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Kurzzusammenfassung 

Die Entwicklung flexibler, skalierbarer und tragbarer elektrochemischer 

Energiespeichertechnologien ist entscheidend, um in verschiedenen Szenarien eine stabile 

Energieversorgung zu erreichen. Dabei wurde die Entwicklung fortschrittlicher Materialien für 

eine nachhaltige und effiziente Energiegewinnung, -umwandlung, -speicherung und -nutzung 

als Schlüsselpunkt erkannt. Diese Arbeit konzentriert sich auf das Design, die Synthese, die 

Charakterisierung und die Anwendung neuartiger aktiver Materialien für mehrere EES-

Systeme. Die relevanten wissenschaftlich-technischen Hintergründe, die Funktionsprinzipien, 

der aktuelle Fortschritt und die bestehenden Herausforderungen werden ebenfalls ausführlich 

erörtert. 

Das erste Projekt präsentiert Forschungsarbeiten zu nicht-wasserhaltigen Redox-Flow-

Batterien (NRFBs), die als die vielversprechende stationäre EES-Technologie für das modulare, 

groß angelegte Stromnetz gelten. Ein neuartiger Elektrolyt auf Basis von (nBu4N)4[MV13O33Cl] 

(M= V=O2+ {V14} or MgOH+ {MgV13}) {MV13}) in Acetonitril wurde auf seine Anwendung 

als Ladungsträger für nicht-wasserhaltige elektrochemische Energiespeicherung untersucht. 

Dieses Projekt beschreibt die ersten Untersuchungen der elektrochemischen Eigenschaften des 

gemischtvalenten {MV13} Clusters und zeigt die Eignung dieser Verbindung als 

Mehrelektronen-Ladungsträger in symmetrischen NRFBs. Dank ihrer hervorragenden 

physikochemischen Eigenschaften (hohe Löslichkeit, Stabilität und Nanogröße) zeigten die 

vorgeschlagenen NRFBs auf Basis des {MV13} Clusters eine bemerkenswerte Batterieleistung. 

Der zweite Teil untersucht sichere, umweltfreundliche Zink-Luft-Batterien (ZABs), die eine 

hohe Energiedichte, eine kostengünstige Herstellung und eine Möglichkeit zur Skalierung 

aufweisen. Die träge Sauerstoffreduktionsreaktion (ORR) und Sauerstoffentwicklungsreaktion 

(OER) stellen für ZABs in der praktischen Anwendung große Herausforderungen dar. Daher 

ist die Entwicklung effizienter und wirtschaftlicher bifunktionaler ORR/OER-

Elektrokatalysatoren für wiederaufladbare ZABs dringend erforderlich. In diesem 

Zusammenhang wurde in diesem Abschnitt über atomar dispergierte FeNi-Doppelmetallpaare 

auf einer stickstoffdotierten Kohlenstoffmatrix mit einer hierarchischen Struktur, die von 

mehrwandigen Kohlenstoffnanoröhren umhüllt ist, berichtet. Insbesondere wurden 

Röntgenabsorptionsspektroskopie und hochauflösende Transmissionselektronenmikroskopie 

eingesetzt, um die atomaren aktiven FeNi-Stellen zu untersuchen. Die elektrochemischen 

Eigenschaften sowie die Leistung dieses Katalysators in wiederaufladbaren ZABs wurden 
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systematisch bewertet. Zudem wurde ein neuartiger ultradünner Pd-Metallen-Sauerstoff-

Reduktions-Katalysator, dotiert mit atomarem WOx/MoOx (bezeichnet als D-Pd M), 

synthetisiert und charakterisiert. Diese Arbeit zeigt, wie Defekt-Engineering zur Verbesserung 

der Reaktivität der Elektrokatalysatoren eingesetzt werden kann. Die elektrochemischen 

Eigenschaften und die praktische Leistung dieses D-Pd M-Katalysators in primären und 

wiederaufladbaren ZABs wurden detailliert untersucht. 

Der dritte Teil untersucht die Entwicklung von Elektrokatalysatoren für trifunktionale 

Zinknitrat/Nitrit-Batterien (ZNBs), die gleichzeitig eine nachhaltige Energieversorgung, die 

Elektrosynthese von grünem Ammoniak und den Abbau der NO3
-/NO2

- Schadstoffe im 

Abwasser ermöglichen. Im Vergleich zu herkömmlichen Haber-Bosch-Anlagen zeichnet sich 

dieses ZNBs-Gerät durch eine schnelle dynamische Reaktion und eine dezentrale Herstellung 

auf Basis lokaler Produktion aus, wodurch das System leichter steuerbar ist, und die 

Transportkosten und Umweltauswirkungen reduziert werden. In diesem Teil wurde eine 

selbsttragende, bimetallische, NiCu-modifizierte, 3D-gedruckte Katalysatorelektrode auf Basis 

von Acrylnitril-Butadien-Styrol für Zinknitrat-Batterien durch ein stromloses 

Beschichtungsverfahren hergestellt. Die Morphologie, Struktur und Zusammensetzung dieser 

Elektrode wurden durch eine Reihe von Technologien charakterisiert, darunter 

Röntgenbeugung, Röntgen-Photoelektronenspektroskopie und Elektronenmikroskopie. 

Darüber hinaus wurden die katalytische Aktivität, Selektivität und Stabilität der hergestellten 

Elektrode sowie die Batterieleistung der ZNBs sorgfältig untersucht. Die Ergebnisse zeigten, 

dass die hergestellten ZNBs eine zuverlässige Energieversorgung und kontinuierliche 

Ammoniakproduktion ermöglichten. Darüber hinaus wurde ein weiterer Katalysator für die 

selektive elektrokatalytische Reduktion von Nitrit zu Ammoniak hergestellt. In einem 

dreistufigen Syntheseverfahren wurden die Rutheniumatome in eine Kupfernanodrahtstruktur 

eingebaut, die eine beeindruckende elektrokatalytische Aktivität und Selektivität zeigte. Die 

Integration dieses Katalysators in eine wässrige Zinknitritbatterie bestätigte auch den 

technologischen Nutzen des Elektrodensystems. 

Im Rahmen dieser Studien wurden eine Reihe verschiedener fortschrittlicher Materialien und 

Methoden diskutiert, wobei die Bedeutung rationalen Designs, gezielter Synthese, modernster 

Charakterisierung sowie praktischer Anwendungen hervorgehoben wurde. Auf diese Weise 

wird diese Arbeit dazu beitragen, das aktuelle Verständnis der EES-Technologien zu fördern 

und ihre weitere universelle Anwendung voranzutreiben. 
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Abstract 

Development of flexible, scalable and portable electrochemical energy storage (EES) 

technologies is crucial to achieve a stable energy supply in various scenarios, and the innovation 

in the advanced materials for sustainable and efficient energy harvesting, conversion, storage, 

and utilization has been recognized as the key points.  This thesis focuses on the design, 

synthesis, characterization and application of novel active materials for selected EES devices. 

The related background, operating principle, current progress, and existing challenges are 

comprehensively discussed.   

The first project presents research work on non-aqueous redox flow batteries (NRFBs), which 

is considered as the most promising EES technology for the modular, large-scale electrical grid. 

A novel electrolyte based on (nBu4N)4[MV13O33Cl] (M= V=O2+ {V14} or MgOH+ {MgV13}) 

{MV13}) in acetonitrile was explored for application as charge carrier for nonaqueous 

electrochemical energy storage. This project describes initial investigations into the 

electrochemical properties of the mixed-valent {MV13} cluster, revealing the viability of this 

compound to serve as multi-electron charge carrier in symmetric NRFBs. Benefiting from its 

excellent physicochemical properties (high solubility, stability and nano-size), the proposed 

NRFBs based on {MV13} cluster demonstrated remarkable battery performance.  

The second part investigates the safe, environmentally friendly zinc-air batteries (ZABs), which 

have high energy density, low-cost manufacturing and feasibility of scaling up. The sluggish 

oxygen reduction reaction (ORR) and oxygen evolution reaction (OER) pose great challenges 

for ZABs in practical application. Thus, developing efficient and economic bifunctional 

ORR/OER electrocatalysts for rechargeable ZABs is urgently required. In this regard, 

atomically dispersed FeNi dual-metal pairs on the nitrogen-doped carbon matrix with a 

hierarchical structure wrapped by multi-walled carbon nanotubes is reported in this section. X-

ray absorption spectroscopy and transmission electron microscopy were utilized to identify the 

FeNi dual atomic active sites. The electrochemical properties as well as rechargeable ZABs 

performance of this catalyst were systematically evaluated. Furthermore, a novel ultrathin Pd 

metallene doped with atomic WOx/MoOx ORR catalyst was also synthesized and characterized, 

demonstrating how defects engineering can be used to enhance electrocatalytic activity of the 

electrocatalysts. The electrochemical properties and practical performance of this catalyst in 

both primary and rechargeable ZABs were investigated in detail.  

The third part explores the development of electrocatalysts for trifunctional zinc-nitrate/nitrite 
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batteries (ZNBs), which can achieve sustainable energy supply, electrosynthesis of green 

ammonia and degradation of the NO3
-/NO2

- pollutant in wastewater simultaneously. Compared 

with traditional Haber-Bosch plants, this ZNBs device features fast dynamic response and 

decentralized manufacturing based on local production, making the system easier to control as 

well as reducing the transport costs and environmental impacts. In this part, a self-supported 

catalyst bimetallic NiCu modified 3D printed electrode based on acrylonitrile butadiene styrene 

was fabricated for zinc-nitrate batteries through typical electroless plating. The morphology, 

structure and compositions of this electrode were characterized by a series of technologies 

including X-ray diffraction, X-ray photoelectron spectroscopy and electron microscopy. 

Besides, the catalytic activity, selectivity and stability of the as-prepared electrode and the 

battery performance of the ZNBs were carefully investigated. The results demonstrated that the 

as constructed ZNBs enabled reliable energy supply and continuous ammonia production. 

Furthermore, another catalyst was prepared for selective electrocatalytic reduction of nitrite to 

ammonia. Through a three-step synthetic route, the ruthenium atoms were incorporated into a 

copper nanowire structure, which demonstrated impressive electrocatalytic activity and 

selectivity. The integration of this catalyst into an aqueous zinc-nitrite battery also verified the 

technological utility of the electrode system. 

Through these studies, a range of advanced materials and methods have been discussed, 

highlighting the significance of rational design, targeted synthesis, state-of-the-art 

characterization as well as practical applications. In doing so, this thesis will serve to promote 

the current understanding of EES technologies and push their further universal application.  
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1. Introduction 

1.1 Energy storage and conversion technologies 

In recent decades, the worldwide demand for energy has risen exponentially along with social 

and economic development, and the security of energy is regarded as one of the most essential 

pillars for ensuring basic social welfare and sustainable economic growth across the globe.[1,2] 

Presently, the majority of energy supplies (more than 85%) is generated from non-renewable 

energy sources such as petroleum, natural gas, and coal.[3] The overreliance on these 

conventional fossil fuels for energy generation has had devastating impacts, including air 

pollution, climate change, water/soil contamination and CO2 emissions. It is worth mentioning 

that the finite fossil fuels cannot be replenished after consumption, indicating the exhaustion 

of nonrenewable energy sources is possible.[4] Concerning the ever-increasing energy demand 

coupled with environmental threats and the eventual depletion of fossil fuels, the deployment 

of more sustainable and renewable energy sources with low/free-carbon emissions is essential. 

Currently, the implementation of renewable geothermal, tidal, wind and solar energies are 

considered as clean and green alternatives for fossil fuels. However, the harvesting of these 

renewable energy sources is inherently tricky as solar and wind energy are dependent on light 

intensity and wind speed respectively, which also require huge space for the devices’ 

installation and operation. Furthermore, there is a large energy loss during the transportation 

over far-away places through the electricity grid. Undesirable intermittent availability and 

poor flexibility of these renewable energy sources are posing critical challenges for their direct 

integration into the power system. Thus, the deployment of efficient energy storage systems 

(ESSs) is of great importance to reducing the gap between energy generation and consumption, 

improving the efficiency of the power supply system, and ultimately managing fluctuations 

and mismatches in energy demands and supply.[5]  

 

There is a broad range of energy storage and conversion technologies available including 

mechanical, electrical, chemical, thermochemical and electrochemical storage systems. 

Basically, energy storage devices cope with two important missions: 1) production of clean 

and stable power, enabling high power-density supercapacitors or high energy-density 

batteries. 2)  transmission of bulky energy from renewable generation to energy demand in 

real-time.[6] However, major challenges related to their technical operability, durability, 

efficiency and high cost must be overcome to meet the requirements of low-carbon economics. 

Electrochemical energy storage (EES) systems are arguably the most desirable energy storage 
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and conversion technologies, owing to their continuous energy conversion processing without 

limitations in integrated devices, high manufacturing flexibility, adaptable miniaturization and 

portability, minimal environmental effects, as well as easier to scale up. EES technologies are 

generally categorized into batteries, fuel cells and supercapacitors. Specifically, the batteries 

and fuel cells are characterized as high specific energy devices, while the supercapacitors have 

relatively high specific power. Albeit considerable efforts have been dedicated to developing 

EES devices which hold both high energy- and power-densities then hopefully achieve the 

poised promise of EES technology,[7] but the traditional battery systems are still suffering 

from limited energy density, poor rate capacity, worrying safety and undesirable durability, 

such as lithium-ion batteries. Generally, it is still a long-standing challenge to fulfill the 

variable energy demands in different conditions, particularly in the large-scale storage and 

portable electronics practice.[8]    

 

A landscape of research shifting from conventional EES devices to next-generation storage 

systems including their active materials innovations are meticulously happening with aims to 

find the competent EES devices that can achieve the universal utilization of renewable energy 

sources. Despite significant progresses have been made in the development of next-generation 

EES technologies in recent years, there is no single ideal device that can satisfy all possible 

energy demands.[9] Thus, identifying the distinctive properties and technical characteristics of 

specific next generation EES devices are of great importance to leverage their advantages to 

be targeted for specific applications. Redox flow batteries (RFBs) are generally recognized as 

a desirable candidate for large-scale storage electricity grid, benefiting from the unique virtue 

of decoupling power and density. Metal-air batteries such as zinc-air batteries (ZABs) possess 

inherent safety and high energy density with theoretical specific energy, granting ZABs 

exciting potential for electric vehicles (EVs). Besides, zinc-nitrate/nitrite batteries (ZNBs) as 

a trifunctional device are considered as promising portable plants to produce value-added 

green ammonia from nitrate/nitrite in wastewater with sustainable energy supply. Nonetheless, 

the practical application of these EES devices all require advanced engineering, a 

revolutionary development of active materials, and a fundamental understanding of the 

working principles and technical characteristics of the EES devices.  
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1.2 Redox flow batteries   

Among all the EES systems, redox flow batteries (RFBs) are one of the most distinctive 

devices, since RFBs store energy in redox-active, soluble, charged molecules dissolved in 

liquid electrolyte, and the electrochemical conversion reactions normally do not involve 

structural change of the active species. This unique configuration grants RFBs several merits 

over traditional EES devices, including long durability, fast responsiveness, low cost, and 

minimal environmental impacts. Most notably, RFBs have the advantage of decoupled power 

and capacity delivery which means that the battery power is dependent on the surface area of 

the electrode, while the battery capacity is determined by the volume of the energy-carrying 

electrolyte. In addition, RFBs also possess the special ability to be fully charged to 100% state 

of charge (SOC) and completely discharged to 0% SOC without ill side effects, which is 

impossible for other EES technologies.[10] These distinctive properties make RFBs a highly 

powerful EES technology for large-scale stationary energy storage, and can be flexibly 

constructed to achieve any desired power and capacity output through rational modular design. 

Hence, the RFBs are considered among the most promising devices due to their lack of 

location limitations and the ease of being scaled to customized sizes, making them well-suited 

for large-scale stationary energy storage.  

 

Figure 1. Schematic illustration of a typical redox flow battery.[11] Reprinted with permission. Copyright 2015, 

Royal Society of Chemistry. 

A simplified schematic structure of an RFB is shown in Figure 1, the generic components of 

the RFBs are two electrolyte reservoirs for anolyte and catholyte respectively, membrane, 

electrodes, and pumps. Electrolyte reservoirs are tanks where the electrolyte is stored. 

Membranes serve as separators to avoid the self-discharge resulting from the mixture of anolyte 



1. Introduction 

 
 

 

4 
 

and catholyte during the operation. The electrochemical energy conversion reactions take place 

on the surface of the electrodes (anode and cathode), and pumps are required to circulate the 

electrolyte flowing through the electrodes. During the charging process, the catholyte is reduced 

and the anolyte is oxidized, electrical energy is converted into chemical energy and stored in 

the electrolyte; the catholyte is oxidized and the anolyte is reduced during the discharging 

process while chemical energy is converted into electric energy.[12]  

 

Basically, achieving low-cost, high efficiency and long cycling life is of great importance for 

the large-scale application of RFBs. There are three essential components of RFBs system: 

membrane, electrode and active species in electrolyte, all of which have significant impacts on 

the performances of RFBs system. The following sector provides a comprehensive overview of 

these crucial components, their development and challenges in the realm of RFBs are also 

summarized. 

 

1.2.1 Essential components of RFBs 

1.2.1.1 Membrane 

The membrane is a vital part of the RFBs system, its primary function is to separate the anolyte 

and catholyte inside the reaction chamber, avoiding electrolyte crossover contamination as well 

as preventing short circuits of the battery. The properties of the membrane can greatly affect 

the RFBs’ performance in many aspects.[13,14] Firstly, the membranes should enable the transfer 

of supporting electrolyte ions, maintaining the basic charge balance between the anolyte and 

catholyte. Simultaneously, the crossover of active species through the membrane could result 

in unexpected self-discharge, capacity degradation and coulombic efficiency loss, which should 

be forbidden. Secondly, the resistance for charge carrier ions across the membranes also 

impacts voltage efficiency (VE, the ratio of discharge voltage to charge voltage) in the RFBs 

system. Thus, membranes with high ionic conductivity are required to achieve higher power 

densities and optimal performances of RFBs. Thirdly, the membranes must possess good 

chemical stability to withstand the electro-oxidization and electro-reduction during long-term 

cycling operations. Moreover, membranes are supposed to be resistant against all reactions with 

the electrolytes (organic, highly acidic or basic electrolyte) since the membrane is thoroughly 

exposed to the electrolyte. Fourthly, the membranes should have good mechanical properties, 

such as excellent tensible and puncture strengths and low swellability, which are also critical to 

ensuring the longevity of RFBs during the practical operation. Lastly, the cost of membranes is 
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still a significant challenge in RFBs design. For many RFB systems, the membrane is the most 

expensive single component, comprising 30–40% of the whole reactor’s cost. In summary, the 

desirable membranes for RFBs should have high selectivity for charge carriers and high ionic 

conductivity, excellent chemical and mechanical stability, and low cost (as shown in Figure 2). 

 

 

Figure 2. Function and requirements of membrane for RFBs.[14]  Reprinted with permission. Copyright 2021, 

American Chemical Society. 

There are two main categories of membranes for RFBs: porous membranes and dense 

membranes. Porous membranes have been widely investigated for RFB applications since they 

were first reported by Li and co-workers in 2011.[15] Porous membranes consist of numerous 

micropores that serve as ion transport channels, which serve for the exchanges of small particles 

between the anolyte and catholyte compartments. Since active species are usually larger than 

the supporting electrolyte ions, the selectivity is mainly controlled via the size sieving 

mechanism. Basically, an ideal porous membrane for RFBs should exhibit high ion conductivity 

and selectivity by meeting the following criteria: 1) an appropriate pore size with a narrow 

distribution to selectively transport supporting electrolyte ions while preventing crossover of 

active species; 2) an interconnected pore structure and high porosity to create numerous ion 

transport channels, thereby reducing resistance; and 3) high chemical and mechanical stabilities 

along with low cost, to ensure a long-lasting and cost-effective RFBs membrane. Additionally, 

the performance of porous membrane is highly dependent on their morphology and pore 

chemistry. Based on the origin of the pores, porous membranes for RFBs can be classified as 

either artificial or intrinsic.[13] The former one is generally fabricated with flexible or linear 

polymers, of which the molecular chains are usually densely packed in the solid state. Therefore, 

specialized membrane fabrication techniques are necessary to create pores, with the nonsolvent-

induced phase separation method being the most well-known. Moreover, it is important to note 

that porous membranes do not rely on fluoride ion exchange membrane, thereby avoiding 
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concerns related to chemical stability. In contrast, the dense membrane materials comprise 

intrinsic pores (e.g., metal-organic frameworks (MOFs) and polymers with intrinsic 

microporosity), with the nature of these pores being determined by the materials themselves. 

However, it should be realized that liquid electrolytes require dense membranes ironically 

conductive as they have a highly dense microstructure. Besides, the crossover contamination of 

active species in the electrolyte would result in the RFBs capacity degradation and coulombic 

efficiency losses during the cycling operation. On the other hand, dense membranes rely on ion 

hopping or migration to transport supporting electrolyte ions and achieve charge balance.[16] 

According to whether the dense membrane materials contain fixed ion exchange groups 

(covalently bonded charged groups) or not, ion transport channels in dense membranes are 

divided into the charged channels and the uncharged ones. These dense membranes incorporate 

functional ion exchange groups within their structure and can be composed of dense ceramics 

or ion exchange membranes (IEMs).  

 

In general, most IEMs for RFBs are homogeneous membranes made of polymers consisting of 

hydrophobic backbones and hydrophilic sidechains bearing fixed ion exchange groups.[17] For 

IEMs with such molecular structures, , microphase-separated structures can form spontaneously 

due to the polarity difference between the backbones and the sidechains. Reverse micelles 

formed by the aggregation of ion exchange groups could also prompt the formation of charged 

channels, particularly their size and selectivity. More specifically, larger channel dimensions 

enhance ionic conductivity but may compromise selectivity. A typical example of this is the 

fact that vanadium ions are more effectively blocked by anion exchange membranes than by 

cation exchange membranes, due to the Donnan repulsion effect caused by fixed cations in 

IEMs. Furthermore, the properties of the charged channels also strongly affect the chemical 

stability and mechanical strength of IEMs. For instance, when the channel size and selectivity 

allow active species to easily enter, the chemically vulnerable sites become more accessible and 

are more likely to be attacked by active material ions, resulting in chemical degradation. Besides, 

the ion deposition and dissolution in the channels can weaken the mechanical strength of IEMs. 

In addition, since homogenous IEMs are generally dense with uniform morphology, the ion 

transport channels are predominantly controlled by the molecular structure of polymers. In 

recent years, there has been an increasing focus on regulating charged channels through 

molecular design. Several  IEMs that have been employed in RFBs, with the most common 

being the Nafion membrane,[18] a perfluorosulfonic acid membrane that includes both hopping 
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and vehicular modalities for the conduction mechanism. Benefiting from its high ion 

conductivity and stability, Nafion membrane has been widely used for many RFBs systems in 

the industry. However, reducing its relatively high cost remains a significant challenge.  

 

1.2.1.2 Electrode 

Electrode design is essential to achieving high performance and efficient RFBs, primarily 

because the electrode is the battery component where the energy conversion reactions occur (as 

shown in Figure 3). Chemical composition, surface area and morphology of porous electrodes 

are crucial to exposing more active sites for electrode reactions of the electrolyte. In addition, 

the electrode contributes to the system polarization through not only the ohmic polarization, but 

also through activation polarization and concentration polarization, all of which affect the RFBs’ 

overall performance. Typically, the desirable porous electrodes for high-power RFBs should 

possess the following properties: 1) high surface activity and high specific surface area for 

electrochemical reactions to minimize the activation loss; 2) large hydraulic permeability and 

wettability for efficient electrolyte transportation to minimize the concentration loss and 

pumping work; 3) excellent electronic conductivity to minimize the ohmic loss. Currently, the 

most commonly used materials for RFB electrodes are carbon fiber-based materials (graphite 

felts, carbon felts, and carbon papers) for their high electronic conductivity, high hydraulic 

permeability, chemical and electrochemical stability, as well as economic costs.[19] However, 

challenges associated with the application of these materials include low specific surface area 

and poor electrochemical activity, limiting the RFBs to operate at a relatively low current 

density (~50 mA cm-2 for aqueous all-vanadium RFBs).[20]  

Therefore, it is of great importance to appropriately design and modify the electrode materials 

for RFBs system. Significant efforts have been made to minimize energy losses from the 

electrode, including activation losses, ohmic losses, and other associated losses. One strategy 

is to introduce functional groups onto the carbon fiber surfaces to create abundant active sites 

and increase its hydrophilicity. It was found that the oxygen functional groups introduced by 

simple acid or thermal treatment can effectively catalyze the oxidization and reduction reactions 

on the electrode. Secondly, increasing the specific surface area of the electrode is also an 

important method to decrease the mass transfer losses. For the conventional carbon fiber-based 

electrodes, the voids between the fibers are several tens of micrometers in diameter, which 

construct efficient transport pathways for active species and facilitate high hydraulic 

permeability, which in turn reduces concentration losses. However, the specific surface area of 
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such electrodes is extremely low (0.1-3 m2 g-1) because of the large pore sizes.[21]  The 

straightforward approach to fabricating the carbon fiber electrode with smaller pores doesn’t 

really work since it would heavily decrease its hydraulic permeability, resulting in 

concentration polarization and extra pump work. Hence, coating high-area materials (such as 

carbon blacks, carbon nanotubes, and graphene) onto carbon fiber materials is a common 

strategy to increase the specific surface area without sacrificing too much permeability of the 

electrodes.  

 

Figure 3. The schematic of the conventional carbon-fiber-based electrode and the proposed dual-scale porous 

carbon electrode.[21] Reprinted with permission. Copyright 2016, Elsevier. 

 

Additionally, another strategy to reduce the polarization and enhance the kinetics is to modify 

electrodes with electrocatalysts. Nobel transition metal-based catalysts, such as Pt, Au, Ir, and 

Pd have been investigated as efficient electrocatalysts for RFBs. However, the commercial 

application of these precious metal catalysts is limited due to their scarcity, high cost, as well 

as their unspecific catalytic activity.[22] In contrast, non-precious transition metal-based 

materials show great promise as electrocatalysts for RFBs because of their excellent activity 

and relatively low cost. With unique electron structure, the transition metal is easier to accept 

or lose electrons, making it more accessible to interact with the reactants. Consequently, the 

non-precious transition metal-based catalysts with abundance, low cost, and impressive 

catalytic effect are highly promising as future electrocatalysis for RFBs. Over the past few 

decades, significant efforts have been devoted to the development of these electrocatalysts, such 

as TiO2, Mn3O4, MoO2, CeO2, WO3, etc.[20] Nevertheless, there are several challenges of non-

precious transition metal-based electrocatalysts. The main problems are the frustrating 

conductivity and limited exposed active sites. Meanwhile, nanostructured, non-precious 
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transition metal-based electrocatalysts tend to agglomerate due to their high surface energy, 

which can significantly reduce the exposed active specific surface area. Furthermore, the weak 

binding force between the catalysts and the electrode cannot effectively resist the erosion of the 

flowing electrolyte, impairing the stability and lifetime of the battery. Therefore, rational 

designing of stable, high performance non-precious transition metal-based electrocatalysts is 

urgently needed to improve the performance of RFBs.  

 

1.2.1.3 Electrolyte 

The electrolyte is the most crucial component of RFBs, consisting of active species, supporting 

electrolyte and solvent media, which influence the battery’s overall performance (Figure 4).[23] 

The theoretical battery voltage is determined by the equilibrium potentials of active species in 

the cathodic and anodic half-cells, while the actual open-circuit overpotential is also affected 

by the inner resistance of a RFB and the electrochemical kinetics of redox-active materials. It 

is worth noting that the energy density of RFBs is dependent on the number of electrons 

transferred in the electrode reactions, the concentration of active species in the electrolyte, and 

the potential difference between the cathodic and anodic active molecules. Meanwhile, the 

physical properties of the solvent, such as the electrochemical window, pH value, viscosity, 

polarity, and dielectric constant, all have huge impacts on the RFBs’ performance. Another key 

requirement for the commercialization of RFBs is minimizing cost. It is important to note that 

grid-scale application of the RFBs face challenges due to high manufacturing costs and volatile 

price of raw materials. Besides, the operating maintenance always involves expensive 

procedures. [24] Generally, the active species, solvent, and supporting electrolyte should be taken 

into account together to develop an RFB with high energy efficiency and coulombic efficiency.   

 

Figure 4. (A) Graphic representation of diverse applications and cell components of RFBs. (B) Correlation 

diagram of physicochemical properties of electrolyte materials and performance metrics of RFBs.[23] Reprinted 

with permission. Copyright 2019, American Chemical Society. 
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The early research on the RFBs mainly focused on metal ions and halogen ions.[25] Benefiting 

from the simple chemistry and high solubility, metal ions are considered as the most popular 

anodic candidates for aqueous RFBs. On the other hand, halogens are intensively researched as 

cathodic active species due to their highly reversible redox reactions and relatively low 

molecular weight. The most studied halogens are bromine and iodine, both of which exhibit 

redox potentials within the electrochemical window of water. The recent development of 

aqueous RFBs involves a wider range of redox species and most of which still fall in the 

category of transition metal ions and halogen ions, such as VCl3/VCl2, Br-/ClBr2
-, Ce3+/Ce4+ 

and others.[26] Among them, all-vanadium redox flow batteries (VRFBs) are the most widely 

researched RFB systems to date. In the VRFBs, related vanadium couples (V2+/V3+ and 

VO2+/VO2
+) are used as the redox-active species to comprise anolyte and catholyte which 

dissolved in an acidic aqueous solvent (as shown in Figure 5). During the charging of the VRFB, 

VO2+ is oxidized to VO2
+ in the catholyte, whereas V3+ is reduced to V2+ in the anolyte. The 

discharge reactions occur in the opposite direction, the redox reactions of the VO2
+/VO2+ and 

V2+/V3+ redox couples can be described as follows.  

Catholyte: VO2
+ + 2H+ + e- → VO2+ + H2O (1.1) 

Anolyte: V3+ + e- → V2+ (1.2) 

 

Figure 5. (A) VRFB and main components scheme.[27] Reprinted with permission. Copyright 2020, Elsevier.  
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These VRFBs have demonstrated high solubilities up to 3 M and the energy density is around 

30 Wh L-1 with a long system life of about 15-20 years.[28] Despite these merits, the VRFBs 

still face several challenges. For example, the cost of a VRFB system is $500-$600 per KWh 

which makes it less attractive when compared to other EES devices. Meanwhile, the toxicity of 

soluble vanadium and the strong corrosiveness of VO2+/VO2
+ redox couple further impede the 

widespread adoption of VRFB.[29] 

 

Another category of redox-active species with excellent promise for achieving high energy 

density and long lifetime RFBs includes metal coordination complexes,[30] which possess the 

properties of both metal ions and organic ligands. For metal coordination complexes, the 

transition metal ion usually acts as the charge transfer center, while the redox potential can be 

tuned with different ligands. Particularly, charges can also be stored in ligands besides the metal 

center in complexes with “redox-non-innocent ligands”.[31] By rational designing organic ligand 

scaffolds and metals, it is feasible to tune the properties of these complexes, such as the 

solubility, stability, kinetics and redox potential. Additionally, the metal coordination 

complexes can undergo multielectron transfer redox reactions owing to the various oxidation 

states of the metal center.[32] Compared with transition metal ions, the crossover contamination 

through the membrane is inhibited due to the larger molecular size of metal complexes. The 

early research of metal coordination complexes for RFBs can be dated back to the 1980s.[30] 

Recently, metal complexes of iron, cobalt, vanadium, cerium, chromium, and ruthenium with 

various ligands, such as ethylenediaminetetraacetate (EDTA), phenanthroline, triethanolamine 

and diethylenetriaminepentaacetic acid (DTPA), have been investigated as active species for 

RFBs application.[32] According to the ligand types, metal coordination complexes are 

commonly classified into metal-ligand complexes and metallocene, both of which can be 

categorized into aqueous and nonaqueous RFBs depending on the solvent media of the 

electrolytes.  

 

On the other hand, the large-scale deployment of inorganic species or their coordination 

complexes for RFBs is potentially limited by the scarcity of metal elements. Besides, the 

toxicity and environmental risks of some metals (such as cobalt and chromium) also raise 

concerns during long-term RFBs operation. In contrast, metal-free redox-active compounds 

with abundant sources in nature, offer a promising direction for reducing cost for RFB systems. 

These organic redox-active compounds also capitalize on the advantages of structural diversity, 
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good tunability of redox potential and solubility, as well as eco-friendliness. The first successful 

RFB based on organic molecules was reported by Li et al. in 2011,[33] using combination of 

2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPO) and N-methyl-phthalimide as catholyte and 

anolyte respectively with acetonitrile as solvent. Over the last decade, a series of active species 

in anolytes have been researched, such as anthraquinone and phenothiazine.  For the active 

species in catholyte, molecular frameworks like viologen have garnered significant attention as 

potential candidates for RFB applications.[31] Even though their impressive properties hold 

great promise for RFBs, the organic redox-active materials still suffer from multiple challenges 

including: 1) low solubility; 2) poor electrochemical stability of radicals; 3) low redox potential; 

and 4) low ionic conductivity, all of which prevent these organic redox-active materials from 

being used in commercial applications. To overcome these limitations, significant efforts in 

molecular engineering have been dedicated to the rational design and targeted synthesis of 

derivatives based on these core structures. These modifications aim at enhancing the solubility 

and the chemical and electrochemical stability of redox-active species, paving the way for the 

development of high-energy-density RFBs.  

 

Apart from the above-discussed materials, there is a wide range of family members of active 

species for the RFB systems. The redox-active macromolecules, polymers as well as ionic 

liquids with high molecular weights and large sizes, are emerging as promising candidates as 

active species for RFB systems.[34,35] Their unique structures and properties significantly reduce 

crossover contamination, potentially eliminating the need for specific membranes  and thereby 

lowering manufacturing costs. However, the high viscosity of macromolecule/polymer/ionic 

liquids-containing solution slows down the mass transport of redox species and decreases the 

ionic conductivity of electrolytes, hindering further advances in the cell performance of RFBs. 

Furthermore, polysulfide/sulfur also draws considerable attention for its high theoretical 

capacity, non-toxicity and low cost.[36] The aqueous polysulfide/bromine RFBs utilize Na2S in 

the anolyte, coupled with NaBr as an active species in the catholyte. Na2S is abundant and cost-

effective which also exhibits high solubility in aqueous solvents.[37] However, despite the high 

solubility of polysulfide in solvent media, the solid precipitation from the insoluble short-

chained polysulfides formed during long-term operation still poses a critical issue for this RFB.  

 

Overall, the development of robust active species with excellent electrochemical properties that 

are derived from cheap, commercially available raw materials through simple synthetic 
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processes, remains a long-standing challenge for the practical application of RFB systems.  

 

1.2.2 Key performance merits for RFBs  

The unique configuration of RFBs makes them distinctive from both conventional and 

unconventional EES technologies, it requires different standards for assessment of the practical 

performance and electrochemical behaviors of RFBs[38]. Generally, several figures of merit are 

utilized to quantify the practical performance of the RFBs, which makes the comparison 

between RFBs and other EES devices plausible. The most important performance merits 

include open circuit potential (OCP), specific capacity, energy density, columbic efficiency 

(CE), voltage efficiency (VE), energy efficiency (EE), capacity retention as well as rate capacity. 

Notably, all the performance merits should always be referred to the state of charge (SOC), 

which represents the fraction of active materials converted to their charged form.  

 

Firstly, as the crucial components, the active species in electrolytes fundamentally determine 

the OCP of RFBs, the larger potential difference between cathode and anode redox couples 

contributes to a higher OCP for RFB systems. Since the charge carrier of the RFBs are dissolved 

or suspended in the electrolyte, their theoretical capacity in coulombs is related to the number 

of electrons stored or released by the charge carrier (n) as well as the concentration (cactive)and 

volume (Volactive) of either the anolyte or catholyte at a 50% SOC. In this context, the theoretical 

capacity of RFBs can be calculated according to:      

 capacity = nFCactiveVolactive (1.3) 

 Where F is Faraday’s constant (9.648×104 C mol−1).  

 

The energy density (E) of the RFB device can be determined by integrating the cell voltage 

(Vcell) versus capacity by volume or weight, the cell voltage can be considered as a constant at 

a certain SOC. In this case, the theoretical energy can be calculated according to the following 

equations:  

 E = Vcellcapacity (1.4) 

 E = nVcellFCactiveVolactive (1.5) 

 

The ratio of the total output of the electrical charge during discharge versus the charge stored 

after charge is defined as coulombic efficiency (CE), as shown below: 

 CE = QDchg/QChg (1.6) 



1. Introduction 

 
 

 

14 
 

Here, the QDchg and QChg represent the total electrical charge (in C or Ah) during the discharge 

and charge processes, respectively. There are multiple contributors to coulombic efficiency 

losses including crossover contamination of active species and side electrode reactions. The 

coulombic losses can be reversible or irreversible depending on the electrode reaction 

mechanisms and the nature of the electroactive species. 

  

The ratio of cell voltage during discharge and charge processes is defined as the voltage 

efficiency (VE), shown in equation 1.5.                                                                     

 VE = VDchg/VChg (1.7) 

Where the VDchg and VChg mean the average cell voltage during discharge and charge processes, 

respectively at a certain time or specific SOC. For the VE determination, the current density is 

typically set as a constant parameter. At any fixed current density, there are multiple sources of 

overvoltage including kinetic, ohmic, and mass transport losses, all of which can result in 

decreased voltage efficiency. All three sources of losses increase along with increasing current 

density, but not with the same dependence.  

 

The voltage and coulombic efficiencies reflect the losses resulting from the key composites at 

the single-cell level, including kinetic, ohmic, mass transport, crossover contamination, and 

side reaction losses. However, there are other contributors of energy losses in the context of the 

overall RFB systems. For example, parasitic losses (temperature control, pumping losses, and 

other auxiliary equipment) are generally recognized as important reasons for energy losses and 

extra expenses. It introduces additional energy consumption such as shunt currents, irregular 

voltage distribution, and uneven electrolyte distribution among electrodes for the stacks of 

multi-cell RFB systems. Generally, the EE can be calculated according to the following 

equation: 

 EE = CE × VE (1.8) 

Here, CE represents coulombic efficiency, VE represents voltage efficiency.   

 

In addition, the specific capacity retention is an important metric in evaluating the stability and 

robustness of a particular RFB systems in delivering the desired energy output at a constant 

current density. One long-standing challenge for RFB systems is the relatively rapid capacity 

degradation during long-term cycling operation. The major reasons for specific capacity fading 

include the undesired crossover of solvent and/or active species through the membrane, 
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degradation of crucial cell components, undesired side reactions as well as the precipitation of 

active species. Moreover, rate capability is also a very important figure to assess the 

performance of RFB system. It is crucial to achieve stable performance at different current 

densities and meet the various requirements in different scenarios.                                                                       

Generally, the rate capability is highly dependent on the active materials, supporting 

electrolytes and their kinetics and mass transport at the electrodes.                          

 

1.2.3 Classification of RFBs   

According to different battery configurations, RFBs can be classified into different categories. 

Regarding the RFBs that are constructed based on the metal-free organic redox active species 

or metal ions/complexes redox active species in electrolytes, RFBs can be divided into organic 

and inorganic RFBs, respectively.  Apart from the conventional all-soluble liquid RFBs, the 

semi-solid RFBs indicate that RFBs can also utilize the solid and/or suspended active species 

(for example, Li metal as the negative electrode and a suspension electrolyte-electrode).[39] For 

the semi-solid RFBs, the electrode reactions always involve the phase changes of active species.  

The following section focuses on the two major categories, symmetric and non-aqueous RFBs, 

examples and their merits/demerits are discussed as well.  

 

Symmetric RFBs are based on the same redox active species in both anolyte and catholyte, 

which undergo different redox processes for electrode reactions.[40] Thus, the active species for 

symmetric RFBs should possess multiple redox states and the corresponding redox potentials 

should be accessible in a wide electrochemical window, enabling efficient and continuous RFB 

operation. Generally, symmetric RFB systems are regarded as a better alternative to asymmetric 

RFBs, because the symmetric ones can greatly mitigate crossover contamination issues during 

the long-term cycling operation.  Besides, the capacity degradation of symmetric RFBs could 

be recovered by refreshing the anolyte and catholyte. Up to now, most of the reported symmetric 

RFBs mainly are based on the organic redox active compounds due to their excellent 

electrochemical tunability and high solubility. Chen and coworkers reported a symmetric RFBs 

based on 5,10,15,20-tetraphenyl porphyrin as a bipolar redox-active material, which 

demonstrated a high volumetric capacity of 8.72 AhL-1 with a high voltage of 2.83 V and 

excellent cycling stability.[41] Aziz et al. presented a symmetric all-quinone aqueous RFB based 

entirely on earth-abundant elements which exhibit an OCP of 1.04 V with a high capacity of 

163 mAh g-1.[42] However, it has been found that the synthesis procedure of these organic 
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materials must be performed under an inert atmosphere or even in an argon or nitrogen-purged 

glovebox to avoid side reactions with oxygen from the ambient atmosphere. The need for such 

stringent synthesis conditions combined with the use of noble metal catalysts adds to the 

complexity of the synthetic process. Thus, some special organic redox active species such as 

radicals still cost much more than common inorganic electroactive species, which is not a cost-

effective strategy to achieve cost-effective RFBs.[31]  

 

In contrast, the asymmetric RFBs use two different redox active species in anolyte and catholyte, 

respectively, possessing the potential to maximize the battery voltage by employing appropriate 

redox couples in the electrolyte.[43] These asymmetric RFBs allow for independent engineering 

of the two different redox active materials to attain suitable properties for either the anolyte or 

catholyte, while facing the major hindrance of the crossover contamination problem. There is a 

broad range of reported asymmetric RFBs, including metal ions, and metal coordination 

complexes, to organic redox active compounds as discussed above.   

 

Moreover, RFBs generally fall into two categories with different solvent media, distinguished 

as aqueous RFBs and non-aqueous RFBs.[44]  Selection of the solvent for electrolyte is very 

crucial in the battery performance as the solubility of the electroactive material in the solvent 

directly influences the energy density of the RFBs. Besides, the physicochemical properties of 

the solvents should be considered when selecting the appropriate solvent media for active 

species and supporting electrolytes. Additionally, the supporting electrolyte also determines the 

type of membrane/separator to be used, to ensure compatibility between the solvent and 

supporting electrolyte. Aqueous flow batteries were discovered initially as vanadium redox 

flow batteries, using an aqueous concentrated acid electrolyte. The aqueous RFB systems use 

water as the main solvent and a highly soluble salt (for example, NaCl, NaOH and HCl) as a 

supporting electrolyte. Utilizing aqueous electrolytes for RFBs is propitious in many ways 

including 1) guaranteed safety due to their non-flammability; 2) cost-effectiveness; 3) 

environmental friendliness; and 4) high conductivity and rapid ion transport rates. Based on the 

above merits, aqueous RFBs are regarded as the most promising, cost-efficient and durable 

RFB technology for practical application.[45] On the flip side, the battery voltage of aqueous 

RFBs is limited by the narrow electrochemical stability window of water, which is below 1.5 

V. In addition, aqueous RFBs only operate under a limited range of temperatures, hindering the 

implementation in specific scenarios. Furthermore, the incompatibility of water with 
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hydrophobic organic compounds also impacts the electrochemical performance of the RFB 

systems.  

 

Alternatively, by operating in a non-aqueous regime, many organic solvents possess larger 

electrochemical windows (up to 4 V), which provide great opportunities for active species to 

realize high-voltage applications in RFB systems. Moreover, organic solvents are great choices 

for the redox active compounds which are insoluble in water. Furthermore, organic solvents 

also enable non-aqueous RFBs (NRFBs) capable of operating at low temperatures.[46] The 

original concept of NRFBs was first proposed by Singh in 1984.[47] Then Matsuda et al. 

demonstrated an experimental NRFB based on tris(bipyridine) ruthenium (II) tetrafluoroborate 

complex [Ru(bpy)3(BF4)2] in acetonitrile (CH3CN) with tetraethylammonium tetrafluoroborate 

(TEABF4) as the supporting electrolyte in 1988.[48] The expected OCP of this system is 

approximately 2.6 V, which is higher than those of most aqueous RFBs. During the past few 

decades, significant advances have been achieved in developing NRFBs for attaining high 

energy density and power density applications with a huge number of redox-active species 

being investigated. However, the state-of-the-art NRFBs still have significantly high internal 

resistance, resulting from the low ionic conductivity of both the electrolyte and the 

membrane.[49] Hence, it is of great importance to lower the electrolyte resistance through 

advanced electrode design and accelerate the reaction kinetics. Additionally, improving the 

ionic conductivity and reducing the thickness of the membrane also make sense to reduce the 

internal resistance of NRFBs. On the other hand, the cyclability and durability of NRFBs are 

still suffering from the poor electrochemical reversibility and stability of the active species in 

electrolytes. Thus, developing inexpensive redox active species for symmetric NRFB devices 

can enhance the overall performance of RFBs, paving the way for safer, more affordable, stable, 

and flexible practical applications in the future. 

 

1.2.4 Polyoxometalates (POMs) as active species for RFBs  

Polyoxometalates (POMs) are anionic molecular metal oxides based on high-valent transition 

metals (e.g., V, Mo, W), which possess great potential to meet the demands of several cutting-

edge technologies. The POMs frameworks can be presented by the general formula: [MmOy]
n- 

for isopolyanions and [XxMmOy]
n- for heteropolyanions, where X is a hetero atom, usually a 

main group element (P, Si, Ge, As), and M is an addenda atom, usually a d-block element with 

high oxidation state (VV, MoVI or WVI).[50] POMs are always negatively charged, and the 
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negative density mainly depends on the elemental composition and the molecular structure. 

Generally, POMs consist of three or more transition metal oxyanions with shared oxygen atoms, 

forming a large closed three-dimensional framework. The metal atoms that make up the 

framework are called addenda atoms, usually group V or VI transition metals (such as V, Nb, 

Ta, Mo, W, etc.) in high oxidation states. One or more heteroatoms (such as P, Si, Ge, etc.) are 

enclosed in the center of the framework, and these heteroatoms share adjacent oxygen atoms 

with transition metal atoms. Following the development of POMs chemistry, several types of 

structures have been found, and there are six fundamental POMs structures which are most 

widely used in research 1) Anderson; 2) Lindqvist; 3) Waugh; 4) Wells-Dawson; 5) Keggin; 

and 6) Silverton, which are the most representative and important compounds in the POMs 

family (as shown in Figure 6). These structures can be distinguished by the ratio of the addenda 

atoms to the hetero atoms as follows: Keggin and Silverton structures have a 1:12 ratio, Dawson 

and Waugh have a 1:9 ratio, and Anderson has a 1:6 ratio and Lindqvist has a 6:19 ratio. Apart 

from these abovementioned plenary structures, the lacunary POMs species can be obtained 

through the hydrolytic removal of one or more metal sites from Keggin or Dawson anions, 

resulting in so-called lacunary POMs (such as [SiW12O40]
4- → [SiW11O39]

8- + “WO4+”), in 

which empty vacancy sites are available for further functionalization with the addition of new 

metal ions.[51] 

 

 Figure 6. Six typical structures of POMs: Anderson, Lindqvist, Waugh, Wells-Dawson, Keggin, and Silverton.[52] 

Reprinted with permission. Copyright 2023, Royal Society of Chemistry. 

 

POMs can achieve metal and/or counter-cation exchange without structure decomposition, the 

derivatives not only expand the overall structural versatility of POMs, but also enhance their 
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physicochemical properties.[53] Due to the uniqueness and versatility of special structures, 

POMs possess a wealth of physicochemical characteristics, including: 1) good thermal 

stabilities, large molecular sizes (around 1 nm), and relatively high molecular weights; 2) highly 

concentrated, often non-toxic (Mo, W), non-volatile, and soluble in various solvents such as 

water, ethanol, acetone, acetonitrile; 3) superior redox properties. Benefiting from its multiple 

metal centers, POMs are capable of reversibly accepting and releasing multi-electron through 

redox reactions. By adjusting the structure and composition of POMs, the redox properties can 

be easily tuned; 4) possibly functionalized by organic ligands to obtain various 

organic/inorganic hybrid materials and effectively improve physicochemical properties. 

Notably, POM clusters have been used as active materials in numerous fields, ranging from 

catalysis to clinical medicine.  In particular, POMs exhibit enormous promise for practical 

applications in the energy-related realm, including electrocatalysis, photocatalysis and energy 

storage/conversion devices (such as supercapacitors, fuel cells and RFBs). The multi-electron 

redox properties, excellent stability, high solubility, tunable redox potential, and customizable 

structure make POMs highly promising for RFB application, as well as exhibiting significant 

potential in addressing challenges related to renewable energy storage.[54] Over the past few 

years, RFBs based on POMs have emerged as one of the hotspots in research, and a series of 

advanced RFBs have been reported (as shown in Figure 7).[55]  

 

The earliest research work on RFBs based on POMs was conducted by Sun and colleagues in 

1997, they studied an asymmetric aqueous RFB with Keggin POM H3[PMo12O40] as anolyte 

active species and Fe3+/Fe2+ as catholyte active species.[56] Later, Xiang and coworkers reported 

an aqueous RFB utilizing H6[CoW12O40], which demonstrated reversible transfer of three 

electrons per cluster species, and enabled a symmetric RFB operation.[57] Subsequently, the Lu 

group changed the counter cations (Li+/Na+/K+/H+) of heteropoly acid cluster and found 

H6[P2W18O62] exhibited high solubility of 0.74 M, the number of electrons transferred and the 

respective redox potentials were tuned by substituting the heteroatom template in the Keggin-

type POM cluster, which endows two one-electron redox process and enables this clusters a 

promising application in RFBs.[58] Furthermore, Matson et al. investigated a series of NRFBs 

based on Lindqvist POMs [V6O7(OR)12] (R=CH3, CH5) as well as their derivatives with 

different heteroatoms and alkoxide ligands.[59] Very recently, Chen and coworkers investigated 

a symmetric RFB based on [(CoO4)W12O36]
6- ({CoW12}) cluster with the pH-controlled 

operating voltage output. They utilized DFT calculation to disclose the proton-coupled electron 
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transfer process of the {W12O36} shell in thermodynamically and kinetically, explaining the 

negative shift of the redox potential of {W12O36} shell as the pH increased from 1 to 4. Notably, 

the stable redox potential of {CoW12} cluster leads to an extension of the voltage window from 

1.31 to 1.56 V. Consequently, the cycling measurement of the symmetrical RFB shows a low 

specific capacity degradation rate.[60]   

 

Figure 7. Fig. 1. (A) Development history of POM-RFBs. (||: Separator symbol for the anode and cathode of RFB. 

ARFB, A: Aqueous. NARFB, NA: Non-aqueous.) Ball-and-stick representation for POM structures of (B) 

Lindqvist type, (C) Keggin type, and (D) Dawson type.[55] Reprinted with permission. Copyright 2024, Elsevier. 

 

However, these previously reported POMs-based RFBs (both aqueous ones and non-aqueous 

ones) only allow no more than four-electron transfers over different oxidation states, requiring 

asymmetric configuration and/or different concentrations of electrolyte to handle charge 

imbalances. Thus, it is still challenging to develop POMs for RFBs to enable multi-electron 

storage and release in symmetric systems with high operation voltage. In addition, developing 

the redox POMs species with high solubility, good electrochemical reversibility and stability, 

are vital for future research to enhance the overall performance of RFBs for their large-scale 

implementation to enable our society’s sustainable future.  



1. Introduction 

 
 

 

21 
 

1.3 Zinc-air batteries  

1.3.1 Metal-air batteries  

Metal-air batteries (MABs) have received ever-increasing research interest as an emerging EES 

technology for the practice of portable electronics, electric vehicles, and stationary power plants, 

particularly owing to their high energy density, availability, safety, and low cost.[61] Unlike 

other conventional EES batteries where the reagents are stored within the isolated cells, MABs 

utilize oxygen from the atmosphere at the cathode, thus they are consequently considered as a 

hybrid of fuel cells and batteries integrated into an open cell system. Due to the air-breathing 

structure without the bulky cathode chamber, MABs have high theoretical energy densities 

(energy per unit weight) in the range of 1353-11429 Wh kg-1 (calculated by the common Zn-, 

Al-, Mg- and Li-air batteries), which are about 3-30 times higher than that of lithium-ion 

battery.[62] In general, a MAB consists of a metal anode saturated in an appropriate electrolyte 

(aqueous or nonaqueous), a porous air cathode absorbing the surrounding air, as well as a proper 

separator mechanically disconnecting the anode and cathode (as shown in Figure 8). The metal 

anode can be alkali metals (e.g., Li), alkaline earth metals (e.g., Mg), earth-abundant metals 

(e.g., Al), or first-row transition metals (e.g., Zn) with good electrochemical equivalence.[63] 

 

Figure 8. Schematic configuration and operation principle for (a) aqueous and (b) nonaqueous metal–air 

batteries.[62] Reprinted with permission. Copyright 2017, American Chemical Society 

 

Regarding the electrolyte of MABs, there are two categories of aqueous and nonaqueous 

systems that undergo different electrochemical reactions.[64] The aqueous electrolyte is of 

particular interest in terms of high operation safety, great ionic conductivity of approximately 

1 S cm-1, low cost, and environmental benignity.[65] The working principle of aqueous metal-

air batteries is illustrated as following equations: 
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Anode: M ↔ Mn+ + ne- (1.9) 

Cathode: O2 + 4e- + 2H2O ↔ 4OH- (1.10) 

Notably, Li, Na, and K in the metallic form are highly sensitive to water and oxygen, which are 

incompatible with aqueous electrolytes.  In contrast, Mg, Fe, Zn and Al-based MABs are, to 

some extent, compatible with aqueous electrolytes since their surfaces can be passivated by the 

corresponding metal oxides and hydroxides.[66] However, due to the low reduction potentials 

(e.g., -2.372 V for Mg and -1.662 V for Al), they have the problems of fast self-discharge via 

hydrogen evolution reaction (HER), resulting in severe parasitic corrosion on Mg and Al 

electrode surfaces.[67] Moreover, Mg and Al electrodeposition in aqueous electrolytes is 

thermodynamically impossible, which limits their broad application. Furthermore, Fe-air 

batteries present a very low practical energy density of about 60-80 Wh kg-1 and therefore 

cannot be utilized for high-energy demanding applications. Zn-air batteries (ZABs), on the 

other hand, are rechargeable and have great stability in an aqueous media. Benefiting from its 

greater volumetric energy density (6136 Wh L-1) and cell voltage (1.66 V), ZABs appear to be 

more viable for large-scale practical applications than other MABs.[68] 

 

Because metallic Li, Na, and K are plagued by their inherent instability with water in the 

aqueous electrolyte, the MABs based on these metals must utilize non-aqueous electrolytes to 

enable stable operations.[69] The corresponding working principle is depicted as below: 

Anode: M ↔ M+ + e- (1.11) 

Cathode: xM + O2 + xe-  ↔ MxO2 (x=1 or 2) (1.12) 

Compared to aqueous MABs, nonaqueous MABs involve more complicated fabrication 

processes and face even more serious challenges including: 1) the inherent safety issue 

attributed to the flammable organic electrolytes; 2) the low ionic conductivity of around 1-10 

mS cm-1; 3) the high cost due to the rigorous manufacturing requirements; and 4) the potential 

environmental pollution.[70]  

 

1.3.2 Zinc-air batteries 

ZABs are well-known as one of the most ideal battery technologies for next generation EES 

devices because of the following merits: 1) high theoretical energy density (1086 Wh kg-1); 2) 

abundant reserves of zinc metal (Zn is the 4th most abundant in the earth crust, which is about 

300 times greater than that of Li); 3) good rechargeability (only Zn-air batteries can be 

electrically rechargeable in aqueous electrolyte, while the Al- and Mg-air batteries need to be 
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recharged via mechanically changing the metal anodes that cannot be directly reduced from 

metal ions to metallic form in the aqueous electrolyte); 4) low manufacturing cost and good 

feasibility for commercialization; 5) high safety (enables ZABs compatible with 

portable/wearable electronic devices and hybrid/electric vehicles); and 6) eco-friendliness. 

Over the past few decades, both primary and secondary ZABs have received substantial 

attention from academia and industry. Especially, the rechargeable ZABs are regarded as one 

of the most promising EES devices for future large-scale applications.[71]  

 

As shown in Figure 9, a typical rechargeable ZAB consists of four essential components: Zn 

metal anode; an alkaline aqueous electrolyte; a separator; and an air cathode. Regarding the 

working principle of ZABs, the discharging process of ZABs involves the coupling of the 

cathodic oxygen reduction reaction (ORR) and Zn anodization reaction. Typically, O2 diffuses 

into the air cathode, and then is reduced to OH- ions, the generated OH- ions migrate to the Zn 

anode. Meanwhile, metal Zn is oxidized to release Zn2+ ions, which then combine with the 

migrated OH- ions to form [Zn(OH)4]
2-. When the concentration of [Zn(OH)4]

2- in the 

electrolyte reaches a saturated state, it will decompose into ZnO products. However, the 

insulating properties ZnO make it more difficult for the Zn anode to further release Zn2+ ions, 

which decreases the effective contact interface between the electrolyte and Zn anode, thereby 

reducing the overall efficiency of the battery.  

 

Figure 9. (a) Schematic illustration of the reaction mechanisms for alkaline ZABs. (b) Schematic operation 

principle of bifunctional oxygen electrocatalysis at the triphase reaction interface.[72] Reprinted with permission. 

Copyright 2023, Royal Society of Chemistry.  

 

During the charging process, it involves the oxygen evolution reaction (OER, the reverse 

reaction of the ORR) and its thermodynamic equilibrium potential is 1.23 V vs RHE. The 

corresponding charge process is as follows: OH- ions are oxidized to O2 at the cathode and the 
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Zn2+ ions in the electrolyte are reduced to metallic Zn and deposited on the anode surface.[72] 

The complete discharge/charge processes of ZABs can be illustrated as the below equations: 

Anode: 
Zn + 4OH- ↔ [Zn(OH)4]

2- + 2e- (1.13) 

[Zn(OH)4]
2- ↔ ZnO + H2O + 2OH- (1.14) 

Cathode: O2 + 2H2O + 4e-  ↔ 4OH- (1.15) 

Overall reaction: 2Zn + O2 ↔ 2ZnO (1.16) 

 

1.3.2.1 Zn anode 

In the case of sufficient O2 at the air cathode, the Zn anode is critical in determining the overall 

capacity of the ZABs. An ideal Zn anode should exhibit high material utilization and high 

efficiency, thereby giving rise to outstanding capacity and reversibility. Hence, the Zn 

deposition/dissolution reaction is as important as the ORR/OER performance in affecting the 

overall performance of rechargeable ZABs. Especially, one major reason for performance loss 

of ZABs during long-term cycling is the unstable interface caused by the passivation of the Zn 

anode.[73] The unstable transition between Zn and ZnO in electrolytes also leads to critical issues, 

which seriously affect the stable operation of ZABs. In general, the Zn electrode is primarily 

restricted by the four following issues including 1) dendrite formation; 2) shape change; 3) 

surface passivation; and 4) hydrogen evolution. It is worth noting that these four factors often 

interact with one another and impact the battery performance over time, eventually resulting in 

battery failure. Up to now, the long-term reversibility of Zn in most electrolytes is still far from 

satisfactory. Thus, the implementation of Zn anode stabilization strategies to achieve high-rate 

and long-term cycling ZABs has been a hot topic in the realm of ZABs.[74]  

 

Zinc dendrites refer to sharp and needle-like metallic protrusions that formed under certain 

conditions (e.g., high current density) during the ZABs charging process. Theoretically, the 

dendritic morphologies result from the inhomogeneous electrodeposition of Zn during the 

charging process, while the Zn species in the electrolyte are reduced and subsequently 

redeposited on the surface of the Zn electrode. These needle-like dendrites could even puncture 

the separators and directly contact the air cathode, causing a short circuit. In addition, these Zn 

dendrites can fracture and disconnect from the Zn electrode surface, thus giving rise to losses 

in ZABs capacity.[75] Several methods have been explored to solve zinc regeneration problems, 

including 1) designing a porous electrode to inhibit the growth of zinc dendrites; 2) adjusting 

the orientation of the ZABs (horizontal orientation gives better deposit quality in terms of 
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compactness and uniformity, which affects the deposited zinc morphology); 3) flowing 

electrolytes is also beneficial to obtain a more uniform zinc deposit; 4) adding alcohols and 

acetates into the electrolyte prevents the transformation of zincate into ZnO. [76,77]  

 

The improvement of the performance of ZABs has been studied by increasing the surface area 

of the zinc anode since finer-sized zinc particles can react more efficiently. Especially, the Zn 

anode with a larger surface area is favorable to increase discharge performance at high flowing 

rates. Increasing the Zn anode surface also inhibits the formation of the insulating layer (ZnO), 

enhancing the utilization efficiency of the zinc.  Conventional zinc anode consists of zinc 

powder and polymer binder, which exhibited a limited specific discharge capacity (less than 60 

% of theoretical value) resulting from the frustrating electronic conductivity of passive 

interface.[73] Besides, the rechargeability of the ZABs is greatly decreased by this local dendritic 

growth of zinc. Therefore, the morphology engineering of porous zinc electrodes is an effective 

means to address these problems. For example, Long, et al. reported zinc sponge anode with a 

porous monolithic three-dimensional structure, demonstrating a high utilization efficiency of 

zinc metal of 90 % in a primary ZAB.[78] 

 

Moreover, the corrosion rate of zinc anode also increases along with the more exposed interface 

to the alkaline electrolyte. Normally, zinc corrosion rate is not fast compared with other metals 

used as anode in MABs. However, the reduction potential of zinc is more negative than 

hydrogen, which spontaneously leads to hydrogen gas evolution on the surface of the zinc anode. 

During the anodic discharge process of the ZABs, the side reaction of H2 evolution is 

particularly problematic, causing capacity loss and eventually reducing the lifespan of the 

ZABs.[79] Many strategies have been utilized to restrain the self-corrosion of Zn electrodes, such 

as alloy engineering, surface coating and introducing additives. It was reported that the Zn alloy 

with Ni and In, which have high hydrogen evolution overvoltage and effectively shifts the 

hydrogen evolution potentials to more negative values.[80]  Another approach is the coating of 

the Zn anode with other materials (e.g. Al2O3), the coating layer is believed to protect the zinc 

surface from directly contacting the alkaline electrolyte which prevents the Zn anode from side 

reactions in the cell.[81] Introducing additives (e.g. zinc oxide, silicon dioxide, and surfactants) 

is also a solution to overcome the undesirable hydrogen evolution.[82]  
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1.3.2.2 Electrolyte  

As a medium of ionic migration during charge/discharge processes, the electrolyte's 

conductivity affects the ohmic resistance and overall performance of ZABs. The 

physicochemical properties of electrolytes are closely associated with the solvation and 

transporting behaviors of cations/anions. An ideal ZAB electrolyte should have the following 

features: 1) high solubility and fast diffusion capability of O2; 2) wide electrochemical window; 

3) low volatility and flammability; 4) stable electrolyte-electrode interface layer; and 5) good 

wettability.[83] There are mainly three types of electrolytes that can be used in ZABs: aqueous 

alkaline solution, ionic-liquid and solid-state electrolyte. Generally, highly concentrated 

aqueous alkaline electrolytes (e.g., potassium hydroxide (KOH) or sodium hydroxide (NaOH)) 

are used for most ZABs to inhibit the anodic passivation and to increase the solubility of Zn 

species in the electrolyte. Aqueous KOH solutions are usually preferable to NaOH solutions 

due to their higher oxygen diffusion coefficients, lower viscosity and higher ionic conductivity. 

The solubility of Zn species in 1 mol L-1 KOH is limited to ca. 1 mol L-1, but the solubility 

increases at higher KOH concentrations. Therefore, 6 M KOH is employed in most research 

work on ZABs. Some additives are added to the electrolyte to solve problems associated with 

the Zn anode, including dendrite formation, Zn corrosion and hydrogen evolution as mentioned 

above. However, aqueous electrolytes can easily permeate the air cathode, causing air electrode 

flooding and blocking the pores for air diffusion. Besides, KOH in the electrolyte can react with 

CO2 in the air and then precipitate as K2CO3 in the air cathode, increasing the electrolyte 

resistance. Moreover, the aqueous electrolyte can evaporate gradually during long-term 

operation, especially in low-humidity conditions, shortening the lifespan of ZABs.[84] 

 

As such, room-temperature ionic liquids and solid-state electrolytes have been developed as a 

replacement for aqueous electrolytes in ZABs. Ionic liquids are salts in a liquid state, consisting 

of large organic cations and anions.[85] The wide electrochemical window and high thermal 

stability make ionic liquids good candidates as electrolytes in various batteries. They exhibit 

low vapor pressure and are, therefore, not easily vaporized in an open battery system. Zinc 

dendrite growth can also be suppressed by using ionic liquids as electrolytes.  However, their 

high intrinsic viscosity and low ionic conductivity seriously limit their application in ZABs. 

Besides, the ORR and OER processes rely on the diffusion of oxygen and the transfer of OH-, 

which cannot proceed easily in a pure aprotic ionic liquid electrolyte.  
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On the other hand, solid-state electrolytes, such as hydroponics gel electrolytes can increase the 

performance of ZABs and lifespan, as well as minimize water loss.[86] Solid-state electrolytes 

normally use gel polymers as the framework to provide support for the conductive KOH 

solution, the ionic conductivity of these solid-state electrolytes can be as high as 0.3 S cm-1 at 

room temperature, which is close to the conductivity of 6 M KOH aqueous electrolyte. Notably, 

solid-state electrolytes are more compatible with portable or flexible ZABs since they can 

change their shapes with different battery designs and will not leak like aqueous electrolytes. 

In addition, they can also inhibit the dendritic growth of the Zn electrode during the charging 

process. So far, a series of KOH-based gel electrolytes have been fabricated to make solid-state 

electrolytes for ZABs. Different polymers such as polyvinyl alcohol, polyethylene glycol, 

polyvinylpyrrolidone, etc. severed as gelling agents have been investigated.[87] However, the 

disadvantages of solid-state electrolytes come from their poor interfacial interaction with 

electrodes, generating a high interfacial resistance and significantly reducing the reaction 

current. Particularly, solid-state electrolytes also serve as separators in ZABs, but their poor 

mechanical strength might result in an internal short circuit. Furthermore, the high intrinsic 

viscosity and low ionic conductivity of solid-state electrolytes also limit their application in 

ZABs. 

 

1.3.2.3 Separator 

Separators are essential to prevent short circuits of the ZABs cell, and selectively transport 

hydroxide (OH-) ions between the air cathode and Zn anode.[88,89] Thus, to guarantee the safety 

and long-term reliability of the ZABs, an ideal separator have the following properties: 1) 

chemically inertness in a concentrated alkaline electrolyte; 2) high ions selectivity to minimize 

the crossover of zincate ([Zn(OH)4]
2-) ions; 3) high ionic conductivity to reduce the ohmic loss; 

4) a wide electrochemical window that exceeds the working potential range of ZABs (0.8 to 2.4 

V); 5) excellent mechanical robustness to deal with the possible perforation by Zn dendrite 

growth; 6) cost-effectiveness in manufacturing. Most of the separators currently used in ZABs 

are porous membranes and anion exchange membranes, which have been adapted from Li-ion 

and nickel batteries.  

 

Despite the relatively good chemical stability and low costs of these commercial porous 

membranes, such as Celgard 4560 and Celgard 5550 (Celgard LLC), the significant crossover 

of [Zn(OH)4]
2- species from the Zn electrode to the air cathode during the discharging process 
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has been reported to increase cell polarization and result in capacity fading of the ZABs.[88] This 

problem can be addressed by introducing an ion-selective function material to the separators, 

forming Zn and mixed-phase deposits in the surface layer. This ion-selective function is 

normally achieved by coating a commercial separator with a barrier layer. For example, an ionic 

liquid-induced copolymer was coated on a PP membrane, which showed a 96% reduction in 

zincate ion crossover.[90]  

 

As safer and environmentally benign OH- conductors, anion exchange membranes (AEMs) can 

achieve directional and fast ion transport via nanochannels. The discharge capacity of the ZABs 

was increased by six times when the anion exchange membrane was used instead of Celgard 

separators. The A201 membrane is a mature commercial AEM, but its implementation in ZABs 

is severely hampered by its low water retention and poor ionic conductivity.[91] AEMs can 

enhance the stability of the air cathode and make the three-phase interface more stable. Chen 

for the first time prepared porous alkaline AEMs with high flexibility and high conductivity, 

which were made of functionalized nanocellulose. Compared to the A201 membrane, these 

AEMs had excellent conductivity of OH- ions, good water retention capacity in nanopore 

structure, and low anisotropic swelling property, which improved the discharging capability 

and cycling stability of ZABs. Wang and colleagues constructed hierarchically nanostructured 

AEMs through the nanoconfined polymerization of a dual-cation ionic liquid within a 3D 

porous cationic matrix.[92] The reinforced architecture impregnated with highly conductive 

poly-ionic liquids in the robust networks simultaneously achieved both high ionic conductivity 

of 286.5 mS cm-1 and high mechanical robustness. The abundant OH- on the matrix surface 

promoted the rapid conduction of OH- through the Grotthus mechanism. In poly-ionic liquids, 

the OH- ions are conducted by the vehicle mechanism due to their extremely high hydrophilic 

and water-retaining performance. The combination of the two conduction mechanisms 

endowed the AEMs with ultra-high ionic conductivity. However, the relatively more expensive 

cost of these separators is a challenge for large-scale practical applications.  

  

1.3.2.4 Air cathode 

The performance and energy efficiency of rechargeable ZABs are also greatly affected by the 

air cathodes, which are responsible for both ORR during discharging and OER during charging 

over the ZABs’ operation. It is worth mentioning that, compared with the Zn electrode 

reactions, the air cathode reactions have a larger energy barrier that needs to be overcome. 
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Generally, a typical air cathode serves a variety of functions including providing O2 diffusion 

channels, enhancing ion transport and electron transfer, facilitating oxygen electrochemical 

catalytic activity, etc.[72,93] To achieve these purposes, four important surface/interface 

properties of the air electrode are required: 1) sufficient reaction area is are essential for 

electrocatalysis. Electrocatalysts with a large specific surface area can offer enough exposed 

active sites for catalyzing OER/ORR, while an air electrode with sufficient reaction area can 

provide pore channels for efficient mass transfer and oxygen diffusion at the three-phase zone, 

and load enough electrocatalyst as well; 2) high electrical conductivity of the electrocatalyst 

and air electrode, which facilitating the charge transfer process and reducing electrochemical 

polarization; 3) efficient bifunctional electrocatalysts with excellent stability and activity, 

reducing the reaction energy barriers for ORR and OER; 4) Fast mass transfer capability of the 

air electrode can endow adequate oxygen and ions for oxygen electrocatalysis , reducing the 

concentration polarization during the reaction process.  

 

Typically, an air electrode consists of a hydrophobic gas diffusion layer (GDL) and a 

hydrophilic catalyst-loaded layer. The GDL of ZABs should fulfill the following functions: 1) 

provide a physical substrate for catalyst loading; 2) facilitate the rapid diffusion of oxygen to 

the catalyst; 3) prevent electrolyte leakage; and 4) provide a conductive channel for electrons. 

Thus, the desirable GDL should be very porous and hydrophobic and have efficient gas 

diffusion capability, high electrolyte repellency, good mechanical integrity, and excellent 

electrical conductivity, as well as electrochemical/chemical stability in strong alkaline 

electrolytes in ZABs. In addition, the degree of hydrophobicity affects the polarization behavior 

of the ZABs in terms of conductivity (ohmic resistance) and gas permeability (mass transfer), 

which can be tuned by adding polymer binders (e.g., polytetrafluoroethylene (PTFE)).[94,95] The 

most widely used GDL is carbon cloth due to its excellent mechanical flexibility for flexible 

ZABs. However, these carbon-based GDLs are prone to corrosion in alkaline media, resulting 

in the loss of the active surface area for oxygen electrocatalysis, uneven current distribution on 

the cathode surface, and serious electrolyte leakage. Furthermore, dissolved carbonate species 

stemming from carbon corrosion of GDLs hurt the ionic conductivity of the electrolyte. 

Therefore, the development of highly corrosion-resistant graphitized carbon materials or metal-

based materials is necessary to achieve the stable ZABs operation. In some cases, stainless-steel 

mesh and nickel/copper foam are also utilized as current collectors to enhance the electrical 

conductivity and electrochemical stability of the GDLs.  
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The catalyst layer is generally made up of electrocatalysts, acetylene black with high surface 

area and PTFE binder.  Electrocatalysts directly face with the electrolyte to construct a so-called 

three-phase gas (O2)/solid(catalyst)/liquid(electrolyte) interface for oxygen redox reactions.[72] 

Due to the limitation of oxygen solubility in liquids, the catalyst layer should have a high 

specific surface area, providing enough reaction centers for oxygen reactions. Besides, 

favorable hydrophobicity is also required to facilitate the rapid mass transfer and oxygen 

diffusion. Therefore, acetylene black with high surface area can boost the hydrophilicity of the 

air cathode, and a PTFE binder is introduced in the active layer to get an optimal balance for 

hydrophilic properties. In particular, the ORR and OER are known as the kinetical-limiting 

reactions which greatly impact the performance of ZABs due to their high reaction energy 

barrier. Therefore, the rational design for air electrodes with appropriate interfacial structure 

and hydrophilicity, as well as strong electrical conductivity for rapid electron transport, is 

critical to achieve high-performance ZABs. More importantly, the development of high-

performance bifunctional electrocatalysts for both ORR and the OER is urgently required to 

reduce overpotentials and promote oxygen electrocatalysis reactions.  

 

1.3.3 Oxygen electrocatalysts for ZABs 

It is acknowledged that the electrocatalytic ORR and OER are kinetically limiting reactions 

which determine the power output and cycling stability of ZABs due to their high reaction 

energy barriers.[96] Thus, it is of great importance to develop appropriate bifunctional 

electrocatalysts to decrease the high ORR/OER overpotentials.  Moreover, the improvement of 

ORR and OER also exerts a significant influence in the performance of other MABs, fuel cells, 

water splitting processes and photo-electrochemical devices.[97] Therefore, a deeper 

understanding of the mechanism of ORR and OER is necessary.  

 

1.3.3.1 Oxygen electrocatalysis in alkaline electrolyte 

Generally, the ORR is a multi-electron transfer process in alkaline media that includes two 

different reaction pathways according to the surface properties of the catalysts: an indirect two-

electron (2e-) process to firstly form OOH-
 which then convert to H2O or OH- and a direct four-

electron (4e-) process to generate H2O or OH-
 (as described in the equations below).[98]  

Direct 4e- pathway: O2 + 2H2O + 4e- → 4OH- (1.17) 

Indirect 2e- pathway: 
O2 + H2O + 2e- → OOH- + OH- (1.18) 

OOH- + H2O + 2e- → 3OH- (1.19) 
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Thermodynamically, the selectivity of the 4e- or 2e- route mainly depends on the reactant and 

intermediate adsorption energies, as well as their dissociation reaction barriers on the active 

surface. The direct 4e- process for the ORR is more efficient and desirable in practical 

applications than the 2e- process which generates peroxide species (OOH-), causing carbon 

corrosion and performance degradation. Two possible mechanisms for the 4e- ORR pathway in 

alkaline media have been proposed: a dissociative mechanism and an associative mechanism. 

The dissociation mechanism can be described as the following procedure: Firstly, O2 is 

adsorbed to the catalyst surface, followed by breaking the O-O bond and forming two adsorbed 

atomic O* species (* represents a catalytically active site on the catalyst surface.). The resulting 

O* species then reacts with hydrogen to create OH* and eventually generates OH-.  The ORR 

process can alternatively be gone through the following associative mechanism: The oxygen 

adsorption in the active center produces O2*, which first combines with hydrogen to form 

OOH*, and then the O-O bond is broken to produce O* and OH*. Finally, the products O* and 

OH* combine with hydrogen to generate the final product OH-. In particular, whether the 

reaction proceeds in a dissociative or associative manner is determined by the reaction energy 

barrier for O-O bond breaking and the initial dissociation of O2.  

 

The OER is essentially the reverse reaction of the ORR process which occurs as an anodic 

reaction of rechargeable ZABs.[99] Through the OER procedure, HO- is oxidized to generate O2, 

the reaction equation in the alkaline electrolyte is depicted below: 

 4OH- → O2 + 2H2O + 4e-  (1.20) 

The OER not only involves multiple electron transfer steps but also needs to overcome 

substantial reaction energy barriers. In general, four O-H bonds are broken, and two O-O bonds 

are formed during the chemical process, resulting in extremely sluggish kinetics. Two possible 

pathways for OER mechanisms are proposed: 1) direct binding of two O* to produce O2; or 2) 

production of OOH*, which is then transformed to O2.  

 

Currently, ORR/OER electrocatalysts for the air cathode in ZABs have been intensively 

explored. Nevertheless, rechargeable ZABs still suffer from low output power density, limited 

cycling stability, and poor discharge voltage plateaus, which gravely hinder their future large-

scale commercial applications. One of the major obstacles affecting the performance of 

rechargeable ZABs is the high overpotential at the air electrode, which is caused by the sluggish 

kinetics of oxygen reactions (ORR/OER).[99,100] Therefore, the design of efficient and robust 
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oxygen electrocatalysts is very urgent for improving the ZABs overall performance. Based on 

the functions of the electrocatalyst in ORR/OER reactions, the catalyst should possess the 

following properties: 1) large specific surface area to expose more active sites; 2) appropriate 

interaction with oxygen-containing intermediates (if the binding is too weak, adsorption 

becomes difficult; if the binding is too strong, desorption is challenging); 3) stable during the 

electrochemical reaction (the catalyst should be able to resist the oxidization or reduction by 

reactants under the operating potentials); 4) great electronic conductivity to enable fast electron 

transfer. Generally, electrocatalysts for ORR/OER can be classified into three categories: noble 

metal catalysts, carbonaceous catalysts and transition metal catalysts, which will be discussed 

in the following sections. 

 

1.3.3.2 Noble metal catalysts  

Currently, platinum group metals (PGMs) have been widely investigated as oxygen 

electrocatalysts for application in ZABs owing to their optimal electronic structures. 

Nevertheless, the commercial carbon-supported PGM nanoparticles suffer from severe 

agglomeration or deformation during long-term operation, resulting in deactivation and inferior 

stability of the ZABs.[101] In particular, the nano-sized platinum particles dispersed on the 

carbon matrix with high surface area, are considered as the commercial benchmark material for 

comparison when evaluating other oxygen catalysts due to their superior performance in ORR. 

However, the scarce sources of Pt make them prohibitively expensive for large-scale 

application in practice. Furthermore, the limited selectivity, high cost, and poor long-term 

durability of Pt catalyst, all posing challenges for its practical utilization in ZABs.[102] There are 

two proposed strategies to reduce the cost of using Pt: One approach is to fabricate an atomically 

dispersed Pt-based catalyst with a high surface area, exposing more active sites and maximizing 

the Pt atom utilization efficiency; another method is to alloy Pt with other cheap transition 

metals (such as Ni, Fe or Co) to develop intermetallic compounds with good performance. Other 

noble metals like Pd and Ag have also been investigated as ORR catalysts because of their 

relatively low cost and reasonable performance.  Cabrera et al. reported the bimetallic alloys 

with atomically precise noble metal Pd@Ag/C, which greatly enhanced the ORR reaction 

kinetics and electron transferred rate.[103] However, the large-scale application of these noble-

based catalysts is always limited by their scarcity and poor durability.  

 

The benchmark for OER are Ru- and Ir-based catalysts (e.g., RuO2 and IrO2) in both alkaline 
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and acidic electrolytes. Tobias et al. assessed and compared the OER capability of Ru, Ir and 

Pt catalysts, revealing that their OER activities in nanoparticle form decreased in the following 

order: oxidized Ru > oxidized Ir > oxidized Pt.[104] For these PGMs-based OER catalysts, the 

ligand effect, strain effect, and synergistic effect can adjust their interaction with the reaction 

intermediates, which are regarded as the main reasons for their enhanced performance. 

However, they also suffer from a lack of resources, high cost, as well as low durability, limiting 

their practical implementation. Therefore, developing cost-efficient ORR/OER electrocatalysts 

with high activity and outstanding durability is critical for good-performance ZABs.  

 

1.3.3.3 Carbonaceous catalysts  

Carbonaceous materials (e.g., graphene, carbon nanotubes, porous nanocarbons) are regarded 

as effective oxygen catalysts for ZABs due to their low cost, high surface area, excellent 

electrical conductivity and high stability in alkaline electrolytes.[105] For example, graphite has 

excellent conductivity due to the -bonding within the hexagonal plane with sp2 hybridization 

when compared with the sp3 hybridized carbon (such as diamond). However, the 

electrocatalytic activities of pure carbon materials are still unsatisfactory. Doping heteroatoms 

(e.g., N, P, S, F, and B) could improve their ORR/OER activities by tuning the electronic 

structure of the neighboring carbon atoms, and controlling the local charge density distribution 

as well.[106] For example, the doping of nitrogen can introduce defects into the graphite layer 

and create more edge-plane sites, the nitrogen doping is normally achieved by the pyrolysis of 

nitrogen-containing hydrocarbons. Notably, only the pyridinic, pyrrolic, and graphitic N atoms 

with a planar structure can boost the catalytic activity.[107] N-doped carbonaceous materials (like 

carbon nanotubes and graphene) also have received extensive attention because of their high 

surface area and electrical conductivity, which can either be used as electrocatalysts 

independently or serve as the substrate for metal-based catalysts. For example, Lopez-Salas et 

al. prepared a CuII/CuI decorated N-doped carbonaceous ORR electrocatalyst, which exhibited 

promising performance with a larger limiting current (-7.4 mA cm2) and faster reaction rate.[108]     

 

1.3.3.4 Transition metal catalysts 

Transition metals, and their oxides have been revealed as promising alternatives to the precious 

metals-based ORR/OER catalysts due to their intrinsically high activity and sufficient stability 

in oxidative electrochemical environments.[102,109]
 Besides, transition metal oxides (TMOs) are 

cheaper and easier to obtain with high abundance, making them more feasible for commercial 
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application.[100]  In addition to their inherent electrochemical properties, TMOs are highly 

attractive candidates in electrochemical and materials research due to their structural diversity 

and their ability to be mixed, doped, or combined with other materials (such as graphene).[110] 

Among the wide range of these transition metals and metal oxides, cobalt, manganese, nickel, 

and iron, have been extensively explored as bifunctional catalysts, capable of simultaneously 

catalyzing ORR and OER for energy storage and conversion devices.  

 

Basically, TMOs are unique in that they can form more than one cationic oxidation state, which 

is pertinent to their capability as electrocatalysts. Due to their variable valence states, metal 

oxidizes can easily transition between different oxidation states during the ORR/OER process, 

better tolerating the reversible oxidation and reduction, thus improving the stability of these 

transition metal-based catalysts. Additionally, many TMOs have a spinel lattice structure and 

can accommodate a large number of disordered cations and vacancies, which is beneficial for 

electron transfer during both OER and ORR processes. Furthermore, mixed TMOs, formed by 

combining TMOs with post-TMOs or mixing two low-cost TMOs, often exhibit enhanced 

electrocatalytic performance for ORR and significantly higher electrical conductivity than 

simple TMOs. For instance, Shao et al. fabricated a bifunctional catalyst with a simple chemical 

reaction, which combined NiO and Mn2O3 together via covalently bridged carbon dots. This 

catalyst reached a limiting current of ca. 6 mA cm-2 during ORR and achieved a low 

overpotential of 298 mV at 10 mA cm-2 for OER.[111] As discussed above, the transition metals 

and metal oxides can also be combined with other materials (such as carbon-based substrates 

and organo-metallic frameworks), enhancing the catalytic activities of resulting catalysts owing 

to the synergistic effect.[100]  

 

In the search for efficient substitutes for noble metal catalysts, materials based on the earth-

abundant transition metal hydroxides (TMHs) have attracted wide attention because of their 

unique structural and physicochemical features.[112,113] Benefiting from their high-energy 

conversion efficiency and environmentally friendly properties, a great number of THM 

materials have been developed as electrocatalysts for electrochemical energy storage and 

conversion devices. Notably, the TMHs can be fabricated as self-supported electrodes via in-

situ construction onto the conductive substrates (such as Ni foam, carbon cloth and stainless 

steel mesh), which exhibit several merits compared with commercial powdery-type catalysts: 

1) facile fabrication (the direct utilization of conductive substrates without any complicated 
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process, simplifying the preparation process for electrodes); 2) the exemption of polymer binder 

as the adhesive reagent, ensuring fast electron transfer and avoiding the peeling issues; 3) the 

highly effective surface area with the 3D framework, significantly enhancing electrocatalytic 

performance. 

 

Among the nanostructures of TMHs (e.g., nanoparticle, nanowire, nanotube and nanosheet), 

the ultrathin two-dimensional (2D) nanosheets are considered as one of the most promising 

electrocatalysts for ORR/OER due to the sufficient active sites, highly effective surface area 

and short diffusion path lengths for ions and electrons. [114]
 Layered double hydroxides (LDHs) 

based on transition metals and their derivatives have gained increasing interest in the field of 

electrocatalysis, including NiFe-LDH, NiCo-LDH, and CoFe-LDH.[99]
 The most striking 

property of LDHs is the excellent ability to exchange anions. Almost all types of anions, 

including anionic inorganic micro-molecules and organic macromolecules, can be intercalated 

into the interlayer space of the LDHs by coprecipitation or anion exchange.[115] This property 

endows LDHs the variable electronic structures and adjustable interlayer distances with high 

surface area, which are the most important factors as catalysts or catalyst supports. Another 

important property is the LDHs memory effect. By calcination at high temperatures, LDHs 

could lose their interlayer anions and their hydrotalcite-like structure, then finally convert to 

layered double oxides with mixed metal oxides or spinel as the main component. Interestingly, 

these materials can easily restore their hydrotalcite-like structure with high intercalation 

capacity of anions when immersed in corresponding anion solutions. In addition, since many 

types of transition metals such as Fe, Ni, Co, etc., can be atomically dispersed into LDH carrier 

layers in a well-defined order, LDHs and layered double oxides also exhibit excellent catalytic 

activity towards ORR/OER processes. For examples, Wei et al. modified an organic molecule-

intercalated LDHs with single atomic Co sites (Co-N or Co-S), which demonstrated excellent 

OER/ORR catalytic performance and enabled efficient ZABs with open circuit voltage of 1.42 

V and a peak power density of 65 mW cm-2.[116]  

 

Transition metal sulfides (TMSs) are regarded as very promising electrocatalysts for ORR 

because of their good redox reversibility, excellent mechanical and thermal stability, as well as 

abundant resources in nature.[117] TMSs such as NiS2 and CoS2 have also been reported as 

promising ORR and OER electrocatalysts due to their attractive electrochemical nature. 

Researchers revealed that the activity of these transition metal sulfides is dependent on the 
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morphology and crystal structure of NiS2. However, recent studies have shown that TMSs are 

usually used as pre-catalysts under alkaline conditions because they are prone to self-

reconstruction or dissolution during OER.[118] Besides, metal sulfides need to be blended with 

conductive substrates or supports to modify conductivity because of their electronically 

insulating nature.[119] 

 

Similarly, the transition metal carbides (TMCs) also attracted lots of attention as ORR/OER 

electrocatalysts due to their excellent physical and chemical properties, such as high melting 

points, high electronic conductivity, and chemical stability.[120]
 For example, Tang et al. 

successfully synthesized a Mo/Co carbide electrocatalyst, which was applied to OER and 

displayed a low overpotential and good stability, showing the advantages of hybrid 

electrocatalysts over traditional ones.[121] Very recently, the emerging nanotechnology greatly 

improves the practical application of TMCs in OER, since it helps to overcome the large energy 

loss caused by the high-temperature calcination synthesis method, and it is extremely beneficial 

for the construction of surface morphology. Additionally, bimetallic carbide-based materials 

are also potentially promising candidates as OER and ORR electrocatalysts due to the 

incorporation of secondary metals, which can manipulate the electronic structure and expose 

abundant site activities. For instance, Lan et al. reported a bimetallic as superior electrocatalyst 

for OER, the Co6Mo6C2 composite exhibited highly electrocatalytic activity with a low 

overpotential of 260 mV versus RHE at 10 mA cm-2 and a small Tafel slope of 50 mV dec-1.[122] 

 

As for transition metal nitrides (TMNs), containing a variety of chemical bonds (metal bond, 

ionic bond and covalent bond) coexist, among which the ionic bond between metal atoms and 

nitrogen atoms can make the d-band shrink and narrow, endowing TMNs similar characteristics 

to precious metals in the electrocatalytic process. Thus, TMNs can be used as a substitute for 

precious metal catalysts for ORR and OER.[123] Notably, compared with carbon-based materials, 

TMNs have stronger corrosion resistance and higher stability; compared with metal 

oxides/hydroxides, TMNs have better conductivity; compared with the original metal, the TMN 

has a larger specific surface area to expose more active sites. In addition, doping TMNs with 

other metals to form bimetallic nitrides, introduce synergistic effect between different metals 

and cause changes in electronic structure, both of which contribute to the improvement of 

catalytic activity, such as Ni3FeN, Ni2.25Co0.75N and Ti0.8Co0.2N.[98] However, it is worth noting 

that although transition metal nitrides have excellent catalytic activity, there is still a notable 
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reactivity gap with noble metal catalysts. 

 

1.3.3.5 Transition metal-based single atom catalysts  

Transition metal single-atom catalysts (SACs) have gained widespread attention across various 

fields due to their nearly 100% utilization efficiency of metal atoms, excellent activity and 

selectivity, as well as interesting versatility in a wide range of applications.[124] Generally, SACs 

are materials with isolated metal atoms as active sites dispersed on a support at an atomic level. 

A SAC demonstrates many distinguished properties which are different from those of its 

nanostructured or sub-nanostructured counterparts. For instance, when the dispersion level of 

these metal atoms in the matrix reaches the atomic scale, there is a sharp increase in surface 

apparent energy, quantum size effect, unsaturated coordination environment, as well as a 

different interaction between the metal and the substrate, all these resulted characters endow 

the SACs with superior catalytic performance compared with their bulky and nanostructured 

counterparts.[125] The concepts of single-atom catalysis and SACs were first reported by Zhang 

and co-workers in 2011. They successfully synthesized single Pt atoms on FeOx for the catalysis 

of the CO oxidation reaction. Benefiting from the modified electronic structure of Pt and the 

charge transfer from Pt to FeOx, this SAC exhibited exceptional catalytic activity and 

stability.[126] The past few years have witnessed the progress of the construction of SACs as 

effective and cost-efficient catalysts for various reactions. The low-cost SACs that use diverse 

transition metals as active sites exhibit outstanding catalytic activity for the ORR/OER in ZABs 

and have been regarded as alternatives to noble metal-based catalysts. The most extensively 

studied and effective SACs for ZABs are M–Nx-C (M = Fe, Ni, Co, Mn, Cu, etc.; x = 2, 4, 6, 

etc.) supported on a carbonaceous matrix. In the Mx–N/C catalysts, the isolated active metal 

centers are usually dispersed on the carbon matrix and stabilized by covalent coordination or 

interaction of neighboring surface atoms such as nitrogen, oxygen or sulfur.[127,128] Even though 

M-Nx-C moiety-based SACs lack M-M bond to break the O-O bond for ORR, SACs still 

achieve high performance in the ORR through a four-electron pathway. It has been proposed 

that the highly dispersed and coordinatively unsaturated configuration of these catalysts, as well 

as the enhanced charge-transfer effect due to the interaction between metal and support, 

remarkably improves the catalytic active sites.[129] Their unique electronic configuration also 

results in the appropriate adsorption energies for oxygen-containing intermediates thus 

decreasing the free energies, which eventually contribute to improved intrinsic catalytic activity 

and the four-electron pathway for the ORR.[130]  
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However, SACs also suffer from certain limitations for practical applications. Firstly, single 

metal atoms tend to aggregate into nanoparticles due to their high specific surface energy, so 

the metal loading should be controlled at a very low level (generally around 1%) to ensure the 

effective distribution of isolated active sites, which weakens the overall activity of the SACs.[131] 

Secondly, most SACs only comprise a single configuration of a specific active site, making it 

challenging to break the linear scaling relationship between intermediates in complicated 

reactions which involve multiple reaction steps.[132] Furthermore, the single type of active site 

in SACs poses challenges for developing bifunctional catalysts involving multiple active 

sites.[133] To overcome these challenges, researchers have confirmed that the introduction of 

nonmental elements (metal-nonmetal-atom synergies) and metal atoms (dual-metal-atom 

synergies) in SACs can effectively regulate the electronic coordination environment of the 

active sites and construct dual-atom catalysts (DACs), thus achieving improved electrocatalytic 

performance.[134] As an extension of SACs, DACs not only retain all the advantages of SACs 

but also offer additional benefits. Particularly, DACs exhibit higher metal loading and flexible 

active sites that can adjust the d-band center through the electron orbitals interaction, thereby 

optimizing the adsorption energy of oxygen-containing intermediates on the active sites. 

Additionally, DACs can leverage the multiple active sites or synergistic effects to achieve more 

efficient catalysis. Given the tremendous potential of DACs and the requirement for developing 

bifunctional oxygen electrocatalysts for ZABs, considerable efforts have been dedicated to this 

realm.[135]  

 

Metal-nonmetal-atom DACs involve the substitution of coordination atoms with nonmetal 

elements in the first shell or beyond that shell, leading to the formation of new active sites and 

modifying the electronic configuration of the active sites. Alternatively, dual-metal-atom DACs 

refer to the construction of homonuclear or heteronuclear bimetallic catalysts. These DACs can 

exploit the synergistic effect between two identical or different metal atoms to surpass the 

theoretical limits of SACs and optimize the d-band center of the active sites. For example, Li 

et al. synthesized bifunctional catalyst with adjacent Fe-N4 and Mn-N4 sites on 2D ultrathin N-

doped carbon nanosheets (FeMn-DSAC), which demonstrated remarkable catalytic activities 

for ORR/OER and constructed as the cathode for flexible low-temperature ZABs.[131] Notably, 

the precise synthesis of these two types of dual-sites SACs with the desirable atomic 

configuration is essential for exploring their structure-activity relationship and promoting their 
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practical application, which remains challenging. Recently, several approaches have been 

developed for controllable synthesis of DACs, which can be categorized into bottom-up and 

top-down strategies.[134] Bottom-up strategies generally involve utilizing an appropriate 

substrate to absorb mono- or multinuclear metal complex precursors, followed by chemical 

reduction to convert them into DACs. Atomic layer deposition is a typical bottom-up method, 

which can precisely regulate the composition and structure of the resulting catalysts via 

different self-limiting reactions. For instance, Yan et al. successfully obtained a homonuclear 

DACs with Pt2 dimers uniformly dispersed on graphene by the atomic layer deposition 

strategy.[136] Another bottom-up strategy, the ball milling technique can efficiently reconstruct 

the chemical bonds between metal atoms and coordination atoms. Chen et al. prepared a series 

of homonuclear and heteronuclear DACs using carbon black as the matrixes by ball milling 

method.[137] This approach highlights its universality and scalable advantage. The top-down 

strategies involve the break of the metal-metal bond of the precursors to form DACs with 

atomic metal dual-sites or metal dimers that uniformly dispersed on the substrates. For example, 

pyrolyzing metal-organic frameworks (MOFs) is a common top-down strategy to synthesize 

DACs.[135] Wang and coworkers pioneered the synthesis of bimetallic Fe-Co DACs via the host-

guest strategy, in which bimetallic (Zn/Co)MOF was utilized as the precursor to encapsulate 

FeCl3 molecules.[138] This work used Zn species as a spacer to avoid metal aggregation during 

pyrolysis, the vaporization of Zn can make abundant vacancies for hosting dual active sites.  

 

During the past few years, many researchers have successfully synthesized DACs with 

excellent catalytic activities through rationally designed strategies. According to the structural 

characteristics of active sites in DACs, they can generally be classified into three main 

categories: bonded, bridged, and non-bonded DACs.[132] In addition, some catalysts could 

comprise two or three of the above structural characteristics, all of which might contribute to 

their excellent catalytic performances with different electronic configurations. Notably, DACs 

possess flexible architectures that enable the combination of homogeneous and/or 

heterogeneous active sites, making them highly attractive for improving bifunctional catalytic 

activity, especially for ORR and OER. Generally, we can better understand their catalytic 

performance and reaction mechanisms by deeply comprehending the structural characteristics 

of DACs, thereby offering guidance and inspiration for the synthesis of more efficient 

DACs.[139] Thus, regulating the local electronic configuration and surface/interface 

characteristics through atomic-level modulation engineering is particularly important for 
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optimizing the adsorption/desorption behavior of oxygen-containing intermediates, lowering 

the reaction energy barrier and accelerating the ORR/OER kinetics, then effectively promoting 

the large-scale practical implementation of rechargeable ZABs.   
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1.4 Zinc-nitrate/nitrite batteries 

1.4.1 Overview of the global nitrogen cycle 

The nitrogen cycle is one of the most important biogeochemical cycles on earth that has existed 

for tens of thousands of years and greatly affected by human activities during the past 

centuries.[140] Figure 10 illustrates the main forms of nitrogen and its circulation in the 

ecosystem. In this biochemical cycle, nitrogen fixation is the process converting atmospheric 

dinitrogen to usable form (such as ammonia), nitrification means oxidizing ammonia to nitrite 

and/or nitrate to release energy for the formation of organic materials for microorganisms. The 

ammonification refers to the procedure of autolysis, decay and putrefaction of biological 

materials to form ammonia, and denitrification is to transform nitrate to dinitrogen as the final 

product, by which the loss of nitrogen in the atmosphere is compensated. [141]  

 

Figure 10. The main forms of nitrogen and the circulation of nitrogen in the ecosystem. [141] Reprinted with 

permission. Copyright 2023, Royal Society of Chemistry.  

 

Although nitrogen is abundant in the atmosphere in the form of gaseous dinitrogen (N2), it is 

very inert and not directly usable to most life forms. For example, plants cannot directly take 

up nitrogen from atmosphere, N2 must be converted into other useable forms (especially 
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ammonia, NH3/NH4
+) via a series of reactions. There are three main routes for N2 conversion 

namely nitrogen fixation (from molecular N2 to nitrogenous compounds), including industrial 

ammonia production, biological N2 fixation (mainly referring to N-fixing microorganisms), and 

nitrogen activation by lightning. The natural processes deliver around 120 megatons per year 

of bioavailable nitrogen to the biosphere, mostly contributed by nitrogen fixation by microbes 

and leguminous plants, like alfalfa, clover, and beans.[142] However, this natural process is quite 

limited to specific microorganisms and plants, and the recycling of organic waste into fertilizer 

for crops is too slow and inefficient to input enough usable nitrogen.[143] Therefore, ammonia 

was regarded as the limiting nutrient element in agriculture during the pre-industrial era. The 

situation was changed when German chemist and engineer Fritz Haber and Carl Bosch created 

the industrial Haber–Bosch process, [144] where N2 and H2 are converted to ammonia at high 

temperature and pressure, as shown in the following reaction: 

 N2 + 3H2 → 2NH3 (1.21) 

The successful commercialization of large-scale production of ammonia from abundant and 

easily available raw resources marked a new era in human history.[145] The Haber–Bosch 

process produces roughly 100 million tons of ammonia each year, almost the same amount of 

fixed nitrogen to the biosphere from the natural processes. According to the investigation, 

around 40% of the human population depends on the contribution of industrial ammonia 

production. However, the Haber–Bosch process is responsible for around 2-3% of global fossil 

fuel consumption.[146,147] 

 

Further, ammonia can be stepwise oxidized to nitrate (NO3
-) in the nitrification process with 

hydroxylamine (NH2OH), nitric oxide (NO) and nitrite (NO2
-) as reactive intermediates (NOx). 

Additionally, these nitrogen compounds play a very important role in both terrestrial and marine 

ecosystems, and widely affect the atmosphere and cryosphere.[140,148] For the biochemical 

nitrogen cycle, the changes in nutrient supply can greatly influence the productivity of 

ecosystems and impact the competition between species and biological diversity. Besides, in 

the atmosphere, NOx is essential to the photochemical production of ozone and other key 

oxidants as well as radical species, closely coupled to the oxidizing capacity of the atmosphere. 

Moreover, these nitrogen compounds are precursors of tropospheric ozone and atmospheric 

particulate material, which also degrades air quality.[149]  In addition, as a potent greenhouse 

gas and ozone-depleting agent, the emission of N2O from denitrification also plays a key role 

in the chemistry of the ozone layer in the stratosphere, influencing the radiative balance of the 
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earth.[150] Another great threat to ecological environments is the excessive accumulation of 

nitrogen pollutants, such as nitrate/nitrite in groundwater, rivers, and lakes which is detrimental 

to water resources.[151] In recent decades the accumulation of nitrates/nitrites has increased 

dramatically owing to unrestrained human activities, including modern industrial waste 

disposal, and the agriculture and livestock industries.[152]
 The large amount of nitrate/nitrite 

emission can lead to the rapid growth of algae in the water, which will make the water undergo 

eutrophication. Eutrophic water not only kills fish and other aquatic life but also pollutes 

groundwater. Significantly, if nitrate is ingested by humans over a long period, it can be 

converted to toxic nitrite by gastrointestinal microorganisms. Because of the deleterious 

impacts on human health, researchers believe that the imbalance of the nitrogen cycle and the 

effective processing of nitrate/nitrite in water are one of the major and urgent challenges of this 

century.[153,154]  

 

Generally, in the absence of human influences, there are significant consequences of human 

activities on the imbalanced global nitrogen cycle, including ever-increasing fertilizer for 

agriculture, climate changes, as well as biodiversity loss.[155] Based on the abovementioned 

serious environmental issues related to the nitrogen cycle and the growing human population 

on this planet, there are many basic scientific questions surrounding the different processes in 

the nitrogen cycle on how to achieve human sustainable development. However, knowledge of 

the global nitrogen cycle is incomplete, and the development of new measurements, improved 

instrumentation and processing investigation, as well as sustainable nitrogen management 

strategies are of great importance.  

 

1.4.2 Electrosynthesis of ammonia 

Ammonia (NH3) is an essential chemical widely used across numerous sectors, such as 

agriculture, pharmaceuticals, plastics, and synthetic fibers. Notably, ammonia is the second 

largest chemical produced in the world, about 80% of which is used for fertilizer synthesis and 

feeds the explosive growth of the global population.[156] Additionally, due to the high hydrogen 

mass fraction (17.6 wt%), high energy density (4.25 kWh L-1), and ease of storage and 

transportation, NH3 has also been regarded as a promising carbon-free energy carrier and liquid 

transportation fuel in the future.[157] Thus, the synthesis of ammonia is of great significance to 

human society and the global economy. Currently, the predominant production of ammonia still 

heavily relies on the traditional Haber-Bosch process, which is one of the greatest achievements 
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of the 20th century. However, the process requires a pure hydrogen feedstock primarily 

produced from strongly endothermic steam-methane reforming. Moreover, breaking the highly 

inert N≡N triple bond requires large driving forces to kinetically accelerate the reaction and 

shift the equilibrium favorably, such as high temperatures of up to 350-450°C and high 

pressures of 100-200 bar. As a result, this energy-intensive ammonia production consumes 1-

2% of the total energy worldwide and releases significant greenhouse gases (such as CO2) 

annually because of the dependence on fossil fuels. Furthermore, the large-scale and centralized 

Haber-Bosch plant requires huge capital investment and can only be realized in large industrial 

factories, which are highly capital-intensive and result in severe regional distribution 

imbalances.[158]  Thus, it is urgent to develop a facile ammonia synthetic method that can be 

operated under mild conditions to replace the energy-intensive and unsustainable Haber-Bosch 

process with its complex plant facilities and unfavorable environmental impact. To this end, 

scientists have proposed several strategies to address this challenge, such as chemical looping, 

organometallic, biomimetic, photocatalytic, and (photo)electrochemical methods.[159] Among 

these approaches, the electrochemical synthesis of ammonia is emerging as a compelling 

alternative to the Haber-Bosch process, benefiting from its mild operating conditions, zero 

emission of carbon dioxide, powered by renewable energy sources, capability to store 

renewable electricity in chemical bonds, and possibilities for distributed ammonia 

production.[160] During the past few decades, research on the electrochemical synthesis of 

ammonia by nitrogen reduction reaction (NRR) has been extensively investigated with 

promising progress.  

 

Electrochemical technologies can facilitate the thermodynamically non-spontaneous NRR with 

little or no limitation of thermodynamic equilibrium on the conversion rate. The general 

electrocatalysis process is activating absorbed N2 molecules by supplying them with electrons 

and providing the electrons needed for the subsequent reduction reaction. During the process, 

water (H2O in the electrolyte or even humidified air) is used as the proton source (instead of H2 

for the Haber-Bosch process) to synthesize NH3 under room temperature and atmospheric 

pressure.[159] Theoretically, electrocatalytic N2 reduction to NH3 is feasible under ambient 

conditions as long as a suitable electric potential is applied, and the reaction can be given as 

follows: 

In acidic electrolytes: N2 + 6H+ + 6e- → 2NH3 (1.22) 

In alkaline electrolytes: N2 + 6H2O + 6e- → 2NH3 + 6OH- (1.23) 
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Generally, prior to the NRR to ammonia process, nitrogen needs to be dissolved into the 

electrolyte and cross the liquid interface to reach the catalyst surface. Therefore, both the 

inherent properties of the electrolyte and the microenvironment of the solid-liquid interface 

have a great influence on the NRR performance. The electrocatalytic NRR mechanism usually 

involves three steps: 1) the adsorption of N2 molecules onto the catalyst surface; 2) the 

dissociative or associative breaking of N≡N bond and hydrogenation; 3) the desorption of the 

generated ammonia. However, the direct breaking of the stable N≡N bond (941 kJ mol-1) is 

extremely difficult and requires a large amount of energy.[161] Particularly, the electrochemical 

NRR and the catalytic process of nitrogen fixation both occur at mild conditions that do not 

favor the direct N≡N bond breaking, so the activation of N2 is usually considered as the rate-

determining step. Therefore, discussions on the proposed NRR mechanisms mainly focus on 

the associative mechanism, in which the N≡N bond gradually breaks as the hydrogenation of N 

proceeds until an ammonia molecule is released. The associative mechanism can be subdivided 

into distal, alternating, and enzymatic pathways.[162] In addition, density functional theory (DFT) 

calculations are widely utilized in discussions on the mechanisms of electrochemical NRR.[163] 

Moreover, experimental studies on the mechanisms of electrochemical NRR are also of great 

significance in clarifying the principles of electrochemical NRR, which is helpful to dispelling 

doubts about the results and provide direct evidence for the NRR process.  

 

In recent years, continuous efforts have been dedicated to developing the NRR electrocatalysts 

aimed at improving catalytic selectivity and efficiency, as well as acquiring mechanistic 

understanding of the NRR process.[164] However, there remains a significant limitation in the 

form of poor ammonia yield rate and low Faradaic efficiency (FE), which greatly hinder its 

practical application. The main challenges for NRR can be summarized as following: 1) the 

challenging adsorption and activation of N2 resulting from their high dissociation energy and 

low proton affinity, as well as low solubility in water (6.8×10-4 M, 1.01×105 Pa, 298 K) hinders 

the reduction of N2 both thermodynamically and kinetically, both of which result in low 

electrochemical performance; 2) the hydrogen evolution reaction (HER) poses a key 

competitive reaction to the electrochemical NRR.[165] The NRR and HER can both occur from 

a thermodynamic point of view and their equilibrium potentials are close to each other. 

Especially, the NRR is a multi-step process that involves six electrons and six protons, suffering 

from sluggish kinetics. By contrast, the HER is a two-electron process, which is much more 

kinetically favorable. Consequently, the selectivity of electrochemical NRR is usually very low, 



1. Introduction 

 
 

 

46 
 

impeding the progression of FE and requiring high energy expenditure; 3) the catalytic 

performance is notably influenced by the inadequate mass transfer of N2 in electrolyte solutions. 

Facing the above three urgent challenges, developing electrocatalysts with excellent activity 

and selectivity is essential to improve the NRR performance. In addition, innovations on the 

configurations of electrolytic cells are also necessary to the development of electrosynthesis of 

ammonia.  

 

So far, a wide range of electrocatalysts has been reported for the electrocatalytic NRR process, 

including noble metal-based catalysts (such as Au, Ru, Rh, Pd, Pt, Ag, and Ir),[166–169] non-noble 

metal-based catalysts (e.g., Mo, Fe, Co, Mn, Ni, Cu, W, Re, Sn, Sb, and Bi) and metal-free 

catalysts (B, C, N, O, F, P, S, Se, and Te).[159] These elements can derive many categories of 

catalysts for electrochemical NRR, such as metals, metal alloys, transition metal carbides, 

nitrides, oxides, sulfides, carbon materials, black and red phosphorous, covalent organic 

frameworks (COFs), etc. In addition, atomic catalysts are also emerging as attractive materials 

for the NRR as well. Meanwhile, the electrochemical reduction of nitrogenous pollutants (such 

as nitrate and nitrite) to ammonia has also been explored as a promising strategy for the 

synthesis of green ammonia while removing pollutants from the environment at the same 

time.[170][171]  

 

1.4.3 Electrocatalytic nitrate/nitrite reduction 

As mentioned above, the balance of the natural nitrogen cycle is disturbed because of the 

excessive nitrate/nitrite derived from industrial nitrogen fixation, and inefficient management 

of wastewater treatment, as well as the extensive emission of exhausted gas from combustion 

of fossil fuels (as shown in Figure 11).[172] The imbalance between the generation and removal 

of nitrate/nitrite caused by human activities (especially, the over-utilization of fertilizers and 

industrial sewage discharge) has resulted in a serious surplus of nitrate/nitrite in the ecosystem, 

where the sluggish natural process of self-purification by the denitrifying bacteria is incapable 

of dealing with all nitrate/nitrite accumulation. As results, undesirable algal bloom and 

dissolved oxygen reduce in waters, both of which cause the formation of reductive toxic 

compounds (such as hydrogen sulfide) below the water surface, impairing the ability of local 

aquatic animals to survive, grow and reproduce.[173] More worryingly, the blooming algae can 

generate a potent hepatotoxin called microcystin, which can cause severe damage to the liver 

of human beings.[174] In addition, overconsumption of nitrate/nitrite may lead to serious health 
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issues by inducing methemoglobinemia and potent cancer of the digestive tract and other 

diseases. Therefore, offsetting the nitrogen inflow to the ecosystem and selectively removing 

the excessive nitrate/nitrite from waste and groundwater are the most concerning environmental 

issues and have attracted widespread global attention.[175]  

 

Figure 11. Schematic illustration of the eNO3RR process integrated with existing technologies.[172] Reprinted 

with permission. Copyright 2024, Elsevier. 

 

To solve this problem, both biological and chemical technologies have been developed to 

reduce the nitrate/nitrite levels in water bodies.[176] For example, utilizing denitrifying bacteria 

to remove excessive nitrate/nitrite is a natural pollution-free method that can stepwise convert 

nitrate to N2. Chemical approaches such as reverse osmosis, ion exchange and adsorption are 

also explored to find out an efficient solution.[177] However, the practical applications of these 

traditional techniques are limited by several drawbacks, such as a long sludge retention time, 

slow kinetics, as well as undesirable activity and selectivity. From an environmental perspective, 

the most promising nitrate/nitrite reduction technology can convert nitrate/nitrite into value-

added NH3, and features low cost, high efficiency, and environmental friendliness. Recently, 

electrochemical nitrate/nitrite reduction reaction (NOx
-RR) has been proven as a satisfactory 

and environmentally friendly technology to achieve this goal.[172]  

 

Electroreduction is a highly efficient and eco-friendly technology that can be used to remove 

excess nitrate/nitrite in wastewater or polluted water and generate green NH3, providing several 
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benefits. Generally, NOx
-RR enables efficient and controllable NH3 synthesis by utilizing water 

and nitrate/nitrite as the hydrogen and nitrogen sources, which is thermodynamically favored 

under ambient conditions owing to the much lower N=O bond energy (204 kJ mol-1) and higher 

solubility of NO3
- in aqueous solution.[178] Importantly, NO3

- is more stable than NO2
- and 

abundant in natural waters due to the higher oxidation state. Besides, NOx
-RR exhibits a 

remarkable FE (close to 100% at a certain electrode potential) and a higher NH3 yield rate up 

to 1 mmol cm-2 h-1 than that of NRR.[179] Therefore, NOx
-RR should be much more promising 

in industrial practice. More appealingly, the NOx
-RR process can be powered by renewable 

electricity (such as wind and solar energy), holding the opportunity to achieve decentralized 

NH3 production and lowering the fertilizer cost in remote districts and less-developed 

regions.[180] Moreover, the flexible design and controllable synthesis of ammonia from NOx
-RR 

endow the NOx
-RR device with seamless integration in existing industrial facilities, resulting 

in reduced investment costs and eliminating sludge production. Furthermore, this approach 

enables the production of high-value ammonia while effectively mitigating environmental 

pollutants, thereby alleviating the burden associated with the Haber-Bosch process.  

 

The conversion of NO3
- to NH3 through NO3

-RR is an 8-electron process that faces the 

competition of HER (a 2-electron process) and several by-products, including NO2
-, NO, N2 

and N2O.[180,181] This complex process requires a comprehensive understanding of its 

underlying mechanisms, and the overall conversion can be represented by the chemical 

equation: 

 NO3
- + 9H+ + 8e- → NH3 + 3H2O (1.24) 

Generally, the NO3
-RR process starts with the adsorption of NO3

- onto the electrocatalyst 

surface which is the critical step for initiating subsequent reaction steps. As shown in Figure 

12, there are two proposed primary routes for the reaction pathway: 1) direct association 

mechanism: NO3
- is directly adsorbed onto the electrocatalyst surface and undergoes a series of 

hydrogenation steps. It begins with the formation of NO3H, then releases H2O to generate NO2. 

This unstable intermediate is then reduced to NO2H and NO successively, followed by releasing 

another H2O molecule. The NO continues the further hydrogenation steps to ultimately yield 

NH3; 2) dissociation-association mechanism: after being absorbed on the electrocatalyst surface, 

NO3
- is dissociated into O and NO2 on separate active sites. These species consecutively go 

through the hydrogenated reduction steps and form the intermediate NO, which is then reduced 

further to NH3.
[181] Additionally, the intricate mechanisms of NO3

-RR are significantly 
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influenced by the properties of the electrocatalyst, the composition and pH value of the 

electrolyte, as well as the applied potential. These factors impact the reaction pathway by 

affecting the adsorption energies of intermediates and the energy barriers for each reaction step, 

thereby influencing the overall efficiency and selectivity toward ammonia production. 

Particularly, the precise understanding of reaction mechanisms is critical for the rational design 

of electrocatalysts to improve the catalytic activity and selectivity for ammonia 

production.[182,183] Similarly, DFT calculations are also extensively utilized to deepen the 

understanding of the NO3
-RR mechanisms since these calculations can provide crucial insights 

into the adsorption energies of intermediates and the energy barriers of reaction steps, as well 

as elucidate the reaction pathways and the complex dynamics of the NO3
-RR process.[184]  

 

Figure 12. Schematic illustration of the dissociative-associative and directly associative mechanism for NO3
-RR, 

including O-end, O-side, N-end, and N-side pathway to NH3.[181] Reprinted with permission. Copyright 2022, 

Elsevier. 

 

By contrast, the electroreduction reaction of NO2
- to NH3 follows a six-electron pathway, which 

also involves multiple intermediates formed at similar reduction potentials, posing a challenge 

to product selectivity.[185] Thus, even though the electrochemical synthesis of ammonia from 

nitrogenous pollutants is a promising technology with appealing merits, several challenges need 

to be addressed for further practical application.[186,187] Firstly, the detailed mechanisms for 

electrochemical reduction of nitrogenous pollutants are still unclear and remain to be elucidated 

through both computational investigation and in-situ characterization techniques. Secondly, the 
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development of more advanced electrocatalysts for NOx
-RR to synthesize ammonia from 

nitrate/nitrite is urgently required to achieve high NH3 yield rates and FEs, lowering the 

overpotential of reactions and improving the stability of catalysts. Thirdly, it is important to 

evaluate the NOx
-RR performance of electrocatalysts using real wastes containing nitrogenous 

pollutants, which helps to promote its practical application and meet industrial requirements. 

Developing novel electrocatalysts is critical to overcome these challenging issues. During the 

past few years, a variety of materials including metals, alloys, metal oxides, atomic catalysts, 

and non-metal materials have been systematically explored as catalysts for NOx
-RR to 

synthesize ammonia. For instance, Ru, Pd and Cu exhibit the highest activity and selectivity for 

the reduction of nitrate toward ammonia among all metallic materials. However, the 

corresponding ammonia yield rate is still too low to catch up with the traditional Haber-Bosch 

process.[188] Typically, transition metal-based materials are highly promising for NOx
-RR 

because they can easily activate the N=O bond through the unoccupied d orbitals, and their 

tunable surface morphology, electronic structure, and coordination environment can greatly 

affect the catalytic performance in NOx
-RR. Therefore, strategic optimization of these 

parameters makes great significance to enhance the catalytic activity and selectivity.[171]    

 

1.4.4 Zinc-nitrate/nitrite batteries  

Zn-based batteries are considered as the most promising devices for large-scale energy storage 

applications due to the distinct advantages associated with metallic zinc.[189,190] These merits 

include the high theoretical capacity (820 mAh g-1), abundant reserves and lower cost of zinc 

(~US$2 kg-1) compared to other alkali metals (e.g., lithium ~US$19 kg-1; potassium ~US$13 

kg-1; sodium ~US$3 kg-1), high stability and reversibility in aqueous electrolytes, non-toxicity, 

and ease of material processing and battery fabrication. Moreover, the low anodic potential 

(0.763 V vs. standard hydrogen electrode) and the two-electron transfer during the battery 

operation contribute to the elevated energy densities of the batteries. All these additional 

benefits endow Zn-based batteries appealing advantages, encompassing the affordability, safety, 

and high ionic conductivity (up to 1 S cm-1) of commonly used aqueous electrolytes (compared 

to the flammable organic electrolytes employed in lithium-ion batteries (~1–10 mS cm-1)). 

Currently, zinc anode has been extensively utilized in diverse battery technologies, including 

Zn-ion batteries, Zn-air batteries (ZABs), Zn-CO2 batteries, Zn-based flow batteries, and Zn-

based flexible batteries. Among these battery devices, the aqueous Zn-based ones have attracted 

remarkable attention, which inherits all the abovementioned merits and include more desirable 
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characteristics, such as good stability and being environmentally friendly. According to 

different cathode active materials (e.g., metal-based oxides, redox-active compounds, and some 

energy-carrier gases) and corresponding electrolytes (acidic, neutral, or alkaline solution), 

aqueous Zn-based batteries can be divided into several distinct categories, including Zn-ion 

(Li/Na/K/Mg/Al), Zn-halogen (Cl2, Br2, and I2), Zn-metal oxides (MnVO/Co3O4/MnO2) 

batteries, as well as their hybrid derivatives.[191]  

 

In the context of NOx
-RR to synthesize ammonia, several efficacious electrochemical 

techniques for NOx
- conversion and recycling have been devised, among which Zn-NO3

-/NO2
- 

batteries (ZNBs) feature prominently. By coupling NOx
-RR with the redox reaction of 

Zn/Zn2+ to form a Zn-NO3
-/NO2

- batteries, it is capable of producing NH3 continuously, 

simultaneously generating electricity, and removing the NO3
-/NO2

- pollutant in wastewater, 

achieving this promising practice of “killing three birds with one stone”.[192–194] The schematic 

diagram of the aqueous rechargeable ZABs is also illustrated in Figure 12, a Zn plate was used 

as anode with a mixture solution containing KOH and supporting additives as anolyte, while 

the cathode is loaded with electrocatalysts and catholyte consisting of KOH with KNO3 as 

nitrogen sources.  An ion exchange membrane (such as Nafion 112) is required to effectively 

separate the two electrolytes and avoid cross-contamination. During the discharging process, 

Zn in the metallic form on the anode dissolves and releases electrons, facilitating NO3
-RR at 

the cathode through electron transfer. During the charging process, water in the catholyte 

undergoes the OER process and produces O2, while [Zn (OH)4]
2- is formed at the anode and 

then deposits as metallic Zn. The working principle of the rechargeable Zn-NO3
- batteries is 

illustrated as the following equations: 

Discharge reaction: 4Zn + NO3
- + 7 H2O + 6OH- → 4[Zn(OH)4]

2- + NH4
+ (1.25) 

Charge reaction: 4[Zn(OH)4]
2- → 2Zn + 2H2O + 4OH- + O2 (1.26) 

Overall reaction: NO3
- + 3H2O → NH4

+ + 2OH- + 2O2 (1.27) 

 

Generally, ZNBs represent a sustainable technology with many advantages, including pollutant 

removal, resource recycling, carbon emissions reduction and energy saving. More importantly, 

compared with traditional Haber-Bosch plants, the ZNBs device features fast dynamic response 

and decentralized manufacturing based on local production, making the system easier to control 

as well as reducing transportation costs and environmental impacts. Recently, Yan and 

coworkers reported a ZNB using NiMoO4/CuO nanowire/CF as an electrocatalyst, which 
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exhibited a maximal power density of 26.2 mW cm-2 with high stability (more than 90 

cycles).[195] Liu et.al. also investigated a ZNB based on a hetero-structured CoO/CuO nanoarray 

electrocatalyst, which delivers a remarkable NH3 yield of 60.3 μmol h-1 cm-2 with FE of 

82.0%.[196] Cui and colleagues studied a CuNi alloy nanoparticles (CuNi NPs) loaded on 

MXene as catalyst for Zn-NO2
- batteries. The results suggested that catalytic performance was 

enhanced by the interaction between CuNi NPs and MXene, demonstrating excellent NH3 yield 

of 10.22 mg h-1 and Faradaic efficiency of 95.6%. The Zn-NO2
- battery assembled with 

Cu3Ni/MXene also showed an impressive power density of 8.34 mW cm-2 and Faradaic 

efficiency of 90.3%.[197]  

 

However, the development of ZNBs is still in the initial stage and there are several issues that 

need to be addressed to achieve high-performance ZNBs with good compatibility with existing 

industrial infrastructures. For example, the fabrication of a cost-efficient electrocatalyst with 

excellent catalytic activity and stability is urgently required, and optimization of the ZNBs cell 

configuration and electrode materials are also of significance to enhance the performance of 

ZNBs.[198] In addition, feasible NH3 extraction technology is crucial for large-scale industrial 

production.[172] Hence, more efforts are required to be devoted to achieving sustainable green 

production of ammonia with ZNBs technology.  
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2. Objectives 

As discussed above, the deployment of effective and efficient ESS technologies is significant 

to shifting away from traditional fossil fuels and making renewable energy sources universally 

available for daily application in modern society. The emergence of unconventional EES 

devices, including RFBs, ZABs and ZNBs provide a plausible solution to balance the energy 

demand and supply equation. Meanwhile, the growing interest in EES technologies along with 

the increasing demand for mature EES devices is having transformative effects in both 

laboratory and industrial sectors. While numerous alternative EES technologies have been 

developed in the past few decades with diverse configurations and technical characteristics to 

meet the various requirements in specific conditions, there are still several fundamental 

challenges need to be addressed to achieve better performance, lower cost, and longer lifetime 

of EES technologies, ultimately contributing to the sustainable development of human society.  

 

The principal objective of this thesis is to develop novel advanced electrolytes and 

electrocatalysts and utilize them as active materials to enhance the performance of the targeted 

EES devices.  These active materials were rationally designed and precisely fabricated to cater 

for specific EES devices application under technologically relevant conditions in which they 

are used. Furthermore, systematic investigations on the performance of these materials as well 

as a comprehensive understanding of the structure-property-performance relationship are 

presented. In the following sector, a series of electrolytes and electrocatalysts including their 

synthesis, characterization, and practical performance for three different next-generation EES 

devices will be explored:  

(a) A novel mixed-valent polyoxovanadates {MV13} cluster for use as active species in 

electrolytes for symmetric NRFBs. 

One major challenge in RFBs research is the design of redox-active electrolyte components 

that combine high solubility and reversible multi-electron storage. POMs as a class of green, 

cheap and stable clusters have been considered as promising candidates for RFBs application. 

However, the utilization of traditional POMs clusters (such as molybdenum and tungsten 

oxidizes) in RFBs are greatly limited due to their heavy molecular mass. In addition, the 

conventional aqueous RFBs are suffering from the small potential window due to water 

oxidation/water reduction. In this part, we set out the develop a novel polyoxovanadates 

cluster with significantly lighter mass (M (V) = 52 g mol-1) and more accessible redox 

processes, then utilize it as active species in electrolytes for the integration in symmetric non-
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aqueous RFBs.   

 

(b) Robust and cost-efficient atomic oxygen catalysts for ZABs.  

Rechargeable ZABs are amongst the most promising battery technologies, but the sluggish 

kinetics of the ORR and OER result in high overpotentials and unsatisfactory efficiency. Thus, 

the development of highly efficient, cost-effective and robust bifunctional ORR/OER 

electrocatalysts is of great importance to achieve the universal application of ZABs.  

(1) Bifunctional DACs for OER and ORR have attracted wide attentions in the field of 

electrocatalysts for ZABs. However, it remains challenging to precisely control the 

coordination environment and fully expose the active sites. To address these concerns, 

structural and morphological engineering of nitrogen doped carbon matrix and multiwalled 

carbon nanotubes (MWCNTs) are used to construct the hierarchical structure of Fe-Ni active 

sites, ensuring efficient electron and mass transfer. The practical performances of this FeNi-

NC@MWCNTs catalyst for OER/ORR and rechargeable ZABs are thoroughly evaluated. 

(2) Catalysts based on Platinum group metals also demonstrate excellent catalytic 

performance towards ORR, while suffer from poor long-term stability. In this part, we employ 

defect-engineering to fabricate an ORR catalyst based on Pd metallene with atomically 

dispersed WOx/MoOx, this catalyst is also integrated into ZABs for practical utilization.    

 

(c) High-performance electrocatalyst for electrosynthesis of ammonia with ZNBs.  

Electrocatalytic nitrate/nitrite reduction is a promising approach to produce green ammonia in 

aqueous media, the conversion of NO3
-/NO2

- to NH3 is a complex proton-coupled multiple 

electron process involving a sequence of intermediates. Cu-based electrocatalysts are revealed 

as efficient catalysts for NO3
-/NO2

- reduction but suffer from undesirable selectivity and 

stability. In this section, we prepare two bimetallic Cu alloys as self-supported electrode for 

NO3
-/NO2

- electroreduction and use both of them for green NH3 synthesis in ZNBs.  

(1) A bimetallic NiCu coated electrode with sandwich structure of polymer-metal-metal 

oxide/hydroxide is prepared via 3D print technology (denoted as NiCu/ABS mesh) and 

integrated into Zn-NO3
- batteries for realistic application.  

(2) A self-supported electrode based on Cu foam incorporated with Ru atom (denoted as 

CuRu-3h/CF) is fabricated through electrodeposition strategy, then utilized for 

electrosynthesis of ammonia from nitrite in Zn- NO2
- batteries.    
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3. Results and discussion 

In this dissertation, the research works presented in sections 3.1, 3.3, 3.4, 3.5 and 3.6 are 

manuscripts which have been published in peer-reviewed journals. The research works 

discussed in sections 3.2 has been archived in the preprint server ChemRxiv. All manuscripts 

are reprinted with permission from the respective publishers.  

 

Section 3.1 presents the research work on the synthesis and characterization of a novel 

polyoxovanadates {MV13} and published in the paper titled as “Redox Self-Equilibration in 

Molecular Vanadium Oxide Mixtures Enables Multi-Electron Storage”. In this work, the 

structure and composition of this compound are clarified by single-crystal XRD and FT-IR. 

Besides, In-operando UV-Vis is used to reveal its structure evolution and valent characteristics. 

As results, this compound exhibited excellent redox properties with promise for RFB 

applications. Based on the findings in section 3.1, we construct a symmetric NRFB based on 

the {MV13} cluster in section 3.2, the performance of this NRFB is symmetrically evaluated. In 

addition, in-operando UV-Vis is utilized to elucidate the reversible multi-electron storage and 

release of {MV13} at different chemical states during the charging and discharging processes. 

The detailed results can be found in the paper “Mixed-Valent Redox-Equilibrated 

Polyoxovanadates for Symmetric Non-Aqueous Redox-Flow Batteries”.   

 

Section 3.3 shows the research work on bifunctional oxygen electrocatalysts based on cheap 

and abundant transition metals. Here, dual atomic catalyst FeNi-NC@MWCNTs is successfully 

prepared via a two-step method. A series of advanced characterization techniques are employed 

to verify the existence of atomic FeNi dual-site, including HAADF-STEM, EXAFS, (FT)-

EXAFS, and (WT)-EXAFS. Particularly, the hierarchical structure and synergistic effects 

greatly enhance the catalytic performance of this catalyst towards ORR/OER, and enable robust 

and efficient ZABs. More information can be found in the paper with title of “A Bifunctional 

Iron-Nickel Oxygen Reduction / Oxygen Evolution Catalyst for High-Performance 

Rechargeable Zinc-Air Batteries”.  In section 3.4, we continue the research work on oxygen 

catalysts for ZABs. A defect rich Pd metallene with atomically dispersed WOx and MoOx 

(denoted as D-Pd M) is fabricated via an accessible wet chemical approach. Characterization 

results suggest the presence of a variety of atomic-scale defects, including pores, and concave 

surfaces, all of which can effectively modify the electronic configuration of the active sites and 

boost its catalytic activity for the ORR. The performance of the D-Pd M catalyst for ZABs 
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application is also evaluated. However, the rechargeability of the ZABs with the D-Pd M 

catalyst is undesirable, resulting from the poor OER activity of the D-Pd M. More detailed 

information is presented in the paper “Atomically Engineered Defect-Rich Palladium Metallene 

for High-Performance Alkaline Oxygen Reduction Electrocatalysis”. 

 

Section 3.5 displays the study on the self-supported electrocatalyst for NO3
-RR in ZNBs, a 

bimetallic NiCu-coated electrode is fabricated in the following three steps: 3D printing, 

chemical etching, and electroless plating, the obtained electrode is denoted as NiCu/ABS mesh. 

According to the SEM and TEM measurements, this material consists of a classic sandwich 

structure. The electrocatalytic performance of NiCu/ABS mesh electrode for electrosynthesis 

of ammonia is evaluated, demonstrating impressive results with a high Faradaic efficiency. 

More importantly, the Zn-nitrate batteries based on NiCu/ABS mesh electrode exhibit the 

promise to achieve sustainable NH3 electrosynthesis, removal of NO3
- pollutants from 

wastewater, and stable energy supply at the same time. More results and information are 

available in the paper “Metal Alloy-Functionalized 3D-Printed Electrodes for Nitrate-to-

Ammonia Conversion in Zinc-Nitrate Batteries”.   In section 3.6, we prepared an electrocatalyst 

CuRu-3h/CF based on Cu foam with ruthenium dispersing on the nanostructured copper surface. 

Through electrochemical galvanic replacement and annealing processes, the ruthenium species 

are incorporated into the copper foam nanowire structure, forming a self-supported electrode. 

The morphology, structure and composition of the CuRu-3h/CF catalyst are investigated with 

XRD, XPS, SEM and TEM. The performance of this catalyst for selective electrosynthesis of 

ammonia from nitrite is thoroughly evaluated, the Zn-nitrite battery integrated with this catalyst 

is assembled and studied as well. More information for this project is accessible in the paper 

“Ruthenium-doped Copper Nanowires for Nitrite/Nitrate to Ammonia Conversion and Their 

Integration in Zinc - Nitrite Batteries”.  
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3.1. Redox Self-Equilibration in Molecular Vanadium Oxide Mixtures 

Enables Multi-Electron Storage 

Moritz Remmers, Boris Mashtakov, Stefan Repp, Alexandra Stefanie Jessica Rein, Ke Wang, 

Montaha Anjass, Zhengfan Chen, Luca M. Carrella, Eva Rentschler, Carsten Streb.  

 

This paper described how a novel redox-equilibration driven self-assembly results in high-yield 

synthesis of a two-component co-crystal which contains two structurally closely related 

polyoxovanadates, {MgV13} and {V14}. Mechanistic analyses and electrochemical studies 

revealed that the compound can store and release up to 16 electrons in a potential range of ca. 

3.5 V, demonstrating great promise for the application in non-aquoeus RFBs.   

 

Author contributions: 

Moritz Remmers: Methodology, Data curation, Investigation, Writing original draft. 

Boris Mashtakov: Methodology, Data curation, Investigation, Writing original draft. 

Stefan Repp: Conceptualization, Methodology, Data curation, Writing original draft. 

Alexandra Stefanie Jessica Rein: Data curation, Writing original draft. 

Ke Wang: Data curation, Writing original draft. 

Montaha Anjass: Data curation, Writing original draft. 

Zhengfan Chen: Data curation, Writing original draft. 

Luca M. Carrella: Data curation, Writing original draft. 

Eva Rentschler: Data curation, Writing original draft. 

Carsten Streb: Project administration, Funding acquisition, Conceptualization, Supervision,  

Data curation, Methodology, Writing original draft. 

 

Supporting information can be found on page 126.  

“A. M. Remmers, B. Mashtakov, S. Repp, S. J. Rein, K. Wang, M. Anjass, L. M. Carrella, E. 

Rentschler, C. Streb, Angew. Chem. Int. Ed 2024, e202418864.” Reprinted with permission. 

Copyright, 2024, Wiley-VCH GmbH.   
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3.2 Mixed-Valent Redox-Equilibrated Polyoxovanadates for Symmetric Non-

Aqueous Redox-Flow Batteries  

Zhengfan Chen, Moritz Remmers, Boris Mashtakov, Stefan Repp, Kevin Sowa, Rongji Liu, Ke 

Wang, Montaha Anjass, Carsten Streb. 

This publication reported the 

application of polyoxovanadates 

{MV13} cluster in symmetric non-

aqueous redox flow batteries. The 

{MV13} clusters showed excellent 

electrochemical properties with 

fast kinetics and high solubility in 

acetonitrile, its nano-sized 

structure also guarantees its 

promise for application in NRFBs. As results, the batteries showed a coulombic efficiency of 

93% at 0.6 mA cm-2 and a high stability with a capacity fading rate of 0.074% per cycle under 

standard operating conditions. 

 

Author contributions: 

Zhengfan Chen: Conceptualization, Methodology, Investigation, Data curation, Analysis, 

Writing original draft.   

Moritz Remmers, Boris Mashtakov: Data curation, Writing original draft. 

Stefan Repp, Kevin Sowa: Data curation, Writing original draft. 

Rongji Liu: Data curation, Writing original draft. 

Ke Wang, Montaha Anjass: Analysis, Writing original draft. 

Carsten Streb: Project administration, Funding acquisition, Conceptualization, Supervision,  

Data curation, Methodology, Writing original draft. 

 

Supporting information can be found on page 147.  

“Z. Chen, M. Remmers, B. Mashtakov, S. Repp, K. Sowa, R. Liu, K. Wang, M. Anjass, C. 

Streb, ChemRxiv2024, 10.26434/chemrxiv-2024-tt5bm.” Reprinted with permission. 

Copyright, 2024, Cambridge University Press.  
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3.3 A Bifunctional Iron-Nickel Oxygen Reduction / Oxygen Evolution 

Catalyst for High-Performance Rechargeable Zinc-Air Batteries 

Zhengfan Chen, Weiyi Cheng, Kecheng Cao, Meng Jin, Sarra Rahali, Soressa Abera Chala, 

Elnaz Ebrahimi, Nana Ma, Rongji Liu, Keseven Lakshmanan, Chia-Yu Chang, Chun-Chi 

Cheung, Haojian Luo, Yongkang Wang, Bing Joe Hwang, Carsten Streb.  

 

This paper reported a bifunctional atomic 

Fe-Ni dual site composite electrocatalyst for 

ORR and OER, the combined experimental 

and theoretical (density functional theory) 

analyses provide in-depth understanding of 

the physical and electronic structure of this 

catalyst. The integration of the catalyst into 

a rechargeable zinc-air battery enabled 

excellent performance with specific 

capacity and peak power density of 782 

mAhg-1 at (current density j = 15 mA cm-2) and 218 mW cm-2 (j = 260 mA cm-2), respectively. 

 

Author contributions: 

Zhengfan Chen: Conceptualization, Methodology, Investigation, Data curation, Analysis, 

Writing original draft.   

Weiyi Cheng, Kecheng Cao, Meng Jin, Sarra Rahali, Soressa Abera Chala, Elnaz Ebrahimi, 

Nana Ma, Rongji Liu, Keseven Lakshmanan: Data curation, Writing original draft. 

Chia-Yu Chang, Chun-Chi Cheung, Haojian Luo, Yongkang Wang, Bing Joe Hwang: Data 

curation, Writing original draft. 

Carsten Streb: Project administration, Funding acquisition, Conceptualization, Supervision,  

Data curation, Methodology, Writing original draft. 

 

Supporting information can be found on page 163.  

“Z. Chen, W. Cheng, K. Cao, M. Jin, S. Rahali, S. A. Chala, E. Ebrahimi, N. Ma, R. Liu, K. 

Lakshmanan, C. Chang, C. Cheung, H. Luo, Y. Wang, B. J. Hwang, C. Streb, Small 2024, 

2409161.” Reprinted with permission. Copyright, 2024, Wiley-VCH GmbH. 
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3.4 Atomically Engineered Defect-Rich Palladium Metallene for High-

Performance Alkaline Oxygen Reduction Electrocatalysis 

Yupeng Zhao, Zhengfan Chen, Nana Ma, Weiyi Cheng, Dong Zhang, Kecheng Cao, Fan Feng, 

Dandan Gao, Rongji Liu, Shujun Li, and Carsten Streb. 

 

This publication reported the fabrication of the defect rich Pd 

metallene with atomically dispersed WOx and MoOx via a 

facile wet chemical approach. Characterization results showed 

the existence of a variety of atomic-scale defects which can 

effectively modify the electronic configuration of the active 

sites and improve its catalytic activity for the ORR. This 

catalyst also exhibited impressive performance for practical 

utilization in zinc-air batteries.  
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3.5 Metal Alloy-Functionalized 3D-Printed Electrodes for Nitrate-to-

Ammonia Conversion in Zinc–Nitrate Batteries  
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Bansmann, Johannes Biskupek, Ute Kaiser, Rongji Liu, Carsten Streb.  

 

This paper reported a self-supported catalyst 

based on bimetallic NiCu alloy and 3D 

printed polymer with a sandwich structure 

consisting of polymer-metal-metal oxides 

and/or hydroxides. The composite electrode 

showed high performance in the green 

electrosynthesis ammonia from of nitrate, 

giving NH3 Faradaic efficiencies of up to 83% 

and NH3 yield rates up to 860 µg/(h∙cm2).   
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3.6 Ruthenium-doped Copper Nanowires for Nitrite/Nitrate to Ammonia 

Conversion and Their Integration in Zinc - Nitrite Batteries 
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Oseghe, Sina Sadigh Akbari, Sarra Rahali, Leon Prädel, Ingo Lieberwirth, Guangjin Zhang, 

Dandan Gao, Rongji Liu, Carsten Streb.  

This publication reported a facile route to 

fabricate a Cu foam-based electrode with Ru 

atomically incorporated into the copper 

nanowires. The electrochemical investigation 

revealed that this catalyst exhibited a high 

Faraday efficiency near 100 % for the reduction 

of nitrite with a yield rate of 33.2 mg h-1 cm-2 at a 

potential of -0.2 V vs. RHE. Moreover, aqueous 

Zinc-nitrite batteries integrated with CuRu-3h/CF 

catalyst achieved a power density as high as 9 mW/cm² with a NH3 yield rate of 2100 μg h-1 

cm² at a current density of 30 mA/cm². 
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4. Summary and outlook 

In summary, this work briefly summarizes the related background knowledge, working 

principle, recent progress, and current challenges toward next generation EES technologies, 

including RFBs, ZABs and ZNBs. A variety of novel advanced electrolytes and electrocatalysts 

have been successfully synthesized via several plausible and easily accessible synthetic 

strategies. In addition, their structure, morphology, electrochemical property, electrocatalytic 

activity, stability as well as practical application for corresponding EES devices were 

thoroughly evaluated and discussed respectively.  

 

This thesis provides extensive experimental data and analysis, underscoring the importance of 

rational design and targeted synthesis in accurately predicting performance for specific 

applications. State-of-the art characterization techniques are vital for a deeper understanding of 

the structure-property-performance relationship, while systematic performance evaluation 

plays a crucial role in guiding the design and synthesis of materials.  

 

(a) Electrolytes based on mixed-valent polyoxovanadates {MV13} cluster for NRFB 

We synthesized a novel polyoxovanadates {MV13} cluster as active species in electrolytes and 

integrated them into symmetric NRFBs, the electrochemical properties of the active species and 

the performance of the constructed NRFBs were both systemically investigated. As results, the 

mixed-valent redox-equilibrated {MV13} exhibited excellent redox properties with reversible 

multi-electron transfer spanning a wide electrochemical window of 3.5 V. Moreover, the NRFB 

demonstrated a specific capacity of 24.5 mAh at current density of 0.6 mA cm-2. The cyclic 

tests revealed the high stability of this NRFB with a capacity fading rate of 0.074% per cycle 

and negligible loss of columbic efficiency after 50 cycles. Notably, the NRFBs delivered a 

stable coulombic efficiency of 93% over the cycling measurements. Furthermore, in-operando 

UV-Vis was utilized to monitor the reversible multi-electron storage and release of {MV13} at 

different chemical states during the charging and discharging processes.  

 

(b) Oxygen electrocatalysts for rechargeable ZABs 

In this part, we successfully synthesized a bifunctional DAC FeNi-NC@MWCNTs based on 

transition metals, its morphology, structure and chemical states were carefully measured with 

SEM, XRD, XPS, XAS techniques, which verified the atomically dispersion of Fe and Ni atoms 

in the FeNi-NC@MWCNTs catalyst. Particularly, the atomic FeNi dual metal pairs were 
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anchored into a nitrogen-doped porous carbon matrix, which was in-situ linked by MWCNTs 

via a self-assembly process. The hierarchical structure and atomic dispersion of active sites both 

granted the catalyst highly efficient and durable catalytic performance for ORR/OER and ZABs 

application. Consequently, the bifunctional catalyst FeNi-NC@MWCNTs showed a voltage 

difference of 0.69 V between the half-wave potential of ORR (0.90 V vs. RHE) and the potential 

of OER at 10 mA cm−2 (1.59 V vs. RHE). In the ZABs study, the battery with the FeNi-

NC@MWCNTs achieved a high open circuit voltage of 1.44 V and an excellent peak power 

density of 218.3 mW cm−2 at a current density of 260 mA cm−2. Moreover, this rechargeable 

ZAB exhibited remarkable long-term durability over the charging-discharging cyclic test (600 

cycles, 300 h) with negligible voltage gap increasing.  

 

Furthermore, a defect-rich Pd metallene with atomically doped tungsten and molybdenum 

oxides (WOx and MoOx) (denoted as D-Pd M) was prepared via a straightforward wet-chemical 

strategy. Characterization results revealed the existence of atomic-scale defects in the catalyst, 

such as pores, and concave surfaces, which finely tuned the electronic structure of the active 

sites and contributed to the improved catalytic activity for the ORR. DFT calculations were also 

conducted to indicate the mechanisms of the downward shift of the d-band center in Pd, which 

resulted in reduced binding energy with O2. As results, the D-Pd M exhibited remarkable ORR 

activities with a high half-wave potential (0.927 V vs. RHE).  Notably, D-Pd M also 

demonstrated exceptional stability even after 10,000 cycles of testing, outperforming 

conventional Pd nanosheets and commercial Pd/C. For the ZABs application, the ZABs 

integrated with D-Pd M delivered a high specific capacity of 809 mAhg-1 and demonstrated 

exceptional discharge and ultralong cycling stability, achieving continuous operation for 300 

hours over 300 cycles. 

 

(c) Electrocatalysts for electrosynthesis of ammonia from nitrite/nitrate with ZNBs 

In this sector, we developed a self-supported catalyst based on the bimetallic NiCu-coated 3D 

printed electrode (NiCu/ABS mesh) with thermoplastic polymer as substrate. A series of 

characterization techniques including powder XRD, XPS, SEM and TEM were employed to 

clarify the morphology and compositions of the as-prepared catalyst. The results indicated that 

this electrode had a typical sandwich structure consisting of polymer-metal-metal 

oxide/hydroxide (mainly Ni and NiO/Ni(OH)2). The electrocatalytic performance of this 

NiCu/ABS mesh electrode was systematically evaluated and showed high-performance for the 
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electrosynthesis of green ammonia from nitrate with a high Faradaic efficiency of 83% and 

yield rate of 860 µg/(h∙cm2) at -0.38 V vs RHE. Besides, the zinc-nitrate batteries integrated 

with the NiCu/ABS mesh electrode demonstrated a power density of 3.8 mW cm-2 with 

continuous NH3 production.  

 

Lastly, we fabricated an electrocatalyst CuRu-3h/CF by dispersing atomic ruthenium on a 

nanostructured copper foam surface, then used it for the selective synthesis of ammonia from 

nitrite. Notably, the introduction of ruthenium species into the Cu foam-based electrode greatly 

facilitated the hydrogen adsorption-desorption process and enhanced the hydrogenation ability 

of this catalyst at more positive applied potentials. As results, the CuRu-3h/CF catalyst 

achieved high selectivity towards ammonia formation and inertness toward HER of copper with 

the low nitrite activation barrier of ruthenium. The electrochemical investigation revealed that 

this catalyst reached a high Faraday efficiency near 100 % for the reduction of nitrite with a 

yield rate of 33.2 mg h-1 cm-2 at a potential of -0.2 V vs. RHE. Even at low nitrite concentrations 

of about 400 ppm the catalyst maintained a Faraday efficiency over 89% with a high selectivity 

of 99% towards the formation of ammonia. Moreover, aqueous zinc-nitrite batteries integrated 

with CuRu-3h/CF catalyst were assembled and evaluated as devices for sustainable energy, 

NH3 electrosynthesis and removal of NO3
- pollutant in wastewaters as well. According to the 

results, the batteries delivered a constant open circuit voltage of 1.13 V for at least six hours 

and achieved a power density as high as 9 mW/cm² with a NH3 yield rate of 2100 μg h-1 cm² at 

a current density of 30 mA/cm² and a FE of about 90% at a current density of 20 mA/cm², 

respectively.  

 

It remains unclear which new EES technology will become the dominant leader in the future 

power market, but it is for sure that there will be significant improvement over current EES 

devices in terms of performance, availability and cost reduction over the next decades. This 

ongoing process not only involves the advancement of new electrochemistry but also the 

development of well-integrated hybrid systems which take advantage of the strength of multiple 

EES technologies features. Also, the opportunities and challenges of advanced active materials 

for next generation EES devices require further efforts.   
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