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High performance organogel polyelectrolytes were synthesized by super acid catalyst step-growth
polycondensation of isatin and the non-activated multiring aromatic p-terphenyl. Subsequently,
a chemical modification reaction was carried out to obtained quaternary ammonium functionalized
polyelectrolytes through a nucleophilic substitution reaction with (3-bromopropyl)trimethylammonium
bromide and potassium carbonate at room temperature. Different functionalization degrees were
obtained by controlling the molar ratio of the polymer and the modification agent. The organogel
polyelectrolytes were formed due to the high phase segregation and self-assembling observed owing to
the amphiphilic character of the material (hydrophobic backbone and hydrophilic fragment grafted). The
organogel polyelectrolytes were used to fabricate supercapacitors using two commercial graphite
electrodes. These polyelectrolytes displayed good ionic conductivity without the use of another doping
agent such as salts, acids or ionic liquids. In this work, a strong correlation of functionalization degree
and ionic conductivity of the polyelectrolytes and capacitance of the supercapacitors was observed. The
ionic conductivity of the polyelectrolytes reached 0.46 mS cm™ for the 100% functionalization degree,
meanwhile the polyelectrolyte with the 10% functionalization degree shows 0.036 mS cm™. Li-doped
polyelectrolytes showed higher ionic conductivity due the presence of extra ionic charges (2.26 and 0.2
mS cm™! for the polyelectrolytes with the 100% and 10% of functionalization degree, respectively). The
principal novelty of this work lies in the possibility of modulating the ionic conductivity of organogels
and the capacitance of supercapacitors by chemical modifications. The capacitance of the
supercapacitors was 1.17 mF cm™2 for the 100% functionalized polyelectrolyte and is higher in
comparison with the polyelectrolyte with 10% functionalization degree (0.68 mF cm™2) measured at
a discharge current of 52 uA cm~2 by galvanostatic charge discharge technique. Additionally, when

lithium salt (lithium triflate) was added, the polyelectrolytes retained a gel consistency, increasing the
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mF cm™2 for the 100% functionalization degree polyelectrolyte with lithium triflate. These organogel
DOI: 10.1035/d0ra00825g polyelectrolytes open the possibility to design flexible and all solid-state supercapacitors without the risk
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compared to batteries.” The electrical double layer capacitors
(EDLC)" is a type of SC that uses carbon materials as electrodes

Introduction

The increase in the demand for the storage of electrical energy
requires the manufacturing of planar and flexible devices for
wearable and portable electronics.” Supercapacitors (SC) are
an emerging class of energy storage devices* that exhibit more
capacitance and energy density than conventional capacitors
and are very attractive for portable electronics and automotive
applications due to the delivery of a high power density
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with high porosity and large surface area. In these capacitors,
the double layer formation between ions in an electrolyte and
the porous structure of the carbon electrodes is responsible for
the high capacitance.” In this type of SCs, the energy is stored
only by electrostatic processes by adsorption of ions in the
interface without faradaic reactions.®

The next generation of portable electronics will demand
flexible and safe energy storage devices. One of the main
problems that hinder the fabrication of flexible SCs is the use of
liquid electrolytes which makes the device heavier and prone to
leakages. In addition, the device must be encapsulated, which
generates an increase of costs® and most of the liquid electro-
Iytes are toxic and harmful.
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The ability of a solution to self-organize has emerged as
a great approach to access a large number of structures and
architectures, especially networks or gel-like arrangements with
unique properties and commercial applications. The gel poly-
mers show considerable conductivities and good mechanical
properties and play multiple roles in SC, for instance as elec-
trolytes, binders and separators.'>** Generally, in SCs, the gel
polymer electrolytes consist of a polymer network or a three-
dimensional molecular arrangement, which is used as a host
material, mixed with ionic liquids or conducting salts, that are
the responsible elements of the ionic conduction."**

The three dimensional molecular arrangement or a supra-
molecular structure, due to the ability of a solution to self-
organized has emerged as a great approach to access a large
number of structures and especially networks or gel-like
arrangements.”® The generation of these types of structures
will depend mainly on the substances involved, the chemical
functionality and the strength and directionality of the
secondary interactions present in the different systems. In
supramolecular chemistry, these interactions are mainly
hydrogen bondings, amphiphilic, van der Waals forces and
ionic.™

In polyelectrolytes also depends on the polyelectrolytic chain
arrangement, the counterions present and their distribution
throughout the polyelectrolyte. Self-assembling processes
involve electrostatic interactions between the polyelectrolyte,
counterions and solvent and it has been observed that different
counterions can induce a non-covalent cross-linking of the
polyelectrolyte chains in a network arrangement.*>"”

Most of the gel polymer electrolytes reported are composed
of polyvinyl alcohol (PVA) mixed mainly with H,SO,, KOH or

LiCI'"*?*  but other host polymers such as poly-
methylmethacrylate (PMMA), poly(vinylidene fluoride-co-hexa-
fluoropropylene) (PVAF-HFP), polyacrylonitrile (PAN) or

poly(ethylene oxide) PEO have been also employed.”

In this work, a cationic polymer was used as organogel
polyelectrolyte and separator for energy storage applications
using two commercial graphite bars as electrodes. Different
percentages of charged units in the organogel polyelectrolytes
(functionalization degree) were studied by cyclic voltammetry,
galvanostatic charge discharge (GCD) and electrochemical
impedance spectroscopy (EIS), showing that ionic conductive
and capacitance increased with the functionalization degree
increment. This implies that the capacitance of the SCs can be
controlled by chemical reactions. Additionally, lithium triflate
(LiTf) salt was added to the organogel polyelectrolyte to improve
the performance of the SCs and their electrochemical proper-
ties, decreasing the resistance. The SCs using gel poly-
electrolytes were characterized by a two electrodes
configuration to obtain the areal and gravimetric capacitance of
the SCs.

Experimental
Polymer synthesis

The synthesis was carried out using a precursor polymer ob-
tained by polycondensation of isatin with the nonactivated,
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multiring aromatic, para-terphenyl (PNH). The reaction was
carried out in the Bronsted superacid trifluoromethanesulfonic
acid or in a mixture with dichloromethane. Subsequently,
a chemical modification reaction was carried out to obtain
polymers with positive charges (quaternary ammonium groups,
QA) in the main chain (PNQAX, X = functionalization degree).
Thus the typical modification of the polymer precursor to ob-
tained polyelectrolyte type gel is described as follows, in
a single-necked flask equipment with a magnetic stirred, the
polymer precursor was dissolved in NMP 10% w/v once the
complete dissolution of the polymer was achieved different
amounts of the base K,CO; and the modification reagent were
added to obtain the polyelectrolytes with different functionali-
zation degrees. The reaction mixture was stirred for 24 h at
room temperature.

Gel polyelectrolyte self assembling

The gel polyelectrolytes were obtained by dissolving cationic
polymer fibers in DMSO 10% w/v and after a period of time the
self-assembling took place to obtain the gel type poly-
electrolytes. Additional samples were obtained with the addi-
tion of lithium triflate in a 0.3 M concentration respect to the
polymer solution.

Cell fabrication and analysis

Commercial graphite bars were used as electrodes without the
use of any current collector. The gel type polymer was used as
electrolyte and separator and was placed in the middle of the
two graphite bars. The cyclic voltammetry, GCD and EIS
measurements were obtained with a BioLogic SP-150
potentiostat.

The EIS measurements of the SCs were carried out at DC bias
of 100 mV over a frequency range from 100 mHz to 1 MHz.

The ionic conductivity of the gel type polyelectrolyte was
obtained using the next formula:*

L
7T Rox4

(1)

where the solution resistance (Rs) of the gel polyelectrolyte is
obtained of the intercept of the real axis in the Nyquist plot, L is
the separation between the electrodes and A is the area of the
electrodes.

The areal capacitance of the SCs was obtained at two elec-
trodes configuration by GCD technique was obtained with eqn
(2).18,21

N

= IA (2)

where I is the discharge current, At is the discharging time and
A is the area of the electrode. The gravimetric capacitances were
calculated in the same manner, but using the weight of the two
electrodes instead of the area.

The energy (E) and power (P) densities were calculated by the
following equations using the gravimetric capacitances:'®

1
E=3CA V2 (3)
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Results and discussions
Polymer synthesis

The precursor polymers were obtained via metal-free, one-pot,
super-acid catalyst polyhydroxyalkylation in a mixture with tri-
fluoroacetic acid and methylenechloride at room temperature
(Fig. 1). The polyhydroxyalkylation reaction has been widely used
to obtain high molecular weight aromatic polymers without ether
groups in the main chain that are susceptible to degradation.”**

These features give these polymers high thermal, mechan-
ical and chemical stability, which are desirable characteristics
for applications in storage and energy conversion devices. The
high solubility of the polymers allowed us to conduct NMR
analysis to obtain the complete structural characterization.
Proton NMR spectra show high regioselectivity in the poly-
merization reaction, and only para substitutions have been
observed in the aromatic fragment.

Then, a polymer modification of the precursors was carried
out through a substitution reaction with (3-bromopropyl)tri-
methylammonium bromide, affording the positively charged
polyelectrolytes with different functionalization degrees
(PNQA10, PNQA20, PNQA100 10, 20 and 100% functionalization
degree respectively). The functionalization degree was deter-
mined by '"H NMR (Fig. 2). The signals between 1.5 and 4.0 ppm
correspond to the aliphatic protons belonging to (3-bromo-
propyl)trimethylammonium bromide.

This confirms the addition of the cationic group to the main
chain, additionally, no other signal was observed above 9 ppm
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Fig. 1 Step polymerization of isatin with the nonactivated aromatic
hydrocarbon p-terphenyl (top) and H NMR spectra of precursor
polymer (bottom).
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Fig. 2 'H NMR spectra of PNQA100 polyelectrolyte.

indicating the complete substitution of the precursor polymer with
a 100% functionalization degree. In cases where lower degrees of
functionalization were achieved, the observed signal around
9 ppm, corresponds to the amide proton associated with the isatin,
corroborating the partial modification.* The organogel poly-
electrolytes were obtained by dissolving the cationic fibbers 10% w/
v in DMSO, the high molecular weight and phase segregation allow
a three-dimensional arrangement tentatively due to the strong
ionic interactions of the grafted fragment and the high hydro-
phobicity in the polymer backbone, leading to gelation processes
without the need of chemical cross-linkers.

The supramolecular structures observed in this kind of
polymers suggested self-assembled polymer structures® that
are graphically represented in Fig. 3, allows different properties
and are related to the degree of functionalization, we observed
stronger supramolecular arrangements as the percentage of
functionalization increases.

Ionic conductivity of the polyelectrolytes

The ionic conductivity of the different gel polymer electrolytes was
measured by EIS to evaluate its potential use in SCs using eqn (1).
The solution resistance (R;) of the gel polyelectrolytes was obtained

Fig. 3 Schematic model of supramolecular arrangement.
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Fig. 4 (a) Nyquist plot of the PNQA10, PNQA20 and PNQA100 gel
type polyelectrolytes, (b) Nyquist plot of the PNQA10, PNQA20 and
PNQA100 gel type polyelectrolytes with 0.3 M lithium triflate (Li-
PNQA10, Li-PNQA20 and Li-PNQA100) and (c) ionic conductivity of
the organogel polyelectrolytes with (red line) and without (black line)
lithium triflate with respect to the functionalization degree.

by the intersection of the real axis in the Nyquist plots® (Fig. 4a and
b). The inclined line close to 90° in the low-frequency region
confirms the capacitance behavior of the device.' The R of the gel
polyelectrolyte decreases with the increment of the functionaliza-
tion degree which is associated with an increase of positive charges
in the polymer backbones. The solution resistance further
decreases due to the addition of 0.3 M of lithium triflate due to the
presence of extra ionic charges in the gel. Fig. 4c depicts the ionic
conductivity with respect to the functionalization degree in the gel
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polyelectrolyte. The conductivity increases from 0.0362 to 0.118
mS cm™~ ' when the charged units increased from 10 (PNQA10) to
20% (PNQA20). After this functionalization degree, the ionic
conductivity increases to 0.46 mS cm ' for the 100% modified
polymer (PNQA100).

The increase in conductivity with respect to the functional-
ization degree is probably due to a higher amount of ionic
charges in the polymer. An increment of the ionic conductivity
results suggests an increment of the double-layer capacitance
for PNQA20 and PNQA100. The addition of a 0.3 M lithium
triflate salt further increases the ionic conductivity at room
temperature of the polyelectrolyte of the three different func-
tionalization degrees. The polyelectrolytes with no salt addition
show conductivities from 107> to 10™* S ecm ™" which are higher
compared to that of insulating polymers, whose conductivities
are in the order of 10°°® S cm ' or lower. The doped poly-
electrolytes with lithium triflate (Li-PNQA10, Li-PNQA20 and Li-
PNQA100) showed a very similar behavior than the non-doped
polyelectrolytes but with higher ionic conductivity.

The Li-PNQA20 (0.22 mS ecm™ ') polymer presents a slightly
increment with respect to Li-PNQA10 (0.2 mS cm ') meanwhile
the Li-PNQA100 (2.26 mS cm ") display a considerable incre-
ment in comparison with the Li-doped polyelectrolytes with
lower functionalization degree. In comparison with the poly-
electrolytes without lithium triflate, there is an important
increment of ionic conductivity with respect to the doped
polyelectrolytes. These conductivities make this polyelectrolytes
potential candidates to substitute the liquid electrolytes in SCs.

Capacitances of the SCs

The electrochemical properties and performance of the SCs were
evaluated by cyclic voltammetry using a potential window of 0-
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Fig. 5 Voltammograms of the SCs using the polyelectrolytes (a)
PNQA10, (b) Li-PNQA10, (c) PNQA20, (d) Li-PNQA20, (e) PNQA100
and (f) Li-PNQA100.
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0.8 V at different scan rates (from 10 to 100 mV s ). It can be
observed in Fig. 5 that the CV curves present quasi-rectangular
shape, therefore the SCs show an EDLC behavior.®

This EDLC is associated with an accumulation of electro-
static charge in the electrode-electrolyte interface due to an
application of a potential between the electrodes.”® While
charging is taking place, the anions moves to the positive
electrode and the cations, which are in the backbone, are
orientated to the negative electrodes.”” During discharge, the
opposite processes occurred. Then, energy is storage in the
double layer interfaces.

The current of the voltammograms showed an increment with
respect to the functionalization degree, then the capacitance
increases with respect to the charges in the polyelectrolyte due to
the formation of a thicker EDLC and the addition of lithium triflate
further increases the capacitances due to the addition of extra
charges. The characteristic capacitive behavior was also examined
by GCD technique at current densities in the range of 52 to 105 pA
cm™? (Fig. 6). The triangular shape of the curves with a very small
IR drop demonstrates good rate capabilities.”

Using eqn (1), the areal capacitance was obtained for each
functionalization degree with and without 0.3 M LiTf from the
GCD curves. Fig. 7 displays the areal capacitances of the six
different polyelectrolytes and shows that the capacitance is higher
for lower scan rates due to the increase of the charge resistance of
the polyelectrolyte.” The areal capacitances (gravimetric capaci-
tances) obtained by GCD curves at 52 pA cm > of the PNQA10
polyelectrolyte is 0.68 mF cm™> (18.85 mF g~ ') while at the same
discharge current is 1.04 mF cm > (32.88 mF g™ ') for the SC using
PNQA20. The SC with PNQA100 (1.17 mF cm™?, 35.29 mF g )
shows an increment compared to the SC with the SCs using
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Fig. 6 GCD curves of the SCs using the polyelectrolytes (a) PNQA10,

(b) Li-PNQAI10, (c) PNQAZ20, (d) Li-PNQA20, (e) PNQA100 and (f) Li-
PNQA100.
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by the GCD

PNQA20 and PNQA10, which is consistent with the increase of
ionic conductivity, therefore there is a correlation between ionic
conductivity and capacitance. Doped polyelectrolytes with lithium
triflate (Li-PNQA10, Li-PNQA20 and Li-PNQA100) display higher
capacitances compared to the non-doped polyelectrolytes (areal
capacitances of 0.909, 1.24 and 1.37 mF cm 2 and gravimetric
capacitances of 28.74, 39.19 and 43.4 mF g, for SC using Li-
PNQA10, Li-PNQA20 and Li-PNQA100, respectively, at
a discharge current of 52 pA cm ™).

These capacitances are in the same order of magnitude
compared to other gel polymer electrolytes with carbon nano-
tubes electrodes, activated carbon electrodes” or carbon nano-
tube fibber electrodes,*® indicating that the cationic polymers
with and without lithium triflate have potential application as
polyelectrolytes and could represent an improvement of the
capacitance using other electrodes like graphene, activated
carbon or carbon nanotubes. At 52 pA cm ™2 and using the eqn
(3), the energy density of the SCs were calculated for PNQA10
(1.9 W h kg™"), PNQA20 (3.04 W h kg™ '), and PNQA100
(3.16 W h kg™ "), respectively, meanwhile the Li-doped poly-
electrolytes showed an increment of the energy density to 2.59,
3.48 and 3.8 W h kg ™! for Li-PNQA10, Li-PNQA20 and Li-PNQA,
respectively. The power density of the SCs was calculated by eqn
(4) and was 2280, 2202 and 1663 W kg~ " for the SCs with the
undoped polyelectrolytes (PNQA10, PNQA20 and PNQA100,
respectively) and 1365, 1581 and 1520 W kg * for the doped
polyelectrolytes (Li-PNQA10, Li-PNQA20 and Li-PNQA100,
respectively). These results of energy and power densities of
this six polyelectrolytes are in the gap of the electrochemical
capacitors or supercapacitors in the Ragone plot.*

Time stability of the SCs with the six polyelectrolytes was
measured at a discharge current of 78 pA cm ™ for 1000 of charge-
discharge cycles. Fig. S1f shows the 1% and 1000™ charge-
discharge cycles for each SC where it can be appreciated that the
discharging time is decreasing due to the number of cycles. The Li-
PNQA100 SC maintains the 65% of the initial capacitance, the
PNQA100 SC the 50%, the Li-PNQA50 SC the 70.3%, the PNQA50
SC the 70%, the Li-PNQA20 SC the 81% and the PNQA20 the 50%.

RSC Adv, 2020, 10, 1743-11749 | 11747
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This results obtained for energy and power densities of these
SCs are in the same order as other SC using gel polyelectrolytes
reported in the literature.'®*°

Conclusions

In conclusion, polymer precursors were synthesized in a simple
manner, the polyhydroxyalkylation reaction was performed in
the Brensted superacid trifluoromethanesulfonic acid (TFSA)
and a mixture of TFSA with dichloromethane, the electrophilic
aromatic substitutions reactions of isatin with p-terphenyl
occurred exclusively in para-positions then a highly efficient
post-polymerization functionalization was carried out to obtain
cationic organogel polyelectrolytes. These results also suggest
that a large variety of organogel polyelectrolytes could be ob-
tained similarly. This work expands the scope of super-
electrophilic  polymerization and gel polyelectrolytes
chemistries. These organogel polyelectrolytes were embedded
between two commercial graphite electrodes to evaluate their
performance in SCs. The cationic organogel polyelectrolytes
showed an ionic conductivity in the order of ~107° to
10~* S cm™ ' measured EIS depicting their potential application
in energy storage devices. It was observed that the ionic
conductivity increased as the percentage of charged monomers
in the polymer backbone increases. The ionic conductivity
further increased to the order of 107> S cm ™" (for Li-PNQA100)
when a lithium salt was added. The areal capacitances of the
SCs using these organogel polyelectrolytes were calculated by
GCD and lie in the order of the mF cm™> which is in agreement
with other gel type polyelectrolytes reported in the literature.
Additionally, the gravimetric capacitances are in the order of
mF g . It was found that the capacitances increased when the
ionic conductivity increased due to the higher mobility of the
charges in the polymer backbones, reaching these charges
easily by the polyelectrolyte-electrode interface forming the
electric double layer. The areal (gravimetric) capacitances of the
SCs using the undoped polyelectrolytes was 0.68 mF cm >
(18.85 mF g™ '), 1.04 mF cm > (32.88 mF ¢~ ') and 1.17 mF cm ™~
(35.29 mF g '), for the SCs using PNQA10, PNQA20 and
PNQA100 polyelectrolytes, respectively, measured at the same
discharge current (52 pA cm™?).

The Li-doped supercapacitors showed an increment of capaci-
tance in comparison with the non-doped polyelectrolytes due to
the presence of extra mobile charges, which causes a formation of
a thicker double layer in the interfaces. The Li-PNQA100 SC
showed the higher capacitance (1.37 mF cm™*, 43.4 mF g~ ') at
a discharging current of 52 pA em™? in comparison with the SC
using Li-PNQA20 (1.24 mF cm 2, 39.19 mF g ') and using Li-
PNQA10 polyelectrolytes (0.9098 mF cm™2, 28.74 mF g™ ') at the
same discharge current.

The results presented in this work promise the possibility of
modulating the capacitance in all solid-state SCs by chemical
modifications and the use of thermal stable gel polyelectrolytes
without the use of any dopant. Further research must be done to
improve the electrochemical performance of the SC using
carbon electrodes with a higher active area.
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