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Abstract: The implementation of renewable energy sources is rapidly growing in the electrical sector.
This is a major step for civilization since it will reduce the carbon footprint and ensure a sustainable
future. Nevertheless, these sources of energy are far from perfect and require complementary
technologies to ensure dispatchable energy and this requires storage. In the last few decades, redox
flow batteries (RFB) have been revealed to be an interesting alternative for this application, mainly
due to their versatility and scalability. This technology has been the focus of intense research and
great advances in the last decade. This review aims to summarize the most relevant advances
achieved in the last few years, i.e., from 2015 until the middle of 2021. A synopsis of the different
types of RFB technology will be conducted. Particular attention will be given to vanadium redox
flow batteries (VRFB), the most mature RFB technology, but also to the emerging most promising
chemistries. An in-depth review will be performed regarding the main innovations, materials, and
designs. The main drawbacks and future perspectives for this technology will also be addressed.

Keywords: redox flow batteries; energy storage; batteries; stationary energy storage

1. Introduction

The use of electrical energy is growing globally, not only because of population growth
but also due to the transversal use of electricity as an energy carrier in all sectors. According
to the IRENA, by 2050, it is expected that electricity may represent 50% of total energy
consumption, currently it only represents 20% of total consumption. This transition will
be mostly achieved by the fast pace at which renewable energy sources, such as wind and
solar, are being implemented in power production, replacing fossil fuels [1,2].

Although technologies to gather renewable energy sources and transform them into
electricity need to evolve and be more efficient, these are not the only technologies required
to accomplish this energetic transition. The intermittent nature of renewable energies
makes it imperative to incorporate energy storage systems into the electrical grid to store
the excesses of energy produced, allowing for it to be used when production is scarce.
For such purpose, redox flow batteries (RFBs) are considered by many to be a promising
technology for the storage of energy for days or even weeks [1-3]. RFBs show several
advantages, such as the ability to be installed modularly and to change the output power
and energy capacity independently, by changing the size and number of cells in a stack and
by adjusting the volume of electrolyte, respectively. Moreover, RFB show a long lifecycle
compared to lithium-ion batteries [2,3].

There are several types of RFB technologies, each having their strengths and weak-
nesses. Typical RFBs with aqueous electrolytes are the most well-known, however the
electrochemical window of water limits the potentials that these batteries can achieve,
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which leads to low energy densities. On the other hand, non-aqueous electrolytes do not
have this problem, however the active species show a low solubility in these solvents.
Zinc-bromine flow batteries also have high energy densities at the cost of reduced system
efficiency, mainly due to the auxiliary components required to operate these devices [2—4].
Slurry RFBs have a high energy density and are not limited by the low solubilities of active
species. Nonetheless, this type of RFB increases the viscosity of the electrolyte and does
not perform well at high currents [3-5].

Other emerging RFBs are also receiving significant attention due to their unique design
and the advantages that come with it. Examples of these technologies are membraneless
RFBs and metal-air RFBs, which may be promising energy storage devices since they could
potentially exhibit higher energy densities and lower costs than first generation RFBs [3].

Among RFB technologies available, vanadium redox flow batteries (VRFB), commonly
termed all-vanadium RFBs, have been the ones subject to the highest number of studies.
Moreover, VRFBs have already been studied and installed for large scale applications. For
instance, Barelli et al. [6] modeled the implementation of VRFB in the transport sector by
combining this technology with LiFePOy batteries in an urban bus. In this study, it was
shown that the hybrid system ensures a longer driving time and a higher lifespan when
compared to a combination of LiFePO, batteries and fuel cells and/or LiFePO, batteries
alone. Gouveia et al. [7] in 2020 showed the feasibility of the implementation of VRFBs
with photovoltaic systems in a household. It was proven that the addition of VRFB resulted
in lower environmental impact than using grid electricity.

RFB already has one of the biggest power capacities installed on commercial facilities
when compared to other energy storage technologies, ca. 42% [8]. All these achievements
lead us to believe that in the short-medium term this type of battery will exhibit a substan-
tial reduction in its price, which will contribute to making it an even more interesting and
low-cost technology for energy storage at different scales and in different sectors [1-3].

This review aims to summarize the current state-of-the-art at an academic level that
has been reported for RFB technologies in the last few years, i.e., from 2015 until the
middle of 2021. Focus will be given to the different types of RFBs, i.e., VRFBs, POM-based
RFBs, non-aqueous electrolytes, slurry RFBs, zinc-bromine flow batteries, membraneless
RFBs, and metal-air flow batteries. The most relevant achievements in the mentioned
technologies, providing insight into each one, will be underlined. The major advancements
will be highlighted, the main drawbacks that these technologies face nowadays will be
considered, and prospects will be debated. This review will be a good starting point for
new researchers in this field or others that wish to get an update on the recent discoveries
and innovations.

2. Redox Flow Batteries (RFB)

RFBs comprise three components: two tanks and a cell (vide Figure 1). The tanks are
used to store electrolyte, the solution where the energy is stored, while the cell is where the
redox reactions occur. This property of RFB is one of the main advantages of the technology
since it is the reason why the quantity of energy stored is decoupled from the power output.
By increasing the volume of electrolyte in the tanks, it is possible to store more energy;
however, if the objective is to increase the power output, only the cell needs to be changed.
Stacking cells in series increases the potential of the battery and amplifying the active area
of the cell increases the current produced in the cell. The highly customizable nature of
RFBs is generally rare in energy storage systems, but extremely versatile and interesting.

Usually, the cell is composed of two current collectors, two bipolar plates, two elec-
trodes, and one membrane as shown in Figure 2. When this is the case, the defining
component of the battery is the electrolyte, e.g., a battery with vanadium electrolyte on
both tanks is an all-vanadium redox flow battery (VRFB). Vanadium electrolytes have
been widely studied and are well-known, having already been commercialized worldwide.
Due to the huge development achieved by this type of RFB, being very close to its peak
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performance, further optimization of RFBs is a challenging task. The publications made in
recent years have focused mainly on new electrolytes, active species, and solvents.

Positive
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Figure 1. Schematic representation of an RFB.
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Figure 2. Components of an RFB’s cell.

The field of RFB has reached an advanced level of development and the proof of that
is the huge number of articles reported in the last few decades, i.e., 10,284 since 2000. The
mentioned number resulted from using the search term ““RFB” or “Vanadium RFB” or
“flow batteries””.

Figure 3 shows that the number of publications has been increasing over the years,
however the development between 2000 and 2010 was not as significant as that which can
be observed after 2010. Between 2000 and 2010, the number of publications tripled, i.e.,
from 54 to 180. The number of publications in 2020 is about twenty-nine times the number
of those published in 2000. This increase in the number of publications is clearly related
to the agendas designed for a cleaner environment. Moreover, considering the tendency
found in the first semester of 2021, it is expected that the number of publications will keep
increasing, suggesting that more research is being pursued in this field and also suggesting
abundant funding availability.
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Figure 3. Bar chart of scientific publications published from 2000 until 15 July 2021 found in MDPI journals, Royal Society
of Chemistry (RSC), SpringerLink, Wiley Online Library, and Science Direct publications using the search term ““RFB” or

4

“Vanadium RFB” or “flow batteries””.

Table 1 shows the most representative review articles published since 2006 and it
can be observed that the interest in the study of RFBs is increasing every year, reflecting
the urgency to store energy from renewable energy sources and the constant concern
for the environment. Generally, the first published reviews included the explanation
of the technology and the phenomena associated with it. Over time, new reviews of
more specific innovations appeared with the main objective of drawing attention to the
problems detected, clearly showing the interest of the research community in optimizing
this technology. With the growing interest and publication of new ideas, it has become
increasingly difficult to synthesize and organize all the research fronts of RFBs, and so
several review articles with different focuses have appeared. Additionally, new computer
tools based on mathematical calculations have been included, allowing for the simulation
of the behavior of new electroactive species, configurations, and materials for RFBs, either
independently or in association with experimental work. The number of reviews in Table 1
also shows a tendency for the adoption of VRFBs rather than other architectures and the
need to compete with Li-ion batteries, which are currently considered by many to be the
most promising batteries. The exponential growth in review papers published over the last
few years is not only a consequence of this fact, but also because the RFB configuration
involves the synergy of multiple fields of science and technology. The electrochemistry of
the redox pair and its chemical solubility, the corrosion of bipolar plates, the fluid mechanics
of the electrolyte, the treatment and selection of carbon-based materials such as electrodes,
and the separation processes performed through a membrane are just some examples of the
complexity and multidisciplinary aspects of this technology that, ultimately, will be used
for electrotechnical purposes. Therefore, the published review papers are useful not only
to organize and clarify the main aspects of the technology, but also to engage all necessary
scientific fields in this complex but promising technology.

This section of the article will focus on publications that study electrolytes in RFBs
with the same configuration as described before. The three generations of VRFB will be
approached, as well as a promising new group of molecules, the polyoxometalates (POM),
and the more environmentally friendly organic molecules. Lastly, non-aqueous solvents
will also be approached.
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Table 1. The main review articles about RFBs published in the last few decades.

Year Ref. Authors Discussed Subject Matter
2006 [9] Ponce de Léon et al. The different RFB systems were compared considering the OCP, power density, EE and charge-discharge behaviour.
[10] Weber et al RFB chemistries, kinetics and transport of RFBs were discussed. The electrode/cell modeling and designs were reviewed as well as future
eber etat. research needs.
2011 [11] Lietal. The requirements for ion exchange membranes for VRFBs were reviewed, as well as the development prospects for next-generation materials.
[12] Skvllas-Kaza tal Discussion focused on the technology in general. An historical review was also considered as well as the latest commercial developments and
yHas-Razacos et al. large-scale field testing.
[13] Kear et al Development, commercialisation history, and current performance properties of intermediate- and large-scale VRFBs were reviewed. The
: caretal potential for VRFB systems to meet the economic requirements was compared to the economic performance of thermal-based generators.
[14] Leune et al The development of RFB systems was reviewed. It was concluded that fundamental studies on chemistry and kinetics are necessary for many
2012 & ’ RFB technologies.
[15] Wane et al The chemistries and progresses of Li-ion and RFB were reviewed and compared. The authors discussed the research status of a Li-RFB hybrid
getak system and concluded that it was still in its infancy.
Review of the main developments, particullarly new chemistries reported since 2010. The field of NA-RFBs was also included (i.e., redox
2013 [16] Wang et al. chemistries, new RFB configurations) and was limited to R&D on cell-level components, excluding stack system, e.g., flow-field simulations,
shunt-current analysis, and bipolar plate development.
[17] Shin et al. Non-aqueous RFB (NA-RFB) systems were compared to aqueous RFBs in terms of the current and power density through membranes.
[18] Chakrabarti et al The application of ionic liquids (ILs) and deep eutetic solvents (DESs) in different RFB configurations was reviewed. The prospect of applying
etak DESs in RFBs was discussed using the results reported in the literature considering the electrochemical engineering aspects of these solvents.
2014
[19] Alotto et al The state-of-the-art of the most important plants in service and programs development were discussed. The most relevant research issues
ottoeta were debated.
[20] Pan and Wan The redox species of RFB were discussed. It was concluded that most of the non-aqueous electrolytes were focused on the catholyte, that the
ana & anodic species were limited, and that to fabricate a NA-RFB with high energy density, the development of anodic species was necessary.
[21] Soloveichik A discussion on the different types of flow batteries was conducted. Technical and economical issues were also approached.
2015 [22] Kim et al. The technical trends in the selection, characterization, evaluation, and modification of electrodes for VRFBs were reviewed between 1985 and 2015.
[23] Xu and Zh The various issues associated with flow batteries were summarized and a critical review on the numerical investigations of each issue
- ua a0 was performed.
[24] Huang et al NA-RFBs were compared with aqueous systems. The parameters included wider voltage windows, intrinsically faster electron-transfer kinetics,

and more extended working temperature ranges.
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Table 1. Cont.

Year Ref Authors Discussed Subject Matter
[25] Winsber et al Overview focused on different flow-battery systems ranging from the classical inorganic to organic/inorganic to RFBs with organic redox-active
: cathode and anode materials in terms of technical, economic, and environmental aspects.
2016 [26] Kowalski et al. Review focused on describing the main advances in the developments of redox active organic molecules for all-organic flow batteries.
Review on the development of flow batteries focused on materials and chemistries, i.e., conventional aqueous RFBs and the next-generation flow
[27] Park et al P q 8
) batteries. Despite progress, next-generation battery systems based on organic, iodine, polysulfide or semi-solid materials are still uncertain.
Review focused on the engineering aspects of RFBs. An approach to RFB design and scale-up was performed in order to reduce the gap in
[28] Arenas et al & & asp PP & P P &ap
’ technological and research awareness between the academic literature and the industry.
Review of organic based RFB. Emphasis was given to electrode reactions in both aqueous and non-aqueous electrolytes. It was concluded that
[29] Leung et al. organic RFB containing materials of high solubilities and multi-electron-transfers meet the cost target for practical applications at the grid scale
and in the automotive industry.
The impact on the voltage efficiency, CE, and EE of the types and properties of membranes on the VRFBs were reviewed. Material modification of
[30] Ye et al p & Y yp prop
2017 ’ carbon-based electrodes, catalyst application, and electrolytes using solid redox-active compounds in semi-solid RFB systems were also discussed.
. Vanadium electrolyte technologies from the viewpoint of VRFB design was reviewed providing a logical understanding of how the electrolyte
[31] Choi et al y & p & P §a108 8 y
’ design influences battery performance.
[32] Li and Liu Review comparing the future of RFB technology with Li-ion batteries. The questions regarding breakthroughs needed to enable large-scale
deployment of RFBs remain. It was concluded that finding a low-cost, highly soluble aqueous system was the most attractive approach.
[33] Musbaudeen et al. Membraneless cell designs for RFBs were reviewed considering the evolutionary trend of membraneless flow cell design concepts.
[34] Zhou et al. The progress in research on the transport phenomena of RFBs, as well as the critical transport issues, were reviewed.
The review focused on the advantages of organic materials for RFBs compared with inorganic-based RFBs and on the recent progress in organic
[35] Chen et al. RFBs in redox active materials. The properties of the electrolyte and the design of the membrane, including polymeric and ceramic membranes,
were also debated.
[36] Zhane et al The performance metrics of RFBs and the progress on the key components of RFBs, including the membranes and new redox-active electrolytes,
2018 & ’ were reviewed.
[37] Liu et al. The state-of-the-art of several modification methods on the electrode materials for VRFB were reviewed.
[38] Cao et al Review focused on vanadium electrolyte additives studied for VRFB regarding its function, including precipitation inhibitors, immobilizing
’ agents, kinetic enhancers, electrolyte impurities, and chemical reductants.
[39] Xu et al. Review focus on understanding the evaluation criteria of energy efficiency for RFBs.
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Table 1. Cont.

Year Ref. Authors Discussed Subject Matter
The first review focused on the influence on RFB cell performance linked with flow field designs, including their implementation in stacks.
[40] Keetal. Several aspects were considered, e.g., flow field architecture types, flow distribution, cell performance, large-scale stack designs, stack
performance, optimization of non-uniform flow distributions, shunt currents, and localized current distributions.
Review focused on the four main types of RFB employing zinc electrodes, i.e., zinc-bromine, zinc—cerium, zinc-air and zinc-nickel. The main
[41] Arenas et al. . . . - . . . . . . .
drawbacks linked with zinc deposition and dissolution, particularly in acid media, were also reviewed.
. The literature focused on the techno-economic assessment of VFB was reviewed. The data regarding materials, system designs, and modelling
[42] Minke and Turek . .
approaches were considred and critically analyzed.
The current state of the art of VRFB technology was discussed, including the design and working principles. The critical research areas were
[43] Lourenssen et al. 1 .
highlighted along with future developments.
The authors discussed the basic requirements to be satisfied by next-generation aqueous RFBs and concluded that a safe, affordable, sustainable,
[44] Narayan et al. . .. . .
2019 and robust long-duration energy storage system was promising with next-generation RFBs.
[45] Hogue and Toghill A review of the metal coordination complexes studied as electrolytes for NA-RFBs that were reported in the previous decade.
[46] Gubler The review focused on the key requirements and current development trends for membranes and separators for the VRFB.
The research needs were reviewed. It was concluded that most academic studies focus on the development of catalysts tested in small
[47] Arenas et al. . .. . .. .
electrochemical cells was not realistic for advancing RFB technology; they are limited to short-term laboratory experiments.
A review on NA-RFBs was conducted. It was concluded that these are predicted to be sustainable systems as the components are mostly organic
[48] Rhodes et al. . .
materials and that NA-RFBs represent the next generation of RFB for green energy storage.
Clemente and . . . . . .
[49] Costa-Castells A review focused on the RFB models and the main control strategies of RFB systems, as well as the main techniques to estimate the state of charge.
The electrode materials for VRFBs were reviewed. It was concluded that graphene coatings, heteroatom doping, and metal oxide modified
[50] Gencten and Sahin carbon-based electrodes were mainly used. Most of the work regarding VRFBs is focused on novel stack design, electrode, membrane, and
2020 electrolyte components.
. The review focused on the electrolyte lifetime in aqueous organic RFB. It was concluded that RFBs are promising alternatives for surpassing
[51] Kwabi et al. oo . . . . . .
lithium ion batteries and aqueous organic RFBs have potentially lower cost than their vanadium-based counterparts.
52] Zhone et al The state of the art of organic electroactive molecules for aqueous and non-aqueous RFBs were reviewed. It was concluded that this field was still
& ’ in its initial stage since no RFB has been deemed suitable to replace VRFBs.
[53] Gentil et al The challenges in the past five years for the development of next-generation RFBs were discussed. NA-RFBs were not included. The review

addressed aqueous organic RFBs (AO-RFBs) and the technologies developed to increase the energy density of RFBs.
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Table 1. Cont.

Year Ref. Authors Discussed Subject Matter
. . This work reviewed the advances in the application of ILs in RFBs. The authors showed that most of the studies focused on the use of Ils as
[54] Ortiz-Martinez . . . . . .
supporting electrolytes and the latest studies showed their potential as electroactive species and electrolyte membranes.
. The review focused on the most commonly used 3D printing fabrication methods as well as on the additive manufacturing technologies for the
[55] Ambrosi and Webster L o . .
fabrication of RFB components that were classified according to the electrolyte nature used (i.e., aqueous and non-aqueous solvents).
[56] Aberoumand et al. The review focused on VRFB technology methods developed to enhance the performance of the electrode and electrolyte as the main components.
The review focused on the modeling and simulation of RFB beyond the all-vanadium, including soluble lead—-acid, semisolid, organic,
[57] Esan et al. . . . . . . . . . .
zinc-nickel, zinc-bromine, hydrogen-bromine, sodium-air, and vanadium—cerium flow batteries.
[58] Tempelman et al. A review on the most recent advancements in the structure design and optimization to improve the selectivity and conductivity of membranes.
5] Wane et al The research progress of insoluble flow batteries was reviewed. The key challenges from the fundamental research point of view and practical
& ’ application perspectives were compared.
[3] Sénchez-Diez et al. A review of the aqueous system technologies that potentially fulfill cost requirements and enable large scale storage.
The review focused on iron-based aqueous RFBs. The main achievements were highlightned and it was concluded that there is no
[59] Zhang and Sun W . .
perfect chemistry”.

The review focused on the advances in aqueous RFBs with lesser known chemistries than vanadium. The authors expect that these chemistries

[60] Emmet and Roberts . . . . . .
o021 will become more viable than vanadium due to their lower material costs and less caustic nature.

The review focused on the use of quinones for RFBs. It was concluded that most of the development on quinone-based RFBs is far from being

[61] Symons commercially viable. The stability of quinones in high potential electrolytes is not enough and the attempts have led to very low overall
cell voltages.

The studies and numerical models carried out by means of computational fluid dynamics (CFD) techniques were reviewed. Studies with stacks

[62] Aramendia et al. and approaches for VRFB optimization with CFD based models and different flow field designs to improve the electrochemical performance
were discussed.

[63] Yuan et al The development of the membranes used in the three types of NA-RFBs were summarized and a comprehensive overview of the fundamentals,

classification, and performance of the membranes applied in NA-RFBs was provided.
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This review brings together the different types of RFBs that have achieved the most rel-
evant advances and attention from the scientific community in the last few years. Moreover,
a straightforward approach to RFBs variants is reported. Gathering all this information
in one single manuscript, allows us to easily compare the level of development that each
energy storage technology has reached so far.

2.1. Inorganic Aqueous
2.1.1. Vanadium Redox Flow Batteries (VRFB)

The first publication on all-vanadium or VRFB electrodes was performed in 1987 by
Rychcik and Skyllas-Kazacos and was focused on the carbon—-polymer composite elec-
trode [64]. Since then, several studies on electrodes for the VRFB have been reported.
Organic electroactive molecules in both non-aqueous and aqueous RFBs can be considered
to be in their infancy since no RFBs has been reported to replace the VRFB. Therefore,
several efforts to develop more advanced RFBs with organic electroactive materials toward
practical applications are being pursued and put in practice [52].

The vanadium electrolytes are a key component for VRFB due to their performance
and the cost-benefit ratio involved. The electrochemical activity and the concentration
and stability of vanadium ions determine the energy density and the reliability of the
VRFB. Therefore, these factors contribute to electrolyte technology improvement and are
still under optimization towards a more reliable and cost-effective system [65-68]. The
development of new electrode components for VRFB systems will certainly increase in the
short-medium term for many industrial and residential applications.

Despite RFB having been explored both with aqueous and non-aqueous electrolytes, to
date aqueous electrolytes are the only commercially viable option [69]. Water shows good
performance as a solvent, mainly due to its high availability and therefore low cost. The
cost involved is particularly relevant for a technology with relatively low energy density
when compared to other battery technologies. Therefore, the electrolyte cost represents one
of the major investment costs [69,70]. Moreover, aqueous electrolytes are highly conductive,
have a lower viscosity, and can dissolve a wide range of transition metal salts, providing
high ionic mobility [69].

The all-vanadium RFBs were proposed in 1988 by Skyllas-Kazacos to overcome prob-
lems related to crossover, low reversibility, and self-discharge of the earliest proposed RFBs
by taking advantage of the four oxidation states of vanadium. This technology became
known as generation 1 redox flow battery (G1 RFB) [71,72]. Later, it was proposed to
replace the V(IV)/V(V) pair in the positive side of a V/HBr/HCI electrolyte to increase the
operational temperature range of the battery leading to the development of the generation
2 redox flow battery (G2 RFB) [73-75]. Finally, in 2010, Pacific North-Northwest Labo-
ratories proposed the use of an acidic mixture (HpSO4 and HCI) strategy to increase the
solubility of vanadium ions in electrolyte and to achieve superior performance, which was
referred to as the generation 3 RFB (G3 RFB). Table 2 shows the main differences between
the three generations of VRFB that will be discussed in the next sections. The information
was collected from different references and organized to provide a quick picture of the
main difference between the three generations of RFBs.

Table 2. Comparison between the three generations of RFBs (G1, G2, and G3).

G1 G2 G3
Name All-Vanadium Vanadium-Polyhalide Mixed Acid Vanadium
Positive Couple V(III) / V(IT) V(III) / V(IT) V(III) / V(II)
Negative Couple V(IV)/V(V) Cl~ /CIBr®~ V(IV)/V(V)
Supporting Electrolyte H,SOy4 HBr and HC1 H,S0O,4 and HCI
Vanadium Concentration (M) 1.5-2[76] 2.0-3.0 [77] 2.5-3.0 [78]
Temperature Range (°C) 1040 [76] 0-50 [79] —5-50 [4,78,80]
Specific Energy (Wh/L) 20-33 [77] 35-70[77] 22-40 [4,78,80]
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All-Vanadium Redox Flow Battery (G1 RFB)

All-vanadium RFB are one of the most technologically advanced redox flow systems,
and there are already several commercial systems installed [81]. The largest one so far
announced has a rated output of 200 MW and a capacity of 800 MWh and is located in
Dalian, Liaoning Province, China [4]. The all-vanadium chemistry has one of the highest
redox potentials (1.26 V) that can be fully used with low risk of starting the hydrogen
evolution reaction and no permanent consequences if the species from the positive side
cross over to the negative side, or vice versa. However, species crossover is still challenging
since it induces self-discharge. V* reacts easily with oxygen, which discharges the negative
tank of the battery, and V°* precipitates at temperatures of ca. 40 °C [43,82,83]. This
technology has already proven its effectiveness and the main research looks to optimize
its performance and efficiency and achieve higher power outputs at lower prices. This
objective has been mostly tackled by targeting the ohmic resistances, one of the biggest
causes of power loss in VRFBs [84]. The electrodes and bipolar plates are the main subjects
of research to reduce the overall resistance. Table 3 summarizes the changes that were

made to key components in a VRFB and the main results reported from 2016 to 2021.

Table 3. The most relevant VRFB components reported since 2016.

Year Electrolyte Electrodes Bipolar Plates Membrane é ;f;) Results Ref.
3M H2504 + .
. Graphite . . _ o
1MV + varying felt—1.5 mm Graphl.te plate VV.lth Nafion 212 47 EE = 80.1% g [85]
concentrations of thickness serpentine flow-field 300 mA-cm
2016 CuSOy4
Carbon paper with . . omo
SMHSO4+  y o activation of ~ CraPhiteplatewith = o0 o1p 4 EE=82%@ 154
1MV . serpentine flow-field 400 mA-cm
the fibers
3M H,S04 + . . . EE =83% @
2017 15MYV Graphite felt IrOx-coated TiO, Nafion 117 16 40 mA-cm2 [87]
3 M H,S04 + Electrospun - . EE =80.1% @ [88]
2018 1MV carbon fibers Not specified Nafion 212 4 200 mA -cm—2
Low-carbon-content
3 M H,S0, + Carbon felt—6 mm  design based on the . EE =83% @
1.5MV thickness bridging effect of Nafion 212 40 140 mA-cm 2 [89]
2019 graphene
3MH,S0; + Caﬁ’on It‘arrl‘o‘l’i‘rfloam Graphite plate with .. )y EE = 80% @ [00]
1.7MV ee sta & serpentine flow-field ano 50 mA-cm ™2
sheets
Composite
IMHySO, + ~ Material based on Fumasep EE = 80% @
200U . . . = 0
1L6MV nickel manganite Graphite plate F-930-RED 5 200 mA.cm—2 [91]
and carbon
2020 .
nanofibers
Graphite felt . .
3 M H,SO4 + o Graphie plate with . EE =80.8% @
1.1MV treated at 500 °C serpentine flow-field Nafion 211 4 600 mA-cm 2 921
for 8 h
Low-carbon-content
with hybrid
3 M H,S04 + - conductive materials . EE=81% @
1.5MV Not specified of graphene, carbon Nafion 212 40 140 mA-cm—2 %3

fibers and graphite
powders
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Table 3. Cont.

Year Electrolyte Electrodes Bipolar Plates Membrane (1: ::;) Results Ref.
Carbon felt
produced using a . . Cast perfluo-
3.5MH,SO4 + quench-cracking GraP hite Pl.ates with rosulfonic EE =80.4% @
interdigitated . 4 5 [94]
1MV strategy + . acid proton- 500 mA-cm
e 7 flow-fields
graphitization + exchange
sulfur doping
Graphite plate with
3M H,S04 + Carbon felt—6 mm . . EE =80% @
15MV thickness Cactus-hk.e carbon Nafion 212 25 160 mA -cm-—2 [95]
nanofibers
Derived from
pyridine-
3M H,SO4 + . containing EE = 80.1% @
15MV Carbon felt Graphite plates poly(aryl 5 180 mA -cm—2 [96]
ether ketone
ketone)
2021
Hybrid
Graphite membrane
3M H,504 + s - prepared EE=81% @
15MV felt' 5 mm Not specified using a 4 160 mA -cm—2 [97]
thickness :
casting
method
Composite
with a dense
but thin PBI
3 M H,S0; + Graphite Graphite plafces with  layerand a EE = 82% @
1MV felt—2.2 mm serpentine porous but 4 150 mA -cm-—2 [98]
thickness flow-fields thick layer of
PBI
electrospun
nanofibers

In the last few years, several manuscripts have reported outstanding results accom-
plished in innovative and creative ways to produce, treat, or dope the electrodes. For
instance, X. L. Zhou and his team, in 2016, showed a modification of carbon papers by
KOH activation of the fibers, achieving 82% energy efficiency at 400 mA cm~2 in charge-
discharge cycles [86]. In the same year, L. Wei et al. [85] reported a VRFB with an energy
efficiency of 80.1% at 300 mA cm~2 by depositing copper nanoparticles on graphite felt.
Two years later, Sun and coworkers proposed a new way to produce carbon-based materi-
als with larger surface areas for VRFB, which consisted of electrospinning polyacrylonitrile
and polystyrene binary solutions, forming fiber bundles. When these woven nanofibers
were tested as prepared in a cell, the group achieved an energy efficiency of 80.1% at
200 mA-cm~2 [88]. By using the electrospinning method, Busacca et al. [91] synthesized a
composite material based on nickel manganite and carbon nanofibers that had ca. 80% EE
at 200 mA cm~2. The most remarkable VRFB performances reported to date belong to H. R.
Jiang and Z. Xu and their coworkers. The former reached an EE of 80.8% at 600 mA cm—2,
and the battery was cycled for 20,000 cycles without substantial degradation at the same
current density. This was accomplished with a simple treatment in a furnace under ambient
air at 500 °C for 8 h, followed by electrodeposition of bismuth nanoparticles on the negative
graphite felt and the addition of an interdigitated flow field in the battery [92]. Xu and
coworkers reported 80.4% EE at 500 mA cm~2 with an average EE loss of 0.01% through
1000 cycles. In this work, they used a quenching—cracking strategy to change the mor-
phology of the fibers in the production of carbon felt, followed by graphitization, and
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doping with sulfur [94]. An interesting production method for a new material to be used
as electrode was reported by I. Mustafa and colleagues. They produced a macro-porous
carbon nano-foam by implementing a freeze-drying step in their tape casting fabrication
method. Using these electrodes, their cell achieved an EE of ca. 80% at 50 mA cm ™2 for
100 cycles [90].

The bipolar plates also contribute to the ohmic resistances; however, it is not enough to
use a more conductive material, the electrical contact resistance between the bipolar plate
and the electrode also needs to be reduced. Taking this into account, publications that focus
on bipolar plates aim to lessen the ohmic resistances by reducing the electrical resistance
of the material, the contact resistance, or both. Han et al. [87] produced bipolar plates
with TiO; nanotubes coated with IrOy. By using this material, it was possible to reduce
the thickness of the bipolar plates when compared to the composite graphite typically
used. Ca. 83% of EE at 40 mA cm~2 was reported and the battery was cycled for 100 cycles
at the same current density without substantial degradation. A new low-carbon-content
design based on the bridging effect of graphene for bipolar plates published by Liao and
colleagues [89] achieved ca. 83% EE at 140 mA cm~2. The same group proposed another
low-carbon-content bipolar plate, composed of graphene, carbon fibers and graphite
powders, having reached ca. 81% EE at 140 mA cm~2 with these bipolar plates [93]. Jiang
et al. [95] proposed a way to exclude the layer of resin on the surface of composite bipolar
plates by using a surface treatment that grows cactus-like carbon nanofibers from catalyst
cores. This technique resulted in an EE of ca. 80% at 160 mA cm 2.

Membranes have an important influence on two factors: the ionic conductivity and
vanadium crossover. Reducing crossover prevents self-discharge, however this is normally
accomplished by reducing the ionic conductivity. For this reason, there needs to be a trade-
off between these two parameters to assemble a battery that has a high ionic conductivity
and low vanadium crossover. D. Zhang and colleagues studied a hybrid membrane using
the solution casting method, where they embedded UiO-66-SO3H in a Nafion matrix to
enhance the ion selectivity of the membrane. With this strategy, a vanadium permeation
of one-third was achieved compared to a recasting Nafion membrane, an EE of 81% at
160 mA cm~2, and the cell could be cycled for 1000 cycles at 80 mA cm~2 without a no-
ticeable performance change [97]. There was also an environmentally friendly method
proposed to produce positively-charged membranes derived from pyridine-containing
poly(aryl ether ketone ketone), where B. Zhang et al. [96] reduced the vanadium perme-
ability to 3.4-10~7 cm?-min~!, achieving 80.1% EE at 180 mA cm 2 and stable cycling for
1000 cycles (ca. 600 at 120 mA cm 2 and 400 at 140 mA cm—2). Wan et al. [98] developed
a composite membrane with a dense but thin polybenzimidazole layer and a thick but
porous layer made with polybenzimidazole electrospun nanofibers. This novel technique of
using polybenzimidazole demonstrated a vanadium permeability one order of magnitude
lower than a Nafion 212 membrane, an EE of 82% at 150 mA cm ™2, and stable operation
for 200 cycles at 80 mA cm~2. In 2020, Kushner and colleagues studied the factors that
impact the transport phenomena through the membrane in a VRFB. In this manuscript,
it was found that there are few studies that analyze crossover at currents different from
zero, which is a major flaw in these works, since migrating fluxes are increased at high
current densities [99]. Shin et al. [100] suggest an innovative strategy to alleviate electrolyte
imbalances, which are caused by crossover and water transport through the membrane.
The proposed strategy is based on using different concentrations of sulfuric acid on the
positive and negative electrolyte.

VRFBs are one of the few RFB technologies that are in a very advanced phase of
development, mainly due to the large boost of technological improvement given in the
last few years. VRFB have outstanding properties for stationary applications and have one
of the best performances in this sector; however, they still have room to grow. Moreover,
it is expected that this technology will have a gigantic impact on the energy production
transition. It will also impact on the share of the energy storage market in the next few
years, since at present there are no alternatives good enough to take its place.
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Vanadium-Polyhalide Redox Flow Battery (G2 RFB)

RFBs are well known for their long working life and decoupled power and energy.
However, one of their major drawbacks is their low energy density, which ultimately limits
their commercial application for stationary storage. A possible strategy to increase this
parameter is to increase the solubility of the redox species in the solvent and therefore to
store more energy in the same volume of electrolyte. Accordingly, it was proposed that a
vanadium-halide solution (HBr and HCI) electrolyte could achieve higher solubilities for
vanadium ions, the reactions for which are indicated in Equations (1)—(3) [73-75].

Negative Side: 2VCl3+ 2¢~ = 2VCl, 4+ 2C1™ (1)
Positive Side:  2Br™+ CI™ = CIBr, + 2e~ )
Positive Side :  Br™+ 2C1™ = BrCl; + 2¢~ 3)

A typical electrolyte is composed of 7-9 M HBr with 1.5-2 M HCl and 2-3 M vanadium.
Due to the higher solubility of vanadium bromide, the volume of the positive half-cell elec-
trolyte tank can be severely reduced, leading to an enhanced specific energy of 25-50 Wh
kg’1 and an energy density in the range of 35-70 Wh L~ [77]. Additionally, since a mixed
solution of V/HBr/HCl is used in both half-cells, the long-term issues associated with
cross-contamination through the membrane are mitigated [77,101,102]. Another interesting
feature about this configuration is that since there is no V(IV)/V(V) pair on the positive side,
this battery does not suffer from the limited solubility of V°* at high temperatures, increas-
ing the temperature range of operation to 0-50 °C [79]. However, the possibility of bromine
vapor formation is one of the major drawbacks of this configuration. To minimize this, it is
common to use complexing agents such as tetrabutylammonium bromide, polyethylene
glycol, N-methyl-N-ethyl morpholinium bromide, and Nmethyl-N-ethyl pyrrolidinium.
As consequence, a feature of G2 RFBs is the formation of a second phase composed of
the bromine complexing agents during the cell charge step [101-103]. Despite the effort
to produce and to screen more efficient components for this technology [77,104], these
complexing agents are too expensive and still represent a significant economical barrier.
The development of more cost-effective alternatives to prevent the bromine evolution are
mandatory for the commercialization of the G2 RFB [101-103].

Mixed Acid Vanadium Redox Flow Battery (G3 RFB)

Another way to optimize the solubility of redox species is to use electrolyte additives to
thermodynamically increase the solubility threshold and therefore to improve the kinetics,
stability, and energy density of redox flow batteries. It is known that vanadium ions V2%,
V3*, and VO** (i.e., V4T) precipitate as its sulfate salts at low temperatures through the
exothermal reactions represented by Equations (4)—(6) [4,38,105]:

SO;™ + V*F — VSO, (4)
3507 +2 V2t — V,(S0,), (5)
SO;™ +VO** — VO(SOy) (6)

However, VO5 (i.e.,, V°") does not precipitate as a sulphate salt but it reacts with
water in an endothermal reaction [4,38,105]:

2VO; +H,0 — V,05+2HT )

Therefore, increasing temperature will increase the solubility of vanadium salts but
will also shift Equation (7) to the right, reducing the amount of V°* dissolved. This leads
to a tradeoff situation where higher temperatures will favor the solubility of V2*, V3T, and
V* but will disfavor the solubility of V°T.
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If the operational SoC window is narrowed, the concentration of each vanadium
species never reaches values high enough to precipitate and therefore it is possible to
increase the temperature window. Additionally, operating at lower concentrations causes
a similar effect; however, ultimately, both methods decrease the energy density since the
former decreases the amount of energy stored per mol of vanadium and the latter decreases
the amount of vanadium available in the electrolyte to store the energy [106]. The chemical
equilibrium of these reactions needs to be shifted in order to increase the solubility of
vanadium, or at least decrease the kinetics of the precipitation reactions [4].

The Pacific Northwest National Laboratory proposed a possible alternative to solve
this problem by adding hydrochloric acid (HCI) to the electrolyte solution, resulting in
the mixed-acid vanadium redox flow battery (G3 RFB). This way, it is possible to increase
the concentration of H™, shifting the chemical equilibrium of Equation (7) to decrease the
precipitation of V05 without increasing the concentration of SOi_ ions [78]. In fact, by
using the Mixed-Acid electrolyte it was possible not only to increase the energy density
by 70%, but also to achieve wider temperature ranges, i.e., from 10 to 40 °C and from
—5 to 50 °C and thus potentially removing the need of temperature control over the
electrolyte [4,78,80].

In 2013, Kim et al. [107] reported a 1.1 kW stack operating at 80 mA cm 2 with
82% energy efficiency. The same group also reported that the mixed-acid electrolyte
presented a lower pressure drop and therefore lower pumping losses due to an electrolyte
with lower viscosity and no precipitation at temperatures higher than 45 °C.

In 2016, Reed et al. [108] also reported a kW class stack operating at 320 mA cm~2 with
75% energy efficiency due to improved electrode microstructure and flow field design, and
also confirmed operations above 50 °C without detrimental effects. In 2019, the viscosity,
conductivity, and electrochemical properties were investigated and optimized by Yang
et al. [109], and it was concluded by their group that the optimal battery efficiency and
capacity would be reached at 2.2 M vanadium concentration, 2.75 M sulfate concentration,
and 5.8 M chloride ion concentration. However, the main drawback of this strategy is the
presence of chloride ions, which can lead to chlorine evolution at the positive electrode,
which implies not only safety hazards but also consequences such as thermal precipitation
of V°* and pump blocking [4,38,108,110]. Despite several efforts to improve and optimize
the mixed-acid RFB [111-114], and studies showed that the mixed-acid electrolyte can op-
erate until 1.7 V without gas evolution [115], it still remains one of the biggest threats to the
commercialization of this technology [3]. There are also studies about using immobilizing
agents, such as phosphoric acid (H3PO4) and ammonium phosphate ((NHy),POy), but
improving the vanadium solubility in RFBs involves complex and controversial chemical
processes, and it still is an open topic of discussion [4,38,79,105,109,110].

2.1.2. Polyoxometalates

In the last few years, polyoxometalates (POMs) have been getting attention in the
development of RFB as an interesting electrolyte alternative for the next generation of RFBs.
POMs are inorganic agglomerates composed of oxygen atoms and transition metals in their
highest oxidation state to form metal-oxo units in which the metal ion acts as a polyhedral
building block [116,117]. Typically, POMs structures are schematized in Figure 4 [118].
Among the various POMs structures, the most studied with application in RFB are the
Keggin-type, [XM12040]"~ and Wells-Dawson-type structures, [X;M180¢2]"~. Due to their
vast structural diversity, POMs exhibit huge electrochemical versatility [119-121].

In 2018, Friedl et al. proposed POMs electrolytes for energy-storage applications
due to their relevant advantages [119]. The interaction of the redox centers of the POMs
is generally reduced due to their large sizes [3] and the electrons added by reduction to
the POMs are not allocated to a specific atom, therefore allowing for fast kinetics and
high-power densities [122,123]. Moreover, the large size of the POMs, which range from 6
to 25 A [124], along with the electrostatic repulsion, do not allow the permeation through
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the actual RFBs’ commercial cation exchange membranes (CEM), preventing cross-over
and mixing of the active species [125].

(e) Silverton () Lindqvist

Figure 4. Polyhedral representation of conventional types of polioxometalates [118]. Copyright 2020,
MDP], adapted from Ref. [126], Copyright 2014, Elsevier.

The interest in applying POMs to RFBs is vast and is still at an infant stage. The
volumetric energy density of the VRFB is directly influenced by the number of reversible
redox electrons, the difference in redox potentials between the catholyte and anolyte, and
the solubility of the redox species in the electrolyte. The electrical storage capacity of
VRFBs is limited to one electron per molecule. The structural diversity of POMs based
on Keggin and Wells—-Dawson-type structures exhibit the ability to exchange multiple
electrons reversibly. The RFB energy density is frequently restricted by the solubility of
the redox active species in the anolyte and catholyte. Therefore, it is easy to understand
that one of the ways to increase the energy density is using energy-dense solid materials
such as LiFePOy or LixTiO,. The species are chosen based on the redox potentials to ensure
that they intervene in the chemical reduction and oxidation of the solid components. This
strategy allows for low viscosity, a high charging rate, and a high energy density [125].

Regarding solubility in the electrolyte, polyanions of POMs with small counterions
are highly soluble in aqueous media. Some POMs have been reported as exhibiting high
solubility, for instance using SiW1, a concentration of 0.875 mol L1 was obtained [119].
With multiple redox-active centers per molecule, this enables a high energy density in
the battery. Moreover, both SiW;, and PVy4 are stable during the operation of the battery.
Drops in capacity only seem to stem from a parasitic reaction with residual oxygen.

The solubility of POMs in non-aqueous solvents is generally low. For instance, Van-
Gelder et al. [127] studied polyoxovanadate alkoxide clusters, [VO7(OR)12] (R stands for
OCHj3, OCH,CHy3), as charge carriers in NA-RFBs [128]. These materials displayed four
one-electron redox couples over a potential range of ~2 V. The result is that during the
charging in a symmetric system, the polyalkoxovanadate undertakes a two-electron reduc-
tion at the negative electrode concurrently with a two-electron oxidation at the positive
electrode. To further enhance energy density, the solubility of the polyalkoxovanadate
may be increased by replacing several surface alkoxy groups with ethers. Clusters with
mixed ether/alkoxy group surface functionalization displayed improved solubility (up
to 1.2 M in 0.1 M [TBA][PF6] in ACN). While the increased solubility in organic solvent
and multi-electron redox chemistry is promising for enhanced energy density, preliminary
testing of the functionalized polyoxovanadate clusters in a RFB showed steady capacity
fade. The authors reported that cyclic voltammetry of electrolytes following 30 cycles in a
RFB lead to partial degradation of the polyoxovanadate clusters [128].
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Nevertheless, POMs also show the advantage that, when coupled with organic cations,
they can be used in NA-RFBs [129,130] and thus overcome the barrier of the maximum
voltage window of the current aqueous system, enabling the increase of the energy density
of RFBs [131-133].

Regarding kinetics of these types of materials, this is influenced by the POMs’ large
size and by their reduced interaction between the redox centers and the molecules of solvent.
The outer-sphere reorganization energy of the electron leads to a reduced interaction, which
in turn leads to a low electron transfer energy and therefore high power density. Moreover,
the reorganization energy of the inner sphere is low due to the extra electrons that are
frequently delocalized. This causes a minimal variation in coordination upon reduction
or oxidation [134].

Based on their versatility and properties, POMs have been studied for application
in RFBs. To highlight the operation of an aqueous POM-based RFB, the tungsten—cobalt
symmetric redox flow battery, Hs[CoW1,04], developed by Liu at al., will be used in
Figure 5 [135].

Charge
— —

X} ~
(e' Discharge e

Anode
Cathode

@0 @ Cov @ Co" .ww .ww\r

Figure 5. The working principle of the all-Hg[CoW12049] RFB, the structure of [CoW1,04]"~
(ball-and-stick notation) [135]. Copyright 2017, John Wiley and Sons.

During the charging (or discharging) process, Co is reversibly oxidized (or reduced)
on the positive side, the anode (or cathode); on the negative side, the cathode (or anode),
W is reduced (or oxidized).

POM-based RFBs can be subdivided into symmetric or non-symmetric, depending
whether the same electrolyte is used or not on the positive and negative side, and aqueous
or non-aqueous (i.e., organic). Table 4 summarizes the most recent applications of POMs
in RFBs regarding parameters such as active species, energy density, coulombic efficiency
(CE), energy efficiency (EE), current density, and power density.

Table 4. Parameters of POM-based RFBs reported since 2013.

. . Cell Area E CE EE j P
Year Active Species (cm?) (WhL-1) (%) (%) (mAem-2) (mWem-2) Ref.
2013 [SiV3;WoOu]*0— 5 48 x 1073 95 <50 2 1.2 [136]
[PV3WoOu]°~ 5 3.6 x 1073 <95 <50 50x 107t 3.0x1071 [137]
Cis-VoW, 010%™ 463 45 16 [138]
2014 (SiFe3Wo(OH)3034),(OH)314~ 5 NR 83 <50 NR NR [138]
o~ [CoW120401~ 4 15.4 >98 86 25-100 27.5 [135]
LizPMo1,040 4.63 NR 68 40 NR NR [139]
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Table 4. Cont.
. . Cell Area E CE EE j P
Year Active Species (cm?) (WhL-1) (%) (%) (mAem-2)  (mWem-2) Ref.
[SiW1,040]*~ /[PV1404]°~
(SiW15-PV1y) 25 96 64 NR [125]
2019 [SiW12049]* /[PV1404]°~ 1400 NR 99 86 4 NR [125]
(SiW12-PV14)
2020 LigPyW130¢2 /LisPMo1,049 2.55 NR 95-100 ~100 5.0 x 10~! NR [124]

E—energy density, CE—coulombic efficiency, EE—energy efficiency, j—current density, P—power density; NR—not reported.

Table 3 shows that the number of publications in recent years, since 2013, on RFBs
based on POMs is very limited. With the exception of Friedl et al. in 2019 [125], the
remaining studies show, generally, a low cell area compared to what has been reported in
VRFBs (<5 cm?). Furthermore, although there are some interesting efficiency values, the
current densities are still low. Additionally, in the studies mentioned many researchers
have studied the electrochemical properties of POMs to apply to energy storage but
these are still in a preliminary phase [119,121,137-142]. For instance, VanGelder et al.
studied polyoxovanadate-alkoxide clusters as multi-electron charge carriers for symmetric
NA-RFB [131]. Recently, the authors showed how molecular control over POV-alkoxide
groups guides the formation of stable, multimetallic, electroactive groups in non-aqueous
media. Researchers are currently focused on optimizing the physical and electrochemical
properties of this class of POMs [132].

The application of POMs in NA-RFB is the main focus of research, mainly due to
non-aqueous POM-based flow batteries, which have the potential to reach higher energy
densities due to the abovementioned properties of POMs, e.g., solubility and existence of
multi-electron redox pairs [124,131,132,135,139,143].

Others are also seeking to apply POMs to the remaining components of
RFBs [120,122,130,141,144,145]. Among the described advantages for the use of POMs,
it is worth mentioning the fact that they allow for the exchange of several electrons per
reaction, have high kinetics, and their size prevents the existence of crossover. Since they
have good solubility in non-aqueous solvents, they also have the advantage of being able to
overcome the electrochemical window of water. However, currently they still face problems
in reaching active areas higher than 5 cm? and current densities competitive with current
technologies. Despite the investment required to synthesize the POM-based electrolyte,
POMs may eventually overcome the current RFBs considering all the advantages they can
add to current energy storage. Current studies are still at an early stage, but if we invested
in their optimization, they could lead to high-performance RFBs.

2.2. Organic Aqueous

Aqueous organic redox flow batteries (A-ORFB) started to be studied as a solution
for the aqueous inorganic RFB shortcomings. Organic molecules can be easily produced,
and their precursors are abundant, which eliminates the problem of running out of raw
materials to produce these active species and lowers their price. The organic active species
are highly versatile and tunable, making personalization of active species for different
applications a possibility, but, more importantly, the endless number of organic molecules
that can be synthetized give the chance of finding a molecule that will fill all the require-
ments to reach commercialization with ease. The characteristics appealing properties for
the active species to be used in RFB are high solubility, high standard redox potential,
electrochemical stability, high number of electrons to transfer, fast kinetics, and good re-
versibility. In the past few years, great attention has been given to organic active species
to find molecules that fulfill all these desirable characteristics and apply them in aqueous
electrolytes. However, this goal has not been reached yet [25,146,147].
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Currently, the focus of research into this technology has been on the active species. For
this reason, the latest findings on A-ORFB have been divided in new negative electrolytes
and new positive electrolytes.

In 2018, Hollas et al. [148] modified the phenazine molecular structure to reach a
solubility of up to 1.8 M. The authors reported an electrolyte with a near-saturation con-
centration of the phenazine derivative (7,8-dihydroxyphenazine-2sulfonic acid) on the
negative side and ferrocyanide (FeCN) as the active species on the positive electrolyte.
An EE higher than 75% at 100 mA cm~2 with a capacity retention of 99.98% per cycle
for 500 cycles was achieved. Two years later, W. Lee and colleagues reported that a
solution of 1,2-naphthoquinone-4-sulfonic acid sodium salt (NQ-S) and 2-hydroxy-1,4-
naphthoquinone (Lawsone) is a negative electrolyte. To test this electrolyte in a cell,
ferrocyanide as the active species in the positive electrolyte was used, having reached
55% EE at 100 mA cm 2 with a capacity decay rate of 6 x 1073 Ah L~ for the duration
of 200 cycles [149]. In 2021, two studies using viologens were published, where differ-
ent strategies to reduce the dimerization of viologen radical cations and improve the
active species performance in AORFB were used. L. Liu et al. [150] used x-cyclodextrin
as a molecular spectator to weaken the intermolecular interactions of viologen radicals.
When this solution was applied in a full cell, using a ferrocene derivative as the active
species in the positive electrolyte, they achieved 59.8% EE at 40 mA cm~2. Korshunov
et al. [151] reported the employment of (2-hydroxypropyl)-B-cyclodextrin with 1-decyl-1’-
ethyl-4,4'-bipyridinium dibromide as a host-guest complex to enhance the performance of
the viologen negative electrolyte. When this new negative electrolyte was tested in a cell
with (ferrocenylmethyl)trimethylammonium chloride (FcNCI) solution in the positive elec-
trolyte, they reached an EE higher than 62% at 13.33 mA cm 2 for 500 cycles with a capacity
fade rate of 3.7 x 1072% per cycle. L. Xia and coworker found an anthraquinone with high
solubility, 3-((9,10-diox0-9,10-dihydroanthracen-1-yl)amino)-N,N,N-trimethylpropan-1-
aminium chloride, that was able to reach a concentration as high as 1.44 M. When paired
with FcNCI as the positive active species in a cell, it exhibited ca. 68% EE during 100 cycles
at 60 mA cm~2 [152].

The development of organic active species for positive electrolytes is more challenging
than for negative electrolytes, thanks to their lower stability. However, having a battery
with all organic active species is still a great objective for RFBs. With that in mind, some
publications have been made in the past few years where different organic active species
have been reported to be implemented in positive electrolytes. Hoober-Burkhardt and
coworkers synthesized and characterized 3,6-dihydroxy-2,4-dimethylbenzenesulfonic acid
(DHDMBS), a novel active species to be used in the positive electrolyte. After that, they
coupled the new active species with anthraquinone-2,7-disulfonic acid (AQDS) in a cell
and reported a CE of almost 100% at 100 mA cm 2 for over 25 cycles, however, DHDMBS
crossed over from the positive to the negative side of the cell through the membrane, which
led to capacity loss [153]. Later, the same group studied this problem and solutions for
it. They found that DHDMBS crossed through the membrane because of its small size
when compared to AQDS, and that DHDMBS does a protodesulfonation reaction when
in strongly acidic conditions. They also experimented with a symmetric cell that had
DHDMBS and AQDS in both electrolytes, and to reduce capacity fade they joined that
strategy with a mix and split cycling protocol and with a “polarity-switching” protocol.
These techniques showed reduced capacity fade [154]. Hu et al. [155] reported a new cyclic
nitroxide radical class with five-membered ring pyrrolidine and pyrroline motifs. The
molecule 3-carbamoyl-2,2,5,5-tetramethylpyrroline-1-oxyl was studied as an active species
for the positive electrolyte paired with bis(3-trimethylammonio)propyl viologen in a cell,
having reached ca. 64% EE at 50 mA cm~2 and good stability over 500 cycles at 40 mA cm 2.
X. Yang and colleagues published a work where they synthesized four new hydroquinone
derivatives bearing morpholinomethylene and/or methyl groups in different positions on
the benzene ring. 2,6-dimethyl-3,5-bis(morpholinomethylene)benzene-1,4-diol showed a
capacity decay of 0.45% per day [156].
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Some studies have the main objective of studying the performance of organic elec-
trolytes in a cell configuration. T. Liu and colleagues reported an A-ORFB using methyl
viologen (MV) and 4-hydroxy-2,2,6,6-tetramethylpiperidin-1-oxyl (4-HO-TEMPO), having
achieved an EE of 62.5% at 60 mA cm~2 with stable cycling through 100 cycles [157].
B. Hu et al. [158] studied the effect of supporting electrolytes and ion exchange mem-
branes on the performance of an A-ORFB cell with FcNCI and MV. In this manuscript,
the authors achieved 79% EE at 60 mA cm~2 with great stability for 200 cycles. The
same author also reported an A-ORFB using 1,1’-bis[3-(trimethylammonio)propyl]-4,4’-
bipyridinium tetrachloride and 4-trimethylammonium-TEMPO chloride as active species.
In this study, the authors demonstrated an EE that ranged from 87% at 20 mA cm~2 to
48% at 80 mA cm 2 with good cycling stability for 500 cycles [159]. Feng et al. [160]
developed a ketone to be implemented as the active species in an A-ORFB by undergo-
ing hydrogenation and dehydrogenation reactions. The fluorenone derivative that was
produced showed efficient operation and stable long-term cycling. Some studies have
the main objective of studying the performance of organic electrolytes in a cell config-
uration. T. Liu and colleagues reported an A-ORFB using methyl viologen (MV) and
4-hydroxy-2,2,6,6-tetramethylpiperidin-1-oxyl (4-HO-TEMPO), having achieved an EE
of 62.5% at 60 mA cm~2 with stable cycling through 100 cycles [157]. B. Hu et al. [158]
studied the effect of supporting electrolytes and ion exchange membranes on the perfor-
mance of an A-ORFB cell with FcENCI and MV. In this manuscript, the authors achieved
79% EE at 60 mA cm~2 with great stability for 200 cycles. The same author also reported
an A-ORFB using 1,1"-bis[3-(trimethylammonio)propyl]-4,4'-bipyridinium tetrachloride
and 4-trimethylammonium-TEMPO chloride as active species. In this study, the authors
demonstrated an EE that ranged from 87% at 20 mA cm ™2 to 48% at 80 mA cm 2 with good
cycling stability for 500 cycles [159]. Feng et al. [160] developed a ketone to be implemented
as the active species in an A-ORFB by undergoing hydrogenation and dehydrogenation
reactions. The fluorenone derivative that was produced showed efficient operation and
stable long-term cycling.

Organometallic complexes have also received some attention from the scientific
community for their tunable standard redox potential and the reduced crossover of
active species through the membrane. C. Noh et al. [161] explored iron- and cobalt-
triethanolamine as redox couples. With this redox couple the authors recorded a perfor-
mance of 62% EE at 40 mA cm~2 for 20 cycles. Later, the same group improved upon
this result by incorporating a new ligand, triisopropanolamine. Using the new ligand, the
authors achieved 77% EE at 40 mA cm~2 for 100 cycles [162]. W. Ruan and colleagues
studied a cell using FeCN and Cr with dipicolinic acid as a ligand. Their tests show EE
values that begin at ca. 90% and drop to 85% through 120 cycles at 10 mA cm 2 [163]. M.
Shin et al. [164] also used FeCN to couple with an organometallic complex composed of Fe
and 3-[bis(2-hydroxyethyl)amino]-2-hydroxypropanesulfonic acid as a ligand. This redox
couple could be cycled for 100 cycles at 80 mA cm~2 with an EE of 70%. Organometal-
lic complexes have also received some attention from the scientific community for their
tunable standard redox potential and the reduced crossover of active species through the
membrane. C. Noh et al. [161] explored iron- and cobalt-triethanolamine as redox couples.
With this redox couple the authors recorded a performance of 62% EE at 40 mA cm~?2
for 20 cycles. Later, the same group improved upon this result by incorporating a new
ligand, triisopropanolamine. Using the new ligand, the authors achieved 77% EE at
40 mA cm~2 for 100 cycles [162]. W. Ruan and colleagues studied a cell using FeCN
and Cr with dipicolinic acid as a ligand. Their tests show EE that begin at ca. 90% and
drop to 85% through 120 cycles at 10 mA cm 2 [163]. M. Shin et al. [164] also used FeCN
to couple with an organometallic complex composed of Fe and 3-[bis(2-hydroxyethyl)
amino]-2-hydroxypropanesulfonic acid as a ligand. This redox couple could be cycled for
100 cycles at 80 mA cm~2 with an EE of 70%.

A-ORFBs are an important branch of RFBs, and their commercial application would
be a huge step for these technologies. Even though organic species are highly versatile
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and tunable, an organic redox pair that can compete with the performance achieved by
VREBs has not been discovered, which shows how far away A-ORFBs still are from being
commercially available. However, the simulation tools that are now available to find new
molecules that have the desired properties for this application make the search easier and
may allow us to achieve this goal more quickly.

2.3. Non-Aqueous Solvents

Non-aqueous RFBs (NA-RFB) represent one of the emerging large-scale energy storage
systems that promise to overcome the low energy density of aqueous redox flow batteries
(ARFB). In these, the use of an aqueous electrolyte limits the cell potential in the electro-
chemical stability window of water [165,166]. Despite the great interest, NA-RFBs have
not reached their full potential yet because the challenges of low electrolyte conductivities,
stability, and cost limit their development [166]. Moreover, special attention needs to
be paid to the end-of-life process of the materials [167]. Non-aqueous RFBs (NA-RFB)
represent one of the emerging large-scale energy storage systems that promise to overcome
the low energy density of aqueous redox flow batteries (ARFB). In these, the use of an
aqueous electrolyte limits the cell potential in the electrochemical stability window of
water [165,166]. Despite the great interest, NA-RFBs have not reached their full potential
yet because the challenges of low electrolyte conductivities, stability, and cost limit their
development [166]. Moreover, special attention needs to be paid to the end-of-life process
of the materials [167].

The development of NA-RFB is limited by the lack of electroactive compounds
(catholytes and anolytes) that also meet the conditions: (1) redox potential exceeding
the potential limits of water; (2) high solubility in non-aqueous media; and (3) high stability
during electrochemical cycles [168]. The development of NA-RFBs is limited by the lack of
electroactive compounds (catholytes and anolytes) that also meet the conditions: (1) redox
potential exceeding the potential limits of water; (2) high solubility in non-aqueous media;
and (3) high stability during electrochemical cycles [168].

NA-RFBs can be classified through the reactive species of the redox pairs and through
the non-aqueous solvent. Figure 6 shows a schematic representation of the operation of a
NA-RFBs. During the discharge of the battery, pumps circulate the solution from the anode
to the system of the NA-RFB, which passes through the electrode, where oxidation occurs,
i.e., releases electrons that are transported to the external circuit [169]. On the other hand,
the charge-carrying species passes through the ion exchange membrane that is separating
the compartments of the RFB [170]. A general redox reaction during the charge process is
represented in Equations (8) and (9).

Cathode : [ML,)*¥* — [ML,]** + xe™ ®)

Anode : [ML,]® % 4y~ — [ML,J* )

where M is a transition metal, L is a ligand, and #n is the number of ligands.

The main difference between aqueous and NA-RFBs is in the electrolyte solvent and
supporting ions. In NA-RFBs, organic solvents, such as acetonitrile (ACN) [165,171-179],
propylene carbonate (PC) [172,176,180-182], and ethylene carbonate (EC) [180,181,183],
are used to dissolve metal-ligand complexes as reactive species. To improve conduc-
tivity, an ionic liquid is added as a supporting electrolyte such as tetraethylammonium
tetrafluoroborate (TEABF4) due to its compatibility with organic solvents [82].
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Figure 6. Schematic diagram of a NA-RFB.

One of the major limitations of NA-RFBs is the low solubility of the metal ligands
in organic electrolytes. Furthermore, the voltage losses due to ohmic effects are more
significant than in VRFBs because the conductivity of the non-aqueous organic solvent-
based electrolyte is twice that of the aqueous acidic medium [167,170]. To overcome
these limitations, all-organic redox flow batteries (A-ORFBs) have been proposed to bring
together the advantages of using a non-aqueous electrolyte and electroactive organic com-
pounds [184]. This battery was composed of 2,2,6,6,-teramethyl-1-piperidinylxy (TEMPO)
and N-methylphthalimide dissolved in acetronitrile and supported by NaClOy. Tests
performed indicate an equilibrium cell potential of 1.6 V, stability in charge-discharge
cycles, and a coulombic efficiency of 90%, showing that all-organic RFBs show excellent
potential for application in NA-RFBs [184].

Table 5 summarizes NA-RFBs developed over the last few years, i.e., from 2010 until
mid-2021.
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Table 5. The most relevant articles reported on NA-RFBs published since 2010.

Year Active Species Solvent Membrane Type Theoretical Voltage (v) Efficiency (%) Ref
3 53-58 at 50% of SoC (CE)
2010 Cr(acac) ACN AEM NR 21-22 at 50% of SoC (EE) [178]
2,2,6,6-tetramethyl-1-piperidinyloxy /N- Ta

2011 Methylphthalimide ACN CEM NR 90 (EE) [184]
Mn!!(acac)s ACN AEM 11 ~21 (EE) [177]
2012 Fe(Bpy)3(BF4), /Ni(Bpy)s(BFs), PC AEM NR 90.4 (CE) [182]
LiFePO, /LiPFq EC, DMC Ceramic solid electrolyte membrane ~3.5 - [183]
3,7—bis(triﬂuoromethyl)-N—e.thylp}}enothiazine / PC CEM NR 90 (CE) [180]

2015 2,3,6-trimethylquinoxaline
V(acac) ACN CEM 22 92 (CE)/87 (EE) [185]
[Fe(phen)3]%*/3* /[Co(phen)3]*/%* ACN AEM 21 80 (CE)/40 (VE)/39 (EE) [186]
Cu2*/Cu*/Cu*/Cu ACN AEM 1.24 87 (CE)/44 (EE) [187]

. Ceramic composite polymer
2017 FeCp,/CoCp» DME, dioxolane electrolyte membrane 21 95 (CE)/90 (VE)/85 (EE) [188]
Co(I1/T) and Co(III/1I) complexes ACN AEM NR 90-100 (CE)/70-81 (VE)/63-81 (EE) [189]
(nickel(IT)-1,4,8,11-tetrathiacyclotetradecane) EC, PC CEM 1.91 83 (CE) [190]
2018 N-ferrocenylphthalimide (FcPI) dioxolane CEM 1.94 97.3 (CE)/96.5-90.1 (VE) [191]
Fc/TEMPO/[Co(Cp)2]PFs /N-meth ACN AEM/CEM 1.8 AEM: 97 (CE)/CEM: 94 (CE) [192]
2,1,3-benzothiadiazole (BzZNSN)/2,5-di-tert-butyl-1-
methoxy-4-[20-methoxyethoxy]benzene ACN IEM 2.6 87.8 (VE)/89.1 (CE)/78.3 (EE) [193]
2019
(DBMMB)

N-(x-ferrocenyl)ethylphthalimide dioxolane CEM 1.98 97.8 (CE) [194]
2020 (Fe(acac)s /Fc1N112-TFSI ACN AEM NR 98.7 (CE)/84.5 (VE)/83.4 (EE) [195]
(V(acac)z)/[Ce(Py-O)s][Tf,N]3 ACN CEM NR 75 (CE) [175]
Fe(bpy)s(BF4)2 /Ni(bpy)s(BF4)2 PC AEM NR 90.7 (CE)/80.7 (VE) [196]
01 Fe(bpy)s(BFs), /Fe(bpy)s(BF), PC AEM 266 96.5 (CE)/94 (VE) [196]
[C16H36N]4[S2W15062]/benzophenone(BP) ACN AEM NR 97 (CE) [197]
tetra-aminoanthraquinone DMSO, ACN CEM NR 99 (CE)/71 (VE)/71 (EE) [198]

Solvents: ACN: acetonitrile; PC: Propylene Carbonate; DMSO: Dimethyl Sulfoxide; EC: Ethylene Carbonate; DMF: Dimethylformamide; DMC: Dimethyl Carbonate. NR: Not Reported.
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Table 5 shows that, generally, the number of publications on NA-RFBs has been
increasing since 2010. Although there is a trend towards higher efficiency in recent years,
there is no direct relationship between the solvent, membrane, or active species used since
the different studies differ in these aspects. Besides the redox pairs with application in a
cell already mentioned in Table 5, over the last years several groups have emerged with
new electrolyte ideas for application in NA-RFB and some interesting studies. In 2016,
Sevot et al. delivered a promising metal coordination complexes (MCCs)-based anolyte
candidate for NA-RFBs. Their main focus is on developing MCC-based anolytes with
lower molecular weight per mole of electron transferred [168]. Other groups are studying
about compounds such as Fc/FcBF, [174] and cobalt and vanadium trimetaphosphate
polyanions promising good potential to the future of NA-RFB [199].

Kwon et al. [200], in 2019, reported a multi-redox BMEPZ inspired by biosystems as a
promising catholyte material with the highest energy density demonstrated for organic
RFBs, but they also reported further engineering of redox active organic molecules (ROMs).
Kosswattaarachchi and Cook studied different combinations of anolytes and catholytes,
also reporting that these combinations and their concentrations influence cycling behavior
and charge-discharge profiles [176]. Mirle et al. [201] proposed a carbazole-based cathode
and a group of researchers from the University of Cincinnati proposed a NA-RFB based on
all-PEGylated redox-active metal-free organic molecules [202]. Other than the mentioned
groups, there have also been studies on ROM as a possible electroactive compound for
NA-RFBs [203-207].

Another promising system in which higher cell voltages can be achieved are the
thermally regenerative batteries. In such systems, thermal reactions induce a chemical
reaction to charge the battery. Most of these types of batteries are generally based on silver
or copper [208]. The main advantage of these systems is that in addition to heat-to-power
conversion, they are also able to store energy. Recently, a net power density of ~30 W m 2
by a single cell was reported. The cell reported operated at a hydraulic retention time of
2 s (flow rate = 2 mL min~!) and showed a stable power production over 100 successive
cycles [208].

Despite recent efforts by researchers to develop NA-RFBs, one of the great challenges
is to develop membranes that meet all the requirements for their proper functioning, which
include several properties such as high ionic conductivity and selectivity, low swellability,
low cost, and high stability, both mechanical and chemical [209-211]. To this end, Yuan
et al. in 2021 presented a set of radar plots summarizing the performance, advantages,
and shortcomings of current membranes [63]. The analysis of the plots in Figure 7 allows
us to observe why none of the current advances in membrane development are solving
the problems of the technology. Nevertheless, it is possible to get an insight into which
feature can be sacrificed to maximize another in each case. To use NA-RFBs on a large scale,
membrane development is a problem that must be overcome.

The literature found shows that to move towards advanced NA-RFBs it will be neces-
sary to develop and/or optimize the anolytes and catholytes currently available. In this
context, improved anolytes and catholytes with enhanced electrochemical performance
particularly stability and reversibility will be developed. The analysis of the current state of
the art also indicates that the expansion of the redox-active molecules for NA-RFBs started
showing promising results of reaching the potential to become interesting for commercial-
ization in the last three years. Moreover, for practical applications, the lifetime of redox
electrolytes need to be further improved, namely their stability and species crossover.
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Figure 7. Radar plots of the performance properties of different membranes [63]. Copyright 2021, Elsevier.

3. Other RFB Configurations

There have been attempts to improve RFBs by changing their configuration. These
changes aim to increase the energy density of the devices and/or reduce costs in new and
innovative ways. These configurations also make the redox flow battery technology more
versatile and able to be implemented in a wider array of applications. In this section, these
different configurations will be approached, namely membraneless flow batteries, metal-
air flow batteries and metal-air fuel cells, solid targeted flow batteries, and semi-solid
flow batteries.

3.1. Membraneless

Cost analysis studies showed most of the capital cost is due to the expensive ion-
exchange membrane [212]. One ambitious alternative to circumvent this problem is to
design a configuration that does not rely on any membrane at all. This implies not only
lower capital costs but also a device with lower resistance due to the lack of membrane [213].
Currently, there are two main alternatives to accomplish that: the laminar membraneless
and the immiscible membraneless.

The laminar membraneless relies on hydrodynamic principles to keep a parallel
laminar flow between the two electrolytes, creating an interface between them that is
responsible for the ionic exchange. This strategy is illustrated in Figure 8.

The major concern of this approach is the high crossover that leads to a coulombic
efficiency of ca. 50% [33]. Despite several configurations being designed and tested to date
in order to decrease the crossover effect, this has not been achieved [214-218]. Not only that,
but in some cases, this effect is so high that is not possible to operate the cell in regenerative
mode, and therefore the device is called a laminar flow fuel cell [214,215,217-221].

Additionally, the diffusion layer between the two electrolytes thickens towards the
channel, which increases the cell resistance [33]. An alternative to reduce this effect is to
increase the flow rate; however, this also represents a limitation since the flow must be kept
laminar in order to avoid the mixture of electrolytes [33].

Finally, since one of the major concerns about laminar flow membraneless cells is the
reactant flow control, most of works were performed in microfluidic fuel cells. Despite
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this having a positive impact on the efficiency and current density of the device, it also
increases the challenge to upscale this technology [216,219,220,222-225].

fuel/anolyte

“

|—> depletion zone

diffusion zone

cathode

” ion exchange interface
oxidant/catholyte

Figure 8. Representation of a laminar membraneless RFB. Adapted from Ref. [33], Copyright
2017, Elsevier.

The immiscible membraneless RFB relies on thermodynamical principles to keep
a parallel flow between two or more immiscible electrolytes. Therefore, since the very
chemical properties of electrolytes create an interface between the two phases, it is possible
to design an electrochemical device without using a membrane. This concept is illustrated
in Figure 9.

2d/OV

Figure 9. Schematic diagram of the working principle of an immiscible membraneless RFB. Adapted from Ref. [226],
Copyright 2017, John Wiley and Sons.

The major advantage of this kind of configuration in comparison with the laminar flow
strategy is the reduction of reactant cross-over effect since the electrolytes are spontaneously
separated due to their partition coefficients [227,228]. Additionally, it is easier to recirculate
the electrolytes to operate in regenerative mode (charge-discharge cycles) [226-230].

However, as long as the anolyte and catholyte molecules on the interface are constantly
in contact, this strategy still leads to higher indexes of self-discharge, which currently is
one of the major drawbacks to be surpassed [228-230]. Despite there being some more
advanced strategies to use the immiscible membraneless configuration, e.g., two non-
aqueous phases separated by an aqueous phase, these devices are still on the laboratory
scale due to their low energy density, solvent evaporation (which leads to unstable CDC),
high ohmic resistance, and reliance on flammable organic solvents [231].

Finally, since the separation of electrolytes is provided by the partition coefficient, it
also means that in order to select a redox pair for this battery configuration, one must not
only combine good electrochemical stability and reversibility with a high concentration in
their media but also an appropriate partition coefficient to guarantee the main advantages
of this strategy [213,226,228-230].
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3.2. Metal-Air Flow Batteries (MAFB) and Metal-Air Fuel Cells (MAFC)

MAFB are one of the answers for the low energy density of classical RFB and, as an
added advantage, this technology also reduces the cost of materials. By reacting a metal, on
the anode side, and oxygen, on the cathode side, it is possible to reduce the volume of the
batteries, while also increasing the standard redox potential of the cell. These technologies
are still in an early stage of their development; however, they show great potential as an
energy storage system [3,232,233]. The main difference between MAFB and MAFC is that
the latter are not rechargeable. Nevertheless, both technologies have a lot of similarities
with RFBs, and they will both be discussed in this review. To date, most works published
focus on the combination of vanadium, zinc, or lithium with air. This subchapter will focus
on these technologies.

Vanadium-air fuel cells (VAFC) are very interesting to achieve higher energy densities,
when compared to VRFB. In these batteries, V (II) reacts with oxygen to produce V (III) and
water. The utilization of air as one of the electrolytes removes the need to use two tanks
to store energy but also unlocks the potential to increase the concentration of vanadium
in the electrolyte operating at higher temperatures, since the V (V) solubility problems do
not influence this technology. In 2019, a VAFC was reported by Risbud et al. [234]. They
achieved a power density of 22 mW cm~2 at 40 mA cm~2 with a vanadium concentration
of 3.6 M. With this concentration of vanadium, the VAFC has a theoretical energy density
of 143.8 Wh L~!, almost 3.5 times greater than a VRFC with the same concentration of
active species. The membrane is a very important component of this technology.

Similarly to VRFB, the membrane needs to have a low permeability of vanadium ions,
be chemically stable, and have a high ionic conductivity. In addition to this, low oxygen
permeability through the membrane is required, as well as good water permeability to
achieve good performance of the VAFC. Charvat et al. [235] studied the use of different
cation-exchange membranes in a VAFC. They found that thinner membranes show better
performance and stability under current load. The best assembly recorded a peak power
density of 57 mW cm~2 and 75% coulombic efficiency with a discharge current density of
50 mA cm~2 and a charge current density of 150 mA cm 2.

Zinc-air fuel cells (ZAFC) have the advantage of having a bigger standard potential
(1.65 V) than VAFC (1.49 V). This technology still has a lot of parameters to be optimized.
In 2019, Chen et al. [236] studied how the electrolyte flowrate affected the performance of a
ZAFC, with zinc particles suspended in the solution. They reported a current density of
518.6 mA cm 2 at a potential of 0.8 V, which corresponds to a maximum power density
of 427.7 mW cm~2 when using an optimum electrolyte flowrate of 100 mL min~!. The
reaction of oxidation of zinc produces zincate, which can become zinc oxide if the solution
becomes oversaturated. This factor hinders the discharge reaction in the ZAFC; however,
Pei et al. [237] incorporated a filter on the hydraulic circuit of the electrolyte to remove
the circulation of these particles and thus reduce the effects of this problem. They also
optimized the flow field of the anode to reduce passivation of this component, achieving
an electrolyte capacity of 1025 Ah L~!. On the other hand, Sageetha et al. [238] focused
on the cathode side of the cell, testing different inlet air velocities, different oxygen ratios
and pressurization of the inlet gases. Introducing air flow to the cell improved the cell’s
performance, when compared to a cell with no air flow. Pressurizing the air also had
a beneficial effect, since the content of O, was larger, and pure oxygen showed even
better results.

The main difficulty for MAFB is finding cheap electrocatalysts that are active in the
oxygen reduction reaction and in the oxygen evolution reaction. Moreover, these reactions
are very sluggish, making the development of these electrocatalysts imperative to assure
batteries with high efficiencies [3,232,233]. Zhang et al. [239] reported a zinc-air flow battery
(ZAFB) that ran for 100 h without significant performance degradation. They designed
a gradient hydrophilic/hydrophobic reactive interface in bifunctional oxygen electrodes,
which reduced the overpotential at 50 mA cm~2 by 190 mV, increasing energy efficiency.
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ZAFBs have an additional problem: the change of phase on the anode. Zinc is in a solid
state and starts oxidizing to Zn?* during operation, transforming it into an aqueous state.
When the battery is recharged, zinc ions are reduced back into solid state, which can lead
to the formation of dendrites that can easily puncture the membrane. The reduction of zinc
ions can be influenced by many parameters. Using pulse current instead of direct current to
recharge ZAFB (at 40 °C, a current if 1.4 A, frequency 50 Hz and 85% duty) has been shown
to be an effective way to diminish the particle size of reduced zinc, and also, increase the
amount that is reduced [240]. On the other hand, Yu et al. [241] assessed the advantage of
using a flowing electrolyte in a ZAFB compared to a static zinc-air battery. They found that
flowing the electrolyte improves the transfer of hydroxide and zincate ions, which translates
to a 10% greater peak power density and 23% better specific discharge capacity.

Lithium-air flow batteries (LAFBs) appeared as a solution to the problems that were
noticed with lithium-air static batteries, e.g., pore clogs, high overpotentials, and low
power density [232]. In 2015, Huang and Faghri developed a two-dimensional model for
an aprotic LAFB, which was able to formulate two methods to increase the battery capacity;
the dual layer cathode and alternating electrolyte flow, achieving 105% higher capacity and
an increase of 3.7% of cathode capacity, respectively [242]. Y. G. Zhu et al. [243] showed a
LAFB with soluble redox catalysts; however, the author’s solution did not solve the voltage
hysteresis, which is noticeable in this type of battery due to the overpotentials. Later, the
same group reported another study using the same strategy, however the soluble redox
catalysts were changed. This study also proved to be unsuccessful since the catalysts used
degraded over long cycles [244]. Ruggeri, Arbizzani, and Soavi proposed a lithium-air
slurry flow battery, studying different weight percentages of Super-P® and Pureblack®
carbons on the positive electrolyte. This report showed that by using this method the
battery could be cycled for 120 cycles, i.e., 60 at 1.0 mA cm~2 and 60 at 0.5 mA cm 2 [245].

Even though MAFCs and MAFBs are promising technologies as energy storage sys-
tems, they are still in a very early stage of development and far from being a commercial
technology. MAFCs still have questions that have not been correctly and fully addressed,
such as their implementation on a real system. How would the electrolyte be recharged in
this situation? Would the addition of another system to recharge the electrolyte be a viable
option? How would the second electrolyte used to recharge the main electrolyte be used?
On the other hand, MAFBs are easier to implement than MAFCs. However, the challenge
and the high cost to design electrodes that are active in the oxygen reduction reaction and
in the oxygen evolution reaction must still be overcome.

3.3. Zinc—Bromine Flow Batteries

Zinc-bromine flow batteries (ZBFB) are inserted in the electroplated flow battery
category. This section will focus on the ZBFB, since this is considered one of the most
representative type of electroplated flow battery, with a lot of research conducted to
improve its performance. Moreover, this technology is one of the few RFB that has been
commercially available and has large scale applications. When ZBFBs are fully charged,
zinc is in the solid state, which gives an advantage in energy density to this type of RFB
in relation to others. Additionally, ZBFB have a redox standard potential of 1.58 V. Even
though the theoretical ZBFB specific energy is 440 Wh kg~!, commercial systems only
reach 14-19% of this value. These batteries also suffer from other problems, e.g., zinc
dendrite formation in the negative electrode, corrosion of the electrode, and the addition
of expensive complexing agents to prevent the diffusion of bromine. The core materials
used in ZBFB are cheaper than the ones used on other RFBs, however, the solutions to
solve the problems previously explained make the commercial price of these batteries
similar to other RFBs [3,10,246,247]. Zinc-bromine flow batteries (ZBFB) are inserted in
the electroplated flow battery category. These batteries also suffer from other problems,
such as zinc dendrites formation in the negative electrode, corrosion of the electrode and
the addition of expensive complexing agents to prevent the diffusion of bromine. The
core materials used in ZBFB are cheaper than the ones used on other RFBs; however, the



Energies 2021, 14, 5643

28 of 45

solutions to solve the problems previously explained make the commercial price of these
batteries similar to other RFBs [3,10,246,247].

The focus of research towards ZBFB has been the reduction of dendrite formation
and improvement of the electrolyte conductivity. To attenuate these downsides, M. C.
Wu et al. [248] added chloride-based salts to act as a supporting electrolyte and showed
74.3% EE at 40 mA cm 2, which represented an improvement of 13.9% when compared to a
ZBFB without this addition to the electrolyte. Furthermore, they did a thermal treatment to
the graphite felt electrode, which improved the performance of the cell even more reaching
a value of 81.8% EE at the same current density. The same group surpassed these results
one year later by adding methanesulfonic acid to the electrolyte, which further increased
the EE to 75% at the same current density. In this study, thermally treated electrodes were
also added, which translated to an EE of 78% at 80 mA cm~?2 (in the previous publication,
they had achieved 70% EE at the same current density) [249].

H. R. Jiang and coworkers studied how to promote a uniform distribution of zinc
throughout the electrode and found that it was possible to achieve this by increasing the
number of single vacancies, having demonstrated this by comparing a graphite felt elec-
trode with defects and an original graphite felt electrode in a ZBFB [250]. Archana etal. [251]
opted to just modify the graphite felt electrode with a thermal treatment and a plasma
treatment under oxygen and nitrogen atmospheres. The authors reported that electrodes
with high surface areas and functional groups showed improved performance during cy-
cling at low current densities. However, it was concluded that for higher current densities,
electrodes covered with oxygen functional groups on the surface were preferred. W. Lu
doped carbon felt electrodes with nitrogen, reaching an EE of 63.07% at 180 mA cm™~2, with
a more uniform deposition of zinc on its surface [252]. Mariyappan and coworkers studied
the effect of adding a low loading of platinum on graphite felt using a pulsed laser depo-
sition. An 88% EE at 50 mA cm~2 was achieved using the mentioned strategy [253]. Lee
et al. [254] implemented a titanium-based mesh interlayer with a carbon-based electrode
to suppress the formation of dendrites, achieving 48.2% EE at 40 mA cm~2. A cathode
catalyst of carbon-manganite nanoflakes in combination with a K*-conducting membrane
were studied by X. Yuan and his team. An average output potential of 2.15 V and 276.7 Wh
kg~! energy density without capacity fade over 200 cycles was reported [255].

Even though changes in the electrode and on the electrolyte are the most reported
strategies to improve the performance of ZBFB, there are also other strategies that should
be considered. L. Hua et al. [256] proposed a porous composite membrane in addition to
a bromine complexing agent and reached an EE of 85.31% at 40 mA cm~2 with a stable
operation at 140 mA cm 2. The influence of flow rate on the polarization effect and the
addition of perchloric acid to the positive electrolyte were studied by Adith and coworkers,
having achieved an EE of ca. 69% at 30 mA cm 2 [257]. F. Yu and coworkers aimed higher,
and proposed a “supercapattery” by using soluble additives in the electrolyte combined
with a S/P co-doped carbon-based positive electrode and a carbon cloth-based negative
electrode. These changes culminated in a battery with 270 Wh kg ! and a maximum power
density of 9300 W kg ! [258].

ZBFB are one of the RFBs with the most know-how. However, these batteries still
exhibit disadvantages that cannot be ignored. Problems such as the formation of dendrites
can only be mitigated and never fully solved. The premise of ZBFB is very enticing, i.e.,
higher redox standard potential, higher specific energy, and low-cost materials. Nonethe-
less, the extra care that must be taken with these types of batteries to ensure safe use and
long life increase their price, making them lose the main advantages against batteries that
use more expensive materials. Even though these batteries are commercially available, they
do not seem a promising a long-term solution, and will be replaced as soon as an improved
low-cost option becomes available.
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3.4. Semi-Solid (Slurry Flow Batteries)
3.4.1. Without Redox Medjiator

In order to overcome the solubility limitations of conventional electrolytes, one pos-
sible alternative is to use a semi-solid electrolyte [259,260]. This approach means that
the active species are a suspension (instead of solution) and therefore can react without
being dissolved in the electrolyte. The electrodes are usually carbon paper and/or sus-
pended porous materials (conducting additive) since graphite felt would be clogged by the
suspended species [259,260]. This configuration is represented in Figure 10.

Inorganic active particles

Conductive additives

Figure 10. Representation of a semi-solid RFB without a redox mediator. Adapted from Ref. [261],
Copyright 2015, Royal Society of Chemistry.

Since the concentration of these redox species is not limited by the solubility threshold,
it is possible to achieve higher energy densities both with inorganic or organic redox
species [59,259,260,262-267]. Additionally, the semi-solid RFB can be either aqueous [268,269]
or non-aqueous, such as the one represented in Figure 11. Furthermore, decreasing the
particle size will result in improved diffusion, enhanced charge transfer, and higher current
densities [270]. However, despite these advantages, it is also true that decreasing the
particle size will also contribute to the crossover effect and therefore will reduce the
coulombic efficiency [270]. Beyond that, for higher concentrations the viscosity of the
electrolyte will also increase, ultimately increasing the pressure drop, which is one of the
biggest drawbacks of this strategy [3,229,232,235,236,238-240].

Finally, there is also a trade off when choosing the concentration of carbon particles
(conductive additives): increasing it enhances the solution’s electrical conductivity and
therefore improves the electrochemical performance of the device; however, it will also
increase the viscosity of the suspension and will reduce the energy density [260,271-273].
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Figure 11. Organic slurry RFB based on all polymer particulate suspension reported by Yan et al. [274]. (a) Schematic
representation of the mentioned organic slurry RFB. (b) Illustration of the proposed kinetic mechanism to elucidate the
charge transfer particulates in the redox processes. (c) The capacity, coulombic efficiency, and voltage efficiency in a
galvanostatic charge-discharge cycle for current densities from 5 mA cm~2 to 20 mA cm~2. (d) Representation of the

long-term stability during charge—discharge cycles at 20 mA cm 2. (e) Representation of the polarization curves for different
flowrates. Copyright 2019, Springer Nature.

3.4.2. Redox Mediator

In order to circumvent the pressure drop issued due to higher concentrations of redox
species, it is possible to use redox mediators, which means that the main redox species do
not flow with the electrolyte, which is restricted to the reservoirs. Instead, a redox mediator
(secondary redox species) flows into the cell, reacts when in contact with the bipolar plate,
and then goes back to the tank and reacts with the main redox species [5,266,275]. This
principle is schematized in Figure 12. In order to circumvent the pressure drop issues
due to higher concentrations of redox species, it is possible to use redox mediators, which
means that the main redox species do not flow with the electrolyte, being restricted on the
reservoirs. Instead, a redox mediator (secondary redox species) flows into the cell, reacts
when in contact with the bipolar plate, and then goes back to the tank and reacts with the
main redox species [5,266,275]. This principle is schematized in Figure 12.

Therefore, it is possible to store energy on the main species while relying on the
fluidity and viscosity of the redox mediator, not only decreasing the pressure drop but
also enhancing the charge transport and thus the power output [266,271]. The major
drawbacks of this approach is that since there are two kinetic processes involved (in cell
and in tanks), the device electrochemical performance tends to decrease (coulombic and
voltage efficiency, current/power density), despite there still being some divergence about
this topic [53,276]. Additionally, this double kinetics system leads to a dependence between
power and capacity [271,277] and the screening process of choosing mediator and active
species gets even harder when compared to other electrolytes [271].
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N
Soluble redox mediator
Figure 12. Representation of a semi-solid RFB with redox mediator. Adapted from Ref. [20], Copy-
right 2015, MDPL

To conclude, semi-solid batteries are a promising strategy to achieve the main advan-
tages of conventional RFBs for chemistries that otherwise would be electroplated on the
graphite felt (therefore, power and energy are not decoupled). Semi-solid batteries can also
increase the energy density since the latter is not limited by the solubility of the species.
Furthermore, the charge storage capacity of the solid particles can be restrained in the tanks
and ca. 80% of this capacity can be reached depending on the compatibility established
between the redox electrolyte and redox solid [278]. Furthermore, it is also possible to
combine the slurry redox flow battery with other configurations, e.g., slurry—air [279].
However, every approach until now severely undermines the electrolyte flow due to high
viscosity, increasing the pressure drop and ultimately decreasing the round-trip efficiency.
Despite some attempts to circumvent this, e.g., decreasing the conductivity additives or
using mediator species, it ultimately undermines the reaction rate and therefore current
density or even efficiencies are compromised. To make this technology commercially viable,
it is essential to overcome these problems.

4. Challenges and Future Perspectives

The main challenges of most RFBs include establishing harmless and environmentally
acceptable electrolytes that are sustainable and cost-effective. Developing suitable elec-
trode materials and electrocatalyst coatings easy to produce at a large scale, particularly
for organic RFBs, is a major barrier. Most challenges related to RFBs are linked to battery
design, which has the potential to enhance energy density by lowering the high viscosity of
electrolytes. The aspects for improvement include the control of the flow of the electrolyte,
electron communication at the interface of electrode, and the electrode surface. On the
other hand, although not relevant for stationary energy storage, the weight of these types
of batteries is a barrier for the non-stationary transition. Soon, the research focus should be
on decreasing the development cost of this type of battery to make them more attractive
and allow for their massive utilization. Therefore, the future of RFBs must involve the opti-
mization of new active species and new configurations to overcome the current difficulties.
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These studies should be complemented with life cycle assessment studies on new batteries
to ensure that environmentally friendly technologies are employed.

According to the literature, to reach a wide market diffusion, the capital cost of RFBs
should be less than USD$ 150 (kW h)~! by 2023 [29]. For aqueous systems, Dmello et al. [280]
suggest a cost target of USD$ 100 (kW h)~!. However, this cost was dependent on the
active material cost, active material molar mass, specific resistance of the battery, and cell
voltage. The value proposed was based on combining USD$ 2 kg ! active material cost,
100 g mol~! molar mass of active material, 0.5 Q cm? area specific resistance of the battery,
and 0.79 V cell voltage. Regarding non-aqueous systems, the cost is not so dependent on
the active material cost since the cost of solvents used may range from USD$ 2 to 20 kg~ !,
(e.g., nitriles, glymes, and carbonates, may go up to USD$ 20 kg~ !) and fluorinated salts
(e.g., tetrafluoroborates, hexafluorophosphates and bis(tri-fluoromethylsulfonyl)imides,
USD$ 2 kg~1). Therefore, the most effective methodology to reduce the overall cost of
NA-RFB is by increasing the cell voltage. Dmello et al. [280] proposed a cost target of
USD$ 100 (kW h) ! by combining 100 g mol~! molar mass of active material with area
specific resistance of the battery of 2.5 () cm?, a cell voltage of 3.0 V, a 0.2 salt ratio, and
3.3 mol kg_1 active molarity [280].

It will be necessary to establish the RFB parameters that are affected by degradation,
such as corrosion, and their impact level on performance. It will be, likewise, important to
define the state of health of a RFB system that, to the best of the authors” knowledge, has
not been studied in detail (nor is there yet a plan to do so).

Another area that needs attention is the detection of failures, the characterization of
such failures, their cause, and the damage level within the system. Nevertheless, it should
be kept in mind that the variables to be measured and the instrumentation to be used
should be balanced between the efficiency and costs involved. Another important tool is
the automation that will have an extremely important role here since it will allow us to
reduce costs and implement the detection mechanisms capitalizing RFB’s performance
and making it safer and more reliable. The development of suitable mathematical models
to simulate and rationalize the cell performance as well as the development of consistent
multi- and unsymmetrical cycle performance at a large-scale pilot in modular stacks, i.e.,
up to grid-level, will also be of extreme importance.

The use of computational tools and interdisciplinary knowledge created may be
expressively improved to meet the criteria for commercialization and global applications.
Understanding the fundamentals of such systems through modeling, design, synthesis,
and wide-scale collaboration between research groups will allow us to address the energy
storage needs of the future [48].

5. Discussion

Considering all the advances exposed and discussed above, it is undeniable that
the battery storage technology plays a major role in achieving reliable and economic
operation of smart electric grids with substantial amounts of renewable power. Soon,
battery technologies will be an integrated alternative system economically attractive to
integrate within the grid. RFB devices have the potential to assist in operating the future
electricity grids reliably and to assist in economically integrating renewable energy sources,
such as wind. VREFB are the closest to achieving this goal, for the great advantages that they
show. Having the energy that can be stored and the power installed decoupled gives this
technology flexibility in the way that it can be implemented. Moreover, their impressive
stability enables energy storage for long durations of time without significant energy loss.
These properties make VRFB one of the best candidates for a wide range of applications,
from household energy storage to grid-level storage. Most of the studies found are focused
on reducing the battery cost and improving their reliability and large-scale batteries are
being integrated in the development of wind farms.
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Besides battery technology development, it is necessary to approach analysis tools
to assess the economic feasibility of integrating batteries in electric networks. Most of the
economic tools for analysis do not include market changes, accuracy of wind/solar power
forecast tools, or the possibility of using batteries for multiple applications. Moreover,
a technical assessment would require the development of reliable battery models for
power system studies to be carried out at different time scales (ranging from hours to
months). In this context, new techniques need to be established to model large number of
distributed small capacity batteries for power system studies such as stability, load flow,
and power quality.

Most of the efforts in the last ten years of research have been focused on understanding
the technical requirements and challenges of different types of RFB. The inherent advan-
tages and the interesting challenges of the different types of RFB have been discussed
and approached. Most of the research developments reported throughout this manuscript
showed and indicated that a safe, affordable, sustainable, and robust long-duration energy
storage system based on VRFB is quite promising. Nevertheless, the development of more
efficient future RFBs depends on developing specific molecular designs that can satisfy,
at the same time, the primary techno-economic drivers of cost, durability, efficiency, and
power density. It must also be kept in mind that the computational studies are an extreme
and important tool that can be extended, allowing for the study of the tendency of specific
and adverse electrolyte reactions before synthesis and testing in the RFB field [44].

All-vanadium RFB are by far one of the most promising energy storage technologies
due to its decoupled power/capacity and it excels at stationary applications. However, one
of its main drawbacks is the low energy and power density due to the stack weight and
vanadium solubility. As an alternative, vanadium bromine (G2) and mixed-acid vanadium
(G3) chemistries was proposed to increase the solubility threshold. This ultimately increases
the energy density and temperature range of operation, resulting in the possibility of
bromine and chlorine gas evolution. Other alternatives to avoid this drawback are the use
of metal-air redox pairs, which contributes also to drastically reduce the weight of the
device, or zinc-bromine chemistry, which relies on a higher standard potential of reaction.
Unfortunately, the former shows several challenges to become commercially viable mainly
due to electrocatalysts, and the phase change presented by the latter leads to dendrite
formation, bromine evolution, and process control issues. To avoid the phase change due to
electroplating, it is possible to use semi-solid redox pairs (i.e., slurry RFBs) but the increase
in pressure drop and therefore energy losses from pump activity is still a shortcoming to
be surpassed.

Regarding the development of new electrolytes for RFBs, POMs have the advantage
of exchanging several electrons in each reaction, depending on the POM used. However,
most of the reported studies on RFBs are still at a very early stage and require further
optimization until they become competitive compared to current technologies. Regarding
NA-RFB, the main advantage is that they are not limited to the electrochemical window
of water. However, most of the reported studies show low conductivities, stability, and
high costs.

6. Conclusions

The increasing demand for clean energy to meet climate targets will certainly force
the adoption of cost-effective energy storage systems. RFBs have the potential to be
an interesting solution for stationary applications that may be a complement to current
lithium batteries. Despite the long lifetime and the notorious increase in the current
density achieved over recent years, particularly for VRFBs, it is necessary to reduce its
production cost. This will allow us to fulfill the market requirements and consolidate
VREFBs as the large-scale, grid-connected energy storage device humanity needs. To do
so, beyond screening for more cost-effective materials, another alternative is to develop
strategies to achieve higher power densities and therefore decreasing the cost per kW. For
instance, by optimizing the electrolyte flow, it is easy to reach a lower pressure drop and
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therefore lower pump losses and higher round trip efficiency. In some cases, it is possible to
reduce membrane crossover, allowing for the use of lower resistance membranes or higher
performance electrodes. Several studies on electrode optimization have been reported in
the last few years, since the electrode treatment plays a major role in the reaction kinetics,
which per se dictates the current density. Additionally, screening more efficient materials
to use as bipolar plates could lead not only to lower ohmic losses, but additionally might
contribute to reducing the manufacturing costs due to the breakability of graphite.

Finally, the chemical and physical processes that happen in the electrolyte are complex
and controversial, even with the use of the available spectroscopic methods and the
use of computational models such as the density functional theory approach. However,
computational models will certainly contribute to improvements and, in the short-medium
term, allow us to obtain more efficient RFBs, not necessarily through vanadium chemistries.
Despite all the literature available and knowledge on the development of VRFBs reported
in the last ten years, it is still unknown if this technology will be able to thrive as an
indisputable solution for the intermittence problems in the energy grid. Nevertheless,
considering all the countless electrochemical devices based on the RFB principle, this
manuscript is strong evidence that, in the medium-long term, vanadium is not the only
competitive option in the field of RFB technology that is here to stay.

Regarding RFBs being an environmentally attractive technology, particular attention
must be given to the use of hazardous chemicals and materials, preventing electrolyte
leakage in large-scale systems, and the use of biodegradable polymers in stack construction.
Moreover, the shortcomings related to the materials degradation and corrosion of electrodes,
membranes, and other cell/stack components must be of primary concern. It should
also be emphasized that publications addressing RFBs’ environmental compatibility and
energy relationship, along with material sustainability, were neither addressed nor reported
in detail.
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4-HO-TEMPO  4-hydroxy-2,2,6,6-tetramethylpiperidin-1-oxyl

AEM Anionic Exchange Membrane
AQDS Anthraquinone-2,7-disulfonic acid
A-ORFB All-organic RFBs

ARFB Aqueous Redox Flow Batteries
AO-RFB Aqueous Organic RFBs

CE Coulombic Efficiency

CEM Cation Exchange Membrane

CFD Computational Fluid Dynamics
DES Deep Eutectic Solvents

DHDMBS 3,6-dihydroxy-2,4-dimethylbenzenesulfonic acid
EE Energy Efficiency

FE Faradaic Efficiency

IL Ionic Liquids

LAFB Lithium-Air Flow Battery

MAFB Metal-air Flow Battery

MAFC Metal-air Fuel Cell

MCC Metal Coordination Complexes
MV Methyl Viologen

NA-RFB Non-aqueous RFBs

NQ-S 1,2-naphthoquinone-4-sulfonic acid sodium salt
ocCr Open Circuit Potential

POM Polyoxometalates

RFB Redox Flow Batteries

ROM Redox active Organic Molecules
SoC State of Charge

VAFC Vanadium-Air Fuel Cell

VRFB Vanadium Redox Flow Batteries
ZAFC Zinc-air Fuel Cell

ZAFB Zinc—air Flow Battery

ZBFB Zinc-bromine Flow Battery
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