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ABSTRACT: This manuscript presents a working redox
battery in organic media that possesses remarkable cycling
stability. The redox molecules have a solubility over 1 mol
electrons/liter, and a cell with 0.4 M electron concentration is
demonstrated with steady performance >450 cycles (>74
days). Such a concentration is among the highest values
reported in redox ﬂow batteries with organic electrolytes. The
average Coulombic eﬃciency of this cell during cycling is
99.868%. The stability of the cell approaches the level
necessary for a long lifetime nonaqueous redox ﬂow battery.
For the membrane, we employ a low cost size exclusion
cellulose membrane. With this membrane, we couple the
preparation of nanoscale macromolecular electrolytes to successfully avoid active material crossover. We show that this cellulosebased membrane can support high voltages in excess of 3 V and extreme temperatures (−20 to 110 °C). These extremes in
temperature and voltage are not possible with aqueous systems. Most importantly, the nanoscale macromolecular platforms we
present here for our electrolytes can be readily tuned through derivatization to realize the promise of organic redox ﬂow batteries.
KEYWORDS: Redox ﬂow battery, organic electrolyte, perylene diimide, size-exclusion membrane, ferrocene
shown relative stability (∼25% loss over ∼150 cycles), these
cycling experiments represent no more than a few days.
Realistically, batteries must store energy in their charged state
over periods of time. Therefore, it is important to develop
electrolytes that display long calendar stability in their charged
state as well as cycling capacity retention. One clear advantage
of using organic over aqueous media is the higher energy and
power density accessed through the larger electrochemical
window, thus shrinking the footprint of organic ﬂow batteries.23
This beneﬁt has been showcased through the development of
high-voltage, high-energy density hybrid batteries that utilize
lithium metal or intercalated lithium graphite electrodes
coupled to a ﬂow half cell.24−27 However, in these types of
systems the power and capacity are not fully decoupled.
Therefore, to realize scalable RFBs, it is essential to move away
from solid electrodes.
In the study presented here, we address an unmet need for
organic RFBs by designing and synthesizing stable organic
compounds that are easily tuned through derivatization, along
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his manuscript describes a working battery comprised of
all organic electrolytes dissolved in organic media that has
an outstanding long-term cycling stability. Renewable power
generation has been rising steadily and is an ever-increasing
need for an energy secure future. Speciﬁcally, 60% of all new
energy produced between now and 2040 is predicted to come
from solar and wind generation.1 To cope with the
intermittency of these energy resources, eﬃcient and durable
energy storage devices must be developed.2 To meet this need,
redox ﬂow batteries (RFBs, Figure 1a) are an attractive
technology, and their aspects are broadly covered in a number
of reviews.3−5 In RFBs, the storage electrolytes are dissolved in
solvent, stored in tanks, and pumped through an electrochemical cell. Notably, a RFB decouples power and capacity,
and they can be varied independently with power relying on the
cell stack and storage capacity depending on the tank size. Since
their proposal in 19496 and later implementation,7−9 there have
been remarkable strides in high performance RFBs, the most
developed of which are aqueous systems which employ water as
a solvent.10−13 The beneﬁts of aqueous systems are inexpensive
salts and their resultant high conductivity in water. Despite this
progress on RFBs, no long-term stable RFB in organic media
has been reported to date due to the instability of the charged
electrolytes.14−22 While several studies in organic media have
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Figure 1. (a) Schematic of a redox ﬂow battery. Redox reactions for [PDI][TFSI]2 and [Fc4] are displayed for the charging and discharging
processes. (b) Structure of the active electrolytes employed in this study.

cells, respectively. Their syntheses and characterization can be
found in the Supporting Information (SI). They were designed
to have large hydrodynamic radii to preclude their ability to
transverse the dialysis membrane. A similar strategy has been
employed for polymers12 and oligomers.33 Perylene diimide is
an ideal platform as an anolyte molecule due to its accessible
two-electron reduced state, chemical stability as a radical
anion,34 and its straightforward derivatization.35 As a case in
point, [PDI][TFSI]2 was easily synthesized as a double tetraalkyl ammonium salt with a glycol chain, showcasing the ease of
derivatization to achieve higher solubility. This synthetic
tunability provides access to a concentration of >1 M electron
in acetonitrile, which corresponds to a theoretical capacity of
26.8 A h/L. Likewise, ferrocene, one of the pillars of
organometallic redox chemistry, has a well-known oxidation−
reduction couple and is easily derivatized.36 Neutral [Fc4] is a
viscous oil, which in diglyme aﬀords a maximum concentration
of 2 M (8 M electron due to four subunits) representing a
theoretical capacity of 214.4 A h/L.
Figure 2a displays the cyclic voltammogram of a solution
containing [PDI]2+ and [Fc4]. From these data, we extract the
standard open circuit voltage. Mixing these compounds in a 4:1
MeCN:THF (v/v) solvent mixture results in the voltammogram displayed. The two closely spaced37 electrochemical
events situated around −0.7 V vs Ag0/+ are the well-known
reductions for perylene diimide derivatives.38 [Fc4] undergoes a
four-electron event (one for each ferrocene unit) at ∼0.15 V vs
Ag0/+. On the basis of these redox events, the expected standard
cell voltage of a battery made from [PDI]2+ and [Fc4] is ∼0.85
V.
With each of the components for a redox ﬂow battery in
hand, we test the stability of this system in a static cell (H-cell
conﬁguration) employing the dialysis membrane as separator
and carbon felt as electrodes. Details for the measurement can
be found in the SI. [Fc4] and [PDI][TFSI]2 were dissolved in
10:1 MeCN−diglyme and loaded in approximately a 2:1
[PDI][TFSI]2:[Fc4] stoichiometry (i.e., the same electron
molarity). We chose lithium hexaﬂuorophosphate and lithium
bis(triﬂuoromethanesulfonyl)imide as two diﬀerent supporting
electrolytes due to their ability to pass through the
membrane,39 as well as their high conductivity in acetonitrile
solutions.40 We operate the low concentration cells at a

with engineering a battery that displays remarkable calendar
and capacity retention. These compounds and membrane
provide a core platform for future synthesis toward realizing
truly stable RFB at higher voltages. Recently, several studies
have explored organic electrolytes using half-cells, in which a
positive or negative electrolyte is tested for stability ex situ,
outside of the context of a full battery.19,28,29 In this report, we
provide the ﬁrst example of a long-term stable working battery
with both electrolytes fully dissolved in organic media. We
describe here two new redox pairs soluble in organic solvent
(Figure 1b), one for the negative electrode of the battery based
on a derivative of perylene diimide (PDI) ([PDI][TFSI]2) and
another for the positive electrode based on a ferrocene
derivative ([Fc4]). The ferrocene derivative showcases the
viability of using a nanoscale macromolecular strategy to
prevent membrane crossover, and the [PDI][TFSI]2 has a
solubilizing TEG (TEG = (CH2CH2O)3CH3) chain that
highlights the ease of synthetic manipulability in this class of
electrolytes. The solubility of these molecules is equivalent to
>1 mol electron/liter, and steady performance >450 cycles is
observed in cells with a concentration of 0.4 mol electron/liter.
Although nonaqueous RFBs with lithium at one electrode have
utilized molecules with higher energy densities,30,31 0.4 M is
among the highest concentrations reported in redox ﬂow
batteries with two organic electrolytes dissolved in organic
media. Finally, we demonstrate that the cellulose-based
membrane can support high voltages (>3 V) in an organic
redox ﬂow battery and can operate at extreme temperatures
(−20 to 110 °C). At the same time this membrane displays
extremely low permeability of the organic electrolytes
employed herein.
For a redox ﬂow cell, it is important to design the membrane
and the active molecules in concert because ion crossover and
membrane degradation are critical to the performance of
RFBs.32 Furthermore, a potential membrane for organic media
must be inexpensive and able to reliably prevent crossover of
the active components at a variety of voltages and temperatures.
We found that a dialysis, size exclusion membrane made from
cellulose was suitable for fulﬁlling these needs.12 To partner
with this membrane, we synthesized [PDI][TFSI]2 and
nanoscale macromolecular tetraferrocene species [Fc4] (Figure
1b) as the active components for the negative and positive half
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Figure 2. (a) Cyclic voltammetry of [Fc4] and [PDI][TFSI]2 scanned at 50 mV/s in 4:1 MeCN−THF. 0.1 M LiPF6 was used as supporting
electrolyte. (b,c) Cycling data for the battery [PDI]0|[PDI]2+||[Fc4]4+|[Fc4]0. (b) Low concentration cell assembled using 1.17 mM [Fc4] and 1.8 mM
[PDI][TFSI]2. Repeated charge (green diamonds)/discharge (black diamonds) cycling over >230 cycles at 1 C (1.16 mA/cm2) in a stirred H-cell.
The Coulombic eﬃciency (purple diamonds) is also plotted and has an average of 99.955%. Cycling was paused in the charged state for 11 days. The
ﬁrst discharge (red diamond) and subsequent cycling shows negligible capacity loss. (c) High concentration cell using 0.4 M electron equivalents
(0.2 M [PDI][TFSI]2 and 0.1 M [Fc4]). Charge (orange square) and discharge (black square) capacities are shown for >450 cycles corresponding to
more than 74 days of operation. The average CE (blue squares) above cycle 5 is 99.868%. In both cells (b,c) Li[TFSI] was used as supporting
electrolyte, and the voltage was limited from 0 to 1.2 V. Insets in (b,c) display selected charge and discharge proﬁles for their corresponding cell.

constant current of 1 C (1.16 mA/cm2) and cycle repeatedly
between charge and discharge while stirring each solution
(Figure 2b and S2,3). At this 1 C current, the cell reached
>80% state of charge, which is necessary to show cycling
stability.41 The important ﬁnding is that the cell is stable. A
clear indicator of the stability is the capacity retention over
time.12 In Figure 2b we show the capacity retention for the
charge and discharge process over more than 200 cycles. After
an initial small decrease in capacity, the charge and discharge
capacity settles after cycle 40. Linearly ﬁtting this data from 40
to 235, we obtain a slope representing a fade of 0.00614% per
cycle for the discharge capacity. To test for decomposition of
the charged active molecules, we stopped a cell in its charged
state for 11 days, after which we resumed cycling. The charged
molecules, [PDI]0 and [Fc4]4+, remain unaﬀected as we were
able to discharge the full capacity stored (red diamond in
Figure 2b). Remarkably, resuming cycling for 30 more charge/
discharge cycles we observe no capacity loss (Figure 2b). All
told, the radicals formed upon charging the cell are so stable
that no decomposition is observed after this cell resided for
more than 500 h at 50% or more state of charge.
This stability is unprecedented for a redox ﬂow battery
utilizing electrolytes dissolved in organic media. From the

charge and discharge capacity at each cycle, we calculate the
Coulombic eﬃciency (CE).42 The CE is also plotted in Figure
2b and displays an average of 99.955%. This CE value is also
remarkable for a redox ﬂow battery with electrolytes dissolved
in organic media and approaches those of aqueous systems that
have been highly optimized over many years.10−13,43−45 We
measure the cell’s open circuit voltage at diﬀerent states of
charge (SOC) and ﬁnd a monotonic increase from ∼0.63 to
∼0.82 V from 10 to 90% SOC, respectively (Figure S4). Finally,
we observe nearly superimposable charge and discharge
proﬁlesanother indicator of stability (Figure 2b inset).13,44
In fact, there is a small shift during the ﬁrst 40 cycles where the
initial capacity of ∼87% SOC settles to ∼81% SOC at around
cycle 40. Taken together, this represents the ﬁrst long-term
highly stable solution state battery in organic media.
One important criteria for new organic electrolytes is their
stability when charged at high concentration. To address this,
we tested high concentration cells by assembling pouch cells
(see the SI).16 Figure 2c shows cycling of a battery built with
0.4 M electron equivalents (0.1 M [Fc4] and 0.2 M
[PDI][TFSI]2). This high concentration rivals state-of-the-art
organic media RFBs46,47 while displaying long-term cycling
stability. It has an average CE above cycle 5 of 99.868%. An
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quantify the amount of crossover seen in these experiments, we
took UV−vis spectra of the [Fc4] chamber. From the molar
absorptivity of the strong chromophore [PDI][TFSI]2 (εmax =
76 341 M−1 cm−1) we ﬁnd a crossover of <0.05% for the
reducing, hot, and cold conditions, while the oxidizing
nitrosonium condition gives a crossover of 1.25% (see SI).
Additionally, the low concentration cell above (Figure 2b) was
dismantled after cycling and checked for crossover. UV−vis
spectroscopy showed that 0.2% of the [PDI][TFSI]2 crossed
over during the >30 days and >250 cycles, indicating that
crossover is negligible. The key ﬁnding is that the cellulosebased membrane is eﬀective in organic solvents over long
periods of time, stable to a >3 V voltage window, and stable to
temperatures outside the range available for aqueous systems.
In this study, we report the ﬁrst highly stable battery utilizing
electrolytes dissolved in organic media. This battery shows
stable cycling for more than a month with a retention of
99.994% per cycle, which is extraordinary. This system also
shows a best in class Coulombic eﬃciency of 99.955%, which is
comparable with aqueous systems that have been heavily
optimized over years of study. In this work, we also introduce a
new organic electrolyte platform to the ﬂow battery ﬁeld based
on perylene diimide cores. The reduced species (radicals) of
this family of compounds are exceptionally stable. Drawbacks of
this work include the small potential window and solubility that
are below that of highly successful aqueous systems. However,
these molecules are amenable to synthetic tunability that will
enable higher voltages and greater solubility. The membrane
chosen for this cell is shown to withstand the conditions
necessary for higher voltages (>3 V) and extreme temperature
ﬂuctuations not achievable with aqueous systems. Testing with
larger quantities of electrolyte in the ﬂowing conﬁguration will
further explore the scalability of this novel design and
combination of organic electrolytes and membrane.

initial induction period of around 20 cycles is observed due to
the insolubility of neutral [Fc4] in acetonitrile. This leads to a
slow rise in capacity due to the time necessary for [Fc4] to fully
penetrate the electrode, as charged [Fc4] is soluble in
acetonitrile. After this induction period, the cell settles at a
constant charge/discharge capacity corresponding to ∼81%
SOC, akin to the low concentration cell (Figure 2c inset). The
charge/discharge proﬁles of the low and high concentration
cells have slightly diﬀerent shapes due to stirring in the low
concentration cell, which leads to low diﬀusion impedance and
a sharp approach toward the cutoﬀ voltages. Once level, the
energy eﬃciency of this high concentration cell is ∼68%
measured at cycle 200. Taken together, this cell demonstrates
the stability of the compounds at relevant battery operating
conditions.
Finally, we sought to test if the membrane will be amenable
to large temperature excursions and to higher-voltage second
generation compounds. We exposed the membrane to high
(110 °C) and low (−20 °C) temperatures, as well as to strong
reducing and oxidizing conditions, after which we performed
dialysis. The SI contains the details for these experiments. For
example, we soaked the membrane in a solution of sodium
naphthalenide (approximately −3.0 V vs Fc0/+) 48 and
subsequently assembled an H-cell with this membrane. One
chamber of the H-cell was ﬁlled with [PDI][TFSI]2 in
acetonitrile,49 while the other contained pure acetonitrile.
After stirring overnight, no detectable crossover of the
[PDI][TFSI]2 was visibly observed (Figure 3a). Strongly
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Figure 3. H-cells with [PDI][TFSI]2 and LiPF6 on the left side after
treatment with (a) sodium naphthalenide and (b) NOBF4 followed by
dialysis for 15 h. (c) Cycling data of four H-cells assembled with
membranes treated under the following conditions: sodium naphthalenide (circles), NOBF4 (squares), 110 °C (triangles), and −20 °C
(diamonds).
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