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ABSTRACT: Conductive polymer binders have gained significant attion in the last decade as
functional binders providing electronic and ionic conductivity alongside mechanical adhesion
of composite electrodes in lithium-ion batteries (LIBs). The driving force behind such
advancements stems from the poor binding strength, limited mechanical properties and
absence of electronic conductivity of the commonly used non-conjugated polymer binder,
poly(vinylidene fluoride) (PVDF). With a goal to induce stretchability and deformability to
the otherwise brittle conjugated backbone, we report here dihexyl-substituted poly(3,4-
propylenedioxythiophene)-based (PProDOT-Hx:) conjugated polymers wherein conjugation
break spacers (CBS, T-X-T) of varying alkyl spacer length (X = 6, 8, 10) and varying content
(5%, 10% and 20%) have been randomly incorporated into the PProDOT backbone generating
a family of nine random PProDOT-CBS copolymers. Electrochemical characterization
revealed that three out of the nine PProDOT-CBS polymers (5% T-6-T, 5% T-8-T and 10% T-
6-T) are electrochemically stable over long-term cycling of 100 cycles. Electronic conductivity
of the PProDOT-CBS polymers is consistent with previous literature reports on CBS polymers
where decline in charge carrier mobility is observed with increase in CBS content and spacer
length, although no significant difference in ionic conductivity in these polymers was

observed. This is supported by GIWAXS studies indicating a decrease in lamellar peak intensity



with increasing CBS content and spacer length. Mechanical properties of the three selected
PProDOT-CBS polymers were investigated using the established “film-on-water” technique
and a novel technique that we report here for the first time, “film-on-solvent,” where the
solvent used is the same as employed in the battery electrolyte. Both techniques showcase a
generally lower tensile modulus (E) and higher crack onset strain (COS) of the PProDOT-CBS
polymers relative to fully conjugated PProDOT-Hx.. Furthermore, significant enhancement
in mechanical properties is observed with the “film-on-solvent” method suggesting that
solvent-induced swelling in the battery electrolyte plays an important role in the stretchability
and deformability of the polymer binders. Finally, cell testing of the PProDOT-CBS polymers
with NCA cathodes aligned well with the electrochemical and mechanical studies, where 10%
T-6-T displayed the highest retention in capacity after 300 cycles, attributed to its highest
crack onset strain. Rate capability measurements proved that higher electronic conductivity is
favored over mechanical properties during high rates of discharge as observed in the case of
5% T-8-T exhibiting the highest capacity retention at a high discharge rate of 8C. This work
illustrates that strategic introduction of CBS units into conjugated polymer binders is a viable
method for generation of stretchable conductive polymer binders for emerging high-capacity

electrodes in LIBs.

INTRODUCTION:

Lithium-ion batteries (LIBs) have gained tremendous attention in the world market over the

last few decades to meet global energy demands for consumer electronics, portable electronic



devices, and electric vehicles (EVs), owing to their high-energy and power density, high
efficiency, long cycle life, light weight and portability compared to first-generation batteries.!
Development of high-capacity materials for high-theoretical capacity of electrochemical
lithiation has been on the rise to enhance the energy density of the current electrode materials
and are at present reaching their theoretical limits.2 However, both high-voltage cathodes such
as LiMn2Os and high-capacity anodes like Silicon (Si) undergo huge volumetric expansion and
contraction under repeated lithiation/delithiation (cycling), leading to electrode fracture.3*
Typically, nanoscale carbon additives and a polymer binder (usually polyvinylidene fluoride,
PVDF) are integrated into the composite electrode structure to maintain a network that
electrically and mechanically connects the individual active material particles. Rupture of such
composite electrodes on cycling causes the active material particles to detach from the polymer
binder-carbon network, thus leading to capacity fade on subsequent cycles. Hence,
establishing an intimate contact between the individual components of the composite

electrode is key to maintaining electrochemical activity and contribution to overall capacity.

Numerous strategies have been developed to mitigate the mechanical degradation of LIB
electrodes, arising from their continuous expansion and contraction during the repeated
lithiation/delithiation process. These include design of composite electrode formulations,>”
dimensional reduction of active materials,?1° 3D architectures''"!* and controlling the overall
electrode morphology and microstructure.'*'® However, while such approaches have been

successful in leveraging electronic and ionic charge transport and minimization of cracking



and pulverization of high-capacity electrodes, they are nevertheless limited by issues such as
reduced content of active materials, low volumetric energy density, processing complexity and
expensive synthetic routes. Recently polymer binders, typically an inactive component in
LIBs, have gained importance in impacting the overall performance of LIBs.'”'® Weak van der
Waals binding forces and the electrically insulating nature of the commonly used PVDF, have
resulted in limited adhesive strength, and poor flexibility and elasticity, thereby failing to
suffice as a promising polymer binder for emerging high-capacity and high-energy density
electrodes which undergo huge volume expansion and contraction during charge/discharge
cycles.’? In this regard, natural, water-soluble binders such as carboxymethyl chitosan
(CMC), alginate (Alg), guar gum (GG), gum Arabic (GA) and synthetic binders such as
poly(acrylic acid) (PAA), polyamide imide (PAI), poly(vinyl alcohol) (PVA) have been widely
investigated, owing to their higher tensile strength and superior mechanical properties in
comparison to PVDF.2!?2 Such polymers containing carboxylate, hydroxyl, acetyl, imide or
ester type polar functional groups bestow flexibility and elastomeric properties to high-
capacity electrodes, leading to electrode structural stability and enhancement in long-term
cycling.”® However, these binders are limited by their poor electronic conductivity resulting
in loss of electrical contact during volume expansion and contraction of electrodes. Hence,
conductive polymer binders with n-conjugated backbones have gained significant attention in

the last decade, leveraging electronic conductivity alongside mechanical adhesion.?*%



Simultaneous conduction of electrons and Li* ions is an important criteria for maintaining
charge transport pathways in a battery environment, which ultimately impacts its rate
capability and cycle life.?6?” Such mixed conduction in polymer binders is typically achieved
via multicomponent heterogenous blends of electron and ion conducting polymers,”- block
copolymers® -3 and single-component mixed electron and Li* ion conducting polymers.?*3* In
order to alleviate the structural degradation of high-capacity composite electrodes without loss
of electronic conduction, stretchable and ductile conductive polymer binders are desired. A
notable amount of research has been done in this area in the recent past, especially for Si
anodes in LIBs.?3537 Most of the reported literature that addresses mechanical properties of
conductive polymer binders in LIBs include multicomponent composite binders,”®3” 3D
nanostructured conductive polymer gels,?% crosslinked networks and self-healing polymers
for attaining a robust electrode architecture.®**? For example, Wang et al reported a
stretchable conductive glue (CG) polymer for Si anodes, exhibiting stretchability up to 400%
without any loss of conductivity and mechanical integrity, thereby withstanding the large
volume change of Si nanoparticles during continuous cycling.?? The CG possessing high
mechanical ductility and high conductivity at large strains is obtained by cross-linking p-
sorbitol and vinyl acetate-acrylic (VAA) onto the electrically conducting polymer poly(3,4-
ethylenedioxythiophene):polystyrene sulfonate (PEDOT:PSS). The CG facilitated the stable
growth of solid electrolyte interphase (SEI), resulting in high coulombic efficiency. This work
led to a high achievable areal capacity of 5.13 mA h cm at a high mass loading of 2 mg cm™

for Si-CG composite anode. Recently, Kim et al also used PEDOT:PSS for generating a



hierarchically structured conductive polymer binder along with silver (Ag) nanowires for Si
anodes in LIBs.?” In their work, composites of PEDOT:PSS and poly(vinyl alcohol) (PVA) were
mixed with poly(ethylene glycol) (PEG) and poly(ethylene oxide) (PEO) to generate
hierarchical structures on account of different chain lengths of PEG and PEO. Through H-
bonding and crosslinking, the resulting binder (5-P) when used with Si anodes demonstrated
higher electrical conductivity (40 %) and stretchability (60 %) in comparison to PEG or PEO,
resulting in high battery performance. Furthermore, addition of AgNW to the binder led to
superior adhesion with the current collector, faster electron transport and buffer space for
volume expansion. Hence, the highest specific capacity for Si anodes was achieved after 100
cycles when the binder was used with AgNW (Si/5-P/AgNW) compared to Si/5-P and Si-CMC

electrodes.

While the above reports on stretchable conductive polymer binders showcase the
maintenance of high conductivity at large strains for high-capacity electrodes like Si anodes,
these binders are mostly multi-component systems, which reduces the overall percentage of
active material loading. Additionally, most of the mechanical investigations on conductive
polymer binders have been demonstrated on films derived from colloidal aqueous suspensions
such as PEDOT:PSS.# Although aqueous processing of such heterogenous blends is sustainable,
their film-forming ability is poor compared to homogenous systems.* This calls for a more
general chemical design strategy for intrinsically stretchable conductive polymer binders for

electrodes in LIBs, which are single-component homogenous systems that can be applied



across all cathodes and anodes in LIBs. Despite the inherent competition between mechanical
deformability and electronic charge transport®# in conjugated polymers, a number of
strategies have been adopted as promising pathways for co-optimization of intrinsic
deformability and electronic performance. These include polymer blending of rigid conjugated
polymers with soft, deformable elastomers*>! and intrinsically stretchable conjugated
polymers such as block copolymers with hard and soft building blocks;*> employing
conjugation break spacers (CBS) in random copolymers;**>* adopting long, flexible side chains
on the conjugated backbone;*** and utilization of self-healing and crosslinking moieties,
among others.””>° Additionally, morphological control and thin-film microstructure also play
a key role in evaluation of charge transport and mechanical deformability, where percolation
morphology, solution aggregation, tie chain effects and film formation dynamics play a big role

in overall electrical and mechanical properties of conjugated polymer films.#

Incorporation of conjugation break spacers in m-conjugated backbones has recently been a
popular approach to induce stretchability in conjugated polymers for diverse applications.®-63
Conjugation break spacers are electrically insulating and generally aliphatic spacers
incorporated between m-conjugated segments, providing unique control over mechanical
properties and material processing without impeding semiconducting ability.¢#®> CBS units act
as “flexible linkers” disrupting the continuous conjugation of m-conjugated polymers adding
conformational freedom or randomness to the otherwise rigid backbone. This “flexible linker”

approach has provided insight into the nature of inter and intramolecular charge transport in



semiconducting polymers.®® However, to date, no conductive polymer binders with CBS units

have been reported with a goal of inducing stretchability to the overall binder system in LIBs.

Recently, we reported the use of the known polymer dihexyl-substituted poly(3,4-
propylenedioxythiophene) (PProDOT-Hx) as an electrochemically stable, dual electron and
Li* ion conducting polymer binder exhibiting excellent performance for LiNiosCoo.15Al0.0502
(NCA) cathodes.?*” To maximize mixed conduction, the ionic conductivity of PProDOT-Hx
was further enhanced by replacing hexyl (Hex) side chains to varying extents with oligoether
(OE) side chains, generating a family of synthetically tunable, electrochemically stable,
random copolymers (Hex:OE) PProDOTs, allowing fine-tuning of electronic and ionic
conductivity.? Having established PProDOTs as effective dual electron and Li* ion conductive
cathode binder for LIBs, the next step for advanced polymer binder design is to induce
flexibility and stretchability for application in emerging high-capacity electrodes. Hence, we
directed our efforts to incorporate conjugation break spacers as flexible linkers in our
previously reported PProDOT-Hx2 backbone and evaluated the impact on electrochemical,

morphological and mechanical properties of the resulting binders.



Hex H Hex Pd(OAc),(2mole%) o0  Hex

ex ex
OI)Q\O A\ i\ OI)SO K,CO;, NDA ORQ\O PProDOT-CBS
+ Brl;>}¢li}\m + —_—
HMH ) Brﬂ—Br /) s S
s s ST\ W
(CPME + DMA) (1:1), 0.04 M

H

X=6,8,10

70°C, 48 hrs
X=6,8,10
(m : n) = (0.95 : 0.05) (5% T-X-T)
(0.90 : 0.10) (10% T-X-T)

(0.80 : 0.20) (20% T-X-T)

Figure 1. Synthesis of PProDOT-CBS Random Copolymers using Direct Arylation

Polymerization (DArP).

Here we explore a family of nine random copolymers based on PProDOT-Hx:, where bis-
thiophene-CBS units (T-X-T) of varying spacer lengths (X = 6, 8, 10 methylene -(CHz2)- units)
have been incorporated to varying extents (5%, 10%, 20%), via a random copolymerization
strategy, generating a series of random copolymers (PProDOT-CBS) (Fig. 1). The individual
PProDOT-CBS polymers are named by the spacer length of the CBS unit and their percentage
incorporation. For example, the 5% T-8-T polymer has a T-8-T spacer incorporated randomly
in the PProDOT-Hx: backbone and comprises only 5% of the total monomer composition. A
thorough experimental study of the resulting family of nine random copolymers has been
demonstrated in this work to investigate the role of CBS incorporation on the electrochemical,
mechanical and morphological properties of the polymers and for their ultimate application as

conductive cathode binders for NCA cathodes compared to our previously reported PProDOT-
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Hx: binder. Through electrochemical investigation, conductivity studies and morphological
characterization, three out of the nine polymers (5% T-6-T, 5% T-8-T, and 10% T-6-T) were
found suitable for cathode binder applications and were further explored for mechanical
properties and battery performance. We observe that inclusion of CBS units indeed makes the
PProDOT-Hx2 backbone more ductile, which is evident in the long-term cycling performance
and mechanical measurements. While the electronic conductivity decreases with increasing
CBS length and percentage incorporation, judicious introduction of the CBS polymers leads to
co-optimization of electronic conductivity and mechanical deformability, as clearly observed

in the rate capability performance with NCA electrodes.

RESULTS AND DISCUSSIONS:

Synthesis of PProDOT-CBS Random Copolymers Using DArP:

PProDOT-CBS random copolymers were synthesized using the sustainable method of direct
arylation polymerization (DArP) by modifying our previously reported condition (Fig. 1).%¢
We have incorporated CBS units (T-X-T) of varying spacer length (X = 6, 8, 10) and varying
content (5%, 10% and 20%) into our previously reported PProDOT-Hx: backbone3* via a
random copolymerization strategy. Tuning the spacer length and content resulted in a family

of nine PProDOT-CBS polymers (Table S1). This is also the first report of introduction of CBS
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units into a conjugated polymer backbone via DArP. All nine polymers were found to be
insoluble in the battery electrolyte (EC/DMC 1:1) and were synthesized in good yield and
molecular weight (13.2 — 37.2 kDa) (Table S1). Proton nuclear magnetic resonance
spectroscopy (‘H NMR) (Fig. S4-S15) supports a close match between monomer feed ratio and
polymer composition. All 'H NMR spectra, gel permeation chromatography (GPC) traces of
all the polymers (Fig. S16-S24) and details regarding the synthesis of monomers and polymers

(Scheme S1-S3) can be found in the Supporting Information.

Electrochemical Properties of PProDOT-CBS Random Copolymers

To examine the effectiveness of the synthesized random copolymers as potential binders in
LIB cathodes, their electrochemical thin-film behavior was first examined in a three-electrode
cell with 1M bis-(trifluoromethane)sulfonimide lithium salt (LiTFSI) in ethylene
carbonate/dimethyl carbonate (EC/DMC) as the electrolyte and Li foil as the reference and
counter electrodes. All measurements were performed inside an argon glovebox and initial CV
curves were collected at a scan rate of 50 mV s! between 2.8 and 4.1 V vs Li/Li*. The initial

CV curves of the T-6-T copolymer family are shown in Fig. 2.
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Figure 2. Initial CV data for (a) 5%, (b) 10%, and (c) 20% T-6-T in the potential range of

3-4.2 V at a scan rate of 50 mV s for cycles 1-5.

In the first cycle, and oxidation peak appears at 3.51 V vs Li/Li* for 5% T-6-T, 3.47 V for 10%
T-6-T, and 3.59 V for 20% T-6-T (Fig. 2a-c). In subsequent cycles, the oxidation peak shifts to
3.35V,3.31V,and 3.46 V for 5%, 10%, and 20% T-6-T, respectively. A second oxidation peak
also appears at 3.85 V and 3.87 V for 5% and 10% T-6-T. For all cycles, there is a first reduction

peak at 3.17 V and an additional reduction peak at 3.70 and 3.74 V for 5% and 10% T-6-T,
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respectively. Interestingly, only a very broad oxidation peak is seen for 20% T-6-T along with
2 broad overlapping reduction peaks at 3.31 and 3.48 V vs Li/Li* (Fig. 2c). Similar redox peak
shapes were observed for the T-8-T copolymer family (Fig. S25a-c), but with somewhat
broader peaks. For the T-10-T family, the first cycle shows several oxidation peaks starting at
3.45 V. With subsequent cycles, however, the expected two oxidation peaks appear at 3.33 V
and 3.84 V, and two reduction peaks are seen at 3.15 V and 3.84 V vs Li/Li*, respectively, for
the 5% and 10% T-10-T polymers (Fig. S26a-c). For 20% T-10-T, a significant loss in capacity
in subsequent cycles were observed suggesting that doping is not electrochemically reversible
(Fig. S26c). Overall, this data suggests that the electrochemical doping process is highly
reversible for all of the 5% and 10% T-X-T polymers. With the 20% copolymers, it appears
that the non-conjugated segments may be limiting the electrochemical reversibility. It is
interesting to note that the second redox peak around 3.8 V vs. Li/Li* is not present in the first
cycle for any of these polymers. In contrast, this peak is present in pure PProDOT-Hx2 from
the start, suggesting structural rearrangement of the CBS polymers to a more standard

structure upon electrochemical doping.
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Figure 3. CV data for (a) 5%, (b) 10%, and (c) 20% T-6-T at various potential windows at 10

mV s

We expanded the potential window to higher potential to investigate the stable operational
range of the PProDOT-CBS polymers. CV curves were obtained with gradually increasing
potential ranges at 10 mV s!. Fig. 3 shows the obtained CV curves for the T-6-T copolymer
family. The shapes of the redox peaks were maintained for 5% T-6-T and 10% T-6-T when
expanding the range beyond 4.2V up to 4.5V, however significant tailing was observed at

higher voltages, especially when exceeding 4.3V. In contrast, large shifts in the redox peak
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were observed for 20% T-6-T indicating its instability in the wide potential window (Fig. 3c).
The shapes of the redox peaks for 5% T-8-T were retained up to a voltage cutoff of 4.5 V (Fig.
S27a) and only small shifts in the redox peaks were observed when expanding the potential
window for 10% T-8-T (Fig. S7b). CV data for 20% T-8-T showed significant shifts in the
redox peaks suggesting electrochemical instability (Fig. S7c). For the T-10-T copolymer
family, small shifts were observed even at 5% incorporation, as well as a reduction in peak
current as the potential window was opened, suggesting that T-10-T family is less

electrochemically stable (Fig. S28a-b).

To ensure that electrochemical doping and de-doping of the PProDOT-CBS polymer binders
does not limit cathode cycling, we also examined the kinetics of electrochemical doping at
high rates, by a series of CV measurements at various scan rates from 20-100 mV s (Fig. 4,
S29, S30). To quantify the kinetics of polymer doping, we examined the relationship between
the measured current and scan rate where a b value was calculated for each redox peak. A
value of bequal to 0.5 indicates a process controlled by semi-infinite diffusion, while a 5value
close to 1 indicates a non-diffusion controlled or a surface-controlled charge-storage process.
Fig. 4a-c shows that the b values for all redox peaks are above 0.9 for 5% and 10% T-6-T, but
not for the 20% T-6-T. These b values indicate rapid redox processes in the 5% and 10% T-6-
T films, but indicate that degradation is likely interfering with doping kinetics in the 20% T-
6-T material. Similar results were obtained for T-8-T family and for 5% and 10% T-10-T

copolymers (Fig. S29a-c and S30a-b). Such fast kinetics for the electrochemical p-doping of
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the PProDOT-CBS polymers are expected to facilitate rapid electron transport when used as

conductive cathode binders in LIBs.
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Figure 4. CV data for (a) 5%, (b) 10%, and (c) 20% T-6-T at various scan rates, ranging from

20 mV/s to 100 mV/s. The 5% and the 10% T-6-T show decent reversibility and rapid redox

processes, while the 20% does not.

To examine the long-term electrochemical stability of the PProDOT-CBS polymers, they were
continuously cycled between 2.8 V and 4.1 V vs Li/Li* at a scan rate of 10 mV s for 100 cycles.

Fig. 5a and 5b show that a significant fraction of the capacity is retained for 5% T-6-T and
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10% T-6-T after 100 cycles (64 and 59%, respectively). In addition, no major peak shifts were
observed indicating stable electrochemistry. However, we observe a significant drop in
capacity for 20% T-6-T to just 21% after 100 cycles (Fig. S31). The CV data in Fig. 5c shows
that 5% T-8-T retains a high capacity of 61% after 100 cycles. Although 10% T-8-T retains
54% of its initial capacity after 100 cycles (Fig. S32a), peak shifts were observed after 100 cycles
making it electrochemically unstable for long-term cycling. Likewise, 20% T-8-T loses most
of its capacity and is not suitable for long-term cycling (Fig. S32b). The CV data for T-10-T
family (Fig. S33a-b) also shows similar behavior where 5% T-10-T has good capacity retention
after 100 cycles with no significant change in redox peak shapes or positions. On the contrary,
10% T-10-T loses most of its initial capacity and is not suitable for long-term cycling. Thus,
based on our overall electrochemical analysis, from the set of nine PProDOT-CBS polymers,
5% T-6-T, 5% T-8-T, and 10% T-6-T show stability and fast kinetics suitable for use as battery
binders. All the other PProDOT-CBS polymers contain either too much or too long of

conjugation breaks to support electrochemical parameters suitable for battery applications.
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Figure 5. Long-term cycling at 10 mV s! for (a) 5% T-6-T, (b) 10% T-6-T and (c) 5% T-8-T

Electronic and Ionic Conductivity of PProDOT-CBS Random Copolymers

Electronic Conductivity: To investigate the effect of CBS units on the electronic charge
transport of PProDOT-CBS random copolymers, electronic conductivity of the polymer thin
films was measured using electrochemical impedance spectroscopy (EIS) in 1 M LiTFSI in
EC/DMC as a function of electrochemical potential. Conductivity of the polymers was
measured using our previously established method,® that allows simultaneous determination

of electronic and ionic conductivity as a function of electrochemical doping. Fig. 6a shows the

19



electronic conductivity of PProDOT-Hx2 and of all the PProDOT-CBS polymers as a function
of electrode potential aside from 20% T-8-T and 20% T-10-T, which were not
electrochemically active enough to obtain meaningful electronic conductivities. Fig. 6b shows
the electronic conductivity of T-6-T copolymers as an illustration of the impact of increasing
CBS content. At 2.9 V vs Li/Li*, the electronic conductivity of 5% T-6-T is 1.19x10° S cm},
which is 30x lower that PProDOT-Hx2. Upon doping, the electronic conductivity of 5% T-6-
T increases to a maximum of 5x102 S cm™ at 3.3 V. The electronic conductivity slightly
decreases at higher voltages, likely due to increasing bipolaron formation, until reaching 9x10
3Scm™ at 3.7 V, and is then relatively constant above 3.7 V vs Li/Li*. Although a similar trend
is observed with PProDOT-Hx, its electronic conductivity reaches 1.06 S cm™!, “20x higher
than 5% T-6-T. Upon increasing the content of T-6-T even further, the undoped electronic
conductivity drops further to 2x10¢ S cm! and 1x10® S cm? for 10% and 20% T-6-T
respectively. Upon doping, 10% T-6-T reaches a maximum conductivity of 1.9x10* S cm™ at
3.3 V, approximately four orders of magnitude lower than that of PProDOT-Hx.. The
maximum electronic conductivity of 20% T-6-T is another magnitude lower reaching only

2.4x105S cm? at 3.3 V vs Li/Li".
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Figure 6. Electronic conductivities of (a) PProDOT-Hx: and the electrochemically active

PProDOT-CBS random copolymers, (b) 5%, 10%, and 20% T-6-T PProDOT-CBS random

copolymers, demonstrating the effect of increasing CBS incorporation on the electronic

conductivity while keeping the CBS length constant, (c) 5% T-6-T, 5% T-8-T, and 5% T-10-T

PProDOT-CBS random copolymers, demonstrating the effect of increasing CBS length on the

electronic conductivity while keeping the percentage of incorporation constant. Ionic

conductivities of (d) PProDOT-Hx2 and the electrochemically active PProDOT-CBS random
copolymers, (e) 5%, 10%, and 20% T-6-T PProDOT-CBS random copolymers, demonstrating
the effect of increasing CBS incorporation on the ionic conductivity while keeping the CBS
length constant, (f) 5% T-6-T, 5% T-8-T, and 5% T-10-T PProDOT-CBS random copolymers,
demonstrating the effect of increasing CBS length on the ionic conductivity while keeping the

percentage of incorporation constant.

21



A similar trend can be seen with the T-8-T and T-10-T PProDOT-CBS polymers where the
electronic conductivity also decreases with increasing incorporation of CBS units, as shown in
Fig. S34 and Fig. S35 respectively. The maximum electronic conductivity of 5% (2.2 x 103 S
cm!) and 10% T-8-T (3.4 x 10> S cm™) are three and five orders of magnitude lower than
PProDOT-Hx2, and in the T-10-T copolymer family, the decline in electronic conductivity is
even more drastic, as the maximum electronic conductivity of 5% T-10-T is approximately
four orders of magnitude lower than that of PProDOT-Hx, at only 3.2 x10* S cm™'. These
results clearly demonstrate the reduction in electronic charge transport properties of the
PProDOT-CBS copolymers with increasing content of break spacer, a result which agrees well
with the general trend in literature.®* Fig. 6¢ shows the effect on the electronic conductivity
when keeping the percentage of CBS incorporation constant and increasing the break spacer
length. Upon introducing 5% T-6-T, the maximum electronic conductivity drops to 5 x 10~
S/cm from 1.06 S/cm for PProDOT-Hx.. Increasing the chain length to 8 carbons reduces the
maximum electronic conductivity even more to 2.2 x 10 S/cm. The 10-carbon CBS unit, T-
10-T, further reduces the maximum electronic conductivity to 3.3 x 10# S/cm. Overall, we
found that increasing either the incorporated content of CBS units or increasing the length of

the CBS unit decreases the electronic charge transport ability of these conjugated polymers.

lonic Conductivity: Interestingly, although the introduction of CBS units has a significant
effect on the electronic transport properties of the conjugated polymers, the ionic conductivity

as a function of electrochemical doping, shown in Fig. 6d, reveals a smaller impact of CBS
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incorporation on ionic conductivity relative to PProDOT-Hx.. This can be explained by the
fact that introduction of non-polar CBS spacers should not significantly change the ion-affinity
or solvent swelling of the resulting PProDOT-CBS polymers. However, as shown in Fig. 6e,
Fig. 6f and Table S2, just like the electronic conductivity, but at a much lesser extent,
increasing either the incorporated amount of CBS units or increasing the length of the CBS
units decreases the ionic conductivity. The 5% T-6-T has the highest ionic conductivity of the
PProDOT-CBS polymers, and increasing either the length or incorporation leads to lower ion
transport ability in these conjugated polymers. This likely arises for two reasons. First, the
propylenedioxy group is polar and thus plays a meaningful role in coordinating Li* in the film,
facilitating ion transport.® In addition, solvent swelling is very important for Li* transport.
The CBS segments cannot be doped, and when the polymer backbone is doped, it becomes
more polar, facilitating solvent swelling, and this effect helps give rise to the large increase in
ionic conductivity observed upon electrochemical doping in Fig. 6d-f. Since doping cannot
occur in the break-spacer regime of the PProDOT-CBS polymers, solvent swelling and ionic
conductivity are both expected to be lower. However, it is worth mentioning that the 5% T-
10-T polymer has a slightly increased ionic conductivity compared to 5% T-8-T (Table S2),
but the fact remains that 5% T-6-T has the highest ionic conductivity of the series and ionic

conductivity decreases by either increasing CBS length or incorporation.

Morphological Investigation of PProDOT-CBS Random Copolymers upon Electrochemical

Doping
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To understand the effect of CBS unit incorporation into the PProDOT-Hx: backbone
on the resulting PProDOT-CBS copolymers, in both the neutral and electrochemically doped
forms, we performed grazing incidence wide-angle X-ray scattering (GIWAXS) to probe the
morphology of the polymers. GIWAXS is a scattering technique used to provide information
about the atomic and molecular distances in polymer crystallites and their orientation with
respect to the substrate. GIWAXS allows us to examine structural differences between the
PProDOT-CBS family and pure PProDOT-Hx2, in both doped and undoped forms.?3* Similar
to what we have observed in our previous studies,” all of the PProDOT-CBS polymers are
quite disordered as deposited, characterized only by a lamellar (100) peak at ~0.4 A" and a -
stacking (010) peak at ~1.4 A1, While the lamellar peak corresponds to the side chain spacing
between the polymer chains, the m-stacking peak is correlated to the distance between

polymer chains along the lattice vector closest to the m-stacking direction.

Fig. 7a shows the normalized fully integrated GIWAXS diffractograms of the three best
electrochemically behaved polymers: 5% T-6-T (red), 10% T-6-T (purple) and 5% T-8-T
(blue), all compared to PProDOT-Hx: (black). All of the diffraction patterns are normalized to
their respective (020) m-stacking peaks. In literature, the m-stacking peak is often referred to
as the (010) diffraction peak, but based on the unit cell symmetry, it should be referred to as
the (020) instead.”®’! The neutral polymers are all fairly similar, shown by their similar 2D
diffractograms in Figure S36a. The undoped T-6-T polymers have similar guoo) at ~0.40 A (d-

spacing = 15.7 A), while the T-8-T polymer has a guoo) location of 0.36 A (d-spacing = 17.5 A),

24



showing that the break-spacer length has a slight effect on the lamellar distance of the
polymer. Additionally, the 5% and 10% T-6-T also have similar FWHM, while the 5% T-8-T
polymer has a wider FWHM. The FWHM of a diffraction peak can be used to calculate the
coherence length (Z) and/or the paracrystallinity disorder parameter (g), depending on the
assumptions made. Coherence length can be calculated using the Scherrer equation, with the
assumption that only crystallite size broadens the diffraction peaks. For semicrystalline
materials, like conjugated polymers, however, paracrystalline disorder, amongst other
microstructural distortions, can dominate peak broadening.”? The quality of our diffraction
data is not sufficient so separate these two broadening mechanisms, but values can be readily
calculated under the assumption that either effect dominates the peak broadening, as shown
in Fig. S36b. In general, with increasing CBS length or incorporation, L decreases or g
increases. Together, the changes in Z and g show that increasing CBS length or incorporation
leads to more disordered polymers. The trends in these values are most likely due to the longer
conjugated break-spacer units and the fact that sp® carbons are much less rigid than the sp?
carbons in a conjugated system.” Upon doping, L increases or g decreases in all cases, but the
changes in £ and gare the largest in the 5% T-6-T, confirming that the 5% T-6-T polymer has

the largest increase in structural ordering upon electrochemical doping.

Electrochemical doping of the PProDOT-CBS copolymers was carried out in a three-
neck cell, where Li metal was the counter and the reference electrodes, and the polymer on

Al-back-coated Si was the working electrode. The electrolyte consisted of 1 M LiTFSI in
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EC:DMC (1:1) (v/v). When electrochemically doped, the TFSI- anion acts as the counterion to
balance the polaronic charge within the polymer film. Fig. 7b shows 5% T-6-T (red trace), 5%
T-8-T (blue trace), and 10% T-6-T (purple trace) when doped at 3.2 V vs. Li/Li*. At this
potential, the dominant charged species are polarons. Previous work from our group has
established that the crystallinity of PProDOTs increases dramatically upon electrochemical
doping. Comparing all three polymers, the polymers with 5% CBS incorporated show larger
increases in crystallinity upon electrochemical doping than the sample with 10% CBS. Within
the 5% CBS polymers, the polymer with the shortest CBS unit, the 5% T-6-T, showed that

largest increase in crystallinity upon electrochemical doping.

The GIWAXS patterns displayed in Fig. 7c-e show the three best performing CBS
polymers, this time comparing the neutral, undoped diffraction pattern with patterns collected
at multiple potentials to observe the evolution of structure with increasing doping level. Poorly
crystalline materials tend to be poor conductors, and while the PProDOT-CBS polymers all
start out rather amorphous, they all become more crystalline with electrochemical doping and
stay more crystalline throughout the entire potential window of a cathode electrode.
Specifically, upon doping at the lowest potentials, when polarons are the dominant charge
species (3.2 vs. Li/Li*, lightest gray trace in Figures 7c-7e), the qioo peak shifts to lower position
(larger size) as the structure rearranges to accommodate the TFSI" anion in the polymer matrix.
When doped, the 5% T-6-T and 5% T-8-T polymers shift to the same location for the gioo at

0.32 (d-spacing = 19.6 A), while the 10% T-6-T shifts to the g at 0.34 (d-spacing =18.5 A).
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Finally, Fig. 7f shows only the lamellar peak progression of the three PProDOT-CBS polymers
doped to different potentials on the same y-axis to further demonstrate that the PProDOT-
CBS polymer with the shortest and smallest incorporation of CBS units is best able to
crystallize upon doping. Increasing percentage incorporation of CBS units disrupts the m-
conjugation, resulting in a loss of crystallinity and thereby a decline in conductivity (Fig. 6a).
The enhanced conformational randomness is also evident in their lower tensile modulus and
higher crack onset strain, discussed in the following section. Furthermore, keeping the
percentage incorporation of spacer constant at 5% and increasing the spacer length from 6 to
eight carbons also resulted in similar property changes. Overall, the final crystallinity after
doping, as reflected in the GIWAXS peak intensity (Fig. 7f), correlates quite well with both
the electronic conductivity data of the PProDOT-CBS polymers (Fig. 6) and mechanical
measurements (Fig. 8 and Fig. 9), where we see that more crystalline materials are better
electronic conductors, but less crystalline materials in general tend to be more ductile. We
note, however, that in addition to different fractions and lengths of break spacers, there is
another structural difference, which is the fact that the M of the polymers are not all the
same. In particular, the 5% T-6-T polymer, which shows the largest increase in crystallinity
upon electrochemical doping, is also the polymer with the highest Mn (37.2 kDa compared to
16 kDa and 15.9 kDa for 10% T-6-T and 5% T-8-T, respectively, and 17.4 kDa for ProDOT-
Hx2). The higher molecular weight is not likely to be a dominant factor in the observed changes

in crystallinity, as it is lower M that typically leads to more crystalline polymers,’+” but the
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molecular weight differences can have a significant effect on the mechanical properties, as

discussed in the next section.
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Figure 7. Radial integrations of a) neutral polymers, comparing PProDOT-Hx: to the

PProDOT-CBS copolymers, with all patterns normalized to the m-stacking peak height, b) the

28



PProDOT-CBS copolymers doped at 3.2 V vs. Li/Li*, ¢) 5% T-6-T doped at 3.2 V (polaron), 3.4
V (bipolaron) and 3.8 V vs. Li/Li*, d) 10% T-6-T doped at 3.2 V (polaron), 3.4 V (bipolaron)
and 3.8 V vs. Li/Li*, and e) 5% T-8-T doped at 3.2 V (polaron), 3.4 V (bipolaron) and 3.8 V vs.
Li/Li* . f) Direct comparison of the intensity changes in the (100) lamellar peak with doping

for the three best performing PProDOT-CBS copolymers.

Investigation of Mechanical Properties of PProDOT-CBS Random Copolymers

Due to the observed superior electrochemical reversibility, 5% T-6-T, 10% T-6-T and 5% T-
8-T, were also selected for mechanical and cell testing. To analyze the effect of incorporating
CBS units into the PProDOT-Hx2 backbone on the mechanical properties of the resulting
PProDOT-CBS copolymers, we utilized the established “film-on-water” method, developed by
Kim et al’® We have also developed a related method that we call the “film-on-solvent”
method, wherein the film is floated on the solvent used to make the battery electrolytes
(EC/DMC in this case), instead of water to better mimic the environment inside a lithium ion
battery, where the polymer binder is swollen by the electrolyte. The film-on-water method is
a standardized pull test method measuring the intrinsic mechanical properties of freestanding
films, which enables the generation of stress-strain curve that can be used to extract
mechanical parameters such as the tensile (Young’s) modulus (E), extensibility or crack-onset

strain (COS), and ultimate tensile strength (UTS), among others (Fig. S37a-d).
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(a) (b) 5% T-6-T

Linear stage

Load cell

Water bath

Figure 8. (a) The tensile testing system consisting of a load cell, a linear stage and water
water/solvent bath on an anti-vibration table. Adapt with permission from reference XX (b)
Optical image of a representative strained PProDOT-CBS polymer film. (c) Optical image of

the representative strained PProDOT-CBS polymer film at failure.

Fig. 8a shows the set up for the tensile testing system, where a thin film of conducting
polymer is floated on water and gradually stretched until it breaks (Fig. 8b and 8c).
Additionally, for our newly developed film-on-solvent technique, we could also measure the
mechanical properties of polymer thin films on top of electrolyte-mimic solution. In this case,
the polymer thin film was first floated on water, followed by fast transfer to the solvent surface.
We performed both of these experiments on the selected polymers, 5% T-6-T, 10% T-6-T, and
5% T-8-T, along with the fully conjugated reference polymer, PProDOT-Hx: (Fig. S38a-d and

$39a-d).
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Figure 9. (a) Comparison of Stress-Strain curves for 5% T-6-T, 10% T-6-T, 5% T-8-T, and
PProDOT-Hx: obtained using the film-on-water and film-on-solvent methodologies. (b)
Hysteresis behavior of 5% T-6-T polymer film on water and (c) on solvent (EC/DMC 1:1). (d)

Comparison of hysteresis behavior of 5% T-6-T polymer film on water and on solvent

(EC/DMC 1:1).

Alow value of Young’s Modulus (E) and a high value of Crack Onset Strain (COS) are generally
desired for a polymer to be stretchable or deformable, although this is not true always.”” From
the film-on-water data in Fig. 9a and Table 1, we observe that all three polymers have
significantly higher COS (12-24%) compared to the fully conjugated PProDOT-Hx: (3.2%) and

two of the three CBS polymers have lower modulus. This suggests that incorporation of CBS
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units into the PProDOT backbone along with the random architecture, can induce ductility to
the resulting polymers. The higher modulus observed for 5% T-6-T compared to PProDOT-
Hx> can be understood by remembering that the mechanical properties of polymer thin films
are strongly dependent on the solid-state packing structure and not by the
molecular/monomer structure alone.”’”® Hence, stiffness of polymer thin film cannot be
exactly correlated to the chain stiffness or CBS fraction alone. Indeed, more ordered packing
in the polymer thin film can produce greater stiffness and brittleness despite increased
flexibility of the polymer backbone due to higher content of CBS incorporation,® and higher
M: polymer can improve the COS due to more chain entanglement.”#° These two effects
explain the mechanical behavior of the 5% T-6-T polymer, where E (5% T-6-T) > E
(PProDOT-Hx2), even though COS (5% T-6-T) > COS (PProDOT-Hx:). In the case of 5% T-6-
T, its higher molecular weight (Mn = 37.2 kDa) compared to 13.2-19.3 kDa for the rest of the
PProDOT-CBS copolymers (Table S1) and 17.4 kDa for PProDOT-Hx can contribute to both
higher rigidity and higher strain at failure, because higher M. polymers create a more

interconnected network.
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Table 1. Young’s Modulus (E) and Crack Onset Strain (COS) of 5% T-6-T, 10% T-6-T, 5% T-

8-T and PProDOT-Hx: obtained using both film-on-water and film-on-solvent (EC/DMC)

methodologies.

Film-On- Film-On- Film-On- Film-On-

Water Water Solvent Solvent
Polymers E (MPa) COS (%) E (MPa) COS (%)
PProDOT-Hx: 858 = 15 32 + 0.6 434 + 60 84+ 15

5% T-6-T 980 + 50 123 479 & 34 42 £ 6

5% T-8-T 849 =5 13 £2 398 * 24 19 =9

10% T-6-T 784 * 41 24 £5 420 = 25 56 £ 17

The trend within the three PProDOT-CBS polymers aligns very well with the trend previously
reported in the literature where tensile modulus and ductility not only depends on molecular
flexibility but also on the solid-state packing structure.®> By keeping the percentage

incorporation of CBS unit constant and increasing the spacer length from 6 to 8 carbons i.e.,
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moving from 5% T-6-T to 5% T-8-T, the tensile modulus, E, was found to decrease by ~13.4%,
while the COS increases by "13%. A similar trend was observed upon increasing the spacer
content from 5% to 10% while keeping the spacer length constant at 6 carbons i.e., from 5%
T-6-T to 10% T-6-T; in this case, E decreased by ™ 20% and the COS more than double its
value (T 108% increase). This demonstrates that both higher content and increased length of
CBS leads to a higher degree of ductility. We note that the order of magnitude of the tensile
modulus of all the copolymers matches well with those of previously reported CBS copolymers

(< 1 GPa).

For the PProDOT-CBS copolymers to be used as stretchable, conductive cathode binders in
LIBs, the polymers are required to be immersed in the battery electrolyte, which is usually a
mixture of polar organic solvents such as EC/DMC. Polymer binders almost always swell to
some extent in the battery electrolyte, and such solvent-induced swelling plays a key role in
the optimization of electronic and ionic conductivity in LIBs.?¢ This motivated us to investigate
the trend in mechanical properties of thin films of PProDOT-CBS copolymers when floated
on typical battery solvents, such as EC/DMC so as to understand the effect of solvent-induced
swelling on their mechanical deformability and ductility. Indeed, we observed dramatic
changes in the mechanical properties of 5% T-6-T, 10% T-6-T, 5% T-8-T and PProDOT-Hx>
using the film-on-solvent method as compared to the film-on-water method. The film-on-
solvent data in Fig. 9a and Table 1 clearly shows that all of the films have lower modulus and

higher COS when swollen with organic solvent comparted to the same films on water.
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PProDOT-Hx2 showed a decrease in E from 858 MPa to 434 MPa and an increase in COS from
3.2% to 8.4%. Two out of the three PProDOT-CBS copolymers (5% T-8-T and 10% T-6-T)
have both lower E and higher COS compared to PProDOT-Hx2. The 5% T-6-T is again an
exception, where E is higher than that of PProDOT-Hx: likely due to the higher Mx of 5% T-
6-T and a more ordered packing in polymer thin film as described previously. However, the
COS of the 5% T-6-T film is much higher than PProDOT-Hx2 (42% vs. 8.4%). Overall, the
data suggest increased mechanical ductility and softness of the polymers in battery electrolyte,

which can be ascribed to swelling of the polymer films by the organic solvent.

There is a noteworthy difference between the PProDOT-CBS polymers measured on water
versus EC/DMC. Keeping CBS content fixed and increasing the CBS spacer length from 6 to 8
carbons, we observed that E (5% T-8-T) < E (5% T-6-T) for both solvents, but the failure strains
(COS) were similar when measured on water, but very different when measured on organic
solvent, with the 5% T-6-T showing a 2x higher value than the 5% T-8-T when measured on
EC/DMC. E is a property of the elastic regime and COS is the strain at failure in the plastic
regime of a stress-strain curve. We propose that this difference arises from the fact that
increasing the spacer length from 6 to 8 carbons with insulating, non-polar alkyl chains should
reduce the solvent swelling, thereby reducing the extensibility of the polymer in EC/DMC
solvent. On the other hand, keeping the CBS spacer length constant and increasing the content
from 5% to 10%, we observe that the trend is as expected, where E (10% T-6-T) < E (5% T-6-

T) and COS (10% T-6-T) > COS (5% T-6-T). Interestingly, comparing film-on-water data with
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film-on-solvent data, the enhancement in COS value observed for PProDOT-Hx2is ~ 2.6 times,

5% T-6-T is ~ 3.6 times, 5% T-8-T is 7 1.4 times and 10% T-6-T is ~ 2.3 times.

The hysteresis behavior of PProDOT-CBS polymers was also studied on both water (Fig. 9b)
and on solvent (EC/DMC 1:1) to mimic the electrolyte used in batteries, but without added
salt (Fig. 9c) using 5% T-6-T for representative analysis, and hysteresis comparison of these
two conditions is shown in Fig. 9d. The 5% T-6-T thin film showed higher hysteresis on
solvent compared to on water, which is attributed to the higher swelling effect of 5% T-6-T in
EC/DMC relative to water. This means that solvent has a more plasticizing effect on the
polymer than water. In other words, PProDOT-CBS polymers are not elastic but rather plastic
or more deformable. This aligns well with what we have observed in the stress-strain curves
of these polymers characterized by a longer plastic regime and a smaller elastic regime. These
results demonstrate that solvent in battery electrolyte plays an important role in the

mechanical properties of polymer binders in LIBs.

Electrochemical Cycling of NCA Cathodes Using PProDOT-CBS as Polymer Binders
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Figure 10. Long-term cycling and rate capability testing of the Li-NCA-PProDOT-CBS

electrodes. (a) Specific capacity as a function of cycle number at constant charge/discharge rate
of 1C and (b) Rate capability testing for the Li-NCA-5% T-6-T, Li-NCA-5% T-8-T, Li-NCA-
10% T-6-T, Li-NCA-PProDOT-Hx, and Li-NCA-PVDF cells with a cathode mass composition
of 90% NCA, 3% binder, and 7% carbon. Two formation cycles at C/20 were carried out before

testing.

To investigate the efficiency of the PProDOT-CBS polymers as stretchable conductive cathode
binders for LIBs, NCA cathodes employing 5% T-6-T, 5% T-8-T, 10% T-6-T as binders were

cycled and compared against the fully conjugated reference PProDOT-Hx: and non-
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conjugated PVDF. From the long-term cycling studies (Fig. 10a), we notice that when the
electrodes are cycled at 1C for more than 300 cycles, all the PProDOT-CBS polymers and
PProDOT-Hx: retain much higher capacity as compared to PVDF. Furthermore, 10% T-6-T
and 5% T-8-T retain higher capacity compared to PProDOT-Hx: which is attributed to the
higher COS and lower E values compared to PProDOT-Hx: (Fig. 9a and Table 1), providing
improved ductility. This clearly demonstrates the effect of CBS incorporation on the
mechanical properties of polymer binders impacting their cycle life. The highest capacity
retention of 10% T-6-T after 300 cycles aligns well with its highest COS of 56% (film-on-

solvent) and therefore highest extensibility among the copolymer series.

To determine the discharge rate-capability, the electrode cells were charged at C/20 (two
formation cycles), followed by discharging at various rates ranging from C/5 to 8C (Fig. 10b).
We observed that in general, while all the conductive polymers have higher capacity retention
at high rate compared to PVDF, polymers with higher electronic conductivity namely,
PProDOT-Hxz, 5% T-6-T and 5% T-8-T (Fig. 6¢) displayed higher capacity retention at high
rates of discharge (2C to 8C). PProDOT-Hx: consistently outperformed the PProDOT-CBS
copolymers up to 6C owing to the highest electronic conductivity among all the polymers. The
10% T-6-T polymer showed the worst high-rate performance due to its poor electronic
conductivity (Fig. 6¢), which likely results from disruption of conjugation along the PProDOT
backbone. This data suggests that there is a trade-off between stability and rate capability, and

that co-optimization of electronic and mechanical properties is possible via strategic
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introduction of conjugation break spacers, ultimately resulting in overall superior
electrochemical performance. We conclude that while higher COS or extensibility and lower
tensile modulus (E) plays a major role in long-term cycling stability, rate capability of
composite electrodes depends on the effectiveness of electronic and ionic charge transport and
hence on the conductivity of the polymer binders. For this study, these two values are best
optimized in the 5% T-8-T polymer. A plot of the real part of the impedance response (Zre)
against frequency, galvanostatic charge-discharge curves for Fig. 10a, corresponding
galvanostatic charge-discharge curves for Fig. 10b, and Nyquist plots as function of SOC in the
first cycle after formation and after 400 cycles can all be found in the supporting information

(Fig. S40-S44).

CONCLUSIONS:

A family of nine PProDOT-CBS random copolymers were synthesized via direct arylation
polymerization (DArP), where conjugation break spacers (CBS, T-X-T) of varying spacer
length (X = 6, 8, 10) and varying content (5%, 10% and 20%) were introduced into the
conjugated PProDOT-Hx2 backbone to induce deformability to the resulting polymers, for use
as stretchable, conductive cathode binders in LIBs. This is also the first report where CBS
containing polymers have been synthesized via DArP. All nine copolymers were found to be
insoluble in battery electrolyte and were investigated for their electrochemical and
morphological properties and analyzed relative to the fully conjugated reference polymer

PProDOT-Hx. Electrochemical studies revealed that three out of the nine PProDOT-CBS
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random copolymers i.e., 5% T-6-T, 5% T-8-T and 10% T-6-T showed good electrochemical
reversibility and stability after 100 cycles. Their rapid kinetics and the high electrochemical
reversibility of the doping process up to 100 mV s is facilitated by fast electron and ion

transport, making these polymers suitable for conductive cathode binder for use in LIBs.

Electronic and ionic conductivity of all the PProDOT-CBS random copolymers aligned well
with GIWAXS studies. While all polymers become more crystalline upon electrochemical
doping, the extent of increase varied with the length and fraction of CBS incorporated. Using
the intensity of the (100) lamellar diffraction peak to quantify the crystallinity, we found that
the crystallinity of the doped polymers decreased with increasing CBS length ((100)s% T-10-1 <
(100)s%1-8-T < (100)s% T-6-1), as well as with increase in percentage incorporation of CBS ((100)200%
16T < (100)10% 167 < (100)5% 1-6-1). This is reflected in the electronic conductivity data of
PProDOT-CBS copolymers, where we observe a sharp decline in electronic conductivity with
increase in CBS spacer length and content, i.e Getecrronic(20% T-6-T) < Gelectronic(10% T-6-T) <
Gelectronic(5% T-6-T) < PProDOT-Hx2 and Getectronic(5% T-10-T) < Getectronic(5% T-8-T) < Getectronic(5%
T-6-T) < PProDOT-Hx2. In contrast, no significant differences were observed in the ionic
conductivity of the doped PProDOT-CBS polymers compared to PProDOT-Hxz. Based on the
electrochemical reversibility, stability over 100 cycles and electronic conductivity data, 5% T-
6-T, 5% T-8-T, and 10% T-6-T were selected for further mechanical characterization and cell

testing with NCA cathodes.
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To examine the effect of CBS incorporation on the mechanical properties of PProDOT-CBS
polymers, the well-established film-on-water and a new film-on-solvent method were used.
In general, we observe that the tensile modulus (E) decreases, and crack onset strain (COS)
increases with increase in CBS spacer length and content and relative to fully conjugated
PProDOT-Hx, confirming the fact that introduction of CBS can induce stretchability to
PProDOT-based polymer binders. An exception was noticed in the case of 5% T-6-T where E
(5% T-6-T) > E (PProDOT-Hx2) although COS (5% T-6-T) > COS (PProDOT-Hx2). This is
attributed likely to the higher packing order in polymer thin film of the 5% T-6-T polymer.
We also observe significant differences in the mechanical properties measured via the film-
on-solvent method, where values of E are much lower and that of COS are much higher
compared to the corresponding values obtained from film-on-water, where the difference is
attributed to solvent swelling by the EC/DMC solvent. The improved ductility of the polymers
in battery solvent is also confirmed by hysteresis studies of the 5% T-6-T polymer, wherein
the stress-strain curves with increasing cyclic strains showed greater residual strain upon strain
removal for film-on-water cycling compared to film-on-solvent testing. The highest COS was
achieved for 10% T-6-T and lowest E was obtained for 5% T-8-T from the film-on-solvent

data which aligned well with the battery performance with NCA cathodes.

Finally, to investigate the effect of stretchability introduced via CBS incorporation, cell testing
with NCA cathodes was carried out for 5% T-6-T, 5% T-8-T and 10% T-6-T and analyzed

relative to PProDOT-Hx2 and PVDF. Results from long-term cycling studies showed superior
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performance with highest capacity retention after 300 cycles for the 10% T-6-T and 5% T-8-
T polymers. A rate capability study showcased the importance of electronic conductivity over
the mechanical properties of the polymer binders, where higher retention of capacity was
observed for polymers with higher electronic conductivity. At the highest rates of discharge
(8C), the 5% T-8-T and 5% T-6-T polymers exhibited the best performance, emphasizing that
judicious introduction of CBS units can lead to co-optimization of electronic and mechanical
properties, thereby resulting in enhanced electrochemical performance. The results presented
clearly demonstrate that strategic introduction of conjugation break spacers into conjugated
polymer binders is a viable approach towards stretchable conductive polymer binders for

emerging high-capacity electrodes in LIBs.
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