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Abstract

:

Redox flow batteries represent a captivating class of electrochemical energy systems that are gaining prominence in large-scale storage applications. These batteries offer remarkable scalability, flexible operation, extended cycling life, and moderate maintenance costs. The fundamental operation and structure of these batteries revolve around the flow of an electrolyte, which facilitates energy conversion and storage. Notably, the power and energy capacities can be independently designed, allowing for the conversion of chemical energy from input fuel into electricity at working electrodes, resembling the functioning of fuel cells. This work provides a comprehensive overview of the components, advantages, disadvantages, and challenges of redox flow batteries (RFBs). Moreover, it explores various diagnostic techniques employed in analyzing flow batteries. The discussion encompasses the utilization of RFBs for large-scale energy storage applications and summarizes the engineering design aspects related to these batteries. Additionally, this study delves into emerging technologies, applications, and challenges in the realm of redox flow batteries.
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1. Introduction


Renewable energy technologies and their development have become the cornerstone of the global market and scientific research. The urgency of developing carbon-free energy sources is necessary to mitigate the harmful effects of CO2 emissions on the climate. The electrification of transportation sectors holds substantial potential for mitigating global warming. The specific energy or power density requirements for powering these vehicles must be available reasonably competitively to ensure widespread adoption. Consequently, the necessity for efficient large-scale energy storage becomes evident, particularly in regions where significant solar or wind farms have been established. Unfortunately, these installations often encounter challenges related to instability and unreliable performance. An energy storage system (ESS) could serve as a valuable buffer, addressing these issues and enhancing the overall reliability. For large-scale storage applications, the recipe for success involves large, multiple charge–discharge cycles, long life, low installation costs, feasible operation and maintenance costs, high roundtrip efficiency, and, most importantly, good response capabilities to demand spikes. The energy market shows increased demand for the energy storage solutions [1,2].



Various ESSs, i.e., mechanical [3], electrical [4], thermal [5], electrochemical [6,7], and chemical [8] ESSs, are commonly used in various renewable energy systems. Energy storage options are numerous, and it is essential to understand the nature of each storage system and match it with the expected demand patterns. The link between energy capacity and power is one of the critical characteristics of EESs which is best explained in Figure 1. The Ragone plot arranges storage devices according to their specific energy (Wh/kg) against the specific power (W/kg), with the upper right-hand corner being the most sought-after quadrant.



An electrochemical energy storage system has two pathways of energy flow. The first (electrical) part is the electronic one through electrically conductive wires, and the second (ionic) part takes place through a solution with a solvent and ionic solute material [11,12]. Electrochemical storage systems can be batteries (such as lithium-ion, lead-acid, nickel-cadmium, or redox flow batteries), supercapacitors, and fuel cell systems [13]. In supercapacitors, charges are stored through electrostatic interactions, whereas these interactions are within the double layer at the electrode and electrolyte interface. Supercapacitors have a low energy density while demonstrating positive points regarding high power density, efficiency, and long cycle life [14,15,16]. Batteries are the most common commercial energy storage systems [17]. Various types of standard batteries have been widely used over an extended period, including lead-acid, sodium-sulfur, and lithium-ion. Lead-acid batteries, despite their extensive usage, have a short lifespan and pose significant risks to human health due to the exposure of lead (Pb) through various means. This exposure can potentially lead to health hazards, organ disorders, and low energy efficiency. On the other hand, sodium-sulfur batteries show promise with their high efficiency (90%) and long lifespan (4500 cycles). However, their operational requirement at high temperatures (300 °C) and associated safety concerns present considerable challenges [18]. In comparison, lithium-ion batteries surpass the aforementioned types due to their higher energy density and longer lifespan [19].



Redox flow batteries (RFBs) are rechargeable cells that can transform energy through electrochemical processes and store it in external tanks. As a result, RFBs hold significant potential for large-scale stationary applications in various energy storage systems [20]. The power and energy density of RFBs can be estimated based on factors such as the volume of the electrolyte, the concentration of active species, cell voltage, and the number of stacks [21]. The flowing nature of redox electrolytes in RFBs brings about several advantages contributing to their appeal. These advantages include enhanced safety, versatility, and an extended lifespan. Additionally, RFBs possess the capacity for large-scale storage and exhibit minimal self-discharge. Regarding efficiency, RFBs boast charge/discharge efficiency ratings ranging from 75% to 85% [22]. RFBs have emerged as one of the most promising options for electrochemical energy storage, garnering significant attention from researchers actively investigating and showcasing the latest developments in RFB technology [23]. Weber et al. provided valuable insights into the components of RFBs, helping to understand the underlying physical processes involved. They also discussed the various transport phenomena associated with the operation of these batteries [24].



Regarding the chemistry part, Wang et al. [25] and Noack et al. [26] discussed the chemistry of the RFB’s electrolytes. Winsberg et al. [27] summarized the historical progress in anode and cathode active redox materials. Understanding diverse implementation approaches from an economic perspective, encompassing component development and innovative designs is crucial. Sanchez-Dez et al. [28] provided a comprehensive discussion on the status of RFB technologies, including their advantages and limitations. Nevertheless, further work is needed to elaborate on recent progress in critical components, diagnostic techniques, emerging RFB types, large-scale applications, various engineering design aspects, and the primary challenges and barriers that need to be addressed. This study provides a concise overview of battery types, focusing on RFBs and their advantages. It introduces recent advancements in crucial RFB components and emerging types. Evaluation techniques for assessing the components and cell operation are summarized. The study also explores recent progress in large-scale applications, next-generation advancements, and the engineering design aspects of RFBs. Finally, it discusses the challenges and barriers associated with RFB technology.




2. Overview of Battery Energy Storage Systems Technologies


The fast increase in the capacity of renewable resources requires an efficient energy storage system. It is crucial to evaluate the specific attributes of different storage types, including capacity, energy and power output, charging/discharging rates, efficiency, cycle life, and cost, to determine their suitability for various applications. Among the different electrochemical storage systems, batteries are considered the most prober energy storage for various applications. Table 1 provides a comparative overview of diverse battery energy storage technologies, considering the life cycle, efficiency, power, and energy density, advantages, and limitations, as well as the estimated cost.



Flow batteries, such as vanadium redox batteries (VRFBs), offer notable advantages like scalability, design flexibility, long life cycle, low maintenance, and good safety systems. These characteristics make them suitable for stationary energy storage systems. Although VRFBs possess a larger energy capacity and can endure longer discharge periods, they suffer from a relatively poor energy-to-volume ratio and efficiency [38]. Consequently, considerable efforts have been directed towards reducing costs and enhancing performance in this technology. Although lead-acid batteries are the oldest rechargeable battery technologies, they offer advantages such as low cost, low self-discharge rate, high discharge currents, and good tolerance to low temperatures. However, their limitations include short shelf life, toxicity, slow charging, and low energy density. Also, its large size and weight limit its use in portable applications. However, their attractive power-to-weight ratio and suitability for high current output, such as starting motors in vehicles, make them desirable for specific applications [39]. Lithium-ion batteries represent the most widely used technology due to their portability, high energy density, and rapid response time. However, they suffer from limitations such as high cost, limited capacity, and the presence of toxic components. Different types of lithium-ion batteries serve specific applications, with electrodes like LiMnO2, LiNiMnCoO2, and Li2MnO4 finding use in cell phones, laptops, cameras, and medical devices [40,41]. Recognizing these limitations, researchers have shifted their focus to explore alternative metal-ion batteries like Al-ion [42], Mg-ion [43], Zn-ion [44], K-ion [45], and Na-ion batteries [46], aiming to develop batteries with low cost, non-flammable components, and high voltage and capacity.



Traditional rechargeable batteries have primarily been used for portable power or short-term backup systems. However, when it comes to grid balancing or larger applications, larger batteries with increased durability are needed. These batteries must withstand numerous charge and discharge cycles, remain efficient, adapt to fluctuating demands or supplies, and perform well in different locations. RFBs are an emerging technology that can address these requirements. VRFBs are the most prevalent type, often used interchangeably with flow batteries. RFBs store charge in an electrolyte liquid, allowing for scalability based on the size of the liquid tanks. They are capable of enduring numerous charge and discharge cycles while maintaining efficiency. RFBs offer advantages in terms of flexibility, modularity, durability, and safety, making them a promising solution for energy storage.



In conclusion, the field of energy storage continues to evolve, with ongoing research and development efforts aimed at overcoming limitations, improving performance, and exploring new technologies. Advancements in supercapacitors, hydrogen batteries, flow batteries, and alternative metal-ion batteries offer promising prospects for achieving higher efficiency, enhanced safety, and reduced costs in the future.




3. Flow Batteries: Electrochemical Energy Conversion and Storage


Flow batteries, also known as redox flow batteries, can be classified based on the active species such as iron–chromium, hydrogen–bromine, zinc–bromine, and all–vanadium. These batteries utilize two chemical solutions, the anolyte and the catholyte, which are stored in separate tanks and then pumped to the battery stack. Within the stack, the solutions are separated by a membrane [42]. During the discharge process, the anolyte solution flows through a porous electrode, where an oxidation reaction occurs, generating electrons in an external circuit. These electrons are then transported to the cathode side, where a reduction reaction occurs, as shown in Figure 2a. Pumps continuously circulate the anolyte and catholyte solutions from the storage tanks. The anode and cathode are separated by a permeable separator, which allows the charge carrier ions to pass through but prevents the cross-over of the redox species [21,22]. Equation (3) represents the general cell reactions, where A and B represent the active redox species in the anolyte and catholyte, respectively, and µB, µA refer to the electrode potentials. Multiple electrochemical cells are connected to form a cell stack, as shown in Figure 2b, which consists of four redox flow cells with bipolar electrodes.


Catholyte: Bm+ − xe− ⇌ Bm+x



(1)






Anolyte: An+ + xe− ⇌ An−x



(2)






Full cell: Bm+ + An+ ⇌ Bm+x + An−x E = µB − µA



(3)







RFB types can be categorized based on the electrolyte used, with the most commonly used ones being aqueous flow batteries. These batteries utilize aqueous electrolytes and have been extensively studied due to their ease of preparation, non-flammability, non-explosiveness, and cost-effectiveness [47]. Nonetheless, the voltage of aqueous flow batteries is limited to approximately 2 V due to the electrochemical potential window of water [48]. The search for new soluble redox couples in aqueous redox flow batteries (RFBs) is challenging due to limitations in the water electrolysis window and the need to meet various requirements such as voltage, solubility, kinetics, and electrochemical activity. Non-aqueous electrolytes have been introduced to overcome the voltage limitation in aqueous flow batteries. Organic solvents and ionic liquids are the primary non-aqueous solvents employed in RFBs [49]. In non-aqueous RFBs with organic solvents, metal coordination complexes or organic compounds are commonly used as redox couples [27,50]. However, organic solvents have drawbacks such as low conductivity, flammability, volatility, and high cost. Ionic liquids, entirely composed of ions, are another promising non-aqueous solvent. They can remain liquid below 100 °C or even at room temperature due to weak ion coordination. Deep eutectic solvents (DESs) have also gained attention as a novel type of ionic liquid [20,51].



Non-aqueous RFBs have limitations, including low current density, energy efficiency, and cycle life. These limitations often stem from high solvent viscosity or poor cycling stability.



The renewed interest in “hybrid” redox flow batteries (RFBs) has spurred remarkable advancements in energy storage technology. These flow batteries, capable of depositing and dissolving materials at one or both electrodes, represent a significant innovation offering a higher energy density than all-liquid RFBs [52]. Among them, the zinc/bromine redox flow battery, patented by Charles Bradley in 1885, holds particular importance as a hybrid RFB. These systems differentiate themselves from conventional RFBs by their power and energy scalability approach, as the cell design limits the deposition of solids, making separate scalability impractical. Like traditional RFBs, hybrid redox flow batteries consist of two electrolyte circuits. However, it is important to note that the power density of the half cells decreases as the layer thickness increases, a characteristic common to all battery types. The Zn/Br redox flow battery offers enticing advantages such as cost-effectiveness due to the economical use of zinc and bromine as active ingredients and a high energy density [53].



Zinc/polyhalide battery (ZPB) is another example, which combines ZnBr2 and ZnCl2 batteries to achieve higher voltage and energy density [54]. However, material corrosion and dendrite growth are obstacles to developing ZPB systems. Another unique hybrid system is the vanadium/air RFB, utilizing V2+/V3+ solution as the anolyte and H2O/O2 as the cathode-side redox couple. Researchers have encountered voltage efficiency issues similar to Li-air batteries, indicating limitations in reversibility [25]. While “hybrid” RFBs offer the potential for higher energy densities by eliminating one volume of the liquid redox couple, their future is uncertain due to the current performance limitations and the complexities involved.



Overall, the RFBs are considered flexible energy storage systems; they can discharge without damaging the battery and separate energy and power [55]. Many characteristics make RFBs promising in storage technologies, like the independence of energy capacity and power generation [21,22]. Various factors, including the volume of electrolytes, the concentration of active species, cell voltage, and the number of stacks, can influence the performance of RFBs. These variables are essential in determining the overall performance and characteristics of RFBs. Increasing the volume of the electrolyte tanks and adding more battery cells can enhance the power and energy density of the RFBs. It is desirable to achieve a high energy density in RFBs to have a high solubility of the redox species in the electrolyte. Additionally, for RFBs with a high working voltage, it is advantageous to have a low redox potential for the anolyte and a high redox potential for the catholyte. Optimizing these factors can lead to improved performance and efficiency in RFBs, allowing for the better utilization of their energy storage capabilities.




4. Components of Redox Flow Batteries


4.1. Membrane


The membrane is vital for the performance of an RFB system. Its primary function is to separate the positive and negative electrolytes, effectively preventing short circuits and cross-contamination. Simultaneously, the membrane allows for the passage of supporting electrolyte ions, maintaining the necessary charge balance within the system [56]. The membrane’s properties can significantly impact battery performance due to the cross-over of active species through the membrane, leading to unexpected self-discharge and reduced Coloumbic efficiency, and causing capacity loss [57]. The resistance of ion transfer across the membrane and concentration polarization of redox reactions also affects voltage efficiency in the RFB [58]. The non-selective diffusion of active materials through the membrane causes self-discharge, and membrane swelling due to electrolyte absorption which can lead to efficiency and capacity loss and an increased risk of membrane rupture and failure [59]. The type of electrolyte used also affects the ionic conductivity and selectivity, and the chemical stability between the membrane and the electrolyte [60]. Moreover, the cost of membranes is a significant challenge in RFB design [61].



Therefore, RFB membranes must possess specific characteristics, such as high electronic resistivity, high ionic conductivity, high selective permeability for specific ions, low diffusion coefficient for solvents, cost-effectiveness, low swellability, and a long lifespan, as shown in Figure 3. Additionally, these membranes must demonstrate chemical stability to withstand the oxidizing and reducing conditions faced during long-term cycling. Mechanical properties like tensile and puncture strengths are also critical for battery longevity. Current research and development efforts focus on addressing the RFB challenges by developing next-generation membranes.



Membranes in RFBs can be categorized into two types: porous membranes and dense membranes. Porous membranes consist of tiny pores that facilitate the transport of particles, making them ideal for applications such as filtration and separation [21]. On the other hand, dense ion-conducting membranes rely on ion hopping or migration to transport ions. These membranes incorporate functional ion groups within their structure and can be composed of dense ceramics or ion exchange membranes (IEMs) [63].



RFBs mostly use dense IEMs as polymer electrolytes [64]. These membranes are dense polymeric membranes that are selectively permeable to oppositely charged ions (counter-ions) while blocking similarly charged ions (co-ions) [65]. They can be classified according to their charged functional groups into two types; namely, cation-exchange membranes (CEMs), which include negatively charged functional groups (such as sulfonic acid (SO3−), carboxylic acid (COO−), and others) that allow cations to flow but prevent anions from passing, and anion-exchange membranes (AEMs) have positively charged functional groups (ammonium (NH3+), secondary amine (NRH2+), tertiary amine (NR2H+), and quaternary amine (NR3+)); as a result, AEMs can transport anions while rejecting cations, as shown in Figure 4. CEMs, exemplified by Nafion, exhibit high ionic conductivity due to the high mobility of acid protons. However, they are susceptible to a high cross-over of active species, as observed in vanadium RFBs. Conversely, AEMs like Fumasep® FAP-450 demonstrate excellent vanadium barrier properties but have a relatively lower conductivity than CEMs.



Perfluorinated polymer membranes, particularly Nafion, are highly regarded as excellent cation exchange membranes (CEMs), extensively employed in various commercialized redox flow battery (RFB) systems such as vanadium RFBs (VRFBs). This preference is attributed to their exceptional chemical stability and impressive ionic conductivity. However, it is worth noting that Nafion membranes need to undergo modifications in order to effectively act as barriers against metal-active species. These modifications are necessary to address concerns related to self-discharge and capacity fading, ensuring the broader applicability of Nafion membranes in the field of RFBs.



Inspired by the advancements in proton exchange membrane fuel cells and direct methanol fuel cells, ongoing research primarily concentrates on Redox Flow Battery (RFB) systems. The primary objective is to substitute costly Nafion membranes, which contribute approximately 40% to the total cell stack cost. Secondly, the focus is on improving battery performance and the overall efficiency by enhancing the critical properties of the membrane [66]. Numerous reviews have been published on developing ion-selective membranes (IEMs) for RFB systems. This section provides a concise summary of the recent advancements made in membrane development.



4.1.1. Membrane Development


Different categories of polymer films have been developed for VRFB applications as the most commercial type. These categories are based on the polymer starting material, functional groups, chemical structure, design, and composition [56]. Membrane materials come from various sources and are referred to as natural, semi-synthetic, and synthetic polymers [67]. In addition, membranes were also classified by polymer groups, mainly fluorocarbons, hydrocarbons, and N-heterocycles [68,69]. Because the cost of membranes is a major impediment to their development, researchers have developed various concepts to reduce the cost of high-performance commercial polymers and are investigating various low-cost polymers. Developments include the modification of commercial membranes [70,71], blend membrane [72,73], composite membranes [74,75], coating membranes [76,77], core–shell membranes [77], ionomer-reinforced membranes [78,79], grafted polymer membranes [79,80,81], crosslinked membranes [82,83], and acid-base polymer membranes [84,85].



Ion Exchange Membranes (IEMs)


Perfluoro sulfonic acid (PFSA) membrane (such as Nafion) is the most promising ion exchange membranes (IEMs), available in different thicknesses, has gained popularity as the preferred choice for RFB systems, particularly VRFB. Nafion has excellent proton conductivity, thermal and chemical stability, unique hydrophobic (the tetrafluoroethylene backbone) and hydrophilic (sulfonate groups, terminated by pendant vinyl ether side chains) properties contributing to its proton transport mechanism, which is usually described using a water channel model [25]. Despite being widely used, our understanding of the fundamental properties of Nafion membranes under RFB conditions is limited. Thus, further research is crucial to thoroughly understand Nafion membranes’ characteristics when exposed to RFB electrolytes, which is necessary to identify any limitations or drawbacks of using Nafion in RFB systems and explore areas for improvement that can lead to enhanced efficiency, better performance, and long-term durability. Nafion® has excellent chemical and mechanical resilience, but still, its expensive cost raises capital expenses, and its low ion selectivity causes electrolyte crossing and capacity losses.



Various methods have been employed to improve the properties of the Nafion membrane such as ionic selectivity through the addition of functional fillers like aminated SiO2 [86], graphene oxide [87], lignin [88], TiO2 [78], surface modification with a cationic charged polyethyleneimine coating layer [89], PWA-CS multilayers [90], NH2-POSS macromere [90], as well as adjustments in the thickness and pretreatment processes [91,92]. Fluorocarbon polymers (polytetrafluoroethylene (PTFE)), hydrocarbon polymers (polypropylene (PP), polyethylene (PE)), aromatic polymer (polybenzimidazole (PBI)) are inexpensive and chemically stable polymers that can be utilized for fabricating composite membranes [93,94,95]. Incorporating these membranes with PFSA resin improves the dimensional stability of the membrane, resulting in reduced vanadium permeability and enhanced ion selectivity [96,97]. Additionally, the mechanical strength of the composite membrane is significantly increased. These composite membrane optimizations aim to minimize the thickness and amount of PFSA (Nafion) resin used, which has the potential to lower costs and increase overall performance.



Incorporating nanoparticles, such as metal oxides or carbon-based materials, into Nafion membranes has enhanced their performance by improving proton conductivity and reducing thickness while maintaining cost-effectiveness. Lou et al. [87] incorporated graphene oxide (GO) into the Nafion 212 matrix, producing a composite membrane called rN212/GO. which resulted in a thinner membrane, with a thickness of only 41 μm, thus reducing the cost and lowering the permeability of vanadium ions. The VRFB cells utilizing the rN212/GO membrane demonstrated greater Coulombic efficiency and reduced capacity decay than those employing the Nafion 212 membrane with a thickness of 50 μm [87]. Ye and colleagues [88] utilized a simple solution blending and casting method to create composite membranes by adding lignin, which has abundant hydroxyl groups, to Nafion. This approach not only reduced the overall cost of membrane production by lowering Nafion consumption but also led to improvements in the overall membrane performance [88]. Making a hybrid membrane is remarkably motivating for improving stability and reducing costs. To counteract the electrostatic effect and improve the hydrophilicity and dispersibility of the membrane GO nanosheets, tungsten trioxide (WO3) nanoparticles are produced on the surface. These hydrophilic WO3 nanoparticles operate as proton active sites, resulting in a high Coulombic efficiency (over 98.1%) and energy efficiency (up to 88.9%) [98]. Coating Nafion with cationic and anionic layers and incorporating inorganic particles has shown promising results in decreasing vanadium ions permeability and preventing capacity reduction during cycling tests. However, the high cost of Nafion hinders its widespread commercialization. Consequently, the development of alternative membranes has been extensively investigated. Research into the best ion exchange membrane for VRFBs has resulted in synthesizing and testing chemically robust non-fluorinated and hydrocarbon-based anion and proton exchange membranes functionalized with novel ion exchange groups to address these concerns.



Anion exchange membranes (AEMs) have gained increasing attention due to their unique properties. One notable advantage is the presence of positively charged functional groups on AEMs that repel vanadium ions by electrostatic repulsion, significantly reducing the vanadium-ion cross-over problem, which can affect the cell performance and operational stability. In addition, AEMs offer the advantage of relatively low-cost synthesis due to their simple fabrication process. These characteristics have led to using commercial AEMs and modified AEMs in the initial phase of iron–chromium redox flow batteries from NASA [99,100]. Studies by Chen et al. [101], Wandschneider et al. [102], Delgado et al. [103], and Cho et al. [73] examined anion exchange membranes in VRFBs. Their results favored anion exchange membranes over cation exchange membranes due to the higher Coulombic efficiency. Cho et al. [73] specifically observed minimal capacity reduction at high charge/discharge cycles, indicating potential substitution with commercial Nafion membranes (N115, N117, N212).



Moreover, AEMs with low swelling and a narrow aqueous domain would show less electrolyte cross-over at high sulfuric acid and vanadium concentrations. However, due to the cationic functional groups’ low acidity and mobility of anion exchange, the ionic conductivity of AEMs is generally lower than that of Nafion [104].



Hydrocarbon polymers, such as poly(phenylene oxide) (PPO), poly(ether ether ketone) (PEEK), polyimide (PI), polybenzimidazole (PBI), and poly(styrene-ethylene-butylene-styrene) (SEBS) are extensively utilized in different applications due to their excellent mechanical and thermal stability, as well as low vanadium permeability [105,106,107,108,109,110,111,112]. The development of hydrocarbon-based AEMs has attracted considerable interest in fuel cells, water electrolysis, and VRFBs, as they exhibit favorable characteristics to meet the necessary criteria. Son et al. blended AEMs with polyphenylene oxide, quaternary ammonium groups, and polyvinylidene fluoride (PVDF) [113]. The addition of PVDF lowered vanadium ion permeability and enhanced the dimensional stability. These blended membranes exhibited lower permeability than commercial proton exchange membranes and demonstrated reduced self-discharge, making them potential candidates for VRFBs [113]. Cho et al. developed novel three-component anion exchange blend membranes (AEBMs) using bromomethylated poly(2,6-dimethyl-1,4-phenylene oxide), poly [(1-(4,40-diphenylether)-5-oxybenzimidazole)-benzimidazole] (PBI-OO), sulfonated polyether sulfone polymer, and 1,2,4,5-tetramethyl imidazole (TMIm) for quaternization [114]. These AEBMs exhibited comparable efficiencies to Nafion 212 membranes and demonstrated improved vanadium ions cross-over resistivity, confirmed by open circuit voltage and capacity fade tests in VRFBs and Coulombic efficiency.




Porous Membranes


Despite numerous modifications to IEMs, their fundamental characteristic remains unchanged: they selectively permit the transfer of only one type of ion. This selectivity is achieved by incorporating negatively or positively charged ionic functional groups along the transfer path, which enables the passage of specific ions while rejecting those with opposite charges. In contrast, porous membranes rely on the size effect to achieve ion separation and lack ionic selectivity. However, most ion-exchange membranes suffer from high swelling, low chemical stability, and limited ionic conductivity [115]. Similarly, commercially available porous membranes exhibit low levels of ionic selectivity [116]. Consequently, several strategies have been proposed to enhance the performance of both dense and porous membranes in redox flow batteries (RFBs).



Porous membranes can be modified using inorganic nanoparticles, resulting in a reduction in pore size and the prevention of active species diffusion [117]. Two-dimensional (2D) nanosheets allow ion transfer between layers and can form flexible films with a layered microstructure [118,119]. The discovery of various 2D materials, such as graphene, silene, hexagonal boron nitride, silicon carbide (SiC), transition-metal sulfides, and 2D metal–organic frameworks (MOFs), has expanded the range of options for membrane modification [119]. These materials can be classified into nanosheet membranes with uniformly sized pores in a monolayer or a few layers and laminar membranes formed by assembling 2D nanosheets with interlayer galleries for molecular passages. Graphene-based 2D materials are particularly prominent in enhancing RFB membranes.



Graphene was used to improve RFB membranes by directly transferring them onto traditional polyethersulfone (PES) ultrafiltration membranes, enhancing the Coulombic efficiency without affecting voltage efficiency [120]. Another study employed GO nanofilms as a surface modification on PES membranes, effectively preventing significant vanadium ion diffusion while facilitating proton passage. The modified membrane exhibited a lower vanadium-ion diffusion rate and higher CE and EE than a commercial membrane. Researchers also proposed cross-linking different monomers to enhance GO selectivity [121]. Additionally, a double-layer composite membrane with MoS2 nanosheets showed improved chemical stability and achieved high EE over numerous cycles with a low self-discharge rate [122].



MOFs have regular micropores and high porosity because they comprise inorganic central metallic atoms and organic ligands. These materials have seen widespread use in a variety of separation applications. Using a simple infiltration method, Peng’s group created a modified Celgard membrane by infiltrating the ultrathin Ni-MOF nanosheets onto the surface of a Celgard 2325 membrane [123]. The MOF layer blocks most active molecules, but a small portion can pass through the stacked layers via zigzag paths between the MOF nanosheets. Mixed-matrix membranes are the techniques developed to enhance the performance of redox flow batteries (RFBs). The addition of 2D nanosheets inside the membrane increases pore tortuosity, acting as a barrier against the diffusion of active species. These nanosheets also possess functional groups such as carbonyl, carboxyl, and hydroxyl, which form hydrogen bonds with the polymer backbone, leading to a more compact and resilient framework that resists swelling and breaking [124]. Researchers have utilized 2D materials such as graphene oxide (GO), molybdenum disulfide (MoS2), silicon carbide (SiC), and carbon nitride (C3N4) in mixed-matrix membranes [125,126,127]. Dai et al. employed a solution-casting method to prepare composite membranes using sulfonated poly(ether ether ketone) (SPEEK) and varying amounts of GO [125], while Wu et al. used a similar approach to enhance the ion selectivity by incorporating GO into polyvinylpyrrolidone membranes [128].





4.1.2. Membrane Evaluation


Some studies compared the performance of traditional Nafion membranes in VRFBs. They discovered that N115 is the best variant because of its favorable balance of vanadium ion cross-over and ohmic resistance [129,130]. The VANADion membrane (brand-new composite PFSA membrane developed by Union Chemical Industrial Co., Ltd. It was manufactured by Ion Power, Inc where is located in New Castle, Delaware, United States) has shown promise with better energy efficiency and similar capacity retention [113]. However, PFSA membranes and Nafion suffer from vanadium cross-over and high costs. Hydrocarbon-based anion exchange membranes (AEMs) are being explored as alternatives to PFSA-based membranes. Commercial AEMs, such as New Selemion and Fumasep, have been studied for their chemical stability. Standardized evaluation methods and diagnostic tools are crucial for assessing essential membrane properties that impact the performance of vanadium redox flow batteries (VRFBs). Notable studies have been conducted focusing on the chemical stability of commercially available anion exchange membranes (AEMs) such as New Selemion, Selemion AMV, New Selemion Type 3H, and a sample from Tokuyama [131,132]. Their research revealed that the swelling behavior significantly affects membrane degradation, resulting from polymer oxidation by V5+ ions.



Additionally, Cao et al. investigated the permeation rate of different vanadium ions across Fumasep® FAP-450, comparing it to N115 [133], and Nguyen’s group explored FAP-450’s vanadium ion uptake under static equilibria and operating conditions [134]. Another study by Zhao et al. identified five essential membrane characteristics crucial for VRFB performance (Table 2) and conducted ex situ assessments on eight commercially available ion exchange membranes [135]. Their results suggest that perfluorosulfonic acid (PFSA) membranes and hydrocarbon AEMs show promise for in situ testing. In contrast, one hydrocarbon cation exchange membrane (CEM) is not recommended due to its relatively high VO2+ ion cross-over and low mechanical stability during and after chemical stability tests. These findings pave the way for further advancements in VRFB membrane technology.



Based on the evaluation of membrane properties (Table 2), CMV exhibited the lowest chemical stability, while FAP-450 and PFSA-based membranes (DF, FS-930, and N212) demonstrated excellent stability, with FAP-450 showing inferior tensile strength. AHA and FAP-450 exhibited superior intrinsic tensile strength. Among the identified membrane properties, ion selectivity was the most crucial factor impacting VRFB performance. Membranes with higher ion selectivity, such as AMV, CMV, AHA, FAP-450, and DF, strike a better balance between ion conductivity and vanadium ion permeability, potentially leading to enhanced VRFB performance. All membranes, except FAP-450, exhibited relatively small dimensional changes. Overall, fluorinated PFSA membranes (Nafion N212, Fumapem FS-930, and Dongyue DF) and hydrocarbon AEMs (Selemion AMV, Neosepta AHA, and Fumapem FAP-450) are recommended as candidates for further in situ evaluation in VRFB applications. However, further modifications and development are necessary to enhance membrane properties, as discussed in the previous section. Many of the membranes used in redox flow batteries today were “taken” from other uses, such as fuel cells, and were not explicitly created for this device. As a result, their characteristics do not adequately meet the needs of their usage environment. Ion-exchange polymeric membrane production and modification have recently seen significant advancements. However, substantial research is still being performed to generate more complex membrane structures with a wide range of capabilities and desirable operating behaviors and create innovative materials and techniques for membrane modification. Decreased costs and enhanced functional qualities (high ionic conductivity, high ionic selectivity, lower vanadium ion permeability, low expansion coefficient) have stimulated the research and development of novel materials with varied structures and compositions.





4.2. Electrode


The electrode is a crucial element of VRFB that affects the system’s overall performance. The electrode is a battery component where the reduction and oxidation processes occur [136], and the porous surface is essential for maximizing the number of active sites and the electrolyte access [137,138]. It is possible to reduce losses within the electrode, such as activation, electrode ohmic, and mass transfer losses, by appropriately designing and modifying the electrode materials. Catalysts decrease the activation losses required for the redox reactions due to inadequate electrochemical activity [139,140]. The materials for electrode fabrication are limited because of the corrosive environment in an RFB. The higher surface area, porosity, outstanding wettability for electrodes, lesser electronic resistance, good electrochemical stability, and high activity towards redox reactions are the requirements for the electrodes to be used in RFBs [139]. Carbon-based materials, especially graphite felt are commonly used as electrode materials in the RFBs like VRFBs, polysulfide/Br, and Zn/Br [141,142,143,144,145,146,147,148,149,150,151,152,153,154,155,156,157,158,159]. Figure 5 represents the redox flow battery cell with membrane-electrode assembly and bipolar plates with flow channels.



Several methods for modifying carbon-based electrode materials have been reported, including chemical treatments, electrochemical oxidation, doping, and thermal treatments [161], which are used to improve the properties of the electrodes and thus increase the energy efficiency (EE) of VRFBs [154]. For instance, the electrochemical oxidation method is used to modify graphite felts [162]. Nitrogen-doped polyacrylonitrile-based graphite felt, and bio-derived carbon materials are also used for VRFBs using hydrothermal processes [163]. Metal oxides with lower prices have been investigated for VRFBs showing comparable catalytic properties with noble metals [159]. Graphite felt modified with nano-dispersed Bi nanoparticles served as stable active sites [164]. A new fabrication method was recently created by repeatedly repeating NiO/Ni redox reactions on graphite felts to increase the surface area [165]. Due to their greater specific surface area, chemical stability, and good electrical conductivity, carbon nanotubes, carbon nanofiber, and graphene oxide electrodes have been developed [159,166,167,168,169,170,171,172]. The electrode’s overall effectiveness can also be improved through better design; flow resistance is one of the losses through the electrode that researchers are trying to improve. The system efficiency can be improved by adding flow channels, decreasing the power needed for pumping, spreading the flow throughout the reactive area, and decreasing the resistance for electrolytes flowing through the system [137,173]. By experimenting with various flow route designs in the PAN-based carbon felt, the total efficiency improved by up to 2.7% [173]. Mass transfer losses in the electrode of VRFB could be mitigated using a flow field design in the bipolar plate [174], which is one of the most successful methods. Different electrode materials used in redox flow batteries are summarized in Table 3.




4.3. Electrolyte


The electrolyte is another crucial component of an RFB. Its properties influence the battery’s overall performance and the energy (energy density defined by the concentration of active species in the electrolyte) stored in it. The electrolyte is kept separate from the anode and cathode in an external container. A negative electrolyte has a lower reduction potential than a positive electrolyte that is dissolved or suspended, and the increased solubility of all redox agents is always required [25]. The redox reaction potential must be in the stable electrolyte potential range to avoid electrolyte breakdown or decomposition, as shown in Figure 6.



The cell voltage in a redox flow battery is influenced by the choice of redox couples and is limited by factors such as the electrochemical window of the solvent–electrode system, the stability of the supporting cation or anion, and bipolar plate materials. Typically, the cell voltage remains low for aqueous electrolytes to avoid the water electrolysis that theoretically occurs at 1.2 V in acidic media. Organic solvents with a wider electrochemical window, such as acetonitrile (6.1 V) and propylene carbonate (6.6 V), are required to achieve higher cell voltage [187]. However, using organic solvents frequently results in the poor solubility of the active species. Solubility, cell voltage, reaction kinetics, and an appropriate working voltage and temperature are important parameters to consider when selecting an electrolyte.



In aqueous batteries, some anodic reactions have a low negative potential, which can hinder their application due to hydrogen evolution resulting from water electrolysis, leading to energy loss and charge imbalance. By controlling the pH values of the anolyte and catholyte independently using a multi-membrane system, a high cell operation voltage of approximately 3 V could be achieved. In alkaline electrolytes, the water dissociation reaction occurs at the cathode (Equation (4)). In contrast, in acidic conditions, the oxygen evolution reaction (OER) occurs at the anode (Equation (7)).



In alkaline electrolytes:


Cathode reaction: 2H2O(L) + 2e− ↔ 2H2(g) + 2OH−   E0 = −0.828 V SHE



(4)






Anode reaction: 2OH− ↔ 2H2O(L)+ 1/2O2(g) + 2e−   E0 = + 0.402 V SHE



(5)







In acidic electrolytes:


Cathode reaction: 2H+ + 2e− ↔ H2(g)   E0 = 0 V SHE



(6)






Anode reaction: H2O(L) ↔ 2H+ + 1/2O2(g) + 2e−   E0 = +1.23 V SHE



(7)







High-rate performance in redox flow batteries is crucial for high power generation. Catalysts are used to improve the reaction rates and reduce polarization, enhancing the voltage efficiencies (Table 4) [188]. Carbon-based materials are commonly used as catalyst supports in aqueous systems, providing a large contact area for electrolytes [189].



The electrolyte must also have sufficient ionic conductivity to allow a good rate capability. Two aspects that should be considered for the electrolyte during the design and preparation of VRFBs are specific energy/energy density and air oxidation. Low energy density is the main problem and focus of research in the electrolyte, with specific energy and energy density typically ranging from 15 to 25 Wh/kg and 20 to 33 Wh/L. Air oxidation is another significant problem in vanadium chemistry, which negatively affects the anolyte. Oxygen gas converts V2+ into V3+, which causes the battery to drain quickly. However, it may be readily avoided with the right design [190]. For the commercialization of RFBs, electrolyte cost minimization is critically essential.



In practical VRFBs, vanadium concentrations seldom exceed 2 M [191]. The vanadium ions’ solubility constrains it in the assisting electrolytes [192]. Temperature plays a critical role in this case. When temperatures exceed 40 °C, Kazacos et al. demonstrated that the vanadium and H2SO4 concentrations should be maintained at 1.5 M and 3–4 M, respectively [193]. When kept at higher temperatures and an SOC for extended periods, V5+ tends to precipitate from the H2SO4. V5+ generates V2O5 at temperatures over 40 °C [194]. Solubilities in the H2SO4 of V2+, V3+, and V4+ are reduced when temperatures are below 5 °C [193]. The vanadium concentration can be increased to 3M while the battery is continuously cycled, and the electrolyte temperature is reasonable. This results in a 35Wh/kg increase in energy density [195]. The diffusion of water and vanadium ions across the membranes decreased, causing lengthy charging times, discharging times, and lowered the average voltages via increasing the H2SO4 concentration from 2 to 6 M [196]. To analyze the VRFB’s performance with solvents other than H2SO4, Peng et al. used a mixed-acid solution of the methane sulfonic acid (CH3SO3H) and H2SO4 [197] and found that the electrochemical activity improved over sulfuric acid only. The additional acid increased the redox reaction kinetics and decreased the mass transport resistance. The increase in the concentration of CH3SO3H in the mixed supporting electrolyte (CH3SO3H and H2SO4) improved the solubility and stability of the vanadium ions [198]. However, this increase negatively affects the solution resistance as well as electrochemical kinetics.



The HCl electrolytes with H2SO4 electrolyte performances were compared by Roznyatovskaya et al. [199]. The authors found that when the conductivity and vanadium concentrations were the same, the operating characteristics of the supporting electrolytes were similar, whereas the cyclability of the H2SO4 cell was superior. Chloride ions in the positive HCl electrolyte were found to reduce V5+ at higher SOCs (98%) parasitically. This area needs more improvement work because the supporting electrolyte component is crucial to improving the performance of the VRFBs. Supersaturated positive electrolytes were investigated by Rahman et al. [200]. It was discovered that the electrolyte was limited to 3.5 M V5+ and 5–6 M sulfate/bisulfate. The increased vanadium concentration also increased the viscosity [200]. At moderate temperatures, a 3 M V and 6 M H2SO4 may suit VRFB and cause a notable rise in energy density [200]. By using a vanadium bromide solution in both half cells, Skyllas-Kazacos et al. [201] created a G2 VRFB that could be used in larger mobile applications and had nearly twice the energy density of pure VRFBs. By developing both the positive and negative electrolytes in a vanadium, manganese, and titanium composition, Park et al. demonstrated the improved VRFB chemistry in which two ions react in each half cell. The ideal concentrations of V, Mn, and Ti were determined to be 1.1, 1.5, and 1.5 M, respectively, with an energy density of 39.4 Wh/L [202]. Mental et al. [203] claimed a specific energy exceeding 40 Wh/kg using a single electrolyte to build a hybrid vanadium–oxygen redox fuel cell.



Ongoing research and development are crucial for the widespread adoption of redox-active materials in both families of redox flow batteries (RFBs) [49]. Historically, inorganic non-metallic materials like polysulfide-bromine and transition metals such as all-vanadium have been leading choices for Aqueous RFB (ARFB) development, with metal coordination complexes also explored [204]. However, using certain inorganic, non-metallic materials like bromine has faced challenges in entering the market due to their corrosive and toxic nature, making the practical design of flow fields, pumps, storage tanks, and pipes difficult. Similarly, transition metal-based ARFBs have struggled to meet battery price targets due to the high costs and the limited availability of redox-active materials [24,204,205]. Initial investigations into non-aqueous RFBs (NARFBs) utilized metal coordination complexes as redox-active materials, but they suffered from low solubility, poor stability, or expensive precursors. Recent advancements in RFBs, beyond vanadium-based systems, have focused on identifying low-cost redox-active materials such as abundant inorganic species and tailored organic molecules [206,207,208]. Organic redox-active molecules, which are particularly promising for both aqueous and non-aqueous RFBs as they are composed of elements readily available on Earth (hydrogen, carbon, oxygen, sulfur) and offer a comprehensive design space, enabling the control of molecular weight, solubility, and redox potential through molecular functionalization, which will be discussed in the following section.





5. Redox Flow Battery Systems


RFBs have been explored as a promising technology for large-scale energy storage due to their scalability, high energy densities, and long cycle life compared to conventional batteries. While RFBs have a lower power and energy density than other energy storage systems, they excel in large-scale applications due to their cost-effective scalability. Various types of RFBs have been developed, including early studies using active inorganic materials such as Fe/Cr, VFRBs, and Zn/Br flow batteries. Currently, two types of redox flow batteries (RFBs) are commercially available; the vanadium RFB and the zinc–bromine RFB. These technologies have been developing for several decades and are used for various applications, from renewable energy storage and grid stabilization to electric vehicles. However, both technologies face certain limitations that hinder their widespread adoption. For instance, vanadium-based RFBs are costly due to the expensive nature of the vanadium compounds used in the electrolyte, while zinc-bromine RFBs suffer from poor energy efficiency, mainly due to the cross-over of reactants between the positive and negative sides of the battery. As a result, researchers have been investigating alternative RFB systems to overcome the limitations of the current commercial RFBs and make the technology more suitable for widespread use.



The new technology of redox flow batteries (RFBs) is focused on developing alternative materials for the electrode and the electrolyte and innovative designs of the flow cell and membrane to improve energy efficiency and cost-effectiveness [209]. Organic compounds, such as quinones, are being explored to replace expensive metal ions in the electrolyte solution, offering a more affordable and sustainable option. The flow cell design can be optimized for higher power density and increased efficiency, while using specific membranes with improved selectivity and lower resistance can further enhance performance [210]. Innovative approaches such as a hybrid RFB, combining carbon-based electrodes with metal-free electrolytes, have also been developed for a more efficient and low-cost flow battery system [210]. These advancements in RFB technology offer significant advantages, including scalability, high energy density, safer operation, and long cycle life, positioning them as a promising storage solution for renewable energy and grid stabilization applications. This discussion section will primarily focus on current commercial RFB technology, including its advantages and limitations. However, it is essential to note that the primary interest and emphasis is on the next generation of redox flow battery technology, as this exciting new frontier holds great promise and potential for developing more advanced and effective energy storage solutions.



5.1. Commercial Redox Flow Batteries


Commercial redox flow batteries (RFBs) represent a significant advancement in energy storage technology and are currently dominated by two main types: the Vanadium RFB (VRFB) and zinc–bromine RFB (Zn/Br-RFB), with additional studies on Fe-Cr and other flow batteries. The VRFB was first developed in the 1970s and has since garnered considerable attention due to its high energy density, long cycle life, and low environmental impact. This technology utilizes the Vanadium redox couple and operates at cell voltages of approximately 1.4 V–1.6 V. The Zn/Br-RFB, on the other hand, can provide high energy efficiency, but its current implementation suffers from a low power density and high operating cost, with cell voltages of 1.6 V–2.0 V. The most common one is the VRFB, where the vanadium redox reaction occurs between the V (III)/V (VII) and V (V)/V (IV) redox couples, whereas the Zn/Br RFB utilizes the redox reaction between Zn (II)/Zn (0) and Br2/Br− in acidic aqueous electrolyte. The advantages of the VRFB and Zn/Br-RFB technology include a long cycle life, cost-effectiveness, low environmental impact, safe operation, and good scalability. However, significant limitations remain, such as low power density, limited energy efficiency, and high capital costs.



Table 5 summarizes the most common types of commercial RFB technology. The Vanadium RFB has a high energy efficiency, making it a popular choice for renewable energy integration and off-grid energy storage applications. On the other hand, the zinc/bromine and Fe/Cr RFBs have lower energy efficiency but operate at higher cell voltages than the VRFB. These trade-offs make the Zn/Br and Fe/Cr RFBs better suited for load-levelling and industrial applications.



In VRFBs, the cross-contamination of electrolytes is well known, but it does not significantly impact battery performance due to using the same active species in both positive and negative electrolyte performance [211]. Vanadium pentoxide (V2O5), vanadium trichloride (VCl3), and vanadyl sulfate (VOSO4) were all first regarded as supporting electrolytes along with hydrochloric acid (HCl), sodium hydroxide (NaOH), and sulfuric acid (H2SO4) [212]. Challenges lie in balancing chemical stability and conductivity in membranes and improving the electrode structure and electrolyte flow to enhance mass transfer and efficiency. While Fe-Cr RFBs stand out for their ecological friendliness, low toxicity, and secure energy storage [213]. Careful design is necessary to minimize the capacity loss and electrolyte imbalance, but developers have successfully implemented rebalancing subsystems with low-efficiency loss. Enhancing reliability and reducing costs are priorities to make Fe-Cr RFBs cost-effective and suitable for utility and telecom backup applications. However, challenges such as the low cell voltage, slow redox kinetics, corrosive operating conditions, and hydrogen gas evolution must be addressed to further enhance their performance and expand their applications [214,215]. In Zn/Br RFBs, a high cell voltage and excellent energy density were offered, making them attractive for energy storage [216]. However, the highly reactive nature of bromine requires robust fluid management devices, electrodes, and membranes. Safety concerns arise from bromine’s toxicity, necessitating stable amine compounds and active cooling at higher temperatures [217]. Uniform plating and reliable operation pose challenges due to dendrite production, requiring unique cell design and operating modes [218,219]. Zn/Br systems were tested in utility-scale applications and are being evaluated in community energy storage systems, showing their potential for larger-scale deployments (1 MW/3 MWh) [220].
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Table 5. Commercial types of flow batteries [221,222,223,224].
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Flow Battery

	
Redox

Reaction

	
Performance

	
Component

	
Advantages

	
Limitation




	
Cell Voltage

	
Cycle

Efficiency (%)

	
Energy

Efficiency(%)

	
Electrolyte

	
Electrode

	
Commercial Membrane






	
Vanadium

	
VO2+ + e− ⇌ VO2+

V2+ ⇌ V3+ + e−

	
~1.26

	
70–85

	
81–87

	
1.7–2 M V in 4–5 H2SO4

	
Thick felt heat

bonded graphite

impregnated

polyethylene plate

	
Nafion

	
High energy efficiency, long cycle life, and excellent scalability

	
Relatively low energy density and high cost of vanadium




	
Fe-Cr

	
Fe2+ + e− = Fe3+

Cr2+ ⇌ Cr3+ + e −

	
~1.81

	
70–85

	
73

	
1 M FeCl2/1 M CrCl3 in 2–3 M HCl

	
Carbon felt, graphite felt

	
Nafion

	
Abundant and low-cost materials, long cycle life

	
Slow kinetics of Cr2+/Cr3+ reaction.




	
Zn/Br

	
Br2 + 2e− ⇌ 2Br−

Zn ⇌ Zn2+ + 2e−

	
~1.85

	
75–80

	
69.4

	
ZnBr2 in excess of Br2 (ZnBr2 oil)

	
Graphite, carbon paper

	
Nafion, PTFE

	
High energy density, low cost, long cycle life

	
Bromine cross-over, complex system management









These commercial RFB types demonstrate significant advantages in energy efficiency, long cycle life, scalability, and cost-effectiveness. However, limitations such as low energy density, slow redox kinetics, corrosive conditions, and safety concerns need to be addressed through ongoing research and development efforts. By overcoming these challenges, RFBs can establish themselves as reliable and sustainable energy storage solutions for various applications. Table 6 shows the different modified systems of commercial RFBs.




5.2. Next-Generation Flow-Batteries


Conventional redox flow batteries can store more energy by increasing the electrolyte volume and active species concentrations. The cost per kWh of the RFB and the price of cell components are also influenced by the molar mass and associated electroactive species chemistries [22]. A high current is needed to minimize the mass transport losses, which the higher solubility of the redox couple can maintain. Research on organic electrolytes as active materials has recently been conducted for solid-state organic batteries to fulfil the cost targets [225,226,227,228,229]. This shift has led to the development of a wide range of novel redox couples and design concepts utilizing organic compounds, polysulfides, iodine, or semi-solid active materials. Although promising proof-of-concept high-performance devices have been reported, further investigations are necessary to stabilize and optimize these systems for large-scale implementation. Organic molecules are used because of their advantages, such as their abundance; they can also be extracted from various sources, and their properties can be improved with synthetic chemistry for faster kinetics and higher solubility [187,230,231,232,233].



In contrast, non-aquatic systems struggle with electrolyte/separator resistances, chemical instability, and active material cross-over. When designing RFB with high energy and coulombic efficiency, the organic electroactive molecule, solvent, and supporting electrolyte should all be considered. Organic electroactive molecules have a higher solubility limit in various solvents, including aqueous and non-aqueous solvents, than inorganic redox materials. In other words, under the same solvent and supporting electrolyte conditions, the concentration can be increased as desired by taking advantage of the flexible modification by organic molecule substituents. Organic redox molecules with intrinsic characteristics such as flexible design, stability, easily modified electrochemical properties, and cost-effectiveness are more attractive for RFBs for household and industrial applications [234]. Automobile applications have opened a new research area in RFBs which also includes organic systems, and it needs further research and development to achieve proper development and durability. This section summarizes novel redox active materials and design concepts for next-generation flow batteries, including limitations.



5.2.1. Semi-Solid Redox Flow Batteries


In a “semi-solid flow battery” SSFB, solid electroactive particles are mixed with conducting additives and electrolytes to generate an electrically and ionically conducting slurry known as a semisolid electrode and employed as an energy-storing fluid [235]. The slurry from the exterior reservoirs is injected into the electrochemical reactors for energy conversion. Using non-aqueous electrolytes and intercalating lithium materials such as the layered type (LiCoO2), spinel type such as (LiMn2O4), and olivine type (LiFePO4), Duduta et al. proved this theory [236]. The biggest drawback of utilizing solid active materials in static batteries is the solid electrolyte interphase (SEI) [237]. The conventional RFB system architecture must be modified to use solid particle suspensions. Most importantly, the reactor’s architecture must allow solid particles to pass through. The cell reactor, which represents the SSFB, comprises two current collectors, a separator, and gaskets, including one through which the slurry will flow [236].



The most significant current density for flat 2D electrodes is low due to a smaller electrochemical surface area. Because carbon particles were added to the suspension of active particles to increase the slurry’s electrical conductivity, the electrochemical surface area increases as the slurry passes by the reactor [238]. Electrical conductivity and current density increase as carbon concentration increases. However, the current density is low compared to typical RFBs, and adding more carbon to the mix would increase both viscosity and ionic resistance; thus, a carbon balance should be established [239]. Using surfactants in semi-solid electrodes like Triton X-100 and dispersing agents such as polyvinylpyrrolidone (PVP) will enhance the semi-solid electrodes’ characteristics. These types of additives can increase the flowability in addition to the increase in the content of carbon [240,241].




5.2.2. Solid Mediated/Targeted/Boosted Redox Flow Batteries


When external reservoirs are filled with solid active materials to increase the energy density, only the traditional RFB architecture is feasible. In this instance, the redox species are used as charge carriers between the electrochemical reactors and external reservoirs, storing the charges in the solid substance remote from the electrode. Successful demonstrations of several battery chemistries using traditional RFB architecture were made [242,243,244,245,246,247,248,249]. The essential operation of this method is reversible. If dissolved redox-active species A and B are used in a reservoir, they will function as redox mediators during charging and discharge, respectively, since their redox potentials are higher and lower than the redox potential of the solid active material, respectively. Using two redox mediators for each reservoir will affect the voltage efficiency, which is a drawback [242].




5.2.3. Solar Redox Flow Batteries


A solar redox flow battery (SRFB) is a low-cost and promising RFB application method. This system is designed with two architectures: photo-assisted electrodes and the direct integration of a photovoltaic module, which allows for various photo-charging processes, Figure 7a. The photo-assisted electrodes, namely the photo-electrochemical (PEC), where the semiconductor liquid junction cell is performed, match the energy levels of semiconductors and the redox couple and determine the cell’s photovoltage. The photovoltaic (PV) modules are directly integrated by stacking with the electrochemical module of RFBs that work autonomously. SRFB technology is in the research and development stage, and it is trying to overcome some of the disadvantages related to its lower capacity, material stability, and insufficient photo voltage [28,250,251,252,253,254,255,256,257,258,259,260,261,262,263,264,265].




5.2.4. Air-Breathing Sulfur Flow Batteries


Another new technique is air-breathing sulfur flow batteries (Figure 7b) (Li2Sx/air or Na2Sx/air) [266]. The advantages of these technologies include the use of low-cost chemicals and the ability to achieve competitive costs. This battery can operate with both acid and alkaline electrolytes. The proof of concept is shown here in flow mode (10mLmin−1) with anode as sulfided Ni mesh and cathode (dual cathode configuration) as a mixture of IrO2 (for “oxygen evolution reaction” OER) and Pt/C gas diffusion layer (for “oxygen reduction reaction” ORR) [267]. The LISICON membrane was utilized, with 1 M Li2S4 in 1 M LiOH acting as an anolyte and 0.5 M Li2SO4+ 0.5 M H2SO4 acting as a catholyte [266,268]. Their cyclability investigations revealed a better lifespan of 49 cycles (960 h) at 0.325 mA cm−2 with 55% round-trip voltage efficiency at 550C, and the scientists claim that the system is limited by membrane resistance [266].




5.2.5. Metal–CO2 Batteries


CO2 emissions and their climate impact are a major global concern. It is critical to recycle these pollutants to address this issue. CO2 reduction combined with power generation may be more cost-effective and environmentally friendly. This concept was employed in the Zn-CO2 flow battery (Figure 7c), which uses Zn wire as the anode and one compartment cell with nanofiber as the cathode, with CO2 fed in flow mode [28,269,270,271]. The electrolyte used is an ionic liquid 1-Ethyl-3-methylimidazolium tetrafluoroborate (EMIM) (BF4) [28,269].



SRFB technology is in the research and development stage, and several factors like less capacity, efficiency, durable materials, and inadequate voltage must be overcome for better results. It offers a cost-effective, efficient design and compactable size for various applications. Air-breathing sulfur flow batteries use low-cost chemicals and attain great competitive prices. Metal–CO2 batteries are more economical and environmentally friendly and are a solution for the environment from CO2 emissions. More research and studies can improve these technologies and be used in future renewable energy applications.
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Figure 7. The schematic diagrams of: (a) solar redox flow battery, adapted with permission from Ref. [272] 2022, Elsevier; (b) Air-breathing aqueous sulfur flow battery, adapted with permission from Ref. [266], 2017, Elsevir; and (c) Zn–CO2 batteries, adapted with permission from Ref. [273], 2019, American Chemical Society. 
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Table 6. The operating parameters of redox flow battery research using soluble electroactive species.
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	Systems
	Electrode Material
	Negative

Electrolyte
	Positive

Electrolyte
	Back

Ground

Electrolyte
	Membrane
	Charge

Voltage

(App.

Value) (V)
	Discharge

Voltage (V)
	Current

Density (mA cm−2)
	Refs.





	Cr-EDTA/Cr-EDTA
	Graphite felt and rod
	0.05 M

Cr (III)-EDTA
	0.1 M

Cr (III)-EDTA
	1 M

Sodium

Acetate
	Cation-ex

Nafion® 450
	1.4

(H-cell)
	NA
	0.57 (H-cell)
	[274,275]



	Fe-Cr
	Negative: carbon

fiber

Positive: Carbon felt

+ catalyst
	1M CrCl3
	1M FeCl2
	2 M HCl
	Cation-ex

Nafion® 117
	1.05
	1.03
	21.5
	[276,277]



	Ti-Fe
	Negative: Carbon felt

+ bismuth (bi) catalyst
	Ti (III)/Ti

(II)
	Fe (III)/Fe

(II)
	(1–4) M H2SO4
	sulfonated poly (ether ketone) (SPEEK)
	NA
	0.4
	40–120
	[278]



	All

vanadium
	Thick felt heat

bonded graphite

impregnated

polyethylene plate
	2 M V (II)/V (III)
	2 M V (IV)/V (V)
	2M

H2SO4
	Cation-ex

polystyrene

sulphonic

acid

membrane
	1.47
	1.30
	30
	[145]



	Vanadium

chloride

polyhalide
	Graphite felts

compressed
	1M VCl3
	1 M NaBr
	1.5 M

HCl
	Cation-ex

Nafion® 112

membrane
	1.2
	0.98
	20
	[192]



	Ce-V
	Carbon fibers
	0.5M Ce (IV)/Ce (III)
	0.5 M V (III)/V (II)
	1 M

H2SO4
	Vycor glass

membrane

(Asahi

Glass Co.,

Ltd.)
	1.83
	1.51
	22
	[279]







(NA = unavailable).














6. Diagnostics and Material Characterization Techniques


Voltage efficiency is the cell voltage ratio during discharge and charging operation [11], where VcellDhg and VcellChg in the following equation (Equation (8)) represent the average cell voltages during the charging and discharging.


η = VcellDchg/VcellChg



(8)







In Equation (9), the Coulombic efficiency is defined as the ratio of the total electrical charge removed at discharge to the charge stored after the charging process [10].


η = QtotalDchg/QtotalChg = ∫ IDchg dt/∫ IChg dt



(9)







In an RFB system, stacks of numerous cells introduced new losses, including shunt currents, irregular electrolyte distribution among cells, and unequal voltage distribution [11]. During long-term cycling in different types of RFBs, a discharge capacity fade is observed, which is a significant drawback, and the precipitation of electroactive species, undesired crossovers, and degradation of cell components are the main reasons for this behavior.



The flow battery’s most widely used characterization technique is a constant current charge and discharge curves [11]. It is the simplest diagnostic method that can be used in flow batteries. When the charging and discharging process are symmetric while recording the voltage, the cells are alternatively charged and discharged at constant current along with the Coulombically balanced half cells. While considering each charging and discharging, the midpoint should be close by 50% state of charge (SOC); for calculating the voltage efficiency, these midpoint voltages for both steps are used, and the overall time for every step is multiplied by the current for the Coulombic efficiency [280]. The voltage and Coulombic efficiencies determine the energy efficiency, while capacity utilization depends on the electroactive species and can be evaluated through cycling. Current density and inherent cell losses can impact these factors. However, the cycling performance provides an overall assessment of the flow battery performance and does not directly indicate specific changes in battery material or losses.



Polarization curves depict the relationship between cell voltage and charging or discharging current. At moderate current density, a linear relationship was seen between the current and voltage; the slope gives the cell’s total internal resistances, including the electrolyte’s current collectors, electrodes, flow fields, and ionic resistances within the electrode [281,282,283]. Ultimately, in high currents, the operator may be restricted by the concentration polarization [284]. In this situation, the electroactive species diffusion to and from the electrode surface limits the cell’s ability to function [11]. The polarization curve between the cell voltage and current is seen in Figure 8. It combines mass transport losses, Ohm’s Law, and the kinetic losses often modeled by the Butler–Volmer model [285,286]. In contrast to the basic voltage–current behavior, polarization curves shed light on how regulating overpotentials responds to cell materials or operation. Charge–discharge cycling does not offer the same depth of understanding as the polarization curve analysis into how a cell modification affects operation (through enhanced kinetics, decreased internal resistance, or increased mass transport).



Cyclic voltammetry (CV) is an electrochemical technique that examines the current response during voltage sweep cycling (Figure 9). It can be ex situ (employs a three-electrode setup consisting of a working electrode, counter electrode, and reference electrode) or in situ using a two-electrode cell structure. The voltage scan rate (υ) is a crucial parameter in the CV experiments. This method is commonly used to investigate electrodes, compare different treatments (such as catalysts or additive particles) [287,288,289,290,291], explore various electrode preparation processes and evaluate the performance of novel electrolyte chemistries. CV provides insights into reversibility, but further analysis is required to determine the stability of the products. For accurate and quantitative results, careful analysis or additional experiments are often necessary [292,293,294]. Rotating disk electrode (RDE) voltammetry, like stationary cyclic voltammetry, is used to learn about the reaction mechanism performance and mass transfer properties (Figure 9e). With the creation of a laminar flow on the surface of the RDE, the working electrode in the RDE spins in the electrolyte. In the RDE, the peak current is limited by the reactant mass transit to the electrode and product transport away from the electrode.



In situ experimentation is employed to establish a connection between transient voltage responses and cell parameters during current interruption events [295]. This technique is commonly used to calculate the total internal resistance, analyze voltage transients, and examine the kinetics in RFBs. The electrochemical impedance spectroscopy (EIS) approach is frequently utilized. A minimal voltage or current perturbation signal is required, characterized by regular frequency and amplitude. This signal is used to force the cell away from its equilibrium state, and the resulting measured signal is recorded across a range of frequencies, amplitudes, and phases.



In electrochemical impedance spectroscopy (EIS) experiments, the choice of control variable (voltage or current) determines the type of procedure used. Galvanostatic EIS (GEIS) controls the current, while potentiostatic EIS (PEIS) controls the voltage. PEIS is the more frequently employed method for redox flow batteries (RFBs) as it utilizes the full bandwidth offered by the frequency response analyzer. On the other hand, GEIS is primarily used for linear systems with more complex kinetics and negligible capacitive current, allowing for more detailed analysis [11]. The electrochemical impedance spectroscopy (EIS) approach can resolve various sources of polarization during cell operation under different conditions. Impedance spectra can be represented using a Bode diagram and a Nyquist diagram. The frequency is correlated with the impedance magnitude and phase angle in the Bode diagram, while the Nyquist diagram plots the imaginary component against the fundamental component for each frequency. These diagrams provide valuable insights into the electrochemical behavior of the system [296]. An equivalent circuit, commonly the Randles circuit or the nearest version, can be fitted to the impedance results to produce the quantitative values from the Nyquist plot (Figure 9d) [297]. To account for the electrodes’ non-ideal capacitance performance, replace the Randles circuit’s capacitor element with a constant phase element (CPE) [297]. The Randles circuit signifies ohmic impedance (consisting of ion-exchange membrane resistances, contact resistance, solution resistances, and electrode resistance), mainly occurring at higher frequencies (5–30 kHz).
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Figure 9. (a) Linear sweep and cyclic voltammetry voltage vs. time profiles; (b) a typical cyclic voltammogram with cathodic and anodic peaks plotted [298], open access; (c) XPS spectra of the as-prepared Ti3C2Tz powders, adapted with permission from Ref. [299], 2021, Elsevir, (d) Nyquist plot. Randle’s circuit model and the corresponding EIS curve [300] open access; (e) Hydrodynamic cyclic voltammetry of 5 mM ferrocene/ferrocenium in the BMImBF4 electrolyte at various rotation rates (scan rate 100 mV/s) [301], open access. 
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In contrast, a charge transfer resistance occurs across the electrode–electrolyte interface, represented by the randomized controlled trial (RCT), and in the case of W, which is the Warburg element for limited diffusion. The Warburg element shows itself in the low-frequency zone in the Nyquist plot through the line of 45° [11,302]. If applied correctly, EIS can give an assessable insight into every overpotential observed in the RFBs [303].



Nuclear magnetic resonance (NMR) is used to notify the cation or anion migration. It is a costly technique that is used in RFBs, and polymer electrolyte membrane fuel cells (PEFCs) for studying the separators and solutions [304,305]. Ionic and electronic conductivity are also the most used techniques for RFBs, in which the conductivity measurements can be carried out in situ and ex situ. In situ conductivity measurements comprise the conductivity of cell components which is connected in series, and ex situ measures at the individual component level [11]. Electronic conductivity operates for a conductor in the principle of Ohms law, and ionic conductivity measures the conductivity of electrolytes and separators. Electron spin resonance (ESR) spectroscopy is used to characterize the membrane behavior to understand the crossover issues in RFBs. For RFB systems, pressure drop measurement is fundamental and essential, and these data will give an instant understanding of the system’s operating pressure. These data can be beneficial to determine any changes or digress from the optimal operation due to clogs formed by precipitation or contaminants in the electrolyte, leaks, or pump issues, which can lead to an abnormal pressure drop.



Material characterization like a scanning electron microscope (SEM) is utilized for analyzing the electrode surfaces, membranes, and chemical compositions [136,306,307,308,309,310]. Energy dispersive X-ray spectroscopy (EDS) is another method that provides the elemental investigation of the small areas (diameter of about several nanometers) [11], and for characterizing carbon electrodes as well as the VRFB electrolyte, the “Raman spectroscopy” is used [311,312,313,314]. Unlike conventional analysis methods focusing only on Bragg peaks, the pair distribution function (PDF) analysis considers the background containing diffuse scattering, providing insights into the local structure. PDF analysis has many applications, including characterizing non-crystalline materials, studying disorders in crystalline materials, and researching nanostructured materials [315]. For studying the electrode surface chemistry, X-ray photoelectron spectroscopy (XPS) (Figure 9c) is also applied for surface analysis and the type of the surface chemical bonds. To measure the electrode surface area and pore size distribution in the RFBs, and Brunauer–Emmett–Teller (BET) is used [316]. To analyze the electronic structure, atomic geometry, and bonding in materials, X-ray absorption spectroscopy (XAS) is commonly used. By examining changes in the XAS spectra, researchers can gain insights into the transformations and reactions occurring at the atomic level within the electrode material [38,315,317,318,319]. Table 7 shows the diagnostic and characterization techniques utilized for the RFBs.




7. Redox Flow Battery for Large-Scale Energy Storage Application


Redox flow batteries (RFBs) have gained significant popularity in large-scale applications, particularly in renewable energy storage. One of the critical advantages of RFBs is their capability to store large amounts of energy for extended durations, making them ideal for grid-scale energy storage. They also find utility in remote areas where traditional energy sources are unavailable, serving off-grid communities and remote industrial sites. RFBs have proven to be effective battery-backed uninterruptible power supply (UPS) systems [325], protecting power utility transmission and distribution issues. RFBs have longer discharge times than sealed lead acid batteries and can be advantageous for shutting down computer systems. Although RFBs offer favorable attributes such as reasonable cost, adaptable operation, quick response times, and high-rate output performance, their application in electric vehicles (EVs) is hindered by the low energy density of the whole RFB system [326].



Figure 10 shows different large-scale applications of RFBs. There are various RFBs, each with unique advantages and disadvantages. For example, vanadium redox flow batteries (VRFBs) have the highest efficiency among RFBs, making them well suited for long-duration energy storage applications. On the other hand, zinc–bromine flow batteries are known for their low cost and high energy density, making them an attractive option for grid-scale energy storage applications [327]. The global trend of installing large-scale redox flow batteries (RFBs) for grid-scale energy storage has risen recently [308]. Despite their gradual implementation, flow batteries are poised for significant market growth due to upcoming projects that leverage economies of scale. One such project is deploying an 800 MWh plant in Dalian, China, scheduled for 2022. Rongke Power/UniEnergy, the project’s vendor, also has plans to establish a manufacturing plant for additional flow batteries [328].



Australia is also making strides in flow battery development with the ongoing construction of a 50 MW/200 MWh project called the Pangea Storage Project [328]. With a budget of $200 million, the venture utilizes the technology provided by CellCube and offers a remarkable 25-year guarantee on battery system performance without degradation. These projects reflect the growing global interest in flow batteries. The annual revenue from vanadium redox flow battery (VRFB) project deployments is expected to increase substantially, from USD 856.4 million in 2022 to an estimated USD 7.76 billion by 2031. Sumitomo’s deployment of a 15 MW/60 MWh flow battery is another notable project [328]. These initiatives exemplify the rising prominence and investment in flow batteries as a promising energy storage solution.



VRFBs have a higher energy density than most other redox flow battery chemistries, which means that they can store more energy per unit volume or weight, making them more space-efficient and cost-effective [137]. VRFBs also have a long cycle life, making them a reliable and cost-effective option for long-term energy storage. Moreover, VRFBs are highly scalable and can be easily adapted to meet the needs of different applications, ranging from a few kilowatt–hours to several megawatt–hours of energy storage [308]. Additionally, VRFBs are indeed considered one of the safest types of batteries due to their utilization of a non-flammable electrolyte solution and operation at low voltages. This inherent safety feature significantly reduces the risk of fire and explosion, making VRFBs particularly suitable for large-scale energy storage systems. The safety advantages of VRFBs have played a significant role in their widespread adoption in various large-scale energy storage projects worldwide. They provide a reliable and cost-effective solution for integrating renewable energy sources into the grid while reducing dependence on fossil fuels.




8. Engineering Aspects


8.1. Reactor Design


Knowledge about interdisciplinary areas like electrochemistry, computational modeling and simulation, material science, and chemical engineering is needed for reactor design. Under ideal conditions, the first step that should be considered during the reactor design is to set the electrode’s size and number stack of cells by the necessary fractional conversion at the flow rate given. The general principles considered for the electrochemical reactor design are the operating cost, adequate capital, reliability, and more straightforward and proper reaction engineering [329,330,331,332]. To reduce the complication and the pressure drop, feeding parallel electrolytes is favored where the stack design consists of rigid endplates, gaskets, manifolds, electrical connections, and current feeders/collectors [329]. Cells were grouped into sub-stacks, and the current collector plates split them [329,333,334,335].




8.2. Current Distribution


Several factors influence the current distribution: the electrode geometry, the electrical conductivity of the electrode, electrochemical reaction kinetics, and the change in electroactive species concentration [329,336], where three kinds of current density distributions are recognized, namely the primary, secondary, and tertiary current density distributions. The primary current distributions depend on the electrode geometry and the rate of electrochemical reactions by secondary current distributions. The effect of the mass transfer in the electrochemical reactions is considered by tertiary current distributions [329]. A consistent current distribution ensures a uniform reaction rate throughout the entire electrode surface. The electrochemical reaction affects the surface of the electrode over time, causing variances in electroactive spots on the surface and complicating the current experimental distribution more than in ideal conditions.




8.3. Shunt Current


A shunt current is an ionic-leakage current that arises in the manifolds connecting cells and the flow channels connecting the manifold and the active area [337]. Due to the shunt currents and without proper measures, an efficiency loss can occur in RFBs. These electric currents will occur in a low resistance path and usually travel in the common electrolyte inner side of the manifolds. Poor performance in the stack’s central part can result from the shunt currents, which may induce a non-uniform current and potential distribution, and these shunt currents can calculate from the potential differences [338,339]. The presence of shunt current causes capacity loss, resulting in a decrease in the energy conversion efficiency. Thus, understanding the effects of the shunt current on the battery performance and minimization of the shunt current are important issues in the development of a VRFB stack. Xing et al. [340] conducted a study where they developed a shunt-current model for a VRFB stack using the electrical circuit analog method. They provided detailed information on the distribution of shunt currents in the flow channels and manifolds of the positive and negative sides. They proposed that reducing the number of cells, lowering the resistances of the manifolds and channels, and increasing the power of individual cells would help mitigate shunt-current loss.



In a related study, Tang [341] combined a shunt-current model with a thermal model to examine the effects of shunt current on stack efficiency and temperature variation in a VRFB stack with 40 cells under standby conditions. Their model predicted that shunt current played a significant role in raising the stack temperature. Chen [342] conducted a study where they created a mathematical model to analyze the impact of shunt current on battery performance. They validated their model by comparing it with experimental stack voltages. Their findings indicated that in a stack of cells connected in series, the shunt current is distributed symmetrically. The central manifold experiences the highest shunt current due to the largest potential difference between cells. This distribution leads to a more even flow of cell current at lower working currents or lower state of charge (SOC) during both charging and discharging. Conversely, cell voltage is distributed more evenly at higher SOC during charging and lower SOC during discharging.



To avoid shunt currents in redox flow batteries, it is important to minimize the ionic-leakage current observed in stacks of all electrochemical cells with common electrolyte manifolds. This can be achieved by developing shunt-current minimized soluble-lead-redox-flow-batteries [337].




8.4. Gas Evolution


A side reaction at the electrode causes gas evolution, which can be damaging. The oxygen gas was created in the positive electrodes, and the hydrogen gas was created at the negative electrodes [133,343,344]. These reactions can negatively affect the cell components and lower cell efficiency [345]. The hydrogen evolution reaction (HER) in (RFBs) poses a significant challenge to their long-term operation and lifespan in grid applications. The HER involves the reduction in protons to form molecular hydrogen and can lead to an over-dampening effect on the battery. This challenge must be addressed to ensure the sustained performance and efficiency of RFBs over extended periods, which is crucial for their reliable integration into the grid and achieving decadal lifespans [344,345]. The reactive surface areas of the negative electrode are reduced due to hydrogen bubbles buildup in electrode surfaces through hydrogen evolution, and the battery charge is drained [343,344]. The charge imbalance caused by HER also complicates the electrolyte remediation protocols and requires additional system components to mitigate its impact [346]. One approach is to address HER retrospectively by reintroducing electrons into the system using chemical reductants, as is often performed for VRFBs [347,348]. However, this method can become problematic over time. The evolving hydrogen gas (H2) leaves the RFB system, which alters the electrolyte pH and dilutes the active species. Additionally, the reductant and electrolyte reaction can further compound these effects. Another method involves the use of a secondary “recombination” cell. In this approach, the generated H2 is oxidized in a separate cell, and the resulting species are returned to their original electrolytes [349]. While this method can effectively mitigate the HER issue, it adds complexity and cost to the RFB system due to the need for an additional cell. Minimizing local overpotentials through electrode and flow field design is another avenue to reduce HER. By increasing the interfacial surface area accessible to the electrolyte, the local overpotentials that drive HER can be minimized [350]. Electrolyte purification is another method to reduce HER by removing known catalytic precursors before using the electrolyte in the battery. Many metals, such as copper or nickel, can act as HER catalysts, leading to unintended electrochemical reduction and H2 generation. Purification methods can involve physical or chemical strategies and electrochemical procedures that selectively electroplate contaminants on a sacrificial electrode [347,351].



Finally, for the RFBs, electrochemical reactors design principles such as reaction engineering, simple design, cost (capital and operational), and reliability are applied. The cell stack design determines the system’s performance, complexity, and cost. The most crucial part of the design is the cell frames or cell bodies that integrate the flow manifolds and flow distributors because these regulate the fluid flow of electrolytes towards the electrode, which affects the mass transfer. Uniform current distribution is essential for maintaining a balanced reaction rate on the electrode surface—factors like electrode shape, reaction kinetics, conductivity, and electroactive species concentration impact current distribution. Resistance can be increased by extending the electrolyte path to prevent shunt currents. Shunt currents degrade system performance, so careful design is necessary to minimize them.





9. Challenges and Barriers


Compared to other technologies, redox flow batteries (RFBs) are generally considered unsuitable for mobile applications due to their lower energy and power densities. This limitation arises from factors such as larger cell active surfaces, membranes, and increased battery size. As a result, RFBs can experience the solution flow transverse gradients, further impacting their suitability for mobile applications. Shunt currents caused by conductive electrolytes result in higher losses and reduced electric efficiency. Controlling the electrolyte temperature is essential to prevent the solution precipitation [352]. Efficient electrolytes and nanostructured electrodes can improve current exchange density and expand the temperature ranges. Using new ion-conducting materials in cell membranes can reduce costs and replace expensive Nafion. Ongoing research aims to reduce the size and cost of RFB systems to enhance their competitiveness with other technologies.



There are numerous cost estimates for redox flow batteries; typically, electricity storage costs are expressed in USD/kWh each discharge cycle [295,353]. The cost of a specific EES application system can be reduced by optimizing numerous operational characteristics, including flow rate, depth of discharge (DOD), state of charge, and current density [11,295]. The main challenge with VRFBs is the high cost of vanadium, even though it is an abundant element. Greater purity is required, which raises the material cost even more [354,355]. The VRB developers increased the global vanadium production due to price variations, and new mines were about to start in some countries like the United States, China, and Canada. Another critical difficulty confronting the redox flow battery in large-scale commercialization is the cost of stack manufacturing, particularly for stack component assembly, where labor costs are higher. It is also projected that the global market for energy storage solutions will rise and flourish. Developers must concentrate on manufacturing through automated procedures where labor costs may be decreased [356].



It is observed that global warming and ozone layer depletion significantly impact the environment. The influence on environmental issues like global warming (carbon footprint) by components in RFBs like ZCBs is 92%, which is with cerium electrolyte and titanium electrode, and it is also observed that 89% of total emissions by VRFBs is due to vanadium electrolyte [357,358]. By comparing the contribution of ZCBs and VRFBs in ozone depletion, it is observed that due to cerium electrolyte, ZCBs are higher than that of VRFBs. The cerium is found in low concentrations, so more soil must be processed for extraction. This will further increase the impacts on the environment by the methods for extraction and transportation. Human toxicity is another concern due to the toxic substances in the environment. Water consumption in different industrial activities is a significant issue facing them. Thus, the consumption was evaluated for the ZCBs and VRFBs, where the most significant impact on the consumption is by the electrolytes. There are different environmental impacts, like global warming, abiotic depletion, ozone layer depletion, human toxicity, and water toxicity. It can be observed that RFBs have lower CO2 values than lithium batteries. But it also shows a higher CO2 value than the lead acid and NaNiCl batteries (RFB has more than twice the CO2 footprint than the lead battery per kWh) [358,359,360]. VRFBs have a lower environmental impact than conventional lithium and NaNiCl batteries; mainly, it depends on the type of metal in the electrolyte, like Li, V, Zn, and Ce. But in the case of ZCBs, it has a terrestrial ecotoxicity impact in the environment, which is higher, whereas it is also double the value of the VRFBs. While considering lithium batteries, it has high ozone layer depletion, human toxicity, and freshwater ecotoxicity, which make them not so eco-friendly [361].



The commercialization of the RFBs is still limited because of their higher capital cost, capacity fades over long cycling, and low power and energy density when compared with solid-state batteries. Reducing the cost of materials, increasing the power and energy density, reducing the capacity fading and maintaining stable and better performances for long-term cycling can allow for the market penetration of RFBs. More research for cost-effective materials and proper designing is to be focused on the commercialization of the RFBs. Electrode kinetics, in some cases, is too slow for commercial use, which electrocatalysts or electron transfer mediators can improve. Another factor that limits the practical use is the improper selection of electrode materials and electrocatalysts without a proper understanding of the electrochemical process. Ion-selective, low-cost membranes with higher conductivities and longer lifetimes are to be developed, which may provide better efficiency and lifetime for the system. The evaluations of the proper environmental safety operations of the RFB system are required. However, comparatively, RFBs are safer than conventional batteries, but preventive and protective measures should be taken for all the hazards and environmental and safety issues. Proper research into these issues and the development of an improved RFB system can penetrate the market quickly and be used in various energy storage applications.




10. Conclusions


Redox flow batteries (RFBs) have gained significant recognition and popularity as dependable and cost-effective solutions for large-scale energy storage systems. These batteries offer several advantages, including high-power rates, safety, extended life, long cycle lifetime, and low self-discharge rate. Compared to alternative storage technologies, RFBs are more affordable to construct.



One of the critical reasons for the growing interest in RFBs is their ability to operate at standard temperatures and pressures without emitting polluting emissions, which makes them highly promising for medium- to large-scale energy storage applications. Researchers have developed various methods for evaluating the performance and materials of RFBs. However, challenges remain, such as optimizing and developing better electrolytes, reducing system costs, and improving efficiency.



In addition to conventional RFB technologies, emerging types have been discussed, including semi-solid, solar redox flow batteries, air-breathing sulfur flow batteries, and metal CO2 batteries. These technologies offer new possibilities for enhanced performance and expanded applications. However, extensive research is needed to address specific challenges associated with these emerging technologies.



To further improve RFB systems, more work needs to be conducted on the composition of electrolytes, membrane materials, and electrodes. These research areas are crucial for achieving better efficiency, performance, and overall reliability in RFBs. Factors such as cost reduction and minimizing capacity decay should also be considered to ensure reliable and cost-effective operation.



For RFBs to achieve significant market penetration, developing low-cost solutions with high energy and power density is essential. Recent advancements in active organic molecules as electrolytes have shown promising results in cost-effectiveness and sustainability for large-scale stationary energy storage. Another potential avenue for enhancing the energy density of flow battery systems is the application of energy-dense solid materials in suspension. Utilizing such materials can significantly increase the overall energy density of RFBs and contribute to developing more efficient energy storage solutions.



In summary, redox flow batteries are desirable for large-scale energy storage. To ensure their reliable performance and widespread adoption, several factors, such as cost reduction, capacity decay mitigation, and energy and power density improvements, need to be addressed. Ongoing research and development efforts are crucial for realizing the full potential of RFBs and enabling sustainable and cost-effective solutions for stationary energy storage.
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Figure 1. The Ragone plot, comparing various energy storage systems [9,10], open access. 
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Figure 2. (a) Schematic of a single cell RFB, depicting electrolyte flowing from storage tanks. The blue side (Bm+/Bm+x), the green side (An/An−x), (b) Stack combined four redox flow cells accompanied by bipolar electrodes. 
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Figure 3. Improving RFB membranes, expected to lead to enhanced battery performance. Reprinted with permission from Ref. [62] 2021, American Chemical Society. 
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Figure 4. Various fluxes across the cation exchange membrane, and anion exchange membrane, for the vanadium electrolyte solutions. 
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Figure 5. Assembling bipolar plates with their corresponding flow channels and membrane-electrode redox flow batteries [160], open access. 
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Figure 6. The potentials and relative solubility of various inorganic and organic redox couples for redox flow batteries. The dotted lines indicate the electrochemical stability limit of typical aqueous electrolytes, while the dashed lines represent the potential to extend the stability limit for aqueous electrolytes by using concentrated electrolytes [136], open access. 
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Figure 8. General polarization curve for an electrochemical power conversion device with multiple sources of over potential. 
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Figure 10. Redox flow battery application on a large scale. 
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Table 1. Comparison among different batteries in terms of: Applications, cost, and performance [10,12,14,29,30,31,32,33,34,35,36]. Adapted with permission from Ref. [37], 2021, Elsevier.
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	Technology
	Life Cycle at 80% Depth of Discharge (DoD)
	Efficiency (%)
	Specific Energy (Wh/L)
	Energy

Density

(W/L)
	Advantages
	Limitations
	Applications
	Capital Cost

per Unit Energy (USD/kw

h–Output)





	Flow battery
	2000–20,000
	65–85
	40
	10–50
	
	-

	
Nearly unlimited longevity




	-

	
Scalability






	High maintenance



	-

	
An extra electrolyte tank is needed




	-

	
Complex monitoring and control






	
	-

	
Can be used alongside solar and wind for load balancing




	-

	
UPS




	-

	
EV






	110–2000



	Lead-acid batteries
	300–3000
	70–90
	35–40
	80–90
	
	-

	
Cheap




	-

	
Available






	
	-

	
Low-energy density




	-

	
Restricted cycling ability




	-

	
High environmental impact






	
	-

	
Emergency lighting




	-

	
Electric motors




	-

	
Diesel-electric submarines






	350–1500



	Ni-Cd batteries
	3000
	80
	40–60
	50–150
	
	-

	
Good life cycle




	-

	
Improved low-temperature performance




	-

	
High tolerance level






	
	-

	
High self-discharge rate




	-

	
High environmental impact




	-

	
Memory effect






	
	-

	
Low-cost rechargeable batteries




	-

	
Battery manufacturing companies






	800–3000



	Lithium-ion batteries
	3000
	75–90
	100–265
	250–693
	
	-

	
High energy density




	-

	
Fast response time




	-

	
High efficiency and low self-discharge rate




	-

	
No memory effect






	
	-

	
High initial expense




	-

	
Safety issue depending on the type






	
	-

	
Portable devices like mobile phones, laptops, etc.




	-

	
Thermometers, remote car locks, laser pointers, MP3 players, hearing aids, etc.




	-

	
Electric vehicles (EVs)






	850–5000



	Na-S batteries
	4500
	89
	150–300
	10,000
	
	-

	
High efficiency




	-

	
High life cycle






	
	-

	
High maintenance




	-

	
High maintenance




	-

	
High operating temperatures






	
	-

	
Load balancing




	-

	
Secondary UPS




	-

	
EV






	NA



	Hydrogen battery (fuel cell)
	20,000
	20–66
	300–300
	500<
	
	-

	
Less environmental impact




	-

	
Long life cycle






	
	-

	
Bulky and heavy




	-

	
high-cost catalyst




	-

	
Energy for producing hydrogen






	
	-

	
Electrical energy in satellite




	-

	
Space probes






	NA







(NA = unavailable).
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Table 2. Membrane properties based on ex situ property evaluation score [135], open access.
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Membrane Property




	
Membrane

(Commercial Name)

	
Mechanical

Property

	
Vanadium Cross-Over

	
Ionic Conductivity

σ (mS·cm−1)

	
Area

Resistance

(Ω·cm2)

	
Ion Selectivity

(S·s · cm−3·106)

	
Swelling Property




	
Peak Stress Loss (%)

	
Diffusion Coefficients of VO2+ Ions (cm2·s−1·10−7)

	
Dimensional Changes

(Volume Changes) (%)

	
Mass Changes (%)






	
N212

	
20

	
0.11

	
70 ± 6

	
0.47

	
1.0

	
8 ± 4

	
6 ± 0.2




	
FS-930

	
25

	
0.18

	
84 ± 8

	
0.54

	
0.3

	
3 ± 1

	
3 ± 1




	
DF

	
18

	
0.092

	
60 ± 1

	
0.48

	
1.4

	
6 ± 3

	
4 ± 2




	
VAN

	
40

	
1.62

	
0.54 ± 0.01

	
1.23

	
0.1

	
2 ± 1

	
101 ± 6




	
AMV

	
6

	
0.0025

	
3.9 ± 0.0

	
2.08

	
21.8

	
2 ± 2

	
9 ± 1




	
CMV

	
4

	
0.035

	
4.6 ± 0.4

	
0.62

	
5.5

	
0 ± 1

	
1 ± 1




	
AHA

	
32

	
0.032

	
2.4 ± 0.2

	
2.39

	
2.8

	
7 ± 1

	
8 ± 2




	
FAB-450

	
7

	
0.070

	
38 ± 3

	
0.59

	
1.6

	
42 ± 8

	
57 ± 3








(Nafion N212, Fumapem FS-930, Dongyue DF, Selemion AMV, Neosepta AHA, Fumapem FAP-450, VANADion™-20 VAN, and Selemion CMV).
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Table 3. Electrode materials used in redox flow batteries.
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Electrode Material

	
Thickness

	
Electrode

Polarity

	
Flow Battery

System

	
Refs.




	
Carbon-Based Electrodes






	
Carbon felt GFA-type

	
8 mm

	
+ve

	
Zinc–cerium

	
[175]




	
Carbon polymer binders: PVA,

PVDF, HDPE

	
6 mm

(substrate)

	
−ve

	
Zinc–cerium

	
[175,176]




	
Graphite felt

	
NA

	
+ve & −ve

	
All–vanadium

	
[177]




	
PAN-based graphite felt

	
5 mm

	
+ve

	
Bromine

polysulfide

	
[178]




	
Cobalt coated PAN-based graphite

felt

	
5 mm

	
−ve

	
Bromine

polysulfide

	
[178]




	
70 ppi reticulated vitreous carbon

	
1.5 mm

	
+ve

	
Soluble lead

acid

	
[179]




	
Graphite felt bonded electrode

assembly with nonconducting plastic

substrate

	
NA

	
+ve & −ve

	
All–vanadium

	
[180]




	
Porous graphite

	
2 mm

	
+ve & −ve

	
Zinc–chlorine

	
[181]




	
Carbon felt

CH type

	
2.8 mm

	
+ve & −ve

	
Zinc–bromine

	
[182]




	
Cylindrical bed of carbon particles

	
2.5 mm

	
+ve & −ve

	
Bromine

polysulfide

	
[148]




	
Metallic electrodes




	
Nickel foam

	
2.5 mm

	
−ve

	
Bromine

polysulfide

	
[183,184]




	
Cadmium-plated copper

	
NA

	
−ve

	
Zinc–nickel and

Zinc–air

	
[185]




	
Sintered nickel hydroxide

	
NA

	
−ve

	
Zinc–nickel

	
[183,186]




	
40 ppi nickel foam

	
40 ppi nickel foam

	
40 ppi nickel foam

	
40 ppi nickel foam

	
[179]




	
Three-dimensional platinised

titanium mesh stack (4 meshes, 70 g

Pt m-2 loading, 3.5 μm thick)

	
4 × 2.5

mm

	
+ve

	
Zinc-cerium

	
[175]








(NA = unavailable).
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Table 4. Catalysts used for redox couple reactions [136,188].
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	Electrode Reactions
	Catalysts





	VO2+ + 2H+ + e− ⇄ VO2++ H2O
	Mn3O4/carbon fiber

ZrO2

Bi2O3

Nanorod Nb2O5

Ir-modification of carbon felt.

WO3

PbO2



	V3+ + e− ⇄ V2+
	Mn3O4/carbon fiber

ZrO2

Bi2O3

Nanorod Nb2O5

TiC



	Cr3+ + e− ⇄ Cr2+
	Noble catalysts



	Ce4+ + e− ⇄ Ce3+
	Platinized titanium



	Cl2 + 2e− ⇄ 2Cl−
	RuO2



	O2 + 4H+ + 4e− ⇄ 2H2O
	Pt/Ir mixed oxide
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Table 7. Diagnostic and characterization techniques utilized for the RFBs [59,320,321,322,323,324].
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Techniques

	
Function




	
Electrochemical Techniques






	
Galvanostatic charge–discharge (GCD)

	
Analyzing flow battery performance by applying a constant current during charge and discharge processes




	
Cyclic voltammetry (CV)

	
Evaluating current response to a linear voltage sweep




	
Current interrupt (CI)

	
Relating transient voltage response to cell parameters from current interruption events




	
Electrochemical impedance spectroscopy (EIS)

	
Measuring the impedance of an electrochemical system over a range of frequencies




	
Rotating disk electrode (RDE)

	
Studying reaction mechanism behavior and mass transport characteristics




	
Ultraviolet–visible (UV–Vis) spectroscopy

	
Quantitatively measuring the number of ionic species present in the electrolyte




	
Galvanostatic intermittent titration technique (GITT)

	
Determining the diffusion coefficient by applying short current pulses and analyzing the potential response




	
Potentiostatic intermittent titration technique (PITT)

	
Determining the diffusion coefficient by applying short potential pulses and analyzing current response




	
Charge pulse relaxation (CPR)

	
Determining the diffusion coefficient by measuring the relaxation time of a charge pulse




	
Potential distribution (PD)

	
Examining the potential distribution of half cells and bipolar plates in a multi-cell stack




	
Nuclear magnetic resonance (NMR) spectroscopy

	
Observing the migration of cations or anions




	
Electron spin resonance (ESR) spectroscopy

	
Studying rotational diffusion for various materials containing organic free radicals or transition metals




	
Physical and Spectroscopic




	
Thermal visualization of flow distribution

	
Studying and visualizing electrolyte flow patterns and distribution in flow battery systems




	
Optical visualization of flow distribution

	
Visualizing flow patterns and distribution using optical techniques




	
Scanning electron microscopy (SEM)

	
Characterizing materials on micro- and nanoscale resolutions




	
Transmission electron microscopy (TEM)

	
Studying the structure and properties of materials at the nanoscale




	
Energy dispersive X-ray spectroscopy (EDS)

	
Performing elemental analysis




	
Raman spectroscopy

	
Characterizing molecular vibrations




	
Brunauer–Emmett–Teller (BET)

	
Examining the surface area of a material




	
X-ray diffraction (XRD) analysis

	
Studying the crystallographic structure of materials




	
Pair distribution function (PDF)

	
Extracting structural information from amorphous or disordered systems




	
X-ray absorption spectroscopy (XAS)

	
Probing the electronic and atomic structure of materials




	
X-ray photoelectron spectroscopy (XPS)

	
Analyzing surface composition and chemical states




	
X-ray tomographic microscopy (XTM)

	
Visualizing the 3D microstructure of samples




	
X-ray fluorescence spectroscopy (XRF)

	
Determining the elemental composition of a sample




	
Fourier transform infrared spectroscopy (FTIR)

	
Identifying molecular bonds and structures




	
Atomic force microscopy (AFM)

	
Imaging surfaces at the atomic and molecular scale




	
Secondary ion mass spectrometry (SIMS)

	
Analyzing surface composition and depth profiling of materials
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