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Redox flow batteries with organic electrode materials are attracting much attention. Previous research efforts have been 

focusing on liquid-phase electrodes on both the anode and cathode sides. Since batteries based on air cathodes can 

provide immense advantages, coupling a liquid organic electrode with a gaseous air cathode could offer multiple benefits 

in terms of cost, safety, and energy density. Herein we present a liquid – gaseous battery system with an aqueous methyl 

viologen (MV) anode and an air cathode. However, under the traditional battery operation principle with the same 

electrolyte at the anode and cathode, the resulting MV-air battery will not able to provide a reasonable voltage for 

practical applications. In this study, the cell voltage of the MV-air chemistry is strategically manipulated by using an acidic 

cathode electrolyte (catholyte) and a neutral anode electrolyte (anolyte). To operate a battery with different electrolytes 

at the anode and cathode, a sodium-ion (Na
+
-ion) conductive solid-state electrolyte (Na-SSE) membrane is employed to 

physically and electrically separate the two electrodes. The shuttling of sodium ions via the Na-SSE balances the ionic 

charge transfer between the two electrodes and sustains the redox reactions at the air cathode and the MV anode.  

 

Introduction 

Redox flow batteries are considered as a viable 

electrochemical energy storage technology to efficiently utilize 

clean energy harvested from renewable resources, such as wind 

and solar.
1, 2

 However, due to a series of challenges, such as 

crossover of active materials between the two electrodes through 

the conventional ion-exchange separators leading to a lower 

efficiencies, cost, and chemical toxicity, a widespread 

implementation of conventional redox flow batteries is still 

limited.
3-5

 To achieve the goal of cost-effective, environmentally 

benign, safe energy storage systems, recent research in redox flow 

batteries tending to shift from inorganic electrode materials to 

organic electrode materials.
6-11

 To date, most of the organic redox 

flow batteries have been developed with liquid-phase electrodes on 

both the anode and cathode sides.
12-15

 Interestingly, 

electrochemical cells with an air cathode can offer a sequence of 

technological advantages, such as reducing the volume, weight, and 

cost of the battery systems. With the use of free O2 from the 

atmosphere, the above technical merits can be easily achieved.
16-21

  

However, metal-based anodes have been the main focus in the 

literature to couple with the air cathode to develop metal-air 

batteries.
22-25

 Rechargeable batteries with organic liquid - air 

chemistries have sparsely been reported.  

In this study, we present a new battery chemistry with a liquid-

phase organic anode (Methyl viologen, MV) and a gas-phase air 

cathode. To achieve a practically acceptable cell voltage, the MV-air 

battery is strategically developed with an acidic cathode electrolyte 

(catholyte) and a neutral anode electrolyte (anolyte). The catholyte 

and anolyte with different pH values are physically and electrically 

separated with a mediator-ion (Na
+
-ion) solid-state electrolyte (Na-

SSE) membrane. The Na
+
-ions migrate back and forth through the 

Na-SSE during charge-discharge, acting as an ionic messenger to 

maintain the ionic charge balance between the two electrodes. 

Results and Discussion  

Methyl viologen (MV), which is N,N′-dimethyl-4,4′-bipyridinium 

dichloride ([(C6H7N)2]Cl2), is an electrochemically active organic 

material. It has recently been pursued as a liquid-phase electrode 

material in aqueous solutions.
26, 27

 Methyl viologen mainly exists in 

three oxidation states, MV
0
, MV

+
, and

 
MV

2+
.
28, 29

 The transition 

between MV
2+

 and
 
MV

+
 as well as that between MV

+
 and

 
MV

0
 

involves one-electron transfer in each process.
30-32

 Redox reactions 

of the methyl viologen species are as schematized in Fig. 1a. A cyclic 

voltammetry (CV) profile of a platinum electrode in a solution 

containing 0.1 M [(C6H7N)2]Cl2 and 0.5 M Na2SO4 (serves as a 

supporting electrolyte) is presented in Fig. 1b. The two reduction 

waves at ca. -0.52 V and ca. -0.95 V correspond, respectively, to the 
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reduction of MV
2+

 to MV
+
 and that of MV

+
 to MV

0
.
33, 34

 For the 

anodic process, the two oxidation waves at ca. -0.66 V and ca. -0.27 

V correspond, respectively, to the oxidation of MV
0
 to MV

+
 and that 

of MV
+
 to MV

2+
. It can be seen that the first-step redox reaction of 

MV
2+

 ↔ MV
+
 is highly reversible. However, the reversibility of the 

second-step reaction of MV
+
 ↔ MV

0
 is relatively poor. According to 

the previous fundamental studies, the transition process of MV
+
 ↔ 

MV
0
 is actually electrochemically reversible.

35
 However, the poor 

reversibility of the MV
+
 ↔ MV

0
 couple in aqueous solution, as 

observed in Fig. 1b, is most likely due to the poor solubility and the 

uncharged feature of the MV
0
 species.

35
 Therefore, the 

electrochemical transition reaction between the MV
2+

 and the MV
+
 

species will be an ideal redox couple for the development of redox 

flow batteries.  

Fig. 2 presents the cyclic voltammograms of the redox reaction 

of MV
2+

 ↔ MV
+
 in 0.1 M [(C6H7N)2]Cl2 + 0.5 M Na2SO4 solutions with 

different pH values. As seen in Fig. 2a, under neutral or alkaline 

conditions, the transition reaction of MV
2+

/MV
+
 is highly reversible 

without any significant side reactions. The redox potential of 

MV
2+

/MV
+
 is almost identical at the pH values of 7 to 13. However, 

as seen in Fig. 2b, the reversibility of the MV
2+

/MV
+
 reaction is poor 

under acidic conditions. It is almost irreversible at low pH values. 

Therefore, the methyl viologen can only be used as an 

electrochemically active electrode under the neutral or alkaline 

conditions.  
The electrochemistry of oxygen reduction reaction (ORR) has 

been well established.
36, 37

 Redox reactions and the corresponding 

redox potentials of oxygen under acidic and alkaline conditions are 

expressed, respectively, as Equations 1 and 2.  

 

O2 + 4H
+
 + 4e

-
↔ 2H2O           E

0
 = 1.23 V vs. SHE          (1) 

 

O2 + 2H2O ↔ 4OH
-
 + 4e

-
       E

0
 = 0.40 V vs. SHE          (2) 

 

According to the data presented in Fig. 2a, the redox potential 

of MV
2+

/MV
+
 under a neutral or an alkaline condition is ca. -0.4 V 

(vs. SHE). Therefore, if an MV - air cell is operated under the 

traditional principle with the same alkaline or neutral electrolyte at 

both the anode and cathode, the theoretical voltage of the resulting 

cell will be 0.8 V. The cell voltage will be even lower under the 

practical cell working conditions at higher current densities. Such a 

low voltage makes the MV-air cell unable to meet the practical 

application demand as an electrochemical energy storage system. 

However, if the MV-air cell is operated with a neutral or 

alkaline MV anode and an acidic air cathode, a reasonably high 

theoretical cell voltage (ca. 1.6 V) can be achieved. Unfortunately, 

under the conventional cell operation principle by employing a 

porous separator, it would not allow developing such a dual-

electrolyte cell. The acidic cathode electrolyte and the neutral 

anode electrolyte would mix with each other during cell operation. 

Herein, we strategically operate the MV-air cell with an acidic 

cathode electrolyte (catholyte) and a neutral anode electrolyte 

(anolyte). The catholyte and anolyte with different pH values are 

physically and electrically separated with a sodium-ion (Na
+
-ion) 

conductive solid-state electrolyte (Na-SSE) membrane, as 

schematized in Fig. 3. The redox reactions at the acidic air cathode 

and the neutral MV anode are sustained by the migration of Na
+
-

ions as an ionic messenger through the Na-SSE. To minimize the 

overpotential of the oxygen redox reaction at the positive 

electrode, a decoupled positive electrode configuration was applied 

to the MV-air cell by employing a Ti supported IrO2 (IrO2/Ti) catalyst 

for the oxygen evolution reaction (OER) and a Pt/C (carbon 

supported platinum) catalyst for the oxygen reduction reaction 

(ORR). The as such fabricated cell is termed as MV (neutral) ǁ Na-

SSE ǁ air (acid).  
During the charge of an MV (neutral) ǁ Na-SSE ǁ air (acid) 

cell, H2O is oxidized to O2 on the IrO2/Ti OER catalyst. This 

process releases four electrons to the external circuit and 

releases four protons into the catholyte. At the anode, the 

[(C6H7N)2]Cl2 (MV
2+

) is reduced to [(C6H7N)2]Cl (MV
+
) by 

obtaining electrons via the external circuit. This process also 

releases a Cl
-
 ion in the anolyte. In order to balance the ionic 

charge transfer between the catholyte and anolyte, sodium 

ions migrate via the Na-SSE from the cathode electrolyte to 

the anode electrolyte and couple with the released Cl
-
 ions. 

During the discharge process, the reactions are reversed. At 

the anode, the [(C6H7N)2]Cl (MV
+
) is oxidized to [(C6H7N)2]Cl2 

(MV
2+

) by combining with the Cl
-
 ions and releasing one 

electron to the external circuit while the Na
+
-ions diffuse back 

to the cathode electrolyte through the Na-SSE. At the cathode, 

the O2 is reduced to water on the Pt/C ORR catalyst by 

receiving electrons from the external circuit.  

The electrochemical kinetics of the MV
2+

/MV
+
 redox 

reaction was further studied with CV experiments. Fig. 4a 

shows the CV profiles of the platinum electrode in a solution 

 
 

Fig. 2. (a) Cyclic voltammograms (CVs) of a platinum electrode in 

0.1 M [(C6H7N)2]Cl2 + 0.5 M Na2SO4 solutions with different pH 

values of 7, 9, 11, and 13. (b) CVs of a platinum electrode in 0.1 

[(C6H7N)2]Cl2 + 0.5 M Na2SO4 solutions with different pH values of 

7, 5, 3, and 1. The scan rate is 10 mV s
-1

 in all experiments. The pH 

of the solution was adjusted by H2SO4 or NaOH. 

 
 

Fig. 1. (a) Schematics of the electrochemical reactions of methyl 

viologen species. (b) A cyclic voltammogram (CV) of a platinum 

electrode in a 0.1 M methyl viologen + 0.5 M Na2SO4 solution at a 

scan rate of 10 mV s
-1

. 
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containing 0.1 M [(C6H7N)2]Cl2 and 0.5 M Na2SO4 at different 

scan rates. At each scan rate, the electrochemical process of 

the MV
2+

/MV
+
 is perfectly reversible. Peak current densities 

(Ipeak) as a function of the square root of scan rate (V
1/2

) for the 

cathodic (MV
2+

 → MV
+
) and the anodic (MV

+
 → MV

2+
) 

reactions are, respectively, summarized in Figs. 4b and c. The 

data were derived from Fig. 4a. In both the cathodic and the 

anodic cases, the Ipeak vs. V
1/2

 shows a perfect linear 

relationship. This implies that either the reduction of MV
2+

 or 

the oxidation of MV
+
 is a mass-transport control process. 

Therefore, the diffusion coefficients of MV
2+

 and MV
+ 

species 

can be calculated according to the Randles-Sevcik equation.
38, 

39
  

 

Ip = 269000*S*D
1/2

*n
3/2

*v
1/2

*C                      (3) 

 

where Ip is the peak current density (in A cm
-2

), S represents the 

area of the electrode (in cm
2
),

 
D refers to the diffusion coefficient 

of the electrochemically active species (in cm
2
 s

-1
), n is the number 

of electrons transferred in the electrochemical reaction, ν is the 

scan rate (in V s
-1

) of the CV experiments, and C represents the 

concentration of the redox species (in mol mL
-3

). According to the 

slope values of the linear plots in Fig. 4b and c, the diffusion 

coefficient for the reduction of MV
2+

 and that for the oxidation of 

MV
+ 

can be calculated based on Eq. 3. The D values of the reduction 

of MV
2+

 and the oxidation of MV
+ 

are, respectively, 7.28 × 10
-6

 and 

4.59 × 10
-6

 cm
2 

s
-1

. The diffusion coefficients calculated with the 

experimental data here are basically consistent with those in 

previous reports.
40, 41

 

The sodium mediator-ion SSE employed in this study is a 

NASICON-type material with a composition of Na3Zr2Si2PO12. 

This material exhibits a sodium-ion conductivity of ca. 1.0 x 10
-

3
 S. cm

-1
 at room temperature.

42
 To ensure a high surface area 

for accommodating the liquid MV
2+

 and MV
+
 active electrode 

materials, a  piece of carbon cloth purchased from the Fuel Cell 

Store was used as the anode matrix. A picture and a scanning 

electron microscope (SEM) image showing the high surface 

fabric of the carbon cloth are provided in Fig. S1. The IrO2/Ti 

OER catalyst was prepared by depositing a thin layer of IrO2 on 

the surface of Ti mesh as described in the experimental 

procedure of the Electronic Supplementary Information (ESI). 

A picture, as well as an SEM image of the IrO2/Ti OER catalyst, 

are provided in Fig. S2.  

The anolyte of this study was prepared with 0.1 M 

[(C6H7N)2]Cl2 + 0.5 M Na2SO4. Therefore, the MV (neutral) ǁ Na-

SSE ǁ air (acid) cell was actually assembled in the discharge 

state. It should be noted that toward practical applications, 

high-concentration anolyte would be preferred in order to 

achieve a high energy density with the cell. However, in this 

proof-of-concept study, the cell was operated with a relatively 

low-concentration anolyte to avoid any solubility limitation 

problems. Effects of the concentration of anolyte on the cell 

performances will be systematically studied in the future. Fig. 

5a shows the initial charge profile of the MV (neutral) ǁ Na-SSE 

ǁ air (acid) cell. In order to avoid the formation of insoluble 

MV
0
, the cell was charged to a depth of 80% on the basis of 

the theoretical capacity of the MV
2+

/MV
+
 redox couple. 

Therefore, there does not appear a rising point in the first 

charge profile in Fig. 5a. To confirm the transition of MV
2+ 

to 

MV
+
, the charge product of the anolyte was analyzed with 

ultraviolet-visible spectroscopy (UV-Vis). Fig. 5b shows the UV-

Vis spectra of the fresh [(C6H7N)2]Cl2 anolyte and after being 

 
 

 

 

Fig. 4. (a) Cyclic Voltammetry profiles (CVs) of the platinum electrode in a 0.1 M [(C6H7N)2]Cl2 + 0.5 M Na2SO4 solution at different scan 

rates. (b) Current density as a function of square root of the scan rate (Randles–Sevcik plot) for the [(C6H7N)2]Cl2 reduction reaction. (c) 

Randles–Sevcik plot for the [(C6H7N)2]Cl oxidation reaction. 
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charged to a depth of 80%, as indicated by the purple circles in 

Fig. 5a. The absorption peaks located at 257 nm is attributed 

to the MV
2+

 species.
43, 44

 The appearance of an absorption 

peak at 395 nm in the spectrum of the charged anolyte 

indicates the formation of MV
+
.
43

 The absorbance of the MV
2+ 

peak for the charged anolyte is ca. 22% of that for the fresh 

[(C6H7N)2]Cl2 anolyte, indicating ca. 78% of the MV
2+ 

species 

has been reduced to the MV
+
. This result is consistent with the 

assigned depth of charge of the MV (neutral) ǁ Na-SSE ǁ air 

(acid) cell. The transition of MV
2+ 

to MV
+ 

can also be visually 

observed since there is a color change upon the reduction of 

the MV
2+ 

species.
45, 46

 Fig. S3 presents the color change of the 

anolyte during charging an MV (neutral) ǁ Na-SSE ǁ air (acid) 

cell. For the convenience of observation, the anolyte chamber 

was specially designed with a crescent-shape grove in the 

lower right corner and a piece of Ti mesh (rather than the 

high-surface carbon cloth) was used as the anode current 

collector. As seen in Fig. S3, the fresh anolyte is colorless 

before charging. After the cell was charged for 1 h at a current 

density of 1.0 mA cm
-2

, the anolyte exhibits a violet color. After 

charging for 2 h, the color of anolyte became even darker.  

Fig. 6 presents the cycling performances of the MV (neutral) ǁ 

Na-SSE ǁ air (acid) cell. The cell was operated with a separate OER 

electrode and ORR electrode, as described in the experimental 

section of ESI. The charge and discharge profiles were individually 

recorded with two separate channels on a battery testing 

instrument. A 5-minute resting time was preset between each 

charge and discharge period. Fig. 6a presents the voltage 

polarization curves of the MV (neutral) ǁ Na-SSE ǁ air (acid) cell. 

Upon applying a charge-discharge current, the cell voltage responds 

accordingly. As seen in Fig. 6a, the charge voltage of the cell 

increases and the discharge voltage decreases with the increase in 

the cycling current. The high polarization behavior of the cell is 

mostly due to the relatively low Na
+
-ion conductivity of the Na-SSE 

and the relatively high thickness (ca. 0.7 mm) of the Na-SSE 

membrane used for the fabrication of the cell. Reducing the 

 
 

Fig. 6. (a) Voltage polarization curves of the MV (neutral) ǁ Na-SSE ǁ air (acid) cells at different operating current densities. (b) Consecutive 

charge-discharge curves of the MV (neutral) ǁ Na-SSE ǁ air (acid) cell cycled at 1.0 mA cm
-2

. 
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thickness of the Na-SSE pellet with proper techniques is underway 

in our lab. Upon being able to fabricate a thin SSE membrane, the 

MV (neutral) ǁ Na-SSE ǁ air (acid) cell will be able to be cycled at 

high current densities. Fig. 6b shows the consecutive charge-

discharge profile of the MV (neutral) ǁ Na-SSE ǁ air (acid) cell at a 

cycling current density of 1.0 mA cm
-2

. The consecutive charge-

discharge curves of the cell operated at other current densities are 

provided in Fig. S4. As seen in Fig. 6b and Fig. S4, the cycling profiles 

show consistent charge and discharge voltages throughout the 50 

cycles. There does not appear to be significant changes in the 

voltage polarization with a continuous cycling of the cell. Fig. S5 

shows an SEM image of a cycled (after 50 cycles) carbon cloth 

matrix. In comparison to the fresh electrode (Fig. S1), there is no 

obvious change observed in terms of the integrity of the carbon 

fiber. The stable cycling performance also indicates that different 

liquid electrolytes at the anode and the cathode are completely 

separated by the Na-SSE and the electrochemical reactions at the 

two electrodes are effectively mediated by the shuttling of the 

sodium ions.  

Conclusions 

In summary, this study has demonstrated an electrochemical 

energy storage system with a novel methyl viologen-air (O2) 

chemistry that is enabled by a mediator-ion solid electrolyte 

strategy. Operation of the cell with an acidic cathode 

electrolyte (catholyte) and a neutral anode electrolyte 

(anolyte) offers a reasonable cell voltage. Under the mediator-

ion operating principle, the neutral anolyte and the acidic 

catholyte are electrically and physically separated by a Na
+
-ion 

conductive solid-state electrolyte (Na-SSE) membrane. The 

sodium ions shuttling through the solid-state electrolyte act as 

ionic mediator to maintain the ionic charge balance between 

the two electrodes and to maintain the redox reactions at the 

cathode and anode. 
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A “mediator-ion” solid-electrolyte membrane strategy enables the operation of methyl 

viologen – air batteries with a neutral anolyte and an acidic catholyte. 
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