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Tetrathiafulvalene (TTF) Derivatives as Catholytes for Dual-Type
Redox Flow Batteries: Molecular Engineering Enables High Energy
Density and Cyclability

Xiao Wang,®* Amir Lashgari,* Rabin Siwakoti,® Rajeev K Gautam,® Jack J. McGrath,? Prasenjit
Sarkar,? Grace Naber,? Jingchao Chai,? Jianbing “Jimmy” Jiang®*

Redox flow batteries (RFBs) have received increasing attention on large-scale energy storage owing to their ability to
decouple energy and power. Despite remarkable progress, the application of RFBs is greatly restricted by their limited energy
density, resulting from the limited solubility of the redox species. It is still challenging to develop RFBs with high energy
density and cyclability owing to the inherent instability of redox materials and high-concentration-induced parasitic
reactions. Herein, we demonstrate the viability of a new family of redox compounds, tetrathiafulvalenes (TTFs), in both
slurry- and solution-based RFBs using aqueous and nonaqueous electrolytes, respectively. In former batteries, pristine TTF
was derivatized with four cyanoethyl chains (CN-TTF) to suppress the solubility and obtain suspended CN-TTF in an aqueous
electrolyte as a slurry. The incorporation of the hydrophobic chains into TTF enhanced the redox stability by suppressing the
dimerization of TTF while preserving the highly stable redox properties of TTF, resulting in a capacity retention of 75.8%
after 1000 cycles (99.97% per cycle) (226 h, 9.4 d). Furthermore, TTF was derivatized with four poly(ethylene glycol) chains
(PEGn-TTF, n = 1 and 3) to obtain a concentration of 0.5 M in a carbonate electrolyte, corresponding to an electron
concentration of 1.0 M. When paired with Li as the anode, the solution-based battery exhibited a cell voltage of 3.64 V and
a capacity retention of 82.9% after 18.5 d and a high energy density of 88 Wh/L. This study introduces a new family of organic
compounds for the dual-type flow battery applications and provides molecular design principles for the development of

robust organic materials with desirable properties for large-scale energy storage.

Introduction

Large-scale energy-storage devices are required to mitigate the
intermittency of renewable energy sources.>? Solid-state batteries,
an important part of energy-storage systems, are now widely applied
in various fields because of their advantages in terms of energy
density and operating time. Li-ion batteries, known as one of the
most successful solid-state batteries, have become indispensable
components of portable electronics and electric vehicles.3* Redox
flow batteries (RFBs) utilize liquid electrolytes with redox species in
external tanks and thus possess the capability to decouple the energy
and power densities.>1* However, owing to the low cell-operation
voltage and limited concentration of the active material, the energy
density of RFBs (25 Wh/L) is much lower than that of commercial Li-
ion batteries (800 Wh/L).1>* The energy density of RFBs is
dependent on the solubility of the electroactive materials, number
of electrons transferred, and cell voltage.1®

With the development of RFBs based on organic materials,
wherein organic molecules serve as redox compounds, a significant
number of organic compounds can be utilized as redox materials.
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ferrocene,
2,2,6,6-
tetramethylpiperidine-1-oxyl (TEMPQ), have been extensively

compounds, such as anthraquinone,
phenothiazine, and

Organic
benzoquinone, viologen,
investigated in organic RFBs.6-2 Molecular engineering can increase
the solubility of organic redox compounds in electrolytes and tune
the redox potential of organic compounds.2%28 For example, the
attachment of polar substituents, such as sulfonate and ethylene
oxide, has been shown to alter the solubility of anthraquinone.?®31
The replacement of the strongly polar chloride anions of methyl
viologen with nonpolar bis(trifluoromethanesulfonyl)imide ions
increased the solubility of the product in nonaqueous electrolytes in
relation to that of the parent molecule.32 The potential tuning of
common redoxmers, such as ferrocene and methyl viologen, can be
realized by introducing electron-withdrawing/donating groups
adjacent to the redox center.33:34 Despite remarkable progress, the
development of redoxmers with high voltage, high energy density,
and long-term battery cyclability is still challenging. The versatile
features of RFBs allow the use of redox materials in both slurry and
solution states to utilize the advantage of the solubility properties of
different redoxmers. Redox materials with high solubility are suitable
for solution-based RFBs, while materials with low solubility can be
applied to slurry batteries.

While solution-based RFBs are superior to the previously
reported RFBs, slurry batteries have gained increasing attention
owing to their high energy densities. The direct utilization of
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insoluble materials in RFBs is one means of exploiting the higher
energy density of traditional solid-state batteries and the scalability
of solution-based RFBs.3>3¢ Wang et al. proposed redox-targeting
flow batteries using soluble redox materials as mediators. The
essence of this strategy is to relay electrons between the electrode,
redox mediator, and solid-state redox material.3”° Although this
strategy has advanced the development of RFBs with high energy
density, the intrinsic voltage loss and difficulty in matching the redox
potentials between the mediator and the active material also limit
the utility of this approach. By contrast, to avoid the use of a redox
mediator, a flowable redox suspension is directly employed as the
electrolyte for the battery, thereby broadening the scope of redox
compounds as electrolytes. Slurry batteries based on both organic
and including  multi-electron  active

inorganic  species,

polyhydroquinone, carbon-coated 10-methylphenothiazine, and

carbon-coated binder-based CuSi,P3;, have been demonstrated.3641-
a4

Tetrathiafulvalene (TTF) derivatives were originally synthesized
by Wudl et al. in the 1970s as strong electron-donating molecules for
use as organic conductors.*>* As non-aromatic conjugated organic
compounds, TTFs possess excellent redox properties, undergoing
two successive one-electron redox processes at 0.34 V vs. Ag/AgCl
(TTF/TTF**) and 0.78 V vs. Ag/AgCl (TTF**/TTF?*) in MeCN.*’ In many
studies, TTF has been proven to be thermodynamically and
electrochemically stable in various environments.*’-*° Owing to this
characteristic feature, TTF and its derivatives have been used as
organic electrodes in energy-storage systems,50-52

Herein, we derivatized TTF with different functional groups
(CN-TTF and PEG3-TTF) to distinct
electrochemical properties to the slurry- and solution-based RFBs in

confer physical and
the aqueous and nonaqueous electrolytes, respectively (Figure 1A).
The functionalization of TTF with cyano-terminated alkyl chains (CN-
TTF) is expected to not only suppress the dimerization of the TTF
moieties but also increase the redox potential due to the electron-
withdrawing nature of the cyano units. Cyclic voltammetry (CV),
battery cycling studies revealed that incorporating sulfur-containing
alkyl chains with cyano units as terminal groups into TTF inhibits the
dimerization of the aromatic core of TTF during the redox reaction,
which consequently enhances the cyclability of the battery.
Compared to the performance of the 0.5 M TTF battery (the capacity
retention of 46.9% after 50 cycles, average Coulombic efficiency of
96.2%), the battery with 0.5 M CN-TTF shows a capacity retention of
82.2% and an average Coulombic efficiency of 97.6% after 400 cycles.
CN-TTF showed improved kinetic properties in relation to TTF and
exhibited excellent cycling performance, and the battery employing
1.0 M CN-TTF afforded 75.8% capacity retention after 1000 cycles.
Paired with Li metal, the two-electron-active poly(ethylene glycol)-
derivatized TTF (PEG3-TTF) exhibits high battery voltages of 3.44 and
3.64 V and an excellent capacity retention of ~83% after 100 cycles
(after 18 d) (99.87% per cycle) at a high electron concentration of 1.0
M. The high solubility, multi-electron activity, and high voltage of
PEG3-TTF result in an energy density of 88 Wh/L.

2| J. Name., 2012, 00, 1-3

Results and discussion

Molecular design and synthesis. Numerous molecular engineering
strategies, including tuning the redox potential and enhancing the
solubility, have been reported to optimize the redoxmer
properties.>® Here, different functional groups were incorporated
into the TTF core to achieve different physical and electrochemical
properties: (1) four cyanoethyl chains were attached to the TTF
framework to not only suppress the dimerization of pristine TTF>* but
also anodically shift the redox potential to a higher cell voltage for
slurry RFBs in an aqueous electrolyte (Figure 1A); and (2) four PEG
chains were incorporated to achieve a higher solubility in an organic
electrolyte and increase the molecular size for mitigated crossover
(Figure 1A). The three analogous compounds, CN-TTF, PEG1-TTF
(with one ethylene glycol unit), and PEG3-TTF (with three ethylene
glycol units), were purified and characterized prior to
electrochemical battery-cycling  measurements  (see
Supplementary Information).

and

Solubility. Owing to the high hydrophobicity of the TTF framework,
all TTF compounds have low solubility in water (less than 1 mM,
Table S1 and Figure S1A), which is consistent with a previous
report.>> However, even though the incorporation of the cyano units
did not improve the solubility of CN-TTF in water, its dispersity in
water significantly improved, presumably because of the tendency of
the cyano groups to form hydrogen bonds (Figure S1). This
phenomenon allows the preparation of a slurry with uniformly
suspended CN-TTF for subsequent battery studies. In terms of
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Figure 1. (A) Chemical structures of TTF, CN-TTF, and PEGn-TTF. (B) Cyclic
voltammograms of 1 mM TTFs in 0.1 M tetrabutylammonium
hexafluorophosphate (TBAPFg)/acetonitrile (MeCN) at a scan rate of 50 mV/s.
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solubility in organic solvents, TTF presents a solubility of 0.1 M in
MeCN and 0.23 M in propylene carbonate (PC). The attachment of
the four cyano units decreased the CN-TTF solubility in both the PC
and MeCN systems (less than 25 mM). By contrast, the introduction
of the PEG groups had a significant impact on solubility: the solubility
of the PEG1-TTF powder attained 270 mM and 350 mM in MeCN and
PC, respectively. PEG3-TTF with longer PEG chains is an orange liquid
that is miscible with MeCN and PC. PEG3-TTF possesses the highest
solubility in organic solvents, and thus it is the primary focus of
solution-based flow battery studies.

Electrochemical properties. The electrochemical properties of the
soluble TTFs were characterized by CV plots recorded in different
systems. TTF undergoes two single-electron reactions at 0.1 V and
0.43 V vs. Ag/Agt (Figures 1B and S2A). During the first redox
reaction, TTF releases one electron, yielding a carbon radical (TTF**),
which can be further oxidized to afford TTF2*. As expected, the —CN
modified compound, CN-TFF, also presented two redox couples at
higher potentials of 0.40 V and 0.71 V vs. Ag/Ag* due to the electron-
withdrawing effect of the ethyl cyanide chains. In addition, the
electron-withdrawing effect of a sulfur linkage in PEG1-TTF and
PEG3-TTF slightly increases the potential by 0.03—0.1 V (Figure 1B).
During oxidation, the TTF core releases one electron to form a
cationic radical (TTF*), which subsequently undergoes a second
electron oxidation to produce TTF?* with two positive charges.*”>6

The redox properties of redoxmers are significantly affected by
the electrolyte system (salts and solvents).>’>°® To optimize the
electrochemical behavior of PEG3-TTF, different electrolyte systems
(Figure S2) were used, including Li salt/carbonate, quaternary
ammonium/MeCN, and sodium perchlorate/MeCN and PC systems.
PEG3-TTF presents consistent electrochemical potentials in the
different electrolyte systems with the first electron at 0.19-0.24 V vs.
Ag/Ag* and the second at 0.37-0.44 V vs. Ag/Ag*. This study indicates
that the electrochemical performance of PEG3-TTF is invariable to
the electrolyte system and that PEG3-TTF is a robust material for
battery applications.

Cyclic voltammograms were also studied to understand the
redox stability of the different TTF molecules. CN-TTF was first
subjected to low-scan-rate (5 mV/s) CV measurements (Figure S3); it
exhibited high redox reversibility, as evidenced by the ratio of the
cathodic to anodic current (i,¢/ips = 1.01 for the first reduction couple
and 1.05 for the second) and the Nernstian-peak separations for one-
electron redox processes (73 mV for the first reduction and 82 mV
for the second reduction, Table S2). Long-term CV-cycling tests were

Journal ofcMaterials Chemistry A

conducted to further evaluate the electrochemical stability (Figure
S4). No distinct difference in the current density and potential was
observed for CN-TTF at the 15t and 100t cycles, suggesting no distinct
detrimental effect of side chains on the redox stability of the TTF
unit.*® In all systems (Figure S5-S11), PEG3-TTF exhibited two
consecutive one-electron redox processes, as evidenced by the two
redox peaks, a peak separation (~59 mV), and a high redox
reversibility (peak current ratio ~1) (Table S3). After 100 cycles, no
distinct changes in the redox potential or peak current intensity were
observed (Figures S5-511)., suggesting that the PEG3-TTF electrolyte
could be suitable candidates for the subsequent battery
performance studies.

Electrokinetics. The electrochemical kinetics of TTF, CN-TTF, and
PEG3-TTF were studied using a rotating disk electrode (RDE) to
determine the diffusion coefficients (D) and kinetic rate constant
(ko). The RDE tests were conducted using a 1 mM TTF solution under
an argon atmosphere (Figure S12-S15). The diffusion coefficients of
the redoxmers were obtained from the Koutecky—Lévich curves with
varied rotating angles (Equation $1).>%° The diffusion coefficients of
all TTF compounds were of the order of 10™ or 10°® cm? s7! (Table
S4), suggesting that the attached chains had a negligible negative
effect on the electrochemical kinetics. These values are also
consistent with those of the reported redox active materials (5.39 x
10 cm? s for TEMPO and 6.80 x 106 cm? s~ for ferrocene) and are
suitable for flow batteries.5*¢> The kinetic rate constants (ko) of all
TTF molecules, acquired by fitting the Butler-Volmer equation
(Equation S2), were in the range of 10-10"2cm s~ (Figures S12-S15
and Table S4), which are comparable with those of several reported
redox systems,®067 though the attachment of the PEG chains does
slow the kinetics when compared to some non-PEG derivatized
organic compounds. 68:6°

Battery Performance. Considering the solubility performances of the
different TTFs, we adopted different battery configuration strategies
to maximize their potential. Insoluble TTF and CN-TTF were studied
in aqueous slurry batteries using Zn as the pairing anode, while PEG3-
TTF with high solubility was
nonaqueous flow batteries using Li metal as the anode, as presented

investigated in solution-based
in detail below.”®

Slurry battery using TTF and CN-TTF

Slurry screening. To achieve high-performance aqueous slurry-flow
batteries, a uniform suspension of redox and additive conductive
materials is required. Owing to their low molecular polarity and high
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Figure 2. (A) Long-term cyclability and the Coulombic efficiency of 0.5 M Zn/TTF and 0.5 M Zn/CN-TTF batteries. (B) Demonstration of the dimerization of

TTF and CN-TTF.
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molecular coplanarity, TTF molecules tend to aggregate in water and
do not disperse uniformly as a slurry.*®>7! The introduction of side
chains significantly reduces the molecular coplanarity and improves
the dispersity of CN-TTF in an aqueous electrolyte. The slurry was,
prepared by grinding TTF or CN-TTF with the conductive additive
Ketjen Black (KB), which is well known to form a conductive carbon-
percolation network in non-conducting organic redox slurry systems
and has been successfully used in slurry battery systems.*34472 To
study the effects of KB loading on the conductivity of the slurry
electrochemical (EIS)
performed using a three-electrode setup (Figure S16). Slurries with

impedance spectroscopy analysis was
different KB/CN-TTF ratios were dropped onto the surface of carbon
paper to prepare the working electrode. The charge-transfer
resistance (R.) in the mid-frequency region (~10° Hz) is the main
focus of the present evaluation because it reflects the resistance to
transfer charge from the current collector to the electrode surface,
which, in the present case, represents the entire charge transfer in
the slurry electrode.”74 At low KB loadings (10 and 20 g/L), high R
values (1535 Q for 10 g/L and 1120 Q for 20 g/L) were obtained,
presumably because a limited amount of KB could not form a
conductive network with the nonconductive CN-TTF. The R, value
decreased drastically to 31.12, 8.646, and 12.30 Q for KB loadings of
30, 40, and 50 g/L, respectively, indicating the formation of a
conductive network between the interconnecting KB and CN-TTF
molecules. Interestingly, at higher KB loadings of 60, 70, and 80 g/L,
R values increased dramatically to 10,000, 11,500, and 42,680 Q,
respectively, presumably because of the formation of KB aggregates
(Figure S16). After screening the KB loading, high-resolution scanning
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electron microscopy (SEM) and energy dispersive X-ray spectroscopy
(EDS) (Figure S17 and S18) were conducted to obtain information
about the microstructure and elemental distribution of the 40 g/L
TTF/KB and CN-TTF/KB slurries, suggesting that both TTF and CN-TTF
were evenly distributed without aggregation.
TTF and CN-TTF slurry battery tests. Zn is used as the anolyte in
slurry battery studies because of its promising redox potential and
excellent water compatibility.”>’®  Zn/slurry batteries were
assembled to evaluate their long-term cycling stability (Figure S19).
To mitigate the hydrophobicity-induced aggregation of TTF, 5%
tetraethylene glycol dimethyl ether (TEGDME) was used as an
auxiliary dispersant. In this case, the 0.5 M Zn/TTF slurry battery was
galvanostatically charged/discharged at 1 mA/cm? in the voltage
range of 0.8—1.7 V. Surprisingly, three charging platforms were found
in the charge/discharge profile (Figure S20A), suggesting that the
mechanism of the TTF redox reaction in the battery is different from
the normal two one-electron redox processes in solution (Figure
S21). The unusual redox behavior of TTF in the solid state is
presumably due to TTF dimerization (Figure $22).5%77

The same redox behavior (three oxidation peaks and three
reduction peaks) was observed in the solid CV test, in which the
KB/TTF slurry was deposited on a carbon paper-working electrode
(Figure S23). However, the additional redox process does not
introduce substantial advantages to the battery system because it
does not increase the theoretical capacity or potential. After 50
cycles, the Zn/TTF battery exhibited an average Coulombic efficiency

of 96.2% and a capacity retention of 46.9%, corresponding to a decay
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Figure 3. Long-term cyclability of the 1.0 M Zn/CN-TTF battery. (A) Discharge capacity and Coulombic efficiency over 1000 cycles. (B) Charge/discharge
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Page 5 of 10

rate of 1.06% per cycle (Figure 2A). Dimerization promotes TTF
aggregation (Figure 2B), leading to the separation of the conductive
agent and the active material; thus, increasing amounts of TTF were
electrically insulated, forming dead redoxmers (see the photograph
of the post-cycling electrode in Figure S24). The accumulated
nonconductive TTF islands also become a significant limitation to
electron transport in the slurry system; this increases the R of the
slurry system (Figure S20B), which explains the rapid decay of the
battery capacity.

By contrast, under identical test conditions, the 0.5 M Zn/CN-TTF
battery demonstrated improved cycle performance with a better
capacity retention of 82.8% after 400 cycles (99.98% per cycle) and
an improved average Coulombic efficiency of 97.6% (Figure 2A),
which is a consequence of the four side chains that enhance the
steric effects and suppress dimerization. Even though only one
electron was utilized owing to the electrochemical limitation of
water, a theoretical capacity utilization rate of 82% was achieved, in
relation to 43% for the TTF battery (Figure S20 and 25A). The EIS
changes before and after cycling are shown in Figure S11B.
Compared with the negligible change in bulk resistance (R,), the post-
cycling R; value nearly doubled (from 19.2 Q to 38.1 Q),
corresponding to the polarization increase in the charge/discharge
profile (Figure S25A). To further elucidate the capacity decay
mechanism, the pre- and post-cycling CN-TTF slurries were extracted
using PC, and the extracts were subjected to 'H nuclear magnetic
resonance (NMR) and CV analyses. Only CN-TTF signals were
observed (Figure S26 and S25C), suggesting that no by-products were
generated.

The concentration of CN-TTF was further increased to 1.0 M, and
the long-term cyclability of the battery was evaluated under the
same conditions as those used for the 0.5 M battery. The 1.0 M
Zn/CN-TTF battery exhibited excellent cycle performance for more
than 1000 charge/discharge cycles (226 h, 9.4 d) with a capacity
retention of 75.8% (99.98% per cycle). For the 1.0 M battery, the
charge/discharge polarization did not increase significantly after 501
and 1000 cycles, which was also reflected by the smaller R.; change
observed in the EIS curve (Figure 3). The post-cycling slurry was
extracted using PC and analyzed by 'H NMR and CV (Figure 3D and
S27). The current density of the post-electrolyte was slightly lower,
suggesting a mild decrease in the amount of active CN-TTF, which
presumably originated from self-aggregation. Attempts were made
to achieve a higher energy density using a 1.5 M CN-TTF slurry
battery (Figure S28 and S29). This battery exhibited a capacity
utilization rate of 63% and a capacity retention of 90.3% after 100
cycles (99.90% per cycle), which are inferior to those of the 0.5 and
1.0 M batteries. In addition, compared with the relatively small
resistance changes in the 0.5 or 1.0 M batteries, a significant
resistance change (31.1 Q) was observed for the 1.5 M battery
(Figure S28). Also observed was the increased polarization as shown
on the charging and discharging curve (Figure S28B). The large
polarization and battery resistance may have been caused by the low
fluidity of the concentrated slurry.

Journal ofsMaterials‘Chemistry A

To verify the rate capability of the slurry battery, the 1.0 M
Zn/CN-TTF battery was subjected to galvanostatic charge/discharge
tests at current densities of 1-5 mA/cm? in the potential range of
0.9-1.7 V. The measured discharge capacity of the battery was 4.93
Ah/L at 1 mA/cm? (Figure S30), which is equivalent to 70% of the
theoretical capacity (7.04 Ah/L). As the current density increased, the
discharge capacity decreased owing to the increased overpotential
(Figure S30B) and reached 3.03 Ah/L (43% of the theoretical capacity)
at 5 mA/cm? (Figure S30A and B). The 1.0 M battery demonstrated
desirable performance in terms of the Coulombic efficiency (CE),
energy efficiency (EE), and voltage efficiency (VE) (Figure 3A). At a
low current density of 1 mA/cm?, the CE, EE, and VE were 97.8, 84.2,
and 86.8%, respectively, and 98.2, 71.2, and 73.3% at 5 mA/cm?,
respectively. The CN-TTF slurry battery afforded an open-circuit
voltage (OCV) of 0.95 V at zero state-of-charge (SOC). When the SOC
increased from 10% to 90%, the corresponding OCV exhibited a
stable linear increase, indicating a stable charging platform at 1.16 V
(Figure S30C). The high-frequency area-specific resistance (ASR),
which is derived from membranes,3%64 contributed to ~74.4% of the
overall resistance of the battery (Figure S30 C and D), suggesting that
the resistance from the CN-TTF slurry is not significant.
Solution-based battery using PEG3-TTF. Solution-based RFBs using
PEG3-TTF as the catholyte were studied using two different types of
anolytes: viologen and Li. Viologen and its derivatives possess the
advantage of two-electron activity,'8%* whereas Li is well known as
an anolyte owing to its remarkable negative potential.”®7° The multi-
electron activity and wide potential window features are conducive
to improving the overall energy density.1>2880
Using Viologen as the Anolyte. The viologen compound of interest
(V-TFSI) in this study possesses two methyl units and two
bis(trifluoromethane)sulfonimide (TFSI) anions to impart desired
solubility in organic electrolytes and displays two redox couples at —
0.71V and -1.12 V vs. Ag/Ag* (Figure S31). Thus, the V- TFSI/PEG3-
TTF pair provides cell voltages of 0.93 V and 1.59 V for single- and
double-electron utilization (Figure S32). The single-electron 120 mM
V-TFSI and 100 mM PEG3-TTF symmetric flow batteries exhibited an
excellent capacity retention of 97.7% after 100 cycles (99.98% per
cycle) with an average CE of 94% (Figure S33A). The nearly identical
charging/discharging profiles at different cycles slight
impedance change indicate that battery polarization does not

and

increase significantly during cycling, validating the high cyclability
(Figure S33B and C). The CV results of both the catholyte and anolyte
before and after battery cycling (Figure S33D) suggest that no
electrochemically active by-products were generated. Subsequently,
a V-TFSI/PEG3-TTF symmetric flow battery was assembled for
double-electron utilization. Unfortunately, the battery could not
operate normally owing to severe volume changes of the positive
and negative electrolytes, presumably induced by the difference in
osmotic pressure in the electrolyte.®! Excessive consumption of
active materials, pronounced crossover, and low Coulombic
efficiency prompted us to discontinue the study employing a

symmetric viologen system.
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densities, corresponding battery voltages, and electron concentrations of PEG3-TTF and redoxmers in previous nonaqueous flow batteries. DMFc (1,1-

dimethylferrocene),®? TEMPO (2,2,6,6-tetramethylpiperidine-1-oxyl),®* TEMPO-EG1 (ethylene glycol grafted 2,2,6,6-tetramethylpiperidine-1-oxyl),®* NQ (1,4-

naphthoquinone),?> Fc1N112-TFSI, FcNTFSI (ferrocenyl'methyl dimethyl ethyl ammonium bis(trifluoromethanesulfonyl)imide)3?, TPyTz (2,4,6-tris[1-

(trimethylamonium)propyl-4-pyridiniumyl]-1,3,5-triazine hexachloride),®® PDI-TEMPO (pyromellitic diimide-2,2,6,6-tetramethylpiperidine 1-oxyl),®” QPT-OMe

(11-methoxy-9H-quinolino[3,2,1-k/lphenothiazin-9-one),® and tetraethylthiuram disulfide (TETD)%. (C) Rate performance of the 0.5 M PEG3-TTF battery:

charge/discharge profiles at different current densities.

Using Li as the Anolyte. To overcome the osmotic pressure problem
and improve the energy density, asymmetric batteries with different
PEG3-TTF concentrations (0.1 M, 0.3 M, and 0.5 M) employing Li
metal as the anode, 1 M LiPFg EC/EMC (v 1:1 with 2% fluoroethylene
carbonate (FEC) and 1% vinylene carbonate (VC) solution) as the
electrolyte, and an anion exchange membrane (Fumasep® FAB-PK-
130) were studied to explore the feasibility of two-electron
utilization of PEG3-TTF. All the Li/PEG3-TTF RFBs were subjected to
galvanostatic charge/discharge tests at 3 mA/cm? wherein the cut-
off voltages were set at 2.8-4.1 V. The 0.1 M Li/PEG3-TTF RFBs
presented capacity retentions of 99.88% per cycle and 88.0% for all
the 100 cycles with an average CE of 99.8%, excluding the first cycle
affected by SEI formation (Figure 4A). The charge/discharge profiles
are also presented in Figure S34, showing two stable redox platforms
at 3.44 V and 3.64 V and a capacity utilization of 10.8 mAh over the
theoretical capacity of 13.4 mAh. The 0.3 M Li/PEG3-TTF battery
exhibited a capacity retention of 99.91% per cycle and 91.7% after

100 cycles, and exhibited a discharge capacity of 13.5 Ah/L with an
average CE of 99.6%. The charge/discharge curves at different cycles
showed stable double-electron redox processes (Figure S35). For a
higher energy density, the concentration of PEG3-TTF was further
increased to 0.5 M (viscosity 24 cp), corresponding to a 1.0 M
electron concentration. This battery demonstrated a capacity
retention of 99.83% per cycle and 82.9% after 100 cycles over 18 d
(Figure 4A and S36). In addition, a second long-term cycling test of
the 0.5 M Li/PEG3-TTF battery was conducted to verify the
repeatability (Figure S37). Benefiting from the high concentration
and cell voltage, the energy density of the 0.5 M battery also attains
88.18 Wh/L, which is comparable to those of the state-of-the-art
nonaqueous RFBs (Tables S5—6, Figure 4B, and Equation S4).

Even though the capacity decay was not prominent, several
measurements were conducted to analyze the possible capacity-
fading mechanism. (1) The high affinity of PEG3-TTF for the
membrane. EDS element-mapping tests were conducted to obtain

Please do not adjust margins
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information on sulfur distribution in the membrane before and after
cycling (Figure S38). Sulfur is of interest as a characteristic element
because it exists only in PEG3-TTF in the entire battery system. Sulfur
was detected on the membrane after cycling (Figure S38B and S38D),
suggesting that trace amounts of PEG3-TTF were irreversibly trapped
in the membrane; 3172 (2) impedance increased on the Li anode.
During the cyclability studies of RFBs at different concentrations, we
observed a distinct increase in impedance and increased polarization
(Figure S34B, S35B and S36B), which may be attributed to the
formation of a thick SEl layer on the surface of the Li anode, which is
a common phenomenon in Li batteries.?%°° To test the hypothesis,
we replaced the anode side with fresh Li metal, electrolyte, and
carbon felt after 40 cycles (Figure S39A), leading to remarkable
polarization reduction (Figure S39B) and a discharge capacity
increase from 51.3 mAh to 53.9 mAh, indicating that increased
polarization in the anolyte is a non-negligible contributing factor in
battery capacity decay; and (3) crossover. While distinct crossover
was not observed in the 0.1 M- and 0.3 M-PEG3-TTF batteries (Figure
S34D and S35D), ~2.4 mM PEG3-TTF, as determined by the CV
current intensity, was observed in the post-cycling anolyte in the 0.5
M battery after a long-term cycling of more than 18 d (Figure S36D).
The low concentration of crossed PEG3-TTF (<0.5 mol%) suggests
that crossover may not be a major contributing factor.

The rate performance of the battery was studied by galvanostatic
charge/discharge measurements at varying current densities (Figure
4C). As the current density increases from 1 to 5 mA/cm?, the 0.5 M
Li/PEG3-TTF battery delivered a discharge capacity of 60.6 mAh
(90.4% of the theoretical capacity), 59.4 mAh (88.6% of the
theoretical capacity), 58.6 mAh (87.4% of the theoretical capacity),
57.9 mAh (86.4% of the theoretical capacity), and 56.1 mAh (83.8%
of the theoretical capacity), respectively. At a current density of 1
mA/cm? the battery exhibited a CE of 93.8%, an EE of 89.3%, and a
VE of 95.1% (Figure. S40). At 5 mA/cm?, those efficiencies were
maintained at 97.7, 79.3, and 81.1%, respectively. The 0.5 M Li/PEG3-
TTF also showed a nearly linear increase in OCV from 3.39 V at 25%
SOC to 3.73 V at 100% SOC (Figure S41A). The high-frequency ASR,
which predominantly reflects the resistance of the separator,
contributes ~72.5% of the polarization ASR of the battery (Figure
S41B and S41C). In addition, the highest current power density of ~68
mW/cm? was observed at 100% SOC. This power density is
comparable with some reported nonaqueous RFBs.?1%2

It has come to our attention that TTF has been utilized as an
active material in the realm of flow batteries. Over the course of the
previous year, researchers such as Chen,* Fujimoto,®* and Janssen®®
have made successive reports on their work involving the
implementation of TTF in flow batteries. We have included a
summarized table (Table S7) including critical battery performance
parameters from this work and that of other works. Our batteries
demonstrate a minimum of a 60% enhancement in the two principal
parameters of energy density and capacity retention. Therefore, the
nonaqueous flow battery system that we have developed showcases
a significant advancement in terms of performance, as opposed to a
mere incremental improvement.

Journal ofcMaterials Chemistry A

Conclusions

In summary, TTF and its derivatives were systematically studied in
terms of their molecular derivatization, physical and electrochemical
properties, and battery-cycling performance. As a new type of
catholyte for flow battery applications, these compounds exhibited
high chemical and electrochemical stability in aqueous and
nonaqueous electrolytes. The introduction of four cyanoethyl chains
drastically mitigated the incompatibility of the highly hydrophobic
TTF group with the aqueous electrolyte. Moreover, the side chains
introduce steric hindrance between the TTF frameworks to
successfully suppress the detrimental dimerization and thus alleviate
the capacity decay. Paired with a Zn anolyte, the 1.0 M CN-TTF slurry
battery exhibited a capacity retention of 75.8% (99.98% per cycle)
after 1000 cycles (~9.4 d) with an average Coulombic efficiency of
99.7%. However, the functionalization of TTF with four PEG chains
drastically changed its physical state from solid to liquid, thus
allowing full miscibility with organic solvents. The resulting
compound, PEG3-TTF, presents an opportunity to develop a high-
solubility electrolyte (1.0 M electron concentration) in an organic
electrolyte with a high battery voltage (up to 3.64 V) and a high
energy density of over 88 Wh/L. This study not only introduces a new
family of compounds for flow battery applications but also
demonstrates the viability of the molecular engineering strategy for
enabling the application of organic redox materials in both slurry-
and solution-based batteries. Moving forward, we plan to study
Zn/CN-TTF slurry batteries under flow conditions, even though
difficulties, such as high viscosity, flow resistance, and pump losses,
are anticipated. Injecting or piston-driven pumps have shown
promise as reliable solutions for handling high-viscosity slurries. 96-98
For non-aqueous Li/PEG3-TTF flow cells, the paramount task is to
develop ion-exchange membranes with high ion conductivity that
are compatible with non-aqueous solvents. This is of utmost
importance for enhancing current density and power density in non-
aqueous flow batteries.
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