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and Colin Nuckolls *a

Redox-active two-dimensional polymers (RA-2DPs) are promising lithium battery organic cathode

materials due to their regular porosities and high chemical stabilities. However, weak electrical

conductivities inherent to the non-conjugated molecular motifs used thus far limit device performance

and the practical relevance of these materials. We herein address this problem by developing a modular

approach to construct p-conjugated RA-2DPs with a new polycyclic aromatic redox-active building

block PDI-DA. Efficient imine-condensation between PDI-DA and two polyfunctional amine nodes

followed by quantitative alkyl chain removal produced RA-2DPs TAPPy-PDI and TAPB-PDI as

conjugated, porous, polycrystalline networks. In-plane conjugation and permanent porosity endow these

materials with high electrical conductivity and high ion diffusion rates. As such, both RA-2DPs function

as organic cathode materials with good rate performance and excellent cycling stability. Importantly, the

improved design enables higher areal mass-loadings than were previously available, which drives

a practical demonstration of TAPPy-PDI as the power source for a series of LED lights. Collectively, this

investigation discloses viable synthetic methodologies and design principles for the realization of high-

performance organic cathode materials.
Introduction

Organic energy storage materials offer the prospect of high
gravimetric energy storage with rapid charging and discharging
rates without the need for costly, energy intensive and
destructive resource acquisition.1–3 Redox-active two-
dimensional polymers (RA-2DPs, also referred to as covalent
organic frameworks4,5) are among the most promising candi-
dates as faradaic charge storage materials because of their
tailored topologies and resultant regular porosities.6–12

However, RA-2DPs have not reached their potential because the
typical structures exhibit poor electrical conductivity13,14 and
their electro-inactive solubilizing moieties reduce the gravi-
metric energy storage performance.15 This realization has led
researchers to explore incorporating conducting additives16–18

and exfoliating 2DPs into the few-layer limit19 with the goal of
increasing electrochemical accessibility. While these investiga-
tions demonstrate that increased electrochemical accessibility
can improve faradaic performance in RA-2DPs, these strategies
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require laborious post-processing, expensive substrates and
valuable additives. More importantly, the mass-loading of active
materials in those devices is generally low9 due to poor intrinsic
electrical conductivity, which limits their deployment in prac-
tical devices.

In this study, we systematically examine the molecular
design principles to improve faradaic charge storage in RA-
2DPs. Specically, we engineer a new redox-active motif: per-
ylene diimide dibenzoaldehyde (PDI-DA, Fig. 1). PDI subunits
can reversibly accept two electrons and have been widely used
as acceptor materials for photovoltaics,20 photodetectors,21

redox ow batteries22 and pseudocapacitors.23 Conventionally,
diimide-containing RA-2DPs are mostly extended through the
imide nitrogen,24 resulting in non-conjugated structures with
limited electrical conductivity. Furthermore, these RA-2DPs
frequently incorporate contorted phenyl spacers that diminish
in-plane conjugation.15,25 The PDI-DA unit studied here is bay
connected through a fused aromatic ring that simultaneously
addresses both limitations of previous molecular designs. To
demonstrate the generality of these ndings, we study two RA-
2DPs prepared from different polyfunctional amine nodes:
1,3,6,8-tetrakis(4-aminophenyl)pyrene (TAPPy) and 1,3,5-tris(4-
aminophenyl)benzene (TAPB). Following polymerization into
crystalline, porous networks, the solubilizing alkyl side chains
are quantitatively removed via thermolysis without disrupting
the periodic network structures. This chemical transformation
Chem. Sci., 2022, 13, 3533–3538 | 3533
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Fig. 1 Structure design of redox-active conjugated building blocks
PDI-DA (top), synthesis of TAPPy-PDI (left) and TAPB-PDI (right) and
depiction of their redox activity (bottom).
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improves battery performance by decreasing the electrochemi-
cally non-participating mass and enhancing the lithium-ion
permeability of the networks. As a result, RA-2DPs produced
using the design principles uncovered here approach their
theoretical capacity with excellent cycling stability.
Results and discussion
Synthesis of RA-2DPs

Fig. 1 displays the synthesis of RA-2DPs. Details for the
synthesis of PDI-DA can be found in the ESI (Section 2†). RA-
2DPs TAPPy-PDI-C11 and TAPB-PDI-C11 were then synthe-
sized by acid catalyzed imine-condensation between PDI-DA
and the corresponding polyamines. Both RA-2DPs were isolated
in high yield (>90%) as crystalline, high surface area powders
(vide infra). While performing thermogravimetric analysis (TGA)
of these two polymers, we observed a �30% sample mass loss
for both 2DPs at �380 �C (Fig. S1†). Previously, we have attrib-
uted this mass loss to thermal removal of the solubilizing side
chains.26 As such, alkyl chains were removed by heating at
380 �C under vacuum for 4 hours to yield TAPPy-PDI and TAPB-
PDI, without disrupting the 2DP structures or imine-
polymerization chemistry as determined by elemental anal-
ysis, infrared spectroscopy (see ESI†), X-ray diffraction, and
nitrogen porosimetry.
3534 | Chem. Sci., 2022, 13, 3533–3538
Characterization of RA-2DPs

Fourier-transform infrared (FT-IR) spectroscopy shows that
imine-condensation proceeded efficiently with high consump-
tion of monomer functionality and thermolytic cleavage of the
alkyl chains did not damage other chemical motifs within the
networks. To better understand our FT-IR results, we prepared
an imine-linked PDI-containing model compound (S4) by
condensing PDI-DA with aniline under the same reaction
conditions. Following imine condensation, the C]O stretch
(1688 cm�1) of the aldehyde and the N–H vibrational feature
(3200 cm�1) of the amine were found to disappear in both RA-
2DPs and the model compound S4 (Fig. S2†). The imine C]N
stretch (�1620 cm�1) and the imide C]O stretch (�1607 cm�1)
are observed to overlap, which prevents denitive observation of
the appearance of the expected polymerization chemistry.15

Collectively, the FT-IR changes observed following polymeriza-
tion conrm the imine-condensation product of aniline and
PDI-DA. Thermolytic alkyl chain removal was veried by the
disappearance of the alkyl vibrational modes (2800–3000 cm�1)
and concomitant increase of the N–H peak (3200 cm�1).
Importantly, the features associated with imide and imine
moieties are found to be unaffected by the thermolysis proce-
dure. This is consistent with the nding that the mass retention
following thermolysis (70%) agrees well with the calculated
mass retention of losing the side chains (73%). The FT-IR
features observed throughout these chemical transformations
correlate well with calculated vibrational spectra for each of
these species (Fig. S3†).

Powder X-ray diffraction (PXRD) reveals that the TAPPy-PDI-
C11 and TAPB-PDI-C11 and their thermolysis products were all
isolated as polycrystalline powders (Fig. 2A). For both TAPPy-
PDI-C11 and TAPB-PDI-C11, sharp diffraction features were
observed at low two theta values. We assigned these features as
the h100i Bragg scattering features of a layered tetragonal and
hexagonal network for TAPPy-PDI-C11 and TAPB-PDI-C11,
respectively. For both networks we also observed a diffuse
scattering feature at high two theta values that we assign to the
interlayer spacing between 2DP sheets in the solid-state. For
TAPPy-PDI-C11, we nd that the experimental pattern matches
well with a simulated C2/m framework with lattice parameters
of a ¼ b ¼ 44.0 Å, c ¼ 2.8 Å with sharp diffraction features at
2.9�, 3.9� and 5.6� that correspond to the h100i, h200i and h220i
Bragg direction, respectively. For TAPB-PDI-C11, a simulated P6
framework is well matched with lattice parameters of a ¼ b ¼
46.8 Å, c ¼ 3.5 Å with sharp diffraction features at 2.9�, and 4.4�

that correspond to the reections along the h100i and h200i
planes. In both cases, the observed distances match well with
the expected distances of the spatial distribution between the
nodes. Following thermolysis both RA-2DPs exhibited practi-
cally unchanged diffraction patterns, which demonstrates that
the structurally regular 2DP network is unperturbed aer the
side chain removal. All the experimental PXRD patterns were
rened with nite crystal size broadening that revealed an
average crystallite size >50 nm, consistent with other reports of
high-quality polycrystalline 2DP powders.27 These results are
consistent with direct imaging via scanning electron
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (A) Background subtracted experimental (colored) and predicted (black) PXRD patterns, (B) nitrogen adsorption isotherms and (C) pore
size distribution of RA-2DPs.
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microscope showing that RA-2DPs are isolated as poly-
crystalline powders (Fig. S5†).

Nitrogen sorption isotherms in Fig. 2B establish that all four
RA-2DPs were porous polymer networks. High Brunauer–
Emmett–Teller (BET) surface areas of 930 m2 g�1 and 570 m2

g�1 were extracted for TAPPy-PDI-C11 and TAPB-PDI-C11,
respectively. Pore size distributions (Fig. 2C) were centered at 17
Å for TAPPy-PDI-C11 and 24 Å for TAPB-PDI-C11. We attributed
the relatively broad distribution to the disordered packing of
the alkyl chains in the 2DP structures. Following thermolysis to
remove the alkyl side chains, the BET surface areas of TAPPy-
PDI and TAPB-PDI were increased to 1300 m2 g�1 and 630 m2

g�1. Increases in the BET surface area were accompanied by
narrowing and increasing pore size distributions from 17 Å to
21 Å for TAPPy-PDI and 24 Å to 35 Å for TAPB-PDI, which
correlates well with the structures determined from PXRD.
Taken together, these results reveal that the RA-2DPs, in all
forms, are isolated as structurally regular, permanently porous
networks.
Electrochemical performance

Using these four crystalline, porous RA-2DPs, we performed
comparative electrochemical experiments with lithium metal
half-cells. The working electrodes were fabricated by drop
casting a slurry of 70 wt% RA-2DPs, 20 wt% carbon black (as
conductive agent, see Fig. S15† for lower mass loadings of
conductive additive) and 10 wt% polyvinylidene uoride (PVDF;
as binder) in N-methyl-2-pyrrolidone onto a carbon paper. We
then assembled the cell using working electrodes and lithium
metal in 2032 coin cells with 1 M LiPF6 in diethyl carbonate
(DEC)/ethylene carbonate (EC) (1 : 1 vol) electrolyte. Cyclic vol-
tammetry (CV) was rst conducted on four RA-2DP electrodes
with a scan rate of 1 mV s�1 (Fig. 3A). All the RA-2DPs exhibited
fully reversible peaks centered at 2.2–2.3 V vs. Li/Li+,
© 2022 The Author(s). Published by the Royal Society of Chemistry
corresponding to the redox reaction from PDI subunits. Under
the same scan rate, TAPPy-PDI and TAPB-PDI showed much
higher current and slightly more positive redox potentials than
TAPPy-PDI-C11 and TAPB-PDI-C11. This enhanced electro-
chemical performance aer alkyl chain removal is likely
attributed to the reduction of electrochemically inactive
components, the increase of electrical conductivity and lithium-
ion diffusion within the network (vide infra). It is noteworthy
that the alkyl chain removal protocol should be applicable to
many other RA-2DPs with solubilizing side chains to improve
their device performance.15,25 Because the RA-2DPs without the
alkyl chains exhibit much higher capacity, we focused on
investigating the device performance of TAPPy-PDI and TAPB-
PDI.

The rate performance of TAPPy-PDI and TAPB-PDI were
evaluated under different discharge rates from 0.1 A g�1 to
5 A g�1 (Fig. 3B). TAPPy-PDI delivered an initial capacity of
61 mA h g�1 at 0.1 A g�1 (1.5C), corresponding to 96% of the
theoretical capacity. TAPB-PDI, on the other hand, exhibited
slightly lower capacity (56 mA h g�1) at the same rate, corre-
sponding to 83% of its theoretical capacity. Both polymers
showed outstanding rate performance due to their conjugated
and porous structures. Even with a high current density of
5 A g�1 (80C), TAPPy-PDI and TAPB-PDI still retained 55% and
44% of their theoretical capacity, respectively. Such retention
rates are much higher than those of conventional lithium-ion
cathode materials.1 These results show that we are able to
fully unlock all the redox functional groups and signicantly
improve the rate performance by constructing the fully p-
conjugated and porous network structures (see Table S1† for
comparison with other materials).

Beyond the excellent rate performance, both RA-2DPs also
possessed high cycling stability (Fig. 3C). At 0.5 A g�1 (7.5C),
TAPPy-PDI showed a capacity of 52 mA h g�1 and an exceptional
capacity retention of 83% aer 1000 cycles, with an average
Chem. Sci., 2022, 13, 3533–3538 | 3535
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Fig. 3 The electrochemical performance of RA-2DPs. (A) CV profiles
at 1 mV s�1 in 1.0 M LiPF6 in DEC/EC (1 : 1 vol) electrolyte, (B) rate
performance at different discharge rates, (C) cycling stability at
0.5 A g�1 and coulombic efficiency (TAPPy-PDI in purple circle and
TAPB-PDI in cyan square) over 1000 cycles, and (D) EIS of RA-2DPs.
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coulombic efficiency of 100%. TAPB-PDI exhibited a capacity of
45 mA h g�1 with 84% capacity retention aer 1000 cycles at the
same discharging rate. This superb cycling stability for both RA-
2DPs can be attributed to the chemically and structurally robust
two-dimensional networks.

To better understand the excellent device performance of
TAPPy-PDI and TAPB-PDI, we performed electrochemical
3536 | Chem. Sci., 2022, 13, 3533–3538
impedance spectroscopy (EIS) on all four 2DPs (Fig. 3D). The
charge-transfer resistance (Rct) of TAPPy-PDI and TAPB-PDI
were determined as 57U and 80U, respectively, which are much
lower than 2DPs with alkyl chains and those of similar polymer
networks.17 These low Rct values of TAPPy-PDI and TAPB-PDI
reveal high electrical conductivity (Table S2†) within the
networks aer alkyl chain removal, which may result from the
full in-plane conjugation as well as the intimate p–p stacking of
2D sheets, as indicated by structural characterization data. To
evaluate the lithium-ion diffusion within the networks, we
analyzed the CV proles at different scan rates for all four RA-
2DPs. Using the Randles–Ševč́ık equation, the diffusion coeffi-
cient for TAPPy-PDI, TAPB-PDI, TAPPy-PDI-C11 and TAPB-PDI-
C11 were determined to be 4.6 � 10�9 cm2 s�1, 3.6 � 10�9 cm2

s�1, 1.7 � 10�10 cm2 s�1 and 4.7 � 10�11 cm2 s�1, respectively.
These higher diffusion coefficients for both RA-2DPs without
the alkyl chains likely result from the immense porosities of
these networks, which facilitates lithium-ion diffusion. We
attribute the better electrochemical performance of TAPPy-PDI
than TAPB-PDI to the higher electrical conductivity and higher
ionic diffusivity of TAPPy-PDI. Such high electrical conductivity
and high lithium-ion diffusivity of TAPPy-PDI allows us to
investigate the battery performance of cells with higher active
material loading. As shown in Fig. S15,† TAPPy-PDI battery with
>80% active material portion exhibited similar performance at
charging rates below 10C. In addition, the cell with 80% active
loading showed exceptional cycling stability, with a capacity
retention of 83% aer 1000 cycles at 0.5 A g�1 (Fig. S16†).

Necessity of the 2D crystalline structure

To demonstrate the necessity of the porous, two-dimensional
and crystalline structure, we synthesized an amorphous
TAPPy-PDI (amp-TAPPy-PDI) using cis-PDI-DA and TAPPy under
the same protocol we developed (ESI, Section 4.3†). Amp-TAPPy-
PDI exhibited no Bragg scattering and no BET surface area due
to the amorphous structure. Despite the same chemical
composition, amp-TAPPy-PDI exhibited much lower capacity
(37 mA h g�1 at 0.1 A g�1), rate performance (12 mA h g�1 at
0.5 A g�1) compared to TAPPy-PDI. Correspondingly, the diffu-
sion coefficient of amp-TAPPy-PDI was determined to be 1.2 �
10�10 cm2 s�1, which is an order of magnitude lower than of the
structurally regular TAPPy-PDI. Therefore, we attribute the
outstanding performance of TAPPy-PDI and TAPB-PDI to both
high electrical conductivities resulting from the p-conjugated
structures and the enhanced ion diffusion rates from the high
porosity.

Practical demonstration

Given TAPPy-PDI's superior device performance, we next eval-
uated it as highmass-loading charge storage media for practical
applications. TAPPy-PDI was fabricated into electrodes with
a mass-loading of �5 mg cm�2. Remarkably, the coin cells with
high mass-loading electrodes still exhibited similar capacity
(52 mA h g�1 at 0.2 A g�1) to the lower mass-loading cells. We
then used this coin cell battery to power up a light-emitting
diode (LED) array to examine its power ability. As shown in
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Practical demonstration of TAPPy-PDI electrode coin cells: (A)
power off and (B) power on status of the LED array.
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Fig. 4A, the array was constructed with ten red LEDs and six
orange LEDs. Using a potentiostat, the working currents of the
red and orange LED bulbs were determined to be 0.1–0.2 mA.
The forward voltage of red and orange LEDs was determined to
be 2.0 V and 2.3 V respectively. Accordingly, the overall working
current for the array is around 1.6–3.2 mA, corresponding to 5–
10C of the battery. Aer being charged to 3 V at 5C, the battery
was able to light up the array for 10 minutes (Fig. 4B and ESI
video†). To note, the red LEDs were able to last even longer
because of the lower required forward voltage. Therefore, we
demonstrated the practical applications of these fully p-conju-
gated RA-2DPs by high mass-loading electrode coin cells.
Conclusions

To conclude, we have designed and synthesized new redox-
active two-dimensional polymers by an efficient two-step
approach with PDI-DA as the redox-active building block. All
RA-2DPs were p-conjugated, polycrystalline and exhibited high
porosity and high electrical conductivity. Aer alkyl chain
removal, TAPPy-PDI and TAPB-PDI showed great potential as
cathode materials in lithium batteries with good rate perfor-
mance and excellent cycling stability. We attribute this to both
high electrical conductivity and great ion diffusion rate,
resulting from the in-plane conjugated and porous network
structures. Finally, we demonstrated the practical applications
of these new RA-2DPs by high mass-loading cells and using
them to power up a LED array. Collectively, this study highlights
the critical design principles and synthetic strategies to produce
RA-2DPs as high-performance organic cathode materials.
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