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Abstract: Manganese-based aqueous batteries have attracted 

significant attention due to their earth-abundant components and low 

environmental burden. However, state-of-the-art manganese-zinc 

batteries are poorly rechargeable due to dendrite formation on the 

zinc anode. Organic materials could provide a safe and sustainable 

replacement. In the present work, a conducting redox polymer (CRP) 

based on a trimer of EPE (E = 3,4-ethylenedioxythiophene; P = 3,4-

propylenedioxythiophene) and a naphthoquinone (NQ) pendant group 

is used as anode in polymer-Manganese secondary batteries. The 

polymer shows stable redox conversion around + 0.05 V vs. Ag/AgCl, 

and fast kinetics that involves proton cycling during pendant group 

redox conversion. For the first time, a CRP-manganese secondary 

battery was fabricated with pEP(NQ)E as anode, manganese oxide 

as cathode, and manganese containing acidic aqueous solution as 

electrolyte. This battery yielded a discharge voltage of 1.0 V and a 

discharging capacity of 76 mAh/ganode over > 50 cycles and high rate 

capabilities (up to 10 C).   

Introduction 

A variety of rechargeable battery technologies have been 
developed for energy storage to support our current lifestyle. 
Lead-acid batteries (PbAs) [1] and lithium-ion batteries (LIBs) [2] 
dominate the market by virtue of their respective strengths. LIBs 
have a high energy density that meets current demands for 
portable electronics as well as for electrification of the transport 
sector while PbAs are low-cost aqueous systems that are easy to 
scale up for stationary applications. However, LIBs are expensive, 
raw material extraction and refining is associated with high 
environmental burden, and it is questionable if LIBs can meet the 
rapidly increasing demand for electrical energy storage.[2b, 3] PbAs, 
currently make up about half the installed battery capacity, 
globally. However, the use of lead is linked to several 
environmental issues including contamination of soil and 
groundwater with potentially dangerous health impacts and thus 
its use is restricted by the Restriction on Hazardous Substances 
(RoHS).[1] Environmentally benign, low cost electrode material for 
aqueous energy storage system is therefore highly desirable.[4] 

Recently, manganese-based aqueous batteries have attracted 
significant attention due to their earth abundant components, 
environmental friendliness, low cost, and high theoretical 
capacity.[5] However, state-of-the-art manganese-zinc batteries 
show poor cycle life due to the dendrite formation at the zinc 
anode.[6] Recently, a rechargeable manganese/hydrogen battery, 
using a platinum/carbon catalyst as an anode, has been reported, 
which accentuates the possibilities that further research on 
manganese-based batteries can bring e.g. for grid-scale electrical 
energy storage.[5a] 

Organic materials featuring cheap, earth-abundant, and readily 
available building blocks with tunable properties have been 
proposed as a counterpart of inorganic electrode-active 
materials.[7] Many kinds of organic materials have been 
investigated to date, e.g. conducting polymers,[8] carbonyl-based 
compounds[9] and polymers,[10] organosulfur compounds and 
polymers,[11] and radicals[12] and polymers.[3b, 13] By virtue of their 
good intrinsic conductivity and high charge storage capacity we 
have proposed the use of conducting redox polymers (CRPs) as 
an organic electrode materials.[14] In our previous work, the 
electrochemical characteristics of a CRP based on EPE (E = 3,4-
ethylenedioxythiophene; P = 3,4-propylenedioxythiophene) and a 
naphthoquinone (NQ) pendant group, pEP(NQ)E (p = polymer) 
(see Scheme 1), were studied in acidic aqueous electrolyte.[14f, 15] 
pEP(NQ)E shows fast and reversible redox conversion that 
involves proton cycling during pendant group redox conversion 
around 0.27 V vs. SHE, making it suitable as an anode-active 
material. 

 

 

 

 
 

 

Scheme. Redox reaction of pEP(NQ)E. 
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In the current work, pEP(NQ)E has been electrochemically 
characterized in a manganese-ion containing acidic aqueous 
electrolyte and a CRP-manganese secondary battery was 
fabricated utilizing the CRP as anode, manganese oxide (MnO2) 
as cathode, and manganese acidic aqueous solution as 
electrolyte. 

Results and Discussion 

Electrochemical performance of pEP(NQ)E anode and MnO2 
cathode  

Carbon felts are commonly used as current collectors due to 
their good electronic conductivity, high stability, and inertness. 
They have high porosity which provides easy access to 
electrolyte ions.[16] In the current work, we prepared pEP(NQ)E 
on carbon felts as an organic electrode material. The use of 
carbon felt substrates allowed high mass loadings to be used. 
SEM analysis of the 10 mg/cm2 pEP(NQ)E covered carbon felt 
showed that pEP(NQ)E covered the carbon fiber without forming 
freestanding aggregates (Figure 1), suggesting a retained pore 
structure of the felt after polymer deposition albeit with reduced 
pore size.  

 

Figure 1. SEM images of pEP(NQ)E electrode. SEM images at 10 000x 
magnification of (a) carbon felt without polymer material and (b) carbon felt 
deposited with polymer material. 

While the carbon felt substrate showed a purely capacitive 
response the pEP(NQ)E covered carbon felt displayed a 
reversible redox peak at + 0.05 V vs. Ag/AgCl in 0.5 M H2SO4 
aqueous electrolyte (see Figure 2a). This peak has previously 
been assigned to the 2e-/2H+ redox conversion of the NQ pendant 
group (see Scheme 1). Reducing-oxidizing (or charge-discharge) 
curves of the pEP(NQ)E exhibited a voltage plateau at + 0.05 V 
vs. Ag/AgCl, and the coulombic efficiencies (the ratio of 

discharging vs. charging capacity) were around 100% (Figure S1). 
The capacity of pEP(NQ)E reached almost the theoretical 
capacity (76 mAh/g, the capacity estimated from the molecular 
weight per polymer unit), suggesting that pEP(NQ)E was 
successfully prepared on carbon felt and almost all the NQ groups 
contributed to charge storage. 

Replacing the 0.5 M H2SO4 aqueous electrolyte with a 0.5 M 
H2SO4 + 0.5 M MnSO4 aqueous electrolyte did not significantly 
change the redox response showing that the NQ redox 
chemistry is unaffected by the presence of manganese ions and, 
hence, cycles protons also in the mixed electrolyte. For the half-
cell and battery measurements below, we utilized a slightly less 
acidic electrolyte (1 M MnSO4 + 0.05 M H2SO4) to prevent side 
reactions, such as water oxidation and oxygen evolution. In this 
case the reversible redox peak is centered at 0 V vs. Ag/AgCl 
(see Figure 2a). At scan rates below 1 mV/s, the oxidation and 
reduction peak currents increased linearly with scan rate, 
suggesting full conversion of the material and a non-diffusion 
limited reaction at these scan rates. At higher scan rates, above 
2 mV/s, the redox peaks moved apart and were broadened, 
which could be due to sluggish redox conversion of the pendant 
group (see Figure 2b). From the scan rate dependence of the 
peak potentials (Figure 2c),  apparent rate constants were 
calculated[17] to 1.1×10-2 s-1 (oxidation) and 6.8×10-3 s-1 
(reduction). 

When cycling pEP(NQ)E galvanostatically, a capacity of 76 
mAh/g was achieved at 1 C at 0 V vs. Ag/AgCl (Figure 3a). 
About 99 % of the initial capacity was retained during the first 50 
cycles at 1C at a coulombic efficiency 99% (Figure 3a Inset). 
The rate performance (Figure 3b) of the discharge process 
showed that all material could be accessed at high C-rates, up 
to 5 C (720 s discharge time). Furthermore, at 30 C (120 s 
discharge time), 77% (61 mAh/g) of the theoretical capacity was 
retained.  

The redox reaction at the MnO2 cathode was evaluated by 
cyclic voltammetry and the potential of the charge and discharge 
reactions (Mn2+ + 2H2O ⇄ MnO2 + 4H+ + 2e-) was around + 1.0 
V vs Ag/AgCl (see Figure 3c). Consequently, combining the 
pEP(NQ)E anode and MnO2 cathode, a voltage of 1.0 V in a 
battery setup could be estimated.

 

 

 

 

 

 

 

 

Figure 2. Electrochemical properties and kinetics of pEP(NQ)E. (a) Cyclic voltammograms of PEP(NQ)E in 0.5 M H2SO4 (black) and 0.5 M MnSO4 and 0.5 M H2SO4 
(red) aqueous electrolyte, and carbon felt in 0.5 M MnSO4 and 0.5 M H2SO4 aqueous electrolyte (blue) at a scan rate of 1 mV/s. (b) Cyclic voltammograms of 
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pEP(NQ)E in 1 M MnSO4 and 0.05 M H2SO4 aqueous electrolyte at scan rates of 0.6 (black), 1 (blue), 3 (red), 5 (green), and 10 (yellow) mV/s. (c) The peak potential 
dependence on scan rates (0.6, 0.8, 1, 2, 3, 5, and 10 mV/s). Oxidation potentials are red and reduction potentials are blue. 

Figure 3. Electrochemical properties of pEP(NQ)E in 1 M MnSO4 + 0.05 M H2SO4 aqueous electrolyte. a) The charging (black) and discharging (red) curves of 
pEP(NQ)E at 10 C. Inset: Capacity retention for 50 cycles upon galvanostatic charge and discharge of pEP(NQ)E at 1 C. b) Discharging curves of the battery at 
various discharging rates of 1 (black), 5 (blue), 10 (red), 20 (green), and 30 C (yellow). c) Cyclic voltammogram of MnO2 electrode in 1 M MnSO4 + 0.05 M H2SO4  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Electrochemical properties of a conductive redox polymer-manganese secondary battery. a) Schematic image of the rechargeable conducting redox 
polymer-manganese battery (charging). b) Schematic image of the battery (discharging). c) The charging (black) and discharging (red) curves of the battery at 1 C. 
Inset: Capacity retention for 50 cycles upon galvanostatic charge and discharge of the battery at 1 C. d) Discharging curves of the battery at various discharging 
rates of 1 (black), 5 (blue), and 10 C (red). 

 
A CRP-manganese secondary battery    

A CRP-manganese secondary battery was fabricated with 
pEP(NQ)E (almost 10 mg/cm2 active material) as anode, MnO2 
as cathode, and an aqueous electrolyte containing 1 M MnSO4 
and 0.05 M H2SO4 (see Figure 4a, 4b). The 
charging/discharging curves of the cell exhibited a plateau 
voltage at 1.0 V, and the coulombic efficiencies were almost 

100% (Figure 4c). The voltages obtained by this battery 
corresponded to the potential of pEP(NQ)E against that of 
Mn2+/MnO2 (Mn2+ + 2H2O ⇄ MnO2 + 4H+ + 2e-). The capacity for 
the anode used in the device was 76 mAh g−1, suggesting that 
almost all NQ moieties contributed to charge storage also in the 
battery cell. The rate performance of the discharge process is 
shown in Figure 4d. Even at 10 C (360 s discharge time), 64% 
(49 mAh/g) of the theoretical capacity was retained. The 
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reduced rate performance of the battery compared with that of 
the pEP(NQ)E itself (Figure 3b) indicates that the MnO2 cathode 
is rate limiting. The high capacities (˃ 98% of the initial capacity) 
after 50 charging-discharging cycles (Figure 4c Inset) 
demonstrated a good cycling performance of the CRP-
manganese secondary battery, indicating high stability of the 
CRP anode as well as of the MnO2 cathode. The battery showed 
similar cyclability as the previously demonstrated CRP-air 
battery, using the same anode material [15], as well as 
comparable cycling stability with other CRP-based aqueous 
batteries (Table S1), suggesting that the polymer stability is not 
affected by the presence of manganese ions in the electrolyte. In 
addition, the cell shows small resistive losses, as judging from 
the potential drop between charging and discharging from which 
a cell resistance was estimated to 8 .  

Conclusion 

A high mass loading (10 mg/cm2) of the conducting redox 
polymer electrode was achieved by utilizing a carbon felt as 
current collector. For the first time, a conducting redox polymer-
manganese secondary battery was fabricated with a pEP(NQ)E 
anode, a MnO2 cathode, and a 1 M MnSO4 and 0.05 M H2SO4 
aqueous electrolyte. The battery displayed reversible charging-
discharging curves at an output voltage of 1 V, which was close 
to the potential window of water. Further increase of the mass 
loading, such as 100 mg/cm2, is one of the topics of our continuing 
research.  

Experimental Section 

Materials 

All solvents and chemicals, except N-methyl-2-pyrrolidone 

(NMP), were purchased from Sigma-Aldrich. NMP was 

purchased from Alfa Aesar Thermo Fisher Scientific. All solvents 

and chemicals were used without further purifications unless 
otherwise specified and deionized water was used to prepare 

aqueous electrolytes. Commercial Soft Graphite Battery Felt 

AvCarb G200 (thickness 3.2 mm) was purchased from Fuel Cell 

Store (The surface area of the felt was 3.62 m2/g from gas 

adsorption measurement).  

Preparation of NQ-EDOT and its polymerization  

The trimer precursor, pEP(NQ)E was synthesized according to 

the previously published procedures.[14f] Polymerization was 

achieved by post-deposition-polymerization as follows: First, the 

NQ-trimer was dissolved in NMP. Thereafter, the trimer solution 

was soaked into a carbon felt. (The ratio between trimer material 

and carbon felt used was 10 mg trimer /30 mg (1 cm2) carbon 
felt.) The soaked felt was kept in a vacuum chamber for 2 hours 

to remove NMP. After solvent removal the dry trimer-deposited 

carbon felt was soaked in electrolyte and shaken for 5 minutes 

to remove air. Finally, the trimer was electro-polymerized in 0.5 

M H2SO4 aqueous electrolyte using chronoamperometry for 

3000 seconds at 0.6 V, which is well above the onset oxidation 
potential of trimer (0.2 V vs. Ag/AgCl). After 3000 seconds the 

polymerization was complete, as judged from the low currents 

observed. A platinum wire and Ag/AgCl electrode were used as 

counter- and reference electrode, respectively. Before 
polymerization the electrolyte was degassed with N2 for 10 

minutes and kept under an inert atmosphere during the 

measurement. 

Preparation of MnO2 electrode  

The MnO2 layer was electrodeposited on carbon felt by applying 

a constant potential of 1.2 V vs. Ag/AgCl in an aqueous 
electrolyte solution containing 1 M MnSO4 + 0.05 M H2SO4 

aqueous electrolyte for 200 s. 

Electrochemical characterization  

pEP(NQ)E and MnO2 electrodes were characterized by cyclic 

voltammetry in aqueous electrolytes. A platinum wire was used 

as counter electrode and a Ag/AgCl (3 M NaCl, +0.209 V vs. 
SHE) electrode was used as reference. Electrochemical results 

were obtained using an Autolab PGSTAT302N potentiostat 

(Ecochemie, Utrecht, The Netherlands). The electrolytes were 

degassed with N2 and kept under an inert atmosphere during the 

whole experiment.  

Scanning electron microscopy  

Scanning electron microscopy (SEM) was performed to obtain 

images of the carbon felt deposited with polymer using a Leo 

Gemini 1550 FEG SEM (Zeiss, Germany) operated at 3 kV 

using an in-lens secondary electron detector. 

Battery evaluation  

For battery evaluation, a beaker cell was used with the 
pEP(NQ)E electrode as anode, a MnO2 on carbon felt as 

cathode, and 1 M MnSO4 + 0.05 M H2SO4 aqueous solution as 

electrolyte. All battery experiments were carried out under 

nitrogen atmosphere. The cycling performance of the cell was 

examined by repeated galvanostatic charging/discharging cycles 

at 1 C. The cut-off voltages of the pEP(NQ)E/MnO2 battery were 
set to 0.5 and 1.2 V. An electrode containing electrodeposited 

MnO2 was used as cathode to ensure that the redox reaction 

occurring at the anode was limiting. The battery was assembled 

with both anode and cathode in their discharged state. 
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