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Non-aqueous organic redox flow batteries (NORFBs) have emerged as a promising technology for renewable energy storage and
conversion. High capacity and power density can be achieved by virtue of high solubility and high operating voltage of the organic
anolytes and catholytes in organic media. However, the lack of anolyte materials with high redox potentials and their poor
electrochemical stability retard the wider application of NORFBs. Here, we investigated an evolutionary design of a set of
bipyridines and their analogues as anolytes and examined their performance in full flow batteries. Using combined techniques of
repeated voltammetry, lower scan rate cyclic voltammetry, proton nuclear magnetic resonance, and density functional theory
calculations, we could rapidly evaluate the redox potential, stability, and reversibility of these redox candidates. The promising
candidates, 4-pyridylpyridinium bis(trifluoromethanesulfonyl)imide (monoMebiPy) and 4,4'-bipyridine (4,4’-biPy), were sub-
jected to battery cycling. Extended studies of the post-cycling electrolytes were conducted to analyze the pathway of capacity
fading and revealed a reduction-promoted methyl group shift mechanism for monoMebiPy. A family of easily accessible anolyte
molecules with high redox stability and redox potentials was discovered that can be applied in NORFBs.
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Renewable energy sources, such as solar and wind, are promising
alternatives to mitigate the energy and environmental problems
associated with fossil fuels. However, one of the key challenges of
utilizing sustainable energy sources is to address their distinct
intermittency.'~ Smart grid is an attractive solution to address this
problem. Under this circumstance, solving the issue of how to store
and release electricity becomes a matter of urgency. Redox flow
batteries (RFBs) have attracted widespread attention due to their
cost-effectiveness and reliability.>® In RFBs, the decoupled
control of energy and power allows for the independent management
of capacity and power to meet requirements for different
applications.*'°

Traditional RFBs, such as all-vanadium and Zn-Br RFBs, have
reached a power/energy density in the scale of MW/MWh. '~
However, hi%hly corrosive acid electrolytes such as H,SO, or KOH
solutions'>~"® have to be employed, which ultimately causes main-
tenance, environmental, and cost concerns. Alternatively, consider-
able progress has been made with pH-neutral aqueous RFBs using
organic electroactive compounds, in terms of high energy capacity,
cyclability, and cost-effectiveness.>***"**>* Nonetheless, the oper-
ating voltage of aqueous RFBs is limited by the narrow electro-
chemical window of aqueous electrolytes (< 1.8 V).2*?*2> Recently,
significant attention has been paid to non-aqueous organic RFBs
(NORFBs).%2% Electrochemically stable organic solvents, such as
carbonates, ethers, nitriles, and ionic liquids, have been widely
applied in energy storage batteries, including lithium (metal),>*~**
sodium, " 11121g11<3sium,45‘46 and aluminum ion batteries.*’>° These
electrolytes typically possess a wide electrochemical window
(>4 V), making them suitable for applications in next-generation
NORFBs.

The high potential of catholyte and anolyte is critical in NORFBs
as it determines the overall cell voltage and power density. In recent
years, remarkable progress has been made in potential tuning of
catholytes in NORFBs, including (but not limited to) metallocenes,
2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO), phenothiazine, and
cyclopropenium (Fig. 1A). 2623233355156 However, the lack of
suitable anolyte materials with a highly negative potential has
limited the further development of high-voltage NORFBs. The
most extensively studied organic anolyte materials are quinone and
viologen, with a redox potential less negative than —1.5V vs

~These authors contributed equally to this work.
“E-mail: jianbing.jiang@uc.edu

Ag/Ag™. With viologen as the anolyte material, a battery potential
of 0.7-1.7V can be achieved,'>*?57 jdeal for aqueous RFBs,
given the relatively narrow electrochemical window of water
(<1.8 V). Considerable efforts have been made to explore the
more negative potential regime.?>*3%% Sanford et al. reported
the evolutionary design of a series of pyridine compounds as
anolytes in NORFBs, and proposed the decomposition pathways
of the unstable pyridine-based anolyte materials. They tested the
materials in asymmetric and symmetric RFBs.?**** Hansmann and
co-workers presented pyridinium-carbene hybrids with high stabi-
lities and reversibilities in H-cells.®' Though compelling, the
reported anolyte systems still suffered from tedious and multiple
synthetic steps, low electrolyte concentration, and/or lack of full
flow battery demonstration. In this study, we investigated the
structure-function relationships and the electrochemical instability
mechanisms of a set of bipyridines and bipyridinium derivatives
using tools such as cyclic voltammetry (CV), proton nuclear
magnetic resonance ('"H NMR) spectroscopy, and density functional
theory (DFT) calculations. The anolyte candidates were further
evaluated in full NORFBs with respect to concentration-dependent
properties and capacity loss mechanisms.

Materials and Experimental Method

Materials and instrumentations.—All chemical reagents were
purchased as is unless otherwise noted. The NMR data were
collected with a Bruker AV 400 MHz spectrometer using
acetonitrile-d; as the solvent. Electrospray ionization-mass spectro-
metry (ESI-MS) analysis was performed on an Orbitrap Fusion
Lumos mass spectrometer from Thermo Scientific Electrochemical
performance and battery measurements were collected with a Bio-
Logic VSP potentiostat. Rotating disk electrode (RDE) experiment
was conducted with a CHI 760e potentiostat with a Pine modulated
speed rotator.

Electrochemical measurement.—Cyclic voltammetry (CV)
measurements were conducted in a three-electrode system: a glassy
carbon (3 mm in diameter) as the working electrode, a Pt wire
electrode was used as the counter electrode, and a Ag/silver nitrate
(AgNO3) electrode with 0.01 M AgNOs/acetonitrile (ACN) solution
reference electrode. The glassy carbon working electrode was
polished with 0.05 pm Al,O; before using. All the tests were
conducted in an Ar-filled glovebox. A solution of 0.1 M tetrabuty-
lammonium hexafluorophosphate (TBAPF¢) in ACN with 5 mM
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Figure 1. (A) Representative redox compounds in NORFBs. (B) Structures
of bipyridines and analogues examined in this study.

sample was used as the testing electrolyte. All CV measurements
were conducted using 5SmM sample in a 0.1 M TBAPF4-ACN
solution. The bulk electrolysis of 5 mM compound is carried out in
0.1 M TBAPFs-ACN in a H-cell, where a Pt mesh, a graphite felt
and a Ag/AgNO; electrode were used as the working electrode,
counter electrode, and reference electrode, respectively. The sche-
matic of an electrochemical H-cell is shown in Fig. S3.

DFT calculation.—All calculations were carried out using
Gaussian 09°% software for compounds at their original, one-electron
and two-electron reduction states. All oxidation states were opti-
mized at ground states with DFT and B3LYP/6-311 + G(d,p) basis
set. The polarizable continuum model (PCM) was selected to
optimize all geometries in ACN to include the solvation effect on
free energies. The molecular orbital calculations were carried out
with DFT method at B3LYP/6-311 + G(d,p) level.

Battery measurement.—A home-made flow cell was composed
of Daramic membrane with an active surface area of 28 cm?,
sandwiched by two polytetrafluoroethylene frames. The graphite
bipolar plate was placed on each side of the anode and cathode.
12 ml of 0.5M TBAPF4-ACN with 50-240 mM active materials
served as the electrolyte. The batteries were charged-discharged with
galvanostatic technique. EIS measurements of the battery before and
after cycling were tested in the glovebox with a 10-mV perturbation

[ blank electrolyte

11 mA/cm?

b B =

monoMebiPy

es®_
N

MePhPy

' Wan
OO
4,4"biPy

Current density

Nz
24 -biPy

¥ N
{ }--/ N

2,2 biPy

V N>

1,10-Phen

O

4-PhPy

35 30 25 20 -15 -10 05 00
Potential (V vs Ag/Ag")

Figure 2. Cyclic voltammograms of bipyridines and their derivatives.

and with frequency ranging from 0.1 to 200,000 Hz at open circuit
potential. CV scans of the electrolytes of the batteries after cycling
were conducted in the glovebox. The electrolytes were diluted to one
tenth with 0.1 M TBAPF,-ACN. The 'H NMR samples were
prepared using 400 uL electrolytes and 100 L acetonitrile-ds.

Results and Discussion

Rationale.—Our studies of bipyridines and their analogues
started with CV, which serves as an effective tool to rapidly evaluate

Table I. Physical and electrochemical properties®.

Compound Solubility” (M) ~ E; (V)  Peak Separation for E; (mV)  ipeifipsi Ea (V)?  Peak Separation for E» (mV)  ipeafipa
diMebiPy 1.07 -0.82 85 1.05 -1.25 89 1.04
monoMebiPy 1.88 -1.28 92 1.03 -2.01 91 1.04
MePhPy 1.48 -1.45 — — — — —
4,4'-biPy 1.0 -2.22 90 1.06 -2.78 — —
2,4'-biPy 1.90 -2.36 88 1.05 -2.41 — —
2,2"-biPy 1.61 -2.52 108 1.19 — — —
1,10-Phen 1.51 242 140 - -2.60 — —
4-PhPy 1.78 -2.57 113 1.35 — — —

a) All electrochemical measurements were conducted in 0.1 M TBAPF4-ACN at a concentration of 5 mM of analytes. b) In 0.1 M TBAPF4-ACN. ¢) All

potentials are referenced to Ag/Ag™.
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Figure 3. (A), (B) Repeat voltammograms of 5 mM monoMebiPy at
50mVs . (C) CV scans at 50mV s ' and 5mV s~ L.

the redox potential and reversibility of the electroactive compounds
and subsequently provide a feedback loop to design anolyte
materials.”® The structure of di-quaternized bipyridine (with two
positive charges), mono-quaternized bipyridine and analogues (with
one positive charge), and bipyridine and analogues (electrically
neutral), are illustrated in Fig. 1B.

All compounds examined here are either commercially available
(4,4'-biPy, 24'-biPy, 2,2'-biPy, 1,10-Phen, and 4-PhPy), or can be
synthesized in no more than two steps using inexpensive starting
materials (diMebiPy, monoMebiPy, and MePhPy, see Supplementary
Material for synthetic procedure and characterization data, Schemes S1
and S2, and Fig. S1 is available online at stacks.iop.org/JES/167/100556/
mmedia). For quaternized compounds (diMebiPy, monoMebiPy, and
MePhPy), the anions are all exchanged to bis(trifluoromethanesulfonyl)
imide (TESI) for high electrochemical stability and enhanced solubility.
The solubility ranged between 1.05-1.90M (Table I) in 0.1 M
TBAPF-ACN solution. corresponding to an energy capacity of
28.1-50.9 Ah 17! for one-electron processes, making them suitable for
flow battery application.

The di-quaternized bipyridine diMebiPy, commonly known as
viologen, exhibits two characteristic redox couples at —0.82 V and
-125V vs Ag/Agh (Fig. 2, black), and the electrochemical

. : S 3,25,57,63
properties were widely studied in aqueous,'!**27636% anqg re-

cently non-aqueous RFBs.**%%° However, for NORFB applica-
tions, it is imperative to further push the cathodic potential to take
full advantage of the wide electrochemical window of non-aqueous
electrolytes (> 4 V).*’> Compared to diMebiPy, the mono-quater-
nized analogue monoMebiPy exhibits two redox peaks at —1.28 V
and —2.01 V vs Ag/Ag™ (Fig. 2, red), with a cathodic shift of 0.46
and 0.76 V for the first- and second-electron reduction events,
respectively, due to the reduced electron-withdrawing -effect.
Additionally, the current peak-height ratios (ip/iy,) are close to 1
(Fig. 2 and Table I), suggesting full electrochemical reversibility.
Once the pyridyl unit at the 4-position of monoMebiPy is replaced
with phenyl (MePhPy) to increase the electron density of the diaryl
system, one cathodic peak is observed at —1.45V, but no corre-
sponding reversible anodic peak is observed within the electroche-
mical window of ACN (Fig. 2, red). This is presumably because the
phenyl unit is not as ideal a site for electron delocalization in the
redox process as the pyridyl unit, where the electronegative N atom
facilitates electron delocalization by stabilizing the resonant struc-
tures of the reduced compound.

Following the established molecular design principle of electron
density tuning by varying the electronic properties of the N terminus,
an even simpler structure 4,4’-biPy (Fig. 1B) was subjected to CV
that displayed a reversible redox couple at —2.22V vs Ag/Ag*
(Fig. 2, blue), which is 210 mV lower in potential than that of the
second redox couple of monoMebiPy. A tradeoff is that the second
redox couple of 4,4'-biPy is quasi-reversible and only displays the
reversible one-electron peak (Fig. 2), compared to the two-electron
reversibility for the di- and mono-quaternized compounds,
diMebiPy and monoMebiPy, respectively. We then examined the
effect of varying the position of N atoms on the diaryl rings. The
compound 2,4’-biPy displayed a reversible peak at —2.36 V vs
Ag/Ag™, resulting in a 140-mV cathodic shift compared to 4,4'-
biPy. Moving both N atoms from the para to the ortho position
(2,2'-biPy) further shifted the cathodic potential by 160 mV and
afforded a redox potential at —2.52 V vs Ag/Ag™. The results were in
accordance with DFT calculations; 4,4'-biPy possesses the highest
lowest unoccupied molecular orbital (LUMO) among the three
bipyridines (Fig. S2). All compounds displayed dihedral angles of
ca. 37° according to DFT calculations. We then investigated
compound 1,10-Phen with a co-planar geometry (dihedral angle of
0.026°). However, 1,10-Phen exhibited an irreversible peak at
242V vs Ag/Ag" and a quasi-reversible peak at —2.60V vs
Ag/Ag". Finally, one of the two N atoms of 4,4’-biPy was replaced
with carbon (4-PhPy) for higher electron density and afforded a
reversible redox peak at —2.57 V vs Ag/Ag™, which is 350 mV lower
than that of 4,4’-biPy (-2.22 V vs Ag/Ag™). This result is consistent
with the DFT calculation where compound 4-PhPy displayed a
higher LUMO than the other four bipyridine counterparts (Fig. S2).
The preliminary evaluation of the structurally modified anolytes by
CV and DFT calculation provided candidates with high redox
potentials and reversibility for further examination.

Electrochemical stability.—The long-term stability of active
materials is required for practical applications of RFBs. The methods
employed to explore the long-term stability include (1) repeat CV
scans at a scan rate of 50 mV s~ !; and (2) CV scans using a low scan
rate (5mV s )% The one-electron redox properties of
monoMebiPy were initially studied with repeat CV scans
(Fig. 3A). The superimposed voltammetry curves after 500 cycles
indicated a high-stability of monoMebiPy in the one-electron redox
process. The same method was applied for the study of the two-
electron redox process and showed minor intensity changes, with
major redox characteristics retained after 500 cycles (Fig. 3B).

The chemical stability and reversibility of compounds can also be
identified using voltammetry at a lower scan rate (5m V s™').%° The
monoMebiPy compound exhibits a high chemical reversibility at
5mV s~ ! for both the one-electron (ipce/ipa = 1.05) and two-electron
(ipe/ipa = 1.06) redox processes (Fig. 3C). Both the repeat and low
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scan rate CV studies of monoMebiPy indicated that the mono-
quaternized structure has a high stability in the single- and double-
electron redox process (Fig. 3). The electrochemical stability of 4,4'-
biPy, 2,4'-biPy, 2,2’-biBPy and 4-PhPy is examined using the same
CV methods (Fig. 4). The highly superimposed CV curves of 4,4'-
biPy for 500 scan cycles confirmed its remarkable electrochemical
stability (Fig. 4A). In addition, at a lower scan rate of 5mV s~ ', the
almost identical anodic and cathodic current densities of 4,4'-biPy
(ipc/ipa = 1.06, Fig. 4B) support the conclusion from the repeat CV
study. Although CV scans of 2,4’-biPy show a slight intensity
decrease after 500 cycles (Fig. 4C), the i,./ip, ratio at S5 mV s !is
1.02 (Fig. 4D), the significant reversibility and electrochemical
stability are evident. By contrast, the compound 2,2'-biPy presents
poor repeatability after 500 CV cycles (Fig. 4E) and its low-scan rate
study does not present the anodic peak (Fig. 4F). The poor chemical
stability of 4-PhPy is also observed (Figs. 4G and 4H). The long-
term stability study revealed subtle structural variations (N vs C
atoms for 4,4'-biPy and 4-PhPy; and para- vs ortho- for 4,4'-biPy,
2,4'-biPy, 2,2'-biPy).

Battery performance.—The promising anode candidates 4,4'-
biPy and monoMebiPy were further evaluated in full NORFBs. The
galvanostatic charge/discharge measurement was conducted to fully
assess the electrochemical performance in an RFB system. The
PEGylated phenothiazine (PEG12-PTZ) was used as catholyte
material owing to its excellent electrochemical performance. For
monoMebiPy and 4,4'-biPy, the corresponding potentials and
representative half-cell reactions of a non-aqueous RFB are illu-
strated in Fig. 5. The bipyridine analogues-based RFBs present a
theoretical working potential ranging from 1.67 to 2.61 V (Fig. 5A),
much higher than that of the viologen counterparts,’®!%-13:1671.72
Mixed-reactant electrolytes are employed using Daramic membranes
to separate the anolyte and catholyte sides. The catholyte material is
used in excess to ensure full utilization of the anolyte. A variety of
concentrations (50-240 mM) were investigated to probe the con-
centration-dependent performance.

The discharge capacity and Coulombic efficiency of NORFBs
with 50 mM 4,4’-biPy and monoMebiPy are presented in Fig. 6A.
The 4,4'-biPy/PEG12-PTZ battery displays an open circuit poten-
tial of 2.64 V at fully-charged state and an initial discharge capacity
of 9.29 mAh at a current density of 50 mA cm~ 2 (Fig. 6B). After

40 cycles, the RFB delivers a capacity retention of 70.0%, corre-
sponding to a loss of 0.75% per cycle with an average Coulombic
efficiency of 89.6%. The CV scans of post-cycling electrolytes show
that the anolyte curve is similar to that of the electrolyte before
cycling, indicating the high stability of 4,4'-biPy and PEG12-PTZ
on the anolyte side (Fig. 6C). However, unexpected redox peaks
appear on the catholyte side, implying the presence of new species.
As PEGylated phenothiazine provided high stability and reversibility
in NORFBs®'~*" and 4,4'-biPy is electrochemically stable under
reducing conditions, we hypothesized that the poor performance of
4,4'-biPy/PEG12-PTZ RFB is mainly related to the instability of
4,4'-biPy at positive potentials. To evaluate the stability of 4,4'-biPy
at positive potentials, 5 mM of 4,4’-biPy is bulk electrolyzed for 5 h
at 0.4V vs Ag/Ag” in a H-cell (Fig. S3). The CV of the resulting
4,4'-biPy solution revealed two additional peaks at —1.25 and
—0.75 V (Fig. S4). In parallel to the bulk electrolysis study, repeated
CV scans are also conducted in a three-electrode configuration with
potentials ranging from —-2.4 to 0.8 V (Fig. S5). The anodic peak
gradually disappeared over the course of the 500-cycle scans.
Furthermore, an additional peak gradually emerged at —1.2 V. Both
the bulk electrolysis and repeated CV scan experiment indicated that
4,4'-biPy is instable at positive potentials, which agrees with the
battery results. The post-cycling electrolytes of the 4,4'-biPy/
PEG12-PTZ RFB are also studied by 'H NMR (Fig. $6), which
shows the presence of extra species in the catholyte, demonstrating
the instability of 4,4'-biPy at high positive voltage. The broadened 'H
NMR signals (Fig. S6) indicated the possible oxidative polymeriza-
tion of pyridine units at positive potentials.”*”>

Under the same battery test conditions, the capacity retention of
the monoMebiPy/PEG12-PTZ battery after 250 cycles is 76.6%,
indicating a capacity loss of 0.09% per cycle (Fig. 6A, red). The
initial discharge capacity is 9.96 mAh (Fig. 6D), corresponding to
61.9% of the theoretical value. During the 250 cycles of charging/
discharging, the Coulombic, energy, and voltage efficiencies of the
battery are 94.6%, 55.8%, and 57.0%, respectively. The representa-
tive charge/discharge profiles of the monoMebiPy/PEG12-PTZ
battery from 0.8 to 2.3V are presented in Fig. 4D. The gradually
increasing overpotential of the battery is correlated to the enhanced
specific area resistance (Fig. S7). Nevertheless, the monoMebiPy/
PEG12-PTZ battery still provided steady charge/discharge proper-
ties over 250 cycles.
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Figure 6. Battery performance of one-electron RFB with a mixed electrolyte (60 mM PEG12-PTZ and 50 mM anolyte). (A) Discharge capacity and efficiencies
vs cycle number. Representative charge/discharge curves at different cycle number of (B) 4,4’-biPy/PEG12-PTZ and (D) monoMebiPy/PEG12-PTZ batteries.
CV scans of the post—cycling electrolytes of (C) 4,4’ -biPy/PEG12-PTZ and (E) monoMebiPy/PEG12-PTZ batteries. (F) Reduction-promoted methyl shift
mechanism for diMebiPy formation in catholyte.
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To explore the capacity loss mechanism of the monoMebiPy/
PEG12-PTZ battery, the post-cycling electrolytes are analyzed by
CV (Fig. 6E) and 'H NMR spectroscopy (Fig. S8). The anolyte
demonstrates a stable CV curve without any additional redox peaks.
In addition, the one-electron reaction of monoMebiPy has almost no
effect on the reversible two-electron activity (Fig. S9). However,
two additional reversible redox peaks at —0.72 V and —1.13 V were
observed in the catholyte, which are characteristic of bipyridinium
diMebiPy. The bipyridinium diMebiPy is presumably formed via a
reduction-promoted methyl shift mechanism (Fig. 6F). No distinct
redox peak of 4,4'-biPy is observed in the CV of the post-cycling
catholyte (Fig. S10), probably because of the decomposition of 4,4'-
biPy at positive potentials, which has been confirmed with analysis
of the electrolytes of the 4,4'-biPy/PEG12-PTZ battery. To confirm
whether the reduction of monoMebiPy is required for the methyl
shift process, bulk electrolysis of monoMebiPy was carried out at a
positive potential (0.4 V vs Ag/Ag"). The CV of the electrolyzed
monoMebiPy was monitored at various time periods, but no
diMebiPy peaks were observed (Fig. S11). The CV result indicated
that monoMebiPy in its neutral charge state is stable at positive
potentials and does not undergo methyl shift reactions, which was
also confirmed by 'H NMR (Fig. S12).

To enhance the energy density of a non-aqueous RFB, a battery
at a higher concentration (200 mM monoMebiPy and 240 mM
PEG12-PTZ in 05M TBAPFsACN) was galvanostatically
charged/discharged at a current density of 50 mA cm™2. The volume
change of the electrolyte solution caused by osmotic pressure has a
significant effect on the battery performance (Fig. S13). The volume
change can be suppressed by adjusting the flow rate. At an optimal
flow rate (100rpm for anolyte and 104 rpm for catholyte), the
discharge capacity of this battery is 4.16 Ah 17!, 77.4% of the
theoretical capacity. After 39 charge/discharge cycles, a capacity of
2.91 Ah 17" is obtained, corresponding to a 70.1% capacity retention
(Fig. 7A). Compared to the battery with a monoMebiPy concentra-
tion of 5S0mM (Fig. 6A, red), this battery provides a lower
Coulombic efficiency (86.8% vs 94.6%), but a higher voltage
efficiency (62.8% vs 57.0%). Despite the gradual loss of the

throughout the cycling study (Fig. 7B). The CV scans of electrolytes
after 39 cycles indicated that the decomposition of monoMebiPy in
the catholyte is more severe than that in the battery with lower
electrolyte concentration (Fig. 7C), which is caused by the bimole-
cular methyl group shift at higher concentration. Moreover, there
were additional small redox peaks in the anolyte, which might have
resulted from the crossover of decomposed monoMebiPy from
catholyte.

To enhance the energy and power density of the monoMebiPy/
PEG12-PTZ battery, the second electron of monoMebiPy was
utilized. As a starting point to utilize two electrons of monoMebiPy,
a non-aqueous RFB with a low electrolyte concentration (10 mM
monoMebiPy and 25 mM PEG12-PTZ) was investigated. The
battery was initially galvanostatically charged/discharged at
20 mA cm ™2, with a potential ranging from 1.0 to 2.2 V (Fig. 8A)
for one-electron utilization. Stable cyclability for 5 cycles was
observed. When the battery was charged to 2.8 V for two-electron
utilization, the battery presented a doubled charging capacity,
indicating the successful two-electron redox process (6th cycle in
Fig. 8B). Unfortunately, the discharge capacity at the sixth cycle
decreased dramatically (Fig. 8B), resulting in a Coulombic effi-
ciency of 40.3%. In the following cycling, the capacity of the
monoMebiPy/PEG12-PTZ battery rapidly faded and low
Coulombic efficiencies were observed. After 12 cycles the electro-
lytes were subjected to CV and '"H NMR studies. The catholyte
shows a curve similar to that of the one-electron RFB (Fig. 8C),
further confirming the high electrochemical stability of PEG12-
PTZ. However, the anolyte displayed unexpected redox features,
which are attributed to side reactions between the doubly reduced
monoMebiPy and PEG12-PTZ (Figs. S14 and S15).

To investigate the unusual electrochemical behavior of the
anolyte and the stability of monoMebiPy in a wider electrochemical
window, repeated CV scans of 5 mM monoMebiPy including the
positive potential regime were conducted. It is observed that
monoMebiPy exhibits undesirable cyclability in the potential
ranging from -2.3 to 0.8V, especially for the second-reduction
process (Fig. 8D, top). The two-electron redox property of

discharge capacity, the charge/discharge profiles are stable monoMebiPy almost disappeared at the 100th cycle, though
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Figure 7. RFB with mixed electrolytes of 200 mM monoMebiPy and 240 mM PEGI12-PTZ. (A) Discharge capacity and efficiencies vs cycle number.
(B) Representative charge/discharge curves at different cycle numbers. (C) CV scans of electrolytes after cycling.
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monoMebiPy presents adequate cyclability in CV scans in the
potential ranging from —2.3 to —0.2 V (Fig. 8D middle). Moreover,
monoMebiPy is stable in the potential ranging from —1.8 to 0.8 V,
where the two-electron reduction process is precluded (Fig. 8D
bottom). Altogether, the monoMebiPy anolyte was electrochemi-
cally stable for one-electron reduction in a wide electrochemical
window (-1.8 to 0.8 V), and for two-electron reduction in a negative
potential window (-2.3 to —0.2 V). Therefore, for the practical
application of these pyridine-based anolyte materials, it is essential
to explore functional membranes to separate the catholyte and
anolyte materials avoiding the overoxidation of anolyte.

Conclusions

In summary, a set of bipyridine, bipyridiniums, and their
derivatives was explored as anolyte materials for NORFBs. All
compounds examined in this study were either commercially
available and inexpensive or can be synthesized in less than two
steps. A combination of voltammetry, spectroscopy, computation,
and battery tests guided the evaluation of the anolytes. The iterative
structural verification of the bipyridine compounds afforded com-
pound 4-PhPy with the most negative potential of —2.57V vs
Ag/Ag". The compounds monoMebiPy and 4,4'-biPy displayed
stable battery cycling using phenothiazine as the catholyte. The
mechanistic findings provided insights into the side reactions of the
mono-quaternized monoMebiPy under reducing conditions.
Overall, the bipyridine compounds described herein delivered a
promising family of NORFB anolytes and revealed insights into
molecular designs of other pyridinium compounds. Our ongoing
work explores asymmetric battery systems with mitigated resistance
to allow anolyte studies at higher concentrations.
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