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High energy density MnO4
�/MnO4

2� redox couple
for alkaline redox flow batteries†

Alejandro N. Colli,* Pekka Peljo and Hubert H. Girault

The MnO4
�/MnO4

2� redox couple has a positive redox potential, high

electrochemical reversibility and high solubility, up to 3.62 M at room

temperature. Careful optimization of the electrolyte composition and

the potential limits eliminates the side reactions, making this redox

couple an attractive option for alkaline redox flow batteries.

Redox flow batteries (RFBs) are receiving wide attention for
large-scale energy storage due to their many attractive advantages
including decoupling of energy storage and power output, high
coulombic (CE) and energy (EE) efficiencies, and scalability. Among
the various options considered, RFBs have become one of the most
promising electricity-storage systems to address the intermittency
issues of renewable energy sources such as wind and solar.1–6

However, they are limited by their low energy density. To solve that
problem, the active species are required to have reversible redox
behaviour with a redox potential within the electrochemical potential
window of the solvent, and large solubility in the electrolytes.

Existing RFBs are mainly based on metal ions dissolved in
acidic solutions. They suffer capacity losses due to membrane
crossover, electrode corrosion and the occurrence of undesired
secondary reactions during battery cycling, which translate into
high operational and maintenance costs. Nowadays research
efforts focus on cheaper materials, higher energy densities and
better energy efficiencies.

In this perspective, alkaline RFBs have the advantages of low
self-discharge and low hydrogen evolution rate.7 Alkaline solutions
allow the use of materials which are cheaper and less susceptible
to corrosion compared to those required in acidic condition and,
to compensate a lower conductivity of the electrolyte, they can
tolerate the use of more conductive metallic three dimensional
electrodes, allowing an overall higher energy efficiency.8

Recently, an alkaline quinone RFB,9 an all-iron aqueous
RFB10 and an alkaline RFB based on the coordination chemistry
of iron and cobalt11 have been proposed, showing good stability

of compounds, inexpensive raw materials and a lower species
crossover in comparison with existing commercial technologies.

The MnO4
�/MnO4

2� redox couple in alkaline media for use
as a positive redox couple is attractive for RFBs because it has a
positive redox potential (E0 = 0.558 V vs. SHE,13 corresponding to
1.38 V vs. RHE at pH 14), high reversibility14 and high solubility
when used as the sodium salt, which results in a battery with a
large energy storage capacity of 97 A h dm�1 or 63 A h kg�1 of
the electrolyte. Both Mn species are chemically stabilized
in highly concentrated OH� solutions.15 Also, a low crossover
rate is expected, due to exclusion of the negative active species
by cationic membranes. Fig. 1 shows potential energy densities
for different existing negative redox couples in conjunction with
current MnO4

�/MnO4
2�. It can be seen that the potential energy

density could be much higher than existing RFB chemistries.
The redox couple was evaluated at room temperature with

NaOH or KOH supporting electrolytes by cyclic voltammetry,
rotating disc electrode method on a carbon or platinum disk
electrode, and by charge/discharge cycling.

The electrochemical oxidation of manganate(VI) to per-
manganate(VII), reaction (1), is carried out industrially, but
has not before been considered for energy storage applications.
Typically, this reaction is performed in an undivided cell with
an electrolyte containing potassium hydroxide and potassium
manganate at 60 1C at an anode made from nickel or monel,
while the cathode is iron or steel.16

MnO4
2� - MnO4

� + e� (1)

A few studies have been carried out in order to obtain
permanganate from manganate in a divided cell made with a
Nafion 423 ion exchange membrane17 or more recently Nafion
417.18 In both cases, no stability problems were detected.

A second redox couple corresponding to reaction (2) is observed
at slightly lower potentials. Both processes can be seen in Fig. 3(A).

MnO4
2� + e� - MnO4

3� (2)

It was found that the rate of the electrode reaction (1) is higher
than that of electrode reaction (2) under comparable conditions.19
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Aqueous potassium permanganate solutions are not perfectly
thermodynamically stable at 25 1C, because MnO2, not MnO4

� is
the thermodynamically stable form of manganese in water. Thus
permanganate tends to oxidize water with the evolution of oxygen
and the precipitation of manganese dioxide, which acts to further
catalyze the reaction.20 Also, alkaline permanganate solutions
have certain inherent drawbacks due to decomposition upon
storage for any appreciable period of time. Under extremely alka-
line conditions and in the absence of an oxidizable substrate, the
permanganate ions tend to slowly oxidize water in the presence of
the hydroxyl ions to form manganate(VI) and oxygen gas, as shown
by reaction number (3). The further this reaction proceeds in
reducing permanganate ions to manganate ions, the less effective is
capacity retention of the system for working as a battery.

4MnO4
� + 4OH� - 4MnO4

2� + 2H2O + O2 (3)

Further reduction of manganate does not occur.21 The kinetics
of the reaction are relatively slow and permanganate solutions
exhibit greatest stability around a neutral pH. The decomposi-
tion rates increase below pH 3 or above pH 10.15

The most striking feature of the kinetic results is the dependence
of rate of reaction (3) upon the initial concentration of per-
manganate. Experimental results shown that the initial rate
divided by the initial concentration of permanganate at a fixed
concentration of alkali tends to a constant.22,23

Additionally, in aqueous solution, MnO4
2�, disproportiona-

tion occurs according to the following reaction,15 but is extre-
mely low under high alkali concentrations.

3MnO4
2� + 2H2O - 2 MnO4

� + MnO2 + 4OH� (4)

And as stated by Lin et al.14 and Sekula-Brzezinska et al.,19 the
following disproportionation, reaction number (5), occurs for
moderate alkaline medium:

2MnO4
3� + 2H2O - 2MnO4

2� + MnO2 + 4OH� (5)

However, both disproportionation rates decrease with an
increase of pH of the solution19 and are relatively slow under
sub-molar alkaline conditions and even slower when alkaline
concentration is increased. Ferguson et al.24 conclude that
neither the colloidal nor the precipitated form of manganese
dioxide was a reaction product of the reactions (4) and (5) and
that the oxygen loss, due to reaction (3), ceased beyond a
certain time for alkali concentrations between 3 and 12.5 molar
and temperatures between 501 and 95 1C.

Likewise, when increasing OH� concentration above 6 M the
following reaction occurs at an immeasurable rate:25

MnO4
� + MnO4

3� - 2MnO4
2� (6)

With regard to stability of manganate(VI), in the laboratory,
salts are prepared by heating an aqueous solution of alkali
metal permanganate in the presence of an excess of strong
alkali. The fact that manganate(VI) solutions can be made
simply by heating permanganate in concentrated alkaline
solution and that the resulting green solutions may then be
heated to high temperatures for a long time (24 h) without
further change, is a clear evidence that this ion is remarkably
stable.

Finally, we have found that for a fixed concentration of
alkali, the conversion over time of reaction (3) decreases while
increasing permanganate concentrations. Almost full conversion
in few days for less than 10 mM permanganate in 7.5 M NaOH to
20% in one month for 4 M permanganate in 7.5 M NaOH.
Further investigations can be done in order to reduce the rate
of reaction (3) even more.26

In Fig. 2, it can be seen that the redox couple Mn(VII)/Mn(VI)
is fully reversible in the range of 0.3–0.75 V vs. SHE (blue curve)
for a 5 M NaOH supporting electrolyte. However, if the range of
the potential window is extended, a non-reversible behavior is
observed due to the electrochemical reaction (2) followed by
chemical formation of MnO2 given by reaction (5) (red curve). It
is important to note that this behavior is exacerbated for a lower
initial concentration of permanganate due to the decrease of the
rate of reaction (6), in the case of extended potential windows.

Fig. 3(A) shows two reversible couples Mn(VII)/Mn(VI) and
Mn(VI)/Mn(V) (0.6 and 0.2 V vs. SHE) for different scan rates
after 30 cycles. It can be seen that the addition of high alkali
supporting electrolyte solves the problem of MnO2 formation
due to reaction (5). Fig. 3(B) shows a cyclic voltammogram of
the redox couple at high concentrations (3.62 M of MnO4

�), It
can be seen that the reversible peak corresponding to reaction
Mn(V)/Mn(VI) disappears as a consequence of a fast chemical
reaction given by reaction (6) and now the oxidation peak
current at ca. 0.65–0.7 V is higher due to the additional
Mn(IV) generated in the chemical reaction (6). From the battery
point of view, going to a negative potential results in an
electrochemical step followed by a chemical one that preserve
the charge stored as Mn(VI) when high quantity of Mn(VII) is
available. Care should be taken when the amount of Mn(VI)
exceeds the amount of Mn(VII), since MnO2 could be formed.

Fig. 1 Contour plots of energy density of alkaline RFBs taking into
account Mn(VI)/Mn(VII), as a function of redox potential and concentration
of electrolyte of the negative redox couple, (a) Mn(VI)/Mn(VII)–iron–TEA
RFB,11 (b) Mn(VI)/Mn(VII)–quinone RFB,9 (c) Mn(VI)/Mn(VII)–Zn RFB.12 Con-
tour lines: maximum energy density of existing RFBs.
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Further research is needed to establish the lower limit of
the state-of-charge for the positive electrolyte to avoid MnO2

precipitation. When comparing Fig. 2 and 3 it can be seen that
the reversibility of the system depends on the concentration of
MnO4

� and OH� as was also stated by Lin et al.14

Fig. 4 shows polarization curves for the manganate(VI)–
permanganate(VII) redox system at a rotating platinum disk
electrode. Properties of the electrolyte are given in Table 1. The
potential sweep rate is 1 mV s�1. It can be seen that the electro-
chemical reduction of permanganate and oxidation of manganate
are both diffusion controlled reactions with a well-defined
plateaus. The diffusion coefficients were not calculated due to
the large uncertainty in available data for transfer numbers and
activity coefficient in such a concentrated solution. Additionally,
it can be seen that the relation between reduction and oxidation
current densities corresponding to equilibrium values after a
month of storage, giving a relation of 4 times permanganate/
manganate. Hence, the capacity retention after one month of
storage without charge/discharge cycling is 80%.

Fig. 5 presents charge–discharge cycling performance of a
positive half-cell, measured with a reference electrode inserted
in the positive storage compartment. The cell was assembled
with permanganate redox couple, with properties given in
Table 1, as positive compartment and NaOH 10 M to produce
hydrogen and oxygen evolution as negative one. Nafion 117 cation

Fig. 2 Cyclic voltammograms on a 3 mm diameter glassy carbon electrode.
3.62 M of MnO4

� in 5 M OH�. Scan rate: 20 mV s�1. 30 cycles. Blue curve:
reduced potential windows. Red curve: extended potential range.

Fig. 3 Cyclic voltammograms on a 3 mm diameter glassy carbon electrode
after 30 cycles. (A) 0.01 M of MnO4

� in 7.5 M OH�.The scan rates are 10, 50
and 100 mV s�1. (B) 3.62 M of MnO4

� in 7.5 M OH�. The scan rates are 10, 20,
50 and 100 mV s�1.

Fig. 4 Polarization curves for the manganate(VI)–permanganate(VII) redox
system at a rotating disk electrode made of platinum of 5 mm diameter.
Measured after several days of storage. Initial MnO4

� concentration:
3.62 M of in 7.5 M OH� as supporting electrolyte. Temperature: ambient.
Potential Sweep rate: 1 mV s�1. Rotation rates: 500, 1250, 2000 and
3000 rpm.

Table 1 Experimental properties of the electrolyte

Propriety Value (28 1C)

Max. MnO4
� conc. (mol dm�3) 3.62

NaOH concentration (mol dm�3) 7.5
Dynamic viscosity (mPa s) 24
Density (kg m�3) 1.55 � 103

Conductivity (mS cm�1) 270
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exchange membrane, permeable to Na+, was used to separate both
compartments. The upper part of Fig. 5 shows the coulombic and
capacity efficiencies (taking into account the maximum theoretical
capacity of 1.57 A h) vs. cycling numbers for the MnO4

�/MnO4
2�

redox couple at 100 mA cm�2 current density in a continuous
filter-press electrochemical cell with a flow rate of 35 ml min�1 for
cathodic and anodic compartments. Although, in this experiment
crossover was just from the positive side to the negative, the
half-cell demonstrated a quite stable cycling retention with a CE
average of 95% through the cycling. After 27 cycles (100 h) the
capacity retention was 97%. Additionally, the lower part of Fig. 5
shows the potential of working electrode vs. SHE as a function of
time. It can be seen that it took some cycles to reach steady state
and in last cycles the system behaved noisily as a consequence
of degradation of reference electrode. It is observed that compared
with the theoretical capacity, the loss ratio of capacity is really low,
indicating an optimal cell behaviour (chemical stability).

Finally, it is worth noting that one has to be very careful
about which materials are used to store the reactants and carry
out the reaction, since those materials can catalyse MnO2 formation.
We found problems with some plastic tubes and composite carbon
materials.

In summary, we demonstrate the performance of the MnO4
�/

MnO4
2� redox couple in alkaline electrolyte for use in RFBs.

Permanganate is a promising positive redox couple for alkaline
RFBs, potentially enabling cost effective stationary storage of
renewable energy, highlighting the ability of permanganate to
function as stable positive electrolyte for using in redox flow
batteries in alkaline solution, helping to resolve serious cost,

corrosion and safety concerns of previous flow batteries chemistries.
However, special care should be taken in using different materials to
store and produce the electrochemical reaction. Finally, during
discharge, care must be taken to prevent the positive half-cell
potential going into too negative range, in order to avoid MnO2

formation. Further experiments are required to test the long-
term stability and energy efficiency of this redox couple, and in
conjunction of existing redox couples for the negative side.
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19 K. Sekula-Brzezińska, P. K. Wrona and Z. Galus, Electrochim. Acta,
1979, 24, 555–563.

20 K. Pisarczyk, Manganese Compounds, in Kirk Othmer Encyclopedia of
Chemical Technology, John Wiley & Sons, Hoboken, NJ, 5th edn,
2005, vol. 15, pp. 566–629.

21 J. W. Ladbury and C. F. Cullis, Chem. Rev., 1958, 58, 403–438.
22 M. C. R. Symons, J. Chem. Soc., 1953, 3956–3961, DOI: 10.1039/

JR9530003956.
23 M. C. R. Symons, J. Chem. Soc., 1954, 3676–3679, DOI: 10.1039/

JR9540003676.
24 R. H. Ferguson, W. Lerch and J. E. Day, J. Am. Chem. Soc., 1931, 53,

126–137.
25 A. Carrington and M. C. R. Symons, Chem. Rev., 1963, 63, 443–460.
26 J. L. Duvall, Stabilization of alkaline potassium permanganate solu-

tions, US3210284 A, 1965.

Fig. 5 Upper part: Coulombic and capacity retention efficiencies for each
cycle. Lower part: IR corrected cycling behaviour measured as electrode
potential vs. SHE.
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