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energy storage in an organic
supercapacitor via a non-electrochemical proton
charge assembly†

Sanchayita Mukhopadhyay,a Alagar Raja Kottaichamy, ad

Mruthyunjayachari Chattanahalli Devendrachari,a Rahul Mahadeo Mendhe,a

Harish Makri Nimbegondi Kotresh,*b Chathakudath Prabhakaran Vinod *c

and Musthafa Ottakam Thotiyl *a

Contrary to conventional beliefs, we show how a functional ligand that does not exhibit any redox activity

elevates the charge storage capability of an electric double layer via a proton charge assembly. Compared

to an unsubstituted ligand, a non-redox active carboxy ligand demonstrated nearly a 4-fold increase in

charge storage, impressive capacitive retention even at a rate of 900C, and approximately a 2-fold

decrease in leakage currents with an enhancement in energy density up to approximately 70% via a non-

electrochemical route of proton charge assembly. Generalizability of these findings is presented with

various non-redox active functional units that can undergo proton charge assembly in the ligand. This

demonstration of non-redox active functional units enriching supercapacitive charge storage via proton

charge assembly contributes to the rational design of ligands for energy storage applications.
1. Introduction

Amidst the pressing need to address escalating global energy
demands and rapid industrialization, a great deal of attention
has been focused on developing high-power and high-energy-
density energy storage and conversion devices.1–7 Electro-
chemical capacitors (ECs), or supercapacitors, have emerged as
particularly promising candidates due to their superior power
density, long lifetime, and high cyclic stability in comparison to
secondary batteries.8–11 These ECs can bridge the power-energy
trade-off between batteries (high energy) and traditional
dielectric capacitors (high power).12–16

Supercapacitors are classied into two categories: electrical
double layer capacitors (EDLCs) and pseudocapacitors. The
EDLC operates by the non-faradaic separation of charges at the
electric double layer, whereas pseudocapacitors are involved
with surface-conned faradaic redox reactions. EDLC-type
materials such as activated carbon (AC) or carbon nanotubes
undergo reversible adsorption and desorption of electrolyte
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ions at the electrode–electrolyte interface during charging and
discharging. This process is solely dependent on the active
surface area of the electrodes, and because the charge storage
mechanism depends only on the physical reorientation of the
ion charge assembly at the interface, the energy density is much
lower in EDLCs as compared to pseudocapacitive materials.

The charge storage mechanism of pseudocapacitive mate-
rials primarily involves limited surface redox reactions.17–20

Typically, during the process of charging and discharging, there
is a change in the redox state of the species involved, and that,
in turn, demands intercalation and deintercalation of counter
ions.21–23 Therefore, materials that can exhibit multiple redox
transitions are oen preferred in the development of high-
energy-density capacitor devices. The conventional wisdom
that multiple redox transitions within the electrode have
a direct link with the attainable energy density is affirmed by
classical demonstrations of charge storage in electrode mate-
rials such as RuO2, NiO, Co3O4, MnO2, and conducting poly-
mers, and they all exhibited a very high charge storage
capability in their available potential window.24–28

We show that in the process of developing high-energy
supercapacitors, redox activity is not quintessential, at least in
the domain of molecular systems. Even functionality without
any capability for faradaic redox transitions can indeed enrich
their energy storage capability. We investigated molecular
systems containing functional units such as –COOH/NH2 that
do not exhibit any redox activity in the available potential
window, and an increase in the charge storage capability by
nearly four times was revealed, with impressive performance
© 2024 The Author(s). Published by the Royal Society of Chemistry
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metrics compared to non-functionalized ligands. Various
physicochemical analyses affirmed that it is the proton charge
assembly on the electrode that contributes to the identication
of repulsive interactions of the anions, leading to dense anion
storage within the EDL.
2. Results and discussion

We recently explored how a proton charge assembly can
modulate the electrocatalytic behavior of Co-based phthalocy-
anines via the modulation of the surface charge of the mole-
cules.29 We anticipated that this type of proton charge assembly
on the molecule should increase the local density of anions
residing in the electric double layer, which in turn should
ensure that these molecules are a suitable platform for charge
storage applications. Specically, in this work, we show how
ligand functionalization combined with non-redox active units
such as –COOH/NH2 results in the metal phthalocyanine
molecule becoming a potential platform for supercapacitive
charge storage with enhanced energy and power capability.

To demonstrate this, we initially used cobalt(II) phthalocya-
nine (CoPc) and tetracarboxycobalt(II) phthalocyanine (TCCoPc)
molecules. It should be noted that –COOH functionality cannot
result in any redox activity in the available potential window in
aqueous medium. For a deeper analysis, we also used tetraa-
minocobalt(II) phthalocyanine (TACoPc), tetranitrocobalt(II)
phthalocyanine (TNCoPc), copper(II) phthalocyanine (CuPc),
and tetracarboxycopper(II) phthalocyanine (TCCuPc) molecules.
We synthesized and characterized these molecules (please refer
to the ESI† for details), and the structures of the unsubstituted
and carboxy-substituted molecules are shown in Fig. 1a.
Fig. 1 (a) Molecular structures of unsubstituted metal phthalocyanine
where M = Co, Ni, Cu. (b) UV-visible spectra of CoPc and TCCoPc molec
TCCoPc molecules.

© 2024 The Author(s). Published by the Royal Society of Chemistry
Briey, the matrix-assisted laser desorption ionization time-
of-ight mass spectrometry (MALDI-TOF-MS) demonstrated
that the parent ion peaks were at m/z values of approximately
571 and 746 for CoPc and TCCoPc, respectively, ensuring their
successful formation (Fig. S1†). The UV-visible spectra demon-
strated the characteristic phthalocyanine bands, such as the B
band and Q band, for both molecules (Fig. 1b). A Q-band was
found to be redshied in the case of the TCCoPc molecule as
compared to the CoPc molecule, signaling that this band is
majorly originating from the ligand.30–35 This was further
attributed to comparatively extensive electron delocalization in
the case of the TCCoPc molecule. Fourier transform infrared
(FTIR) spectroscopy revealed peaks at approximately 1110, 1280,
1411, and 1640 cm−1, corresponding to the yC–H, yC–C, yC–N, and
yC]C macrocyclic ring vibration, respectively. Phthalocyanine
skeletal vibrations were observed at approximately 724, 872,
913, and 1083 cm−1.30–37 The peak at approximately 1700 cm−1

in TCCoPc corresponds to yC]O of the –COOH group, as shown
in Fig. S2a.† The Raman spectra of both molecules provided
characteristic Raman shis, as detailed in Fig. S2b and Table
S1,† which conrms successful molecular formation. The
morphology of the molecules was analyzed with the assistance
of high-resolution transmission electron microscopy (HRTEM).
The TEM images show a rod-like morphology for the CoPc
molecule and a sheet-like morphology for the TCCoPc mole-
cules, as shown in Fig. 1c and d, indicating a difference in the
self-assembly of the molecule. The morphology of CoPc was
found to be mostly that of a nanowire in nature.38,39 We also
observed a similar nanowire morphology for the CoPc system
(Fig. 1c). However, for the TCCoPc system, the morphology was
found to be sheet-like and aggregated (Fig. 1d). This may be
(MPc) and tetra-carboxy-substituted metal phthalocyanine (TCMPc),
ules. HRTEM images along with elemental mapping of (c) CoPc and (d)

Chem. Sci., 2024, 15, 1726–1735 | 1727
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because of the presence of intermolecular H-bonding between
the –COOH groups in this molecule. Similarly, a randomly
aggregated morphology was previously reported for carboxy-
substituted cobalt phthalocyanine.33,36,40,41

We carried out elemental mapping to increase our under-
standing regarding the composition of the molecules. There
was a homogenous distribution of carbon, nitrogen, and cobalt
for CoPc, whereas TCCoPc demonstrated a uniform distribution
of carbon, nitrogen, cobalt, and oxygen, as seen in Fig. 1c and d.
1H NMR of these molecules further conrmed their successful
formation, as shown in Fig. S3.† There were 1H NMR peaks at
8.3 ppm, 9.37 ppm, 10.22 ppm, and 12.48 ppm for TCCoPc,
which corresponded to the four types of H atoms. The broad
peak at 12.48 ppm corresponded to the acidic proton. CoPc
demonstrated peaks at chemical shi values of 8.29 ppm and
9.47 ppm, indicating the presence of only two different types of
protons in it, as shown in Fig. S3.† Characterizations of
TNCoPc, TACoPc, CuPc, and TCCuPc are given in Fig. S4.†

Aer successful formation of the molecules, we evaluated
their electrochemical behavior in acidic medium. They were
anchored on a glassy carbon electrode as a monolayer via a self-
assembly process, and to ensure that a monolayer properly
formed, we carried out quartz crystal microbalance (QCM)
studies (details are given in the Experimental section of the
ESI†). It was observed that the value of surface coverage (ob-
tained with the assistance of Saurbrey's equation) was in
accordance with reported values for a at monolayer (see
Fig. S5† and the associated text in the ESI†).42–44 The surface
coverage values were 9.12 × 10−11 mol cm−2 and 8.02 ×

10−11 mol cm−2 for the CoPc and TCCoPc molecules, respec-
tively, suggesting that the electrode was modied with a similar
number of molecules. Following this, cyclic voltammograms
were recorded for the monolayer-modied glassy carbon elec-
trodes in 0.5 M H2SO4 solution. Although there are a similar
number of redox active centers in both molecules, upon func-
tionalization with a non-redox active –COOH functionality, the
double-layer current was found to be noticeably enhanced, as
illustrated in Fig. S6a.† The galvanostatic charge–discharge data
(Fig. S6b†) also indicated that there was a much higher charge
storage capability for the TCCoPc molecule as compared to the
unsubstituted CoPc molecule.

Aer ensuring their pristine behavior in acidic medium, we
produced composites of these molecules with a YP-50 porous
carbon support to conrm their application in real-life super-
capacitor devices. The composites were synthesized with the
assistance of a previously reported procedure (see the Experi-
mental section in the ESI†). They were characterized by various
physicochemical techniques to conrm their successful
formation. The Raman and FT-IR spectra demonstrated the
respective phthalocyanine features, although they were sup-
pressed because of the presence of the carbon material, as
shown in Fig. S7.† The FESEM andHRTEM images further show
the presence of molecular systems as a part of the composites,
as shown in Fig. S8.† To conrm the homogenous distribution
of all the elements in the YP-50 composites, we carried out
elemental analysis as well as energy dispersive X-ray spectros-
copy (EDX) mapping (Fig. S9–S11†), which conrmed the
1728 | Chem. Sci., 2024, 15, 1726–1735
homogenous distribution of the corresponding elements on YP-
50 in both composites.

Aer successfully conrming the formation of the compos-
ites, their electrochemical behavior was monitored in 0.5 M
H2SO4 solution. We optimised the ratio of YP-50 to phthalocy-
anine molecule, and a ratio of 2 : 1 (YP-50 to phthalocyanine)
was found to furnish the highest capacitance. The data for the
different weight ratios along with their capacitance are shown
in Fig. S12 and Table S2.† The alteration in capacitance with
respect to the weight ratio of individual counterparts in the
composite electrode was attributed to the interplay between the
electronic conductivity of the composite electrode and the
availability of phthalocyanine molecules for charge storage. It
should be noted that the electronic conductivity of phthalocy-
anine molecules is lower than that of carbon-based
materials.45,46

With a surplus amount of YP-50 (4 : 1 ratio), the number of
phthalocyanine molecules accessible for charge storage
decreased, which in turn led to lower capacitance. When the
amount of phthalocyanine was increased (as in a 1 : 1 ratio), the
overall capacitance decreased because of a decrease in the
electronic conductivity of the composite system. The enhanced
capacitance in the 2 : 1 ratio composite system could be due to
the overall enhancement in the electronic conductivity coupled
with the sufficient availability of phthalocyanine molecules for
charge storage. The double-layer current obtained from the
cyclic voltammograms was found to be enhanced nearly 4 times
for the TCCoPc molecule as compared to that for the CoPc
molecule (Fig. 2a), which is nearly in accordance with the
monolayer data, as shown in Fig. S6.† The scan rate dependence
study ranging from 5 mV s−1 to 100 mV s−1 with all three
systems is shown in Fig. S13.† The calculated specic capaci-
tance (Csp) from the cyclic voltammograms at various scan rates
suggests the maintenance of high capacitance by TCCoPc as
compared to CoPc at all the studied scan rates, as shown in
Fig. S14.†

To check the contribution of pseudocapacitance to the
overall capacitance, the faradaic and capacitive contributions
were extracted from the cyclic voltammograms. Fig. 2b and c
show that the capacitive contribution is predominant for the
TCCoPcmolecule as compared to the CoPc molecule even in the
potential range of 0.3–0.5 V where faradaic redox peaks appear
for both molecules. Even at low scan rates from 0.5 mV s−1 to
0.1 mV s−1, the capacitive contribution dominated the charge
storage as compared to the faradaic contribution in CoPc as well
as TCCoPc (Fig. S15†). A galvanostatic charge–discharge (GCD)
study with these molecules at various current densities ranging
from 1 A g−1 to 10 A g−1 (Fig. S16†) demonstrated that the
TCCoPc molecule excels in terms of rate capability as compared
to the CoPc molecule (Fig. 2d). The Csp values extracted from
these GCD studies were found to be in accordance with scan
rate-dependent studies, with TCCoPc maintaining a higher
value of capacitance over the CoPc molecule at all the studied
rates, as seen in Fig. 2e. Table S3† compiles the specic
capacitance of all the systems at 5 mV s−1 and 1 A g−1, and it
suggests that functionalization by a non-redox active –COOH
functionality greatly enhances the double-layer charge storage.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) Cyclic voltammograms for the composite electrodes with YP-50 at a scan rate of 5 mV s−1. (b and c) Faradaic and capacitive
contributions extracted from the CVs for TCCoPc and CoPc, respectively. The inset shows their percentage contributions at different potentials.
(d) Galvanostatic charge–discharge profiles and (e) rate profiles extracted from charge discharge plots of the YP-50, CoPc@YP-50, and
TCCoPc@YP-50 electrodes. (f) BET N2 adsorption isotherm along with the (g) contact angle measurement for the YP-50, CoPc@YP-50, and
TCCoPc@YP-50 electrodes.
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To rule out the possibility of factors such as wettability and
surface area of the composite electrodes (CoPc@YP-50 and
TCCoPc@YP-50) contributing to charge storage, these parame-
ters were extracted by Brunauer–Emmett–Teller (BET) surface
© 2024 The Author(s). Published by the Royal Society of Chemistry
area and contact angle measurements. The surface area
extracted from the N2 adsorption isotherm was found to be 1029
m2 g−1, 1014 m2 g−1, and 1682 m2 g−1 for CoPc@YP-50,
TCCoP@YP-50, and YP-50, respectively (Fig. 2f), suggesting
Chem. Sci., 2024, 15, 1726–1735 | 1729
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that there are nearly similar surface areas for both composite
electrodes, and they are lower than that of pure YP-50. This is
expected because the pores on YP-50 may become blocked while
forming composites with phthalocyanine molecules. Fig. S17†
shows the pore size distribution for the composites, which was
also in a similar range. The pore volumes for CoPc@YP-50 and
TCCoPc@YP-50 were found to be 0.449 cc g−1 and 0.427 cc g−1,
respectively, suggesting that these parameters are similar in
range for the composite materials. Thus, wettability and surface
area cannot be factors responsible for the alterations in the
double-layer current, as shown in Fig. 2.
Fig. 3 (a) UV-visible spectra for the CoPc and TCCoPcmolecules with an
and TCCoPc molecules in acidic medium. (c and d) XPS analysis of CoPc
voltammograms for CoPc, TACoPc, and TCCoPc at a scan rate of 5 mV

1730 | Chem. Sci., 2024, 15, 1726–1735
To determine the reason why the TCCoPc molecule exhibited
greater charge storage than the CoPc molecule, we carried out
UV-visible acid titration, as shown in Fig. 3a. It was observed
that aer addition of the same concentration of acid into the
DMSO solution containing the molecules, there was signicant
redshiing of the Q-band for the TCCoPcmolecule as compared
to the CoPc molecule. The redshi in the Q-band is an indica-
tion of protonation of the molecule.47–51 Therefore, these results
suggest that the extent of protonation was more pronounced for
the TCCoPc molecule than for the unsubstituted CoPc mole-
cule. To substantiate this claim and to verify the nature of this
d without acid treatment. (b) Zeta potential measurement for the CoPc
and TCCoPc with and without acid treatment. (e) Comparative cyclic
s−1 in 0.5 M H2SO4 medium.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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surface charge, cyclic voltammograms for these two molecules
were recorded in the presence of positively charged
[Ru(NH3)6]

3+/[Ru(NH3)6]
2+ redox probes in acidic medium. With

the positively charged redox species in the medium, a relative
decrease in current was observed for the TCCoPc molecule,
suggesting electrostatic repulsion at play in the interfacial
region, as shown in Fig. S18.†

To further verify this, we performed zeta potential
measurements in the presence of acid, and the surface charge of
TCCoPc molecule was more positive than that of CoPc (Fig. 3b)
in acidic medium. To unambiguously conrm this, XPS spectra
of the molecules were recorded (Fig. 3c), and they showed
a signicantly upshied O 1s binding energy (BE) in the TCCoPc
molecule upon acid treatment. The N 1s spectra for both
molecules demonstrated an upshi in BE upon acid treatment.
However, the shi was much more pronounced in the TCCoPc
molecule than the unsubstituted molecule, as shown in
Fig. 3d.52–57 It should be noted that the peak intensity of –C]N
noticeably increased aer protonation, as shown in Fig. 3c.
Generally, the peak intensity in the XPS spectra is related to the
surface concentration of the species in question, and it provides
information regarding how much of that species is exposed at
the surface. There are studies where the increase in intensity of
a certain peak in the XPS spectra was attributed to the higher
surface exposure of that species.58–60 Thus, the increase in the
peak intensity of C]N aer protonation was attributed to its
dominant surface exposure aer the proton charge assembly.
This behaviour was consistently observed in CoPc as well as
TCCoPc molecules. Nevertheless, no variation in intensity was
observed for the Co–N peak because the N is deeply embedded
in the macrocyclic ligand.

To further prove that the proton charge assembly contributes
to enhanced charge storage, we evaluated the performance of
CoPc substituted with functional units such as –NH2, which can
also undergo protonation without exhibiting any redox activity.
As expected, the cyclic voltammograms suggested that there was
enhanced charge storage for tetraamino-substituted CoPc
(TACoPc) as compared to unsubstituted CoPc, with the former
molecule exhibiting a charge storage value similar to that of the
TCCoPc molecule, as seen in Fig. 3e. The pH of the electrolyte
(0.5 M H2SO4) was measured to be 0.2. The pKa value of
aromatic Ph-COOH is approximately 4.2, and that for Ph-NH2 is
approximately 4.6.61–63 According to the Henderson–Hassel-
balch equation, it is known that if the pKa of a compound is
higher than the pH of the solution where it is present, the
compound will exist in its protonated form.64 Therefore,
because the pKa values of the amino substituent and carboxy
substituent are greater than the pH of the 0.5 M H2SO4 medium
(at nearly 0.2), both functional units should undergo proton
charge assembly in this medium. Furthermore, a nitro func-
tionality that may not undergo protonation such as that by
TACoPc/TCCoPc demonstrated similar double-layer features,
such as an unsubstituted CoPc molecule, as seen in Fig. S19.†
Upon changing the central metal ion from Co to Cu, a similar
disparity in double-layer features was evidently present between
the –COOH functionalized ligand and the unsubstituted ligand,
which in turn indicates that this enhanced double-layer charge
© 2024 The Author(s). Published by the Royal Society of Chemistry
storage denitely stems from the ligand, as shown in Fig. S20
and Table S4.†

Co3+TAPc−2 + e− % Co2+TAPc−2 (1)

Co3+TAPc−1 + e− % Co3+TAPc−2 (2)

pC]N– + 2e− + 2H+ % pCH–NH– (3)

All these data indicate that the proton charge assembly in the
ligand, upon functionalization with non-redox active functional
units such as –COOH and –NH2, is extensive when compared to
the unsubstituted ligand. This in turn results in former ligands
without any additional redox active functionality becoming
potential platforms for charge-storage applications. Based on
these, a schematic representation for the proton charge
assembly in CoPc and TCCoPc is provided in Scheme S1.† It is
assumed that in an ideal situation, TCCoPc can hold up to 8
protons, which is twice that on unsubstituted CoPc (with 4
protons), as seen in Scheme S1.† It should be noted that the
redox peaks in the cyclic voltammetry (CV) curve of TACoPc
(Fig. 3e) correspond to the faradaic reactions of the metal centre
and phthalocyanine ligand, as shown in eqn (1)–(3):

The redox peak at a lower potential range is attributed to eqn
(1) and (3), whereas the redox peak at a higher potential is
attributed to eqn (2).65,66 However, for TCCoPc, only a broad
redox peak pair was observed, as shown in Fig. 3e, which was
attributed to the merging of redox peaks corresponding to eqn
(1)–(3). Although the reason for this behaviour between TCCoPc
and TACoPc is unclear at the moment, it is likely that it is
related to the nature of the intermolecular interactions in the
TACoPc and TCCoPc molecules.

To specically determine the contribution of the proton
charge assembly to pseudocapacitance, we compared the fara-
daic contributions for TCCoPc as well as CoPc in the potential
range from 0.3 V to 0.5 V, where a metal–nitrogen redox tran-
sition was observed, as shown in Fig. 2a. Fig. S21† shows that at
0.4 V, the pseudocapacitance was similar in magnitude for the
TCCoPc and CoPc molecules. The capacitive and diffusional
contributions further suggest that the non-faradaic contribu-
tions in the voltage range of 0.3 V to 0.5 V are noticeably
enriched in TCCoPc as compared to CoPc, as shown in
Fig. S21.† All these indicate that the proton charge assembly
does not greatly inuence the faradaic contribution. However, it
greatly contributes to non-faradaic capacitance.

To demonstrate a practical supercapacitor device, we
assembled a two-electrode asymmetric device using composite
electrodes and activated carbon (AC) as the positive and nega-
tive electrodes, respectively. The two-electrode fabrication
procedure is explained in the Experimental section of the ESI.†
CV and galvanostatic charge–discharge measurements (Fig. 4a
and b) using the two-electrode conguration suggest an
enhanced charge storage in the TCCoPc system as compared to
unsubstituted CoPc, as demonstrated in the case of the three-
electrode systems (Fig. 2). We carried out rate capability and
cycling tests with the TCCoPc/AC two-electrode device because
it is the system that provided the most optimal performance.
Chem. Sci., 2024, 15, 1726–1735 | 1731
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Fig. 4 (a) Cyclic voltammogram of a two-electrode split cell in asymmetric configuration, with TCCoPc and CoPc as the (+) electrodes and
activated carbon as the (−) electrodes at a scan rate of 5mV s−1. The current was normalized with respect to the total mass of the materials in the
(+) and (−) electrodes. (b) Galvanostatic charge–discharge profiles of the device. (c) Capacity retention plot for the TCCoPc/AC split cell with
increasing C rates. The rate was lowered to 8C after cycling it to a high rate of 900C. (d) Specific capacitance and coulombic efficiency of the split
cell with the TCCoPc/AC system over 10 000 cycles at a rate of 257C (20 A g−1). (e) Ragone plots for the asymmetric two-electrode split cell. (f)
Plot of the imaginary part of capacitance (C′′) vs. frequency acquired in the frequency range of 100 kHz to 5 mHz, with a 10 mV (peak to peak) AC
excitation signal at the open circuit voltage (OCV). (g) Photographs showing the architectural components of the supercapacitor along with the
assembled device powering a 2 V LED.
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Specic capacity and GCD measurements demonstrated the
excellent charge storage capability of the TCCoPc/AC device, as
shown in Fig. S22.†

The rate capability with the TCCoPc/AC device was stable
even at a very high current rating of 900C (50 A g−1), while
maintaining a capacity of 270 F g−1. The device demonstrated
a swi return to nearly its original performance when the
current rating was lowered to 8C, without compromising its
initial capacity, as shown in Fig. 4c. For the TCCoPc molecule,
a stable prole and a capacity retention of nearly 99.5% even
1732 | Chem. Sci., 2024, 15, 1726–1735
aer 10 000 cycles was observed during long-term cycling at
a current rate of 20 A g−1, as seen in Fig. 4d. The Ragone plot in
Fig. 4e suggests that functionalization by a non-redox active
unit such as the –COOH group can dramatically inuence the
charge storage by enhancing the energy density without
compromising the power capability.

Electrochemical impedance spectroscopy (EIS) with the
composite electrodes (in a three-electrode conguration) and
the corresponding Bode plot revealed a high-frequency resis-
tance to capacitive switching in TCCoPc@YP-50F; however, this
© 2024 The Author(s). Published by the Royal Society of Chemistry
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switching occurred at a lower frequency in CoPc@YP-50F
(Fig. S23†). These further reect the superior supercapacitor
characteristics of TCCoPc versus the CoPc molecule. From the
frequency corresponding to the maximum of the imaginary part
of the capacitance (C′′) in the C′′ versus frequency plot, which
generally reects the transition boundary between purely
capacitive and purely resistive behavior,18,67–71 the knee
frequency (fo) reecting the power capability of a supercapacitor
was extracted, as seen in Fig. S23.† The fo was highest for the
TCCoPc (49 Hz) molecule as compared to unsubstituted CoPc
(10 Hz) and YP-50 (3 Hz), suggesting the higher power capability
of the former molecule. The relaxation time, which is the
inverse of the knee frequency (s0 = 1/fo) and indicates the
minimum time required to fully discharge the capacitor, was
shorter for the TCCoPc molecule as compared to the CoPc
molecule, as shown in Fig. 4f and Table S5.†

The TCCoPc system as compared to the unsubstituted
system demonstrated remarkably decreased self-discharge rates
and leakage currents, as shown in Fig. S24 and Table S6.†
Practical viability of the device was demonstrated by powering
a 2 V LED using a series of congurations of the asymmetric
capacitor, as shown in Video 1 (ESI†) and Fig. 4g. To position
the work with respect to the literature, we have compared the
results obtained with molecules containing non-redox active
functional units with various phthalocyanine molecule-based
supercapacitors. As shown in Table S7,† the performance
metrics of molecule-based supercapacitors can be noticeably
enhanced with a non-redox active functionality that can
undergo a non-faradaic proton charge assembly. The approach
detailed here shows that the EDL structure can be altered by
a non-redox active functionality via a non-faradaic proton
charge assembly that in turn can be exploited for designing
ligands for potential molecule-based supercapacitor devices.
3. Conclusions

We demonstrated how supercapacitive performance can be
enhanced with the assistance of a functional unit that cannot
undergo any redox activity. We showed how a non-redox active
substituent can alter the population of anions in an electric
double layer (EDL) via a proton charge assembly over the
molecule. It was observed that the double-layer charge storage
was enhanced to similar magnitudes for carboxylic-substituted
as well as amine-substituted molecules as compared to the
unsubstituted ligand. However, for the nitro-substituted mole-
cule, the double-layer storage was not increased compared to
the unsubstituted ligand.

Various physicochemical analyses indicated that the –COOH
and –NH2 groups can undergo protonation in acidic medium,
whereas the –NO2 group cannot. This in turn leads to a higher
local density of anions in the EDL that will enhance the energy
density of the supercapacitor device without compromising the
power capability. This concept of a non-redox active functional
unit contributing to supercapacitive charge storage via a non-
electrochemical proton charge assembly can be harnessed for
designing ligands for charge storage applications.
© 2024 The Author(s). Published by the Royal Society of Chemistry
Data availability

Experimental data are available from the corresponding author
upon reasonable request.

Author contributions

S. M. performed characterization of the molecules, electro-
chemical experiments, and supercapacitor performance
measurements. A. R. K. assisted in data analysis. M. C. D.
recorded the video and synthesized the molecules along with
H. M. N. K. R. M. M. assisted in data curation. C. P. V. assisted
with the XPS analysis. M. O. T. supervised the work and wrote
the manuscript.

Conflicts of interest

There are no conicts to declare.

Acknowledgements

M. O. T. is indebted to DST-SERB (CRG/2020/002549) and DST-
WTI (DST/TMD-EWO/WTI/2K19/EWFH/2019/272) for nancial
support. S. M. thanks IISER Pune for their nancial support.

Notes and references

1 Y. Zhu, J. Deng and O. Fontaine, Nat. Energy, 2023, 8, 643–
644.

2 X. Wang, C. Zhang, M. Sawczyk, J. Sun, Q. Yuan, F. Chen,
T. C. Mendes, P. C. Howlett, C. Fu, Y. Wang, X. Tan,
D. J. Searles, P. Král, C. J. Hawker, A. K. Whittaker and
M. Forsyth, Nat. Mater., 2022, 21, 1057–1066.

3 S. F. Linnell, E. J. Kim, Y. S. Choi, M. Hirsbrunner, S. Imada,
A. Pramanik, A. F. Cuesta, D. N. Miller, E. Fusco, B. E. Bode,
J. T. S. Irvine, L. C. Duda, D. O. Scanlon and A. R. Armstrong,
J. Mater. Chem. A, 2022, 10, 9941–9953.

4 N. Mahne, B. Schafzahl, C. Leypold, M. Leypold, S. Grumm,
A. Leitgeb, G. A. Strohmeier, M. Wilkening, O. Fontaine,
D. Kramer, C. Slugovc, S. M. Borisov and S. A. Freunberger,
Nat. Energy, 2017, 2, 17036.

5 S. Nikman, D. Zhao, V. Gonzalez-Perez, H. E. Hoster and
S. F. L. Mertens, Electrochim. Acta, 2021, 386, 138373.

6 J. M. Becker, A. Lielpetere, J. Szczesny, J. R. C. Junqueira,
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