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ABSTRACT: Here we report a new redox-active perylene bisimide (PBI)-
polysulfide (PS) gel that overcomes electronic charge-transport bottlenecks
common to lithium—sulfur (Li—S) hybrid redox flow batteries designed for
long-duration grid-scale energy storage applications. PBI was identified as a
supramolecular redox mediator for soluble lithium polysulfides from a library of
85 polycyclic aromatic hydrocarbons by using a high-throughput computational
platform; furthermore, these theoretical predictions were validated electro-
chemically. Challenging conventional wisdom, we found that z-stacked PBI
assemblies were stable even in their reduced state through secondary
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interactions between PBI nanofibers and Li,S,, which resulted in a redox-

active, flowable 3-D gel network. The influence of supramolecular charge-transporting PBI-PS gel networks on Li—S battery
performance was investigated in depth and revealed enhanced sulfur utilization and rate performance (C/4 and C/8) at a sulfur
loading of 4 mg cm™ and energy density of 44 Wh L™ in the absence of conductive carbon additives.

B INTRODUCTION

A renaissance in electrochemical energy storage is underway,
fueled both by demand and by the burgeoning field of
nanotechnology.l’2 Within this context, organic and polymeric
nanomaterials are gaining prominence for their ability to impart
novel functions in energy storage devices—including self-
healing character,” overcharge protection,” and adaptive charge
transport.” The modular character and the precision with which
they can be prepared continue to advance our understanding of
structure—property relationships in polymer electrolytes,”” ion-
selective membranes and separators,g’9 charge-storage materi-
als,'™"* and binders.” Enhancing charge transport in devices by
exerting control over component architectures across multiple
length scales remains an outstanding challenge in the field.
Here we advance supramolecular design principles'®™"* for
the programmed self-assembly of 7-conjugated molecules that
enable us to coassemble molecular redox mediators and charge-
storing inorganic materials into flowable, redox-active 3-D gels.
To showcase our nanostructured redox mediator concept, we
have investigated the charge-transporting properties of these
soft supramolecular gels in lithium—sulfur (Li—S) batteries
(Figure la). Related organogels composed of molecular
semiconductors assembled into nanofiber morphologies'” ™
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have shown interesting properties for electrical conductiv-
ity,”>"** electroluminescence,” colorimetric sensing,”* photo-
induced charge separation,”” light-harvesting,”® and photo-
sensitization of H,-evolving catalysts.”” Nonetheless, the
application of organic 7m-gelators in electrochemical energy
storage is unexplored.

Our focus on Li—S batteries as a test-bed for this concept is
tied to their potential to deliver low-cost, energy-dense storage
that is scalable for both transportation and grid-scale
applications.”® Nevertheless, persistent hurdles to commercial-
ization of Li—S batteries remain. For example, a well-known
polysulfide (PS) shuttle reaction, where soluble Li,S, (n = 4, 6,
and 8) cross the separator and react with the Li-metal anode,
contributes to a short cycle life.”"*” Creative solutions
addressing PS crossover in solid-state Li—S secondary cells
have focused on trapping PS within nanostructured scaf-
folds.**™*” In parallel, interest in dissolved PS catholytes is
rapidly growing,”* "' where high PS solubility and fast reaction
kinetics are advantageous to battery performance. The
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Figure 1. a) Li—S$ cell diagram of nanostructured PBI 1-PS catholyte
with side-on view of the PBI z-surface and its self-assembly into 1-D
nanowires through z-stacking. b) Plot of E; vs. E,, calculated for
candidate s-gelators. The yellow bar highlights the voltage window of
interest for matching the calculated E,, of the redox mediator to the
Ss/S,*” redox couple. ¢) Cyclic voltammograms of Li,Sg, 1, and 1 +
Li,Sg in TEGDME with LiTFSI (0.50 mol L™") and LiNO; (0.15 mol
L™") as electrolyte. The concentration of 1 is 0.010 mol L™ and Li,S
is 0.010 mol S L™ in all voltammograms.

discovery of LiNO; as an anode protecting additive*”*’ has
allowed sulfur catholyte formulations to be optimized for flow
battery architectures; for example, the electronic charge
transport and sulfur utilization are greatly enhanced using
nanocarbon (e.g, Ketjenblack) suspensions as embedded
current collectors, which increase the effective surface area of
the electrode.****

To understand the factors influencing rate performance and
sulfur utilization in Li—S cells employing flowable sulfur
catholytes, we turned our attention to redox mediators,*® and in
particular to 7-conjugated organic molecules, which can be
tailored to lower barrier heights for charge transfer across
electrolyte-current collector interfaces. Inspired by the dynamic
reconfigurability of the Ketjenblack suspensions in facilitating
charge transport in those catholytes, we hypothesized our redox
mediators would likewise benefit from a 3-D networked
architecture in the electrolyte, which would allow charge
transport to proceed via self-exchange along the supramolecular
assemblies (i.e., via a hopping mechanism). Our success in this
regard lays new foundations for designing flowable electrodes
with adaptive charge-transporting and charge-storing proper-
ties. These characteristics are desirable for redox flow battery
applications (i.e, long-duration, grid-scale energy storage),
where the rheology of the network is subject to molecular-level
control and where the network can self-heal when disrupted
during intermittent flow pulses.” Depending on the redox
chemistry of the mediator, there are further opportunities to
halt electron transport at the voltage extrema used to cycle the
battery, thereby offering overcharge or overdischarge protec-
tion.

B RESULTS AND DISCUSSION

Design Criteria of Supramolecular Redox Mediator
and Electrochemical Validation of the High-Throughput
Computational Platform. Two principal design criteria were
considered in search of a redox-active z-gelator tailored for
operation in a Li—S battery: 1) the redox chemistry of the
molecular 7-gelator needs to match with the charge/discharge
potential of a Li—S battery (~2.5 V vs Li/Li* for dissolved PS)
to enable charge transport during cycling; and 2) to maintain
pathways for electronic percolation, the molecular structure of
the mediator must provide sustainable noncovalent interactions
for nanowire formation at various states of charge that are not
disrupted by high salt or PS concentrations.

To accelerate materials discovery with respect to the first
design criterion, we developed a high-throughput computa-
tional platform to screen 7-gelator candidates based on electron
affinity (E,,) and ionization potential (E,).***’ A mixed density
functional theory and polarizable continuum model approach
was applied to address geometry optimization, solvation free
energy, and electronic energy in a dielectric continuum
medium. The screened molecular library spanned several
classes of organogelators, and the wide distribution of
calculated E; vs. E,, emphasizes the value of the high-throughput
platform in streamlining the materials discovery process (Figure
1b and Table S1).

As a proof of concept demonstration, we focused on the 2.5
V soluble long-chain PS redox couple attributed to Sg — Li,S,
to avoid complicating phase transformations associated with
precipitation of insulating Li,S.>"** Precipitation of active
material is a well-known driver of capacity fade in redox flow
batteries, and increased cycle life and power have been achieved
by limiting discharge to the soluble long-chain PS regime.””*’
Of the 85 structures screened (Figures 1b and S1-S2),
perylene bisimide (PBI) emerged as a leading candidate due to
its calculated E,, = 2.53 V vs Li/Li" closely matching the Sg/
S,*~ redox couple. In addition, PBIs are an established class of
n-type semiconductor known for self-assembly into z-stacks,
reversible redox chemistry, and synthetic accessibility—all
desired features for a supramolecular redox mediator.””*"

With respect to the second design criterion, PBI 1 was
designed and synthesized to serve as a redox mediator capable
of assembling into extended supramolecular networks to help
facilitate charge transport in soluble PS catholytes (Figure 1a,
synthetic details found in the SI). The oligo-ethylene glycol
imide substituents of 1 impart solubility in electrolyte while
maintaining a z-surface accessible for z-stacking.

Our high-throughput computational platform predicted an
E,, value of 2.47 V vs Li/Li" for a model compound closely
related to 1 (PBI 1 in Figure S2). We validated the theoretical
prediction by measuring cyclic voltammograms of 1 in
tetraethylene glycol dimethyl ether (TEGDME) with lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI) and LiNO; as
supporting electrolyte. A reversible redox wave was observed at
2.53 V vs Li/Li* (Figures lc and S4), confirming the accuracy
of the calculations to within 60 mV and establishing 1 as
electrochemically active in the range of soluble PS.

Comparing cyclic voltammograms of 1, Li,Sg, and 1 + Li,Sg
(Figure 1c) confirms that 1 serves as a redox mediator for
soluble long-chain PS. The two redox waves for Li,Sg centered
at 2.5 and 2.1 V are attributed to the processes Sg — S,*~ and
S;>~ — S¥7, respectively.”” >* Introduction of 1 to the Li,Sg
solution results in a 4-fold increase in current density at the 2.5
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V redox wave, roughly twice the summation of the PS and PBI
1 redox couples measured in isolation. This provides evidence
that 1 is serving as a redox mediator for increased charge
transfer to and from long-chain PS species in solution.
Characterization of PBI Self-Assembly and PBI-PS Gel
Morphology. To verify that 1 assembles into nanostructured
redox mediators in battery electrolyte, the self-assembly of 1
was studied by UV—vis spectroscopy in TEGDME containing
0.50 mol L™ LiTFSL PBI 1 exhibited dramatic spectroscopic
changes as the concentration was increased from 1.4 X 107 to
1.5 X 107 mol L™" due to z-stacking into extended nanowire
aggregates (Figure 2a).°”"' The increase in optical density
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Figure 2. a) Concentration dependent UV—vis spectra of PBI 1 in
electrolyte. Arrows indicate changes with increasing concentration.
Inset: nonlinear curve fitting of the concentration series at A = 555 nm
(expressed as the degree of aggregation aagg) to an isodesmic self-
assembly model yielding K, = 6.1 X 10* L mol ™. b) Picture of Li,Sy, 1,
and 1 + Li,Sg in electrolyte, showing unique gelation behavior for 1 +
Li,Sg. c) Electrostatic cross-linking of the nanowire aggregates is
triggered by addition of Li,Sg resulting in a gel with high local
concentration of PS immobilized on the redox mediator network. d)
Xerogel of the nanofiber network formed from 1 + Li,Sg (scale bar is 1

um).

above 550 nm with increasing concentration was used to
quantify the strength of self-assembly. Fitting the spectroscopic
changes to an isodesmic self-assembly model yielded an
association constant of K, = 6.1 + 0.3 X 10* L mol™". From
this determination of K, number (N) and weight (Ny,) average
aggregate sizes of 55 and 108, respectively, are calculated for a
0.048 mol L' solution of 1. Based on N, Ny, a typical #-
stacking distance of 0.35 nm, and the 3.1 nm end-to-end length
of 1, an average cylindrical primary aggregate size of 20—40 nm
in length by 3 nm in diameter was estimated.

Catholyte solutions containing 2.5 mol S L™ as Li,Sy and
0.048 mol L™! PBI (5.0% w/w) in TEGDME with LiTESI (0.50
mol L™") and LiNO; (0.15 mol L™") were prepared. Despite
extensive aggregation of 1 in electrolyte, it remained highly
soluble, and no gelation was observed. Within 5 min of mixing
1 with Li,Sg a deep purple gel developed and then remained
soft but stable to inversion. A picture of Li,Sq, 1, and 1 + Li,Sg
in electrolyte depicts the unique rheology of the 1 + Li,Sg
catholyte (Figure 2b), and a video highlighting the flowability
of the catholyte gel is included with the SI. The color change

distinguishing solutions of 1 from 1 + Li,Sg is due to partial PBI
reduction by Li,Sg. This reduction is fully reversible upon
exposure to air, which was tracked by UV—vis spectroscopy
(Figure SS).

Our hypothesis for the mechanism of gelation is outlined in
Figure 2c. PBI 1 exists in electrolyte as long supramolecular
nanofibers coated in a Li* sheath, where Li" interacts with the
side chains of 1. Upon introduction of Sg*~, weakly associated
TESI™ counterions are displaced and the divalent PS act as
electrostatic cross-links, weaving nanowires of 1 into a
continuous fabric (Figure 2d). This cross-linking effectively
increases the local concentration of active material in contact
with the redox mediator network and may facilitate interchain
electron transfer between PBI nanowires. To estimate the
strength of the cross-linking reaction 2[1-LiTFSI] + Li,Sg =
[1-Li,Sg*1] + 2[LiTFSI] the equilibrium constant was
calculated to be K., = 64 using a mixed density functional
theory and polarizable continuum model approach (see the SI
for details). The energetically favorable cross-linking and
potential density of cross-linking interactions (roughly 6:1
Sg*":PBI molar ratio) drives gelation of the PBI-PS network.

The unique nanoscale morphology of 1 + Li,Sg was apparent
in scanning electron micrographs of dried xerogels, which
showed fibrous networks spanning tens of microns (Figures 2d
and S$6). Although additional aggregation is expected upon
evaporation of solvent, the large association constant, quantified
by UV—vis spectroscopy, supports that similar networked
assemblies are present prior to solvent evaporation. We
anticipated that these networks of redox mediators colocalized
with PS would provide new opportunities to mediate charge
transfer in Li—S cells.

Supramolecular Redox Mediators in Li—S Cells.
Electrochemical testing of Li—S secondary cells (Swagelok
type) was carried out using Li metal anodes, porous polymer
separators, and flowable PBI-PS gel catholytes. Cells were
galvanostatically cycled from 2.8 to 2.0 V in the Sg — S,*”
regime where 1C rate is defined as the reaction of 0.5 equiv of
Li* with 1 equiv of sulfur per hour (theoretical capacity of 418
mAh g™ §).”>*" The catholyte composition was 2.5 mol S L™
as Li,Sg (sulfur loading of ~4 mg cm™) with 5.0% w/w PBI 1
when applicable. Charge/discharge curves at a C/8 rate showed
a discharge plateau for the Sg — Sg*~ reaction, followed by a
gradual sloping regime for the Sg>~ — S,>” reaction (Figure 3a).
Discharge capacities of 267 + 6 and 193 + 11 mAh g_1 (S) for
1 + Li,Sg and Li,S;, respectively, were measured (Tables S2 and
S3). A 38% increase in sulfur utilization was observed with the
nanostructured 1 + Li,Sg gel network compared to Li,Sg alone.
Supramolecular catholyte 1 + Li,Sg exhibits a volumetric energy
density of 44 Wh L™/, exceeding the industry standard of 25—
40 Wh L™ observed for advanced aqueous vanadium redox-
flow technology.”® Although PBI is a known Li-ion storage
material, >*~>® capacities below 5 mAh g_1 were measured for 1
in the absence of Li,Sg at similar current densities, indicating
that 1 does not contribute significantly to the overall capacity.

Enhanced sulfur utilization at C/8, C/4, and C/2 rates was
observed for the nanostructured 1 + Li,Sg gel catholyte,
whereas at 1C rate both catholytes showed nearly equivalent
performance. Both catholytes showed rate tolerance, recovering
their initial C/8 rate capacity after cycling at higher current
densities up to 1C (Figure 3b). Stable cycling with an average
99% capacity retention per cycle was observed for the 1 + Li,Sg
gel catholyte and Li,Sg alone after 20 cycles (Figure 3c).
Coulombic efficiencies increased with cycle number from 68—
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Figure 3. a) Charge—discharge profiles from galvanostatic cycling
(second cycle) at a C/8 rate showing a 38% increase in discharge
capacity for PBI 1 + Li,Sg. b) Rate performance at C/8, C/4, C/2, and
1C. c) Energy density (solid) and Coulombic efficiency (hollow) vs.
cycle number at C/8 rate. d) IV curves from cyclic voltammetry with
an interdigitated array electrode.

81% for 1 + Li,Sg, and decreasing Coulombic efficiencies of
93—82% were measured for Li,Sg alone. Lower Coulombic
efficiencies are expected due to increased PS shuttling in the
absence of an ion-selective membrane or physical PS trap,
especially because the 2.8—2.0 V operating voltage lies mostly
in the soluble PS regime. Combining the supramolecular PBI
redox mediator network with PS trapping strategies may enable
extended cycling studies in the future.

Additional evidence relating these performance improve-
ments with the 1 + Li,Sg catholyte gel to increased redox
shuttling current was obtained from IV curves of catholyte
measured with an interdigitated array electrode by sweeping a
+ 0.5 V bias from the open circuit potential at a scan rate of 20
mV s~! (Figure 3d). Introduction of 10 mol % 1 relative to
sulfur resulted in a 300% increase in the shuttling current at a
0.5 V bias for 1 + Li,Sg relative to Li,Sg alone. The mechanism
of charge transport through self-assembled nanofibers is under
further investigation; however, we hypothesize that rapid self-
exchange of electrons throug;h m-stacks of PBI nanowires, as has
been previously reported,” is partially responsible for the
increased current. Related self-assembled nanowires of 7-
stacked hexabenzocornonenes have also shown enhanced
solution-state electron transport when chemically doped.®

Having successfully demonstrated our proof of concept for a
charge-transporting PBI redox mediator network, improved
rate performance was further achieved by including conductive
carbon cloth (C-cloth) with the dissolved PBI-PS gel catholyte.
By analogy to biological vasculature, charge transport in these
cells propagates through both “arteries” and “capillaries”: that is
to say, current travels from the electrode surface through the 8
pum diameter C-cloth arteries and then is locally distributed to
PS by the nanoscale PBI capillary network. Galvanostatic
charge—discharge curves are depicted in Figure 4a highlighting
a clear performance improvement in both capacity and
overpotential for C-cloth + Li,Sg + PBI 1 compared to the
C-cloth + Li,Sg control without redox mediator. Discharge
capacities of 328 + 19 and 250 + 17 mAh g' (S) were
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Figure 4. a) Charge—discharge profiles from galvanostatic cycling
(second cycle) at a C/8 rate showing a 31% increase in discharge
capacity for C-cloth + Li,Sg + PBI 1. b) Rate performance at C/8, C/4,
C/2, and 1C. c) Energy density (solid) and Coulombic efficiency
(hollow) vs. cycle number at C/4 rate.

measured for C-cloth + Li,Sg + PBI 1 and C-cloth + Li,Sgq
alone, respectively, representing a 31% increase in sulfur
utilization attributed to the redox mediator network.

Interestingly, the “arteries and capillaries” network exhibits a
clear advantage over the control at C/8 and C/4 rates (Figure
4b), but at C/2 and 1C rates the trend is reversed. A caveat for
this observation relates to the increased viscosity of the PBI-PS
gel network impeding ion transport at higher current densities.
Higher electrolyte resistance was measured for PBI-PS gel
catholytes by electrochemical impedance spectroscopy (EIS) of
Li—S cells at open circuit potential, and ionic conductivities of
0.007 S cm™? and 0.02 S cm™* were calculated for PBI-PS gel
and PS alone, respectively (Figure S7). Because electronic
conductivity was rate limiting in the absence of C-cloth, this
trend was not observed in Figure 3b. Although high power
batteries are desired for electric vehicles and frequency
regulation, flow batteries are most useful for long duration
grid-storage applications like load shifting and peak shaving,
where a 4—8 h discharge time (i.e., at C/4 to C/8 rate) is ideal.

Both C-cloth + Li,Sg + PBI 1 and C-cloth + Li,Sg alone
exhibit a 99% capacity retention per cycle averaged over 120
cycles at C/4 rate as depicted in Figure 4c. As in the case of the
C-cloth free cells, lower Coulombic efficiency is measured for
the catholyte containing PBI redox mediator. The fact that the
lower Coulombic efficiency does not contribute to faster
capacity fade suggests that the reduced efficiency results from
the PBI redox mediator reversibly shuttling charge across the
mesoporous separator. A microporous PS- and PBI-blocking
separator may be applied in the future to minimize shuttling
and increase energy efficiency of supramolecular gel network
catholytes.®"
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B CONCLUSIONS

In summary, supramolecular gel networks of z-stacked redox
mediators improve sulfur utilization and rate performance of
Li—S batteries, even in the absence of any conductive carbons.
To our knowledge, this discovery is the first demonstration of a
nanostructured yet flowable PS-organogel catholyte for electro-
chemical energy storage. A high-throughput computational
platform was developed to rapidly screen candidate z-gelators
by E., and E; to ensure redox activity at relevant Li—S
potentials. PBI was identified as a redox mediator for the
soluble PS regime, and a new PBI derivative was designed that
self-assembles into nanofiber networks with PS under highly
reducing conditions in electrolyte. Even in this early
demonstration, these supramolecular gel catholytes deliver a
volumetric energy density of 44 Wh L™ at sulfur loadings of 4
mg cm ™. The reconfigurable nature of self-assembled nanowire
gels is a promising feature for transitioning this discovery to
redox flow architectures for long-duration grid-scale energy
storage applications. Efforts to increase order in self-assembled
nanowires for rapid charge-transport and tune the chemical
potential for operation at the 2.0 V Li,S precipitation plateau
are ongoing.
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