layer structure, a crucial factor for the LICT measurements. 

Notably, there is no clear link between the PME and the hydration energies of the various anions 

(cf. Figure 6.17G). However, from a thorough look at the degradation performance of the 

various anions from best to worst (NO3- > ClO4- > Cl- > OAc- > SO42-),[500] one can suggest that 

the hydration energy performance pursues a similar trend, i.e., from best to worst or low to high 

solvation energy. Different behavioral patterns of the interfacial intercalation/deintercalation 

processes modify the PMEs for the corresponding hydration energy of the various anions. 

Hence, the anions in the electrolyte solution account for the impact on the solvation energy and 

activity.  

A) 

 
B) C) 
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D) E) 

  
F) G) 

  
Figure 6.17. A) CVs of Na2Ni[Fe(CN)6] - NiHCF thin films before and after the LICT measurement 

conducted in Ar-saturated 0.25 M NaX (where X = NO3-, ClO4-, Cl-, OAc-, and SO42-). Two CV cycles 

were performed for each case. Scan rate: 50 mV s-1 B) to F) PME vs. potential on the SSC RE scale in Ar-

saturated 0.25 M NaNO3, NaClO4, NaCl, NaOAc, and Na2SO4 electrolytes. G) Graphical representation 

of the PMEs vs. anion hydration energies of the various electrolytes. 
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6.5 pH Effect on Pd Monolayers Deposited on Au QCM 

Electrodes 

Following fabricating the Pd MLs via ALD on the Au QCM chips, the pH effect of various 

concentrations of Ar-saturated perchloric acid was probed using CV, LICT, and EIS methods. 

Studies report that the Pd(hkl) and Pd MLs on the Au QCM electrodes provide close to optimum 

electrode and catalyst activity toward the HER, especially in acidic media.[243,379,502] In contrast, 

Pt is claimed to be the most active electrode and catalyst in alkaline media.[135,357,370,376,381,383] 

As such, the reaction of interest was the HER in acidic media.  

The CVs in the various electrolytes (varying pH or concentrations of HClO4) all follow the 

trend in the literature (primarily, the shape and features).[432] The corresponding CVs were 

compared before and after the laser measurements to check further that the CVs and, by 

extension, the structure, shape, and features of the electrode material remained the same before 

and after the laser experiments. As displayed in Figures 6.18A, C, and E, the CVs before and 

after the LICT measurements do not depart from the initial path or behavior, confirming the 

fact that the nature of the electrode remained intact throughout the experiment. 

A) B) 

  
C) D) 
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E) F) 

  
Figure 6.18. Voltammograms conducted on the atomic layer deposition deposited Pd monolayers on an Au 

QCM electrode and an Ar-saturated A) 0.01 M HClO4 (pH = 2), C) 0.1 M HClO4 (pH = 1), and E) 1 M 

HClO4 (pH = 0) electrolyte, respectively. Scan rate: 50 mV s-1. CVs conducted before and after the LICT are 

depicted in A) green and blue, C) black and red, and E) purple and orange colors, respectively. Plots of the 

evaluated charge densities emanating from the current transients as a function of the applied potential for 

B) 0.01 M HClO4, D) 0.1 M HClO4, and F) 1 M HClO4 electrolyte, respectively. The laser measurements 

were conducted from higher to lower potentials. The zero crossing of the charge density signifies the position 

of the PME. 

 

Since Au is featureless, no specific adsorption of anions is extensively visible. However, PGMs, 

particularly Pd and Pt, are very sensitive and exhibit specific anions adsorption. Also, Pd has 

many phases. To minimize and/or bypass this, perchloric acid (ClO4-) which shows no specific 

adsorption, was used as the electrolyte on the sensitive electrode, Pd MLs on the Au. It is worth 

remarking from the CVs at varying pHs that the lower part of the current densities (UPD region) 

moves to more negative values with increasing pH. The same assertion is repeated at the upper 
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part of the CV (UPD region), where the current densities shift to more positive values with 

increasing pH. 

In the presence of adsorption, there are better techniques (e.g., the double-layer capacitance 

method could be more reliable) than the LICT method since history must be considered. The 

influence of H emanating from the Pd absorption/adsorption and the temperature influence (ca. 

20-40 K) must all be incorporated. From deploying the LICT methodology, the PME value 

obtained for the system recorded in perchloric acid solution (at pH = 2) was ~0.66 V vs. RHE 

(cf. Figure 6.18B). The PME values in perchloric acid solutions at pHs 1 and 0 were evaluated 

as ~0.70 V and ~0.71 vs. RHE, respectively (cf. Figure 6.18D, F). 

It is evident from the results that the PME shifts to more positive values when pH decreases 

(concentration increases). Hence, proton reduction is facilitated with 0.01 M HClO4.[385] 

Therefore, it can be anticipated that the HER activity will be best promoted in 0.01 M HClO4 

at a pH of 2, according to the hypothesis (as it is closest to the thermodynamic equilibrium 

potential of the HER) and from the literature.[384,386] A linear trend is observed from the plot of 

PME vs. pH, revealing a relationship between the investigated parameters (cf. Figure A2.1A). 

Accordingly, one can infer that the PME is sensitive to pH, which is in harmony with the 

previous studies by Ding et al.[160,161]  

 

Table 6.1. Comparison of the evaluated PME and Cdl values at different concentrations and pHs of perchloric 

acid solutions 

Concentration [M] pH PME vs. RHE [V] Cdl [µF s1-n cm-2] 

1 0 0.71  0.77 

0.1 1 0.70 0.70 

0.01 2 0.66 0.45 

 

Table 6.1 showcases the PMEs and the minimum double-layer capacitances obtained in varying 

concentrations or pHs of perchloric acid solutions. EIS was performed in the system to get the 

Cdl values, and the equivalent electric circuit (cf. Figure 6.19A) was adopted to fit the data. The 

EEC used to fit the obtained impedance results primarily represents the modeling of real 

electronic systems. For instance, the uncompensated resistance due to impurities in the 
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electrolyte and the wires used for the connections are modeled by a resistor (i.e., Ru). The charge 

transfer resistance (Rct) represents any high or low resistance occurring because of the 

movement of hydrogen or oxygen in the system, leading to other reactions. Cad and Rad 

epitomize the pathway for specific adsorption at the double layer arising from additional 

anions/cations (i.e., the adsorption capacitance and resistance). Real capacitors and resistors 

model the aforelisted electrical components. However, a constant phase element was deployed 

to model the capacitive behavior of the double layer.  

A) B) 

 

 
Figure 6.19. A) The equivalent electric circuit used to give meaning to the electrochemical system’s reactions, 

mechanisms, and occurrences. B) Graphical representation of the plot of the capacitance of the double layer 

as a function of the applied potential in three different (1 M HClO4, 0.1 HClO4, and 0.01 M HClO4) 

electrolytes for Pd MLs on the Au QCM electrode. 

 

As was observed for the plot of PME against pH, the minimum double-layer capacitance scales 

linearly with the electrolyte pH (see Figure A2.1B). Therefore, it is unsurprising that one 

principally notices that the PME and minimum double-layer capacitance values for the different 

electrolyte pHs are very close or nearly coincide. The two parameters (PME and Cdl,minimum) are 

not the same, as the Cdl,minimum strictly coincides with the PZC of the material under study. Since 

it has been established that the PZC tends to shift to higher or more positive potential values 

than the PME, one can infer that the obtained results largely concur with the theory.[157] The 

outlier in this study is the Cdl,minimum value obtained at pH = 2, which was significantly lower 

than its corresponding estimated PME.  
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Remarkably, one should note that the absence of an ordered arrangement (chaotic movement) 

implies that the equilibrium position of the double layer has been distorted and hence signifies 

the vicinity of the PME. The momentary disturbance of the double layer also suggests that the 

double layer or capacitor is uncharged; therefore, no current transfer is anticipated. The n values 

(CPE exponents) plotted for Figure 6.19B show no direct correlation with the PME (cf. Figure 

A2.1C). On the contrary, the CPE exponents were always maximum at the location of the 

Cdl,minimum.  

In summary, the pH effect cannot be downplayed in electrocatalytic reactions and systems as it 

influences electrode processes’ performance (activity and selectivity). By merging the LICT, 

CV, and EIS methods, valuable information about the interfacial properties and structure has 

permitted in-depth characterization and a better understanding of solvation effects in the 

investigated electrochemical system. The deployed approach can be extended to probing other 

electrochemical reactions and systems. 
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6.6 Cation Effect on Pd Monolayers Deposited on Au QCM 

Electrodes in Alkaline Media 

As the Pd MLs on the Au QCM or Pd electrodes are generally high-performing electrodes and 

catalysts toward the HER, especially in acidic media, the former was employed to investigate 

the cation effect in alkaline media. The CVs in all the various 0.1 M AMOH electrolytes, AM = 

(Li+, Na+, K+, Cs+) did not reveal any significant modifications or departure from the CVs in 

the literature in terms of structure, shape, and features before and after the laser measurements 

(cf. Figure 5.5).[432]  

A) B) 

  
C) D) 

 

 

 

Figure 6.20. (A to D) The evaluated charge density from the current transients plotted as a function of the 

applied potential for the Pd MLs on the Au electrodes in Ar-saturated 0.1 M LiOH, 0.1 M NaOH, 0.1 M KOH, 

and 0.1 M CsOH electrolytes. The pHs of the various electrolytes were ca. 13. The PME value is indicated 

with an arrow, which occurs at the zero crossing of the charge density. The sweep direction of the laser 

measurements is marked with an arrow moving from right to left (higher to lower applied potentials). 

 

Ar saturated 0.1 M KOH 

0.65V
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The PME values decreased in the order of Li+ > Na+ > K+ > Cs+. Specifically, the PME values 

of the Pd MLs on the Au QCM electrode in Ar-saturated 0.1 M LiOH, 0.1 M NaOH, 0.1 M 

KOH, and 0.1 M CsOH were ~0.72 V, ~0.69 V, ~0.65 V, and ~0.63 V vs. RHE, respectively 

(cf. Figure 6.20). Admittedly, the PME for the system containing the Li+ cation was identified 

beyond the initial probed potential window. Therefore, an extension of the potential range was 

employed for that system, with the caution to stay within the double-layer region. The obtained 

PME results signify that LiOH would show poor activity performance toward the HER while 

CsOH would show optimum activity toward the HER, with the reverse scenarios for LiOH and 

CsOH true toward the ORR. These inferences are corroborated by previous HER experiments 

performed on Pt in alkaline media.[357,370,373] Stemming from this, one can forecast that the 

activity measurement toward both the HER and ORR would follow the same trend as predicted 

from the estimated PME in accordance with the hypothesis: the closer the PME is to the 

thermodynamic equilibrium potential of a specific electrocatalytic reaction, the faster the 

kinetics of that reaction becomes. In essence, the PME correlates with the electrocatalytic 

activity and, by extension, the selectivity of reactions.       

 

Figure 6.21. Graphical representation of the PME plotted as a function of the cation hydration energy. The 

measurements were conducted on Pd MLs on the Au electrode in AMOH, where AM = (Li+, Na+, K+, Cs+). 

An almost linear trend is observed. 

 

Interestingly, the PME scales almost linearly with the hydration energy of the various alkali 

metal cations (cf. Figure 6.21), which is also in agreement with an earlier cation effect study 

on the SURMOF electrodes toward the OER.[131] 
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In a nutshell, the PME is a reliable parameter to predict the activity of electrocatalytic reactions 

correctly; hence, it is more essential for catalysis than the PZC. Electrolyte components, namely 

cations, contribute significantly toward the overall performance of electrocatalytic reactions 

and systems. 

 

 

6.7 Electron Paramagnetic Resonance Spectroscopy 

 

6.7.1   Hydrogen Adsorption on Pt 

Despite the unambiguity in the usefulness of EPR spectroscopy in electrochemistry, the 

application of solvents (especially water) is particularly problematic due to their high relative 

permittivity, as revealed in the reference.[503] The consequence of this bottleneck is evinced 

through the weakening of the obtained signal occasioned by the solvent’s ability to absorb 

electromagnetic (microwave) radiation. To circumvent this challenge, immense significance 

must be placed on designing suitable miniature cells with specific dimensions.  

 

Methodology. It is essential to remark that Pt was chosen as the working electrode for these 

investigations because of its conventional nature, popularity, and broad scope of use in the 

electrochemistry community. It is classified as a model electrode and/or catalyst with already-

known features, properties, etc. Moreover, several in-situ EC-EPR studies have already been 

performed using Pt as the working and counter electrodes (cf. Figures 5.8 and 5.9).[142,143,146,149] 

It must be, however, stated that these research works conducted in the recent past mainly 

focused on the in-situ generation of organic radicals[142,143,146,149] and a few on the in-situ 

generation of paramagnetic metal complexes.[504 ,505] The main target of this section is to 

investigate the hydrogen adsorption process in the Hupd region in the presence of liquid 

electrolytes. In other words, the aim is to detect atomic hydrogen species with one unpaired 

electron and should therefore be EPR active/visible. Whether it is detectable at room 

temperature at all is a question this study tries to answer. To realize this, the potentials in the 

Hupd region (adsorption and desorption) were held for several minutes while measuring the EPR 
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response. However, before this, the cyclic voltammogram is performed to ensure the surface 

purity of the working electrode.  

The as-received in-situ EC-EPR cell from LINEV ADANI (Belarus) (cf. Figure 5.10) was used 

for the experiments, except for a change from graphite to Pt as the working electrode and the 

counter electrode from Ag to Pt. The initial CVs performed using different reference electrodes 

(Pt, and Pd, respectively) are shown in Figures 5.11A and B. Nearly the entire length of the RE 

(Pd wire) was placed in a Teflon (PTFE) tube (AWG 32, ZEUS, USA) of inner and outer 

diameters, 0.25 mm and 0.33 mm, respectively, to insulate it from the counter electrode (Pt). 

This was essential to avoid any short circuit possibility. About 3 to 5 mm of the RE was left 

uninsulated. All three electrodes were introduced into the ca. 2 mm outer diameter EPR tube 

with an inner diameter of ca. 0.8 mm. A labeled pictorial representation of the various in-situ 

EC-EPR cell components, including the cell holder/protector, is displayed in Figure 6.22A. A 

good appreciation of the different electrode lengths used in the implementation can be seen. It 

is essential to remark that the part of the in-situ cell that goes into the cavity is from the center 

of the distance between the reference and working electrodes to about 10 mm of the working 

electrode’s length. The gap ensures that at least 10 mm of the working electrode and electrolyte 

lies within the EPR cavity. More importantly, the arrangement prevents the reference and 

counter electrodes from electromagnetic interactions. A pictorial and schematic depiction of the 

fully assembled in-situ EC-EPR cell without its holder/protector is shown in Figure 6.22B. A 

complete representation of the fully assembled in-situ EC-EPR cell is provided in Figure 

6.22C. Herein, the electrodes were of dimensions ca. 0.20 mm. Electrochemistry (CV), EPR 

tuning, and subsequent measurements were all possible with this configuration.  
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A) B) 

  
C) 

 
Figure 6.22. A) Labeled pictorial depiction of the various components of the in-situ EC-EPR cell. The labeled 

parts are as follows: 1 - connecting pin, 2 - silicon connecting tube, 3 - counter electrode (Pt), 4 - Teflon 

tube, which insulates the reference almost the entire length of the reference electrode from the counter 

electrode to prevent the possibility of short circuit, 5 - reference electrode (PdH), 6 - the distance between 

the reference and working electrode (maximum of 10 mm was used), 7 - capillary tube, 8 - working electrode 

(Pt), and 9 - the holder/protector for the EPR capillary cell. The reference, counter, and working electrodes 

length are 100 mm, 96 mm, and 44 mm, respectively. About 3 mm of the reference electrode is left uninsulated 

in this case. B) Pictorial representation (left) and labeled schematic diagram (right) of the fully assembled 

quartz EPR capillary cell. The capillary tube has an outer diameter (Æ) of 2 mm and an inner diameter of 

0.8 mm. C) Fully assembled in-situ EC-EPR cell. This incorporates the quartz EPR capillary cell in its 

holder/protector, with a red wire connecting the reference electrode to the potentiostat and a black wire 
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connecting the working electrode to the potentiostat. In contrast, a Pt wire connects the counter electrode to 

the potentiostat. 

Figures 6.23A and B show the voltammetric measurements performed in the Hupd and the entire 

potential regions in an Argon-saturated 0.1 M HClO4 medium using a mercury-mercurous 

sulfate reference electrode. It is essential to remark that the CV measurements in Figures 6.23A 

and B were obtained using the in-situ EC-EPR cell outside of the EPR spectrometer. 

Subsequently, the in-situ EC-EPR cell was placed inside the EPR spectrometer to record 

another voltammetric measurement conducted in an Ar-saturated electrolyte atmosphere (cf. 

Figure 6.23C). Due to the compactness of the in-situ EC-EPR cell and the EPR spectrometer, 

a PdH reference electrode was used in this configuration. After optimizing the CV, the EPR 

was tuned. The in-situ EC-EPR investigations were performed by holding the potentials for 25 

minutes at the Hupd region to ensure that a sufficient quantity of atomic hydrogen is formed on 

the surface of Pt WE for being detected by EPR. 

Before the in-situ measurements, the 2 mm outer diameter quartz EPR tube was inserted into 

the EPR device to obtain its response toward the EPR signal. Generally, relatively weak signals 

were obtained with low signal-to-noise ratios (cf. Figure 6.24). Its corresponding integrated 

spectrum is also portrayed in the upper part of Figure 6.23D. It is essential to remark that the 

reference quartz EPR tube signals are weakened due to the introduction of the electrolyte. From 

the information obtained from the reference EPR signal, any slight modification could mean a 

possibility to detect adsorbed hydrogen or other paramagnetic species produced during the 

electrochemistry since Pt is by itself non-paramagnetic and, therefore, EPR inactive. The as-

obtained EPR spectra after holding desorption potentials for 25 minutes at 0.25 V and 0.30 V 

vs. PdH RE are plotted in Figure 6.24. One can observe the appearance of additional EPR 

spikes/peaks for the two held potentials when compared to the reference, indicating a successful 

caging of atomic hydrogen on the surface of the working electrode. The EPR signal at 0.25 V 

appears more pronounced and generates a few more spikes than at 0.30 V vs. PdH RE. Similar 

results can be observed in the integrated EPR spectra (cf. Figure 6.23D). This indicates the 

presence of some intermediate paramagnetic radical species, e.g., adsorbed hydrogen, which 

appeared at 0.25 V vs. PdH but was less evident at 0.30 V vs. PdH. Despite the long potential 

holding time, the obtained EPR signal needs to be stronger (seems very weak). This could be 

due to the constant quantity of paramagnetic species, which supports the hypothesis that this 

signal is due to Hupd, the limitation of the EPR sensitivity, or the electrolyte’s dampening of the 

microwave radiation. 
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A) B) 

  

C) 
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Figure 6.23. Cyclic voltammogram of Pt as the working electrode in A) narrow potential range, i.e., 

hydrogen under potential deposition region, and B) broad potential in an Ar-saturated 0.1 M HClO4 with a 

scan rate of 50 mV s-1 C) Cyclic voltammogram performed in an Ar-saturated 0.1 M HClO4 environment 

using a scan rate of 200 mV s-1 D) Integrated spectra of the capillary cell. Top: Integrated reference spectrum 

obtained with two visible EPR signals (336.1 mT, 336.7 mT) stemming from the tubes. Bottom: Integrated 

EPR spectra of the whole in-situ cell at desorption potentials 0.25 V and 0.30 V vs. PdH RE. Asterixes: 

Additional EPR signals around magnetic field values of 333.8 mT (g = 2.023) and 338.5 mT (g = 1.995) for 

+0.25 V vs. PdH. The parameters used for the measurements are as follows: Sweep time: 1500 s, modulation 

amplitude: 200 µT, power: 0.1 mW, microwave frequency: 9.452 GHz. 

 

EPR Spectra of the Pt-HClO4-PdH In-situ Cell 

The EPR spectrum of the quartz EPR capillary tube was recorded to serve as the reference (cf. 

upper part of Figure 6.24). The as-recorded EPR spectra conducted in-situ by holding the 

potentials at 0.25 V and 0.30 V vs. PdH, respectively, are also displayed with a magnification 

factor of 4 compared to the reference spectra (center and bottom part of Figure 6.24). 
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Figure 6.24. As-obtained EPR signals for the quartz EPR tube (reference) and the in-situ cell at hydrogen 

underpotential deposition potentials of 0.25 V and 0.30 V vs. PdH RE. Each spectrum is an average of three 

recordings. The spectra of the in-situ cell are multiplied by a factor of four with respect to the reference 

signal. 
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7.0 Concluding Remarks and Perspectives 

This work aimed to study the influence of the electrolyte composition on the properties of the 

electric double layer and the electrode activity. In this respect, the unique laser-induced current 

transient technique was applied in the investigation of various electrochemical reactions and 

systems. The effects of electrolyte pH, alkali metal cation, and anion were systematically 

investigated. In particular, the hydrogen evolution, oxygen reduction, and oxygen evolution 

reactions were selected. Based on the obtained results, it can be inferred that the reaction under 

study proceeds at a fast rate when the potential of maximum entropy is closer to the 

thermodynamic equilibrium potential of that specific reaction, in line with our hypothesis. 

Another target of this dissertation was to develop and build a functional in-situ EC-EPR cell to 

probe the reaction mechanism of electrocatalytic reactions.  

In sections 6.1 and 6.2, the measurements were conducted for the polycrystalline gold 

electrodes in electrolytes of various compositions. The LICT technique experiments with cyclic 

voltammetry confirmed electrolyte composition’s influence on the EDL’s properties. For the 

Aupc in HClO4 solutions at different pH values, higher H+ concentrations of electrolytes lead to 

the enhancement of both electrode activities towards the HER. By contrast, lower H+ 

concentrations of electrolytes lead to the enhancement of the activities towards the ORR. This 

is because the PME for lower pH values was closer to the thermodynamic equilibrium potential 

of the HER. In comparison, the PME is closer to the ORR for electrolyte compositions with 

lower concentrations of H+. The introduction of oxygen can also alter the EDL properties 

because the local protons at the electrode/electrolyte interface can be consumed by reducing O2 

during the LICT measurements; this, in turn, leads to a change in the local pH.  

Regarding the alkali metal cations, the PME showed a higher sensitivity to the pH in the 

presence of K+ than Na+. The PME increased with the rise of the electrolyte pH. However, it is 

worth noting that the PME can be altered sharply at some point (for instance, from pH 4 to 6 

for the Aupc electrode in 0.5 M K2SO4 solution). Besides, the interfacial structure for the Aupc 

electrode in the electrolyte containing Na+ and K+ ions can be hugely different because of the 

enormous PME difference for these two cations, for instance, at pH 6. In this case, Na2SO4 and 

K2SO4 cannot be considered equal supporting electrolytes. As for the case in HClO4 solutions, 

oxygen can also move the PME to more positive potentials in the alkali metal cations 

electrolyte. When fixing pH at 6, there was a linear relationship between the PME and the HER 

and ORR activities for the Aupc electrodes in the presence of alkali metal cations. The PME 
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increased with the decrease of hydration energy in the following order: Li+ < Na+ < K+ < Cs+. 

The rate of the HER increased in the Li+-containing solutions, while the activity toward the 

ORR became higher in the presence of Cs+. One can deduce that the electrode activity depends 

on the nature of the alkali metal cation since the HER and ORR activities presented a linear 

trend with the hydration energies of the corresponding alkali metal cations. The results of this 

part demonstrated that the different H+ concentrations and the presence of alkali metal cations 

influence the interfacial structure, which can be further seen in electrocatalytic reactions.  

Section 6.3 investigated the alkali metal cation effect on the OER activity of the surface-

mounted metal-organic framework (SURMOF)-derived NiFe(OOH) electrocatalysts in 

alkaline media. It was established that the activity of the SURMOF-derivatives towards the 

OER shows a decreasing order, i.e., Cs+ > K+ > Na+ > Li+. The LICT measurements revealed 

that the PME of the SURMOF derivatives was closer to the thermodynamic equilibrium 

potential of the OER in the presence of Cs+. Furthermore, the obtained PME showed an 

approximately linear relationship with the OER activity, which evidences a clear correlation 

between the OER performance of the SURMOF-derivatives and the nature of the alkali metal 

cation. The observed results in this part further confirm our expectation that the closer the PME 

is to the thermodynamic equilibrium potential of a particular reaction, the faster that reaction 

would be. 

Section 6.4 dealt with the impact of anions on the NiHCF PBA battery cathode electrode. The 

electrolytes deployed for this purpose were 0.25 M Ar-saturated sodium-based anions NaX (X 

= ClO4-, NO3-, Cl-, SO42-, CH3COO-). Multiple PMEs were obtained for every electrolyte. Apart 

from NaOAc and NaNO3, showing two and three PMEs, respectively, the remaining exhibited 

five PMEs. Moreover, the plot of PME against hydration energy did not particularly follow any 

trend. Therefore, the data interpretation took a lot of work. Nonetheless, one can observe the 

influence of anions in the ongoing PME and intercalation and deintercalation processes. 

In sections 6.5 and 6.6, the LICT assessments on atomic layer deposition deposited Pd 

monolayers on the Au QCM electrodes and electrochemically deposited Pd monolayers on the 

Au electrodes were performed. The ALD-deposited Pd monolayers on the Au QCM electrode 

system were investigated for the pH effect of varying concentrations or pHs of Ar-saturated 

perchloric acid solutions. Three principal methods were deployed: the LICT, CV, and EIS 

methodologies. The PMEs followed the order of 1 M HClO4 > 0.1 M HClO4 > 0.01 M HClO4. 

The PME scaled linearly with the electrolyte pH, implying that locally reducing protons in the 

solution will significantly improve the system’s performance toward the HER, and the opposite 
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is true for the ORR. The minimum double-layer capacitance showed the same trend as the PME 

and hence correlated nicely. Using the electrochemically deposited Pd MLs on the Au QCM 

electrodes, the impact of cations in 0.1 M AMOH (AM = Li+, Na+, K+, Cs+) was studied. 

Principally, the evaluated PME results followed the order of Cs+ < K+ < Na+ < Li+.  The results 

suggest that to enhance the HER significantly, Cs+ will be preferred since it is closest to the 

thermodynamic equilibrium potential of that reaction. Meanwhile, Li+, with the highest PME 

value, will promote the ORR. The hydration energy plot versus the applied potential reveals a 

linear relationship. Electrolyte components radically impact electrode processes. 

Overall, the LICT technique shows great potential to be a powerful tool for investigating 

various electrochemical systems, thanks to its relative simplicity and the ease of combining it 

with other techniques. Determining the PME with the LICT method provides information on 

the EDL structure, which is helpful for better understanding the mechanisms of the 

electrochemical processes at the electrode/electrolyte interface. The LICT technique has been 

successfully employed to study noble metal electrodes, non-noble metal electrodes, metal 

oxides, and polymers. The obtained information about the EDL structure is significant for 

optimizing the studied systems. Excitingly, the role of the electrolyte composition in the 

electrochemical system requires highlighting due to its importance in characterizing the 

electrode performance. The presented results in this thesis demonstrate the ability of the LICT 

technique to improve the fundamental understanding of electrolyte effects in different simple 

or complex electrochemical systems. Therefore, this method can be utilized for other 

electrochemical systems: for instance, in the presence of organic and solid electrolytes. In 

addition, it can be applied to investigate the electrochemical interface reconstruction of other 

soft coinage metals. Ultimately, this precious and unique method can be a powerful tool for 

studying the mechanism of the interfacial processes and further optimizing several 

electrochemical systems.  

In section 6.7, after relentlessly trying various configurations, a functional and unique in-situ 

EC-EPR cell setup was designed, constructed, and tested for a liquid electrocatalytic system. 

To our knowledge, this is the first report on successfully caging adsorbed hydrogen atomic 

species via in-situ EC-EPR methodology using either hydrogen or an Ar-saturated 0.1 M HClO4 

aqueous electrolyte to study the hydrogen adsorption process. Mainly, this study revealed that 

the modification in the paramagnetic species from the obtained EPR signals at 0.25 V to 0.3 V 

vs. PdH reference electrode could be linked to the formation of atomic hydrogen species.  
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Therefore, the developed methodology of combining a liquid electrocatalytic system with CV 

and EPR spectroscopy opens a leeway to probe further the selectivity and/or reaction pathway 

of other reactions through similar approaches to investigate the radical intermediates consumed 

or produced. The methodologies used in this dissertation could unlock numerous elusive 

processes and bring clarity to several electrochemical theories.    
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8.0 Appendix /Annex  

 

A) B) 

  

Figure A1.1. Labeled pictorial representation of A) The main cell compartment housing the electrolyte, the 

gas inlet and outlet, and the three electrodes, working, counter and reference electrodes. B) the fully 

assembled in-situ EC-EPR cell setup placed in the EPR device with a Teflon support and the various 

electrodes connected to the potentiostat.  
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A) B) 

  
C) 

 
Figure A2.1. A) Graphical depiction of the relation between PME and pH B) A plot of double-layer 

capacitance as a function of electrolyte pH. The electrolyte employed was Ar-saturated perchloric acid and 

the electrode was Pd MLs on the Au. C) Graphical representation of the n values (CPE exponents) of the 

CPE plotted as a function of the applied potential in various concentrations of Ar-saturated perchloric acid. 

The electrode used was Pd MLs on the Au. 
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employed by reference in their investigation. Adapted from reference.[448] Copyright © (2022), American 
Chemical Society. B) Schematic representation of the in-situ EPR cell comprising a three-electrode 
configuration in the EPR capillary. Labeled a to k are: (a) Supporting Pt wire (diameter 0.5 mm); (b) WE, 
GO membrane coated onto Pt wire, with a length of ∼2 cm; (c) intertwined Pt wire (diameter 0.05 mm); (d) 
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aqueous electrolytes, e.g., Na2SO4/KOH; (j) sealant epoxy; (k) in-situ cell introduced into the EPR cavity. 
Adapted from reference.[449] Copyright © (2018), Royal Society of Chemistry.  C) Schematic depiction of the 
in-situ EPR cell design used by reference[439] with a three-electrode configuration. Activated Carbon, Pt, and 
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Figure 5.9. A) Pictorial representation of the interior of the EPR device, particularly highlighting the LGR 
attached to the constructed EC-EPR cell. B) The EC-EPR cell specifically developed to fit into the LGR. 
Labeled 1 to 6 are: 1, 3 - capillary supports, 2a - EPR sample tube specifically for use in the Q-band regime, 
2b - X-band EPR tube for structural support, 4 - an adaptor for electrodes and sample flow, 5 - pegs for 
electrode attachment, 6 - capillary aiding the insertion of the working electrode to the resonator’s sensitive 
part. WE, CE, and RE stand for working, counter, and reference electrodes, respectively.  C) The output 
signal intensity plotted as a function of the magnetic field. Enhanced EPR signal sensitivity is realized using 
the LGR relative to the typical TE011 resonator used in most resonator cavities. Reproduced from 
reference[435]with permission from the Royal Society of Chemistry. Copyright © (2015), Royal Society of 
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Figure 5.10. A) The in-situ EC-EPR cell components as-received from LINEV ADANI. Labeled 1 is the 
syringe, 2 - represents the working electrode, graphite in this case, 3 - is the counter/reference electrode; the 
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electrodes placed in the quartz EPR capillary tube. Particularly interesting is the display of the region where 
the center of the resonator is marked. C) Fully assembled EC-EPR cell D) The fully assembled EC-EPR cell 
in contact with their respective connecting pins. E) The connecting pins linked to the potentiostat. ......... 130 

Figure 5.11. A) Cyclic voltammogram of Pt working electrode with Pt as CE and RE in an argon-saturated 
0.1 M HClO4 at a scan rate of 50 mV s-1. B) CV implemented on Pt WE and CE with Pd as the RE in an 
argon-saturated 0.1 M HClO4 at a scan rate of 200 mV s-1. C) Graphical illustration of the hydrogen 
evolution reaction region performed using Pd as the working electrode and Pt as both counter and reference 
electrodes in 0.1 M HClO4 in an open-air environment. D) Current held at -1 mA in the HER region for 300 
seconds to further cause hydrogen adsorption in the bulk of Pd to produce a PdH reference electrode. .. 131 

 

Figure 6.1. Typical cyclic voltammograms of Aupc measured at different pH values (0, 1, and 2) of the HClO4 
electrolytes. Scan rate: 50 mV s-1. It is important to note that the CVs before and after the LICT measurements 
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Figure 6.2. Model LICTs measured for Aupc in an Ar-saturated HClO4 at A) pH 1 and B) pH 2. It should be 
noted that all initial current values of the obtained transient peaks have been normalized to zero to ease 
comparison. The PME is located between the two potentials where the sign of the current transient varies. 
Reproduced from reference.[161] ................................................................................................................... 134 

Figure 6.3. (A to E) Current extrema of the LICT results attained for the Aupc electrode at different pH values 
(0, 0.5, 1.0, 1.5, and 2.0) of Ar-saturated HClO4 electrolytes. F) The PME of Aupc plotted as a function of the 
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Figure 6.4. Characteristic A) HER and B) ORR polarization curves for Aupc electrodes recorded at several 
pH values (0, 1.0, and 2.0) of H2-saturated or O2-saturated HClO4 electrolytes. To augment the visibility, 
only the region dominated by the four-electron ORR kinetics is shown in B). C) The HER activities of Aupc, 
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Figure 6.5. Representative cyclic voltammograms of Aupc at various pHs (2, 4, 6, 8, and 10) in 0.5 M Ar-
saturated A) Na2SO4 and B) K2SO4 electrolytes. The scan rate used was 50 mV s-1. Reproduced with 
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permission from reference. [130,161] Copyright © (2021), The Authors. Published by Wiley-VCH GmbH. Open 
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Figure 6.23. Cyclic voltammogram of Pt as the working electrode in A) narrow potential range, i.e., 
hydrogen under potential deposition region, and B) broad potential in an Ar-saturated 0.1 M HClO4 with a 
scan rate of 50 mV s-1 C) Cyclic voltammogram performed in an Ar-saturated 0.1 M HClO4 environment 
using a scan rate of 200 mV s-1 D) Integrated spectra of the capillary cell. Top: Integrated reference spectrum 
obtained with two visible EPR signals (336.1 mT, 336.7 mT) stemming from the tubes. Bottom: Integrated 
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