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Kurzfassung 

Die Sauerstoffentwicklungsreaktion (OER) stellt den Engpass der elektrolytischen 

Wasserspaltung dar. Es besteht daher Bedarf an der Entwicklung innovativer, kostengünstiger 

Ansätze zur Erzeugung aktiver und langlebiger Elektrokatalysatoren auf der Grundlage häufig 

vorkommender Übergangsmetalloxide. Obwohl bereits zahlreiche Anstrengungen 

unternommen wurden, um dieses Ziel zu erreichen, erfordern die meisten Materialien mit 

hoher katalytischer Aktivität zeit- und energieaufwendige, mehrstufige Syntheseverfahren. Der 

effektivste Ansatz wäre die einstufige Herstellung hochaktiver Elektrokatalysatoren ohne 

komplizierte Templatbildung und energieintensive Kalzinierungsprozesse. MOFs werden als 

vielversprechende Ausgangsstoffe für aktive Mischmetalloxid-/hydroxid-Elektrokatalysatoren 

erachtet, da sie eine definierte Mischmetallzusammensetzung mit einer gleichmäßigen 

Verteilung der Metalle im Nanometerbereich ermöglichen. 

Im Rahmen des ersten Forschungsschwerpunkts dieser Arbeit wurden die bimetallischen 

NiFeMOF der Formeln [(Ni,Fe)2(BDC)2DABCO] (BDC = 1,4-Benzoldicarboxylat, DABCO) 

sowie ihre modifizierten Ketjenblack (mKB)-Verbindungen durch ein einstufiges 

solvothermisches Verfahren hergestellt. Im Anschluss wurden die Materialien hinsichtlich ihrer 

Aktivität bezüglich der OER in einem alkalischen Medium (1 mol L–1 KOH) untersucht. Die 

Einbindung eines elektrisch leitfähigen mKB-Zusatzes führte zu einem synergistischen Effekt, 

der die katalytische Aktivität der MOF/mKB-Verbundstoffe erhöhte. Im Vergleich zu reinen 

MOFs und mKB zeigten alle MOF/mKB-Komposite (7, 14, 22, 34 Gew.-% mKB) eine signifikant 

verbesserte Leistung hinsichtlich der OER. Das Ni-MOF/mKB14-Komposit (14 Gew.-% mKB) 

wies bei einer Stromdichte von 10 mA cm-2 eine Überspannung von 294 mV und eine 

Tafelsteigung von 32 mV dec-1 auf, vergleichbar mit kommerziellem RuO2, einem 

Referenzmaterial für die OER. Eine weitere Steigerung der katalytischen Leistung konnte mit 

dem Ni(Fe)MOF/mKB14-Komposit (0,57 Gew.-% Fe) erzielt werden, welches eine 

Überspannung von 279 mV bei einer Stromdichte von 10 mA cm-2 aufweist. Die 

elektrochemische Impedanzspektroskopie (EIS) ergab eine niedrige Tafelsteigung von 25 mV 

dec-1. Die Imprägnierung des Ni(Fe)MOF/mKB14-Elektrokatalysators in kommerziell 

erhältlichen Nickelschaum (NF) resultierte in einer Überspannung von 291 mV, welche über 

einen Zeitraum von 30 Stunden bei einer Stromdichte von 50 mA cm-2 aufrechterhalten wurde. 

Besonderes Augenmerk wurde auf die Aufklärung der in situ Umwandlung von Ni(Fe)DMOF 

in OER-aktives α/β-Ni(OH)₂ sowie β/γ-NiOOH und FeOOH mit der von der MOF-Struktur 

teilweise beibehaltenen Porosität gelegt. Diese konnte durch PXRD, FTIR, SEM und N₂-

Sorptionsanalyse bestätigt werden. Die Nickel-Eisen-Katalysatoren, die die Porositätsstruktur 

des MOF-Vorläufers nutzen, weisen eine überlegene katalytische Aktivität und 

Langzeitstabilität in der OER auf und übertreffen aufgrund von Synergieeffekten Katalysatoren 

auf reiner Ni-Basis. Des Weiteren ermöglicht die Integration von mKB als leitfähiges 



 

 

Kohlenstoffadditiv in die MOF-Struktur den Aufbau eines homogenen Netzwerks, welches im 

Vergleich zum reinen MOF eine erhöhte elektrische Leitfähigkeit aufweist. Das 

elektrokatalytische System, das auf der Basis der häufig vorkommenden Metalle Ni und Fe 

entwickelt wurde, ist vielversprechend für die Entwicklung effizienter, praktischer und 

wirtschaftlicher Energieumwandlungsmaterialien hinsichtlich der OER. 

Im Rahmen eines weiteren Forschungsprojektes konnten zwei neue isotypische halbleitende 

Metallphosphonatgerüste Co2[1,4-NDPA] und Zn2[1,4-NDPA] (1,4-NDPA4 ist 1,4-

Naphthalindiphosphonat) präsentiert werden. Die optischen Bandlücken von Co2[1,4-NDPA] 

und Zn2[1,4-NDPA] liegen bei 1,7 bzw. 2,5 eV und befinden sich somit im halbleitenden 

Bereich. Der aus Co2[1,4-NPDA] als Präkatalysator abgeleitete Elektrokatalysator erreichte 

bei der Sauerstoffentwicklungsreaktion (OER) eine niedrige Überspannung von 374 mV bei 

einer Stromdichte von 10 mA cm-2 und einer Tafelsteigung von 43 mV dec-1 im alkalischen 

Elektrolyten (1 mol L-1 KOH), was für eine bemerkenswert gute Reaktionskinetik spricht. Die 

OER Aktivität von Co2[1,4-NPDA]-Materialien als Präkatalysator in Verbindung mit 

Nickelschaum (NF) zeigte eine bemerkenswerte Langzeitstabilität bei einer Stromdichte von 

50 mA cm-2 verglichen mit dem aktuellen Stand der Technik Pt/C/RuO2@NF nach 30 h in 1 

mol L-1 KOH. Zur weiteren Ergründung des OER-Mechanismus wurde die Umwandlung von 

Co2[1,4-NPDA] in seine elektrokatalytisch aktive Spezies untersucht. 

Der letzte Forschungsschwerpunkt umfasst eine Reihe von monometallischen Ni-, Co- und 

Zn-MOFs sowie bimetallischen NiCo-, NiZn- und CoZn-MOFs der Formeln M2(BDC)2DABCO 

und (M,M')2(BDC)2DABCO (M, M' = Metall), die alle die gleichen Säulen- und Schicht-Linker 

DABCO und BDC beinhalten, welche durch eine schnelle mikrowellenunterstützte thermische 

Umwandlungssynthesemethode (MW) innerhalb von nur 12 Minuten hergestellt wurden. Die 

mono- und bimetallischen MOFs wurden ausgewählt, um die katalytische Aktivität der von 

ihnen abgeleiteten Metalloxide/Hydroxide für die Sauerstoffentwicklungsreaktion (OER) 

systematisch zu untersuchen. Unter den untersuchten bimetallischen MOF-Katalysatoren 

zeigt der NiCoMOF die höchste katalytische Aktivität für die Sauerstoffentwicklungsreaktion 

(OER) mit der niedrigsten Überspannung von 301 mV und einer Tafelsteigung von 42 mV dec-

1 bei einer Stromdichte von 10 mA cm–2, was mit kommerziell erhältlichem RuO2 vergleichbar 

ist, das üblicherweise als Referenzmaterial für die OER verwendet wird. Die Untersuchung 

erfolgte an einer Glaskohlenstoffelektrode (GCE) in einem 1 mol L–1 KOH-Elektrolyten. 

Darüber hinaus wurde NiCoMOF in situ auf der Oberfläche von Nickelschaum (NF) mit 

unterschiedlichen Massenbeladungen durch MW-Synthese in nur 25 min synthetisiert. Dabei 

wurden Überspannungen von 313 und 328 mV bei Stromdichten von 50 bzw. 300 mA cm-2 

erzielt. Zudem weist das Material eine hervorragende Langzeitstabilität für praktische OER-

Anwendung auf. Die niedrige Tafel-Steigung von 27 mV dec-1 sowie der niedrige 

Reaktionswiderstand aus der elektrochemischen Impedanzspektroskopie (EIS) (Rf ar = 2 Ω) 



 

 

bestätigen die hervorragende OER-Leistung dieses NiCoMOF/NF-Komposits. Die 

dargestellten Ergebnisse belegen nicht nur die Möglichkeit, die Eigenschaften von MOFs 

durch den Einbau eines zweiten Metalls in die MOF-Struktur maßzuschneidern, sondern auch 

die Eignung der Mikrowellenerwärmung als neue Strategie für die Entwicklung 

vielversprechender hocheffizienter in situ gewachsener Elektrokatalysatoren auf leitfähigen 

Substraten für praktische Anwendungen. In der vorliegenden Studie wird zudem die 

Umwandlung des NiCoMOF-Precursors von ungeordneter α- in geordnete β-(NiCo)(OH)2 über 

einen Zeitraum von zwei Stunden untersucht, bei welcher es sich vermutlich um die aktive 

Spezies in der OER handelt. Das einfache, schnelle und kontrollierbare MW-Synthesekonzept 

ist sehr flexibel und kann auch auf verschiedene strukturierte Materialien, einschließlich 

verschiedener Arten von MOFs, ausgedehnt werden, welche für die Wasserspaltung 

eingesetzt werden können. Dadurch eröffnet sich ein großes Potenzial für die praktische 

Kommerzialisierung des Prozesses. 

  



 

 

Abstract 

The oxygen evolution reaction (OER) is considered the bottleneck of electrolytic water-splitting. 

Thus, there is a need for the development of innovative, low-cost approaches to design active 

and durable electrocatalysts based on abundant transition metal oxides. Although much effort 

has been devoted to this goal, most materials reported with high catalytic activity require time 

and energy-demanding, multi-step synthetic approaches. The most effective strategy would 

be the one-step preparation of highly active electrocatalysts without any complicated 

templating and energy-intensive calcination processes. Metal-organic frameworks (MOFs) are 

considered to be good precursors for active mixed-metal oxide/hydroxide electrocatalysts, as 

they allow to achievement of a defined mixed-metal composition with a uniform distribution of 

metals at the nanoscale. 

In the first research focus of this work its bimetallic nickel-iron counterpart 

[Ni(Fe)(BDC)2DABCO], (BDC = 1,4-benzenedicarboxylate, DABCO = 1,4-

diazabicyclo[2.2.2]octane).and their modified Ketjenblack (mKB) composites through a facile 

one-step solvothermal method. These materials were then evaluated for their performance in 

the OER in an alkaline medium (1 mol L–1 KOH). The incorporation of a conductive mKB 

additive resulted in a synergistic effect, enhancing the catalytic activity of the MOF/mKB 

composites. Compared to individual MOFs and mKB, all MOF/mKB composite samples (7, 14, 

22, 34 wt.% mKB) exhibited significantly improved OER performance. Notably, the Ni-

MOF/mKB14 composite (14 wt.% mKB) demonstrated an overpotential of 294 mV at a current 

density of 10 mA cm–2 and a Tafel slope of 32 mV dec–1, comparable to commercial RuO2, a 

benchmark material for OER. Further enhancement in catalytic performance was achieved 

with the Ni(Fe)MOF/mKB14 composite (0.57 wt% Fe), showing an overpotential of 279 mV at 

a current density of 10 mA cm–2 and a low Tafel slope of 25 mV dec–1, corroborated by 

electrochemical impedance spectroscopy (EIS) measurements. Impregnating the 

Ni(Fe)MOF/mKB14 electrocatalyst into commercial nickel foam (NF) resulted in overpotentials 

of 291 mV and maintained for 30 hours at a current density of 50 mA cm–2. Importantly, this 

work elucidates the in situ transformation of Ni(Fe)DMOF into OER-active α/β-Ni(OH)2, β/γ-

NiOOH, and FeOOH with residual porosity inherited from the MOF structure, as confirmed by 

PXRD, FTIR, SEM and N2 sorption analysis. Leveraging the porosity structure of the MOF 

precursor, the nickel-iron catalysts exhibit superior catalytic activity and long-term stability in 

OER, outperforming solely Ni-based catalysts due to synergistic effects. Additionally, the 

introduction of mKB as a conductive carbon additive in the MOF structure enables the 

construction of a homogeneous conductive network, improving the electronic conductivity of 

the MOF/mKB composites. This earth-abundant Ni and Fe-based electrocatalytic system holds 

promise for the development of efficient, practical and economical energy conversion materials 

for OER activity. 



 

 

Furthermore, we report two new isotypic semiconductive metal phosphonate frameworks 

Co2[1,4-NDPA] and Zn2[1,4-NDPA] (1,4-NDPA4– is 1,4-naphthalenediphosphonate). Co2[1,4-

NDPA] and Zn2[1,4-NDPA] have optical bandgaps of 1.7 eV and 2.5 eV respectively, are within 

the semiconductive regime. The electrocatalyst derived from Co2[1,4-NPDA] as a precatalyst 

generated a lower overpotential of 374 mV in the OER with a Tafel slope of 43 mV dec–1 at a 

current density of 10 mA cm–2 in the alkaline electrolyte (1 mol L–1 KOH), which is indicative of 

remarkably superior reaction kinetics. The OER of Co2[1,4-NPDA] materials as precatalyst 

coupled with NF showed exceptional long-term stability at a current density of 50 mA cm–2 for 

water splitting compared to the state-of-the-art Pt/C/RuO2@NF after 30 h in 1 mol L−1 KOH. To 

further understand the OER mechanism, the transformation of Co2[1,4-NPDA] into its 

electrocatalytical active species was investigated. 

The last research focus, a series of monometallic Ni-, Co- and Zn-MOFs and bimetallic NiCo, 

NiZn- and CoZn-MOFs of formula M2(BDC)2DABCO and (M,M’)2(BDC)2DABCO (M, M' = 

metal) with the same pillar and layer linkers DABCO and BDC were prepared through a fast 

microwave-assisted thermal conversion synthesis method (MW) within only 12 min. The mono- 

and bimetallic MOFs were selected to systematically explore the catalytic activity of their 

derived metal oxide/hydroxides for the OER. Among all tested bimetallic MOF-derived 

catalysts, the NiCoMOF exhibits superior catalytic activity for the OER with the lowest 

overpotentials of 301 mV and Tafel slopes of 42 mV dec−1 on a glassy carbon electrode (GCE) 

in 1 mol L–1 KOH electrolyte at a current density of 10 mA cm−2, which is comparable with 

commercial RuO2 commonly used as a benchmark material for OER. In addition, NiCoMOF 

was in situ grown in just 25 min by the MW synthesis on the surface of NF with different mass 

loadings, where overpotentials of 313 and 328 mV at current densities of 50 and 300 mA cm–

2, respectively, were delivered and superior long-term stability exists for practical OER 

application. The low Tafel slope of 27 mV dec–1 as well as a low reaction resistance from EIS 

measurement (Rf ar = 2 Ω) confirm the excellent OER performance of this composite 

NiCoMOF/NF. These promising results not only prove that the properties of MOFs can be 

tailored by the incorporation of a second metal into the MOF structure but also that microwave 

heating presents a new strategy for developing promising highly efficient in situ grown 

electrocatalysts on conductive substrates for practical applications. In this study, we also follow 

the NiCoMOF precursor conversion over disordered α- to ordered β-(NiCo)(OH)2 over the time 

period of 2 hours which probably presents the active species in the OER. The simple, rapid 

and controllable MW synthetic concept is very flexible and also can be extended to various 

structured materials including different types of MOFs to be applied for water-splitting, which 

has great potential for practical commercialization of the process as well. 
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1. Introduction 

1.1. Electrocatalysis 

The growing energy crises and environmental degradation have intensified the search for 

renewable and green energy sources as viable alternatives to fossil fuels.1,2 According to the 

"Renewables Global Status Report 2024 Collection," despite their significant environmental 

impact and the economic and political dependence on their market, fossil fuels accounted for 

over 80% of total energy consumption in 2022.3 This highlights the pressing necessity to 

develop essential novel methods and materials for enhancing the efficiency, sustainability, and 

environmental friendliness of energy-intensive chemical and energy-producing processes.4 

Despite the considerable potential of alternative energy technologies such as geothermal, 

hydro, wind, solar, and tidal, they are occasionally constrained by climatic and geographic 

factors.5 The dependability of the electrical grid is adversely affected by the drawback of 

intermittency.6 Hydrogen energy has received significant attention as a prospective energy 

transporter and storage medium due to its high energy density and inexpensive, abundant 

supply. Hydrogen energy has gained considerable attention as a potential energy carrier and 

storage medium due to its high energy density and abundant and inexpensive supply. From a 

technical perspective, water splitting is seen as a promising method for hydrogen production 

because of its numerous advantages, including the abundance of resources, the absence of 

greenhouse gas emissions and the high efficiency of the process.7,8 The International Energy 

Agency (IEA) predicts that the market share of hydrogen production through electrocatalytic 

water splitting by 2030 is expected to reach approximately 50% larger than it was at the time 

of 2022.9 Over the past few decades, steam methane reforming and water-gas shift reactions 

have met the demand for hydrogen. However, the water electrolysis method only becomes 

competitive when electricity prices are low.10 The field of electrocatalytic water splitting has 

recently garnered significant interest, largely due to the introduction of the "hydrogen economy" 

concept. Water splitting involves two half-reactions: water reduction at the cathode for the 

hydrogen evolution reaction (HER) and water oxidation at the anode for the oxygen evolution 

reaction (OER) and this is important in terms of energy production.11 Thermodynamic 

equilibrium voltage indicates that, under standard conditions (1 bar and 25°C), a voltage of 

1.23 V is required to electrolyze water into hydrogen and oxygen.12 However, in practice, even 

with an excellent catalyst, a significantly larger overpotential is necessary.13 Therefore, 

developing efficient, stable, and affordable electrocatalysts is crucial for the large-scale 

industrial application.14 
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Figure 1. Multiple proposals for the production routes and applications of renewable hydrogen 
and electricity: concept at the foundation of a sustainable hydrogen economy. Reproduced 

with permission from ref.15 

Electrocatalysis is a promising technology for storing and converting renewable energies. It 

offers sustainable ways of producing chemical-based materials and fuels (Figure 1).16 As 

mentioned above, the electrochemical splitting of water (H2O) to produce hydrogen (H2) and 

oxygen (O2) is a promising green pathway that is perfectly aligned with the clean energy 

technologies of the future.17 Furthermore, the recent development in fuel cell and metal-air 

battery research has led to rapid progress in the hydrogen oxidation reaction (HOR), the 

oxidation of reduced nitrogen compounds (ORR), CO2 reduction reaction (CO2RR) and N2 

reduction into valuable base chemicals (e.g. methanol, ammonia and light olefins).18 The use 

of platinum and/or other noble metals is particularly relevant to achieving benchmark 

electrocatalyst performance through stable, robust electrocatalysts. The search for cost-

effective, powerful and stable electrocatalysts which do not require the use of valuable noble 

group metals is currently of great importance in realising the HER and OER pair.19, 20 Using 

sustainable electrochemical methods to produce synthetic chemicals and replace fossil 

resources will allow us to minimize CO2 emissions which is considered as an affordable and 

clean energy strategy (Figure 2). To achieve a sustainable hydrogen-centric energy industry, 

it is crucial to advance energy-efficient and cost-effective electrocatalysts designed for 

electrolysers and fuel cells.21 
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Figure 2. Schematic of hydrogen production methods and application in the fuel cell. 

Reproduced with permission from ref.22. Copyright © 2017, Science. 

1.1.1. Electrochemical water splitting 

For hydrogen production by electrochemical conversion of water to oxygen and hydrogen, the 

free energy of ∆G 238 kJ mol–1 is required for the reaction (eqn (1)). 

Overall Water Splitting  

2H2O → 2H2 + O2 (1) 

Water splitting includes two half-reactions, water reduction at the cathode for the HER and 

water oxidation for the OER at the cathode.23,24 

Cathode (HER): 

2 H + + 2e- → H2        (𝐸𝐸𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅0 = 0.00 𝑉𝑉) (2) 

Anode (OER): 

2H2O → O2 + 4H +  + 4e-         (𝐸𝐸𝑂𝑂𝑂𝑂𝑅𝑅𝑅𝑅𝑂𝑂𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅0 = 1.23 𝑉𝑉)  (3) 

OER in particular requires significantly more energy than HER due to comparably more 

intermediates and reaction steps involved.25 Despite recent advances, OER remains a 

significant challenge in overall water splitting. Consequently, there has been a concerted effort 

in recent years to identify alternative materials that can effectively reduce the kinetic limitation 

of OER and enable optimal reaction conditions.26 Both reactions occur at the electrode surface 

(anode and cathode) with the electrolyte which requires consideration of the inner and outer 
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Helmholtz layers.27 The performance of these reactions can be quantified and evaluated 

separately using electrochemical techniques, which can be employed to determine the precise 

values of the applied potentials.28 In this context, the electrochemical HER and OER can be 

expressed in terms of two redox pairs. In the case of the OER, the reduced form of water (H₂O) 

and the oxidised form of oxygen (O₂) form the redox couple (O₂/H₂O). Similarly, the HER is 

composed of the reduced form of hydrogen (H₂) and the oxidised form of the proton (H⁺), which 

forms the redox couple (H⁺/H₂). Each of the two redox systems exhibits varying degrees of 

reducing and oxidising power, as described in Equations (2) and (3). These redox systems can 

be described electrochemically by the redox potential E of the redox system.29 The redox 

potential is described mathematically by the Nernst equation (see Equation (4))30 

E = 𝐸𝐸0+ 
𝑅𝑅∙𝑇𝑇𝑧𝑧∙𝐹𝐹  𝑙𝑙𝑙𝑙 𝑅𝑅𝑂𝑂𝑂𝑂𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅                  (4) 𝐸𝐸0 is the formal potential of the overall reaction, the constant z describes the number of 

electrons occurring in the redox system, R is the ideal gas constant, F is the Faraday constant 

and cOxi and cRed are the concentration of the oxidized and reduced reagents, respectively.36 

The standard potentials are characteristic of each redox system which serve to quantify the 

reductive or oxidative effect of a given system, thereby indicating whether electrons are being 

absorbed or released. Only the total potential of a galvanic element can be measured, while 

the potential difference between two redox pairs can be determined relative to an 

overpotential.29 

The reaction process is essentially determined by the pH value of the electrolyte and the 

catalyst material.31  

In Alkaline Solution: 

2H2O  + 2e- →  H2 + 2OH-         (HER at the cathode)  (5) 

4OH-  →  O2 + 2H2 O + 4e-         (OER at the anode) (6) 

In Acid Solution: 

4 H + + 4e- → 2H2                       (HER at the cathode)  (7) 

2H2O → O2 + 4H + + 4e-         (OER at the anode) (8) 

At present, the precious metals platinum, iridium, rhodium and rhenium catalysts exhibit the 

best electrocatalysis performance in most cases. However, their high cost and limited 

availability question their large-scale application. It is therefore important to develop earth-

abundant, non-noble metal-based catalysts.32 Many strategies and compounds have been 

explored in the past decade to develop efficient and affordable electrocatalysts, such as 

transition metal compounds, carbon-based or heteroatom-doped carbon materials, and 

conducting polymers.33,34,35 
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1.1.2. Oxygen evolution reaction (OER) 

1.1.2.1. Reaction Mechanism and Kinetics  

The anodic-half-cell reaction, OER is a far more complex process, which involves either four-

electron (4e–) or two-step two-electron (2e–) transfer. OER electrocatalyst design plays a 

crucial role in efficient water splitting. To understand the activity of OER, several mechanisms 

have been proposed according to the intermediates identified at the electrolyte–catalyst 

interface during the reaction. OER can be carried out under either acid or alkaline conditions 

and the proposed adsorbate evolution mechanism (AEM) can be written as follows.36, 37 

 

Figure 3. Illustration of the OER mechanisms. (A) Adsorbate evolution mechanism (AEM) of 

OER on a single active site for acidic (blue route) and alkaline (red route) conditions. (B and 

C) Lattice-oxygen-participating mechanism (LOM) of OER in alkaline conditions, involving 

single-metal-site (SMSM) and dual-metal-site (DMSM). M represents the active site, and red 

squares are the oxygen vacancies. Reproduced with permission from ref.38. Copyright © 2017, 

Royal Society of Chemistry. 

In acidic solution: 

M + H2O  → M−OH + H ++ e− (9) 

M−OH→ M-O +  H++ e− (10) 

2M−O  → O2 +  2M++ 2e− or M−O  +  H2O → M−OOH + H ++ e− (11) 

M−OOH → M + O2  + H++ e− (12) 

In alkaline solution: 

M + OH−→ M−OH + e− (13) 

M−OH + OH−→ M-O +  H2O + e− (14) 

2M−O  → O2 +  2M++ 2e− or M−O  +  OH− → M−OOH + e− (15) 

M−OOH + OH−→ M + H2O + O2  + e− (16) 

The proposed reaction mechanisms of the OER proceed through the initial elementary steps 

of water or hydroxide ion adsorption in an acidic or alkaline solution on the catalytically active 

site (M) (Figure 3a). In the second step, the adsorbed hydroxide ions (*OH) form oxygen 

moieties (MO). There are two different approaches to form O2 from the MO intermediates: Two 

possible reaction mechanisms have been proposed for the OER. The first involves the direct 
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combination of two adjacent MO intermediates to produce O2. The second involves the 

formation of a peroxide (MOOH) intermediate (3rd electron transfer), which subsequently 

decomposes after the fourth electron transfer process to release O2. The kinetic barriers 

related to each elementary step contribute to the overall required activation overpotential. In 

general, overpotential (η), exchange current density (j0), and Tafel slope (b) are the parameters 

used to evaluate the reaction kinetics of an OER electrocatalyst. These parameters are critical 

for obtaining insightful information on the OER mechanism, which is discussed in more detail 

below. Given that the OER involves the transfer of four electrons and protons, as well as the 

possible formation of a range of adsorbed intermediates (e.g. *O, *OH, *OOH), it may give rise 

to a multitude of possible pathways with varying rate-determining reaction steps.38 

The dynamic structural changes observed on the surface of OER catalysts have led to the 

proposal of a lattice oxygen oxidation mechanism or lattice oxygen-mediated mechanism for 

OER. This is directly related to the growing attempts to develop perovskite-based 

electrocatalysts. In the LOM pathway, the catalytic surface is no longer a stable platform but 

changes dynamically with the oxygen evolution process. The oxidation, exchange, and release 

of lattice oxygen ligands on the catalyst surface in the OER cycle form the basis for the LOM. 

As illustrated in Figure 3b and 3c, it is postulated that activated lattice oxygen in the vicinity of 

the active metal site can be directly coupled to deprotonated M-O intermediates to form M-OO 

species. The M-OO species can then be converted to O2 molecules in a subsequent step. It 

should be noted that the oxygen vacancies resulting from the consumption of lattice oxygen 

can be ultimately replenished by OH−.39, 40 This pathway is known as the single-metal-site 

mechanism (SMSM). Additionally, a dual-metal-site mechanism (DMSM) has been developed, 

depending on the number of lattice oxygen atoms participating in the reaction around the active 

metal site. In this mechanism, adjacent activated lattice oxygen atoms are capable of coupling 

to form the M-OO-M. Subsequently, the O2 molecule is directly evolved, and OH− refills the 

generated two oxygen vacancies.41,42 Over the past decades, the development of advanced 

techniques has led to a significant increase in the number of studies devoted to the 

investigation of the LOM for state-of-the-art OER electrocatalysts (Figure 4), including 

perovskite oxides, RuO2,43, 44 IrO2,45,46 NiCo2O4,47 …. 

While theoretical and experimental techniques have facilitated a deeper comprehension of the 

OER catalytic mechanism, the design of efficient, robust electrocatalysts and the elucidation 

of the fundamental relationship between catalytic activity and structure remain the primary 

objectives of future research. 
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Figure 4. Volcano plot of the intrinsic activities against descriptors of: (a) the M–OH bond 

strength in transition metal (oxy)hydroxides, (b) the calculated activities against descriptor of 

the ΔGO*–ΔGHO*for rutile, anatase, Co3O4, MnxOy oxides. Reproduced with permission from 

ref.48 Copyright © 2018, Journal of the American Chemical Society. 

 

1.1.2.2. Activity evaluation criteria 

The activity, efficiency, and stability of a catalyst are the most important factors to evaluate the 

catalyst activity (Figure 5). In the electrochemical process, the overpotential refers to the extra 

potential needed to initiate the intended reaction at the thermodynamically determined 

reversible potential (E0) in optimal circumstances.49 The overpotential (η) at a current density 

of 10 mA cm–2 (η10) derived from cyclic voltammetry (CV) or linear sweep voltammetry (LSV) 

is typically employed as a reference point for comparing the activities of electrocatalysts and 

corresponds to the ∼10% solar-to-chemicals efficiency.50,51 Conversely, as the field of research 

has expanded exponentially, researchers have begun to assess and compare η100 and η500, in 

addition to η10, which is highly recommended for catalysts that operate at high current 

densities. This approach enables the evaluation of a catalyst's activity to be conducted in a 

manner that is more closely aligned with the standards typically employed in industrial 

applications.52,53 

The Tafel slope provides a lot of information about the properties of the catalyst material and 

is recommended to be measured under steady-state conditions.54 The Tafel slope can provide 

insights into the dynamics of the catalytic processes taking place on the surface and provide 

information about kinetics and inhibitions during the water oxidation catalysis. The Tafel slope 

indicates the potential for increasing the resulting current (j) by an order of magnitude. It 

provides an indication of the efficiency and dynamic response of an electrode or the catalyst 

applied to it to an applied potential, resulting in the generation of a catalytic current. This also 

considers any alterations to the mechanism resulting from different η values. It can therefore 

be used to ascertain which is the rate-determining step in the reaction mechanism. The Tafel 
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slope quantifies the required change in the potential for a one-decade change in current 

density. Exchange current densities are in turn used to determine the activity or reaction rate 

of an electrocatalyst at equilibrium potential, i.e. at a net current of zero. 55 

Electrochemical impedance spectroscopy (EIS) is a valuable tool for investigating mechanisms 

in electrochemical reactions, charge transfer processes in materials, and surface properties of 

electrodes.56 It provides highly precise results on the electrical conductivity of a material and 

is a frequently employed technique. The impedance spectra thus obtained permit the ability of 

materials to store electrical energy and transfer electrical charge to be determined. The 

electrodes are measured with a two- or three-electrode set-up, the potentiostat transmitting an 

alternating potential with varying frequency (ω) to the sample.57 A signal is generated that is 

proportional to the current generated. An analyzer then determines the impedance z of the 

system from the alternating current that passes through the sample and the alternating voltage 

generated by a generator.57 

Another valuable insight is the faradaic efficiency (FE), which is defined as the efficiency of 

electron transfer provided by the external circuit to promote the electrochemical HER or OER 

reaction. At a constant current density applied for a certain period of the experiment, a gas 

sample is taken with a gas-tight syringe and analysed with a gas chromatograph (GC) 

calibrated for H2 or O2. The faradaic efficiency is then calculated from the volume of the 

generated gas during electrocatalysis, in comparison to the current over time. It directly 

correlates with the number of electrons needed to generate a mole of gas.58, The turnover 

frequency (TOF) is another important descriptor to evaluate the catalytic activity, providing the 

generated H2 or O2 molecules per second at a single active site. Nevertheless, the precise 

determination of TOF remains challenging due to the complexity involved in identifying the total 

number of such active sites, which precludes the possibility of a precise estimation.59 

Ideally, electrocatalysts operate close to the thermodynamic equilibrium potential of an 

electrochemical reaction, i.e. with a low overpotential, a low Tafel slope, a high exchange 

current density, high stability and high selectivity. In addition, electrocatalysts should have a 

high mass activity about the load.60  
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Figure 5: Schematic representation of the energy diagram of water splitting in the absence and 

presence of an electrocatalyst. Reproduced with permission from ref.61. Copyright © 2021, 

Nano Convergence. 

To characterise the electrocatalytic properties of a material, a three-electrode setup consists 

of a working electrode, a reference electrode and a counter electrode (Figure 6). A glassy 

carbon electrode can be used as the working electrode. This serves as an electrically 

conductive substrate for the electrocatalyst to be applied and enables the controlled 

investigation of the electrochemical processes taking place with the aid of a potentiostat, which 

regulates the potential measured at a reference point. Under standard conditions, the redox 

potential E0 of the respective redox pair of an electrode side is referenced to the standard 

hydrogen electrode (SHE). It is more common to use the reversible hydrogen electrode (RHE) 

as a reference point, which operates independently of the pH value of the electrolyte. The 

counter electrode closes the circuit and enables the reference electrode to operate almost 

current-free. A current flow between the working and reference electrodes would cause a 

voltage drop and prevent the exact determination of the processes at the working electrode. 



 

10 

 

a) b)  

Figure 6: Schematic representation of a typical electrochemical measuring cell with a three-

electrode configuration (a) Ni foam as a working electrode, (b) Rotating-Disk Glassy Carbon 

Electrode (RD-GCE) as a working electrode. 

1.2. Metal-organic frameworks for OER 

1.2.1. Metal-organic frameworks 

Metal-organic frameworks (MOFs) are hybrid materials constructed from metal-based 

inorganic secondary building units (SBUs or nodes) and organic linkers, using strong  

coordinative bonding to create open crystalline frameworks with permanent porosity.62,63 In 

considering the origin of MOFs, it can be seen that MOFs are a subset of coordination networks 

and that coordination networks constitute a further subset of coordination polymers. MOFs' 

construction depends on the linkage of metal nodes via organic ligands through the formation 

of coordination bonds (Figure 7). In the 1990s, Hoskins and Robson made a significant 

contribution to the development of coordination polymer chemistry.64 They demonstrated the 

construction of structures with specific topologies through the use of metals and ligands with 

appropriate coordination geometries. Since then, this class of materials has continued to be 

studied, leading to the investigation of new-generation MOF materials. The term 'metal-organic 

framework' was first used by Yaghi et al. in 1995, when they introduced the crystalline 

[Cu(I)(4,4‘-Bipy)1,5 NO3]·(H2O)1,25 framework with an extended channel system and non-

permanent microporosity.65 In 1997, Kitagawa reported the first permanently porous 

framework, Co2(bipy)3(NO3)4, which could reversibly adsorb non-polar gases (N2, O2 and CH4) 

in the framework.66 Two years later, two well-known MOFs were synthesized: HKUST-1 

(Cu3(btc)2, btc= 1,3,5-benzenetricarboxylate) and MOF-5 (Zn4O(bdc)3, bdc= 1,4-

benzenedicarboxylic acid).67,68 The rapid development of further highly porous networks was 
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facilitated by the discovery of MOFs. As of January 2024, more than 100,000 MOF structures 

have been synthesized in the Cambridge Structural Database (CSD) and about 680,000 

structures were predcited.69 The abundance of available metal ions or clusters, combined with 

the almost infinite possible organic linkers, offers a vast variety of MOFs, which can be 

controlled in terms of their topology. MOFs exhibit many outstanding properties, including 

crystallinity and porosity. In particular, they are capable of forming uniform micro- and 

mesopore structures with high surface areas (BET = Brunauer-Emmett-Teller), reaching up to 

6000 m2/g.70 Additionally, they can be tuned to create pores of varying sizes and topologies. 

Furthermore, they can exhibit flexible structures in response to external stimulation, such as 

temperature, pressure, or guest molecules. These properties demonstrate the superiority of 

MOFs in comparison to other porous materials such as zeolites and activated carbon, 

rendering them promising candidates for a diverse range of applications.71,72,73 

 

Figure 7: Schematic illustration of the construction of coordination polymers, coordination 

networks and metal organic frameworks. Reprinted from ref.62, Copyright 2010, with 

permission of The Royal Society of Chemistry (RSC). 

The synthesis of MOFs is typically achieved through hydro/solvo-thermal methods. In addition, 

microwave-assisted, electrochemical, mechanochemical and sonochemical synthesis 

methods are widely employed (Figure 8). The choice of metal salts and linkers, the synthesis 

methods and the conditions have a significant impact on the final MOF structure and 

morphology. In the traditional hydrothermal (water as solvent) and solvothermal (organic 
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solvent) synthesis of MOFs, the reaction is carried out in an autoclave (a gas-tight, closed 

vessel) at autogenous pressure, which enables the process to be conducted above the boiling 

point of the solvent used.74 The reaction of a metal salt with the organic molecules in suitable 

solvents inside an autoclave at elevated temperatures leads to the as-synthesized (as) MOF, 

which contains the solvent molecules inside the framework.75, 76 The solvent/guest molecules 

present within the pore cavity of the as-synthesized MOF must be removed through an 

activation process. The most commonly employed method of activation is the replacement of 

high-boiling solvent molecules by volatile solvents, followed by thermal activation under 

vacuum. This process results in the void space of the pore of the activated MOF becoming 

accessible. 

 

Figure 8: Schematic illustration of the construction of coordination polymers, coordination 

networks and metal-organic frameworks. Reprinted from ref.77, Copyright 2012, with 

permission of the American Chemical Society. 

Metal–organic frameworks (MOFs) are a promising class of materials with diverse structural 

and compositional properties, high porosity, and tunable properties (Figure 9). They have been 

extensively studied for their potential applications in gas storage and selective gas separation. 

Many MOFs have demonstrated excellent performance in hydrogen storage,78 methane 

storage,79 carbon dioxide capture,80 and gas separation.81 In addition, MOFs are also potential 

candidates in a number of other applications, including drug delivery,82 sensing,83 

electronics,84 optics,85 water sorption for heat transformation,86 and catalysis.87 In addition to 
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the MOFs themselves, MOF composites and MOF derivatives can also act as catalysts for 

desired reactions. Furthermore, MOFs can be used as supports for catalytically active species. 

The literature contains numerous examples of MOFs employed as catalysts in a variety of 

catalytic reactions, including hydrogenation,88 photocatalysis,89 and electrocatalysis.90 

Additionally, the potential of MOFs as alternatives for electrochemical energy conversion and 

storage has drawn attention. 

 

Figure 9. Application areas of MOFs, MOF composites and MOF derivatives. 

Metal-organic frameworks (MOFs) have been extensively studied in the fields of energy 

conversion and storage devices, as well as electrocatalysts in water splitting. This is due to 

their high surface area, tunable pore size, and variable metal nodes/organic ligands.91,92,93 The 

majority of MOF compositions comprise inexpensive first-row transition metals, such as 

Mn(II)/Mn(III), Fe(III), Co(II), Ni(II), Cu(II), and Zn(II), and inexpensive, commercially available 

organic ligands (mostly carboxylates).94,95 This compositional aspect renders MOFs promising 

earth-abundant electrocatalysts. Despite an enormous amount of research in the last decade, 

major challenges remain, leaving several opportunities for the use of MOFs as 

electrocatalysts.96 While MOF-carbonised or MOF-pyrolysed carbon matrices tend to maintain 

electrocatalytic performances under the corresponding high temperature and high pressure 

with inner atmosphere conditions, these indirect post-treatments imply that intrinsic metal-
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ligand bonds in the MOFs would be exposed to such harsh reaction conditions. However, most 

pure MOFs have poor electrical conductivity and lack stability in a highly acidic or basic 

aqueous electrolyte.97 The instability of MOFs hybrids in the presence of water or harsh 

chemicals is largely because they consist of typically labile metal-organic bonds and are 

accompanied by coordinatively unsaturated and reactive metal centres. Performance is 

compromised by generally poor selectivity whereas metal complex-based molecular OER 

catalysts are decomposed under OER conditions to yield metal oxide/hydroxide catalysts. 

In contrast, organic linkers in MOFs could be oxidised under OER conditions, leading to 

framework collapse. In such cases, MOFs will only play the role of precursors, i.e. the 

"precatalysts", which will eventually generate the true OER catalysts (Figure 10).98 The 

precatalyst represents that the pristine MOFs underwent structure transformation and 

generation of active phases during the alkaline immersion and the electrochemical treatment. 

Therefore, to utilise MOFs in OER catalysis or other oxidations, surface-sensitive structural 

characterisations should be employed. Consequently, in order to enhance the catalytic activity 

and expand the application area of MOFs, future research should focus on the deliberate 

introduction of defects or unsaturated active sites, size tuning and improvement of conductivity. 

Furthermore, it is critical to identify the catalytically active species and investigate the link 

between MOF structure, electrolyte composition, and OER performance.  

 

Figure 10: Schematic representation of the possible states of a MOF in a specific chemical and 

electrochemical environment: catalyst or pre-catalyst. Reproduced with permission from ref. 

98. Copyright © 2021, ACS Energy Letters.   
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1.2.2. Pristine Metal-Organic Frameworks for OER 

The most significant advantages of MOFs in the OER are their tunable and well-defined porous 

structure, which is beneficial for electron transfer and mass transport. However, the majority 

of MOFs exhibit low electrical conductivity values, excessively microporous structures and the 

blocking of active metal sites by organic ligands, which limits their application in 

electrocatalysis. Therefore, the development of pristine MOFs as electrocatalysts is described 

below: 

(a) Improvement of conductivity: The conductivity of electrocatalysts has a significant impact 

on the efficiency of electrochemical systems. Most of the identified MOFs are semiconductors 

or insulators. Conductive MOFs were created by incorporating conjugated organic ligands to 

improve electrocatalytic activity.99 For example, In 2016 a new form of conductive Co-based 

MOF catalyst was found as cobalt porphyrin and phosphonate complexes, named Co-TpBpy, 

which has been characterised as a novel type of electrocatalyst for water oxidation at neutral 

pH.100 In addition, a cobalt conductive MOF (UTSA-16) was reported by Ai and co-workers.101 

UTSA-16contained an open framework structure composed of tetranuclear cobalt citrate 

clusters as linkers and tetrahedral Co(II) atoms as nodes and the overpotential for the UTSA-

16 is 408 mV at the current density of 10 mA cm–2.101 Later, the conductive Co-based MOFs, 

named Co3(HITP)2 (HITP is 2,3,3,7,10,11-hexaaminotriphenylene) was successfully 

synthesized by Huang and coworkers.102 The overpotential of Co3(HITP)2 needed 254 mV vs 

RHE at a current density of 10 mA cm-2, as small as the Tafel slope of 86.5 mV dec-1 in alkaline 

electrolyte.102 The efficient OER performance is closely related to the choice of conductive 

conjugated organic ligands, synergistic effects between the metals, S, and N and the 2D 

structure. Besides, combining MOFs with highly conductive carbon materials (e.g., graphene, 

activated carbon) or conductive metal substrates (e.g., Ni foam, Au foil, Pt foil…) is also a 

common strategy (see more information below). 

(b) Creation of unsaturated sites: In catalysis, MOFs are ideal candidates for exploring 

structure-property relationships. Previous studies have shown that introducing defects or 

creating additional unsaturated metal sites in MOFs can lead to a higher number of catalytically 

active sites and higher catalytic performance.103,104,105 Based on this strategy, the 

electrocatalytic performance of ZIF-67 was enhanced significantly by using plasma etching to 

create more coordinatively unsaturated metal sites in the chemically and thermally stable.106 

(c) Design of ultrathin nanosheets: The majority of MOFs are characterised by a high density 

of micropores, which accounts for their exceptionally high specific surface area. This property 

is advantageous for the adsorption of gases by tiny molecules, but detrimental to 

electrocatalytic reactions in a liquid environment due to the micropores limiting the diffusion of 

reactant and product gas molecules. As a result of their distinctive physicochemical features, 
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ultra-thin two-dimensional nanosheet electrocatalysts are becoming a popular area of study. 

In general, 2D materials tend to be more coordinatively unsaturated and are more easily 

accessible to reactants. Consequently, the fabrication of ultrathin MOF nanosheets represents 

an optimal approach to enhance the accessibility of active metal sites and accelerate the 

reaction process. Therefore, 2D MOFs have attracted widespread interest in the field of 

electrocatalysis. For instance, the stable 2D-NiFeMOF was successfully synthesized and then 

used as an efficient electrocatalyst with an overpotential of η10: 221 mV.107 

(d) Generation of lattice strain: Strain engineering is a typical approach for designing catalysts 

with excellent performance. According to current research, one of the most important aspects 

influencing catalyst performance is its electronic structure. The addition of strain to the catalyst 

surface allows for the fine-tuning of the electronic structure and the modification of the active 

site's capacity to adsorb reactants, reaction intermediates, and/or products. Recently, the 

lattice strain in NiFe-MOFs allows for obtaining high OER activity with an overpotential of 300 

mV was introduced by Liu and coworkers.108 The research observed that the superoxide *OOH 

intermediate emerging on Ni4+ sites is responsible for high OER activity.108 

1.2.3. Metal-Organic Frameworks Derivatives for OER 

The term "MOF-derivatives" refers to a wide range of materials. However, this discussion will 

concentrate on MOF-derived electrocatalysts produced without using pyrolysis or 

carbonization methods. In MOFs, the coordination bonds between metal ions (or clusters) and 

organic ligands tend to dissociate under extreme conditions. This leads to the reformation of 

the released metal ions or clusters in either ordered or disordered metal hydroxides. Due to 

the low stability of MOFs, the electronic interactions between metal centres and organic ligands 

in MOFs are weaker than those in conventional solid-state materials.109 While some MOFs 

demonstrate strong coordination bonds in concentrated acetic or alkaline electrolytes, this 

does not ensure their electrochemical stability.98 Besides, at low or high bias voltages, the 

metal nodes in MOFs are susceptible to reduction or oxidation, which can also break the 

coordination bonds.110,111 Considering the MOF’s hydrolytic stability in extremely acidic or 

alkaline electrolytes, more studies are focusing on the pre-catalytic chemical processing of the 

pristine MOFs. For example, it has been shown that carboxylate-based MOFs are relatively 

unstable under strongly alkaline conditions. Especially, carboxylate-based MOFs are relatively 

fragile under strongly alkaline conditions (that OER entails), while OH– ions can cleave the 

coordination bonds holding the carboxylate linkers to the metal sites, resulting in the formation 

of metal hydroxides.112, 113,114 These metal hydroxides play a crucial role in the subsequent 

electrocatalytic process. Accordingly, some recent works have reported an alkaline hydrolysis 

strategy for delivering derived-MOF OER electrocatalysts.115,116 As an example, Li and 

coworkers developed a facile alkali-etched method to obtain the defect-rich ultrathin Ni-MOF 
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nanosheet array for OER.117 In alkaline electrolytes, partially coordinated Ni-O bonds of 2D 

MOFs could be broken due to KOH invasion, producing open unsaturated Ni2+ XRD patterns 

demonstrating an increased space between the metal oxide layers after post-alkali etching 

treatment, evidence of framework stability.118 Two possible reasons for this observation are: 

a) the breaking of the partially coordinated Ni-O bonds, and b) the weakening of interactions 

between the neighboring layers. To enhance the OER performance of MOF-derived 

electrocatalysts and to clarify their structural conversion mechanisms, more studies are 

focusing on the completely reconstructed MOFs following alkaline hydrolysis.116, 119 Using a 

combination of  FeMOF and NiMOFs, the active species and reaction mechanisms were 

investigated systematically by Bu and co-workers.112 Their results demonstrated that most 

organic ligands in MOFs were replaced by OH− ions in alkaline electrolytes, leading to the 

generation of NiFeLDH (LDH: layered double hydroxides).120 The derived NiFeLDH acts as an 

active species during water oxidation. Multiple reports also demonstrated that some MOFs 

displayed relatively high stability over a short period of the alkali immersion treatment.121,122 

Such a conjecture in terms of the relationships between the real active sites in MOF-derived 

catalysts and the pristine MOFs needed to be resolved. Attentively, albeit alkaline hydrolysis 

could partially or destroy MOF structures, accurate information on the post-destruction phases 

vis-à-vis during (and/or after) the OER remains missing. In addition to the alkaline hydrolysis, 

recently, Lee and co-workers systematically studied the transformation process of ZIF-67 

during both cyclic voltammetry and amperometry.123 Their in-situ spectroelectrochemistry 

results demonstrated that the strong transformation of tetrahedral Co sites in ZIF-67 to 

tetrahedral α-Co(OH)2 and octahedral β-Co(OH)2 occurs gradually during the electrochemical 

treatment. The active center of OER lies in CoOOH species, generated by the oxidation of α/β-

Co(OH)2, rather than from the metal nodes in ZIF-67.123 

1.2.4. MOFs composites for OER 

The majority of disadvantages of MOFs in the OER are low electrical conductivity, excessively 

microporous structures, and organic ligands that block active metal sites, thereby limiting their 

use in electrocatalysis. Therefore, to overcome the drawbacks of MOFs and enhance the 

electrocatalytic activity, MOFs could be combined with high-conductive materials. The 

common supporting materials for constructing the MOF composites can be devised into two 

categories: conductive metallic substrates (e.g. Ni foam, NiFe alloy foam, Cu foam, Au foil, Fe 

foil, Pt foil….), and conductive carbon materials (e.g. graphene, graphene, graphene oxide 

(GO), reduced graphene oxide (RGO), or carbon nanotubes (CNT)). The reasons are 

discussed as follows. Firstly, the utilisation of conductive substrates enhances the electro-

conductivity of composite systems. The in situ growth of MOFs on conductive substrates in an 

oriented arrangement may facilitate the establishment of a synergistic effect between MOF 
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and the conductive substrate, thereby enhancing electron transport and improving structural 

stability.124, 125 Secondly, MOFs that have been in situ grown on substrates such as Ni foam 

and carbon cloth can be employed as working electrodes for OER tests without binder 

materials (e.g. Nafion and polytetrafluoroethylene), which could reduce the active sites of the 

electrocatalysts. In particular, a large amount of oxygen will bubble on the surface of the 

catalysts at high current density during the OER procedure, which will accelerate the 

electrocatalyst's detachment from the electrodes, further leading to reduced OER 

performance.126 Thirdly, the dispersion of MOFs by the supporting materials may result in the 

exposure of more active sites.127 Finally, the MOF/support composites with complex 

hierarchical structures will facilitate mass transfer and charge carrying.128 Consequently, the 

fabrication of MOF/support composites is a potential technique for developing efficient and 

stable electrodes in OER. Thus, the development of the combination of high-conductive carbon 

materials or substrates and MOFs is described as follows: 

1.2.4.1. Metallic Substrates 

To date, various strategies have been developed to modulate the morphologies, compositions, 

and electronic structures of MOF-based electrocatalysts. To address the drawbacks of poor 

electroconductivity and instability in MOFs, the in situ growth of MOFs on metal foam has been 

demonstrated to be an effective approach for the development of high-performance OER 

materials. This strategy has the potential to prevent catalyst aggregation and shedding, expose 

more active sites, and reduce charge transfer resistance. For instance, Cu substrate-supported 

3 D bimetallic MOF M2(BDC)2TED (M = Co, Ni, and Ni/Co; BDC = 1,4-benzenedicarboxylate; 

TED = triethylenediamine) were synthesized (CoNi-MOFs) via a using a layer-by-layer 

method.129 The morphology and structure of this NiCoMOF by tuning the molar ratio of metal 

ions and reaction time. The optimized CoNi (1:1)-MOF electrode achieved an overpotential of 

265 mV at a current density of 10 mA cm–2 in 1 mol L–1 KOH.129 Thus, the combination of Ni 

and Co nodes effectively reduces energy barriers and enhances OER performance. The high 

conductivity and numerous active sites of the integrated electrode were major factors 

contributing to the observed high OER activity.129 

Ni foam (NF), which possesses high mechanical strength, flexibility, and high electrical 

conductivity, is one of the ideal metallic substrates for the growth of MOFs. Benefiting from 

these advantages, the NF-supported electrodes normally exhibit better mass transport, more 

efficient charge transfer and longer durability concerning electrodes supported by flat 

substrates.126,130,131 MOF/NF composites with nanosheet array structures could be prepared 

via a one-pot solvothermal process, during which the metal ions and organic ligands self-

assemble on the surface of NF. For instance, the excellent OER catalytic activityof NiFe-

MOF74/NF was achieved with an overpotential of 223 mV at a current density of 10 mA cm–2 
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as well as excellent stability in alkaline solution throughout 65h.132 The NF-supported NH2-MIL-

88B (Fe2Ni)MOF electrode was reported by Lu and coworkers with a low overpotential at 10 

mA cm-2 of 240 mV.133. Besides the excellent OER catalytic activity, the stability test under 

high current densities of 250 and 500 mA cm-2 maintained steady for at least 30 h. 

1.2.4.2. Carbon-based composites  

Similar to the metallic substrates, the hybridization of MOF and carbon-based substrates, 

which exhibit excellent electrical conductivity, high special surface area and favourable 

stability, is an effective and viable approach to improve OER activity. To date, numerous 

MOF/carbon-based substrate hybrids have been successfully obtained by assembling MOFs 

with 1D, 2D, and 3D carbon materials, such as graphene,134 graphene oxide (GO),135 reduced 

graphene oxide (RGO),136 or carbon nanotubes (CNT)137 to overcome the low electrical 

conductivity of MOFs. Ketjenblack carbon (KB) has a high surface area (1300 m2 g−1), low cost, 

excellent charge-transport properties, and superior chemical stability.138 Currently, there are 

various reports on MOFs and nanoparticles with Ketjenblack carbon that were used as 

catalysts for OER.139 For instance, the bimetallic Ni10Co-BTC/KB composite gave an 

overpotential of 344 mV at a current density of 10 mA cm−2 and a Tafel slope of 47 mV dec−1 

in 1 mol L−1 KOH.140 The Ni(Fe)-MOF-74 with KB for OER in an alkaline media reached an 

overpotential to achieve a current density of 10 mA cm−2 was only 274 mV and the Tafel slope 

was 40 mV dec−1.141 Ketjenblack carbon materials can not only be well dispersed on the MOFs, 

affording an improved conductivity of the composites but also close contact between MOFs 

and the Ketjenblack carbon for enhanced electron transfer. Therefore, the carbon-based 

materials could highly disperse MOFs or serve as the supports for the growth of MOFs, thus 

the MOF/carbon-based hybrids display superior OER performances under highly alkaline 

conditions by taking advantage of both conductive carbon materials and active MOFs. 
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2. Motivation 

MOFs are considered to be promising precursors for active metal oxide/hydroxide 

electrocatalysts, as they enable the precise control of the metal composition and a uniform 

distribution of metal at the nanoscale. Bimetallic MOFs present enhanced opportunities for 

tailoring the properties of MOF properties, generating significant interest between pristine 

bimetallic MOFs and their derived metal hydroxide electrocatalysts for OER, it also widely 

underpins the general understanding of MOF as pre-electrocatalysts This work offers a 

perspective on the development of bimetallic MOF pre-electrocatalysts in an energy-efficient 

and environmentally friendly manner, thereby avoiding the use of pyrolysis and/or calcination-

derived carbonised hybrids. However, the MOFs constructed by earth-abundant metal ions 

and two kinds of organic ligands MOFs are rarely reported for OER. In this work, the majority 

of bimetallic MOF compositions comprise the low-cost first-row transition metals such as 

Fe(III), Ni(II), Co(II), Zn(II), etc. as well as inexpensive and commercially accessible organic 

ligands, including BDC = 1,4 benzenedicarbonxylate, DABCO = 1,4 diazabicyclo [2.2.2] 

octane. Furthermore, in order to overcome the intrinsic limitations of pristine MOFs, several 

strategies have been employed to develop catalysts derived from MOFs, to enhance the 

electrochemical OER catalyst as follows: (i) adopting of bimetallic or multivariate MOFs, (ii) the 

combination of conductive carbon materials with MOFs, and (iii) the in situ growth of MOFs on 

conductive Ni foam substrates. 

Project 1: In this work, we report on the synthesis of the various pillared-layered MOF 

[M2(BDC)2DABCO], (BDC = 1,4 benzenedicarbonxylate, DABCO = 1,4 diazabicyclo [2.2.2] 

octane), known as DMOF. NiDMOF consists of {Ni2(O2C-)4} paddle-wheel clusters connected 

by BDC linkers to form two-dimensional layers that are pillared by DABCO ligands to a three-

dimensional structure. NiDMOF as well as with the addition of iron as Ni(Fe)DMOF and a 

composite with a conductivity carbon material as modified Ketjenblack carbon (mKB) through 

a facile one-pot synthesis method. The pretreatment of KB with nitric acid adds hydrophilic 

oxygen-containing groups that are beneficial to improving the wettability and interfacial area, 

promoting electrolyte accessibility. The Ni(Fe)DMOF/mKB materials were employed as 

precursors to OER electrocatalysts in a KOH electrolyte. Stability tests of the MOF in KOH and 

post-mortem analyses showed the transformation of the precursor into α /β-Ni(OH)2 and β/γ-

NiOOH, albeit with the retention of the MOF morphology. 

Project 2: we report two new isotypic semiconductive metal phosphonate frameworks Co2[1,4-

NDPA] and Zn2[1,4-NDPA] (1,4-NDPA4– is 1,4-naphthalenediphosphonate). In order to 

investigate the electrochemical properties of Co2[1,4-NDPA] and Zn2[1,4-NDPA], the optical 

bandgaps as a semiconductive valuation factor, electrocatalyst OER performances in both 

accurate RD-GCE and NF systems were investigated. 
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Project 3: Herein, the bimetallic (M,M’)2(BDC)2DABCO (M, M´= Ni, Co, Zn) are prepared 

systematically through a facile and effective microwave synthesis method. Taking advantage 

of the microwave synthesis method, thanks to its highly tunable mass loading, controllable 

growth orientation and binder-free processing, the bimetallic NiCoMOF was grown on NF by 

microwave irradiation and used directly as a working electrode for a practical application at 

high current densities of 300 mA cm−2 and long-term stability of 50 h for OER. The integrated 

MOFs on the NF electrode could be optimized by adjusting the mass loading of the MOFs on 

NF through the microwave synthesis time. To understand the influence of secondary metal on 

MOF structure for OER, the transformation of bimetallic MOFs during OER under an alkaline 

electrolyte KOH (1 mol L−1) and electrochemical reaction was investigated. This study aims to 

understand the synergistic effect of the second metal in nanoscale in bimetallic MOFs-based 

pre-electrocatalysts on OER using both working electrodes, namely the rotating disk glassy 

carbon electrode (RD-GCE) and the NF electrode.
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3. Cumulative part  

The following units 3.1, 3.2, and 3.3 contain the three publications that have been published in 

scientific publications as first authorships. The publications are first introduced by a graphic 

summary and brief summary, as well as a description of the contribution of all authors to the 

publication. Each publication is listed separately and chronologically according to their date of 

publication. Further contributions of other publications as co-authors are given in chapter 4. 

 

3.1. Synthesis of Ketjenblack Decorated Pillared Ni(Fe)Metal-Organic Frameworks as 

Precursor Electrocatalysts for Enhancing the Oxygen Evolution Reaction 

Thi Hai Yen Beglau, Lars Rademacher, Robert Oestreich, Christoph Janiak 

Molecules 2023, 28, 4464. DOI: 10.3390/molecules28114464. 

Abstract: 

This study presents the synthesis of a nickel-based pillared MOF [Ni2(BDC)2DABCO] and 

bimetallic [(Ni/Fe)2(BDC)2DABCO] (BDC = 1,4-benzenedicarboxylate, DABCO = 1,4-

diazabicyclo[2.2.2]octane), and their modified Ketjenblack (mKB) composites through a simple 

solvothermal synthesis method. These materials were investigated for their OER performance 

in an alkaline medium (1 mol L–1 KOH). The incorporation of a conductive mKB additive 

resulted in a synergistic effect that enhanced the catalytic activity of the MOF/mKB composites. 

Compared to single MOFs and mKB, all MOF/mKB composite samples (7, 14, 22 and 34 wt.% 

mKB) showed significantly improved OER performance. Particularly noteworthy, the Ni-

MOF/mKB14 composite (14 wt.% mKB) demonstrated an overpotential of 294 mV at a 

benchmark current density of 10 mA cm–2 and a Tafel slope of 32 mV dec–1, outperformed 

commercial RuO2 and many Ni-Fe-based OER catalysts. Further enhancement in catalytic 

performance was achieved with the Ni(Fe)MOF/mKB14 composite (0.57 wt% Fe), showing an 

overpotential of 279 mV at a current density of 10 mA cm–2 and a low Tafel slope of 25 mV 

dec–1, supported by electrochemical impedance spectroscopy (EIS) measurements. The 

Ni(Fe)MOF/mKB14 electrocatalyst on commercial nickel foam (NF) showed overpotentials of 

247 mV at current densities of 10 mA cm–2, maintained for 30 hours at a current density of 50 

mA cm–2. Importantly, this work elucidates the in situ transformation of Ni(Fe)MOF into OER-

active α/β-Ni(OH)2, β/γ-NiOOH, and FeOOH with residual porosity inherited from the MOF 

structure, as confirmed by powder X-ray diffractometry, FTIR and N2 sorption analysis. The 

results consider MOF plays. a role as a precursor in the electrochemical reaction. In addition, 

the introduction of mKB as a conductive carbon additive in the MOF structure enables the 

construction of a homogeneous conductive network, improving the electronic conductivity of 

the MOF/mKB composites. This earth-abundant Ni and Fe-based electrocatalytic system holds 

promise for the development of efficient, practical and economical energy conversion materials 

for OER activity. 
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Author´s contribution to the publication: 

• Planning of the research project and carrying out the literature review 

• Synthesis and characterizations of NiDMOFs, modified Ketjenblack carbon (mKB), all 

NiDMOF/mKBx composite samples (x= 7, 14, 22, 34 wt.% mKB), Ni(Fe)DMOF and 

Ni(Fe)MOF/mKB14 composite (14 wt.% mKB) 

• Investigation and evaluation for characterizations of PXRD, NMR, SEM, SEM-EDX, 

SEM mapping, and XPS measurements 

• Investigations for electrochemical performance for the OER in an alkaline medium (1 

mol L–1 KOH) of all materials with the support of Dr. Lars Rademacher 

• Investigation of the transformation of the MOF materials before and after OER for 

PXRD, BET, and SEM 

• Investigation and evaluation for BET measurement with the support of Mr. Robert 

Oestreich 

• FTIR experiments by Mrs. Birgit Tommes and AAS measurements by Mrs. Annette 

Ricken 

• Evaluation of all raw data and results as well as preparation of the manuscript and all 

figures, graphs, and tables contained in the manuscript 

• Responses to reviewers of the manuscript with the comments of Herr. Lars 

Rademacher and Prof. Dr Christoph Janiak 

• Submission of the publication to the international journal ”Molecules” with Prof. Dr. 

Christoph Janiak 
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3.2. Exceptionally Stable and Super-Efficient Electrocatalysts Derived from 

Semiconducting Metal Phosphonate Frameworks 

Thi Hai Yen Beglau+, Marcus N. A. Fetzer+, Istvan Boldog, Tobias Heinen, Markus Suta, 

Christoph Janiak, Gündoğ Yücesan 

Chem. Eur. J. 2024, 30 (1), e202302765. DOI: 10.1002/chem.202302765. 

+These authors contributed equally to this work. 

(License Number: 5819040157556) 

Abstract: 

In this study, we introduce two new semiconductive metal phosphonate frameworks, Co2[1,4-

NDPA] and Zn2[1,4-NDPA] (where 1,4-NDPA4– represents 1,4-naphthalenediphosphonate). 

These frameworks exhibit optical bandgaps of 1.7 eV and 2.5 eV, respectively, falling within 

the semiconductive range. The electrocatalyst derived from Co2[1,4-NDPA] as a precursor 

demonstrated a lower overpotential of 374 mV in the OER, with a Tafel slope of 43 mV dec–1 

at a current density of 10 mA cm–2 in an alkaline electrolyte (1 mol L–1 KOH), indicative of 

notably superior reaction kinetics. The OER performance of Co2[1,4-NDPA] materials as 

precatalysts coupled with nickel foam (NF) revealed exceptional long-term stability at a current 

density of 50 mA cm–2 for water splitting compared to the state-of-the-art Pt/C/RuO2@NF after 

30 hours in 1 mol L−1 KOH. Furthermore, to gain insights into the OER mechanism, the 

transformation of Co2[1,4-NDPA] into its electrocatalytical active species was investigated. 

Author´s contribution to the publication: 

• Planning of the research project and carrying out the literature review with support from 

Dr. Gündoğ Yücesan 

• Synthese and characterizations of 1,4-naphthalenediphosphonate as well as Co2[1,4-

NDPA] and Zn2[1,4-NDPA] Metal Phosphonate Frameworks by Mr. Marcus N. A. 

Fetzer 

• Investigations and evaluation of crystal structure description by Mr. Tobias Heinen and 

Dr. Istvan Boldog 

• Investigations and evaluation of optical measurements by Jun. Prof. Dr. Markus Suta 

• Investigations and evaluation for all electrochemical performance of the OER and 

overall water splitting in an alkaline medium (1 mol L–1 KOH) of Co2[1,4-NDPA] and 

Zn2[1,4-NDPA] Metal Phosphonate Frameworks 

• Synthesis, characterization, and evaluation of the electrochemical performance of the 

OER and overall water splitting of β-Co(OH)2, physical mixing of β-Co(OH)2 and ligand 

[1,4-NDPAH4] and commercial RuO2 as the reference materials 

• Investigation and evaluation for characterization of PXRD, SEM, SEM-EDX, and SEM 

mapping measurements before and after OER 
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• TGA measurements by Mr. Till Strothmann, FTIR measurements by Mrs. Birgit 

Tommes 

• Preparation of the manuscript and all figures, graphs, and tables contained in the 

manuscript with support from Dr. Gündoğ Yücesan 

• Revision of the manuscript with the comments of Mr. Marcus N. A. Fetzer, Dr. Istvan 

Boldog, Dr. Gündoğ Yücesan, Jun. Prof. Dr. Markus Suta and Prof. Dr Christoph Janiak 

• Submission of the publication to the international journal ” Chemistry: A European 

Journal” with Dr. Gündoğ Yücesan 
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3.3. Microwave-Assisted ultrafast Synthesis of Bimetallic Nickel-Cobalt Metal-Organic 

Frameworks for Application in the Oxygen Evolution Reaction 

Thi Hai Yen Beglau, Yanyan Fei, and Christoph Janiak* 

Chem. Eur. J. 2024, e202401644. 

DOI: 10.1002/chem.202401644  

 

Abstract: 

Bimetallic MOFs present enhanced opportunities for tailoring the properties of MOFs, 

generating significant interest between pristine bimetallic MOFs and their derived metal 

hydroxide electrocatalysts. Herein, a series of monometallic and bimetallic MOFs (M, M’: Ni, 

Co, Zn) with tunable pillar linkers were prepared through a novel ultrafast microwave-assisted 

thermal (MW) conversion synthesis method within only 12 min, which are selected 

systematically to explore the catalytic-activity for OER. Remarkably, among all the bimetallic 

MOF-derived catalysts, the NiCoMOF exhibits superior catalytic activity for the OER with the 

lowest overpotentials of 301 mV and Tafel slopes of 42 mV dec−1 on a glassy carbon electrode 

(GCE) at a current density of 10 mA cm−2, attributed to its unique structure and high valence 

state of nickel. Electrochemical evaluations demonstrate that the pristine structure of MOFs 

influences OER performance during extended alkali treatment, affecting the kinetics of 

transformation from disordered α-Ni/Co(OH)2 to ordered β-Ni/Co(OH)2 under alkaline 

conditions Compared to the TOF from β-M(OH)2 (0.002 s-1), our study demonstrates that a 

bimetallic MOF improves the electrocatalytic performance of the derived catalyst by giving an 

intimate and uniform mixture of the involved metals at the nanoscale. In addition, employing 

the microwave (MW) synthesis method, NiCoMOF was grown on nickel foam (NF) via a growth 

approach, which provides more accessible active sites for electrocatalytic OER performance. 

The optimized NiCoMOF grown on NF in just 25 min exhibits superior OER activity, requiring 

overpotentials of 313 and 328 mV to achieve current densities of 50 and 300 mA cm−2 which 

surpasses the state-of-the-art RuO2 and catalysts derived from MOFs for the OER. More 

importantly, this newly developed bimetallic MOF family, characterized by its two kinds of 

organic ligands, is anticipated to function as a versatile assembly platform, providing extensive 

opportunities for the practical use of MOFs in various energy storage applications. 
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3.4. Co-Author contributions 

X-ray Photoelectron Spectroscopy (XPS) and SEM measurements were performed. 

 

Metal–organic framework structures of fused hexagonal motifs with cuprophilic 

interactions of a triangular Cu(i)3(pyrazolate-benzoate) metallo-linker. 

Saskia Menzel, Tobias Heinen, Ishtvan Boldog, Thi Hai Yen Beglau, Shanghua Xing, Alex 

Spieß, Dennis Woschko, Christoph Janiak. CrystEngComm 2022, 24, 3675–3691. 

Summary:  

In this work, the reaction of the N,O-heteroditopic bifunctional ligand 4-(3,5-dimethyl-1H-

pyrazol-4-yl)benzoic acid (H2- mpba) with CuĲNO3)2·2.5H2O and ZnĲNO3)2·4H2O or 

ZnĲCH3COO)2·2H2O in DMF results in concomitant formation of three difference bimetallic 

MOFs with open structures, [Me2NH2]ĳZn4{CuI 3Ĳmpba)3}3ĲMe2NH)-(DMF)2] (1), [Zn6{CuI 

3Ĳmpba)3}4ĲDMF)5] (2) and [Zn3{CuI 3Ĳmpba)3}2ĲDMF)3-ĲH2O)]ĳZn4Ĳμ4-O){CuI 

3Ĳmpba)3}2ĲH2O)4] (3). The in situ formed softer CuI atoms coordinate with the softer 

pyrazolate nitrogen donor atoms of the pyrazolate–carboxylate ligand, leaving the carboxylate 

groups for linking to the Zn atoms. 

Own contribution to the publication: 

• Performing XPS measurements  

• Evaluation and interpretation of the XPS spectra with CasaXPS software 

• Preparing graphs and literature research for the related XPS part in the manuscript 

• Reviewing and correcting the final manuscript as a co-author 

 

Synthesis and Characterization of a Crystalline Imine-Based Covalent Organic 

Framework with Triazine Node and Biphenyl Linker and Its Fluorinated Derivate for 

CO2/CH4 Separation.  

Stefanie Bügel, Malte Hähnel, Tom Kunde, Nader de Sousa Amadeu, Yangyang Sun, Alex 

Spieß, Thi Hai Yen Beglau, Bernd M. Schmidt, Christoph Janiak. Materials 2022, 15, 2807. 

Summary: 

A catalyst-free Schiff -Base- reaction was used to synthesise two imine-linked covalent organic 

frameworks (COFs). The condensation reaction of 1,3,5-tris-(4-aminophenyl)triazine (TAPT) 

with 4,4′-biphenyldicarboxaldehyde led to the structure of HHU-COF-1 (HHU = Heinrich Heine 

University). The fluorinated analogue HHU-COF-2 was obtained with 2,2′,3,3′,5,5′,6,6′-
octafluoro-4,4′-biphenyldicarboxaldehyde. Solid-state NMR, IR, XPS and elemental analysis 

confirmed the successful formation of the two network structures. The crystalline materials are 

characterised by high BET surface areas of 2352 m2/g for HHU-COF-1 and 1356 m2/g for HHU-

COF-2. The products of a larger-scale synthesis were used to produce mixed matrix 

membranes (MMMs) with the polymer Matrimid. CO2/CH4 permeation tests showed a 
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moderate increase in CO2 permeability with constant selectivity for HHU-COF-1 as the 

dispersed phase, while the application of the fluorinated COF led to an increase in CO2/CH4 

selectivity from 42 for the pure Matrimid membrane to 51 for 8 wt% HHU-COF-2 and an 

increase in permeability from 6.8 to 13.0 Barrer for the 24 wt% MMM. 

Own contribution to the publication: 

• Performing XPS measurements 

• Evaluation and interpretation of the XPS spectra with CasaXPS software 

• Preparing graphs and literature research for the related XPS part in the manuscript 

• Reviewing and correcting the final manuscript as a co-author 

 

Synthesis of tin nanoparticles on Ketjen Black in ionic liquid and water for the hydrogen 

evolution reaction.  

Lars Rademacher, Thi Hai Yen Beglau, Özgür Karakas, Alex Spieß, Dennis Woschko, Tobias 

Heinen, Juri Barthel, Christoph Janiak. Electrochem. Comm. 2022, 136, 107243. 

Summary:  

This study examined the influence of various ionic liquids (ILs) on the synthesis of composite 

materials consisting of metallic tin nanoparticles (Sn-NPs) and Ketjen Black (KB) carbon black, 

as well as the electrocatalytic properties of the produced materials. The imidazolium-based ILs 

were employed as electrosteric stabilisers for the NPs formed during the reduction of tin(II) 

chloride with sodium borohydride. The synthesis of finely dispersed tin nanoparticles (Sn-NPs) 

with a size range of 40–90 nm was achieved, which were embedded in larger KB 

agglomerates. The use of imidazolium-based ILs resulted in different influences on the 

chemical and structural properties of the composites compared to Sn/KB produced in HCl/H₂O 

(Sn/KB_H₂O). In terms of the HER, the comparative sample Sn/KB_H2O exhibited superior 

performance, with an overpotential of only 136 mV (Pt/C: 46 mV), in comparison to the 

composites produced in ILs. Following electrochemical stability tests, the composites 

synthesized in ILs demonstrated enhanced performance, with decreased overpotentials down 

to 166 mV. In contrast, Sn/KB_H2O exhibited a decline in performance, with an overpotential 

of 184 mV. The results indicated a stronger interaction of the IL residues with the surface of 

the Sn-NPs and a release of IL-blocked active sites during the stability tests. 

Own contribution to the publication: 

• Performing SEM and SEM-EDX measurements  

• Performing XPS measurements  

• Evaluation and interpretation of the XPS spectra with CasaXPS software 

• Preparing graphs and literature research for the related XPS part in the manuscript. 

• Reviewing and correcting the final manuscript as a co-author.  
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Microwave-assisted synthesis of iridium oxide and palladium nanoparticles supported 

on a nitrogen-rich covalent triazine framework as superior electrocatalysts for the 

hydrogen evolution and oxygen reduction reaction.  

Lars Rademacher, Thi Hai Yen Beglau, Tobias Heinen, Juri Barthel, Christoph Janiak. 

Frontiers in Chemistry 2022, 10. 

Summary: 

In this work, iridium oxide (IrOx-NPs) and palladium nanoparticles (Pd-NPs) with sizes ranging 

from 2 to 13 nm were immobilised onto a CTF, based on the 2,6-dicarbonitrilpyridine (DCP) 

monomer, and tested for their potential application in the HER and ORR. In particular, CTFs 

serve as promising support materials due to their structural diversity, high porosity, and 

electrical conductivity. The properties of CTFs are significantly controlled by the chosen 

monomer and the applied synthesis route. In this work, CTFs were synthesised through an 

ionothermal process at temperature stages of 600 or 750°C in the presence of zinc chloride, 

which acted as a catalyst and a pore-forming agent. The deposition of IrOx- or Pd-NPs on the 

shard-like CTF particles was achieved through a microwave-assisted thermal decomposition 

reaction in the IL [BMIm][NTf2] or in propylene carbonate (PC). The synthesis of the CTFs at 

different temperatures resulted in varying influences on the properties of the CTFs and the 

resulting composites. The composites exhibited excellent performance towards the HER with 

low overpotentials ranging from 47 to 325 mV (standard material Pt/C: 46 mV) and towards 

the ORR with high half-wave potentials between 810 and 872 mV (Pt/C: 884 mV). Notably, the 

IrOx samples demonstrated high performance in the HER, whereas the Pd samples exhibited 

superior performance in the ORR. These results highlight the promising properties of M-

NP/CTF composites, which may lead to the development of materials with high electrocatalytic 

activity and stability. 

Own contribution to the publication: 

• Performing SEM, SEM-EDX, SEM-mapping measurements; 

• Performing XPS measurements;  

• Evaluation and interpretation of the XPS spectra with CasaXPS software; 

• Preparing graphs and literature research for the related XPS part of the manuscript; 

• Reviewing and correcting the final manuscript as a co-author.  
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Scalable synthesis of SWCNT via CH4/N2 gas: The effects of purification on 

photocatalytic properties of CNT/TiO2 nanocomposite 

Sakineh Ghasemzadeh, Hassan Hosseini-Monfared, Massomeh Ghorbanloo, Thi Hai Yen 

Beglau, Lars Rademacher, Alex Spieß, Dennis Woschko, Christoph Janiak. J. Environ. Chem. 

Eng. 2022, 10, 108440.  

Summary: 

Single-walled carbon nanotubes (SWCNTs) were synthesised using a catalysed CVD method 

over Mo-Fe-MgO and Mo-Fe-Al2O3 catalysts. A systematic investigation on the purification of 

SWCNTs was carried out using 20 methods, applying different acids, acid concentrations, 

temperatures and processing times. The method of consecutive HCl treatment, air oxidation 

and second HCl treatment was successful for the purification of SWCNTs. The purification 

process was effective in removing catalyst support materials, embedded metal catalysts and 

carbon materials other than nanotubes from the synthesised SWCNTs. Subsequently, the 

effects of SWCNTs purification on. the photocatalytic activity of CNTs-based nanocomposites 

were investigated. A SWCNT/TiO2 composite with 15 wt% of purified SWCNTs was 

synthesised, which showed the highest photocatalytic activity in decomposing the dye 

rhodamine B under optimised conditions. The photocatalytic activity of the composite material 

of purified SWCNT/TiO2 was significantly higher than that of non-purified SWCNT/TiO2 and 

pure TiO2. Overall, this study elucidated the scalable synthesis of SWCNTs, an effective 

purification method for CCVD-produced SWCNTs, and the effects of purification on the 

photocatalytic activity of CNT-based nanocomposites for wastewater treatment. 

Own contribution to the publication: 

• Performing XPS measurements  

• Evaluation and interpretation of the XPS spectra with CasaXPS software 

• Preparing graphs and literature research for the related XPS part of the manuscript. 

• Reviewing and correcting the final manuscript as a co-author.  

 

A New Family of Layered Metal-Organic Semiconductors: Cu/V-Organophosphonates 

Patrik Tholen, Lukas Wagner, Jean G. A. Ruthes, Konrad Siemensmeyer, Thi Hai Yen Beglau, 

Dominik Muth, Yunus Zorlu, Mustafa Okutan, Jan Christoph Goldschmidt, Christoph Janiak, 

Volker Presser, Özgür Yavuzçetin, Gündoğ Yücesan. Small 2023, 19 (47), 2304057. 

Summary: 

In this work, the layered redox-active, antiferromagnetic metal organic semiconductor crystals 

with the chemical formula [Cu(H2O)2V(µ-O)(PPA)2], where PPA stands for phenylphosphonate, 

that we designed and synthesized are described in this paper. The phenyl groups of the phenyl 

phosphonate linker serve to separate the metal phosphonate layers, as evidenced by the 

crystal structure of [Cu(H2O)2V(µ-O)(PPA)2]. The diffuse reflectance spectra Tauc plot 
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demonstrates an indirect band gap of 2.19 eV for [Cu(H2O)2V(µ-O)(PPA)2]. The 

photoluminescence (PL) spectra display a complex landscape of energy levels, with peaks 

observed at 1.8 and 2.2 eV. The hybrid ionic and electronic conductivity values of 

[Cu(H2O)2V(µ-O)(PPA)2] have been calculated to range between 0.13 and 0.6 S m-1. The short-

range antiferromagnetic order between the Cu(II) and V(IV) ions is demonstrated by 

[Cu(H₂O)₂V(µ-O)(PPA)₂] through temperature-dependent magnetisation measurements. 

Furthermore, [Cu(H2O)2V(µ-O)(PPA)2] exhibits photoluminescence, with a photoluminescence 

quantum yield of 0.02%. The high [Cu(H2O)2V(µ-O)(PPA)2] is demonstrated. 

Own contribution for the publication: 

• Reproduction and optimizing synthesis conditions of Cu/V-Organophosphonates 

materials. 

 

Iron-containing Nickel Cobalt Sulfides, Selenides and a Sulfoselenide as Active and 

Stable Electrocatalysts for the Oxygen Evolution Reaction in Alkaline Solution  

Soheil Abdpour, Lars Rademacher, Marcus. N. A. Fetzer, Thi Hai Yen Beglau, Christoph 

Janiak, Solids 2023, 4, 181 - 200. 

Summary: 

Iron-containing nickel sulfides, selenides and sulfoselenides were synthesised via a simple 

two-step hydrothermal reaction (temperature ≤ 160 °C) for application as electrocatalysts in 

the OER in alkaline solution (1 mol L-1 KOH). The study showed that iron-containing nickel 

cobalt sulfides and selenides exhibited better OER performance with lower overpotentials 

compared to iron-free nickel cobalt sulfides and selenides, highlighting the significant role of 

iron in improving the OER of nickel cobalt electrocatalysts. In addition, the ferrous nickel-cobalt 

sulfoselenide Fe0.5Ni1.0Co2.0(S0.57Se0.25O0.18)4 exhibited exceptional OER performance with η50 

= 277 mV, outperforming the benchmark RuO2 electrode with η50 = 299 mV. The superior 

performance of the sulfoselenide was attributed to its low charge transfer resistance (Rct) of 

0.8 Ω at 1.5 V compared to the reversible hydrogen electrode (RHE). In addition, the 

sulfoselenide showed remarkable stability with only a minimal increase in overpotential (η50) 

from 277 mV to 279 mV after a 20h chronopotentiometric test. 

Own contribution to the publication: 

• Performing XPS measurements  

• Evaluation and interpretation of the XPS spectra with CasaXPS software. 

• Preparing graphs and literature research for the related XPS part of the manuscript. 

• Reviewing and correcting the final manuscript as a co-author. 
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Impregnation of textile cotton material with Cymbopogon citratus-mediated silver 

nanoparticles and investigations by light, electron and hyperspectral microscopies. 

Jean Yves Sikapi Fouda, Agnes Antoinette Ntoumba, Philippe Belle Ebanda Kedi, Thi Hai Yen 

Beglau, Marcus Fetzer, Till Strothmann, Tchangou Armel Florian, Sone Enone Bertin, Vandi 

Deli, Emmanuel Jean Teinkela Mbosso, Gustave Leopold Lehman, Emmanuel Albert Mpondo 

Mpondo, Gisele Etame Loe, Francois Eya’ane Meva and Christoph Janiak. Journal of 

Pharmacognosy and Phytochemistry 2023, 12 (5), 135–146. 

Summary:  

The goal of this project is to create an inexpensive, eco-friendly cotton fabric that has been 

treated with green, synthetic silver nanoparticles derived from the leaves of Cymbopogon 

citratus. PXRD and UVs were used to analyze the silver nanoparticles. The analytical 

distinctions between cotton textiles that were impregnated and those that weren't were 

evaluated using TEM and light. When used with emission spectroscopy to distinguish in situ 

impregnated cotton material from cotton fabric, hyperspectral microscopy indicates the 

presence of silver nanoparticles, providing information for material quality monitoring. The in 

situ impregnated cotton material exhibits the lowest sizes, while the high-density dispersions 

of silver nanoparticles within the cotton materials are displayed by TEM. The maximum 

emission of the in situ nanomaterial differs from that of the cotton fabric, and dark field 

microscopy may be used to see the particles. The cotton textiles' capacity to retain solutions 

containing nanoparticles and water were ascertained. The results of the experiment indicate 

that the cotton cloth that was impregnated in situ exhibited exceptional washing resistance. 

Own contribution for the publication: 

• Performing SEM, SEM-EDX, SEM-mapping measurements  

• Reviewing and correcting the final manuscript as a co-author 

 

Anti-inflammation study of cellulose-chitosan biocomposite-based Tetrapleura 

tetraptera (Taub) dried fruits aqueous extract 

Jean Baptiste Hzounda Fokou, Annick Christianne Nsegbe, Beglau Thi Hai Yen, Marcus N. A. 

Fetzer, Elise Nadia Mbogbe, Maeva Jenna Chameni Nkouankam, Pamela Ngadie Mponge, 

Marie Tryphene Magaly Ngo Yomkil Baleng, Sylvie Pascale Songue, Chris Rosaire Ninpa 

Kuissi, Juliette Koube, Bertin Sone Enone, Agnes Antoinette Ntoumba, Francois Eya’ane 

Meva, Christoph Janiak. BioNanoScience, 2024, S. 1-11 

Summary: 

In this work, Nanotechnology is making remarkable advances in the medical realm. The 

discovery of innovative ways for delivering plant components has advantages such as 

improved bioavailability, solubility, prolonged release, and potential. To the best of our 
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knowledge, there has been no publication on nanocomposites derived from Tetrapleura 

tetraptera, despite its several ethnopharmacological applications, including the treatment of 

inflammatory illnesses. The goal of this work was to create nanocomposites made of chitosan 

and cellulose that have anti-inflammatory properties. The biocomposites demonstrated an 

encapsulation effectiveness of 69.4%. UV-Vis revealed a peak at 290 nm, confirming their 

creation. Infrared spectrophotometry confirmed the presence of a mixed polysaccharide and 

polyphenol system. There were no indicators of toxicity or fatalities, hence the lethal dosage 

50 (LD50) exceeds 2000 mg/kg. The biocomposite displays anti-inflammatory action in vitro 

with a maximum inhibition of 99.5%, and in vivo with a maximum inhibition of 98.7% at a 

dosage of 200 mg/kg. The manufactured biocomposites derived from the aqueous extract of 

Tetrapleura tetraptera fruits show anti-inflammatory activity with satisfactory safety. 

Own contribution for the publication: 

• Performing SEM, SEM-EDX, SEM-mapping measurements  

• Reviewing and correcting the final manuscript as a co-author 

 

Ruthenium nanoparticles on covalent triazine frameworks incorporating thiophene for 

the electrocatalytic hydrogen evolution reaction. 

Lars Rademacher, Thi Hai Yen Beglau, Bahia Ali, Linda Sondermann, Till Strothmann, István 

Boldog, Juri Barthel, Christoph Janiak, J. Mater. Chem. A 2024, 12 (4), 2093–2109. 

Summary: 

In this work, The chemical, structural, and electrocatalytic characteristics of different 

thiophene-based CTFs and composites containing ruthenium nanoparticles (Ru-NPs) were 

examined. Ruthenium is of special importance due to its superior performance in the hydrogen 

evolution process (HER) and much cheaper cost when compared to other noble metals. For 

this objective, CTFs bridged by thiophene (Th-CTF), phenylthiophene (PhTh-CTF), 

bithiophene (BTh-CTF), or quaterthiophene units (QTh-CTF) were synthesized by ionothermal 

techniques at 400 or 600°C, and then decorated with Ru-NPs in a microwave process 

employing PC. CTF-1, which is made up of bridging phenyl units, was employed as a 

comparison material. The new composites with Ru-NPs ranging from 2 to 9 nm displayed 

excellent electrocatalytic activity against the HER with low overpotentials, reaching 30 mV in 

0.5 mol L-1 H2SO4 (Pt/C: 9 mV) and 3 mV in 1 mol L-1 KOH (Pt/C: 26 mV). 

Own contribution to the publication: 

• Performing SEM, SEM-EDX, SEM-mapping measurements  

• Performing XPS measurements. 

• Reviewing and correcting the final manuscript as a co-author.  
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Bimetallic CPM-37(Ni,Fe) metal–organic framework: enhanced porosity, stability and 

tunable composition. 

Soheil Abdpour, Marcus NA Fetzer, Robert Oestreich, Thi Hai Yen Beglau, István Boldog, 

Christoph Janiak. Dalton Transactions 2024. 

Summary: 

In this work, a novel synthesis of mixed metal nickel-iron MOFs, specifically bimetallic CPM-

37(Ni,Fe) with varying iron content, was undertaken for the first time as precursors for electrode 

materials in OER. Notable high BET were exhibited by the bimetallic CPM-37(Ni,Fe) samples, 

with values of 2039, 1955, and 2378 m2 g–1 for CPM-37(Ni2Fe), CPM-37(NiFe), and CPM-

37(NiFe2), respectively. Conversely, the monometallic counterparts, CPM-37(Ni) and CPM-

37(Fe), exhibited markedly lower surface areas, with values of 87 and 368 m2 g–1, respectively. 

The mixed-phase nickel and iron hydroxide/oxides derived from bimetallic CPM-37(Ni,Fe) 

samples during OER exhibited superior performance, with CPM-37(Ni2Fe) (Ni/Fe ~ 2) 

emerging as the most promising catalyst. The catalyst exhibited a small overpotential of 290 

mV at 50 mA cm-2, along with a low Tafel slope of 39 mV dec-1 and good electrochemical 

performance stability. This was demonstrated by an overpotential increase from 290 to 304 

mV over 20 hours of chronopotentiometry. After 20 h of chronopotentiometry, the overpotential 

was 304 mV at 50 mA cm-2, which outperformed the benchmark RuO2 electrode, which 

exhibited an overpotential increase from 300 to 386 mV after 20 h of chronopotentiometry. 

 

Own contribution to the publication: 

• Performing XPS measurements  

• Supporting evaluation and interpretation of the XPS spectra with CasaXPS software 

• Reviewing and correcting the final manuscript as a co-author. 

 

 

Mechanochemical synthesis and application of mixed-metal copper–ruthenium HKUST-

1 metal–organic frameworks in the electrocatalytic oxygen evolution reaction. 

Sondermann, L.; Smith, Q.; Strothmann, T.; Vollrath, A.; Beglau, T. H. Y.; Janiak, C. RSC 

Mechanochem. 2024. doi:10.1039/D4MR00021H. 

New electrode materials for hydrogen generation are being studied to make expensive noble-

metal components more efficient. Here, different copper–ruthenium combinations of the metal–

organic framework HKUST-1 were made through a mechanochemical method. This method 

allowed for the mixed-metal MOFs to be made in an hour. Characterisation through X-ray 

diffraction, N2-adsorption, SEM, TGA and FTIR confirmed the formation of a MOF with the 
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HKUST-1 topology, but with lower porosity. The MOFs were tested as catalysts for the oxygen 

evolution reaction (OER) and performed as well as the industry standard ruthenium oxide 

(RuO₂). An overpotential of 314 mV and a Tafel slope of 55 mV dec-1 were achieved, along 

with a charge-transfer resistance of 13.6 Ω. RCT = 52.8 Ω and FE = 70% (RuO2 FE = 66%) 

show that the Cu10Ru-BTC catalyst is effective for the OER. All the catalysts showed good 

stability in a chronopotentiometric measurement over 12 hours. 

Own contribution to the publication: 

• Performing XPS measurements  

• Supporting evaluation and interpretation of the XPS spectra with CasaXPS software 
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4. Overall Summary 

The OER is considered the bottleneck of electrolytic water-splitting. Thus, there is a need for 

the development of innovative, low-cost approaches to design active and durable 

electrocatalysts based on abundant transition metal oxides. Although much effort has been 

devoted to this goal, most materials reported with high catalytic activity require time and 

energy-demanding, multi-step synthetic approaches. The most effective strategy would be the 

one-step preparation of highly active electrocatalysts without any complicated templating and 

energy-intensive calcination processes. 

Herein, an iron-doped nickel-based MOF was prepared with a highly-conductive modified 

Ketjenblack (mKB) support (denoted as Ni(Fe)-MOF/mKB) by a one-step solvothermal 

method. The introduction of KB provided the true solution to overcoming the intrinsic 

drawbacks of pristine MOFs and KB for electrocatalysis, in particular (i) a low electrical 

conductivity, (ii) a predominant microporosity disturbing a permeability of electrolyte ions into 

pores and a mass transfer of evolved gases from inner pores to bulk electrolyte, and (iii) a poor 

wettability. The Ni-MOF/mKB14 composite (14 wt. % of mKB) demonstrated an overpotential 

of 294 mV at a current density of 10 mA cm–2 and Tafel slope of 32 mV dec–1, which is 

comparable with commercial RuO2 commonly used as a benchmark material for OER. The 

Ni(Fe)MOF/mKB14 (0.57 wt.% Fe) had an even lower overpotential of 279 mV at a current 

density of 10 mA cm–2. The low Tafel slope of 25 mV dec–1 as well as a low reaction resistance 

from electrochemical impedance spectroscopy (EIS) measurement confirm the excellent OER 

performance of this composite. When the Ni(Fe)MOF/mKB14 electrocatalyst was impregnated 

into commercial nickel foam (NF), overpotentials of 247 and 291 mV at current densities of 10 

and 50 mA cm–2, respectively, were realized with constant applied voltages for 30 h at the 

current density of 50 mA cm–2. The superior OER performance is associated with the 

transformation of Ni(Fe)MOF into highly functionalized α/β-Ni(OH)2/β/γ-NiOOH and FeOOH 

inherited from the MOF structure. The demonstrated MOF/mKB material preparation strategy 

is applied to develop of high-performance electrode materials for other advanced energy 

storage systems. The simple synthetic concept is very flexible and can be also extended to 

various structured materials including different types of MOFs to be applied for water-splitting, 

artificial photosynthesis, nitrogen fixation, etc., which has great potential for practical 

commercialization of the process as well. 

Herein, we report the hydrothermal synthesis of two new semiconductive metal phosphonate 

frameworks namely Co2[1,4-NDPA] and Zn2[1,4-NDPA], and we have shown that alternating 

the identity of metal ions in isostructural semiconductive metal phosphonate frameworks can 

be used to tune band gap and semiconductive properties. Both powdered compounds have 

absorption onsets at around 500 nm (2.5 eV), derived from photoluminescence optical 
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Kubelka-Munk spectra data, which is strongly localized at the naphthalene moieties. 

Furthermore Co2[1,4-NDPA] shows a second onset at 700 nm (1.7 eV) which has to be 

identified as ligand-field transitions localized at the Co center with its low energetic 4A2(4F) → 

4T1(4P) ligand field transition of tetrahedrally coordinated d7-Co(II). We have furthermore 

used the new semiconducting metal phosphonate frameworks as precatalysts for the OER 

reaction. We have shown that both, Co2[1,4-NDPA] and Zn2[1,4-NDPA], are remarkable 

precatalysts for the OER reaction in water splitting with overpotentials of 374 mV for Co2[1,4-

NDPA] and 408 mV for Zn2[1,4-NDPA] for a glassy carbon rotating electrode system and 312 

mV and 371 mV on NF at a current density 10 mA cm–2. The Tafel slope of 43 mV dec–1 in 1 

mol L–1 KOH at a current density of 10 mA cm–2 of the Co2[1,4-NDPA] precatalyst indicates its 

superior reaction kinetics compared to the commercial benchmark material RuO2 or other 

compound families like metal phosphides and some reported MOFs in the literature. Besides, 

its good reaction kinetics, electrocatalyst derived from Co2[1,4-NDPA] also shows remarkably 

improved activity, compared to RuO2 on NF for water splitting reaching a current density of 

200 mA cm–2 at 1.63 V. This work also demonstrated the exceptionally high stability of the 

derived active species of β-Co(OH)2 and β-CoOOH catalysts by using Co2[1,4-NDPA] as a 

precatalyst in 1 mol L–1 KOH for 30 h at a constant current density of 50 mA cm–2. Several 

features may contribute to the excellent OER performance of the Co2[1,4-NDPA] compared to 

the concurrently studied RuO2, β-Co(OH)2 and physically mixed β-Co(OH)2 with the ligand 1,4-

NDPA-H4. For example, Co2[1,4-NDPA] precatalyst might hypothetically generate a more 

uniform distribution of β-Co(OH)2 and 1,4-NDPA-H4 ligand on the surface of the glassy carbon 

electrode creating superior OER activities compared to the concurrently studied catalytically 

active species. All these results demonstrate that both materials, but especially the Co2[1,4-

NDPA] are potential candidates for industrial applications as precatalysts for OER in water 

electrolysis. 

In summary, a new series of bimetallic MOFs was successfully prepared using a rapid 

synthesis method within only 12 min. These bimetallic MOFs offer flexibility in adjusting the 

molar ratio of metal nodes, which are uniformly distributed throughout the frameworks. 

Furthermore, the pillars within this series of MOFs are customizable. As expected, the 

introduction of a second metal ion allows for the modification of the intrinsic characteristics of 

the original MOFs, preserving their initial morphology and pore structure. Notably, the 

bimetallic NiCoMOF demonstrates superior catalytic activity for the OER. Electrochemical 

assessments show that the pristine structure of MOFs can affect OER performance during 

prolonged alkali treatment, impacting the kinetics of transformation from disordered α-

(NiCo)(OH)2 to ordered β-(NiCo)(OH)2 under alkaline conditions. Moreover, taking advantage 

of the MW synthesis method, the NiCoMOFs were in situ grown on the surface of NF. The 
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OER efficiency can be optimized effectively via tuning the thicknesses of MOFs on NF by 

employing MW synthesis times. The NiCoMOF/NF within only 25 min of synthesis time show 

superior OER activity with required overpotentials of 313 and 328 mV to achieve current 

densities of 50 and 300 mA cm−2 and excellent stability after 50 h , which surpasses the state-

of-the-art RuO2 and other MOF-derived catalysts for the OER. These promising results not only 

prove that the properties of MOFs can be tailored by the incorporation of a second metal into 

the MOF structure but also present a new strategy for developing promising highly efficient 

electrocatalysts in practical applications. 
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