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Abstract: We describe the nonagueous redox-matched flow battery
(RMFB), where charge is stored on redox-active moieties covalently
tethered to non-circulating, insoluble polymer beads and charge is
transferred between the electrodes and the beads via soluble
mediators with redox potentials matched to the active moieties on the
beads. The RMFB reported herein uses ferrocene and viologen
derivatives bound to crosslinked polystyrene beads. Charge storage
in the beads leads to a high (approximately 1.0-1.7 M) effective
concentration of active material in the reservoirs while preventing
crossover of that material. The relatively low concentration of soluble
mediators (15 mM) eliminates the need for high-solubility molecules
to create high energy density batteries. Nernstian redox exchange
between the beads and redox-matched mediators was fast relative to
the cycle time of the RMFB. This approach is generalizable to many
different redox-active moieties via attachment to the versatile
Merrifield resin.

Introduction

In redox flow batteries (RFBs; Scheme 1(a)), redox-active
materials are dissolved in two separate solutions, the anolyte and
catholyte, which flow past two closely-spaced electrodes where
the electrochemical reactions take place.*? Because the anolyte
and catholyte solutions are contained in external tanks, RFBs can
be scaled easily and inexpensively to store large amounts of
energy, which is advantageous for renewable energy obtained
from intermittent wind and solar sources. One current focus in
RFB research is on achieving high energy density, which is
directly proportional to both the battery voltage (the difference in
redox potential between the two redox-active materials) and the
concentration of redox-active materials in solution. A high battery
voltage is feasible in RFBs that use nonaqueous solvents such as
acetonitrile, due to their wide electrochemical windows of up to 5
V or morel®4 compared to ~1.5 V in aqueous systems. To take
advantage of these wide electrochemical windows, redox-active

organic molecules (ROMs) are used as the active materials
because they can be synthetically tuned to exhibit high oxidation
potentials®™™ and low reduction potentials.®1% Additionally,
ROM s can be functionalized to create molecules with solubilities
of 1 M or greater,'Y enabling, in theory, high-energy-density
organic, nonagueous RFBs. However, at concentrations near 1 M
most ROM solutions become viscous and ionic conductivity
decreases, rendering them less suitable for use in RFBs.

Another issue that must be addressed in RFBs is crossover of
the redox-active species between the anolyte and catholyte
solutions. Once a redox-active species has crossed over to the
opposite electrolyte solution, it is no longer electrochemically
active, resulting in a loss in capacity for the RFB. One way that
crossover has been addressed is by the creation of “symmetric”
RFBs, which can be constructed in two different ways. In the first,
the anolyte and catholyte solutions contain the same redox-active
element, as in the vanadium RFB, which uses the V?*3* couple in
the anolyte solution and the V4*>* couple in the catholyte solution.
As a consequence, the vanadium ions that cross over will simply
enter into the other redox reaction in the next cycle. The other way
to create a symmetric RFB is by using a 1:1 mixture of the positive
and negative redox-active materials in both the anolyte and
catholyte solutions, as is done in the iron-chromium aqueous RFB
wherein the positive redox couple is Fe?*”** and the negative
redox couple is Cr>”3*[3 |n each solution only one ion
participates in the battery charge and discharge while the other
ion is a spectator. While this configuration mitigates the negative
effects of crossover, half of the active material is not used and is
thus not an efficient use of materials. Symmetric nonaqueous,
organic RFBs have been made by using a ROM that can be both
reversibly oxidized and reversibly reduced as both the positive
and negative ROMM*-%61 or by using a 1:1 mixture of two ROMs
in both the anolyte and catholyte solutions,® as in the iron-
chromium RFB. Alternatively, different positive and negative
ROMs can be used to make an asymmetric RFB, but that requires
the synthesis of oligomeric positive and negative ROMs and/or
the use of specialized membranes minimize crossover.[*7:18l
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Scheme 1. Previous RFBs, a redox-targeted electrode, and the redox-matched flow battery.

An innovative concept, the redox-targeted electrode, was
introduced by Wang, Gratzel and coworkers in 2006[*%2% and
points the way to a system that could simultaneously address
several of the issues discussed above. In the redox-targeted
electrode (Scheme 1(b)), an insoluble and poorly electrically
conducting active material such as LiFePO, is not in direct
electrical contact with the current collector. Instead, two soluble
redox-active molecules are in a solution that bathes the LiFePO,.
One of the soluble mediators has a redox potential about 0.1 V
positive of LiFe"PO./Fe""PO,, and the other has a redox potential
about 0.1 V negative of LiFe"PO,/Fe"PO,. The LiFePO, is
charged by oxidation by the more positive mediator, which in turn
is oxidized at the electrode. Discharge happens similarly through
reduction by the more negative mediator. If the LiFePO, were
used as the positive active material in a flow battery, with the
soluble molecular mediators circulating to the electrodes, and a
similar setup were used for an insoluble negative active material,
it would be possible to create a flow battery with high energy
density, approaching that of a lithium-ion battery with the same
active materials. One drawback of the system described by Wang
and Gratzel is the use of two mediators for each electrode, which
leads to a voltaic inefficiency, as charging happens through the
higher potential mediator (for the positive electrode) and
discharging through the lower potential mediator. In a full flow
battery with four mediators (two for each electrode), each with a
redox potential 0.1 V displaced from that of its electrode, there
would be a 0.4 V difference between the charge and discharge
voltage of the battery. Since that initial 2006 report, several more

redox-targeted inorganic electrodes, or hybrid flow batteries with
one redox-targeted electrode, have been reported,?*-2% as has a
full redox-targeted flow battery?’ and an aqueous RFB with one
redox-targeted organic polymer electrode. 2!

Inspired by the redox-targeting strategy described above, we
introduce the concept of a redox-matched flow battery (RMFB). In
the RMFB (Scheme 1(c)), redox-active molecules are covalently
tethered to insoluble polymer beads and these beads act as the
charge-storage material. In the RMFB reported herein, the redox-
active moieties are a ferrocene derivative for the catholyte beads
and a viologen derivative for the anolyte beads. For each bead
type there is a matched soluble molecular mediator with a
chemical structure similar to the redox-active moiety on the bead,
such that the redox potentials are very nearly the same (hence
the name “redox-matched” flow battery). In this way, the battery
differs from the redox-targeting method described by Wang,
Gréatzel, and co-workers, where there are two mediators for each
insoluble active material.’%2% In our RMFB there is only one
mediator for each insoluble redox-active material and
charging/discharging is driven by the Nernstian potential
difference due to the different ratio of oxidized/reduced species in
solution versus on the bead. There is a previous report of a redox-
targeted LiFePO, electrode that is paired with a single soluble
mediator that almost exactly matches the redox potential of the
LiFePO,, allowing an electrode with one Nernstian-driven
mediator and the construction of a hybrid flow battery.?® There is
another report of a redox-targeted organic polymer electrode with
only one mediator, cited above.?® Those ‘redox targeted”

This article is protected by copyright. All rights reserved

Author Manuscript



electrodes differ from our system in that one must find a suitable
mediator with a redox potential well-matched to that of the solid
active material, whereas in our “redox matched” system one can
simply synthesize a mediator that is structurally analogous to the
moiety on the bead and their redox potentials will be naturally
matched.%

As shown in Scheme 1, the soluble mediator circulates
through the flow battery and is oxidized/reduced at the electrode,
then flows past the polymer beads in the reservoir and undergoes
redox exchange with the active moieties on the beads. Both the
anolyte and catholyte solutions contain a 1:1 mixture of anolyte
mediator (A) and catholyte mediator (C), which mitigates the
negative effect of crossover of the mediators through the
membrane. The soluble species that is in the “wrong” solution
merely acts as a spectator and is not involved in the redox
reactions at either the electrode or the beads. For example, a
viologen in the catholyte solution would remain a dication as the
ferrocene derivative is cycled between its neutral and +1 state.
Only a small fraction of the viable active material is unused
because the vast majority of charge is stored in the beads. With
properly chosen polymer beads for functionalization, the effective
concentration of active material can be 1 M or more. Yet the
dissolved mediators can be at relatively low concentration, in the
range of 25 mM or less. Consequently, the soluble species do not
need to be engineered for high solubility, and the problems of
high-concentration solutions, such as high viscosity, are avoided.

While this work was in progress, Sevov and Wong reported a
redox-targeted electrode based on a crosslinked viologen
polymer.BY  The monomer bis(4-vinyl-benzyl)viologen was
polymerized to form heavily crosslinked, insoluble beads that
were used as the charge-storage material. However, similar to the
inorganic redox-targeted electrodes discussed above, two
mediators were used to charge and discharge the crosslinked
viologen charge-storage material. In addition, a flow battery was
not demonstrated. Herein, we demonstrate an improved version
of this redox-targeting approach wherein only a single redox-
matched mediator is used (per electrode), so there is no loss in
voltaic efficiency due to multiple mediators with different redox
potentials. In addition, rather than requiring a new polymer to be
synthesized for each new solid redox-active material, we utilize a
synthetic platform that enables wide versatility in the redox-active
moieties that can be attached to the polymer beads. Finally, we
demonstrate a full RFB system (rather than one electrode) in a
manner that should be generalizable to many different redox-
active moieties.

Results and Discussion

We chose Merrifield resin, which consists of crosslinked
polystyrene with chloromethyl functionalities, as our polymer
support. Merrifield resin has been extensively used for solid-
supported organic reactions, most notably peptide synthesis.[? It
is commercially available as beads in a variety of sizes, degrees
of crosslinking, and degrees of chloromethyl functionalization.
The chloromethyl groups offer a convenient handle for covalent
attachment of organic moieties. We used beads containing 4.2
mmol of chlorine per gram (determined by elemental analysis
(EA) of C, H, and CI), which translates to a concentration of over
4 M in the dry, unfunctionalized beads. When the chlorine is
substituted by the redox-active groups, the volume of the beads
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increases, and the necessary swelling of the beads by solvent will
further increase their volume, but 4 M is an encouragingly high
initial effective concentration of active material.

For this initial demonstration of a RMFB, we chose derivatives
of the very common and stable redox-active molecules viologen
and ferrocene. The starting Merrifield resin beads (xPS-ClI) were
functionalized with viologen groups and ferrocene groups by the
one-step substitution reactions shown in Figure 1. Treatment of
xPS-Cl with 1-methyl-4,4'-bipyridinium iodide in MeCN at reflux
for 48 h yielded viologen-functionalized beads as the mixed
chloride-iodide salt, [xPS-bpy-Me?*][CI][I]. Reaction completion
was confirmed by disappearance of the C—Cl band in the Raman
spectrum (at 665 cm™?) and in the IR spectrum (at 672 cm™) (see
Supporting Information, Figure S5 and S6 for spectra). Three
rounds of ion exchange with NH4PFs yielded the viologen-
functionalized beads as the hexafluorophosphate salt, [xPS-bpy-
Me?*][PF¢ .. Both the initial [xPS-bpy-Me?*][CI][I] beads and the
ion-exchanged beads, [xPS-bpy-Me?*][PF¢],, were examined by
EA for C, H, N, CI, and I, and the [xPS-bpy-Me?*][PF¢]. beads
were additionally analyzed for F content. There was no fractional
conversion to [xPS-bpy-Me?*][CI][I'] and fractional ion-exchange
to [xPS-bpy-Me?*][PF¢], that was consistent with the EA data for
both sets of beads. However, an assumption of 75% conversion
in the initial functionalization reaction to create [xPS-bpy-
Me?*][CI][I'], followed by 95% ion exchange to give [xPS-bpy-
Me?*|[PF¢]2, gives a calculated EA that agrees reasonably well
with the experimental EA mass % for N (3.80 calc, 3.44 exp), Cl
(1.84 calc, 1.69 exp), and | (0.86 calc, 0.93 exp). Full details are
provided in the Supporting Information.

The ferrocene-functionalized beads were synthesized by the
reaction of xPS-Cl with ferrocenecarboxylic acid and 'Pr,NEt in
DMF at 60°C for 24 h, yielding xPS-Fc. Raman spectroscopy of
the ferrocene beads was not possible due to fluorescence of the
ferrocene functionalities. Instead, reaction progress/completion
was checked by IR spectroscopy (Figure S5). The C—Cl band at
672 cm™* disappeared after reaction, and a C=0 band at 1714 cm"
! due to the ester linkage appeared. Elemental analysis for C, H,
N, and Cl agreed most closely with conversion of 70% of the
chloromethyl groups, and with 0.16 equiv of residual DMF per
monomer unit (of any kind). Both bead types were soaked in
electrolyte solution (CH3CN, 0.50 M [NBu4][PFe]) and, as shown
in Figure S9, CVs of those solutions showed that no electroactive
species were leached from the beads.

The soluble mediators, shown in Figure 1, were chosen to
have structures analogous to the redox-active moieties on the
polymer beads, such that their redox potentials would be very
similar. Cyclic voltammetry (CH3;CN, 0.50 M [NBu4][PF¢]) showed
that the ferrocene mediator, FcR, has an Ei» = +0.255 V (vs
ferrocene*?), while the viologen mediator [Bn-bpy-Me?*][PFs7.
has Ey, = -0.785 V and -1.204 V (vs ferrocene*®). Only the first
viologen reduction was used in the RMFB, affording a nominal
voltage of 1.04 V.

For the soluble redox mediators to diffuse into the beads to
undergo redox exchange, as depicted in Scheme 1, the beads
must swell in the battery solvent/electrolyte system. Due to the
high concentration of redox-active moieties in the beads, it is likely
that self-exchange between tethered groups will facilitate electron
transfer to the far interior of the beads so that it is not necessary
for mediator to diffuse into the bead center. It is necessary,
however, that the PFg counterions move fully into and out of the
beads to balance every charge transferred. To evaluate bead
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swelling we placed a known mass (~100 mg) of beads in a
standard 5 mm NMR tube, added an excess of a solvent, and
measured the change in height of the column of beads after 2 h.
Our calibration of the NMR tubes indicated a volume of 130 pL
per cm of height. The measured volume change was multiplied by
a factor of 0.74 (the packing fraction of close-packed spheres) to
account for the interstitial spaces between the beads. The
swelling of both bead types, xPS-Fc and [xPS-bpy-Me?*][PFs ]2,
was measured in CH3CN, where it was 0.77 mL/g for the XxPS-Fc
and 0.96 mL/g for the [xPS-bpy-Me?*][PF¢].. The bead swelling
was also evaluated by optical microscope images of a statistical
sample of dry and swollen beads, which yielded similar results
(Figure S7 and Table S1). The swelling of both bead types
represents a solvent content of the beads that should enable
transport of molecular species into and out of the beads during
redox exchange, while not excessively increasing the bead
volumes such that the concentration of active species becomes
diluted (decreasing the energy density of the RMFB). The
concentration of redox-active moieties in the CH3;CN-swollen
beads is roughly 1.0 M in the viologen beads and 1.7 M in the
ferrocene beads.
Functionalized beads
(1) [bpy-Me*][l']

reflux 48 h
(2) NH4PFg

: : +N-CH
(20 equiv. 3x) <:>_<:> N

DMF, rt, 72 h 2PF§

Y
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Figure 1. Syntheses of the two functionalized beads (top) and structures of the
redox-matched mediators and a cyclic voltammogram of a mixed solution of 5
mM of each in CH3sCN with 0.50 M [NBug4][PFe] at a glassy carbon electrode
(bottom).
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For the functionalized polymer beads to serve as the charge-
storage material in a RMFB, they must undergo electron
exchange with the dissolved mediators on a timescale that is fast
compared to one charge or discharge half-cycle of the battery. We
therefore sought to determine the rate of these redox-exchange
reactions before using them in a RFB, but to do so it was
necessary to measure the individual concentrations of the same
ROM in two different oxidation states (e.g., FCR and FcR*) in a
mixed solution—something that CV using a standard disk
electrode does not do well. An ultramicroelectrode, on the other
hand, yields CVs of the type shown in Figure 2b (FcR, FcR*, and
a 1:1 mixture of FcR and FcR*) and Figure 2d (Bn-bpy-Me?*, Bn-
bpy-Me*, and a 1:1 mixture of Bn-bpy-Me?* and Bn-bpy-Me*). The
difference between the current at the oxidative plateau and the
current at the reductive plateau in Figure 2b is proportional to the
total concentration of FcR and FcR* present, with the absolute
value of the anodic current proportional to the FCR concentration
and the absolute value of the cathodic current proportional to the
FcR* concentration.® The direct proportionality of the anodic and
cathodic currents to the concentrations of FcR and FcR*,

(@)

— —»
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40 80
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Figure 2. (a) Setup for monitoring redox exchange reactions over time using an
ultramicroelectrode (Pt disk, 10 ym diameter). (b) Ultramicroelectrode CVs of
5.0 mM FcR, 5.0 mM FcR*, and 2.5 mM each of FcR and FcR*. (c) Change in
solution-phase fraction of FCR* over time as FcR* interacts with xPS-Fc and
FcR interacts with xPS-Fc*. (d) Ultramicroelectrode CVs of 5.0 mM Bn-bpy-Me?*,
5.0 mM Bn-bpy-Me*, and 2.5 mM each of Bn-bpy-Me?* and Bn-bpy-Me*. (e)
Change in solution-phase fraction of Bn-bpy-Me* over time as Bn-bpy-Me*
interacts with xPS-bpy-Me?* and Bn-bpy-Me?* interacts with xPS-bpy-Me*.

respectively, holds only if FcR and FcR* have similar diffusion
coefficients in the solvent/electrolyte system examined; the
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equivalence of the anodic and cathodic currents in the CV ofa 1:1
solution of FcR and FcR* in Figure 2b confirms this to be the case.
That is also true for Bn-bpy-Me?* and Bn-bpy-Me*, as indicated
by the CVs in Figure 2d.

The rate of redox equilibration between the beads and
dissolved mediators was determined by the procedure shown in
Figure 2a. First, a measured quantity of beads was placed in a
vial (in a nitrogen-filled glovebox) with a solution of 0.50 M
[NBu4][PF¢] in CH3CN to swell the beads. The excess liquid was
decanted after 30 min. To the swollen beads was added a solution
of an equivalent molar amount of its redox-matched mediator in
the oxidation state opposite that of the redox moieties on the
beads, and the change in redox state of the solution-phase
species was monitored. For example, for the xPS-Fc beads, a
solution containing one equivalent of [FCR*][PF¢] (relative to the
amount of redox-active Fc moieties on the beads) was added,
such that at equilibrium there would be a 1:1 mixture of FcR and
FcR* in solution (assuming that the solution-phase FcR and the
bead-bound Fc moiety have the same redox potential). The
suspension was gently stirred and the stirring paused to obtain
CVs with the ultramicroelectrode. In separate experiments, the
equilibrium was approached from the other direction; that is, the
oxidized form of the ferrocene beads, [xPS-Fc*][PF¢], and the
reduced form of the viologen beads, [xPS-bpy-Me*][PF¢], were
prepared, and each was treated with their corresponding redox-
matched mediator in the opposite oxidation state. In all four
experiments the solutions came to equilibrium with an
approximate 1:1 mixture of oxidized and reduced species in
solution, as expected (Figure 2c and 2e). As shown in Figure 2c,
the ferrocene systems came to equilibrium quickly, with the
oxidation of XPS-Fc near equilibrium in 3 min and the reduction of
[XPS-Fc*][PFs] near equilibrium in 10 min. The viologen system
was slower to equilibrate, reaching near-equilibrium in 10 min and
full equilibrium in 30 min, in both the oxidative and reductive redox
exchanges. Separate experiments in our flow battery reservoirs,
not connected to the electrode cell but simply recirculating the
electrolyte, showed a similarly fast redox exchange between the
beads and solution-phase mediators (Figure S10). Overall, these
results show that the beads should charge and discharge
sufficiently quickly to function in a RMFB, where the charge or
discharge times will be at least 60 min (corresponding to a 1C
rate).

Initial attempts at full RMFBs used the nonselective
mesoporous separators Celgard 2500 or Daramic 175 as the
membrane. These membranes are often preferred over ion-
exchange membranes because they are more stable in organic
solvents and have lower resistance to ion transport. However,
they allow relatively fast crossover of ROMs.4 We expected that
the use of 1:1 solutions of FcR and [Bn-bpy-Me?*][PFs7], in both
the anolyte and catholyte solutions would mitigate the negative
effects of that crossover. However, we observed poor capacity
utilization of the beads in the RMFBs assembled with either
Celgard or Daramic separators (Figure S15). We hypothesized
that in those RMFBs the redox exchange between the mediators
and the polymer beads is slow relative to the rate of crossover of
redox-active material, resulting in incomplete utilization of the
redox-active material in the beads. We therefore performed a
separate investigation of crossover rates in our RFB system with
these separators compared to a Fumasep FAP-375-PP anion-
exchange membrane.

WILEY-VCH

Solutions that were 15 mM in both [Bn-bpy-Me?*][PFs], and
FcR were placed on both sides of our RFB setup with no polymer
beads present (see Supporting Information for details, and Figure
S8 for photographs of the RMFB setup). While circulating at 20
mL/min, the battery was charged to 1.40 V (0.36 V greater than
the nominal battery voltage). Circulation was stopped and the
concentrations of Bn-bpy-Me?* and Bn-bpy-Me* in the anolyte
solution were determined by ultramicroelectrode CV, which
indicated that the battery was 95% charged. Circulation was then
continued with no potential applied, and the circulation stopped
periodically to monitor the decay in Bn-bpy-Me* concentration and
increase in Bn-bpy-Me?* concentration, as shown in Figure 3.
That discharge can be due to either Bn-bpy-Me* passing through
the separator from the anolyte solution to the catholyte solution,
or FcR* passing from the catholyte solution to the anolyte solution
and oxidizing Bn-bpy-Me*. With a Daramic 175 separator, the
charge of the anolyte solution dropped to 72% after 60 min. That
discharge is fast enough that it may lead to incomplete
charge/discharge of the polymer beads in a RMFB. A similar
experiment was performed under identical conditions except for
the use of a Fumasep FAP-375-PP anion-exchange membrane.
In that case, as shown in Figure 3, the discharge due to crossover
was significantly slower, with the viologen charge decreasing from
95% to 93% over 60 min and to 91% over 120 min. (This data is
shown in Figures S11-S14.) We therefore used Fumasep FAP-
375-PP membrane in the following RMFB experiments.

100
Fumas

80 4 P
o Daramic (2x)
= o Daramic (1x)
a Celgard (2x)
o
=
8 404
=

20—

u I I 1 I
1] 30 60 90 120

circulation time
after 1st charging (min)

Figure 3. The change in concentration of [Bn-bpy-Me*][PFs7] in the anolyte
solution after the RFB (with no beads) has been charged and then circulation
continued with no electrical charging or discharging, with a Fumasep anion-
exchange membrane, Daramic mesoporous membrane (1 or 2 layers), or 2
layers of Celgard mesoporous membrane.

A flow battery was set up with the initial conditions described
above (12 mL of solution in each reservoir, CH;CN, 0.50 M
[NBu4][PFs], 15 mM in both [Bn-bpy-Me?*][PF¢7], and FcR) with no
beads present. The RFB was charged and discharged
galvanostatically at a current of 10 mA to cutoff voltages of 1.40
V (charge) and 0.50 V (discharge). The charge-discharge curves
for 5 cycles are shown in Figure 4a. The theoretical capacity for
this cell is 4.82 mAh, and 84% of that capacity was attained with
no beads present (see Figure 4b). Next the xPS-Fc beads were
added to the catholyte reservoir and [xPS-bpy-Me?*|[PFs ], beads
were added to the anolyte reservoir. The quantity of beads added
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to each reservoir contained 0.180 mmol of redox-active moiety,
such that the battery capacity would double if the full redox
capacity of the beads was utilized. The RMFB was then cycled 30
times, and the charge-discharge curves are shown in Figure 4a
while the capacities are shown in Figure 4b. After the addition of
1 equiv of beads, the average discharge capacity increased to
6.16 mAh, representing a 52% increase. When 2 equiv of beads
were added, the average discharge capacity increased further to
8.56 mAh, representing a 112% increase over the battery without
beads. Combined, these data demonstrate that charge can be
efficiently stored on insoluble polymer beads and that charging
can occur through solution-based mediators with matched redox
potentials, highlighting the unique advantages of our
generalizable RMFB system. Nevertheless, the net 4.51 mAh
increase in capacity (for 2 equiv of beads) only corresponds to
47% of the theoretical 9.64 mAh capacity contained in those
beads. Post-run CVs of the electrolyte solutions (Figure S16)
show that both anolyte and catholyte solutions are essentially
identical to those present before cycling, indicating that
preferential crossover of the mediators, or their decomposition, is
not an issue. Future studies will focus on identifying the
inefficiencies (e.g., the interaction of current, flow rate,
concentration of mediators, quantity of beads present, etc., and
their effect on capacity utilization) with the long-term goal of
further increasing these storage capacities.
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Figure 4. (a) Charge-discharge curves for the RMFB with no beads (black, 5
cycles), 1 equiv of beads (red, 30 cycles), and 2 equiv of beads (blue, 30 cycles),
(b) capacity versus cycle number for each battery setup (capacity is increasing
during cycling), and the (c) coulombic, voltaic, and energy efficiencies of each
battery.

Conclusion

The RMFB reported herein demonstrates an effective method
for storing charge in a RFB on insoluble crosslinked polymer
beads. Merrifield resin serves as a convenient substrate for the

WILEY-VCH

synthesis of ferrocene- and viologen-functionalized beads, and
promises to be a versatile platform for the synthesis of polymer
beads with other tethered redox-active moieties. These
functionalized beads undergo redox exchange with their redox-
matched soluble mediators on the relatively fast timescale of
several minutes, which enables a Nernstian equilibration between
beads and mediators in the reservoirs of a functioning RMFB. The
RMFB architecture enables a high theoretical energy density
without the requirement of high-concentration solutions, and
without the possibility of crossover of the active material on the
beads. While there is not yet complete utilization of the redox
equivalents on the beads, studies are underway to modify the
beads and/or flow battery operating parameters to capture the full
capacity of the functionalized polymer beads.
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anolyte

* Polymer-supported redox active molecules

* Redox-matched mediators

We describe a new redox-flow battery architecture, the redox-matched flow battery, wherein charge is stored on redox-active
moieties covalently tethered to non-circulating, insoluble polymer beads and charge is transferred between the electrodes and the
beads via soluble mediators with redox potentials matched to the active moieties on the beads. This enables high energy densities
without crossover of bead-bound active material.

This article is protectedgby copyright. All rights reserved

Author Manuscript



