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Redox Flow Batteries (RFB) are electrochemical energy storage devices that converts chemical energy into
electrical energy through reversible oxidation and reduction of the working fluids. Redox flow batteries are
considered by many to be a promising technology for the storage of energy for days or even weeks. Other
advantages of RFBs are modularly and the ability 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. Also, RFBs show a

long lifecycle compared to lithium-ion batteries.

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 (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 28], 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 (23],

There are several types of RFB technologies, each having their strengths and weaknesses. Typical RFBs with
agueous electrolytes are the most well-known, however the electrochemical window of water limits the potentials
that these batteries can achieve, 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 [EEI4, Slurry RFBs have a high energy density and are not limited
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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 EI4IE],

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 &,

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. [ modeled the implementation of VRFB in the
transport sector by combining this technology with LiFePO, 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. [ 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 substantial 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 22,

| 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.
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Figure 1. Schematic representation of an RFB.

Usually, the cell is composed of two current collectors, two bipolar plates, two electrodes, 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 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.
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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

7

term ““RFB” or “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.

Table 1. The main review articles about RFBs published in the last few decades.
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Year Ref. Authors

Discussed Subject Matter

o006 Ponce de Léon
etal.

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 research
needs.

The requirements for ion exchange membranes for VRFBs were reviewed, as

2011 14 Lietal. , ,
well as the development prospects for next-generation materials.
Discussion focused on the technology in general. An historical review was
[12] Skyllas-

Kazacos et al.

also considered as well as the latest commercial developments and large-

scale field testing.

Development, commercialisation history, and current performance properties

of intermediate- and large-scale VRFBs were reviewed. The potential for

[13] Kear et al. ) )
VRFB systems to meet the economic requirements was compared to the
economic performance of thermal-based generators.
o The development of RFB systems was reviewed. It was concluded that
[14] Leung et al. fundamental studies on chemistry and kinetics are necessary for many RFB

technologies.

[15] Wang 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

system and concluded that it was still in its infancy.

2013 Fa Wang et al.

Review of the main developments, particullarly new chemistries reported
since 2010. The field of NA-RFBs was also included (i.e., redox chemistries,

new RFB configurations) and was limited to R&D on cell-level components,
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Year Ref. Authors Discussed Subject Matter

excluding stack system, e.g., flow-field simulations, shunt-current analysis,
and bipolar plate development.

17 S Non-aqueous RFB (NA-RFB) systems were compared to aqueous RFBs in
in et al.
terms of the current and power density through membranes.

The application of ionic liquids (ILs) and deep eutetic solvents (DESS) in

Chakrabarti et different RFB configurations was reviewed. The prospect of applying DESs in

[18]
al. RFBs was discussed using the results reported in the literature considering
the electrochemical engineering aspects of these solvents.
2014
The state-of-the-art of the most important plants in service and programs
(L9 Alotto et al. development were discussed. The most relevant research issues were
debated.

2015 The redox species of RFB were discussed. It was concluded that most of the

20] non-aqueous electrolytes were focused on the catholyte, that the anodic
Pan and Wang ] o ] o ]
species were limited, and that to fabricate a NA-RFB with high energy density,

the development of anodic species was necessary.

21] o A discussion on the different types of flow batteries was conducted. Technical
Soloveichik T
and economical issues were also approached.

22] [ The technical trends in the selection, characterization, evaluation, and
im et al.
modification of electrodes for VRFBs were reviewed between 1985 and 2015.

23] The various issues associated with flow batteries were summarized and a
Xu and Zhao . ) o o )
critical review on the numerical investigations of each issue was performed.

24
[24] Huang et al. NA-RFBs were compared with aqueous systems. The parameters included

wider voltage windows, intrinsically faster electron-transfer kinetics, and more
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Year Ref. Authors Discussed Subject Matter

extended working temperature ranges.

Overview focused on different flow-battery systems ranging from the classical

Winsber et al. inorganic to organic/inorganic to RFBs with organic redox-active cathode and
anode materials in terms of technical, economic, and environmental aspects.
26] ] Review focused on describing the main advances in the developments of
Kowalski et al. ) ) ) _
2016 redox active organic molecules for all-organic flow batteries.
Review on the development of flow batteries focused on materials and
27] chemistries, i.e., conventional aqueous RFBs and the next-generation flow
Park et al. ) ) )
batteries. Despite progress, next-generation battery systems based on
organic, iodine, polysulfide or semi-solid materials are still uncertain.
2017 Review focused on the engineering aspects of RFBs. An approach to RFB
(28] design and scale-up was performed in order to reduce the gap in
Arenas et al. ) o
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 organic
29 Leung et al. 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
(30] S of membranes on the VRFBs were reviewed. Material modification of carbon-
eetal
based electrodes, catalyst application, and electrolytes using solid redox-
active compounds in semi-solid RFB systems were also discussed.
Choi et al. Vanadium electrolyte technologies from the viewpoint of VRFB design was

reviewed providing a logical understanding of how the electrolyte design

influences battery performance.
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Review comparing the future of RFB technology with Li-ion batteries. The
[32] Uerd L questions regarding breakthroughs needed to enable large-scale deployment
i and Liu
of RFBs remain. It was concluded that finding a low-cost, highly soluble
agueous system was the most attractive approach.
(3] Musbaudeen et Membraneless cell designs for RFBs were reviewed considering the
al. evolutionary trend of membraneless flow cell design concepts.
The progress in research on the transport phenomena of RFBs, as well as the
[24] Zhou et al. N ] ]
critical transport issues, were reviewed.
2018 The review focused on the advantages of organic materials for RFBs
compared with inorganic-based RFBs and on the recent progress in organic
(25] 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.
The performance metrics of RFBs and the progress on the key components of
(6] Zhang et al. RFBs, including the membranes and new redox-active electrolytes, were
reviewed.
The state-of-the-art of several modification methods on the electrode
27 Liu et al. _ _
materials for VRFB were reviewed.
Review focused on vanadium electrolyte additives studied for VRFB regarding
(28] Cao et al. its function, including precipitation inhibitors, immobilizing agents, kinetic
enhancers, electrolyte impurities, and chemical reductants.
Review focus on understanding the evaluation criteria of energy efficiency for
(29 Xu et al.

RFBs.
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The first review focused on the influence on RFB cell performance linked with
flow field designs, including their implementation in stacks. Several aspects
[40] P were considered, e.qg., flow field architecture types, flow distribution, cell
eetal
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 drawbacks
4l Arenas et al. _ - N _ _ _ o _
linked with zinc deposition and dissolution, particularly in acid media, were
also reviewed.
) The literature focused on the techno-economic assessment of VFB was
[42] Minke and ) ] ] ] ]
S reviewed. The data regarding materials, system designs, and modelling
ure
approaches were considred and critically analyzed.
2019 The current state of the art of VRFB technology was discussed, including the
(43] Lourenssen et ) ) o . o
I design and working principles. The critical research areas were highlighted
al.
along with future developments.
The authors discussed the basic requirements to be satisfied by next-
44 generation aqueous RFBs and concluded that a safe, affordable, sustainable,
44 Narayan et al. . -
and robust long-duration energy storage system was promising with next-
generation RFBs.
(45] Hogue and A review of the metal coordination complexes studied as electrolytes for NA-
Toghill RFBs that were reported in the previous decade.
[46] _ The review focused on the key requirements and current development trends
ubler
for membranes and separators for the VRFB.
[ﬂ] . .
Arenas et al. The research needs were reviewed. It was concluded that most academic

studies focus on the development of catalysts tested in small electrochemical
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cells was not realistic for advancing RFB technology; they are limited to short-

term laboratory experiments.

2020 A review on NA-RFBs was conducted. It was concluded that these are
redicted to be sustainable systems as the components are mostly organic
(48] Rhodes et al. P ) Y P ) Vo1
materials and that NA-RFBs represent the next generation of RFB for green

energy storage.

[49] Clemente and A review focused on the RFB models and the main control strategies of RFB

Costa-Castelld systems, as well as the main techniques to estimate the state of charge.

The electrode materials for VRFBs were reviewed. It was concluded that

Genct g graphene coatings, heteroatom doping, and metal oxide modified carbon-
encten an
20 based electrodes were mainly used. Most of the work regarding VRFBs is

Sahin
focused on novel stack design, electrode, membrane, and electrolyte
components.
The review focused on the electrolyte lifetime in aqueous organic RFB. It was
(51] ) concluded that RFBs are promising alternatives for surpassing lithium ion
Kwabi et al. ) ) ) )
batteries and aqueous organic RFBs have potentially lower cost than their
vanadium-based counterparts.
The state of the art of organic electroactive molecules for aqueous and non-
B2 Zhong et al. 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.
The challenges in the past five years for the development of next-generation
(53] ) RFBs were discussed. NA-RFBs were not included. The review addressed
Gentil et al. ) )
aqueous organic RFBs (AO-RFBs) and the technologies developed to
increase the energy density of RFBs.
(54] . . . . . — :
Ortiz-Martinez 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 lIs as

https://encyclopedia.pub/entry/15012 11/37



Redox Flow Batteries | Encyclopedia.pub

Year Ref. Authors Discussed Subject Matter
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
[55] Ambrosi and methods as well as on the additive manufacturing technologies for the
Webster fabrication of RFB components that were classified according to the
electrolyte nature used (i.e., agueous and non-aqueous solvents).
[56] Aberoumand et  The review focused on VRFB technology methods developed to enhance the
al. performance of the electrode and electrolyte as the main components.
The review focused on the modeling and simulation of RFB beyond the all-
57] vanadium, including soluble lead—acid, semisolid, organic, zinc—nickel, zinc—
Esan et al. ] ] ) ) ) ]
bromine, hydrogen—bromine, sodium-air, and vanadium—cerium flow
batteries.
(58] Tempelman et A review on the most recent advancements in the structure design and
al. optimization to improve the selectivity and conductivity of membranes. map to
2021 The research progress of insoluble flow batteries was reviewed. The key Jsts and
) Wang et al. challenges from the fundamental research point of view and practical
application perspectives were compared.
azur, P.;
le
g Sanchez-Diez Areview of the aqueous system technologies that potentially fulfill cost
etal. requirements and enable large scale storage.
1st ed.;
[59] The review focused on iron-based aqueous RFBs. The main achievements
Zhang and Sun o ) ] ] ive
were highlightned and it was concluded that there is no “perfect chemistry”. -
60 . _ :
o Emmet and The review focused on the advances in agueous RFBs with lesser known n to
Roberts chemistries than vanadium. The authors expect that these chemistries will ergy

/. BUUVEId, J.K., Dlivd, C., IVidid, I.IVI., IVIEIIUES, A., LdELldl U, IN.D., IVIAIUIIS, A.A. LIIE LyLle

Assessment of a Renewable Energy Generation System with a Vanadium Redox Flow Battery in
a NZEB Household. Energy Rep. 2020, 6, 87-94.
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become more viable than vanadium due to their lower material costs and less

caustic nature. X Flow

1 The review focused on the use of quinones for RFBs. It was concluded that teries: A

61] most of the development on quinone-based RFBs is far from being
Symons ) ) N ) o ) )
commercially viable. The stability of quinones in high potential electrolytes is

not enough and the attempts have led to very low overall cell voltages.

! 5sin
The studies and numerical models carried out by means of computational fluid
62] Aramendia et dynamics (CFD) techniques were reviewed. Studies with stacks and
1 al. approaches for VRFB optimization with CFD based models and different flow r

field designs to improve the electrochemical performance were discussed. 'ag.

1 The development of the membranes used in the three types of NA-RFBs were |gywy
summarized and a comprehensive overview of the fundamentals,
1631 Yuan et al. o . o 2,2,
classification, and performance of the membranes applied in NA-RFBs was
provided.
15. War ross

Road between LI-Ton and RedoX Flow Batteries. Adv. Energy Mater. 2012, Z, 770—779.

16. Wang, W.; Luo, Q.; Li, B.; Wei, X.; Li, L.; Yang, Z. Recent Progress in Redox Flow Battery

Research and Development. Adv. Funct. Mater. 2013, 23, 970-986.
2.1. Inorganic Aqueous

17. Shin, S.-H.; Yun, S.-H.; Moon, S.-H. A Review of Current Developments in Non-Aqueous Redox

2.1 Vanadivm Redox fiow-Batteries Y RB)oranes for Design Perspective. RSC Adv. 2013, 3,

9095-9116.
The first publication on all-vanadium or VRFB electrodes was performed in 1987 by Rychcik and Skyllas-Kazacos

1éhGheakiehatd od.tHe dMiabh-pSynfsNashefsitd\bietiashi Bt Midce heasasveMl AwyBahaderclodeover the
VREBThhVErospectpotépplytmitorieduicnitieamndi2ers FutastcnboliqudsdoraRengwedile ERBEJYan be
conSiggrgadydilears offitedaintdaw Raemas.dsemnespofieistaireditergy RREE 0hd a3l bdvetdi(fforts
18, KuH8P ﬁ?oéeug%’ﬁ%”r‘ﬁeﬁﬂfﬁfosr&iﬁ RIGEBY FEG B RDTS e SHEtSL BB BN ANPARRY EReP PR Y
pursyed. and put in pragtice [52]
eview. Renew. Sustain. Energy Rev. 2014, 29, 325-335.
2thPanddiuMVang:Qyfdedox Spegiesrbdrenton FicRrBalteriesthdiRestewndvioteandet@ @bst-Benefit ratio
inv@d 0 Srr0adtrochemical activity and the concentration and stability of vanadium ions determine the energy
A AR WL BB, TEGIFIONE <SR 3R G G i pghisgechnoloay improvement
AN S UL h R PRI OB YA SO D1 557 507 1A COREELRFBYF PYSAust 2021). - The development of
new electrode components for VRFB systems will certainly increase in the short—-medium term for many industrial

and residential applications.
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22ed(im, REB. h&aml, MélerSexinedYoeall WithmadueouBang SoX-agkylias=likezagrs, M.datéaeahrologydeauipes
areah& ledredesnardbRedatienoptechéisnsdnstawadjood Retormahow Badteviesnt) mAatgrd Gheniksigh
avad@difbty 3arib hksefdEOB3: cost. The cost involved is particularly relevant for a technology with relatively low
Y BPRIEF, §°’Eﬂar88r%’e?¥?§ MOTRIS FST O BatlersBrol BRergy &b a8l 2815 %48
majgb rglgstment costs 979 Moreover, aqueous eIectrontes are hlghly conduct|ve have a lower viscosity, and

can dissolve a wide range of transition metal salts, providing high ionic mobility £
24. Huang, Y.; Gu, S.; Yan, Y.; Li, S.F.Y. Nonaqueous Redox-Flow Batteries: Features, Challenges,

TheaatthRresjhectRFBs ne@ppofosetinEregs 201 SkBlatd&azhdds to overcome problems related to crossover,
ORI e sisearee o erles! PopRRgd RS DK WBSRelDs i pulenates

f d t | K tion 1 reday fl tt [[Z2] | at t
? fr%am"n\?i‘eta?'s rorgantc BecRme Angun 3 genere Ahgew. Chem. [rit. 4 %F%s 656 'ﬂfr 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

2@nthemialaktadgR-oHe bat¥iSBiRIAg JneBi NG dnBorRCEEMNIGNE Btk Malasaday kagireasingod
(251 Ry, Ac e Orarmic Noalefides et NapaaurrY S lolRddateries s i s GRINmixhRE 86, 284 Cl)

stralgg)ﬂéﬁﬁgrease the solubility of vanadium ions in electrolyte and to achieve superior performance, which was

Frieperkiaes RePETeiang, BB € R B dfiie Rrsbsiyn Bm N ER GiffB B G SIS IG R EFSR e REEGRIIONS
of %%Waf-é/&i”m&&égsqugt[nﬁ@@_q%té?pm’T@’eliﬂffg'nation was collected from different references and

organized to provide a quick picture of the main difference between the three generations of RFBs.
28. Arenas, L.F.; Ponce de Ledn, C.; Walsh, F.C. Engineering Aspects of the Design, Construction

Tai109. Rerigrnanc sl ddadnianRedendriannBatirees fen knergyaigyage. J. Energy Storage 2017,
11, 119-153.

G1 G2 G3 .
2 e Ledn,
J.
Name All-Vanadium Vanadium-Polyhalide Mixed Acid Vanadium
3 Redox
Positive Couple V(NI V(NN V(NI I
d.
i Negative Couple V(IV)IV(V) Cl-/CIBr2- V(IV)IV(V)
2017,
Supporting Electrolyte H,S50, HBr and H(C1 H;80,and HC1
3 =nergy
Vanadium Concentration (M) 1.5-2 18 2.0-3.0 2.5-3.0 18
3 zell
Temperature Range (°C) 10-40 8 0-50 [ -5-50 [4I78](gal
2 e
Specific Energy (Wh/L) 20-33 11 35-70 1 2240 [4[78][80]

3o. Lriern, m., CuUIlYy, U., LU, T.-U. IRELEIIL FIUYIESS 111 UIYdl L KEUUA FIUW DALLEINES. ALUVE wiaterials,

Electrolytes and Membranes. J. Energy Chem. 2018, 27, 1304-1325.
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381-VAnadigm Bed i Flowg Batteily (63 R¥B)Peng, S.; Guo, X.; Zhao, Y.; He, G.; Yu, G. Progress and
All-Raosiect R BB [dexbiisar erators Redow byl B aite siese drnaog Y Gtanatentyl ated. tR8ESrd 38 2dy-S&@ral
PR YSEMAERAY S B SR o A A S BBV R B A DRI B
O 0N, PSS PRAIR MR Va BB BErRIECS. ERRy cISe! 251304, §3gBispspgs one of the
highest redox potentials (1.26 V) that can be fully used with low risk of starting the hydrogen evolution reaction and
3% b@manendkulasar@sos 1M spAeiisismGheNBamlke Lidk RRI4SW R EaRE AhgadEditkes itk versa.
HoWBRYTEjes s VanadismRederdniawyiRpdieeies inieBe L) -G8 g 0U8: R Ack282ml &84 oxygen, which

3Gsskarass e vIRgatym 1Nl of fisGaieR:; SR/ T PIGCRIGIeS At PRPREGRIGSBHSF RRIGK Flow - This
teCRNIRMRAE GHEHIYBIRY RO BiIfitTe ARY : IACTRIhIGSERIEDIAPKS. (B A St digerrTanas and
effigigiacy gyl 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 [B4l. The electrodes and bipolar plates are

BelSEin SR T s ARRINET L KRG AN Z2Wodzinski, TA, Savinel, R F.

Rechargeable Redox Flow Batteries: Flow Fields, Stacks and Design Considerations. Chem. Soc.

In REVa20Ry @Za@?%@v@r&f‘?’nanuscripts have reported outstanding results accomplished in innovative and
AACRPNEWEYS 1 PIGHCR. AL RYSIORE P SIEFURIGS ol HEAEDNS ¢, SRRISHI TS FPAR (haPaEietioness a
modifieABHRl ARAPRIE RIPERTINIIHRELBK MO BAHE RS RitACHIRENY St FAER GRS YA BRR g9 cm™2 in
chaggBraiSENRAnEWF'SUStail! ENferg)RYGaR018V80 el Sfprgorted a VRFB with an energy efficiency of

80.1% at 300 mA cm2 by depositing copper nanoparticles on graphite felt. Two years later, Sun and coworkers

AroPHOKE a Gied WErd pMAREA RN SR PRRIgRSARIMgE IARPIISE RS URF RN of

ele ARG DA ALYENAR R REGO% N BALR QI TurorR Hiifing ROWHSRGHCSR A 8t ulen

nan%}‘lbers were tested as prepared in a cell, the group achieved an energy efficiency of 80.1% at 200
4B Atamirefi8s By, Usind/ili atrstrdspihimadstird FBLGkenmet Bl RE BysitesiS d\VaerdiositRedtsi#l based on
nicihteatenieCard prethensive Fiesiewhal. Edeegy Strdge 0200 253 p0084Zhe most remarkable VRFB

performances reported. to dat% belé)ng to H. R. Jian'&; and Z. Xu and their coworkers. The former reached an EE of
an . ;

44. Narayan, S.R.; Njrmalc ar, A.; Murall, A.; Yan ., Hoober-Burkhardt, L.; Krishnamoorthy, S.;

, B
80.8% at 600 mA cm™<, and the battery was cycled for 20,800 cycles without substantial degradation at the same
Prakash, G.K.S. Next-Generation Aqueous Flow Battery Chemistries. Curr. Opin. Electrochem.
currze(r)l:tl_gen3|ty.712'hlgowas accomplished with a simple treatment in a furnace under ambient air at 500 °C for 8 h,

followed by eIectrodéposition of bismuth nanoparticles on the negative graphite felt and the addition of an

4intdringtiee W, fERg il thK fauie tali Cookdin aban fsrpipxesdig d\pnacuapssoRea@n FaviBaitatiesge
EE (a8¢. P wnibdaattughernoddl et 81 thidavork, they used a quenching—cracking strategy to change the
ABOBYRY £ B HRS AR S SUpRA R SEP R o oM A B ARY E GBth JRR SR SHUS G LA
intei%st@g_%,ré)@ction method for a new material to be used as electrode was reported by |. Mustafa and

colleagues. They produced a macro-porous carbon nano-foam by implementing a freeze-drying step in their tape

AashiGESri dafion PRARE B LIRG Indse WAF0uds CnBREaK S ERLEEES SPEEMRYarEar AgechPelbr 100

Cycfégq@_se, Achievements and Challenges. Curr. Opin. Electrochem. 2019, 16, 117-126.

48. Rhodes, Z.; Cabrera-Pardo, J.R.; Li, M.; Minteer, S.D. Electrochemical Advances in Non-Aqueous

Thepq%&%'?pﬁ&}\?%gﬁ(%rFé’é‘”iBFt%t%H@n?hﬂb%ie%sfafl‘i?f_ TE‘Q?V‘”’ 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.

g RN AccbRt i PifeRsiedts RafedRxdHIRwdRatRMeS AHIRLE ReYIGH Qe NeRI0 AHomalG
the%%{rﬁhl %@ﬁ&%@% pr‘n%te‘}é?:dthe contact resistance, or both. Han et al. 22 produced bipolar plates with

TiO, nanotubes coated with IrO,. By using this material, it was possible to reduce the thickness of the bipolar
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5acentencdhpSatit, tfeAGnitcsileReajdvteanpRedly ressioCth 8 Ble ofreHeaiiateriatsof iasadponed and
the Radedy awv dyalerforin0Q) chaergy Ressa2R @uddnt/883sityAdthout substantial degradation. A new low-
R B e PR M B e A S T R R A R R R R a T GO T Bt cROues

93] Achi . 83% EE at 140 -2 d another low-carbon-content bipolar plat
ERRATREYR CRe. KO8, 12556382 GIy, Proposed another low-carbon-content bipolar pate
composed of graphene, carbon fibers and graphite powders, having reached ca. 81% EE at 140 mA cm™2 with

SReL8N8Idr-piXRRIMM 5idine: M. 19diay EnoiganifaiFle drerativedMalerutaBassd riesirrlyiest fQmposite
bipSEdpxELow Battgriesuntirbsanmh&rhalenges of Malroar-Resiomahsantr Chem 2Rt 8ofRl This

58cia resuligdymaRED ear&afe f HPONGASBUS Organic and Redox-Mediated Redox Flow

Batteries: A Review. Curr. Opin. Electrochem. 2020, 21, 7-13.
Membranes have an important influence on two factors: the ionic conductivity and vanadium crossover. Reducing

SoSABiRMAEUERZ ¥ iMiis CHARIEZHERETRr thishETRFnTRY QEHZnDIisRUE Dy ddIRIRPIRS BhIORIHIRHIAS. 3r
thisYeX¥ Rl arRIiEs N Rlew  BaliflieshesPuRBYHaheabRob 30940n 82 teliédBfat has a high ionic

SEPNRHSHYEK AL 1N BERAUR 6089 YSHirRing RISt A N AIRE G RS RBE B TeRSnH Bl dhfegolution
Cﬁ%&r%ﬁw!%ﬁ)&%’nﬁ@wﬁéo?%ﬁéﬁoﬁ 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
SGeMBAAIRRE & sYPAMEdnR R RRR R cHRRR Ye AP 4RAGES 1005 E QIS B0 AGHTO Wi out a
notBRER SRRy AnadimeRedox Fows BRUCHESWIR A LR Oy NRORBY IS e e fFoduce
pos'iAt‘BQI';/Qa%:zg}gePé] X]Se'm%ergﬁezsogeqwégJfl’o]m_g)?r'idine-containing poly(aryl ether ketone ketone), where B. Zhang et
59, Edaedu0eC thehvignadidrameZmedbitty X0, 2107 Zganm. 3, adbideinggBanideSimalatRhnok Bfovg and stable
cycBartorid S0 dyclEn €rgyohhet 11 2020, q@‘,zzmﬁnmat 140 mA cm™2). Wan et al. 28 developed a composite
membrane with a dense but thin_polybenzimidazole layer and a thick but porous layer made with
58. Tempelman, C.H.L.; Jacobs, J.F.; Balzer, R.M.; Degirmenci, V. Membranes for All Vanadium
polyﬁtz)enmmldazo’le electrospun _nanofibers. This novel tec f" using polybenzimidazole demonstrated a

nigue o
edox Flow Batteries. J. Energy Storage 2020, 32, 181754
vanadium permeability one order of magnitude Tower than a Nafion 212 membrane, an EE of 82% at 150 mA cm™2,

SshdZbape, bperativh €or GostdytiestiestianBaned Mopem)xBatex hievwBrtgiies allarge: Ssates that
impabergytQRgephpmicaianh AlgavienmdmBewe irSovies. 202ls ARBwugdd4ibwas found that there are

el SR, RN YIS FSRRYE! Rb GRS BT L A A Re NG &ty RIS R o RS Bl G
i 2 R R o PAGI™ B BTHER S B0 515 66 240 3u00est an innovative strategy to

alleviate electrolyte imbalances, which are caused by crossover and water transport through the membrane. The

SropYiBe e SYUIDANER JOBREARY FlMY ERUSTISEN BN O BN FHGH AP Th 202 RRvd OHPHegative

eglegtiatendia, |.; Fernandez-Gamiz, U.; Martinez-San-Vicente, A.; Zulueta, E.; Lopez-Guede, J.M.

Vanadium Redox Flow Batteries: A Review Oriented to Fluid-Dynamic Optimization. Energies
VRE%ﬁfrelami?%the few RFB technologies that are in a very advanced phase of development, mainly due to the

large boost of technologica_l improvgment given in the last few years. VRFB have qutstanding properties for
6§at\(d1’%[& Jdpﬁ@dﬁogs'%d‘ﬂgw@( d_nQ'Hf’ th ;bémfo%a%p@@inxﬁié'be&dwWé@é‘?ﬁ]g} %l%ﬁ%%%%o grow.
MOBS\%P(iF i@\éﬂ(&éﬁ@”ﬁé %%V{S%n&d:&wr P%Q/Hrg%%g%'th 8g%ﬁ<§§nergy production transition. It will

EASR{ERRTK, AN thSkitRIe: RAFAR REeKTY EIRRARINPHREIR O REN de8tiHRATDr VBFRadlUPFERRIICRECRIArg . N
altePANESSINAFCEROVIB T trdse A5 pinge.

Vanadium-Polyhalide Redox Flow Battery (G2 RFB) ) )
65, Rozneyatovls(ka a, N.; Noa]ck, J.; Mild, H.; FUA’H M. Fls(?her, P.; Pinkwart, K.; Tubke, J.; Sk%IIas- .
RFBs are well known’ for 'their long working lit€ and decoupled power and energy. However, on€ of their major

Kazgcos, M. Vanadium %Iectrolwe for All-Va a]dium edox-Flow. atteries; The Effect of the
drawbacks is their low energy density, Which ultimately limits their commercial application for stationary storage. A
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posSiolensenieyy. Batierase2MiOparahiter is to increase the solubility of the redox species in the solvent and

BeISI%8° 12, 98 0% SRy . (g 2ome pglumecof glectiotq. Accqrapaly it was prenased (a2 gnadip-
halifle SOtAIoRd BrodULHGH Sﬁ%[;_"]'[lﬁ]ﬁ[_c-]‘ii‘#%é"‘i?'§Y§l"|%5‘§étsr8'|‘§?é“%8? A R B S B R ey en
e ST B0 W12,

67. Martin, J.; Schafner, K.; Twelgie Hiepavation okElecrvlgie far anéddium Redox-Flow Batteries

Based on Vanadium Pentoxide. Energy Technol. 2020, 8, 2000522.

_ Positive Side: 2 Br~ + Cl_ = CIBr, +2e" (2) N
68. Zhang, Z.H.; Wei, L.; Wu, M.C.; Bai, B.F.; Zhao, T.S. Chladride lons as an Electrolyte Additive for

High Performance Vanadium RedexElgw Qa}t@fgé%gel.;@ngggwg)o21, 289, 116690.

69. Endres, F. lonic Liquids: Promising Solvents for Electrochemistry. Z. Fur Phys. Chem. 2004, 218,
A t%iﬁ@&trolyte is composed of 7-9 M HBr with 1.5-2 M HCI and 2—-3 M vanadium. Due to the higher solubility

of vanadium bromide, the volume of the positive half-cell electrolyte tank can be severely reduced, leading to an
TEhnARWARRINAR ShelGy W BI Ed \WwiPkGPNENPAR cRerd§ Mersiny KARE Mgt Bs- FOTRYL G- IZENRMR Ry,
sinde’ CFled sRAHGE Vet Goskagd P eoiarmancaiMaone! g ReArElaw RaBades: wifh Wsls-
con%%%ﬁr‘?%%&ﬁ%e]r{?égﬁljag@are mitigated [ZLOLIL02] Another interesting feature about this configuration
73 thafrsippsstheradrriter VAYNY (heaitan rhe pesitvasisitusasisnd ey Bagianiiar, mectedivind sebility
of ViEg7at higiytempsaatynesyincreasing the temperature range of operation to 0-50 °C (791, However, the possibility
of bromine vapor formation is one of the major drawbacks of this configuration. To minimize this, it is common to

72. Rychcik, M.; Skyllas-Kaz M. Char ristics. of |-V ium R Flow B . J,
use %cr:np exing ég%ar?{sas%ch%sat%%%butylgmr%o%%?n g;[ocnsﬂ e,apo f%ﬁeneagq?%tj N-mgtﬂg-N-e?hyl n‘%FS%Ii%um

Power Source 88, 22, 59-67, . .
brom%’t\el, and Nmet y:l'- -ethpryrrollglnlum. As consequence, a feature of G2 RFBs is the formation of a second

Thdsazangs st ; &b kiyd dsektira cosypMxihtigiy &me rtyyiRdeisityeVahadjel stdpl ESHNARS ohetspis thdetHod so
prodficereypdratioorddme newt asftici\amast nentR éatoki€ edshaoid g3 dHéHES Gesdainingdig &geerg\are too
expéasiaciamd EitctobdenBalsitioifisaii A22200i¢5MartiSe prenlees/d@86nt of more cost-effective alternatives

; ; ializati [101][102][103]
78 PERUTASTR S2AT0S, MO A a e MAPoR Rl R SR G B3t 'S SA &teRt US7320844B2, 22
Mixed Acid Vanéﬁlgi(gg\ Redox Flow Battery (G3 RFB)
anuary .
Another way to optimize the solubility of redox species is to use electrolyte additives to thermodynamically increase

e WNIRyRZaR8R M NRYSMarAHIBBVE BlenifRRQIVIANAS, RRE@XriNUBRHE B rdd BONYRY SRdFRRS It
is kABRR: theatadodPns V2, V3*, and VO (i.e., V4 precipitate as its sulfate salts at low temperatures

787HAN e 1AthermdRgCINSARRIR IRy FAUAINT (BBl SRTES Tor Vanadium Redox Flow
Batteries. Pure Appl. Chem. 2014, 86561860~ VS04 (4)

77. Skyllas-Kazacos, M.; Kazacos, Gg §igon, Gyersggna, . (Becent Advances with UNSW
Vanadium-Based Redox Flow Batteries. Int. J. Energy Res. 2010, 34, 182-189.

2— 24

78. Li, L.; Kim, S.; Wang, W.; Vijayaku?noat‘r, IT/I.;VIQie, 2;V(9§g(r?f‘)8(.(?)2hang, J.; Xia, G.; Hu, J.; Graff, G.;
Homeear, VD & AR e O Baely Wt Figh ERESY PRIl o oL8s R oale s Bima
reaCSt;[grr]qg&]@]\:/. Energy Mater. 2011, 1, 394—-400.

79. Menictas, C.; Skyllas-Kazacos, M.yDim:-HM Advanges amBgiteries for Medium and Large-Scale

Energy Storage; Elsevier: Amsterdam, The Netherlands, 2015; ISBN 978-1-78242-013-2.
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8hhdrethraancrieasSkyltaspKanaeos| Mciéasadia b RbitiyoBattadiuif aalty/euHaif-8<i| bié ErplytienSR) dieke
righd, @dMTng@&&SuEOGQViSjSﬁ]k@dl?ﬂj@.Ieads to a tradeoff situation where higher temperatures will favor
- 24+ 73+ 4+ oA i 5+
Bﬂf? é?}l/%br'llg}’ Bf.;YAm’sKltz,’ @;dé{rauﬁlftl-\f\{'lul?%%\f &Eri]s?, ??.Illzlt.),&'.tycﬂ%é/rvacterisation of a 200 KW/400 KWh

Vanadium Redox Flow Battery. Batteries 2018, 4, 54 _ _ :
If the operalfllonal %0% WindOWBIS nar%we%, the concentraﬁon of each vanadium species never reaches values high

Shdgiack, pledpozieyataveicasfard\it, isl@osdld-iscinere&sel the GngparattyeoivirdoloxAdiditio Belitesiesating at
lowAngeweiiadoms|ndubet 2QihTiab4feat7 beWB@9, ultimately, both methods decrease the energy density since
838 R, R AR AR oS N SIS, R P R e Pl w B Sk e Re S TR eTSyy " ©f

van&%i\t;lrg V?/.V?H?b‘l]e E r%g?g%}eﬁtécgyrfdiat%(s’tré%sﬁegrfé[m. 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

8o AR D, ; Tang, Z.; Papandrew, A.B.; Zawodzinski, T.A. Polarization Curve Analysis of All-
Vanadium Redox Flow Batteries. J. Appl. Electrochem. 2011, 41, 1175.

85 ZhGa % [ S VR -3 H AR PP RAS P& R g BT S manee B e B3
YGRS Sr angd%rtrﬁ‘?a%'ﬁ%‘&"&%ﬁ%‘é‘{?é‘rié%?“fi'ﬁgoiv’bé?esbnbxr%%‘é’%f@,”%%f“s?é’ﬁéé'é’.w battery (G3
RFB). This way, it is possible to increase the concentration of H™, shifting the chemical equilibrium of Equation (7)

86-0MGbdse #RARedipratbR YN, OZNRthoSilincABBBig YHE- &ﬁ@&ﬁfaﬁ@ﬂ@ﬁ@@%dﬁ?mﬁiiﬁ%&rﬁp hitg & elk
MixEeAtIadesiRIY YanradivseiRedex SHpwoBatierss uiPaheFyeaans#P 19, 7480, RGP achieve wider

gemegiRtye Z@FﬂﬁsL.i;?liaﬁﬂ,nHL.? dh48, €. FHaloT, %%%%P@e@éo@%%&lfﬂ&@ﬁbﬁﬁgneed of
tempgrIyEeCArEBHeE e HREBIHITESTOr Vanadium Redox Flow Batteries. J. Power Sources 2018,

405, 106-113.
In 2013, Kim et al. 197 reported a 1.1 kW stack operating at 80 mA cm™2 with 82% energy efficiency. The same

B8R oBY aRCCRGrB RS fkDhixeiasGPRR foiyRY ISdaliRel 4 ANeNesk Ye Bashfy BeFdighRaLarpaiey
loség€atIORPHA MlickehManganiierAs LarhandNanaiibpiafd p el et DA MR IReFlax Fdow Battery.
Electrochim. Acta 2020, 355, 136755.

8 ZAARFTRS B, S2G0EERTTRE R ESSREPPRLY 3 PATRPoWE: BEASH BHSTaRGY e
O e i RS GBI L SR ST g A b P R BB 50 °C without
detrimental effects. In 2019, the viscosity, conductivity, and electrochemical properties were investigated and

Obtithzett b Hanllet 4NaNG, KndZNARY coheifdbd-byLitbirgréi: that YRE oftinkBF BHIERSH Y8R AHB Fapacity
woltdasInEaRERIB0Y: STHUAHERAS A HeeMANR UMD enfdeCEantiR- RS BHAUERIORNBAR ion
con¥en@dism Repoellow Rattediasnroenindes)y atere20Rler® db6mdid ions, which can lead to

FNINi0EYAIHOR AL LIFPOREY R EIRRHP LS, WICRHRRIES R4 SHEIK NRZAKIFHY BISE CRISARYAHISHE Bich as
thefqgh pERpiiRtoR PR M eroepd RIRPEIRBERONERGIESHR: Prenite deusirtieTRiET R dBRA SMTRRsBRFe e
mixedasig RRBE: %éjw[l—ﬁ]aﬁgﬁié&d%.sﬁé’b‘?%@fgfr@, mixgeBcid electrolyte can operate until 1.7 V without

gas evolution 113 it still remains one of the biggest threats to the commercialization of this technology 2. There

AR shial e du S Miintstfi- Ry SdiRls s 9RO MAnCR BRI 6 R Ll R 508 R ke ¢

(NES 3%{‘ OBﬁtt)el%] Lr}o\\f%%aﬂig %‘%39% Fls%YM blﬁf'fl}t(?rr]i eﬁngat%I\'/oT\(/)éjsa%oz ncq) &Zk Zzagr% %%%’E&\%gréial chemical
9B otéseesNanZ ftatit jsyanZinen topic o disngssian eI ISHAAGE - Yu, Q. Low-Carbon-Content
Composite Bipolar Plates: A Novel Design and Its Performance in Vanadium Redox Flow

2.12,Rolyoxametaldles ect 2019, 4, 2421-2427.
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9. thiatg e wigeasFpaiemevalafdso (POMsaave bighlgdhiondattiveCompesitedopolantRiaRFBasedn
intenesTegreeytCyrb andviaterdls ardnkstBerfatmianotRfF e toMslak BattemesadtitmesvatesergypatxDof
oxyhbR ,aldh-ahd Gunsition metals in their highest oxidation state to form metal-oxo units in which the metal ion

o IR PRV RS RERS, T anoﬁtngﬁmwaa&'gga;’a% ¥ ?{T?T\%;?‘iasw%%,”}‘?séﬁﬁg'r‘?geﬁ“h application
" %E?f&rr%é*r‘nequSﬂ%irHM?Sbiﬁ%WPéﬂmpaé‘ﬁté’véﬁ'éa%ar“ﬁ%’{éﬁ]vvs?ﬁgé%% MG oF Callulike ™!
B h RianGiners, 3 Bower S ies Kusi2 485458903, /

96. 20hangridall; eXial, hroptised'P @as, dlectulytks; fotuamggKstdrage dppkaatidnAdvanceeiNafmvant yokiahtages
[L18)\/ghebiracestivithofFaet RostonehtarsspothChamMels tewardHigh:Ber foumanteiaangdisicefREHaxd the
ele&ttons Batted\byd rddertidor. t& the AW s Gizd nbi BllzEAted to a specific atom, therefore allowing for fast kinetics

G NANGOH SRR3R LI RN SR SR g B FRERTCT A 4. St
R QR SRS e b PSS AE A et T A A BT TR P ERE RLER Y CXRORESe
AT RS T8, BSEYS AP ARG 1 BBl Psliees 2021, 506, 230128,

Ithéa/aare¥thh; &pplyjndy ;Ribamgtd-RRBsHanast. Znp dhatil| dt SnAnkdighetagefiTlentdionepaséeergy density of the
VRPBligltieziiyiidizeriedsl eynibramenfoer\dnaditsibRediox ElvdiatteeydiffeRovenSedoe@st20ids H8Sveen
the228WAe and anolyte, and the solubility of the redox species in the electrolyte. The electrical storage capacity

o, VSRR BlieC PciRe oA R SBefRs i ThRsEr s FALeIsib A S s refsapBaaneh el
D Ry TR LR Bt O IR SR P USO8 S gl The RFE energy dersiy is
frequently restricted by the solubility of the redox active species in the anolyte and catholyte. Therefore, it is easy to

10¢hdahifnd- 19881 Br- itkNRBRNBI iddrEasdUnkl eNbFEAHON ) WalSHRRALRIEbd e hnPalaReRINDEN as
LirMeaadium RedoiElopeBaitariesn flerhashimnARta R8sl pdRidi388 % Bsure that they intervene in the

107 eGUSNASHET AR FEINidEHE O, 1ee QU SOMPORRITIS AT . SRS AR IS ARA AN B Yo OB lefieding
ratg oAl @ igh£ARreY RN Battery-A Review. ChemSusChem 2016, 9, 15211543,

10RefRaRgO ity KY HRS dedrsine,; MbiyKagRsos FdMPRRFiIshINaldadR6/0% B ARASIKdimaqueous
mefAIIYNFIVE N B Bedr rb-ﬂélr?egléls exhibiting high solubility, for instance using SiW;, a concentration of

10381 L Rikesyohtaiaes Widolith, nutipliredRiatiie, R B Esae BraltiHE clifmpnaieg Adushsariroy
dengin it BN RERNSk Py Bierfl! RY14 25y aRAYE EHEMGY 0 2852407 SHSke Popey. Drops in

capacity only seem to stem from a parasitic reaction with residual oxygen.
104. Vafiadis, H.; Skyllas-Kazacos, M. Evaluation of Membranes for the Novel Vanadium Bromine

TheReslaMifjody Petus) iMEsAleRDuL QB8R eREis3fheAR: low. For instance, VanGelder et al. 125 studied

108 ARyaRaTAL, aliox(de ccluest [\GO1RIRY 2 FRERAN foy Qg OHt: ) RS ARISURIAStAM IINGRTFRS
125 ThpsmrisapStdisgy 6F (s RERSHRE SORItIGA-RIOTAYSAR RPIRBIR AR B areYicd e histhat
dur@gdr&gh?@m_g irgg’ SYEyyetsigAystem, the polyalkoxovanadate undertakes a two-electron reduction at the
negative electrode concurrently with a two-electron oxidation at the positive electrode. To further enhance energy

108 RRZ v sMEME 2 e por ISR aFaae My DI SOSI B RENRNG @oadum RSk S g EateH:
ethg\fis:[.h Cﬁulgle\r/éa WﬁﬂiH]rip(e%l%ﬁ%(recr)/lgl‘(%x‘g/'g%%%tg?;?fgg@fu§8%‘n%921a%b%60%ﬁ?‘a§/%%3|mproved solubility (up to 1.2 M
107.0<irv|, [SBATIRSTHlsie A\ @) Xidj | StheNiesrZas8hsn | ubj Reolataghés $0lvaihang Ywithémotiomtheox themisiry is
proQ@isiNgdr Xnhanaedle RangM degtyAnheamaedy\tastadi ofrihR dduti¢HelireBattdryxotdiradgtéfilustersdiia RFB

https://encyclopedia.pub/entry/15012 19/37



Redox Flow Batteries | Encyclopedia.pub

shdnlet eiyte apaBlgwedSohecad i Be@BiEd30a-8@8c voltammetry of electrolytes following 30 cycles in a

. . [126]
10%'.:?21363 ,%P;a?ﬁc')ﬁﬁgé%‘?aéﬂi?f E’Je WEYH&?W‘?RR&‘? Qy;sﬁéséppél, B.; Kizewski, J.; Sprenkle, V. Stack
Nev%?t%g’eo smsgﬁsmalgoKé/r\]/ogl%sesa \I/a\l{%g‘&ed![Hg?, I\vo%%dcégpl) et'alQ ev%ﬂxo@gr\{\llc%%%ltgrgg,%ﬁég%ae\agglﬁsed in NA-

N National Laboratory. J. Electr m. . 2016, 163, A5211-A5219.
RFBsomtan tlt?wgl ov%?c%r%%ot erarr%cr:to c% g ma%?n%m C\)/ol?élge63v’v’ind%w of thg cugrrent agueous system,

10&navtingthe jrtheasg, of theasgrdy deisity. pHREBIZILERA . S ; Yang, X. Investigations on
Physicochemical Properties and Electrochemical Performance of Sulfate-Chloride Mixed Acid

Reg@eiteplftetiey vhmear HPRe @bFIBNRBalits e INfienrad yuite & QBB laga szeearibby their reduced

lligte}r(e}ctiog be\t/v_\_/een lt(he redox ce\r}\t/ers an\(;lv the moIecuBes gfhsolvegt. Lh_e ogter(—:sr[]ahereFre(I)_Egar?]izalt_ipn en\e(rgy of the
. Kim, S.; Vijayakumar, M.; Wang, W.; Zhang, J.; Chen, B.; Nie, Z.; Chen, F.; Hu, J.; LI, L.; Yang, Z.
electron leads {oya reduced %teractlrg)%, whlc%hln tgrn [éads to’a 0w eléctron transfer’energy 'and It'here?‘org h%gh

Chloride Supporting Electrolytes for All-Vanadium Redox Flow Batteries. Phys. Chem. Chem.
power 8ens(?ty. I\/Porr)eove T the reorg nelzatl%n energy o the inner sphereV\{s low Jue to tng extra electrons that are

freqFL)Jre]Xﬁy ?ngjé%élilzge’d.l 18%553 ?:5&5861595’ minimal variation in coordination upon reduction or oxidation 132],
111. Li, B.; Gu, M.; Nie, Z.; Shao, Y.; Luo, Q.; Wei, X.; Li, X.; Xiao, J.; Wang, C.; Sprenkle, V.; et al.
Baggid Attt NaMeisaHibleaD@ dPREHIE G rapiee IR 2620 HiyHiEk fRsrarptieRliPmetirBi8Jorrarhgilight the

opeyRifdRi ANFRHISRUS RPMesRH RERo Lietat 20132 develgued gwstungsten—cobalt symmetric redox flow

battery, Hg[CoW, 04(%[@. _ _ _ '
112. Schwenzer, % hang, J.; Kim, S.; Li, L.; Liu, J.; Yang, Z. Membrane Development for Vanadium

Dur}i%%qﬂé( (l:ﬂQPﬂl%?H%%hgraﬁ@%%gg%@Q%vé"r’sﬂoﬁﬁ&?f&%@ (or reduced) on the positive side, the anode
110" wagdRL PRI RNeBHYO St grran e (Qasnaderhl, i PreduadériZzerdgedkim, S.; Yang, Z.; Liu, J.;

Graff, G.L.; Thevuthasan, S.; Hu, J. Spectroscopic Investigations of the Fouling Process on

PON S MRERB RS SN ARE R R BUBX Bl BAeRIEAS MiGriiBEdiRe WBTTe5HYs Suae giggtrolvte is

used or not on the positive and negative side, and aqueous or non-aqueous (i.e., organic).
114. Reed, D.; Thomsen, E.; Wang, W.; Nie, Z.; Li, B.; Wei, X.; Koeppel, B.; Sprenkle, V. Performance

Thohppatianss dFASMY afionERNR 2 17e anthNedien® NR-aEA, imanly ke tassmAllanadiam axed flow
bat®dfiss Reeler Fiow BatigienliaPoMeaSoHigies 208R)y28mskits—dd) 1o the abovementioned properties of

i i - irs [123][129][130][133][134][135]
112OWng Oy SPHIiRY 209 BSIncR BLMY L RERO IRdPEPELE Temperature Adaptability and Energy
Density of Vanadium Redox Flow Battery Based on Sulfate-Chlorid l ﬁ! ﬁ lB E ymizin the
Others areyalso_seekinglto apply POMs to the reymaining coméJoEir%ts of RFBs?ﬁI XEfhe 196 Tl el . Amorgg the

Concentration of Electrolyte. J. Power Sources 2019, 415, 62—-68.
described advantages for the Use of POMs, it is worth mentioning the fact that they allow for the exchange of

11&edaletubhegierchesmistnhafPabroxpertlateshkionr & grdanemal Aspests t9 HopdeaiioBmce they
have hgJodElesitnsin emndd sy feo82 FoBRBts, they also have the advantage of being able to overcome the
119G eTI R T p g ey e ARG Nk Ak ase BIBRIG™S risa htihaR ErirgR elifidhan ©
o B SR L BN AR RIS PR SHE TSRO RIS R REBRIS I IAYETIHIE "W U RSt 49 Sypihpsize the
PO%B%C@fIge_Iectrolyte, 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,

11@,3!/:@&% rééd'{Blf%IngH%Mc\é'Rggédi”g’ F.; Pfanschilling, F.L.; Wills, C.; McFarlane, W.; Schricker,

B.; Fleck, R.; Wolfschmidt, H.; Stimming, U. Asymmetric Polyoxometalate Electrolytes for
2.2)\Qrganie REUEPWHW Batteries. Energy Environ. Sci. 2018, 11, 3010-3018.

118qukols g€ rddoitow batteds B-OREE) sYarfedRelyexametalate-Felngioralire ddl@besaidganic RFB
shoMedeiis. fordanierayccumetEsinhe ERSKONrSlocadeanithSe pRILBYEemSattnargy, WA inESites the

https://encyclopedia.pub/entry/15012 20/37



Redox Flow Batteries | Encyclopedia.pub

proBeiboBruiritg 88 of raw materials to produce these active species and lowers their price. The organic active
AL AP YL 5 ARG, RN Sl TR oIS el
Post s Ry e EBCE AT SO ROl G el G R R B R 25 Al chance
of finding a molecule that will fill all the requirements to reach commercialization with ease. The characteristics
123, 4eh@ty ptopertedadh e BaNeGpdeiddaifg AseiOmeini&R nigheanily: - high sMrddrdKed: bbiential,
eleEhY@NGNBar StaBilif) RgRNUMbef bRbIEIRIY - i SES AiBlIRACIBET AR SITHAR IR R dICHE st few
yedrd@fig6t TRERTER IKaeHes0hNaP B leffERresetiBYshdeiRe filteMolBliSs 20k fulkfl aA3REsSasirable

1299 AHBHAUC SRR BRI I ARUC RIS EIRSTRMFSATRNEET: BiSARRbRASRIE DREYASARIG IO a2 FHUsh

Theory for Voltammetry. Chem. Soc. Rev. 2013, 12.
Currently, the focus of research into this technology has been on the active species. For this reason, the latest

12% @R oh-AHEB Aavk-beEpiiRaEd M fewsiamaitetpRyaaches fou prravingdas yedormance of
Polyoxometalates in Non-Aqueous Redox Flow Batteries. J. Energy Chem. 2020, 50, 115-124.

128 31892 p e iting O ed R H0GETRS MR- L U BY S A BRI FiriRutoH 8 M- The
AU S ITRG TR AP oR eometalate RedaERS Bade ry PEeHoRaity ant UPLeata GIskn Bhetgy
dih%?@{p&ea?ggi—é%lfonic 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

128, Manizgdehidvée; RIBtddrD1anadgrs@R. dnlyl sdviaigery Fd¥raiiace EngtRRRlizatiRhoquinone-4-
sulfo Ry @XRVaRAGI L HRIesS e parAiieRyof IHichHhiRRIUREN C 12588 kA HesSHYNRNBEERAYR. To test
thisEEISERYIyRIOFAE Sefk N AR 1RO BiirD s gettdy! mlé dsitive electrolyte was used, having reached

128%€5MEHAOIN SOV 2 RABRSINAIGCaI EHRET 6 T AAARhL D IR, ReedHGH OGN 20 ehASSH, T-r 2021,
twonRYHGiSSfSIRE AN gs RIS T ruRianes s R (i ART B Hie i oSSEURR N (e irstisR e iaiggen
radical cations and improve the active species performance in AORFB were used. L. Liu et al. [143] ysed a-

128130 R a2 e MPs Settabor b BRI h D HetmBR L ASSHRBRI BhS BRI RIS A en this
sollﬁ%ﬁc\}\}gg gg%ﬁgd%%gﬁﬁ%%ﬁ,e u@’iﬂ{;’ %D#é%@c%l é) gg%gtivcergg%g%%t%@rsnpgc(:?e]:'sd' injlﬁé%%g'ﬂ'ﬁg %Idé%trolyte, they

128:NReus ENSMBE, 8. A0illnAnealf, Rorshuiiemet, 45. 2Ebueprtied e zem By Menttibr{dtinatioryaiedy)-B-
cycdskFumdtichdiztibretiyIStep ipwitidisi oipoxoitie tsl atb Bagedsi/ateriels I Cidan @ dee ReloptIRe
of 4lle 7¢0®gen negative electrolyte. When this new negative electrolyte was tested in a cell with
%errocen Imethyl)trimethylammonium chloride ?\I;ICNCI) solution in the positive electrolyte, they reached an EE

129. VanGelder, L.E.; Kosswattag\rachchl, A.M.; Forrestel, P.L.; Cook, T.R.; Matson, E.M. _
higher than 62% at 13.33 mA cm™< for 500 cycles with a capac@/ fade rate of 3.7 x 10-2% per cycle. L. Xia and

Polyoxovanadate-Alkoxide Clusters as Multi-Electron Charge Carriers for Symmetric Non-
coworker found an anthraquinone, with_high solgibllé%,l3-(&9,10-d|oxo-9 10-dihydroanthracen-1-yl)amino)-N,N,N-

~ Agueous Redox Flow Batteries. Chem. S 8,9,1692-1699. _ _ _
trimethylpropan-1-aminium chloride, that was able to reach a concentration as high as 1.44 M. When paired with

13E&NEs eldgioditile; ot einaieEin W aéson ekhivlidd s sehermiaahimptiicytirs0bdkaxide Msking” in
Polyoxovanadium Clusters for Nonaqueous Energy Storage. J. Mater. Chem. A 2019, 7, 4893
Theq@gRelopment 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
131. Chakrabarti, M.H.; Dryfe, R.A.W.: Roberts, E.P.L.”Evaluation of Electrolytes for Redox Flow _
objective for RFBs. With that in mind, some publications have been made in the past few years where different

Battery Applications. Electrochim. Acta 2007, 52, 2189-2195.
organic active species have been reported to be implemented in positive electrolytes. Hoober-Burkhardt and

13bvidake R ; SyagrRlzdd. AnE Rakgaciaesied, Kinefins gt dhedpadidybelige hianfaar iadeo(oudRiesiragdesyel
actiats§e@rNtdN bd0d<b b iB WIS .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
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138clast, NopvkeuerSDVBMES klos¥ad@yver. friim, tie; ptisitigg Y e AereoasiRe doE los Bedtesty thatimambrane,
whithingstercapabigltddetét8polyacithasdhe GleapralyididonBoirdbierArndesalntoathode TAelv fduinarat
DHMMES. 204sed Ahidb@h2B4 membrane because of its small size when compared to AQDS, and that DHDMBS
10 R P BRI AR MBS B FARER GRS SROLATSRE: TocK e Sgsrimetss el g Purinete
ool P RSRAGHENRS IS AP TR BeSHlesf 1reskie sapacty fade they jomned that srategy wih 2

mix and split cycling protocol and with a “polarity-switching” protocol. These techniques showed reduced capacity
132k aramify Vi MIBNGIBrd Do RiRAYEId - MroRiBeShRHodr Basd NARRRRIMEnb FEAT G BYFRIRME and
pyrfef®d BAEAGIRI SOl WESEREAON TN RIRE eBBYPRIINE SR NABAABUS M REGRE Edau
the BatigviesiedBIOWeaPaaESHRY3 Bideihy RS m&f8ypropy! viologen in a cell, having reached ca. 64% EE at

138 MAGM 211509909 Bability PupigB99. creles abdmA SBand: MarsRRskertieagras makneaiurkiyhsre
they, syAHesF el el M Al e gReCHFEIEh BRdiadoragehelinemetRygNs. Y, SisihvAmroues in

different positions on the benzene ring. 2,6-dimethyl-3,5-bis(morpholinomethylene)benzene-1,4-diol showed a

13(:73p\é\{:&|’t9%’e cDa§/ Iﬁ’flb.lrsi%gbaerrl%’a S]/.[;lg]h en, L.; Zhao, J. Polyoxometalate-Based Composite Materials in

Electrochemistry: State-of-the-Art Progress and Future Outlook. Nanoscale 2020, 12, 5705-5718.

1380Thaidias.faviiBe, einAbSERMPTRY BHNELINS PErTRNSS RARINGN'? SRFYIAY!RS. [N Aestsonfiguration. T.
Liu 8 FRIIRGILES Saiaadan AP RIBAIT BROVEH AL RIS N RRREBYETBY 6 deP T ARE ARG BY IPiperidin-1-
OXV!s{i‘p'é%é{E%ﬁ%}sh@'H@ﬁp'ﬂ%@h@hﬁﬁo&fzﬁ21%",/0%@?—%6@'2 with stable cycling through 100 cycles 159,

B. Hu et al. 131 studied the effect of supporting electrolytes and ion exchange membranes on the performance of
139 K- Ebtr Fith entd AR, Y Il SEAR SRR D 1oRPRSER Rl /gR e REAX AW BIlIRr 5t
statt.)clfi\f\{/aflt’)q %bs ;[:?Icrl]easpl?h%ns%mé{ aSU%E)Erl%?s'oAr(é\’é)r enae gﬁyAl—'SgFg%]s?rfg41,%@%@%%ﬁrgéthylammonio)propyl]—4,4’—
149pBidighinVtekaah Gidekamy 4 JrinByarianRNAGuEBVE O rusrid Rt axtiFosp B stte fie hiNstndyRbs . RT19s
demonst@88L-A0BE. that ranged from 87% at 20 mA cm~2 to 48% at 80 mA cm™2 with good cycling stability for 500
cycles 192 Feng et al. 1331 developed a ketone to be implemented as the active species in an A-ORFB by
141. Hollas, A.; Wel, X.; Murugesan, V.; Nie, Z.; Li, B.; Reed, D.; Liu, J.; Sprenkle, V.; Wang, W. A
undergoing h ,drIQPenatlon and dehydrogenation reactions, The fluorenone derivative that was produced showed
‘Biomimetic High-Capacity Phenazine-Based Anolyte for Aqueous Organic Redox Flow Batteries.
efficient operation and sta Ig(l)%ngs-thrfm cycling. Some studiés have the main objective of studying the performance

Nat. Energy 2018, 3, _ , _ _ _
of organic elecfrolytes in a cell configuration. T. Liu and colleagues reported an A-ORFB using methyl viologen

14RnbhegdW-hitreky G 2, K6 @dtraméitkabinerdaieoks QraaniERed)xhalavy Berleviesaf HHwh d20y0x 80GhA
cmPaviarsRensiiesng shigulyhixed Mamhg e umane doarietivesdiet eiB . dieg. of. s2880ri3 @Ietd8Ess and

1457 SEEP0IE P RARY 02 MEUP YIS R L ARAHET S Uil A 6Ny ifelal"SPECTARBHS TR the
AUt BEIIE Py B AP AW Batt &R 8 RARI RIS fgy A9/ 4k: ThB S e author also reported an A-

ORFB using 1,1'-bis[3-(trimethylammonio)propyl]-4,4'-bipyridinium tetrachloride and 4-trimethylammonium-TEMPO

144, R BYRENy A spSRRI% AN s REVNRE AR M deR 18R B an WL MindeB KIS 8580 UC24: hiRER 2 to
4895 4P B! MAr anHenGk Yasacs ity ResRi aIcsde’ (jalagemEleciiolyies foeAgRRR PLoRRINREFIRY
imdfé%\é{n?b%[tggi% g&%rsm%gﬁ %\OéﬁFﬂ%' l%zﬁﬁgg'going hydrogenation and dehydrogenation reactions.

14BNediHorenqng slewatoa s aHvas i) aad: shawe effifientoresiion apdrsiaiitcdentaiery dysjih Bonds

Induced High Solubility for Efficient and Stable Anthraquinone Based Neutral AqQueous Organic

Orqgg%ﬁtfylwggﬁlgﬁgssh}vg,ﬁ& ‘§8?J'V€gs%ﬁ agggi%gg%_the scientific community for their tunable

standard redox potential and the reduced crossover of active species through the membrane. C. Noh et al. (134

14<g(p'l_(l)9&p%rdﬁ’—uW&b&h—i%ﬁ%ﬂﬁﬂ%@& §do\§a@8u[§e'sMMﬁ’1"'tﬁs; w&%m%\e%u%@ga@%orded a
perfarancd G 3880 &E 3R e MMICRRCLREAGION RESISHRNL BROZROUINANS JL L AHEO YOI Gy
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incérpatarnglavn8atigaies. wisafeopachaninS adsizd) e hé4, 1BOA. the authors achieved 77% EE at 40 mA
14T MIPRER KRS alchialtdr A, R RAS AR Lo o SBb RN, 1Y Chhpinicstinie el a8 2
oo R SR KA 8 B A2 0 LSRR S5 e 7D Pt Rt AQ b g
M- S SlctRedon LTS BREREL. . ERUBISGURAD SHESBIe SR pligcomposed of Fe and 3bis(z
hydroxyethyl)amino]-2-hydroxypropanesulfonic acid as a ligand. This redox couple could be cycled for 100 cycles
148 gdun Beon-anyitl ar-EEor R IMaIGRRe NkiaRe R mpidve rMraRer Rt &RiBg Mitkiexissmiadieat thNeintific
confrifyOfdiighiP Ritialstakvala (e hoRMRRENGIITRLAREOME SEeaie: RedenEQpeBalierisaghdve
mef¥Rfie MEtREZEOZA:; B34 21918/ iron- and cobalt-triethanolamine as redox couples. With this redox couple

1492 Pgrsreiiese ReRmantRehRACER@APAND CARER A e ditelie g IaNtsous, iSpipred upon
thisEeHb YR PYRHLE CYdRRE RAUBIPFIBN BaEeSSEYHIR SR GBNSHIBR SPIFACLRIRDAEY EE

at %ifﬁﬁ-ﬁ@ﬁweﬁéggiﬁ}'@@a%ciw R anaselisaguessstadisd 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 1561\,

158kl Ty WMeh X1 NiGuedt FRRIE ' SVl VARA: M- A JQtal - Qrganic Adueous Redox Flow, Battery i o.
hyajrzoryyelwlygrﬂirITcﬁy-ﬁ:y%Sr’(tJ%%jo%gn%g&%Hljg Mty 'a%?&é%@?‘?h’?é”r%'é@? c"%‘é‘éjpl‘é't'ocalaﬂ'?e'\’(':ﬁgeg ah ?&)t%ycles
at SONATREERRIF A B 1501449,

151. Hu, B.; Seefeldt, C.; DeBruler, C.; Liu, T.L. Boosting the Energy Efficiency and Power

A-QRERSTEne BIRQERHPRRER 5L K TR gari HsioxaB Big R Risationiyputd dsenhyoe gitgr dor these
technpjegies o yen though organic species are highly versatile and tunable, an organic redox pair that can

compete with the performance achieved by VRFBs has not been discovered, which shows how far away A-ORFBs
15 Brom2BGnd - b eleidfy O St Howver Und - 5inlRESY GO R ISR LR ARMNA LM EE R new

moé&(ﬂ !eyst ?hsa%év ut%%uoses?rr p?r'ocpeR r |gs(,) %(o F !I%\éva%%ﬁ%eafﬂi%ﬁ'n%n‘(% %e%‘égr‘éﬂ ue%s%cr) ]aﬁd 5rr‘11'ay6a Z):\II'V_U6 58 tZ)4achieve

15BisFgmagmRre hisky, X.; Murugesan, V.; Hollas, A.; Chen, Y.; Shao, Y.; Walter, E.; Wellala, N.P.N;
Yan, L.; Rosso, K.M.; et al. Reversible Ketone Hydrogenation and Dehydrogenation for Aqueous

2.3, Non- | ts . :
3Org%?uc %%%g%%%‘éeaﬂtgnes. Science 2021, 372, 836-840.

154ONRH AU TN RO R BTy SRETERIE PESHIOL YO ESatEePREQYSTINAIB RYRIRSERBIAkRMise (O
ovesrINe B O MIRGIRTFIE ChRBIEXES.§IPLlRY SBlirEES APTPLdB, Dogs3ge use of an aqueous

electrolyte limits the cell potential in the electrochemical stability window of water L5819 Despite the great
1Rt N I L h LS TG NS SRR AN e LS. RL0 aNeMeEfRIG REASK Bl FAN LIRS RINGS,
stabT A i iR R A DRGSR P skl KPR RN AURIAINE MBI XESa S RERY FRY: o #22dnd 3Pure

pro%ezssssggpthe materials 269, Non-aqueous RFBs (NA-RFB) represent one of the emerging large-scale energy

1580Rgasy e Myl dmt Droreing 1S 9\8hip@e tia, I@v; €kegy, BnBibsizfrangeCusCeni divws otterinie (ARIFBe-n
theg®;, Redor Flaw Breevy. «kotniyte bmits tire GON®SBiaB e Zletarochemical stability window of water 1581
(1591 pespite the great interest, NA-RFBs have not reached their full potential yet because the challenges of low
157. Shin, M.; Noh, C.; Chung, Y.; Kwon, Y. All Iron Aqueous R gi x Flow Batteries Using
electrolyte conductivities, stability, and cost limit their development . Moreover, special_attention needs to be
‘Organometallic Complexes Conss,tmq& Iron and 3--2-Hydroxypropanesulfonic Acid Ligand and
paid to the end-of-life process of the materjals 1284,
Ferrocyanide as Redox Couple. Chem. Eng. J. 2020, 398, 125631.
158heStigrklepmneAt 08 igR Db Imienite & 1. thENe pkpx e dtrJac Nt rnaep @i Elaibiolyths Kintktingire N dmat also
megidhe casditanadidin #loatyleieptiehaxeeRdid ol patddditteliaits 9f Npisir; K22 dtigchelrii R0 I ndtaqdgis
media9@nd (3) high stability during electrochemical cycles 161 The development of NA-RFBs is limited by the lack
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158 divinigp attivehamoy dtindd Haamt plyte £ hodl aXglyfes)GhdVlalec ulestEimng tweeiiing o f O nganicpatecticd @stigeding
the MattariialdifiotsRé daxek | @y Bgltteviesilityhe morSanddey.ni2éHi&, ahd, G9-hidd3stability during electrochemical

[161]
16%’.C§an, C.-N.; Mench, M.M.; Zawodzinski, T.A. High Performance Redox Flow Batteries: An Analysis
AT P N G T Fo G B L e A S S R S Bl O M e s
solfé%%?l%%ﬂi?é 42135 b\]/'vgga_ggr?ématic representation of the operation of a NA-RFBs. During the discharge of the
16dateey @uyrihS cikeigher ti Lsollitmmipsorthe. arcBantorbe ¥y SeMedthbaism-BeBed ey picpasehtaligh the
elettowlel atentiadxiSalioblecans, Cy.claidadskiieteotio thAnaly tediaphiord queeuskRedo xifclan Bt @nidse
othdr AamdC tecHaae-28hend 3Pedib8 1@isi&838drough the ion exchange membrane that is separating the
168 TRARENS O R R R b T K 2B A R IR RS R R LS PGS iny hfations ®)
andFég)dox Flow Batteries: An Engineering PersPective. Proc. IEEE 2014, 102, 976-999.
Cathode: [M L,,|**®* — [ML,]** + ze~ (8)

163. Li, M.; Rhodes, Z.; Cabrera-Pardo, J.R.; Minteer, S.D. Recent Advancements in Rational Design
of Non-Aqueous Organic RedaxofdoWw/Balteries: guustaiml/Energ@Fuels 2020, 4, 4370-4389.

164. Matsuda, Y.; Tanaka, K.: Oka]da, g T kas%, Y.; Morita, M. A Rechargeable Redox Battery
where M is a trarisition metal, L is a ligand, and n'is tie number of ligands.
Utilizing Ruthenium Complexes with Non-Aqueous Organic Electrolyte. J. Appl. Electrochem.

1988, 18, 909-914.

165. Milshtein, J.D.; Kaur, A.P.; Casselman, M.D.; Kowalski, J.A.; Modekrutti, S.; Zhang, P.L.; Harsha
Attanayake, N.; Elliott, C.F.; Parkin, S.R.; Risko, C.; et al. High Current Density, Long Duration
Cycling of Soluble Organic Active Species for Non-Agueous Redox Flow Batteries. Energy
Environ. Sci. 2016, 9, 3531-3543.

166. Yuan, J.; Zhang, C.; Liu, T.; Zhen, Y.; Pan, Z.-Z.; Li, Y. Two-Dimensional Metal-Organic
Framework Nanosheets-Modified Porous Separator for Non-Aqueous Redox Flow Batteries. J.
Membr. Sci. 2020, 612, 118463.

167. Armstrong, C.G.; Hogue, R.W.; Toghill, K.E. Characterisation of the Ferrocene/Ferrocenium lon
Redox Couple as a Model Chemistry for Non-Aqueous Redox Flow Battery Research. J.
Electroanal. Chem. 2020, 872, 114241.

168. Li, Y.; Geysens, P.; Zhang, X.; Sniekers, J.; Fransaer, J.; Binnemans, K.; Vankelecom, |.F.J.
Cerium-Containing Complexes for Low-Cost, Non-Aqueous Redox Flow Batteries (RFBs). J.
Power Sources 2020, 450, 227634.

169. Kosswattaarachchi, A.M.; Cook, T.R. Concentration-Dependent Charge-Discharge Characteristics
of Non-Aqueous Redox Flow Battery Electrolyte Combinations. Electrochim. Acta 2018, 261,
296-306.

170. Sleightholme, A.E.S.; Shinkle, A.A.; Liu, Q.; Li, Y.; Monroe, C.W.; Thompson, L.T. Non-Aqueous
Manganese Acetylacetonate Electrolyte for Redox Flow Batteries. J. Power Sources 2011, 196,
5742-5745.
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171. Liu, Q.; Shinkle, A.A.; Li, Y.; Monroe _C.W.: Thompson, L
Chromium Acetylacetonate Electrolyte for Rg
12, 1634-1637.

.; Sleightholme, A.E.S. Non-Aqueous

172. Liu, Q.; Sleightholme, A.E.S.; Shinkle, A.A.; i, Y.; Fhompson, L.T. Non-Aqueous Vanadium

Acetylacetonate Electrolyte for Redox Flow s. Electrochem. Commun. 2009, 11, 2312—-
2315.

173. Kaur, A.P; .; Elliott, C.F.; Odc
Catholyte fo Batteries. Energ

174. Su, L.; Ferrs

175.

176.

177. Li, Z.; Li, S.;@u, S.; Huang, K.; Fang, D rties of an All-
Organic Red@x Flow Battery Using 2,2, ylphthalimide.
Electroche o

178. Kwon, G.; Lee, K H.; Lee, B.; Lee, S.; Jung, S.-K.; Ku, K.; Kim, J; Park, S.Y.; Kwon, J.E,;

et al. Bio-Inspired Molecular II;edesilgréof a Multi-Redox CatNhAolglt:%for High-Energy Non-Aqueous
Organic Redox Flow Batteries. C-herm 2C8]e.51qgcféa&§%é)ég _

17theviidd) dffRrerRajbetvepVasudevsrad, NA- Bk & ar dre &t c8 ol Ko toaroa sach aug Rty noto nalise R FBs,

org@acmhaets sect athackeofoiildighow) RS EG4B R ARSI B BAIE RIESD xpFipyeBatteriepaNaRC). 162
(169 AR ED Gnd At Glcat Udie (EC) 17311741178 are used to dissolve metal-ligand complexes as reactive
ies. To i ivjty, ionjc liquid i d i lectrol h traethyl i
18?5).68{%, ; T%@Pf %11%9?&\7%55‘(9?\?\/““%@35, %’Eg fﬁ%ﬁgs,“? .ppjf'r?@*y?i\iﬁ%tééwatsa REAGRAGR™™
tet t ) to Its cf tibilit t t .
e g?éﬁ%@ee rganic Mo gcallesscl% 86-%&%0&%?350%?&?&\? Battery. J. Mater. Chem. A 2020, 8,

Oné'507f1t?@1r5n%11204f' limitations of NA-RFBs is the low solubility of the metal ligands in organic electrolytes.

18AurBeokpdk; Keveolid@e Bysssnduk Eo; dBong etectkargmidre lsemjfiEaiiuhaiblie RREBX-FectivecTthazemngkctivity
of BarhenedqetaticrmgatidenivEinisssef Anatytdgdois NwiaeAtat ofish® rgartcUR exbidichtoediBat tesE¥3l. To
oveAOBAhekeMiatitatitmte réttcrga02@ddR IBWIBBteBES45-ORFBs) have been proposed to bring together the

18380 Zsaf?fs‘zt‘aﬁ‘ﬁhﬁ‘ and %@ﬁgﬁﬁit‘;"?ﬂé‘l" .é‘%@éﬁ'%@%&‘%‘ét&rg%}ﬁg%ﬁ%;“i&‘é?é’&ﬁ|eg for None o Waz
R e00s Radox Flow Batterias. Bhb rhesis, B)nWersﬁ'f?SPMPéﬁigaéﬁf Anh Arbor, Mi T8RS "
supported by NaClO,. Tests performed indicate an equilibrium cell potential of 1.6 V, stability in charge—discharge

https://encyclopedia.pub/entry/15012 25/37



Redox Flow Batteries | Encyclopedia.pub

188 chemstcom go o bideftitiendy .d/90Pogitibnitd-thapalicadioricatrBe fianiexcdliemt poatetini@letpptication in
NARFRETEHIC Organic Non-Aqueous Redox Flow Battery Electrolytes. J. Power Sources 2019, 440,

227037.

Kwon et al. 2781 in 2019, reported a multi-redox BMEPZ msplred by biosystems as a promising catholyte materlal

184. Sharma, S.: Andrade, Maurya, S.; Popoy, LA,; Batista, E.R.; Davis, B.L.; Mukun
Wlth the highest en _Ig ens%y eémonst ted for or an\lé: RFBs, but tthey also’reported furtheer engli‘neerlng of redox
0

actlve rtggmé\l rr?ol’ecufe ?IggMA)MKoggV\r/]:gtaarac (?[“lll Iarr?(? (Ilrggllog XJl%W%l%erenPlggr% r?a?ngnhsar ano rtggrgn
rNon Agueous Redox Flow Bag;eg{ Aerllcgthons Ener Stora e Mater. % % 37, 576—
catholytes, also reporting that these combinations and their concen t|0n3| uence cycling behavior and ¢ arge—
185 sGherenaroBesRgthadirls etRiakal ipréadsad S ¢dthadotalbartyd AgtiShiekiadA Igrpdehikasedxchetatitp®. the
Unikzesityoathemicalali vahgaised af NDIkRERp e o pyrralePBeyiadty esdin-ddova quealfe R edgoielovelecules
[180B amp e sh&bham. mentidn&0Ztoups, there have also been studies on ROM as a possible electroactive

[181][182][183][184][185]
186, Ral Prﬂlfol(/lNAifrﬁB? Gorski, C.A.; Logan, B.E. A Thermally Regenerative Ammonia Battery with

Carbon-Silver Electrode}s1 %rC nver} ng Low-Gra eWﬁLste Heat }10 lectri |t J. Power Sources
Another promisin system in which higher cell voltages can be achieved are t ermay egenerative batteries. In
018, 373, 95— ?
such systems, ‘thermal réactions induce a chemical reaction to charge the battery. Most of these types of batteries
18teZeang|iil hadhdny, $ivekioncopai, 228 Zinengaih Anofigatio thébi-3ydiembianes: i e digod to heat-to-
povige nenaticivsapey aier alforable\fasadit andRgd Re Edatly, Batterpesy €Y BBS)Y BENe3gy\Environ aSaigle cell

wahbrtdd 186ediiéPorted operated at a hydraulic retention time of 2 s (flow rate = 2 mL min™1) and showed a

18%6%66{3(? V\f_er %ﬁglﬁ(élo Over Cces('i)'veLcyS&e%dvanced Porous Membranes with Tunable

DedRenacR B! 9%""‘?896-2 ¢ %Ps'ctos S AR IO S PUAPARD oS R (PR Hembranes

Interfaces 2019, 11, 2410 113.
that meet ﬁ the requ:ll'rements z)r their proper functioning, which include several properties such as high ionic

18&rBuctlvityZAransg | E2 ViR oy SwaldbjlX,; lbw@ot,; dhe, KighQritiigt ed i nagiran e D aidedhaficnl BEHEEHRA!
To thyendoated &anpogite IMeasbrastba ot \dhmadhu pldResioxrfdawning atte nye tiornhrndydadgakiagss)yand
sha?@admjrt2, 2 t806r1Ah8M6ranes 631, The analysis of the plots in Figure 5 allows us to observe why none of the

190" Zha advﬂ}?c‘i@lé%r@emQrWStSSH?'S@??a\?JSdSZ?HQ&% PR PSR PR, ESRIRP Bos enaficRy " '
posﬁ'blfﬁys. R AR S s EW BRI SRS AN LB BoTs" B8e AP s NARFBS
on a large scale membrane development is a problem that must be overcome.

191. Navalpotro, P.; Neves, C.M.S.S.; Palma, J.; Freire, M.G.; Coutinho, J.A.P.; Marcilla, R. Pioneering

Use of lonic Liquid-Based Aqueous Biphasic Systems as Membrane-Free Batteries. Adv. Sci.
2018, 5, 1800576.

192. Park, H.B.; Lee, K.H.; Sung, H.J. Performance of H-Shaped Membraneless Micro Fuel Cells. J.
Power Sources 2013, 226, 266-271.

193. Lopez-Montesinos, P.O.; Yossakda, N.; Schmidt, A.; Brushett, F.R.; Pelton, W.E.; Kenis, P.J.A.
Design, Fabrication, and Characterization of a Planar, Silicon-Based, Monolithically Integrated
Micro Laminar Flow Fuel Cell with a Bridge-Shaped Microchannel Cross-Section. J. Power
Sources 2011, 196, 4638—-4645.

194. Marschewski, J.; Jung, S.; Ruch, P.; Prasad, N.; Mazzotti, S.; Michel, B.; Poulikakos, D. Mixing
with Herringbone-Inspired Microstructures: Overcoming the Diffusion Limit in Co-Laminar
Microfluidic Devices. Lab Chip 2015, 15, 1923-1933.
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19%afDlensgcddarhic Chen, F; Fang, Nb)SaAnalysis-of;Membraneless FygliaelhUsinglaminar Flow in a

1 i HpAaE _ membrane
‘F‘S’Ffaf?é‘tm}éh%%hannel. J. Power'Sources agg%h%SQ, 810-816. High fonic

selectivi selectivity . seIectivitY .
196M Phark, Il-l.B.; ed, D.H.; Lee, KMH.%Sunlg, H.J4An H-Shaped Desi nhfor I\{Iembr eless Micro
echanica o : . ch . ec. anica ; Chemical ec. ‘anlca Chemical
stdohi! Cells. jes hl@éz?ﬁg{ﬁ 2088wty 4416"4425' stapilty ~ Stability stability
197. Kjeang, E.; 2 ’;;;’L ‘ .; Harrington, D.A.;’jijilali, N:; Sinton, D. A Microfluidic with Flow-
Through PoroUSeaig t[odes. J. Am. ChemgSee. 2008, 130, 4000-4006.
= Low / Low Low
Low-cost swellabilitﬁj Low-cost swellability

; . v swellability Low-cost .
198. Kjeang, E.; Proctor, B.T.; Brolo, A.G.; Harrington, D.A.; Djilali, I\Y Sinton, D. High-Performance

Microfluidivgtamadium Redox Fuel Cell. Eletipbamim. Acta 2007, 52, 4942—494igh ionic

conductivity conductivity conductivity

199dfmesFigRméEmbRIReOCK, A.D.; Clarte) MbBuifM@yempdsitd/hitesides, G @ Membraneless Vanadium

Redox Fuel Cell Using Laminar FISW¢MPRAE Chem. Soc. 2002, 124/"£2930212931.
High ionic High ionic High ionic

200. Ibafiez, s E*Yhntero, AE.; Garcia-S;;lIabersfalIe VY. Vera, M. Effects of the DIftEVE Mixing and
gg%?ﬁﬁlscharge Reacti@WimMicE@Eﬁ?@%l rrﬂ?%ﬁ%&ahow Batteries. $hemipal

stability

stabili
Heat Tra 1, 1%0, 121022.

201. lbrah M.-A.; Kjeang, E. |
Low

Lofsetai shdiadliy-Leowiagar Flow

(le_(r)iv%ation of Symmetric Dual-Pass ™
siokbmy Acte-costl 6, 187, 27 7—285%wellability
202. Lee, J.W. Higowiet, M.-A.; Kjeang, E. Microfliidicidriedox Battery. Lab Chip 2018igd 8ni2504.

conductivity conductivity conductivity

203. Marschewski, J.; Ruch, P.; Ebejer, N.; Huerta Kanan, O.; Lhermitte, G.; Cabrol, Q.; Michel, B.;
Priglital® K d0aQuivth efMegs:foansafee Pesfertieandeifarhancemieanes K5 abparighe 36 R eHsr dow

Cells with Mixing Promoters. Int. J. Heat Mass Transf. 2017, 106, 884—-894.

The literature found shows that to move towards advanced NA-RFBs it will be necessarY to develop and/or
0}

204. Navalpotro, P.; Palma, J,; Anderson, M.; Marcilla, R. A Membrane-Free Redox Flow Battery with
optllr\1|1zlize e anoﬁ/tes arqa ¢atholytes curren!tYJ/ avazﬁa%’e. In this context, improved ano? es and cat ol}//tes with

ey e el peror ey EaHCHary Sy a8 Teverablity il e Gavaioped. The analysis of the
20&uridamghepal MeOartSisw-htticaie¥. thitashaikehafipAloinei r&Glokyctdleleride nulrarieldsa-REBO s falta
shdBarite piesnBagect aritdofrisathiegliiog icbtelectr odybesobe rincansttatioiomdtimAd bileati ook Gleekustiyee

yedrde stooaeduan, dciar20it8, AphicdiloAsOthe lifetime of redox electrolytes need to be further improved, namely

Zotg.e'l{lgt\?gpr%t?g?Fc’ﬁeﬂﬁ?ilfcr)?sé?;vﬁ)ibntes, I.; Neves, C.M.S.S.; Palma, J.; Freire, M.G.; Coutinho, J.A.P;;
Marcilla, R. Critical Aspects of Membrane-Free Aqueous Battery Based on Two Immiscible

| 3-QtherRFB Cenfigurationsoo, 26, 400-407.

20¢h NAVRIROHQ P @ MmN R Bs MOHESgihg BN BontigdVaTsH B MRIREND A6 Y SrEAHLY Ak
end'5 BLNBRFSF RS RALENASPOGRRE LSRG P REGL famBRATe R L. HRUs ol R eRo ElREIMEHre
red%ﬁ%&t%ﬂ%‘%iﬁﬁ%@%‘r@aﬁg ’aﬂazd%@e_flblgéﬁnplemented in a wider array of applications. In this

20%%%%14@9@%@&@!%%@%@@@%%@ RF}HD@}&‘FF‘:; wEaeilo Memaranglepsbiancrags che F@g,tal—air flow
batiedeRansific BhdisterberlitsatY Irreniseibnw brikien end sRcriddar basrieElectrochem. 2020,

21, 100-108.
3.1. Membraneless
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2000 elja)yRis Bicties shhywEiirmokt bi.tHe lcapTabosfeis BatieoythSteriry hrayydnyhbraesiernbeaien®. One
ambidrossaltéguatve tquidcUntesiaapis. obigem € omuwion AQD6{idgiRa8t6thaddées not rely on any membrane at
21 AR, 'RPED 5! ONitQ!S". FROAE BERSY? B SR Mhat MEE RS hiteneas 1o STAHE 16 "

Flgwrgrglté}{,et%gr&%? noerraﬁlrﬂ/l%ll%rr@yfg’t%1a£§?ﬁ1_glbsg. that: the laminar membraneless and the immiscible

membraneless.
211. Yu, W.; Shang, W.; Tan, P.; Chen, B.; Wu, Z.; Xu, H.; Shao, Z.; Liu, M.; Ni, M. Toward a New

TheGanaratioreoblaow €se sk i oie hiydaodl R2umabieifdiptas—kikEdpa Baita lee sadinstatiery Ghsveed BO 1190
eledtrad@d 2R GGAN interface between them that is responsible for the ionic exchange (231,

212. Risbud, M.; Menjctas, C.; Skyllas-Kazacos, M.; Noack, J. Vanadium Oxygen Fuel Cell Utilisi
T2he major concern o# tﬁls approac¥| ?s the % crossover?hat leads to a coqunX)c e |clilency o%‘ ca. 55‘"0 33],

High Concentration Electrolyte. Batteries 2019, 5, 24. :
Despllge several conﬁgurat%ns becl)%] designeoT and tested to gate in order to decrease the crossover effect, this has

2 It GhemsahidveMAETE2LIPER 2SIV pPade ciér, hytvindaumnel cabbidikhid. pHas ek sd highettRole raft lewssible to

opdratehhagelMerdmasrative aoud iamd Daydgere Frealdiek. id.dliehhnaboia20Ri 62 @ell LOPIOEI195][196][197]

[198][199]
214. Chen, P.-T.; Sangeetha, T.; Hsu, T.-W.; Yang, C.-J.; Yung, T.-Y.; Yan, W.-M.; Huang, K.D.

roved Performance of a Zn-Air Fuel Cell by Coupling Zn Particle Fuel and Flowjng Electrolyte
Adc”tri]gnally, %e glréusmn ayerobetween t‘we two eectro%tes tW?c egls towards the cHanneﬂ, which lngreases tﬂ cell

Chem. S. Lett. 2019, 728, 160-166 . . :
resistance &!yAn alternative to reduce th:ll's effect is to increase the flow rate; however, this also represents a

2 1ibnikahrPsindel argflde nCieme keptlhnYinaMo,ofdeRermyvBid Wandgxtifre dialetrdlytghiEnergy-Density and

Long-Stable-Performance Zinc-Air Fuel Cell System. Appl. Energy 2019, 241, 124-129.

2:Lléinally, sinceﬁ)ne_lpf %F\ maj%r concerns Seout Iaminar flovr\émembrﬁneless cells isftRe rE?ctanl\t/Iﬂow control, most of
. Sangeetha, T.; en, P.-1.;. yan, W.-\Vl.; Ruang, K.D. enhancement or Alr-Flow agement in
V\%re performed In mlcro?Iw(Ic r?uel cel}{ls. Despﬂg thls[%a\% meat the efﬁcr:ll

worZs e forred I miciofiidic il Despite this ng a positive impact on eficy and current
-Al Imi [o]] Ir- W r IS. Enher JZ% ]
den3|rt]y of tﬁg 8EVI066,SIt a sg |ﬁcre%ges %ﬁé o enge to%psca?ee%mse ttgcﬁno ogey WY etz .

217. Zhang, N.; Deng, C.; Tao, S.; Guo, L.; Cheng, Y. Bifunctional Oxygen Electrodes with Gradient
The-prsishIRc/PRaRGRIROYE RERCRIRSIAfefateadoranERl| KiPENRS BaRaned Peifdeh fIEwMPesirendpo, or

Mo IMMissipds 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 204,
218. Yang, T.-F.; Lu, J.-H.; Yan, W.-M.; Ghalambaz, M. Optimization of Pulse Current on Energy

Théﬁ?&f%%é?)‘a%i&&é%{ ﬂg\ﬁr%agfe&)%ﬁgt]ra%wv ﬁréﬂjrb%%%@m’tﬁé ?ar%%Z??ré’w strategy is the reduction of

215 agigniygrosshaygy eiiechsiaee s0e MectelvieRaie ZPoriRBpously xeparpiadidwg. oriieimpaHitiefierpitcteris (205
295\ 1agpisipnay-oft I RAFR G E0 PEEfEIi ceel IpIpPEORIRE P IRNETRECATN Mo Ealive iBwdr CHaBhAIRsNa e
cyclerpBiiietitar and-Modeling Investigations. J. Energy Storage 2021, 40, 102779.

220 fiHRN % of P the afefRAGHY EANBNREMABLAL S it ERYReR ElNBAE Y EREOHI ARGy
still%Q&@ 1%@79@&3&%)@5 of self-discharge, which currently is one of the major drawbacks to be surpassed [208!
2 HETArTReERIle ergidelny Seing moreagvancad EIREXDS WAKSE, (0P, IDWRisFRie BreDataNpes T 6o Uiy,
e.gRBUBEII G SRilasiohRR2IGIRShRY TO\RAYES U ReasEx IPRsw 1§viO0zs BRI OC HEnR oG R Rsale due
to thejn bvsaneygy dersig4solvent evaporation (which leads to unstable CDC), high ohmic resistance, and reliance

on flammable organic solvents 299, _ _
222. Zhu, Y.G.; Wang, X.; Jia, C.; Yang, J.; Wang, Q. Redox-Mediated ORR and OER Reactions:

FinBGIOK ! SEBLISPYOERREIRIES FdRIaH B A SRlHRIERGIRCANS Fref firder to

sel&{"t‘?lre%g}%aﬁ’ 1%}%§%%Zry configuration, one must not only combine good electrochemical stability and
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223vetsigijeriyith ArbigzaohEntSoavinFfheiarbediaden asC athabyie joatklighr tEoe rgye iaasity SamanGedidhe
maini K02aRtaye Battaiy sCacge - 20208294 28757 ,

224 LoMiethl-RitFlow BaREHES (MAFBY &N Metal /AP EGS ElIsSqMARE)es in Zinc-Based Flow
Batteries. Front. Chem. 2020, 8, 557.
MAFB are one of the answers for the low enerlgy density of classical RFB and, as an added advantage, this
225. ﬁ(u, Z.; Fan, (% Li, \f] Wang J.; Lur]d, P.D. Review of %lnc Dendrite Fo mat|8n In Zinc Bromin
technology also retiices thé cost of materials.’ By reacting a metal, on the anode side, and oxygen, on the cathode
. Redox Floy Battery. Renew. Sustajn. Egergly Rev, 2020, 127, 10983118. .
side, it 1S possible to reduce the volume of the batt&ries, while alsb incréasing the standard redox potential of the
22€eIWihelsb. Gchilotnjck Sre Balha, dh Rayly erageYoKthéede vélXprnbgh-iRevéoem argeshove ddeanioe lavas an
endB@ttaryrai@ |sypravedBERigh ohelectiolyiteemd £ leatrode. MAPBVeRH SONFE $s20hT 185 Fatfist—&@. not
2P NGB TS WA L BaARg oF e AHShe! HIHEeS a6 ERSc AR Yoy Lpelie ficusse
in tF—JFb\r/s ﬂt&?e%a}t‘j’. Bg\s,\tlé/\{rogosug?gkélésaﬁqlg)’cggf’nztga_cggg{lnatlon of vanadium, zinc, or lithium with air. This
subchapter will focus on these technologies.
228. Jiang, H.R.; Wu, M.C.; Ren, Y.X.; Shyy, W.; Zhao, T.S. Towards a Uniform Distribution of Zinc in

Varthdiutegativel Etdist(GAECD aéineri3 ioteremihd aw d8hikes iy p phdrmedgys2EES WAd 8 ,ca6fpadatiito VRFB.
228, REERPARES:; N SFRRE oV B XA RSN, UV BRaYERIM VP, Bhadien A ARa5upany, B
eI S IR 1OtV A e SR A0S e B AS AN e o £ B ORire FEdbe e

conﬁFg\;\’alﬂgrt]t 8;i\é%p%qiEﬁeirr]gt{/]eS?cl)erg{;%yéeOEB?rﬁgr?%él&_ﬂiga.er temperatures, since the V (V) solubility problems
do not influence this technology. In 2019, a VAFC was reported by Risbud et al. (22, They achieved a power

23Qerlstty o 25Unfhi SRE0 o8 4d-inA s cAhangitta bhnkaHIEHEHAaaC 8008 FelFR GRS MEENINTRIC b
varR&lfeisnERARIE ha ORI €NGHmiRe &rlows Balisry wishidirahi g BoweaBanaiYa AREC with
the %HH@CM’@E@ET%%]Of%&iM&: The membrane is a very important component of this technology.

231. Mariyappan, K.; Velmurugan, R.; Subramanian, B.; Ragupathy, P.; Ulaganathan, M. Low Loading
SRR ST E RN AITcINg MERFLAZHEN S AR Ay WPSr s AR Ving PG iy B AITERE b R R
hav[(igdgi)%rkig%cggﬂgtrjﬁri\‘z]iltypb%aedrd' igﬂrtc(:)eyEO?ﬂ ﬂ@lﬁeﬂﬁéﬂ:‘f?bmw through the membrane is required, as
well as good water permeability to achieve good performance of the VAFC. Charvat et al. 223 studied the use of

233 1RR1 datdn-BRnEngKiMentbraitbstinS VAIES. KideyPRVRIDBIRERIRET it R MRahdeter 3¥abifance
ancEREBNG NMERE &ivetioshgmiaa! Rerfasnanse Ricéine Brogire Glry BAERNorSSH IRAPcRS2hnd 5o

cofiric efficiency with a discharge current density of 50 mA cm™ and a charge current density of 150 mA cm™2.

233. Yuan, X.; Mo, J.; Huang, J.; Liu, J.; Liu, C.; Zeng, X.; Zhou, W.; Yue, J.; Wu, X.; Wu, Y. An
Zing—air fuel cells (ZAEC) h th f. hayj i t tential (1.65 V) th AFC (1,49 V).
m%«?lﬂregﬁsc fb@ld %Hc-%"r%m?ng %?{8%7 \?Vlthal\quqha\%ﬂ%edesgﬂgaédng?g%/n@e S|?y. \@he?rq ectro hem)
Thii(s%m?log%irliyﬂgég lot of parameters to be optimized. In 2019, Chen et al. (214 siudied how the electrolyte
flowrate affected the perfo}mance of a ZAFC, with zinc particles suspended in the solution. They reported a current

23ertdpot-51l8% M b af® pBredhiRiag ofd. M-wiich ddiekdy oreleiieaRraus GONP R Iy embARenw
cmWiIRNBROMIRG SABPRIE QE Y JofearBReRNsr BasGRLFiaw Batierye Madar of @drmtenesaYikd plodites

ziné&@?@ﬁich can become zinc oxide if the solution becomes oversaturated. This factor hinders the discharge
23BAARNNRNG 208 esROE YS! \MaH§hBban, KNOTRgARe Hafitan SRUGUPEIRYIP. AR R Rlectrolyte to
remeB tHs G SIPEPOVP IRRRESRAISIES FHHiHy ETRLH SRS fRIfeERRIAMm g ave Pefdfmalaggptimized the flow
fiel-p4PSABPLEIER 18R Y5 BROSAHRIX GO BOAMRATC T SChiSU A A RIRs BYRe C8RaCi Y7495 Ah L™. On the

other hand, Sageetha et al. 226l 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,
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23Bhefucdmpanant, £celMaittg né-.aiGilowy. Prazandzify; théaailaaisk, FadRa; ieueficiaOsteikosjnée MéaomtehtAf O,
waliagdrantiparsSixggecapatied/é\BydieneCesnlsning Triple Functions of Capacitive,

Pseudocapacitive and Battery-Type Charge Storage. Mater. Horiz. 2020, 7, 495-503.

The main d|ff|culty for MAFB is finding cheap electrocatal sts that are active in the ox gen reduction reaction and

237. Wan Z.: Tam, L.-Y.S.; Lu, Y.-C. FIeprIe Solid Flow Electroqes fog %eg% Scalable Ene
in the o gen evo utlon reactlon Moreover these reactions are very sluggis m klng t eve opment of these

elec'[rtcc;(ggll %/sf]sollrjrlw%ezrgt}v% t:c)’) a]éESSZrZa batt8er|es with high efficiencies [Bl[210211 7hang et al. (217 reported a zinc—air
23BviRhaterk g2aRR) Ghd . Re Ve w éaticleithdawsBattie aytSyste mamathds ot idi &lect rosstive dijaterialgradient
hydvaahilisdiydeghobic BMzinoiechiaot vidfoetdctio mxateelddracess wiieaseRicenoim . R@dpbt&Hial at 50

mA@4D8®Y.190 mV, increasing energy efficiency.

239 \entosa, hh KI| : Flox ; Chag : Vaal C.; Schuhmann, W.;
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243.3YZingv-Bromime FlowmBattefies G.; Ma, L.; Wang, Y.; Chen, R.; Hu, Y.; Wang, L.; Chen, T.; et al.

All-Polymer Particulate Slurry Batteries. Nat. Commun. 2019, 10, 2513.
Zinc—bromine flow batteries (ZBFB) are inserted in the electroplated flow battery category. This section will focus
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redgygtandard potential of 1.58 V. Even though the theoretical ZBFB specific energy is 440 Wh kg1, commercial
systems only reach 14-19% of this value. These batteries also suffer from other problems, e.g., zinc dendrite
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bro?é%e.érgz_cg%%matenals used in ZBFB are cheaper than the ones used on other RFBs; however, the solutions
to solve the problefns previously explained make the commercial price of these batteries similar to other RFBs &
2581 ZAama31M.; Huang, Q.; Pham Truong, T.N.; Ghilane, J.; Zhu, Y.G.; Jia, C.; Yan, R.; Fan, L.;
Randriamahazaka, H.; Wang, Q. Nernstian-Potential-Driven Redox-Targeting Reactions of
TheB &ttesy il atsealsh Giveai2 BF B3 ha83Geh04@. reduction of dendrite formation and improvement of the
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coné%ar%iﬁ_ a ZBFB without this addition to the electrolyte. Furthermore, they did a thermal treatment to the
graphilte felt électrode, which improved the performance of the cell even more reaching a value of 81.8% EE at the
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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 electrode with defects and an original graphite felt electrode in a ZBFB [228] Archana
et al. 229 gpted 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 cycling 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 239 Mariyappan and coworkers studied the effect of adding a low loading of
platinum on graphite felt using a pulsed laser deposition. An 88% EE at 50 mA cm™2 was achieved using the

mentioned strategy 231, Lee et al. 232 implemented a titanium-based mesh interlayer with a carbon-based
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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 (233,

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. 234! 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~2 238 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 kg1 [236],

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. Nonetheless, 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.
3.4. Semi-Solid (Slurry Flow Batteries)
3.4.1. Without Redox Mediator

In order to overcome the solubility limitations of conventional electrolytes, one possible alternative is to use a semi-
solid electrolyte [2371238] 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
suspended porous materials (conducting additive) since graphite felt would be clogged by the suspended species

[237](238] Thijs configuration is represented in Figure 6.

https://encyclopedia.pub/entry/15012 32/37



Redox Flow Batteries | Encyclopedia.pub

Inorganic active particles

Conductive additives

Figure 6. Representation of a semi-solid RFB without a redox mediator. Adapted from Ref. (233 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 [22[2371[238][240][241][242][243][244][245] ' Additionally,

the semi-solid RFB can be either aqueous 2482471 or non-aqueous, such as the one represented in Figure 7.

Furthermore, decreasing the particle size will result in improved diffusion, enhanced charge transfer, and higher
current densities 228, 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 (228, 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 [81[2071210][213][214][216][217][218]
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Figure 7. Organic slurry RFB based on all polymer particulate suspension reported by Yan et al. 249 (a)
Schematic representation of the mentioned organic slurry RFB. (b) lllustration 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™ 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.

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 [@@@]@]

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 Bl[2441253] Thjs principle is
schematized in Figure 8. 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 [Bl[24411253] Thyjs principle is schematized in Figure 8.
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Figure 8. Representation of a semi-solid RFB with redox mediator. Adapted from Ref. 29, Copyright 2015, MDPI.

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
(2441250] 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 B2l254], Additionally, this double kinetics system
leads to a dependence between power and capacity 2292551 and the screening process of choosing mediator and

active species gets even harder when compared to other electrolytes 259,

To conclude, semi-solid batteries are a promising strategy to achieve the main advantages 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 2581 Furthermore, it is also possible to combine the slurry redox flow battery with other
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configurations, e.g., slurry—air 2271, 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 electrode 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 optimization of new active
species and new configurations to overcome the current difficulties. 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 [22l, For aqueous systems, Dmello et al. [228] suggest a cost target of USD$ 100 (KW
h)~1. 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™1) 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. [238] proposed a cost target of USD$ 100 (kW h)~* by combining 100 g mol™t molar mass
of active material with area specific resistance of the battery of 2.5 Q cm?, a cell voltage of 3.0 V, a 0.2 salt ratio,

and 3.3 mol kg™! active molarity [258],

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
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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],
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