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Abstract 

Recent research and few pilot deployments have demonstrated promising aqueous organic 

redox flow battery (RFB) systems. However, the claim that these organic RFB systems are eco-

friendlier energy storage than Lithium-ion batteries and aqueous inorganic metallic RFB 

counterparts needs reinforcement, primarily if cell components other than redox-active species 

are still based on unsustainable materials. The thesis of the present work presents the prospects 

of achieving eco-friendly RFBs of the future with higher consideration for sustainability by 

adopting significant amounts of abundant bio-sourced/based materials for all main cell 

components. As we highlight the promising sources of the energy materials from a review of 

previous works, we infer that plant-derived quinones and other organic polymers may continue 

to dominate the organic redox-active species space. Furthermore, a candidate methodology to 

accomplish porous electrodes and membranes/separators of eco-friendly RFBs of the future is 

to apply stand-alone bio-based/sourced fibrils derived from cellulose, lignin, chitin, among 

other materials. These materials can be combined with (un) carbonised biomass or food wastes 

& residues to impart conductivity, catalytic activity, and ion selectivity. We explore symmetric 

chemistry as an ideal system for the eco-friendly RFBs of the discourse-given interplay between 

the electrolyte, electrode material and membrane. The discussed strategies also need to be 

coupled with further improvements to achieve long term cycling stability. 

Keywords: Organic flow batteries, eco-friendly, redox-active species, electrode, membrane  
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1.  Introduction 

The reliability and robustness of renewable energy options are widely accepted to improve with 

energy storage – given the intermittence of major options like wind and solar energy. Among 

the energy storage options, electrochemical energy storage (EES) – batteries specifically, have 

become highly commercially viable given adaptability to varied environmental conditions and 

base energy sources. The current status of EES deployment worldwide sees Li-ion technology 

widely adopted for e-mobility and short duration stationary storage 1. Recently, redox flow 

batteries (RFBs) have been identified as an economically feasible option for long duration and 

large scale energy storage2. The major attraction for RFBs over their solid-state counterparts 

(like Li-ion) is the decoupled nature of their power and energy density, enabling the cell/stack 

(power determinant) to be scaled independently from the electrolyte tank/storage (energy 

determinant). 

Furthermore, RFBs like vanadium RFB (VRFB), which is currently most commercial among 

RFBs, are now being marketed as environmentally safer options than Li-Ion batteries. 

Proponents of the environmental advantage cite the significant toxicity of solvents and 

chemicals applied in Li-ion as a problem, in addition to the socio-environmental impact of 

Lithium, Cobalt and other rare metals mining. Although VRFB is not the most significant user 

of vanadium (that title goes to steel making industry), VRFB itself also poses similar mining 

concerns as its market size increases. In addition to the limited availability of these elements, 

these issues result in the tendency for the price of both technologies (VRFB & Li-ion) to depend 

on the prevalent market price of the applicable metals. 

Toward achieving sustainable long-duration energy storage technologies in the long term, we 

infer that the preferred path may be RFBs based on low cost, naturally abundant, bio-

sourced/based materials3,4. However, previous related studies in RFB only focus on 

electrolytes, substituting the transition metal or metal-complex based redox-active species with 

redox-active organic species as highlighted in previous studies5–7.  

In this work, we intend to take things further by evaluating the prospects of ‘Eco-friendly’ RFBs 

of the future. Their major cell components (electrodes, membranes, and electrolyte active 

species) are entirely based on these bio-sourced abundant materials. Inorganic electrolytes 

aside, commercially applied membranes and porous carbon electrode materials are still 

primarily manufactured from petroleum-based materials.  We focus on available sources of bio-
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sourced/based abundant materials while evaluating relevant contributions to RFB technical 

performance like energy/power density and energy efficiency when adopting candidate 

materials. Herein, based on advances in previous works, we present the prospects of achieving 

model eco-friendly RFB systems with an electrolyte of organic active species and both 

membranes and electrodes made of significant portions of abundant bio-sourced/based 

materials. The identified most promising abundant sources of bio-sourced/based energy 

materials are shown in Figure 1. In addition to several previously demonstrated plant and 

animal-based materials, there is a high potential for food and biomass wastes and residues 

(Figure 1). Finally, we present our outlook on a possible system configuration towards 

achieving such an RFB before concluding. 

 

Figure 1: Promising sources of energy materials to achieve eco-friendly RFBs with all bio-sourced/based electrolyte and cell 
components. 

 

2. Redox-active Organic Molecule Based RFBs State-of-Art 

Figure 2 is a schematic of a typical redox flow battery (RFB) showing the separated half cells, 

with electrodes carrying the redox reaction sites decoupled from respective external bulk 

electrolytes (anolyte and catholyte) storage. Therefore, in this work, we categorise the RFB unit 

as having three fundamental/major components and focus on: the electrolyte, the electrode 
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(physical porous electrode material), and the membrane/separator. It should be noted that 

endplates, bi-polar plates, piping, pumps, storage tank(s), power conditioning equipment, and 

other components are also essential parts of the broader RFB system. As hinted earlier, much 

of recent research and development in the RFB community has focused on identifying, 

screening and synthesising novel redox-active species8. Although we focus on the redox-active 

species, which are the active material in electrolytes, it is worthy of note that the electrolyte 

typically also includes supporting electrolyte and the carrier solvent. 

 
Figure 2: A typical redox flow battery showing main components and typical redox reactions of positive and negative active 
species (P & N respectively). Where integers of ‘n’ and ‘m’ are respective valence numbers and ‘x’ are numbers of electrons.  

Conventional RFB electrolyte chemistries are often based on expensive metal redox-active 

species, including vanadium, chromium, iron, nickel, zinc, cobalt, etc. While some precursors 

of these active species are affected by unsustainable sourcing and variable supply, others may 

not be environmentally friendly, considering complicated disposal at the end of the lifecycle. 

Recent research efforts have been expanded to investigate redox-active organic molecules in 

RFBs. Many of these molecules are abundant and bio-sourced and can be tailored towards 

enhanced solubility, redox potential, and redox reaction kinetics. Due to advances in synthetic 
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chemistry9,10, these molecules have been evaluated in both aqueous and non-aqueous 

electrolytes11. 

Herein, we only briefly highlight the significant groups of previously reported redox-active 

species that are promising towards developing/deploying the eco-friendly RFBs of discourse 

(Figure 3) – given this work, unlike previous reviews12–16 is not only about organic redox-active 

species. Following considerations of ionic conductivity, cost, toxicity and abundance, the use 

of aqueous electrolytes appears to be more suitable going forward. 

 

Figure 3: Major groups of RFB organic redox-active species/molecules. TEMPO - 2,2,6,6-tetramethylpiperidine-1-oxyl. 

As seen in the selected works highlighted in Table 1, more studies have applied quinones as 

RFB active species than any other family of organic redox-active molecules due to many 

quinones being chemically reversible in aqueous media17,18. Numerous quinones and 

derivatives have been investigated towards asymmetric RFBs, with the quinones being the 

active species on only one side of the RFB (see Table 1). Results from the representative studies 
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seen in Table 1 suggests that the eco-friendly RFBs we seek may rely on asymmetric 

chemistries with different bio-sourced organic redox-active species on both sides of the battery 

to target high open cell potential. Others19 have evaluated species that offer a symmetric RFB 

given its benefits. The main advantage of a symmetric system over an asymmetric one is the 

less concern on detrimental reactant crossover20. Following early efforts realising quinone-

based RFBs21, high throughput and computational screening has facilitated more recent 

adoption of other quinone species/derivatives like naphthoquinones and anthraquinones8,22–24. 

Comprehensive experimental results of redox potentials and aqueous solubility of several 

quinones and derivatives can be found in the work of Wedege et al. 25. About Figure 1, the most 

promising sources of precursors of quinones and their derivatives are lignin and other plant 

dyes and pigments.  

2,2,6,6-tetramethylpiperidine-1-oxyl, generally referred to as TEMPO (and its derivatives), are 

stable, heterocyclic nitroxide radicals that have also seen wide adoption in RFBs due to 

excellent redox potentials, good chemical reversibility, and fast kinetics. TEMPO and its 

derivatives have been well documented14,26 as active species for RFBs, both in hybrid Lithium-

organic and all-organic RFBs. Alkoxybenzenes like DBBB (2,5-di-tert-butyl-1,4-bis(2-

methoxy ethoxy) benzene) have also seen extensive investigation in RFBs27 due to relatively 

low molecular mass toward the promise of higher solubility. Given the previous efforts and 

others applying polymerised forms of these active species and organic polymers generally 

(Table 1) to reduce crossover, one can also foresee polymers used in bio-polymer 

supercapacitors like; lignosulfonate as candidate organic RFB active species – provided 

adequate solubility28. 

It is intuitive that; the electrolyte phase and the ensuing redox reaction of the active species 

influence the selection of both electrode material and membrane types. Several redox-active 

organic molecules from naturally abundant derivatives/precursors have been demonstrated to 
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exhibit high cell voltages and fast kinetics in addition to low cost. However, ongoing 

investigations are still required to address cycling stability issues with these organic 

molecules29–31. It is essential to note the distinction between chemical/electrochemical 

reversibility and cycling stability. When applying redox-active organic molecules in RFBs 

(either on one or both sides of the battery) in aqueous media, the main concerns over many like 

quinones remain both electrochemical reversibility and cycling stability (of the redox reaction) 

in water.



8 
 

Table 1: Operating conditions, parameters, and performance of some notable RFBs applying redox-active organic molecules. All-organic, symmetric organic and hybrid*. 

 Active species Electrolyte OCV 
(V) 

Test performance a 
 

No. of cycles 

CE 
(%) 

EE 
(%) 

j  
(mA cm-2) 

All organic N-methyl-phthalimide / TEMPO32 
(0.10 M) 

1 M NaClO4 in acetonitrile 2.0  90 
 

60 0.35 20 

Camphoquinone/ oxo-TEMPO33 
(0.20 M) 

1.0 M TEABF4 in propylene carbonate 2.4  80 71 1.0 3 

Trimethyl-quinoxaline /  DBBB34 
(0.05 M) 

0.2 M LiBF4 in propylene carbonate 1.5 70 37 .0625 30 

Fluorenone / DBMMB35 (0.10 M) 1.0 M TEATFSI in acetonitrile 2.4 86 71 15 100 
TEMPO copolymer / MV36 1.5 M NaCl aqueous 1.3 95 85 5 2500 

Symmetric organic Diamino-anthraquinone19 (0.05 M) 100 mM TBAP in acetonitrile 
/Toluene 

2.3 81 
 

43 0.66 6 

Polythiophene37 (0.1 eq. L-1) 1.0 M TEABF4 in propylene carbonate 2.5 80 61 0.5 30 
TEMPO/Phenazine combi-
molecule38 (0.01 M) 

0.1 M NaCl in diglyme aqueous mixture 1.0 98 50 4 1851 

Hybrid Cadmium / chloro-benzoquinone21 
(0.5 M) 

1 M (NH4)2SO4  
+ 0.5 M H2SO4 aqueous 

1.1 99 
 

82 10 100 

Anthraquinone / bromide17 (1.00 M) 1 M H2SO4 aqueous 0.7 99 ~60 500 10 
Anthraquinone / ferricyanide39 (0.5 
M) 

1 M KOH aqueous 1.3 99 84 100 100 

Flavin mononucleotide / 
 ferricyanide40 (0.06 M) 

1 M KOH + 1 M nicotinamide 1.4 99 80 10 200 

Zinc / polymeric-TEMPO41 (0.1 M) 0.71 M NaCl + 0.08 M ZnCl2 + 0.08 M 
NH4Cl aqueous 

1.3 80 55 2 1000 

bBODMA - Li42 1 M LiTFSI in ethylene carbonate, 
propylene carbonate & ethyl methyl 

carbonate mixture 

4.0 99 79 5 150 

*All-organic and symmetric organic: different or same organic molecules on positive and negative sides, respectively. Hybrid applies an organic molecule only on one side. a Averaged over the 
number of cycles. b BODMA - 9,10-bis(2-methoxy ethoxy)-1,2,3,4,5,6,7,8-octahydro-1,4:5,8-dimethanenoanthracene. EC – Ethylene carbonate. MV - N,N-dimethyl-4,4-bipyridinium dichloride.
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3. Bio-sourced/based Membrane/Separator Materials 

The ideal membrane in RFB cells provides physical separation between the anolyte and 

catholyte (seclusion in their respective halves) while simultaneously providing a pathway for 

selective ion exchange between the halves. In RFBs, the membranes must also be mechanically 

and chemically stable in extended flow cycling operations. Therefore, we select ionic 

conductivity, mechanical strength, and cycle life demonstrated as critical metrics to compare 

promising abundant bio-sourced/based membrane/separator materials (see Table 2). 

Table 2: Selected literature of biopolymers-based membrane/separator for different electrochemical storage applications.  

Biopolymer Energy 
storage 
type  

Ionic 
conductivity 

(mS cm-1) 

Mechanical strength 

(MPa) 

Discharge 
capacity (mAh g-1) 
at Current value 

Number of 
cycles  

 
Cellulose, 

nanocellulose 

and cellulose 

derivatives 

Li-ion 0.35 85 160 at 0.5 C  10043 

Li-ion 1 11 100 at 10 C 4044  

RFB 60 - -  10045 

Supercap

acitor 

3.4 - - 500046  

Lignin RFB 15 - - 100047 

LIB 1.24 - 152 at 0.2 C 5048  

Zn-metal 9.1 250 236 at 0.1 C 4049 

Chitosan Zn-metal 3.8 0.003 - ~10050 

Li-ion 0.066 77 157 at 0.5 C 11551  

RFB 11.3 0.49 -  1052 

Gelatin Zn-metal 6.1 115 110 at 25 mA g-1 10053  

Algae-derived Li-ion 1.15 14 146 at 1 C 70054 
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Perfluorosulfonic acid proton exchange membranes are the most applied membranes in redox 

flow batteries. However, these membranes suffer poor ion selectivity when adopted with new 

RFB chemistries, which limit their commercial progress55. Aside from different surface 

modification approaches to reduce co-ion crossover in these membranes, the use of biopolymers 

as additives shows promising results toward enhancing the overall performance of the 

membranes. For instance, Ye et al. 47,56 investigated the use of lignin as an additive to sulfonated 

poly (ether-ether ketone) (SPEEK) membrane to increase hydrophilicity and mechanical 

stability of the membrane due to the abundant hydroxyl groups and the hydrogen-bond 

interaction provided by lignin. 

Cellulose, nanocellulose and cellulose derivatives have attracted greater attention as an additive 

for RFB membranes. We believe these are promising abundant bio-sourced/based materials to 

be adapted as free-standing RFB membranes. This conviction is motivated by previous efforts 

that apply cellulosic membranes in water desalination57, sodium-ion batteries58, zinc-ion 

batteries59 and lithium-ion batteries60,61. In earlier RFB work45, bacterial cellulose was 

incorporated and coated with perfluorosulfonic acid ionomer to produce a reinforced membrane 

for VRFB application. The reinforced membrane showed high ionic conductivity and decreased 

vanadium permeability. In the same direction, sulfonated poly(ether sulfone) membranes 

increased mechanical stability when supported by core-shell structured silica-encapsulated 

nanocellulose62.  

Chitosan also appears to have a high potential to produce bio-based composite membranes. The 

cheap crustacean-origin polymer (available in abundance from food waste) has been evaluated 

for both aqueous and non–aqueous redox flow batteries. Gong et al.63 reported a chitosan-urushi 

coated layer on polypropylene porous support as the membrane for a non-aqueous redox flow 

battery. Chitosan has also been reported in composite membrane combinations like sulfonated 

polyimide-chitosan64,65 for vanadium RFBs with promising performance. 
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While enormous studies can be found on the synthesis of composite membrane containing 

biopolymers (some of these studies are summarised in Table 2), only a few researchers have 

reported synthesis routes of membranes for RFB applications where the main matrix component 

are biopolymers66. In this regard, inexpensive anion exchange membranes based on chitosan–

silica were synthesised using a sol-gel process52, the membrane showed low vanadium ion 

permeability and comparable water uptake and ion exchange capacity with conventional 

membranes in VRFB. Despite the recent efforts to develop eco-friendly bio-sourced/based 

membranes, the limitations for such membranes still in mechanical strength, brittleness, water 

resistance67, shows there is room for performance improvement toward meeting the demand for 

RFB applications. Besides the above-discussed biopolymers, one can also see other 

biopolymers (Table 2), such as gelatine or algae-derived, which were. These other biopolymers 

showed good mechanical stability besides good ionic conductivity when applied in lithium-ion 

batteries and zinc-metal batteries - making them suitable candidate materials to be used as RFB 

separators. 

4. Bio-sourced/based Porous Electrode Materials 

Generally, the active species in RFB electrolytes and its redox reaction kinetics on the 

electrodes define critical charge storage performance metrics of; energy and power densities, 

redox cycling stability, and energy efficiency68. The standard requirements of porous electrodes 

in RFBs (and similar flowing electrochemical systems) are high surface area, conductivity 

(mass & electron transport characteristics), and chemical stability/compatibility. The most 

widely adopted electrode materials in commercial RFBs are carbon felts, papers and cloths, 

which often come from petrochemical precursors/sources69. We consider adopting sustainable, 

abundant alternative electrode materials and their familiar sources to make either stand-alone 

electrodes or make up a significant proportion of composite electrodes.  
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5.1.BIO-POLYMERS 

Materials based on cellulose and lignin are the most promising as electrode materials for RFBs. 

The carbon content in these materials can reach 50%, which will increase up to 95% for 

activated carbon after carbonisation. The high carbon content in these materials makes them 

one of the most promising materials for fabricating electrodes for energy storage devices70. 

However, a previous study presented that Lignin-derived electro-spun free-standing carbon 

didn’t show high performance compared to commercial carbon paper when tested in the full 

cell. We observe the low performance is likely due to the low porosity of the electrode, which 

is points to a general issue in electrode fabrication and not the lignin makeup71. Xue et al.72 

found that the ratio of cellulose to lignin source content in activated carbon has a crucial role in 

maintaining mesoporous to microporous structure ratio. Therefore, we believe similar 

formulation and fabrication optimisation (like controlling the cellulose/lignin ratio) is key to 

tuning desired properties of synthesised electrodes from materials sourced from cellulose and 

lignin. Despite the subpar performance in a full cell, cellulose/lignin can deliver a high carbon 

percentage and produce free-standing electrodes that make them the most promising 

biopolymers for RFBs application (see Table 3). 

5.2.BIOMASS WASTE  

Due to sustainability concerns against petroleum-derived carbons, numerous electrodes for 

redox flow batteries have been reported - made from carbons derived from biomass wastes. 

Some waste sources reported are; cotton73, twin-cocoon74, fish scale75, chitin from shrimp shells 

and pine wood76, Orange peel77, to mention a few (see Table 3). There are significantly more 

anode and cathode materials reported for supercapacitors and other batteries78–84, based on 

biomass waste. Therefore, there is apparent promise in biomass waste sources of materials for 

RFB electrodes. 
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Table 3:  Summary of selected literature of different bio-sourced electrode materials and their application in RFBs.  

Source material  Material Applied as RFB type 

Cellulose Free-standing 

electrode 

VRFB73 

Lignin Free-standing 

electrode 

VRFB69 

Twin-cocoon Free-standing 

electrode 

VRFB74 

Fish scale Catalytic additive VRFB75 

Chitin Catalytic additive VRFB76 

Orange peel Catalytic additive VRFB77 

Pomelo peel Catalytic additive Zn/Br85 

Sal wood sawdust Catalytic additive VRFB86 

Coconut shell Catalytic additive VRFB87 

Shaddock peel Catalytic additive VRFB88 

Bermuda grass Catalytic additive  All-Fe89 

Spent coffee 

beans 

Catalytic additive VRFB90 

Kiwi fruit Catalytic additive VRFB91 

Scaphium 

scaphigerum 

Catalytic additive VRFB92,93 

Fungi Catalytic additive VRFB94 

Protein Catalytic additive VRFB95 

Glucose Catalytic additive VRFB96 

 

To fit the sustainability context of this work, the energy, cost, and environmental requirements 

in carbonising or graphitising the biomass wastes must be well below that of conventional 

carbon materials derived from petroleum. In addition to the promise of environmental 
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friendliness of biomass waste materials for RFB, these materials have some advantages over 

other processed carbon sources. For instance, surface functional groups can be incorporated in 

biomass-derived carbon without the need for post-treatment at elevated temperatures70. 

Oxygen, nitrogen, and phosphorous surface functional group can increase the conductivity and 

wettability of the resulting carbon surface, thereby improving the overall electrochemical 

performance of the electrodes in aqueous redox flow batteries97. Furthermore, the intrinsic 

porous structure of some plants, such as switchgrass, can be maintained during the 

carbonisation process98 without the need of using a template, thereby eliminating the need for 

post-treatment99. 

5.3.BIOMASS-BASED CATALYTIC ELECTRODE ADDITIVES  

Where biomass (derived) or other abundant bio-sourced/based materials are reported as stand-

alone electrodes, conductive carbons obtained from biomass can be used as catalytic additives 

to catalyse desired reactions. Some relevant efforts adopting this approach include using; SAL 

wood sawdust86, coconut shell and shaddock peel87,88, Bermuda grass89, spent coffee beans90, 

and kiwi fruit91,  among other sources that can also be synthesised from regrown bio-resources.  

The potential of carbonised or graphitised biomass towards RFB reactions is demonstrated in 

these studies with biomass electrode additives that have undergone hydrothermal treatments, 

freeze-drying, activation, and other treatment as required. The resultant electrodes were 

electrocatalytic towards reactions on one92,100 or both sides93,95 of the battery, improving porous 

electrode wettability, hydrophilicity, and total surface area. Given that the biomass-based 

additives can be produced in powdered forms, we postulate an opportunity to load them as 

catalyst layers on petrochemical and biomass-derived porous carbon electrode surfaces. 
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5. Symmetric RFB as Candidate Chemistry 

The possibility of redox molecules existing in the odd number redox states alongside even 

numbers of electron transfers opens the intriguing route to symmetric RFBs. In symmetric 

RFBs, as mentioned earlier, both positive and negative electrolytes have an identical chemical 

composition in the discharged state. Firstly, the promise with such chemistries in comparison 

with standard asymmetrical configurations is the increase in energy density by the recession of 

the ‘extra’ molecular mass due to the accommodation of two independent redox processes on 

one molecule. Secondly, the identical chemical composition at the initial (discharged) state in 

both positive & negative sides of the battery lead to a ‘membrane-free’ character in the 

discharged state, which simplifies cell assembly and electrolyte storage. Thirdly, in analogy to 

VRFB, the charged state of symmetric RFBs relies on a closely related species, preventing 

detrimental crossover and mitigating the challenge to recover cross-contaminated redox species 

in RFB based on different chemical compositions. Fourthly, the symmetrical configuration 

enables arbitrary or even reversed device polarities at zero state of charge. Notably, the ability 

to reverse polarity allows the mitigation of redox species loss - yielding the increase of the 

battery lifetime. Both irreversible electrolyte transport from one side of the battery to another 

and electrolyte components degradation can be balanced by the change of polarity. Due to these 

four advantages highlighted – we foresee symmetric RFBs as an excellent 

chemistry/configuration to achieve eco-friendly RFBs with all bio-sourced cell components. 

From a membrane/separator perspective, one of the factors, which could be considered in a 

quest towards the lifetime maximisation of high-efficiency RFBs to be realised is the similarity 

in diffusivity of chemical species at both charged and discharged states. The charge sign 

(making the species either anionic, cationic, or neutral) governs the diffusion coefficient values 

of species in the membrane/separator phase of the RFB. Separators in conventional RFBs are 

based on ion-exchange membranes with high selectivity toward an ion of a particular charge 
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sign to be transported. Ideally, having similar species, low diffusion coefficients for both 

reactants and products of redox conversions within the RFB separator phase can ensure proper 

exclusion - resulting in low crossover. In contrast, when charge and discharge products are of 

dissimilar charges, the significantly different diffusion coefficients within the membrane phase 

results in higher crossover. The presence or creation of oppositely charged species in redox 

conversions implies the involvement of counter-ions for charge compensation. Due to distinct 

phase separation between flowing electrolytes and the membrane, consumption of counter-ions 

for charge compensation outside the membrane phase can ensue at high states of charge. This 

depletion of mobile ions creates an additional ohmic loss. 

 

Figure 4: The example of PCET in aqueous media. Full scheme of squares of 2e- - 2H+ redox process for catechol (R = -H) and 
BQDS (R = -SO3-) in water and aprotic solvents as an example of organic RFB redox process. Red (horizontal) and blue 

(vertical) arrows represent electron and proton transfers, respectively; pKa values for catechol101,102  and Tiron103 are green 
and red, respectively. 

Our proposed design strategy towards the symmetric RFB chemistry herein (based on 

confinement of active species charge sign) was previously applied in non-aqueous RFBs with 

both Metallo-organic and organic active species36,104,105. Previously reported organic redox 

couples from symmetrical and asymmetrical RFB could be re-evaluated considering 
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confinement of active species charge sign to predict and target crossover limitation. 

Unconfinement of active species charge sign yielding crossover-prone RFBs is evident in some 

of the reviewed studies in previous sections of this work19,32–34,37,38. 

Alternatively, the application of redox biopolymers such as lignin can be used as high 

dimensionality near crossover-free active species in RFBs106. Aqueous organic RFBs based on 

quinones chemistries generally have an inherent mechanism of confinement of active species 

charge sign107. The proton-coupled electron transfers represent the redox processes of quinones 

in aqueous media. The oxidation of benzenediols (reduced form of quinone, CH2 in Figure 4) 

proceeds via two-electron transfers (horizontal directions in Figure 4) accompanied with a fast 

achievement of acid-base equilibria (vertical directions in Figure 4), effectively yielding 

neutralisation of charged species. Neutralisation assures the domination of neutral redox 

molecules (CH2 and Q in Figure 4), which is a crossover-unlikely configuration. Other charged 

groups included for an increase of solubility in water (for example, 4,5-dihydroxy-1,3-

benzenedisulfonic acid108) are not involved in the actual redox process behind the electrical 

charge storage, resulting in the crossover-unlikely behaviour. Minimal crossover results in high 

operational stability. For example, 2500 (dis)charge cycles were demonstrated in a system 

based on neutral-to-cation and di-cation-to-neutral redox interconversions36. The quinone 

reaction process in aprotic media like acetonitrile, although enabling a high potential window, 

still imbibes a failure of the fast neutralisation. In these media, counter-ions simply compensate 

the unpaired ionic charges, while the transition to the terminal products of proton-coupled 

electron transfers (alcohols or ketones) is disabled (Figure 4). The charge compensation defines 

the proceeding of negative and positive electrolyte redox reactions via two sequential fast but 

proton-uncoupled electron transfers [10.1021/ja970028j]. The failure of the fast neutralisation - 

implying bypass and accumulation of products of opposite charge, respectively, is the intrinsic 

difference between organic redox flow batteries based on aqueous or aprotic (organic) solvents. 

https://doi.org/10.1021/ja970028j
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From an electrode point of view, the reaction rates of quinones in aqueous electrolytes are also 

significantly dependent on the electrode surface109. The presence of oxygen or other functional 

groups on graphitic interfaces obtained from many bio-sourced/based electrode materials 

(discussed in Section 4) could significantly enhance the reaction rates of quinone redox. In 

contrast to fast single electron transfers (like in VRFB), the complexity of proton-coupled 

electron transfers with quinones (Figure 4) also paves the way for the use of bio-sourced/based 

electrode materials as electrocatalysts. 

6. Conclusions 

Our consideration herein is that eco-friendly RFBs of the future are those whose components, 

including active species (and their precursors), electrode, and membrane/separator materials, 

are abundant, not affected by unsustainable material sourcing or variable supply do not 

contribute to socio-political crises. In addition, the disposal of the materials of said RFBs at 

the end of lifecycles/lifetimes should not be complicated or negatively impact the environment. 

In this regard, the candidate RFB system of focus would admittedly be based on organic redox-

active species.  

Although early research with organic redox-active species focused on their use in non-aqueous 

electrolytes, recent investigations and few deployed pilots have demonstrated promising 

performance of aqueous organic RFB systems in terms of improved solubilities and energy 

efficiencies. Towards competing with aqueous inorganic (non)metallic counterparts, organic 

RFB chemistries in aqueous electrolytes also have higher ionic conductivity than organic RFB 

chemistries in non-aqueous electrolytes. Aqueous organic RFB systems are also attractive with 

low molecular weight and multi-electron transfer active species, which help target high energy 

density. However, these aqueous organic RFB systems cannot continue to claim to be eco-

friendly if many other cell components are still based on unsustainable materials. Here we 
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attempt to present a design outlook to achieving eco-friendly RFBs with higher consideration 

for sustainability by adopting bio-sourced/based materials for all main cell components. 

From the review of previous works, one can conclude that quinones, TEMPO and their 

derivatives will continue to be organic redox-active species of choice in more emerging 

systems. However, we foresee high prospects for organic redox-active polymers in achieving 

the better performing eco-friendly RFBs of the future. When organic redox-active polymers 

are coupled with the strategies discussed to achieve symmetric chemistries/configurations, the 

approach may be critical to attaining eco-friendly RFBs of the future. The promise of organic 

redox-active polymers as active species (provided adequate solubility) is because low-cost 

size-exclusion separators can be applied rather than more expensive ion-exchange membranes 

due to the significantly larger polymer molecules compared to conventional supporting 

electrolyte ions. Such a cell assembly in a symmetric configuration subsequently reduces 

detrimental active species crossover, leading to high-capacity retention. Low-cost self-standing 

cellulose-based main matrices can be used to fabricate these types of separators towards 

achieving eco-friendly RFBs. 

As far as bio-based/sourced RFB porous electrode materials are concerned, the common 

materials are currently in carbonised/graphitised forms - to achieve high porosity and 

mechanical strength. However, we emphasise that the candidate methodology to accomplish 

the electrodes of eco-friendly RFBs of the future is to combine stand-alone bio-based/sourced 

fibrils derived from cellulose, lignin, chitin, or others with carbonised biomass or food wastes 

& residues to impart conductivity and catalytic activity. We propose more research and 

development focus towards eco-friendly RFBs to consider applying food and biomass wastes 

& residues as viable bio-material sources – in addition to several previously demonstrated plant 

and animal-based materials, given their significant abundance.  
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It is also worthy of note that continuous performance improvements are required for RFBs to 

fully transition towards eco-friendly RFBs of the future with all components based on 

sustainable materials. Modern innovative techniques to materials engineering like artificial 

intelligence & machine learning, material informatics and computational chemistry will be 

valuable tools in facilitating the selection/screening of promising materials. These tools can 

complement experimental molecular/material modifications towards desirable physical and 

electrochemical characteristics. Care is to be taken to simplify these modifications for 

membrane, electrode, and active species synthesis, to avoid increasing energy requirement and 

environmental impact of processing the bio-sourced/based materials into desired forms. 
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