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ABSTRACT  

Redox flow batteries (RFBs) are membrane-separated rechargeable flow cells with redox 

electrolytes, offering potential for large-scale energy storage and supporting renewable energy 

grids. Yet, creating a cost-effective, high-performance RFB system is challenging. In this work, 

we investigate an Fe/Mn RFB alkaline system based on the [(TEA)Fe-O-Fe(TEA)]3−/4− and 

MnO4
−/2− redox couples with a theoretical cell voltage of ~1.43 V. This combination has not been 

systematically studied previously, but it can lead to a very low-cost and sustainable materials for 

high energy storage. Constant current cycling tests were performed at ±41 mA/cm2 between 20 

and 80% SOC over 800 hours (400 cycles) with an apparent coulombic efficiency (CE) near 100% 

while the voltage efficiency (VE) gradually decreased from ~ 75.3% to ~ 61.4% due to increasing 

internal resistances. The voltage efficiency loss can be mitigated through periodic acid treatment 

to remove MnO2 deposits from the separator.  
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INTRODUCTION 

Redox flow batteries (RFBs), as a membrane-separated rechargeable flow cell system with 

redox-containing electrolytes, have been recognized as a promising large scale energy storage 

solution to support regional power grids and promote renewable energy utilization. The advantages 

of RFBs include flexibility, scalability, safety, and long lifetimes.1-3 The current state-of-the-art 

RFB system is the all-vanadium RFB, where the redox couples of VO2
+/VO2+ and V3+/V2+ are 

utilized for energy storage.4-7 Since the electroactive species in the all-vanadium RFB are entirely 

vanadium ions, the permanent crossover contamination issue is avoided which is a significant 

advantage of that system. However, due to the high cost of vanadium, widespread implementation 

of the all-vanadium RFBs have been limited.8 Hence, many other redox couple combinations like 

Zn/Br,9, 10 Fe/Cr,11-13 Zn/Ce,14, 15 all-Fe,16-19 etc. have been developed in search for an alternative, 

low-cost RFB system. Meanwhile, many challenges remain in current RFBs such as low energy 

density and energy storage efficiencies, and substantial system life-cycle costs.20, 21 

Metal complexes, whose redox potential can be feasibly tuned by using different organic ligands, 

are considered potential candidates for redox couples of flow batteries.22-24 A previous study has 

indicated the promise of the iron triethanolamine (TEA) complex (Fe(TEA)) for the alkaline RFB 

system.25 In alkaline conditions the Fe(TEA) complex exists in the form of [Fe(TEA)(OH)]−/2−, 

which has a redox potential around −0.86 V (vs SHE) via the following reaction (Eq. 1) 

[Fe(TEA)(OH)]− + e− ↔ [Fe(TEA)(OH)]2−                                                                               (1) 

And the complex formed by the coordination between the Fe ion and deprotonated TEA (i.e., 

[N(CH2CH2O)3]3−) anion under alkaline condition as shown in Eq.2, where the excess TEA ligand 
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promotes the conversion of coordinated Fe(TEA) complex and improves corresponding 

electrochemical performance.26-30 

N(CH2CH2OH)3 + Fe3+/2+ + 4OH− → [FeN(CH2CH2O)3OH]−/2− + 3H2O                                 (2) 

At higher concentrations (> 10 mM), the [Fe(TEA)(OH)]−/2− complex will dimerize forming a 

binuclear complex of [(TEA)Fe-O-Fe(TEA)]3−/4− and only gives/accepts one electron per dimer 

(Eq. 3), while the redox potential remains the same.26, 27 Structures of the Fe(TEA) complex and 

the binuclear complex are shown in Figure S1. 

[(TEA)Fe-O-Fe(TEA)]3− + e− ↔ [(TEA)Fe-O-Fe(TEA)]4−                                                      (3) 

The complex on the left side of Eq. 3 is a stable complex of Fe(II) and Fe(III) metal centers, or 

[(TEA)Fe(II)-O-Fe(III)(TEA)]3− while the complex on the right side has two Fe(II) centers (i.e., 

[(TEA)Fe(II)-O-Fe(II)(TEA)]4−). 

Bard’s group presented the first alkaline RFB based on the coordination chemistry of Fe(TEA) 

coupled with Co(mTEA) in 5 M NaOH, demonstrating a RFB that cycled up to 30 times at the 

concentration of 0.5 M with minimal crossover.27 Other combinations such as Fe(TEA)/Fe(CN)6,28 

Fe(TEA)/Co(TEA),29 and Fe(TEA)/Br2,30 have also been reported. However, these systems are 

still limited in practice due to several factors, including low solubility of the active redox species, 

high cost, low cell voltage, or unacceptable toxicity, and there is a lack of long-term cyclability 

testing.  

The permanganate/manganate (MnO4
−/MnO4

2−) redox couple is reported to be an attractive 

option for the positive couple for an alkaline RFBs with a redox potential at 0.57 V (vs. SHE) via 

the following reaction (Eq. 4).31  
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MnO4
− + e− ↔ MnO4

2−                                                                                                              (4) 

In this regard, [(TEA)Fe-O-Fe(TEA)]3−/4− with MnO4
−/2− is a possible combination to achieve a 

higher energy density RFB system with a useful cell voltage and reactant solubilities up to 0.8 M 

(as Na2[Fe(TEA)(OH)]) and 3.6 M (as NaMnO4), respectively.27, 31 This leads to an estimated 

energy density of 25.4 Wh L−1, which is competitive compared with some existing systems (Table 

S1). In this work, we investigated the performance of the [(TEA)Fe-O-Fe(TEA)]3−/4− and MnO4
−/2− 

redox couples in a lab-scale prototype RFB.  

EXPERIMENTAL SECTION 

Electrolyte preparation The negative electrolyte ([(TEA)Fe-O-Fe(TEA)]3−/4−) was prepared by 

mixing 0.4M FeCl2 4H2O (99+%, Acros Organics) and 0.8 M Triethanolamine (TEA, 98+%, Alfa 

Aesar) in 4 M NaOH (97.0+%, Fisher Chemical) solution, while the positive electrolyte (MnO4
−/2−) 

was prepared by simply dissolving 0.4 M NaMnO4 H2O (95+%, Sigma-Aldrich) in 4M NaOH 

solution. The electrolytes were sonicated for 10 min to ensure fully dissolution and complexation. 

Cyclic voltammetry A typical three-electrode configuration was used to evaluate the redox 

behavior of the as-prepared electrolytes. A polished glassy carbon (3 mm in diameter) electrode, 

a Pt mesh, and a Ag/AgCl (3 M NaCl) electrode were used as the working electrode (WE), counter 

electrode (CE) and reference electrode (RE), respectively. And NaCl was chosen as the electrolyte 

in the reference electrode for compatibility and convenience considering the working electrolyte 

was primarily a NaOH electrolyte. The cyclic voltammetry (CV) data were collected at the scan 

rate of 100 mV s−1 with live iR compensation via the Solartron ModuLab 2101A electrochemical 

workstation at room temperature (~ 22 oC). The solution resistance was measured by 
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electrochemical impedance spectroscopy (EIS) at open circuit potential (OCP) with a potential 

amplitude of 10 mV and a frequency range of 100k Hz to 10 Hz 

Redox Flow battery tests The redox flow battery is assembled with two polyvinylidene fluoride 

(PVDF) block frames, two current collectors, two graphite bipolar plates and two Viton 

fluoroelastomer rubber gaskets (Figure S2a). Two pieces of WDF graphite felt (2.54 cm × 1.905 

cm × 0.318 cm, GraphiteStore.com, Inc.) were used as both positive and negative electrodes, where 

the compression was controlled to 75% of the original thickness by the gasket thickness (2.4 mm) 

and the applied torque to10 inch-pounds per bolt in the final assembly. A piece of Nafion 212 

membrane (~ 4.84 cm2 effective area) was soaked in 4M NaOH solution for ~ 2 days before being 

used in the cell. The electrolytes (60 mL 0.2 M [(TEA)Fe-O-Fe(TEA)]3−/4− and 30 mL 0.4 M 

MnO4
−/2−) were cycled by a peristaltic pump (Cole Parmer, Masterflex L/S) at a desired flow rate 

(e.g., 50 mL min−1 ≈ 1.4 cm s−1). The circulation system is sealed, where the head space of the 

electrolyte reservoirs contains small amount of air residue (i.e., ~ 20 mL for negative electrolyte 

reservoir and ~ 50 mL for positive electrolyte reservoir), and the influence of leftover oxygen in 

the head space is negligible. The RFB performance was evaluated by a Biologic SP-240 

Potentiostat at room temperature (~ 22 oC). The charge/discharge process was conducted at a 

constant current density of ± 41 mA cm−2, and the voltage cutoff for charge and discharge segments 

are set at 2.0 V and 1.05 V, respectively. An additional cycling test was performed at ± 100 mA 

cm−2, and the voltage cutoff for charge and discharge segments are set at 2.2 V and 0.4 V, 

respectively. A 5 min relaxation period was adopted between each charge/discharge process. The 

RFB’s internal resistance was also measured by EIS from 100k Hz to 10 Hz at an amplitude of 10 

mV. 
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Symmetric cell tests For the symmetric cell test, the battery setup was basically same as 

mentioned above while the electrode area was reduced to 3 cm2. The positive electrolyte and 

negative electrolyte for the symmetric cell were prepared by discharging a full battery to 50% 

SOC. Then, the cell was re-built with fresh electrodes, membranes, and tubing to minimize any 

contamination before running the symmetric negative electrolyte tests and re-built again before 

running the symmetric positive electrolyte tests. For both electrolytes, polarization and AC 

impedance scans were obtained, before and after completing 10 constant current cycles between 

25 and 75% SOC at ± 40 mA/cm2. Briefly, the polarization curves were obtained by using the 

linear sweep voltammetry method between ± 0.12 V (vs open circuit potential) at a scan rate of 20 

mV s−1. 

RESULTS AND DISCUSSION 

Cyclic voltammetry (CV) of the [(TEA)Fe-O-Fe(TEA)]3−/4− and MnO4
−/2− redox couples on a 

glassy carbon electrode is shown in Figure 1a. The positive electrolyte, the MnO4
−/MnO4

2− couple 

exhibits a redox peak around 0.42 V vs Ag/AgCl in this electrolyte. However, it should be noticed 

that the reduced form of MnO4
2− can be further reduced to MnO4

3− (~0.13 V vs Ag/AgCl, Figure 

1b), which will readily decompose into MnO2 according to Eq. 5.32  

2MnO4
3− + 2H2O → MnO2,solid + MnO4

2− + 4OH−                                                                   (5) 

By limiting the electrode reactions to reaction (Eq. 3) and (Eq. 4), a theoretical cell voltage of 

~1.43 V can be achieved for the Fe/Mn RFB system. 

Figure 2 shows the scheme and details are shown in Figure S2b of the Fe/Mn RFB system (cell 

components and testing setup), where the starting negative reservoir contained 0.4 M FeII(TEA) 

species (i.e., 0.2 M [(TEA)Fe-O-Fe(TEA)]4−) and the starting positive reservoir contained 0.4 M 



 8

MnVII species (i.e., 0.4 M MnO4
−). An electrolyte flow rate of 50 mL min−1 was chosen based on 

a series of polarization experiments detailed in the Supporting Information (Figure S3-S6). These 

experiments demonstrated that at flow rates above 20 mL min−1, the polarization plots overlapped 

and indicated no diffusion limitations (Figures S4a, S4b, S5). This selected flow rate (i.e., 50 mL 

min−1), which is approximately 40 times the stoichiometric rate at 50% SOC, ensures efficient 

mass transfer and stable cell operation at our working current density of ±41 mA cm−2, as further 

confirmed by the voltage vs flow rate analysis (Figure S4c). By discharging the full battery to 50% 

SOC, symmetric cell tests were performed to study the negative electrolyte and positive electrolyte 

individually. 

The symmetric cell experiments have been recognized as testing and data analysis protocols for 

RFB systems, which can provide insights into the mass transfer resistances and electrochemical 

characteristics of MnO4
–/2– reaction.33 The polarization curves in Figure 3a for both symmetric 

cells showed purely linear behavior without hysteresis to greater than 50 mA/cm2, confirming that 

the mass transfer resistances are small. The areal resistances of the two cells were 1.47 Ohm cm2 

(negative electrolyte) and 1.13 Ohm cm2 (positive electrolyte) based on the slope of the 

polarization curves. The AC impedance results (Figure S7) showed that major difference between 

the two cells is from the high frequency intercept of the Nyquist plots (1.2 Ohm cm2 for the 

negative electrolyte cell and 0.93 Ohm cm2 for the positive electrolyte cell). As the resistance of 

the other components of the cell hardware is negligible, the high frequency resistance is essentially 

the membrane resistance. In both cases the observed high frequency resistance is considerably 

higher than might be expected for Nafion in the Na+ form. Based on a literature value of 0.01 S/cm 

for the Na+ form ,34 the membrane resistance should be ≈ 0.5 Ohm cm2. However, the conductivity 

also depends on the water content in the membrane, which is likely to be low considering the high 
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molarity of the electrolyte (4M NaOH) in contact with the membrane. Low water content of Nafion 

membranes has been observed for VFRB electrolytes with high sulfuric acid contents.35  

The results for constant current cycling of the symmetric negative electrolyte cell showed little 

to no variation in the polarization over time. In contrast, for the symmetric positive electrolyte cell 

(Figure 3b), results showed an increase over time in both polarization and cell voltage offset. Since 

this is a symmetric cell with identical electrolytes, the cell voltage was expected to remain 

symmetric around 0 V. However, a 20 mV offset was seen by the end of 10 cycles. This suggests 

the MnO4
–/2– reaction may not be completely reversible, as shown in Fig 1b, even when limiting 

the SOC swing to 25 – 75%. From the results of the symmetric cell tests, the full battery would be 

expected to have a high frequency resistance around 1 Ohm cm2 and a total areal resistance around 

1.3 Ohm cm2. With an open circuit potential of 1.43 V, the voltage efficiency is predicted to be 

93% at 41 mA/cm2. 

Full battery charge/discharge cycling tests were done with 60 ml of negative electrolyte and 30 

ml of positive electrolyte, for a capacity of 321.5 mAh. The initial high frequency resistance was 

measured to be around 2.31 Ohm cm2 as shown in the Nyquist plot of AC impedance data of Figure 

S8. An initial discharge from 100% to 20% SOC was applied prior to beginning the cycling test. 

At the end of the first discharge, the high frequency resistance had increased to 3.65 Ohm cm2 (see 

Figure S9).  

Following the initial discharge, charge/discharge cycles between 20% SOC and 80% SOC at 

±41 mA cm−2 were performed as shown in Figures 4, where the actual capacity used was 193.0 

mA h (= 60% of the theoretical capacity). This reserved capacity ensures the stability of the 

MnO4
−/2− redox species and prevents the potential decomposition to MnO2 precipitate (Figure 1b). 
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The complete cell charge/discharge voltages, voltage efficiency (VE), columbic efficiency (CE), 

and energy efficiency (EE) data of the Fe/Mn RFB system during the 800+ hour (400 cycles) run 

are plotted in Figure 4c and 4d. The CE is stable at almost 100%, but it should be realized that 

there is excess capacity at both ends of the charge-discharge curves which covers up the actual 

capacity change over time in this study.  However, as there is no observable capacity decay 

throughout the 400 cycles, the capacity decay (if there is any) does not exceed the reserved capacity 

limits. On the other hand, the VE (and consequently EE) was observed to gradually decrease from 

~ 75.3% to ~ 61.4% over the 400 cycles, which is primarily attributed to the increased internal 

resistance of the battery over time. This resistance increase directly relates to the deposition of 

MnO2 within the system and will be discussed below. Nevertheless, there was no gas evolution 

observed during cycling, and voltammetry of the positive and negative electrolytes following the 

cycling test shown in Figure 5 suggests the bulk concentrations of the reactants was relatively 

unchanged when compared to the as-prepared electrolyte at 50% SOC. Additionally, we have 

tested the cycling performance of the Fe/Mn RFB system at a higher current density of ±100 mA 

cm−2 as shown in Figure S10. It is found that the discharging potential already drops below 1.05 

V within a narrower cycling SOC range of 25% to 75% as compared with the results at ±41 mA 

cm−2, where a loose voltage cutoff was applied. Figure S10 shows that the RFB worked for the 

initial 16 cycles and failed quickly afterwards. The VE and EE of the working charge/discharge 

cycles slowly decay from 56.2% to 45.3%, which is lower than the corresponding efficiency at 

±41 mA cm−2 (from ~ 75.3% to ~ 61.4%). And after the 16 cycles, the RFB fails to cycle which is 

attributed to the increased amount of MnO2 precipitation in the system. The results indicate that a 

higher working current density requires stricter voltage and SOC constrains in order to inhibit the 

MnO4
2− decomposition, which leads to a lower capacity utilization.  
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Notably, the charging voltage curve exhibits a “hook” shape in the initial few seconds (usually 

< 60 s), which becomes increasingly pronounced in later cycles (Figure 4b). To further explore 

this “hook” shape, a series of electrochemical impedance spectroscopy (EIS) tests were conducted 

during the early stages of a charge cycle. These EIS tests revealed a reduction in the high frequency 

resistance (Figure 6). Specifically, the high frequency resistances measured after 10 s, 50 s, and 

300 s of charging were approximately 3.47 Ohm cm2, 3.40 Ohm cm2, and 3.22 Ohm cm2 (Figure 

6b), respectively. While this decrease aligns with the initial voltage drop of the "hook", the 

subsequent voltage rise suggests the involvement of other changing resistances during charging. 

Upon fabrication, the battery's electrolytes start in a fully charged state, with the concentration 

of MnO4
2− species being minimal. As the electrolyte undergoes discharge, the concentration of 

MnO4
2− rises in the positive electrolyte, causing the positive cell potential to become more 

cathodic, thereby potentially initiating the production of MnO4
3− species. These species may 

undergo disproportionation to form MnO2 precipitate, as outlined in Eq. 5. Additionally, MnO2 

formation may result from crossover, where manganate or permanganate is reduced upon contact 

with Fe2+. This precipitate, observed on the membrane (Figure 7) or even possibly formed on the 

electrodes, contributes to increased effective membrane resistance. This phenomenon could 

explain the observed increase in polarization which goes beyond the change in high frequency 

resistance, as the kinetic overpotential also escalates with the deposition of MnO2 on the electrode 

surfaces. As a result, all these factors explain the resistance changes in the RFB system. 

Since there was no apparent loss of capacity observed in the cycling data, we can estimate an 

upper bound for the loss of the active species by crossover or by side reactions (loss of <20% of 

321.5 mAh in 800 hours). If side reactions are assumed to be negligible, then an upper bound for 

the effective diffusivity of the active species in the membrane can be estimated from Fick’s first 
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law and the average concentration of one of the reactants during the cycles. This estimate yields 

an upper bound of 4 × 10−9 cm2 s−1 for the effective diffusivity of permanganate. (Estimation 

details are included in the supporting information) This is an exceptionally small value, even for 

an anion within Nafion. Furthermore, considering the precipitate on the membrane, which forms 

a dense, solid film, is also likely responsible for minimizing the crossover of the active species to 

correspond to the upper bound calculation for the effective diffusion coefficient. Hence, if this 

precipitation side reaction does occur, then this upper bound is lowered even further. It’s also 

worth noting that although the Nafion 212 membrane used in this study might not be the best 

choice and an anion exchange membrane with high OH− ion conductivity can be an alternative, 

the nature of Na+ transfer capability and redox anion blockage make Nafion 212 membrane 

feasible in our system. Future research may explore the performance of alternative membranes in 

such systems. 

Though we have tuned the experimental conditions to minimize the MnO2 precipitation, as 

shown in Figure 7a, MnO2 precipitate was observed on the surface of the membrane after the RFB 

tests, particularly on the side interfacing with the positive electrolyte. As the oxidation and 

redissolution of MnO2 is not completely reversible on charge in the alkaline FB system, and thus 

the MnO2 accumulates on the membrane and possibly on the electrodes with increasing cycles. 

The measured high frequency resistance increased to 3.98 Ohms cm2 after 100 cycles and 4.67 

Ohms cm2 after 300 cycles (Figure S11), which indicates that the increase in the membrane 

resistance is a significant contributor to the loss in voltage efficiency over time. 

It was found that periodic acid washing regenerates the membrane (Figure 7a, right), which can 

substantially recover the initial VE (Figure 7b).36 Though the optimal regeneration process and 

performance of the used membrane requires further investigation, this provides an opportunity for 
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reducing the life-cycle cost in this Fe/Mn FB system. However, this level of voltage efficiency is 

still well below the value predicted from the symmetric cell studies, suggesting that MnO2 

precipitate within the membrane forms rapidly when the cell is constructed and the positive and 

negative active species diffuse into the membrane and react. This is a direct consequence of the 

fact that the battery is prepared in the charged state. Apart from the engineering viable acid 

washing solution, the application of ion-selective microporous/nanoporous polymer membranes 

may also be a promising approach, which concurrently deliver low ionic resistance and high 

selectivity toward redox-active species due to the benefits of cohesive interchain interactions 

including hydrogen bonds and salt bridges.37 Exploring such membrane solution helps address the 

challenges identified in our current system and will be a significant focus of our ongoing work. 

This preliminary study highlights the commercial potential of the Fe/Mn RFB system, particularly 

considering the cost-effectiveness of its redox species (estimated at $31.5 per kWh, as detailed in 

Table S1). Although promising, our findings also bring to light several challenges that warrant 

further investigation and innovation. 

CONCLUSION 

In conclusion, our results demonstrate that [(TEA)Fe-O-Fe(TEA)]3−/4− and MnO4
−/2− redox 

couples could be an attractive energy storage approach with good performance and promise for 

long term operation. The formation of an MnO2 precipitate within the membrane increases the 

membrane resistance and lowers the voltage efficiency. However, it also greatly limits the 

crossover of the active species, thus increasing the coulombic efficiency. A periodic acid wash of 

the membrane and electrodes can remove the MnO2 precipitate and restore the initial voltage 

efficiency. 

ASSOCIATED CONTENT 



 14

Supporting Information.  

The Supporting Information is available free of charge at https://pubs.acs.org/XXX.  

Complex ion structure, flow battery assembly, experimental details on flow rate effect testing 

and additional flow battery polarization and EIS data.  

AUTHOR INFORMATION 

Xiaochen Shen − Department of Chemical and Biomolecular Engineering, Case Western 

Reserve University, Cleveland, Ohio 44106, USA 

Christian Kellamis − Department of Chemical and Biomolecular Engineering, Case Western 

Reserve University, Cleveland, Ohio 44106, USA 

Vincent Tam − Department of Chemical and Biomolecular Engineering, Case Western Reserve 

University, Cleveland, Ohio 44106, USA  

Nicholas Sinclair − Department of Chemical and Biomolecular Engineering, Case Western 

Reserve University, Cleveland, Ohio 44106, USA 

Jesse Wainright − Department of Chemical and Biomolecular Engineering, Case Western 

Reserve University, Cleveland, Ohio 44106, USA 

Robert Savinell − Department of Chemical and Biomolecular Engineering, Case Western 

Reserve University, Cleveland, Ohio 44106, USA 

Notes 

The authors declare no competing financial interest. 

ACKNOWLEDGMENT 



 15

This work was supported as part of the Breakthrough Electrolytes for Energy Storage (BEES), an 

Energy Frontier Research Center funded by the U.S. Department of Energy, Office of Science, 

Basic Energy Sciences under Award # DE-SC0019409. 

REFERENCES 

(1) Zhang, L.; Feng, R.; Wang, W.; Yu, G. Emerging Chemistries and Molecular Designs for 
Flow Batteries. Nat. Rev. Chem. 2022, 6 (8), 524-543. DOI: 10.1038/s41570-022-00394-6. 
(2) Sánchez-Díez, E.; Ventosa, E.; Guarnieri, M.; Trovò, A.; Flox, C.; Marcilla, R.; Soavi, F.; 
Mazur, P.; Aranzabe, E.; Ferret, R. Redox Flow Batteries: Status and Perspective towards 
Sustainable Stationary Energy Storage. J. Power Sources 2021, 481, 228804. DOI: 
10.1016/j.jpowsour.2020.228804. 
(3) Arévalo-Cid, P.; Dias, P.; Mendes, A.; Azevedo, J. Redox Flow Batteries: A New Frontier on 
Energy Storage. Sustain. Energy Fuels 2021, 5 (21), 5366-5419. DOI: 10.1039/D1SE00839K. 
(4) Lourenssen, K.; Williams, J.; Ahmadpour, F.; Clemmer, R.; Tasnim, S. Vanadium Redox 
Flow Batteries: A Comprehensive Review. J. Energy Storage 2019, 25, 100844. DOI: 
10.1016/j.est.2019.100844. 
(5) Skyllas-Kazacos, M. Review—Highlights of UNSW All-Vanadium Redox Battery 
Development: 1983 to Present. J. Electrochem. Soc. 2022, 169 (7), 070513. DOI: 10.1149/1945-
7111/ac7bab. 
(6) Yuan, X.-Z.; Song, C.; Platt, A.; Zhao, N.; Wang, H.; Li, H.; Fatih, K.; Jang, D. A Review of 
All-vanadium Redox Flow Battery Durability: Degradation Mechanisms and Mitigation 
Strategies. Int. J. Energy Res. 2019, 43 (13), 6599-6638. DOI: 10.1002/er.4607. 
(7) Bourke, A.; Oboroceanu, D.; Quill, N.; Lenihan, C.; Safi, M. A.; Miller, M. A.; Savinell, R. 
F.; Wainright, J. S.; SasikumarSp, V.; Rybalchenko, M.; et al. Review—Electrode Kinetics and 
Electrolyte Stability in Vanadium Flow Batteries. J. Electrochem. Soc. 2023, 170 (3), 030504. 
DOI: 10.1149/1945-7111/acbc99. 
(8) Huang, Z.; Mu, A.; Wu, L.; Yang, B.; Qian, Y.; Wang, J. Comprehensive Analysis of Critical 
Issues in All-Vanadium Redox Flow Battery. ACS Sustain. Chem. Eng. 2022, 10 (24), 7786-
7810. DOI: 10.1021/acssuschemeng.2c01372. 
(9) Lee, J.-N.; Do, E.; Kim, Y.; Yu, J.-S.; Kim, K. J. Development of Titanium 3D Mesh 
Interlayer for Enhancing the Electrochemical Performance of Zinc–bromine Flow Battery. Sci. 
Rep. 2021, 11 (1), 4508. DOI: 10.1038/s41598-021-83347-1. 
(10) Knehr, K. W.; Buline, R.; Baldwin, T.; Guzman, E.; Huynh, H.; Ciez, R. E.; Steingart, D. A. 
Optimization and Design of the Minimal Architecture Zinc-Bromine Battery Using Insight from 
a Levelized Cost of Storage Model. J. Electrochem. Soc. 2018, 165 (16), A4041. DOI: 
10.1149/2.0151816jes. 
(11) Waters, S. E.; Robb, B. H.; Marshak, M. P. Effect of Chelation on Iron–Chromium Redox 
Flow Batteries. ACS Energy Lett. 2020, 5 (6), 1758-1762. DOI: 10.1021/acsenergylett.0c00761. 
(12) Sun, C.; Zhang, H. Review of the Development of First-Generation Redox Flow Batteries: 
Iron-Chromium System. ChemSusChem 2022, 15 (1), e202101798. DOI: 
10.1002/cssc.202101798. 
(13) Fedkiw, P. S.; Watts, R. W. A Mathematical Model for the Iron/Chromium Redox Battery. 
J. Electrochem. Soc. 1984, 131 (4), 701. DOI: 10.1149/1.2115676. 



 16

(14) Walsh, F. C.; Ponce de Léon, C.; Berlouis, L.; Nikiforidis, G.; Arenas-Martínez, L. F.; 
Hodgson, D.; Hall, D. The Development of Zn–Ce Hybrid Redox Flow Batteries for Energy 
Storage and Their Continuing Challenges. ChemPlusChem 2015, 80 (2), 288-311. DOI: 
10.1002/cplu.201402103. 
(15) Leung, P. K.; Ponce-de-León, C.; Low, C. T. J.; Shah, A. A.; Walsh, F. C. Characterization 
of a Zinc–cerium Flow Battery. J. Power Sources 2011, 196 (11), 5174-5185. DOI: 
10.1016/j.jpowsour.2011.01.095. 
(16) Selverston, S.; Nagelli, E.; Wainright, J. S.; Savinell, R. F. All-Iron Hybrid Flow Batteries 
with In-Tank Rebalancing. J. Electrochem. Soc. 2019, 166 (10), A1725. DOI: 
10.1149/2.0281910jes. 
(17) Hawthorne, K. L.; Wainright, J. S.; Savinell, R. F. Studies of Iron-Ligand Complexes for an 
All-Iron Flow Battery Application. J. Electrochem. Soc. 2014, 161 (10), A1662. DOI: 
10.1149/2.0761410jes. 
(18) Savinell, R. F.; Sinclair, N.; Shen, X.; Song, J.; Wainright, J. S. Fe / Fe Flow Battery. In 
Flow Batteries, 2023; pp 791-818. 
(19) Petek, T. J.; Hoyt, N. C.; Savinell, R. F.; Wainright, J. S. Slurry Electrodes for Iron Plating 
in an All-iron Flow Battery. J. Power Sources 2015, 294, 620-626. DOI: 
10.1016/j.jpowsour.2015.06.050. 
(20) Ebner, S.; Spirk, S.; Stern, T.; Mair-Bauernfeind, C. How Green are Redox Flow Batteries? 
ChemSusChem 2023, 16 (8), e202201818. DOI: 10.1002/cssc.202201818. 
(21) Tolmachev, Y. V. Review—Flow Batteries from 1879 to 2022 and Beyond. J. Electrochem. 
Soc. 2023, 170 (3), 030505. DOI: 10.1149/1945-7111/acb8de. 
(22) Hogue, R. W.; Toghill, K. E. Metal Coordination Complexes in Nonaqueous Redox Flow 
Batteries. Curr. Opin. Electrochem. 2019, 18, 37-45. DOI: 10.1016/j.coelec.2019.08.006. 
(23) Robb, B. H.; Waters, S. E.; Marshak, M. P. Evaluating Aqueous Flow Battery Electrolytes: 
A Coordinated Approach. Dalton Trans. 2020, 49 (45), 16047-16053. DOI: 
10.1039/D0DT02462G. 
(24) Robb, B. H.; Farrell, J. M.; Marshak, M. P. Chelated Chromium Electrolyte Enabling High-
Voltage Aqueous Flow Batteries. Joule 2019, 3 (10), 2503-2512. DOI: 
10.1016/j.joule.2019.07.002. 
(25) Ibanez, J. G.; Choi, C. S.; Becker, R. S. Aqueous Redox Transition Metal Complexes for 
Electrochemical Applications as a Function of pH. J. Electrochem. Soc. 1987, 134 (12), 3083. 
DOI: 10.1149/1.2100344. 
(26) Lê, A.; Floner, D.; Roisnel, T.; Cador, O.; Chancelier, L.; Geneste, F. Highly Soluble 
Fe(III)-triethanolamine Complex Relevant for Redox Flow Batteries. Electrochim. Acta 2019, 
301, 472-477. DOI: 10.1016/j.electacta.2019.02.017. 
(27) Arroyo-Currás, N.; Hall, J. W.; Dick, J. E.; Jones, R. A.; Bard, A. J. An Alkaline Flow 
Battery Based on the Coordination Chemistry of Iron and Cobalt. J. Electrochem. Soc. 2015, 162 
(3), A378. DOI: 10.1149/2.0461503jes. 
(28) Gong, K.; Xu, F.; Grunewald, J. B.; Ma, X.; Zhao, Y.; Gu, S.; Yan, Y. All-Soluble All-Iron 
Aqueous Redox-Flow Battery. ACS Energy Lett. 2016, 1 (1), 89-93. DOI: 
10.1021/acsenergylett.6b00049. 
(29) Noh, C.; Chung, Y.; Kwon, Y. Organometallic Redox Flow Batteries Using Iron 
Triethanolamine and Cobalt Triethanolamine Complexes. J. Power Sources 2020, 466, 228333. 
DOI: 10.1016/j.jpowsour.2020.228333. 



 17

(30) Wen, Y. H.; Zhang, H. M.; Qian, P.; Zhou, H. T.; Zhao, P.; Yi, B. L.; Yang, Y. S. A Study 
of the Fe(III)/Fe(II)–triethanolamine Complex Redox Couple for Redox Flow Battery 
Application. Electrochim. Acta 2006, 51 (18), 3769-3775. DOI: 10.1016/j.electacta.2005.10.040. 
(31) Colli, A. N.; Peljo, P.; Girault, H. H. High Energy Density MnO4

−/MnO4
2− Redox Couple 

for Alkaline Redox Flow Batteries. Chem. Comm. 2016, 52 (97), 14039-14042. DOI: 
10.1039/C6CC08070G. 
(32) Lin, S.-C.; Wang, Y.-Y.; Wan, C.-C.; Chang, J. C. Reinvestigation of the Electrochemical 
Reduction of KMnO4. Bull. Chem. Soc. Jpn. 1993, 66 (11), 3372-3376. DOI: 
10.1246/bcsj.66.3372. 
(33) Yao, Y.; Lei, J.; Shi, Y.; Ai, F.; Lu, Y.-C. Assessment Methods and Performance Metrics 
for Redox Flow Batteries. Nat. Energy 2021, 6 (6), 582-588. DOI: 10.1038/s41560-020-00772-8. 
(34) Bendert, J. C.; Papadias, D. D.; Myers, D. J. The Effect of Na+  Impurities on the 
Conductivity and Water Uptake of Nafion 115 Polymer Electrolyte Fuel Cell Membranes. J. 
Electrochem. Soc. 2010, 157 (10), B1486. DOI: 10.1149/1.3479188. 
(35) Tang, Z.; Svoboda, R.; Lawton, J. S.; Aaron, D. S.; Papandrew, A. B.; Zawodzinski, T. A. 
Composition and Conductivity of Membranes Equilibrated with Solutions of Sulfuric Acid and 
Vanadyl Sulfate. J. Electrochem. Soc. 2013, 160 (9), F1040. DOI: 10.1149/2.083309jes. 
(36) Saraidaridis, J.; Yang, Z. Electrolyte Takeover Strategy for Performance Recovery in 
Polysulfide-Permanganate Flow Batteries. J. Electrochem. Soc. 2021, 168 (11), 110556. DOI: 
10.1149/1945-7111/ac3ab0. 
(37) Wang, A.; Tan, R.; Liu, D.; Lu, J.; Wei, X.; Alvarez-Fernandez, A.; Ye, C.; Breakwell, C.; 
Guldin, S.; Kucernak, A. R.; et al. Ion-Selective Microporous Polymer Membranes with 
Hydrogen-Bond and Salt-Bridge Networks for Aqueous Organic Redox Flow Batteries. Adv. 
Mater. 2023, 35 (12), 2210098. DOI: https://doi.org/10.1002/adma.202210098. 

 

  



 18

 

Figure 1. Electrochemistry of Fe/Mn RFB. (a) Cyclic voltammetry of 0.2 M Na4[(TEA)Fe-O-

Fe(TEA)] + 4M NaOH and 0.4 M NaMnO4 + 4 M NaOH electrolytes and (b) expanded potential 

window around the positive couple in the more negative direction. (WE: 3 mm glassy carbon 

electrode, CE: Pt mesh, RE: Ag/AgCl (3 M NaCl) electrode, scan rate: 100 mV s−1) 
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Figure 2. Scheme of the proposed Fe/Mn RFB system. 
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Figure 3. Symmetric cell study of (a) polarization curves for the symmetric negative electrolyte 

(negolyte) and positive electrolyte (posolyte) cells at 50% SOC, and (b) cell voltage vs time plot 

of the symmetric positive electrolyte cell (Cycles from 25 – 75% SOC at 40 mA/cm2. First half 

cycle is from 50/50 to 25/75, subsequent cycles are from 25/75 to 75/25).  
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Figure 4. Charge-discharge performance for a lab-scale prototype RFB with a negative electrolyte: 

0.2 M [(TEA)Fe-O-Fe(TEA)]3−/4− + 4 M NaOH solution and positive electrolyte: 0.4 M MnO4
−/2− 

+ 4 M NaOH solution. Results of an 800+ hour (400 cycles) test with an electrolyte flow rate of 

50 mL min−1 and constant current density operation of ± 41 mA cm−2. (a) First cycle, (b) initial 10 

cycles, (c) 400 cycles, and (d) corresponding VE, CE, and EE estimates. 
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Figure 5. CVs of negative and positive electrolytes following the 400 cycle charge-discharge test 

(solid lines) and corresponding as-prepared electrolytes at 50% SOC (dash lines). 
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Figure 6. Single charging curve of a lab-scale prototype RFB with condition (a) Charging curve 

starting at 20% SOC. (b) Corresponding EIS plots after charging for 10s, 50s and 300s (inset: 

zoomed EIS plots). Flow rate: 50 mL min−1. Negative electrolyte: 0.2 M [(TEA)Fe-O-

Fe(TEA)]3−/4− + 4 M NaOH solution and positive electrolyte: 0.4 M MnO4
−/2− + 4 M NaOH 

solution. 
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s 

Figure 7. (a) Photo of the Nafion 212 membrane: (Left) freshly treated in 4M NaOH, (Middle) 

used membrane in Fe/Mn RFB and (Right) regenerated in 0.1 M HCl solution. (b) A 

charge/discharge cycle with the regenerated (used, and then acid washed) membrane on the Fe/Mn 

RFB system at 30 mL min−1 and ±41 mA cm−2. Negative electrolyte: used 0.2 M [(TEA)Fe-O-

Fe(TEA)]3−/4− + 4 M NaOH solution and positive electrolyte: used 0.4 M MnO4
−/2− + 4 M NaOH 

solution. 
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