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Designing organic

pseudocapacitors through
molecular hybridization

Alae Eddine Lakraychi’ and Yan Yao'*

In this issue of Joule, Dinca and co-workers showcase a fused aro-
matic organic electrode material that exhibits remarkable physico-
chemical properties, such as high electrical conductivity, rapid ion
transport, and insolubility in the electrolyte. As a result, the material
functions as an excellent pseudocapacitive material that can effi-
ciently store and discharge energy in a short period of time.

Organic electroactive molecules (OEMs)
present a credible alternative to conven-
tional energy storage systems, thanks to
their abundance of constituent elements,
high design flexibility, and high capac-
ity." However, their practical application
as the main active material in energy stor-
age has been largely hindered by high
solubility in the electrolyte and poor
intrinsic electronic conductivity, leading
to inferior electrochemical performances
compared to their inorganic counter-
parts. To address these challenges,
several molecular engineering strategies
have been developed, but they often
compromise specific energy and fail to
meet all required figure of merits.”™

Molecular hybridization offers a new
approach to designing high-perfor-
mance organic electrode materials
that can fulfill all primary requirements.
This strategy involves combining two or
more active molecules to create a new
compound with improved properties,
and the richness of organic chemistry
allows for a vast array of possible
combinations. This concept has been
explored in medicinal chemistry and in-
volves combining multiple molecular
features into a single chemical com-
pound that can achieve multiple targets
simultaneously.”

In their paper, "High-rate, high-capacity
electrochemical energy storage in
hydrogen bonded fused aromatics,"

published in this issue of Joule, Dinca
and co-workers employed molecular
hybridization strategy to design olig-
omer poly(bis-tetraaminobezoquinone)
(PBTABQ) as an organic electrode mate-
rial.° pBTABQ can be synthesized in
gram-scale amounts through a two-step
process using tetraaminobenzoquinone
(TABQ) as the precursor, as shown in
Figure 1A. This organic material pos-
sesses several key molecular features
that are not typically found in other con-
ventional organic electrode materials.
First, its repeat unit BTABQ has a planar
fused tricyclic aromatic backbone with
extended conjugation that contains
two diaminobenzoquinone moieties
(acceptor) bridged by a dihydro-pyrazine
core (donor). Second, the high density of
carbonyl (C=0) and imine (C=N) groups
within the molecule serve as redox active
centers for a multi-electron redox reac-
tion, as illustrated in Figure 1B. Finally,
the presence of amines as ending groups
and donor-acceptor (D-A) moieties allow
for the formation of a strong polymeric
network through hydrogen bonding
and -7 stacking, which facilitates further
extended conjugation (Figure 1C).

The unique molecular features of
pBTABQ combine synergistically to
make it an excellent candidate as an elec-
trode material (Figure 1D). The insolu-
bility in aqueous and organic electro-
lytes, due to the joint hydrogen
bonding and w-m stacking, is highly
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desirable for long-term cycling stability.
Moreover, these interactions enable sig-
nificant intermolecular electronic delo-
calization across the polymeric network.
The partial oxidation of pBTABQ units
generates the formation of organic free
radicals in the fused aromatic backbone,
contributing to the high bulk electrical
conductivity of 0.40 x 107 S cm™’
measured at room temperature, which
is several orders of magnitude higher
than most organic materials. Further-
more, through continuous rotation elec-
tron diffraction and cryogenic electron
microscopy, the authors demonstrated
that the oligomeric pBTABQ units
crystallize as stacked two-dimensional
layers, with an interlayer spacing of
3.14 A that could serve as open channels
for facile Li-ion diffusion. These physico-
chemical properties, combined with the
high theoretical capacity (389 mAh g™"),
make pBTABQ a promising candidate
for high-rate electrochemical energy
storage. The stable network, high electri-
cal conductivity, open channels, and
facile ionic transport could be key en-
ablers for high-rate energy storage.

In terms of electrochemical performance,
PBTABQ exhibited unexpected electro-
chemical properties in an aqueous
neutral electrolyte. Unlike most OEMs,
cyclic voltammograms (CVs) displayed
quasi-rectangular curves at scan rates
ranging from0.2to 30mVs ™', and galva-
nostatic  charge-discharge
ments revealed triangular voltage pro-

measure-

files at current densities ranging from 2
to 10 A g~'. These electrochemical
properties are highly unusual among
OEMs and indicate a capacitive-like
charge storage mechanism known as
pseudocapacitive.
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Figure 1. Pseudocapacitive charge storage in poly(bis-tetraaminobezoquinone)
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(A) Molecular design and syntheses employed in the fabrication of pPBTABQ. 5,7,12,14-pentancetetrone (PT) is shown for comparison.
(B) Schematic depiction of redox centers carbonyl/enolate and imine/amine involved in the charge storage.

(C) lllustration of the polymeric network composed of oligomeric pBTABQ units, highlighting the hydrogen bonding and D-A w-7 stacking.

(D) A molecular hybridization for organic pseudocapacitive charge storage.

Adapted from Chen et al.®

According to Conway, a pseudocapaci-
tive charge storage mechanism occurs
when reversible redox reactions take
place at or near the surface of the elec-
trode material, leading to an electro-
that
capacitive storage in electrochemical
double-layer capacitors (EDLCs), a
non-faradaic process.” This is in
contrast to OEMs that store energy via

chemical response resembles

charge compensation involving conver-
sion reaction or intercalation of metal
cations in a host. These systems are
characterized by plateaus in the elec-

trochemical response.®’

In the case of pBTABQ, the pseudoca-
pacitance originates from the delo-
calization of charges stored intra-
molecularly within the fused aromatic
backbones of pBTABQ units and inter-
molecularly through H-bonding and

m-m stacking across the polymeric

network. The simultaneous existence
of all these features is essential for
achieving pseudocapacitive charge
storage in pBTABQ. This was further
supported by the battery-like electro-
behavior of TABQ, which
only displays intermolecular H-bonding
but lacks extended conjugation,
and 5,7,12,14-pentancetetrone (PT),
which s

chemical

composed of only an
extended m-conjugated system but
lacks H-bonding (Figure 1A). The
charges stored in both molecules are
localized at the molecular level, result-

ing in well-defined redox features.

Pseudocapacitive charge storage can
be classified into two categories: fast
surface reactions and non-diffusion-
The
combination of

limited intercalation reactions.

authors utilized a
characterization techniques, such as

in situ wide-angle X-ray scattering,

powder X-ray diffraction, energy-
dispersive X-ray spectroscopy, and
angle-resolved X-ray photoelectron
spectroscopy, to demonstrate that
pPBTABQ's
governed by the intercalation mecha-
nism. This was supported by the mate-

rial's low specific surface area (20 m?

pseudocapacitance  was

g~ ") and its ability to intercalate various
hydrated alkali and alkaline earth ions
(Li*, Na*, and Mg?"), but not tetraethy-
Iammonlum (TEA™), likely due to its
relatively larger size. The material deliv-
ered a capacitance of 510 F g-1 at
0.2mVs'and300F g~ at10mVs™'
upon prolonged cycling (20,000 cycles)
without any change in particle size or
morphology. These capacitance values
are comparable to a recently reported
organic pseudocapacitive material,
perylene  diimide-hexaazatrinaphthy-
lene (PHATN), which stores charges

through surface reactions.'”

Joule 7, 855-865, May 17, 2023 859




¢? CellPress

The authors also investigated the pseu-
docapacitance of pBTABQ in aqueous
electrolytes at different pH values.
They found that the specific capacity
increased when the material was cycled
in low pH (0-1) or high pH (>13) electro-
lytes, reaching 310 and 272 mAh g~',
respectively. The corresponding CVs
revealed the presence of broad redox
peaks, but the redox process was not
limited by diffusion. This suggests that
the material stores more charges, and
the pseudocapacitance process is
maintained in these extreme acidic
and alkaline aqueous electrolytes. To
increase the operating voltage, the
authors explored the compound in a
water-in-salt electrolyte (WiSE). They
obtained similar capacitance values to
those recorded in aqueous neutral elec-
trolyte at different mass loadings (up to
6.0 mg ecm ) with excellent capaci-
tance retention over prolonged cycling
(40,000 cycles). Interestingly, the utili-
zation of WISE increased the capacity
from 160 to 225 mAh g~" as compared
to aqueous neutral electrolyte, due to
the intercalation of a larger number
of metal cations. Moreover, the mate-
rial achieved an impressive rate capa-
bility, delivering a specific capacity of
100 mAh g~' within 40 s. Overall,
pPBTABQ's outstanding electrochemi-
cal performances make it a promising
candidate for bridging the gap be-
tween batteries and capacitors.
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The results presented by the authors
demonstrate that competitive elec-
trode materials can be designed from
earth-abundant elements (C, H, O, N,
and S). Molecular hybridization s
emerging as an efficient design strat-
egy to create organic electrode mate-
rials with unprecedented physicochem-
ical and electrochemical properties.
Despite being in its infancy, the
field of organic batteries presents a
promising and unexplored chemical
playground for the development of effi-
cient and competitive energy storage
systems.
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