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Redox-Active Supramolecular Polymer Binders for Lithium–Sulfur 

Batteries that Adapt their Transport Properties In Operando 
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§ The Joint Center for Energy Storage Research, Lawrence Berkeley National Laboratory, One Cyclotron Rd., Berkeley, 
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∑ Department of Chemical and Biomolecular Engineering, University of California, Berkeley, California, 94720, USA  
† The Molecular Foundry, Lawrence Berkeley National Laboratory, One Cyclotron Rd., Berkeley, California, 94720, USA 
 

ABSTRACT: π-Stacked perylene bisimide (PBI) molecules are implemented here as highly networked, redox-active supramolecu-
lar polymer binders in sulfur cathodes for lightweight and energy-dense Li–S batteries. We show that the in operando reduction and 
lithiation of these PBI binders sustainably reduces Li–S cell impedance relative to non-redox active conventional polymer binders. 
This lower impedance enables high-rate cycling in Li–S cells with excellent durability, a critical step toward unlocking the full po-
tential of Li–S batteries for electric vehicles and aviation. 

INTRODUCTION 

Breakthroughs in battery electrodes that enable energy-
dense, high-power, and low-cost energy storage are necessary 
to catalyze a societal shift from fossil fuels to a carbon-neutral 
future powered by renewable energy. Of the forward-looking 
battery chemistries, lithium–sulfur (Li–S) cells offer certain 
advantages over more established Li-ion chemistries with re-
spect to the high theoretical specific capacity of the sulfur 
cathode (1675 mAh g−1 vs. 272 mAh g−1 for a LiCoO2 cath-
ode), the low cost of sulfur (<$200 ton−1), the low environ-
mental impact of sulfur, and the improved safety of the cell.1–6

 

Nevertheless, persistent challenges associated with the sulfur 
cathode must be overcome for Li–S cells to become practical. 
For example, while sulfur cathodes have been engineered ex-
tensively for high energy density and durability,7–23 design 
rules are still lacking for high power while also attaining high 
specific energy.  

Here we show that transport bottlenecks for ions and elec-
trons in composite sulfur cathodes, presently limiting high-
power applications, can be relieved when the conventional 
polymer binder is supplanted with a custom-purposed supra-
molecular polymer binder that is also a redox-mediator for the 
sulfur cell chemistry (Figure 1). These supramolecular redox 
mediators consist of π-stacked perylene bisimide (PBI) mole-
cules, which are reduced electrochemically in operando during 
the first discharge at potentials below 2.5 V vs. Li/Li+

. We 
show that upon activation, the cell impedance is dramatically 
reduced and commensurate with stable cycling at both moder-
ate and high current densities. We also note unexpected syner-
gies between these redox-mediating supramolecular binders 
and conventional polymer binders when both are present in the 
sulfur cathode. These synergies manifest as a powerful new 
means to direct the evolution of cell impedance to a state that 

is lower than cells assembled with either of the binders on 
their own; furthermore, we show that this state of the cell is 
sustainable throughout high-rate cycling. Our work highlights 
the multi-faceted role played by these underappreciated com-
ponents in the sulfur cathode, and where new concepts in 
adaptive materials can be applied to solve challenges in charge 
transport. 

Binders for composite sulfur cathodes should aid in elec-
trode processing and drying onto aluminum current collectors, 
electrolyte wetting during cell assembly, ion transport, and 
mechanical integrity upon cycling to accommodate the volume 
changes associated with S8–Li2S interconversion.24,25 Polyvi-
nylidene difluoride (PVDF) is the most prevalent binder used 
today, although recent reports have suggested that PVDF can 
block the pores of mesostructured conductive carbons, which 
negatively impacts the available surface area for Li2S deposi-
tion.26  

Alternative binders—including gelatin,27 polyvinylpyrroli-
done (PVP),28 PVP blends with Nafion,29 PAMAM den-
drimers,30 polycationic β-cyclodextrins,31 polyacrylic acid,32 
polyethylene oxide,33 and carboxymethylcellu-
lose:styrenebutadiene-rubber (CMC:SBR)34,35—have therefore 
focused on addressing one or more of these binder attributes as 
a means to improve cathode performance. Some of the most 
successful binders have been shown to mitigate the migration 
of soluble polysulfides from the cathode into the electrolyte, 
which otherwise would lead to stranded sulfur in the cell or 
instabilities in the lithium anode.36 None have been reported 
that directly participate in the redox chemistry of sulfur or 
otherwise serve to enhance ion transport as needed for high-
rate applications. Nonetheless, we hypothesize that these at-
tributes are critical to the further advancement of the sulfur 
cathode. Our perspective is that these functions can now be 

Page 1 of 14

ACS Paragon Plus Environment

Chemistry of Materials

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 

conferred to new binder materials based on supramolecular 
redox mediators. Supramolecular redox mediators offer both 
self-healing properties needed to accommodate the volume 
changes in the sulfur cathode on cycling and adaptive charge 
transport upon activation. Their role as such remains distinc-
tive from electronically conductive polymers used to confine 
sulfur.37,38  

Figure 1. a) Overview of perylene bisimide (PBI) redox 
chemistry, self-assembly of PBI into supramolecular polymers 
through π-stacking, cathode preparation with Ketjenblack (KB) 
and sulfur on graphene oxide (S–GO), and in operando redox 
activation of the PBI binder in a functioning cathode. The neutral 
PBI binder (red) is activated to a dianionic state (Li2-PBI, blue) 
upon reduction at 2.5 V vs. Li/Li+. SEM images of: b) the PBI 
cathode showing bundles of supramolecular polymer wires, 
macrophase-separated from both KB and S–GO in the 
formulation; c) the PVDF cathode, showing well-blended 
composites with respect to PVDF, KB, and S–GO; and d) the 
PBI/PVDF cathode, showing well-blended composites with 
PBI/PVDF, KB, and S–GO. Scale bars represent 400 nm. 

 

EXPERIMETNAL SECTION 

Instrumentation. Contact angle measurements were 
performed using a Krüss EasyDrop. Scanning electron 
micrographs were taken using the in-lens detector of a Zeiss 
Gemini Ultra-55 outfitted with energy-dispersive X-ray 

spectroscopy (EDS, JEOL JSM-7500F) for elemental 
mapping. Thermo gravimetric analysis (TGA – TA 
Instruments, SDT-Q600) was used to determine the weight 
content of the S in the CTAB-modified S–GO nanocomposite 
with a heating rate of 10 oC min–1 under N2 atmosphere. Cell 
testing was performed on an Arbin BT2000 cycler. 
Electrochemical impedance spectroscopy was conducted with 
a BioLogic VMP3 potentiostat. Raman was performed on a 
Horiba Jobin Yvon LabRAM ARAMIS automated scanning 
confocal Raman microscope. 

Materials. PBI was synthesized according to a literature 
procedure.39 Lithium nitrate (Alfa Aesar, LiNO3, Anhydrous, 
99.999 %), lithium metal (FMC), 
bis(trifluoromethanesulfonyl)imide lithium salt (Aldrich, 
LiTFSI), PVDF (Kureha, KF-1100), N-methyl-N-
butylpyrrolidinium bis(trifluoromethane sulfonyl)imide (Coor-
stek), N-methyl-2-pyrrolidone (Alfa Aesar, 99+%), dioxolane 
(Sigma Aldrich, 99.8 %), dimethoxyethane (Sigma Aldrich, 
99.9 %), Sodium sulfide (Alfa Aesar, Na2S, anhydrous), sulfur 
(Alfa Aesar, S, ~ 325 mesh, 99.5 %), Graphene oxide (ACS 
Material), cetyltrimethyl ammonium bromide (Sigma Aldrich, 
CTAB, CH3(CH2)15N(Br)(CH3)3), formic acid (Aqua Solu-
tions). Ketjen Black (AkzoNobel EC-600JD). 

Preparation of the CTAB-modified S−GO nanocompo-

site. The CTAB-modified S−GO nanocomposite was prepared 
via a published method.13 Briefly, 0.58 g of sodium sulfide 
powder was dissolved in 25 mL ultrapure water to form a 
Na2S solution. 0.72 g elemental sulfur powder was added to 
the Na2S solution and stirred with a magnetic stirrer at 60 ˚C 
until the solution became transparent orange color (a sodium 
polysulfide (Na2Sx) solution). 18 mL of single layer graphene 
oxide dispersion (GO, 10 mg mL–1) in water was diluted to 
form a GO suspension (180 mg of GO in 180 mL of ultrapure 
water). 2.5 mM of cetyltrimethyl ammonium bromide (CTAB, 
CH3(CH2)15N(Br)(CH3)3) were added to the GO suspension 
and stirred for 2 h with a magnetic stirrer. Then, the prepared 
Na2Sx solution was added to the GO-CTAB composite solu-
tion and stirred overnight. The as-prepared Na2Sx–GO-CTAB 
composite solution was slowly added to 100 mL of 2.0 M 
formic acid (HCOOH) and stirred for 2 h to precipitate ele-
mental S onto the GO. Finally, the CTAB-modified S–GO 
nano-composite was filtered and washed with acetone and 
ultrapure water several times to remove salts and impurities. 
The obtained powder sample was dried at 50 ˚C in a vacuum 
oven overnight. The dried powder sample was ground using 
mortar and pestle and heat-treated in a tube furnace at 155 ˚C 
for 12 h under Ar atmosphere.  

Contact Angle Measurement. Composite cathodes identi-
cal to those tested in coin cells were prepared with PBI, 
PVDF, and PBI/PVDF. The EasyDrop instrument was placed 
in a glove bag and purged with N2 for 1 h to prevent water 
uptake by the hygroscopic electrolyte from altering the meas-
urement. PVDF and PBI/PVDF electrodes wet immediately by 
electrolyte and would not sustain a drop for contact angle 
measurement, whereas the PBI electrode showed a contact 
angle of 56˚ as is depicted in Figure S7. 

Li–S Cell Electrochemical Measurements. The sulfur 
cathodes were prepared by mixing the S–GO nanocomposite, 
carbon black (black) with a binder (either the PBI, PVDF, or 
PBI/PVDF composite binder 1:1 by weight) at a weight ratio 
of 8:1:1 in N-methyl-2-pyrrolidone (NMP) solvent to form a 
slurry using magnetic stirrer. All Slurries were heated to 100 
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˚C while stirring to completely dissolve the PBI binder into 
NMP and uniformly casted via a doctor blade on aluminum 
foil. The cathode was first dried at room temperature for 24 h, 
and then dried in a vacuum oven at 50 ˚C for 24 h to fully 
eliminate any solvent residue. Composite films cast in this 
manner were devoid of any gross structural aberrations and no 
delamination was observed with any of the binder constructs 
used, suggesting excellent adhesion to Al in all cases. The 
average sulfur loading of the cathodes was 0.8–1.0 mg cm–2. 1 
M Lithium Bis(Trifluoromethanesulfonyl)Imide (LiTFSI) in 
N-methyl-N-butylpyrrolidinium bis(trifluoromethane sul-
fonyl)imide (PYR14TFSI)/dioxolane (DOL)/Dimethoxyethane 
(DME) (2:1:1, v/v/v) containing 1 wt% LiNO3 was prepared 
for the electrolyte and 70 µL were added to each cell. 
CR2325-type coin cells were fabricated with a lithium metal 
foil as counter/reference electrode and a porous polypropylene 
separator (2400, Celgard) in a glove box filled with Ar gas. 
Cyclic voltammetry for the prepared cells was conducted us-
ing a potentiostat with a voltage range of 1.5 to 2.8 V for 5 
cycles at a constant scan rate of 0.1 mV s–1. The prepared cells 
were discharged and charged at 0.1 C rate using a procedure 
that consisted of galvanostatic discharge and charge pulses, 
each 45 min long, followed by 1 h of relaxation time, with 
open circuit status until the cell voltage reaches 1.5 V and the 
electrochemical impedance was measured from 10 mHz to 1 
MHz using a potentiostat at the end of every relaxation step 
during discharge and charge. Galvanostatic cycling test of the 
coin cells was performed using a battery cycler between 1.5 
and 2.8 V at 1.0 C and 0.5 C for discharge and charge, respec-
tively. Rate capability tests were also performed at various 
discharge C rates from 0.1 C to 3.0 C and then back to 0.1 C. 
All manipulations involving lithium metal were performed in 
an Ar-filled glove box with water and O2 content below 2.0 
ppm.  

Raman Spectroscopy. Roughly 5 mg samples were pressed 
into pellets of 200–400 µm thickness. PBI containing samples 
were also examined but the fluorescence from PBI was too 
high. The PVDF + LiTFSI sample was prepared by soaking a 
pellet of PVDF in 1:1 dioxolane:DME with 1.0 M LiTFSI for 
1 week, followed by drying under high vacuum. This soaking 
process was performed to allow for mixing of the TFSI– with 
the PVDF as it might occur in an actual cathode. 

 

RESULTS AND DISCUSSION 

Redox mediators for sulfur cathode reactions—which nomi-
nally occur at 2.5 V and 2.1 V vs. Li/Li+—have only been 
recently reported.40–43 Those consisting of polycyclic aromatic 
hydrocarbons, and in particular perylene bisimide44,45 (PBI) 
and benzo[ghi]perylene imide (BPI), as reported by us, are 
amenable to supramolecular polymerization via π-stacking. 
Whereas our previous accounts focused on the action of solu-
ble redox mediators in Li–S cells, our focus here is instead on 
their action in the solid state as a binder. Ideally, the redox-
mediating binder should be easily cast with the other compo-
nents of the composite sulfur cathode, yet not re-dissolve into 

the liquid electrolyte once the cathode is assembled into a Li–
S cell.  

We were ultimately successful in sequestering PBI-based 
redox-mediators as self-assembled networks of nanowires, 
tens of microns in length, in a composite sulfur cathode by re-
designing imide substituents as inspired by Würthner and co-
workers.39 The networked PBI binder architecture—readily 
apparent in the solid state (Figure S1) as well as in the cathode 
composite (Figure 1b and S4)—remained intact upon electro-
lyte infiltration (i.e., the imide substituents did not allow the 
PBI network to dissolve into the Li–S battery electrolyte). The 
redox-active PBI core of our supramolecular binder exhibits a 
fully reversible two-electron reduction around 2.5 V vs. Li/Li+ 
(Figure 1a & Figure S7), which aids in charge transfer to and 
from polysulfides in Li–S cells.39 Additionally, their manifes-
tation as a percolated network suggests highly structured re-
gions within the cathode (Figure 1b) that are both lithiated and 
solvated. We anticipate that this architecture helps localize Li+ 
ions near active material as needed for high interfacial ion 
flux. We were also interested in mixed-binder approaches 
consisting of PBI/PVDF blends in that each component fea-
tures complementary coordination for Li+ (which is oxo-
phillic, favoring PBI microdomains) and TFSI– (which is 
fluorophillic, favoring PVDF microdomains), respectively. To 
those points, alkali metal coordination to PBI2– is well-
studied;40,44,45 we also carried out Raman spectroscopy—where 
TFSI− features a high-intensity Raman band near 740 cm−1—
to highlight the explicit coordination of TFSI– to PVDF in the 
solid-state (Figure S8).46–48 This unusual complementarity 
between the ionic species in LiTFSI and the PBI and PDVF 
microdomains could enable higher mobility for ionic charge 
carriers in the composite sulfur cathode. 

To demonstrate the performance-enhancing features of PBI 
supramolecular polymers in Li–S cells, we interfaced them 
with a cetyltrimethyl ammonium bromide (CTAB)-modified 
sulfur-graphene oxide (S−GO) nanocomposite13 (80% S w/w, 
Figure S2 and S3) as the active material in the cathode. Three 
distinctive cathodes were prepared using CTAB modified S-
GO, Ketjenblack (KB) as conductive carbon additive, and 
various binders in a 8:1:1 weight ratio; binders included pure 
PBI nanowire networks, pure PVDF, and a 1:1 blend of PBI 
and PVDF (PBI/PVDF). Slurries of these components in N-
methyl-2-pyrrolidinone (NMP) were coated onto aluminum 
foil current collectors by doctor-blade coating and yielded 
cathodes with a sulfur content of 64% (w/w) after drying. 
Scanning electron micrographs of each composite sulfur cath-
ode indicated macroscopic film homogeneity, however, differ-
ences in the PBI network architecture were observed for cath-
odes prepared using PBI when compared to those prepared 
using PBI/PVDF blends (Figure 1b-d and S4–6). More specif-
ically, the introduction of PVDF to the PBI cathode appears to 
disrupt the bundling of PBI nanowires in the solid state, indic-
ative of high interfacial area between the two materials as well 
as higher interfacial area with S−GO and KB. Reduced bun-
dling of PBI nanowires in the PBI/PVDF cathode also im-
proved the bulk electrolyte wettability relative to the PBI 
cathode (Figure S9). 
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Figure 2. Cyclic voltammograms and electrochemical performances of (a) PBI, (b) PVDF and (c) PBI/PVDF composite binder 
cathodes. Cyclic voltammograms of (a) PBI, (b) PVDF and (c) PBI/PVDF composite binder cathodes at a scan rate of 0.1 mV s–1. 
(d) Voltage profiles of PBI, PVDF, and PBI/PVDF composite binder cathodes at the second cycle. (e) Rate capability of of PBI, 
PVDF and PBI/PVDF, composite binder cathodes. The charge C-rate was fixed at 0.1 C. (f) Cycling performances and Coulombic 
efficiency of PBI, PVDF, and PBI/PVDF composite binder cathodes at 1.0 C discharge. 

 

The electrochemical behavior of sulfur cathodes prepared 
with PBI, PVDF, or PBI/PVDF binders was investigated using 
cyclic voltammetry (CV) over the potential range 1.5−2.8 V 
vs. Li/Li+ and at a scan rate of 0.1 mV s−1 (Figure 2a-c). All 
three cathodes showed two reduction peaks and one oxidation 
peak during the discharge and charge processes, respectively; 
however, the CV peak characteristics of the three cathodes 
were significantly different. After the first cycle, two reduc-
tion peaks and an anodic peak of the PBI cathode were located 
at 2.3, 1.9 V and 2.6 V, respectively (Figure 2a), whereas 
those of the PVDF cathode were located at 2.1, 1.6 V and 2.7 
V (Figure 2b), indicating that larger peak shifts occurred in the 
CV of the PVDF cathode than that of the PBI cathode due to 
the larger overpotential of the PVDF cathode. Moreover, the 
redox peaks in the CV for the PVDF cathode were broader and 
less distinguishable than those of the PBI cathode. The incom-
plete anodic peak of the PVDF cathode is especially notewor-
thy and reflects the slow reaction kinetics of the PVDF cath-
ode. In contrast, the PBI/PVDF composite binder cathode 
exhibited the lowest overpotential with sharp peaks located at 

2.3 V and 2.0 V for the cathodic peaks and at 2.55 V for the 
anodic peak, indicating that the highest reaction rate for the 
sulfur cathode is facilitated by the PBI/PVDF binder blend.  

To evaluate the impact of these distinctive electrochemical 
behaviors on cell performance, PBI, PVDF, and PBI/PVDF 
composite binder cathodes were galvanostatically cycled at 
1.0 and 0.5 C (1.0 C = 1672 mA g−1 S) for the discharge and 
charge processes, respectively (Figure 2d). During the dis-
charge process at 1.0 C, the PBI cathode showed two major 
discharge plateaus with a capacity of 582 mAh g−1 S, whereas 
the PVDF cathode showed no obvious second plateau associ-
ated with the formation of Li2S, which caused a low sulfur 
utilization of only 323 mAh g−1 S. On the other hand, the 
PBI/PVDF composite cathode delivered the highest discharge 
specific capacity of 700 mAh g−1 S with the lowest discharge 
and charge overpotentials during the cycle.  

The rate capabilities of PBI, PVDF, and PBI/PVDF compo-
site binder cathodes were also evaluated at various discharge 
C rates from 0.1 C to 3.0 C and then back to 0.1 C. At 0.1 C, 
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both the PBI and PVDF cathodes showed similar specific dis-
charge capacities of about 1050 mAh g−1 S, however, the spe-
cific discharge capacity of the PVDF cathode decreased dra-
matically as the test C-rate increased, and finally, a specific 
discharge capacity of only about 320 mAh g−1 S was obtained 
at 1.0 C discharge. In contrast, the PBI cathode retained a spe-
cific discharge capacity of about 600 mAh g−1 S at 1.0 C dis-
charge, indicating that the PBI cathode could provide an elec-
trode structure more suitable for high C-rates than the PVDF 
cathode. Furthermore, the PBI/PVDF composite binder cath-
ode exhibited the best rate capability with a highly reversible 
discharge capacity of about 800 and 350 mAh g−1 S at C-rates 
of 1.0 and 3.0 C, respectively, and the specific discharge ca-
pacity recovered quickly to 1066 mAh g−1 S, when the C-rate 
was decreased back to 0.1 C.  

To understand the longevity of Li–S cells configured with 
the different binders, cycling performance at 1.0 C over 150 
cycles was evaluated for PBI, PVDF, and PBI/PVDF derived 
cathodes (Figure 2f). Compared to the PVDF cathode, the PBI 
cathode exhibited a reversible discharge capacity approxi-
mately 1.5−2 times higher after 150 cycles with a Coulombic 
efficiency above 99.4%. The Coulombic efficiency of the 
PVDF cathode was unstable, possibly due to incomplete Li2S 
formation, accounting for the lack of a second discharge plat-
eau shown in Figure 2d. On the other hand, the PBI/PVDF 
composite binder cathode exhibited excellent cycling perfor-
mance at 1.0 C discharge with an initial discharge capacity 
around 700 mAh g−1 S. A specific discharge capacity of 600 
mAh g−1 S was obtained after 150 cycles, which corresponds 
to a capacity retention of 86%. During 150 cycles, the Cou-
lombic efficiency of the PBI/PVDF composite binder cathode 
was above 99.8%, reflecting the superior reversibility of the 
electrochemical reaction between sulfur and lithium during 
cycling with this binder blend.  

Collectively, these initial experiments point to significant 
gains in high-rate performance when PBI is used as a binder in 
place of PVDF, and even greater gains when the PBI/PVDF 
blend is used. While there is a myriad of microscopic process-
es that dictate Li–S cell characteristics, the presence of these 
new PBI binders with turn-on activation for charge transfer 
and charge transport only amplifies that complexity as does 
the role played by PBI/PVDF interfaces. Thus, we were inter-
ested in applying additional electroanalytical techniques to our 
cathodes that might more directly relate the specific influence 
of the adaptive charge-transporting PBI networks on the ob-
served cell performance.  

To that end, we applied a galvanostatic intermittent titration 
technique (GITT) to study the evolution of ion-transport be-
haviors within the cathodes upon cycling. PBI, PVDF, and 
PBI/PVDF composite binder cathodes were cycled at 0.1 C 
with 45-min-long galvanostatic pulses, interrupted by 1 h of 
equilibration time between pulses (Figure 3a-c). Overpoten-
tials at each point, determined by the potential difference be-
tween the end of the current step and the end of the equilibra-
tion step, are plotted as ∆E vs. state of charge (SOC) (Figure 
3d). From these data, it was readily apparent that the open 
circuit potentials measured after the equilibration times were 
equivalent for all three cathodes; however, the hystereses of 
the cathodes were significantly different. In principle, the sud-
den potential change at short times is mainly due to an iR drop 
generated by the ohmic resistance of the cell,49 and the PVDF 
cathode showed the highest overpotential at nearly all states of 

charge compared to the other two cathodes containing supra-
molecular PBI binder (Figure 3d). Notably, the PBI/PVDF 
blended binder cathode showed the lowest overpotential 
among all cathodes. At SOCs between 20−0% and 80−100% 
during discharge and charge processes, respectively, all three 
cathodes showed dramatic increases in the overpotential. In 
those regions, dissolved lithium polysulfides are re-deposited 
onto the embedded current collector surface, essentially form-
ing insoluble Li2S or sulfur films during discharge or charge, 
respectively. This deposition increases the internal resistance 
of the cell by impeding both electron and lithium ion conduc-
tion due to their insulating nature.50 Although PBI and PVDF 
cathodes each show similar overpotentials during the initial 
discharge, there is a pronounced drop in charging overpoten-
tials for the PBI cathode once it has been electrochemically 
activated, indicating a redox-mediating effect or, alternatively, 
a change in the local solvation of the PBI network upon reduc-
tion and lithiation.  

 

 
Figure 3. Voltage profiles of (a) PBI, (b) PVDF and (c) 
PBI/PVDF composite binder cathodes at 0.1C. Cathodes were 
discharged or charged in stages for 45 min, followed by 1 h of 
equilibration time. (0 % SOC is relative to the specific 
discharge capacity of the cathode at the end of discharge). 
Points are numbered in conjunction with data discussed in 
Figure 4. (d) Plot of polarization overpotential measured 
between the end of the current step and the end of the 
relaxations step. 

 

Further insight into the emergent in operando behavior 
unique to cathodes prepared with PBI binders was gleaned 
from EIS measured at the end of every equilibration step 
throughout the GITT analysis (Figure 4). Nyquist plots of the 
PVDF cathode showed relatively large, depressed semicircles 
that increased in diameter as the SOC approached 0% and 
returned to near the original diameter upon charging to 100% 
SOC (Figure 4a-b), likely due to deposition and then dissolu-
tion of insulating Li2S. A much more complex evolution of 
impedance spectra was observed in the case of PBI, where a 
depressed semicircle at high frequencies and a long sloping 
line at low frequencies was initially observed at 100% SOC 
(Figure 4c-d). Upon discharge, a second semicircle in the 
middle frequency region began to emerge (points 2−6) and by 
27% SOC (point 7) the middle frequency semicircle began to 
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dominate the spectra with a sloping tail growing in the region 
between 40−80 mHz (points 7−9). Growth of a middle fre-
quency semicircle has been previously attributed to the for-
mation of a resistive Li2S (or Li2S2) film on the sulfur cathode, 
which impedes diffusion of counterions and polysulfides to 
the current collector.51,52 At the end of discharge (point 10) the 
semicircle in the middle frequency region and sloping line at 
low frequency are completely merged. This increase in imped-
ance at 0% SOC may be due to mass-transport issues arising 
from the lower wettability of this cathode coupled with Li2S 
deposits blocking ion transport near the current collector. Im-
mediately upon charging, the large semicircle in the middle 
and low frequency regions disappeared and the impedance of 
the cell decreased dramatically. On the other hand, the 
PVDF/PBI composite binder cathode exhibited unique elec-
trochemical behavior (Figure 4e-f), where the impedance de-
creased as the SOC approached 0% during discharge and the 
size of the semicircles remained small and nearly constant 
during the charge process, suggesting a unique activation had 
occurred in operando. Compared to the fully discharged PBI 
cathode, the PBI/PVDF composite binder cathode did not 
show any electrochemical behavior in the low frequency re-
gion that is associated with mass-transfer limitations. Instead, 
the EIS semicircles of the PBI/PVDF cathode were much 
smaller than those of the other two cathodes throughout the 
GITT, which is a sign of lower cell impedance overall and is 
in agreement with the enhanced rate capability during normal 
cell operation. Furthermore, this lowest-impedance state ap-
pears to be sustainable at different SOCs. 

 

 
Figure 4. Nyquist plots of the PVDF cathode during (a) 
discharge (b) charge, PBI cathode during (c) discharge (d) 
charge, and PBI/PVDF composite binder cathode during (e) 

discharge (f) charge in the frequency range of 10 mHz to 1 
MHz. Numbered spectra correspond to the points labeled in 
Figure 3a-c. 

 

Our findings suggest a re-examination may be in order for 
the ideal binder paradigm for composite electrodes. Whereas 
passive binders impart many useful functions as noted, redox-
active binders offer a powerful new means to adapt the 
electrode’s transport behaviors in operando and on demand. 
Against conventional wisdom, we show that it is not necessary 
to configure the binder as a covalent high-polymer. Indeed, 
supramolecular approaches are also suitable; in fact, these may 
be preferred for electrode materials undergoing significant 
volume changes associated with conversion or alloying 
reactions, as is the case with sulfur and silicon electrodes. 
With this in mind, the networked architecture of the binder in 
the solid state and its relationship to the electrode’s active 
materials and embedded current collector become key to 
understanding cell performance—with high interface density 
contributing favorably to high rate-performance as observed 
here with the PBI/PVDF-derived sulfur cathodes. We also 
suggest that we are only beginning to reveal the synergies 
between binder components, particularly with respect to their 
interactions with each other and with ions in the electrolyte. 
For example, we hypothesize that the evolved, low, and 
sustained cell impedance that we observe only in the case of 
electrochemically-activated PBI/PVDF blends may arise from 
improved charge-separation of both Li+ (which coordinates to 
reduced Li2-PBI) and TFSI– (which coordinates to PVDF), 
which would improve their mobility within the composite and 
thus enable the high-rate performance. These foundational 
concepts in adaptive transport behaviors begin to map forward 
an exciting path in materials discovery at the interface of 
organic, polymer, supramolecular, and electrochemistry.  
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