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Rechargeable aqueous zinc-ion hybrid supercapacitors (Zn-HSCs) are promising candidates as large-scale
energy storage devices owing to their high electrochemical performance, safety, long life, and low price.
The development of nanostructured electrode materials featuring multiple active sites capable of
interacting with Zn ions represents an efficient strategy to boost their electrochemical performance. In
this work, we report for the first time the use of donor—acceptor carbon-linked conjugated polymers
(DA-CCPs) as cathodes in agueous Zn-HSCs. We have synthesized two novel DA-CCPs via Knoevenagel
polymerization between electron-accepting 2,2',2”-(benzene-1,3,5-triyltriacetonitrile and electron-
donating 2,5-thiophene dicarboxaldehyde or [2,2'-bithiophene]-5,5"-dicarboxaldehyde, yielding DA-
CCP-1 and DA-CCP-2, respectively. DA-CCP-2, which possesses an extra-thiophene unit in the
backbone, exhibits improved electrochemical characteristics when compared to DA-CCP-1, and
performance surpassing those of other reported cathode materials for aqueous Zn®* energy storage
systems. DA-CCP-1 and -2 based electrodes exhibited an outstanding energy density of 80.6 and
196.3 W h kg~ respectively, representing the highest value ever reached for conjugated polymers to
date. This study not only offers new perspectives for the rational design and precise synthesis of DA-
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Introduction

While our society is facing an ever-increasing energy need to
power all digital tools that characterize our daily life, the
shortage of critical raw materials (CRMs) forces scientists to
devise new means for energy generation and storage. In view of
the portability of today's electronics, novel, highly efficient and
sustainable energy storage systems (ESSs) are highly sought
after.’” Since 1991, lithium-ion batteries (LIBs) have attracted
enormous research interest due to their high energy density and
low self-discharge.*® However, the safety concerns caused by the
flammable organic electrolytes and their low power density
hamper the application of LIBs in fields where fast and high-
power density storage devices are required, such as in auto-
mobiles.*” Supercapacitors (SCs) represent most promising
alternatives to currently market-dominating technologies as
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CCPs but it also broadens the choice of cathodes for high-performance aqueous Zn-HSCs.

they can drastically reduce or even eliminate the use of CRMs
(e.g., Li, Co and natural graphite).® SC technology does not
require any fire protection as it is not susceptible to thermal
runaway during charging/discharging processes that are merely
based on electrostatic forces and not on chemical reactions that
involve ion diffusion processes. However, a major drawback of
SCs is the low energy density of commercially available SCs (10—
12 W h kg™', 5-8 W h L") when compared to LiBs (>100 W h
kg™ "). Therefore, the performance of active materials incorpo-
rated in SCs' electrodes and electrolytes must be further
improved in order to increase the energy density of SCs. On the
one hand, the use of novel nanostructured electrode materials
and their engineering through physical blending or chemical
functionalization incorporating numerous redox-active groups
can substantially enhance the energy density of SCs,
approaching the values of batteries.” On the other hand, battery
and capacitor-type electrodes can be combined in a single
device, known as hybrid supercapacitors (HSCs) in order to gain
the merits and to offset the specific problems faced both by
batteries and SCs.'*** Although Li-ion hybrid SCs have been
extensively studied in the past few decades,*** in 2020 Li was
identified for the first time as a CRM,® sparking the develop-
ment of new ESSs relying on Na*, K, Mg*, A", Zn*", etc.”” The

This journal is © The Royal Society of Chemistry 2023
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high theoretical capacity of Zn (820 mA h g™ *; 5845A h L™ 1), its
low cost (USD $2 per kg), and its low redox potential (—0.763 V
vs. the standard hydrogen electrode) make the Zn anode an
ideal candidate for the next generation of ESSs such as
rechargeable aqueous zinc-ion hybrid supercapacitors (Zn-
HSCs), exhibiting high energy/power density and long life-
span. Moreover, because of the high abundance of Zn resource
(like ZnO and ZnS), Zn-HSCs are considered highly
sustainable.”®?® Among the emerging cathode electrode mate-
rials, carbon-linked conjugated polymers (CCPs), a subclass of
porous organic polymers, are considered as an appealing option
because of their higher theoretical capacity, tunable electro-
chemically active structure, and the in-plane m-conjugation that
can facilitate charge transport.” Unlike covalent organic
frameworks (COFs), whose growth is governed by thermody-
namics and typically yields in high crystallinity of materials yet
via time consuming synthetic protocols, CCPs can be easily
synthesized under mild conditions and display high physico-
chemical stability in aqueous solvents due to their poly-
crystalline nature and the formation of irreversible covalent
carbon-carbon double bonds (-CC-).>** In addition, as pseu-
docapacitive materials, CCPs offer a pathway for achieving both
high energy and high power densities.** Among different CCP
designs, the donor-acceptor one is particularly attractive since
it enables the modulation of the CCPs’ band gap through the
chemical tuning of the redox properties of the donor and
acceptor moieties.*** For instance, Zhang et al. reported the
synthesis of two conducting redox polymers based on anthra-
quinone and polycarbazole, respectively, and studied their
properties-performance relationship. The carbazole-based
donor-acceptor copolymer exhibited a wider energy band gap
and as a consequence a wider operating voltage range (up to 2.4
V) and a higher energy density (29.1 W h kg™ ") when compared
to anthraquinone-based copolymers.** Different strategies have
been explored to improve the electrochemical performance of
conjugated polymers in symmetric SCs such as the use of
donor-acceptor-donor (D-A-D) building blocks®> or the
synthesis of p/n-doped conjugated polymers.** While in some
cases the potential windows were extended above 2 V, the ob-
tained energy values never exceeded 30 W h kg~ '. Compared
with conjugated polymer frameworks, CCPs display a higher
chemical stability and enhanced delocalized electronic struc-
tures. Although CCPs have been used in optoelectronic devices
with enhanced photostability,*® for high-efficiency photo-
catalytic hydrogen evolution,* or as photocathodes for water
reduction,* their application as energy storage materials has
been barely explored.*® Feng et al. reported a novel 2D CCP via
the condensation of 1,4-phenylenediacetonitrile with the redox-
active hexaazatrinaphthalene (HATN) derivative.*® Their effec-
tive hybridization with a conductive material, ie., carbon
nanotubes, allowed for their use as cathode materials in
lithium-ion batteries (LIBs) and they demonstrated a high
capacity of 116 mA h g%, excellent cycling stability, and rate
capability.*® However, to the best of our knowledge, the use of
CCPs as cathode materials in HSCs remains unexplored. The
synergistic combination of all the physicochemical properties
of CCPs, together with the hybrid device configuration, will
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serve as an ultimate strategy for the development of high-energy
and high-power HSC devices.***°

Herein, we report the synthesis of two novel thiophene-
bridged donor-acceptor CCPs via Knoevenagel polymerization
between an electron-accepting building block 2,2,2"-(benzene-
1,3,5-triyl)triacetonitrile (BTAN) and an electron-donating
linker 2,5- thiophene dicarboxaldehyde (TDA) and [2,2-bithio-
phene]-5,5"-dicarboxaldehyde (BTDA), yielding DA-CCP-1 and
DA-CCP-2, respectively. An aqueous Zn-HSC was assembled, in
which DA-CCP-1 or DA-CCP-2 and Zn foil were used as the
cathode and anode, respectively, while an aqueous solution
containing zinc trifluoromethanesulfonate (Zn(CF;SO3),)
served as the electrolyte. The DA-CCP-1 and -2 based Zn-HSCs
displayed a high specific capacity of 103.4 and 251.7 mAh g™,
respectively, at a current density of 0.1 A g™, being according to
our knowledge higher than that of other reported COFs and
porous carbon-based electrode materials. Remarkably, the DA-
CCP-1 and -2 based electrodes exhibited an outstanding
maximum energy density of 196.3 and 80.6 W h kg™ ', the
highest reported energy density value to date for conjugated
polymers. Moreover, we revealed for the first time a pseudo-
capacitive energy storage mechanism through ex situ XPS and
FTIR analysis, where the thiophene-S units in DA-CCPs were
identified as the electrochemically active sites in the Zn-HSCs.

Results and discussion

The synthetic path employed for the synthesis of DA-CCP-1 and
DA-CCP-2 is portrayed in Scheme 1. A Knoevenagel condensa-
tion between a C3-symmetry electron-accepting unit, 1,2,2',2’
"-(benzene-1,3,5-triyl) triacetonitrile (BTTA), and a linear
electron-donating unit, 2,5-thiophene dicarboxaldehyde (TDA)
or [2,2-bithiophene]-5,5"-dicarboxaldehyde (BTDA), was per-
formed through a solvothermal reaction in a closed micro-
reaction vessel (see the ESIT for details).

The solid-state nuclear magnetic resonance (NMR) analysis
of CCPs is typically performed on the basis of classical *C cross-
polarization magic angle spinning (CP-MAS) experiments.**™*
However, in solid-state **C resonances are rather broad and can
easily overlap, for instance quaternary (Cq) and CH chemical

DA-CCP-2

Scheme 1 Synthesis of DA-CCP-1 and -2 by Knoevenagel polymeri-
zation between BTTA and TDA or BTDA.

J. Mater. Chem. A, 2023, M, 2718-2725 | 2719


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ta09651j

Open Access Article. Published on 18 January 2023. Downloaded on 3/14/2026 10:46:08 PM.

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

(cc)

Journal of Materials Chemistry A

T W w0 W W T % % 0 me W % 8% 7 I T I T ]

Fig.1 '*C solid-state NMR series of (a) DA-CCP-1 and (b) DA-CCP-2.
Bottom (green): edited CP/MAS (only C, and CH3 detected); middle
(blue) short contact time (45us) CP/MAS (selects CH and CH,); top
(black): long time (4 ms) regular CP/MAS spectrum (all carbons there).

shifts are located in the same small crowded zone (ca.110 to 150
ppm), making the signals' assignment process burdensome.
Therefore, advanced *C CP-MAS NMR experiments can be
performed including “C spectral edition,** enabling more
precise assignments by matching the expected chemical shifts
to the expected moieties. In the recorded *C CP-MAS NMR
spectra of DA-CCP-1 and -2 (Fig. 1), the chemical shift at
~110 ppm has been assigned to the carbon atoms in cyano
groups (-CN),* and the chemical shifts at ~119 and ~137 ppm
confirm the formation of cyanovinylene [-CHC(CN)-]
bridges.***” Furthermore, Fourier transform infrared (FT-IR)
spectroscopy (Fig. S4t) revealed the presence of -CN groups in
both DA-CCP-1 and -2, which are shifted from ~2250 ecm™* (-
CH,CN of BTTA) to ~2197 cm ' [-CHC(CN)- of CCPs]. More-
over, the peak at 1554 cm ' present in both CCPs can be
attributed to the vibrations of the olefin-linked CC bond and
provides proof for successful Knoevenagel polymerization.*”**
The crystallinity of DA-CCP-1 and -2 has been assessed by
powder X-ray diffraction (PXRD) measurements (Fig. 2a). Unlike
the highly crystalline BTTA, TDA, and BTDA monomers with
numerous diffraction peaks, only a broad band at 26 = 25° has
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Fig. 2 (a) XRD spectra of DA-CCP-1 and -2 and their monomers. (b)

Optical image of the synthesized DA-CCP-1 and -2. (c) UV/vis
absorption spectra of DA-CCP-1 and -2.
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been recorded for both DA-CCPs, which is typically attributed to
graphitic (002) diffractions, suggesting that DA-CCP-1 and -2
have a layered and polycrystalline nature.*®**

The optical and electrochemical properties of DA-CCP-1 and
-2 have been studied by ultraviolet-visible (UV-vis) spectroscopy
and cyclic voltammetry (CV). In contrast to the model
compound, which is obtained from the reaction of BTAN with 2-
thiophenecarboxaldehyde (Fig. S3t), the mono-thiophene
bridged DA-CCP-1 exhibited an absorption band centred at
576 nm, whereas the bithiophene-bridged DA-CCP-2 showed
a red-shifted absorption band centred at 632 nm (Fig. 2c), as
a result of the more extended conjugation.*** Moreover, Tauc
plots (Fig. S5t) are commonly used to calculate the energy
bandgap of semiconductors.** The measured bandgap (Eg>) for
DA-CCP-1 and -2 amounted to 2.16 and 2.07 eV, respectively.
The broader absorption and smaller energy bandgap of DA-
CCP-2 were attributed to the greater intramolecular charge
transfer from the donor (bithiophene) to the acceptor (BTTA
core) moieties.*® To gain further insight into the frontier energy
levels, CV measurements of DA-CCP-1 and -2 were performed
(Fig. S6t). The estimated onset reduction and oxidation poten-
tials amounted to ~—0.91 and ~1.2 V, respectively, in reference
to the redox potential of ferrocene/ferrocenium (Fig. S771). The
highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO) levels of DA-CCP-1 and -2
were extracted (see the ESI} for details) as —5.66/—3.46 eV and
—5.50/—3.46 eV, respectively. The HOMO of DA-CCP-1 and -2
was further determined by ultraviolet photoelectron spectros-
copy (UPS) as displayed in Fig. S8. The Fermi level (Eg)
according to Einstein's photo-emission law can be determined
as follows: Ex = hv — E.uofr, Where the Av is the photon energy
(21.22 eV here) and the Eyf represents the secondary electron
cut-off edge. E.uor Values are determined to be 3.83 and 4.47 eV
and therefore the HOMO values were calculated to be —5.91 and
—5.65 eV, respectively, being comparable to the CV calculated
results. The resultant band gaps, i.e., 2.20 for DA-CCP-1 and
2.04 eV for DA-CCP-2, provide evidence that both DA-CCPs are
semiconductive materials, in full agreement with UV-vis spec-
troscopy results. The bulk conductivity of DA-CCP-1 and -2 was
calculated to be 3.7 x 107> and 4.2 x 107> S m™ ', respectively.

The porosity of DA-CCP-1 and -2 was evaluated by recording
N, adsorption-desorption isotherms at 77 K (Fig. S9f). The
adsorption isotherms of the two polymers exhibited Type-I
sorption isotherms, with steep rises appearing at low relative
pressure and also Type-IV sorption features with adsorption/
desorption hysteresis at higher pressure.* The calculated Bru-
nauer-Emmett-Teller (BET) surface area of DA-CCP-1 and -2
amounted to 584 and 674 m> g ', respectively. The pore size
distribution analysis results indicated the dominance of
micropores in DA-CCP-1and -2. However, the presence of mes-
opores was also monitored in DA-CCP-2 (Fig. S10t). The ther-
mogravimetric analysis (TGA) (Fig. S11t) revealed thermal
stability for both DA-CCP-1 and -2 at temperature as high as 500
and 400 °C, respectively, which can be attributed to the
robustness of the highly cross-linked and rigid polymeric
networks. The morphology of DA-CCP-1 and -2 was investigated
by scanning electron microscopy (SEM) (Fig. 3 and S121) and

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 SEM images of (a) DA-CCP-1 and (b) DA-CCP-2. c) Scheme of
the CCP//Zn(CFsSOs),//Zn energy storage system. Herein, DA-CCP-1
or -2 serves as the cathode, Zn foil is used as the anode and 2 M
Zn(CF3SO3), aqueous solution is employed as the electrolyte.

scanning transmission electron microscopy (STEM) (Fig. S13
and 147). DA-CCP-1 was composed of spherical nanoparticles
with a diameter of ~500 nm (Fig. 3a and S13ft), as also
confirmed by STEM (Fig. S131). On the other hand, DA-CCP-2
exhibited micrometer-long fiber-like structures (Fig. 3b), as
also visible on the STEM images recorded both in bright and
dark fields (Fig. S147). Interestingly, the subtle difference in the
chemical structure, ie., the presence of one additional thio-
phene unit in one of the building blocks of DA-CCP-2, resulted
in a completely different morphology, demonstrating that the
final morphology of CCPs or COFs cannot be predicted a priori.

The electrochemical performance of DA-CCP-1 and -2 as
cathode electrodes in aqueous Zn-HSCs was then assessed. The
Zn*"-ion storage behaviour of the DA-CCP-1 and -2 cathodes was
tested by assembling a two-electrode system in Zn-HSC devices
by employing a commercial Zn foil anode and 2 M zinc tri-
fluoromethanesulfonate (Zn(CF;S0;),) aqueous electrolyte
(Fig. 3c), with detailed experimental conditions provided in the
ESL.T Zn(CF3S0;), salt in H,O is a common aqueous electrolyte
for batteries and SCs.”® Chen et al.>* revealed that the coulombic
efficiency (CE) of zinc batteries when Zn(CF3S03), in aqueous
media is used as the electrolyte can gradually reach 100% as
a result of the bulky nature of the CF;SO;- anions facilitating
Zn*" transport and charge transfer. Fig. 4a and d portray the CV
profiles of DA-CCP-1 and DA-CCP-2 at a scan rate of 10-1000 mV
s~ in the 0 to 1.6 V potential window. The presence of redox
peaks for both DA-CCPs at low scan rates denotes the electrode
store energy through a faradaic process. A significant increase
of the peak current densities with the scan rate suggests good

This journal is © The Royal Society of Chemistry 2023
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kinetic characteristics of the Zn>" ion diffusion into the pores of
the DA-CCP-1 and DA-CCP-2 electrodes. It is worth mentioned
that the anodic and cathodic peaks of DA-CCP-1 shifted to
higher and lower potential positions respectively, when
increasing the scan rate, which is probably due to an increase in
the internal diffusion resistance during the electrochemical
reaction.® However, the redox peaks of the DA-CCP-2 electrode
disappear at higher scan rates than 200 mV s~ ' because of the
insufficient utilization of the active sites available for the
migration of electrolyte ions.>® The kinetics of electrochemical
processes occurring at DA-CCP-1 and -2 cathode electrodes were
investigated by exploiting the procedure proposed by Wu et al.,*”
according to the equation: I = av’, where i represents the
current density, » refers to the scan rate, and a and b are variable
parameters. The b-value varies between 0.5 and 1, being closer
to 0.5 when the charge storage mechanism is governed by
a diffusion-controlled process and closer to 1 when is governed
by a capacitive-controlled process. The b-values of DA-CCP-1
and -2 cathodes calculated from the slope of log(i) — log(»)
curves in Fig. S15f amount to 0.67 and 0.69, which indicates
that the Zn®" storage mechanism of the DA-CCP-1 and -2 cath-
odes is dominated by a diffusion contribution with a partial
capacitive controlled contribution. This result confirms the
coexistence of an electrical double layer (EDL) and battery-type
mechanism due to the pseudocapacitive nature provided by the
thiophene-type sulphur groups. The adopted potential window
for galvanostatic charge-discharge (GCD) measurements was
determined by performing CV in different voltage ranges
(Fig. S16 and S171). The DA-CCP-1 and -2 electrodes exhibited
quasi rectangular I-V behaviour between 0.2 and 1.6 V with no
polarization effects. The GCD profile of DA-CCP-1 and -2 (Fig. 4b
and e) in the adopted potential window confirmed that the
charge-storage mechanism was not purely faradaic as in typical
materials for batteries; the absence of a voltage plateau
provided evidence for a hybrid charge-storage behaviour, con-
firming that both DA-CCP-1 and -2 have to be regarded as
pseudocapacitive-type materials. It is noteworthy that several
cathode materials have been explored in Zn-HSCs exhibiting
hybrid charge-storage properties,*®** and the same behaviour
was also observed in COF-based Li or Na ion super-
capacitors.®** The GCD measurements results in the adopted
potential window (0.4-1.6 V) for the DA-CCP-2 (Fig. 4e)
cathode displays a significantly higher discharge capacity of
251.7 mA h ¢! compared to 103.4 mA h g~ ' of DA-CCP-1
(Fig. 4b) at a current density of 0.1 A g™, being superior to
most of the reported COF cathodes and inorganic or organic
electrode materials (Table S17). The higher performance of DA-
CCP-2 indicates a more efficient utilization of the electro-
chemically active sites than in DA-CCP-1, which is mainly
attributed to the higher surface area and larger pore size of DA-
CCP-2 and the synergistic effect of the adjacent pentacyclic
thiophene-S units per structural repeating unit. In addition, the
capacity of DA-CCP-2 and DA-CCP-1 could remain at 78.5 and
40.2 mA h g7, respectively, even at a large current density of 5 A
¢~ '. Subsequently, the rate performance of DA-CCP-1 and -2 was
analysed at different current densities (Fig. S18 and S1971). A
good rate capability was achieved for DA-CCPs where capacity

J. Mater. Chem. A, 2023, 1, 2718-2725 | 2721
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Fig. 4 (a) and (d) Typical CV curves of the DA-CCP-1 and -2 cathodes at different scan rates of 10-1000 mV s~2. (b) and (e) GCD curves of the
DA-CCP-1and -2 cathodes at different current densities. (c) and (f) Cyclability test of DA-CCP-1 and -2 at a current density of 0.1 A g~* for 1000

cycles.

values of 251.7, 193.6, 171.8, 160.7, 131.8, and 101.2 mA h g*
for DA-CCP-2 and 103.4, 97.8, 88.3, 82.2,70.1,and 57.8 mAh g~*
for DA-CCP-1 were obtained at a current density of 0.1, 0.2, 0.5,
1, 2, and 5 A g ', respectively. Importantly, when the current
density decreased to 0.1 A g™, the specific capacities of 209.2
and 102.8 mA h g~* could be fully recovered, indicating excel-
lent reversibility. Remarkably, the DA-CCP-1 and -2 based elec-
trodes delivered an outstanding maximum energy density of
80.6 and 196.3 W h kg™', comparable to battery and
supercapacitor-level power densities of 8.3 and 20.5 kW kg™*,
respectively. These results suggest that the as-prepared DA-CCP-
1 and -2 cathode electrodes are ideal candidates for fast energy
storage because they exhibited not only rapid kinetics, but also
good reversibility of electrochemical reactions. Long charge and
discharge tests (Fig. 4c and f) provided evidence for the high
cyclability of DA-CCP-1 and -2 electrodes at a high current
density of 0.1 A g !, which can retain 96.2% and 84.5%,
respectively, of the initial capacity value after >1000 cycles.
Moreover, the coulombic efficiency of the DA-CCP-1 and 2 cells
well remained at 99% of its initial value throughout the 1000
charge-discharge cycles. The DA-CCP-1 and -2 based Zn-HSCs
exhibited an outstanding electrochemical Zn** storage perfor-
mance, including an excellent rate capability, long cycle life,
and high energy density and power density. Such unique
features resulted from the joint effect of (i) the presence of
thiophene units in the frameworks providing rich electro-
chemically active sites and enabling the optimization of the
infiltration of the electrolyte to improve the surface charge
storage; (ii) the semiconducting nature of the conjugated skel-
eton providing charge transfer characteristics and charge/
discharge capacities; (iii) the relatively high specific surface
area and intrinsic cavity of DA-CCP-1 and -2, combined with

2722 | J Mater. Chem. A, 2023, 1, 2718-2725

their insoluble nature in aqueous media, offering distinct
advantages for fast ion transport through the electroactive
materials, as well as overcoming the dissolution issues often
encountered in organic batteries and SCs.**

To further investigate the fast Zn>" electrochemical kinetics
of the DA-CCP-1and -2 electrodes, electrochemical impedance
spectroscopy (EIS) was carried out. The Nyquist plots (Fig. S207)
displayed the typical shapes of capacitive electrodes, which
comprise a semicircle in the high-frequency region revealing
the charge-transfer process, and a line in the low-frequency
region corresponding to a diffusion process. The diameter of
the semicircle in the high-frequency range represents transfer
resistance (R,) (Tables S2 and 31). DA-CCP-2 exhibited a smaller
R, of about 29 Q compared with 45 Q of DA-CCP-1, which
suggests a faster electrochemical reaction occurring at the
electrode/electrolyte interface of DA-CCP-2. The higher slope in
the low-frequency range of DA-CCP-2 also indicated that the DA-
CCP-2 electrode exhibits faster ion diffusion.®®

Energy dispersive X-ray spectroscopy (EDS) analysis was
performed to determine the elemental composition of pristine
DA-CCP cathodes as well as after 1000 charge/discharge cycles
(Fig. S21-S247). The C, N and S elements were homogeneously
distributed on the stainless electrodes, suggesting a uniform
spatial distribution of DA-CCPs in the pristine electrodes
(Fig. S237), and the presence of the Zn element after 1000 cycles
further proved the Zn>" insertion into the DA-CCP electrodes
(Fig. S22 and S247). Moreover, the SEM images of the DA-CCP-1
and -2 electrodes after 1000 cycles did not show any obvious
change in the material's morphology, indicating their high
stability during the charge-discharge process (Fig. S25 and
S261).

This journal is © The Royal Society of Chemistry 2023
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Ex situ X-ray photoelectron spectroscopy (XPS) analysis was
executed to investigate the chemical state of the concerned
electrochemically active unit in the pristine, discharged, and
charged states of DA-CCP-1 and -2 (Fig. S27-5297) to provide
a deeper understanding of the charge storage mechanism. In
pristine compounds, the observed S 2p,,, 165.2 €V and S 2p3,
163.9 eV in DA-CCP-1 and S 2p4,, 165.5 eV and S 2p;/, 164.2 eV in
DA-CCP-2 are ascribed to thiophene-type sulphur (thiophene-
S).7%8 In the discharge process (Fig. 5a and b), the Zn** ions
move from the Zn anode to the DA-CCP-1 and -2 based cath-
odes, and coordinate with thiophene-S by extracting a lone pair
of electrons from thiophene-S, forming a Zn-thiophene-S coor-
dination complex. This complex formation resulted in a chem-
ical shift to a higher binding energy of S Zp;‘/2 170.8 eV, S Zp;/2
169.5 €V in DA-CCP-1, and S2p),, 171.5 eV, and S S 2p;,
170.2 eV in DA-CCP-2, respectively. In contrast, during the
charging process, Zn>* was dissociated from the DA-CCP-1 and
-2 based cathodes and returned to the Zn anode resulting in
almost complete recovery of the initial chemical shifts of
thiophene-S. The XPS of Zn element in DA-CCP-1 and -2
provided further information about the nature of chemical
species evolution during the charge and discharge processes
(Fig. S297). In the XPS profile of the discharged DA-CCP-1 and -2
electrodes (0.2 V vs. Zn/Zn**), the peaks at the binding energies
of 1023.3 eV and 1046.5 eV can be assigned to Zn 2p3/, and Zn
2p12 in Zn-thiophene-S of DA-CCP-1 and -2, respectively.
Moreover, the Zn 2p doublet separations of the Zn-thiophene-S
coordination complex in Fig. S291 appeared at 1023.2 eV, being
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in good agreement with previously reported values for zinc ions
binding to sulphur ions in ZnS lattices.**”® The fact that after
the charging process only a decrease in the S-Zn and Zn signals
is obtained may be associated with a highly irreversible process.
However, via electrochemical analysis (i.e., cyclability for 1000
cycles) we proved that the Zn>* storage though DA-CCP-1 and -2
cathodes is highly reversible. Therefore, other techniques with
a higher penetration depth, such as attenuated total reflection-
Fourier-transform infrared spectroscopy (ATR-FTIR), should be
used to ascertain the electrochemical reversibility. Therefore,
we designed an ATR-FTIR battery to investigate the mechanism
of Zn ion uptake/removal from DA-CCP-1 and -2. The main
difference from the Zn-HSC fabrication is that DA-CCP-1 and -2
were coated onto a tailored stainless-steel mesh because
infrared (IR) light can penetrate the cathode allowing in situ
FTIR analysis (Fig. S30at). Fig. S30b and ct show the FTIR
spectra of DA-CCP-1 and -2 in the pristine, discharged, and
charged states of DA-CCP-1 and -2 respectively. The stretching
vibration at ~876 cm ™" can be ascribed to the C-S sulfur signal
in thiophene-S.”* During the discharge process a new band
appears at ~1025 cm ™ * and can be attributed to the formation
of a S-Zn coordination bond (Fig. S30b and ct). When the
electrodes are recharged again to 1.6 V, the C-S vibration is
recovered for both DA-CCP-1 and -2, confirming the reversible
nature of the interactions between the electrode materials and
Zn ions. Nonetheless, the presence of the C-S-Zn signal in the
charged state is monitored and can be ascribed to the irre-
versible trapping of Zn within the DA-CCP-1 and -2 matrices that
takes place during the first charging/discharging cycles in
agreement with cyclability analysis (Fig. 4c and f).

Conclusions

In summary, we have synthesized two novel thiophene-bridged
carbon-linked conjugated polymers DA-CCP-1 and -2, as suit-
able novel cathode materials for Zn-HSCs. Due to the robust
carbon-linked conjugations, high surface area (584 and 674 m?>
g™, respectively), donor-acceptor semiconducting structures,
and thiophene-S active sites, the DA-CCP-1 and -2 electrode-
based Zn-HSCs showed key performance indicators
surpassing the state of the art. In particular, they displayed
a pseudocapacitive Zn>" storage behaviour with high capacity
(103.4 and 251.7 mA h g™, respectively), energy density (80.6
and 196.3 W h kg™, respectively), power density (8.3 and 20.5
kW kg, respectively), fast rate capability (up to 5 A g~ " in both
cases), and long cycling stability (capacity retention of 96.2%
and 84.5%, respectively, after >1000 cycles). Ex situ XPS and
FTIR analysis revealed that the thiophene-S units of DA-CCP-1
and -2 act as the electrochemically active centres for Zn>*
storage in Zn-HSCs. Thiophene-bridged DA-CCP-1 and -2 hold
potential to become powerful scaffolds for a wide variety of
applications in energy storage, especially in Li-S batteries, gas
storage, photocatalysis, etc. In addition, due to their unique
inherent structural features, they could become powerful active
materials for chemical sensing and gas separation.
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