
 

Design of transition metal-based 

nanostructured electrocatalysts  

 

 

Dissertation 

zur Erlangung des akademischen Grades 

Doktor der Naturwissenschaften 

im Promotionsfach Chemie 

 

 

am Fachbereich Chemie, Pharmazie, 

Geographie und Geowissenschaften  

der Johannes Gutenberg-Universität Mainz 

 

 

vorgelegt von 

Yupeng Zhao 

geboren in Shandong 

 

 

Mainz, 2024 

 



Dekanin: Prof. Dr. Eva Rentschler 

Erster Berichterstatter: Prof. Dr. Carsten Streb 

Zweite Berichterstatter: Prof. Dr. Wolfgang Tremel 

Tag der mündlichen Prüfung: 



Die vorliegende Arbeit wurde in der Zeit von Oktober 2019 bis April 2024 am

Department für Chemie der Johannes Gutenberg-Universität Mainz unter Betreuung von 

Prof. Dr. Carsten Streb angefertigt. 

Hiermit versichere Ich, Yupeng Zhao, Matrikelnummer 2781056, dass ich meine 

Promotionsarbeit selbstständig verfasst und keine anderen als die angegebenen schriftlichen 

und elektronischen Quellen, sowie andere Hilfsmittel benutzt habe. Alle Ausführungen, die 

anderen Schriften wörtlich oder sinngemäß entnommen wurden, habe ich kenntlich gemacht. 

_____________________   _____________________ 
(Ort, Datum)        (Unterschrift) 





Kurzzusammenfassung 
 

I 

Kurzzusammenfassung  
 

Traditionelle Energiequellen wie Kohle und Erdöl dominieren nach wie vor unsere 

Energielandschaft. Ihre Nutzung trägt jedoch erheblich zur Umweltverschmutzung, zu 

erhöhten Treibhausgasemissionen und zum unumkehrbaren Klimawandel bei. Um diesen 

drängenden Problemen entgegenzuwirken, ist die Entwicklung nachhaltiger Energieträger wie 

Wasserstoff (H2) und Sauerstoff (O2) von entscheidender Bedeutung, um die Verknappung 

fossiler Brennstoffe abzumildern. Vor diesem Hintergrund erweisen sich umweltfreundliche 

und erneuerbare Energieumwandlungs- und -speicherlösungen, einschließlich 

Wasserspaltung, Brennstoffzellen und Batterien, als vielversprechende Strategien zur 

Bewältigung unserer derzeitigen Energie- und Umweltprobleme. Im Mittelpunkt dieser 

Technologien stehen die Wasserstoffentwicklungsreaktion (HER), die 

Sauerstoffentwicklungsreaktion (OER) und die Sauerstoffreduktionsreaktion (ORR). Eine 

entscheidende Herausforderung bei diesen Technologien ist die Entwicklung kostengünstiger 

und effizienter Katalysatoren, die für Prozesse wie die wässrige Wasserspaltung und Metall-

Luft-Batterien unerlässlich sind. 

Diese Studie fasst die wesentlichen Parameter für die Bewertung der Leistung von Sauerstoff-

Elektrokatalysatoren zusammen, gibt einen Überblick über die jüngsten Durchbrüche auf dem 

Gebiet der Sauerstoff-Elektrokatalysatoren und schlägt künftige Forschungsrichtungen vor. 

Darüber hinaus werden die Beiträge des Autors zu diesem Forschungsbereich hervorgehoben, 

die die Synthese, Charakterisierung und Bewertung der elektrochemischen Leistung von 

Sauerstoff-Elektrokatalysatoren umfassen. 

In dieser Doktorarbeit stellen wir Richtlinien für die Entwicklung von Elektrokatalysatoren vor, 

die sich darauf konzentrieren, durch kontrollierte morphologische Anpassungen mehr aktive 

Stellen freizulegen und die katalytische Wirksamkeit durch Manipulation der elektronischen 

Struktur zu erhöhen. Konkret werden poröse ZIF-67-Polyeder als Vorstufen für verschiedene 

Behandlungen wie die Immobilisierung von Polyoxometallaten, Säureätzung, Karbonisierung 

oder Sulfidierung verwendet. Die resultierenden Verbundwerkstoffe behalten die poröse 

Architektur der ZIF-67-Polyeder bei und bieten mehr aktive Stellen für die Elektrokatalyse. 

Darüber hinaus werden ultradünne Pd-Metallene (Sub-Nanometer und gekrümmte Metall-

Nanoblätter) hergestellt und mit Defekttechniken modifiziert, einschließlich der Einführung 

von Poren, konkaven Strukturen und MoOx/WOx-Dotierung. Charakterisierungstechniken wie 

Rasterelektronenmikroskopie (SEM), Rasterkraftmikroskopie (AFM), hochauflösende 

Transmissionselektronenmikroskopie (HR-TEM) und elementares Mapping wurden eingesetzt, 

um die Morphologie und die elementare Zusammensetzung zu untersuchen. Die Ergebnisse 

zeigen die poröse Struktur von Verbundwerkstoffen auf ZIF-67-Basis sowie ultradünne und 

defekte Merkmale von Pd-Metallen. Analytische Methoden wie Röntgenbeugung (XRD), 

Röntgenphotoelektronenspektroskopie (XPS), Röntgenabsorptionsspektroskopie (XAS), 

Fourier-Transform-Infrarotspektroskopie (FT-IR) und Raman-Spektroskopie wurden zur 

Analyse der Zusammensetzung und der elektronischen Strukturen eingesetzt. Die 
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elektrokatalytischen Aktivitäten und Langzeitstabilitätstests der entwickelten Katalysatoren 

wurden für verschiedene Reaktionen, insbesondere OER und ORR, gründlich bewertet. Im 

Anschluss an diese Bewertungen wird eine gründliche Bewertung der postkatalytischen 

chemischen und strukturellen Integrität durchgeführt, um die tatsächlichen aktiven Stellen für 

OER und ORR zu verstehen. Gleichzeitig wird eine eingehende Untersuchung der 

elektrochemisch aktiven Oberfläche und des Elektronentransferprozesses an der Grenzfläche 

durchgeführt, um unser Verständnis der beteiligten katalytischen Mechanismen zu vertiefen. 

Insgesamt zeigen diese Elektrokatalysatoren eine außergewöhnliche Leistung, die durch 

niedrige Überspannungen und eine bemerkenswerte Ausdauer von mehreren bis zu 

Dutzenden von Stunden gekennzeichnet ist. Diese überragende Leistung ist auf ihre inhärente 

Aktivität, die zahlreichen aktiven Stellen, die große Oberfläche und ihre fein abgestimmten 

elektronischen Strukturen zurückzuführen. 
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Abstract 
Traditional energy sources, such as coal and petroleum, continue to dominate our energy 

landscape. However, their usage significantly contributes to environmental pollution, 

elevated greenhouse gas emissions, and irreversible climate change. To counter these 

pressing issues, it is vital to develop sustainable energy carriers, thereby reducing our reliance 

on rapidly diminishing fossil fuels. In this light, eco-friendly and renewable energy conversion 

and storage solutions, including water splitting, fuel cells, and batteries, emerge as promising 

strategies to address our current energy and environmental predicaments. Central to these 

technologies are the hydrogen evolution reaction (HER), oxygen evolution reaction (OER), and 

oxygen reduction reaction (ORR). A critical challenge in these technologies is the development 

of cost-effective, efficient and robust catalysts, essential for processes like aqueous water 

splitting and metal-air batteries. 

This study summarizes the essential parameters for assessing the performance of oxygen 

electrocatalysts and reviews recent breakthroughs in the field of oxygen electrocatalysts and 

proposes prospective research trajectories. Based on these studies, the thesis summarizes the 

author's contributions to this area of study, which include the synthesis, characterization, and 

assessment of the electrochemical performance of OER/ORR electrocatalysts. 

In this Ph.D. thesis, novel electrocatalysts are designed which focus on revealing more active 

sites through controlled morphological adjustments and boosting catalytic efficiency via 

electronic structure manipulation. Specifically, porous ZIF-67 polyhedrons are utilized as 

precursors for various treatments such as polyoxometalates immobilization, acid etching, 

carbonization, or sulfidation. The resulting composites retain the porous architecture of ZIF-

67 polyhedrons, offering increased active sites for electrocatalysis. Moreover, ultra-thin Pd 

metallene (sub-nanometer and curved metal nanosheets) are fabricated and modified with 

defect engineering techniques, including the introduction of pores, concave structures, and 

MoOx/WOx doping. Characterization techniques such as scanning electron microscopy (SEM), 

atomic force microscopy (AFM), high-resolution transmission electron microscopy (HR-TEM), 

and elemental mapping were employed to study the morphology and elemental composition. 

The results reveal the porous structure of ZIF-67 based composites, and ultrathin and 

defective feature of Pd metallene. X-ray diffraction (XRD), X-ray photoelectron spectroscopy 

(XPS), X-ray absorption spectroscopy (XAS), Fourier transform infrared spectroscopy (FT-IR), 

and Raman spectroscopy were used to analyze compositions and electronic structures. 

Electrocatalytic activities and long-term stability tests of the catalysts were evaluated for 

various reactions, notably the OER and ORR. Post-catalytic chemical and structural integrity 

was studied to understand the real active sites for OER and ORR. In-depth investigations into 

the electrochemically active surface area and the interfacial electron transfer processes were 

undertaken to deepen our understanding of the catalytic mechanisms involved. In sum, these 

electrocatalysts exhibit exceptional performance, characterized by low overpotentials and 

remarkable endurance. This superior performance is attributed to their inherent activity, 

abundance of active sites, extensive surface area, and their finely tuned electronic structures. 
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1 Introduction 

1.1 Electrochemical oxygen evolution/reduction reaction 

1.1.1 Significance of electrochemical oxygen evolution/reduction in energy 

conversion and storage 

From the mid-18th century until today, the annual global emissions of carbon dioxide (CO2) 

increased from 10 million tons each year to 34 billion tons each year,[1] which caused many 

climate and environmental problems, such as global warming,[2] melting glaciers,[3] etc. In 

response, an increasing number of countries are announcing carbon net-zero targets.[4,5] 

Especially, the German Federal Government set a target to achieve a 65% reduction in 

greenhouse gas (GHG) emissions by 2030 compared to the base year 1990 and net-zero 

greenhouse gas emissions by 2045.[6,7] Similarly, China, the European Union, the United States, 

and Japan also plan to reduce their carbon emissions and meet the goal of reaching the 2050 

net zero emissions target.[8] In 2018, 89% of global CO2 emissions came from fossil fuels and 

industry.[9] On this basis, the utilization of clean, sustainable, and inexhaustible substitutes for 

traditional fossil fuel energy is far more significant. Various energy sources, such as wind 

power, solar power, bioenergy, geothermal, tidal energy, etc., are widely used as substantial 

carbon-free feedstocks to generate electricity.[10] However, these feedstocks are more 

intermittent and weather- or season-independent.[11] Consequently, various energy storage 

methods are proposed, such as thermal energy storage in molten salt, hydrogen energy 

storage, battery energy storage, capacitors, and supercapacitors.[12]  

Hydrogen energy storage appeals to more attention among all the methods due to its high 

gravimetric energy density, uninterrupted power supply, environmental friendliness, and 

adaptability. As shown in Fig.1, the electricity generated by different sustainable energy 

sources can be applied to a proton exchange membrane (PEM) electrolyzer, where the 

electrical energy is converted to chemical energy. The solution to achieve the energy 

conversion is electrochemical water splitting (2H2O 
𝐸𝑛𝑒𝑟𝑔𝑦
→      2H2 + O2), which was first reported 

in 1789 by Troostwijk and Deinman.[13] It includes two half-reactions: the hydrogen evolution 

reaction (HER) on the cathode and the oxygen evolution reaction (OER) on the anode. 
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Currently, electrodes and catalysts with low-cost and long-term durability for HER have been 

studied widely and well-developed.[14,15] However, the application at the industrial scale is still 

limited by anodic OER, which involves a complex proton-coupled 4-electron transfer, showing 

sluggish kinetics. As a result, a higher external voltage and more energy are needed to drive 

electrochemical water splitting. Developing highly active, low-cost, and robust anode 

electrodes or catalysts therefore is critically important in electrochemical water splitting. 

Additionally, the transport section accounts for around 20% of global CO2 emissions. In 

particular, passenger vehicles, including private cars and buses, contribute 9% of global CO2 

emissions.[16] To reduce CO2 emissions from vehicles, fuel cells (FCs) are widely studied and 

developed because of their eco-friendliness and high energy density. The first successful fuel 

cell (FC) based on hydrogen and oxygen was developed by Francis Bacon in 1932.[17] Afterward, 

a wide range of FCs was developed, such as alkaline fuel cells (AFCs), phosphoric acid fuel cells 

(PAFCs), molten carbonate fuel cells (MCFCs), solid oxide fuel cells (SOFCs), solid polymer fuel 

cells (SPFCs), and proton exchange membrane fuel cells (PEMFCs). Although FCs have been 

studied for decades, several significant challenges exist before they can be widely applied in 

commercial practice. Especially, the development of FCs is significantly hampered by the 

sluggish oxygen redox kinetics on the cathode, where oxygen reduction reaction (ORR) occurs. 

Besides, noble metal-based catalysts are commonly used on cathodes, which also hinders the 

technological application of FCs. Thus, developing effective and inexpensive electrocatalysts 

with long-term catalytic stability is required for FC commercialization and CO2 emission 

reduction. 

 

Fig. 1. Schematic of applications of proton exchange membrane (PEM) electrolyzer and 

PEMFCs coupled with sustainable energy sources. Reproduced with permission [18]. 

Copyright 2016, the authors. 
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1.1.2 Electrochemical oxygen evolution reaction 

Proton-coupled four-electron transfer is involved in the OER process, resulting in sluggish 

kinetics. A better understanding of the catalytic reaction mechanisms is needed to develop 

optimal electrocatalysts for OER. Traditionally, the most common understanding of reaction 

control is the binding strength of oxygen or oxygenated intermediates, which follows the 

Sabatier principle. Namely, optimal catalysis occurs when the binding energy (ΔG) between 

the catalyst and reactant is neither too strong nor too weak. [19] This concept is based on the 

notion that if the ΔG is too weak, it is difficult for the catalyst surface to bind to the reactant, 

whereas if the ΔG is too strong, the product will fail to dissociate and lower the activity.[19]. [20] 

On this basis, depending on whether the lattice oxygens participate in the reaction, two 

possible reaction mechanisms have been proposed: adsorbate evolving mechanism (AEM) and 

lattice-oxygen participation mechanism (LOM) (Fig.2).  

 

 

Fig.2 (a) Conventional AEM mechanism. (b) LOM mechanism. M represents the active 

sites. The oxygen in blue and orange represents the oxygen atoms in H2O and metal 

oxides respectively. Reproduced with permission.[21]Copyright 2023, the authors. 

(Ⅰ) Adsorbate evolving mechanism 

AEM is the conventional OER mechanism and the most used to describe OER for an acid or 

alkaline environment. Depending on the concerned active sites during the process of O2 

formation, two different reaction pathways have been proposed. One is Eley-Rideal (ER) (in 

heterogeneous system) or water nucleophilic attack (WNA) (in homogeneous system) type 

AEM concerning a single metal cation active site (*), where OH- (in alkaline) or H2O (in acidic) 

is oxidized to OH*, O*, and OOH*, as shown in Table 1 and Fig. 3a. Another OER mechanism 
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is Langmuir–Hinshelwood (LH) (in heterogeneous system) or the interaction of two metal-oxo 

entities (I2M) (in homogeneous system) type AEM concerning two adjacent metal cation 

active sites, where two O* intermediates are integrated into O2, rather than being oxidized to 

OOH*. The ER-type mechanism has been investigated in Ru-based catalysts, while the LH-type 

mechanism has been reported for Co-based catalysts.[20,22] Both ER-type and LH-type 

pathways assume proton-coupled electron transfer and the formation of O*/OOH*, 

intermediates. The binding energy between the catalyst surface and oxygen intermediates 

determines the reaction speed and required overpotential, especially in the formation process 

of OOH* from OH*, which requires the highest overpotential.[23] Modulation of the binding 

strength of intermediates on the catalyst surface plays an important role in optimizing its 

reaction activity. 

  

Table 1: OER pathways in acidic and alkaline conditions  

Electrolyte OER pathways 

Acidic condition 

2H2O → O2 +4H+ +4e- 

Single active 

sites 

H2O + * → OH* + H+ + e- 

OH* → O* + H+ + e- 

O* + H2O → OOH* + H+ + e- 

OOH* → O2* + H+ + e- 

O2* → O2 + * 

Two adjacent 

active sites 

H2O + * → OH* + H+ + e- 

OH* → O* + H+ + e- 

2O* → 2* + O2  

Alkaline condition 

2H2O → 4H+ + O2 + 4e- 

Single active 

sites 

OH- + * → OH* + e- 

OH*+ OH- → O* + H2O + e- 

O* + OH- → OOH* + e- 

OOH* + OH-→ O2*+ H2O + e- 

O2* → O2 + * 

Two adjacent 

active sites 

OH- + * → OH* + e- 

OH* + OH- → O* + H2O + e- 

2O* → 2* + O2 

   In the table, * represents the active site. 
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(Ⅱ) Lattice-oxygen participation mechanism (LOM) 

 

Recently, experimental findings showed that some perovskites such as Pr0.5Ba0.5CoO3−δ (PBC) 

and Ba0.5Sr0.5Co0.8Fe0.2O3−δ (BSCF) present more active properties for OER, rather than the poor 

activity for OER as calculated based on AEM. [24,25] So LOM was proposed to better explain this 

phenomenon. In the LOM pathway, lattice O2− anions of catalysts directly participate in oxygen 

evolution and the formation of oxygen molecules, as shown in Fig. 2b. In a typical LOM, the 

first two steps concerning the formation of *O are the same as those in AEM. Then, the formed 

*O couples with the lattice O2− to release an oxygen molecule, Meanwhile, an oxygen vacancy 

VO is left in the lattice. In the end, the vacancy will be refilled by the migration of OH- from the 

dissociation of water. The acidic LOM can be concluded as follows: 

H2O + * → OH* + H+ + e- Equation 1 

OH* → O* + H+ + e- Equation 2 

O*+OL → O2+Vo Equation 3 

Vo + H2O → OH* + H+ + e- Equation 4 

OH* → OL + H+ + e- Equation 5 

Because the formation of OOH* from O* is not involved in LOM, the barrier in the formation 

of OOH* from O* is broken, and a lower overpotential compared to AEM can be achieved. 

LOM gives a better explanation for the excellent catalytic properties of PBC and BSCF. In 

addition, LOM still includes the formation of O*, so the Sabatier principle can be applied as 

well. 

1.1.3 Electrochemical oxygen reduction reaction 

The oxygen reduction reaction is the reverse reaction of the oxygen evolution reaction and 

plays an important role in fuel cells and metal-air batteries. In an acid condition, the two main 

final products, H2O (Fig. 3 and eq. 6 and 7) and H2O2 (Fig. 3 and eq. 8) are generated by a direct 

four-electron pathway, and an indirect two-electron pathway, respectively.[26] Notably, the 2-

electron transfer process is preferred in industrial H2O2 production while the 4-electron 

transfer pathway is more desired in FCs and other energy conversion technologies, and their 
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mechanisms are more complicated. So, we will focus more on the 4-electron transfers in this 

thesis.     

 

Fig. 3 ORR catalytic cycle following dissociative (a) and associative mechanisms (b). 

Reproduced with permission. [27] Copyright 2022, American Chemical Society. 

 

Generally, the 4-electron transfer process can follow either a dissociative or an associative 

pathway, depending on the oxygen adsorption mode (an O2 molecular adsorbed by two 

adjacent active sites or by a single active site), and the binding strength of oxygen to the active 

sites.[26,28] For the dissociative mechanism, the oxygen molecule is adsorbed by two adjacent 

active sites, followed by the dissociation of the bridging oxygen configuration. Then the two 

oxygen atoms (2𝑂 ∗) are coupled with a proton to form an intermediate (𝐻𝑂 ∗), which is 

further reduced to H2O (eq. 6). Typically, this dissociative pathway occurs on the surface of 

noble-metal-based catalysts attributable to the strong σ bonding interactions with O2. In 

contrast, the associative pathway starts with one proton-coupled electron transfer and the 

formation of a 𝐻𝑂𝑂 ∗ intermediate. Next, 𝐻𝑂𝑂 ∗ intermediate can be converted into 𝐻2𝑂2 

in a two-electron transfer pathway or undergoes two further proton-coupled electron transfer 

process to generate H2O. [28] The reaction can be summarized as follows: 

 

1

2
𝑂2 + ∗ 

            
→   𝑂 ∗ 

𝑒− + 𝐻+

→      𝐻𝑂 ∗ 
𝑒− + 𝐻+

→      𝐻2𝑂 + ∗ Equation 6 

𝑂2 + ∗ 
𝑒− + 𝐻+

→     𝐻𝑂𝑂 ∗ 
𝑒− + 𝐻+

→      𝐻2𝑂 +  𝑂 ∗ 
𝑒− + 𝐻+

→      𝐻𝑂 ∗ 
𝑒− + 𝐻+

→      𝐻2𝑂 + ∗ 
Equation 7 

𝑂2 + ∗ 
𝑒− + 𝐻+

→     𝐻𝑂𝑂 ∗ 
𝑒− + 𝐻+

→      𝐻2𝑂2  + ∗ 
Equation 8 
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Under alkaline conditions, the products would be OH- in 4-electron transfer and HO2
- in 2-

electron transfer pathway. The reaction can be summarized as follows: 

 

The oxygen-containing intermediates, like 𝑂 ∗ and 𝐻𝑂 ∗, are involved in both the dissociative 

and associative mechanism. Similar to the OER mechanism, it is reasonable to regard oxygen 

adsorption energy (∆𝐸𝑜) as a descriptor for ORR activities. According to the Sabatier principle, 

the optimal catalyst for ORR should bind oxygen neither too strongly nor too weakly.[29,30] 

Specifically, the oxygen adsorption (the formation of 𝑂2 ∗ in associative mechanism) or the 

dissociation of O-O bound to generate  𝑂 ∗ (dissociative mechanism) will be hindered in case 

of too weak interaction and in another case of too strong interaction, which results in difficult 

removal of intermediates (𝑂 ∗ and 𝐻𝑂 ∗). 

1.2 Performance analysis of the electrochemical oxygen 

evolution/reduction 

Numerous catalysts and electrodes have been synthesized to gain satisfying electrochemical 

performance. To comprehensively evaluate the catalytic activities of the catalysts or 

electrodes, a standard measurement protocol is of fundamental importance, i.e., onset 

potential, current density (j), Tafel slope, electrochemical surface area (ECSA), and Faradaic 

efficiency (FE).  
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Equation 10 

𝑂2 + ∗ 
𝑒− + 𝐻2𝑂
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𝑒− 
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− + 𝑂𝐻− + ∗ Equation 11 
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1.2.1 Rotating-ring disk electrode technique 

 

 

Fig. 4 Schematic representation of the RRDE. Reproduced with permission. [27] Copyright 

2022, American Chemical Society. 

To effectively perform electrochemical measurement and gain the insight of reaction kinetics 

and mechanism, rotating-ring disk electrode (RRDE) and rotating disk electrode (RDE) are 

widely used as the powerful setup to assess the electrochemical behavior in both OER and 

ORR. A standard RRDE consists of a conductive disk electrode (made of glassy carbon, Pt, Au, 

etc.) and a concentric ring electrode (made of Pt, Au, glassy carbon, etc.). as shown in Fig. 4. 

The desired potentials on ring and disk can be applied individually. Notably, only disk electrode 

exists in RDE setup. In both RDE and RRDE, the rotating speed of the electrode can be 

controlled by the configuration, leading to well-defined laminar flow profiles across the 

electrode surface that enables quantitative analysis of reaction kinetic rate constant without 

interference from mass transport. For example, the kinetic current can be gained after 

voltametric measurements using an RDE with a certain rotating speed. We will explain this 

point in detail in 1.2.5. Moreover, in the RRDE setup, when the electrode rotates, the product 

formed at the disk electrode is transported to the ring electrode, where it can be converted 

to another species by applying a second potential. For this reason, RRDEs are operated using 

bipotentiostats where individual potential can be set for the disk electrode and the ring 
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electrode. Based on this approach, the electron transfer number and faradaic efficiency can 

be effectively measured with the assistance of RRDE. We will explain this point in detail in 1.2. 

1.2.2 Current density and overpotential 

The thermodynamic redox potential for O2/OH- or O2/H2O at 1 atm and 298 K is 1.23 V - 0.0591 

pH vs. reversible hydrogen electrode (RHE). In practice, OER requires a higher potential, while 

ORR requires a lower potential due to the existence of energetic and kinetic barriers.[31,32] The 

required additional potential is known as overpotential (η). In OER, overpotentials at different 

current densities (j10, j50, j100) are commonly used to compare the catalytic performance of 

different catalysts, which can be acquired by linear sweep voltammetry (LSV). A lower η is 

preferred as it indicates less energy is required to achieve higher current density and faster 

reaction kinetics. Note that, the current density (j) is also normalized to the geometric surface 

area of the electrode, or, more rarely, to the ECSA. 

1.2.3 Tafel slope 

Tafel slope describes the relationship between the j and η, which originates from the classic 

Butler - Volmer equation (eq. 12, cathodic polarization) below: 

Where j is the electrode current density (A·m-2), j0 is exchange current density (A·m-2), α is so-

called transfer coefficient, z is the number of electrons involved in the electrode reaction, η is 

overpotential (V), F is the Faraday constant, R is universal gas constant, and T is absolute 

temperature (K). The reaction j is controlled by forward and backward sub-reactions. When in 

strong polarization region, where η is very high and meets exp ( 
𝛼𝑧𝐹

𝑅𝑇
𝜂) ≫ exp ( −

(1−𝛼)𝑧𝐹

𝑅𝑇
𝜂), 

the backward reaction is negligible, and the first term dominates. Then the Butler - Volmer 

equation can be explained as Tafel equation: 

The above equation can be simplified as: 

j = j0 [exp ( 
𝛼𝑧𝐹

𝑅𝑇
𝜂) - exp ( −

(1−𝛼)𝑧𝐹

𝑅𝑇
𝜂)] Equation 12 

𝜂 = −
2.3𝑅𝑇

𝛼𝑧𝐹
Log j0 + 

2.3𝑅𝑇

𝛼𝑧𝐹
Log j 

 

Equation 13 
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Where the constants of a and b represent −
2.3𝑅𝑇

𝛼𝑧𝐹
 and 

2.3𝑅𝑇

𝛼𝑧𝐹
Log j0 respectively. Meanwhile, b 

is known as Tafel slope, the value of which is an indicator of reaction kinetics. A smaller Tafel 

slope indicates a smaller overpotential is required to achieve the targeted current density. 

Tafel slope can be obtained by electrochemical impedance spectroscopy (EIS) data and 

voltammetry measurement. Notably, the contributions from catalysts and electrode are also 

included in voltammetry and the EIS gives purely charge transfer kinetics. 

1.2.4 Electrochemically active surface area 

In the heterogeneous electrochemical reaction system, ECSA plays an important role in 

normalizing the current density and revealing the real electrocatalytic activities. Specifically, 

ECSA refers to the area of the catalyst that is accessible to the electrolyte and works for charge 

transfer and/or storage. When the catalysts or electrodes contact with electrolyte, electrical 

double-layer capacitance (Cdl) appears at the interface between electrode and electrolyte. 

Meanwhile, the ECSA is proportional to Cdl, which in sequence can be measured by cyclic 

voltammograms (CVs) in non-Faradaic regions.[33] The ECSAs exhibits more accurate 

information on active surface area compared to classic geometrical surface area.[34] In detail, 

as shown in eq. 15 and 16, Cdl is related to non-Faradaic current and voltage scan rate. On this 

basis, Cdl can be measured via CVs in the redox-free potential range with different scan rates. 

Finally, the ECSAs can be obtained based on the Cdl and the specific capacitance (Cs). Notably, 

the Cs is related to the nature of the materials and reaction environment. 

Where Q is the electrical charge, E is the potential, t is time, v is potential scan rate, Cs is 

specific capacitance of the catalyst, j is the current density. Amongst, j is positive and negative 

in case of charging (positive scan, jp) and discharging (negative scan, jn) process which are 

𝜂 = 𝑎Log 𝑗 +  𝑏 
Equation 14 

𝐶𝑑𝑙 =
𝑑𝑄

𝑑𝐸
=
𝑗𝑑𝑡

𝑑𝐸
= 𝑗

𝑑𝑡

𝑑𝐸
= 𝑗 · 𝑣 

Equation 15 

𝐸𝐶𝑆𝐴 =
𝐶𝑑𝑙
𝐶𝑠

 
Equation 16 
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supposed to share same absolute value in an ideal faradaic region. In practical, the half current 

density difference (jp - jn) is adopted to calculate Cdl.  

1.2.5 Electron transfer number and Faradaic efficiency 

For multi-electron transfer reactions, various products would be generated with different 

electron transfer numbers. Specifically, in cases of OER and ORR, possible two-electron and 

four-electron pathways can occur simultaneously. It is vital to calculate the electron transfer 

number to have a deeper understanding of reaction pathway. Conventionally, two 

experimental methods are widely used to determine electron transfer number: RRDE method 

and the Koutecky–Levich (KL, eq.17-19) method, where jk is the catalytic current density 

without the loss caused by mass transfer, j is the apparent current density (extracted from the 

LSV curve under different applied potentials) and jL is the diffusion-limited current density (the 

highest current density under relatively negative potentials). According to eq.18, jk is 

determined by electron transfer number (n), the faradic constant (F), the diffusion coefficient 

of O2 (D0), the kinetic of viscosity of the solution (C0), and the RDE rotation speed (v). However, 

in practice, KL method shows poor accuracy to determine n, as the KL plots are often not linear 

and the calculated nKL sometimes exceed theoretical limits.[35] The electron transfer number 

calculated with assistance of RRDE technique follows the equation (eq. 20). In detail, a 

chronoamperometry (CA) of the disk electrode is recorded at a constant ring potential (1.5 V 

vs. RHE), which allows possible HO2
- intermediate being oxidized. Meanwhile, a suitable 

rotation rate (mostly at 1600 rpm) and scan rate are adopted in the O2 saturated condition to 

prevent mass transfer limitations. Similarly, the H2O2 ratio can be calculated by eq.21. 

1

𝑗
 = 

1

𝑗𝐾
 + 
1

𝑗𝐿
 = 

1

𝐵𝜔1 2⁄
 + 
1

𝑗𝐿
 Equation 17 

𝐵 = 0.62𝑛𝐹𝐶0𝐷0
2 3⁄ 𝑣−1 6⁄  

Equation 18 

𝑗𝐾 = 𝑛𝐹𝑘𝐶0 
Equation 19 

𝑛 =
4𝐼𝑑

𝐼𝑑 + 𝐼𝑟 𝑁⁄
 

Equation 20 
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Where n is the electron transfer number, Id and Ir are the current on disk and Pt ring, 

respectively, N is the collection efficiency. 

Faradaic efficiency (FE) is another parameter to determine utilization efficiency of electrons 

supplied from external circuit. Specifically, it describes the overall selectivity of an 

electrochemical process, defined as the ratio of the amount of product formed (in moles) to 

the amount of product that can be produced by the total charge passed, expressed as a 

fraction or percentage.[36] In the case of OER, O2 production can be detected by gas 

chromatography, Clark electrode or optical fluorescence oxygen sensing probe. Additionally, 

FE can also be measured with the assistance of an RRDE setup. Generally, a relatively small 

constant current is applied on the disk electrode, and a potential at 0.4 V vs. RHE is applied on 

the ring electrode to reduce generated O2 from the disk in an Ar/N2 condition. Notably, the 

current applied on the disk should be at an appropriate value (~1 mA·cm-2) to ensure a 

suitable O2 generation, which can be sufficiently transferred to the ring electrode and 

simultaneously to avoid local saturation and bubble formation at the disk electrode. On this 

basis, FE can be calculated as follows, 

1.2.6 Electrochemical impedance spectroscopy 

In a typical electrochemical reaction system, charge transfer, mass transfer from the bulk 

electrolyte to the catalyst surface, and the resistance of the electrolyte result in the 

impedance. To have a better understanding of the above-mentioned features, scientists 

interpreted them into the equivalent electrical circuits, including resistances, capacitors, or 

constant phase elements which are connected in parallel or series. Similar with the normal 

electrical circuit, the impedance follows Ohm’s law as well. Practically, a small amplitude 

alternating current (AC) signal excitation is applied when the electrochemical cell is in 

equilibrium (open circuit state) or under a stable direct current (DC) polarization condition. 

Notably, in the EIS measurement, the response signal must be caused by the input excitation 

% (𝐻𝑂2
−) =

2𝐼𝑟/𝑁

𝐼𝑑 + 𝐼𝑟 𝑁⁄
 

Equation 21 

𝐹𝐸 =  
𝐼𝑟
𝑁𝐼𝑑

 
Equation 22 
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signal. Meanwhile, input and output signals meet a linear relationship (Ohm’s law). In addition, 

the excitation does not cause changes in the internal structure of the system, and the system 

can return to its original state when the disturbance stops. The impedance expression can be 

presented by Nyquist Plot and Bode Plot. In the Nyquist Plot, the real part (Zre) and imaginary 

part (Zim) are plotted on the X-axis and Y-axis respectively. In this case, each point is an 

impedance value at the respective frequency. In contrast, two separate logarithmic plots exist 

in the Bode plot: magnitude vs. frequency and phase vs. frequency, which are commonly used 

in the engineering community.[37] 

We take charge-transfer and diffusion processes controlled electrochemical reaction as an 

example, the equivalent circuit is shown in Fig. 5. 

Fig. 5 Equivalent circuit of charge-transfer and diffusion processes controlled 

electrochemical reaction.[38] RΩ, Rct, and Cdl, represent the solution resistance, charge 

transfer resistance, and double layer capacitance, respectively. 

Meanwhile, the impedance can be described by the eq. 23-25. When 𝜔 is high enough, 𝜔−1/2 

is negligible, charge-transfer is the reaction rate determining step and Nyquist Plot is a semi-

circle and the diameter is charge-transfer resistance (Rct) (eq. 26). In the case of the small 𝜔 

(eq. 27), Nyquist Plot is a straight line with the slope of 1. It indicates the reaction rate is 

determined by a mass diffusion process. On this basis, we can get more information on charge 

transfer and mass transfer with the assistance of EIS measurement. 

Z= 𝑅𝛺 + 
1

𝑗𝜔𝐶𝑑+ 
1

𝑅𝑐𝑡+ 𝜎𝜔
−1 2⁄ (1−𝑗)

Equation 23 

𝑍𝑅𝑒 =  𝑅𝛺 + 
𝑅𝑐𝑡+ 𝜎𝜔

−1 2⁄

(𝜎𝜔1 2⁄ 𝐶𝑑+1)
2+ 𝜔2𝐶𝑑

2(𝑅𝑐𝑡+ 𝜎𝜔
−1 2⁄ )2

Equation 24 
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1.2.7 Stability 

Apart from the electroactivity of the catalyst, stability is another significant parameter to be 

considered for industrial applications. The stability can be tested by CA, chronopotentiometry 

(CP), and accelerated durability test (ADT). Specifically, CA and CP work at a fixed potential or 

current for a long time, while recording the obtained current or required potential. LSV before 

and after CA and CP can also be studied to compare the electrical activity changes. ADT is 

carried out at an accelerated scan rate in a short period compared to CA and CP. Normally, CV 

cycling is performed at a suitable potential range (1.2-1.8 V vs. RHE for OER; 1.1-0.3 V vs. RHE 

for ORR) at a scan rate of 0.1 V/s for thousands of cycles. As a result, the LSV curves pre- and 

post-ADT can be compared and a durable catalyst is supposed to show nearly identical 

performance. 

1.2.8 d-band center 

d-band center is one of the most successful descriptors in heterogeneous and electrocatalysis, 

which was proposed by Norskov in 1995.[39]  Briefly, Norskov found that the adsorption energy 

was highly linearly correlated with the energy center of the valence d-band density of states 

(d-band center). The energy level of the d-band center determines the ease of filling the 

antibonding energy band with electrons and thus the stability and strength of the adsorption 

bonding. On this basis, the calculation of a catalyst can be used to predict the catalytic 

properties. In practice, d-band center theory successfully predicted the outstanding catalytic 

activities, like Pt3Ni for ORR and MoS2 for HER. Besides, it gives the instructions for the catalyst 

design as well, including coordination number modulation to increase d-band center value, 

which will be discussed in detail in the following chapter. 

𝑍𝐼𝑚 = 𝑅𝛺 + 
𝜔𝐶𝑑(𝑅𝑐𝑡+ 𝜎𝜔

−1 2⁄ )2+ 𝜎𝜔−1 2⁄ (𝜎𝜔1 2⁄ 𝐶𝑑+1)

(𝜎𝜔1 2⁄ 𝐶𝑑+1)
2+ 𝜔2𝐶𝑑

2(𝑅𝑐𝑡+ 𝜎𝜔
−1 2⁄ )2

 
Equation 25 

Z = 𝑅𝛺 + 
1

𝑗𝜔𝐶𝑑+ 
1

𝑅𝑐𝑡

 Equation 26 

𝑍𝐼𝑚  = 𝑍𝑅𝑒 – 𝑅𝛺 − 𝑅𝑐𝑡 + 2𝜎2𝐶𝑑 Equation 27 
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1.3 Noble-metal-based catalysts for electrochemical oxygen 

evolution/reduction reactions 

Developing efficient low-cost, and highly durable catalysts for OER and ORR plays a vital role 

in oxygen energy transfer and storage. However, the state-of-the-art catalysts are still noble 

metal based, like the IrO2 and RuO2 for OER, and Pt and Pd for ORR. These noble metals or 

noble metal oxides are regarded as the benchmark catalysts, which are usually compared with 

the newly synthesized catalysts. At the same time, noble metal catalysts play an important 

role in understanding the reaction mechanism. Additionally, many researchers are also putting 

more effort into new noble metal-based catalysts with reduced metal usage, e.g., alloys. The 

target is not only to develop more active catalysts but also to better understand the reaction 

mechanism and provide the guidelines for the next-generation noble metal-free catalysts 

design. 

1.3.1 IrO2 and RuO2 based catalysts for OER 

IrO2 and RuO2 are the benchmark catalysts in OER and investigated deeply to gain an insight 

of OER mechanisms. Casalongue et al. found that the oxidation state of Ir undergoes a change 

from 4+ to 5+ with the assistance of in-situ X-ray photoelectron spectroscopy (XPS, Fig. 6a).[40] 

Especially, the oxidation process is dominant on the surface of the catalyst. Based on the 

observed experimental evidence, they proposed an OOH- mediated deprotonation 

mechanism. Additionally, Pfeifer et al. found that Ir3+ intermediates formed during OER, which 

are confirmed experimentally by application of synchrotron based XPS and X-ray absorption 

spectroscopies (XAS).[41] Based on this finding, they proposed iridium vacancy model, which 

concerned O- formation during the OER reaction, as shown in Fig.6b. Moreover, Kasian et. al 

proposed three different dissolution mechanisms depending on the potential applied on 

anode (Fig. 6c), including direct dissolution of Ir metal (blue arrow), the transition from Ir5+ to 

Ir3+(green arrow), and formation of IrO3 at high potentials (red arrow).[42] These reaction 

pathways can be summarized by forementioned AEM, which are not involved the lattice 

oxygen in the catalysts. Not only AEM, but also LOM are verified by IrO2. The isotope labelling 

method was used to detect lattice oxygen participation during OER by Simon Geiger and his 

colleagues.[43] They labelled Ir18O2 and Ir18Ox films, which were polarized galvanostatically in 

the H2
16O-based electrolyte. The produced O2 species with mass-to-charge ratios of 32 
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(16O16O), 34 (16O18O) and 36 (18O18O) were measured. They found the active lattice oxygen in 

amorphous iridium oxide can participate in the OER and boost catalytic activities.  

 

 

Fig. 6 (a) Curve-fitted Ir 4f XPS spectra of Iridium (+4) oxide nanoparticles under open circuit 

conditions (left) and under oxygen evolution conditions (right), the green and purple 

components correspond to Ir4+ and Ir5+, respectively. Reproduced with permission. [40]  

Copyright 2014, WILEY‐VCH Verlag GmbH & Co. KGaA, Weinheim. (b) Oxidation state 

transition of Ir from +4 to +3. Reproduced with permission.[41] Copyright 2016 Royal Society 

of Chemistry (c) Three possible pathways of Ir dissolution during the OER. Reproduced with 

permission. Copyright 2018, The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA. 

Apart from the OER mechanism understanding, researchers are also putting more focus on 

minimizing the usage of noble metals by composition and structure optimization. Based on 

the understanding of OER reaction mechanism, rationally introducing heteroatom into noble 

metal systems can improve catalytic activities because of the modification of the electronic 

structure and synergistic effect.[44] The heteroatoms are normally transition metals which can 

help with reducing the usage of noble metals as well. For example, Yahui Wang et. al 

successfully doped Ce into IrO2 nanoparticles, which modified the electronic structure of IrO2 

and decreased the energy barrier of the transition from *O to *OOH, which is rate-

determining step (RDS) in OER.[45] The catalyst they synthesized achieved very low 

overpotential (η10 = 24 mV) at 10 mA·cm-2, while 380 mV is needed for IrO2. Meanwhile, the 
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Ir normalized mass activity also indicates the Ce doping can largely reduce the usage of Ir.  In 

addition to single metal doping, poly metals doping is also applied for IrO2 based OER 

electrocatalysts. In this regard, Zaman et. al successfully co-doped Co and Ni into IrO2 and 

atomically substituted 50% usage of Ir.[46] Furthermore, the Ni-Co co-doped IrO2 shows lower 

overpotential than the individually doping cobalt and nickel catalysts. Based on this 

observation, many other heteroatoms have been adopted to substitute noble metals, 

including Cu,[47] F,[48] B,[49] and Nb.[49]  

Additionally, morphology modification is adopted as well by researchers to expose more 

active sites with less noble metal usage. Noble metal-based materials from 1 dimensional (1D) 

to 3D are wildly investigated. 1D noble metal-based materials are referred to the single noble 

metal atom containing materials. Ru and Ir single atoms are successfully immobilized into 

different substrates. Gu group has synthesized Ir single atoms modified NiO[50] and amorphous 

CoO[51] catalysts, in which the weight ratios of Ir are only 18% and 14.8% respectively. 

Meanwhile, the catalysts exhibit very high catalytic activities. The density functional theory 

(DFT) calculations reveal that the immobilized Ir single atoms can not only work as the active 

sites, but also modulate the electronic structure of neighbor metal atoms (Ni and Co), which 

further increase adsorption free energies of OH− and intermediates (*OH and *O) and leads 

to the dramatically improved OER activity. Similarly, other noble metal single atoms, like Ru, 

Pt, and Au, are synthesized with different substrate, including metal alloys,[52] carbon,[53,54] 

metal carbides,[55] metal oxides,[56] and layered double hydroxides (LDH)[57]. All the noble 

metal single atoms show improved catalytic activities. However, the number of single atoms 

is limited by the number of defects, which are used to fix the single atoms. Besides, during the 

long-term catalytic process, the atomically dispersed single atoms tend to aggregate and form 

the clusters, resulting in the degradation of the catalytic performance, especially in a high 

loading of single atoms. Because of this phenomenon, Rational design single atoms-based 

catalysts without single atoms aggregation is considered as the current research challenge. 

The design of 2D noble metal-based materials is another option to achieve its cost-

effectiveness. The idea is using surfactants to control the growth direction of the crystalline 

and form ultra-thin materials. On this basis, a certain facet of the crystalline can be tuned. For 

example, the (001) planes for Ru[58] nanosheet and (111) and (200) planes for Ir[59] can be 

prepared. The DFT calculations indicate these facets are more active toward reducing the 
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energy barriers of the RDS in OER process, which can explain the greatly improved catalytic 

properties compared to pristine RuO2 and IrO2. Meanwhile, the electronic structures of noble 

metal nanosheets can be tuned by some defect-inducing method and other metal doping 

methods[60]. Compared to the single atom catalysts, 2D noble metal-based materials are more 

stable as fewer aggregation is observed during OER. The bottleneck of the design of this kind 

of material is the choice of suitable surfactants. Some surfactants would be adhesive to the 

synthesized nanosheets, as the result, the active sites would be blocked and decrease the 

usage efficiency of noble metals. Recently, the metal carbonyl assisted synthesized method 

appeared, which allows slow CO emission.[61] Meanwhile, CO can help control the crystalline 

expand dimension. This method is mainly used in the design of ORR catalyst, which will be 

discussed in the following part.  

Finally, 3D noble metal-based materials are very popular in cost-effective noble metal-based 

catalysts design. The guideline is to synthesize porous, core-shell, or hollow structured 

nanoparticles with a small size to increase the surface area and expose more active sites. 

Compared to 1D single atoms, 3D nanoparticles can provide higher surface area and more 

active sites, which can also be deposited on a proper substrate. Meanwhile, the synthesis 

method is more facile compared to 1D and 2D. In a typical hollow structure synthesis method, 

the precursor noble metal-based nanoparticles are firstly synthesized and then are etched by 

acid to gain the porous structure. For example, Shaojun Guo group has prepared a class of IrM 

(M = Co, Ni, CoNi) multi-metallic porous hollow nanocrystals by using a Lewis acid.[62] The 

noble metal containing metal organic frameworks (MOFs) are usually used as the precursor, 

which go through further pyrolysis or other treatment to gain small size of nanoparticles or 

porous structures heritage from the pristine MOF. For example, Wenrui Li et. al. prepared the 

IrOx clusters supported on porous CeO2 by the calcination of Ir containing MOF. The catalyst 

possesses micropores centered at approximately 1.2 nm as well as mesopores around 3.4 nm, 

which potentially provided more active sites for OER.  

In conclusion, all the catalyst designs (from 1D to 3D) show both advantages and 

disadvantages. More efforts are still needed to develop more effective, stable, and cost-

effective catalysts. The research focuses could vary from the improvement of the stability of 

the of 1D single atoms catalysts to decreasing the noble metals usage in 3D catalysts. 
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1.3.2 Pt and Pd based catalysts for ORR 

Furthermore, Pt and Pd also show high catalytic activities towards ORR compared to other 

metals due to their appropriate binding energy between the bulk metals surface and O/OH 

adsorbates, as shown in Fig.7.[63] To this end, many efforts have been put on the development 

of Pt and Pd based ORR catalysts. It is same with other noble metals catalyst, the target is to 

reduce the usage the Pd and Pt, and at the same time, improve their activities. In the case of 

pure Pt and Pd catalysts, surface facet, shape, and size engineering play an important role in 

improving their catalytic activities. Various Pt/Pd catalysts with different structures and 

surface facets have been wildly prepared. Notably, the ORR catalytic performance of different 

Pt facets varies in different electrolytes. For example, in a catalytic solution containing 

coordinating anions (such as H2SO4 solution), ORR activity follows the order Pt (111) < Pt (100), 

as the strong adsorption of anions (SO4
2-) deactivate the Pt (111) surface dramatically and 

decrease the catalytic reactivity. However, in the presence of weakly coordinating anions such 

as ClO4 and OH--, ORR activity follows the order Pt (100) << Pt (110) ≈ Pt (111).[64] This means 

Pt-based catalyst with a cubic crystal with (100) facet in dominant would be more active for 

ORR in H2SO4 and those with an octahedral (or tetrahedral, or icosahedral) structure with (111) 

and (110) facets in dominant would be ideal catalysts for ORR in HClO4 and KOH solutions.  

  In the following discussion, we mainly focus on the Pt (111), as HClO4 and KOH solutions are 

the most widely used electrolytes in the ORR electrocatalysis. Meanwhile, it was found that 

the ORR activities were highly dependent on dense surface steps, edges, and kinks on high-

index facets of bulk nanoparticles.[65] The guidelines for the development of more active pure 

Pt catalysts are to design a stepped surface with high index facets instead of a smooth (111) 

surface. On this basis, defect engineering is applied to introduce surface steps, edges, kinks, 

and low-coordinated atoms. For example, defect rich porous Pd nanosheets were synthesized 

recently.[66] The materials possess abundant highly active sites because of the existence of 

abundant pore structures and strain effect, which further contribute to the tunable electronic 

structure. At the same time, Guo and co-workers prepared different types of defects on Pd 

nanosheets.[67] Compared to edge and pore defects, concave surface defects have shown the 

highest ORR activity, due to the increased coordination number at the metal sites, and 

moderately downshifted d-band center. 
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Fig. 7 Trends in oxygen reduction activity plotted as a function of the O atom binding energy 

(a), and both the O and OH binding energy (b). Reproduced with permission.[63] Copyright 

2004, American Chemical Society. 

Apart from facet control, size control of the nanoparticles is also important for the catalytic 

performance improvement. However, the Pt particle size effect on ORR is still not well 

understood and a focus of current research. Shoemaker and coworkers prepared Pt 

nanoparticles with different sizes (from 1 to 5 nm) and tested their specific activities (SA) and 

mass activities (MA).[68] They found that the SA increased sharply by around 4-fold as the 

particles grow from 1.3 nm to 2.2 nm and then slowly as particle size further increased. 

However, the MA reached the maximum (by 2-fold) as the particles grew from 1.3 nm to 2.2 

nm and then decreased as particle size further increased (Fig. 8a). Similarly, Chorkendorff and 

colleagues also observed the same results with the Pt particle size from 2 to around 11 nm. 

The maximum of MA was located at 3 nm.[69] The explanation given by Shoemaker and 

colleagues is that with the particle size decreasing from 5 to 1 nm, the number of (111) and 

(100) terrace sites decreased rapidly, and low coordination number edges dominated the 

surfaces, which results in the overly strong binding between Pt surfaces and O2. Note that 

alternative explanations have also been put forward: some researchers argued that the SA did 

not depend on the particle size, even in the range of 1 to 5 nm. As shown in Fig. 8b, 

Nesselberger et al. found that carbon supported Pt particles with different sizes (from 1 to 5 

nm) showed comparable SA. At same time, MA increased linearly with increasing Pt 

nanoparticles dispersion.[70] They proposed the catalytic activities are related to the 

interparticle distance. The decreased interparticle distance leads to the overlap of the electric 
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double layers between neighboring particles, resulting in a potential drop within the compact 

layer and leading to weaker adsorption energy on Pt surfaces, which is referred to as a 

proximity effect. Additionally, when the size of Pt nanoparticles is below 1 nm, some 

interesting trend occurs. It was found that Pt12 showed higher activity by a factor of 10 

compared with 2.5 nm Pt/C. However, if one Pt atom was added into Pt12, which changed to 

Pt13, the catalytic activities decreased by a factor of 2. Pt17 and Pt19 are more active than Pt13 

again. That is because Pt13 possesses icosahedral structure, which shows much higher binding 

energy, resulting the poor activity. But with more Pt atom being added on icosahedral core, 

edge structure appeared and improved the catalytic activities of Pt17 and Pt19. [71] 

Different opinions and ideas were proposed based on recently discovered interesting and 

amazing phenomena. However, the relationship between the ORR activity and the shape/size 

of nanoparticles is not well established. Moreover, Angelopoulos et al. used voltametric Bi and 

Ge oxidation method to quantify the amount of charge associated with (111) terraces and 

(100) terraces, and further observed the relationship between electrocatalytic reactivities and 

amount of exposed different facets. with the assistance of Bi and Ge specific adsorption 

technique, Angelopoulos et al. proposed the predominant active sites on Pt nanoparticles 

were (110) and (311) rather (111) terrace atoms, which were historically recognized as main 

active sites for ORR.[72] More efforts need to be made to fully understand the size and shape 

effects on ORR. 
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Fig. 8 a) MAs and SAs of Pt/C for oxygen reduction reaction at 0.93 V with different particle 

sizes, b) SAs of the ORR determined at 0.85 V RHE in rotating disk electrode measurements 

of Pt nanoclusters deposited onto a glassy carbon electrode. Reproduced with 

permission.[68,70] Copyright 2011, American Chemical Society. Copyright 2013, Springer 

Nature Limited.  

Aside from tuning the size and surface facets of nanoparticles, Pt and Pd alloying with 

transition metals can effectively enhance the ORR activities and stabilities. In the case of Pt, 

various Pt alloying transition metals (PtM) have been widely investigated and reported, 

including Co,[73–76] Ni,[75–77] Fe,[76,78,79] Cu,[75,77] Ag,[77,80] Au,[77,80] Pd,[78,80] Cr,[81] Mo,[82] Mn,[83] 

V[76] etc. Amongst all the transition metals, Co, Ni, and Fe exhibit superior properties and have 

led to more intensive studies. Stamenkovic et al. combined simulations with experiments and 

stablished the electrocatalytic trends on Pt3M.[76] The trend followed the order of Pt ˂ Pt3Ti ˂ 

Pt3V ˂ Pt3Ni ˂ Pt3Fe ≈ Pt3Co. However, the Pt alloys have been observed to decrease as a 

function of voltage cycling in PEMFC operation conditions.[84,85]  Han et al. pointed out that 

the stability of Pt alloys are related to the dissolution potentials of the alloying elements. As 

shown in Fig. 9c, PtCo and PtFe alloys possess very low dissolution potentials and are easier 

to dissolve during the catalytic reaction. As a result, the alloys surface would become pure Pt 

due to the dissolution of Co and Fe, resulting in the degradation of properties. Meanwhile, 

Vojislav R. Stamenkovic et al. also designed a Pt-skin and -skeleton structure by thermal 

annealing at around 1000 K.[76] During the thermal annealing process, Pt atoms segregated to 

the surface and doped transition metal atoms moved to the sublayers, leading the formation 
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of Pt-skin. The catalytic activities of bulk Pt, Pt-skeleton, and Pt-skin surfaces followed the 

order of Pt < Pt-skeleton < Pt-skin. Meanwhile, the annealed Pt-skin surface was very stable 

under electrochemical environment. Similarly, transition metal doping Pd nanosheet also 

exhibited higher catalytic properties than the pure Pd nanosheet. For example, Shaoda Huang 

et al. and Mingchuan Luo et al. have prepared Fe and Mo dopant respectively, both of which 

exhibited improved catalytic properties.[86,87] Not only the binary Pt alloys, ternary and 

quaternary Pt Alloys have also been synthesized and evaluated by different groups. Because 

of the synergetic effects in different transition metals and Pt, the catalytic activities and 

stabilities could be further improved on base of binary Pt alloys.[88,89] Meanwhile, apart from 

the thermal annealing, other methods to improve the stability of Pt/Pd are under 

development as well, such as nonmetallic elements (C,[90] H,[91] and B[92]) doping. 

 

Fig. 9 (a) Relationships between experimentally acquired SA of Pt3M surfaces versus the d-

band center location for the Pt-skin and Pt-skeleton surfaces. Reprinted with permission.[76] 

Copyright 2007, Springer Nature Limited. (b) Thermodynamic dissolution potential (Vdissolve) 

versus Pt alloy formation energy (Ealloy) of different Pt-alloyed transition metals. Reprinted 
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with permission.[93] Copyright 2015, American Chemical Society (c) Transition metal dopant 

loss after 1.2k cycles (green) and the SA of Pt alloy catalysts (red). Here the metal dopant loss 

was defined as the dopant composition change from (b). Reprinted with permission.[93] 

Copyright 2015, American Chemical Society. (d) Sublayer Fe dopant in porous Pd nanosheet 

with enhanced catalytic activities and stability. Reprinted with permission.[93] Copyright © 

2022, American Chemical Society. 

1.4 Noble-metal-free catalysts for electrochemical oxygen 

evolution/reduction reactions 

Noble metals exhibit excellent electrocatalytic properties, but their application is still limited 

by the rarity and high cost. In this context, tremendous efforts have been devoted to exploring 

noble-metal-free substitutions with comparable electrocatalytic properties and durability that 

lead to significant advances in electrocatalytic OER and ORR. 

1.4.1 Noble metal free based electrocatalysts for OER 

Metal hydroxides/oxyhydroxides  

Transition metal hydroxides and oxyhydroxides are the most widely investigated because of 

their high-performance OER electrocatalytic activities, especially for Ni,[94,95] Fe,[96] and Co[96,97] 

based compounds. In 1983, D. E. Hall initially found that α-Ni(OH)2 exhibited OER 

electrocatalytic activity.[95] Inspired by this finding, other metal (Fe, Co, and et al.) hydroxides 

were shown to be active for electrocatalytic OER. In addition, the catalytic mechanism was 

revealed in recent years with the assistance of advanced measurement techniques. As 

described by Bode et al., two distinct redox transformations occur during the potential cycling 

across the Ni(2+)/(3+,4+) redox potential: the reduction/oxidation cycle between α-Ni(OH)2 

and γ-NiOOH (α and γ); and between β-Ni(OH)2 and β-NiOOH, as shown in Fig. 10a.[98,99] The 

oxidation process of α-Ni(OH)2 to γ-NiOOH occurs at lower potential than the transformation 

from β-Ni(OH)2 to β-NiOOH. However, β-NiOOH is unstable and could change to γ-NiOOH, 

especially at high pH values. Meanwhile, overcharging would take place if the potential is 

increased above the charging potential of β-Ni(OH)2 to β-NiOOH, leading to the 

transformation of β-NiOOH to γ-NiOOH as well.[98] Jianwen Huang et al. observed the phase 

transformation by Raman measurement and found that there was a reversible phase 
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transition between α-Ni(OH)2 and γ-NiOOH prior to OER,  revealing γ-NiOOH acts as the real 

activity contributor for OER(Fig. 10b).[100] At the same time, researchers also found that some 

heteroatom doping can effectively improve electrocatalytic performance.[98,101] The typical 

cases are NiFe-layered double (oxy)hydroxide (NiFe-LDH). The NiFe-LDH compounds can be 

expressed with the formula: [Ni1−x
2+ Fex

3+(OH)2]x+(An-)x/n·yH2O, where x is the molar ratio of Fe 

that is incorporated, A is the anion, n is the charge of the anions, and y is the amount of water 

that is intercalated. The crystal structure is same as in the mineral hydrotalcite, as shown in 

Fig. 10c. However, the role of Fe in the system is still under debate. Many efforts have been 

devoted to developing a mechanistic picture of OER. Friebel et al. prepared Ni1-xFexOOH with 

different Fe content.[102] The result indicates that the appropriate addition of Fe (25%) to 

NiOOH led to 500-fold higher OER current density (at 0.3 V vs. RHE) compared to pure Ni and 

Fe oxyhydroxide films and more than 175 mV decrease in overpotential, as shown in Fig. 10d. 

With the assistance of in-situ X-ray absorption spectroscopy (XAS) and high energy resolution 

fluorescence detection (HERFD), they found that that Fe3+ in Ni1-xFexOOH occupies octahedral 

sites with extraordinary short Fe-O bond distances by replacing Ni and sharing the edges with 

surrounding [NiO6] octahedra, which further led to optimal adsorption energies of OER 

intermediates and low overpotentials at Fe sites. It means the real active sites are doped Fe 

atoms. They also proposed a higher Fe loading resulted in the nucleation of a γ-FeOOH phase, 

which possess longer Fe-O bond distance and higher overpotential for OER. In addition, Chen 

et al. reported that the formation of Fe4+ in NiFe-LDH during the OER process was directly 

observed by operando Mössbauer spectroscopy. Up to 21% of the total Fe3+ atoms were 

oxidized to Fe4+, which further worked as active sites in water oxidation. Meanwhile, they 

proposed that the oxidized Fe4+ species generated at an edge, a corner, or a related “defect” 

site could be much more active kinetically and lead to rapid water oxidation. Up to now, other 

different mechanisms are kept being proposed based on the experiment and advanced 

characterization techniques and deeper understanding on NiFe-LDH would be acquired. 
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Fig. 10 (a) Charge-cischarge cyclic diagram of crystalline structure transition of 

Ni(OH)2/NiOOH proposed by Bode. Reprinted with permission.[98] Copyright 2013, Royal 

Society of Chemistry (b) Surface reconstruction analyses by in situ Raman spectra achieved 

during the chronopotentiometry measurement, Reprinted with permission.[100] Copyright 

2019 Wiley‐VCH Verlag GmbH & Co. KGaA, Weinheim (c) Examples of unit cells for Fe-

substituted γ-NiOOH and Ni-substituted γ-FeOOH model structures, and (d) measured OER 

activity of mixed Ni–Fe catalysts as a function of Fe content in 0.1 M KOH. Reprinted with 

permission.[102] Copyright 2015, American Chemical Society. 

Transition metal oxides  

Metal oxides attracted wide attention because of their outstanding catalytic activities and 

superior stabilities, especially the first-row late transition metal, including Fe, Co and Ni. 

Amongst all of them, Co3O4 is one of the most promising candidates and became the research 

focus since of the beginning of last century, due to their activity and durability in alkaline 

electrolytes. Co3O4 possesses the typical spinel structure, where Co2+ (CoTd
2+) and Co3+ (CoOh

3+) 
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cations occupy the tetrahedral and octahedral sites respectively. The catalytic abilities of CoTd
2+ 

and CoOh
3+  was tested by many researchers to determine the real active sites.[103–105] Kim et al. 

prepared spinel-type ZnCo2O4 and Co3O4 thin film which were used as OER catalyst. Notably, 

in ZnCo2O4, Zn2+ took the place of CoTd
2+ in the tetrahedral sites. By comparing the catalytic 

properties of ZnCo2O4 and Co3O4 in both 1 M KOH (pH 13.8) and 0.1 M phosphate buffer 

solution (pH 7), they concluded that CoTd
2+ is not catalytically critical for OER, as comparable 

performance and stability were acquired. However, similar ion replacement method was 

adopted by Wang et al. to determine the roles of CoTd
2+  and CoOh

3+  played during OER 

process.[104] They used inactive Zn2+ and Al3+ to replace CoTd
2+ and CoOh

3+ and found that CoTd
2+ 

was responsible for the formation of CoOOH, which further acted as the active site for OER. 

To some degree, ion replacement can bring some uncertainties to the active sites analysis, 

even Zn2+ and Al3+ are treated as inert. The introduced “inert ion” may modulate the electronic 

structures in the system and make themselves or originally inactive part active. On this basis, 

Bergmann et al. used advanced XAS to directly observe the local structure change during the 

OER process.[103] They found the structurally reversible evolution of crystalline Co3O4 

electrocatalysts: a sub-nanometer shell of the Co3O4 is transformed into an X-ray amorphous 

CoOx(OH)y. The formed CoOx(OH)y was recognized as the active site. In addition, apart from 

the mechanism research, the modification of Co3O4 was also investigated by many groups as 

well. The guideline is mainly engineering electronic structure and morphology. For example, 

Lei Xu et al. demonstrated Co3O4 nanosheets with oxygen vacancies can effectively improve 

the catalytic activities: the SA is 10 times higher than that of pristine Co3O4 at 1.6 V.[106] 

Similarly, Bao et al. prepared NiCo2O4 ultrathin nanosheets rich in oxygen vacancies and 

analyzed the origins of the catalytic performance. With the assistance of DFT calculations, they 

concluded that the ultrathin thickness and presence of oxygen vacancies led to decrease the 

water adsorption energy and the increase of active sites. Researchers also put much effort on 

nickel oxides and iron oxides and gained deeper understanding of their catalytic mechanisms 

and high-performance catalysts. 

Apart from the spinel structured metal oxides, perovskites type of metal oxides has been 

widely studied as well and as treated as remarkable catalyst materials because of their highly 

tunable elemental compositions, unique electronic structures, and robustness in alkaline 

solutions. Perovskites type of metal oxides have the general formula of ABO3, in which A 
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represents alkaline, alkaline-earth or rare-earth cations, and B represents transition or p-block 

metals. The typical ABO3 perovskite structure is shown in Fig. 11a. In 1984, Bockris et al. first 

reported the OER performance of LaMO3 (M = transition metals) and used the 3d electron 

number of bulk transition metal ions as the activity descriptor.[107] Afterwards, other 

perovskites oxides with high catalytic performance were found and the related reaction 

mechanisms and activity descriptors were proposed. Man et al. studied several perovskites 

based on density-functional theory (DFT) and found that the catalytic activities follow the 

following order: SrCoO3 > LaNiO3 > SrNiO3 > SrFeO3 > LaCoO3 > LaFeO3 > LaMnO3,[108] which 

were experimentally proved by other researchers.[24,107–110] They proposed that ΔGO*−ΔGHO* 

can be used as the descriptor to evaluate and predict the OER catalytic activities (Fig. 11b). At 

the same time, Shao-Horn et al. prepared a series of heteroatom substituted perovskites (A1-

xA′xByB′1–yO3, where A or A′ is a rare-earth or alkaline-earth metal, and B or B′ is a transition 

metal) and observed their OER catalytic activities. [24] The resultant perovskite oxides exhibit 

a volcano shape as a function of the eg filling of surface B-site cations, as shown in Fig. 11c. 

They proposed the eg-filling descriptor, which is different from the 3d electrons (both eg and 

t2g electrons) of B-site cations. As predicted by the eg activity descriptor, BCSF exhibited the 

highest OER activities with at least an order of magnitude higher than that of IrO2 in alkaline 

media, because its eg electron number is 1.2, which is very close to the volcano plot peak. In 

2013, Grimaud et al. proposed O p-band center could be a descriptor of OER catalytic activities 

by observation the catalytic properties of double perovskites (Ln0.5Ba0.5)CoO3−δ (Ln=Pr, Sm, Gd, 

and Ho). They found that moving the O p-band center closer to the Fermi level can improve 

OER activities, but moving computed O p-band center too close to the Fermi level decreases 

oxide stability during OER. The explanation is if the p-band center is closer to the Fermi level, 

oxygen vacancies are generated and M-O covalency is increased, resulting in higher activities. 

While if the O p band center is too close to the Fermi level, rapid amorphization in the near 

surface occurs, which decreases the catalytic activities. Benefit from these OER catalytic 

descriptors for perovskite oxides, numerous critical advances have been made in the design 

and synthesis of advance perovskite-type OER catalysts in recent years. However, because of 

the complex structure of perovskite oxides, a single catalytic descriptor is not commonly 

applicable when predicting and describing its OER performance. At the same time, developing 

more active perovskite oxides is also important as understanding the reaction mechanism. 

The specific routes used to prepare new perovskites with high performance include 
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composition engineering, crystal facet control, morphology control, defect engineering, and 

hybridization. However, compared with the commercial OER electrocatalysts, the as-reported 

perovskite-oxide catalyst family is still far away from the wide-spread application. More 

progress is required, and more theoretical and experimental investigations are needed in this 

field. 

 

Fig. 11 (a) Scheme of typical ABO3 perovskite structure. Reprinted with permission.[111] 

Copyright 2022 Kim, Oh, Park, Kim, Lee and Lim. (b) Activity trends towards oxygen evolution 

plotted for perovskites. The negative theoretical overpotential was plotted against the 

standard free energy of the ΔGO*−ΔGHO* step. Reprinted with permission.[112] Copyright 2011 

WILEY‐VCH Verlag GmbH & Co. KGaA, Weinheim. (c) The relation between the OER catalytic 

activity, defined by the overpotentials at 50 μA·cm−2
ox of OER current, and the occupancy of 

the eg-symmetry electron of the transition metal (B in ABO3). Reprinted with permission.[24] 

Copyright 2011, American Association for the Advancement of Science. (d) The iR-corrected 
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potential of OER at 0.5 mA·cm−2
oxide versus the O p-band center relative to Fermi level (eV) of 

(Ln0.5Ba0.5)CoO3−δ with Ln=Pr, Sm, Gd and Ho, for LaCoO3 (LCO), La0.4Sr0.6CoO3−δ (LSC46), 

Ba0.5Sr0.5Co0.8Fe0.2O3−δ (BSCF82), Ba0.5Sr0.5Co0.4Fe0.6O3−δ (BSCF46) and SrCo0.8Fe0.2O3−δ (SCF82). 

Reprinted with permission.[109] Copyright 2013, Springer Nature Limited. 

In addition, polyoxometalates (POMs) and their derivates are also promising electrocatalysts 

for OER due to their chemically diverse, structurally well-defined nanoscale (~1-5 nm) and high 

number of redox-active metals per molecular unit. More specifically, POMs are assembled by 

the connection of {MOx} polyhedra where M is an early d-block element in a high oxidation 

state, usually VIV,V, MoV,VI, or WV,VI. The most well-established prototypes are the so-called 

Keggin anion [XM12O40]n- (X = e.g. B, Si, P; M = Mo, W) or Wells-Dawson anion [X2M18O62]m- (X 

= S, P; M = Mo, W). In 2004, Howells et al. first reported that di-Ru-substituted POM 

[Ru2Zn2(H2O)2(ZnW9O34)2]14- showed OER electrocatalytic properties.[113] This finding inspired 

other researchers to develop POM molecules as water oxidation catalysts. In 2010, Yin et al. 

synthesized [Co4(H2O)2(PW9O34)2]10- (Co4-POM) molecules which showed high OER catalytic 

activity. In the following discussion of “the real catalyst”, Finke and Stracke deeply investigated 

the true active sites in Co4-POM during OER process.[114,115] They found that the dominant 

catalysts were heterogeneous CoOx, which formed from the decomposition of Co4-POM at pH 

8.0. Furthermore, Goberna-Ferrón et al. reported another molecule POM catalyst: 

{Co9(H2O)6(OH)3(HPO4)2(PW9O34)3}16– (Co9).[116] They performed experiments with an excess 

chelating agent for free aqueous Co2+ ions. As a result, they could observe the catalytic 

performance of Co9 without the formation of a Cox film on the electrode. The result indicated 

Co9 could act as the true homogeneous water oxidation electrocatalyst and maintain constant 

reaction rates and efficiencies without any significant apparition of fatigue for several days. 

However, their application was still limited by its poor conductivity. To solve this problem, 

they also synthesized the heterogenous catalyst: Cs15K[Co9(H2O)6(OH)3(HPO4)2(PW9O34)3] 

mixed with carbon paste, which exhibited higher activities at a wide range of pH values.[117] 

Other conductive substrates were used as well to increase the conductivities of catalysts. For 

example, Luo et al deposited a robust Dexter-Silverton POM OER electrocatalyst 

([Co6.8Ni1.2W12O42(OH)4(H2O)8]) on a conductive 3D nickel foam substrate. The as-synthesized 

catalyst showed superior catalytic properties, long-term stability, and high Faradaic efficiency. 

Additionally, other conductive substrates, like carbon nanotubes[118,119] and graphene,[120] 
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showed good electrocatalytic properties as the conductive substrates to facilitate the multi-

electrons transfer required for OER. 

Other noble metal free OER electrocatalysts 

Apart from above mentioned metal hydroxides, metal oxyhydroxides, and metal oxides, other 

transition metal-based catalysts also drew a lot attention and were widely studied. Some of 

them showed superior electrocatalytic properties, including metal phosphides, sulfides, 

nitrides, selenides, and carbides. 

Metal sulfides, phosphides, and selenides have been widely developed towards catalytic 

water splitting, especially for HER. Traditionally, metal sulfides and phosphides are considered 

unsuitable for OER, as sulfides and phosphides tend to be oxidized at higher potential. 

However, S, and P atoms located near the metal atoms, can result in increased 3d−2p 

repulsion between the metal d-band center and the coordinated oxygen’s p-band centers, 

which would deactivate the catalysts by coordination of the hydroxide ligand.[121] Some 

researchers devoted much effort to revealing the role of S, Se, and P atoms during catalysis 

process and the true catalytically active species. In 2016, Mabayoje et al. investigated the 

activity of electrodeposited nickel sulfide (NiS).[122] The results indicated amorphous thin films 

of nickel oxide (NiOx) formed in potential range where water is oxidized to oxygen. The original 

NiS acted as pre-catalyst. Similarly, Ryu et al. prepared CoP nanoparticles, which transformed 

into cobalt-oxo/hydroxo molecular during catalysis.[123]  

Several metal nitrides intrinsically possess metallic characteristics and good electrical 

conductivity, which offers possibility for OER. For example, Xu et al. synthesized metallic Ni3N 

nanosheets with disordered structure, which gave improved OER activity compared with bulk 

Ni3N and NiO nanosheets.[124] They also investigated the real active sites in their catalyst, and 

they proposed the in-situ formed NiOOH/Ni3N on the surface is the real active sites, based on 

the observation of a Ni2+ to Ni3+ oxidation peak at around 1.4 V vs RHE. A similar theory was 

proposed by Yu et al. based on the XPS measurement on the catalyst (Fe3N/Fe4N). [125] They 

proposed that the iron oxide film formed on the surface of Fe3N/Fe4N is the real active site 

and the inner FexN cores acted as highly conductive support to provide reliable electron 

transfer to the surface-active sites. The guidelines of metal nitrides design are always focusing 
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on the in-situ transformed metal oxides/hydroxides film on the surface of the catalysts, which 

can act as active sites.  

In conclusion, metal phosphides, sulfides, nitrides, selenides, and carbides attracted much 

attention because of their superior catalytic properties, while most of them are pre-catalysts 

and transformed to metal oxides/hydroxides in the process of OER. Compared to bulk metal 

oxides/hydroxides, the in-situ grown metal oxides/hydroxides possess thin 2D structures and 

expose more active sites. Meanwhile, their metal nitride substrates are good conductors, 

which can help overcome relatively low electrical conductivity restrictions of metal 

oxides/hydroxides and accelerate electron transfer efficiency. 

1.4.2 Noble metal free electrocatalysts for ORR  

In the past decades, great progress has been made on noble metal free catalysts investigation. 

Some catalysts even possess comparable catalytic properties to Pt and Pd catalyst. In this 

section, we will mainly focus on some advanced ORR electrocatalysts, including Metal (M)-N-

C catalysts, single atom catalysts, metal oxides, and metal chalcogenides. 

M-N-C catalysts 

Amongst all ORR electrocatalysts, catalysts of the M-N-C family are the most promising 

candidates. M-N-C represents the metal cluster or metal atoms deposited on nitrogen-rich 

carbon (metal-nitrogen-carbon composite). Tracking back to 1964, Jasinski et al. reported that 

Co phthalocyanine (CoPc) exhibited ORR catalytic properties.[126] After that, tremendous 

efforts were made to develop new catalysts. The strategies are mainly focusing on increasing 

the intrinsic activity by size control and composition modulation, as well as morphology 

modulation to expose more active sites. Dehui et al. successfully immobilized iron 

nanoparticles into carbon nanotubes. The prepared catalyst showed enhanced catalytic 

activities and stability. Carbon nanotubes can protect Fe nanoparticles from acid corrosion. In 

the following investigation, researchers found that Fe-Nx/C catalysts derived by high-

temperature calcination are the desirable carbon-based ORR electrocatalysts. However, this 

type of ORR electrocatalysts lacks sufficient activity in acidic environment and the active site 

of this structure is still undetermined. In 2016, Jiang et al. synthesized highly active Fe–N–C 

ORR catalyst containing Fe-Nx coordination sites and Fe/Fe3C nanocrystals (Fe@C-FeNC) to 



1. Introduction 

33 

investigate the real active sites and catalytic mechanism.[127] At same time, they also prepared 

reference catalysts without Fe nanoparticles by acid etching. The results showed that Fe 

nanoparticles or Fe-Nx themselves did not achieve high activity, and the synergism between 

Fe nanoparticles and Fe-Nx played an important role in the catalysis. Meanwhile, the catalytic 

activities are related to the content of Fe-Nx. The employed DFT calculation indicated the 

interaction between metallic Fe and Fe-N4 coordination structure favored the adsorption of 

oxygen molecules, leading to superior catalytic properties. The synergistic effect between Co-

Nx active sites and metallic Co nanoparticles is also observed by Sidi Wang et al..[128] Different 

opinions on the real active sites exist all the time. Zitolo et al. synthesized Fe-N-C materials 

quasi-free of crystallographic iron structures after argon or ammonia pyrolysis.[129] According 

to the EXAFS and Mössbauer spectroscopy measurement, 97.1% - 97.5% of Fe atoms exist as 

mononuclear iron centers in FeNxCy. Also, similar catalysts with Fe nanoparticles or crystalline 

Fe2N were prepared as contrast catalysts. The better catalytic properties of FeNxCy indicates 

Fe based particles in catalysts were inactive. However, their application was limited by low 

loading of active Fe sites, which was less than 0.5%. In 2016, a new Zn evaporation assisted 

strategy was adopted by Yin et al., who successfully synthesized atomically dispersed Co-Nx 

single site catalysts with high metal loading over 4 wt%.[130] Owing to its high metal loading, 

the obtained Co-Nx single sites exhibit excellent ORR performance with a half-wave potential 

(0.88 V vs. RHE) that is more positive than commercial Pt/C (0.81 V vs. RHE). Yuanjun Chen et 

al. prepared single-atom Fe/N-doped porous carbon catalyst (ISA Fe/CN) with the similar 

synthetic method and found ISA Fe/CN showed excellent ORR performance with a half-wave 

potential (E1/2) of 0.9V vs. RHE and high kinetic current density of 37.83 mA·cm-2 at 0.85 V vs. 

RHE, which outperformed commercial Pt/C.[131] They also investigated the origins of the 

enhanced properties by using DFT calculation. The computation results indicated electrons 

were more easily transferred from a single Fe atom to the adsorbed *OH intermediates, thus 

significantly facilitating ORR. 

In conclusion, M-N-C catalysts have made a lot of impressive progress and some of them 

exhibited comparable electrocatalytic ORR performance. However, many efforts are still 

needed, especially on 1) a deeper understanding of the real active site. 2)  improving the 

concentration of metal loading on the carbon substrates, especially for single atom family 

catalysts, 3) understanding the reaction mechanism and the role of metals in the catalysts. 



1. Introduction 

34 

Metal oxide ORR catalysts 

Metal oxide family catalysts are also active toward ORR and numerous efforts have been 

devoted to developing efficient and robust catalysts. Amongst all metal oxides, spinel type 

and perovskite type metal oxides exhibit promising ORR performance and have attracted 

widespread attention from researchers. In 2015, Gaungping Wu et al. successfully prepared 

CoⅡFeⅢCoⅢO4 which exhibited more positive onset potential (0.98 V vs. RHE) and halfwave 

potential (0.866 V vs. RHE) than commercial Pt/C and the normal spinel Co3O4.[132] DFT 

calculations showed that the higher catalytic activity of the CoⅡFeⅢCoⅢO4 originates from the 

dissimilarity effect of Fe and Co atoms at the octahedral site, which modulates the oxygen 

adsorption energy and elongates the bond between metal and the adsorbed oxygen 

compared to the normal spinel Co3O4, shown in Fig. 12a, b. This heteroatom doping method 

can effectively modulate the electronic structure of the catalyst to generate high performance 

catalysts. In addition, introducing abundant oxygen vacancies into spinel type metal oxides 

can effectively enhance electrocatalytic activities. For example, Li et al. successfully 

synthesized ultrafine Co3O4 nanoparticles with abundant oxygen vacancies, which showed 

impressive ORR activities (Fig. 12c).  

Similarly, composite modulation and oxygen vacancy are also helpful in improving the ORR 

electrocatalytic properties of perovskite type metal oxides. As mentioned in the previous part, 

perovskite oxides have the general formula of ABO3. Both A and B sites can be substituted by 

other elements. As an example, Hammouche et al. investigated perovskite-type oxides La1-

xCaxCoO3 (with 0 ≤ x ≤ 0.6).[133] Its catalytic activity reached a maximum when x equaled 0.4. 

Suntivich compared the ORR activities of a series of B site substituted perovskite type metal 

oxides.[134] They found that their ORR activities of all the prepared oxides exhibited a volcano 

shape as a function of the eg-filling of B ions, as shown in Fig. 12d. Meanwhile, when eg-filling 

has a value of ~1, the catalytic activities reach a maximum. They proposed transition-metal eg-

filling and covalency could be a descriptor for ORR activities and provide guidelines for 

developing highly active non-precious-metal-containing oxide catalysts for ORR. Guided by 

oxygen vacancy engineering, Zhu et al. synthesized La0.95FeO3-δ with a large amount of O 

vacancies that lead to high catalytic activities.[135] 



1. Introduction 

35 

 

Fig. 12 (a) The spinel structures and (b) LSV and corresponding jK (inset) at 0.85 V vs. RHE in 

an O2-saturated 0.1 M KOH solution at 1600 rpm. of CoⅡCo2
ⅢO4, CoⅡFeⅢCoⅢO4, and CoⅡ

Fe2
ⅢO4 and the corresponding oxygen adsorptions and ORR activities (Fe green, Co blue, 

absorbed O magenta, lattice O red). Reprinted with permission.[132] 2016 WILEY‐VCH Verlag 

GmbH & Co. KGaA, Weinheim (c) The ORR polarization curves of L-CO (ultrafine spinel Co3O4 

nanoparticles), LN-CO (Co3O4 nanoparticles with larger particle size), C-CO (ultrafine spinel 

Co3O4 nanoparticles via wet-chemical route), CN-CO (Co3O4 nanoparticles with larger particle 

size via wet-chemical route), and Pt/C under 1600 rpm with scan rate of 5 mV s-1, without iR 

correction. The inset is half-wave potential of L-CO and Pt/C obtained from ORR polarization 

curves. Reprinted with permission.[136] Copyright 2019 WILEY‐VCH Verlag GmbH & Co. KGaA, 

Weinheim, (d) Potentials at 25 µA cm-2
ox as a function of eg orbital in perovskite-based 

oxides. Reprinted with permission.[134] Copyright 2011, Springer Nature Limited 
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Other noble metal free based electrocatalysts 

Apart from the metal oxides described above, carbon-based metal cluster or single metal atom 

catalysts, some metal nitrides, carbides, phosphides, and chalcogenides also exhibit ORR 

electrocatalytic abilities. Amongst all of them, metal nitrides have been long investigated as 

promising ORR electrocatalysts because of their higher conductivity and better stability than 

metal oxides, and their stability can be enhanced by heterometal doping.[137] in one example, 

Tian et al. synthesized a binary transition metal nitride (Ti0.95Ni0.05N), which showed almost 

comparable ORR activities to that of commercial Pt/C in alkaline electrolyte. Also, its catalytic 

performance in acid electrolyte was far better than that of TiN. It was proposed that Ni doping 

enhanced the electron transfer from Ti atom to absorbed oxygen molecules. Meanwhile, as 

the Ti binds O atoms strongly, whereas Ni binds O weakly, the doping of Ni can reduce the Ti-

O strength, contributing to high ORR activity. In another example, Luo et al. proposed that 

doping method can enrich d electrons of metal and facilitated the dissociation of adsorbed 

O2.[138] By Co doping method, they prepared V0.95Co0.05N and found its ORR catalytic properties 

were largely enhanced, as shown in Fig 13a. They explained that the activity resulted from 

enriched d electrons in V via Co atoms doping and facilitated O2 dissociation. With more in-

depth understanding of the composition-structure-activity relationship in metal nitride, more 

advanced metal nitrides catalysts were synthesized. Dong et al. synthesized Ti and Co binary 

metal nitride mounted on nitrogen doped reduced graphene oxide, which exhibited superior 

ORR activities with a half-wave potential (0.90 V vs. RHE) ~30 mV more positive than that of 

commercial Pt/C catalyst.[139]  

Recently, metal carbide has gained wide attention because of their unique electronic 

interaction between the metal carbide nanoparticles and carbon substrate. In this regard, Hai 

et al. prepared nitrogen-enriched core-shell structured Fe/Fe3C-C nanorods, which exhibited 

significantly improved activities and advanced kinetics for ORR in neutral phosphate buffer 

solution (pH = 7.0) compared with the commercial Pt/C catalysts (Pt 10%).[140] The real active 

sites were investigated by Hu et al., who proposed encapsulated Fe3C can effectively activate 

the surrounding graphitic layers, which acted as the main active sites for ORR.[141] Based on 

this finding, Xiao et al. prepared more active catalysts by increasing of the contact between 

the Fe3C and graphitic layer.[142] Yang et al. investigated the real active sites and catalytic 

mechanism by DFT calculation in case of Fe3C and Co nanoparticles encapsulated hierarchical 
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structure of N-doped carbon which exhibited better ORR electroactivity than commercial Pt/C 

catalyst.[143] As shown in calculated reaction pathway of ORR on C-N6 (pyridinic-N, schematic 

illustration in Fig. 13b) site, NC, and Fe3C-Co/NC (Fig. 13 c), the rate-determining step is OOH 

formation. The π bonds between N-C and C-C were weakened by combining with Fe3C-Co, 

which makes the OOH* bond to C-N6 stronger, leading to facilitated *OOH formation. 

In addition, metal sulfide and phosphides are also considered relevant ORR electrocatalysts. 

For example, CoP, FeP, and Co9S8 were experimentally found active toward ORR.[144,145] The 

heteroatom doping, morphology modulation, and defect strategies can be applied on them to 

get moderate electronic structures for more favorable ORR. 

 

Fig. 13 (a) Left: Linear sweep voltammetry curves of VN, TiN, CrN, JM 20% Pt/C, and 

V0.95M0.05N, calculated by subtracting N2-saturated solution from O2-saturated solution at a 



1. Introduction 

38 

rotation speed of 1600 rpm in 0.1 M KOH solution; Right: simple schematic top view of the 

(200) surface of Co doped VN and the route of d electron enrichment by Co doping.  

Reprinted with permission.[138] Copyright 2016, American Chemical Society. (b) Relative 

energy diagram for ORR on N5 (pyrrolic-N), N6 (pyridinic-N), C-N5 (C atom adjacent to the 

pyrrolic-N) and C-N6 sites on Fe3C-Co/NC. (c) Top: Relative energy diagram for ORR on C-N6 

sites on Fe3C-Co/NC and NC; Bottom: Schematic presentation of the bond length around C-

N6 sites on Fe3C-Co/NC and on NC. Reprinted with permission. Copyright 2019 WILEY‐VCH 

Verlag GmbH & Co. KGaA, Weinheim 

In conclusion, much impressive progress has been made in the past investigation on noble 

metal free-based catalyst. But there is still a long way to go to employ them in industrial 

application. The noble metal-based catalysts must meet the following requirements: (i) The 

catalysts should possess comparable or even better ORR electrocatalytic activities as/than 

that of commercial Pt/C. (ii) The catalysts can be easily synthesized at a large scale. (iii) The 

catalysts should be robust enough and work for a long period (more than 1000h) without 

obvious degradation. To this end, a lot of efforts are required, including reaction mechanisms 

investigation and new materials design.[143]  
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2 Objectives of work 

OER and ORR are crucial electrochemical reactions and play an important role in energy 

conversion and storage systems, such as water electrolysis and metal air batteries. However, 

these technologies are limited by the electrocatalytic activities of catalysts. The main objective 

of this work is to design effective and stable catalysts and understand the origins of the 

intrinsic activities. 

The effort to achieve this goal can be categorized into three parts. 

• The synthesis of ORR/OER catalysts by composition and morphology control and

evaluation of their electrocatalytic properties.

• Understanding the real active sites for OER/ORR based on the observation of chemical

and morphological conversion before and after catalysis.

• Tuning the electronic structure of catalysts by defect engineering and understanding

the impact on electrocatalytic properties.

Objective 1 of this study is to synthesize OER/ORR catalysts that are not only highly active but 

also robust, achieved through meticulous control of composition and morphology. For this 

purpose, ZIF-67 polyhedrons with their inherent porous structure are chosen as precursors. 

These are morphologically refined through acid-etching to create a hollow structure. 

Concurrently, the composition is adjusted via a metal ion exchange process, leveraging the 

ease with which cobalt ions in the framework nodes can be substituted by other metal ions. 

The final metal oxides and sulfide-based OER catalysts are obtained through a low-

temperature annealing and sulfidation process. In parallel, the focus for ORR catalyst 

development is on Pd metallene. The electrocatalytic activities of the resulting catalysts are 

studied under technologically relevant conditions in aqueous alkaline electrolytes.  

Objective 2 of this research is to decipher the true active sites in OER/ORR catalysts 

throughout the catalytic process. This involves a comprehensive investigation of the 

composition, morphology, and electrocatalytic performance both before and after catalysis. 
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Such analysis is anticipated to shed light on the actual active sites, thereby offering valuable 

guidance for the future synthesis of OER/ORR catalysts. 

Objective 3 centers on the development of ORR catalysts. Pd inherently exhibits a strong 

binding affinity to oxygen atoms, which hinders the favorable generation of intermediates 

(*OH and *OOH) and their subsequent conversion to H2O. This results in comparatively lower 

oxygen reduction activity. To address this, defect engineering will be applied to Pd metallene. 

This technique is designed to adjust the electronic structure and modulate the binding energy 

of Pd metallene to O2, thereby enhancing its efficiency in the oxygen reduction reaction. 
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3 Results and discussion 

Section 3.1, 3.2, and 3.5 in this dissertation summarize results which have been published in 

peer-reviewed journals.  Section 3.3 and 3.4 have been deposited on the preprint server 

ChemRxive. These articles are reprinted in the following with permission of the respective 

publishers.  

In section 3.1, titled “Polyoxometalate-assisted synthesis of amorphous zeolitic imidazolate 

for efficient electrocatalytic oxygen evolution”, Ni-modified Keggin-type POM 

([PNi(H2O)W11O39]5-) was successfully deposited in ZIF-67 by a facile one-pot method. The 

material was characterized by ATR-FTIR, pXRD, HR-TEM combined with EDX. The 

electrocatalytic activities were tested by a standard three-electrode electrochemical setup. 

The results show the improved electrocatalytic OER performance of POM functionalized 

composite. Meanwhile, we also found a certain degradation of the material during long-term 

stability test and the formation of Co2O3, which acted as real active site for OER after POM 

decomposition. 

 Based on the results of section 3.1, we converted the POM-doped ZIF-67 into a stable oxygen 

evolution electrocatalyst by chemical etching, cation exchange, and thermal annealing steps, 

as described in section 3.2, titled “POM@ZIF Derived Mixed Metal Oxide Catalysts for 

Sustained Electrocatalytic Oxygen Evolution”. After optimization, carbon-supported 

amorphous metal oxides were obtained, as shown by XPS, HR-TEM, EDX and Raman 

spectroscopy, amongst others. The resulting composite exhibited structural and 

compositional advantages which lead to low overpotential (306 mV at j = 10 mA·cm-2) and 

long-term stability. Post catalytic analysis shows the formation of crystalline Fe2O3, which was 

determined by SAED and EDX. Additionally, Co2+ was oxidized to Co3+, which is the favored Co 

oxidation state for OER catalysis. 

In section 3.3, titled “In situ formation of robust nanostructured Cobalt oxyhydroxide / Cobalt 

oxide oxygen evolution reaction electrocatalysts”, we have developed mixed metal sulfide 

precursors (such as CoMo2S4 and FeS2) using a straightforward synthesis method. Our 

investigation focuses on how the metal sulfide precursors are transformed in situ to yield 
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highly stable composite OER catalysts, comprising γ-CoOOH nanofibers and Co2O3 

nanoparticles. These entities serve as the actual active sites for OER electrocatalysis, 

contributing to both high activity and enhanced stability. Furthermore, the study underscores 

the importance of the presence of crystalline mixed metal sulfide precursors. This is crucial for 

the simultaneous in situ formation of both stable and active Co2O3 nanoparticles and γ-CoOOH 

nanofibers. The research highlights that utilizing these earth-abundant minerals could provide 

an economically and chemically feasible pathway for the scalable development of catalysts. 

In Section 3.4, titled "Atomically Modified WOx/MoOx Enriched Defect-Rich Pd Metallene for 

Enhanced Alkaline Oxygen Reduction Electrocatalysis," we report the synthesis of a defect-

rich Pd metallene via an accessible wet chemical method. Characterization studies have shown 

that this Pd metallene is characterized by a variety of atomic-scale defects, including pores, 

concave surfaces, and atomically integrated WOx and MoOx (denoted as D-PdWMo M). These 

specific defects effectively modify the electronic structure of the material, thereby 

significantly enhancing its catalytic activity for the ORR. The D-PdWMo M exhibits exceptional 

ORR performance, evidenced by a high half-wave potential of 0.927 V versus RHE and a mass 

activity of 1.3 A·mgPd-1 at 0.9 V versus RHE. These metrics notably exceed those of commercial 

Pt/C and Pd/C catalysts by 6.5 and 3.9 times, respectively. Furthermore, when integrated into 

a custom-built Zn-air battery with an extremely low D-PdWMo M loading of 26 μgPd·cm-2, it 

achieves an impressive specific capacity of 809 mAh·gZn-1 and demonstrates excellent 

discharge potential stability, underscoring its practical applicability. This research offers novel 

insights into tailoring the electronic structure at the active sites, paving the way for the 

development of highly efficient electrocatalysts for ORR applications. 

In section 3.5, titled " Hydrogenation Catalysis by Hydrogen Spillover on Platinum- 

Functionalized Heterogeneous Boronic Acid-Polyoxometalates," shows the activation of H2 by 

polyoxometalate (POM)-based heterogeneous compounds, which are functionalized with 

Platinum particles. This activation is achieved through a synergy between a hydrogen spillover 

mechanism and electron-proton transfer facilitated by the POM. This dynamic interaction 

enables the selective catalytic reduction of olefins and nitroarenes, exhibiting a high tolerance 

for various functional groups. We report on a series of polyoxotungstates, each covalently 

functionalized with boronic acids. In their solid state, these compounds are interconnected 

through non-covalent forces, including π–π stacking and hydrogen bonding. The resultant 
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heterogeneous nanoparticles form stable colloidal dispersions in acetonitrile and can be 

further surface functionalized with platinum nanoparticles via in situ photoreduction. These 

newly developed materials demonstrate outstanding catalytic efficiency in the hydrogenation 

of olefins and nitrobenzene derivatives under mild conditions (1 bar H2 and room 

temperature), showcasing their potential for practical applications in selective catalytic 

reduction processes. 
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3.1 Polyoxometalate-assisted synthesis of amorphous zeolitic 

imidazolate for efficient electrocatalytic oxygen evolution 

Yupeng Zhao, Dandan Gao, Johannes Biskupek, Ute Kaiser, Rongji Liu, Carsten Streb 

This publication reports on the synthesis and characterization of Ni modified Keggin-type POM 

([PNi(H2O)W11O39]5- (=PNiW11))-functionalized amorphous ZIFs (PNiW11@amZIF), which shows 

high performance for OER with low overpotential (375 mV at 10 mA⋅cm-2), high faradaic 

efficiency (96 %), and a low Tafel slope of 69 mV⋅dec-1.  

Author Contributions: 

Yupeng Zhao: Methodology, Data curation, Investigation, Writing original draft.  

Dandan Gao: Investigation, Data curation, Writing original draft.  

Johannes Biskupek: Investigation, Data curation, Writing original draft.  

Ute Kaiser: Data curation, Writing original draft. 

Rongji Liu: Conceptualization, Supervision, Data curation, Methodology, Writing original draft. 

Carsten Streb: Project administration, Funding acquisition, Conceptualization, Supervision, 

Data curation, Methodology, Writing original draft. 

Supporting Information can be found at pp 113. 

“Y. Zhao, D. Gao, J. Biskupek, U. Kaiser, R. Liu, C. Streb, Results Chem 2022, 4, 100568.” 

Reprinted with permission, © 2022 The Authors. Published by Elsevier B.V. 
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3.2 POM@ZIF derived mixed metal oxide catalysts for sustained 

electrocatalytic oxygen evolution 

Yupeng Zhao, Dandan Gao, Si Liu, Johannes Biskupek, Ute Kaiser, Rongji Liu, Carsten Streb 

 

This publication demonstrated how 

polyoxometalate (POM)-doped ZIF-67 can be 

converted into a stable oxygen evolution 

electrocatalyst by chemical etching, cation 

exchange, and thermal annealing steps. The 

resulting composite shows structural and 

compositional advantages which lead to low 

overpotential (306 mV at j=10 mA · cm-2) and 

long-term stability under harsh OER conditions 

(1.0 M aqueous KOH). 

 

Author Contributions: 

Yupeng Zhao: Conceptualization, Methodology, Data curation, Investigation, Writing original 

draft.  

Dandan Gao: Investigation, Data curation, Writing original draft. 

Si Liu: Methodology, Data curation, Writing original draft. 

Johannes Biskupek: Investigation, Data curation, Writing original draft.  

Ute Kaiser: Data curation, Writing original draft. 

Rongji Liu: Conceptualization, Supervision, Data curation, Methodology, Writing original draft.  

Carsten Streb: Project administration, Funding acquisition, Conceptualization, Supervision, 

Data curation, Methodology, Writing original draft. 

 

Supporting Information can be found at pp 125.  

 

“Y. Zhao, D. Gao, S. Liu, J. Biskupek, U. Kaiser, R. Liu, C. Streb, Chemistry – A European Journal 

2023, 29, e202203220” Reprinted with permission, © 2022 The Authors. Chemistry - A 

European Journal published by Wiley-VCH GmbH 
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3.3 In situ formation of robust nanostructured Cobalt oxyhydroxide / 

Cobalt oxide oxygen evolution reaction electrocatalysts 

Yupeng Zhao, Dandan Gao, Johannes Biskupek, Ute Kaiser, Rongji Liu, Carsten Streb 

This publication demonstrated how mixed 

metal sulfide precursors are converted in-situ 

to the highly stable γ-CoOOH nanofibers and 

Co2O3 nanoparticles. Mechanistic studies 

reveal that the presence of crystalline mix 

metal sulfide precursors is critical for the 

simultaneous in-situ formation of stable and 

active Co2O3 nanoparticles and γ-CoOOH 

nanofibers, highlighting that use of these earth-

abundant minerals might offer an economically 

and chemically viable route for scalable catalyst 

development. 

 

Author Contributions: 

Yupeng Zhao: Conceptualization, Methodology, Data curation, Investigation, Writing original 

draft.  

Dandan Gao: Investigation, Data curation, Writing original draft. 

Johannes Biskupek: Investigation, Data curation, Writing original draft.  

Ute Kaiser: Data curation, Writing original draft. 

Rongji Liu: Conceptualization, Supervision, Data curation, Methodology, Writing original draft.  

Carsten Streb: Project administration, Funding acquisition, Conceptualization, Supervision, 

Data curation, Methodology, Writing original draft. 

 

Supporting Information can be found at pp 137.  

 

“Y. Zhao, D. Gao, J. Biskupek, U. Kaiser, R. Liu, C. Streb, Y. Zhao, D. Gao, R. Liu, C. Streb, S. Liu, 

J. Biskupek, U. Kaiser, 2024, DOI: 10.26434/CHEMRXIV-2024-J9ML0.”  
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3.4 Atomically Engineered WOx/MoOx-Modified Defect-Rich Pd 

Metallene for Enhanced Alkaline Oxygen Reduction Electrocatalysis 

Yupeng Zhao, Zhengfan Chen, Nana Ma, Weiyi Cheng, Kecheng Cao, Dong Zhang, Fan Feng, 

Dandan Gao, Rongji Liu*, Shujun Li*, Carsten Streb* 

 

We report a defect-rich Pd metallene synthesized 

through a facile wet-chemical method. 

Characterization results reveal the presence of 

various types of atomic-scale defects, including 

pores, concave surfaces, and atomically doped WOx 

and MoOx, which finely tune the electronic 

structure, endowing it with excellent catalytic 

activity for the ORR. When incorporated into a 

homemade Zn-air battery with very low loading, it 

achieves a notable specific capacity and excellent 

discharge potential stability, highlighting its 

practical utility. 

 

Author Contributions: 

Yupeng Zhao: Conceptualization, Methodology, Data curation, Investigation, Writing original 

draft.  

Zhengfan Chen: Investigation, Data curation, Writing original draft. 

Nana Ma, Weiyi Cheng: Data curation, Writing original draft.  

Kecheng Cao, Dong Zhang, Fan Feng, Dandan Gao: Investigation, Data curation, Writing 

original draft. 

Rongji Liu, Shujun Li: Conceptualization, Supervision, Data curation, Methodology, Writing 

original draft.  

Carsten Streb: Project administration, Funding acquisition, Conceptualization, Supervision, 

Data curation, Methodology, Writing original draft. 

Supporting Information can be found at pp 147.  

“Yupeng Zhao, Zhengfan Chen, Nana Ma, Weiyi Cheng, Kecheng Cao, Dong Zhang, Fan Feng, 

Dandan Gao, Rongji Liu, Shujun Li, Carsten Streb, Atomical WOx/MoOx modified defect-rich Pd 

metallene for Enhanced Alkaline Oxygen Reduction Electrocatalysis and Zn air batteries.” 

Submitted to ChemRxiv; DOI: 10.26434/chemrxiv-2024-fkr00. 
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3.5 Hydrogenation catalysis by hydrogen spillover on platinum-

functionalized heterogeneous boronic acid-polyoxometalates 

Shujun Li, Yubin Ma, Yue Zhao, Rongji Liu, Yupeng Zhao, Xusheng Dai, Nana Ma, Carsten Streb, 

Xuenian Chen 

This work demonstrated how 

polyoxometalate (POM)-based 

heterogeneous compounds functionalized 

with Platinum particles activate H2 by 

synergism between a hydrogen spillover 

mechanism and electron-proton transfer by 

the POM. This interplay facilitates the 

selective catalytic reduction of olefins and 

nitroarenes with high functional group 

tolerance. The resulting materials show 

excellent catalytic activity in hydrogenation 

of olefins and nitrobenzene derivatives 

under mild conditions. 

 

Author Contributions: 

Shujun Li: Conceptualization, Supervision, Methodology, Data curation, Investigation, Writing 

original draft.  

Yubin Ma: Investigation, Data curation, Writing original draft. 

Yue Zhao: Data curation, Investigation. 

Rongji Liu, Yupeng Zhao: Data curation, Investigation, 

Xusheng Dai: Investigation, Data curation, Writing original draft. 

Nana Ma: Data curation, Writing original draft.  

Carsten Streb: Conceptualization, Supervision, Methodology, Writing original draft. 

Xuenian Chen: Conceptualization, Supervision. 

 

Supporting Information can be found at pp 172.  

 

“S. Li, Y. Ma, Y. Zhao, R. Liu, Y. Zhao, X. Dai, N. Ma, C. Streb, X. Chen, Angewandte Chemie 

International Edition 2023, 62, e202314999” Reprinted with permission, © 2023 The Authors. 

Angewandte Chemie International Edition published by Wiley-VCH GmbH 



3. Results and discussion 

94 

 

 



3. Results and discussion 

95 



3. Results and discussion 

96 



3. Results and discussion 

97 



3. Results and discussion 

98 



3. Results and discussion 

99 

 

  



3. Results and discussion 

100 

 

 



4. Summary and outlook 

101 
 

4 Summary and outlook 

The research on transition metal-based nanomaterials, covering their synthesis and 

application, is fundamental in the field of energy conversion and storage. This work introduces 

a cutting-edge synthetic methodology aimed at achieving superior electrocatalytic activity for 

both OER and ORR, achieved through precise morphological modulation and compositional 

control. The study includes thorough characterization of the materials' composition both 

before and after catalysis, leading to a detailed understanding of the synthesis mechanisms 

and the factors contributing to enhanced catalytic activities. The thesis encompasses several 

main projects, which are outlined and summarized in the document. 

1) POM doped ZIFs and derived metal oxides 

We explored the potential of POM (polyoxometalate) doped ZIF-67 composites as efficient 

OER catalysts, leveraging the ordered porosity and high specific surface area of ZIF-67 and the 

reversible multi-electron redox behaviors of POMs. A Ni-modified Keggin-type 

polyoxometalate ([PNi(H2O)W11O39]5-) was used as a precursor for chemical modification of 

ZIF-67 through a simple one-pot method. Characterization results showed that 

[PNi(H2O)W11O39]5- was uniformly distributed within the pores of ZIF-67. Electrocatalytic tests 

for OER revealed enhanced activities compared to pure ZIF-67. However, post-catalysis 

analysis revealed the instability of the composite and the formation of Co2O3, which caused 

some degradation in catalytic performance. To address this, further optimization was done 

through ion exchanging and thermal conversion, leading to the formation of mixed metal 

oxides. These oxides demonstrated structural and compositional benefits, resulting in low 

overpotential (306 mV at j = 10 mA·cm-2) and improved long-term stability. This research 

presents a straightforward method for synthesizing high-performance electrocatalyst 

composites for OER in alkaline environments. 

2) In situ formation of robust nanostructured Cobalt oxyhydroxide / Cobalt oxide oxygen 

evolution reaction electrocatalysts 

Mixed metal sulfide precursors, based on ZIF-67, were synthesized through a combination of 

acid etching, ion exchange, and solvothermal treatment. Mechanistic studies revealed that 
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these precursor materials in-situ transformed into γ-CoOOH nanofibers and Co2O3 

nanoparticles during the OER catalysis process, both recognized as established prototype OER 

catalysts. Crucially, the existence of crystalline mixed metal sulfide precursors is imperative 

for the concurrent in-situ development of stable and active Co2O3 nanoparticles and γ-CoOOH 

nanofibers. This innovative synthetic strategy, coupled with the observed structural and 

compositional evolution, shows significant potential for designing pre-catalysts. It also 

enhances the stability of metal sulfide-based catalysts and sheds light on the true active sites 

of these metal sulfide-based OER electrocatalysts. 

 

3) Defect rich Pd metallene for ORR  

A defect-rich Pd metallene (D-PdWMo M) was synthesized using a straightforward wet-

chemical method. The characterization of D-PdWMo M revealed a variety of atomic-scale 

defects, including pores, concave surfaces, and atomic doping with tungsten and molybdenum 

oxides (WOx and MoOx). Density Functional Theory (DFT) calculations indicated that these 

defects resulted in a downward shift of the d-band center in Pd, which in turn led to a reduced 

binding energy with O2. As a result, D-PdWMo M demonstrated exceptional ORR activities, 

evidenced by a high half-wave potential (0.927 V vs. RHE) and a significant mass activity of 1.3 

A·mgPd-1 at 0.9 V vs. RHE. Furthermore, when D-PdWMo M was employed in a Zn-air battery 

at an extremely low loading, it exhibited an impressive specific capacity of 809 mAh·gZn-1 and 

maintained excellent stability in discharge potential. This research offers new insights into 

adjusting the electronic structure of the active site, paving the way for the development of 

more efficient electrocatalysts for oxygen reduction reactions. 

3) Platinum particle-functionalized POM-based compounds for hydrogenation of olefins and 

nitrobenzene derivatives. 

A novel series of boronic acid-polyoxometalate (POM) supramolecular assemblies have been 

developed, where weak intermolecular interactions enable the formation of stable colloidal 

suspensions. By incorporating platinum (Pt) particles into these assemblies, they are 

transformed into highly efficient hydrogenation catalysts, believed to function through a 

hydrogen spillover mechanism. Preliminary mechanistic studies indicate that the POMs in 

question are crucial, acting as electron and proton reservoirs during the hydrogenation 
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process. This innovative concept opens the door for the creation of new categories of catalysts 

with significant technological importance, such as those used for the eco-friendly production 

of fine chemicals or pharmaceuticals. Future research will delve deeper into the mechanistic 

understanding of the structural and electronic connections between Pt and Ce-POM particles, 

as well as the atomic-level mechanism behind the hydrogen spillover that enables the 

observed hydrogenation reactivity. 

 

Outlook: In the future, the rational design of novel transition metal-based nanomaterials can 

be achieved through meticulous control of composition and structure. There is an urgent need 

for new, facile, and efficient synthesis strategies, which will be a focal point in upcoming 

research endeavors. Furthermore, a deeper understanding of the synthesis and 

electrocatalytic mechanisms is essential to effectively guide the development of OER and ORR 

catalysts. Specifically, in the case of D-Pd M, although it exhibits superior discharge 

performance, its charging activity is hindered by relatively lower OER efficiency. Future efforts 

will be directed towards modifying D-Pd MWMo to enhance its OER activity, thereby 

improving its overall electrocatalytic performance. 
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6.2 Supporting information: POM@ZIF Derived Mixed Metal Oxide 

Catalysts for Sustained Electrocatalytic Oxygen Evolution 
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6.3 Supporting information: In situ formation of robust nanostructured 

Cobalt oxyhydroxide / Cobalt oxide oxygen evolution reaction 

electrocatalysts 
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6.4 Supporting information: Atomically Engineered WOx/MoOx-

Modified Defect-Rich Pd Metallene for Enhanced Alkaline Oxygen 

Reduction Electrocatalysis
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6.5 Supporting information: Hydrogenation Catalysis by Hydrogen 

Spillover on Platinum-Functionalized Heterogeneous Boronic Acid-

Polyoxometalates 
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