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Polyimide-Linked Hexaazatriphenylene-Based Porous
Organic Polymer with Multiple Redox-Active Sites as a
High-Capacity Organic Cathode for Lithium-lon Batteries

Arindam Mal, Jonathan Caroni, Asia Patriarchi, Olivera Luzanin, Rafael Ramos,

Jan Bitenc,* Manuel Melle-Franco,* and Manuel Souto*

The development of high-capacity, sustainable cathode materials

remains a critical challenge in advancing lithium-ion battery technologies for
next-generation energy storage. Organic electrode materials (OEMs) represent
a promising alternative to conventional inorganic cathodes, owing to their
composition from earth-abundant elements and chemically tunable structures
that enable high theoretical capacities. Herein, a polyimide-linked porous
organic polymer (HAT-PTO) is reported to be synthesized via a straightforward
hydrothermal reaction from redox-active hexaazatriphenylene (HAT)

and pyrene-4,5,9,10-tetraone (PTO) building blocks. The resulting HAT-PTO
framework incorporates multiple redox-active C=0 and C=N centers,
delivering a high theoretical capacity of 484 mAh g='. To overcome limitations
in electronic conductivity, hybrid materials are synthesized by in situ

growth of HAT-PTO on multiwalled pristine (CNT) and carboxyl-functionalized
carbon nanotubes (cCNT). Notably, the HAT-PTO-cCNT hybrid

delivers a high capacity of 397 mAh g=' at C/10, outstanding rate capability
of 225 mAh g~ at 20 C, and long-term cycling stability, retaining 171 mAh g~!
after 6000 cycles at 2 C. Ex situ FT-IR, supported by density functional theory
(DFT) calculations, confirms the involvement of both HAT and PTO units

in the charge storage mechanism. This work presents a molecular design
strategy and scalable synthesis approach toward high-performance organic
cathodes, paving the way for durable, high-rate lithium-organic batteries.

1. Introduction

Lithium-ion batteries (LIBs) are among the
most promising technologies for sustain-
able energy storage, owing to their high en-
ergy density, low self-discharge rate, and
long cycle life.l"?] LIBs are widely used in
portable electronic devices and are being
adopted in the rapidly growing electric vehi-
cle industry.>* The demand for enhanced
performance in high-power applications ne-
cessitates the development of new materi-
als that can increase practical energy den-
sities, support high current rates, and en-
able rapid charging and discharging with-
out compromising cycling stability. The per-
formance of LIBs is largely dependent on
the properties of the cathode materials.]
However, conventional cathode materials
are typically derived from inorganic transi-
tion metal oxides or phosphates (LiCoO,,
LiMn,O,, LiFePO,, etc.), which present lim-
itations in terms of theoretical specific ca-
pacity, resource availability, and reliance
on the mining of critical raw materials.[®]
Organic electrode materials (OEMs) have
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long been proposed as promising alternatives to inorganic cath-
odes for the development of sustainable batteries, as they are
composed of naturally abundant elements (C, H, N, O, etc.) and
offer tunable electrochemical performance through chemical de-
sign, enabling high specific capacities by introducing multiple
redox-active sites.l’1%]

Lithium-organic batteries are therefore regarded as a promis-
ing class of next-generation energy storage devices due to their
tunable electrochemical properties, environmental friendliness,
cost-effectiveness, and flexibility of organic electrodes. However,
OEMs face significant challenges, including low intrinsic elec-
tronic conductivity and gradual dissolution in electrolytes, par-
ticularly for small redox-active organic molecules.®1% Low elec-
tronic conductivity is commonly addressed by adding conductive
additives, although their content must be carefully optimized to
avoid reducing the effective capacity.>1*l To address dissolution,
polymerizing small electroactive molecules has proven to be an
effective strategy for enhancing cycling stability and minimizing
solubility in electrolytes.[*>1¢]

Porous organic polymers (POPs) and covalent organic frame-
works (COFs) have emerged as promising OEMs for lithium-
organic batteries due to their intrinsic insolubility in elec-
trolytes, extensive structural and chemical versatility, tunable
porosity, and the ability to incorporate numerous redox-active
centers.['7"1] Both POPs and COFs are purely organic porous ma-
terials constructed by combining organic building blocks linked
through strong covalent bonds, 222 with the redox activity and
electrochemical stability of the resulting materials depending on
the nature of the electroactive organic moieties and linkages.?’!
Extensive research has been devoted to combining multiple redox
centers into the same POPs to maximize their practical capac-
ity. For example, z-conjugated hexaazatriphenylene (HAT)-based
POPs have attracted significant interest as OEMs, mainly due to
their high theoretical capacity arising from multiple redox-active
pyrazine moieties.?*32! Pyrene-4,5,9,10-tetraone (PTO) has also
been investigated as an n-type building block for the construction
of high-capacity OEMs, as all four carbonyl groups can participate
in the redox process (4 e~/Li*).>*8] Recently, polyimide-linked
POPs and COFs have also attracted considerable interest as ro-
bust OEMs for battery applications, featuring additional carbonyl
redox-active sites along with excellent electrochemical stability
and reversibility.3**228] In some cases, hybridization of porous
polymers with carbon nanotubes (CNTs) can enhance electro-
chemical performance by improving both electronic conductiv-
ity and cycling stability,[22>3°] although the content and nature
of CNTs must be carefully optimized. Very recently, a series of
arylamine-linked HAT-based POPs have been reported with the-
oretical capacities of up to 440 mAh g=1.3% However, achieving
a higher theoretical capacity, current density, and long-term cy-
cling stability in POP-based OEMs remains a key challenge in
the development of lithium-organic batteries.

Herein, a new polyimide-linked POP (HAT-PTO) based on
redox-active HAT and PTO building blocks has been designed
and synthesized via a straightforward hydrothermal reaction.
HAT-PTO contains abundant redox-active groups (C=0O and
C=N) from HAT, PTO, and imide moieties, resulting in one
of the highest reported theoretical capacities (484 mAhg™!)
for POPs and COFs.l"® In addition, different hybrids of HAT-
PTO with multiwalled carbon nanotubes (CNT) or carboxyl-
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functionalized carbon nanotubes (cCNT) were synthesized via in
situ growth of the POP on the surface of the CNTs to enhance
the electrochemical performance. The HAT-PTO-cCNT hybrid
demonstrated a high specific capacity of 397 mAh g=! at C/10, ex-
cellent rate performance (225 mAh g! at 20 C), and long-cycling
stability (171 mAh g™! capacity retained after 6000 cycles at 2 C).
This work presents a new molecular design approach and syn-
thetic strategy for developing OEMs with high theoretical capac-
ity, offering an efficient route toward high-performance organic
cathodes for lithium batteries.

2. Results and Discussion

2.1. Synthesis and Characterization

Imide-linked HAT-PTO was synthesized via a condensation re-
action between hexaazatriphenylene hexacarboxylic acid (HAT-
6COOH) and 2,7-diaminopyrene-4,5,9,10- tetraone (PTO-2NH,)
under hydrothermal conditions (200 °C for 48 h) (Figure 1). Ac-
cording to the design of the imide-linked POP, HAT-PTO offers
a high theoretical capacity of 484 mAh g1, attributed to the pres-
ence of both redox-active moieties (HAT and PTO) and polyimide
linkages containing a high density of carbonyl and imine groups
(Figure 1).

The formation of imide linkages in HAT-PTO was confirmed
by 3C solid-state cross-polarization magic-angle spinning (CP-
MAS) NMR and Fourier transform infrared (FT-IR) spectro-
scopies. The 13C solid-state CP-MAS NMR analysis reveals broad
signals at ca. 177.5 and 172.4 ppm, corresponding to the carbonyl
(C=0) carbons of the imide and PTO units, respectively (Figure
2a).1293540] Additional 1*C NMR peaks observed at 154.1, 146.3,
129.6, and 119.9 ppm are attributed to the aromatic carbon atoms
of the HAT-PTO framework, as annotated in Figure 2a.[*?l The
FT-IR spectrum of HAT-PTO shows a characteristic band at 1664
cm™!, attributed to the C=0 stretching vibrations from both the
PTO and imide units.[?#43] The formation of imide linkages is fur-
ther supported by the presence of a band at 1362 cm™, assigned
to the C—N stretching vibrations of the imide moieties (Figure
S1, Supporting Information).[?84}] Comparative FT-IR analysis
confirms the complete consumption of the precursor building
blocks, as the characteristic bands related to —NH, and —COOH
groups are absent in the HAT-PTO IR spectrum. The experimen-
tal powder X-ray diffraction (PXRD) pattern of the synthesized
HAT-PTO (Figure 2b) exhibits broad diffraction peaks centered
at 28 = 8.9°, 17.9°, and 26.7°. The intense peak at 26.7° is char-
acteristic of strong z—z stacking within the 2D layer structure,
corresponding to an interlayer distance of d ~ 3.3 A, consistent
with values reported for related systems.[2?3% Although the over-
all broadness of the PXRD pattern indicates low crystallinity, two
additional broad peaks are discernible at 28 = 8.9° and 17.9°,
suggesting some degree of structural order. To gain further in-
sight into the stacking arrangement, computational models rep-
resenting different stacking modes (AA, AB, and ABC) were eval-
uated (Figure S2, Supporting Information). Among these, the
ABC stacking model (Figure 2c) showed the best agreement with
experimental PXRD data. Specifically, the simulated PXRD pat-
tern, which includes peak broadening effects (Figure 2b; Figure
S3, Supporting Information), reproduces the three key features
observed in the experimental pattern. This assignment is further
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Figure 1. Schematic representation of the synthesis of HAT-PTO and redox reaction mechanism of the HAT and PTO moieties.

supported by the low porosity of the material (see below), which
is consistent with the ABC stacking mode. Nonetheless, given the
amorphous nature of the material, alternative stacking arrange-
ments cannot be definitively excluded.

The porosity of HAT-PTO was investigated by N, adsorp-
tion isotherms at 77 K. HAT-PTO exhibits a typical type III
isotherm, with a Brunauer-Emmett—Teller (BET) surface area
of 33 m? g7! (Figure 2d). The corresponding pore size distri-
bution (Figure S4, Supporting Information) is consistent with
those of structurally related materials.[?>3% Scanning electron mi-
croscopy (SEM) images of HAT-PTO reveal a nanowire-type mor-
phology, likely arising from strong interlayer z—z stacking in-
teractions (Figure S5, Supporting Information). Scanning trans-
mission electron microscopy (STEM) and energy-dispersive X-
ray spectroscopy (EDX) mapping confirm the homogeneous dis-
tribution of the constituent elements (Figures S6 and S7, Sup-
porting Information). High-resolution transmission electron mi-
croscopy (HRTEM) images further demonstrate the presence
of typical 2D layered structures (Figure 2e). Thermogravimetric
analysis (TGA) indicates that HAT-PTO is thermally stable up to
300 °C, with a minor weight loss (ca. 5%) below 110 °C, attributed
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to the release of adsorbed water molecules (Figure S8, Support-
ing Information).

Following the same synthetic procedure, nonfunctionalized
carbon nanotubes (CNTs) and carboxyl-functionalized carbon
nanotubes (cCNTs) were incorporated into the reaction mix-
ture to prepare HAT-PTO-based hybrids containing 43% CNT
or cCNT (Figure 1 and Supporting Information). The resulting
hybrids were characterized by various techniques. Notably, the
physical nature of the hybrids differs depending on the type of
nanotube: HAT-PTO-CNT exhibits a soft, flake-like morphology,
whereas HAT-PTO-cCNT appears more granular. PXRD patterns
of both hybrids display similar features to HAT-PTO, with a dom-
inant peak at 26° (Figure S9, Supporting Information), indicating
preserved w—r stacking. Compared to HAT-PTO, the hybrids ex-
hibited enhanced porosity, with calculated BET surface areas of
61 and 219 m? g~! for HAT-PTO-CNT and HAT-PTO-cCNT, re-
spectively (Figure 2d), consistent with the higher intrinsic poros-
ity of cCNT (361 m? g~!) compared to CNT (48 m? g™!) (Figure
S10, Supporting Information). Both hybrids exhibit pore size dis-
tributions comparable to that of HAT-PTO (Figure S11, Support-
ing Information).
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Figure 2. a) Solid-state '>C CP-MAS NMR spectrum, b) experimental and simulated (with and without broadening effect) PXRD patterns, and c) top and
side views of the computational model of HAT-PTO with ABC packing. d) N, adsorption (filled symbols) and desorption (empty symbols) isotherms of
HAT-PTO, HAT-PTO-CNT, and HAT-PTO-cCNT at 77 K. e) HRTEM image of HAT-PTO. f,g) HRTEM images of HAT-PTO-cCNT. h,i) HRTEM images of
HAT-PTO-CNT. Different highlighted areas represent various domains of cCNT or CNT and HAT-PTO within the hybrids. Scale bars are included in the

insets.

The morphologies of the HAT-PTO-CNT hybrids were further
investigated using SEM and HRTEM microscopies. HAT-PTO-
cCNT displays a uniform tubular core-shell morphology, with
HAT-PTO uniformly grown and well distributed along the sur-
face of the cCNTs (Figure 2f,g; Figures S12 and S13, Support-
ing Information). In contrast, HAT-PTO-CNT exhibits a hetero-
geneous morphology, featuring a combination of tubular core-
shell structures and irregularly stacked layered domains of HAT-
PTO (Figure 2h,i; Figures S14 and S15, Supporting Information).
However, the surface-assisted growth of HAT-PTO on CNT ap-
pears thinner and less uniform than on cCNTs. The morpho-
logical differences are attributed to the higher dispersibility of
cCNTs in water, which facilitates more effective heterogeneous
nucleation and stronger z—z interactions, ultimately promoting
uniform growth of HAT-PTO and the formation of well-defined
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HAT-PTO-cCNT hybrids. In contrast, the simultaneous occur-
rence of both homogeneous and heterogeneous nucleation in the
presence of CNTs led to random structural growth of HAT-PTO.
Well-defined lattice fringes with an interlayer spacing of 3.3 A
were observed, consistent with 7—z stacking and indicative of the
presence of carbon nanotubes in the hybrids. Furthermore, the
uniform distribution of carbon, nitrogen, and oxygen across the
CNT surfaces was confirmed by STEM and corresponding EDX
mapping images (Figures S16 and S17, Supporting Information),
supporting surface-assisted growth of HAT-PTO on carbon nan-
otubes, as pristine CNTs do not contain nitrogen. TGA analy-
sis demonstrated that the hybrids exhibit high thermal stability,
retaining structural integrity up to 400 °C (Figure S8, Support-
ing Information). Room-temperature electrical conductivities
of HAT-PTO, HAT-PTO-CNT, and HAT-PTO-cCNT as pressed
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Figure 3. a) CV curves of the first three cycles of HAT-PTO in the range of 1.4-4.0 V (scan rate: 1.0 mV s™'). b) Rate capability performance of HAT-PTO
as a function of cycle number using a potential window of 1.2-4.0 V, with current rates (C-rates) from C/10 up to 5C. c) Rate capability performance
of HAT-PTO-cCNT as a function of cycle number using a potential window of 1.2-4.0 V, with current rates (C-rates) from C/10 up to 20C. d) Cycling
performances of HAT-PTO, HAT-PTO-CNT, and HAT-PTO-cCNT at 2C. e) Long-term cycling stability of HAT-PTO-cCNT at 2C.

pellets were measured using a four-probe van der Pauw configu-
ration (see Supporting Information for experimental details). The
obtained conductivity values were 1.95 x 1077, 3.09 x 10! and
3.40 S cm™! for HAT-PTO, HAT-PTO-CNT, and HAT-PTO-cCNT
(Tables S2 and S3 and Figures S18 and S19, Supporting Infor-
mation), respectively, demonstrating a significant enhancement
in electronic conductivity for the hybrids incorporating CNTs or
cCNTs.

2.2. Electrochemical Performance

The electrochemical performance of HAT-PTO, HAT-PTO-CNT,
and HAT-PTO-cCNT was evaluated as cathode materials for Li-
ion storage, motivated by the high theoretical capacity of HAT-
PTO (484 mAhg™') (Scheme S2, Supporting Information). The
working electrodes were prepared by mixing the active material
(HAT-PTO), conductive carbon black, and polyvinylidene fluo-
ride (PVDF) binder in a mass ratio of 60:30:10. For HAT-PTO-
CNT and HAT-PTO-cCNT hybrids, a mass ratio of 80:10:10 was
used. The mass loading of active material in the electrodes was
in the range of 0.5-0.8 mg cm™2. As is standard practice for or-
ganic batteries, specific capacities were calculated based on the
mass of the active material (HAT-PTO). Electrochemical mea-
surements were conducted in coin-type half-cells, with Li metal
used as both the counter and reference electrodes, and a poten-
tial window of 1.2-4.0 V. The charging voltage window was lim-
ited to 4.0 V to prevent electrolyte degradation. The electrode’s
electrochemical stability within this range was assessed by lin-
ear sweep voltammetry (LSV) and chronoamperometry (Figure

Adv. Mater. 2025, €12950 e12950 (5 of 13)

S20, Supporting Information). All the measurements were per-
formed using 1 M lithium bis(trifluoromethanesulfonyl)imide
(LiTFSI) dissolved in a 1:1 (v/v) mixture of dioxolane (DOL) and
dimethoxyethane (DME) as the electrolyte. The prepared elec-
trodes were confirmed to be insoluble in the used electrolyte, as
demonstrated by UV-vis spectroscopy and gas chromatography
(Figures S21-S23, Supporting Information).

Cyclic voltammetry (CV) of HAT-PTO was measured at 1.0
mV s7! over the potential range of 1.4-4.0 V (Figure 3a). The
CV revealed two main pairs of redox peaks at 2.1/2.4 V and
2.8/2.9 V. The first pair is attributed to the insertion/extraction
of Li* ions at the carbonyl groups of the n-type PTO units and
imide linkages.’”***] The second redox couple can be assigned
to the lithiation/delithiation process occurring in the HAT build-
ing blocks.!?”3%37] The high reversibility of these redox processes
is confirmed by the consistent peak positions and intensities
across successive cycles, as demonstrated by the near-complete
overlap of the CV curves.

The electrochemical performance of the HAT-PTO electrode
was initially assessed through a rate capability test within the po-
tential window of 1.2-4.0 V (Figure 3b). The highest discharge
capacity was recorded during the first cycle at a C/10 rate (0.05
A g'), reaching 161.5 mAh g=!. Upon increasing the current
density, the electrode maintained stable performance, retaining
a specific capacity of 43 mAh g! in the second cycle at a high
rate of 5C. Notably, the electrode demonstrated excellent rate
capability and reversibility; upon returning to the initial C/10
rate, the capacity recovered to 144 mAh g=!, closely approach-
ing its original value, thereby confirming robust structural in-
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those of other reported high-performance POP- and COF-based organic cathodes for Li-ion storage.

tegrity and cycling stability. Despite the overall stable electro-
chemical performance, the material utilization of HAT-PTO re-
mains relatively low. Considering the high theoretical capacity
of 484 mAh g~!, the measured capacity at C/10, and the con-
tribution from the 30 wt.% conductive carbon black (Figure
S24, Supporting Information), the actual capacity utilization at
C/10 is 32% of the theoretical value. This indicates significant
room for improvement in the electrochemical performance of
HAT-PTO.

To enhance the electrochemical performance, HAT-PTO was
hybridized with CNTs or ¢-CNT (with a loading of 43% CNT
or cCNT) yielding HAT-PTO-CNT and HAT-PTO-cCNT compos-
ites, respectively. The rate capability test of HAT-PTO—cCNT re-
vealed the highest discharge capacity of 397 mAh g! at C/10
(Figure 3c). After subtracting the contribution from pure cC-
NTs and carbon black (Figure S25, Supporting Information) from
the total measured capacity (Equation S1, Supporting Informa-
tion), the intrinsic capacity of the HAT-PTO component was de-
termined to be 352 mAh g=! at C/10. This corresponds to a uti-
lization efficiency of 73% relative to the theoretical capacity of
HAT-PTO (Equation S2, Supporting Information), representing
a substantial improvement over the pristine material. The hybrid
also demonstrated excellent high-rate performance, operating at
rates up to 20C (10 A g~!) while maintaining a specific capacity of
225 mAh g~'. When the current density was returned to C/10, the
capacity recovered to 395 mAh g=!, confirming the outstanding
rate capability and reversibility of HAT-PTO-cCNT. To the best of
our knowledge, this represents one of the highest electrochemi-
cal performances reported for POP/COF-based organic cathodes
for Li-ion storage, particularly at high rates (Table S4, Supporting
Information and Figure 4).

The long-term cycling performance of the three materials was
evaluated at a current density of 2C (Figure 3d; Figure S26, Sup-
porting Information). The HAT-PTO electrode exhibited an ini-
tial discharge capacity of 107 mAh g~!, retaining 61% ofits capac-
ity after 1500 cycles, with a high Coulombic efficiency of 99.7%.
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Both hybrids showed improved electrochemical behavior, with
initial capacities of 267 mAh g=! for HAT-PTO-CNT and 343
mAh g~! for HAT-PTO-cCNT, and capacity retentions of 49 and
60% after 1500 cycles, respectively. Both hybrids also maintained
high Coulombic efficiencies (~99%). The average discharge volt-
age was determined to be 2.1 and 2.3 V for HAT-PTO and HAT-
PTO-cCNT, respectively. To compare the electrochemical perfor-
mance of the hybrid materials with that of the pure HAT-PTO
electrode using the same amount of active material in the elec-
trodes, hybrids with a lower content of carbon nanotubes (HAT-
PTO-CNT-Ic and HAT-PTO-cCNT-Ic) were prepared, containing
60% active material (see Figure S27, Supporting Information).
HAT-PTO-cCNT-Ic also exhibited superior electrochemical per-
formance, with a higher initial capacity (207 mAh g™') and im-
proved capacity retention (87%) after 500 cycles compared to
HAT-PTO-CNT-Ic (initial capacity of 146 mAh g=! and 65% ca-
pacity retention after 500 cycles). These results highlight the su-
perior cycling stability of the cCNT-based hybrids. One possible
explanation for the higher performance in the case of HAT-PTO-
cCNT may be its higher porosity compared to HAT-PTO-CNT,
which may enhance ion diffusion, especially considering that
both hybrids exhibit similar electronic conductivity. Another im-
portant distinction between the two hybrids lies in their morphol-
ogy: while HAT-PTO-cCNT exhibits a homogeneous deposition
of HAT-PTO across the cCNT surface, HAT-PTO-CNT displays
randomly stacked structures with non-uniform HAT-PTO depo-
sition on the CNT surface. In addition, Raman spectroscopy con-
firmed the electronic coupling between the polymer and the cC-
NTs, as a shift in the G band from 1604 cm™! in pristine cCNT to
1590 cm™! in the hybrid was observed (Figure S28, Supporting In-
formation). Then, HAT-PTO-cCNT was further tested over an ex-
tended cycling period at 2C (Figure 3e). HAT-PTO-cCNT retained
a capacity of 171 mAh g™ after 6000 cycles, while maintaining
an excellent Coulombic efficiency of 99.2%. To further explore
the HAT-PTO-cCNT electrolyte compatibility, we also evaluated
the polymer in three additional salt/solvent combinations (Figure
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Figure 5. Voltage profile showing the ex situ FT-IR sampling points and measured FT-IR spectra of pristine (uncycled) HAT-PTO (left) and HAT-PTO-
cCNT (right) electrodes (bottom spectra), discharged down to 2.72, 2.14, and 1.20 V, and charged to 2.46, 2.90, and 4.00 V.

S29, Supporting Information), which showed a similar reversible
performance to that observed using 1 M LiTFSI in DOL/DME.

2.3. Charge Storage Mechanism

To gain further insight into the charge/discharge mechanism
of the HAT-PTO and HAT-PTO-cCNT cathodes, ex situ FT-IR
spectroscopy was performed at different discharge and charge
states (Figure 5), following the procedure detailed in the Experi-
mental Section. The FT-IR spectra of the pristine HAT-PTO and
HAT-PTO-cCNT electrodes show characteristic peaks at 1674 and
1593 cm™, corresponding to C=O stretching vibrations of PTO
and imide units, and C= N bond vibrations, respectively.l?%¢]
Upon discharge from 4.0 to 1.2 V, the intensity of the 1674 cm™
peak decreases, indicating the involvement of carbonyl groups in
Li* coordination. Concurrently, the broad peak associated with
the C=N bonds also broadens and loses intensity, suggesting its
participation in the redox process. It is also worth noting that
the 1600-1400 cm™! region includes C=C ring vibrations, which
are sensitive to aromaticity changes upon reduction.*’! Upon
recharging to 4.0 V, the peaks at 1674 and 1593 cm™! largely re-
turn to their original positions and intensities, demonstrating the
high reversibility of the electrochemical process.

The lithiation mechanism was further investigated by CV
at various scan rates for both HAT-PTO and HAT-PTO-cCNT
(Figure 6a,b). The power-law relationship (i = av?) provides
mechanistic insights, where the exponent b indicates the dom-
inant charge storage process: b values close to 0.5 correspond to
diffusion-controlled processes, while b values close to 1.0 suggest
a surface-controlled, pseudocapacitive behavior.*8] The peak cur-
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rents of the two redox processes were plotted as a function of
scan rate, yielding linear correlations with R? values close to 1
(Figure S31a,b, Supporting Information), confirming the validity
of the model. The logarithmic plot of the current peaks vs scan
rate (Figure S31c,d, Supporting Information) revealed that HAT-
PTO exhibits lower b values (0.856, 0.886, 0.815, 0.942 for peaks
A, B.Cand D, respectively), indicating a greater diffusion-limited
contribution. In contrast, HAT-PTO-cCNT displays b values near
unity (0.95, 0.93, 0.92, 0.95 for peaks A, B, C, and D), highlighting
a dominant capacitive contribution facilitated by the improved
conductivity of the hybrid.

A quantitative analysis using Dunn’s method was conducted
to distinguish the capacitive and diffusion-controlled contribu-
tions at each redox peak (A, B, C, D) for both HAT-PTO and
HAT-PTO-cCNT across various scan rates. This method assesses
the current response at fixed potentials, with linear fitting ap-
plied to extract the parameters k, and k, (Figure S31, Support-
ing Information). These values were subsequently used to quan-
tify the capacitive and diffusion-controlled contributions (Table
S5, Supporting Information). As a representative example, the
analysis of peak C is shown for both materials in Figure 6¢,d,
while the results for the remaining peaks are provided in Figures
S32 and S33 (Supporting Information). As expected, the capaci-
tive contribution increases with the scan rate for both materials,
due to higher current densities and shorter timescales that re-
strict lithium-ion diffusion. Specifically, for peak A of HAT-PTO,
the capacitive contribution increases from 63% at 0.5 mV s~! to
77% at 2.0 mV s~! (Figure S32, Supporting Information). Simi-
larly, in HAT-PTO-cCNT, it rises from 79% to 89% (Figure S33,
Supporting Information). Notably, HAT-PTO-cCNT consistently
shows a higher capacitive contribution across all redox peaks, in
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Figure 6. a) CVs of HAT-PTO at different scan rates. b) CVs of HAT-PTO-cCNT at different scan rates. Capacitive-diffusive contribution (%) calculated
for peak C of c) HAT-PTO, and d) HAT-PTO-CNT. Electrochemical impedance spectroscopy was performed at OCV, cycle 10, 20, 30, 40, 100, and 300.
Nyquist dispersion of €) HAT-PTO and f) HAT-PTO-cCNT together with the resistance trend obtained by the fitting procedure of g) HAT-PTO and f)

HAT-PTO-cCNT.
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Figure 7. Properties of the HAT-PTO monolayer molecular analogue and Li adsorption sites computed with DFT. a) HOMO and b) LUMO energy levels
of simplified HAT-PTO model. c) Molecular electrostatic potential. Adsorption energies per atom for 1-Li (d—f), 3-Li (g), and 6-Li (h) at the HAT moiety
and 2-Li (i), 4-Li (j), and 6-Li(k) at the PTO moieties. All reported values are in eV unless otherwise stated. In all cases except two (highlighted in blue)

the adsorption sites are located primarily on the HAT-PTO plane.

agreement with the enhanced charge transport enabled by car-
bon nanotubes incorporation.[*44°]

The diffusion coefficient (D;;*) of HAT-PTO was calculated us-
ing the Randles-Sevéik equation (Equation S7, Supporting Infor-
mation) for each redox peak across the range of scan rates. The
average values obtained for each peak were consistent (Figure
S34, Supporting Information), resulting in a diffusion coeffi-
cient of 4.5 X 10~° ¢cm? s~!. This value aligns well with diffu-
sion coefficients previously reported for similar porous organic
polymers. (3050511

To gain deeper insight into the electrochemical behavior and
long-term stability of the materials, electrochemical impedance
spectroscopy (EIS) was conducted at selected cycling stages for
both pristine HAT-PTO (Figure 6e) and the HAT-PTO-cCNT hy-
brid (Figure 6f) electrodes. A three-electrode Swagelok-type cell
was assembled using lithium metal as both counter and refer-
ence electrodes, with HAT-PTO or HAT-PTO-cCNT serving as
the working electrode. The resulting Nyquist plots exhibit three
characteristic regions: i) a high-frequency intercept along the real
axis, ii) a semicircular arc at intermediate frequencies, and iii)
a low-frequency tail, which is typically associated with ion dif-
fusion in the solid phase. The data were interpreted using an
equivalent circuit approach (shown in the inset), with fitting car-
ried out using a non-linear least squares (NLLS) method. The
high-frequency intercept corresponds to the electrolyte’s bulk re-
sistance (R,). The intermediate-frequency semicircle reflects in-
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terfacial processes, including charge-transfer resistance (CT) and
double-layer capacitance at the electrode—electrolyte boundary,
modeled as a resistor (R;) in parallel with a capacitive compo-
nent (C;). The low-frequency tail is attributed to finite-length
diffusion processes within the electrode, represented using a
finite-space Warburg element (W) with reflective boundary con-
ditions. Initially, the equivalent circuit followed Boukamp nota-
tion as R,(R,;C;)W. To more accurately describe the non-ideal ca-
pacitive response —linked to surface irregularities and electrode
heterogeneity— the ideal capacitor (C) was replaced by a constant
phase element (Q) in the final fitting scheme. The corresponding
fitted parameters are summarized in Table S6 (Supporting Infor-
mation).

For both systems, the high-frequency intercept on the real
axis, corresponding to the bulk resistance of the electrolyte
(Figure 6g,h), remained low and stable throughout cycling. How-
ever, a marked difference was observed in the evolution of the
interfacial resistance (R;) between the two materials. For the pris-
tine HAT-PTO electrode, R; remained relatively stable during
the first 40 cycles but gradually increased from cycle 40 to cy-
cle 100. Between cycles 100 and 300, R, increased significantly,
reaching nearly three times its initial value. This trend suggests
the formation of degradation products leading to the growth of
a thicker, more passivating cathode electrolyte interphase (CEI)
layer, which may impede charge transfer and adversely affect elec-
trode conductivity.
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In contrast, the hybrid HAT-PTO-cCNT electrode exhibited a
markedly different impedance evolution. Between cycles 10 and
20, a noticeable decrease in interfacial resistance was observed,
indicating a short activation phase during which the electrode—
electrolyte interface becomes progressively optimized for ion and
charge transfer. After this initial period, R; remained stable and
low up to cycle 300, reflecting a highly conductive and durable
interface. This behavior can be attributed to the incorporation
of carboxyl-functionalized carbon nanotubes, which enhance the
electrical connectivity and likely contribute to improved stability
and reduced resistance.

Overall, these results underline the beneficial role of carbon
nanotube integration in enhancing interfacial stability and main-
taining a low impedance over prolonged cycling. This improve-
ment accounts for the superior electrochemical performance and
cycling stability of the HAT-PTO-cCNT hybrid, which exhibited
outstanding performance up to 6000 cycles. In contrast, the pris-
tine HAT-PTO electrode showed lower performance after only
1500 cycles, highlighting the critical importance of conductive
additives in the electrode formulation.

To gain deeper insight into the lithium storage mechanism
of the HAT-PTO cathode, density functional theory (DFT) cal-
culations at the B3LYP-6-31G(d,p) level were performed on a fi-
nite molecule representing a HAT-PTO monolayer (see Experi-
mental Section, Figure S35, Supporting Information). DFT cal-
culations yielded a HOMO-LUMO gap of 2.77 eV. The HOMO
(=7.03 eV) and LUMO (—4.26 eV) are predominantly localized
on the PTO and HAT moieties, respectively (Figure 7a,b). No-
tably, the relatively low-lying LUMO suggests a strong electron-
accepting character. A comprehensive exploration using the M06-
2X/6-31G(d,p) level of theory was subsequently conducted to pre-
dict the most thermodynamically favorable Li adsorption sites.
The calculations revealed that the preferred adsorption occurs
near the C=0 groups of the PTO and imide units, as well as the
C=N groups within the pyrazine rings of HAT, consistent with
ex situ FT-IR spectroscopic observations (see above). This find-
ing also aligns with the molecular electrostatic potential map,
which shows pronounced negative (Li*-attracting) potential re-
gions near these moieties on the HAT-PTO plane, in contrast to
the positive (Li*-repelling) potential above and below the plane
(Figure 7c). The Li insertion energies were found to range from
4.2 eV for a single Li atom adsorbed at the PTO unit to 3.0 eV
per atom for six Li atoms inserted above and below the HAT
moiety (Figure 7d-k). The energetics of single Li insertion fol-
low the trend PTO > HAT, a tendency that also persists at higher
loadings and correlates well with the electrostatic potential dis-
tribution. Notably, in HAT-PTO, the PTO moiety can accommo-
date not only four Li atoms as previously reported,**! but, due
to the presence of the adjacent imide groups, may host up to six
Li atoms on the HAT-PTO plane. This increased capacity is po-
tentially favored by the predicted ABC-like stacking arrangement
and may contribute to the high specific capacity observed for this
material.

3. Conclusion

In summary, we have synthesized a new polyimide-linked POP
incorporating constructed from redox-active HAT and PTO build-
ing blocks via a straightforward hydrothermal method. The re-
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sulting framework (HAT-PTO) integrates multiple redox-active
C=0 and C=N centers, achieving a remarkable theoretical ca-
pacity of 484 mAh g~!, among the highest reported for redox-
active POPs/COFs. To enhance electronic conductivity and cy-
cling stability, hybrids via in situ growth of HAT-PTO on pristine
and carboxyl-functionalized carbon nanotubes (CNT and cCNT)
were prepared. Remarkably, the HAT-PTO-cCNT hybrid exhibits
outstanding electrochemical performance, including a high spe-
cific capacity of 397 mAh g! at C/10, a high-rate capability of
225 mAh g1 at 20 C, and long-term cycling stability over 6000
cycles at 2 C with 171 mAh g~! retained. Ex situ FT-IR and DFT
calculations further support the involvement of both HAT and
PTO moieties in the redox process, which are responsible for the
high capacity of the material. This work demonstrates an effec-
tive molecular design strategy and scalable synthesis approach
for the development of high-performance organic cathodes with
multiple redox-active sites, offering a promising pathway toward
durable, high-rate lithium—-organic batteries. Current research is
focused on optimizing the mass loading of the active material
and the cCNT content to maximize the electrochemical perfor-
mance, as well as exploring this promising organic electrode for
other types of energy storage systems, including multivalent bat-
teries.

4. Experimental Section

General Methods and Materials:  All the materials including HATCN
(hexaazatriphenylenehexacarbonitrile, FluoroChem Germany), concen-
trated H,SO, (Fisher Chemical), sodium hydroxide (Fisher Chemi-
cal), sodium hydrogen carbonate (Fisher Chemical), glacial acetic acid
(Fisher Chemical), sodium nitrite (Fisher Scientific), trifluroacteic acid
(TCl), sulfuric acid (95%, Fisher Chemical), hydrochloric acid (37%,
Fisher Chemical), dimethyl sulfoxide (99.9%, anhydrous, Fisher Sci-
entific), 2,7-Diaminopyrene-4,5,9,10-tetraone, 98% (ChemExtension and
BLD pharma), carbon nanotube, multi-walled carboxylic acid functional-
ized (>90% carbon basis, D X L 9.5 nm X 1.5 um, Sigma Aldrich), carbon
nanotube, multi-walled (50-90 nm diameter, >95% carbon basis, Sigma
Aldrich) were used as purchased without any purification. Ultrapure water
(<15.0 MQ) produced by a Millipore Milli-Q gradient system from Merck
was used as the solvent for hydrothermal reactions.

"H and "3C Liquid-State NMR: NMR spectra were recorded using a
Varian Mercury 300 MHz NMR spectrometer. Tetramethylsilane (TMS)
was used as an internal reference. Chemical shifts (5) were quoted in ppm
from TMS and the coupling constants (J) in Hz.

13C Solid-State CP-MAS NMR: The spectra were recorded on a 9.4 T
Bruker Avance 111 400 spectrometer using a4 mm Bruker magic-angle spin-
ning (MAS) probe. Chemical shifts were quoted in ppm from TMS using
solid adamantane as secondary reference.

Powder X-Ray Diffraction (PXRD): Data were collected at room tem-
perature with a Bragg—Brentano geometry on a Rigaku MiniFlex X-ray
diffractometer (40 kV, 40 mA, 6/6 configuration). The diffractometer was
equipped with a sealed Cu X-ray tube (Ac kg1 = 1.5406 A). Diffractograms
of the powder were obtained in the angular range of 2°-40° ¢ with a step
size of 0.02° (26) at 1's per step. The samples were settled on a Si (511)
oriented crystal base to avoid background noise caused by a traditional
glass support.

Fourier Transform Infrared: FTIR spectra were recorded using pow-
dered samples in a PerkinElmer’s Spectrum spectrometer in the 4000—
400 cm~" range.

Thermogravimetric Analysis:  TGA was carried out with a Thermal Anal-
ysis System (TGA/DSC 3+) of Mettler Toledo with a N, flow rate of 19
mL min~! and a heating rate of 5 °C min~".

Gas Sorption Measurements: N, adsorption-desorption isotherms
were measured ex-situ on a Micromeritics 3Flex apparatus at 77 K. Be-
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fore measurements, the samples were outgassed at 393 K and 107 Torr
overnight using Smart VacPrep (Micrometrics) equipment. Pore size dis-
tributions were obtained using the non-local density functional theory
(NLDFT) method.

Mass Spectrometry: High-resolution mass spectrometry was con-
ducted on a Bruker microTOF spectrometer using APCI-FIA.

Elemental Analysis: Experiments were performed on a Flash Smart
equipment (Thermoscientific) where the samples were burned at a tem-
perature of 1020 °C with a stream of extra pure He and an injection of
O,. The analysis time was 720 s, and the software program was EAGER
SMART.

Electron Microscopy: Scanning electron microscopy images were
recorded using a FESEM equipment (ultra plus, Zeiss, Germany). High-
resolution transmission electron microscopy analysis was performed on
JEOL JEM F200CF-HR Microscope (200 KeV) with a cold field emission
electron gun and HR objective lens. Energy dispersive spectroscopy (EDS)
mapping images were acquired using JEOL JED-2300T Microanalysis Sys-
tem with a 100mm? active area Centurio SDD Detector, One View Camera
with CMOS sensor, and 4K x 4K resolution.

UV-Vis Spectroscopy: UV-vis spectra ranging from 200 to 850 nm were
recorded using an Agilent Cary 3500 Multicell UV-vis Spectrophotometer.
The measurements were performed using a 1 cm quartz cell.

Gas Chromatography—Mass Spectrometry (GC-MS): GC-MS analyses
were carried out using an Agilent Technologies 6890N Network GC
system coupled with an Agilent Technologies 5973 Inert Mass Selec-
tive Detector (MSD). Samples were diluted in dichloromethane prior to
injection.

Raman Spectroscopy: Raman spectra were recorded using a InVia Re-
flex Renishaw Raman equipment (785 nm) at room temperature.

Electrode Preparation: The working electrodes were prepared by mix-
ing HAT-PTO with conductive carbon black (Super C65) and polyvinyli-
dene fluoride (PVDF) binder in a mass ratio of 60:30:10. N-Methyl-2-
pyrrolidone was added during the mixing process to form a homogeneous
slurry. The slurry was then coated onto an aluminum foil substrate and
dried at 60 °C in a vacuum for 12 h. For HAT-PTO-CNT or HAT-PTO-
cCNT, conductive carbon black, and PVDF binder mixed in a mass ratio of
80:10:10. The as-obtained films were punched into disks with a diameter
of 12 mm.

Electrochemical Characterization: All electrochemical performances
were measured using CR2032-type coin cells and three-electrode
Swagelok-type cell, assembled in an argon-filled glove box (MBraun; H,O
and O, levels <1 ppm). Lithium metal was used as both counter and refer-
ence electrodes and HAT-PTO, HAT-PTO-CNT or HAT-PTO-cCNT hybrids
as working electrodes, respectively. 1 M LiTFSI dissolved in a 1:1 (v/v)
mixture of DOL and DME was used as electrolyte. A Li disk was used as
the anode with Celgard 2325 membrane as the separator. Galvanostatic
charge/discharge test was conducted in the voltage range of 1.2-4.0V (vs
Li/Li*) on a LAND CT2007A instrument (Wuhan, China). Cyclic voltam-
metry (CV) at different scan rates (0.5, 1.0, 1.5, and 2.0 mV s~ with a
window voltage of 1.4-4.0 V vs Li/Li*) and Electrochemical Impedance
Spectroscopy (EIS) were performed on VIONIC potentiostat and Intello
software (Metrohm). Impedance spectra were recorded at open circuit
voltage (OCV) and after the 10th, 20th, 30th, 40th, 100th, and 300th cy-
cles to monitor variations in resistance and assess the long-term stability
of the electrode—electrolyte interphase. The resulting Nyquist plots were
modelled using equivalent circuit method and fitted through a nonlinear
least squares (NLLS) approach via the RelaxIS 3 software (RHD Instru-
ments, Darmstadt, Germany). The equivalent circuit employed, denoted
in Boukamp notation as Re(RiCi)W, was modified by replacing the ideal
capacitor (C) with a constant phase element (Q) to more accurately cap-
ture the non-ideal electrochemical behavior attributed to surface rough-
ness and morphological heterogeneity at the interface.[32%3] All the electro-
chemical tests were conducted at 25 °C. Linear sweep voltammetry (LSV)
measurements were carried out on an Autolab Metrohm VIONIC potentio-
stat, starting from the open-circuit voltage (OCV) up to 5.0 V, with a scan
rate of 0.1 mV s~'. Chronoamperometric measurements were carried out
on a BiolLogic MVP-300 potentiostat for a duration of 3600 s using the
HAT-PTO-cCNT electrode. The experiments were performed at four differ-
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ent potentials: 3.0, 3.5, and 3.9V, and slightly above the cycling potential,
at4.05 V.

Ex Situ Infrared Spectroscopy: Experiments were performed on HAT-
PTO electrodes prepared following the previously described procedure,
followed by the described cycling protocol. Electrodes were harvested from
half-cells in 15th charge/discharge cycle, washed three times with 2 mL
of DME, and dried overnight. Infrared measurements were performed on
Bruker Alpha I spectrometer on KBr pellets containing ~1% of active ma-
terial. Spectra were collected over the 4000-500 cm™! range, with 48 scans
at a resolution of 4 cm™. All electrode handling and measurements were
carried out inside an Ar-filled glovebox (H,0 and O, < 1 ppm) to prevent
material degradation.

Synthesis of HAT-PTO: HAT-6COOH (49.8 mg, 0.10 mmol), PTO-
2NH, (43.8 mg, 0.15 mmol), and 10 mL of deionized water were added
to a 25 mL PTFE-lined stainless-steel autoclave. The reaction mixture was
sonicated for 20 min to ensure homogenization, sealed, and heated at
200 °C for 48 h. The resulting solid was collected by filtration and washed
sequentially with DMSO, water, and acetone. The product was dried under
vacuum at 80 °C to yield HAT-PTO as a black powder (60 mg, 68% yield).

Synthesis of HAT-PTO-CNT and HAT-PTO-cCNT: CNT hybrids of
HAT-PTO were synthesized following a similar procedure. HAT-6COOH
(49.8 mg, 0.10 mmol), PTO-4NH, (43.8 mg, 0.15 mmol), carbon nan-
otubes (cCNT or CNT) (45 mg or 22 mg corresponding to 43% and 27%
w/w in the composite, respectively) and 10 mL of deionized water were
added to a 25 mL PTFE-lined stainless-steel autoclave. The mixture was
sonicated for 20 min to ensure homogenization, sealed, and heated at
200 °C for 48 h. After cooling, the solids were collected by filtration and
washed successively with DMSO, deionized water, and acetone. The prod-
ucts were dried under vacuum at 80 °C to yield HAT-PTO-cCNT and HAT-
PTO-CNT as black powders with yields of 90% and 89%, respectively. The
mass content of HAT-PTO in the hybrids was controlled as 46% (or 59%
for HAT-PTO-cCNT-lc and HAT-PTO-CNT-Ic) based on the amount of CNT
or cCNT used and the yield of HAT-PTO.

Computational Details: 3D periodic DFT calculations were performed
with the QuantumATK simulation packagel®*3! with a unit cell contain-
ing one (eclipsed AA stacking), two (PD AA and AB stackings) and three
(ABC stacking) molecular layers, to accommodate the different interlayer
registries. Periodic calculations were initially performed at the LDA level
and subsequently refined at the PBE level augmented with Grimme’s D2
dispersion empirical correction.[*®] The medium numerical basis set was
used in all cases. Molecular calculations were performed with the B3LYP
and MO06-2X Hamiltonians using the 6-31G(d,p) basis set with Gaus-
sian16 C.[7] For this, a molecular fragment, was cut out from a extended
DFT flat model, and saturated with hydrogens yielding a Cy3gH,5N5,O5
molecule with 326 atoms. This molecule was optimized by enforcing pla-
nar symmetry with the hybrid B3LYP Hamiltonian. Then, several represen-
tative lithium adsorption sites adding up to more than 70 different sep-
arate computations were explored. Initially, the Li atom positions were
optimized with an eXtended Tight Binding (xTB) Hamiltonian and later
refined with DFT (M06-2X) on a frozen substrate. The so-obtained lithium
positions were then combined and optimized together with the central re-
gion of the COF model with the same Hamiltonian, while the four outer
regions, representing the embedding on the extended 2D HAT-PTO mono-
layer, were constrained, Figure S35 (Supporting Information). The adsorp-
tion energies were then computed and energy-ranked to quantify the ther-
modynamical probability of different Li insertions for HAT-PTO.

Supporting Information

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