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Novel naphthalene benzimidazole-based materials for potassium
metal batteries: revealing the importance of molecular weight
for material performance
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A family of novel naphthalene benzimidazole (NBI)-based
materials with different molecular weights was prepared by
condensing 1,4,5,8-naphthalenetetracarboxylic dianhydride
with 2,3-diaminophenazine, 2,3,7,8-tetraaminophenazine or
their mixture. Of these materials, only intermediate molecular
weight NBI provides high specific discharge capacity and exhibits
good cycling stability and rate capability in potassium cells,
while polymeric NBI also demonstrated decent performance
in lithium cells. The results suggest a new approach for further
rational design of NBI materials for metal-ion batteries with
improved performance.

{ Which NBI provides optimum performance in potassium batteries?
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Organic electrode materials (OEMs) are considered as a promising
alternative to traditional inorganic cathode materials used in metal-
ion batteries. Their low cost, high specific capacity, ease of recycling,
environmental friendliness, charge—discharge cycling stability and
good mechanical properties may lead to the development of a
game-changing battery technology. An undeniable advantage of
OEMs is their ability to incorporate cations of not only lithium, but
also other metals more common in the earth’s crust and seawater,
including sodium, potassium, zinc, aluminum, etc.'! Sodium and
potassium exhibit electrochemical and chemical properties close
to lithium, which allows the fabrication of batteries with a specific
capacity and average voltage not inferior to lithium analogues.
Thus, sodium, potassium and zinc-ion systems are very promising
for commercialization, especially for the development of safe
on-grid energy storage devices.

Redox-active OEMs in metal-ion batteries typically contain
moieties such as sulfide,? carbonyl® and imine groups, nitroxyl
radical centers* and aromatic amines.’ Small organic molecules are
rarely used due to their solubility in the electrolyte, which further
reduces cycling stability. One of the most effective strategies for
inhibiting dissolution is the synthesis of redox-active polymers.
Polyimides are among the most widely used redox-active carbonyl
polymers due to their satisfactory capacity, excellent cycling
performance and good rate capability. In addition, polyimides
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are used as coatings, separators, binders and solid-state electrolytes
in lithium-ion batteries, as well as bipolar plate materials in hydrogen
fuel cells.® Polyimides derived from 1,4,5,8-naphthalenetetra-
carboxylic dianhydride (NDA) have excellent mechanical
strength, high thermal stability and chemical inertness’ and are
classified into aliphatic and aromatic. Aliphatic NDA-based poly-
imides are widely used as active OEMs.® In contrast, the more
rigid and insoluble aromatic polyimides are used primarily as
membranes or electrodes.® Aromatic polyimides with a rigid ladder-
type structure can be obtained by condensation of NDA and
tetraamines, leading to the formation of benzimidazole fragments.'°

Monomeric naphthalene benzimidazoles (NBIs) have been
previously used as ligands for red phosphorescent cyclometalated
iridium(11) complexes,!! chemosensors for fluoride ion (F-)
detection,'? acceptor molecules for OPV devices'? and n-type
semiconductors for OFETs'* and represent a class of materials
promising for electrochemical applications. Here we report the
design and optimization of NBIs derived from NDA and amino-
phenazines and their investigation as cathode materials for lithium-
and potassium-ion batteries.

Condensation of NDA with 2,3,7,8-tetraaminophenazine 1,
2,3-diaminophenazine 2 or a 1:2 mixture of them in N-methyl-
pyrrolidone (NMP) afforded the materials NBI1, NBI3 and
NBI2 (Scheme 1), rerspectively, with very limited solubility in
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Scheme 1 Reagents and conditions: i, 1, NMP, reflux, 6 h; ii, 1 + 2, NMP, reflux, 6 h; iii, 2, NMP, reflux, 6 h.

toluene, diethyl carbonate and NMP. Due to low solubility
issues, all materials were characterized using solid-state methods
(Figures S1-S10, see Online Supplementary Materials).

First, cells with lithium anodes and 1 M LiTFSI electrolyte
were assembled? and characterized by cyclic voltammetry (CV)
and galvanostatic cycling (Figures S11-S13). The CV curve of
Li//NBI1 [Figure 1(a)] demonstrates a broad oxidation wave
between 2.5 and 2.7 V and a reduction wave at 2.2-2.4 V vs. Li*/Li.
These potential values are typical for materials containing carbonyl
groups. Another reduction peak with a potential of ~1.5V is
attributed to the redox processes involving the C=N bonds of the
phenazine moieties. Since NBI1-NBI3 contain the same types of
redox centers, their CV curves in lithium cells were quite similar.
Compared with the CV curve of the NBI3-based cell [Figure S13(a)],
the NBI2-based system [Figure S12(a)] showed better cycle-to-cycle
reproducibility, indicating that fewer irreversible parasitic processes
occur in the NBI2 cathode during reduction and oxidation.

 In the FTIR spectrum of NBI3, the absorption bands attributed to the
vibrations of the anhydride C=O bonds in the starting material NDA
(1762 cm™") almost completely disappear as a result of the successful
condensation of NDA with 2,3-diaminophenazine. For NBI2, the residual
signals of the anhydride C=0O bond vibrations are more pronounced,
indicating the presence of terminal anhydride groups (see Figure S1). Since
a mixture of tetra- and diaminophenazines in a 1:2 molar ratio was used for
the synthesis of NBI2, it represents a statistical mixture of oligomers, some
of which may be terminated with anhydride or carboxyl groups. In the
FTIR spectrum of the polymer NBII, these signals are even more
pronounced. The FTIR spectra of NBI1-NBI3 also reveal a strong
characteristic ‘amide-I’ band at 1695-1700 cm™!, which proves the
formation of the NBI moiety. The '3C ssNMR spectra of NBI1-NBI3 are
quite similar, with two major signals at 130 and 141-142 ppm, which are
expected for NBIs. Some minor signals are also observed at 170—
180 ppm, indicating the presence of carbonyl groups (Figures S3, S5 and
S7). The MALDI mass spectra of the polymer NBI1 (Figure S8) revealed
a signal of the monomeric unit (M) [M + HJ* with m/z=437.36
(calculated for [CygHgNgO, + H]*: 437.08). For NBI2, small oligomers
with different NDA/phenazine ratios were identified in the MALDI mass
spectrum (Figure S9). Oligomers with molecular weights more than 1 kDa
were not detected, most likely due to their fragmentation. As expected for
the small-molecule material NBI3, the mass spectra revealed a major
signal of the molecular ion [M]~ with m/z =616.24 (calculated for
[C3gH gNgO,]: 616.14) along with signals from some minor products
with free amino and carbonyl groups (Figure S10).

 Since the as-synthesized materials usually have suboptimal particle
sizes, all materials were ball milled in an aqueous medium and lyophilized.
The resulting powders were thoroughly mixed with conductive carbon
and PVDF binder and dispersed in NMP. The obtained slurries were tape-
cast onto carbon-coated aluminum foil, dried and calendered. Circular
electrodes for CR2032-type cells were cut out and subsequently used to
fabricate batteries.

Galvanostatic charge—discharge cycling of Li//NBI1 cells at a
current density of 100 mA g~! [Figure 1(b)] revealed a maximum
capacity of ~170 mAh g~!, which decreased to 125 mAh g~
after 200 charge—discharge cycles. The observed cell activation
behavior, manifested by an increase in capacity and an increase
in CV currents during the first tens of cycles, is most likely due to
an increase in the accessibility of the redox centers. To overcome
the kinetic difficulties and fully elucidate the potential of the
material, a charge—discharge test in the CCCV (constant current—
constant voltage) mode was performed with Li//NBI1 cells
[Figure S11(c),(d)]. The potentiostatic stage ensures a better
charge distribution in the electrode volume and a more complete
utilization of the active material. Indeed, a pronounced growth of
the discharge capacity (Qg;) up to 242 mAh g~' was observed
during the first 10 cycles. After 75 cycles, the specific Qy;, value
exceeded 190 mAh g~!, accompanied by a Coulombic efficiency
(CE) close to 100%. The charge—discharge curves showed a
significant contribution (~50%) of the potentiostatic stage to the
Qi value at the 10" cycle and its further decrease to ~10% at the
75" cycle. Since the possibility of upscaling is critically important
for energy storage systems, pouch-type cells with Li anodes and
NBI1 cathodes were fabricated. Specific Qg of 166 mAh g!
was achieved in this system after 100 cycles [Figure S11()],
which is slightly better than the result obtained with coin cells
under the same cycling conditions.

Lithium cells with NBI2-based cathodes demonstrated rather
similar behavior (maximum Qg of ~200 mAh g~! and Qg of
~100 mAh g! after 200 cycles), while for NBI3 the results of
galvanostatic cycling were less promising, as the capacity of the
material dropped sharply to ~80 mAh g=! after 200 cycles. Such
behavior is very typical for materials that form soluble metalation
products during cycling. The slow capacity decrease for NBI1-
and NBI2-based cathodes may be a result of partial degradation
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Figure 1 Characterization of the Li//NBI1 cell: (a) CV curves for (1) 1%,
(2) 2™, (3) 5™ and (4) 10" scans; (b) cycling performance at a current density of
100 mA g,
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Figure 2 Characterization of K//NBI2 cells: (a) CV curves for (1) 1%, (2) 2", (3) 5 and (4) 10 scans; (b) cycling performance at a current density of
100 mA g'; (c) rate capability at a current density (mA g~'): (1) 100, (2) 200, (3) 400, (4) 800, (5) 1600 and (6) 3200; (d) charge-discharge curves at a

current density of 100 mA g~! after (1) 2, (2) 30 and (3) 300 cycles.

of the active material during cycling followed by solubilization
of low-molecular-weight degradation products, as previously
noted for other polyimides.'> Thus, for the fabrication of lithium-ion
batteries, it is preferable to use higher molecular-weight redox-active
materials with low solubility in electrolytes.

To investigate the influence of the molecular structures of NBI1—
NBI3 on their performance in potassium cells, we fabricated cells
with potassium-based anodes and KPF electrolyte. Unfortunately,
NBI1- and NBI3-based cells demonstrated low Qg values and a
high proportion of short-circuited cells, while the galvanostatic
cycling results of K//NBI2 cells were even more promising
compared to Li-based systems (Figure 2). NBI2-based potassium
cells showed a slight initial capacity decrease to 135 mAh g!,
then the capacity slowly increased and reached 165 mAh g~! without
any signs of degradation after 300 cycles [Figure 2(b),(d)].
As expected, the CV curves confirmed that carbonyl and partly
phenazine groups are involved in redox processes [Figure 2(a)].
The rate capability of potassium cells was also better than that of
lithium systems: with a gradual increase in current density from
100 to 3200 mA g~! [Figure 2(c)], the specific Qy;, value of potassium
cells decreased from 135 to 80 mAh g!, while for NBI2-based
lithium cells it dropped from 170-175 to 25 mAh g-!. The
composition of NBI1- and NBI3-based potassium cells was
optimized using a dendrite-free anode based on a liquid K-Na alloy.
Although the optimized cells demonstrated more stable behavior,
the Q;, values achieved in these systems did not exceed 75 mAh g~!
after 200 cycles (Figures S14 and S15).

Thus, compared with the polymer material NBI1 and the
small-molecule material NBI3, the oligomeric material NBI2
obtained by three-component condensation demonstrated more
promising performance as a cathode component in potassium-ion
batteries. The polyimide NBI2 outperforms most polyimides
previously investigated in potassium cells in terms of specific
capacity and cycling stability (Table S1, see Online Supplementary
Materials). To the best of our knowledge, our work is the first to apply
NBI derivatives as electrode materials in potassium-ion batteries.

To better understand the metalation processes of the obtained
NBISs, quantum chemical calculations were performed. The calcula-
tion of the band gaps showed that NBI1 should have better
conductivity compared to NBI2 and NBI3 (Figures S16 and S17).
The investigated materials have three types of redox-active sites,
such as C=0, N-C=N and pyrazine rings (Figures S18 and S19).
The highest binding energies during the coordination of Li* and
K* are observed for the C=0 groups, and lower (by 0.2 and 0.3 eV
for Li* and K*, respectively) are for the N-C=N groups. For the
pyrazine moiety, the binding energies are comparable with those
for the N-C=N groups (in the case of Li*) or slightly lower (by
0.1 eV in the case of K*). Thus, the carbonyl sites are more
favorable for the coordination of ions during the metalation of NBIs,
which is consistent with the CV results.

In summary, we designed, synthesized and characterized a
series of redox-active materials NBI1-NBI3 containing naphthalene
benzimidazole moieties. The resulting NBIs were investigated as

cathode materials for lithium and potassium batteries and
demonstrated decent discharge capacities. However, in terms of
cycling stability, rate capability and discharge capacity, the best
results were achieved in potassium metal batteries with the
material prepared by condensation of NDA and a mixture of tetra-
and diaminophenazines. These results underline the importance
of material design and structure optimization for the development
of metal-ion batteries with polyimide electrodes.

This work was supported by the Ministry of Science and
Higher Education of the Russian Federation [project no. FFSG-
2025-0005 (125032604442-5)].

Online Supplementary Materials
Supplementary data associated with this article can be found
in the online version at doi: 10.71267/mencom.7719.
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