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ABSTRACT: Supercapacitor energy storage devices are well suited to meet the rigorous demands of future portable consumer
electronics (PCEs) due to their high energy and power densities (i.e., longer battery-life and rapid charging, respectively) and
superior operational lifetimes (ten times greater than lithium-ion batteries). To date, research efforts have been narrowly
focused on improving the specific capacitance of these materials; however, emerging technologies are increasingly
demanding competitive performance with regards to other criteria, including scalability of fabrication and electrochemical
stability. In this regard, we developed a polyaniline (PANI) derivative that contains a carbazole unit co-polymerized with 2,5-
dimethyl-p-phenylenediamine (Cbz-PANI-1) and determined its optoelectronic properties, electrical conductivity,
processability, and electrochemical stability. Importantly, the polymer exhibits good solubility in various solvents, which
enables the use of scalable spray-coating and drop-casting methods to fabricate electrodes. Cbz-PANI-1 was used to fabricate
electrodes for supercapacitor devices and exhibits a maximum areal capacitance of 64.8 mF cm~2 and specific capacitance of
319 F g! at a current density of 0.2 mA cm~2 Moreover, the electrode demonstrates excellent cyclic stability ( 83% of
capacitance retention) over 1000 CV cycles. Additionally, we demonstrate the charge storage performance of Cbz-PANI-1 in
a symmetrical supercapacitor device, which also exhibit excellent cyclic stability (= 91% of capacitance retention) over 1000
charge-discharge cycles.
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INTRODUCTION preparation. Consequently, carbazole was investigated as a
Polyaniline (PANI) is one of the most studied conducting replacement for phenoxazine as a PANI derivative (Cbz-
polymers (CPs) to date. Its many attributes include easy and PANI) due to its low cost, facile side-chain modification at

inexpensive preparation, non-redox doping, environmental the nitrogen 9H-position to increase solubility, and ease of

stability in the doped state, reversible oxidative states, and functionalization at the 3- and 6- positions for further
high electrical conductivity. As a result, PANI is being reactivity.?#* As such, Cbz-PANI derivatives can be
explored for application in many fields such as sensors,!-2 prepared on large scale. Carbazoles are also used as charge
energy storage devices5  corrosion inhibitor,68 transport materials because they easily form relatively
stable cations with high charge carrier mobility.?

electromagnetic shielding materials.!213 However, PANI is Homopolymers prepared from carbazole such as 3,6-

challenged with two main problems; it undergoes polycarbazole?>-26 and 2,7-polycarbazole?” were explored
for their electrochromic and photoreactive properties.

photovoltaic cells,!! and microwave safeguards and

electrochemical aging, which results in electrochemical

instability and it is insoluble in common organic solvents.'% Additionally, the carbazole core was combined with other
16 Reported approaches that render PANI soluble include monomers such as 3,4-ethylenedioxythiophene (EDOT),?
incorporating solubilizing counterions and blending with thiophene (Th),?* phenylene (Ph),** and diphenylvinylene
solubilizing polymers.17-18 Recently, Mustafin et al. reported (DPV),* which are known for their diverse optical,?
PANI derivatives with short alkyl chains that were soluble electrochemical,?® 3233 and conducting properties.”® Yet, to
in common organic solvents.! While there have been several the best of our knowledge, there is only one report of a -
approaches to address PANI’s insolubility, there are fewer conjugated carbazole homopolymer, produced by the
reports that address its electrochemical instability. The homopolymerization —of = 9-methyl-9H-carbazol-3-amine

common approach is to dope the polymer with large monomer that was explored as a fluorescent chemosensor;

counter ions or prepare nano-structures.’%20 However, however, its electrochemical properties were not

these approaches have not been overwhelming successful. described.*

Recently, we reported a PANI-derivative containing a Over the last decade, there has been a push to expand
phenoxazine moiety that was stable over 100 CV cycles electrified transportation and renewable energy
without noticeable degradation.?! However, phenoxazine is production (e.g., wind and solar), which has increased the

expensive and requires a multi-step synthesis for its demand for batteries (high energy density) and
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electrochemical capacitors (high power density) charge
storage devices.3> However, there is a need for both high-
energy and high-power density in a single device and
supercapacitors (SC) can achieve both. Many materials such
as metal oxides, metal-organic frameworks, MXenes,
carbon-based nanomaterials, and CPs have been evaluated
as SC materials;3¢-38 however, the high cost, low capacitance,
and instability of the devices are common problems with
such materials.3”- 3 Among the list of SC materials, CPs are
attractive for flexible energy storage devices, due to their
synthetic structural diversity, wide range of tunable
properties (e.g., electrical, mechanical, electrochemical, and
optical) and their potential for scalable device fabrication.*0
The redox activity (i.e., pseudocapacitive energy storage) of
CPs can be controlled by tailoring the chemical structure of
the polymer backbone. In this regard, numerous CPs; for
example, PANI, polypyrrole (PPy), polythiophene (PTh),
and their derivatives have been prepared and studied as SC
materials.#43 Among these, PANI is one of the most
rigorously studied and promising CPs for SC applications
due to its redox properties, wide operational window in
aqueous electrolyte (= 1 V), facile preparation, high
conductivity, and relatively low cost.#* In fact, polyaniline
electrodes have recorded one of the highest values for
polymer-based electrodes with a specific capacitance
>1000 F g1, which is comparable to costly rare metals
(ruthenium oxide (1170 F g-1)) and significantly better than
commercial activated carbon (AC) electrodes (<200 F g-1).4>
However, these high performing PANI SC typically consist
of conductive additives and binders, or they have been
structurally ordered into nano materials to attain high
surface areas.*648 For example, a pseudocapacitor
fabricated from a three-dimensional network structure of
cellulose nanofibers (CNFs), carbon nanotubes (CNTs),
PANI, and carbon cloth (CC) produced a specific capacitance
of 318 F g-1 at a scan rate of 10 mV s~ with a 72% retention
in performance after 1000 cycles.*® Alternatively, PANI
based pseudocapacitors prepared without conductive
additives or special structural arrangements, usually result
in lower specific capacitance. For example, a
pseudocapacitor based on electrochemically deposited
PANI on stainless steel mesh recorded capacitance of 282 F
g 1 within a wide voltage window of 0-1.4 V.5 Additionally,
a stretchable SC made from PANI/graphene electrodes
displayed a maximum specific capacitance of 261 F g-! and
a 89% capacitance retention over 1000 charge-discharge
cycles at 1 mA cm-25% PANI, like most CPs, undergoes
swelling/shrinking during charge/discharge cycling, which
can result in a slow electrochemical degradation and
significant  impaired  capacitances after = x1000
charge/discharge cycles.5! Thus, the practical application of
PANI (and other CPs) as SC material has been impeded by
its electrochemical instability.'® Furthermore, the low
solubility of PANI in common solvents severely limits the

type of fabrication technique available to prepare devices;
typically, electropolymerization is the preferred method for
depositing PANI polymers as films on electrodes. While
obtaining a high specific capacitance for SC materials is the
primary focus of many reports, factors such as long-term
cycling stability, mechanical robustness, and scalability of
fabrication are needed for commercial viability.40

In this manuscript, we describe our strategy to
prepare economical, electrochemically stable, and
processable PANI-derivatives from carbazole and 1,4-
aryldiamines (Cbz-PANI) for SC
Buchwald/Hartwig coupling reaction was used to prepare
the polymers, poly(9-(2-ethylhexyl)-carbazole-3,6-diyl-alt-
2,5-dimethyl-p-phenylenediamine) (Cbz-PANI-1), and
poly(9-(2-hexyldecyl)-carbazole-3,6-diyl-alt-p-phenylene-
diamine) (Cbz-PANI-2). These polymers are soluble in
many common organic solvents, which permit their full
characterization and allow for solution processing. The
chemical structures of the polymers were confirmed by 'H
NMR and FTIR. Furthermore, the Cbz-PANI-1
demonstrated favorable redox activity and high
electrochemical stability when examined by 3-electrode
cyclic voltammetry (CV), galvanostatic charge-discharge
(GCD), and as a symmetric two-electrode SC device. The
high solubility of Cbz-PANI-1 enables it to be spray-coated
or drop-casted onto indium tin oxide (ITO) coated glass
substrates and homemade flexible gold-leaf coated PET
substrate (Au@PET, 24k Au leaf on single sided PET
laminate), providing a potential high-throughput
processing route for large scale flexible device fabrication.

device. A

EXPERIMENTAL

General: All reagents were purchased from commercial
sources and used without further purification unless
otherwise stated. All chemicals were standard reagent
grade unless otherwise specified. The solvents used in the
synthesis (THF, DMF, and toluene) were distilled over
drying agents. The reactions were carried out in oven-dried
glassware. Air or moisture susceptible reactions were
performed under inert atmosphere (nitrogen or argon gas)
in the glovebox.

Nuclear Magnetic Resonance (NMR) spectra were recorded
at 500 MHz for the 'H NMR spectrometer and 126 MHz for
the 13C NMR on a Bruker spectrometer at room temperature
in deuterated solvents. The NMR data were processed by
MestReNova and the chemical shifts were expressed in
parts per million (ppm) downfield from SiMes (0.0 ppm).
CDCl;s reference peak was taken at 7.26 ppm for 'H NMR or
77.0 ppm for 13C NMR. CDCl; was used as the solvent for all
compounds unless there was an overlap with the compound
peak, upon which another solvent was used as noted in the
NMR data. The coupling constants (]) were expressed in Hz.
Multiplicities were expressed as: s (singlet); d (doublet); t



(triplet); q (quartet), m (multiplets). The products were
purified by flash chromatography on CombiFlash Rf+
Purlon with silica gel (300-400 mesh) having 60 A pore size.
Commercially packed flash columns were obtained from
Silicycle. Thin-layer chromatography (TLC) was done on 50
mm x 20 mm aluminum-backed silica gel and visualized
with a UV lamp at 254 nm. Thermogravimetric analyses
(TGA) were performed on a TA Q50. Infrared spectra (ATR-
FTIR) of powder polymers were obtained on a Cary 630
provided with a Diamond Attenuated Total Reflectance
(ATR) accessory and data are expressed in wavenumbers
(cm™1). Scanning electron microscope (SEM) images were
performed with Jeol JSM-6500F field emission with 15 kV
accelerating voltages. The SEM samples were prepared by
coating on Au leaf
characterization was carried out at ambient temperature in
astandard three-electrode cell and two electrode assembles
with a Versastat-3 potentiostat/galvanostat. Platinum disc,
glassy carbon, ITO (7 mm x 50 mm x 0.7 mm), or 24k Au leaf
on single sided PET laminate (Au@PET) were taken as the
working electrodes and platinum wire (having dimension
25 x 35 mm) as the counter electrode. The working
electrodes were spray-coated or drop-casted with the
polymer to form thin films. The reference electrode was
Accumet glass body Ag/AgCl electrode. The electrical
conductivity of polymer film was measured with a four-
point collinear probe with 0.2-inch probe distance. Custom
software collected the conductivity data using a Keithley
6221 current source and a Keithley 6512 electrometer.

substrate.  Electrochemical

Carbazole monomer synthesis:
General procedure for compounds 1a - b.52-53

Carbazole (1.00 g, 5.98 mmol) was charged in an oven-dried
two-necked round-bottom flask along with NaH (0.2 g, 8.37
mmol) in DMF (25 mL) as solvent. The mixture was stirred
for 30 min under nitrogen flow. Alkyl bromide (1.2 eq) was
added dropwise for 30 min, and the reaction mixture was
heated in an oil-bath at 100 °C overnight. The reaction was
allowed to come to rt before quenching with aliquots of
water and extracted three times with dichloromethane. The
combined organic layer was further washed with brine, and
the residual water was absorbed by anhydrous Na:S04 and
filtered. The filtrate was concentrated under reduced
pressure and purified by silica gel flash chromatography
with hexane as the mobile phase.

General procedure for compounds 2a - b.52-53

The product (1a) (2 g, 7.16 mmol) was added to CHCIz (50
mL) in a 250 mL two-necked round-bottom bottom flask
and the reaction mixture was covered (i.e., wrapped in
aluminum foil). Then N-bromosuccinimide (NBS) (2.8 g,
15.7 mmol) was gradually added to the reaction in an ice-

bath at 0 °C. The reaction mixture was stirred overnight at
rt. The mixture was quenched by adding aliquots of water.
The product was extracted with DCM (3 x 100 mL), washed
with brine and dried over anhydrous MgS0a. The solvent
was removed under reduced pressure and the product was
purified by flash chromatography on silica gel using hexane
as the mobile phase.

General procedure for Cbz-PANI-1 and Cbz-PANI-2:

An oven-dried microwave tube containing a magnetic stir
bar was charged in the glove box with 3,6-dibromo-9-(2-
ethylhexyl)-carbazole (2a) (0.350 g, 1.0 eq.), 2,5-dimethyl-
p-phenylenediamine (0.110 g, 1.05 eq.), Pd(OAc)2 (0.089 g,
0.05 eq.), Brettphos (0.032 g, 0.075 eq.), and NaO‘Bu (0.215
g, 2.8 eq.). The microwave tube was capped and remove
from the glovebox. Freshly distilled dried THF (5 mL) was
added, and the reaction was stirred vigorously while
heating at 85 °C in an oil bath for 24 h. The reaction was
allowed to cool to rt and diluted with DCM. The crude
polymer was filtered through Celite, and the filtrate was
evaporated under reduced pressure to give the solid crude
polymer. The polymer was further purified by soxhlet
extraction with methanol, acetone, hexanes, and extracted
with dichloromethane. The polymers were obtained in 93%
and 81% for Cbz-PANI-1 and Cbz-PANI-2, respectively.

Electrochemical Characterization

Electrodes were fabricated by preparing an 85:15 wt/wt
Cbz-PANI-1/PSS (polymer/dopant) ethanol solution at a
concentration of 5 mg/mL, which was spray-coated onto
homemade gold-leaf coated PET (Au@PET, 24k Au leaf on
single sided PET laminate). Cbz-PANI-1 was spray-coated
onto a 2 cm x 4 cm Au@PET substrate, and then cut into
eight individual 1 x 1 cm area Cbz-PANI-1/Au@PET
electrodes. The average active material mass loading was
determined to be 0.3 mg cm2, which was used to calculate
areal and gravimetric performances of the material/device.
The relatively small mass of material deposited (x 2.4 mg/8
cm?) compared to the analytical balance resolution (0.1 mg)
prompted an analysis of the expected error in the mass
loading. Using standard methods for error propagation, the
relative error in mass loading was calculated to be 11%. The
spray coated Cbz-PANI-1/Au@PET was employed as the
working electrode during three-electrode configuration
measurements in aqueous 1 M H2S04 solution where carbon
fiber cloth was used as the counter electrode and Ag/AgCl
as the reference electrode. However, for the cyclability
measurements the Au leaf was immersed in 2-methyl-1-
propanethiol for ten minutes before dropped casting the
polymer. The treatment of the gold-leaf with thiol notably
enhanced the interfacial adhesion strength between Au leaf
and the polymer material and the drop-casting method



increased the amount of polymer on the gold-leaf (300
mg).

Device Fabrication and Electrochemical Evaluation

Cbz-PANI-1/Au@PET electrodes (3 cm x 1 cm) were
prepared by spray-coating the polymer onto a masked 1
cm? area of the Au@PET substrate. The electrodes were
assembled into a symmetric supercapacitor device using
double-side tape (acting as spacer and adhesive) so that
only the polymer coated area (1 cm?) remained exposed.
Prior to assembly, a small drop of H2S04/PVA polymer gel
electrolyte was placed on the exposed area of each
electrode. For the cyclability measurements, a set of ten
similarly fabricated devices were prepared and tested by
extended galvanostatic charge discharge for 1000 cycles
and the best cell performance was further analyzed.

RESULTS AND DISCUSSIONS

We recently reported the synthesis of a phenoxazine
PANI derivative that showed excellent electrochemical
stability.?! However, phenoxazine is expensive and its
preparation requires a multi-step approach. Herein, we
investigate carbazole as an inexpensive replacement for
phenoxazine in preparing electrochemically stable and
processable PANI derivatives. In our previous study, we
demonstrated the utility of the Buchwald/Hartwig coupling
reaction to synthesize our polymers. Herein, we expand on
the use of the this approach to prepare two more PANI
derivatives from carbazole and 1,4-aryldiamines co-
monomers. The polymers, poly(9-(2-ethylhexyl)-carbazole-
3,6-diyl-alt-2,5-dimethyl-p-phenylenediamine) (Cbz-PANI-
1), and poly(9-(2-hexyldecyl)-carbazole-3,6-diyl-alt-p-
phenylene-diamine) (Cbz-PANI-2), were prepared from the
carbazole monomers 2a and 2b, respectively (Scheme 1).
The carbazole monomers were synthesized in two steps
from carbazole, which were then subjected to the
Buchwald/Hartwig cross-coupling reaction with 2,5-
dimethyl-p-phenylenediamine (DMPPDA) to give Cbz-
PANI-1 and p-phenylenediamine (PPDA) to give Cbz-PANI-
2 according to Scheme 1. The polymerization conditions
were optimized with Cbz-PANI-1 to obtain a highest
molecular weight while limiting the formation of the
undesirable insoluble fractions, which is believed to come
from the over-arylation of the secondary amine to form
undesired cross-linked tertiary amines (Scheme-S1).54 To
optimize the polymerization conditions, we decided to
examine both monodentate dialkylbiaryl phosphine and
bidentate ligands, which have been reported as highly
efficient ligands in the Pd-catalyzed C-N bond formation.>s
As shown in  Table-S1, Run 1 and 2,
tris(dibenzylideneacetone)dipalladium(0) (Pd(dba)2)
complex catalyst and either 2,2'-bis(diphenylphosphino)-
1,1'-binaphthyl (BINAP) or 1,1'-ferrocenediyl-

bis(diphenylphosphine) (DPPF) as the ligands, only
produced oligomers or low molecular weight polymers (Mn
=3 - 4 kDa) with no sign of the over-arylation product.
Significantly better results were obtained using the
monodentate  dialkylbiaryl  phosphine ligand, 2-
dicyclohexylphosphino-2',4’,6'-triiso-propylbiphenyl
(Xphos), with palladium acetate (Pd(OAc):) as the catalyst.
Under these conditions, the My increased dramatically
reaching 13 kDa; however, insoluble polymers were also
obtained (Table S1, Run 3). Improvement in the M, (18
kDa) of the polymer occurred by employing 2-
(dicyclohexylphosphino)3,6-dimethoxy-2',4",6'- triisoprop-
yl-1,1"-biphenyl (Brettphos) as the ligand and Pd(OAc): as
the catalyst (Table S1, Run 4).5¢ Consequently, both
polymerization reactions were carried out in dry THF with
Pd(OAc):/Brettphos as the catalyst/ligand system and
NaO¢But as the base at 85°C for 24 h (Scheme 1). Upon
opening the reaction vials to expose the content to air, a
gradual color change occurred from brown to purple. From
our previous experience with the phenoxazine PANI-
derivative, we believe this color change indicates partial
oxidation of the polymer from the
leucoemeraldine base of PANI to the analogous emeraldine
base form. To test our hypothesis, an absorption spectrum
of the brown colored polymer was obtained by a quick
workup of the reaction under nitrogen atmosphere. The
absorption spectrum is consistent with the analogous
leucoemeraldine base of PANI (Figure-S1).57 The polymers
were purified by soxhlet extraction with methanol, acetone,
hexane, and collected in dichloromethane. The fractionated
polymers were analyzed by gel permeation
chromatography (GPC) at 40 °C in THF with polystyrene
standards. A moderate molecular weight (MW) (M. =18
kDa, PDI 1.48) was obtained for Cbz-PANI-1, but a low MW
(Mxn =9 kDa, PDI 1.37) was obtained for Cbz-PANI-2. The
low M. for Cbz-PANI-2 is a result of the polymer’s
insolubility in the reaction solvent even when the large 2-
hexyldecyl side chain was used.

analogous

Scheme 1 Synthesis of Cbz-PANI-1 and Cbz-PANI-2
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1H NMR spectra for Cbz-PANI-1 and Cbz-PANI-2 are
illustrated in Figure 1. The peaks pertaining to the alkyl
groups (CHs and CHz) can be found between 0.75 and 1.5
ppm for Cbz-PANI-1 and 0.5 to 1.5 ppm for Cbz-PANI-2.
The methyl protons on the PPDA in Cbz-PANI-1 can be
found around 2.25 ppm and the methine (CH) and
methylene (CH:) protons of the branched alkyl chains
resonate around 2.10 and 2.0 ppm and 4.25 and 4.0 ppm for
Cbz-PANI-1 and Cbz-PANI-2, respectively. The aromatic
regions for both polymers give broad indistinguishable
peaks. The FTIR spectra for both polymers are shown in
Figure S2. The FTIR spectra are consistent with previous
PANI structures.58-5° The absorption bands at around 3150
cm! represent the stretching vibrations of the N-H bonds
for the polymers’ emeraldine bases and salts. The C-H
stretching of aromatic rings at 3044 cm? and the C-H
stretching of alkyl chains between 2940 and 2830 cm! are
also present in the high-frequency area. The C-C stretches of
the quinoid and benzenoid rings are assigned to the peaks
at 1553 and 1472 cm! in Cbz-PANI-1. The C-N stretching
vibration of the quinoid-benzenoid-quinoid (QBQ)
vibration is attributed to the peak at 1368 cm'!, while the
para-substituted benzene rings have out plane deformation
C-H deformation at 804 cm-. Cbz-PANI-2 follows a similar
pattern.

a) ;W

Cbz-PANI-1

Alkyl chain

Alkyl chain

N@‘”x

Cbz-PANI-2
Alkyl chain
Alkyl chain \\
10 9 8 5 4 3 0 -

(ppm)

Figure 1. 1H NMR spectra for Cbz-PANI-1 (a)
and Cbz-PANI-2 (b).

The UV /vis-NIR absorption spectra of the doped and
undoped forms of the polymers were recorded in organic
solvents. The polymers were isolated in their partially
oxidized basic forms, which is analogous to PANI
emeraldine base (EB). This basic form of the polymer, when
doped with acid, forms the analogous PANI emeraldine salt
(ES). Figure 2 shows the absorption spectra for CSA-doped
Cbz-PANI-1 and Cbz-PANI-2 as a representative of the
other doped polymers. A characteristic m-m* absorption
band for the EB form can be seen at 317, and 319 nm for
Cbz-PANI-1 and Cbz-PANI-2, respectively, while the same
transitions for the ES forms were located at 390 and 395
nm, respectively (Figure 2a). A second transition is
observed in the visible region for EB form at 573 for Cbz-
PANI-1 and 580 for Cbz-PANI-2 that are attributed to the
charge transfer from benzoid to the quinoid structure. This
transition is not observed in the doped polymer; however, a
new transition in the near infrared region (NIR) around 890
and 911 nm was observed for Cbz-PANI-1 and Cbz-PANI-
2, respectively. These peaks are attributed to the polaron
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Figure 2. Absorption spectra for the undoped (CHCI3) and
doped (EtOH) states of Cbz-PANI-1 and Cbz-PANI-2, (a);
Colors of the undoped and doped Cbz-PANI-1 and Cbz-
PANI-2 (b).



band transitions.t%-6! Figure 2b shows the color change for
the EB and ES forms of the polymers, which goes from
pink/purple to green. The effects of different dopants on the
polymers are shown in Figure S3. From the absorption
spectra, the acids were all effective dopants for the
polymers; however, camphorsulfonic acid (CSA) and
polystyrene sulfonate (PSS) were chosen as the dopants for
future studies because they were more thermally stable
during the annealing process than films doped with
trifluoroacetic acid (TFA), dodecylbenzene sulfonic acid
(DBSA), and hydrochloric acid (HCI). During the annealing
process, the TFA and DBSA doped polymers were de-doped
as seen by the change in the films’ color; on the other hand,
the HCl doped polymer does not make effective films. Based
on the thermogravimetric analysis data (Figure S4), where
the decomposition of the polymer occurs over 400 °C, it is
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clear that the polymers are stable at the annealing
temperature of 80 - 100 °C.

EPR measurements were performed to detect the
existence of paramagnetic species due to unpaired
electrons in the doped state as would be expected if
polarons are present. Both polymers recorded strong signal
in the EPR spectra when doped with organic acids (Figure
S5a and c) and showed Curie behavior with temperature
(Figure S5b and d). The g-factors ranged from 2.0010 to
2.0063 G, which are close to the value for free electrons,
suggesting that the resonances of the paramagnetic centers
are delocalized over the conjugated polymers.®2-63 From the
EPR studies, the presence of paramagnetic charged states
(polarons) was confirmed for the doped polymers. As such,
the electrical conductivity of the polymers was determined
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Figure 3. Cyclic voltammetry in 1.0 M H2S04 of doped Cbz-PANI-1 vs Ag/AgCl on spray-coated Au leaf; 1stand 100th CV cycles
shown (a). Spectroelectrochemical measurements of Cbz-PANI-1 from 0.0 to 0.6 V of spray-coated polymer films on
conductive ITO coated glass (b). Electrochromic changes for Cbz-PANI-1 between the leucoemeraldine salt (0.0 V),
emeraldine salt (0.4 V), and the pernigraniline salt (0.6 V) (c). Proposed redox forms for Cbz-PANI (d).



using a four-point probe apparatus. Films of Cbz-PANI-1
and Cbz-PANI-2 were prepared by drop-castinga 5 mg/mL
EtOH solution of the polymers onto the substrate, which
were then subjected to slow drying over m-cresol vapor at
100 °C for 24 h. In our previous studies, it was shown that
m-cresol increased the conductivity by changing the
morphology of the polymers from aggregated particles to
thick sheet-like structures.2! The conductivity was
determined to be 2.82 S cm! for Cbz-PANI-1 and 0.70 S cm-
! for Cbz-PANI-2. The reason for the lower conductivity of
Cbz-PANI-2 is aresult of the lower Mn of the polymer, which
results in a less efficient film.®* Based on the conductivity
studies, we decide to perform electrochemical experiments
using Cbz-PANI-1.

Cyclic voltammetry (CV) of a Cbz-PANI-1 film
between 0 and 0.6 V (vs Ag/AgCl) shows redox peaks
centered between 0.37 V (Epa) and 0.25V (Ep) at the scan
rate of 200 mV s-! (Figure 3a). The electrochemical stability
of the polymer can be seen from the 100t cycle (red dashed
line) in which the overall change in shape and current
density are minimal compared to the 1st cycle (Figure 3a).
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Spray-coated polymer films on conductive ITO coated glass
(ITO@glass) were analyzed using spectroelectrochemistry
(Figure 3b). As expected, the polymer showed
electrochromic properties between 0.00 and 0.60 V vs
Ag/AgCl. The films appear faintly yellow/green in their
reduced state (0.0 V), transition to green when partially
oxidized (0.4 V) and become blue when fully oxidized (0.6
V) (Figure 3c). In the process, the maximum absorption
wavelength shifts from 1000 nm in the ES form to 720 nm
in the oxidized pernigraniline state. This blue shift in the
wavelength of the fully oxidized polymer is a result of
Peierls gap, which has been previously described in the
literature for the pernigraniline form of PANIL65-66 The
proposed structures for the different redox states can be
seen in Figure 3d.

Cyclic voltammetry experiments were also carried out
between 0 and 0.6 V (vs Ag/AgCl) at various scan rates (10
to 200 mV s-1) for Cbz-PANI-1 as shown in Figure 4a. The
positive potential window (from 0.1 to 0.5 V) of the peaks
makes the polymer a possible candidate as a positive
electrode material (i.e., p-doped polymer) in energy storage
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Figure 4. CV curves of the Cbz-PANI-1/AU@PET electrode at different scan rates, (a). GCD curves of the Cbz-PANI-
1/AU@PET electrode at various current densities, (b). Areal capacitances and specific capacitances of Cbz-PANI-
1/AU@PET at various applied current densities calculated GCD. (c); capacitance retention of the Cbz-PANI-1/AU@PET
electrode over 1000 CV cycles (inset shows the change in CV after every 100 cycles during extended cycling) (d)



devices. The symmetry between anodic/cathodic peaks
indicates good reversibility of the redox reactions during
charge/discharge of the polymer electrode. Even when the
sweep rate is increased by more than twenty-fold (10 to 200
mV s71) the position of the oxidative peak shifts only slightly
from 0.33 to 0.37 V. Galvanostatic charge discharge (GCD)
experiments were performed for the Cbz-PANI-1/Au@PET
electrode at various current densities (0.2-5.0 mA cm2)
Figure 4b and Figure S6. Considering the average active
material mass loading (i.e, 0.3 mg cm-2) the Cbz-PANI-
1/Au@PET electrode exhibits a maximum areal capacitance
of 64.8 mF cm~2 and specific capacitance of 319 F g1 at a
current density of 0.2 mA cm~2 (Figure 4c). The maximum
areal capacity and specific capacity were determined to be
13.6 pAh cm2 and 53.2 mAh g, respectfully (Figure $7). In
addition, Cbz-PANI-1/Au@PET demonstrates good cyclic
stability (i.e., * 83% of capacitance retention) for 1000 CV
cycles (Figure 4d inset) between 0.0 and 0.6 V at a scan rate
of 200 mV st Figure 4d: thus, indicating that Cbz-PANI-1
has properties suitable for application as a supercapacitor
material. Furthermore, the high cycling stability of the
polymer coupled with its reversible color change(s) during
electrochemical cycling can provide a visual indication of
the materials state of charge. These combined properties
are highly sought after for developing the next generation
of “smart’ electrochromic energy storage devices and make
Cbz-PANI well positioned for such an application.

SEM images of the film before and after 100 CV cycles
for Cbz-PANI-1/AU@PET electrode was performed to
determine any morphology changes of the film. The SEM
result of the Cbz-PANI-1/AU@PET cycled electrode
(Figure 5) shows a significant morphological change in the
polymer film over the first 100 CV cycles. This
morphological change is likely due to the swelling and
expanding of the polymer as it undergoes several redox
cycles, resulting in change in the overall shape of the CV and
GCD curves during/after extended cycling. Likewise, the
device shows a slight change in the overall shape of the CV
curves after the first 100 cycles (Figure 6c¢) indicating that
the morphology change is not completely mitigated by the
PVA/H2S04 gel electrolyte.

The fabricated Cbz-PANI-1/Au@PET//Cbz-PANI-
1/Au@PET device exhibits CV curves with the combination
of both pseudocapacitive (faradaic) and double-layer
(EDLC) type capacitive behaviors over the 0.7 V operating
voltage Figure 6a. The CV curves of the symmetric device
show that most of the charge is being stored between 0.1-
0.6 V (in good agreement with the 3-electrode CV results for
Cbz-PANI-1/Au@PET, Figure 4a and b). In addition, the
current steadily increases as the scan rate increases from 10
to 200 mV s~! and the overall shape is well maintained: thus,
revealing good pseudocapacitive properties of the device.
The GCD results give a maximum energy density of 2.45 W

Bt

Figure 5. SEM of pristine (a) and cycled spray-
coated CBz-PANI-1 electrodes (b).

h kg1 at 0.2 A g1, with an energy of 1.06 W h kg-! being
maintained at a high power of 2.71 kW kg-! (at 10 A g™1).
These results demonstrate a good rate capability of the
device Figure S8. The device is also able to achieve a high
maximum capacitance of 36 F g'! (9 mF cm2) and good
capacitance retention at higher rates Figure S8c.
Unfortunately, extended cycling studies of the initial
symmetric Cbz-PANI-1/Au@PET/Cbz-PANI-1/Au@PET
prototype device was rather poor (= 45%). Upon further
investigation, it was discovered that the poor performance
of the device is likely due to poor device handling, i.e., the
device showed mechanical instability with over-handling.
Therefore, a set of 10 similarly constructed devices were
prepared and evaluated for their extended cycling
performance. The best device gave excellent cyclability
(>91% capacity retention) over 1000 GCD cycles at 0.500
mA cm? (Figure 6c¢-d). From these results, it is believed
that improvement in the long-term cycling performance for
Cbz-PANI-1 requires more device optimization. Overall,
these results are comparable and even superior to similar
symmetric PANI devices made without conductive
additives or special structural arrangements,>5° and other
CPs from the literature (Table S4).67-70 Operationally, when
the symmetric device is fully charged the positive electrode
becomes fully oxidized while the negative electrode is
simultaneously reduced. After discharge, both electrodes
reach their half-oxidized states, thereby allowing only 50%



of each electrode material’s total capacitance to be utilized.
Likewise, the operational voltage of the symmetric devices
is primarily limited to the potential window of Cbz-PANI-1
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(=0.6 V). Overall, the symmetric device demonstrates good
energy, and power; thus, indicating that Cbz-PANI-1 is well
suited for supercapacitor applications.

—0.1 mA/cm?
| —0.2 mA/cm?
0.60 A 0.3 mA/cm?
1 0.5 mA/cm?
. 0.50 A 0.7 mA/cm?
= 1 1.0 mA/cm?
© 040 - / —20 mAJom?
% i
= 030 // /
> i //
0.20 A /
0.10 -/
000 T T T T T T T T T T T
0 50 100 150 200 250 300
Time (s)
10 O‘O—O‘O‘O—C%o—o_o_o_(g
© |
= 80+ 5] —100
5 110 - = =1000
= <
‘.QC_J‘ 60 - £ 0.5 4
o 1€ 00
o
= 40 1 5.05
'C O
g 7 1.0
m 20 I '15 ] T T T T T T T T T T T T T 1
O J 0 01 02 03 04 05 06 07
0 Potential (V)
0 200 400 600 800 1000

Cycle number

Figure 6. CV curves of the initial symmetric Cbz-PANI-1/Au@PET/Cbz-PANI-1/Au@PET prototype device (individual electrode
mass loading = 0.3 mg/cm?) at various scan rates (a) and its GCD curves at various current densities (b). GCD cycling performance
for the best device (mass loading * 0.100 mg/cm?) (c) and its capacity retention over 1000 GCD cycles at 0.5 mA/cm? (Inset shows
cyclic voltammogram for the best device after various GCD cycles) (d).

CONCLUSIONS

In summary, two new carbazole-based PANI-
derivatives (Cbz-PANI) were successfully synthesized and
characterized. The polymers’ molecular weights were 18
and 9 kDa for Cbz-PANI-1 and Cbz-PANI-2, respectively.
The synthesized polymers mimicked the properties of
classical PANI in the UV and EPR spectra of the doped states.
The polymers underwent a large bathochromic shift in the
absorption spectra when doped similar to PANL
Additionally, they both displayed strong polaronic signals
within the EPR spectra. Cbz-PANI-1 (2.8 S cm'!) was found

to be more conductive than Cbz-PANI-2 (0.70 S cm),
potentially due to the better film formation of Cbz-PANI-1,
which has a much higher M. Furthermore, Cbz-PANI-1
displayed electrochromic properties when the electrical
potential was increased from 0.0 V to 0.6 V against Ag/AgCl,
transitioning from pale yellow/green (analogous PANI -
leucoemeraldine form) to green (analogous PANI
emeraldine salt), then into blue (analogous PANI
pernigraniline salt) when fully oxidized. Unlike classical
PANI, Cbz-PANI-1 was found to be electrochemically stable
and processable. Cbz-PANI-1 was able to achieve a high
specific capacitance (319 F g-') and good electrochemical



stability across a wide potential window of 0 - 0.6 V and has
been applied as both positive and negative electrode
material in an all-polymer symmetric supercapacitor. The
side chains and tunable MW of Cbz-PANI-1 increased the
solubility of the polymer, enabling easy processing of Cbz-
PANI-1 via spray coating or drop-casting onto various
substrates (i.e., AU@PET and ITO@glass). The Cbz-PANI-
1//Cbz-PANI supercapacitors provide an energy density of
~2.5-1 W h kg1 and a power density of 0.05-2.7 kW kg1,
which are comparable with similar symmetric SC devices in
the literature. Lastly, the electrochromic behavior of this
polymer could find application in future “smart” energy
storage devices since the state of charge can be visually
monitored.
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