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Design and evaluation of conjugated polymers
with polar side chains as electrode materials for
electrochemical energy storage in aqueous
electrolytesf

Davide Moia, () £*? Alexander Giovannitti, 2 £*°° Anna A. Szumska,’
luliana P. Maria,® Elham Rezasoltani, 2 Michael Sachs, (2'° Martin Schnurr,®
Piers R. F. Barnes, {2 lain McCulloch (2 °¢ and Jenny Nelson () *@

We report the development of redox-active conjugated polymers that have potential applications in
electrochemical energy storage. Side chain engineering enables processing of the polymer electrodes
from solution, stability in aqueous electrolytes and efficient transport of ionic and electronic charge
carriers. We synthesized a 3,3’-dialkoxybithiophene homo-polymer (p-type polymer) with glycol side chains
and prepared naphthalene-1,4,5,8-tetracarboxylic-diimide-dialkoxybithiophene (NDI-gT2) copolymers
(n-type polymer) with either a glycol or zwitterionic side chain on the NDI unit. For the latter, we developed a
post-functionalization synthesis to attach the polar zwitterion side chains to the polymer backbone to avoid
challenges of purifying polar intermediates. We demonstrate fast and reversible charging of solution
processed electrodes for both the p- and n-type polymers in aqueous electrolytes, without using additives or
porous scaffolds and for films up to micrometers thick. We apply spectroelectrochemistry as an in operando
technique to probe the state of charge of the electrodes. This reveals that thin films of the p-type polymer
and zwitterion n-type polymer can be charged reversibly with up to two electronic charges per repeat unit
(bipolaron formation). We combine thin films of these polymers in a two-electrode cell and demonstrate
output voltages of up to 14 V with high redox-stability. Our findings demonstrate the potential of
functionalizing conjugated polymers with appropriate polar side chains to improve the accessible capacity,
and to improve reversibility and rate capabilities of polymer electrodes in agueous electrolytes.

The ideal electrode material for electrochemical energy storage should be able to transport both electrons and ions efficiently and store a large density of these

charges at accessible potentials. In high-performance battery electrodes, the requirements of ionic and electronic conductivity and charge storage are

commonly fulfilled by combining different materials to implement these functions separately. In this work we show that conjugated polymers can be designed

to combine favourable ionic and electronic transport properties in a single-phase material through appropriate design of the polymer backbone and side
chains. We find that whilst choice of polymer backbone controls stability, redox-potentials and electronic transport, design of the polar side chain influences

the ionic mobility, charging rate capability and capacity. Using solution-processed p- and n-type polymers we demonstrate fast charging (on the second
timescale) and reversible behaviour for microns-thick electrodes in aqueous electrolytes, and present a proof-of-concept energy storage device that functions in

a salt-water electrolyte. In comparison with conventional lithium-ion electrodes, the new materials show fast charging rates without the need for additives or
porous scaffolds, although with lower specific capacity. The new materials thus open up a new approach to the design of solution processable, non-toxic

electrodes compatible with aqueous electrolytes.
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have been investigated as a strategy to facilitate ionic transport
in the bulk of mixed electronic-ionic conducting polymers.'™
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to the successful demonstration of organic electrochemical
transistors (OECTs),” electrochromic®” and biomedical devices®
operating in aqueous electrolytes. Conjugated polymers with polar
side chains are therefore a promising class of materials for the
development of electrodes for safe and sustainable electrochemical
energy storage devices using water based electrolytes.

Prior attempts to develop polymer based electrodes with
high energy and power densities have typically targeted electro-
chemically active polymers® with a high density of redox sites in
combination with conductive additives or scaffolds and inert
polymer binders."*™* Through such approaches, examples of
capacities exceeding 150 mA h g~ ', efficient charging on the
10-100 second timescale and electrode stability over more than
1000 cycles were reported. Most studies report operation of these
electrodes in organic electrolytes that show a wide electrochemical
stability window but are usually hazardous and/or flammable.
Several examples of conjugated p-type polymers have been
previously presented, showing in some cases competitive specific
capacities. Significantly fewer reports of n-type conjugated polymer
electrodes have been made and, to our knowledge, no previous
study successfully demonstrated this class of materials as electro-
des in water-based applications. Liang et al. have shown that
naphthalene-1,4,5,8-tetracarboxylic-diimide-bithiophene (NDI-T2)
copolymers with alkyl side chains can be a promising electrode
material (capacity of ~50 mA h g~* and charging times in the
order of ~10 seconds) when the copolymer is mixed with
conductive carbon and measured in an organic electrolyte.'®
Functionalizing conjugated polymer backbones with alkyl side
chains increases their solubility in common organic solvents
and facilitates processing of electrodes using printing or coating
techniques. However, alkyl chains are an unsuitable transport
medium for polar hydrated ions® as shown by previous studies on
poly(3-hexylthiophene-2,5-diyl) (P3HT)"® and naphthalene1,4,5,8-
tetracarboxylic-diimide-bithiophene copolymers (NDI-T2).*

To achieve the levels of ionic conductivity, specific capacity
and stability that are needed for the application of conjugated
polymers as electrodes, the polymer backbone and side chains
need to be optimized independently. Redox-stability in aqueous
electrolytes requires that the oxidation and reduction potentials
of the electrode materials lie at voltages within the electrochemical
stability window of water."” Electron-rich polythiophene (p-type),
and electron-deficient donor-acceptor and acceptor-type polymer
backbones (n-type) show, respectively, low oxidation potentials and
low reduction potentials in aqueous electrolytes which makes
them suitable structures for electrochemical charging in water.
Efficient ionic exchange with aqueous electrolytes has been
achieved for p-type polymers based on polythiophenes by using
glycol side chains.® On the other hand, the use of glycol chains
in n-type polymers based on NDI-T2 results in low electron
mobility, as shown by measurements on OECT devices,* and is
also expected to inhibit cation transport.*® Alternative polar side
chains, such as zwitterionic and polyelectrolyte, have been
attached to NDI-T2 copolymers to improve interfacial properties
in organic electronic devices but have not so far not been tested
in electrochemical energy storage devices.'>?° Polyelectrolytes
with a mobile cation have been explored as side groups of
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non-conjugated radical polymers, where the cation is exchanged
with the electrolyte to form a zwitterion structure when the
polymer is oxidized. This strategy improved the reversibility as
well as the capacity of the polymer in water electrolytes, suggesting
that the interaction between the polymer redox sites and com-
pensating ionic charge plays an important role on the electro-
chemical response of the material.>! Appropriate choice of the
side chain is expected to also influence the reversibility and
specific capacity of n-type polymer structures, but design rules
that address this question are currently missing. In addition,
while polar side chains are known to facilitate ion transport in
polymer films, it is not clear to what extent this strategy can
improve the rate capability of compact, solution processed
polymer electrodes of micrometer scale thickness.

Here, we report the development of solution processable
redox-active polymers with the goal of enabling electrochemical
energy storage in aqueous electrolytes. We choose polymer
backbones which show high stability during electrochemical
redox reactions and engineer the side chains to enable reversible
charging in water based electrolytes. We synthesize a p-type
polymer based on a homo-3,3’-dialkoxybithiophene polymer
(p(gT2), Fig. 1a) with methyl end-capped triethylene glycol side
chains (TEG). For the n-type polymer, we prepare donor-acceptor
type copolymers with naphthalene-1,4,5,8-tetracarboxylic diimide
(NDI) and 3,3’-dialkoxybithiophene**>* where we either attach
zwitterionic side chains (p(ZI-NDI-gT2), Fig. 1b) or linear glycol
side chains® (p(g7NDI-gT2)) to the NDI unit. For the zwitterionic
side chain, we place the cation (ammonium ion) in close proximity
(C2-spacer) to the NDI unit. This is done with the aim of enabling
the electronic charge to interact with the ammonium ion during
charging of the polymer rather than requiring charge compensating
cations to approach the polymer backbone (Fig. 1c). For all n-type
copolymers reported here, TEG side chains are attached on the
donor comonomer to ensure high solubility of the polymers in
common organic solvents, which allows solution processing of the
materials. We characterize the polymer films in sodium chloride
aqueous solution using electrochemistry and spectroelectro-
chemistry, revealing their ability to host bipolarons and to
charge/discharge on the second timescale for samples over 1 micron
thick. We finally explore their application in a two-electrode electro-
chemical energy storage device, which can be charged up to 1.4V,
and discuss some of the limitations involved when considering salt
water as the electrolyte of the cell.

Results and discussion

The properties of the p- and n-type polymers are summarized in
Table 1. Details of synthesis and characterization of monomers
and polymers are reported in Sections S1-S7 of the ESL¥
Polymer p(gT2) was synthesized by Stille polymerization as
previously reported for other copolymers containing glycol side
chains.*® The polymer thin film absorption spectrum is pre-
sented in Fig. 2a and shows an absorption onset of 755 nm with
two vibronic transitions (0-0 and 0-1). The ionization potential
(IP) of p(gT2) was measured by photoelectron spectroscopy in air

This journal is © The Royal Society of Chemistry 2019
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(a) p-type homo-polymer with TEG side chains p(gT2); (b) n-type donor—acceptor copolymer with zwitterion side chains on the acceptor units

(marked as green blocks in the schematic) and TEG side chains on the donor units (blue blocks) p(ZI-NDI-gT?2). Schematic of the transport of (c) the
electronic charges along the backbone of the polymers and (d) ions with the aid of polar side chains.

Table 1 Summary of the polymers’ properties

Polymer IP? [eV] 1P’ [eV] Absorption onset [nm] Optical band gap [eV] M,° [kDa] M, [kDa]
p(gT2) 4.48 4.50 755 1.64 367 60¢
p(ZI-NDI-gT2) 5.15 5.25 1049 1.18 24 53

“ Photoelectron spectroscopy in air (PESA).  CV measurements were carried out in acetonitrile (0.1 M NBu,PFs, 100 mV s '). © GPC measurements
were carried out in DMF with 5 mM NH,BF,. ¢ Bimoduale eluation; high molecular weight fraction (aggregates) were not considered in the

molecular weight analysis.

(PESA, 4.5 eV) and cyclic voltammetry (CV, 4.5 eV) in organic
electrolytes where the IP of the polymer was calculated as
reported in the literature®>*® (Fig. 2b). The CV in acetonitrile
electrolyte shows broad peaks and high redox reversibility (proxi-
mity for the peak position and approximately equal integrated
charge for the charging and discharging curves) for the oxidation
of the p(gT2) polymer film. The molecular weight distribution of
the polymer was measured by gel permeation chromatography
(GPC) in DMF (M, = 36 kDa and M, = 60 kDa). To avoid
overestimation of the molecular weight distribution mainly due

9 : . . e
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Fig. 2

to aggregation of the conjugated polymer with glycol side chains,*
the high molecular weight fraction of the GPC trace was
neglected and only the lower molecular weight fraction was
considered for molecular weight analysis (Fig. S10 (ESIT),
bimoduale eluation). Additionally, mass spectrometry measure-
ments by matrix-assisted laser deposition/ionization time of
flight (MALDI-ToF) were carried out and polymer chains length
with >35 repeat units were detected (Fig. S11 (ESI{), (corres-
ponding to >18 kDa)). In comparison to other reported 3,3’
dialkoxybithiophene copolymers with glycol side chains on only

pT2)
I
QE\ g —i#1
~ ) ‘—#2-3
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8 " /\\/ ‘ — ﬂ
_/;\// U > _ m
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(a) Thin film UV-Vis spectra of a p(gT2) film on fluorine doped tin oxide (FTO) glass and of a p(ZI-NDI-gT2) film on a glass substrate. A potential of

—0.3Vvs. Ag/AgCl was applied to the p-type polymer prior to recording of the UV-Vis spectrum (three-electrode setup) (p(gT2) can become oxidized in
ambient conditions). (b) Thin film CV measurements of p(gT2) and p(ZI-NDI-gT2) on FTO substrates were recorded by using a degassed 0.1 M NBu4PF¢
acetonitrile solution as supporting electrolyte (100 mV s, three cycles (#1-3) are presented where the first cycle (#1) is highlighted).

This journal is © The Royal Society of Chemistry 2019
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b) Cleaving of the ester
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Fig. 3 (a) Post-functionalization of p((DMA)-NDI-gT2) to form p(ZI-NDI-gT2) and (b) *H NMR spectra of p((DMA-Br)-NDI-gT2) and p(ZI-NDI-gT2),
highlighting (vertical lines at 4.04 ppm and 1.16 ppm) the protons corresponding to the ester of p((DMA-Br)-NDI-gT2) and their disappearance after

cleavage.

every other repeat unit,>** p(gT2) has a higher solubility in organic
solvents such as N,N-dimethylformamide (DMF) or chloroform
(CHCIly). Good solubility of the polymer is essential for fabrication
of electrodes from solution.

The n-type polymer p(ZI-NDI-gT2) was synthesized following
a post-functionalization route as shown in Fig. 3a where the
precursor copolymer p((DMA)-NDI-gT2) with dimethylamino
groups was prepared by Stille polymerization. The dimethyl-
amino groups of p((DMA)-NDI-gT2) were first converted into
ammonium bromides featuring an ester group at the end of the
side chain. "H nuclear magnetic resonance (NMR) spectroscopy
and 2D correlation spectroscopy (COSY) were carried out to
monitor the formation of the ammonium bromide (Fig. S16,
ESIT). In the next step, the ester was cleaved to form the
ammonium-carboxylate zwitterionic copolymer p(ZI NDI-gT2).
Finally, the polymer was purified by dialysis in deionized
water to remove water soluble side products. "H NMR spectra
(Fig. 3b) were recorded to monitor the ester cleavage, showing
the disappearance of the signals corresponding to the proton of
the ethyl group of the ester (4.1 ppm and 1.2 ppm) in accordance
with reactions reported in the literature.”® This shows that the
here presented post-functionalization approach can be a viable
route to attach functional groups at NDI copolymers. The
UV-Vis spectrum of p(ZI-NDI-gT2) is shown in Fig. 2a where
the copolymer has two absorption peaks and an absorption
onset of 1049 nm. The IP of p(ZI-NDI-gT2) was measured to be
5.15 eV (5.20 eV by CV, Fig. 2b). The CV measurement in
acetonitrile based electrolyte shows redox features with high
reversibility for the reduction of the p(ZI-NDI-gT2) polymer
film, while the oxidation peak shows lower reversibility and a
change in magnitude upon cycling, which might be due to
structural changes in the film. For the remainder of this work
we focus on the properties of the n-type polymer at negative
potentials. The molecular weight distribution of p(ZI-NDI-gT2) was
measured by GPC in DMF (M,, = 24 kDa and M,, = 53 kDa), which
most likely overestimates the molecular weight distribution of
the polymer since only oligomers up to 6 repeat units could
be detected for the precursor copolymer p((DMA)-NDI-gT2)

1352 | Energy Environ. Sci., 2019, 12, 1349-1357

(see Fig. S13, ESIf). Unfortunately, MALDI-ToF measurements
of p(ZI-NDI-gT2) were inconclusive. Polymer p(ZI-NDI-gT2) is
soluble in polar organic solvents such as dimethyl sulfoxide
(DMSO) and methanol (MeOH). Note that the substitution of the
anion from carboxylate to sulfonate resulted in the formation of a
water soluble polymer which could therefore not be tested as an
electrode material in aqueous electrolytes. The n-type polymer
bearing heptakis-ethylene glycol side chains on the NDI unit
(p(g7-NDI-gT2)) was synthesized by Stille coupling and the
properties of the polymers are reported in Section S5 of the ESL. ¥

We now consider the electrochemical and spectroelectro-
chemical characterization of thin films of the polymers described
above in aqueous electrolytes. Fig. 4a and b show cyclic voltam-
metry measurements of thin films of both p-type (p(gT2)) and
n-type (p(ZI-NDI-gT2)) polymers performed in 0.1 M NaCl aqueous
solution in a three electrode cell (more details on the experimental
conditions are described in Section S8 of the ESIt). Similarly to
the charging in organic electrolytes, both polymers show highly
reversible redox features with stable peak positions after the
first cycle. The polymer p(gT2) shows two reversible oxidation
peaks at relatively low potentials, consistent with previous reports
on electrochemistry of polythiophene based polymer films.*”
Remarkably, the reduction of p(ZI-NDI-gT2) in the aqueous
electrolyte also shows two distinct reduction peaks. This suggests
that the NDI unit can be reversibly charged with two electrons in
water, in agreement with findings in the literature.">* Continuous
cycling of polymer films at 25 mV s~ " showed that for p(gT2) and
p(ZI-NDI-gT2), 98% and 63% of the initial (2nd scan) capacity
is retained after 500 cycles in 0.1 M NaCl aqueous solution
(Fig. S37, ESIY).

Since conjugated polymers show a distinct color change
between their neutral and charged state, we used spectroelectro-
chemical measurements to monitor the optical absorbance of the
films during the CV measurements shown in Fig. 4a and b. Fig. 4c
shows that the main absorption feature of p(gT2) in the visible
region (peak at 645 nm) is completely quenched upon oxidation of
the polymer by applying a potential of up to 0.2 V vs. Ag/AgCl and
that a new absorption band appears in the NIR. In agreement with

This journal is © The Royal Society of Chemistry 2019
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Fig. 4 Characterization of p(gT2) (left) and p(ZI-NDI-gT2) (right). CV measurements of (a) a 43 nm p(gT2) film and (b) a 70 nm p(ZI-NDI-gT2) film using
scan rate of 50 mV s* (cycle #1-4). To avoid side reactions with oxygen, the electrolyte for the n-type polymer was degassed with argon for 15 min prior
to performing the measurement. UV vis absorbance spectra of (c) p(gT2) and (d) p(ZI-NDI-gT2) for the charging of the polymer films during the first CV
scan shown in (a) and (b). Normalised absorbance spectra, calculated with TD-DFT for (e) the trimer (gT2)s and (f) the monomer ZI-NDI-gT2 in the neutral
and charged (polaron and bipolaron) states (bold lines) in water. Linear combinations of these three spectra were used to plot spectra of intermediate
states (light lines). These correspond to a weighted sum of neutral and polaron states’ absorbance, and of polaron and bipolaron states' absorbance. The

weighting factors are x and (1 — x) (x = 0.25, 0.5, 0.75).

reported results for other conjugated polymers,*® we attribute
the change of the polymer neutral state absorption to the
formation of positive polarons on the polymer backbone.
Further oxidation (V > 0.2 V vs. Ag/AgCl) reduces the NIR
absorption suggesting that further conversion occurs, which
we ascribe to bipolaron formation.>” Calculated spectra of the
trimer (gT2); in its neutral, singly and doubly charged state in
water using time-dependent density functional theory (TD-DFT)
shown in Fig. 4e (further details are presented in Section S9 of the
ESIt) support our assignment of the spectral changes to polaron
and bipolaron formation, as do prior reports on polythiophene

This journal is © The Royal Society of Chemistry 2019

spectroelectrochemistry.***”*! Importantly, the spectral evolution
suggests complete conversion of neutral polymers into the charged
state, indicating that the full volume of the electrode undergoes
charging. Scanning to more positive potentials shows that higher
levels of charging can be achieved, although this compromises the
coulombic efficiency and stability of the electrode (see Section S10
of the ESIt). The results for the n-type polymer p(ZI-NDI-gT2)
are presented in Fig. 4d and indicate reversible formation of
an electron polaron at a potential of —0.4 V and bipolaron
between —0.4 V and —0.75 V vs. Ag/AgCl. Our assignment of the
spectral features to polaron and bipolaron formation are again

Energy Environ. Sci., 2019, 12, 1349-1357 | 1353
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supported by calculated absorbance spectra of neutral and
charged monomers in water (Fig. 4f). From the comparison of
Fig. 4c and d, and the respective film thicknesses, it is clear that
the p(gT2) polymer has a higher peak absorption coefficient
than the p(ZI-NDI-gT2) polymer. This is consistent with the
charge transfer character of the low energy transition in the
donor-acceptor n-type polymer as shown by our calculations
(see Section S9 of the ESIT). The capacity of the redox-active
polymers in aqueous electrolytes was measured to be 25 mA h cm ™3
and 37 mA h cm 2 for p(gT2) and p(ZI-NDI-gT2), respectively (see
Sections S10 and S11 of the ESIt). Measurements of gravimetric
capacities are also shown in Fig. S38 (ESI{). The values reported for
the p- and n-type polymers are respectively 21.3 mA h ¢~ ' and
25.9 mA h g, which suggest that the density of these two
polymers is in the order of 1.2-1.4 g ecm > (accuracy of these
values is discussed in Section $10.4 of the ESIf). We note that
for these estimates we are using the volume (mass) of the dry
films and neglect volume expansions (mass increase) through
swelling in the presence of the aqueous electrolyte.

The rate capabilities of the electrode materials were studied
in NaCl aqueous electrolytes by performing galvanostatic charge/
discharge measurements of films of between 400 nm and several
microns thickness. The results are summarized in Fig. 5. For
these measurements, we used gold coated glass substrates and a
5 M NaCl aqueous solution to minimize the series resistance of
the cell. The galvanostatic charge-discharge profiles during
charging of 400 nm thick p(gT2) and p(ZI-NDI-gT2) films are
shown in Fig. 5a. Polymer p(gT2) can be charged reversibly to
0.5 V vs. Ag/AgCl and its specific capacity drops by less than
15% when the current density is increased from 3.6 A cm ™ to
240 A cm . For p(ZI-NDI-gT2), the specific capacity drops by
37% when the current density is increased from 2.1 A cm? to
139 A cm ™', suggesting lower rate capabilities than the p-type
polymer considered here. The p(ZI-NDI-gT2) polymer does not
show further charging at more negative voltages, after the
formation of the bipolaron at —0.85 V vs. Ag/AgCl, which is in
agreement with previous reports on NDI-T2 copolymers."’
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Fig. 5b presents the rate capabilities of thick electrode films
of p(gT2) and p(ZI-NDI-gT2) as well as showing the influence
on rate capability of replacing the zwitterionic side chains on
p(ZI-NDI-gT2) with glycol chains (p(g7NDI-gT2)) polymer. For
p(gT2), we observe that the specific capacity for a 8 um thick
film drops by less than 20% when increasing the C rate from
30 to 1000 C (specific capacity per unit area of 0.02 mA h cm™?).
This remarkable finding shows that, for p(gT2), ionic transport
occurs on the second timescale even for thicknesses on the
order of 10 pm. Similarly fast kinetics for solution processed
polymer films in aqueous electrolytes were previously reported
only for thin films (~ 100 nm)**** or microns thick p-type polymer
films processed through additional acid/base treatments.***>

Fast charging of p(gT2) can be related to efficient hole and
ionic transport properties in the film. Values of hole mobility
up to 0.95 cm® V' s7' were observed in OECT structures for
copolymers based on dialkoxybithiophenes such as p(g2T-TT)
and suggest that ion transport is the rate limiting factor for the
charging/discharging of these electrodes.*° It has been shown
that ion transport in conjugated polymers depends on the size
and type of the anion, where the hydration sphere of the ion is
an important factor as reported for P3HT'® and p(g2T-TT).*”
Additionally, the concentration of the salt dissolved in the
electrolyte plays an important role in the swelling behavior of
the polymer film.*® The n-type polymer p(ZI-NDI-gT2) shows
higher specific capacity than p(gT2) at low charging rates, however
it also shows lower rate capabilities as shown in Fig. 5a. We note
that spectroelectrochemistry performed in transmission mode, as
shown in Fig. 4, could be used to monitor the drop in capacity
shown at fast rates in Fig. 5b. However the technique cannot be
applied when considering several hundreds of nanometers
thick films, due to the large optical densities of such samples.
Interestingly, the n-type polymer with zwitterionic side chains
on the NDI repeat unit (p(ZI-NDI-gT2)) shows a specific capacity
more than three times higher than that of the same n-type
backbone with linear glycol side chains (p(g7NDI-gT2)). For
polymer p(g7NDI-gT2), we observe an upper limit to reversible

'E 40 - 0.4um ——p(ZI-NDI-gT2)
o 26 um “Semp —v—p(g7NDI-gT2)
< ) 7“\k N

30 K s N
E/ Sa -\\_,\
> S '\-ﬁ.\ "
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]
O N\
o 104 1.6pm v b
= T
3] T
g o
) 0 T T T T
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b C rate

(a) Galvanostatic charge—discharge profiles of p(gT2) (blue curves) and p(ZI-NDI-gT2) (green curves) at different specific currents and (b) specific

capacity as a function of C rate of the p-type and n-type polymers on gold coated glass substrates with a degassed 5 M NaCl aqueous solution as the
supporting electrolyte. For both graphs, the datasets correspond to the second measurement performed at each specific current (C-rate) condition. The
data in (b) display the charge obtained during the discharging of the electrode. Additional data including measurements on the films at lower electrolyte

concentration are reported in Fig. S40-S44 (ESI¥).
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charging when scanning to potentials beyond the first reduction
peak (Fig. S36 and S37, ESI). We hypothesize that this observation
is due to stronger interaction of the glycol side chains on the NDI
unit with alkali-metal ions'® and water molecules® compared to
the ZI side chain. Such interactions might also induce a more
pronounced uptake of water in the film and induce the observed
faster capacity fading of thin films of this polymer during
continuous cycling. In particular, during charging of the poly-
mer, additional water molecules migrate into the structure as
part of the alkali metal ions’ hydration shell. Water molecules
can then also interact with the glycol side chains via hydrogen
bonding. As a result, more water molecules are likely to remain
in the polymer structure after discharging of the polymer, and
could underlie the observed change in electrochemical response
of the film. This interpretation emphasizes the importance of
ensuring structural stability of the polymer electrode upon
cycling. This can be achieved by designing chemical structures
that allow sufficient swelling when exposed to water electrolytes
while preserving the electrode’s mechanical integrity.

The specific capacities measured for the three materials at
slow C rate shown in Fig. 5b are consistent with the values
measured for thin films (see Fig. S39, ESIt), suggesting that,
even for >1 pum thick films, complete charging of the bulk
occurs. We note that the specific capacity per unit area of the
thickest film reported here (0.02 mA h cm™?) is low compared
to other reported electrochemical energy storage electrodes using
non-conjugated, side-chain-free organic materials processed with
conductive additives.*® This is a direct consequence of using

Charging Discharging

Charged
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redox-inactive polar side chains to enable fast charging of
the electrodes in neutral aqueous electrolytes. However, the
observation that side chain engineering of the n-type polymer
can be used to improve the electrode specific capacity suggests
that side chain optimization could allow the theoretical specific
capacity of these materials to be reached. Importantly, this is
shown here for non-porous single-phase films. Practically relevant
electrodes may require thicker (on the order of 100 um) polymer
films, also depending on the energy and power specifications of
the application. Based on our results, 1-10 um thick films of
these polymers can already provide a competitive combination
of capacity/rate performance.

Based on the promising results obtained from the galvano-
static measurements for individual electrodes, thin films of
p(ZI-NDI-gT2) and p(gT2) with similar capacity were prepared
and tested in a two-electrode electrochemical cell with a 0.1 M
NaCl aqueous solution as the supporting electrolyte. The charging
process of the two-electrode cell is illustrated in Fig. 6a. When a
positive potential V..; > 0V is applied to the cathode with respect
to the anode, Na* ions (Cl-ions) from the electrolyte migrate into
the bulk of the polymer to compensate for the negative (positive)
electronic charge on the p-type (n-type) polymer backbone. The
redox reactions of both polymers with corresponding potentials vs.
Ag/AgCl are expressed in Fig. 6b. In the same figure we also
illustrate the electrochemical window of neutral water in ambient
conditions including electrochemical redox-reactions involving
oxygen. Electrochemical side reactions, including reduction of
oxygen and water splitting, can occur at relatively low potentials

0,+2H,0° + 26— H,0, + 2H,0, O, + 4H,0* + 4" - 6H,0
Anode: P, + Na* + Cl + e ¢> P, {Na*} + CI

Cathode: P, + Na* + CI €> P,* {CI'} + Na* + e’

2H,0 > 0, + 4H* + 4e”
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(a) Schematics of structure and charge distribution at different charge states of the electrochemical energy storage cell using films of the p- and

the n-type polymers as the two electrodes, separated by an aqueous electrolyte. (b) Reactions at the cathode and at the anode and electrochemical
window of water at neutral pH. (c and d) Characterization of a two electrode cell with structure FTO/p(gT2) (87 nm)/0.1 M NaCl:DIW/p(ZI-NDI-gT2)
(70 nm)/FTO. The voltage (Vo) is applied/measured at the cathode (p(gT2) electrode) with respect to the anode (p(ZI-NDI-gT2) electrode). (c) Cyclic
voltammetry measurements performed at different scan rates. The left y-axis shows the current density normalized by the sum of the dry volumes of

both p- and n-type films. (d) Evolution of the optical absorbance for the two-film assembly when charging the cell to 1.4 V at 100 mV s
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in aqueous electrolytes and it is therefore important to design
the electrode materials accordingly to avoid them.

The CV measurements of the cell are presented in Fig. 6c.
The device is charged up to 1.4 V, which corresponds to the
potential range used to characterize the p-type (0.5 V vs. Ag/AgCl)
and n-type (—0.9 V vs. Ag/AgCl) polymers (see also Fig. S45, ESIT).
The spectroelectrochemical response resembles the contribution
of the individual electrode spectra and shows that electro-
chemical charging of the cell produces the bipolaron in both
films as shown separately for the two films (Fig. 4c and d).
Further characterization of the cell is shown in Section S13 of
the ESL.¥

We carried out charge-retention experiments in degassed
0.1 M NaCl aqueous solutions to investigate electrochemical side-
reactions of the charged electrodes and the aqueous electrolyte.
During this experiment, we observed a charge retention of 25%
after 5000 seconds (see Fig. S47 and S48, ESIt), and discovered
that oxygen in the aqueous electrolyte plays an important role,
influencing the retention of electronic charges in the electrodes.
When oxygen is present in the electrolyte, a larger charge is
measured during charging than during discharging of the cell.
This results in a lower coulombic efficiency and can compromise
the stability of the polymer films. Electron transfer from either
the neutral p-type p(gT2) or the reduced n-type polymer p(ZI-
NDI-gT2) to oxygen is an expected side reaction.'” For this case,
oxygen can either be converted into hydrogen peroxide (two
electron process) or water (four electron process).'”***" Based
on recent findings of efficient electrocatalytic production of
hydrogen peroxide of electrodes made of organic polymers,*°
we hypothesized that one pathway for the loss of the charges is
an electron transfer from the reduced n-type polymers to
oxygen dissolved in the electrolyte. To test this hypothesis, we
charged the electrochemical cell in ambient conditions and
used the horseradish peroxidase/3,3’,5,5'-tetramethylbenzidine
(dye/enzyme) system®? to detect potential generated hydrogen
peroxide. We observed hydrogen peroxide formation after
charging the electrode in the presence of oxygen and the results
are presented in Fig. S50 (ESIT). Additionally, we monitored
hydrogen and oxygen evolution in degassed aqueous electrolyte
to verify whether other faradaic electrochemical side reactions
such as water splitting occur in our system. We observed no
changes of oxygen or hydrogen concentrations during the
charging of the cell (Fig. S49, ESIT). In order to study the origin
of the loss of charge in the electrochemical cell in more detail,
we use spectroelectrochemistry to monitor the changes of the
absorption spectrum during the retention experiment. We
observed the disappearance of the absorption features of the
bipolaron on the n-type polymer when the cell is held at open
circuit in the charged state. Based on this and the observation
described above, we assign the charge retention limitation
of the cell to the formation of hydrogen peroxide from the
reaction of electrons on the n-type polymer and residues of
oxygen left in the electrolyte (see reactions in Fig. 6b and data in
Fig. S50, ESIt). As a result, we expect the p-type polymer to
accumulate holes upon cycling of the cell, as confirmed by
spectroelectrochemical measurements and by the drop in capacity
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illustrated in Fig. S51 (ESIt). This drop can be partially recovered
by applying a negative bias (Fig. S52, ESIT). We finally note that the
observed charge retention time is comparable to measurements
carried out for other electrodes based on organic semiconductors
in organic electrolytes and shows that oxygen free aqueous electro-
Iytes can be an interesting electrolyte for the development of
electrochemical energy storage devices.""

Conclusion

We demonstrated the development of solution processable, fast
switchable p- and n-type electrode materials to operate in water,
offering a route towards electrochemical energy storage in safe
and sustainable electrolytes. Ethylene glycol based side chains
attached to a p-type polymer backbone enabled reversible
redox-reactions in aqueous electrolytes and fast charging of
the polymer films on the second timescale for up to 8 um thick
films. For NDI-T2 n-type polymers we observed limited reversi-
bility when using glycol side chains. We presented a chemical
design strategy to prepare an n-type polymer with zwitterionic side
chains via a post-functionalization reaction route and demon-
strated improvement in both specific capacity and reversibility of
the polymer electrode in aqueous electrolytes. When combined in
a two-electrode cell, our p-type and n-type polymers showed
reversible charging up to 1.4 V in a neutral aqueous sodium
chloride salt solution. We used spectroelectrochemistry as an
in operando measurement tool to monitor electrochemical charging/
discharging of semitransparent electrodes and observed that both
polymers formed reversible bipolaron states, approaching their
theoretical capacities. Additionally, we used the technique to
monitor the state of charge of the cell as well as to highlight the
charge retention limitations of the n-type polymer. The study
illustrates the potential and some of the limitations of using
aqueous electrolytes as a safe and sustainable solution for energy
storage applications. The materials reported here will also be
applicable to novel devices for bio-sensing, electrochromic and
memory applications, where control of mixed ionic-electronic
conduction plays an important role.
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