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Abstract

Non-aqueous redox flow batteries based on total organic electrolytes, consisting of earth-
abundant elements, i.e., C, H, N, O, are regarded as a promising technology for sustainable and
large-scale energy storage. In particular, bipolar redox-active organic materials (BROMSs) are
distinctly fascinating as electroactive species because they have multiple oxidation states and
can undergo multiple redox processes. By virtue of this unique characteristic, BROMs can be
utilized as both anolyte and catholyte in symmetric flow batteries, consequently, helping
alleviate cross-contamination issues. Herein we report an all-organic symmetric redox flow
battery based on diimide molecule as a bipolar electroactive material. The potential interval
between the cathodic peak and the inner and outer anodic peaks led to a promising cell voltage
of 2.22 V. The symmetric battery can be operated at a current density of 20 mA cm2, with a
coulombic efficiency of 90 % for over 100 cycles. This work proposes an alternative approach
to designing multi-electron organic redox active materials to facilitate the advancement of
high-density symmetric flow batteries.
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Introduction
Climate change, environmental concerns, and increasing energy demands have propelled
global energy transformation towards renewable energy technologies, such as wind and solar
energy systems [1-5]. However, the large-scale distribution and application of these energy
systems have been hindered by their sporadic and unreliable nature [6,7]. Redox flow batteries
(RFBs) are scalable and allow decoupling of power and energy capacity, a unique feature that
makes them a promising large-scale energy storage device to regulate and support the
intermittent renewable energy sources [8-12].

In recent years, there has been a massive development in RFBs by using organic redox-active
materials [13]. Properties such as large theoretical capacities, abundance in nature, cost-
effectiveness, diverse and tuneable structures make them preferable compared to their
inorganic counterparts [14-16]. Nonetheless, the narrow electrochemical stability window of
water limits the cell voltage and energy density of agueous organic RFBs, thus hindering their
advancement and development [17]. On the other hand, non-aqueous organic RFBs utilizing
organic solvents with wider potential windows facilitate a higher energy density. Additionally,
they offer a broader working temperature ranges and provide alternative solvents to the non-
polar/hydrophobic redox-active materials permitting high solubility [17-20]. Asymmetric non-
aqueous RFBs employing different organic molecules as positive and negative electrolytes
have already been investigated. However, their commercialization has been hindered by
several issues, including, but not limited to, low cycle life, low energy density, etc. [21,22]
Cross-mixing of the positive and negative electrolytes during cycling prompting capacity
losses and self-discharge has been the predominant challenge. Various strategies have been
deployed to address this setback, such as (1) employing the same metal ion with different
oxidation states as catholyte and anolyte as in all vanadium symmetric flow battery [23]; (2)
catholyte-anolyte mixture; entails physically mixing the catholyte and anolyte before utilizing
them as electrolyte [24]; (3) employing a single redox active material with bifunctional
properties and capability as both catholyte and anolyte in RFBs [25].

Bipolar redox-active organic molecules (BROMSs) are emerging as suitable candidates for the
next generation of electroactive energy storage materials for RFBs [26]. This is by virtue of
their multiple redox states; hence they can be deployed as both positive and negative materials
in the battery. These materials are applied in symmetric battery concept, which is simple to
design and helps evade cross-contamination issues [26]. Several inorganics, organic and
organometallic bipolar redox-active molecules have already been investigated in symmetric

RFBs [27-36]. However, various challenges such as low solubility and stability have been



identified. Therefore, there is a need to design ideal BROMs to facilitate and accelerate the
development of high-performance symmetric organic RFBs.

Motivated by recent developments in symmetric organic RFBs, herein we design, synthesize
and evaluate pyromellitic diimide-2,2,6,6-tetramethylpiperidine 1-Oxyl (PDI-TEMPO)
molecule as a bipolar electroactive material in a symmetric non-aqueous flow battery.
Pyromellitic dianhydride and TEMPO are fused together to form a combi molecule consisting
of one PDI moiety and two TEMPO moieties. This design uses a simple one-step synthesis
route utilizing low-cost and easily available precursors. The combi molecule displayed three
redox couples at half potentials of -1.83 V, -1.14 V and 0.39 V vs Ag/Ag® in
tetrabutylammonium hexafluorophosphate / dimethylformamide (TBAPFs/DMF) supporting
electrolyte and -1.72 V, -1.17 V and 045 V vs Ag/Ag" in tetrabutylammonium
hexafluorophosphate / acetonitrile (TBAPFs/ACN) supporting electrolyte. This resulted to a
cell voltage of up to ~2.22 V. Battery cycling tests demonstrated 100 consecutive
charge/discharge cycles with a coulombic efficiency of around 90%. Therefore, this work
provides a pathway to design bifunctional multi-electron redox molecules which is a key

concept in developing a long cycle life and a high energy density redox flow battery.

Chemicals and Materials

Pyromellitic  dianhydride  (C10H20s, 99%, Aladdin, China), 4-Amino-2,2,6,6-
tetramethylpiperidine 1-Oxyl (CoH19N20, 97%, Aladdin, China), Glacial acetic acid (AcOH /
CH3CO2H, > 99.0% pure, Sigma Aldrich), Tetrabutylammonium hexafluorophosphate
(TBAPFs / CisH3sN-PFs, > 98% pure Aladdin, China), Dichloromethane (CH.Cl,, 99.8%,
Sigma Aldrich), Dimethylformamide (DMF, 99.8%, Sigma Aldrich), Acetonitrile (ACN,
99.8%, Sigma Aldrich), were purchased from the named suppliers and used as received without

any purification. Argon gas was used for the protection of all oxygen-sensitive reactions.

Synthesis method

The PDI-TEMPO molecule was synthesized by modifying the existing procedures described
in previous literatures [37-39]. Pyromellitic dianhydride (0.65g, 3 mM) and 4-Amino-2,2,6,6-
tetramethylpiperidine 1-Oxyl (0.1g, 6 mM) were dissolved in 0.1 M acetic acid (40 mL) in a
50 ml three neck round-bottomed flask equipped with a magnetic stirrer. Upon complete
dissolution of the materials, the flask was equipped with a condenser, and the reaction mixture
was refluxed at 120°C for 24 hrs. Thereafter, the reaction mixture was cooled to room

temperature, and the resulting precipitate was collected by filtration. The residue was then



collected and washed with dichloromethane for three successive times. The brown powder was
collected as product (Yield = 92%). The synthesis pathway of the PDI-TEMPO molecule is as
shown in Figure S1. The resulting product was characterised by mass spectrometry (GCT
premier CAB048 mass spectrometer), Time-of-Flight Secondary lon Mass Spectrometry TOF
SIMS V (ION-TOF GmbH) equipped with Bi cluster, Cs and C60 primary ion sources and *H

NMR spectra was recorded on a Varian Mercury 300 MHz High Resolution Spectrometer.

Solubility test

The solubilities of pyromellitic dianhydride and PDI-TEMPO combined molecule in 0.1M
TBAPFs/ACN or DMF were evaluated using UV-Vis spectroscopy (PerkinElmer, Lambda 20).
The standard calibration curves were prepared using absorbance units of various pyromellitic
dianhydride and PDI-TEMPO in TBAPFs/ACN or DMF standard solutions at the peak
wavelengths of 250 nm and 319 nm respectively. Thereafter, saturated solutions were prepared
and diluted to obtain solutions whose UV-Vis absorbance units at specific wavelengths were

used to determine the molecule’s solubility based on the standard calibration curve.

Electrochemical Characterisations

The Cyclic Voltammetry (CV) and Linear Sweep Voltammetry (LSV) studies were carried out
in a three-electrode electrochemical cell, with Ag/Ag* non-aqueous reference electrode at room
temperature. A glassy carbon disk (5 mm diameter), and a platinum wire were employed as
working and counter electrodes, respectively. The working electrode was polished on grit paper
using Al.Oz suspension, ultrasonically cleaned with deionized water, and dried before use. The
CV studies were carried out at a potential range of -2.5 V to 1.0 V at a scan rate of 50 mv s,
For the scan rate dependence measurements, different scan rates ranging from 50 mV s to 500
mV st were used. The LSV measurements were conducted with a rotating disc electrode at
speeds ranging from 0 rpm to 2000 rpm with a scan rate of 5mV s from -3.0 V to 1.0 V. The
electrode was rotated using Pine research modulated speed rotator (AFMSRCE 2252). Both
CV and LSV studies were performed using an electrochemical working station controlled by a
potentiostat from CH instruments (CHI 760 or 627¢) under the continuous flow of argon gas

into the cell to provide an inert atmosphere.

Cell fabrication
The flow battery was assembled using a cell stack, two storage tanks and a peristaltic pump.
The cell stack tooling was fabricated by Shanghai SHIMATOY O Electronics Co., Ltd (China)



with electrode and membrane-active area of 4 cm? and interdigitated flow field (IFF) design.
Anion exchange membrane (FAB-PK-130) and graphite felt from Fuel Cell Store, USA (Figure
S2) were employed as separator and electrode, respectively. Both the electrode and membrane
were cut into suitable sizes and used as received without any prior treatment. A solution of
PDI-TEMPO in TBAPFs/ACN or DMF was prepared as the electrolyte and utilized as both the
catholyte and anolyte. The electrolytes were circulated between the catholyte and anolyte
storage tanks and cell stack by a single peristaltic pump (Longer Pump WT600-2J). The battery
cycling test was done using the Neware battery testing system, and the data was recorded and
stored in a computer. The charging and discharging process were conducted at different current

densities, and cut-off voltage ranges. All measurements were carried out at room temperature.

Results and Discussion

Synthesis of imide

The PDI-TEMPO combi molecule was synthesized via a one-pot synthesis method using
pyromellitic dianhydride and 4-amino TEMPO as basic materials. When pyromellitic
dianhydride (acid anhydride) is mixed with 4-amino TEMPO (amine), in glacial acetic acid as
solvent, the resulting product is an amic acid. This reaction pathway is only feasible at room
temperature. However, conversion of amic acid to yield an imide is a very slow reaction at
room temperature and can take a very long time to eventuate. Therefore, heating was essential
to ensure a high rate of reaction to form the desired product as shown by schematic illustration
in Figure S1. However, acetic acid has a low boiling point of 118°C and evaporates when the
solution is heated to 120 °C, thus preventing the complete reaction of the reactants. Thus,
heating under reflux was ideal to address this challenge [40]. The synthesis pathway of the
target product from the precursors is shown in Figure 1 below. This product was obtained in
high yield (92%). Mass spectra display molecular ion peaks at m/z values correlating with the
molar mass of PDI-TEMPO molecule in both high-resolution mass spectrometry analysis and
TOF-SIMS analysis as shown in Figure S3 and S4 respectively. Additionally, *H NMR spectra
display proton signals corresponding to hydrogen atoms present in the target product as shown
in Figure S5.



Amic acid

Figure 1. Synthesis pathway of PDI-TEMPO from pyromellitic dianhydride and amino-
TEMPO.

Electrochemical Properties

The electrochemical properties of the redox-active materials were evaluated accordingly. CVs
were employed to determine the redox states and redox potentials, whereas RDE studies were
used to determine the diffusion coefficients and rate constants of the electroactive species.
First, the electrochemical properties of pyromellitic dianhydride were evaluated. CV analysis
of pyromellitic anhydride in 0.1 M TBAPF¢/ACN displayed two redox couples with half
potentials of -1.46 V and - 0.83 V vs Ag/Ag* reference electrode, respectively, as shown in
Figure 2a. The two redox couples are associated with two sequential one-electron transfer
redox processes of the molecule. The CV of amino TEMPO as displayed in Figure 2b, exhibited
one redox couple at a half potential of 0.52 V vs Ag/Ag*. This leads to a potential interval of
1.98 V and 1.35 V with consideration of pyromellitic dianhydride (outer peak-1 and inner peak-
I1) and amino TEMPO as anolyte and catholyte, respectively. Consequently, CV analysis of
PDI-TEMPO bipolar molecule in 0.1 M TBAPF¢/ACN displayed three expected
electrochemically reversible redox events with the half redox potentials at -1.72 V, - 1.17 V
and 0.45 V as shown in Figure 2c. The two redox couples at the lower potential zone and one

redox couple at the higher potential zone are associated with the PDI and TEMPO moiety,



respectively. This resulted in a cell voltage of 1.62 V and 2.17 V between TEMPO/TEMPO +
redox couple and the inner and outer redox couples (one and two-electron redox reactions) of
the PDI moiety, respectively. The redox mechanism for the combined molecule during the
charge and discharge process is shown in Figure 2e. The PDI moiety undergoes two sequential
one-electron transfer redox reactions based on oxidation and reduction of the two carbonyl
functional groups as shown in Figure 2e and Figure S6. This is in agreement with already
reported computational studies on the molecule [38]. On the other hand, TEMPO undergoes
one-electron transfer redox process, as it involves the conversion of the nitroxide radical to
oxoammonium cation and vice versa during the charge and discharge process. Two TEMPO
moieties in the molecule structure provided a balance of electrons transferred for the anolyte
and catholyte; two electron each for both moieties. In comparison with individual molecules,
CV analysis of PDI-TEMPO demonstrated improved cell voltage, majorly, as a consequence
of negative redox potentials shifts associated with the two redox processes for the PDI moiety.
Negative redox potential shifts of 0.26 V and 0.34 V were observed for the first and second

peaks respectively.
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Figure 2. Cyclic voltammograms at a scan rate of 50 mV s in 0.1M TBAPFs/ACN as
supporting electrolyte for (a) pyromellitic dianhydride, (b) 4-amino TEMPO , (c) PDI-TEMPO
in 0.1M TBAPFs/ACN, (d) PDI-TEMPO in 0.1M TBAPFs/DMF as supporting electrolytes,

(e) redox mechanism of PDI-TEMPO during charge and discharge process.

Supplementarily, the electrochemical properties of the bipolar molecule in DMF as the
supporting electrolyte was also evaluated. CV analysis of PDI-TEMPO in TBAPF¢/DMF
displayed redox couple at half potentials of -1.83 V, -1.14 V, and 0.39 V vs. Ag/Ag™ as shown
in Figure 2d. This led to a theoretical cell voltage of 1.53 V and 2.22 V for a symmetric battery
based on the bipolar molecule. The different properties of the supporting electrolytes employed
i.e. ACN and DMF resulted in differences in the half potentials of the redox couples observed.
Moreover, CV tests confirmed the high stability of the bipolar molecule, as the voltammograms
overlap with each other for over 100 cycles as shown in Figure 3a. Scan-rate-dependent CV
studies exhibit an increase in peak current with increase in scanning rates (Figure 3b).
Accordingly, the plots of peak current versus the square root of the scan rate were obtained as
shown in Figure 3c and 3d for PDI and TEMPO moiety, respectively. A linear relationship
between the peak currents and the square root of the scan rates confirms a diffusion-controlled
behaviour of the redox processes. A diffusion coefficient of 1.639 x 107¢ cm? s!,
1.095 x 1076 cm? s! (peak I and 11 respectively) for PDI moiety and 2.322 x 1076 ¢cm? s™!
for TEMPO moiety in TBAPFs/ACN were calculated according to the Randles-Sevcik
equation [27,28]. A comparison of the diffusion coefficients for pyromellitic dianhydride,
amino TEMPO and PDI-TEMPO combi molecule calculated from plots shown in Figure S7
and S8 is shown in Table S1. The diffusion coefficients of the combi molecule were smaller
than those of individual molecule due to its larger size. Mass transport in the electrolyte
solution is usually dependent on various factors such as shape and size of the redox-active
molecule, viscosity of the supporting electrolyte, temperature etc. [41,42]. Fundamentally, the
diffusion coefficients obtained are in the same magnitudes as those of other organic molecules
already investigated as active materials in RFBs, thus confirming the potential of PDI-TEMPO

as an electroactive material for RFB [26,31].
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Figure 3. Cyclic voltammograms of 2 mM PDI-TEMPO in 0.1M TBAPFs/DMF as supporting
electrolyte (a) for 100 cycles at scan rate of 50 mV s, (b) at different scan rates from 50 — 500

mV s, and plot of peak current versus square root of scan rate (c) for PDI moiety, (d) TEMPO
moiety.

Additionally, RDE study was also applied in determining the diffusion coefficient (D) of PDI-
TEMPO in 0.1M TBAPFs/DMF supporting electrolyte in conformity with the Levich equation
stated below [43],

slope of the levich plot = 0.620 nFAC, D % v_%,
where n = number of electrons transferred, Faraday’s constant F = 96,485 C mol~!, surface
area A = 0.196 cm?, the kinematic viscosity of DMF solutions v = 8.37x10" m? s ™! at 298.3 K
and the Co = concentration of the redox-active material. Diffusion coefficients of
4.836x107° cm? 571, 3.515x10° cm? s and 3.403x10°° cm? s™! were obtained for PDI (peak
1 and 2) and TEMPO moieties respectively, calculation done based on Figure S9. Furthermore,
based on the plots of log ik versus the overpotential and Tafel plots shown in Figure S10, the

electron transfer rate constants were calculated using the equation below:



i =nFAk,C
Where n, F, A and C are as defined in the Levich equation above, i is the current. k, were
calculated to be 5.063x103cm s™! and 1.826x103cm s™! for PDI and TEMPO moieties
respectively, which are comparable to their counterparts already studied as active materials in

organic non-aqueous flow batteries [24,26,29].

Battery tests

Essentially, the solubility and pre-cycling stability of PDI-TEMPO molecule were first
investigated. The solubility of the redox-active materials was evaluated using UV-Vis
spectroscopy, whereas the pre-cycling stability study of the molecule was investigated using
both UV-Vis spectroscopy and CV. The solubility of PDI-TEMPO in 0.1 M TBAPFs/ACN
was 1.3 M as shown in Figure S11. In consideration, the resulting energy densities were 37.63
and 75.60 WhL™ taking into account the inner redox couple (one electron) and both inner and
outer redox couples (two electrons transfer) of the PDI moiety, respectively. Pyromellitic
dianhydride demonstrated a solubility of 0.5 M in 0.1 M TBAPFs/ACN as shown in Figure
S12, which is lower than the solubility of the combined molecule. The improved solubility of
the combined molecule was probably effectuated by the introduction of TEMPO moieties.
TEMPO has demonstrated high solubility (>5M) in TBAPF¢/ACN [44,45]. PDI-TEMPO
demonstrated a lower solubility of 0.2 M in 0.1 M TBAPF6/DMF (Figure S13), which leads to
an energy density of 11.90 WhL™. CV analysis and UV-Vis spectra reveal that the molecule
remained stable, and no degradation was observed when kept in the supporting electrolyte for

14 consecutive days, as shown in Figure 4.
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Furthermore, the investigation of the PDI-TEMPO molecule as a bipolar redox-active molecule
for application in RFB was done using a flow battery setup. A charge/discharge cut-off voltage
range of 0.18 V — 2.4 V was utilized during the battery testing. PDI-TEMPO molecule exhibits
redox properties in both DMF and ACN supporting electrolytes as shown in previous CV
studies. However, ACN as the supporting electrolyte demonstrated better performance i.e.
material utilization (Figure 5a), solubility and energy density in comparison to DMF supporting
electrolyte. For instance, the flow battery test displayed a better capacity utilisation of ~80%
in ACN against ~30% in DMF as shown in Figure 5a (theoretical capacity = 0.804 mAh). Also,
a coulombic efficiency (CE)~80% and voltage efficiency (VE)~70% were achieved when
utilising ACN solvent, whereas CE~95% and VE~60% were attained when employing DMF
solvent during battery cycling as shown in Figure S14a. This is on account of the different
properties of the two solvents/supporting electrolytes in terms of ionic conductivity, viscosity,
density, dielectric constant, permittivity etc. [46]. Furthermore, system integration factors i.e.
incompatibilities with cell components such as active materials, membrane, electrode and
supporting ions may also have contributed to the low capacity utilisation in DMF solvent
[19,46-49]. Battery cycling performances were also evaluated at different current densities.
Representative charge and discharge curves during cycling are shown in Figure S14b. There
was a rise in CE with increase in current density (Figure S14c) due to the reduction of
charge/discharge period, hence less time for CE loss caused by capacity-related and non-
capacity-related processes [31,49]. However, a decline in voltage efficiency was observed
(Figure S14c), which was presumably caused by restricted ion conductivity in the electrolyte
[31]. Moreover, cycling of PDI-TEMPO at a high concentration of 0.5 M and current density
of 20 mA cm demonstrated a promising result. Battery test displayed over 100 consecutive
charge/discharge cycles with a columbic efficiency (CE) of 90 %, and average capacity
retention of 99.4 % per cycle (Figure 5b). On the other hand, asymmetric flow battery based
on pyromellitic dianhydride as negative material and amino-TEMPO as positive material
exhibited over 10 charge and discharge cycles with coulombic efficiency of <80% and average
capacity retention of 95% per cycle as shown in Figure S15. The better performance of
applying the PDI-TEMPO can be due to the alleviation of cross-contamination issues in a
symmetric flow battery setup. Besides, combining the molecules limits possibility of
decomposition reactions by replacing the N-H (in diimides) adjacent to C=0 (vulnerable to
side reactions) with N-R (R=TEMPO), thus providing steric hindrance [50,51].
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Figure 5. Battery cycling performance of (a) 1 mM PDI-TEMPO molecule in different
supporting electrolytes at current density of 1 mA cm, (b) 0.5 M PDI-TEMPO molecule in
TBAPF6/ACN at current density of 20 mA cm™.

Capacity fade during cycling is the major issue in this battery chemistry, similar to most organic
battery chemistries [52]. Therefore, to understand the causes of capacity loss, fresh and spent
electrolytes were examined by UV-Vis, CV and NMR. Analysis of catholyte displays
negligible shifts in redox peaks as shown by UV-Vis spectra and CV results in Figure S16a&
b, respectively. The redox peaks associated with all the three redox couples are present and
peak potentials remain unchanged as seen in CVs. Besides, UV-Vis spectra display no shifts
in the peak’s wavelength. On the other hand, UV-Vis spectra of the anolyte display shift in
peak wavelength as shown in Figure S16c. In addition, the CV result shows the disappearance
of the redox peaks of the redox couple associated with the PDI moiety (Figure S16d).
Moreover, CV studies of both electrolytes indicate appearance of an additional anodic peak at
high potential zone with potential of 0.805 V vs. Ag*/Ag. NMR spectra display emergence of
a new single peak associated with -OH protons at & = 2.0 ppm as shown in Figure S17. The
new peak sticks out more in spectrum of the spent anolyte in comparison to the spent catholyte
spectrum. Based on the above results, the decomposition/ degradation of the PDI-TEMPO
redox active molecule, more so the PDI moiety is probably the cause of capacity decay in this
battery system. The faster capacity fade in ACN (0.6% per cycle) in comparison to DMF (0.2%
per cycle) as exhibited in Figure 5a is believed to be caused by side reactions with acetonitrile
[53]. The side reaction occurs via proton extraction at the -CHz group or protonation as shown
in the proposed degradation mechanism in Figure S18 [53-55]. Predominantly, decomposition

of the redox-active materials and side reactions is one of the major causes of capacity loss in



organic-based RFBs. Advanced studies and investigation of the decomposition mechanisms

are thus necessary to solve this challenge.

In comparison with other reported symmetric non-aqueous redox flow batteries [51], this work
demonstrated the following merits. (1) PDI-TEMPO was synthesized in a high yield (92%)
from commercially available materials via a simple one-step/one-pot method. (2) A symmetric
RFB employing PDI-TEMPO as an active material demonstrated a cell voltage of 2.22 V,
which is higher than most reported work. (3) It utilizes a cheaper anion exchange membrane
(in comparison to cation exchange membrane) which can lead to a low-cost RFB system. (4)
The molecule demonstrated high solubility of 1.3 M, leading to a high energy density of 75.60
WhL. Further comparison with other reported work is shown in Table 1. It is worth noting
that static and H-cells have been frequently used in non-aqueous system evaluation in literature,
which doesn’t provide an ideal experimental conditions for a RFB, e.g. flow rate, viscosity,
pressure etc. To sum up, stability seems to be a major problem in BROMs based RFB according
to most reported works [56]. Therefore, more efforts need to be invested in diagnosing this
major challenge in symmetric organic-based redox flow batteries. Future work on the PDI-
TEMPO battery chemistry will focus on cell design and molecule/electrolyte modifications to

facilitate performance improvement and optimization.

Table 1. Performance metrics of symmetric non-aqueous redox flow batteries

Redox Synthesis  Separator/ Battery Current Cell Energy Cycles/ Ref.
active steps membrane  type density potential density Capacity
materials (mAcm?) (V) (WhL?Y)  retention
(%)
Me-TEG- 4 steps Proton Static 2 18&27 49&122 100/*48% [27]
DAAQ exchange cell
membrane
Verdazyl 3 steps Anion Static 0.12 0.98 0.52 50/35% [28]
bipolar exchange cell
radical membrane
FcMeAAQ 2 steps Daramic Flow 2 1.42 - 100/%50% [29]
porous cell
membrane
Nitronyl 4 steps Anion Static & 1-5 1.62 4.1 75/80 % [31]
nitroxide exchange flow 11/50%
membrane  cell
PTIO - Daramic Flow 20 1.7 11.6 35/*50%  [32]
porous cell
membrane
Oxo- 3 steps Anion Flow 2.22 1.42 - 80/36% [33]
verdazyl exchange cell

radical membrane




Porphyrin (Y-PVDF)  Static 1-5 2.83 24.68 200/*%96%  [34]
based ion- and
molecule selective flow

membrane  cell
All- 2 steps Glass fiber  Static 10 131& 80 100/*50%  [35]
Fullerene separator cell 1.70
based
molecule
Dianion 3 steps Celgard Flow 2.4 1.82 10/10% [36]
croconate separator cell
violet
PDI- 1 step Anion Flow 20 ~2.22 ~75.60 100/40%  This
TEMPO exchange cell work

membrane

Me-TEG-DAAQ = 1,4-bis((2-(2-(2-methoxyethoxy) ethoxy) ethyl) amino) anthracene-9,10-
dione, FcMeAAQ = 1-(ferrocenylmethyl-amino)-anthraquinone, PTIO = 2-phenyl-4,4,5,5-
tetramethylimidazoline-1-oxyl-3-oxide, H.TPP = 5,10,15,20-tetraphenylporphyrin, Y-PVDF
= Y-zeolite—poly (vinylidene fluoride) ion-selective membrane. — data not provided, * value
estimated from data/figures.

Conclusion

A symmetric non-aqueous RFB employing PDI-TEMPO molecule as a bipolar redox-active
material was designed, assembled and evaluated. PDI-TEMPO molecule was prepared via a
simple, high yield, one-step synthesis method utilizing low cost and abundant precursors. The
bipolar molecule demonstrated a good solubility of 1.3 M leading to a high energy density of
75.60 WhL™. CV measurements exhibited three redox processes with potential interval as high
as 2.22 V. Battery testing demonstrated 100 consecutive charge and discharge cycles with a
coulombic efficiency of over 90%. This work demonstrated better or comparable performance
results versus the previously reported symmetric non-aqueous flow batteries. However, further
investigation is required to address the stability/capacity loss issues to achieve high-
performance parameters. This work introduces a new design of a bipolar organic molecule thus
providing a basis for fabricating and developing multi-electron organic molecules for

application in symmetric organic redox flow batteries.
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