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ABSTRACT: We demonstrate an aqueous organic and organo-
metallic redox flow battery utilizing reactants composed of only
earth-abundant elements and operating at neutral pH. The
positive electrolyte contains bis((3-trimethylammonio)propyl)-
ferrocene dichloride, and the negative electrolyte contains bis(3-
trimethylammonio)propyl viologen tetrachloride; these are
separated by an anion-conducting membrane passing chloride
ions. Bis(trimethylammoniopropyl) functionalization leads to ∼2
M solubility for both reactants, suppresses higher-order chemical
decomposition pathways, and reduces reactant crossover rates
through the membrane. Unprecedented cycling stability was
achieved with capacity retention of 99.9943%/cycle and 99.90%/
day at a 1.3 M reactant concentration, increasing to 99.9989%/
cycle and 99.967%/day at 0.75−1.00 M; these represent the highest capacity retention rates reported to date versus time
and versus cycle number. We discuss opportunities for future performance improvement, including chemical modification
of a ferrocene center and reducing the membrane resistance without unacceptable increases in reactant crossover. This
approach may provide the decadal lifetimes that enable organic−organometallic redox flow batteries to be cost-effective for
grid-scale electricity storage, thereby enabling massive penetration of intermittent renewable electricity.

The rapidly falling cost of solar and wind energy
generation has paved the way for large-scale adoption;
however, storage is of critical importance because of

the inherent intermittency of these renewable sources.1−3 Solid-
electrode batteries such as Li-ion are common, but they cannot
be discharged cost-effectively for the several hours’ duration
required for effectively regulating wind and photovoltaic
electricity production.1,2 By storing the electro-active chemical
species separately from the power generation stack itself, and
pumping the reactants past the electrodes when required, redox
flow batteries (RFBs) allow the energy capacity of the entire
system to be scaled independently of its maximum power
output, thereby offering the promise of cost-effective long-
duration discharge.3,4

The most popular reactant for RFBs is vanadium, but low
earth abundance, high cost, and volatile price limit its
widespread commercial adoption.5 Many other inorganic
reactant combinations have been studied, but none have
proven more competitive, because of problems such as reactant

cost, corrosivity, toxicity, slow kinetics, solubility, energy
efficiency, and undesired side reactions.6,7

By employing solutions of redox-active organic8−13 or
organometallic14−19 reactants incorporating only earth-abun-
dant metals, the reactant cost can potentially be lowered
substantially while eliminating any concerns about the
availability of the reactants when applied to the truly large
scales required for grid storage.
In addition to RFBs operating under highly acidic8 or

alkaline15,16 conditions, several chemistries have been reported
that operate at neutral pH, where the low corrosivity is
advantageous.11−13,19 (See Table S1 for a summary of neutral
pH aqueous organic RFB chemistries.) However, the reported
capacity retentions have still been too low for decadal
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operation. Because chemical stability and electrochemical
stability are distinct and independent metrics, the capacity
retention per cycle reported from rapid cycling experiments
does not address calendar-life limitations, which are particularly
relevant for molecular reactants. In this Letter, we report a RFB
with the highest capacity retention rate to date versus time and
versus cycle number. The RFB is operated in water at neutral
pH, using organic and organometallic reactants that have very
high solubilities (∼2 M) in water and do not require any added
supporting electrolyte.
The neutral pH organic RFBs reported to date utilize methyl

viologen (MV) monomers or polymers as the negolyte
(negative electrolyte) and typically a nitroxide radical such as
(2,2,6,6-tetramethylpiperidin-1-yl)oxyl (TEMPO) in mono-
meric or polymeric form as the positive electrolyte (posolyte),
where chloride ions move across an anion-conducting
membrane during operation. A very recent report has
introduced water-soluble ferrocene derivatives FcNCl and
FcN2Br2 (Table S1) in an alternative posolyte for pH 7
RFBs.19 All three species (viologen, TEMPO, and ferrocene)
are susceptible to decomposition via mechanisms that involve
the collision of two of the same molecule in a second-order
process. (See the Supporting Information for details about the
decomposition mechanisms.) This is of particular concern
because high reactant concentrations are required in order to
achieve high energy densities; indeed, whenever different
reactant concentrations have been reported for the same
reactant chemistries, lower capacity retention rates have always
been observed at higher concentrations of molecular reactants
(Table S1).
We therefore designed and synthesized bis(3-trimethyl-

ammonio)propyl viologen tetrachloride (BTMAP-Vi) as the
negolyte and bis((3-trimethylammonio)propyl)ferrocene di-
chloride as the posolyte (BTMAP-Fc; see the Supporting
Information). The existence of four positive charges instead of
two on the cationic constituent MV2+ (for the reduced forms,
three vs one for the cation radical MV•+) was hypothesized to
retard greatly the bimolecular decomposition of BTMAP-Vi by
a massive increase in the Coulombic repulsion between two
molecules compared to MV2+/MV•+. A similar effect was
hypothesized also to increase the chemical stability of BTMAP-

Fc compared to FcNCl. Both BTMAP-Vi and BTMAP-Fc are
composed of only earth-abundant elements.
In addition to the improved stability of both compounds

compared to MV, TEMPO, and FcNCl, the two positively
charged quaternary ammonium groups impart extremely high
water solubility to the molecules. For instance, ferrocene is
completely insoluble in water, but BTMAP-Fc has a solubility
of 1.9 M in water at 20 °C; BTMAP-Vi has a similar solubility
of 2.0 M in water. Moreover, the highly positively charged
reactants are expected to also benefit from reduced
permeability across anion exchange membranes through
enhanced charge and size exclusion.20 The permeabilities of
BTMAP-Vi and BTMAP-Fc across a Selemion DSV anion
exchange membrane were measured to be 6.7 × 10−10 cm2 s−1

and 6.2 × 10−10 cm2 s−1, respectively (see the Supporting
Information). These permeabilities are 5 times lower than MV,
which was measured at 3.4 × 10−9 cm2 s−1. From these values,
it would take 10.8 and 11.6 years, respectively, for the crossover
of BTMAP-Vi and BTMAP-Fc to lead to a 50% loss in cell
capacity.
Rotating disk electrode (RDE) voltammetry measurements

(see the Supporting Information) on both reactants gave a
reduction rate constant of 2.2 × 10−2 cm s−1 for BTMAP-Vi
and an oxidation rate constant of 1.4 × 10−2 cm s−1 for
BTMAP-Fc, which are much faster than those of common
inorganic species,5 and are also faster than those of most other
organic or organometallic reactants8,9,11,15,16 that have been
used in RFBs. The diffusion coefficients for the two reactants
were 3.3 × 10−6 and 3.1 × 10−6 cm2 s−1, respectively.
Figure 1 shows cyclic voltammograms for BTMAP-Vi and

BTMAP-Fc (see the Supporting Information). When used in
the negolyte and posolyte in a RFB, respectively, the expected
cell potential is 0.748 V. With the high solubilities of both
electrolytes in water, the theoretical volumetric capacity
(including both electrolytes in the denominator) is 26
Ah L−1, and the theoretical energy density is 20 Wh L−1.
A cell (see the Supporting Information for details) was

assembled using 1.3 M BTMAP-Vi in water (6.00 mL) as the
negolyte and 1.3 M BTMAP-Fc in water (6.00 mL) as the
posolyte, separated by an anion-conducting membrane
(Selemion DSV, 110 μm × 5 cm2). To prevent atmospheric

Figure 1. Left: Chemical structures of BTMAP-Vi and BTMAP-Fc. Right: Cyclic voltammograms of BTMAP-Vi (blue trace) and BTMAP-Fc
(red trace). The water solubilities and reduction potentials of both molecules vs the standard hydrogen electrode (SHE) are indicated. Note
that as BTMAP-Vi is cycled, the solution near the working electrode is gradually depleted of dissolved oxygen. Conditions: 1.0 mM in 0.5 M
NaCl, 10 mV s−1 sweep rate. The 2nd, 10th, and 100th cycles are superimposed.
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oxygen from reacting with either electrolyte and promoting
decomposition by raising the solution pH, the entire cell was
operated inside an argon-filled glovebox. Both electrolyte
solutions were also stirred overnight under an argon
atmosphere immediately prior to use.
The resulting neutral pH aqueous RFB showed an open-

circuit voltage (OCV) that increased nearly linearly from 0.61 V
at 10% state of charge (SOC) to 0.79 V at 90% SOC (Figure
2). Polarization studies conducted at room temperature (20
°C) showed a peak galvanic power density of 60 mW cm−2 at a
current density of 150 mA cm−2. The relatively low peak power
and current densities were due in large part to the resistivity of
the membrane [∼2.2 Ω cm2, determined by high-frequency
electrochemical impedance spectroscopy (EIS) in the full cell;
see the Supporting Information], which was responsible for
approximately 75−90% of the area-specific resistance (ASR) of
the entire cell (∼2.5 Ω cm2, DC polarization). Because of the
high Coulombic efficiency (99.8−99.9% for current densities of

25−125 mA cm−2), the voltage efficiency dominated the overall
round-trip energy efficiency.
An extended charge−discharge study was performed to

investigate the stabilities of BTMAP-Vi and BTMAP-Fc
(Figure 3). To minimize the effect of oxygen on capacity
retention (see the Supporting Information), the cell was
charged to ∼100% SOC and 1.00 mL of posolyte was
withdrawn through a syringe. (See the Supporting Information
for the cycling performance of a cell operating at a 1:1 reactant
molar ratio in oxygen-containing and oxygen-depleted environ-
ments and for a comparison with MV as the negolyte instead of
BTMAP-Vi.) The cell was then cycled at a constant current of
50 mA cm−2, with a potential cutoff of 1.1 V while charging and
0.3 V while discharging. The average Coulombic efficiency
during galvanostatic cycling was >99.95% (Figure S8). Every
10th cycle, the potential was maintained at the cutoff voltage
after galvanostatic charging and discharging until the current
dropped below 1 mA cm−2. This allowed the entire capacity of

Figure 2. (a) Cell voltage vs discharge current density at 20 °C, at 10%, 30%, 50%, 70%, 90%, and ∼100% SOC. Electrolytes comprise 6.00 mL
of 1.3 M BTMAP-Vi (negolyte) and 6.00 mL of 1.3 M BTMAP-Fc (posolyte). (b) Measured cell OCV, high-frequency ASR, and polarization
ASR vs SOC. (c) Representative galvanostatic charge and discharge curves from 25 mA cm−2 to 150 mA cm−2, in increments of 25 mA cm−2.
The vertical dashed lines indicate the maximum volumetric capacity realized with potentiostatic charging and discharging at the indicated
voltage cutoffs (“potentiostatic capacity”), as well as the theoretical volumetric capacity. (d) Coulombic efficiency, voltage efficiency, and
round-trip energy efficiency (red, blue, and orange traces, left axis), as well as capacity utilization (green trace, right axis) as a percentage of
theoretical capacity for cell operation at different current densities.
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the cell to be measured, independent of any changes to the
membrane ASR.
The membrane ASR was measured using potentiostatic EIS

at 0.3 V immediately following the potentiostatic discharge
from each 10th cycle (i.e., always at ∼0% SOC). The
membrane ASR was found to increase very slowly over the
course of 2 weeks while showing diurnal variations of ∼0.05
Ω cm2 depending on the ambient temperature. Changes to the
membrane ASR manifested as ripples in the cell capacity with a
period of 1 day. Because the ASR slowly increased with time,
diminished capacity utilization resulted in a larger apparent
decrease in cell capacity over time compared to cycling with a
potential hold. Thus, cycling with a potential hold provides a

more accurate measure of reactant stability in an operating cell
than conventional galvanostatic cycling. In addition, because
the potential holds ensure that the entire SOC range is
accessed, the cell does not have to achieve a steady-state SOC
range, which could otherwise obscure the actual capacity
retention rate.
At a concentration of 1.3 M for BTMAP-Vi and BTMAP-Fc,

the cell capacity had fallen to 98.58% of its original value
(633.981 to 624.952 C) over 250 cycles (which spanned 14.0
days), representing a capacity retention of 99.9943%/cycle or
99.90%/day. The corresponding capacity fade rates are
0.0057%/cycle and 0.10%/day, respectively. The former figure
attributes all of the capacity fade to electrochemical cycling

Figure 3. (a) Evolution of the capacity of the BTMAP-Vi/BTMAP-Fc RFB at a concentration of 1.3 M/1.3 M during extended cell cycling at
50 mA cm−2 (orange and brown triangles, left axis). At every 10th cycle, the potential was maintained at the end of each charge or discharge
until the current fell below 1 mA cm−2 (blue circles, left axis). The high-frequency ASR, which was measured immediately after every 10th
cycle, is also indicated (red squares, right axis). (b) Representative voltage vs time traces of selected cycles. Cycles that were multiples of (10n
− 1) were chosen because every 10th cycle was different (see above).

Figure 4. (a) Cycling of a BTMAP-Vi/BTMAP-Fc pH 7 cell at 50 mA cm−2 in the presence of an excess of reduced BTMAP-Vi such that the
posolyte is capacity-limiting. Bottom traces, left axis: Evolution of the cell charge (upward-pointing triangles) and discharge (downward-
pointing triangles) capacity as functions of cycle number. Top trace, right axis: Coulombic efficiency of the cell for each charge−discharge
cycle (red squares). The red line is the best fit line to the discharge capacity of the cell between cycles 1 and 500. (b) Representative voltage vs
time traces of selected cycles. Inset: Magnification of the potentiostatic regions of each charge−discharge cycle, showing the evolution of the
potentiostatic capacity of the cell with cycle number. Inset traces are vertically offset from each other for clarity.
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whereas the latter figure attributes it all to chemical decay; thus,
these figures represent upper limits if both mechanisms
contribute significantly to capacity fade.
Even better capacity retention rates are achievable at lower,

but still reasonable, reactant concentrations. Because operation
in air led to a very fast drop in cell capacity (see the Supporting
Information), another cell was set up inside a nitrogen-filled
glovebag with 7.50 mL of 0.75 M BTMAP-Vi as the negolyte
and 3.25 mL of 1.00 M BTMAP-Fc as the posolyte, both at
100% SOC (see the Supporting Information). The glovebag
environment contains more oxygen than does the glovebox, but
this is mitigated by the excess of reduced BTMAP-Vi that is
present. This ratio of reactant concentrations was empirically
chosen because it minimized water crossover from one
reservoir to the other. Next, the cell was cycled for 500 cycles
at 50 mA cm−2, this time with a voltage hold after every cycle
(Figure 4). The 500 cycles required 16.6 days to complete. The
average capacity retention over the 500 cycles was 99.9989%/
cycle at an average Coulombic efficiency greater than 99.9%,
which reflects a capacity fade rate roughly 3−5 times lower
(0.0011%/cycle; 0.033%/day) at the same current density than
for the cell described in Figure 3. The corresponding calendar
fade rate is 11.3%/year, of which ∼6%/year comes from
reactant crossover as calculated from the reactant permeabilities
(see above). Compared to the MV/FcNCl system, the capacity
fade per cycle is reduced by a factor of 10 (vs 0.013%/cycle at
0.5 M) to 40 (vs 0.042%/cycle at 0.7 M) and the capacity fade
per day by a factor of 20 (vs 0.58%/day at 0.5 M) to 40 (vs
1.3%/day at 0.7 M), despite still being at a higher reactant
concentration.
The calendar fade rate of a BTMAP-Vi/BTMAP-Fc cell was

found to be independent of the cycling current density (Figure
S6), implying that the predominant source of capacity fade is
unlikely to be electrochemical decomposition, but rather
chemical decomposition or reactant crossover. NMR analyses
were performed to evaluate the extent to which chemical
decomposition of the reactants at either charge state
contributed to capacity loss (see the Supporting Information
for details). No trace of either reactant was detectable by NMR
in the other reactant reservoir after 250 cycles (at high
concentration) or 500 cycles (at lower concentration). Both
reactants, in both their oxidized and reduced states, cycled or
uncycled, were found by NMR to be stable in aqueous solution.
Observed only with experiments in the glovebag but not the
glovebox, the dealkylation of BTMAP-Vi with hydroxide
formed from the reaction of its reduced form with oxygen
was identified as a decomposition pathway.
Our experiments imply that as long as oxygen is strictly

excluded from the reactants, both BTMAP-Vi and BTMAP-Fc
are electrochemically and chemically stable. From the examples
in the literature, the percentage capacity fade rate is generally
higher at higher concentrations of reactants, which suggests that
a significant portion of the capacity fade is due to bimolecular
reactions of the reactants with themselves. Presumably, these
pathways are suppressed by the positive charges of BTMAP,
which greatly increase the Coulombic repulsion between
reactant molecules.
For practical applications, we expect that further improved

temporal capacity retention over the already excellent result in
Figure 4 will be possible by utilizing a cell design that is better
sealed to atmospheric oxygen, or by simply scaling up the
volume of the cell. A buffer solution may also be utilized to
mitigate any rises in solution pH, though the presence of large

anions with low diffusivity from the buffer may potentially raise
the cell ASR. Elsewhere, lowering the cell ASR by using more
conductive membranes will help to compensate for the
relatively low cell voltage, but this should not come at the
expense of unacceptably high reactant crossover. Reactant
permeabilities were measured in the absence of any external
electrical polarization; therefore, reactant crossover in a full cell
could be of greater importance than our results suggest.
A complementary strategy is to replace BTMAP-Vi with a

different molecule that has a lower reduction potential, or using
a molecule with a higher reduction potential in place of
BTMAP-Fc. This will have the effect of raising the cell voltage,
peak power density, and energy efficiency of the cell. For
instance, diquaternized derivatives of 2,2′-dipyridyl are known
to have reduction potentials that are significantly lower (by
∼300 mV) than those of 4,4′-dipyridyl.21 For an alternative
posolyte, we synthesized N-((3-trimethylammonio)propyl)
ferrocenecarboxamide chloride (FcCONH-TMAP; see the
Supporting Information) and determined its reduction
potential to be +0.63 V vs SHE (+1.04 V vs RHE) at pH 7.
This figure is ∼240 mV higher than that of BTMAP-Fc, giving
a theoretical cell potential of 0.99 V against BTMAP-Vi.
Because an amide linkage is hydrolyzed in pH 7 water at a rate
with a corresponding half-life of several centuries,22 FcCONH-
TMAP may be a suitably stable and synthetically accessible
replacement for BTMAP-Fc in the future.
We have demonstrated an aqueous organic RFB utilizing

reactants composed of only earth-abundant elements and
operating at pH 7. Functionalization of ferrocene and 4,4′-
dipyridyl with BTMAP greatly improves solubility, leading to
high realized and theoretical volumetric energy densities of 13
Wh L−1 and 20 Wh L−1, respectively, at a cell voltage of 0.748
V. Furthermore, BTMAP functionalization also suppresses
reactant crossover through the membrane while ensuring high
chemical and electrochemical stability.
The net result is a RFB that cycles stably with unprecedented

capacity retention rates. Whether expressed in terms of cycle
number or time (99.9989%/cycle; calendar fade rate of 11.3%/
year), this capacity retention rate is considerably higher than
that for any other RFB chemistry that has been published to
date, whether aqueous or nonaqueous, inorganic or organic−
organometallic, polymeric or nonpolymeric.
Our extrapolation of the performance of a battery with these

properties indicates that if, once every day, it were charged
completely over a 5 h period followed by a 5 h complete
discharge, we would expect it to retain 50% of its energy storage
capacity after 5000 cycles, or about 14 years. The projected
capacity retention is anticipated to be an underestimate because
as the concentration of active material drops with time, the
calendar fade rate will also decrease, i.e., the capacity fade rate
has some greater than first-order component. Functionalization
of reactants with bulky charged groups represents a promising
strategy for developing next-generation aqueous organic RFBs
with high capacity and high cycle life.
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