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Abstract 

Storing energy from renewable but intermittent energy sources such as wind and solar into 

chemical bonds is one of the most promising strategies we have for transiting from fossil fuel-

based technologies and addressing the environmental challenges we currently face. A vital part 

of this strategy is the production of hydrogen through electrochemical water splitting, where 

the oxygen evolution reaction (OER) is still a fundamental bottleneck and the rate-limiting part 

of the reaction. Recent efforts have focused on developing efficient electrocatalysts for alkaline 

electrolysis using earth-abundant materials such as 3d transition metal oxides and hydroxides 

based on Ni and Co. Notably, it has been found in previous work that cationic species in the 

electrolyte can strongly influence the properties of these materials. The exact impact of these 

species and how they alter the catalyst morphology under reaction conditions, however, remain 

poorly understood due to lack of in situ and operando microscopy investigations that reveal 

such changes at the nanoscale. 

Among the impurities relevant to OER, iron (Fe) is particularly influential. It has been widely 

reported that incorporating Fe into Ni or Co-based OER catalysts, whether intentionally or 

unintentionally, significantly enhances their OER activity. However, obtaining direct insight 

into how Fe alters the structure of Ni and Co (hydro)oxides during the reaction remains a 

challenge, which in turn limits our understanding of the mechanisms behind its role. A major 

part of my thesis focuses on revealing the effect of Fe impurities in the electrolyte on catalyst 

morphology using state-of-the-art operando microscopy and spectroscopy methods, especially 

with electrochemical liquid-cell transmission electron microscopy (EC-TEM). In the latter part 

of the thesis, I will discuss the impact of a more innocuous but common cationic impurity, Na, 

on the long-term evolution of Ni hydroxides reacted in potassium hydroxide. 

In Chapter 3, I first describe the specific changes that occur in NiO when Fe is added into the 

electrolyte. To track the chemical changes arising from Fe impurities, I extended our EC-TEM 

study to incorporate time-resolved energy-dispersive X-ray spectroscopy (EDS) mapping of 

the samples under reaction conditions. These results together with supporting evidence from 

additional operando spectroscopy measurements on the same pre-catalysts revealed that when 

Fe is present in the electrolyte during OER, it transforms the NiO surface into a superficial 

layer of NiFe layered double hydroxide. This continuous transformation of the surface can be 

correlated with the beneficial shift in onset potential for water oxidation. The superficial layer, 
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however, does not grow with further reaction time in the presence of Fe. Instead, Fe aggregates 

start to form once the NiO surface becomes saturated and these aggregates poison the surface, 

leading to a decrease in the anodic currents for OER.  

Building on the findings from Chapter 3, I extended our investigation to the incorporation of 

Fe into Co and Ni hydroxides (Chapter 4). Specifically, I studied the behavior of Co(OH)2 

nanosheets and investigated their chemical and structural changes during OER, with and 

without Fe impurities, through correlated operando microscopy and spectroscopy. Here, 

operando scanning transmission X-ray microscopy measurements were performed to provide 

spatially resolved information about the catalyst oxidation state. The results revealed that 

Co(OH)2 underwent significant restructuring in Fe-free electrolytes by forming amorphous 

CoOxHy, which was accompanied by catalyst dissolution-redeposition where Co were 

redeposited as Co3+ or Co3+ŭ (hydr)oxide nanoparticles. In the presence of Fe, I saw 

significantly less redeposition and the formation of a stable Co(Fe)OOH phase on the surface, 

which I attributed to the reduced morphological changes. The lower average oxidation state of 

Co observed in our system is a direct consequence of this reduced dissolution-redeposition 

cycle, highlighting how the balance of restructuring, dissolution and redeposition alters the 

performance of Co-based catalysts and leads to a revised interpretation of the function of Fe 

versus that of the Co host during catalytic processes.  

In Chapter 5, this thesis broadens its scope to examine the influence of Na+ and K+ ions in a 

KOH electrolyte. Here, we compared the evolution of well-defined Ni(OH)2 nanoplates in 

NaOH, KOH and KOH with trace amounts but defined impurity concentration of Na+. Through 

both electrochemical and (operando) structural characterization, I show that even trace-

amounts of Na+ ions in a KOH electrolyte accelerates the ɓ- to ɔ-NiOOH phase transition of 

the catalyst, resulting in lower long-term OER activity. This is driven by the different 

intercalation behaviors of metal cations. Specifically, the ɓ-NiOOH phase tends to overcharge 

into the ɔ-NiOOH phase upon intercalation of K+. The presence of Na+ ions, with their larger 

hydrated radius, further facilitates this overcharging in mixed electrolytes by expanding the 

interlayer structure. This work provides valuable new insights into the relationship between 

cation intercalation and surface restructuring in nickel-based catalysts. It also emphasizes the 

importance of controlling cation composition in the electrolyte to optimize OER performance. 

In summary, the work described in this thesis reveals the structural changes induced by cationic 

impurities in model Ni and Co-based pre-catalysts for OER. Scientifically, it highlights how 
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we must consider the impact of the catalyst structural evolution under applied potential to 

obtain a more comprehensive understanding of these impurities and their associated effects. 

Another aspect of the work encompasses the advancement of multi-modal operando 

microscopy approaches, particularly with the incorporation of concurrent time-resolved EDS 

mapping and correlative operando investigations combining both electron and X-ray 

microscopy insights, which will inspire the use of similar approaches towards the study of 

functional materials under working conditions.    

 

 

Keywords  

Electrochemical liquid-cell transmission electron microscopy; oxygen evolution reaction; 

Ni/Co-based (hydr)oxides; Fe impurities; Na+ impurities; in situ/operando 

microscopy/spectroscopy  



 

xii  

 

Kurzzusammenfassung 

Die Speicherung unregelmäßig verfügbarer erneuerbarer Energien aus Wind und Sonne in 

Form chemischer Bindungen ist einer der vielversprechendsten Ansätze, aktuelle 

Umweltproblematiken zu lösen und den Abschied von fossilen Energieträgern zu bewältigen. 

Zentrale Bedeutung hat hierbei die Erzeugung von Wasserstoff durch elektrochemische 

Wasserspaltung, in welcher die Sauerstoffentwicklung (oxygen evolution reaction, OER) 

geschwindigkeitsbestimmend ist. Jüngste Fortschritte wurden in der Entwicklung effizienter 

Elektrokatalysatoren auf Basis reichlich verfügbarer 3d-Übergangsmetalloxiden und -

hydroxiden, wie Ni und Co, erzielt. Bemerkenswert ist hierbei die Rolle kationischer Spezies 

im Elektrolyten. Frühere Arbeiten konnten wiederholt feststellen, dass solche die 

Eigenschaften dieser Materialien stark beeinflussen können. Die Art und Weise, wie diese 

Kationen die Morphologie des Prä-Katalysators unter Reaktionsbedingungen verändern, blieb 

jedoch aufgrund fehlender Operando-Mikroskopie-Untersuchungen, die solche 

Veränderungen auf Nanometerebene aufzeigen können, im Dunkeln. 

Unter diesen kationischen Verunreinigungen in der OER sticht Eisen (Fe) als besonders 

einflussreich hervor. Wiederholt wurde berichtet, dass das beabsichtigte oder unbeabsichtigte 

Einbringen von Fe in Ni- oder Co-basierte OER-Katalysatoren deren Aktivität erheblich 

steigert. Jedoch konnte bislang nicht direkt beobachtet werden, wie Fe die Struktur von Ni- und 

Co-(Hydr)oxiden während der Reaktion verändert, was unser Verständnis von diesem Vorgang 

einschränkt. Ein wesentlicher Teil meiner Dissertation konzentriert sich darauf, den Einfluss 

von Fe-Verunreinigungen im Elektrolyten auf die Morphologie des Prä-Katalysators mit Hilfe 

modernster Operando-Mikroskopie- und -Spektroskopiemethoden, insbesondere der 

elektrochemischen Flüssigzellen-Transmissionselektronenmikroskopie (electrochemical 

liquid cell transmission electron microscopy, EC-TEM), aufzudecken. In einem späteren Teil 

der Arbeit werde ich die Auswirkungen von unscheinbaren, aber schwer vermeidbaren Na-

Verunreinigungen in KOH-Elektrolyten auf die langfristige Evolution von Ni-Hydroxiden 

diskutieren. 

In Kapitel 3 untersuche ich Veränderungen in NiO, die auftreten, wenn dem Elektrolyten Fe 

beigemischt wird. Hierfür haben wir unsere EC-TEM-Methodik erweitert, um zeitaufgelöste 

energiedispersive Röntgenspektroskopie (energy dispersive X-ray spectroscopy, EDS) der 

Proben unter Reaktionsbedingungen zu ermöglichen. Diese Ergebnisse zeigen in Kombination 
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mit Operando-Spektroskopie-Messungen, dass NiO-Oberflächen während der OER in Fe-

haltigen Elektrolyten in geschichtetes NiFe-Doppelhydroxid (layered double hydroxide, LDH) 

umgewandelt werden. Darüber hinaus korreliert die kontinuierliche Transformation der 

Oberfläche mit einer vorteilhaften Verringerung des Einsetzpotentials für die Wasseroxidation. 

Unter weiterem Fe-Zusatz wächst die Oberflächenschicht jedoch nicht mehr. Stattdessen 

beginnen sich nach Sättigung der Oberfläche Fe-Aggregate zu bilden, die die Oberfläche 

vergiften, was zu einem Rückgang des Anodenstroms führt. 

Ausgehend von den Erkenntnissen aus Kapitel 3 haben wir unsere Untersuchung auf den 

Einfluss von Fe auf Co-Hydroxide ausgeweitet (Kapitel 4). Insbesondere habe ich das 

Verhalten von Co(OH)2-Nanoschichten in Bezug auf chemische und strukturelle 

Veränderungen während der OER, unter Absenz oder Präsenz von Fe-Verunreinigungen, 

untersucht. Korrelierende Operando-Mikroskopie und Spektroskopie wurden insbesondere 

durch Operando-Röntgenmikroskopie ergänzt, um räumlich aufgelöste Informationen über 

den Oxidationszustand des Katalysators zu gewinnen. Die Ergebnisse zeigen, dass Co(OH)2 

im Fe-freien Elektrolyten in amorphes CoOxHy umgewandelt wurde, begleitet von Auflösung 

des Katalysators, sowie Neubildung in Form von Co3+- oder Co3+ŭ-(Hydr)oxid-Nanopartikeln. 

In Gegenwart von Fe beobachtete ich signifikant weniger Neubildung, sowie die Bildung einer 

stabilen Co(Fe)OOH-Phase auf der Oberfläche, welche den geringeren morphologischen 

Veränderungen zuzuschreiben ist. Der niedrigere durchschnittliche Oxidationszustand von Co 

in unserem System ist eine direkte Folge des verminderten Zyklus aus Auflösung und 

Neubildung, was verdeutlicht, wie das Zusammenspiel von Restrukturierung, Auflösung und 

Neubildung die Leistung von Co-basierten Katalysatoren beeinflusst. Dies führt zu einer neuen 

Interpretation des Einflusses von Fe im Vergleich zu der Funktion des Co-Trägers während 

katalytischer Prozesse. 

In Kapitel 5 untersucht diese Arbeit den Einfluss von Na+-Ionen in KOH-Elektrolyten. Hierfür 

verglichen wir die Evolution wohldefinierter Ni(OH)2-Nanoplättchen in Elektrolyten aus 

NaOH, sowie KOH mit und ohne Zusatz geringer Mengen von Na+. Durch eine Kombination 

elektrochemischer Messungen und (Operando-) Strukturuntersuchungen zeige ich, dass selbst 

Spuren von Na+-Ionen in einem KOH-Elektrolyten den Übergang des Katalysators von der ɓ- 

zur ɔ-NiOOH-Phase beschleunigen, was die Langzeitaktivität bezüglich der OER verringert. 

Verantwortlich dafür ist unterschiedliches Interkalationsverhalten der Metallkationen. 

Insbesondere die ɓ-NiOOH-Phase neigt zur Überladung hin zur ɔ-NiOOH-Phase durch 
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Interkalation von K+. Die Präsenz von Na+-Ionen in gemischten Elektrolyten, mit ihrem 

größeren hydratisierten Radius, erleichtert diese Überladung zusätzlich, indem die 

Zwischenschichtstruktur ausgeweitet wird. Diese Arbeit liefert wertvolle neue Erkenntnisse 

über den Zusammenhang zwischen Kationeninterkalation und Oberflächenumstrukturierung in 

Ni-basierten Katalysatoren. Sie betont außerdem die Bedeutung der Kontrolle über die 

Kationen-Zusammensetzung des Elektrolyten für die Optimierung der OER-Leistung. 

Zusammenfassend offenbaren die in dieser Arbeit beschriebenen Experimente strukturelle 

Veränderungen, welche durch kationische Verunreinigungen in Modell-Prä-Katalysatoren für 

die OER verursacht werden. Sie verdeutlicht die Notwendigkeit, die Auswirkungen der 

Katalysatorstrukturevolution unter angelegtem Potential zu berücksichtigen, um ein 

umfassenderes Verständnis dieser Verunreinigungen und ihrer damit verbundenen Effekte zu 

erlangen. Ein weiterer Aspekt der Arbeit umfasst Fortschritte bei der Entwicklung 

multimodaler Operando-Mikroskopiestudien, insbesondere mit der Einbindung zeitaufgelöster 

EDS-Kartierung und korrelativer Operando-Untersuchungen, welche sowohl Elektronen- als 

auch Röntgenmikroskopie kombinieren. Dies wird die Einführung ähnlicher Methoden für die 

Untersuchung funktionaler Materialien unter Arbeitsbedingungen inspirieren. 
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1. Introduction 

1.1 Technological Challenges in Building a Hydrogen Economy 

Our modern societyôs reliance on fossil fuels like coal and oil has led to critical issues, such as 

the depletion of non-renewable energy resources and the emission of waste gases including 

carbon dioxide (CO2), hydrocarbons (HC), nitrogen oxides (NOx), sulfur dioxide (SO2), that 

must be addressed quickly to reduce their impact on future generations. The gaseous emissions 

have, in particular, contributed to severe climate change and living cost instability.1 

Consequently, the world has increasingly looked towards the development of renewable energy 

sources, including solar, tidal, and wind power, aiming for a more sustainable way to maintain 

our way of life.2-3 According to the 2023 World Energy Outlook report from the International 

Energy Agency, it is projected that by 2030, the global energy system will experience 

substantial changes, with renewable energy expected to constitute nearly 50% of the global 

power mix.4 Conventional electric power systems, however, often face challenges due to 

significant demand fluctuations between peak and off-peak periods,5 which makes it difficult 

to rely fully on the renewable energy sources that are intermittent, unpredictable, subject to 

seasonal and diurnal fluctuations, and tend to be land-intensive.1 Therefore, a widespread 

adoption of renewable energy sources also requires efficient conversion and storage of 

electricity derived from solar or wind energy into long-term stable forms that can be stored and 

tapped upon according to changing energy demands. This need has driven continuous research 

efforts towards clean energy conversion technologies utilizing green and renewable sources. 

Examples of such technologies under current investigation include electrochemical water 

splitting, electrochemical CO2 reduction, metal-air batteries, electrical capacitors, and 

reversible fuel cells.  

Hydrogen (H2), with its high gravimetric energy density of 140 MJ/kg, stands out as an eco-

friendly and sustainable option compared to traditional fossil fuels, making it an ideal clean 

energy carrier (Figure 1.1).6-7 Despite its potential, most large-scale hydrogen production 

methods still rely on methane steam reforming or coal gasification at high temperatures, which 
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have the environmental drawbacks associated with the use of fossil fuels. Thus, efficient 

methods for producing hydrogen from water using the energy from renewable sources are key 

to overcoming the limitations of our current energy systems and achieving our long-term 

environmental goals.7 

Figure 1.1 A sustainable hydrogen economy strategy incorporates renewable energy sources with 

electrochemical water splitting, supplemented by steam reforming and cracking processes. 

 

1.2 Electrochemical Water Splitting  

Electrochemical water splitting emerges as a promising eco-friendly hydrogen production 

technology, potentially enabling large-scale hydrogen generation while converting surplus 

renewable electricity into hydrogen chemical energy. This method effectively addresses 

challenges related to energy conversion, storage, and transportation, thereby promoting a 

carbon-neutral energy cycle. Currently, water electrolysis contributes approximately 4% 

product of global hydrogen fuel, with large-scale commercialization hindered by the high costs 
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and poor long-term stability of current electrocatalysts.8 The electrochemical water splitting 

reaction is expressed as follows: 

(/ Ìᴼ( Ç  
ρ

ς
/ Ç %ÑȢρȢρ 

The thermodynamic potential required for water electrolysis is 1.23 V,9 accompanied with a 

Gibbs free energy of + 273 kJ/mol. In practical applications, a substantially larger voltage is 

generally required to overcome other factors, such as the electrode activation energy, ion and 

gas diffusion limitations, electrolyte concentration gradients, and system resistance.  Therefore, 

commercial electrolyzers typically operate at overpotentials between 1.8 and 2.0 V, which 

increases costs and reduces efficiency. A major limiting factor is the lack of low-cost, but 

effective and durable electrocatalysts for the oxygen-forming half of the reaction.  

Water splitting consists of two half-reactions: the hydrogen evolution reaction (HER) occurring 

at the cathode and the oxygen evolution reaction (OER) taking place at the anode, as depicted 

in Figure 1.2. These half-reactions vary based on the pH conditions of the electrolyte, as shown 

in Figure 1.3. OER, which involves a four-electron-proton coupling reaction, is more sluggish 

compared to the two-electron transfer of HER, consuming more energy and limiting the overall 

efficiency of the system for sustainable hydrogen production. Therefore, understanding the 

OER mechanism is crucial for developing strategies to accelerate its kinetics and enhance the 

overall efficiency of the electrochemical water splitting.9-10 

Figure 1.2 Schematic illustration of electrochemical water splitting.  
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Figure 1.3 (a) Thermodynamic potentials of HER and OER in aqueous electrolytes based on different 

pH values under standard conditions (298.15 K, 1 atm). (b) Water splitting reactions under acidic and 

alkaline conditions. Ὁ and Ὁ  represent the equilibrium half-cell potentials at the cathode and anode, 

respectively.  

 

1.3 Oxygen Evolution Reaction (OER) 

The mechanism of OER is intricate and closely linked to the surface structure of the catalyst.10 

Despite extensive research over the past six decades, we still do not fully understand how OER 

progresses in both acidic and alkaline electrolytes.11 Various models have been proposed based 

on kinetic studies and density functional theory (DFT) calculations,10 but these models have 

yet to be fully validated by experimental results. One of the most widely accepted mechanisms 

is the Adsorption-Electrolyte Mechanism (AEM), which involves a four-electron transfer 

reaction pathway and three adsorption intermediates: M-O (an oxygen adsorbed at the surface 

site), M-OH (a hydroxyl adsorbed at the surface site), and M-OOH (a hydroperoxyl adsorbed 

at the surface site), as outlined in Table 1.1. In this model, M represents the active site on the 

electrode. Regardless of the pH conditions, the general sequence of reactions in AEM begins 

with the formation of the M-OH intermediate, which is then oxidized to form the M-O 

intermediate. The release of O2 then proceeds via two possible pathways: i) Direct pathway: In 

this pathway, two M-O intermediates combine directly to generate O2. ii) Indirect pathway: 

Here, the M-O intermediate undergoes further oxidation to form the M-OOH intermediate, 

which subsequently forms O2.
11 The specific reaction pathways and kinetics are significantly 

influenced by the binding energies of the OER intermediates (M-OH, M-O, and M-OOH) on 

the catalyst surface. These binding energies are essential in influencing the efficiency of the 
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OER process, as they affect the stability and reactivity of the intermediates involved in the 

reaction. Understanding these interactions and optimizing the binding energies are key to 

improving the performance of OER catalysts and, consequently, the overall efficiency of 

electrochemical water splitting. 

Table 1.1 Mechanism of OER in acidic and alkaline electrolytes. 

 
 

The catalystôs intrinsic electrocatalytic activity and reaction kinetics can be determined by 

analyzing the changes in the Gibbs free energy (æG) during the electrochemical reaction.10 

Both acidic and alkaline OER mechanisms involve the same intermediates at each elementary 

step, meaning that the free energy changes for OER in both environments can be described 

using the same equations. Therefore, the acidic notation is used to explain the free energy 

equations for each step: 

3ÔÅÐ ρȡ ЎὋ  Ў'   Ў'  ɀ Å5  Ὧ4ÌÎ( %ÑȢρȢς 

3ÔÅÐ ςȡ ЎὋ  Ў'   Ў'  ɀ Å5  Ὧ4ÌÎ( %ÑȢρȢσ 

 3ÔÅÐ σȡ ЎὋ  Ў'  Ў'  ɀ Å5  Ὧ4ÌÎ( %ÑȢρȢτ 

3ÔÅÐ τȡ ЎὋ  Ў'   Ў'  ɀ Å5  Ὧ4ÌÎ( %ÑȢρȢυ

Here, U represents the potential against standard hydrogen electrode (SHE) under standard 

Electrolyte Overall reaction Intermediate reaction steps 

Acidic 

electrolyte 
2H2O Ū O2 + 4H+  + 4e- 

Direct 

pathway 

M + H2O Ū M-OH + H+  + e- 

M-OH Ū M-O + H+  + e- 

2M-O Ū 2M + O2 

Indirect 

pathway 

M + H2O Ū M-OH + H+  + e- 

M-OH Ū M-O + H+  + e- 

M-O + H2O Ū MOOH + H+  + e- 

MOOH Ū M + O2 + H+  + e- 

Alkaline 

electrolyte 
4OH- Ū O2 + 2H2O + 4e- 

Direct 

pathway 

M + OH- Ū M-OH + e- 

M-OH + OH- Ū M-O + H2O + e- 

2M-O Ū 2M + O2 

Indirect 

pathway 

M + OH- Ū M-OH + e- 

M-OH + OH- Ū M-O + H2O + e- 

M-O + OH- Ū M-OOH + e- 

M-OOH + OH- Ū M + O2 + H2O + e- 
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conditions (pH = 0, P = 1 bar, and T = 298.15 K), and kB is the Boltzmann constant. The step 

with the highest Gibbs free energy change among these steps defines the overall Gibbs free 

energy change for OER (æGOER), as shown in the following equation: 

ЎὋ  ÍÁØЎὋȟЎὋȟЎὋȟЎὋ  Ў'  %ÑȢρȢφ 

In principle, OER on a given catalyst can be limited by any of these four reaction steps. 

According to DFT calculations, the thermochemical free energy changes for M-OH, M-O, M-

OOH, and O2 are expected to be 1.23, 2.46, 3.69, and 4.92 eV, respectively, for an ideal catalyst. 

This implies that the free energy difference between M-OOH and M-OH should be 2.46 eV, 

independent of the surface binding strength. Hence, a potential of at least 1.23 V is required to 

initiate the reaction as illustrated in Figure 1.4. The actual overpotential after accounting for 

activation barriers and reaction resistances is on average about 3.2 ± 0.2 eV and has not varied 

much between the various types of catalysts developed so far.10 In practice, electrocatalysts for 

OER are also evaluated based on additional performance metrics, such as their reaction kinetics 

and active surface area to better define their catalytic activity. The electrochemical 

measurements used to obtain these metrics will be discussed later in the Methods section.  

Figure 1.4 Approximate Gibbs free energy diagram for chemisorption of the intermediates in relation 

to the reaction coordinates. The blue and red lines represent the energy profiles of typical (real) and an 

ideal catalyst, respectively, at three distinct electrode potentials. The dashed lines indicate the energetics 

at the electrode potential where all thermochemical barriers are absent, referred to as the 

ñthermochemical overpotentialò; æG represents free energies of each elementary steps. The red line 

signifies the ideal case of a catalyst exhibiting zero overpotential.12  
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0=ɖ>0

ŷæG



1. Introduction 

7 

 

1.4 Transition Metal Oxides/Hydroxides as Electrocatalysts for 

OER 

A variety of materials have been employed as OER electrocatalysts. By employing æGO - æGOH 

as the descriptor, the experimental overpotentials at 1 mA cmī2cat were found to correlate well 

with the theoretical overpotential volcano plots constructed from various metal oxide 

surfaces,13 depicted in Figure 1.5. While noble metal oxides such as IrO2 are still the benchmark 

catalysts in terms of performance, current research efforts are shifting towards non-precious 

materials that are technically more cost-effective and available for large-scale industrial 

deployments.14 Such candidate catalysts include transition metal-oxides, -hydroxides, -

sulfates/phosphates, -phosphides, -chalcogenides, -borides, -nitrites and -sulfides.6, 10, 15 

Several of these systems, however, suffer from severe degradation under reaction conditions. 

Nevertheless, transition metal based-oxides, and -hydroxides have garnered considerable 

attention and have been intensively studied due to their appealing catalytic performance in 

alkaline solutions.16 

Figure 1.5 OER volcano plot for metal oxides.13 Reprinted with permission from (Science 2017, 13, 

6321). Copyright 2017, American Association for the Advancement of Science. 
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1.4.1 Transition Metal Oxides 

Transition metal oxides (including spinel and perovskite oxides) have been extensively 

employed as OER catalysts, which can be attributed to their lower cost, abundance, corrosion 

resistance and their interesting multivalent oxidation states.17-19 These characteristics make 

them highly attractive alternatives to precious metal catalysts. Additionally, transition metal 

oxides can be further enhanced through appropriate catalyst design strategies, such as 

controlling the morphology and electronic structure optimization, as well as hybrid structure 

integration. Among these materials, NiO and its derivatives are typical rock-salt-type oxide 

materials that have been extensively studied in OER applications. In rock-salt-type oxides 

(denoted as AO), both cations and oxygen anions exhibit regular octahedral coordination, 

forming a three-dimensional network of edge-sharing octahedrons, as depicted in Figure 1.6. 

NiO specifically has three thermodynamically favorable crystal facets, including (100), (110), 

and (111). Theoretically, the (100) crystal plane of NiO is predicted to be the most stable with 

the best adsorption energy.20 Despite these theoretical advantages, NiOôs practical efficiency 

is often lower than predicted due to its imperfect crystalline form in real-world applications. 

To enhance NiOôs OER activity, researchers commonly introduce heteroatom metals, such as 

Fe and Co, into its structure.21-22 These modifications alter the electronic structure and 

intermediate bond strengths, thereby improving the catalytic performance. For example, Zheng 

et al. demonstrated significant enhancements in the catalytic activity by introducing Fe and F 

heteroatoms into NiO hollow spheres. 23 This synergistic modification effectively increased the 

exposure of active Ni sites on the surface, enhancing overall OER efficiency. Furthermore, in 

many of these cases, the most active species are not the crystalline but the amorphous phases. 

Figure 1.6 Fm-3m rock-salt structure with octahedral coordination of nickel (blue), with oxygen (red), 

structure. Structural models are plotted with VESTA.  
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1.4.2 Transition Metal Layered Hydroxide 

Layered hydroxides typically exhibit a brucite-type structure, where metal ions are hexagonally 

coordinated with six hydroxyl groups.24 There are two main phases of brucite-type layered 

hydroxides: ɓ- and Ŭ-polymorphs.25 The ɓ-form of these hydroxides typically exhibits a layer 

spacing of about 0.46 nm in the absence of any guest species, whereas the Ŭ-form has a larger 

interlayer spacing (> 0.80 nm) due to the intercalation of various anions and water molecules 

in the interlayer gallery. This results in complex interactions between the intercalated species 

and the adjacent layers, including hydrogen bonding with the hydroxyl groups of the host layer 

and electrostatic interactions. The typical structures of brucite-type materials are illustrated in 

Figure 1.7. In general, layered hydroxides normally adopt a lamellar or plate-like morphology 

due to the intrinsic hexagonal in-plane symmetry. Most M2+ transition metal sites adopt 

hydroxide structures, such as Zn(OH)2, Mg(OH)2, and Ni(OH)2. Among them, layered Ni(OH)2 

and Co(OH)2, from the first row of transition metals (d-block) in the periodic table have gained 

increasing attention as OER catalyst.24 Pure Ni(OH)2, and Co(OH)2 are, however, not effective 

OER catalysts, due to their relatively low intrinsic activity and poor conductivity. These 

materials often suffer from limited active sites and rapid deactivation under operational 

conditions, which hampers their overall efficiency in driving OER. Additionally, the structural 

and electronic properties of these hydroxides do not favor optimal adsorption and desorption 

of reaction intermediates, further reducing their catalytic performance.  

Considerable efforts have recently been dedicated to engineering Ni or Co-base layered 

hydroxide catalysts with high OER performance by incorporating other transition metal 

elements and studying these materials using advanced characterization techniques. Over the 

past few decades, the impact of Fe incorporation on enhancing OER catalytic activity has 

garnered significant attention.26-27 Hickling and Hill observed the positive effect of Fe 

impurities from the electrolyte on Ni-based alkaline batteries, by reducing the onset 

overpotential of OER and decreasing the cell voltage in alkaline solutions.28 Subsequent studies 

have further demonstrated the distinct effect of Fe in improving OER performance and altering 

the redox peak of Ni- or Co-based catalysts. For instance, Trotochaud et al. found that the 

introduction of Fe impacts the electronic structure of NiOOH, resulting in a partial charge 

transfer activation effect on Ni sites.29 Later, Friebel et al. identified octahedral sites occupied 

by active Fe3+ species with short Fe-O bonds in NiFe-based hydroxides, resulting in optimal 

intermediate oxygen adsorption energies.30 Further work by Hung et al.31 showed that the 

incorporation of Fe resulted in the confinement of Co to the tetrahedral sites, increasing the 
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availability of highly reactive OER sites and leading to significantly increased activity. 

Moreover, Ou et al.32 demonstrated that the synergistic interaction between multiple Fe species 

and host metal atoms facilitates the delocalization and stabilization of oxidation charges, 

crucial for creating low overpotential pathways for OER.  

Figure 1.7 Schematic illustration of the crystal structures of (a) ɓ-M(OH)2 and (b) Ŭ-M(OH)2. Structural 

models are plotted with VESTA. 

 

1.4.3 Layered Oxyhydroxides 

We also know that layered oxyhydroxides emerge from the layered hydroxide pre-catalyst 

structures during the OER process. The characteristics and redox properties of the 

oxyhydroxides derived from layered hydroxides are still being actively investigated to 

understand their role in enabling efficient catalysis during OER. In these materials, transition 

metal cations in higher valence states act as electron acceptors, facilitating OER by 

accommodating the electrons generated during the reaction steps. Typically, single transition 

metal oxyhydroxides exhibit two main crystal polymorphs: ɓ and ɔ phases. For instance, ɓ-

NiOOH features shorter interlayer distances of approximately 4.8 ¡, while ɔ-NiOOH has 

slightly longer interlayer distances of around 7 Å, attributed to intercalated water molecules 

and other cations present in the structure.25 The transformations between different phases of 

Ni(OH)2/NiOOH are well-documented, as depicted in the Bode diagram.33  
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Figure 1.8 The general Bode scheme representation of the relationship between hydroxide and 

oxyhydroxide Ni surface states formed during the charge-discharge cycle in alkaline media. 

 

Here, Ŭ- and ɓ-Ni(OH)2 represent reduced states, while ɓ-NiOOH and ɔ-NiOOH represent 

oxidized states (Figure 1.8). During the OER process, Ŭ-Ni(OH)2 undergoes oxidation to form 

the ɔ-NiOOH phase, whereas ɓ-Ni(OH)2 oxidizes to ɓ-NiOOH. At higher potentials, ɓ-NiOOH 

further oxidizes to ɔ-NiOOH, with the average oxidation state of Ni reaching approximately 

+3.6, where Ni3+ is partially oxidized to Ni4+. Understanding the oxidation/reduction sequence 

of Ni(OH)2 is critical because similar phase transitions are observed in other redox-active 

layered hydroxide materials.34 However, besides these well-defined phases, other intermediate 

phases can also exist during the OER process. For instance, previous studies have identified 

that ɓ-NiOOH transforms into a distinct phase (not ɔ-NiOOH) above 0.52 V vs. Hg/HgO, as 

revealed by in situ Raman spectroscopy.35 This observation aligns with findings that Ŭ-Ni(OH)2 

at low KOH concentrations oxidizes to a unique form of ɓ-NiOOH, potentially containing O2- 

defects formed by substitutional defects in the Ŭ-phase.36 Further complexity in the OER 

process on nickel electrodes has been investigated by the Mellsop et al., where neither Ŭ-

Ni(OH)2 nor ɓ-Ni(OH)2 forms at low potentials. Instead, a third phase emerges from metallic 

nickel, indicating a more intricate oxidation pathway than previously understood with simple 

phase transitions.37 Thus, a nuanced interplay of phases and transformations exist in layered 
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oxyhydroxides derived from layered hydroxides, such as Ni(OH)2/NiOOH, during the OER 

process and influence their catalytic activity. Further insight into these processes is crucial for 

optimizing these materials for efficient electrochemical applications. 

1.4.4 Layered Double Hydroxides 

Another important group of OER electrocatalysts based on the brucite structure is the layered 

double hydroxides (LDHs).38 LDHs consists of M2+ ions (M = Mg, Mn, Ca, Zn, Cu, Co, Fe, or 

Ni) substituted with M3+ ions (M = Fe, Ni, Co, Al, or Mn), along with anions such as #Ì, "Ò, 

#/ , ./, 3/  or water molecules in the interlayer space, as illustrated in Figure 1.9. The 

presence of multivalence ions results in a positive charge for the hydroxide layers, which is 

compensated by lightly bonded anions. LDHs exhibit long interlayer distances, typically 

ranging from 7 to 10 Å, depending on the type of anion in the interlayer space. The general 

formula of LDH can be written as,  

- - /( 8 Ⱦ Ͻɾ(/  %ÑȢρȢρς 

where x represents the molar ratio of the trivalent metal ion, X denotes the anion in the interlayer 

space, n is the charge of the intercalated anion, and ɔ indicates the amount of water in the 

interlayer space.39  

LDHs are valued for their unique properties, tunable composition, and spacious interlayer 

regions, making them attractive candidates for applications in OER electrocatalysis. Among 

LDHs based on 3d transition metals (Ni, Co, Fe, and Mn), NiFe-LDH has garnered significant 

attention as an active OER material. Numerous studies have synthesized NiFe-LDHs by 

optimizing synthetic parameters.16, 40-41 Experimental investigations, supported by DFT 

calculations, attribute enhanced OER efficiency to the flexible electronic configuration of the 

Fe sites and their synergistic effects with neighboring Ni sites. Additionally, adjusting the 

valence state of Fe can influence the OER performance of NiFe-LDHs by altering the crystal 

structure of the catalyst.42 The incorporation of Fe2+ and subsequent transformation to Fe3+ in 

NiFe-LDHs induces intrinsic lattice strain, which plays a critical role in enhancing the 

materialôs OER performance by creating more active sites and modifying the coordination 

environment of metal and oxygen atoms.  
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Figure 1.9 Schematic illustration of layered double hydroxide. M2+ and M3+ ions are surrounded by six 

hydroxides in distorted octahedral coordination.  

 

1.5 The Effect of Fe in Ni and Co-based OER Catalysts 

The incorporation of Fe into Ni and Co-based OER catalysts significantly impacts their 

catalytic performance and surface structure. Although Fe is known to enhance OER activity, 

the precise mechanisms by which Fe boosts OER activity and alter the catalyst surface layers 

are not yet fully understood and require further investigation. Different roles for the 

incorporated Fe have been proposed: i) the incorporation of Fe3+ into NiOOH and CoOOH 

induces the formation of LDH phases, providing a larger number of catalytically active sites.30, 

43-44 ii) Fe3+ being the primary active sites, with NiOOH and CoOOH matrices serving as 

conductive media.30, 45 iii) Fe3+ inducing further oxidation of OER-active Ni and Co species 46-

47 iv) Fe3+ hindering the further oxidation of Ni and Co,48-51 together with v) some studies 

claiming Fe3+ remains unoxidized46, 48 while other studies claiming the presence of Fe4+.52-53 

Beyond surface structure changes due to Fe incorporation, deliberate Fe doping also influences 

the morphological evolution of Ni and Co catalysts under OER conditions. Recent findings by 

Cheraparambil et al. revealed that Fe impurities entering the LaNiO3 perovskite structure lead 

to A-site dissolution, vacancy formation, and amorphization of surface layers enriched with Ni 

oxyhydroxides, Fe oxyhydroxides, and Ni-O-Fe coordinated environments.54 Additionally, the 

structures of Ni and Co-based catalysts, as well as the Co, Ni, and Fe sites, are dynamic under 

OER conditions, with new sites arising due to deposition from the electrolyte as well as from 

Fe dissolving. The maximal OER activity depends not just on the Fe content in NiOxHy and 

CoOxHy but also on the precise location of Fe and its interactions within the catalyst.32 Thus, 



1. Introduction 

14 

 

the role of Fe doping in Ni or Co-based hydroxides/oxyhydroxides remains a topic of debate, 

necessitating ongoing efforts to elucidate its mechanistic effects on enhancing OER activity. 

1.6 Influence of Electrolyte Cation Species 

In addition to the development of catalyst materials, the electrolyte composition has been found 

to play a crucial role in OER. For example, studies have demonstrated that alkali metal cations 

from commonly used electrolytes significantly impact OER performance. Early research by 

Erdey-Gruz and Shafarik indicated a decrease in OER activity in the order of Li+ > Mg2+ > 

Na+ > Zn2+ > Al3+ > K+.55 Conversely, Garcia et al. reported a different trend with Cs+ > Na+ > 

K+ > Li+ on NiOOH in purified electrolytes.56 Li et al. further demonstrated varied activity 

trends in cationic electrolyte solutions, where Cs+ > K+ > Na+ å Li+ in Fe-free solutions,57 

consistent with findings by Kitchin and co-workers58. The need to understand these differences 

in reported cation effects has led to further experimental and theoretical investigations to unveil 

the interaction mechanisms between electrolyte ionsðsuch as alkali metal cations, metal 

impurities, carbonate anionsð and the reactants or the catalyst surface throughout the OER 

process.59 So far, different models have been proposed to explain these effects, including the 

effects of cations on the local electric fields, structural organization of interfacial water, pH 

buffering at the electrochemical interface, stabilization or destabilization of intermediates, 

chemical interaction between cations and intermediates,59 as shown in Figure 1.10a.  

While most studies have concentrated on the impact of alkali cations on the kinetics of catalysts, 

cations also intercalate into the layers of oxyhydroxide materials, leading to the expansion of 

the catalystôs interlayer spacing. When cations intercalate into these materials, they can cause 

the layers to separate slightly and increase the spacing between them. The insertion of cations 

into their structure could modify their activity by changing the electronic environment or the 

arrangement of the active sites where the reaction occurs, potentially changing its catalytic 

performance. Despite the potential importance of these changes, our understanding of how 

intercalation affects the active structure of electrocatalysts is still limited. Recent research by 

van der Heijden et al. indicated that incorporating small amounts of Li into NaOH enhances 

the OER activity of NiFeOOH due to the improved Na intercalation (Figure 1.10b).60 However, 

this enhancement was evaluated based on initial activity. It did not take into account how the 

catalyst may change over extended periods of use, including potential restructuring or 

degradation that could impact its long-term stability. This gap highlights the need for more 
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comprehensive research to fully understand the implications of cation intercalation, not just on 

initial activity but also on the durability and overall lifecycle of the electrocatalysts. 

Figure 1.10 (a) Schematic of alkali metal cation effects on electrochemical reactions.59 Reprinted with 

permission from (Chem. Catal, 2024, 4, 100823). Copyright 2023, Elsevier Inc. (b) Schematic 

description of the addition of LiOH to NaOH at constant pH results in improved OER rates of NiFeOOH 

due to the mitigation of non-kinetic effects. This is due to the increased intercalation of sodium, water 

and hydroxide into the layered material in the presence of Li+.60 Reprinted with permission from 

(Angew. Chem. Int. Ed., 2024, 18, 63). Copyright 2023, the Author(s). 

 

1.7 Understanding Surface Restructuring of Electrocatalysts 

In recent years, there has been increasing interest in understanding structural transformations 

such as metal surface oxidation and surface amorphization of metal oxides during OER. For 

instance, in alkaline solutions, NiO spontaneously transforms into Ni(OH)2 on its surface, 

which further oxidizes to NiOOH under anodic potentials. The electrocatalytic performance of 

these catalysts crucially depends on their working structure, which determines properties like 
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activation energy, active surface area, electrical conductivity, and energy barriers.61 A 

fundamental question arises, ñwhat is the nature of OER catalysts under working conditions?ò 

Advances in situ/operando characterization techniques, including microscopic methods, X-ray 

diffraction (XRD), and spectroscopic characterizations, have led to valuable insights into 

surface reconstruction and the real active species of transition metal-based electrocatalysts. For 

example, Deng et al. utilized electrochemical atomic force microscopy (EC-AFM) to study 

morphological changes during OER in Ni(OH)2 nanosheets with Fe incorporation, observing 

the conversion of nanosheets into disordered nanoparticles and the rapid deposition of Fe 

resulting in FeOxHy deposits atop NiOxHy nanosheets together with the volume expansion.62 

Williams et al. used EC-AFM to study the non-monotonic evolution of Co(OH)2 nanoplate 

morphology during oxidation, revealing approximately 10% expansion on average. They 

highlighted local heterogeneity in morphology through different height images and line scans 

in AFM.63 Kuai et al. investigated the dynamic dissolution/redeposition and lattice 

incorporation processes in Ni-Fe hydroxide catalysts using synchrotron-based X-ray 

fluorescence microscopy. They found that Fe segregation and the formation of FeOOH phases 

led to catalyst deactivation, with higher incorporation rates of Fe species observed in the active 

OER state as compared to the dormant state.64-65 Bergmann et al. observed the amorphous 

transformation of Co3O4 under increased anodic potentials, employing X-ray absorption near-

edge structure (XANES) and extended X-ray absorption fine structure (EXAFS) analyses to 

propose the active structure of Co3O4 as CoOx(OH)y with di-ɛ-oxo-bridged Co3+/4+ ions at the 

surface.66 Later, Haase et al. observed irreversible formation of CoOx(OH)y with primarily di-

ɛ-oxo bridged Co3+ species under electrochemical conditions using in situ X-ray absorption 

spectroscopy (XAS), noting reversible oxidation and contraction of the Co-O bond during 

OER.67 While each technique provides unique capabilities, advantages, and limitations for 

studying different structures of active sites, these advancements underscore the importance of 

integrating multiple characterization methods to gain a holistic understanding of the catalyst 

behavior under realistic operating conditions, as summarized in Table 1.2 summarizes 

comprehensively. 
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Table 1.2 Summary of in situ/operando characterizations for the reconstruction 

 Microscopic characterization 
Diffraction and Spectroscopic 

characterization 

Techniques SEM TEM AFM XRD XPS Raman XAS 

Sensitivity Surface Bulk/Surface Surface Bulk 
Surface (near 

surface) 
Bulk Bulk 

Pros 

Real time 
observation of 

material 

morphology 
over large 

field of view 

Real time 

imaging of 
materialsô 

structure and 

chemical state 

Surface 
morphology 

and 

roughness at 
high spatial 

resolution 

Real-time 

tracking 

crystal 
structure 

and phase 

transitions 
of materials 

Quasi in situ 

investigations 

of surface 
elemental 

composition 

and chemical 
valance states 

Real time 

tracking of 

chemical 
bonds and 

compounds, as 

well as 
intermediates 

 

Highly 
sensitive to 

electronic 

structure, 
coordination 

environment, 

bonding 
strength, and 

oxidation state 

of the absorbed 
atom in a 

material 

 

Cons 

Lower spatial 
resolution and 

stringent 

operando cell 
design and 

measurement 

condition 

Limited 

imaging 

range, 
stringent 

operando cell 

design and 
measurement 

condition 

Limited 

scanning 
speed and 

requires 

largely flat 
materials 

Limited 
sensitivity 

to 

amorphous 
structures 

and weak 

scattering 
in solid-

liquid 

interfaces 

Limited 
application 

condition due 

to the 
restricted 

maximum 

pressure 

Low spatial 

resolution and 

unclear 
probing depth, 

hard 

quantification 
due to hot-

spots 

 
Averaged 

information for 

valence state of 
bulk and 

surface, mainly 

bulk sensitive 
with limited 

sensitivity to 

the surface, no 
spatial 

resolution 
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2. Methodology 

2.1 Electrochemical Methods 

2.1.1 Overpotential 

According to the Nernst equation, the applied potential can be represented as follows in Eq.2.1,  

Ὁ  Ὁ
ὙὝ

ὲὊ
ÌÎ
ὅ

ὅ
 %ÑȢςȢρ 

where E denotes the applied potential, while Ὁ  represents the standard electrode potential for 

the overall reaction; F is the Faraday constant; R is the universal gas constant; T indicates the 

temperature; n is the electron transfer numbers; and ὅ  and ὅ  are the concentrations of 

oxidized and reduced reagents, respectively.10 The thermodynamic overpotential, denoted as ɖ, 

represent the difference in potential between the actual measured potential (E) required to 

achieve a specific current density and the theoretical thermodynamic potential (Eeq) for the 

OER under identical conditions: 

ʂ %  % %ÑȢςȢς 

Assuming we can find catalysts that fulfil both the Sabatier and the Brønsted-Evans-Polanyi 

(BEP) principles, the ideal overpotential is zero. In reality, a higher overpotential is invariably 

required for OER due to the activation barriers, concentration of the diffusion layer and contact 

resistance. Minimizing this overpotential is thus desirable and can be achieved through the 

careful design of the catalytic materials. A lower value of ɖ means higher activity of a catalyst. 

The onset potential is crucial for evaluating the overpotential needed to initiate electrocatalytic 

current. This onset potential is usually defined by two different approaches. One involves 

determining the intersecting potential between the tangents in the non-faradaic and faradaic 

regions of the current-potential curve. Another one is to establish the potential at which the 

electrocatalyst achieves a specific current density. In general, the overpotential (ɖ10) needed to 

achieve a current density of ±10 mA cm-2, normalized to the geometrical area of the electrode 

as recorded by linear sweep voltammetry (LSV) curve, is a commonly used to evaluate and 
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rank the OER electrocatalysts.68 There is no physical difference between these two definitions 

of onset potential. However, ɖ obtained under different conditions may not be directly 

comparable due to various other influencing factors in electrochemical testing. Although ɖ is 

often used as a benchmarking for evaluating the efficiency of electrocatalysts, ɖ presents an 

oversimplified view of the actual electrocatalysis. It primarily considers binding energies 

(thermodynamics) and neglects kinetic information and assumes that the composition and 

structure of electrocatalysts remain constant as the overpotential increases.  

2.1.2 Tafel Slope 

To evaluate the kinetics and reaction mechanisms, particularly for elucidating rate-determining 

steps and reaction pathways, Tafel slope measurements are often used. The kinetics in an 

electrochemical system is usually described with the Butler-Volmer equation. The Tafel curve 

is derived by transforming a polarization curve into a plot of log(j) versus ɖ. The slope of the 

linear portion of the Tafel plot describes the relationship between the iR-compensated 

overpotential and the current density, see Eq. 2.3: 
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where j is the current density per geometrical electrode area, R is the ideal gas constant, T is 

the absolute temperature in Kelvin, F is the Faraday constant, Ŭ is the so-called charge transfer 

efficient, n is the number of electrons transferred (4 for OER) and b is the Tafel slope.10 The 

Tafel slope value conceptually indicates how quickly the overpotential rises with an increase 

in current density. Since the Tafel slope is only inversely proportional to Ŭ (with all other 

parameters being constants), a smaller Tafel slope indicates a high charge transfer capability 

and superior kinetics of the reaction, meaning that a lower overpotential is necessary for the 

same increment in current density.  

2.1.3 Electrochemical Active Surface Area 

The electrochemical active surface area (ECSA) serves to link the  active catalytic sites of the 

catalyst to the catalystôs overall activity, facilitating the comparison and benchmarking of 

different materials.68 The reliable and accurate determination of ECSA is a critical step in 

assessing the intrinsic catalytic activity of complex electrodes. In electrochemistry, measuring 

double layer capacitance (Cdl) is a common approach for probing the ECSAs of different 

electrode materials. This is typically done using cyclic voltammetry (CV) under the same 
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electrolyte conditions in the non-Faradaic regions, where no oxidation/reduction reactions take 

place, instead, only adsorption and desorption processes occur. This non-Faradaic range is 

usually a 0.1 V window centered around the open-circuit potential (OCP) value, where the 

measured current in this range is associated with the surface-controlled capacitive behavior 

(double-layer charging). Based on this assumption, the double layer capacitance (Cdl) can be 

expressed as: 
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where Ὦ and Ὦ are anodic and cathodic current densities at the midpoint of the potential range 

and ɜ is the scan rate in mVs-1 during the CV measurement. The ECSA of the catalyst can then 

be calculated according to the following equation.  
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where Cs is the specific capacitance of the electrode, typically taken as 0.04 mF cm-2 in 0.1 M 

KOH.68 By establishing the ECSA, researchers can effectively compare the intrinsic catalytic 

activities of different electrocatalysts and obtain a basis for optimization and improvement in 

catalyst design. 

2.1.4 Identifying Redox Transitions and Catalyst Stability 

In terms of evaluating redox transitions and catalyst stability during OER, we typically employ 

cyclic voltammetry (CV), linear sweep voltammetry (LSV), and chronoamperometry (CA) 

measurements. CV is an electrochemical technique that cycles the potential of a working 

electrode while measuring the resulting current. We can then use the current response to the 

applied potential excitation signal to detect reduction and oxidation reactions. If the metal in 

the catalyst undergoes oxidation under measurement conditions, the CV reveals an oxidation 

peak, providing insights into the real active sites of the OER catalyst. LSV, another 

voltammetric method, records the current at a working electrode while linearly varying the 

potential between the working and reference electrodes over time. It is particularly useful for 

assessing the overall catalytic performance and efficiency of OER catalysts. 

Chronoamperometry (CA), meanwhile, is employed to investigate the stability of OER 

catalysts. This time-dependent technique applies a constant potential to the working electrode 

and tracks the current generated by the Faradaic process occurring at the electrode as a function 
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of time. It provides valuable information on the durability and long-term performance of OER 

catalysts under operating conditions. 

2.2 Transmission Electron Microscopy of Electrocatalysts 

2.2.1 General Concepts of Transmission Electron Microscopy 

A major component of the research is based on transmission electron microscopy (TEM) and 

so, the technique will be discussed in more detail here. In TEM, an electron beam passes 

through a thin specimen and interacts with it. These interactions then transfer valuable 

microstructural information about the sample to the transmitted and scattered electrons, and 

also generate secondary signals that can be used to characterize the sample. The electrons can 

be used to form high spatial-resolution images and provide insight into the crystallographic 

phase orientations, while the spectroscopic signatures can provide the elemental composition 

of samples. TEMôs utility ranges from materials science to biology, offering unprecedented 

insights into the nanoscale world of matter. Particularly, a modern TEM ability to image 

materials structure at sub-angstrom resolution together with its related spectroscopic 

capabilities such as energy-dispersive spectroscopy (EDS) or electron energy-loss 

spectroscopy (EELS) allows it to occupy a unique niche among the techniques for materials 

characterization.  

A conventional TEM typically consists of several key components: an electron gun, an electron 

column, an electromagnetic lens system, detectors, a specimen/sample chamber, a main control 

panel and operational controls, and an image capture system. These components are organized 

in a vertical column, with the electron gun positioned at the top. The operation of TEM involves 

several basic steps (Figure 2.1a): 

1. Electron Beam Generation: The electron gun, typically made from a heated tungsten or 

field emission filament, emits a stream of high-voltage electrons. These electrons are then 

accelerated in the electron vacuum toward the specimen using electric potentials. 

2. Beam Focusing: This stream is confined into a thin, monochromatic, focused electron beam 

using electromagnetic lenses. 

3. Interaction with Sample: This electron beam is directed onto the sample using 

electromagnetic lenses. At low magnification, a spread beam is used to illuminate a large 

area; at high magnification, a strongly condensed beam is used. Interactions (as shown in 
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Figure 2.1) occur with the irradiated sample, affecting the primary electron beam and 

generating signals such as secondary electrons or characteristic X-rays.  

4. Image Formation: Signals from the interaction leave the object, reaches the objective lens 

and forms the image. The image is greatly enlarged by a projector lens.  

Additional spectroscopic information about the sample can then be extracted concurrently 

through the addition of specialized detectors for scattered electrons, X-rays, and light (Figure 

2.1.b). 

Figure 2.1 (a) Working principle of transmission electron microscopy (TEM), and (b) electron 

interactions with the specimen. 

 

2.2.1.1 Scanning Transmission Electron Microscopy 

For the work described in this thesis, the TEM is mostly operated in scanning transmission 

electron microscopy or STEM mode. Here, rather than forming a beam, the incoming electrons 

are focused into a narrow point by the imaging optics and then scanned across the sample. In 

STEM, the primary contrast mechanism is Z-contrast based on the scattering of the incident 

electrons according to the specimenôs atomic number (Z). Higher atomic number elements 

scatter electrons to higher angles and so, different images can be formed by collecting the 

electron scattered to different angles using an annular detector. Particularly, by choosing the 

electrons scattered to high angles, one can form high angle annular dark field (HAADF) images 

with strong Z-contrast. This contrast mechanism allows for the differentiation of materials 
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based on their atomic composition, making it especially useful for analyzing heterogeneous 

materials, such as those where heavy atoms (e.g., metals) are embedded in lighter matrices like 

oxygen (O) or carbon (C). This operating mode is also the default mode for chemical mapping. 

2.2.2 Analytical Electron Microscopy 

When electrons interact with the specimen in TEM, they can also lead to the emission of 

different signals that range from X-rays (EDS), light (cathodoluminescene), back-scattered 

electrons, Auger electrons, secondary electrons, inelastically scattered electrons (energy loss 

spectroscopy), and elastically scattered electrons (diffraction). Each of these signals provided 

valuable information about the specimenôs composition, structure, and properties. Here, I 

briefly cover the two spectroscopic techniques used in this thesis. 

2.2.2.1 Energy-dispersive X-ray Spectroscopy 

EDS employs a silicon drift detector (state-of-the-art) to measure the characteristic X-rays 

emitted from the specimen and sort them according to their energies. By comparing the energy 

spectrum of the detected X-rays to known characteristic X-ray energy spectra for different 

elements, the elemental composition of the specimen can be determined. EDS spectrum 

analysis with peak fitting qualitatively identifies which elements are present, while semi-

quantitatively estimating their quantities with an accuracy of approximately a few percent. EDS 

has poor sensitivity towards very light elements like boron (B), carbon (C), nitrogen (N), and 

oxygen (O) but for other elements, it has minimum detection limits in the range of 0.1~0.5 

wt%.69 

2.2.2.2 Electron Energy Loss Spectroscopy 

EELS uses the energy loss experienced by electrons as they are scattered inelastically while 

they propagate through the sample for obtaining chemical state information about the sample. 

Particularly, the EELS spectrum carries both compositional and oxidation state information, as 

well as its vibrational characteristic. Therefore, EELS is valuable for both qualitative and semi-

quantitative analysis, offering high sensitivity to light elements, including lithium. The spectral 

features found in an elementôs absorption edges also contain information about the nature of 

the atomic bonding within the material. Therefore, EELS can identify not only the elements 

present but also their oxidation state in a spatially resolved manner. Another piece of valuable 

information that one can obtain from the EELS spectra that is especially relevant to 

experiments described in this thesis is the total thickness of the sample (liquid cell window plus 
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liquid layer) which can estimated from the ratio between the number of transmitted, zero loss 

electrons and the total number of incident electrons (based on Beerôs law).  

 

2.2.3 Electrochemical Cell Transmission Electron Microscopy  

My research focuses on using a relatively new technique, liquid cell TEM to visualize the 

restructuring of electrocatalysts under reaction conditions. In such an experiment, the stringent 

vacuum conditions required by the TEM source are mitigated by using miniature reaction cells. 

In 2003, Frances Ross pioneered the development of mass-producible ñliquid cellsò, intriguing 

already with integrated electrical biasing capabilities,70 opening new avenues for basic research 

and commercial products. Since Rossôs pioneering work, currently commercial liquid cell TEM 

holders have largely retained the core design principles she introduced, though with 

incremental improvements.71-74 Companies such as Hummingbird Scientific and Protochips 

now offer commercial TEM holders with temperature and electrical biasing, as well as 

automation for long-term studies.  

2.2.3.1 Configuration for Electrochemical Studies in Liquid Cell  

Figure 2.2a describes the geometry of the liquid cell holder tip for electrochemistry studies 

(EC-TEM) where the thin layer of liquid electrolyte is sealed between two SiN-membrane 

chips (top and bottom chips, Figure 2.2b,c). The gap for the liquid layer, and thus the cellôs 

thickness, is determined by the bottom spacer chip, which is patterned with spacer materials of 

varying thickness (e.g., 250 nm and 500 nm) to create the necessary spacing on the SiNx 

membrane. This patterning not only defines the thickness of the liquid electrolyte layer but also 

provides nanofluidic pathways for delivering the electrolyte into the chamber. The typical 

thickness of the liquid layer between the chips ranges from 50 to 500 nm, though the actual 

thickness tends to be greater due to the effects of membrane bulging. 

The top electrochemical chip generally includes three or four electrodes, which are connected 

to an external potentiostat. This allows for precise control and measurement of the 

electrochemical processes within the liquid electrolyte layer. Both the top and bottom chips 

feature a central electron-transparent SiNx viewing membrane, typically with a size of 50 ɛm 

Ĭ 200 ɛm, which overlap with each other to facilitate imaging of the electrochemical processes. 

Electrolyte flow is managed through fluid tubing integrated into the holder. This tubing is 

commonly connected to a syringe pump for flow rate control. The flow system includes one 
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inlet and one outlet, enabling the introduction of fresh electrolyte into the microcell and the 

removal or recycling of spent electrolyte as needed.  

Figure 2.2 (a) Schematic of a liquid cell TEM holder. (b) Bottom chip with 250 nm spacer layer. (c) 

The top chip with carbon electrodes patterned onto the surface of the SiNx membrane, which interfaces 

the working electrode to an external potentiostat. 

 

Currently, most electrochemical cells used in EC-TEM studies employ a three-electrode 

configuration: a working electrode, a reference electrode, and a counter electrode imprinted on 

the chips. Carbon is commonly chosen as working electrode material for electrocatalysis work. 

This choice allows for effective comparisons with catalysts used in real-world electrocatalytic 

reactors, as these catalysts are typically dispersed on carbon supports. Similar to the working 

electrode, materials for the counter electrode are chosen based on their electrochemical stability 

and compatibility with the experimental conditions. Common materials include noble metals 

(e.g., Pt, Au) or conductive carbon-based materials. In many EC-TEM studies, a thin film of 

platinum on the chip is used as a pseudo-reference electrode, however, specific to the work in 

this thesis, the EC-TEM holder used is the first of its kind integrating miniature custom-built 

Ag/AgCl reference electrodes and Pt or C counter electrodes. This new design eliminates the 
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need for pseudo-reference electrodes, which may suffer from stability issues and potential drift. 

In such a holder, the electrodes are arranged in the sequence of Reference Ū Working Ū 

Counter along the electrolyte flow path to ensure that any reactive species generated at the 

counter electrode are directed away from the working electrode and out of the holder. 

The most powerful aspect of EC-TEM is that it allows us to investigate structural changes in 

electrocatalysts induced by an external potential within a liquid environment compared with 

conventional microscopy of samples before and after reaction. For example, we can observe 

changes in the shape and size of catalysts due to oxidation and reduction reactions, changes 

that may not be preserved when the applied potential is removed or when the catalyst is 

removed from the electrolyte. Another powerful aspect of EC-TEM research is that it allows 

us to follow changes in electrocatalysts during prolonged operation. For example, a catalyst 

material can dissolve in the electrolyte and redeposit elsewhere on the electrode, leading to a 

change of active material and changes in catalyst morphology. Understanding these kinetic 

processes is essential for us to advance the design of electrocatalysts because they dictate the 

long-term stability and performance of the catalysts.  

Hence, this technique has been receiving increasing attention for the study of OER catalysts.75 

For instance, Raabe et al. used in situ TEM to study the structural changes of Pr-doped CaMnO3 

under OER conditions, revealing surface amorphization and recrystallization, particularly in 

calcium-rich samples.76 Similarly, Fan et al. observed the phase transformation of CoSx 

nanoparticles into CoOOH nanoplates, which are active species in OER, through TEM 

characterization.77 Ersen et al. employed in situ TEM to capture the structural evolution of 

crystalline Co3O4 nanoparticles during OER. They demonstrated the conversion of these 

nanoparticles into amorphous CoOxHy, which consists of crystalline CoO, CoOOH, and 

Co(OH)2.
17 Shen et al. also demonstrated that this technique can be used to follow surface 

wetting characteristics of perovskite particles under OER conditions.78 Within the context of 

this thesis, EC-TEM also synergistically complements operando spectroscopic studies, 

allowing visualization of various catalyst motifs present during reactions and offering a more 

comprehensive understanding of catalytic processes.71 

One limitation due to the specialized geometries of these liquid cell holders and the presence 

of a relatively thick liquid film is that they significantly degrade not only the spatial resolution, 

but also the spectroscopic information of the sample, thus restricts a primary strength of the 

TEM, its ability to provide chemical information. I will describe different approaches to 
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address this issue later in the thesis. The other limitation is artifacts or changes in the sample 

and reaction environment radiolysis due to the highly energetic electrons, which will be 

discussed in the next subsection. 

2.2.3.2 Electron Beam Induced Effects 

Beam-induced changes in samples caused by the energetic beams are a constant concern in all 

operando work employing energetic beams (i.e., electrons, X-rays, lasers). It is therefore 

critical to identify and minimize these artifacts to obtain reliable data reflecting real-world 

conditions. The electron beam in TEM studies can induce several effects that might impact the 

accuracy and reliability of the results, including knock-on, thermal, and ionization effects. 

These effects can lead to material degradation and artifacts in the analysis. In a liquid cell TEM 

experiment, the most critical effect to be aware of is water ionization, caused by the electron 

beam, leading to the formation of radicals H2O2, H*, OH-, HO*. H-, and HO2* . These radicals 

can drive both the nucleation and dissolution of solid phases or cause bubble formation due to 

the accumulation of these radiolysis products.79  

Generally, it is advisable to use lower electron doses or beam currents down to a few electrons 

eï Åï2 sï1 during liquid cell TEM experiments.71, 80-81 This requirement generally reduces the 

signal-to-noise ratios of the acquired images and lead to noisy images, confining us to working 

at magnifications much lower than what a modern TEM can achieve. Additional control 

experiments including comparing irradiated and non-irradiated areas before and after reactions, 

conducting experiments without electron imaging, or working with intermittent irradiation and 

varying dose rates during data collection, are also required to ensure that the results do not 

consist of entirely beam induced artifacts. If  it is impossible to eliminate all influence of the 

electron beam, the minimum requirement to meet is that the chemical or electrochemical 

stimuli must influence the sample more strongly. 

2.3 Other Characterization Methods 

2.3.1 Atomic Force Microscopy 

Atomic Force Microscopy (AFM) is a high-resolution technique used to image and measure 

materials at atomic and nanometer scales. Unlike optical and electron microscopy, which 

depends on lenses and electron beams, AFM employs a sharp tip on a cantilever that scans over 

the sample surface. The interactions between the probe tip and the sample cause the cantilever 

to deflect, tracking variations in surface height with high precision. AFM operates in various 
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modesðcontact, tapping, and non-contactðthat each suit different sample types and 

investigative purposes. In contact mode, the probe directly interacts with the sample surface, 

allowing for detailed imaging but with potential risk to more fragile materials. Tapping mode, 

in which the probe oscillates and intermittently contacts the sample, is optimized for studying 

soft or delicate samples. Non-contact mode is particularly suitable for analyzing sensitive 

samples, as the probe measures attractive forces without physically touching the sample, 

thereby preventing any alteration or damage to the surface. In addition to topographical 

imaging, AFM provides data on material properties like stiffness and electrical conductivity, 

making it essential in fields such as surface morphology, mechanical properties, and molecular 

interactions. AFM works in diverse environments, including air, vacuum, and liquids. 

2.3.2 Inductively Coupled Plasma Mass Spectroscopy 

Inductively coupled plasma mass spectroscopy (ICP-MS) is a mass spectrometry-based 

analytic technique, which is used for inorganic elemental analysis. Materials are ionized in a 

high-temperature plasma, which breaks molecular bonds and then produces free atoms. These 

ions are then directed into a mass spectrometer, where they are separated based on their mass-

to-charge ratio (m/z). A detection system counts ions as pulses, identifying elements by 

matching their signatures with known trace element profiles.  

2.3.3 Raman Spectroscopy 

Raman spectroscopy can provide both chemical and structural information, as well as 

identification of substances through their characteristic Raman ófingerprintô. It works by 

measuring the inelastic scattering of monochromatic light, typically from a laser, as it interacts 

with a sample (Figure 2.3). When laser photons interact with the sampleôs molecules, most 

scatter elastically (Rayleigh scattering), maintaining the same energy level as the incident light. 

However, a small fraction of photons undergoes inelastic scattering, known as Raman 

scattering, by exchanging energy with the sampleôs molecular vibrational or rotational modes. 

This resulted in shifted wavelengths either lower (Stokes Raman scattering Anti-Stokes Raman 

scattering) or higher (Anti-Stokes Raman scattering) than the original laser light. The resulting 

Raman spectrum where intensity is plotted against frequency shift provides a molecular 

ófingerprintô of distinct peaks that correspond to different molecular bonds and interactions. 

Because each molecule has a unique vibrational profile, Raman spectroscopy can identify 

chemical compositions and provide insights into molecular structures, crystallinity, and even 

physical stresses within materials. 
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Figure 2.3 (a) Three different scattering processes that can occur when light interacts with a molecule. 

(b) Energy-level illustration showing the states involved in Raman spectra. The schematic is adapted 

from Smith and Dent.82  

 

2.3.4 X-ray Photoelectron Spectroscopy 

X-ray Photoelectron Spectroscopy (XPS) is a vital technique for surface characterization, used 

to determine the elemental composition, chemical states, and electronic environments of 

materials. In XPS analysis, a focused beam of X-rays, commonly sourced from aluminum or 

magnesium, is directed at sampleôs surface. When these X-rays interact with the atoms in the 

material, they transfer enough energy to eject core-level electrons through the photoelectric 

effect. The ejected electronsô kinetic energy is then measured, allowing the calculation of their 

binding energiesðcharacteristic values specific to each element and its chemical environment. 

The XPS technique yields a spectrum with peaks that correspond to elements found in the 

sampleôs surface layer, typically extending 1ï10 nanometers in depth.  This spectrum not only 

confirms the presence of specific elements but also reveals details about each elementôs 

oxidation state, type of chemical bonding, and electronic environment. Although XPS is limited 

to samples that can be analyzed under high-vacuum conditions (unless special near ambient 
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pressure setups are used), it remains a preferred tool for the detailed characterization of thin 

films, catalytic surfaces, and various types of coatings. This sensitivity to surface composition 

and chemical structure is essential for advancing applications that rely on precise material 

engineering and surface functionality. 

2.3.5 X-ray Absorption Spectroscopy 

X-ray absorption spectroscopy (XAS) is a powerful technique used to investigate the electronic 

structure and local atomic environment of specific elements within a sample, which is mostly 

implemented at an X-ray synchrotron facility. XAS relies on measuring the absorption of X-

rays by the sample as a function of the incoming X-rays energy. The excitation of core electrons 

in an element to higher energy levels modulates the absorption thereby creating an absorption 

pattern that changes according to the electronic characteristics and bonding environment of the 

element. Subsequent analysis of the pattern in turn enables the precise determinations of 

oxidation states, coordination numbers, and bond distances. Hence, XAS is an invaluable tool 

in material science and chemical research. 

Conceptually, the absorption edge represents the energy required to eject a core-level electron 

as a photoelectron after which an electron from a higher energy level may then transit down to 

fill the resulting hole and release energy either as a fluorescence photon or an Auger electron 

(Figure 2.4). The absorption edge is thus related to the nature of the ejected electron: a K-edge 

corresponds to a core electron with a principal quantum number of n = 1, while a L-edge 

corresponds to n = 2, and so forth. Figure 2.4a illustrates a 1s core electron transition which 

leads to the K-edge absorption spectrum. Each element has unique core shell electron binding 

energies and so, have distinct absorption edges that can be used for elemental identification. 

Extended analysis of the absorption spectrum in two primary regions also provide further 

information: X-ray absorption near edge structure (XANES), which reveals oxidation states 

and local symmetry, and extended X-ray absorption fine structure (EXAFS), which provides 

information on bond lengths and coordination numbers (see Figure 2.4 b).  
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Figure 2.4 (a) An illustration of the excitation and relaxation mechanisms involved in X-ray absorption 

spectroscopy (XAS). An X-ray photon (hɜ) with energy higher than the binding energy of a core shell 

electron can result in emission of the core electron and increase the number of X-rays absorbed thereby 

leading an absorption edge. The X-ray Absorption Near Edge Structure (XANES) region is the part of 

the spectrum near the edge and it is sensitive to the oxidation state and local bonding of the sample. The 

fluctuations in the absorption profile at energies further beyond the absorption edge is the Extended X-

ray Absorption Fine Structure (EXAFS) region and they represent the inference between the electron 

wave of the ejected photoelectron and the back scattered electron waves generated the surrounding 

atoms due to this propagating wave. Analysis of the EXAFS region provides information about the local 

atomic arrangement. Radiative relaxation events also yield X-rays fluorescence lines (hɜô). The core 

levels are named according to the Sommerfeld notation. The scheme is adapted from Fracchia et al.83 

(b) An example of XAS spectrum of cupper (Cu) is shown in black, illustrating the pre-edge, XANES 

and EXAFS regions as well as the edge-step æɛCu.84 Reprinted with permission from (Chem. Rev., 2021, 

121, 2). Copyright 2020, American Chemical Society. 
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2.3.5.1 X-ray Absorption Fine Structure 

X-ray absorption near edge fine structure (XANES), also called near edge X-ray absorption 

fine structure (NEXANFS), is a technique that reveals the electronic states near the Fermi level, 

providing information on the chemical state, local symmetry, and bonding environment of 

absorbing atoms. By observing changes in X-ray absorption as the incident energy nears and 

slightly surpasses the binding energy of core electrons, XANES identifies subtle details 

influenced by factors like oxidation state, coordination chemistry, and orbital hybridization. 

The sensitivity of XANES to local atomic and electronic environments enables it to detect 

distinct spectral features. These include shifts in the absorption edge and unique spectral shapes 

that can indicate specific oxidation states and differentiate bonding environments. For example, 

small shifts in the edge position and unique spectral shapes provide insights into these 

characteristics. A significant advantage of XANES it is adaptable to in situ measurements, 

enabling real-time monitoring of chemical reactions and structural changes. This capability is 

invaluable in fields such as catalysis, where understanding dynamic processes and oxidation 

state changes is critical. In situ XANES can track the evolution of oxidation states during 

reactions, shedding light on catalytic mechanisms.  

2.3.5.2 Extended X-ray Absorption Fine Structure 

Following the XANES region, extended X-ray absorption fine structure (EXAFS) extends 

several hundred to above thousand electron volts beyond the absorption edge. The modulations 

in the EXAFS region are explained by the interference between an outgoing spherical wave 

propagating around the absorbing atom due to the emitted photoelectron and the scattered 

waves produced by the neighboring atoms because of the outgoing wave. Due to higher 

photoelectron energies, EXAFS is less influenced by electronic structure and more sensitive to 

the spatial arrangement of atoms around the absorber. Together, XANES and EXAFS provide 

complementary data, with XANES focusing on electronic states and chemical bonding, and 

EXAFS revealing geometric structure and neighboring atom distributions. 

2.3.6 Scanning Transmission X-ray Microscopy 

Scanning transmission X-ray microscopy (STXM) is another nanoscale imaging technique 

focusing on the materialsô structural, compositional, and chemical characteristics that is found 

at the X-ray synchrotron facilities. Here, STXM combines X-ray microscopy with spatially 

resolved XAS, thereby allowing for detailed, chemically specific imaging of various elements 

and compounds. By adjusting the X-ray energy to target specific absorption edges of elements 
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in the sample, one can achieving structural characterization of the sample at tens of nanometers 

spatial resolution and also chemical mapping of the sample at the same scale.  

2.3.6.1 STXM Mechanism and Imaging Process 

The primary X-ray source in a STXM is usually synchrotron radiation due to its high intensity, 

tunable wavelength, and coherent beam quality. Typically, a circular, diffraction-based optical 

device also known as a zone plate narrows the X-ray beam to a size of about a few tens of 

nanometers. This focused X-ray beam then illuminates and passes through the sample after 

which a photodiode captures the transmitted light. The zone plateôs optical capabilities largely 

determine the achievable resolution. When positioned on a precisely controlled stage that can 

be moved in two dimensions, systematic pixel-by-pixel scanning of the sample can then be 

performed to capture detailed images based on the detected X-ray intensity at each pixel. The 

transmitted X-rays are captured by a sensitive detector, like a photomultiplier tube or CCD 

(charged-coupled device), which records the transmission intensity at each scan position to 

generate a two-dimensional image of the sample. 

Figure 2.5 Schematic of a scanning transmission X-ray microscopy system. This instrument employs 

an undulator to produce a focused stream of X-rays. A monochromator first refines the beam to a 

specific wavelength, which is subsequently directed onto the sample through a zone plate objective lens. 

Transmitted X-rays pass through the sample to a detector, forming a detailed image, while a secondary 

fluorescence detector captures emissions for complementary data on elemental composition and 

structure. The schematic is adapted from Kim et al.85  

 

With this approach, the intensity data collection can be collected in multiple forms: point 

spectra from specific focused spots, single-energy images, or image sequences over a range of 
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photon energies. In the latter, one creates a hyperspectral cube by collecting images at different 

incident X-ray photon energies around the absorption edge of the element of interest, which 

provides a deeper insight into chemical composition and structure at the nanoscale. Since 

STXM is most commonly implemented with soft X-rays (a couple of hundred to about a 

thousand or so eV X-ray energy), the sample needs to be thin and be placed within a vacuum 

environment, making a natural fit with the in situ holders used for EC-TEM. 

2.3.6.2 STXM Imaging Modes 

STXM offers multiple imaging modes, each designed to enhance its analytical potential by 

providing unique types of contrast and chemical information: 

Absorption Contrast Imaging: In this mode, image contrast is created by variations in X-ray 

absorption across the sample. Areas within the sample that contain elements with higher atomic 

numbers or higher concentrations tend to absorb X-rays more effectively, appearing as darker 

regions on the resulting image. This mode is especially effective for mapping the distribution 

of elements and identifying distinct phases within the sample, making it invaluable for 

compositional analysis. 

Spectromicroscopy: Spectromicroscopy involves capturing a series of images at different X-

ray energies, usually near the absorption edge of a particular element. By examining how the 

absorption spectrum varies at each pixel, this method reveals details about the chemical state 

of the element, including oxidation states and local bonding environments. This imaging mode 

is particularly beneficial for studying heterogeneous materials that exhibit complex chemical 

compositions, as it enables nanoscale-level analysis of chemical heterogeneity. 

Differential Phase Contrast Imaging: This mode captures phase shifts in the X-ray beam as 

it traverses the sample, generating contrast based on differences in electron density rather than 

absorption. This approach is especially useful for analyzing samples with low absorption 

contrast or materials with subtle differences in absorption properties. Differential phase 

contrast imaging is thus ideal for investigating weakly absorbing or compositionally similar 

materials, allowing for enhanced visualization of internal structures that are otherwise difficult 

to detect. 

2.3.6.3 In situ/Operando STXM Measurements 

Additionally, STXM is highly advantageous for in situ and operando investigations, enabling 

researchers to monitor real-time dynamic processes, such as chemical reactions, structural 
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changes, and phase transitions, as they occur. STXMôs use of soft X-rays is particularly 

beneficial, as it minimizes potential damage to sensitive or delicate samples, making it well-

suited for observing reactive materials in their natural operational environments. For operando 

experiments described in this thesis, a liquid scanning electron microscopy (SEM) holder from 

Hummingbird Scientific was employed (see Figure 2.6). In this setup, catalytic particles are 

deposited/dropcasted on the same electrochemical chips with SiNx windows which are also 

transparent within the soft X-ray spectrum. Specifically, my current research group is 

pioneering efforts to advance correlated operando TEM and STXM studies that use the same 

liquid cell platform in both microscopes that are also integrated with other complementary 

techniques (Figure 2.7) to follow both structure and chemical state of electrocatalysts under 

similar reaction conditions. 

Figure 2.6 Schematic of a liquid cell SEM holder with the incident X-rays of an energy hv and the 

transmitted beam detector. (b) Picture of the cell under operation at the MYSTIIC beamline, BESSY II.  

Figure 2.7 A diagram presenting the main research methods and techniques employed in this thesis, 

along with the key insights obtained from each method. 
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This chapter presents the work of my publication ñSpatially- and Chemically-Resolved 

Visualization of Fe Incorporation into NiO Octahedra during the Oxygen Evolution Reactionò 

(https://doi.org/10.1021/jacs.3c07158) and is reproduced from reference.86 I have conducted 

and analyzed all the liquid TEM experiments shown in this chapter, and wrote the publication 

under the supervision of Dr. S. W. Chee and Prof. Dr. B. Roldan Cuenya. I synthesized the 

samples and performed ex situ OER testing. Dr. E. Ortega and Dr. S. W. Chee performed the 

aberration-corrected TEM and SEM imaging of the transferred samples. Dr. F. T. Haase, M. 

Rüscher, Dr. C. Rettenmaier, Dr. H. S. Jeon and Dr. J. Timoshenko conducted the operando 

XAS experiments and Dr. F. T. Haase and Dr. A. Bergmann analyzed the data. I conducted H-

https://doi.org/10.1021/jacs.3c07158
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cell electrochemical experiments for ICP-MS measurements and Dr. D. Escalera-Lɧpez 

conducted ex situ ICP-MS measurements and analyzed the data. I performed XPS 

measurements and Dr. M. Lopez Luna contributed to the data analysis. Dr. M. Lopez Luna and 

I conducted the operando Raman experiments. 

The activity of Ni (hydr)oxides for the electrochemical evolution of oxygen (OER) is known 

to be greatly enhanced by the incorporation of Fe. Yet, a complete understanding of the role of 

cationic Fe species and the nature of the catalyst surface under reaction conditions remains 

unclear. The motivation of the work described in this chapter is to probe how NiO pre-catalysts 

change under OER conditions using EC-TEM tracking in real-time. However, since we are 

interested in concurrently tracking two chemical species with similar atomic numbers, it means 

that we need a different way to separate Ni and Fe in the STEM image as there will be a minimal 

Z-contrast difference. Hence, a major component of the work involves optimizing the 

parameters of the microscope and the experiments to achieve time-resolved STEM-EDX 

mapping. For this purpose, I chose to synthesize well-defined octahedral NiO particles as a 

model pre-catalyst, whose transformation could be easily followed. 

Time-resolved operando chemical mapping was achieved by coupling in situ mapping at low 

electron fluxes with a detailed ex situ characterization at the specified time-points. 

Complementary insights into the catalystôs near-surface composition, structure and chemical 

state were further extracted using X-ray photoelectron spectroscopy, operando Raman 

spectroscopy and operando X-ray absorption spectroscopy together with measurements of the 

Fe uptake by the electrocatalysts using time-resolved inductively coupled plasma mass 

spectrometry. Notably, I identified that the catalytic deactivation under stationary conditions is 

linked to the degradation of the in situ-created NiFe-LDH. These insights exemplify the 

complexity of the active state formation and show how its structural and morphological 

evolution under different applied potentials can be directly linked to the catalyst activation and 

degradation. 
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3.1 Introduction  

For OER in alkaline electrolytes, Ni oxides in pre-cleaned Fe-free electrolytes show limited 

activity but trace amounts of added Fe are already sufficient to generate highly active catalytic 

sites on the electrocatalysts, suggesting that the incorporation of Fe into NiO or Ni(OH)2 boosts 

their OER activity.27, 29, 45, 87 Pure Fe oxides, however, are poor OER catalysts and the formation 

of Fe-rich phases during reaction has been reported to cause activity degradation in mixed Ni-

Fe electrocatalysts.30, 64, 87-88 Therefore, extensive work has aimed to understand the role of Fe 

in improving the performance of these catalysts. Although recent research largely points to a 

synergistic coupling88-89 between Ni and Fe as the reason behind the activity enhancement, 

there is still no consensus on the exact role of Fe and the exact mechanism behind its effect.  

To date, different mechanisms, such as Fe3+ species inducing the formation of layer double 

hydroxide (LDH) phases in NiOOH with an increased number of active sites, the presence of 

high-valent metal sites like Fe4+ or Ni4+ or oxyl radicals like those found for IrOx, or a change 

in the intrinsic OER activity due to Fe limiting the oxidation of Ni ions during OER,26, 87, 89 

have been proposed. Many studies also start from pre-synthesized mixed Ni-Fe structures,90 

which makes separating the beneficial effects by the incorporated Fe from any morphological 

changes in the metal oxide host highly challenging. Therefore, the key to rationalizing the 

catalytic impact of Fe lies in elucidating how the near-surface structure and composition of 

these catalysts change under reaction conditions as a function of the Fe added.  

It is important to note that most prior studies had relied on operando spectroscopy91 to track 

the changes in the catalyst structure, metal oxidation state26, 92 or metal-ligand charge 

redistribution93-94. These ensemble-averaging methods cannot resolve the local chemical and 

structural changes induced on a catalystôs surface by trace metal species at high spatial 

resolution. It is also unclear where Fe incorporates, what is the exact Fe species that is 

beneficial for the electrocatalytic performance and how Fe incorporation changes the pre-

catalyst surface. There are very few studies that describe how the surface morphology of Ni 

(hydr)oxide electrocatalysts is altered during reaction by the addition of Fe, especially at low 

Fe loadings in the early stages of incorporation where the activity changes are most drastic. 

The most notable work so far is from scanning probe microscopy studies,62 but these 

measurements lack chemical sensitivity and so, they do not provide direct evidence regarding 

the Fe distribution on the catalyst under electrochemical conditions and how it can be related 

to the morphological changes seen in the underlying Ni (hydr)oxide host.  
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In this chapter, I describe my work tracking the evolution of octahedral NiO pre-catalyst 

particles with flat surface facets in alkaline borate buffer with deliberately added Fe 

impurities95-96 during OER using operando electrochemical (scanning) transmission electron 

microscopy (EC-(S)TEM)70 coupled with energy dispersive X-ray spectroscopy (EDX) 

mapping97 to reveal their morphological and chemical changes under applied potential and in 

the presence of Fe. STEM-EDX can provide us with spatially resolved maps that follow 

multiple elemental signatures concurrently, but so far, it has been under-utilized in time-

resolved liquid phase TEM studies. With EC-TEM, we were able to image these particles in 

situ inside the electrolyte and under applied potential with a few nanometer resolution,73 and 

the EDX maps allow us to follow the changes in catalyst composition at different reaction times. 

Here, the well-defined surfaces of these NiO octahedra were critical for visualizing how the 

electrocatalyst morphology and near-surface composition changed while incorporating Fe 

species from the electrolyte. The key points of the reaction as indicated by these operando 

studies were then selected for detailed ex situ investigations and complementary operando and 

time-resolved studies with techniques such as XAS and Raman spectroscopy to obtain more 

insight into the surface transformations and relate these transformations to the changes in the 

electrochemical and catalytic properties. 

3.2 Experimental Details 

3.2.1 Synthesis of Octahedral NiO 

The synthesis of octahedral NiO catalysts follows the protocol described by Ma et al.98 First, 

2.5 g NiCl2Ā6H2O was loaded into a muffle furnace and heated at 100°C for 3 hours. 

Subsequently, it was heated to 400°C and maintained at that temperature for another 2 hours. 

After cooling, the samples were washed several times with isopropyl alcohol and ultra-pure 

water (18.2 MɋĿcm). The final product was green in color.  

3.2.2 Borate Buffer Electrolyte Preparation and Purification  

In these experiments, a borate buffer solution (pH 9.8) is used as electrolyte instead of the 

conventional potassium hydroxide (KOH) solution to avoid possible silica contamination due 

to KOH etching of the microfabricated EC-TEM cells.99 Performing OER using a borate buffer 

solution as electrolyte is also advantageous when combined with photoabsorber materials due 

to its lower pH.99-100 To prepare the 0.5 M borate buffer solution, 31 g boric acid was dissolved 

in 1 L of ultra-pure water, followed by the addition of 14 g NaOH, resulting in a solution with 
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pH of ~9.8. To remove the Fe impurities from the pristine electrolyte, the solution was purified 

according to the procedure described by Trotochaud et al..29 2 g Ni(NO3)2Ā6H2O were dissolved 

in 4 mL of 18.2 ultra-pure water, and then 20 mL of 1 M NaOH were added to obtain 

precipitated Ni(OH)2. The mixture was washed with 200 mL of ultra-pure water and 20 mL of 

1 M NaOH, and then centrifuged to obtain the supernatant. After that, the supernatant was 

added into 500 mL of prepared borate buffer for purification and kept for 3 h. Finally, the 

mixture was centrifuged to obtain the purified borate buffer supernatant. 

3.2.3 Sample Characterization 

The crystallinity of the as-prepared NiO samples was characterized using X-ray diffraction 

(XRD, Bruker D8 Advance) with Cu KŬ radiation. Elemental analysis of the catalysts to 

confirm the absence of Fe before reaction was performed using inductively coupled plasma 

mass spectrometry (ICPMS) combined with a microwave dilution system from Anton Paar 

(Multiwave GO). The XPS experiments were carried out with an ultrahigh vacuum (UHV) 

XPS/STM system from SPECS (Germany) with a PHOIBOS 100 electron energy analyzer. A 

monochromatized Al KŬ X-ray source (Focus 500) operated at 300 W was used for the 

measurements. The binding energy (BE) scale of the spectra was corrected taking the C-(C, H) 

component of the C 1s peak at 284.8 eV as a reference. The sample morphology was 

characterized using a Thermo Fisher Apreo scanning electron microscope (SEM). TEM, 

HRTEM and EDX elemental mapping and spectra of as-prepared catalysts were obtained on 

an image-corrected (scanning) transmission electron microscope (Thermo Fisher Titan). Probe-

corrected STEM imaging and electron energy-loss spectroscopy (EELS) were performed with 

Jeol JEM-ARM200 that has a cold FEG and were operated at 200 keV. Ex situ Raman was 

performed using a confocal Raman spectrometer (Renishaw, InVia Reflex) coupled with an 

optical microscope (Leica Microsystems, DM2500M). A near-infrared laser (Renishaw, 

RL633 l = 633 nm) was used as the excitation source. Details of the electrochemical cell TEM 

experiments, operando X-ray absorption spectroscopy, operando Raman spectroscopy, ICP-

MS experiments are provided in the Appendix to Methods. 

3.3 Results and Discussion 

3.3.1 In situ TEM  and Ex situ TEM to Capture the Fe Incorporation 

NiO octahedra were prepared using a hydrothermal method. Figure 3.1a-e presents 

representative ex situ TEM images, along with an SEM image and a STEM-EDX map, which 
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illustrate the uniformity and octahedral shape of the nickel oxide particles. The X-ray 

diffraction pattern further confirms that the synthesized material crystallizes in a cubic phase, 

consistent with nickel oxideôs Fm-3m space group (Figure 3.1f). Additionally, ICP-MS 

measurements underscore the purity of the synthesized NiO octahedra, indicating the presence 

of nickel while ruling out the presence of significant iron contamination, with an iron content 

Ƌ 0.03 molar percent (Table 3.1).  

Figure 3.1 (a-c) Ex situ TEM and (d) SEM images of NiO octahedra. (e) STEM image and combined 

Ni/Fe chemical EDX map of a NiO octahedron. (f) XRD pattern of as-prepared NiO sample. 

 

Table 3.1 Analytical results of as-prepared NiO octahedra by ICP-MS. The theoretical Ni concentration 

based on a digested mass of 0.79 mg. 

Sample 
Fe Concentration 

(ug/L) 

Ni Concentration 

(ug/L) 

Fe/Ni Molar Ratio 

(%) 

NiO Octahedra 28.46 82558.73 0.03 

 

 

Next, the NiO octahedra were loaded into our EC-TEM setup, as schematically described in 

Figure A3.1. After loading the holder into the TEM, the continuous flow of electrolyte through 

the cell was maintained using an external syringe pump, ensuring consistent experimental 

conditions. Initially, cyclic voltammetry (CV) was performed in an electrolyte devoid of Fe, 

cycling between 0.7 and 1.9 VRHE for 10 cycles. Subsequently, the electrolyte was replaced 

with a 0.5 M borate buffer containing 1 mM Fe(NO3)3. A short movie acquired during the 

switch between the Fe-free and Fe-containing electrolyte is provided as Movie A3.1. Figure 

3.2a shows CVs acquired during an EC-TEM experiment where the expected changes in the 

electrochemical behavior of NiO caused by the deliberate addition of Fe into the electrolyte 
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were observed. Specifically, in the pure 0.5 M borate buffer, a Ni2+/Ni3+ redox transition can 

be observed at 1.46 VRHE from the CV, however, no obvious structural change in the octahedra 

due to the oxidation of NiO to NiOOH can be seen in the in situ images (Figure 3.2c,d). 

Figure 3.2 (a) A comparison of cyclic voltammograms acquired in 0.5 M borate buffer without Fe after 

10 cycles and acquired after 40 cycles with 1 mM Fe(NO3)3 added into the electrolyte flow using EC-

TEM. (b) An enlarged display of (a) for the potential range between 1.3 to 1.6 VRHE. The NiO octahedra 

were dropcasted on a carbon chip. In situ STEM images of the NiO catalysts in (c) 0.5 M borate buffer 

solution and (d) 0.5 M borate buffer +1 mM Fe(NO3)3 solution during OER from 0.7 to 1.9 VRHE. The 

electron flux was 7 e- Å-2 s-1, and the electron flux limit for observing noticeable beam-induced effects 

in our TEM is 56 e- Å-2 s-1. 

 

Figure 3.3a shows representative CVs that were collected in situ during OER while a 0.5 M 

borate buffer flowed continuously through the liquid cell, both before and after the addition of 

Fe into the electrolyte. Figure 3.3b-e and Figure A3.3 show the STEM images and Fe maps 

that were collected in situ during the experiment. To avoid beam-induced artifacts caused by 

the extended acquisition times required to obtain reasonable EDX maps, I looked at new 

octahedral particles at each point of time. These in situ EDX maps will, nonetheless, be 

inherently noisy due to the low electron beam currents used during these experiments and the 
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short acquisition times imposed by the need to avoid averaging over multiple potential cycles. 

I also mention here that due to the Ni X-rays having sufficient energy to excite secondary 

fluorescence of Fe X-rays, there is a very weak Fe signal in the EDX spectra acquired from the 

as-synthesized samples. This is an artifact that originates from the Fe present in the TEM 

column itself. Figure 3.3b shows the in situ image and map acquired at OCP in 0.5 M borate 

buffer + 1 mM Fe(NO3)3 electrolyte, indicating that Fe was not present in amounts detectable 

by in situ EDX mapping in the octahedra when Fe was first introduced in the electrolyte before 

the potential was applied. After applying potential cycles in the Fe-containing electrolyte, the 

OER potential of the sample at 1 mA cm-2 began to shift towards lower potentials (from 1.90 

VRHE to 1.65 VRHE) after 60 cycles, as shown in Figure 3.3a, where the next EDX map is 

collected. In this first EDX map collected in the Fe-containing electrolyte (Figure 3.3c), the 

incorporation of Fe into the octahedral was not obvious.  

After 120 cycles, a faint Fe-containing surface layer and diffuse Fe aggregates can now be seen 

in the EDX map (Figure 3.3d), with a small but clear Fe peak visible in the integrated EDX 

spectrum (Figure A3.4). The acquired CV indicates a slight drop in the anodic current (Figure 

3.3a). Next, I performed CA at a constant potential of 1.7 VRHE for another 30 minutes to 

understand how an extended reaction time impacts the surface layer with incorporated Fe. 

Interestingly, the EDX maps acquired after 30 minutes of CA (Figure 3.3e) indicate that there 

was further aggregation on the surface of the catalysts. Moreover, I can see that the Fe content 

was changing in the Fe-containing layer, despite the poor signal-to-noise ratios, by comparing 

the EDX maps collected during CV and CA. As shown in the bottom row of Figure 3.3b-e 

where I overlaid the STEM images and their corresponding Fe maps, the surface-incorporated 

Fe increased during the applied CVs but decreased during the subsequent CA operation. During 

CA, the current decreased gradually over the 30 minutes (Figure A3.5).  A CV collected after 

30 mins also confirmed the drop in current (Figure 3.3a).  
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Figure 3.3 (a) The cyclic voltammograms compare the activity after 10 cycles OER operation in a 

borate buffer without Fe to that obtained after different reaction times with 1 mM Fe(NO3)3 added into 

the electrolyte. (b)-(e) In situ STEM images, combined Ni/Fe chemical EDX maps and STEM/Fe EDX 

maps of NiO octahedra acquired in a 0.5 M borate buffer +1 mM Fe(NO3)3 solution: (b) at OCP; (c) 

after 60 cycles of CV and (d) after 120 cycles of CV from 0.7 to 1.9 VRHE. (e) STEM image and Fe map 

collected after an additional 30 minutes at 1.7 VRHE after 120 CV cycles. Aggregated Fe is highlighted 

in (d) and (e) with dashed arrows. The EDX maps in (c,d) are collected during CV, and the EDX map 

in (e) is collected under applied potential at 1.7 VRHE.  

 

Comparatively, these shifts were not seen in the samples reacted in Fe-free borate buffer during 

the first 120 cycles (Figure 3.4a). Ex situ benchtop measurements using identical octahedral 

particles dropcasted on a EC-TEM carbon chip only showed slightly improvement of the OER 

activity in the Fe-free electrolyte as a function of reaction time, which is a result of the 

activation of the catalyst due to reaction-induced structural modifications.95 On the other hand, 
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a ~10× improvement in activity (current density) was measured for similarly prepared samples 

in the Fe-containing 0.5 M borate buffer (Figure 3.2a). Thus, while there is a small 

improvement in the activity in these samples due to the surface restructuring that occurs under 

reaction conditions in the absence of Fe, the improvement in the electrocatalytic performance 

due to Fe impurities is much more significant. The same NiO catalysts prepared on carbon 

paper and reacted in the Fe-containing electrolyte also showed a shift of the OER onset 

potential towards lower potentials at 1 mA cm-2 (Figure 3.4b, from 1.82 to 1.65 VRHE). Thus, 

the electrochemical behavior of the NiO octahedra used in our EC-TEM experiments is 

consistent with that described in previous work where Fe was deliberately introduced into the 

electrolyte.101  

Figure 3.4 (a) Cyclic voltammograms acquired with the NiO octahedra as electrocatalysts in 0.5 M 

borate buffer without Fe using a standard benchtop electrochemistry setup. The NiO octahedra were 

dropcasted on a carbon chip. The slow increase in the anodic current is attributed to the activation of 

the electrocatalysts. (b) Cyclic voltammograms acquired with the NiO octahedra as electrocatalysts in 

0.5 M borate buffer without/with Fe using our standard benchtop electrochemistry setup. All potentials 

are IR-corrected. The NiO octahedra were dropcasted on carbon paper.  

 

Samples taken from the operando EC-TEM experiments after different OER times were then 

examined for the changes in their surface structures that occurred during reaction using ex situ 

STEM-EDX mapping with longer acquisition times and high-resolution TEM (HRTEM). 

Figure 3.5a-c show the EDX maps of NiO catalysts after 40, 60 and 120 CV cycles in the Fe-

containing electrolyte, respectively. These ex situ maps support the in situ observations 

showing that Fe was incorporated initially into NiO as a thin surface layer during OER in the 

1 mM Fe-containing electrolyte, and with extended reaction time (120 cycles), small Fe-
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containing aggregates began to form on the electrocatalyst surface (Figure 3.5c). After the 

subsequent 30 mins of sustained CA, the Fe aggregates became larger (Figure 3.5d).  

Figure 3.5 Ex situ EDX maps of NiO catalysts after in situ EDX experiments in 0.5 M borate buffer + 

1 mM Fe(NO3)3 solution under different reaction conditions: (a) after 40 cycles of CV scanning, (b) 

after 60 cycles of CV scanning, (c) after 120 cycles of CV scanning and (d) after 120 cycles of CV 

scanning and CA measurements for 30 minutes at 1.7 VRHE. (e,f) HRTEM and fast-Fourier-transform 

(FFT) images of NiO after 120 cycles of CV scanning and CA measurements for 30 minutes at 1.7 VRHE. 

The lattice spacing was evaluated using both FFT and HRTEM images. I used at least 10 parallel planes 

in HRTEM image. 

 

Further analysis of the EDX maps involved extracting line profiles and quantifying the Fe-to-

Ni ratios across the octahedra (Figure 3.6). After CV, the Fe-to-Ni ratio decreased 

systematically from 20-30% Fe on the edge of the octahedra to ~10% towards the octahedraôs 

center, which agrees with a sample geometry where only the surface is enriched with Fe. The 

EDX line profiles also indicate a decrease in the surface Fe content to ~15% after applying CA 

for 30 minutes (Figure A3.6), which suggest a potential surface reconfiguration or loss of Fe 

over time under applied conditions. The consistency of these findings with in situ experiments 

also implies that the observed Fe aggregates are intrinsic to the materialôs response rather than 

by-products resulting from the drying of the electrolyte.  
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Figure 3.6 Ex situ STEM images, EDX intensity maps and EDX Ni/Fe atomic percentage maps of NiO 

catalysts after in situ EDX experiments in 0.5 M borate buffer + 1 mM Fe(NO3)3 solution under different 

reaction conditions and line scan results: (a) after 40 cycles of CV scanning, (b) after 60 cycles of CV 

scanning, (c) after 120 cycles of CV scanning and (d,e) after 120 cycles of CV scanning and 

chronoamperometric measurements for 30 minutes at 1.7 VRHE. The STEM images highlight the areas 

where the atomic percentage of Ni and Fe is calculated. 
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Selected area diffraction (SAED) patterns taken from the catalysts before (Figure 3.7a) and 

after OER (Figure 3.7b) both show strong (220) diffraction spots for NiO, confirming that 

while Fe incorporation occurred, it only influenced the surface structure of the octahedral 

catalysts rather than causing significant changes in the bulk crystal structure. Lattice fringes 

found in HRTEM images of the octahedra, and their corresponding fast Fourier transform (FFT) 

indicate interplanar spacings of 0.21 nm in the thicker regions of the sample, corresponding to 

the (002) planes of NiO. HRTEM analysis of the Fe aggregates, on the other hand, revealed a 

lattice spacing of 0.36 nm, which corresponds to the (012) plane of hematite Ŭ-Fe2O3
102 in 

agreement with the formation of Fe2O3 reported in previous work performed at high anodic 

potentials (>1.4 VRHE).
103-104 More importantly, in areas closer to the octahedral edges, I found 

an additional, fringe spacing of 0.25 nm, which may be assigned to the (012) lattice plane of 

NiFe-LDH105 or the (311) lattice plane of NiFe2O4
105 (Figure 3.8a,d,g and Figure A3.7), 

suggesting a new phase or structure at the surface due to the incorporation of Fe. To further 

analyze this emerging structure, filtered real-space images were extracted from the regions 

displaying the 0.25 nm lattice fringe. They depict small domains on the octahedral surface 

(Figure 3.8c,f,i). 

Figure 3.7 SAED images of an as-prepared NiO sample (a) before and (b) after 120 cycles of CV 

scanning and the chronoamperometric measurements for 30 minutes at 1.7 VRHE in 0.5 M borate buffer 

+ 1 mM Fe(NO3)3 solution. The sample was dropcasted on a carbon chip. 
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Figure 3.8 (a,d,g) HRTEM images, (b,e,h) FFT, and (c,f,i) inversed FFT obtained by Digital 

Micrograph by masking the 012 spots of NiO: (a-c) after 120 cycles of CV scanning and (d-i) after 120 

cycles of CV scanning and chronoamperometric measurements for 30 minutes at 1.7 VRHE. The lattice 

spacing was measured in both HRTEM and corresponding frequency domain images. 

 

I further conducted control experiments to ensure the consistency of these results with standard 

experimental geometries and identify possible electron-beam-induced artifacts. Here, I utilized 

EC-TEM chips as working electrodes in a benchtop configuration to confirm that the observed 

changes were not artifacts of the electron beam or the EC-TEM cell geometry, while also 

providing additional statistics on the Fe-induced modifications. CA were applied for up to 2 

hours and STEM-EDX analyses performed at critical time points identified from prior in situ 

experiments. The results, as presented in Figure 3.9, show a time-dependent increase in Fe 

deposition, culminating in significant Fe accumulation on both the octahedra and the carbon 

working electrode support surface after 2 hours. 
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Figure 3.9 Ex situ EDX images of NiO after chronoamperometric measurements (a,b) for 30 minutes, 

(c,d) for 60 minutes, and (e,f) for 120 minutes at 1.7 VRHE in 0.5 M borate buffer + 1 mM Fe(NO3)3 

solution using a benchtop setup. The samples were dropcasted on a carbon electrode chip. 

 

I also compared the results from samples reacted in 0.1 M KOH (pH 13) with those from 

samples reacted in a 0.5 M borate buffer (pH 9.8) to assess whether similar structural changes 
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occurred in octahedra exposed to a conventional KOH electrolyte. The results show similar Fe-

incorporated structures (Figure 3.10) in 1 mM Fe-containing KOH, thereby, confirming that 

the structural modifications observed are consistent across different electrolytes and 

experimental setups. Additional measurements with octahedra dropcasted on carbon paper 

(Figure 3.10) further confirmed that the results obtained using EC-TEM chips compare well 

with those from benchtop experiments conducted with conventional carbon supports. 

Figure 3.10 (a-c) Ex situ EDX images of NiO after chronoamperometric measurements for 30 minutes 

at 1.7 VRHE in 0.1 M KOH +1 mM Fe(NO3)3 solution using a benchtop setup. (d,e) The comparison of 

cyclic voltammograms acquired with the NiO octahedra as electrocatalysts in 0.5 M borate buffer and 

0.1 M KOH without/with Fe using our standard benchtop electrochemistry setup.  Difference between 

the samples dropcasted on: (d) carbon paper, or (e) a carbon electrode chip. All potentials are IR 

corrected. 
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To observe these catalyst transformations with higher spatial resolution, I studied NiO 

octahedra that had been reacted on a bulk glassy carbon substrate in the Fe-containing 

electrolyte ex situ with aberration-corrected STEM by transferring them mechanically onto 

TEM grids. Annular dark field (ADF) STEM images obtained (see Figure 3.11b,c) reveal the 

presence of faint, flake-like structures on the surface of the NiO octahedra, which were 

approximately tens of nanometers in size. These structures became apparent after 60 and 120 

cycles of CV. These structures were not detectable in the in situ STEM images due to their low 

contrast. To further analyze the composition of these surface features, electron energy loss 

spectroscopy (EELS) spectra were acquired from the octahedral samples after 60 CV cycles 

(as shown in Figure 3.11f and Figure A3.8-3.9). The EELS data indicates that these surface 

flakes contained both Fe and Ni. EELS spectra were collected from the surface flake and from 

the underlying NiO surface in the post 60 CV sample (see Figure 3.11e,f) and their O, Fe, and 

Ni edges were compared after background subtraction (Figure 3.11f). The O edge features 

suggest that oxygen in the NiO lattice remained ordered, whereas oxygen in the flakes appeared 

more disordered106. The Fe edge data confirmed the localization of Fe within the flakes, though 

the signal was too noisy to allow for precise determination of the Fe oxidation state107. A further 

comparison of the L3 to L2 ratios in the Ni edges108 revealed that Ni in the flakes exhibited a 

higher oxidation state than Ni at the octahedron surface. This observation suggests that the 

flakes formed because of the oxidation of Ni to oxyhydroxide, a process that was reflected in 

the CVs. After continuous CA for one hour, a significant reduction in the density of these flakes 

was observed (Figure 3.11d). Similar surface flakes were also identified in the samples exposed 

to Fe-free electrolyte after 120 CV cycles, and they were similarly diminished following 

stationary OER conditions (Figure A3.10). These observations indicate that the formation of 

these flakes is associated with the re-structuring of the NiO surface. Additional SEM and 

STEM images of these samples are available in Figure A3.11-3.12. 
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Figure 3.11 Ex situ annular dark field images of NiO catalysts. (a) As-prepared, (b) after 60 cycles of 

CV scanning, (c) after 120 cycles of CV scanning, and (d) after 120 cycles of CV scanning and CA for 

1 hour at 1.7 VRHE in 0.5 M borate buffer + 1 mM Fe(NO3)3 solution using our standard benchtop 

electrochemistry setup. (e) Annular bright field image of NiO after 60 cycles of CV scanning in 0.5 M 

borate buffer + 1 mM Fe(NO3)3 solution. (f) Background-subtracted EELS spectra and O, Fe, and Ni 

edges extracted from the spectra collected at the positions marked with red and blue rectangles in (e). 

The sample was dropcasted on a glassy carbon support and then transferred onto a standard TEM grid 

after reaction. 

 

Taken together, the microscopic observations indicate that the improvement in catalytic 

properties of the octahedra under OER conditions is associated with Fe being incorporated at 

the surface as the NiO surface restructures under applied potential cycling. They also imply 

that the amount of Fe that can be accommodated within this superficial layer is limited, and 

further Fe incorporation is impeded once the solubility limit of Fe in the Ni (hydr)oxide host is 

reached. Adding more Fe instead leads to Fe segregation in the form of FeOx aggregates, which 

in turn causes the observed decrease in the measured OER current. Moreover, these in situ-

generated flakes are found to degrade at sustained anodic potentials. This degradation is 
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associated with the decrease in catalytic performance over time during sustained OER and 

explains the decrease in uniformly distributed surface Fe and the formation of additional FeOx 

as shown by the EDX maps. 

3.3.2 Operando Raman and Ex situ XPS to Investigate Surface Structural Changes 

To achieve a better understanding of these morphological and chemical changes, I performed 

complementary operando Raman spectroscopy, operando X-ray absorption spectroscopy 

(XAS), ex situ X-ray photoemission spectroscopy (XPS) and time-resolved ICP-MS studies in 

collaboration with other members of the FHI-ISC department as described at the beginning of 

the chapter. Figure 3.12a,b displays operando Raman spectra that were acquired under OER 

conditions in the Fe-free and Fe-containing (1 mM Fe(NO3)3) electrolyte respectively (full -

spectra for the Fe-free and Fe-containing electrolyte are provided as Figure A3.13, and the 

electrochemical data acquired during the experiments in Figure A3.14). At OCP, the Raman 

spectra acquired in both, the Fe-free and Fe-containing electrolyte possess several modes 

centered at 409, 518, 900 and 1090 cm-1 respectively, which are in good agreement with the 

reported values of NiO.109-110 When the anodic potentials were applied in the Fe-free electrolyte, 

additional weak bands emerged at 479 and 555 cm-1 (Figure 3.12a), which match the Eg bending 

vibration and the polarized A1g stretching mode of Ni-O(H) in NiOOH, respectively.95, 111 The 

oxidation of Ni from a 2+ to a 3+ oxidation state is consistent with the redox transition at ~1.5 

VRHE (Figure A3.14a). Above ~1.5 VRHE, the behavior in the Fe-containing electrolyte started 

to deviate from the Fe-free case, where a new broad peak at 528 cm-1 emerged (Figure 3.12b). 

The peak around 528 cm-1 has been interpreted as thin, disordered NiFe-LDH29, 112 or as 

FeOOH nanoclusters supported on NiOOH113. We assign it to the former due to its agreement 

with the TEM data and the absence of NiOOH bands in the spectra. The lack of the 

characteristic NiOOH bands in the Raman spectra collected in the Fe-containing electrolyte is 

also explained by the Fe incorporation into the NiOOH structure resulting in a large degree of 

disorder,87, 95 as compared to Figure 3.12a. We also confirmed the formation of Fe oxides 

(aggregates observed locally via TEM/EDX), specifically hematite Ŭ-Fe2O3, after our extended 

electrochemistry experiments using ex situ Raman measurements (Figure A3.16).  
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Figure 3.12 Operando Raman spectra collected in the potential range from 1.0 V to 2.0 VRHE (a) in 0.5 

M borate buffer solution and (b) in 0.5 M borate buffer + 1 mM Fe(NO3)3 solution. The measurements 

were performed under constant applied potential. 

 

We also examined ex situ reacted octahedra using XPS to obtain surface-sensitive composition 

information about the near-surface Fe incorporation prior to the formation of FeOx surface 

aggregates. As shown in Figure 3.13, the components fitted to the Ni 2p3/2 region are NiO 

(853.8 eV, fit component shown in dark blue and 855.8 eV, fit component shown in light blue), 

and Ni(OH)2 (856.3 eV, fit component shown in dark red).114-115 The fitting of the Ni 2p region 

indicates negligible differences in the Ni composition before and after reaction, with both 

showing NiO (79.3%) and Ni(OH)2 (20.7%). Due to the overlap of the Fe-2p with the Ni LMM 

Auger signal, the fingerprint from this Ni LMM was fitted into the Fe-2p region for 

quantification of the Fe-2p contribution. The components fitted to the Fe-2p region are related 

to Fe3+ (711.8 eV).116 Fe3+ could indicate the presence of hematite or maghemite, or a NiFe-

LDH. The experimental Ni : Fe atomic ratio found for the surface composition of the after OER 

samples is 2.7:1, which is close to the commonly reported 3:1 ratio for NiFe-LDH.29 This Ni : 

Fe ratio agrees with our EDX results and is, interestingly, consistent with previous operando 

XAS studies of Ni-Fe thin films during OER,30 which reported a maximum activity at 20-30% 

Fe, and its continuous drop as the Fe content was further increased. 
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Figure 3.13 Ex situ XPS spectra of the (a) the Ni 2p region of the NiO catalyst before catalysis, (b) the 

Ni 2p region and (c) Fe 2p region of the NiO catalyst after chronoamperometric measurements for 60 

minutes at 1.7 VRHE in 0.5 M borate buffer + 1 mM Fe(NO3)3 solution. The octahedral NiO catalysts 

were dropcasted on carbon paper, and an ex situ benchtop setup was used as the reaction cell. The 

reference electrode is Ag/AgCl, and the counter electrode is carbon.  

 

3.3.3 Operando XAS and Time-resolved ICP-MS to Track the Uptake of Fe 

To track the uptake of Fe from the electrolyte during OER, we carried out operando X-ray 

absorption spectroscopy (XAS) measurements at the Ni and Fe K-edge in Fe-free and 1 mM 

Fe-containing electrolytes and time-resolved ICP-MS measurements. The XAS samples were 

measured in the following conditions: (1) dried in their as-prepared state, (2) in 1 mM Fe-

containing or Fe-free electrolyte at OCP after 60 CV cycles (0.8-2.0 VRHE, 20 mV·s-1), (3) 

under OER conditions at a constant applied potential of 1.6 VRHE and (4) at OCP again after 

one additional hour of CA at 1.6 VRHE. All the Ni K-edge X-ray absorption near edge structure 

(XANES) profiles in the as-prepared state and under working conditions are very similar to the 

spectra of a NiO reference (Figure 3.14), although there is a slight difference in the intensity 

and position of the white line at ~8351 eV. Linear combination fitting (Figure 3.15, LCF) 

indicates that the as-prepared samples are mainly NiO (95%), with small amounts of Ni(OH)2 

(5%).  
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Figure 3.14 Vertically displaced normalized Ni K-edge XANES data for catalyst in (a) 0.5 M borate 

buffer solution and (b) 0.5 M borate buffer + 1 mM Fe(NO3)3 solution. Fourier-transformed extended 

X-ray absorption fine structure (FT-)EXAFS collected at the Ni K-edge for catalyst in (c) 0.5 M borate 

buffer solution and (d) 0.5 M borate buffer + 1 mM Fe(NO3)3 solution. Fits of the EXAFS spectra are 

shown in red and the spectra are stacked vertically. Measurements were performed for as-prepared 

samples in a dry state, activated samples after conditioning, during OER and after OER. Corresponding 

data recoded for NiO reference material are also shown for comparison.  

Figure 3.15 Linear combination fitting (LCF) of Ni K-edge XANES spectra for NiOX octahedra, using 

XANES spectra for NiO and Ni(OH)2 as reference spectra. 

 

In general, the XANES spectra at the Ni K-edge of the catalyst in both Fe-free and 1 mM Fe 

indicate that most of the Ni species are in the 2+ state, regardless of electrochemical conditions 
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or presence/absence of Fe species. Hence, the oxidation of Ni is only limited to the surface of 

our particles, which cannot be resolved in these measurements due to the significant bulk phase 

contribution in these relatively large particles. Similarly, fitting of the Fourier-transformed 

extended X-ray absorption fine structure (FT-EXAFS) data for the first two coordination shells 

(Figure 3.14c,d) suggests similar Ni-O and Ni-metal coordination numbers for samples under 

OER in Fe-free and 1 mM Fe containing electrolytes that matches well the values for the bulk 

NiO reference. The small differences in Ni-O distances observed in the measurements with and 

without Fe in the electrolyte are within the uncertainties of the EXAFS analysis. EXAFS fitting 

results in more detail are provided in the Supplementary Information Table A3.2. 

The operando XANES profiles at the Fe K-edge, on the other hand, show intriguing features 

during the reaction. The shape and position of the main features in non-normalized Fe-K edge 

XANES spectra did not vary significantly under the different electrochemical conditions 

(Figure 3.16a) and so, the average oxidation state of Fe remained 3+ (Table A3.3). Although 

the shape of Fe K-edge XANES profiles agree with a Ŭ-Fe2O3 reference spectrum (Figure 

A3.17), we cannot differentiate between Fe existing in the form of a LDH or as Fe oxide 

aggregates from these measurements. Conversely, we found that the absorption jump at the Fe 

K-edge edge changed under different conditions. From Figure 3.16b, we can see that the 

intensity of the Fe edge step increased after 60 CV cycles, consistent with the Fe incorporation 

into the NiO catalyst as seen in the EC-TEM results and increases further (~ 2×) under 

stationary OER conditions. More interestingly, the step edge height decreased roughly back to 

the level measured after 60 CV cycles when the samples were returned to OCP after 1 hour of 

CA, which ruled out beam-induced deposition of Fe being the cause of the step intensity 

increase (discussed further in Appendix Note 3.1). While the Fe K-edge is sensitive to the Fe 

concentration variations in both, the electrocatalyst and the electrolyte near the electrode 

surface (about 200 ɛm probing depth), the earlier time-resolved STEM-EDX results indicate 

that Fe did not incorporate deeper into the bulk of these octahedral NiO particles over time and 

only formed a superficial NiFe-LDH layer. Therefore, the reversible change in the Fe K-edge 

XANES spectra suggests an accumulation of Fe from the electrolyte at the electrode surface 

under applied positive potential. Since we did not identify changes in the Fe chemical state or 

coordination during OER, it suggests that Fe3+ is the primary species present during OER, 

which agrees with previous work looking at the associated decrease in the overpotential.117-119  
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Figure 3.16 (a) Fe K-edge XANES data measured in 1 mM Fe in 0.5M borate buffer and (b) 

corresponding increase in Fe edge under reaction conditions. The Fe edge step was extracted by 

averaging over three Fe K XAS scans with standard deviations. 

 

As mentioned earlier, our results agree with previous operando XAS studies of co-deposited 

Ni-Fe films that reported a transition from a mixed NiFe oxyhydroxides surface to one covered 

by inactive FeOOH with increasing Fe content,30 despite the different methods of Fe addition. 

Furthermore, our operando XANES and ex situ EELS data complemented each other by 

showing respectively the changes in the Ni and the Fe and confirmed that Fe is indeed 

incorporated in NiOOH, which is again consistent with the earlier study.30 We also similarly 

observed that Fe exists in the 3+ state, though in our case, the Fe edge intensity consisted not 

only of Fe incorporated into the Ni-Fe LDH but an additional contribution, possibly Fe from 

the electrolyte, as indicated by the edge jump. 

To clarify the reason behind the changes in the edge jump, we performed time-resolved ICP-

MS experiments to follow the Fe content in the electrolyte during extended operation (Figure 

3.17). The results show a continuous drop in the electrolyteôs Fe concentration during cycling 

in the Fe-containing electrolyte. A subsequent switch in the electrochemical measurement 

protocol to sustained CA, conversely, led to a gradual increase in the Fe concentration, but to 

a maximum level that was still significantly lower than the initial Fe concentration in the 

electrolyte. It indicates that some Fe remains on the NiO octahedra surface, but more likely as 
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containing electrolyte as shown in Figure 3.17. The minimal Ni leaching during operation in 

these measurements is in line with the high stabilities found during previous ICP-MS 

measurements,120 while the gradual increase in Ni concentration in Fe-containing electrolyte 

during CA can be explained by some Ni leaching into electrolyte as the LDH degraded. The 

details of these experiments are further described in the Appendix Note 3.2. 

Figure 3.17 ICP-MS results of Fe and Ni elements in the electrolyte. Quantification of Fe and Ni 

uptake/loss in NiO octahedra was performed by replicating the EC-TEM experiments in an H-cell 

configuration. The electrolyte samples were collected during cycling (0, 10, 20, 40, 60 and 120 CVs) 

and CA (1mL every 10 mins) from the WE compartment. 

  

We can further quantify the Fe uptake by comparing it against the total Ni content in catalysts 

loaded and estimate the Ni : Fe molar ratio during OER (calculations described in Appendix 

Note 3.2). The calculations show that the Ni : Fe ratio increased from ~ 1:1 at 10 CV cycles to 
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significantly higher Fe content than that expected from 3:1 Ni : Fe ratio we obtained for the 

thin LDH surfaces from ex situ XPS and EDX measurements, especially considering that the 
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was bound to the working electrode under OER conditions as suggested by the higher edge 

intensity found in the XAS measurements. Recently, it was shown that there is dynamic 

exchange between Fe species in the electrolyte and Fe located on a transition metal 

(oxy)hydroxide host during OER in Fe-containing electrolytes.120 Hence, we speculate that the 

Fe edge jump observed in the XAS measurements and enhanced surface Fe uptake found in 

the ICP-MS measurements is the result of an increased adsorption of Fe species from the 

electrolyte on the roughened catalyst surface created by restructuring under applied positive 

potential. 

3.4 Discussion 

These studies starting from morphologically and structurally well-defined pre-catalysts and 

using a unique combination of time-resolved operando microscopy and spectroscopy methods 

supported by more conventional analysis provide a consistent picture for the incorporation of 

Fe into Ni oxides/hydroxides during OER and the subsequent degradation of these Fe-enriched 

features during sustained reaction. First, we identify an incremental restructuring of the pristine 

NiO catalyst surface during cycling, which in the presence of Fe in the electrolyte, forms a 

superficial NiFe-LDH layer. This transformation is associated with a beneficial shift in the 

onset potential for OER towards lower values. A saturation of Fe incorporated into the NiOOH 

subsequentially leads to Fe2O3 precipitation, which slowly deactivates the electrocatalyst. The 

NiFe-LDH created in situ also degrades during sustained OER, as indicated by a significant 

reduction in the density of these flakes in Figure 3.11d, leading to less LDH on the catalyst 

surface over time, more FeOx aggregates, and a further drop in the electrocatalyst performance. 

This loss of the active surface structures is reflected in the decrease in the operando XAS Fe 

edge intensity, reduced surface Fe in the STEM-EDX maps and more Fe detected in the 

electrolyte by the ICP-MS measurements. This process, however, does not return the NiO back 

to an entirely pristine state as indicated by the still increased Fe K-edge XAS signal measured 

after reaction (Figure 3.16b) in comparison to that recorded prior to any electrochemical 

treatment, which we attribute mainly to the residual FeOx surface aggregates.  

In short, this study indicates that the NiO surface does not just form NiFe-LDH structures 

during OER in Fe-containing electrolyte. These active structures can also be destroyed even 

while Fe remains present in the electrolyte under an applied static potential. In a way, these 

results parallel the stabilization of active Fe sites via dissolution and redeposition reported 

previously,120 while demonstrating how these processes may be associated with changes in the 
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metal oxide surface. Furthermore, my work showing the complex restructuring of a high-

crystalline and often assumed stable NiO surface under reaction conditions implies that the true 

active structures cannot be easily determined without prior knowledge of the catalyst state from 

operando experiments. It further indicates a need for theoretical calculations that extend 

towards lattice structures that are not based on the starting nickel (hydr)oxide or NiFe-LDH 

pre-catalysts or their terminal states after reaction and is instead based on the evolved catalyst 

(oxyhydr)oxide surface that forms under reaction conditions.  

3.5 Conclusion 

In summary, the work in this chapter shows that NiFe layered double hydroxides (NiFe-LDH) 

progressively develop on the NiO surface in the initial electrochemical cycles in Fe-containing 

electrolyte, which is followed by the subsequent formation of FeOx aggregates with extended 

cycling and finally, the loss of NiFe-LDH from the NiO surface during sustained operation at 

constant potential. More importantly, these results demonstrate how the catalyst surface 

restructures in response to different applied potentials, which can create or destroy the active 

LDH structures. 

This work also shows how spatially- and temporally-resolved EC-TEM studies can unveil the 

chemical changes that take place in electrocatalysts under reaction conditions and how these 

operando experiments can inform subsequent detailed investigations that reveal the actual 

catalyst surface during reactions. More importantly, it demonstrates how a synergistic 

combination of operando microscopy and operando spectroscopy can be a powerful tool for 

enhancing our understanding of electrocatalyst transformation under reaction conditions.   



4. Unveiling Structural and Oxidation State Transformations of Co(OH)2 under OER Conditions via 

Operando Microscopy and Spectroscopy 

63 

 

 

 

 

4. Unveiling Structural and Oxidation State 

Transformations of Co(OH)2 under OER 

Conditions via Operando Microscopy and 

Spectroscopy 

This chapter presents my manuscript draft titled ñUnveiling Structural and Oxidation State 

Transformations of Co(OH)2 under Oxygen Evolution Reaction conditions via Operando 

Microscopy and Spectroscopyò, which is currently submitted for publication. I was responsible 

for planning the experiments, preparing samples and electrolytes, and conducting 

electrochemical experiments, ex situ and operando TEM experiments under the supervision of 

Dr. S. W. Chee and Prof. Dr. B.  Roldan Cuenya. I analyzed the data and wrote the paper with 

input from Dr. S. W. Chee, Dr. W. Nie. And Prof. Dr. B. Roldan Cuenya. The operando Raman 

experiments were conducted, and the corresponding data analyzed by Dr. W. Nie and myself. 

Dr. W. Nie conducted the EC-AFM experiments and analyzed the data. Operando STXM 

experiments were carried out by Dr. W. Nie, Mr. S. Fu, Dr. C. Qiu, Dr. C. Kley, Dr. S. W. 

Chee and myself.  I analyzed operando STXM data with the help of Dr. A. Martini, Dr. S. W. 

Chee and Dr. W. Nie. Dr. D. Escalera-Lɧpez conducted the real-time ICP-MS experiments and 

analyzed the data. 

Building on the work of Chapter 3, I extended the approach to investigate transition metal 

hydroxide nanosheets, focusing specifically on cobalt hydroxide (Co(OH)2) and nickel 

hydroxide (Ni(OH)2) pre-catalysts. The two-dimensional geometries of these samples offer an 

advantage for applications due to their large surface area, favorable electronic properties, and 

the ability to form active catalytic phases during OER. The objective of this Chapter is to 

describe the structural and chemical changes in Co(OH)2 nanosheets during OER, both in the 

absence and presence of Fe impurities, using correlated operando microscopy and 

spectroscopy. Additionally, this work examines whether the behavior observed in Co(OH)2 can 
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be extrapolated to Ni(OH)2. Since understanding the relationship between structural evolution 

and chemical state changes is critical, it is essential to employ both, operando microscopy and 

spectroscopy techniques that allow for real-time observation of the catalyst under working 

conditions. The small separation between Co and Fe characteristic X-ray energies, however, 

makes it difficult to use EDS for elemental mapping, unlike what I described in the previous 

chapter. Hence, we also developed a comprehensive strategy using correlated operando 

microscopy with TEM, AFM and STXM to directly visualize the surface evolution of the 

catalysts. The spectro-microscopy data from STXM was further combined with operando 

Raman spectroscopy experiments to follow the evolving chemical nature of the catalyst under 

reaction conditions. This integrated approach provides an in-depth understanding into how the 

dissolution-redeposition cycles observed in Co(OH)2 differs in the absence and presence of Fe 

impurities, and the consequent impact on the distribution of catalyst species present. 
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4.1 Introduction 

Transition metal-based materials have emerged as promising electrocatalysts for OER. Cobalt 

(Co) (hydr)oxides, in particular, have been found to effective because they can be synthesized 

with high surface area-to-volume ratios, but these materials also undergo significant structural 

changes such as Co leaching and redeposition under high applied potentials,63 which 

compromise their stability and performance over time.64, 121-122 Recent studies have also 

highlighted the role of iron (Fe) impurities in influencing the OER performance and stability 

of transition metal (oxy)hydroxides.86, 123-124 Whether intentionally or inadvertently added, Fe 

can enhance the catalystôs performance through various mechanisms such as lattice distortion31, 

modifications in electronic structure125-126, and changes in the surface morphology121. While 

the advance of operando spectroscopy work under electrocatalytic conditions has led to better 

understanding of these transformations, detailed microscopic insights into the local changes 

during reaction and in the presence of metal impurities remains scarce.127 It is also commonly 

observed that higher catalytic activity can lead to decreased stability, revealing a trade-off 

between these two crucial properties.127-129 Furthermore, the convolution of structural and 

chemical changes during OER and our inability to track both aspects of the material 

concurrently makes it difficult for us to obtain fundamental insight into the role of Fe in 

enhancing the catalytic activity of the host material. Previous studies have advanced the 

understanding of catalyst restructuring and the role of Fe impurities in electrolytes during OER. 

However, much of this research has relied heavily on ex situ analysis or single in situ/operando 

techniques. These approaches have limited the ability to capture the full scope of dynamic 

transformations that occur during OER. As a result, insights into structural and chemical 

evolutions remain fragmented, providing incomplete explanations of how this influences 

catalytic performance. A more comprehensive, multi-techniques methodology is required to 

achieve a deeper understanding of catalyst behavior under real operating conditions.  

In this Chapter, I study the structural and chemical state changes taking place in a model 

Co(OH)2 nanosheet pre-catalyst during reactions in the absence/presence of Fe, using a series 

of operando microscopy studies that encompass both structure and chemical state-sensitive 

methods. Additionally, operando Raman spectroscopy and time-resolved inductively coupled 

plasma mass spectrometry (ICP-MS) were used to provide ensemble chemical state of the 

catalysts and compositional analysis of the dissolved species in the electrolyte over time 

respectively. We reveal that without Fe in the electrolyte, the surface of Co(OH)  degrades, 
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which leads to the formation of CoOxHy over the entire working electrode surface. Conversely, 

Fe incorporation stabilizes the structural integrity of the nanosheets through the formation of 

Co(Fe)OOH, and reduces the amount of the redeposited phase formed. This work shows how 

Fe controls the formation of secondary redeposited Co3+ species, challenging the common 

hypothesis that Fe limits Co oxidation during OER.  

4.2 Experimental Methods 

4.2.1 Synthesis of Co(OH)2 Nanosheets 

The Co(OH)2 nanoplates were prepared using a hydrothermal method.130 Typically, 47.6 mg 

of CoCl2·6H2O was added into 20 mL NaOH (0.1M) solution under rapid stirring. After that, 

0.4 mL of N2H4 was then dropped into above mixture while continuing to stir. The resulting 

solution was then transferred to a 40 mL Teflon-lined stainless steel autoclave and heated at 

120 ÁC for 6 h. After allowing the system to cool naturally to room temperature, the precipitates 

were collected by centrifugation, washed with ultra-pure water, and absolute ethanol, and 

finally dried at 60 °C overnight.  

4.2.2 Synthesis of Ni(OH)2 Nanosheets 

The Ni(OH)2 nanoplates were prepared using a hydrothermal method.131 Typically, 891 mg of 

NiCl2·6H2O was added into 3.75 mL ultra-pure water under rapid stirring. After that, 3.75mL 

of 2 M NaOH was introduced into the above mixture while continuing to stir. After that, the 

resulting solution was centrifuged and then washed with ultra-pure water for three times. Then, 

the participation was dissolved into 30 mL of ultra-pure water and transferred into a 40 mL 

autoclave. The autoclave was heated at 180  for 10 h. The green powder of Ni(OH)2 was 

collected and washed with ultra-pure water and ethanol several times and then dried at 60  

overnight. 

4.2.3 Structural Characterization  

Transmission electron microscopy (TEM) was conducted using a 300 kV image-corrected 

(scanning) transmission electron microscope (Thermo Fisher Titan). Spherical aberration-

corrected electron microscopy was carried out on a JEM-ARM200F electron microscope. 

Scanning electron microscopy measurements were performed in a 30 kV Apero scanning 

electron microscope from Thermo Fisher. Further details on the electrochemical cell TEM 

experiments, operando X-ray absorption spectroscopy, operando Raman spectroscopy, ICP-
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MS experiments electrochemical cell atomic force microscopy, and synchrotron-based 

operando scanning transmission X-ray microscopy experiments are provided in the Appendix 

to Methods. 

4.2.4 Ex situ Electrochemical Measurements 

Catalyst activity was measured at room temperature in a custom-built three-electrode cell 

without glass (Thermo Scientific, PPCO), containing electrolyte solution. The setup consisted 

of a carbon paper working electrode, an Ag/AgCl reference electrode, and a carbon counter 

electrode, all connected to a Biologic SP-240 electrochemical workstation for electrochemical 

measurements. Co(OH)2 nanosheets were loaded onto the carbon paper, which served as the 

working electrode. The working electrode was prepared as follows: 5 mg of Co(OH)2 

nanosheets were dispersed in 10 mL of isopropyl alcohol (IPA) solution. The mixture was 

sonicated for 30 minutes to create a homogenous ink. Subsequently, 20 ɛL of this catalyst ink 

was carefully deposited onto the carbon paper, covering a geometrical area of 0.25 cm2. Cyclic 

voltammetry (CV) curves were recorded at a scan rate of 20 mV s-1 to assess the catalytic 

performance for the oxygen evolution reaction (OER). Electrochemical impedance 

spectroscopy (EIS) measurements were carried out across a frequency range from 100 kHz to 

0.01 Hz, with an AC potential amplitude of 5 mV. The electrochemically active surface area 

(ECSA) was estimated by performing CV cycles in a non-faradaic region at five different scan 

rates: 20, 40, 60, 80, 100, and 120 mV s-1. The double-layer capacitance (Cdl) values were 

derived from the CV curves at various scan rates within the potential range of 0-0.1 V versus 

Ag/AgCl. The ECSA was calculated using the relationship: 

ECSA=ὅdl×ὅsī1 

where Cs is the specific capacitance of the sample, typically 0.040 mF cm-2 for a metal 

electrode in NaOH. The resulting ECSA is expressed in square centimeters (cm2). 

4.2.5 Electrolyte Purification  

The electrolyte purification process was carried out as described in Chapter 3 (3.2.2) following 

the method outlined by Trotochaud et al.29 I used 2 g of Co(NO3)2Ā6H2O to prepare a precipitate 

of Co(OH)2 instead of Ni(OH)2 for the electrolyte purification. Specifically, 2 g 

Co(NO3)2Ā6H2O were dissolved in 4 mL of 18.2 ultra-pure water, and then 20 mL of 1 M NaOH 

were added to obtain precipitated Ni(OH)2. The mixture was washed with 200 mL of ultra-pure 

water and 20 mL of 1 M NaOH, and then centrifuged to obtain the supernatant. After that, the 
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supernatant was added into 500 mL of prepared borate buffer for purification and kept for 3 h. 

Finally, the mixture was centrifuged to obtain the purified borate buffer supernatant. 

4.3 Results and Discussion 

4.3.1 Activity Trend for Co(OH)2 in the Presence/Absence of Fe 

The cyclic voltammetry curves were recorded to study the redox characteristic fingerprints of 

the as-prepared Co(OH)2 and establish structure-activity correlations. Here, I specifically used 

a 0.5 M borate buffer as electrolyte because of its moderately alkaline pH. Since the anodic 

dissolution of Co(OH)2 is faster at lower pH,32, 122 this approach allows for accelerated 

degradation studies within the time constraints of operando microscopy experiments. 71 I note 

that similar electrochemical mechanisms of Co(OH)2 operate across a broad pH range from 

mildly to strongly alkaline condtions.132-133 Two redox transitions cathodic to the OER catalytic 

wave at ~ 1.24 V (oxidation wave A1, reduction wave C1 in Figure 4.1a), and at ~1.54 V (A2 

and C2) are observed, typically attributed to the Co2+/Co3+ and Co3+/Co3+ŭ redox couples, 

respectively. The parameter ŭ is used here to denote either a higher oxidation state of cobalt or 

a reconfiguration of in the oxygen chemical state and electronic structure within the system67 

under OER conditions. The CV curves indicate that the surface of Co(OH)2 nanosheets 

transformed into amorphous CoOOH and CoOx during the anodic scan, showing that the 

surface structure and composition of Co(OH)2 are dynamic during CV cycling. When Fe was 

introduced into the electrolyte, the Co redox wave shifted positively by 50 mV and the 

integrated peak area decreased. This shift suggests that Fe was incorporated into the 

oxyhydroxide structure, forming Co(Fe)OOH (that also contains surface-absorbed Fe) with 

enhanced OER activity. The positive shift of the CoOxHy wave upon mixing with Fe is 

consistent with the known behavior when Fe is co-deposited, which is crucial in limiting host 

restructuring and associated intermixing that drives the redox transitions. This behavior is also 

reported for NiFe-based catalysts.32, 122 In the Fe-free electrolyte, the gradual increase in the 

anodic current is attributed to the slow activation of the electrocatalysts, forming an amorphous 

surface and the redepositing Co species on the carbon substrate. In contrast, a more pronounced 

enhancement in OER current density was observed in the Fe-containing electrolyte, indicating 

the formation of Co(Fe)OOH with a higher intrinsic OER performance.  

A more pronounced increase in electrochemical surface area (ECSA) was observed in Fe-free 

electrolyte compared to the Fe-containing electrolyte, indicating that the Co(OH)2 nanosheets 
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after 100 CVs in the Fe-free electrolyte provide more active sites during OER (Figure 4.1c and 

Table A4.1). These significant increases in ECSA are likely due to the extensive amorphization 

of the nanosheets and greater redeposition of Co-based species, in the form of smaller particles 

in the absence of Fe, as confirmed by following TEM analysis. The extensive amorphization 

and redeposition of Co species in the Fe-free electrolyte, leading to a more pronounced 

increased ECSA, contrast with the more stable structure observed in Fe-containing electrolyte. 

It suggests that Fe incorporation helps maintain the structural integrity of the catalyst. 

Additionally, a decrease in Tafel slope from 57 mV dec ĭ to 40 mV dec ĭ after 100 CV cycles 

in Fe-containing electrolyte was observed, while the Tafel slopes in Fe-free electrolyte for 

Co(OH)2 before and after 100 CVs remained at Ḑ57 mV dec-1 (Figure 4.1d). Although the 

Tafel slope does not account for structural evolution under reaction conditions, it is used here 

to verify that the electrochemical performance of Co(OH)  nanosheets under our experimental 

conditions are consistent with pervious work. This finding also aligns with previous reports 

that Fe incorporation can modulate the OER mechanism, possibly by facilitating more efficient 

electron transfer processes.125, 134  

Figure 4.1 Cyclic voltammograms of the Co(OH)2 nanoplates in 0.5 M borate buffer (a) without Fe and 

(b) after adding 0.1 mM Fe(NO3)3 measured using a standard benchtop electrochemistry setup. The 
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Co(OH)2 nanoplates were dropcasted on a carbon paper. Note that the current density was obtained 

based on the average of ECSAs before and after the CV cycles. The slow increase in the anodic current 

is attributed to the activation of the electrocatalysts. Insert of (a) and (b) are the enlarged displays of (a) 

and (b) for the potential range between 0.87 to 1.67 VRHE. (c) The electrochemical surface area (ECSA) 

test was evaluated by measuring the double-layer capacitance (Cdl) obtained from CV curves at 

different scan rates. ȹJ (=JaīJc) of Co(OH)2 in Fe-free and Fe-containing electrolytes plotted against 

the scan rates. The slopes (2Cdl) were used to represent the ECSA. The unit of the slopes is mF cmī2. 

(d) Tafel slopes of OER on Co(OH)2 in Fe-free and Fe-containing electrolytes. Tafel analysis was 

performed on voltammetry data collected at 1 mV s-1, rather than using steady-state measurements, due 

to the changing composition and activity of Co(OH)2 over time. The Co(OH)2 nanosheetss exhibit 

similar Tafel slopes of Ḑ57 mV dec-1 before and after 100 CVs in Fe-free electrolyte, as well as before 

100 CVs in electrolyte with 0.1 mM Fe(NO3)3, suggesting a rate-limiting chemical step following the 

first electron transfer. The decrease in Tafel slope from 57 mV dec ĭ to 40 mV dec-¹ after 100 CV cycles 

in Fe-containing electrolyte indicates more favorable reaction kinetics, implying a second electron 

transfer rate-determining step. 

 

4.3.2 Morphological Evolution Monitored by EC-TEM during Cyclic Voltammetry 

Electrochemical cell transmission electron microscopy (EC-TEM) experiments were 

performed to reveal the morphological evolution of Co(OH)2 nanosheets under OER conditions, 

with a specific focus on how Fe incorporation impacts this process. The as-prepared Co(OH)2 

nanosheets are hexagonal in shape, with widths ranging from 80 to 150 nm and a thickness of 

20 ± 5 nm, as shown in Figure 4.2a,b and further corroborated in Figures A4.1 to A4.2. A 

selective area electron diffraction (SAED) pattern reveals a single-crystalline hexagonal lattice 

with a d-spacing of 0.281 nm, corresponding to the lattice parameter of the (100) facet of 

Co(OH)2 (Figure 4.2c),135 with a ɓ-phase as confirmed by Raman spectroscopy (Figure 

4.2d).136-137 
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Figure 4.2 (a) Ex situ SEM and (b) STEM images of as-prepared Co(OH)2 nanosheets. (c) SAED image 

of as-prepared Co(OH)2 sample. (d) Ex situ Raman spectrum of as-prepared Co(OH)2 nanosheets. 

 

Figure 4.3a,b depict the image sequences acquired during operando EC-TEM experiments 

tracking the same Co(OH)2 samples at different reaction times under CV cycling: t = 0, 15, and 

90 minutes (see EC-TEM movie in Movie A4.1 and extended image sequences in Figure A4.4 

and A4.5). The representative CVs from these experiments are plotted in Figure 4.3c,d. The 

deposition of new particles on the electrode is evidenced by higher gray levels compared to the 

initial pristine surface. Chemical mapping using energy-dispersive X-ray spectroscopy 

indicates that materials deposited on the carbon substrate are primarily Co and that they likely 

arise from the redeposition of Co species dissolved in the electrolyte during operation (Figure 

4.3e,f and A4.6). In both cases, we see the formation of new material on the carbon substrate 

as highlighted by yellow arrows in the image sequences. Comparatively, there is more 

extensive material deposition under Fe-free conditions. The electrochemical data also indicate 

that the current density doubled with extended CV scanning in the Fe-free electrolyte, 

indicating small nanoparticles formation,67 whereas it increased eightfold in the Fe-containing 

electrolyte. 
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Figure 4.3 Snapshots extracted from the videos tracking the morphological evolution of Co(OH)2 in (a) 

Fe-free 0.5 M borate buffer and (b) 0.1 mM Fe(NO3)3 + 0.5 M borate buffer. Changes observed in 

different regions of the carbon substrate are highlighted in (a,b) by yellow arrows. Cyclic 

volammograms obtained in (c) Fe-free 0.5 M borate buffer and (d) 0.1 mM Fe(NO3)3 + 0.5 M borate 

buffer during operando EC-TEM experiments. Ex situ STEM-EDX images of Co(OH)2 samples after 

100 cycles of CV scanning in  (e) 0.5 M borate buffer and (f) 0.5 M borate buffer + 0.1 mM Fe(NO3)3 

after operando EC-TEM experiments. 

 

To better visualize the catalyst surface and the material on the carbon substrate during reaction, 

the samples were extracted from the operando EC-TEM experiments and further examined at 

higher spatial resolution with STEM/TEM. Figure 4.4 shows the ex situ STEM images of 

Co(OH)2 nanosheets after 100 CVs in Fe-free and Fe-containing electrolytes, respectively (also 

see Figure A4.7-A4.8). These ex situ images corroborate our in situ observations, showing 

significant surface restructuring of Co(OH)2 nanosheets and material growth on the carbon 

substrate. 
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Figure 4.4 Ex situ STEM images of (a,b) the as-prepared Co(OH)2 sample, and images after 100 CV 

cycles in (a,b) 0.5 M borate buffer and (c,d) 0.5 M borate buffer + 0.1 mM Fe(NO3)3 solution after 

operando EC-TEM experiments. 

 

To confirm these observations and rule out any artifacts due to the extended exposure to the 

electron beam, I repeated the experiments on the Co(OH)2 nanosheets dispersed on a highly 

oriented pyrolytic graphite (HOPG). Post-reaction SEM images of the nanosheets revealed that 

similar nanosheet morphology in both, the Fe-free and the Fe-containing electrolytes but more 

redeposition of Co species was found in the samples reacted in the absence of Fe as compared 

to these reacted in the presence of Fe (Figure 4.5). In the Fe-free electrolyte, the carbon 

substrate exhibits a higher amount of redeposited Co species as compared to the Fe-containing 

electrolyte. The black regions represent the carbon substrate, while the grey areas in the 

background correspond to the redeposited Co. 
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Figure 4.5 Ex situ SEM images of the Co(OH)2 samples. (a,b) before OER, (c,d) after 100 cycles of 

CV scanning in Fe-free 0.5 M borate buffer solution, (e,f) after 100 cycles of CV scanning in 0.5 M 

borate buffer + 0.1 mM Fe(NO3)3 solution using the standard benchtop electrochemistry setup. The 

samples were dropcasted on a HOPG support. In the Fe-free electrolyte, the carbon substrate exhibits a 

higher amount of redeposited Co species (seen as smaller Co nanoparticles) compared to the Fe-

containing electrolyte. The black regions represent the carbon substrate, while the grey areas in the 

background correspond to the redeposited Co.  

 

4.3.3 Co/Fe Dissolution Quantification : Time-resolved ICP-MS 

To gather further insights into the role of Fe in stabilizing Co(OH)2 under OER conditions, I 

monitored the dissolved Co and Fe content in the electrolyte by using ex situ ICP-MS 

measurements. These measurements were performed in an H-cell where liquid aliquots were 
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periodically extracted from the working electrode (WE) chamber with the help of collaborators 

as mentioned in the beginning of the Chapter. OER measurements in the Fe-free electrolyte 

(Figure 4.6a, [Fe] å 4 ɛg L-1) indicate that Co(OH)2 undergoes significant dissolution after 

exposure to the electrolyte at OCP followed by increased Co dissolution at OER potentials, 

peaking at the highest potential employed (1.7 VRHE). Co redeposition at the WE is described 

by a decrease in the Co concentration in the electrolyte upon decreasing the OER potentials 

from 1.7 to 1.3 VRHE: concentration values after OER are analogous to those measured in the 

pre-OER potential window ([Co] å 50 ɛg L-1), suggesting a fairly reversible Co dissolution-

redeposition mechanism onto the WE. Analogous measurements upon intentional addition of 

Fe (Figure 4.6b, [Fe] å 4 mg L-1) do not yield a clear trend concerning Co dissolution as a 

function of OER potentials applied. We hypothesize that this is due to the unavoidable Co 

impurities that are contained in the high purity Fe salt used (0.7 ppm Co impurities in Fe(NO3)3 

99.95% trace metals basis) which increases the Co content present in the electrolyte by ca. 40 

ɛg L-1. This impurity level, in addition to the suppressed Co dissolution observed in EC-AFM 

and EC-TEM measurements, masks any Co variations in the electrolyte as these changes are 

expected lower than the dissolved Co content in the Fe-purified electrolyte (Ñ 20 ɛg L-1, see 

Figure 4.6). 

Figure 4.6 Dissolved Co contents in (a) Fe-purified and (b) Fe-containing borate buffer electrolytes 

during OER measurements elucidated from ex-situ ICP-MS electrolyte quantification. 
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4.3.4 Structural Changes Monitored by Operando Raman 

Operando Raman spectroscopy experiments were carried out to monitor the structural and 

phase composition changes of a Co(OH)2 nanosheet ensemble. These measurements were 

performed in collaboration with Dr. W. Nie. The characteristic peaks of Co-O-Co vibration 

band (Eg, centered at ~505 cm-1) and Co-O vibration band (A1g, peaking at ~601 cm-1) of the 

CoOOH phase appear when immersing in both the Fe-free and the Fe-containing 

electrolytes.136-137 (see Raman spectra in Figure A4.11). No significant shifts were seen in the 

Eg and A1g band positions as a function of the applied conditions (elevated anodic potentials in 

Fe-free electrolyte as shown in Figure 4.7a and after multiple CV cycles in the Fe-containing 

electrolyte as shown in Figure 4c), which is in agreement with previous reports.138 The absence 

of a shift in the A1g representing the stretching vibrations of the cobalt atoms with both the 

bridging and terminal oxygen atoms139 do not, however, rule out changes in the Co oxidation 

state because the different oxidation states of Co ions bonded to oxygen atoms are convoluted 

together in the A1g vibrations.140 Conversely, the intensity ratio of the Eg peak to the A1g peak 

(IEg/IA1g) exhibits a slight increase followed by a decreases with extended CV cycles (Figure 

4.7d). This behavior suggests that CoOOH initially forms on the Co(OH)2 surface during the 

early cycles, but as cycling continues, the rhombohedral configuration of CoO6 with ɛ-oxo 

bridging between Co ions in the CoOOH phases becomes distorted,141-142 which indicates a 

gradual amorphization of the catalyst surface.  

In the Fe-containing electrolyte, the Eg band underwent a noticeable blue shift (Figure 4.7b) 

when exposed to applied potentials, accompanied by a marked increase in the IEg/IA1g ratio 

(Figure 4.7d) after initial Fe incorporation (after 10 CVs). These changes suggest modifications 

in the local environment of the CoO6 octahedra and in the polarizability of the Eg vibrational 

mode likely due to Fe incorporation. A comparable peak shift (Figure A4.14) is also observed 

in the Eg band, at approximately 520 cm-1, in CoFe-LDH nanosheets with similar shape and 

size that I prepared as reference, and with a Co : Fe ratio of 2 : 1, which further support 

associating this shift with the integration of Fe into Co(OH)2. In contrast to Fe-free electrolytes, 

the IEg/IA1g ratio increased significantly after 10 CV cycles and then gradually declined with 

additional cycles (Figure 4.7d). Despite this decline, the ratio remained higher than the initial 

IEg/IA1g value measured at OCV in the Fe-containing electrolyte, which suggests that Fe 

stabilizes the CoOOH structure. As for the broad A1g peak, we observed more diverse changes 

during CV cycling and at elevated anodic potential, which we attributed to a structural 

reconstruction by Co(Fe)OOH formation.143-144 
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Figure 4.7 Operando Raman spectra collected on the Co(OH)2 nanosheets in Fe-free 0.5 M borate 

buffer and 0.1 mM Fe(NO3)3 + 0.5 M borate buffer electrolytes under different reaction conditions. (a) 

Spectra were first collected at open circuit conditions, followed by collection after 10 CV cycles from 

0.9 to 1.7 VRHE at a scan rate of 20 mV s-1. Subsequently, spectra were collected at applied potentials 

within the range of 1.1 to 1.7 VRHE with each potential maintained for 15 minutes and Operando Raman 

spectra collected on the CoFe-LDH nanosheets in Fe-free 0.5 M borate buffer at open circuit conditions 

and at applied potentials of 1.3 and 1.7 VRHE after 10 CV cycles from 0.9 to 1.7 VRHE at a scan rate of 

20 mV s-1. (b) Enlarged view of the spectra of Co(OH)2 nanosheets in (a). (c) Spectra were initially 

collected at open circuit conditions, followed by collection after 10 CV cycles from 0.9 to 1.7 VRHE at 

20 mV s-1 scan rate. Afterward, the samples were subjected to applied potentials within the range of 1.1 

to 1.7 VRHE with each potential maintained for 15 minutes. Additional Raman spectra were collected 

after 30, 50, 75, and 100 CV cycles, respectively. (d) Intensity ratio of the Eg peak at 505 cm-1 to the 

A1g peak at ~601 cm-1 as a function of CV cycle number. 
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At the OER onset potential, the A1g peak maximum shifted back to a lower wavenumber, ~570 

cm-1, compared with the center peak position (601 cm-1) of Co-O vibrations in Fe-free 

electrolytes. The same peak is also observed in the CoFe-LDH sample at OER onset potentials 

(Figure 4.7a and Figure A4.14), suggesting that it originates from the formation of Co(Fe)OOH. 

Such changes in the Raman spectra have previously been correlated with a decrease in the 

average oxidation state of Co during the OER process.145 The shift of A1g peak maximum is 

irreversible with extended CV cycles (Figure 4.7c), and the gradual decrease of IEg/IA1g values 

(from 30 CVs to 600 CVs) (Figure 4.7d) suggest continuous Co(Fe)OOH formation on the 

catalyst surface. These results, however, do not differentiate between the oxidation states of 

the nanosheets and the redeposited species.  

4.3.5 Investigation of the Structural and Oxidation States Changes by Operando STXM 

To probe the chemical state of Co during OER in a spatially resolved manner, we employed 

operando scanning transmission (soft) X-ray microscopy (STXM) experiments using a 

reaction cell for synchrotron work63, similar to our EC-TEM system. These measurements were 

carried out with the help of synchrotron staff and collaborators. STXM image stacks at the Co 

LIII-edge were collected at OCV, after 10 CVs, at CA (oxidative peak potential, 1.30 VRHE), at 

CA (OER onset potential, 1.65 VRHE), at CA (reductive peak potential, 1.30 VRHE), and then 

after 90 CVs. Reference spectra was also measured for Co(OH)2 and CoOOH under dry 

conditions (Figure A4.15). Figure 4.8 shows the STXM images acquired at a photon energy of 

780.0 eV. Although we cannot directly visualize individual nanosheets at the spatial resolution 

of STXM, the image stacks provide us with the Co L3 edge X-ray absorption spectra (XAS) at 

individual pixels and allow us to associate the oxidation states of Co to the structural 

evolution132, 146 that we have described earlier.  

Firstly, we find that the Co(OH)2 no longer remains in the 2+ oxidation state after immersing 

in the electrolyte. Figure 4.9a compares color-coded composite maps of images extracted at 

780.0 eV, 780.6 eV and 780.9 eV representing the distributions of Co2+, Co3+, and Co3+ŭ 

species63 respectively after the Co(OH)2 nanosheet are immersed in the Fe-free and Fe-

containing electrolytes. While image extraction at a single energy level is insufficient for a 

clear assignment to different Co species, it provides a general overview into the distribution of 

Co oxidation states and how it evolves under different experimental conditions. Particularly, 

the composite maps reveal a non-uniform distribution of cobalt oxidation states and the more 
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intense blue tint surrounding the nanosheets aggregates can be explained by the conversion of 

Co2+ to its more oxidized forms (Figure 4.9b and Figure A4.16). 

Figure 4.8 Operando STXM images of Co(OH)2 at a photo energy of 780.0 eV under different reaction 

conditions. The scale bar in the images is 500 nm. 

 

The extracted spectra over individual nanosheet aggregates (Figure 4.9c) also indicates that the 

Co(OH)2 no longer remains in the 2+ oxidation state after immersion in the electrolyte. 

Additional, Co L3-edge XAS spectra from different selected regions are provided in Figures 

A4.17-4.18. It should be noted that the complex, overlapping features of the Co2+, Co3+, and 

Co3+ŭ L3 edge XAS spectra63, and the absence of reference spectra for Co3+ŭ makes it difficult 

to quantitatively decompose the individual components of Co2+, Co3+, and Co3+ŭ. Nonetheless, 

as shown in Figure 4.9c, the Co3+ peak at 780.6 eV and the Co3+ŭ peak estimated at 780.9 eV 

became more pronounced, while the Co2+ peak at 780.0 eV weakened after 10 CVs, indicating 

a gradual conversion of Co2+ into Co3+ and Co3+ŭ. The absorption profile towards higher 

energies at the Co oxidative peak potential and at the OER onset potential, indicate the further 

oxidation of Co3+. Following CA at reductive potential and 90 CVs treatments, the Co L3-edge 

shifted back to lower energy levels.  

Interestingly, the spectra extracted from the areas between the nanosheets further indicate that 

the re-deposited CoOxHy are present only in the Co3+ and Co3+ŭ states (Figure 4.9c and Figure 

A4.19-A4.20). To better visualize and compare the oxidation state change under the different 

electrochemical conditions, we plot the intensity ratios between 780.6/780.0 eV and 

780.9/780.6 eV to estimate the ratio of  ICo3+/ICo2+ and ICo3+ŭ/ICo3+, respectively, in sample areas 

and non-sample areas, as well as across the entire image area (Figure 4.9c). 
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Figure 4.9 Operando STXM analysis of Co(OH)2 at the Co L3-edge. (a) Spatio-temporal chemical 

evolution with respect to different reaction conditions in 0.5 M borate buffer and 0.1 mM Fe(NO3)3 + 

0.5 M borate buffer (a) at OCV and (b) under applied potential (1.65 VRHE). Chemical phase maps 

obtained by linear combination fits of XAS data at each pixel (see Methods in the SI). The fitting results 

(chemical information) and averaged optical density (morphological information) are shown by the 

color legend and transparency, respectively. The presence of Co2+ at 780.0 eV, Co3+ at 780.6 eV and 

Co3+ŭ at 780.9 eV was assigned to red, green and blue colors, respectively. The scale bar in (a,b) is 500 

nm. (c) Operando XAS from the selected regions with Co(OH)2 nanosheets in Figure A4.17 area 1 and 

Figure A4.18 area 1, the selected regions without Co(OH)2 nanosheets in Figure A4.19 area 1 and Figure 

A4.20 area 1, and the entire image area. The energy position of the L3-edge absorption features for Co2+ 

(780.0 eV), Co3+ (780.6 eV), and Co3+ŭ (780.9 eV) are indicated as dash lines. (d) Intensity ratio as a 

function of different reaction conditions in the regions with or without Co(OH)2 nanosheets, as well as 
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across the full STXM image area. The intensity ratio value is given as the absorption intensity iCo3+/iCo2+ 

or iCo3+ŭ/iCo3+. 

 

The same analysis was carried out for the reference samples (Figure A4.21) to provide a 

baseline for the comparison. First, the ICo3+/ICo2+ ratio is lower under applied potential with the 

Fe-containing electrolyte, indicating a weaker increase in oxidation state, but we argue that this 

is not a change in the intrinsic oxidation state of Co but is rather a reflection of the reduced pre-

restructuring leading to a smaller Co3+ population, which skew the distribution of oxidation 

states and the shape of the obtained spectra. Consistent ICo3+ŭ/ICo3+ ratios were found across 

areas with and without nanosheets, indicating that the amount of Co3+ that can be converted to 

Co3+ŭ is relatively fixed. To further clarify Feôs influence on the oxidation state of Co under 

various conditions, operando STXM analysis was conducted on a CoFe-LDH system with a 

Co : Fe ratio of 2 : 1 (Figure A4.22). The Co L3-edge XAS spectra obtained under controlled 

experimental conditions closely matched those observed for Co(OH)2 nanosheets. These 

results again reinforce our conclusion that Fe primarily stabilizes the catalyst morphology, 

rather than altering the oxidation state of Co. We also highlight here that the electrochemical 

surface area of the restructured catalyst in the Fe-free electrolyte is much higher than in the Fe-

containing electrolyte (Table A4.1), further supporting that the change in activity is more likely 

an intrinsic effect of surface Fe121, 147-148 rather than a change in the Co state. Unfortunately, 

the changes in the Fe edge could not be reliably tracked due to the small amount of Fe 

incorporated, thereby limiting the signal to noise in the Fe maps. Nonetheless, our results 

revealing a slower catalyst dissolution/redeposition and the heterogeneity in local oxidation 

state still clarify the primary impact of Fe. 

First, we note that while our results are largely in line with previous work indicating that Fe 

impurities from the electrolyte predominantly incorporates into Co(OH)2 at surfaces edges and 

defects sites,149-151 they also highlight how the impact of catalyst restructuring can be obscured 

within the ensemble behavior probed by electrochemical measurements and operando 

spectroscopy experiments. Our spatially resolved STXM data show that the restructured Co 

nanosheet surface and the redeposited Co species both show 3+ oxidation state and hence, 

would be indistinguishable in, for example, the redox peaks measured in CVs and manifest as 

a general increase the oxyhydroxide phase process. Even though there is previous work that 

suggests Fe may suppress the oxidation state of Co, they are also based on ensemble operando 

spectroscopy measurements.147, 152-153 Based on our work, we propose instead that the 
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differences in spectral features represent a change in the intrinsic oxidation state of Co but 

rather show Feôs role in stabilizing the pre-catalyst morphology. If  we combine STXM data 

into an ensemble averaged picture by considering the entire image (Figure A4.23), the spectra 

acquired in Fe-free and Fe-containing electrolyte (Figure 4.9c) indeed indicate a smaller shift 

towards higher energy during OER in the Fe-containing experiment that would give the 

perception of a lower oxidation state if one considers the results without the spatially resolved 

information that we had presented.  

We also highlight here that studies investigating how Fe changes the morphology of the 

Co(OH)2 pre-catalysts during reaction has been limited, despite the extensive research on these 

materials. Most previous work has discussed the effect that Fe has on the oxidation state of the 

host, and  had also been concentrated in Ni-based materials and it is often assumed that this 

behavior extrapolates to Co-based materials.149, 154 Most examples on the topic in existing 

literature has also been on doped samples where Fe is already present in the pre-catalysts.147, 

152-153 In contrast, our results drawn from an array of ensemble and local operando experiments 

provide mechanistic insight into how the presence of Fe in the electrolyte influences the 

restructuring of Co(OH)2 via the formation of surface Co(Fe)OOH. This work also adds to the 

increasing evidence that the two transition metals differ in terms of the detailed behavior.150, 

155 We show in Figure 4.10, a comparative study on Ni(OH)2 nanosheets of similar shape and 

thickness, which revealed no significant reconstruction of Ni(OH)2. Notably, this behavior is 

opposite to that reported by Dette et al.155 where their Co(OH)2 materials were more stable than 

their Ni(OH)2 nanosheets. The stability is usually attributed to the strong Co-O bond in 

CoOxHy
150, 156 restricting intrinsic structural dynamics of the Co-based system. Our work, 

however, indicates that this behavior does not extend to all conditions where the pre-catalyst 

stability inverses at lower pH conditions (9.8 in our work in borate buffer versus 13 in previous 

work using 0.1 M KOH electrolyte) and Co(OH)2 undergoes extensive restructuring via 

dissolution-redeposition into structures that are vastly different from the pre-catalyst form. This 

discrepancy155 can, nonetheless, be understood when we consider that Co is close to the phase 

boundary between Co being stable as Co2+ ions or Co(OH)2 in the Co Pourbaix Diagram at pH 

9.8,157 whereas Ni(OH)2 is stable in this pH range.158  
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Figure 4.10 (a) Ex situ SEM, (b,c) TEM and (c) STEM images of as-prepared Ni(OH)2 nanosheets. 

Snapshots extracted from the videos tracking the morphological evolution of Co(OH)2 in (e) Fe-free 

0.5 M borate buffer and (f) 0.1 mM Fe(NO3)3 + 0.5 M borate buffer. Ex situ STEM images of an as-

prepared Co(OH)2 sample after 100 CV cycles in (g,h) 0.5 M borate buffer and (i,j) 0.5 M borate buffer 

+ 0.1 mM Fe(NO3)3 solution after operando EC-TEM experiments. 

 

Consequently, these results highlight a need for a better understanding of the catalystsô 

morphological stability at different pH values, particularly, if we aim to design effective and 

durable catalysts that work at milder pH values. Our work also underscores the need for 

operando microscopy work combining structural and chemical investigations into the specific 

behaviors of each material in order to derive a more accurate picture of the mechanisms at work 

during electrocatalysis. 
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4.4 Conclusion 

In conclusion, this work provides a fresh perspective on how Fe modulates the behavior of Co 

under catalytic conditions through a detailed investigation into the structural and chemical 

changes in well-defined Co(OH)2 nanosheets pre-catalysts under OER conditions, in the 

absence or presence of Fe impurities in the electrolyte. Specifically, without Fe, Co(OH)2 

undergoes extensive restructuring into a disordered CoOxHy phase, leading to catalyst 

degradation and diminished stability. In contrast, Fe incorporation stabilizes the Co(OH)2 

structure by forming Co(Fe)OOH phase, which not only mitigates Co dissolution/redeposition 

but enhances catalytic performance. The reduced dissolution-redeposition cycle in our system 

directly contributes to the lower average oxidation state of Co observed. While these results do 

not preclude that Fe can change the oxidation state of Co locally, our findings indicate that the 

changes reported previously in the spectra features can instead be explained by the smaller 

amount of oxidizable Co3+ species arising from Fe stabilizing the pre-catalyst.  

This Chapter also highlights a holistic approach to understanding catalyst behavior during OER 

by integrating a comprehensive suite of operando microscopic and spectroscopic  techniques. 

These tools provide real-time insights into surface dynamics and chemical transformations 

under working conditions, allowing for a detailed investigation of key processes, including Fe 

impurity incorporation and dissolution-redeposition cycles observed in Co(OH)2.  
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5. Impact of Alkali Cations on NiOOH 

Restructuring during the Oxygen Evolution 

Reaction  

This chapter presents my manuscript draft entitled ñImpact of Alkali Cations on NiOOH 

Restructuring during the Oxygen Evolution Reactionò, which is currently being prepared for 

submission. I was responsible for planning the experiments, preparing samples and electrolytes, 

and conducting electrochemical experiments under the supervision of Dr. S. W. Chee and Prof. Dr. 

B. Roldan Cuenya. In addition to performing ex situ TEM measurements, I also analyzed the data 

and wrote the paper with input from Dr. S. W. Chee and Dr. M. C. O. Monteiro. The operando 

Raman experiments were conducted, and the corresponding data analyzed by Dr. L. C. Bai and 

myself. Dr. W. Nie conducted the further EC-AFM experiments of the same samples under the 

same conditions. 

 

This chapter extends my discussion of impurity effects beyond Fe. Particularly, it highlights the 

often-overlooked role of sodium ions (Na+). It has been widely observed that alkali metal cations 

in the electrolyte modulate the activity of electrocatalysts for many reactions. However, the 

specific nature of these cation effects in the oxygen evolution reaction (OER) remains a 

controversial topic, and most previous work only considers kinetics rather than structural aspects. 

Here, I use well-defined Ni(OH)2 catalysts as a model system to investigate its structural evolution 

in potassium hydroxide (KOH) in the presence of controlled Na+ impurity concentrations. The 

results reveal a disparity in the short- and long-term electrocatalytic performance between the 

different electrolyte compositions which we attribute to cation intercalation-driven structural 

changes.  
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5.1 Introduction  

Alkali metal cations in the electrolyte are known to affect the performance of electrocatalysts in 

various electrochemical oxidation and reduction reactions.56, 159-161 Depending on the reaction, and 

mechanism, different types of cation-surface interactions have been proposed to affect reaction 

kinetics and thermodynamics, involving for example: i) adsorption/blocking of active sites,159-160 

ii) buffering of the interfacial pH,162-163 iii) altering of the local electric field,164 iv) accumulation 

and short-range non-covalent interactions,161, 165-166 among others. Specifically, in catalysts for the 

oxygen evolution reaction (OER), these effects have a higher degree of complexity, as the 

oxidizing OER potentials lead to severe changes to the catalystôs chemical state, morphology, and 

stability, which may also be affected by the cation identity. Particularly regarding stability, we 

must deconvolute intrinsic cation effects on the OER kinetics from effects on catalyst restructuring, 

if we are to ultimately improve the catalyst performance. 

Nickel hydroxide (Ni(OH)2), is one of the most active ñpre-catalystsò for OER under alkaline 

conditions in water splitting applications. As described by Bode et al.,33 Ni(OH)2 oxidizes to 

NiOOH under anodic applied potentials in alkaline electrolytes and depending on the starting state 

and applied conditions, the NiOOH can either be in an ordered (ɓ) or a disordered (ɔ) phase. The 

distribution of these phases, so far, is believed to be altered either by redox transformation (e.g. 

charge/discharge and overcharge) or by aging.33, 87 Most studies to date have focused on how alkali 

cations (Li+, Na+, K+, Rb+ and Cs+) impact the kinetics of Ni-based OER catalysts.159, 167 For 

example, Michael et al. found that the activity increased in the order of Cs+ > K+ > Na+ Ɔ Li+ for 

OER on nickel oxyhydroxide (NiOOH) electrodes,58 whereas Garcia et al. reported an OER 

activity trend of Cs+ > Na+ > K+ > Li+ for NiOOH and attributed the impact of the cations to a 

stabilization of the NiOO- intermediate, resulting in a higher OER activity.56  

Cations not only play a role in the OER kinetics, but are also known to intercalate into the layers 

of oxide and oxyhydroxide materials under oxidative potentials, leading to, for example, an 

expansion of the catalystôs interlayer spacing.168-169 How such intercalation alters the active 

structure of the electrocatalysts is also still not well-understood.62 A very recent study by van der 

Heijden et al.,60 also showed that the addition of small amounts of Li+ to Fe-free NaOH or KOH 

electrolytes improves the OER activity of NiFeOOH compared to single-cation electrolytes due to 
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the enhanced intercalation of Na+ and K+ ions. However, this improvement was concluded only 

based on the initial catalytic activity measured by cyclic voltammetry, without considerations on 

the catalyst long-term stability and/or restructuring. They have also suggested that the intercalation 

during the reaction is only partially reversible upon removal of the applied potential, which 

highlights a need for a more in-depth study into this intercalation process and its consequences on 

the catalyst structure. Furthermore, despite several efforts in both theory and experiments, the 

mechanisms responsible for changes in the OER catalytic activity in the presence of different metal 

cations seem to be material system- and time-dependent and are still under debate,62 with no direct 

work to date regarding the role of cations on catalyst restructuring and long-term stability.160 

In this Chapter, I used well-defined Ni(OH)2 nanoplates to probe the structural changes taking 

place in the two most common electrolytes used for the OER, namely sodium hydroxide (NaOH) 

and potassium hydroxide (KOH), and also when Na is present in KOH as an impurity. Through 

both electrochemical and (operando) structural characterization experiments, we show that the 

electrocatalyst evolution during a common applied cyclic voltammetry procedure for catalyst 

activation is different in the two electrolytes. The results show that the presence of even trace 

amounts of Na+ ions in a KOH electrolyte accelerates the (ɓ)-(ɔ) phase conversion of the catalyst, 

resulting in lower long-term OER activity. These effects are rationalized in terms of the propensity 

for ɓ-NiOOH to transform into ɔ-NiOOH upon intercalation of K+ and that the presence of Na+ 

ions, due to their larger hydrated radius, further facilitates this overcharging in mixed electrolytes 

by opening the interlayer structure.  

5.2 Experimental Methods 

5.2.1 Synthesis of Ni(OH)2 Nanoplates 

The Ni(OH)2 nanoplates were prepared as described in Chapter 4 (4.2.2) through a simple 

hydrothermal method.131 The key difference in this synthesis compared to the previous one is the 

purity of KOH used: this work employed 99.99% KOH, whereas Chapter 4 used 99.8% KOH.  

5.2.2 Structural Characterization 

Transmission electron microscopy (TEM) and scanning transmission electron microscopy (STEM) 

were conducted using a 300 kV image-corrected (scanning) transmission electron microscope 
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(Thermo Fisher Titan). Energy dispersive X-ray spectroscopy (EDX) elemental mapping and 

spectra of Ni(OH)2 nanoplates on a TEM grid were obtained on a 200 kV ThermoFisher Talos 

F200x spectrometer. Details of operando Raman spectroscopy and electrochemical cell atomic 

force microscopy experiments are provided in the Appendix to Methods.  

5.2.3 Electrochemical Measurements 

The electrochemical and electrochemically active surface area (ECSA) measurements are detailed 

in Chapter 4 (4.2.4). Ni(OH)2 nanoplates were loaded onto carbon paper and then used as working 

electrodes. The electrodes were prepared as follows. 5 mg of the nanoplates were dispersed in 10 

mL IPA solution. The mixture was sonicated for half an hour to yield a homogeneous ink. Then, 

20 ɛL of the catalyst ink were carefully dropped onto the carbon paper with an exposed geometrical 

area of 0.25 cm2.  Cyclic volammetry curves were measured at a scan rate of 20 mV s-1 to evaluate 

the catalytic OER performance.  

5.2.4 Electrolyte Purification  

The electrolyte purification process was identified to that described in Chapter 3 (3.2.2) was used 

following the method outlined by Trotochaud et al.29 We used 99.98%KOH and 99.99% NaOH as 

electrolytes. KOH: 100 mM KOH; Na1K99OH: 1 mM NaOH + 99 mM KOH; Na5K95OH: 5 mM 

NaOH + 95 mM KOH; Na10K90OH: 10 mM NaOH + 90 mM KOH; NaOH: 100 mM NaOH.  
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5.3 Results and Discussion 

5.3.1 Electrolyte Effect on the Ni(OH)2/NiOOH Phase Transition 

Figure 5.1 illustrates the data collected from various electron microscopy techniques, including 

scanning electron microscopy (SEM), scanning transmission electron microscopy (STEM), 

transmission electron microscopy (TEM), and electron diffraction, for the Ni(OH)2 nanoplates 

synthesized in this study. The nanoplates exhibit a hexagonal morphology, with lateral dimensions 

ranging from 80 to 180 nm and a measured thickness of approximately 30 ± 5 nm. Figure 5.1c 

show the higher magnification image of a nanoplate that is ~ 140 nm size and Figure 5.1e shows 

nanoplates that are standing on their sides. The electron diffraction patterns depicted in Figure 5.1g 

reveal that the nanoplates possess a single-crystalline structure, characterized by an interplanar 

spacing of 0.27 nm. This spacing corresponds to the (100) crystallographic plane of ɓ-Ni(OH)2.
131 

Further confirmation of the ɓ-phase of these nanoplates is provided by Raman spectroscopy data, 

which show an O-H stretching vibration at 3580 cm-1,170 as illustrated in Figure 5.2. 

Figure 5.1 Ex situ SEM (a, b), STEM (c, d), TEM (e, f) and diffraction pattern (g) of as-prepared Ni(OH)2 

nanoplates. 




























































































































































