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Recently, aqueous-based redox flow batteries with the manganese (Mn®*/Mn®*) redox couple have
gained significant attention due to their eco-friendliness, cost-effectiveness, non-toxicity, and
abundance, providing an efficient energy storage solution for sustainable grid applications. However, the
construction of manganese-based redox flow batteries remains difficult due to severe intrinsic issues,
including poor cyclability and limited capacity. During the past few decades, several scientific attempts
have been made to alleviate the issues fundamentally enabling a pathway for high performance redox
flow batteries. Herein, various developments of manganese-based redox flow batteries are methodically

Received 6th March 2023, understood and reviewed. Moreover, the charge storage chemical reaction mechanism of manganese
Accepted 10th May 2023 redox couples under various conditions is conferred providing an excellent opportunity to design
DOI: 10.1039/d3ya00102d scalable, affordable and environmentally benevolent manganese-based redox flow batteries for futuristic

grid applications. The remaining challenges are tabulated and the authors’ perspectives are highlighted
rsc.li/energy-advances for the highly promising manganese redox couple.
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of fossil fuels and environmental issues such as global warming
and CO, emission.” The electricity generated from the combus-
tion of coal produces greenhouse gases which settle in Earth’s
outer atmosphere causing global warming.> This scenario can
be effectively overcome by producing electricity from renewable
resources such as solar, wind, and tides due to their clean and
inexhaustible nature.* However, the intermittent nature of
certain renewable sources such as solar and wind substantially
increases the complexity of electricity generation.”

In order to use renewable energy sources effectively, the
development of an energy storage system with low cost, eco-
friendliness, and high performance is always desirable. The
electrochemical energy storage (EES) technology is one of the
potential candidates owing to its advantageous features such
as high performance, long cyclability, cleanliness, scalability,
and high performance for storing energy from renewable
resources.”® Hence, integrating renewable sources of energy
with EES technologies would be a better choice to sustain the
energy demand. There has been significant development in EES
technologies such as Li-ion batteries,” lead-acid batteries,® and
supercapacitors.” Among these, Li-ion batteries are well com-
mercialized and widely utilized in portable and vehicle applica-
tions in day-to-day life."® Moreover, the expensive nature and
lower abundance of lithium impedes grid-level energy storage
applications. The limited energy density, poor cyclability (less
than 1000 cycles), toxic nature of lead, and use of sulfuric
acid in lead-acid batteries relatively hamper their widespread
application. The intrinsic nature of low energy density of
supercapacitors make them not the right choice for grid-level
energy storage applications. Thus, the development of state of
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the art EES systems is urgently required to meet the global
demand effectively, especially storing energy at a large scale.
In this regard, redox flow batteries (RFBs) are widely recognized
for large scale energy storage applications due to the decou-
pling of the power and energy densities, long cycle life, scal-
ability, depth of discharge, cost effectiveness, and easy battery
fabrication process."""”

The energy can be stored in RFBs by dissolving redox active
molecules in a suitable solvent, which is constantly pumped
into the cell stack wherein the actual redox reactions take place.
During charging, the energy is stored by the oxidation of the
catholyte and reduction of an anolyte, whereas when dischar-
ging, the energy is utilized by the reverse redox process.'>'* The
choosing of an appropriate redox couple is the most important
part, as it determines the cell voltage and energy density of the
battery. The perfect redox couple should possess some intrinsic
characteristics, such as high reversibility, high solubility, and
high chemical stability. At present, various redox couples have
been proposed such as Zn/Br,,*>'® all vanadium,'” Zn/Ce,®
Zn/V,*® polysulfide/iodide,*® all iron.*’ Among various flow
batteries investigated during the past, zinc bromine and all
vanadium systems are very familiar and also successfully
commercialized around the world. Though zinc/bromine and
all vanadium are well studied systems, they still have some
issues that need to be addressed. The high corrosive nature of
electrogenerated bromine severely affects the battery compo-
nents and significantly reduces the lifetime of the system. Apart
from that, the non-uniform deposition of zinc during charging
causes dendrite formation, which leads to puncturing of the
separator resulting in battery failure. In the case of all vana-
dium RFBs, the use of high cost Nafion-117 membrane, toxic
vanadium metal, low energy density, and use of acidic electro-
Iyte makes grid-level energy storage applications more of a
challenge. The all iron RFBs are another most appealing
candidate for energy storage due to their low cost, eco-
friendliness, and non-toxicity.”> However, they possess signifi-
cant challenges such as low stability, poor cycling performance,
and susecptability to aerial oxidation.”® Hence, the develop-
ment of novel redox couples which enable high performance
and affordable cost advanced RFBs is very much essential for
sustainable energy storage applications.

Manganese-based batteries are one of the oldest chemistries
and a well familiar technology across the world for primary
batteries owing to their enormous benefits, such as moderate
cost, eco-friendliness, abundance (8th most abundant metal),
and high theoretical capacity."*® Manganese has a wide range
of valences ranging from Mn>" to Mn’", allowing for extensive
electrochemistry in Mn-based materials. The manganese-based
batteries have been classified into two broad categories such as
first generation and second generation based on the primary
charge storage mechanisms.*® The first generation manganese-
based batteries solid-state conversion reactions
(Generation 1A) and intercalation reactions (Generation 1B)
of the manganese dioxide (MnO,) cathode. Alkaline electrolytes
have been frequently used in generation 1A manganese-based
batteries. However, the use of an alkaline medium limits the

involve
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cyclability and capacity of the MnO, cathode; the major reason
for this is due to the sluggish conversion reaction between
MnO, and the reduced Mn,03, so it hampers the full utilization
of two electrons.?” In generation 1B, mild aqueous electrolytes
are widely used in manganese-based batteries, in which metal
cations undergo an intercalation/deintercalation mechanism
with the MnO, cathode in the Zn/MnO, battery.”®*® However,
the long-term cycling of Zn/MnO, batteries using mild aqueous
electrolytes revealed poor capacities at high charge/discharge
rates due to the structural collapse during the solid-state
intercalation/deintercalation process. The second generation
manganese-based batteries have gained significant attention
in recent years due to the deposition/stripping mechanism of
the Mn>*/MnO, redox couple, which has various advantageous
features such as two-electron redox process, high theoretical
capacity (616 mA h g™ ), a high standard reduction potential of
1.23 Vvs. SHE, and being completely free from cathode proper-
ties i.e., avoiding structural collapse.® Recently, the Mn**/Mn**
redox couple has emerged as a prominent redox couple for
redox flow battery applications due to the liquid-liquid state
reaction of Mn>*/Mn>*" redox species, which eventually elimi-
nates structural collapse or flow field blocking. Interestingly,
the standard redox potential of the Mn**/Mn>" (1.51 V vs. SHE)
redox couple is much higher than that of Mn**/MnO,, MnO,/
MnOOH, MnO,/Zn,Mn0O,, and most of the redox couples.
Therefore, it is easy to achieve high cell voltage RFB devices
by pairing Mn>*/Mn*" with a low redox potential redox couple.
Thus, Mn*'/MnO, and Mn?*'/Mn**-based batteries are consid-
ered as viable alternatives for large-scale energy storage.

2. Significance of the manganese
redox couple in RFBs

Manganese-based redox couples have gained significant inter-
est in energy storage and conversion devices due to their high
standard reduction potential, high abundance, corrosive free
nature, eco-friendliness, non-toxicity, one/two electron transfer,
high solubility, existence of variable oxidation states, and good
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reversibility. Fig. 1 illustrates the salient features of the man-
ganese redox couple for not only battery and supercapacitor
applications but also for highly adaptable redox flow batteries.
More impressively, the standard reduction potential of the
Mn**/Mn*" redox couple is 1.51 V vs. SHE, which is higher
than that of many redox couples reported so far. Thus, the
extended cell voltage of Mn>*/Mn*" exactly reflects the overall
energy density of RFB by combining with an appropriate
counter redox couple with lower reduction potential. Therefore,
the Mn>*/Mn>* redox couple is ideally recognized as a promis-
ing catholyte for RFBs. Moreover, a deep understanding of the
manganese properties is most essential to construct a high
performance RFB system. For instance, a Frost diagram por-
trays an inherent stability of oxidation states and tells more
about the thermodynamic stability of the species, such as how
much a species is prone to oxidation or reduction. The species
located below in the plot are lower in free energy as they are
thermodynamically more stable and resist undergoing a dis-
proportionation reaction, as shown in Fig. 2(a). Accordingly,
the compounds with Mn>" are the most stable states among
other oxidation states. The species Mn** and MnO,>~ readily
undergo disproportionation reaction as shown in eqn (1) and (2).

2Mn*" + 2H,0 — MnO, + Mn*" + 4H" (1)

3Mn0O,* +4H" —» MnO, + 2Mn0O, + 2H,0  (2)

In addition to that, a Pourbiax diagram also helps to determine
the thermodynamically stable species at a given potential and
pH. The species having a strong oxidizing power (MnO, " is a
strong oxidizing agent) are found at the top of the Pourbiax
plot, whereas species having a strong reducing power (Mn° is a
strong reducing agent) are located at the bottom of the plot, as
depicted in Fig. 2(b). When the predominant area of oxidation
state of the species disappears completely above or below at a
particular pH, then the species will easily undergo a dispropor-
tionation reaction, such as MnO,?". Thus, Frost and Pourbiax
diagrams significantly aid in probing the mechanistic under-
standing of the manganese redox process in cell reactions.
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Fig. 1 Pictorial representation of the merits of the manganese redox couple for RFB applications.
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Fig. 2 Representation of the redox stability of manganese: (a) frost diagram, and (b) Pourbiax diagram.>!

3. Understanding the charge storage
mechanism of Mn?*/MnO, and
Mn?*/Mn>* redox chemistry

With the aim to thoroughly understand the mechanistic pro-
cess of the charge storage of the Mn>*"/MnO, redox couple,
researchers have attempted several techniques such as electro-
chemical, microscopic, and theoretical studies. For instance,
Donne et al®* used a rotating disc electrode (RDE) and a
rotating ring disc electrode (RRDE) to probe the MnO, deposi-
tion on the electrode under acidic conditions. These results
showed that electrodeposition of MnO, involves the formation
of Mn*" as an intermediate; it undergoes hydrolysis and pre-
cipitation to generate MnOOH as in dilute H,SO, (<1 M),
which is then oxidized to form MnO,. For higher concentration
H,S0, (>1 M), practically all of the electrogenerated Mn**
dissolves into the solution, where it has been proposed that
Mn**-Mn** collisions with subsequent disproportionation
result in MnO, precipitation. Thus, the pH and nature of the
substrate play a vital role in determining the deposition of
MnO,. Similarly, Huang et al.>® extensively studied the deposi-
tion/dissolution of MnO, on carbon felt using the cyclic voltam-
metric technique. The MnO, deposition/dissolution can be
followed by two plausible mechanistic pathways, as shown in
eqn (3) to (11). From the cyclic voltammetry observation, when
the anodic potential is below 1.18 V vs. Ag/AgCl there is only
one cathodic peak seen and this indicates that the redox
reactions favor mechanistic pathway 1. Interestingly, on slightly
increasing the potential to 1.2 V vs. Ag/AgCl there is a sudden
increase in anodic current and two cathodic peaks are
obtained. Thus, the redox reactions proceed via mechanistic
pathway 2 over pathway 1, respectively.
Mechanistic pathway: 1
Deposition of MnO,

Mn®" — Mn*" + e~ Electrochemical process  (3)

© 2023 The Author(s). Published by the Royal Society of Chemistry

2Mn*" » Mn*" + Mn** Chemical process 4)

Mn*" + 2H,0 — MnO, + 4H" Chemical process  (5)

Dissolution of MnO,

MnO, + 4H" + 2~ — Mn*' + 2H,0 Electrochemical process

(6)

Mechanistic pathway: 2
Deposition of MnO,

Mn>" — Mn®* +e~ Electrochemical process  (7)

Mn*" + 2H,0 — MnOOH + 3H" Chemical process  (8)

MnOOH — MnO, + H' + e~ Electrochemical process 9)

Dissolution of MnO,

MnO, + H" + €& —» MnOOH Electrochemical process
(10)

MnOOH + 3H" + e~ — Mn>" + 2H,0 Electrochemical process

(11)

The schematic diagram of the Mn**/MnO, mechanistic
process is displayed in Fig. 3. It is seen that the conversion of
Mn>" to MnO, involves multistep electrochemical and chemical
redox reactions, which mainly depend on pH, nature of the
substrate, and working electrode potential. During the charging
process, the Mn>" was oxidized to form an unstable inter-
mediate Mn®* in the first step, which was then substantially
converted into a thermodynamically stable insoluble product
such as MnO, via either pathway 1 or 2 depending upon the
conditions. The formed MnO, gets deposited/passivated on
the electrode surface. During the discharging process, the
deposited MnO, is dissolved back into the electrolyte in the
form of Mn>" ions. The electrogenerated intermediate Mn>" is
easily prone to disproportionation reaction to form Mn>" and
MnO,, which eventually leads to decay of the battery capacity.

Energy Adv., 2023, 2, 948-964 | 951
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Fig. 3 Understanding the mechanism of Mn?*/MnO, redox chemistry and the corresponding cyclic voltammogram profile (reproduced from ref. 33
with permission from The Royal Society of Chemistry) (reproduced from ref. 34 with permission from The Royal Society of Chemistry).

In this concern, to mitigate the Mn’®" disproportionation
reaction, researchers have attempted to bypass the formation
of Mn** by using a chronoamperometric electrodeposition
process (constant voltage charging mode) in which Mn*/
MnO, conversion (i.e., liquid/solid two-electron conversion
reaction) can be attained directly.>*” Furthermore, to achieve
effective Mn>*/MnO, conversion, additives are introduced such
as inorganic compounds, and redox mediators.**™*"

The Mn**/Mn*" redox couple is another fascinating chem-
istry in which both the Mn®>" and Mn®" conversion reactions
are in the liquid state and exhibited a high standard reduction
potential of +1.51 V vs. SHE. Hence, utilizing the Mn**/Mn**
redox couple as the catholyte enhances the cell voltage as well
as the energy density of the redox flow batteries. However, the
main issue of Mn**/Mn** conversion is the instability of Mn**
in a neutral medium as it is spontaneously disproportionated
to MnO,. It can be stabilized by using hard ligands such as F,
PO,*", SO,>”, and C,0,>". Since the Mn>*/Mn*" redox couple
involves liquid-liquid state conversion in aqueous electro-
lytes, it can be only suitable for redox flow batteries. To
enhance the reversibility of the Mn>/Mn*" redox couple,
increasing the H' ion concentration is highly required to
stabilize the electrogenerated Mn®*, respectively.*” A sche-
matic diagram of the manganese redox couples and compar-
ison of the Mn?*/Mn®*' and Mn?*'/MnO, characteristics is
presented in Fig. 4.

4. Development of manganese-based
redox flow batteries

In the last few years, much progress has been made in manganese-
based redox flow batteries. To provide a general overview, we have
meticulously examined previous reports as mentioned in Fig. 5.
The present review discusses the cutting edge studies on the
manganese-based RFBs.

952 | Energy Adv, 2023, 2, 948-964

4.1 Ti/Mn redox couple

Dong et al.** proposed the TiO**/Ti** redox couple as an anolyte
in Ti/Mn RFBs due to its high abundance, high solubility
(>3 M in water), and enhanced electrochemical activity. The
reported Ti/Mn RFB exhibited a cell voltage of 1.41 V. The basic
electrochemical redox reaction occurs in the Ti/Mn system as
shown below.

Cathode: Mn*" + e~ < Mn?*" E°=+1.51 V vs. SHE

Anode: Ti*" + H,0 < TiO** + 2H' + e~ E° = +0.1 V vs. SHE

Net cell reaction: TiO** + Mn** & Mn*' + Ti** E.q =141V

It is well known that disproportionation of Mn®" is one of the
critical issues found in manganese-based compounds. This
scenario can be effectively addressed by adopting a mixed
electrolyte of Ti and Mn in both the tanks. Interestingly, it is
beneficial for Mn®" ions, as it can be stabilized by Ti** ions and
suppresses the disproportionation reaction. Moreover, the
significant shift in reduction potential was observed from
0.97 to 1.1 V for the mixed electrolyte due to the reduction
reaction rate of MnO,/Mn>*, which can be enhanced by Ti**
ions. The presence of Ti*" largely influences the morphology of
MnO, with a particle size of 5 nm. The absence of Ti'
electrolyte leads to a bulbous cactus like morphology of
MnO, with the size of 2 um. Thus, the incorporation of Ti**
controls the MnO, particle growth as well as the disproportio-
nation of Mn**,

The cell assembled with mixed electrolyte delivered a maxi-
mum energy density of 23.5 kW h m 2. The cell exhibits a stable
cycling performance over 40 cycles with 99.8% (CE), 86.9% (VE),
and 86.7% (EE). Similarly, Qiao et al.**> have designed a novel
Ti/Mn single flow battery with a static manganese cathode by
eliminating the pump and an electrolyte tank. The electrolyte
filled carbon felt was used as the cathode and only the negative

© 2023 The Author(s). Published by the Royal Society of Chemistry
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electrolyte was circulated. This novel cell architecture avoids

inhibits aerial oxidation of the active material. The electrolyte
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composition used in this work includes 0.5 M MnSO, + 1 M
the risk of MnO, flow field blocking, and water transfer, and TiOSO, + 3 M H,SO, and 0.5 M MnSO, + 3 M H,SO,, respec-
tively. The Ti/Mn single flow battery with 0.5 M MnSO, + 1 M
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TiOSO, + 3 M H,SO, showed a greater charge discharge
performance with 99% (CE). Very interestingly, the presence
of Ti effectively controls disproportionation of MnO,, which is
reflected in the overall cell performance. The electrolyte with-
out Ti additive exhibited poor capacity retention and a drastic
drop in the CE. This is mainly due to massive deposition of
MnO, on the electrode. The Ti/Mn single flow cell exhibited a
stable cycling performance over 1000 cycles with 99% (CE) at a
current density of 40 mA cm ™. Recently, Nan et al.*° also used
titanium as an electrolyte additive as it facilitates the MnO,
reduction reaction during the discharge process by an electro-
static attraction of titanium, as shown in Fig. 6(a). Furthermore,
the positive electrolyte tank was pumped downwards from the
electrolyte tank to the flow cell, as it provides better mass
transfer of residual MnO, to the electrode surface, as shown
in Fig. 6(b). This modified electrolyte tank structure along
with the titanium additive improved the cycle life for about
1000 cycles with 99.5% of CE, and 85% of EE, respectively.

4.2 H,/Mn redox couple

Recently, gas/liquid phase systems also known as regenerative
fuel cells (RFCs) have emerged as a potential candidate for large
scale energy storage. The main advantage of using a gas/liquid
hybrid system by replacing the negative electrolyte with a gas
such as hydrogen is that it mitigates the crossover of reactive
species during the cell reaction and the gas/liquid are easily
separated from each other. A lot of work has been demon-
strated on RFCs using halogen redox couples as the catholyte,
specifically the H,/Br, hybrid system, which has a high energy
density of 40 W h L™.*”*® However, the corrosive nature of
bromine affects the cell components severely and leads to
poor compatibility. This issue can be minimized by employing
bromine capturing agents (BCA) such as 1-ethylpyridinium
bromide, 1-alkylpyridin-1-ium bromides, and 1-alkyl-3-methyl-
imidazol-1-ium bromides to suppress the vapor pressure of
bromine.**" Yet, the strong interaction between BCA and
anionic groups in the proton exchange membrane decreases
the proton conductivity as it reduces the voltage efficiency of
the system. Moreover, crossover of Br /Br;  species results
in the degradation of the hydrogen oxidation/evaluation
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catalyst.>>* So, significant attention has been paid to the
development of H,/inorganic metal hybrid systems owing to
its abundant inorganic metals, low cost, and eco-friendliness.
For instance, the H,/Ce redox couple was reported but its
practical application is seriously limited by the sluggish
kinetics of Ce**/Ce*".>* Garcia et al.>® proposed a H,/Mn RFC,
in which it offers a practical energy density of 30 W h L' and
delivered a maximum power density of 1410 mW cm™ 2. The
hydrogen/manganese redox couple is used to construct a new
type of redox flow battery where Mn and H, are positive and
negative half redox reactions, respectively as shown below. The
net cell voltage of the H/Mn system is 1.51 V.

Cathode: Mn*" + e~ «— Mn*" E°=+1.51 V vs. SHE

Anode: 2H" + 2~ < Hyg E°=0Vuvs. SHE

Net cell reaction: H, + Mn*" < H' + Mn*"  E.q = 1.51V

The H,-Mn flow battery performance was tested at various
current densities, as shown in Fig. 7(a). The H,-Mn RFB with
additive exhibits a better charge discharge profile at different
current densities. At 75, 100 and 150 mA cm ™2, the H-Mn flow
battery reaches a maximum discharge capacity of 534, 498 and
432 mA h, respectively. This demonstrates a highly desirable
performance and exceptional electrolyte consumption with
values that are near to the theoretical value of 536 mA h. The
presence of an additive significantly enhances the stability of
Mn** by a weak interaction between Mn®** and Ti'" via oxo
bridge ligands. More impressively, the cell displayed a high CE
of 98.5% even at 150 mA cm™ 2 current density. Moreover, at a
high concentration of manganese electrolyte, the H-Mn RFC
shows 75% of EE with greater than 99% coulombic efficiency,
as shown in Fig. 7(b).

4.3 Fe/Mn redox couple

The iron redox couples are the most appealing candidates for
RFBs owing to their low cost, ecofriendliness, non-toxicity, high
solubility, abundance, and steady electrochemical reversibility.
For instance, various iron-based RFBs have been proposed over
the past decades such as Fe/Cr,*® Fe/V,>” Fe/Cd,*® Fe/Pb,>® all

© 2023 The Author(s). Published by the Royal Society of Chemistry
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iron,’® and Zn/Fe®' RFBs, respectively. However, every system
has its own critical issues which need to be addressed.
An electrocatalyst and high temperature of 65 °C are required
to boost the kinetics of the Cr**/Cr*" redox couple in Fe/Cr RFB.
The use of an expensive Nafion membrane is necessary to
minimize the crossover of vanadium in Fe/V RFB. The low ionic
resistance and blocking effect of electrodeposited cadmium result
in lower battery performance in Fe/Cd RFB. The use of toxic and
heavy metal lead in Fe/Pb RFB limits its application in large scale
energy storage. An all iron RFB on the other hand possesses
significant merits such as low cost, eco-friendliness, and high
abundance of iron sources. However, Fe**/Fe° conversion requires
a controlled atmosphere to stabilize the zero valent elemental
iron. Moreover, iron is a very good catalyst for the HER and hence
it triggers the HER at the anode, which eventually reduces the
coulombic efficiency of the battery.®*

The zinc dendrite formation at high current density opera-
tion also affects the operational current density and cycle life.
Therefore, to overcome these critical issues the development of
novel redox couples is highly demanded. Archana et al®
demonstrated the Fe/Mn redox couple in a RFB operated under
acidic conditions (methanesulfonic acid used as the supporting
electrolyte). The positive and negative half redox reactions of
the Fe/Mn system are shown below.

Cathode: Mn*' + e~ — Mn?*" E°=+1.56 V vs. SHE

Anode: Fe** + e~ « Fe** E°=+0.77 V vs. SHE

Net cell reaction: Fe*" + Mn*" < Fe*' + Mn*"  E.q = 0.79 V

The net cell voltage of the Fe/Mn system is 0.79 V. Though the
net cell voltage is lower than other existing systems, the
solubility of both metal precursors is exorbitantly high with
good electrochemical reversibility; hence it is easy to achieve
high energy density RFBs. Moreover, the use of methanesulfo-
nic acid is highly beneficial for enhancing the reversibility of
the Mn**/Mn>" redox couple by the coordinating effect of the
methanesulfonate ligand. The methanesulfonate coordinates

© 2023 The Author(s). Published by the Royal Society of Chemistry

with Mn*" ions and forms a coordinate complex which stabi-
lizes the Mn®" ions and greatly reduces the rate of dispropor-
tionation reaction. The rate performance of the flow cell was
tested at different current densities such as 6 to 10 mA ecm >
and displayed a better charge discharge performance, as shown
in Fig. 8(a). However, the Fe/Mn system adopted with metha-
nesulfonic acid as a supporting electrolyte shows a stable
performance over 100 cycles with CE of 96%, VE of 70%, and
EE of 67.20%, as shown in Fig. 8(b). Similarly, Jing Wu et al.**
overcame the MnO, precipitates by using HCI as a supporting
electrolyte for the Fe/Mn RFB. The presence of HCI is highly
beneficial for preventing MnO, precipitates by forming a stable
and reversible [MnCl,(H,0),]” complex.

4.4 Cu/Mn redox couple

The copper based redox couples have also attracted enormous
attention for grid level energy storage due to them being less toxic,
eco-friendly, cheap, abundant and high purity, and highly soluble
in water.®® Lloyd et al.®*®” proposed an all copper RFB based on
the chemistry of copper, which shows three oxidation states such
as Cu™", Cu'*, and Cu® by constructing Cu'/Cu as the anolyte and
Cu*/Cu” as the catholyte, respectively. However, the cell voltage of
the all copper RFB is too low (0.67 V), which is relatively lower
than conventional RFBs, and the unstable oxidation state of Cu®*
undergoes a disproportionation reaction which limits the RFB
performance. In this regard, Wei et al.®® reported Cu/Mn RFB
chemistry in acidic conditions (dil-H,SO, as supporting electro-
lyte), which exhibits a cell voltage of 1.18 V, which is higher than
the all copper RFB system. The positive and negative half redox
reactions of the Cu/Mn system are shown below.

Cathode: Mn*" + e~ < Mn*" E°=+1.51 V vs. SHE

Anode: Cu** +2e~ < Cu E°=+0.33 Vvs. SHE

Net cell reaction: 2Mn?** + Cu*" < 2Mn*" + Cu  E.q = 1.18 V

The rate capability of the Cu/Mn system was analyzed at various
current densities at 5, 10, and 20 mA cm ™2 as shown in Fig. 9(a)

Energy Adv., 2023, 2, 948-964 | 955
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and it exhibited a CE of 92.8, 93.4, and 94%, respectively as
shown in Fig. 9(b). The Cu/Mn RFB exhibited an EE of 83.1,
78.5, and 76.2%, respectively, as shown in Fig. 9(c). The cell
maintains a capacity of 7.5 A h L™" at all operating current
densities, as shown in Fig. 9(d). Moreover, the Mn/Cu RFB
showed a long cycling performance with 92.4% (CE) and
maintains a stable EE of 79% over 100 cycles at 10 mA ¢cm >
current density.

4.5 V/Mn redox couple

The all vanadium RFB is a well developed technology and widely
used in industry for grid level energy storage. Despite these

956 | Energy Adv, 2023, 2, 948-964

(a) The GCD performance recorded at different current densities and
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persuasive merits, it is still impeded by low energy efficiency,
low cell voltage (1.25 V), and low energy density (25 W h kg™ ).
Therefore, an alternative RFB system with high cell voltage and
high practical energy density is urgently needed to fulfill the
energy demand. In connection with this, Hong et al.”® replaced
the positive redox couple (V**/v®*) in the all vanadium RFB
with the Mn?*/Mn®** redox couple owing to its high standard
reduction potential (1.51 V vs. SHE), low cost, and eco-
friendliness. The proposed V/Mn system exhibits a cell voltage
of 1.77 V, which is very close to the cell voltage of ZnBr, (1.84 V).
The positive and negative half redox reactions of the V/Mn
system are explained as follows.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Cathode: Mn*" + e~ « Mn*" E°=+1.51 V vs. SHE

Anode: V' + e o V** E°=_-0.25 V vs. SHE

Net cell reaction: Mn** + V¥* & Mn®*" + V> E.q =177V

The demonstrated V/Mn system showed an impressive flow cell
performance with an average CE of 92.5%, VE of 85.3%, and EE
of 81.2%. The obtained flow cell efficiencies are 20% higher
than that of the all vanadium RFB system and displayed an
average discharge voltage of 1.66 V, which is also 14%
higher than that of the all vanadium RFB system. Moreover,
the V/Mn RFB system delivered a maximum energy density of
40.8 W h kg™, which is twice that of the all vanadium system.
Lee et al.”' analyzed the MnO, precipitation during the RFB
cycling performance. It was observed that very interesting results
were obtained during the cycling to investigate the stability of
the electrolyte. The dark brown precipitate of MnO, was noticed for
the 1st discharge process and a large quantity of precipitates
was found after the 10th cycle. More remarkably, the precipitate
starts to diminish after the 25th cycle and completely dis-
appeared after the 50th cycle.

Inductively coupled plasma (ICP) spectroscopy reveals that
there is a change in vanadium and manganese concentration
during the cycling performance. The presence of vanadium
ions in the positive electrolyte was highly influenced by the
particle size of the MnO, and decreased from 620 nm to 230 nm
after the 25th cycle. Interestingly, the permeation of vanadium
ions from the anolyte to the catholyte decreases the MnO,
particle size due to an increase of coulombic repulsion between
the particles, and as a result it increases the energy density of
the battery, as shown in Fig. 10(b). Similarly, Park et al”?
employed a multiple redox couple that is a mixture of vana-
dium and manganese in both anolyte and catholyte to elimi-
nate the MnO, precipitation during the battery performance.
The manganese in the negative electrolyte cannot participate in
the reaction; instead it avoids crossover. The presence of
vanadium ions in the positive electrolyte controls the particle
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size of the MnO, very effectively. It was observed that after the
1st cycle charge of the V/Mn system, a deep brown precipitate of
MnO, with an average particle size of 621 nm was observed.
Whereas for the V-Mn/V-Mn system, the precipitate was not a
deep brown color but appeared in centrifugation with an
average size of 73 nm, as shown in Fig. 10(a). Thus, increasing
the vanadium ion concentration increases the zeta potential of
the MnO, and as a result it reduces the particle size of the
MnO,. The V-Mn/V-Mn system displayed a greater energy
density of 35.2 W h L™ compared to V/V (21.1 W h L"), and
V/Mn (31 W h L"), as shown in Fig. 10(b). This is due to the
increased number of redox active ions as well as the operating
cell voltage.

Furthermore, to enhance the electrochemical performance
of the Mn**/Mn>* redox couple, Rodrigues et al.”* utilized CeO,
and europium (Eu)-doped CeO, film electrocatalysts. The
europium-doped CeO,, i.e., Cey99EUg 010,, shows better perfor-
mance even at a higher current density operation (> 3.2 mA cm?)
and exhibited stable performance over 500 cycles, which delivered
a maximum specific capacity of 372.49 mA h g~ * when compared
to CeO, (334.84 mA h g~ ). In continuation of this, Reynard et al.”*
investigated the Mn>" stability in the presence of other metal ions
such as V>" and Ti*" at equimolar ratio (Mn>*, Mn*":Ti*', Mn*":v*",
and Mn*":v**:Ti*") in acidic conditions. The cyclic voltammetry
illustrates that, for Mn>" a single anodic peak was obtained at
+1.72 vs. SHE, which is a characteristic conversion between Mn** to
Mn** and two reduction peaks were noticed at +1.51 V vs. SHE
(attributed to Mn®" to Mn*" conversion) and +1.12 V vs. SHE
(attributed to MnO, to Mn** conversion). For Mn?":Ti*', the
MnO, to Mn?>" conversion peak is shifted by 30 mV to a cathodic
potential of +1.09 V vs. SHE and also lower anodic current was
obtained. This indicates that Ti*" makes a complex with Mn**,
protecting it from disproportionation. In the presence of V**, the
MnO, to Mn** conversion peak was observed at +1.5 V vs. SHE and
it indicates the sluggish disproportionation of Mn®". The surface
morphology of the passivated electrode provides valuable informa-
tion. In the case of carbon felt electrodes, there is a thick deposi-
tion of MnO, of 500 nm for the manganese electrolyte, as shown in

(b)

VIV (1.5M/1.5M)
— == V-Mn/V-Mn(L15-1.0 M/1.5-1.0M)
20{ —-—<—- VIMn(1.5M/15M) L

Bl

@ 50 mA cm??

Energy density (Wh L")

Fig. 10 (a) Photographic images of MnO, deposition in the V/Mn and V-Mn/V—-Mn system and (b) GCD profile recorded at 50 mA cm~2 (reproduced

from ref. 72 with permission from Elsevier).
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Fig. 11(a). Interestingly, the presence of other metal ions such as
titanium, vanadium/titanium, and vanadium significantly reduces
the formation of MnO, and reduces the thickness of MnO, to
<100 nm, as shown in Fig. 11(b)-(d). In the case of the glassy
carbon electrode surface, for Mn*" a thick layer of cactus-like
particles of MnO, with larger than 1 p diameter was observed, as
shown in Fig. 11(e). For Mn*":Ti*', a reduced amount of MnO,
deposition was observed, as shown in Fig. 11(f). Interestingly
Mn*":v**, and Mn*":v**:Ti*", displayed a different structural exis-
tence of the oxide layer, as shown in Fig. 11(g) and (h). Moreover,
the XPS analysis illustrates the formation of V,05 particles due to
oxidation of metal ions at the electrode surface. Among these, V°*
has a higher stabilizing tendency towards Mn®* than that of Ti*".
Hence V** jons would be the best additive for constructing high
performance V/Mn RFBs and provide high interest for manganese-
based redox flow battery applications.

4.6 Zn/Mn redox couple

Aqueous zinc-based redox flow batteries hold great promise for
potential application in large scale energy storage and are
particularly attractive due to high safety, high redox kinetics
of the Zn**/Zn redox couple, high theoretical capacity (820 mA h
g~ ', 5855 mA h cm?), stable metallic zinc, low redox potential
(—0.76 V vs. SHE), and low cost.”>”® So far, various zinc-based
flow batteries have been developed, such as Zn/Ce,”” Zn/Br,,”®
and Zn/I,”° RFBs. Among these, only the Zn/Br, system is
greatly attractive for large scale energy storage due to its
high cell voltage (1.84 V) and high theoretical energy density
(440 W h kg ). However, the corrosive nature of bromine
severely affects the cell components and is extremely harmful
to the environment. Thus, the development of an efficient
catholyte is highly demanded for large scale energy storage.
In connection to this, Zhang et al.®° replaced the Br™/Br, redox
couple with the Mn®>*/Mn** redox couple and successfully
demonstrated a hybrid Zn/Mn RFB. The Zn/Mn RFB exhibits
a cell voltage of 2.27 V, which is higher than that of the Zn/Br,
RFB. Moreover, the specific theoretical energy density of Zn/Mn

Carbon felt electrodes
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RFB is calculated to be 674 W h kg~ " which is almost twice that
of the Zn/Br RFB. The electrochemical reaction that occurs in
the positive and negative half redox reactions of the Zn/Mn
system is shown below.

Cathode: Mn®** + e~ «— Mn** E°=+1.51 V vs. SHE

Anode: Zn*" +2 e~ < Zn E°=—0.76 V vs. SHE

Net cell reaction: Zn>* + Mn®>" < Zn + Mn®*'  E.q =227V
Moreover, methanesulfonic acid (MSA) is employed as a
supporting electrolyte and it also minimizes the MnO, deposi-
tion on the felt. The presence of MSA increases the stability of
Mn*" ions by a coordinating effect. Thus, the Zn/Mn flow cell
adopted with MSA as a supporting electrolyte exhibits a CE of
92.2% and EE of 74%, respectively. Xie et al.>* for the first time
demonstrated an aqueous Zn/Mn RFB with high reversibility by
increasing the conductivity of the electrode by carbon coating
(carbon black). Interestingly, the Mn(OAc), precursor can be
charged to MnO, directly, as shown in Fig. 12(a) and (b), which
is entirely different from the chemistry of MnSO,, where it leads
to the formation of Mn®*" and as a result it readily undergoes
disproportionation to form a solid product MnO,, as shown in
Fig. 12(a) and (c). The acetate ligand in the Mn(OAc), strongly
coordinated to the Mn?*, which is beneficial for better electro-
chemical redox reaction, which was further confirmed from the
P,0,"” test. The Zn/Mn RFB with 0.5 M Mn(OAc), precursor
exhibited an EE of 78% at 40 mA cm > current density, as
shown in Fig. 12(d). Furthermore, the assembled battery exhi-
bits stable performance over 400 charge-discharge cycles with-
out capacity fading, as shown in Fig. 12(e). The rate capability
of Zn/Mn RFB shows the better charge discharge performance
over wide current density operations, as shown in Fig. 12(f).
More remarkably, the Zn/Mn RFB exhibited stable performance
even at high loading of carbon black (16 mg cm™?), as shown in

Fig. 12(g).

Glassy carbon electrodes

Fig. 11 SEM images of electrodeposited MnO, on the carbon felt electrodes (a)-(d) and on the glassy carbon electrodes (e)-(h), respectively

(reproduced from ref. 74 with permission from Wiley-VCH).
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(a) Schematic representation of the electrochemical performance of Mn(Ac), and MnSO4 electrolyte, cyclic voltammetry profile of the glassy

carbon electrode recorded at a scan rate of 10 mV s~ tin (b) 0.05 M Mn(Ac), in 1 M KCland (c) 0.05 M MnSO4 in 0.5 M K»SOy,, (d) GCD profile of Zn/Mn RFB

recorded at 40 mA cm™2

. (e) capacity retention and the coulombic efficiency plot with 7 mA h cm™2, (f) the rate capability of Zn/Mn RFB observed at

different current density, and (g) cyclability of Zn/Mn RFB with 10 mA h cm~2 at 40 mA cm ™2 (reproduced from ref. 34 with permission from The Royal

Society of Chemistry).

In our work, we investigated the electrolyte composition and
separator for aqueous zinc manganese RFBs. Among various
electrolyte compositions, sulfate-based precursors exhibit a
significant performance over the others. The Zn/Mn flow cell
suffered from serious crossover of the electrolytes and this
issue can be solved by incorporating pore filling agent (poly-
acrylonitrile) into the microporous Daramic membrane. As a
result, the configured Zn/Mn RFB system exhibited better
performance over 100 cycles with 80% consistent voltage effi-
ciency. More impressively, the sulfate-based electrolyte compo-
sition displayed a very high discharge voltage of 1.91 V, which is
higher than previously reported values. Moreover, the Zn/Mn
flow cell delivered a maximum energy density of 12.31 Wh L ™*
at 3419 W L' in 40 mA cm ? current density.*’ However,
severe deposition of MnO, over a period of long cycling was
observed that affects the Zn/Mn RFB performance. To tackle the
MnO, dissolution in manganese based RFBs, recently Lei et al.*?
introduced a redox mediator (such as I /I;~ = 0.536 V vs. SHE),
which has lower redox potential than the Mn*/Mn** redox
couple, which is highly beneficial for diminishing the MnO,
dissolution, and eventually increases the cyclability of the battery.
The redox mediator potassium iodide (KI) not only minimized the
passivated MnO, on the electrode surface but also reduced dead
MnO, and exfoliated MnO, in the electrolyte. The detailed
mechanistic process is shown below:

I, +2e~ — 2I° (12)
MnO, + 31" + 4H" —» Mn*' + I,~ + 2H,0 (13)
L~ +2 — 31 (14)

During the discharge process, iodine (I,) is reduced to form
iodide (I") as shown in eqn (12), which then reacts with
residual MnO, and acquires accumulated protons. Then, the
oxidized mediator gets an electron from the electrode as shown

© 2023 The Author(s). Published by the Royal Society of Chemistry

in eqn (14) and then continues to consume dead or residual
MnO, as shown in eqn (13). The Zn/Mn RFB without KI exhibits
poor cyclability with an areal capacity of 10 mA cm ™2 as shown
in Fig. 13(a) and (b), and dark brown color particles appeared
on the walls of the tank as viewed in Fig. 13(c). On the other
hand, Zn/Mn RFB adopted with KI as a redox mediator per-
forms better cyclability with greater than 200 cycles and exhi-
bits an areal capacity of 15 mA em™>, as shown in Fig. 13(d) and
(e). Interestingly, no dark brown color precipitate was found
in the presence of redox mediator KI as viewed in Fig. 13(f).
Thus, adopting a redox mediator in manganese-based bat-
teries unlocks the areal capacity and suppresses the MnO,
dissolution.

Similarly, bromide ions have been adopted as an additive in
aqueous electrolyte to realize high reversibility, two electron
transfer between Mn** and MnO,, and complete dissolution of
dead MnO,. The presence of the bromide-based additive effec-
tively controls the dead MnO, by chemical-electrochemical
reaction. As a result, it widened the energy density and dur-
ability of aqueous manganese-based batteries.*>** Yu et al.®®
reported a highly reversible Zn/Mn RFB by introducing EDTA-
Mn as the catholyte. The EDTA strongly coordinated to Mn>*
and as a result it enhances the electrochemical activity of the
Mn**/Mn>" redox couple and effectively resists the Mn>" dis-
proportionation to solid MnO,. The EDTA-Mn employed cath-
olyte exhibits a stable rate performance with a high CE of 95%
at 10 to 50 mA cm™ 2. Moreover, the Zn/EDTA-Mn shows an
excellent cyclability over 300 cycles and delivered a maximum
CE of 98% and EE of 75% at 20 mA cm ™ 2, respectively. Nana
et al.®® synthesized highly crystalline spinel type A-MnO, and
used it as a cathode for a Zn/A-MnO, RFB, as depicted in
Fig. 14(a). The single flow Zn/A-MnO, RFB (Electrolyte: 1 M
ZnSO, in 1 M Li,SO,) displayed a discharge voltage of 1.5-2.1V,
which is higher than that of the conventional Zn/MnO, battery.
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It delivered a maximum specific capacity of 129.8 mA h g™ * at
0.5C current rate, as shown in Fig. 14(b). Moreover, it exhibits
1000 cycles with 98.2% and 95.1% coulombic efficiency at 2C
and 10C current rate, respectively. The two plateaus in the
charge and discharge voltages are due to the occurrence of two
oxidations and reductions corresponding to the insertion/
extraction of Li* ions into A-MnO, followed by Mn** to Mn>*/
Mn>" and Mn**/Mn®** to Mn"*, respectively. The single flow
Zn/A-MnO, RFB at 2C rate shows an initial capacity of 128 mAh g™,
and retained the capacity up to 83% even after 1000 cycles at 10C
rate exhibiting the excellent performance of the Zn/A-MnO, system,
as shown in Fig. 14(c).

Interestingly, Li et al.®” constructed a membrane-free aqu-
eous Zn/MnO, RFB by using MnSO, as the catholyte, ZnSO, as
the anolyte, carbon felt as the cathode, and zinc foil as the
anode, as shown in Fig. 15(a)-(c). The fabricated membrane-
free Zn/MnO, RFB system displayed a high discharge voltage
of 1.78 V with 100% capacity retention over 1000 cycles at

0.5 mA h em 2 and approximately 95% over 500 cycles at
2 mA h em 2. Moreover, the cell was charged to 1.2 A h and
discharged at 500 mA current rate, but still it shows 1.1 A h of
discharge capacity with 92% coulombic efficiency, as shown in
Fig. 15(d). Fascinatingly, the Zn/MnO, RFB shows excellent
cyclability for about 500 cycles at 1000 mA current rate with
89.7% coulombic efficiency, as shown in Fig. 15(e). Surprisingly,
the authors didn’t observe any passivation of zinc and MnO, on the
electrode, after the end of the cycling performance. This suggested
the possibility to achieve high cyclability of this technology.

Much attention has been dedicated to Mn**/Mn*" and Mn**/
MnO, redox couples in redox flow batteries as a competitive
contender for large-scale energy storage. With the aforemen-
tioned difficulties rectified, it may be ready for commercializa-
tion in the near future. However, we recognise that further
sophisticated designs and tactics are required to turn this
newly suggested manganese-based redox flow battery system
into a commercially integrated technology.®*%°
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5. Challenges in Mmanganese redox active species permeability and ion selectivity of the ion-

exchange membrane since the electrolyte of manganese-based
RFBs contains a range of metal ions.’® The expensive commer-

Every manganese-based RFB has its own advantages with the cially available cation exchange membranes (such as Nafion
remaining critical issues recorded in Fig. 16. Furthermore, membranes and perfluorosulfonic acid membrane) are a sig-
manganese-based RFBs have more demanding criteria for the nificant barrier to the scalability of manganese-based RFBs.
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Fig. 16 Pictorial representation of the merits and demerits of manganese-based RFBs.
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Therefore, the development of low cost membranes with super-
ior ion selectivity, mechanical strength, and chemical tolerance
is of great importance.

As dictated from the Frost diagram, Mn®" ions are highly
unstable in an aqueous medium and readily undergo a dis-
proportionation reaction, which leads to the formation of the
thermodynamically stable product MnO,. The formed MnO, is
insoluble in an aqueous medium and eventually gets deposited
on the electrode surface. As a result, it gives rise to the following
issues:

(i) Pressure drop

(ii) Passivation of MnO, on the electrode surface

(iii) Flow field blocking for the incoming electrolyte

(iv) Decrease in the conductivity of the electrode

(v) Reduced mass transport

All of these listed issues hamper the battery performance
severely, and therefore efforts have to be taken to overcome
the critical issues by tuning the electrolytes, electrodes, and
membranes, respectively.

6. Future perspectives and
opportunities

To accelerate the development of redox couples in manganese-
based flow batteries, researchers are actively concentrating and
researching on improving the manganese redox couples.
A schematic picture of the challenges and future goals is shown
in Fig. 17.

Selection of an appropriate negative redox couple is the most
prominent area of research for high voltage and high perfor-
mance devices enabling practical applications for sustainable
large scale energy storage. The following section highlights the
hidden opportunities in the manganese-based redox flow
batteries.

I. Improving the conductivity of the positive electrode by
adopting a suitable conductive agent, enhancing significantly
the electrochemical performance of manganese.

II. Development of a novel complexing agent is needed to
stabilize the Mn®" ions during battery use.

962 | Energy Adv, 2023, 2, 948-964

II1. Development of novel electrolyte additives to suppress
the particle size of MnO, for achieving maximum energy
density.

Iv. Plentiful opportunities in tailoring organic molecules as
a negative redox species when combined with the manganese
redox couple, which is expected to offer high cell voltage, high
energy density and high cyclability.

V. To gain fundamental insights into the fundamental work-
ing principles of Mn**/Mn*" redox reactions and the tendency
of Mn*" disproportionation reaction employing effective simu-
lation and theoretical calculations.

VI. The development of a unique battery design and engi-
neering (flow field design and battery architecture) helps
researchers to attain enhanced performance.

VIL. It is essential to deepen our understanding of ion
transport in manganese-based RFBs using computational
approaches and to carry out more proficient and extensive
membrane design and characterization in order to achieve
better membranes.

VIII. Employ in situ and ex situ advanced characterization
techniques to understand the limited cycle life and failure
mechanism.

IX. Methodical post-diagnostic analysis of the electrodes and
electrolytes.

The successful incorporation of the manganese redox couple
in the field of redox flow batteries has been growing rapidly.
As mentioned earlier, the manganese redox couple has many
salient features which would be useful for successful commer-
cialization. We strongly believe that manganese-based RFBs
have gained significant attention for futuristic scalable energy
storage applications.

7. Conclusion

To summarize, constructing an efficient redox flow battery is
urgently required to solve the energy storage demand for
sustainable energy storage, globally. The redox couples play a
key role in determining the energy density of the battery.
Recently, the manganese (Mn**/Mn*") redox couple has gained
attention due to its cost effectiveness, eco-friendliness, high

© 2023 The Author(s). Published by the Royal Society of Chemistry
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abundance, and high standard reduction potential (1.51 V vs.
SHE). However, the manganese redox couple possesses
intrinsic issues discussed in this review that need to be
addressed. This review highlights the recent developments in
the manganese-based redox couples for redox flow batteries
and their results are elaborately discussed. Though many
reports are reported so far, every system has its own challenges
to solve. Thus, exhaustive research is urgently required to
improve the overall flow cell battery performance.
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