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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)]* ™ and
MnOs?” 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/cm? 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 MnQO; deposits from the separator.



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.!” The current state-of-the-art
RFB system is the all-vanadium RFB, where the redox couples of VO,"/VO?" and V**/V?* are
utilized for energy storage.*” 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.® Hence, many other redox couple combinations like
Zn/Br,” 1% Fe/Cr,''"13 Zn/Ce,'* 1% all-Fe,'®!” 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.?® 2!

Metal complexes, whose redox potential can be feasibly tuned by using different organic ligands,
are considered potential candidates for redox couples of flow batteries.??>* A previous study has
indicated the promise of the iron triethanolamine (TEA) complex (Fe(TEA)) for the alkaline RFB
system.? In alkaline conditions the Fe(TEA) complex exists in the form of [Fe(TEA)(OH)] %,

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

[Fe(TEA)OH)] + ¢ «> [Fe(TEA)(OH)]>~ (1)

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

[N(CH2CH20)3]*") anion under alkaline condition as shown in Eq.2, where the excess TEA ligand



promotes the conversion of coordinated Fe(TEA) complex and improves corresponding

electrochemical performance.?¢-3°

N(CH,CH20H); + Fe*"2* + 40H™ — [FeN(CH,CH,0);0H] 7>~ + 3H,0 )

At higher concentrations (> 10 mM), the [Fe(TEA)(OH)]’?>~ complex will dimerize forming a
binuclear complex of [(TEA)Fe-O-Fe(TEA)]** and only gives/accepts one electron per dimer
(Eq. 3), while the redox potential remains the same.?® 2’ Structures of the Fe(TEA) complex and

the binuclear complex are shown in Figure S1.

[(TEA)Fe-O-Fe(TEA)* + e~ <> [(TEA)Fe-O-Fe(TEA)]* 3)

The complex on the left side of Eq. 3 is a stable complex of Fe(Il) and Fe(IIl) metal centers, or
[(TEA)Fe(II)-O-Fe(III)(TEA)]*~ while the complex on the right side has two Fe(II) centers (i.e.,

[(TEA)Fe(I1)-O-Fe(I)(TEA)]*).

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.?” Other combinations such as Fe(TEA)/Fe(CN)g,*
Fe(TEA)/Co(TEA),” and Fe(TEA)/Br»,*° 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>") 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).%!



MnO4 + ¢ < MnO4* (4)

In this regard, [(TEA)Fe-O-Fe(TEA)]*’* with MnO4 > 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 Naz[Fe(TEA)(OH)]) and 3.6 M (as NaMnOa), respectively.?”> 3! This leads to an estimated
energy density of 25.4 Wh L™!, which is competitive compared with some existing systems (Table
S1). In this work, we investigated the performance of the [(TEA)Fe-O-Fe(TEA)]*’* and MnO4 />

redox couples in a lab-scale prototype RFB.

EXPERIMENTAL SECTION

Electrolyte preparation The negative electrolyte ([(TEA)Fe-O-Fe(TEA)]*/#) was prepared by
mixing 0.4M FeCl; 4H>0 (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 ")
was prepared by simply dissolving 0.4 M NaMnO4 H>O (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~ with live iR compensation via the Solartron ModuLab 2101A electrochemical

workstation at room temperature (~ 22 °C). The solution resistance was measured by



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 x 1.905
cm x 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 cm? 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)]*’* and 30 mL 0.4 M
MnOs ?") were cycled by a peristaltic pump (Cole Parmer, Masterflex L/S) at a desired flow rate
(e.g., 50 mL min~! = 1.4 cm s!). 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 °C). 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.



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 cm?. 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/cm?. 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 sl

RESULTS AND DISCUSSION

Cyclic voltammetry (CV) of the [(TEA)Fe-O-Fe(TEA)]**~ and MnO4?" redox couples on a
glassy carbon electrode is shown in Figure 1a. The positive electrolyte, the MnO4 /MnQO4>~ 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?~ can be further reduced to MnO4*>~ (~0.13 V vs Ag/AgCl, Figure

1b), which will readily decompose into MnO; according to Eq. 5.%?

2MnO4*" + 2H20 — MnO2 solid + MnO4>” + 40H™ (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 Fe'(TEA)

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



Mn"! species (i.e., 0.4 M MnOx4"). An electrolyte flow rate of 50 mL min~! 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!, the polarization plots overlapped
and indicated no diffusion limitations (Figures S4a, S4b, S5). This selected flow rate (i.e., 50 mL
min '), 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 c¢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 MnO4s %>~ reaction.’® The polarization curves in Figure 3a for both symmetric
cells showed purely linear behavior without hysteresis to greater than 50 mA/cm?, confirming that
the mass transfer resistances are small. The areal resistances of the two cells were 1.47 Ohm cm?
(negative electrolyte) and 1.13 Ohm cm? (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 cm? for the
negative electrolyte cell and 0.93 Ohm cm? 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 ,>* the membrane resistance should be =~ 0.5 Ohm cm?. However, the conductivity

also depends on the water content in the membrane, which is likely to be low considering the high



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.®

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 7>~ 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 cm? and a total areal resistance around
1.3 Ohm cm?. With an open circuit potential of 1.43 V, the voltage efficiency is predicted to be

93% at 41 mA/cm?.

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 cm? 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 cm? (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

MnOs*" redox species and prevents the potential decomposition to MnOx precipitate (Figure 1b).



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
MnO, 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 ? (from ~ 75.3% to ~ 61.4%). And after the 16 cycles, the RFB fails to cycle which is
attributed to the increased amount of MnO, 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?>~ 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 cm?, 3.40 Ohm cm?, and 3.22 Ohm cm? (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> species being minimal. As the electrolyte undergoes discharge, the concentration of
MnO4?" rises in the positive electrolyte, causing the positive cell potential to become more
cathodic, thereby potentially initiating the production of MnO4>~ species. These species may
undergo disproportionation to form MnO» precipitate, as outlined in Eq. 5. Additionally, MnO,
formation may result from crossover, where manganate or permanganate is reduced upon contact
with Fe?". 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 MnO> 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 x 10~ cm? s™! 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 MnO» precipitation, as
shown in Figure 7a, MnO> 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 MnQO; is not completely reversible on charge in the alkaline FB system, and thus
the MnO» accumulates on the membrane and possibly on the electrodes with increasing cycles.
The measured high frequency resistance increased to 3.98 Ohms cm? after 100 cycles and 4.67
Ohms cm? 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

)‘36

substantially recover the initial VE (Figure 7b).”® 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 MnO»
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.?” 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)]* ™ and MnOs > redox
couples could be an attractive energy storage approach with good performance and promise for
long term operation. The formation of an MnQO; 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 MnO» precipitate and restore the initial voltage

efficiency.
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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
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Figure 1. Electrochemistry of Fe/Mn RFB. (a) Cyclic voltammetry of 0.2 M Nay[(TEA)Fe-O-
Fe(TEA)] + 4M NaOH and 0.4 M NaMnOs + 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 ')
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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/cm?. 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)]*’* + 4 M NaOH solution and positive electrolyte: 0.4 M MnOy4 />~
+ 4 M NaOH solution. Results of an 800+ hour (400 cycles) test with an electrolyte flow rate of
50 mL min~! and constant current density operation of = 41 mA cm 2. (a) First cycle, (b) initial 10

cycles, (¢) 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 !, Negative electrolyte: 0.2 M [(TEA)Fe-O-
Fe(TEA)]*’* + 4 M NaOH solution and positive electrolyte: 0.4 M MnOs ">~ + 4 M NaOH

solution.
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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 HCI 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 ' and £41 mA cm 2. Negative electrolyte: used 0.2 M [(TEA)Fe-O-

Fe(TEA)]*’* + 4 M NaOH solution and positive electrolyte: used 0.4 M MnO4 > + 4 M NaOH

solution.
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