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Exploring the Charge Storage Dynamics in Donor—Acceptor
Covalent Organic Frameworks Based Supercapacitors by

Employing lonic Liquid Electrolyte

Amrita Chatterjee, Jiamin Sun, Kuber Singh Rawat, Veronique Van Speybroeck,

and Pascal Van Der Voort*

Two donor-acceptor type tetrathiafulvalene (TTF)-based covalent organic
frameworks (COFs) are investigated as electrodes for symmetric
supercapacitors in different electrolytes, to understand the charge storage and
dynamics in 2D COFs. Till-date, most COFs are investigated as Faradic redox
pseudocapacitors in aqueous electrolytes. For the first time, it is tried to
enhance the electrochemical performance and stability of pristine COF-based
supercapacitors by operating them in the non-Faradaic electrochemically
double layer capacitance region. It is found that the charge storage
mechanism of ionic liquid (IL) electrolyte based supercapacitors is dependent
on the micropore size and surface charge density of the donor—acceptor
COFs. The surface charge density alters due to the different electron acceptor
building blocks, which in turn influences the dense packing of the IL near its
pore. The micropores induce pore confinement of IL in the COFs by partial
breaking of coulomb ordering and rearranging it. The combination of these
two factors enhance the charge storage in the highly microporous COFs. The
density functional theory calculations support the same. At 1A g™,
TTF-porphyrin COF provides capacitance of 42, 70, and 130 F g~' in aqueous,
organic, and IL electrolyte respectively. TTF-diamine COF shows a similar

a) electrical double-layer capacitors (EDLCs)
and b) pseudocapacitors. In EDLCs, the
electrical energy is stored via non-Faradaic
processes of adsorption of ions on the
electrode surface (also called electrosorp-
tion), thus involving no electron transfer
between the electrolyte and electrode. On
the other hand, pseudocapacitors store en-
ergy by non-Faradaic redox chemical pro-
cesses, where interfacial electron transfer
occurs between the electrolyte and elec-
trode. The purely electrostatic mechanism
makes EDLCs possess better power den-
sity and life cycles compared to pseudoca-
pacitors and batteries, where short term in-
stantaneous power supply is required.[?]
The instantaneous polarization that occurs
at electrode/electrolyte interface in EDLCs
demands materials with high surface area
and electrical conductivity. However, due
to practical aspects, such high surface area
is not easy to maintain and sustain, lead-

trend with 100 F g~ capacitance in IL.

1. Introduction

Recent years have seen a dramatic increase in the understanding
and subsequent applications of supercapacitors as energy stor-
age devices that can deliver high power density and long life cy-
cles. Depending on the energy storage mechanism and proper-
ties of electrode materials, supercapacitors can be subdivided into
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ing to poor energy density in EDLCs.>4

Currently, EDLCs using porous carbons as

electrode materials dominate the market,

providing high power density but limited
energy density of <10 Wh kg=1.I%]

The most popular materials for EDLCs constitute carbon and
its variations such as carbon nanotubes (CNTs), graphene, and
carbide derived carbons. Covalent organic frameworks (COFs)
are a novel class of materials that have high surface area
and ordered porosity, compared to activated carbons.[®/ Con-
ventional pristine COFs possess a high surface area (>2000
m? g7'), yet have not been substantially explored in EDLCs,
mainly due to their poor electrical conductivity. TTA-DHTA COF
composed of 4,4',4"'-(1,3,5-triazine-2,4,6-triyl)trianiline and 2,5-
dihydroxyterepthaldehyde grown on amino-functionalized CNTs
exhibited energy and power density of 11.33 Wh kg~! and 272
W kg1, respectively.l”) However, the supercapacitor showed con-
tributions partially from pseudocapacitance occurring at the re-
dox active sites of the COF. Similar results were observed when
vertically oriented ultrathin COF-1 nanosheets were grown on
functionalized graphene oxide. Owing to their boron content,
the COF-1 showed capacitance of ~170 F g~! in an aqueous
electrolyte in a 3-electrode system.’] We must note that al-
ternating strategies like employing redox active electrolyte or

© 2023 Wiley-VCH GmbH
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Scheme 1. Schematic of the synthesized TTF-Da COF and TTF-Por COF.

incorporating conducting polypyrrole in COF pores have also
been explored to increase the performance of the COF-based su-
percapacitors. But these strategies typically uses pseudocapaci-
tance and therefore are not in the scope of this work.[>1%] Till date,
the only notable work on pure EDLC based on pristine COF elec-
trodes is by Yusran et al. The exfoliated porphyrin-based JUC-
511 COF achieved ideal EDLC behavior in organic electrolyte
with an impressive power density of 55 kW kg~!. The conduc-
tivity of the porphyrin network contributed to a low relaxation
time of 121 ms, which improved the capacitive response of the
supercapacitors.['!] Most COFs have been investigated as pseu-
docapacitors for their rich redox moieties, but the higher energy
density in pseudocapacitance comes at the expense of power den-
sity and life cycle. Therefore, the role of COFs in EDLCs should
be further probed to improve their energy density. Since energy
density is proportional to the square of the applied voltage, there-
fore, a key strategy to increase the energy storage capacity of
COF-based EDLCs is to utilize electrolytes with expanded elec-
trochemical windows. This can be achieved by employing or-
ganic (2.7 V window) or room temperature ionic liquids (ILs)
(4 V window) as electrolytes instead of the conventional aqueous
one (0.9 V window) that have been used in COF-based superca-
pacitors so far. ILs are a class of low temperature molten salts
that have high electrochemical stability, negligible volatility, non-
flammability, low cost, and green properties. A careful choice of
the anion or cation of ILs allows the modification of ionic con-
ductivity and design of high-voltage supercapacitors.’l Hence,
they are very suitable alternatives for conventional electrolytes.
Previous studies on ILs as electrolytes have mainly focused on
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ion-dynamics inside carbon pores and have revealed interesting
phenomena.312-1*] For instance, changes in coordination geom-
etry of ILs and phase changes in ILs during charge-discharge of
carbon-based EDLCs are dependent on factors like pore size, crys-
tallinity, and heteroatom doping. However, to understand such
structure-property relationships of these complicated phenom-
ena of electro-sorption and diffusion of electrolytes, porous car-
bons with disordered porosity are not good model materials. Re-
cently, Bi et al, reported metal-organic frameworks (MOFs) as
model materials to present a generic understanding of the energy
storage mechanism and ion-dynamics of IL electrolytes in MOF-
based EDLCs.[*! But for sustainable and light-weight energy de-
vices, it is indeed a necessity to understand IL ion dynamics in
metal-free model materials like donor—acceptor COFs. By tuning
the precursors and the subsequent physical and chemical proper-
ties of COFs, it will be easy to obtain curated electrode materials
for various electrolytes. To the best of our knowledge, such explo-
ration on the role of electrolyte in COF-based supercapacitors has
not been conducted yet.

It is important to keep in mind, that unlike in aqueous or
organic electrolytes, the ionic coupling and ionic density in ILs
are high.["®] Thus, their EDLC behavior is different from the for-
mer electrolytes where complete separation of ions dictates the
thickness of EDLC. In contrast, the EDLC in IL-based superca-
pacitors is often dictated by the rearrangement of the electrolyte.
Experimental evidence from electrochemical quartz crystal mi-
crobalance (EQCM) experiments of single layer graphene (SLG)
or carbide derived carbon (CDC)-based ionic liquid EDLCs and
the corresponding theory of overscreening versus overcrowding
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Figure 1. a) Schematic of overscreening versus overcrowding effect;[’®! b) conceptual images of the structure of EMI-TFSI confined inside carbon
nanopores with or without Coulombic ordering.!'7l The green and red denotes the cationic and anionic part of the ionic liquid respectively.

(Figure 1a), postulates that at low potential the IL forms a mono-
layer of ions overcompensating the charge of the electrode sur-
face. Following this monolayer, a second layer of excess counter-
ions is formed, and such layers continue to occur till charge neu-
trality is achieved, consequently overscreening the electrode sur-
face. A further increase of the potential leads to the growth of a
first layer of high quantity of oppositely charged ions to the elec-
trode thus overcrowding the electrode surface.['¢!

However, such models are oversimplified and further ex-
perimental investigations have shown that understanding of
the EDLC in IL electrolyte requires the consideration of the
mobility difference of their cationic and anionic parts.[’® In
highly porous material electrodes, the IL electrolyte functions
in more complex manner. In suitable pore size, the IL sup-
posedly encounters pore confinement followed by a phase tran-
sition. Modeling and experiments by Kiyohara and Futumura
showed that microporous carbon in presence of EMIMBF, and
EMIMTEFSI ionic liquid electrolyte, initially undergoes mono-
layer confinement of counter and co-ions (Figure 1b). The
charge density ramped by such monolayer confinement contin-
ues till a certain potential, after which the coulombic ordering
of IL partially breaks, leading to co-ion pair formation (anal-
ogous to phase transition or rearrangement). The compensa-
tion charge induced by these non-coulombic and otherwise re-
pulsive co-ion pairs, increases the capacitance in microporous
electrodes.[171]

In this work, we have tried to exploit the presence and contri-
bution of such phase transitions of IL under pore confinement
in COF-based EDLCs. Hence, we focused on systematic under-
standing of the charge storage and transfer mechanism of two
tetrathiafulvalene (TTF)-based 2D donor—acceptor COFs, with
different electron acceptor groups a) p-phenylenediamine and
b) 5,10,15,20-tetrakis (para-aminophenyl)-21H,23H-porphyrin
(Scheme 1). The COFs have been used as electrodes in symmet-
rical supercapacitors employing different electrolytes, namely
aqueous, organic, and IL to analyze the dynamics of the elec-
trolyte ions with respect to the ordered pore structure of reticular
donor—acceptor COFs and their modified electronic pathway aris-
ing from change in the electron acceptor concentration of build-
ing blocks.

Our work sheds light on the fact that apart from the pore size
and crystallinity, the functionality of building blocks of the COFs
tends to change the electronic polarity of the pores that influ-
ences the confinement process of ILs in the pores. Therefore,
the poor electrical conductivity of COFs can be circumvented by
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employing matching electrolytes to enhance their energy storage
capacity.

2. Results and Discussion

First of all, the TTF-COFs consist of the TTF units with strong
donor property. In order to construct donor—acceptor COFs a ju-
dicious choice of donor and acceptor moieties must be made,
so that their orbitals match. These TTF-COFs have been previ-
ously reported and their strong donor—acceptor properties have
been measured and described previously.?*2!l Second, the poor
electrical conductivity of COFs is a well-known issue that deters
its wide spread application in the electrochemical energy storage
field. The presence of TTF in the conjugated framework imparts
electrical conductivity to the COFs.1?2] Furthermore, theoretically
COFs are reticular materials and can be synthesized with great
tunability of monomers. However, in practice not all COFs are
very easy to prepare in sufficient quantity and perfect precision.
Although we were able to synthesize TTF COFs with alternative
monomers, we did not reach the same comparable crystallinity
and surface area as for the TTF-Por and TTF-Da COFs. Since
this work focuses only on the pore confinement effect of ionic
liquid EDLCs, the TTF-COFs that had similar crystallinity and
surface area were selected. That way the pivotal focus lies on the
effect of pore size and polarity of the pore walls on EDLC. Fi-
nally, EDLC depends on electrochemical surface area which is
influenced not only by specific surface area but also by electrical
conductivity, wettability, and surface roughness.[?3?4] These fac-
tors modify the ion diffusion and transport properties. The TTF
COFs in this work, might have slightly lower specific surface area
but their content of heteroatoms and electrical conductivity in-
fluence the charge storage properties to a great extent. Striking
of balance between the above mentioned factors made the TTE-
COFs our model of choice to obtain high electrochemical surface
area when used as EDLC devices.

Two TTF-based imine COFs were synthesized via a Schiff-base
condensation reaction of TTF-CHO with 1,4-diaminobenzene
(Da-NH,) or 5,10,15,20-tetrakis (para-aminophenyl)-21H,23H-
porphyrin (Por-NH,) to obtain the corresponding TTF-Da COF
and TTF-Por COF materials (Scheme 1). The crystallinity of the
synthesized COFs was confirmed by powder X-ray diffraction
(PXRD). As shown in Figure 2a,b, the synthesized TTF-Da COF
and TTF-Por COF exhibit a sharp and intense diffraction peak
at 4° and 5.5° (20) respectively, which matches well with simu-
lated PXRD patterns obtained from the literature.[2*!) Moreover,
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Figure 2. a,b) XRD patterns and c,d) pore size distribution of TTF-Da COF and TTF-Por COF.

according to the simulated patterns, the experimental PXRD pat-
terns for all the synthesized TTF-COFs are consistent with the
simulated eclipsed (AA) arrangement rather than staggered (AB)
stacking (Figure S1, Supporting Information). To assess the tex-
tural properties of the synthesized COF materials, argon sorption
measurements were performed at 87 K. As shown in Figure 2¢,d
and Figure S2a, Supporting Information, both TTF-Da COF and
TTF-Por COF display a type I isotherm. The Brunauer-Emmett—
Teller surface area and total pore volume (at P/P, = 0.99) of TTE-
Da COF and TTF-Por COF are 496 m? g~! (pore volume = 0.30
cm?® g71) and 424 m? g~! (pore volume = 0.29 cm® g™!) respec-
tively. The results of the pore size distribution analysis of TTF-
Da COF and TTF-Por COF using argon sorption-based quenched
solid density functional theory method show a distribution with
a center of 1.6 and 1.1 nm respectively. The imine bond forma-
tion of the COFs was verified by Fourier transform infrared spec-
troscopy (FT-IR). The characteristic C=N vibration band is clearly
observed at 1624 and 1627 cm™ in the spectra of TTF-Da COF
and TTF-Por COF, respectively (Figure S2b, Supporting Informa-
tion). In contrast, the FT-IR spectra of the organic monomers
Por-NH,, Da-NH,, and TTF-CHO do not show the imine peaks.
Next, it can be seen that the intensity of the C=0 vibration band
(1600500 cm™!) reduces with the formation of COFs as com-
pared to TTF-CHO indicating the consumption of aldehyde to
form the imine bond in COFs. The TGA data in Figure S2c, Sup-
porting Information, show no obvious weight loss up to ~400
°C, corroborating the excellent thermal stability. The lower in-
tensity of the photoluminescence spectra (Figure S2d, Support-
ing Information) of TTF-Por COF compared to TTF-Da COF can
be attributed to the higher charge delocalization through the ex-
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tensive conjugated framework of TTF-Por COF that is composed
of donor and acceptor monomers with the highest difference in
electronegativity. The higher amount of charge delocalization en-
sures lower recombination and faster electron transport. X-ray
photoelectron spectroscopy analysis shows the presence of sul-
fur and nitrogen in the backbones of both TTE-COFs (Figures
S3 and S4a-d, Supporting Information). Scanning electron mi-
croscopy (SEM) and high resolution transmission electron mi-
croscopy images displayed that TTF-Da COF and TTF-Por COF
both have a flake-like morphology (Figures S5 and S6, Support-
ing Information). Before using the TTF-COFs as electrodes for
supercapacitors, their chemical stability was tested in water, ace-
tonitrile, and EMIMBE,. The XRD patterns in Figure S7, Sup-
porting Information, show no significant change in their crys-
tallinity implying their safe use in the electrolytes used in this
work.

The EDLC performance of the 2-electrode COF-based symmet-
ric supercapacitor devices has been investigated in three elec-
trolytes, namely: 1 M Na, SO, in water (aqueous electrolyte), 1 M
TEABF, in ACN (organic electrolyte), and EMIMBE, (IL elec-
trolyte). The electrochemical performance has been evaluated
through electrochemical impedance spectroscopy, cyclic voltam-
metry (CV), and galvanostatic charge—discharge (GCD). Itis clear
from Figure 3a—c that in presence of aqueous and organic elec-
trolyte, both the TTF-Da and TTF-Por COFs showed smooth CVs.
However, it is only for the IL-based devices, that both the COFs
show a small peak at cell voltage of ~#1.4-1.6 V (negative polar-
ized curve) at small scan rates and does not vanish after five cy-
cles (Figure S8a, Supporting Information). This is contrary to re-
dox reactions. We also ruled out that our systems are plagued by
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Figure 3. a) CV in 2-electrode devices for TTF-Por COF in aqueous, organic, and IL electrolyte; b) CV in 2-electrode device for TTF-Da COF in aque-
ous, organic, and IL electrolyte; ¢) CV comparison in 2-electrode device for TTF-Por COF and TTF-Da COF in IL electrolyte; and d) CV in 3-electrode

configuration for TTF-Por and TTF-Da COFs in IL electrolyte.

impurities, since then such parasitic reactions would have been
evidenced in the other CVs as well. But that is not the case.

To investigate if the peak was from the decomposition of IL
electrolyte we conducted CV till higher voltage to confirm the po-
tential of decomposition of IL. But it can be seen from Figure
S8b,c, Supporting Information, that the IL decomposition in both
TTF-Por COF and commercial activated carbon starts only after
4.8 V and due to the irreversible nature of the degradation re-
action the successive peaks had lower current density. Activated
carbon has been used as a control material to confirm that the
peak above 4.8 V is indeed due to electrolyte decomposition and
not due to material property of TTF-Por COF.

To verify the cause of the reversible peak, further analysis
in 3-electrode configurations was carried out. The CVs in 3-

300
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2004 |20mv.s’
40mv.s”
60 mV.s” ) .
100 80 mV.s" Increasing scan rate

-1004

Specifi capacitance (F.g")
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electrode configuration depicted in Figure 3d show rectangular
CVs with evidence of such peak, confirming that the IL-based de-
vices are indeed EDLCs and the peak is caused by micropore fill-
ing/emptying mechanism. The high operating window of IL pro-
vides a higher specific capacitance for both COFs. Since the stabil-
ity of aqueous and organic electrolyte is no more than ~2 V, nat-
urally the specific capacitance obtained was less. The higher spe-
cific capacitance of TTF-Por COF in IL compared to TTF-Da COF
can be attributed to the surface charge density (arising from the
stronger electron acceptor porphyrin building block) and smaller
pore size for confinement effect. Since the crystallinity and sur-
face area of the COFs are nearly similar, we rule out these possi-
bilities as enhancement parameters. Figure 4a,b proves that even
with increasing scan rate till 100 mV s7!, the quasi-rectangular
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Figure 4. CV in 2-electrode devices with IL electrolyte at different scan rates for a) TTF-Por COF and b) TTF-Da COF.
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Figure 5. GCD profiles in various electrolytes for a) TTF-Da COF and b) TTF-Por COF; c) comparison of GCD profiles of TTF-Da COF and TTF-Por COF
in EMIMBF4; d) specific capacity versus current density of TTF-Da and TTF-Por COF in various electrolytes; e) Ragone plot; f) stability test.

shape of CV persists without any apparent redox peaks, thus val-
idating the superiority of the TTF-Por COF EDLC in IL. How-
ever, the anomalous peaks at 1.4-1.6 V tend to disappear with in-
creased scan rate, due to the rapid adsorption—desorption of ions
and restricted diffusion of electrolytes into the pores, resulting in
a lowering probability of phase transitions of IL inside the pores,
and consequently lower capacitance. The GCD profiles in Figure
5a-d and Figure S9a-f, Supporting Information, shows that at
low specific current density of 0.1-1 A g1, the specific capaci-
tance of TTF-Da-COF and TTF-Por-COF normally improves with
the change in electrolyte as: aqueous < organic < IL. The wide
voltage window is definitely one of the reasons. But it should also
be noted that the increased charge difference between the elec-
tron acceptor porphyrin and electron donor TTF in TTF-Por COF
improves the charge delocalization across its framework. This re-
sults in stronger electrostatic attraction between the electrolyte
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and the COFs at the interface and dense packing of cations inside
the pores, forming a wider EDLC. The TTF-COF based EDLCs
yielded results even at high current density of 10 A g~'. The capac-
itance reduced drastically at higher current densities due to the
fast charge-discharge time that directly affects the time for elec-
trolyte ion diffusion into the pores and subsequently their charge
storage capacitance. The rate capabilities of the COFs show dis-
tinct improvement in IL electrolyte as compared to in organic
or aqueous electrolyte. This implies that the transport distance
of ions to reach the micropores is shortened accordingly in the
electrolytes, thus improving their rate capabilities. Notably, the
transport distance of IL ions in TTF-Por COF is less than that in
TTF-Da COF. This confirms the idea that smaller and narrower
micropores improve the rate capability in COFs. It can be con-
cluded from the Ragone plot (Figure 5e) that the energy density of
the TTF-based COFs shows an increasing trend with the voltage
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Figure 6. (Left) Nyquist plot of TTF-Por and TTF-Da COFs in various electrolytes at OCV; (right) Bode plot of TTF-Por and TTF-Da COFs in EMIMBF, at

OCwv.

windows of the electrolytes. In fact, the TTF-Por COF EDLC su-
percapacitor with ionic liquid electrolyte recorded an impressive
energy density of 58 Wh kg™! at 1 kW kg~! power density. Even af-
ter increasing the power density to 6.7 kW kg~ it could maintain
a decent energy density of 40 Wh kg~!. On comparing the capac-
itance performance of the TTF-COFs (Table S1, Supporting In-
formation) with state of the art metal free COFs and carbon used
for EDLC supercapacitors, it can be seen that this work presents
till date the best power density versus energy density obtained
for COF-based EDLC supercapacitors and is even comparable
to the redox-type pseudocapacitors with COF electrodes.[??°] In
fact, the energy density of COF-based EDLC supercapacitors ob-
tained from this work is almost twice higher than commercial
activated carbon and mesoporous carbon.[?®! It should be noticed
that the energy density in the TTF-based COF supercapacitors
with IL electrolyte increased approximately six times compared
to organic electrolyte and ~40 times compared to aqueous elec-
trolyte, without compromising the power density of course. This
high performance is attributed to the wide electrochemical win-
dow of ionic liquid and their phase transition in micropores. The
stability of the COFs in IL electrolyte was tested by floating test
method by holding the cells at 3.5 V for 100 h and cycling them
at 1 A g7' at every 10 h. Both COFs showed good capacitance
retention of 74-88% after 100 h as shown in Figure 5f. The con-
striction of the electrochemical window in non-Faradaic region
eliminates the redox activity of the COFs, thus improving their
long term cyclic stability.

Post-GCD characterization by ATR (Figure S10, Supporting In-
formation) of the TTF-Da and TTE-Por COF electrodes reveal no
significant changes between the pristine electrode and after 80 h
of GCD. The porous electrodes adsorb the EMIMBE,, thus mak-
ing it almost impossible to obtain the signal of imine bond of
the COFs. The peaks at 2990, 1570, 1170, and 1081 cm ™! indicate
the C—H, C=C, C—N, and BF, stretching vibrations of the imi-
dazolium ring and the anion of the IL accordingly. Since, the IL
adsorbed pristine electrodes show almost similar spectra to the
one after 80 h of GCD, it can be concluded that no chemical in-
teraction has happened during the cycling in the device. In other
words, the COF-based EDLC device operates by physical sorption
of ionicliquid ions.[#’-?%! Similarly the SEM images in Figure S11,
Supporting Information, also show no significant morphological
changes before and after 80 h of GCD.
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The Nyquist plots in Figure 6a have been measured at open
circuit potential (OCV) of the 2-electrode devices. All the plots
have depressed semicircle and nearly linear region at low fre-
quency in both of TTF-Da and TTF-Por COF-based supercapac-
itors in all three electrolytes, indicating near-ideal capacitive be-
havior of the cells. The slight deviation from vertical slope is due
to the slow transport of the viscous EMIMBF, electrolyte within
the COF pores. The corresponding Bode plot of the TTF-COFs
in ionic liquid electrolyte in Figure 6b shows that at high fre-
quency, the phase angle is 0. But with frequency decreasing to
below 100 Hz, the phase angle rapidly rises and reaches a limi-
tation at approximately —90°, which indicates the closer approxi-
mation to ideal capacitor. Further comparison can be done of the
characteristic frequency f, at which the phase angle corresponds
to 45°. The corresponding relaxation time 7, (r, = 1/ f,) signi-
fies the minimum time needed for complete discharge of the
device with greater than 50% efficiency.*") The lower time con-
stant of 34 ms in TTF-Por COF EDLC supercapacitor points to-
ward faster jon diffusion across the electrode/electrolyte interface
and their transport within the ordered micropores of the COFs.
Consequently, the TTF-Por COF supercapacitor underwent faster
discharge/charging reversible cycles and contributed to the en-
hanced capacity retention.

To understand the electrode—electrolyte interfacial dynamics,
the impedance spectra were modeled using a modified Randle’s
circuit that is deemed appropriate for IL double-layer capacitance.
The equivalent circuit is modeled on the Nyquist plots as shown
in Table S2, Supporting Information. The equivalent circuit con-
sists of the R, (bulk electrolyte resistance originating from the
ionic conductivity of the electrolyte and electrode), R, (leakage
resistance between electrode and electrolyte ions due to dissi-
pative reactions), CPEyp, - (constant phase element indicating
the double layer capacitance in porous electrode), and W, (War-
burg impedance originating due to diffusion of the electrolyte
ions into the pores of electrode). Focusing on the equivalent cir-
cuit parameters of the COF electrodes in EMIMBE,, we see low
value of R, in TTF-Por COF compared to TTF-Da, indicating the
faster charge conduction of the electrolyte ions across the conju-
gated framework of TTF-Por COF. The high crystallinity of the
COFs allows facile transmission of the electrolyte ions, indicat-
ing their improved electrical conductivity. Additionally, the nega-
tive surface charge of TTF-Por COF favors higher adsorption of
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cationic part of IL and their subsequent confinement. The higher
CPEgp, ¢ of TTF-Por COF means that higher charge storage ca-
pacitance is obtained at the interface of TTF-Por COF electrode
and the EMIMBE, electrolyte. This also corroborates to the previ-
ous cyclic voltammetry. But the CPE, - of both COF electrodes
varies as Na,SO,/H,0 < TEABF,/ACN < EMIMBF,, confirm-
ing that IL electrolytes improve the capacitance to a great extent
as compared to aqueous and organic electrolytes. On compari-
son of the Warburg impedance, a steeper slope is observed in
the case of organic electrolyte compared to IL. This is attributed
to the due to the partial restriction imposed by the microporous
COFs on the larger size and higher viscosity of the IL. Consider-
ing the largest dimension, the size of TEA*, ACN, EMIM™*, and
BF,™ are 0.67, 0.65, 0.95, and 0.51 nm, respectively.*! In absence
of a solvation shell, the neat ILs can be accommodated within the
1.1 and 1.6 nm pores of TTF-Por and TTF-Da COFs, respectively.
However, the size of EMIM™ is still greater than TEA* /ACN. That
explains the flatter slope and greater impedance of EMIMBF, to-
ward ion diffusion. In principle, the lower Warburg impedance
of TTF-Por COF in TEABF,/ACN than EMIMBF, should imply
a shorter transport distance of organic electrolyte to reach the
electrode interface, thus resulting in better rate capability. But
GCD profiles have proven that it is in ionic liquid electrolyte, that
both COFs show better rate capability. Therefore, we cannot rule
out the possibility that the flatter Warburg impedance slope in
EMIMBF, might also be an indication that pure capacitance is
not the only process that occurred, but it is accompanied by com-
plex rearrangement or phase transition of IL electrolyte within
the pores.

To delve into the underlying mechanism of the superior per-
formance of IL-based COF EDLCs, a 3-electrode configuration ex-
periment was conducted. As mentioned previously, when CV was
executed in a 3-electrode configuration, no peaks were observed,
confirming the EDLC behavior of both COFs in IL electrolyte.
Therefore, the increased capacitance can safely be assumed to be
arising from the interactions of the ionic liquid with the polar-
ized surface of the COFs and the subsequent rearrangement of
IL electrolyte at the pore interface. To obtain the interfacial ca-
pacitance and its behavior in TTF-based ionic liquid supercapac-
itors, impedance spectra at various potentials were recorded.3233!
Thereby, normalized real capacitance (C’) and imaginary capaci-
tance (C”) of TTF-Por and TTF-Da COFs were obtained as shown
in Figure 7a. The real capacitance accounts for the interfacial ca-
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pacitance and the imaginary one corresponds to the dissipative
or leakage capacitance. On processing this data, it was inferred
that the interfacial capacitance of TTF-based COFs in ionic lig-
uid is potential-dependent (Figure 7b). In other words, the in-
terfacial capacitance is governed not only by the nature or elec-
trodes but also by the polarization effect of the electrolyte on the
electrode surface. This is true especially in concentrated elec-
trolytes with high ion packing like ionic liquid. In such cases
the interfacial capacitance is very sensitive not only to the elec-
tronic structure of the electrode material, but also to the nature of
the electrolytes at the polarized interface.’?3*1 The TTF-Por COF
showed higher interfacial capacitance than TTF-Da COF under
same conditions due to the faster rearrangement of higher con-
tent of cations/anions of IL electrolyte at the highly polarized in-
terface of TTF-Por COF.

Before understanding the rearrangement process, let us take
a look at the surface potential of the COFs, which can provide a
rough estimation of the surface charge density of the polarized
COF in contact with the IL electrolyte. The surface potential can
be derived from the potential of zero charge (PZC). PZC is the po-
tential where the net surface charge of electrode is zero. It roughly
implies the point of minimum capacitance on the CVs, meaning
that at PZC the charge starts to origin, before they are subjected
to external potential.*! Interestingly, the PZC of TTF-Por COF
in IL-based supercapacitor was at —0.12 V versus activated car-
bon, while that of TTF-Da was at 0.09 V versus activated carbon.
The more negative PZC of TTF-Por arises from the nitrogen-
rich porphyrin units that decorate its pore walls. In presence of
IL electrolyte, this negative surface charge of TTF-Por forces the
EMIM™ chain to undergo strong 7—z interaction with their pore
walls. On the other hand, the positive shift in PZC for TTF-Da is
attributed to the change in interactions of EMIM™* cations with
the less negative surface charge density of TTF-Da owing to their
diamine units.’*] Previous experiments and simulation mod-
els on interaction of ILs with SLG, CDC, and CNTs have shown
similar interaction effects.l32333%3¢] Further polarization toward
negative end causes an n-type positive slope due to the increased
interactions of the COFs and EMIM™. The positive slope of TTF-
Por COF is flatter than TTF-Da, demonstrating that the former
has one order of magnitude higher charge carrier density at in-
terface than the latter. The excess amount of charge carrier den-
sity in TTF-Por COF occurs due to its high surface charge den-
sity that enhances the screening length of the electrolyte ions,
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Figure 8. Mechanism of ionic liquid rearrangement in micropores of TTF-Por COF based EDLC supercapacitors. The inner walls of pores in COF have
negative polarity. On applying external negative potential, the cationic EMIM™ starts getting attracted toward the pores. Higher surface charge density
of TTF-Por COF allows a high amount of EMIM* to come toward the pores. Further negative potential causes columbic order breaking, resulting in
confinement of EMIM™ in pores (cause of anomalous peak). Upon positive potential, the EMIM™ gets out from pores, and BF,~ confines inside pores.
But the sluggish mobility of EMIM* compared to BF,~, causes unusual charge accumulation inside pores that causes the second peak. Further increase

in positive potential empties the pores of EMIM™ and fills them with BF,~.

consequently resulting in higher amount of EMIM™* to be elec-
trostatically confined in the pore walls of TTF-Por electrode com-
pared to TTF-Da.

Combining the above analyses and density functional theory
(DFT) calculations (in next section), charge storage mechanism
in TTF-COF based IL supercapacitors can be viewed as in Figure
8. In absence of any externally applied potential, coulombically
ordered IL exists in bulk such that each ion is surrounded by a
shell of counterion (1). On application of potential, the ILs ac-
cumulate on the external surface, thus wetting the external sur-
face of the pore, but do not enter the micropore yet (2). Sub-
sequently, a certain potential is reached that can overcome the
attractive forces between the counterions, partially breaking the
coulombic ordering and de-coordinating them. This disruption
of the energetically unfavorable breaking of coulombic ordering,
forces the electrolyte ions to enter the micropores whose charge
is then compensated by the pore walls (3). This combined energy
transition caused by the de-coordination of IL and increased sur-
face charge density is translated in form of the peak in the CV
curve.’”] Since TTF-Por COF has higher negative surface charge
density as proved from PZC, higher amount of EMIM* accumu-
lates near its pore due to longer screening, followed by BF,~
Upon a negative polarization, the columbic ordering breaks, and
the EMIM™* gets confined into the micropores by electrostatically
adsorbing on the pore walls, thus giving rise to the peak at 1.47 V
in CV of TTF-Por COF. Due to the higher polarity of the pores
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in TTE-Por COF, dense packing of EMIM* can be obtained and
hence higher accumulation of charge density. This explains the
stronger peak at 1.47 V in TTF-Por COF device, compared to the
peak at 1.53 V in TTF-Da, since less amount of EMIM™ is con-
fined in the latter. The EDLC formation continues till the end of
negative polarization (4). Upon positive polarization, the excess
adsorbed EMIM™ from pores gets expelled, while BF,~ occupies
that place (5). But due to the lower mobility of EMIM™* compared
to BF,~ and the negative surface charge density of the TTF-Por
COF pore, all the cations cannot get desorbed (6 — 7). This leads
to a charge overcompensation by the anion exchange at low volt-
ages, leading to an unusual increase in capacitance at the positive
polarization.*®] The difference in the desorption kinetics gives
rise to a hysteresis that causes the second peak to appear slightly
more positive 1.33 V in TTF-Por COF (8). The absence of such
anomalous energy behaviors in aqueous and organic electrolytes
results in their low charge storage and capacitance. For exam-
ple, in the TEABF,/ACN organic electrolyte, TEA* has smaller
dimension than EMIM*. So, it is natural to assume that TEABF,
will enter the micropores preferably than EMIMBF,. However,
the capacitance performance shows otherwise. Since TEA* has
smaller size than EMIM™*, therefore ionic interaction between
TEA* and BF4~ coordination shell is stronger than in EMIMBF,.
Therefore, the confinement of TEABF, in micropores is hin-
dered. Additionally, EMIM™ also has an added advantage of flex-
ible structure than the rigid TEA*, which favors it to penetrate
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Figure 9. a) All considered adsorption sites on TTF-Por COF and TTF-Da COF; b) optimized geometries of EMIM* and BF,; Optimized geometries of
adsorbed c) EMIM* and d) BF, on all the sites of TTF-Por COF (viewed from either the side or the top). The atom colors for COF are elaborated in the

figure. H atoms of EMIM™ were omitted for clarity.

the micropores during partial coulomb breaking.[**) Further in-
vestigations with EQCM®*] and in situ STM*?! would be useful
to identify the species in the above mechanism.

To further understand how the electron-acceptor building
block influences the surface charge density of TTF-Por and TTF-
Da COFs and their effect on the charge storage mechanism in
an ionic liquid electrolyte, DFT calculations were executed. All
calculations were executed at the PBE-D3 (BJ)[“**2 level as im-
plemented in the VASP packagel*** (more details are given in
the Supporting Information). The binding behavior of EMIM*
and BF, on TTF-based COFs was investigated at the potential
distinct sites governed by functional groups of COFs (Figure 9
and Figures S12-S14, Supporting Information). Our calculation
suggests that the EMIM™* preferably binds strongly at the top of
the porphyrin ring (site 4) in TTF-Por COF and benzene group
(site 2) in TTF-Da COF with respective adsorption energies of
—1.66 and —1.40 eV (Table 1). This relatively stronger interaction
of EMIM* with TTF-Por COF than TTF-Da COF agrees well with
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Table 1. Adsorption energies (eV) of EMIM* and BF; on different sites of
TTF-Da COF and TTF-Por COF.

TTF-Da COF TTF-Por COF

Adsorption

sites

BF, BF,
EMIM™* EMIM*

1 -1.26 —3.94 —1.40 -3.85
2 -1.40 —3.62 -1.31 —3.55
3 -1.27 -3.18 -1.19 -3.24
4 — — —1.66 -3.15

our experimental results. For BF,, site 1 was identified as a favor-
able adsorption site on both COFs, with TTF-Da COF furnishing
stronger adsorption (—3.94 eV) than TTF-Por COF (—3.84 eV).
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Figure 10. Charge density difference of a) adsorbed BF; (site 1) and b) EMIM™ (site 4) on TTF-Por COF. The cyan and yellow isosurfaces (0.001 eA~3)

represent the charge depletion and accumulation, respectively.

Next, the charge distribution of adsorbed structures was exam-
ined. In the case of on BF, anion, the calculated charge den-
sity difference shows the charge accumulation (yellow isosurface)
around BF, and charge depletion (cyan isosurface) on the COF
surfaces (Figure 10 and Figure S15, Supporting Information). In
contrary, charge accumulation occurs on the COF surface and
charge depletion on adsorbed EMIM™*. This suggests that neg-
atively charged COF surfaces provide a preferable condition for
EMIM* cation to adsorb. However, the binding strength depends
on the extent of charge transfer between COF and EMIM™ cation.
The Bader charge analysis reveals that ~0.81 |¢| charge gets trans-
ferred between TTF-Por COF and EMIM™" and it decreases to
~0.72 |e| for TTF-Da COF. This is in agreement with experimen-
tal results and adsorption energies that EMIM* adsorbs strongly
on TTF-Por COF than TTF-Da COF.

3. Conclusions

This work investigated the charge storage mechanism of donor—
acceptor type 2D COFs in various electrolytes like aqueous, or-
ganic, and ionic liquid, when operated as EDLC supercapacitor.
It was observed in the TTF-based COFs with almost similar sur-
face area and crystallinity, that the charge storage was governed
by pore size and surface charge density arising due to different
electron acceptor groups. The DFT calculations confirmed that
in TTF-Por COFs, EMIM™ could be adsorbed on top of the por-
phyrin ring by +0.26 eV more strongly than in TTF-Da COF.
This allowed a greater overscreening length and a wider EDLC
window of TTF-Por COF in EMIMBF, electrolyte. After pore-
confinement, the ionic liquid underwent phase transition to ac-
commodate within the polar micropores, which ultimately led to
higher power density as compared to aqueous or organic elec-
trolyte. The EDLC devices exhibited ~58 Wh kg~! energy den-
sity at power density of 1 kW kg~!, which is almost six times
higher than in the organic electrolyte. The performances were
higher than the commercial activated carbon and comparable
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to mesoporous carbon EDLC and COF-based pseudocapacitors.
However, since no Faradaic reactions were involved, unlike pseu-
docapacitors, the TTF-COF based devices retained ~75-88% ca-
pacitance after 100 h of usage in ionic liquid electrolyte. The study
aimed at improving the understanding of double layer charging
mechanism of pore-confined ionic liquid and their effect under
the influence of different surface charge densities arising from
COF building blocks. Since matching the pore size of nanomate-
rials and the electrolyte leads to improved capacitance and power
density, COFs can further be used to tune the physical properties
and provide design guidance for light-weight electrode architec-
tures of future electrical vehicles.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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