Open Access Article. Published on 13 May 2022. Downloaded on 12/5/2025 4:19:31 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

ChemComm

W) Check for updates ‘

Cite this: Chem. Commun., 2022,
58, 6689

Received 11th April 2022,
Accepted 13th May 2022

Artur Ciesielski ) *@
DOI: 10.1039/d2cc02021a

rsc.li/chemcomm

Well-defined rn-conjugated thiophene donor—acceptor molecules
play an important role in different fields ranging from synthetic
chemistry to materials science. Their chemical structure provides
specific electronic and physicochemical properties, which can be
further tuned by the introduction of functional groups. Herein, we
designh and synthesize two novel thiophene-based n-conjugated
donor—acceptor molecules TDA-1 and TDA-2 through Aldol and
Knoevenagel condensations. In our proof-of-concept study we
report for the first time on the use of small organic molecules
employed in aqueous zinc-ion hybrid supercapacitors (Zn-
HSCs),which exhibit capacitance as high as 206.7 and 235.2 F g1
for TDA-1, and TDA-2, respectively.

The need to power portable and wearable electronic devices
calls for the development of novel, high-performance and
sustainable energy storage systems (ESS) and technologies.'
The limited and uneven distribution of lithium reserves across
the globe sparks the emergence of new energy storage solutions
relying on other metal cations, including sodium (Na‘), potas-
sium (K"), magnesium (Mg"), aluminum (AI**), and zinc (Zn*"),
etc.*” Among them, zinc-ions are particularly suitable as an
anode material in supercapacitors because of their high theo-
retical capacity (823 mA h g, Zn/Zn*"). Furthermore, the use
of Zn electrodes allows lowering the electrochemical potential
by 0.76 V when compared to standard hydrogen electrodes.
Endeavour in this direction led to the development of zinc-ion
hybrid supercapacitors (Zn-HSCs) which are emerging energy
storage systems holding the potential to meet industrial
requirements due to their inherent safety features, low cost of
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production, and natural abundance of Zn, as compared to
lithium.* "

Small organic molecules such as quinones,”® imines,"
ketones,"” and aza derivatives'® are extensively explored as electrode
active materials in energy storage applications because of their low
molecular weights, wide structural and functional diversity, and
chemical tunability."”'® Small organic molecules, compared to
polymers typically employed in Zn-HSCs, provide more active sites,
ie., moieties capable to interact with metal ions through non-
covalent (typically coordination) bonds per unit volume, which is
beneficial for improving the areal capacitance. Among them, mole-
cules comprising redox-active moieties, acting as charge-storage
centers, surrounded by redox-inert organic groups operating as an
insulating barrier, have been widely explored in various super-
capacitor architectures,’®*® and received significant interest in
zinc-ion batteries due to their structural tunability and redox
properties that can be encoded by molecular design.

As redox-active molecules, various organic quinone-based
compounds have been designed for application as active elec-
trode materials in Zn>* energy storage devices. For example,
Chen et al reported on a remarkable performance of
calix[4]quinone electrodes in zinc-ion batteries, which display
an energy density as high as 220 W h kg '.*' Xia et al
constructed an environmentally friendly and flexible aqueous
zinc battery based on a pyrene-4,5,9,10-tetraone derivative,
which exhibits a high energy density of 186.7 W h kg™" and
long-term lifespan over 1000 cycles.>* More recently, Markus
et al. and Sun et al. demonstrated that small tetrachloro-p-
benzoquinone and tetraamino-p-benzoquinone molecules can
be successfully used as cathodes yielding 213 mA h g~ capacity
under current density of 5 A g for 1000 in aqueous zinc-
organic batteries.?*** However the organic molecules exploited
so far for aqueous zinc-ion based ESS such as batteries and
supercapacitors generally deliver low specific capacity/capaci-
tance due to the limited amount of available active sites capable
of interacting with Zn*" ions during device operation (viz.
charge/discharge), which might be associated with poor
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molecular design, i.e., the lack of the coordination sites in the
molecular structures. On the other hand, the use of molecules
bearing moieties that could form strong coordination bonds,
such as carbonyls, might result in propensity to generate too
strong non-covalent bonds with zinc ions in the operating
device, limiting Zn** release during the discharge. Hence, the
design of novel molecules embedding many active sites which
can interact through weak thus reversible supramolecular
bonds with the ions holds great potential for the development
of high-performance EES.

Compared with redox-active (macro)molecules, donor-acceptor
(DA) dyads and multiads are still underexplored for applications as
electrode materials for energy storage application,”’ yet, they
appear more appealing as the redox properties of the donor and
acceptor moieties can be individually tuned through chemical
design and integrated into SCs devices.*® In particular, the possibi-
lity of having a two-component system such as DA, where the
intramolecular charge transfer between the donor and acceptor
can significantly increase the operating voltage (depending on the
applied potential), can improve the electron transfer between
electrode and electrolyte, ultimately boosting the performance of
Zn-HSC.

Herein, we report on the synthesis of two novel thiophene-
based small n-conjugated donor-acceptor molecules, i.e., TDA-1
and -2. The unique design of TDA-1 comprises electron rich
thiophenes whose unpaired electrons can serve as Zn>* storage
site and through the formation of discrete supramolecular
assemblies can potentially generate percolation pathways for
the diffusion of ions. On the other hand, the electron deficient
triazine in TDA-1 and cyano units in TDA-2 are expected to
promote intramolecular charge transfer facilitating the charge
transfer between the electrode and electrolyte. Micrometer
thick hybrid films comprising TDA-1 or TDA-2 and conductive
porous carbon (Super P) were exploited as cathodes in a
two-electrode coin cell of aqueous Zn-HSCs (see details in the
ESIT). The latter devices exhibit high capacitance of 206.7 and
235.2 F g, respectively, and good reversible capacity of
~112.5 and 98.6 F ¢! when TDA-1 and TDA-2 was used,
respectively, after 400 cycles at a current density of 1 A g~ .

This study demonstrates how the rational design of novel n-
conjugated donor-acceptor molecules can be key for their use
as cathodes in of aqueous Zn-HSC displaying high-
performance. The synthesis of the thiophene-based donor-
acceptor TDA-1 and TDA-2 scaffolds was accomplished by
means of Aldol and Knoevenagel condensations (Fig. 1), in
which the thiophene-2-carbaldehyde acted as donor unit, and
2,4,6-trimethyl-1,3,5-trazine and 1,3,5-benzenetriacetonitrile
were employed as acceptor units (the details can be found in
the ESIY).

All compounds were characterized by nuclear magnetic
resonance (NMR) with the assistance of ultra-high-
performance liquid chromatography high-resolution mass
spectrometer (Fig. S9, ESIt). 2D-heteronuclear and 1D-NMR
analyses were performed to elucidate the molecular structure
of TDA-1 and TDA-2 molecules by assigning all the 'H
(500 MHz) and **C (125 MHz) signals. The chemical structures
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Fig. 1 Schematic illustration of the synthetic route of TDA-1 and -2
molecules.

of TDA-1 and TDA-2 were confirmed by 2D NMR through
heteronuclear single quantum coherence (HSQC) and hetero-
nuclear multiple bond correlation (HMBC) spectroscopy. Both
'"H-"*C HSQC and "H-"*C HMBC experiments were shown to be
very powerful to correlate each proton with its corresponding
carbon and link the different spin systems to assign the
quaternary carbons.>®

In particular, the proton spectra show an AX spin-system
with a strong coupling constant of 15.5 Hz specific to an E-
isomer of a double bond for H-3 and H-4. The chemical shift of
olefin carbon C-4 at 134.6 ppm in TDA-1 was confirmed
through correlation H-4 protons at 8.36 ppm in the HSQC
spectra and the multi-band coupling with thiophene-units C-6
at 130.6 ppm in the HMBC spectra (Fig. 2(a)). The pseudo
triplet H-7 at 7.08 ppm is in-between H-8 and H-6 of the ABX
thiophene unit. Based on 1D and 2D-NMR findings (Fig. S1-54,
ESIt), all "H and *C NMR signals of TDA-1 could be unam-
biguously assigned (Table S1, ESIt).

Upon using the same carbon skeleton numbering for TDA-2,
the chemical shift of olefin carbon C-4 at 136.5 ppm was also
confirmed by correlation with H-4 protons that appear now as a
singlet at 7.81 ppm and the long-range coupling from one side
with the thiophene-units carbons Cq-5 at 137.5 ppm (Fig. 2(b)),
CH-6 at 133.9, and from the other side with Cq-3,3’ respectively
at 136.0 and 117.8 ppm. The benzene protons singlet H-1 at
7.83 ppm in the HMBC spectra gives long-range coupling with
Cg-2 at 106.3 ppm and Cqg-3. As in the case of TDA-1, the pseudo
triplet H-7 of thiophene moiety gives a long-range coupling
with Cq-5 at 137.4 ppm. A complete assignment of "H and *C
NMR resonance spectra of TDA-2 was therefore obtained
(Fig. S5-S8 and Table S1, ESIt). Fourier transform infrared
(FTIR) spectroscopy, UV/Vis spectroscopy and cyclic voltamme-
try are shown in Fig. S10-S14 (ESIT).

To evaluate the potential of TDA-1 and TDA-2 as cathodes in
Zn-HSCs, we constructed aqueous Zn-HSC devices as illustrated
in Fig. 3(a) with 2 mol L' Zn(CF;S0;), solution in a full coin
cell. TDA-1 and TDA-2 are pasted onto a porous stainless steel
current collector (Fig. 3(b)) which promotes the contact
between active materials and electrolyte.

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 (a) H-C HSQC (blue) and key HMBC (green) of TDA-1.
(b) *H-"3C HSQC (blue) and key HMBC (green) of TDA-2.
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Fig. 3 (a) Schematic model of Zn-HSC energy storage system. (b) SEM
image of pure stainless still electrode. (c) SEM image of TDA-1 on stainless
still electrode. (d) SEM image of TDA-2 on stainless still electrode. (e)
Element mapping spectra of C, N, S, Fe on TDA-1 electrode. Scale bars of
(b—d) correspond to 200 um.

The TDA-1 and TDA-2 based electrodes were characterized
by scanning electron microscopy (SEM) and energy-dispersive
spectrometry (EDS). The SEM images of TDA-1 (Fig. 3(c) and
Fig. S15, ESIt) and TDA-2 electrodes (Fig. 3(d) and Fig. S16,
ESIt) revealed that TDA-1 and TDA-2 form aggregates of parti-
cles, which are distributed uniformly on the stainless-steel
current collector. The corresponding EDS mapping of TDA-1
(Fig. 3(e)) and TDA-2 electrodes (Fig. S17, ESIt) further verified
the presence of C, N, S elements with homogeneous elemental
distribution on the stainless-steel current collector (Fe).

Subsequently, the Zn**-ion storage behavior of the TDA-1
and TDA-2 based electrodes was firstly evaluated by cyclic
voltammetry (CV) experiments. The CV curves of the TDA-1

This journal is © The Royal Society of Chemistry 2022
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Fig. 4 Cyclic voltammetry curve of (a) TDA-1. (b) TDA-2. (c) The specific
capacitance of TDA-1 and TDA-2 electrodes at different scan rates.
(d) b-value in egn (1) at two pairs redox peaks.

and TDA-2 electrodes are shown in Fig. 4(a) and (b), respec-
tively. Owing to the electrochemical adsorption and desorption
of Zn ions on the thiophene-units in TDA-1 and TDA-2 during
the CV process, a pair of strong redox peaks can be observed in
the potential range of 0 to 1.6 V at different scan rates ranging
between 10-200 mV s~ ', which suggests that the presence of
TDA-1 and TDA-2 molecules imparts pseudocapacitance to the
devices. The shape of the voltammograms curve was well
maintained even at a high scan rate of 200 mV s, indicating
excellent charge transfer kinetics at the surface of the TDA-1
and TDA-2 electrodes.”®?® For comparison, a pure Super-P
carbon black electrode was also constructed and tested as a
Zn-HSC cathode. The CV voltammograms of the neat Super-P
did not reveal a presence of any redox peaks between different
voltage range (Fig. S18, ESIf). TDA-1 and -2 based Zn-HSC
devices showed a typical pseudocapacitive behavior, which
may originate from the presence of active groups in the
TDA-1 and TDA-2 moieties.

The specific capacitance values of TDA-1 and TDA-2 based
Zn-HSC calculated from the CV curves acquired at 10, 20, 50,
100, and 200 mV s amount to 206.7, 181.4, 163.4, 156.2,
and 113.7 F g~ ' for TDA-1, and 235.2, 206.6, 191.3, 184.2 and
139.7 F g~ for TDA-2, respectively (Fig. 4(c)).

To further investigate the Zn>" storage properties, galvano-
static charge/discharge (GCD) curves were recorded and are
shown in Fig. S19 and S20 (ESIf). The distorted triangular
shape of the GCD curves revealed the pseudocapacitive beha-
vior of TDA-1 and TDA-2, which is consistent with the CV
analysis. The Zn*" storage kinetics of TDA-1 and TDA-2 electro-
des were studied by the method proposed by Dunn et al.** The
relationship of the peak current I and scan rate v from CV
follows the equation of I = ai”, where the b value of 0.5 is
indicative of a diffusion-controlled process and a b value of 1.0
identifies a capacitor-controlled process. Fig. 4(d) displays the
dependence between log (I) versus log (v) for oxidation (O) and
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reduction (R) peaks O1, R1, 02, and R2. The fitting slopes for
01, R1, 02, and R2 are 0.85, 0.81, 0.78, and 0.83 respectively.
These high b-values suggest the domination of the capacitor-
controlled process and indicate facile reaction kinetics of
TDA-1 and TDA-2 electrodes. Electrochemical impedance
spectroscopy measurement was further performed to evaluate
the diffusion resistance of TDA-1 and -2 based electrodes. As
shown in Fig. S21 (ESIt), the Nyquist plot indicated an obvious
supercapacitor behavior and lower charge transfer resistance
and ionic diffusion resistance between TDA-1 and TDA-2 based
electrode and the aqueous electrolyte.> Moreover, the long-
term cycling test of TDA-1 and TDA-2 based electrodes at
1 A g ' exhibited a good reversible capacity of ~112.5 and
98.6 F g, respectively, after 400 cycles (Fig. S22, ESIt), which is
superior to the most of the recently reported inorganic and
organic compounds cathode materials employed for aqueous
Zn-HSCs (Table S2, ESIt). Noteworthily, the morphology of the
TDA-1 and TDA-2 electrodes after 400 cyclic performance does
not show any obvious change, which could indicate their high
stability during charge-discharge process (Fig. S23, ESIT).
These results suggest that the electron donor-acceptor of
thiophene-units present in small organic molecules play a key
role in increasing the electrochemical performance due to the
intramolecular charge transfer, but the precise mechanism of
the thiophene-units in Zn®" ion energy storage still needs
further exploration, which is ongoing in our next project.

In summary, we have synthesized two novel thiophene-
based donor-acceptor molecules by Aldol and Knoevenagel
condensations. The presence of both donor and acceptor
moieties in the structure of the molecules allows facilitated
intramolecular charge transport and storage of Zn ions. The
structures of the as-synthesized TDA-1 and TDA-2 were eluci-
dated by means of 2D NMR of HSQC and HMBC spectro-
scopies. As a prototypical application, TDA-1 and TDA-2 based
Zn-HSCs devices were fabricated. They exhibited a high specific
capacitance of 206.7, and 235.2 F g, respectively. The superior
performance may originate from the two pairs of lone electrons
in doped thiophene moieties, which facilitate Zn>" transporta-
tion and charge transfer between the electrode and the electro-
lyte. This study provides unambiguous evidence on the
importance of the rational design of m-conjugated donor-
acceptor molecules to be used as cathodes in aqueous Zn-
HSC displaying high-performance. Such small molecules
represent novel scaffolds whose unique design renders them
particularly interesting for applications in metal-ion capacitors,
organic field-effect transistors, organic photovoltaics, and
solar cells.
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