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Abstract: This communication presents a mechanism-
based approach to identify organic electrolytes for non-
aqueous redox flow batteries (RFBs). Symmetrical flow cell
cycling of a pyridinium anolyte and a cyclopropenium
catholyte resulted in extensive capacity fade due to com-
peting decomposition of the pyridinium species. Charac-
terization of this decomposition pathway enabled the ra-
tional design of next-generation anolyte/catholyte pairs
with dramatically enhanced cycling performance. Three
factors were identified as critical for slowing capacity fade:
(1) separating the anolyte-catholyte in an asymmetric
flow cell using an anion exchange membrane (AEM);
(2) moving from monomeric to oligomeric electrolytes to
limit crossover through the AEM; and (3) removing the
basic carbonyl moiety from the anolyte to slow the
protonation-induced decomposition pathway. Ultimately,
these modifications led to a novel anolyte-catholyte pair
that can be cycled in an AEM-separated asymmetric RFB
for 96 h with >95% capacity retention at an open circuit
voltage of 1.57 V.

/

The widespread adoption of renewable energy sources re-
mains limited by a dearth of cost-effective and scalable meth-
ods for electrical energy storage.” Redox flow batteries (RFBs)
represent an attractive technology to address this challenge.”
In RFBs, energy is stored in solutions of redox active electro-
lytes (termed catholytes and anolytes) that undergo charge
and discharge at inert electrodes (Figure 1a). This configura-
tion facilitates scaling of these systems, since power and stor-
age capacity are dictated by independent factors (the area/
number of electrodes and the volume of the solutions, respec-
tively). RFBs are also highly modular, as a wide variety of differ-
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Figure 1. a) A schematic representation of a redox flow battery (RFB) and
electrolytes of interest; b) Symmetric and asymmetric configurations for RFB
operation (A=anolyte; C=catholyte).

ent anolytes—catholytes have been identified and their proper-
ties can be tuned by chemical modification.”

RFBs that consist of organic electrolytes in non-aqueous
media have emerged as attractive targets, as they offer the
possibility for wide potential windows and tailoring of the
structures—properties of the organic active species.” To this
end, recent work has uncovered a variety of organic anolyte
and catholyte candidates with promising individual properties
(e.g., redox potentials, cycling stabilities, solubilities).”’ None-
theless, the integration of these organic anolyte-catholyte
pairs into fully operational non-aqueous flow batteries remains
a significant challenge. This is because RFBs containing two
different active materials often suffer from chemical-electro-
chemical compatibility issues, resulting in parasitic decay of
the electrolytes.” Although numerous examples of electrolyte
incompatibilities have been documented, to date, few strat-
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egies have been developed to characterize and mitigate these
processes.”

This communication describes a detailed investigation of the
flow cell cycling of an organic anolyte—catholyte pair devel-
oped by our team. Although the pyridinium anolyte Py1®?
and cyclopropenium catholyte CP®™9 (Figure 1a) are each
stable when cycled independently, we demonstrate that they
exhibit extensive decomposition when cycled together in an
electrochemical flow cell. A detailed analysis of the decay path-
way is presented, and these insights are used to design new
electrolytes that mitigate this process. Ultimately, iterative
modifications led to next-generation electrolytes that exhibit
more than an order-of-magnitude enhancement in capacity re-
tention during flow cell cycling.

Py1” and CP each undergo stable individual cycling in
MeCN/KPF, (>200 charge-discharge cycles over 36-48 h).”) As
such, a next step is to pair these materials in a flow cell. The
standard configuration for a non-aqueous flow battery involves
an equimolar mixture of anolyte and catholyte on both sides
of the cell in conjunction with a microporous polymer separa-
tor (Figure 1b, symmetric).® This symmetric configuration re-
quires compatibility between the anolyte and catholyte, which
can be preliminarily assessed by cyclic voltammetry (CV).”’ The

(a) Cyclic voltammogram of a 1:1 mixture of Py1 and CP
0.10

=4
1=
a

Current (mA)
o
8

o
(=)
&

20 a5 1.0 05 0.0 05 1.0 15
potential (V vs Ag/AgBF,)

(c) "H NMR spectroscopic characterization of decay products

Py1-H,(18%)

I | ] A
L Py1-OH (57%)
A ) 1 P |
Py1
J /\_h_»l A
after cycling
e L L I |

T T T T T T T T T T T
90 85 80 75 0 65 6.0 55 50 45 4.0
1 (ppm)

CV of a 1:1 mixture of Pyl and CP (5 mm in MeCN/KPF) re-
veals no difference from the individual CV of each molecule
(Figure 2a). Furthermore, minimal change is observed after
10 CV cycles, indicating that Py1 and CP are compatible on
the CV timescale.

On the basis of these CV data, we moved forward with flow
cell cycling of a 1:1 mixture of Py1 and CP. Our flow cell” con-
sists of graphite charge collecting plates with an interdigitated
flow field, in combination with 400 um thick carbon felt elec-
trodes and a microporous Celgard 2500 separator. The electro-
lyte solutions (6 mL total volume in each chamber of a 50 mm
concentration of each active species in 0.5Mm KPF¢ in MeCN) are
flowed at 10 mLmin~" and are subjected to galvanostatic cy-
cling at 10 mAcm2 over the first redox couple of Py1 (at
—1.02V vs. Ag/Ag™). This results in a cell voltage of 1.90 V. As
shown in Figure 2b, despite the promising CV data, this
system shows modest cycling performance. It initially charges
to just 62% of the theoretical capacity and then fades by 62%
over 55 h of cycling (Figure 2b). CV analysis of the spent solu-
tions show that this fade is largely due to decomposition of
the anolyte (Figure S5).

We first focused on characterizing the anolyte decomposi-
tion pathway. One and two dimensional 'H NMR spectroscopic

(b) Symmetrical flow cell cycling of a 1:1 mixture of Py1:CP
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Figure 2. (a) Cyclic voltammogram of an equimolar solution of Py1 and CP for 10 continuous cycles. Cyclic voltammetry was conducted using glassy carbon
as working electrode, Pt-wire as counter electrode and Ag/AgBF, as reference. (b) Symmetrical electrochemical cycling of Py1/CP in a prototype RFB. Fig-
ure 1a shows the transformations occurring during the cycling process. Experiment conducted with each reservoir containing 6 mL of a 50 mm solution of

the respective redox active species in 0.5Mm KPF¢ in acetonitrile. The solutions were flowed at 10 mLmin

~!, and the battery was charged-discharged with a

current density of 10 mAcm ™2 Normalized discharge capacity (normalized against maximum theoretical capacity) is plotted against time. (c) Identification of
anolyte decomposition through 'H NMR spectra analysis of the spent solution (after cycling) and comparative analysis of the spent solution with the inde-
pendently synthesized Py1-OH and Py1-H,. (d) Pathway for anolyte decomposition during the electrochemical cycling and deuterium labeling experiments to
identify the source of anolyte decomposition. Deuterium labeling experiments were performed in a symmetric system with CP as catholyte. Py1-H, was not

detected under these conditions.
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analysis of the spent electrolyte solutions showed that 74% of
the anolyte is transformed into an approximately 3:1 mixture
of two new compounds: a major species (Py1-OH, 57 %) and
minor species (Py1-H, 18% Figure 2c).'®™ As shown in Fig-
ure 2d, Py1-OH derives from a two proton-two electron re-
duction of Py-1, whereas Py1-H, derives from a two proton-
two electron reduction of Py1-OH accompanied by loss of
water.1213)

Deuterium labeling studies were conducted to determine
the origin of the protons in this system (Figure 2d). When
CD,CN was used as the solvent for cycling, 10% deuteration
was detected at H, of Py1-OH. In contrast, in CH;CN with
10 equivalents of added D,0O under otherwise analogous con-
ditions, 87 % deuteration was observed. These results suggest
that the protons predominantly derive from adventitious
water, which we were unable to completely remove even
upon rigorous drying of the electrolyte solutions. Importantly,
the decomposition of Py1 to Py1-OH and Py1-H, is greatly ac-
celerated by the presence of oxidized CP. When Py1 is subject-
ed to flow cell cycling in CH;CN under analogous conditions
but in the absence of CP, only traces of Py1-OH or Py1-H, are

(a) Design of next generation catholyte
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detected."” These results suggest that decomposition of the
anolyte can be attenuated through the implementation of an
asymmetric cell (Figure 1b), in which Py1 and CP are physically
separated during electrochemical cycling. This asymmetric con-
figuration requires a membrane that can impede the crossover
of redox active species while maintaining fast equilibration of
charge-balancing ions. We reasoned that the cationic electro-
lytes Py1 and CP could be effectively separated using an or-
ganic compatible anion exchange membrane (AEM)™ such as
Fumasep FAPQ-375-PP."® As such, an asymmetric flow battery
was assembled with 50 mm solutions of Py1 and CP separated
by Fumasep FAPQ-375-PP. Encouragingly, this system demon-
strated improved cycling performance relative to the original
symmetric cell (compare black data in Figure 3¢ to data in Fig-
ure 2b). It initially charged to >80% of the theoretical capacity
and then faded by 50% over 96 h of cycling. NMR spectro-
scopic analysis of the spent electrolyte solutions revealed a sig-
nificant enhancement in anolyte stability in this asymmetric
system. Only 26% decomposition of Py1 was observed over
the 96 h of cycling, which compares favorably to 74% decom-
position over just 55 h of cycling in the symmetric RFB. In-

(c) Asymmetric flow cell cycling data for (i) Py1/CP
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Figure 3. Molecular design to identify a new generation of (a) catholyte (CP) to trimer (CP-tri) to prevent crossover and (b) anolyte (Py1) to dimer (Py1-di) to
prevent crossover and subsequently to protected dimer (Py2-di) to prevent decomposition of the anolyte. (c) Electrochemical performance of Py1/CP, Py1-di/
CP-tri and Py2-di/CP-tri in asymmetric batteries. Figure 1a shows the transformations occurring during the cycling process. Experiment conducted with each
reservoir containing 6 mL of a 50 mm solution of the respective redox active species in 0.5M KPF; in acetonitrile. The solution was flowed at 10 mLmin~', and
the battery was charged/discharged with a current density of 10 mAcm 2 Normalized discharge capacity (normalized against maximum theoretical capacity)
is plotted against time. (d) Comparison of charge-discharge curves of early cycles (1-2) to later cycles (175-176) of the electrochemical cycling with Py2-di/
CP-tri. (€) Coulombic (green), voltaic (red) and energy (blue) efficiencies of Py2-di/CP-tri battery versus time.
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stead, the major cause of capacity fade is crossover of the
active species through the AEM. CV analysis of the spent solu-
tions shows 30% crossover of CP and 26% crossover of Py1
over 96 h of cycling.

We hypothesized that crossover could be impeded by
moving from the monocationic monomeric electrolytes to
polycationic oligomers, which should exhibit enhanced electro-
static repulsions with the AEM. Notably, previous work has
shown that oligomeric CP derivatives (e.g., CP-tri in Figure 3a)
can be effectively separated using a size-exclusion mem-
brane;®' however, to date, the feasibility of separating these
polycations using AEMs has not been demonstrated. We initial-
ly targeted CP-tri in conjunction with the similarly designed
pyridinium dimer Py1-di as second generation electrolytes for
this system (Figure 3b)."” Asymmetric cycling of Py1-di/CP-tri
in a Fumasep FAPQ-375-PP-separated flow cell (Figure 3¢, blue
data) yielded an RFB with an open circuit potential of 1.95V.
As anticipated, electrolyte crossover was significantly reduced
in this system. CV analysis of the spent solutions showed <3%
crossover of CP-tri and approximately 10% crossover of Py1-di
over the 96 h cycling experiment. This experiment demon-
strates for the first time that AEMs can effectively separate cat-
ionic oligomers in non-aqueous RFBs. The decomposition of
the anolyte was significantly attenuated relative to the mono-
meric system (17 versus 26 %, respectively), likely due to the
more effective separation. However, due to the low crossover,
anolyte decomposition is again the leading cause of capacity
fade in this second-generation asymmetric system.

A third-generation anolyte was designed to further limit de-
composition of the anolyte during cycling. As discussed above,
the conversion of Py1 to Py1-OH involves a net two proton-
two electron reduction, with the basic carbonyl moiety likely
serving as the initial proton acceptor."® We reasoned that this
undesired pathway could be attenuated by replacing the reac-
tive carbonyl site with a less basic pseudo-oxocarbon malono-
nitrile group (C(CN),)." The malononitrile analogue of Py1-di
(Py2-di) was synthesized from benzoyl pyridine through a TiO,-
mediated condensation reaction followed by alkylation with di-
bromopropane.”™ The cyclic voltammogram of Py2-di shows
two single electron redox couples at —0.626 and —0.976 V vs.
Ag/Ag™ (see Supporting Information).?" This represents a 0.4 V
increase in the redox potential compared to the ketone ana-
logue Py1-di (—1.01 and —1.55V vs. Ag/Ag ™). However, this is
accompanied by a large enhancement in cycling stability. Py2-
di has a solubility of 1.70m per redox active unit in MeCN.
Data for the asymmetric cycling of Py2-di/CP-tri in a Fumasep
FAPQ-375-PP-separated flow cell is shown in Figure 3¢ (green
data). This system yields an RFB with an open circuit voltage of
1.57 V. As a result of these modifications, only ~5% fade of ca-
pacity is detected over 96 h of cycling (~200 charge-dis-
charge cycles). "H NMR spectroscopic analysis of the spent ano-
lyte solution shows only traces (~3%) of products analogous
to Py1-OH. Additionally, minimal crossover of the polycations
CP-tri (< 1%) or Py2-di (<39%) is detected.

Overall, this study presents a mechanism-based approach to
the molecular design of electrolytes for implementation in an
asymmetric non-aqueous redox flow battery. Decomposition of
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the anolyte during battery cycling is demonstrated as a major
factor contributing to capacity fade in both symmetric and
asymmetric systems. The asymmetric configuration helps to
mitigate this decomposition but introduces crossover as an-
other contributor to capacity fade. Two key modifications were
required to achieve stable cycling of an asymmetric RFB in this
system. First, oligomerization of the electrolytes resulted in oli-
gocations that resist crossover due to electrostatic repulsions
with the anion exchange membrane. Second, proton-coupled
anolyte decomposition was mitigated by the replacement of a
basic carbonyl with a malonitrile group in the anolyte scaffold.
Overall, these studies demonstrate that detailed chemical ana-
lysis of RFB systems coupled with iterative design and synthe-
sis of next generation electrolytes is an effective strategy for
advancing electrolyte candidates for this application.
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