Open Access Article. Published on 10 January 2025. Downloaded on 8/2/2025 10:25:03 AM.

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

(cc)

Materials
Horizons

W) Check for updates ‘

Cite this: Mater. Horiz., 2025,
12, 2341

Received 27th September 2024,
Accepted 6th January 2025

Guangxing Li,? Minjie Shi
DOI: 10.1039/d4mh01342e

rsc.li/materials-horizons

The availability of clean water is fundamental for maintaining
sustainable environments and human ecosystems. Capacitive deio-
nization offers a cost-effective, environmentally friendly, and
energy-efficient solution to meet the rising demand for clean water.
Electrode materials based on pseudocapacitive adsorption have
attracted significant attention in capacitive deionization due to
their relatively high desalination capacity. In this study, a novel
organic compound, PTQN, is introduced, featuring a ladder-type
structure enriched with imine-based active sites, specifically
designed for capacitive deionization. This advanced molecular
design imparts the PTQN compound with exceptional pseudoca-
pacitive properties, enhanced electron delocalization, and superior
structural stability, which are supported by both experimental
results and theoretical analyses. As an electrode, PTQN exhibits a
high pseudocapacitive capacitance of 238.26 F g*1 and demon-
strates excellent long-term stability, retaining approximately
100 percent of its capacitance after 5000 cycles in NaCl solution.
The involvement of PTQN active sites in the Na* electrosorption
process was further elucidated using theoretical calculations and
ex situ characterization. Moreover, a hybrid capacitive deionization
(HCDI) device employing the PTQN electrode exhibited an impress-
ive salt removal capacity of 61.55 mg g %, a rapid average removal

rate of 2.05 mg g~* min~?

, and consistent regeneration perfor-
mance (~97.04 percent after 50 cycles), demonstrating its
potential for capacitive deionization systems. Furthermore, the
PTQN electrode displayed superior removal efficiency for tetracy-
cline. This work contributes to the rational design of organic
materials for the development of advanced electrochemical desa-

lination systems.
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New concepts

This work introduces a novel ladder-type organic molecule (PTQN) with
imine-based active sites, specifically designed to enhance pseudo-
capacitive performance for electrochemical desalination applications.
Unlike traditional electrode materials, which often suffer from insuffi-
cient electroadsorption capacity, PTQN exhibits a highly stable and
efficient pseudocapacitive behavior, driven by its unique structural
features and significant electron delocalization. This concept differen-
tiates itself from existing research by integrating a tailored molecular
architecture that not only improves capacitive performance but also
enhances the material’s stability and regeneration capabilities. Moreover,
the study provides new insights into the role of imine-based active sites in
Na' electrosorption processes, combining both experimental and theoretical
approaches. The development of PTQN as a highly effective electrode
material demonstrates the potential of organic molecules in overcoming
key limitations in capacitive deionization technologies. This new concept
paves the way for the rational design of organic-based electrodes with
improved performance, offering a promising strategy for advancing
cleaner, more sustainable desalination technologies in materials science.

1. Introduction

The demand for clean water has been steadily rising, driven by
factors such as global population growth and rapid industria-
lization. Consequently, ensuring access to clean water has
become a pressing global issue. Although Earth’s total water
volume is approximately 1.38 billion km?, only around 0.3% is
suitable for human consumption. This has led to increasing
attention on desalinating brackish water to produce potable
water. Electrochemical desalination methods have emerged as
viable alternatives, with strategies including electrodialysis,
capacitive deionization, shock electrodialysis, and ion concen-
tration polarization."™ Among these, capacitive deionization
(CDI) has garnered interest as a relatively recent technique that
relies on ion separation via capacitive electrodes. The desalina-
tion mechanism in CDI operates based on electroadsorption,
where ions are attracted to oppositely charged electrodes upon
the application of a voltage and subsequently released when the
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voltage is reversed.®” This approach makes CDI a cost-effective,
environmentally friendly, and energy-efficient technology, offering
a competitive solution for brackish water desalination.®™®

Electrode materials are key to achieving efficient and rapid
desalination in CDI systems, driving significant research into
the design and synthesis of advanced electrode materials.
Carbon-based materials, such as activated carbon, graphene,
and carbon nanotubes, are commonly employed due to their
high specific surface area and excellent electrical conductivity.’
These materials enable ion removal through the formation of
an electric double layer at the electrode-electrolyte interface.
However, the salt removal capacity of carbon materials, typi-
cally below 50 mg g ', is often limited by their restricted
specific surface area available for ion adsorption.’®'! In contrast,
pseudocapacitive materials offer a promising option, relying
primarily on rapid redox reactions or insertion mechanisms to
store charge. In the electrochemical process, specific functional
groups in the material (such as conjugated structures, redox
active groups, etc.) undergo reversible electron transfer, so as to
achieve charge storage and release. It has a higher specific
capacitance than the double electric layer capacitor, showing
enhanced salt removal capability and selectivity. These features
enable pseudocapacitive materials to overcome the limitations
of traditional carbon electrodes, making their development
crucial for advancing capacitive deionization technologies."?

Extensive research has been conducted to explore pseudo-
capacitive materials for CDI systems, with a particular focus on
inorganic compounds such as metal oxides, carbides, and
sulfides. However, the widespread application of these in-
organic materials poses challenges due to complex fabrication
and recycling processes. In contrast, organic compounds, com-
posed of readily available elements such as carbon, hydrogen,
oxygen, and nitrogen, offer significant advantages in terms
of molecular diversity, design flexibility, and environmental
sustainability.’*'® The inherent variability of organic materials
allows for molecular tailoring to meet specific performance
requirements.'”'® Furthermore, the redox behavior of organic
compounds enables ion removal through the coordination of
functional groups without necessitating phase transitions.
Recently studied desalination mechanisms of organic compounds
(such as MXenes,?*?! Prussian blue*” and conductive polymers™?)
are based on Faraday reactions, and their applications in the field
of CDI research are highly suggestive. Despite these advantages,
the exploration of organic compounds for CDI systems remains
in its early stages due to limitations such as poor electron
mobility and low redox activity, which hinder efficient ion
electroadsorption.

In this study, a novel centrosymmetric, ladder-type organic
molecule, PTQN, was synthesized through the reaction of
4,5,9,10-pyrenetetrone (PTO) and 2,3-diaminoquinoline (DAQN)
monomers. The C=N group acts as the active site and ion for
reversible redox reaction. This high reactivity enables the organic
electrode containing C=N groups to achieve high specific
capacitance. The remarkable structure of the PTQN molecule
incorporates several advantages, particularly the extension of
n-electron delocalization, which was confirmed by computational
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simulations, while exhibiting enhanced thermal stability, reduced
energy gap, and excellent electrophilicity. When applied as an
electrode in NaCl aqueous solution, PTQN demonstrated effi-
cient and rapid Na" adsorption with pseudocapacitive behavior.
At a current density of 2 A g™, it achieved a capacitance of
238.26 F g~ ', with no degradation after 5000 cycles. Theoretical
calculations confirmed its exceptional electrochemical perfor-
mance, attributed to symmetrical active sites facilitating the
adsorption of eight Na* ions. When tested in HCDI devices,
PTQN exhibited a high desalination rate of 7.24 mg g ' min ™"
and a desalination capacity of 61.55 mg g~ ' at an operating
voltage of 1.2 V. PTQN also demonstrated efficient removal of
tetracycline in various concentrations, highlighting its versati-
lity and potential in water purification applications.

2. Results and discussions

A one-step dehydration condensation method was employed,
utilizing 4,5,9,10-pyrenetetrone (PTO, Fig. S1, ESIt) and 2,3-
diaminoquinoline (DAQN) as starting materials to synthesize a
fully ladder-type, centrosymmetric PTQN organic molecule
featuring multiple imine-based active sites (Fig. 1(a)). In this
reaction, the C—=O0 group of the PTO precursor and the -NH,
group of the DAQN precursor participated in dehydration
condensation, leading to the formation of an eight-membered
C=N linkage within the PTQN molecule. Scanning electron
microscopy (SEM) confirmed the microstructure of PTQN,
revealing the presence of irregularly shaped small particles,
while energy dispersive spectroscopy (EDS) analysis demon-
strated a uniform distribution of carbon and nitrogen elements
throughout the molecule (Fig. S2, ESIf). The *C solid-state
nuclear magnetic resonance (NMR) spectrum (Fig. 1(b)) dis-
played a distinct peak at 144 ppm, corresponding to the carbon
atom linked to the C=N bond, alongside peaks between 125
and 130 ppm associated with carbon atoms in C—=C bonds. The
broadening of these peaks is likely attributed to the rigid
n-conjugated molecular structure. Thermogravimetric analysis
(TGA) (Fig. 1(c)) revealed significant weight loss of the PTQN
compound below 100 °C, attributed to water evaporation.
Notably, the PTQN compound exhibited substantially lower
weight loss up to 500 °C compared to the PTO and DAQN
precursors, indicating enhanced thermal stability due to the
formation of a robust m-conjugated framework. X-ray photo-
electron spectroscopy (XPS) analysis of the PTQN organic
compound revealed that the high-resolution C 1s spectrum
could be deconvoluted into three distinct peaks corresponding
to C-C/C=C, C-N, and C=N bonds at binding energies of
283.9 eV, 284.9 eV, and 285.8 eV, respectively (Fig. 1(d)).
An additional peak at 288.2 eV was observed, which is attrib-
uted to n-m interactions within the molecular framework. The
X-ray diffraction (XRD) pattern of the PTQN organic compound
displayed a prominent diffraction peak at 26.16°, indicating a
d-spacing of 0.34 nm (Fig. S3, ESIt). This finding confirms the
presence of significant n-n stacking interactions among the
imine heterocycles within the PTQN structure. Furthermore,

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 (a) Synthetic process of the PTQN molecule. (b) Solid-state **C spectrum illustrating the carbon environments. (c) TGA curves demonstrating the
thermal stability and decomposition profile of the samples. (d) High-resolution XPS spectrum of the C 1s region, accompanied by an inset showing the
percentage distribution of the various chemical states of carbon within the PTQN structure. (e) LOL-n color-filled map depicting the electronic

distribution of the PTQN molecule.

the reduced density gradient (RDG) simulation supported this
observation. The green peak in the range of —0.02 to 0.00 a.u.,
indicating the existence of specific weak interaction in organic
molecule, resulting in high structural integrity of PTQN organic
molecule, and affecting the site selectivity and reaction rate of
organic molecules (Fig. S4, ESIT). These interactions are critical
in enhancing redox kinetics and facilitating rapid charge
transfer within the PTQN framework. The ladder-type PTQN
molecule, rich in imine groups, influences the energy levels of
the highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO) due to an electron-
withdrawing effect. This effect results in an elevation of the
HOMO or a reduction in the LUMO, thereby minimizing the
energy gap. The PTQN molecule exhibited the smallest energy
gap (3.08 eV) compared to its precursors, PTO (3.45 eV) and
DAQN (3.08 eV) (Fig. S5, ESI{). The localized orbital locator-n

This journal is © The Royal Society of Chemistry 2025

(LOL-n) color-filled map further demonstrated the extensive
conjugation and electron delocalization within the PTQN mole-
cule (Fig. 1(e)). This distinctive configuration, characterized by
centrosymmetric chains and enhanced electron delocalization
at the redox centers, plays a crucial role in improving both
electron transport efficiency and overall stability.

The electrochemical properties of the PTQN organic elec-
trode were assessed in a 1 M NaCl aqueous solution using
a standard three-electrode testing configuration. The cyclic
voltammetry (CV) curves reveal the presence of two pairs of
reversible redox peaks at various scan rates. To exclude proton
contribution, electrochemical tests of PTQN electrode were first
conducted in 10 M NaOH solution (Fig. S6, ESIt). The peak
shapes remain consistent with increasing sweep rates, indicating
the availability of redox-active sites within the PTQN organic
electrode that facilitate efficient Na™ capture (Fig. 2(a)). As shown

Mater. Horiz., 2025, 12, 2341-2350 | 2343
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Fig. 2

(a) CV curves at different scan rates, illustrating the electrochemical behavior of the PTQN compound. (b) Corresponding oxidation-reduction

potentials derived from the CV curves at various scan rates. (c) Diffusion coefficients (D values) during the charging and discharging processes. (d) Bode
plots displaying the frequency response characteristics of the PTQN compound. (e) DRT analysis during charging and discharging, correlating the
frequency response with electrochemical performance. (f) PDOS of the PTQN organic compound, providing insights into its electronic structure.

in Fig. 2(b), there are minor variations in the oxidation and
reduction peaks; specifically, the anodic peak shifts from
—0.42 V to —0.38 V and from 0.26 V to 0.346 V, while the
cathodic peak shifts from 0.176 V to 0.126 V and from —0.51 V
to —0.578 V, respectively. The subtlety of these shifts suggests
that significant local polarization is unlikely at the electrode
interface, thereby confirming the exceptional charge transfer
kinetics of the PTQN electrode. To elucidate the electrochemi-
cal mechanisms underlying the performance of the PTQN
electrode, a detailed examination of the CV curves was con-
ducted. The relationship between the observed peak current (7)
and the sweep rate (v) in CV curves is typically described by the
power law equation logi = loga + blogv, where “a” and “b” are
adjustable parameters. The calculated b values for the two pairs
of redox peaks are 0.71, 0.71, 0.68, and 0.80, respectively
(Fig. S7, ESIt). These values indicate that the redox storage
mechanism in the PTQN electrode is influenced by both
diffusion-controlled and capacitive-controlled processes. To quan-
titatively separate the contributions from diffusion control and
surface control, Trasatti analysis was employed. Furthermore,
according to the proposed formula: i(v) = kv + k"%, the respec-
tive contributions of diffusion-controlled capacitance and surface-
controlled capacitance can be quantified by analyzing their
behavior at a specific scan rate. The quantization of the
pseudo-capacitance contribution is shown in Fig. S8 (ESIT).
When the incremental scan rate is 5, 10, 20 and 50 mV s}, the
pseudo-capacitance contribution is 39.05%, 45.16%, 52.84%
and 66.34%, respectively. This trend suggests that the contribu-
tion of pseudocapacitance increases with the scan rate, high-
lighting the exceptional electrochemical responsiveness of the
PTQN electrode. Additionally, the electrochemical kinetics at

2344 | Mater. Horiz., 2025, 12, 2341-2350

specific potentials during the charge and discharge processes
were analyzed using ex situ electrochemical impedance spectro-
scopy (EIS). The nearly identical shapes of the Nyquist curves
across various potentials and the relatively constant charge
transfer resistance (R.) (Fig. S9, ESIt). This result is in strong
concordance with the analysis conducted using the DRT func-
tion. In DRT analysis (Fig. 2(e)), the integrated area under the
peak represents the resistive contribution to the process, and
each characteristic peak on the DRT curve corresponds to an
electrochemical reaction behavior, highlight the rapid and
efficient charge transfer dynamics between the PTQN electrode
and the electrolyte. Further calculations reveal that the Na*
diffusion coefficient during the charge and discharge processes
ranges from 1.35 x 107" to 1.45 x 10~ " ecm2 s~ (Fig. 2(c)),
indicating that the PTQN electrode possesses favorable electro-
chemical kinetics for Na* capture. These results reflect the
potential of the PTQN electrode to advance high-performance
capacitive deionization systems. The dashed line with a phase
angle of 45° in the Bode diagram (Fig. 2(d)) indicates a range of
eigenfrequency (f;) from 4.345 to 6.934 Hz, highlighting an
exceptionally rapid frequency response (7o) characterized by a
remarkably short time interval of 0.14 to 0.23 s. The PTQN
organic compound exhibits remarkable redox kinetics and
rapid electrochemical responsiveness, attributable to its unique
ladder-type structure enriched with imine-based active sites.
Fig. S10 (ESIt) illustrates the HOMO and the LUMO of the
PTQN organic compound. Theoretical frameworks suggest that
holomolecular conjugation results in a reduction of the energy
levels of both the HOMO and LUMO. Furthermore, the struc-
tural characteristics of conjugated systems significantly influ-
ence the reversibility of charge transport and redox reactions.

This journal is © The Royal Society of Chemistry 2025
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Consequently, the PTQN molecule exhibits the smallest HOMO-
LUMO band gap of 3.08 eV compared to previously reported
organic compounds (Table S1, ESIt),***® underscoring its excep-
tional electron transfer conductivity and favorable reaction
kinetics. Furthermore, the partial density of states (PDOS,
Fig. 2(f)) analysis for the PTQN organic compound indicates a
higher electron density near the Fermi energy (as represented
by the dashed line). This phenomenon arises from the stepped
conjugated configuration of PTQN, which promotes enhanced
electron mobility within the molecule. Consequently, this
configuration facilitates greater electron delocalization and
substantially improves the conductivity of the material.

The galvanostatic charge-discharge (GCD) curves of the
PTQN electrode display two charging platforms and two dis-
charge platforms, which are correspond to the two pairs of
redox peaks observed in the CV measurements (Fig. 3(a)). The
PTQN electrode achieves a high specific discharge capacitance
of 289 F g™ at a current density of 1 A g~'. In addition, it
maintains a capacitance of 149 F g ' even at a high current
density of 10 A g ', demonstrating excellent rate performance.
Notably, when the current density is returned to 1 A g~ " after
60 cycles, the initial capacitance is preserved (Fig. 3(b)). At
lower current densities, the internal resistance decreases,
allowing for a greater utilization of active sites, which enhances
Na' capture. These observations can be attributed to the fully
ladder-type and centrosymmetric structure of the PTQN mole-
cule, which exhibits low spatial hindrance, favorable electro-
nic conductivity, and significant electron delocalization. As
illustrated in Fig. 3(c), the PTQN electrode demonstrates

View Article Online
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remarkable cycling stability. At a current density of 2 A g™, it
achieves a notable capacitance of 238.31 F g ', which is
maintained at 238.26 F g~ ' after 5000 cycles. The coulombic
efficiency remains stable at approximately 100%, with a cycle
retention rate of around 99.98%. The GCD curves before and
after cycling exhibit nearly identical shapes, and the corres-
ponding capacitance shows minimal decrease, indicating
stable Na" electrosorption performance (Fig. 3(d)). The excep-
tional electrochemical cycling stability of the PTQN electrode is
attributed to its fully ladder-type double-chain configuration,
which provides a rigid backbone that ensures inherent stability
and minimal solubility in the electrolyte. Consequently, the
PTQN electrode remains entirely insoluble in aqueous electro-
lytes, suggesting its potential for advantageous cycling perfor-
mance. Real-time observations of the dissolution behavior of
the PTQN electrode during charge-discharge cycles were con-
ducted using in situ UV spectroscopy. Throughout the cycling
process, no significant changes in the electrochemical signals
were detected, and the NaCl electrolyte remained transparent
(Fig. S11, ESIY), further confirming the absence of dissolution
and the stable Na' electrosorption performance of the PTQN
electrode. In comparison to other reported organic electrodes,
the cycling performance of the PTQN electrode exhibits sig-
nificant advantages in both capacitance retention and lifespan.
It maintains an impressive capacitance retention of approxi-
mately 99.98% over 5000 cycles, while most reported organic
electrodes demonstrate capacitance retention rates below
85% and typically do not achieve 5000 cycles (Fig. 3(e) and
Table S2, ESI}).>97¢
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(a) GCD curves of the PTQN electrode measured across current densities ranging from 1 to 10 A g

Capacitance retention (%)

~1 (b) Specific capacitances of the PTGN

electrode at varying current densities, illustrating the electrochemical performance. (c) Long-term cycling stability of the PTQN electrode assessed at a
constant current density of 2 A g™, (d) GCD curves of the PTQN electrode before and after cycling, highlighting any changes in electrochemical behavior.
(e) Comparative cycling performance of the PTQN electrode alongside other reported organic electrodes, showcasing its relative stability and
capacitance retention.
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To elucidate the Na' electrosorption mechanism in the
PTQN organic electrode, several critical potentials during the
charge-discharge cycle were identified, and a series of ex situ X-
ray photoelectron spectroscopy (XPS) analyses were conducted.
This approach aimed to enhance the understanding of the
structural changes occurring in the PTQN organic electrode
while submerged in NaCl aqueous solution throughout the
charging and discharging phases (Fig. 4(a)). The N 1s spectrum
indicates that during discharge, the characteristic peak corres-
ponding to the C=N bond at 398.14 eV gradually diminishes,
while the peak associated with the C-N bond at 399.70 eV
steadily increases. Simultaneously, a peak in the Na 1s spec-
trum (Fig. 4(b)) emerges and becomes more pronounced,
signifying the incorporation of Na' ions into the PTQN struc-
ture, which transforms C=—N bonds into C-N-Na bonds.
During the charging phase, the characteristic peak for the
C-N bond decreases, while the peak for the C=N bond rises
and ultimately returns to its original state, coinciding with the
disappearance of the peak in the Na 1s spectrum. These
observations suggest that the C—=N bonds function as redox-
active centers with a strong affinity for Na' ions within the
PTQN electrode. The mechanism of the PTQN electrode in the
seawater desalination process was further elucidated through
density functional theory (DFT) simulations (Fig. 4(c)). The
molecular electrostatic potential (MESP) diagram (shown in
the inset of Fig. 4(c)) reveals that the electronegativities sur-
rounding the eight imine groups in the PTQN molecule are
significantly higher than those in other regions, indicating that
these sites act as redox-active centers with a strong propensity
to coordinate with Na'. Detailed calculations classified the

~
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~
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active sites in the PTQN molecule into two specific regions,
designated as Site A and Site B, each containing four centro-
symmetric active sites (Fig. 4(d)). This process is divided into
three steps: PTQN, PTQN + 4Na, and PTQN + 8Na, which are
utilized to evaluate the pathway energy and illustrate the
structural evolution. The initial total energy of the newly pre-
pared PTQN electrode was determined to be —4.5323 x 10* eV.
During the discharge process, Na' ions initially interacted with
PTQN to form PTQN + 4Na (—6.2996 x 10* eV), which contains
four C=N bonds at Site A. Subsequently, Na' ions further
interacted to form PTQN + 8Na (—8.0660 x 10* eV), which
contains four C—=N bonds at Site B.

PTQN material was cultured by HK-2 cells (human renal
tubular epithelial cells) for toxicity analysis (Fig. S12, ESIt), and
the results showed no significant toxicity. Therefore, a HCDI
system (Fig. 5(a)) developed in this study uses the prepared safe
and non-toxic PTQN electrode for desalination experiments.
The HCDI system was configured with an activated carbon (AC)
electrode (Fig. S13-S15, ESIT) functioning as the cathode for
capturing Cl~ ions, while the PTQN electrode (Fig. S16 and S17,
ESIY) served as the anode for capturing Na' ions (PTQN||AC),
thereby facilitating an efficient desalination process.’” To assess
the desalination efficiency of the PTQN electrode, experiments
were conducted within the HCDI system at varying voltages using
a solution with an initial concentration of 500 mg L~ NaCl.
Fig. 5(b) illustrates the concentration curves over time at different
voltage levels. Upon application of voltage to the HCDI device, Na*
ions in the solution are drawn toward the electrode surface due to
electrostatic forces, resulting in a significant reduction in solution
concentration until it stabilizes at equilibrium. When a reverse
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Fig. 4 Ex situ XPS spectra of (a) N 1s and (b) Na 1s collected at selected potentials, revealing the chemical states of nitrogen and sodium within the PTQN
structure (c) Calculated total energies of sodium-intercalated PTQN structures, indicating stability variations with sodium incorporation. (d) Schematic diagram
illustrating the mechanism of the PTQN electrode during the desalination process, depicting key electrochemical reactions and ion transport dynamics.
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voltage is subsequently applied to the electrode, Na* ions are
released, and the concentration rapidly returns to its original
level, demonstrating the excellent regeneration capability of the
PTQN electrode. The transient current curves (Fig. S18 and S19,
ESIt) reveal real-time variations in current associated with the
continuous release and adsorption of Na" and Cl~ ions influenced
by the electric field. At various applied voltages, an initial high
current is observed, which quickly diminishes and stabilizes. This
trend indicates that as the adsorption process progresses, the
charged ions adsorbed in the HCDI system reach equilibrium in a
short time frame, underscoring the rapid desalination capability of
the electrodes. Future research efforts could focus on optimizing

View Article Online
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the voltage range and exploring the potential applications of
PTQN electrodes in practical desalination scenarios. In addition,
we tested the desalination capacity of PTQN-based HCDI system
at different concentrations. As the salt concentration increases
from 300 mg L' to 900 mg L™, the desalination capacity of the
PTQN-based HCDI unit rises from 31.58 mg g~ t0 99.87 mg g~
(Fig. S20, ESIt), demonstrating its potential application over a
wide range of salt concentrations.

Fig. 5(c) shows the desalination capacity of the HCDI system
operating under constant voltage conditions. The desalination
performance of the PTQN]||AC configuration significantly
improves with increasing working voltage, achieving an impressive
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(a) Schematic representation of the desalination system, illustrating the configuration and operational principles. (b) Temporal changes in NaCl

concentration during the desalination process. (c) Desalination capacity as a function of applied voltage. (d) Desalination rate at varying imposed voltages,
demonstrating efficiency. (e) Desalination capacity and energy consumption at different imposed voltages. (f) Comparison of the desalination
performance of the PTQN system with previously reported HCDI systems. (g) Long-term cycling performance of the desalination system in a
500 mg L~* NaCl solution, indicating stability over time (h) Standard curve of tetracycline measured at a wavelength of 357 nm, used for quantitative
analysis. (i) UV-Vis absorption spectra of tetracycline solutions at different concentrations, highlighting changes before and after adsorption.
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desalination capacity of 61.55 mg g~ at a voltage of 1.2 V. The
relationship between desalination rate and desalination capacity is
further depicted in the Ragone plot (Fig. 5(d)). As shown, higher
working voltages shift the data toward the upper right region of the
plot, indicating that PTQN||AC achieves the highest desalination
rate of 7.24 mg ¢~ ' min~" and the aforementioned capacity at an
operating voltage of 1.2 V. The increase in applied voltage corre-
lates with enhancements in both desalination capacity and rate,
attributed to improved ion migration and adsorption facilitated by
greater electrical driving forces that enhance pseudo-capacitance
effects. Within the voltage range of 0.8 to 1.0 V, the desalination
performance improves by 10.26 mg g~ ', while energy consumption
increases only marginally by 0.347 W h g~ (Fig. 5(e)). Thus, taking
into account both desalination capacity and energy consumption,
the optimal applied voltage for the modular HCDI system is
determined to be 1.2 V. We measured the pH value of the
PTQN//AC system during the 1.2 V desalination process in a
500 mg L' NaCl solution. The pH exhibited fluctuations
corresponding to the adsorption and desorption processes
(Fig. S21, ESIf). Simultaneously, the concentrations of Na*
and Cl” in the solution varied in tandem with the changes
in electrical conductivity observed during adsorption and
desorption cycles (Fig. S22). Furthermore, kinetic models were
developed based on experimental data concerning Na* adsorp-
tion changes over desalination time. The rate-limiting step
was characterized using time-dependent pseudo-first-order
and pseudo-second-order kinetic analyses (Fig. S23, ESIt).
To further evaluate the desalination performance of the HCDI
system, Fig. 5(f) illustrates the correlation between desalina-
tion capacity and average desalination rate. Under comparable
desalination conditions, the system’s capability surpasses that
of most previously reported HCDI systems utilizing various
pseudocapacitive electrodes, including metal oxides, sulfides,
Prussian blue analogs, and MXene composites. The average
desalination rate of the developed HCDI system is measured
at 2.05 mg ¢ ' min~', exceeding that of many state-of-the-art
HCDI systems, which typically report average rates below
2 mg ¢ ' min~" (Table S3, ESI{).>>?%7°

Long-term cycle performance, commonly referred to as regene-
ration stability, is a critical factor for evaluating the practical
applicability of desalination systems. This performance is
assessed through 50 cycles of continuous adsorption-desorption
experiments conducted under a constant pressure of 1.2 V,
specifically designed for optimal desalination of brackish water
and seawater. As illustrated in Fig. 5(g) and Fig. S24 (ESIt), the
conductivity of the solution exhibits a consistent pattern of
decrease and increase, while the desalination capacity of the
developed HCDI system fluctuates within a defined range. Remark-
ably, after 50 cycles, the system retains 97.04% of its original
desalination capacity, there is no significant change in the UV of
the solution before and after the desalination cycle (Fig. S25, ESIT)
and FT-IR spectrum of the PTQN organic electrode before and after
cycles did not show any change (Fig. S26, ESIt), demonstrating the
exceptional recycling stability of the HCDI system.

Moreover, the system not only exhibits outstanding cyclic
performance but also achieves an adsorption capacity of
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61.55 mg g ', surpassing the capacities reported for current
organic-based HCDI systems. In addition, the study investi-
gated the efficacy of the PTQN organic compound in removing
tetracycline from water. Tetracycline possesses two chromo-
phores, featuring conjugated benzene, enol, and ketone groups,
which result in significant absorption peaks in the UV spectrum
at approximately 275 nm and 357 nm. Due to the strong solvent
interference and baseline issues at 275 nm, the absorbance at
357 nm was selected for quantitative analysis of tetracycline to
establish the relationship between concentration and absor-
bance (Fig. 5(h)). The optical characteristics of tetracycline
solutions at varying concentrations (60 mg L™, 75 mg L™,
and 100 mg L") were examined using UV-visible spectroscopy
following a 30-min adsorption period at 1.2 V within the HCDI
system. The resulting absorption spectra for both original and
treated tetracycline solutions are displayed in Fig. 5(i). In all
treated solutions, the spectra exhibited a significant decrease in
absorbance across the 250 to 800 nm range, nearing zero at
lower concentrations. These findings indicate that the PTQN
organic compound effectively treats wastewater contaminated
with organic dyes, demonstrating its potential application in
water purification processes.

3. Conclusions

A novel ladder-type conjugated organic molecule, PTQN, has
been synthesized through a straightforward one-step dehydra-
tion condensation process. This molecule exhibits charac-
teristics of centrosymmetry and electronic delocalization, with
eight fully symmetrical C=N active sites that facilitate uni-
form electron and Na' transport. Electrochemical perfor-
mance analysis in NaCl aqueous solution demonstrates that
PTQN possesses high specific capacity and cycling stability,
attributed to its robust structure and pseudocapacitive Na*
adsorption behavior. The reversible electrochemical adsorp-
tion of up to eight Na' ions is achieved via a two-step redox
reaction. Incorporating the PTQN electrode into a HCDI
system results in a competitive desalination capacity of
61.55 mg g ' over 50 cycles. Furthermore, the potential
application of PTQN in the removal of tetracycline dye was
investigated. The efficient synthesis and application of the
PTQN electrode provide valuable insights for addressing cri-
tical environmental challenges, including seawater desalina-
tion and dye removal. Based on the application potential of
PTQN electrodes in HCDI, the future directions and chal-
lenges mainly focus on the following aspects: (1) scaled-up
synthesis of ladder-type PTQN electrode materials or the
design of more organic electrode materials of a similar type;
(2) enhancing the reuse or effective degradation of electrode
materials to contribute to sustainability; (3) combining in situ
characterization with theoretical calculations to analyze the
multifaceted synergistic dynamic electrochemical mechan-
isms of electrode materials; (4) scaling up organic electrode-
based HCDI systems and exploring more functional and
practical applications.
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