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ABSTRACT: By storing energy from electrochemical
processes at the electrode surface, pseudocapacitors bridge
the performance gap between electrostatic double-layer
capacitors and batteries. In this context, molecular design
offers the exciting possibility to create tunable and
inexpensive organic electroactive materials. Here we
describe a porous structure composed of perylene diimide
and triptycene subunits and demonstrate its remarkable
performance as a pseudocapacitor electrode material. The
material exhibits capacitance values as high as 350 F/g at
0.2 A/g as well as excellent stability over 10 000 cycles.
Moreover, we can alter the performance of the material,
from battery-like (storing more charge at low rates) to
capacitor-like (faster charge cycling), by modifying the
structure of the pores via flow photocyclization. Organic
materials capable of stable electron accepting pseudoca-
pacitor behavior are rare and the capacitance values
presented here are among the highest reported. More
broadly, this work establishes molecular design and
synthesis as a powerful approach for creating tunable
energy storage materials.

he development of new materials capable of storing and

rapidly distributing energy is essential for keeping pace
with emerging renewable energy production technologies.
Together, capacitor and battery devices underpin most
electrical energy storage systems—the former for rapid
charge/discharge cycling, and the latter for long-term energy
storage. Pseudocapacitors incorporate elements of both
batteries and capacitors, exhibiting a linear dependence of
charge stored versus potential as a consequence of surface-level
Faradaic electron-transfer processes." These devices have
gained popularity for applications requiring charge storage at
intermediate time scales, such as regenerative braking in
electric vehicles. High-performance pseudocapacitors are
typically made from inorganic solid state compounds with
limited synthetic tunability.”” Organic materials are attractive
because they offer a modular framework paired with mild
processing conditions. Most organic pseudocapacitor materials,
however, are electron donating (i.e., p—ty‘pe),4’5 meaning the
charge storage process is oxidative; in general, electron
accepting (i.e., n-type) materials exhibit low capacitance,
poor electrochemical stability and high resistivity."™> To
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achieve the widest potential range and highest practical
capacitance, both electron accepting and electron donating
materials are required to fabricate pseudocapacitor devices.”

In this work, we describe a new porous architecture
constructed from perylene diimide (PDI) and triptycene
subunits, and establish its outstanding performance as an n-
type pseudocapacitor material."> A common dye and pigment,
PDI has received widespread attention due to its attractive
chemical and electrochemical properties for molecular
electronics,'' photovoltaics,'” batteries'® and photocatalytic
applications.'* By coupling PDI to a subunit possessing
considerable internal free volume, we create a material with
high internal surface area and thermal stability. These
structural properties, combined with the robust redox behavior
of the PDI subunit, produce n-type pseudocapacitance of 350
F/g, excellent performances at a current density as high as 10
A/g, and stability for >10000 cycles alongside a Coulombic
efficiency of >98%. These results are among the highest values
reported to date for an organic n-type pseudocapacitor
material.">™'” Furthermore, our molecular design allows us
to modify the structure of the scaffold by cyclizing the
backbone via flow photocyclization. This modification
produces significant changes in the pseudocapacitive perform-
ance of the material, converting it from a more battery-like
behavior to a more capacitor-like behavior.

Figure 1 presents the two monomers used to create the
porous scaffold through a Pd-catalyzed Suzuki polymerization.
The triptycene unit is synthesized by using C—H activation
chemistry to achieve a one-step borylation of triptycene.'” The
synthetic details for the synthesis of 1,7-dibromoPDI have
been reported.'® The Suzuki copolymerization of these
monomers yields the insoluble polymeric material 1. N,
adsorption isotherms indicate that the material possesses a
small internal surface area (15 m?/g) because the alkyl chains
occupy the pores (Figure Sla).

These chains, however, can be removed from the pores by
thermolysis. Thermogravimetric analysis (TGA) of 1 illustrates
this process: ~40% of the sample mass, corresponding to the
mass of the alkyl chains, is lost at ~400 °C (Figure 2a). To
remove the chains, 1 is sealed under vacuum in a glass tube
and heated to 400 °C in a tube furnace for 2 h, leaving one end
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Figure 1. Schematic showing one idealized hexagonal macrocyclic
pore subunit and the molecular structures of its building blocks. The
PDI-triptycene linkages in 1 and Porous-1 are a mixture of isomers.
The single lines in the schematic indicate covalent connection and the
double lines indicate fusion of the subunits.
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Figure 2. (a) TGA of 1 and 2. (b) IR spectra of 1, 2, Porous-1 and
Porous-2, showing the carbonyl region. The imide C=O peaks
(1690 cm™") are retained following thermolysis. (c) IR spectra of 1, 2,
Porous-1 and Porous-2, showing the alkyl spectral region. The alkyl
peaks (3050—2800 cm™') are lost upon thermolysis, and an imide
N—H peak (~3150 cm™') appears. (d) DFT-optimized energy
minimum structure of a truncated fused macrocyclic subunit.

of the tube cold. The condensate at the cold end is primarily
undecene (Figure S2). The thermolyzed solid, Porous-1, has a
significantly larger surface area (71 m?/g) than 1. Infrared (IR)
spectroscopy indicates the presence of primary imides in the
thermolyzed solid and confirms the loss of vibrational modes
from the alkyl groups (Figure 2b,c; Figure S3)."

A soluble low molecular weight material (1’) can be
prepared by reducing the concentration of the reagents in the
reaction to slow down the rate of polymerization. This soluble
material is then photocyclized in solution using visible light to
yield 2.°° NMR spectroscopy verifies the cyclization:
resonances assigned to protons from uncyclized 1 are absent

in the spectrum of 2 (Figures S4, $5),'**" and the optical

absorption characteristics exhibit sharpened A, band edges
(Figure S8). Similar to 1, compound 2 can be heated to 375
°C to remove the alkyl chains from the pores, increasing the
internal surface area of the material from 16 m?/ g for 2 to 185
m?*/g for Porous-2. Note that Porous-2 has a larger surface
area than Porous-1 because the photocyclization stiffens the
structure and increases the aromatic surface area.

The proposed structure of Porous-2 can be visualized with
density functional theory (DFT) calculations of a single
truncated macrocycle,”> which indicate that the pore diameter
should be ~3 nm (Figure 2d). These calculations support the
pore size distribution calculated from the N, adsorption
isotherm data.”® (Figure S1b). The powder X-ray diffraction
patterns of all the materials are typical of disordered
mesoporous materials: they feature a broad low-angle peak
with d-spacings corresponding to the pore diameter (Figure
S 6).24'25

To investigate the electrochemical properties of the porous
scaffold, we fabricate electrodes by depositing a slurry of
Porous-1 or Porous-2, carbon black (10 wt %), and
polytetrafluoroethylene (10 wt %) onto Ni foam.”® All
electrochemical analyses are performed in 1 M Na,SO,
aqueous electrolyte solution with a Pt counter electrode and
a Ag/AgCl reference electrode.

The electrochemical behavior of Porous-1 and Porous-2
combines electrostatic double-layer capacitance and Faradaic
characteristics. This behavior, defined as pseudocapacitance,'
arises from surface-level charge transfer to the PDI subunits
that are accessible as a result of the porous scaffolding with
triptycene. In general, Porous-1 performs better at low
charging rates and Porous-2 performs better at higher rates;
this change in behavior is a direct consequence of their
structural differences. As expected, the materials before
removal of the side chains (1 and 2) display poor
electrochemical performance, with low capacitance and high
resistance due to the insulating alkyl chains in the pores
(Figure S10). After thermolysis, the performance of both
materials greatly improves.

Figure 3a—d presents cyclic voltammograms (CVs) of
Porous-1 and Porous-2 at various scan rates. Both materials
display a broad reversible redox couple at negative potential,
whose shape is typical of neither a purely Faradaic peak nor a
supercapacitor rectangular response.””” The negative bias and
broadening of the couple results from surface-level reversible
reduction processes.

At low scan rates, the broad peak resolves into two distinct
events (Figure 3b,d), assigned to the sequential reduction of
the two diimide moieties on the PDI subunit."'**° The
potential of these two events agree with those of a control
device fabricated with PDI only (Figure S10c), as well as with
the behavior of a model com{pound made of three PDIs linked
to a triptycene central unit."> These results indicate that the
electrochemical behavior of Porous-1 and Porous-2 arises
from reductive processes at the PDI units.

The specific capacitance (C) of Porous-1 and Porous-2 is
calculated from the galvanostatic charge—discharge (GCD)
curves at various current densities (Figure 3e—h) using eq 1:

it
m-AE (1)

where i is current, ¢ is discharge cycle time, m is mass of active
material, and AE is potential difference. These curves have the
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Figure 3. (a and b) CVs of Porous-1 at (a) high and (b) low scan rates. (c and d) CVs of Porous-2 at (c) high and (d) low scan rates. (e and f)
GCD curves of Porous-1 at (e) high and (f) low currents. (g and h) GCD curves of Porous-2 at (g) high and (h) low currents.

symmetric triangular shape typical of capacitive behavior,” with
a small nonlinear component due to pseudocapacitance.
Specific capacitance for a range of current densities is shown
in Figure 4a. At the lowest current density (0.2 A/g), Porous-1
has a capacitance of 352 F/g, one of the highest reported
values for stable n-type organic materials.'”~"” The corre-
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Figure 4. (a) Specific capacitance of Porous-1 and Porous-2 as a
function of current density. (b) Cycling stability of Porous-1 and
Porous-2 at a current density of S A/g. (c) Nyquist plot of Porous-1
and Porous-2, from 10 kHz to 5 mHz. Inset shows the high-frequency
region (10 kHz to 100 Hz). Arrows indicate frequencies for reference.
(d) Specific capacitance as a function of frequency.

sponding specific capacity is 59 mAh/g. These values approach
the theoretical specific capacitance™® (548 F/g) and capacity
(84 mAh/g) of the material, indicating that ~70% of the redox
sites are accessible. The capacitance of Porous-2 is lower than
that of Porous-1 at low current density, but the capacitance of
Porous-2 exceeds that of Porous-1 at rates above 1 A/g, and
retains a capacitance of 138 F/g at 10 A/g. Overall, Porous-1
has higher capacitance at low cycle rates but Porous-2
outperforms at higher rates.

These differences indicate a correlation between the
structure and transport behavior of the materials. A power
law is used to extract kinetic information from the CVs shown
in Figure 3a—d. The peak current i, is defined as
b

lp =awv

@)
where v is the scan rate, and a and b are constants. b typically
ranges from 0.5 to 1, depending on whether the system is
diffusion-limited or capacitive, respectively.””*’ For Porous-1,
b ~ 09 and ~0.6 for v < 10 mV/s and v > 10 mV/s,
respectively, suggesting a surface-controlled capacitive behavior
at low scan rate only (Figure S13). By contrast, b ~ 1 for
Porous-2 at scan rates up to 30 mV/s. At higher scan rates, b
~ 0.7, indicating contributions from both kinetic limits.
Comparing both materials, it is clear that Porous-2 maintains a
larger degree of capacitive behavior at higher scan rates,
supporting the conclusion that the cyclized scaffold shows
faster diffusion kinetics than the uncyclized Porous-1. Though
Porous-2 is not formally fully conjugated, we have previously
shown that the PDI-triptycene geometry exhibits through-
space electron delocalization."”

The difference in performance for the two materials is a
consequence of the molecular structure of the scaffold: cyclized
Porous-2 is more structurally rigid, allowing for faster ion
transport kinetics. Porous-1 and Porous-2 both display high
cycling stability with very little capacitance decay seen over
10 000 cycles at a current density of S A/g (Figure 4b). In fact,
the capacitance of Porous-1 increases slightly with cycling due
to increased ion accessibility of the pores.

The frequency-dependent transport behavior of the
materials was further investigated by electrochemical impe-
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dance spectroscopy. The plots of the real (Z’) versus imaginary
(Z") components of the impedance (Nyquist plots) for
Porous-1 and Porous-2 are shown in Figure 4c. For both
materials, a depressed semicircle representing the electro-
chemical reaction is observed at high frequency (inset of
Figure 4c): both the charge transfer resistance, approximated
from the diameter of the semicircle, and the internal resistance,
approximated from the Z’ intercept, are significantly lower for
Porous-2 than for Porous-1, supporting the faster kinetics of
Porous-2.' "

The low frequency linear response of the Nyquist plot
represents the diffusion-limited processes. A slope (or phase
shift) of 45° indicates a Warburg impedance®**** across a
diffusive layer while a vertical line is expected for ideal double-
layer capacitance.”> The low frequency slope of Porous-2 is
steeper than that of Porous-1, also confirming its more
capacitive nature.’

The specific capacitance of the materials as a function of
frequency can be calculated®® from the impedance data using a
series circuit model:

o) = ——

m-Z" 2nf 3)

where f is frequency (Figure 4d). At the lowest measured
frequency of 5 mHz, the capacitance of Porous-1 and Porous-
2 are 320 and 190 F/g, respectively, which are in very good
agreement with the GCD results.

By copolymerizing redox-active PDI subunits with triptycene
subunits, we have created a porous scaffold capable of n-type
pseudocapacitor behavior. The electroactive scaffold exhibits
outstanding performance with peak capacitance of 352 F/g and
stability over >10000 cycles. Moreover, we can tune the
electrochemical and transport behavior of the material by
modifying the structure postsynthesis. These results chart a
clear path to expand the development of energy storage
materials using molecular design.
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