Open Access Article. Published on 28 Mawuwani 2025. Downloaded on 2026-03-16 08:16:34.

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

(cc)

#® ROYAL SOCIETY

Chemical
P OF CHEMISTRY

Science

View Article Online
View Journal | View Issue,

EDGE ARTICLE

Molecularly bridged design of an electron-
delocalized dual redox-active organic electrode for
high-efficiency capacitive deionization and water
treatmentt

i ") Check for updates ‘

Cite this: Chem. Sci., 2025, 16, 14976

8 All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Xinyue Zhang,® Haoyuan Qiu,? Zhiyong Han,® Lei Ke,® Mugilan Narayanasamy,®
Can Cui,? Jun Yang, © ** Minjie Shi®?2 and Edison Huixiang Ang & *P

Capacitive deionization (CDI) is emerging as a promising technology for efficient water treatment, where
the electrochemical performance is strongly influenced by the activity of electrode materials. Among
these, faradaic organic electrodes with pseudocapacitive behavior offer great potential but remain
limited due to insufficient redox-active sites and poor electron affinity, factors that constrain their ion
adsorption capacity and desalination rate. In this study, we present a novel electron-delocalized organic
molecular architecture, PTAP, which features a rigid conjugated backbone and dual redox-active centers
located at C=N and C=O coordination sites. The molecular structure, optimized via extensive -
electron delocalization and a narrow HOMO-LUMO energy gap, significantly enhances Na* adsorption
kinetics and facilitates efficient charge carrier transport. A combination of comprehensive experimental
techniques and density functional theory (DFT) calculations was employed to elucidate the Na* electro-
adsorption pathways and identify the active redox moieties. The resulting PTAP-integrated CDI device
exhibited outstanding desalination performance, achieving an exceptionally high salt removal capacity of
91.50 mg g *—far exceeding that of conventional organic-electrode CDI systems (typically < 60 mg
g~Y—and a rapid removal rate of 3.05 mg g~* min~* at 1.2 V, while maintaining excellent cycling stability
(~95.55% retention over 100 cycles). Furthermore, a multi-module CDI system incorporating PTAP
electrodes was developed, demonstrating high desalination efficiency in hypersaline environments. This
system also enabled preliminary exploration of sustainable real-world applications, including dye-
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contaminated wastewater remediation and energy harvesting, underscoring the versatility and

rsc.li/chemical-science transformative potential of PTAP-based CDI technology.

or agricultural use without substantial treatment.®” This stark
disparity between water abundance and availability has inten-
sified the global pursuit of sustainable and efficient desalina-
tion technologies. Conventional desalination methods,

Introduction

The global freshwater crisis has reached critical levels, primarily
driven by rapid population growth, industrial expansion, and

the intensification of modern agriculture. These factors place
immense pressure on limited freshwater resources, exacer-
bating water scarcity across many regions.'” Despite water
covering approximately 71% of the Earth's surface, a staggering
97.5% is saline and unsuitable for direct human consumption
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including thermal-based processes (e.g., multi-stage flash
distillation) and membrane-based techniques (e.g., reverse
osmosis), have gained widespread adoption.**® However, these
technologies are often hindered by high energy demands,
operational complexity, and environmental concerns related to
brine disposal and chemical usage.”™ These limitations
underscore the urgent need for next-generation desalination
approaches that are energy-efficient, economically viable, envi-
ronmentally friendly, and scalable.

Capacitive deionization (CDI) has emerged as a promising
electrochemical desalination technology, offering a sustainable
alternative to traditional methods.'® Unlike energy-intensive
systems, CDI operates on an electrosorption mechanism,
where salt ions are electrostatically adsorbed onto electrodes
under an applied electric field and subsequently released
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during regeneration.'”>* This process allows for precise control
over water quality and achieves substantial energy savings,
particularly when treating brackish or low-to-moderate salinity
water sources.”*** However, the performance of CDI is highly
dependent on the -characteristics of electrode materials.
Carbon-based materials, such as carbon nanotubes, graphene
nanosheets, and carbon nanofibers, have been widely employed
due to their excellent electrical conductivity and chemical
stability. Nevertheless, their reliance on electric double-layer
capacitance limits their ion adsorption capacity (typically
<50 mg g '), constraining the overall efficiency of CDI
systems.>*?* This shortcoming has prompted efforts to develop
alternative materials with higher desalination performance.>>°
To address these limitations, researchers have increasingly
turned to faradaic materials that exhibit pseudocapacitive
behavior, enabling enhanced ion storage.** faradaic electrode
materials, which store ions through reversible redox reactions,
offer significantly higher charge storage capabilities. Recent
research has predominantly focused on inorganic faradaic
materials, particularly transition metal oxides (e.g., MnO,, NiO)
and sulfides (e.g,, MoS,), due to their high theoretical
capacities.**** However, these materials often undergo severe
structural degradation during cycling due to repeated ion
insertion/extraction, leading to irreversible phase transitions,
metal dissolution, and rapid capacity fading.*® While inorganic
intercalation compounds have shown promise, they often suffer
from drawbacks such as metal ion leaching, irreversible phase
transitions, and volumetric expansion during
electrosorption.®**** In contrast, organic materials have
emerged as compelling candidates for faradaic CDI electrodes,
thanks to their abundance, environmental sustainability, and
molecular tunability.*>*" Their electronic structures can be
precisely modulated via molecular design and functional group
engineering, enabling tailored ion adsorption properties. These
materials exhibit pseudocapacitive behaviour through redox-
active functional groups, allowing efficient ion capture
without the drawbacks of phase change or structural degrada-
tion.”” Despite these advantages, organic electrodes face
persistent challenges, including limited electron mobility and
insufficient redox activity, which restrict their overall desalina-
tion performance.**** Therefore, the development of novel
organic materials with enhanced electronic properties and high
ion storage capacity is essential for advancing CDI technologies.
In this study, we report the design and synthesis of a novel
electron-delocalized dual-redox organic molecule (PTAP) via
a one-step reaction, tailored as a high-performance CDI elec-
trode. The PTAP molecule is engineered with multiple C=N and
C=0 functional groups that serve as active redox sites, sup-
porting robust pseudocapacitive behavior. Its rigid conjugated
backbone and extensive m-electron delocalization result in
a remarkably low HOMO-LUMO energy gap (1.97 eV),
promoting efficient electron transport and superior redox
activity. When employed as a CDI electrode, PTAP demonstrates
outstanding Na' adsorption capabilities, achieving a high
specific capacitance of 412.73 F g~' and maintaining ~92%
capacity retention over 5000 charge-discharge cycles in NaCl
electrolyte. The PTAP-based CDI device exhibits exceptional
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desalination performance, with a salt removal capacity of
91.50 mg g '—over 50% higher than that of conventional
organic electrode systems—and a time-averaged removal rate of
3.05 mg ¢ ' min~" at 1.2 V, while retaining excellent regener-
ation stability (~95.55% over 100 cycles). Moreover, the device
also demonstrates effective organic dye removal and energy
recovery, highlighting its versatility and potential for sustain-
able water purification and multifunctional environmental
applications.

Results and discussion
Structural characterization

The PTAP organic molecule was synthesized via a straightfor-
ward one-step condensation reaction using perylene-3,4,9,10-
tetracarboxylic dianhydride (PTCDA) and phenazine-2,3-
diyldiamine (DAP) as precursors, as illustrated in Fig. 1a.
Solid-state >C NMR spectroscopy (Fig. 1b) provides detailed
insights into the carbon environments within the PTAP mole-
cule. The spectrum reveals multiple distinct resonances: the
peaks at 121.6, 131.8, and 139.8 ppm were assigned to aromatic
C=C bonds in benzene rings, while the peaks at 123.0, 127.1,
and 132.7 ppm were attributed to various C=C environments
within the aromatic framework. Signals at 141.7 and 143.9 ppm
were ascribed to imine (C=N) groups, and the pronounced
peak at 193.3 ppm was assigned to carbonyl (C=O0) groups.
Morphological characterization by scanning electron micros-
copy (SEM) reveals that the PTAP product adopted a stacked
lamellar architecture with an average thickness of ~200 nm
(SEM images of PTCDA and DAP are shown in Fig. S1t).
Elemental analysis via energy-dispersive X-ray spectroscopy
(EDS) confirmed a homogeneous distribution of carbon (79
at%), nitrogen (17 at%), and oxygen (4 at%) across the structure,
aligning well with the theoretical stoichiometry (Fig. 1c). Elec-
tronic structure analysis through partial density of states
(PDOS) (Fig. 1d) revealed significant electron density near the
Fermi level, primarily arising from the lone pair electrons of
nitrogen and oxygen heteroatoms, which participate in conju-
gation and contribute to enhanced electrochemical activity. The
X-ray diffraction (XRD) patterns (Fig. 1e) of the precursor
materials PTCDA and DAP exhibited sharp Bragg reflections,
indicative of well-defined crystallinity. In contrast, the synthe-
sized PTAP material displayed a broad diffraction peak centered
at 27.3°, suggesting disordered molecular packing dominated
by m-m stacking interactions. This interpretation was further
supported by reduced density gradient (RDG) analysis (Fig. 1f),
which revealed characteristic low-gradient isosurfaces (—0.02 to
0.00 a.u.) corresponding to non-covalent -7 interactions.*>*¢
Additionally, Fourier-transform infrared (FT-IR) spectroscopy
(Fig. S2t) confirmed the molecular structure, showing charac-
teristic absorption bands at 1767 and 1689 cm ™", corresponding
to the stretching vibrations of C=0 and C=N bonds, respec-
tively.*” Collectively, these comprehensive spectroscopic and
structural analyses confirm the successful synthesis of the PTAP
molecule.

The optical bandgap (E,) of the PTAP molecule was derived
from UV-vis spectroscopy (Fig. S31), representing the minimum
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Fig.1 (a) Schematic illustration of the one-step condensation synthesis of the PTAP molecule. (b) Solid-state *C NMR spectrum. (c) SEM image
and corresponding EDS elemental mapping images. (d) PDOS pattern with the orbital contributions. (e) XRD pattern. (f) Plots of RDG vs. sign (1,),,,
and (g) HOMO-LUMO orbital distributions of the PTAP molecule. (h) LOL-7 color-filled map.

photon energy needed to excite electrons from the valence to the
conduction band. Remarkably, PTAP demonstrates an ultra-
narrow bandgap of ~1.64 eV, significantly lower than those of
its monomeric precursors PTCDA (2.52 eV) and DAP (2.14 eV)
(Fig. s4t). This drastic reduction in E, implies that PTAP facil-
itates electron excitation with lower energy input, thereby
accelerating redox kinetics and enhancing charge mobility by
minimizing intramolecular kinetic barriers. Further computa-
tional analysis confirms that PTAP exhibits a HOMO-LUMO gap
of 1.97 eV (Fig. 1g),*® narrower than those of both its monomers
and other known electroactive organic materials (Fig. S5t). The
diminished HOMO-LUMO separation underscores PTAP's

14978 | Chem. Sci, 2025, 16, 14976-14987

superior intrinsic conductivity, heightened thermodynamic
stability, and an optimized electronic structure, all of which are
advantageous for its performance in electroactive applications.
Thermal stability analysis demonstrates that the PTAP molecule
retains 83.58% of its mass at 700 °C, in stark contrast to the
complete decomposition of its PTCDA and DAP precursors at
the same temperature (Fig. S61). This superior thermal stability
is attributed to the robust conjugated structure of the PTAP
framework. To further explore the electronic characteristics of
PTAP, the localized orbital locator-it (LOL-t) method was
employed to assess its electron delocalization behavior. In this
analysis, a threshold LOL value of 0.5 differentiates between

© 2025 The Author(s). Published by the Royal Society of Chemistry
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localized (LOL < 0.5) and delocalized (LOL > 0.5) electrons.*>*
As illustrated in Fig. 1h, the LOL-m map reveals a consistent
electron density distribution along the molecular backbone,
with values ranging from 0.621 to 0.862, indicative of substan-
tial m-electron delocalization. This delocalization significantly
benefits electron transport pathways and facilitates improved
ion diffusion kinetics within the PTAP electrode.

Electrochemical properties

The electrochemical performance of the PTAP electrode was
systematically evaluated using cyclic voltammetry (CV) and
galvanostatic charge-discharge (GCD) measurements in a 0.5 M
NaCl aqueous electrolyte. As shown in Fig. 2a, the CV curves
exhibit well-defined redox peaks at various scan rates, indi-

View Article Online
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For comparison, the CV curves of the PTCDA and DAP mono-
mers are provided in Fig. S7f. Notably, the peak potentials
exhibit minimal shifts with increasing scan rates (Fig. 2d),
highlighting the electrode's stable and efficient faradaic
behaviour. The GCD profiles in Fig. 2b reveal high specific
capacitances of 412.73, 372.19, 338.75, 319.00, and 304.27 F g~ *
at current densities of 1, 2, 4, 6, and 8 A g™, respectively. These
values surpass those of previously reported Na'-capture elec-
trode materials (Fig. S8t), underscoring the superior rate
capability and capacity retention of the PTAP electrode. The
PTAP electrode delivers exceptional electrochemical perfor-
mance, owing to its unique molecular design and superior
electronic properties. At the molecular level, PTAP features
a rigid conjugated backbone integrated with a synergistic dual-
redox mechanism, where C=0 and C=N functional groups

cating the presence of redox-active sites that facilitate reversible operate in tandem—outperforming conventional single-
ion coordination. The broad anodic and cathodic peaks reflect ~ functional-group organic electrodes and significantly
the oxidation and reduction processes of the PTAP electrode.
(a) 40 (b) (C) = 0.0
- peak 2 = 054 Ten 500
"o % e -
< 201 ;.fn 8 4004 . .-o.z;
z < 0.0 g Zz
z 2 S 300 2
= 04 - (3] 5
< N § 045
- 2 mvs — S 2004 ~
E’ 20 A il £ 08 = =
e
&) S =9
peak 3 50 mv s’ A n
-40 T r T T -1.0+ T r . v r 0 T T T v T
-1.2 -0.8 -0.4 0.0 0.4 0 250 500 750 1000 1250 1 2 4 6 4 8
Potential (V vs.Ag/AgCl) Time (s) Current density A g7)
(d) (e) )
g" 0.34 1004 Diffusion-controlled ™™ Capacitive-controlled
< .————0-’"*/‘/. - 85.67% i
él) 0.04 '—‘v—v\,\' e\i 804 SmVs!
@ 70.36% i
> &— Peak 1 g 0% z %ﬁ&a&#
034 —e—peak2 S 60 56.65% %0 10mys’
= ] 50.39% <
= —A— Peak 3 2 ~ 4
"E 0.61 —v— Peak 4 = 404 l é: 7 WmVs'
o 0 = 7
= — 5 50
_:'-0.9- ‘\“\‘-\\‘ 201 T g SOmys!
8 £
& r r . - - 0 g-14 T - - - - {
2 5 10 20 50 3 5 10 20 50 £ -2 09 06 03 00 03 06
Scan rate (mV s™) Scan rate (mV s™) 0 Potential (V vs. Ag/AgCl)
)
% i & 4 i 8 > /2 % %:*‘? %:'P o &
- PG J Q/'/ el agh o ‘i 'Y )P AAAL -
FY %  § ( I 3‘(:’ a¥a A «)')
AYaw e e 20 24929000 o
M o 3 o e S e \
PTCDA DAP PTAP
ELF-n plots

Fig. 2

(a) Cyclic voltammetry (CV) curves of the PTAP electrode in 0.5 M NaCl solution at different scan rates. (b) Galvanostatic charge—discharge

(GCD) profiles and (c) corresponding specific capacitance values and “IR drops” under various current densities. (d) Variation of anodic and
cathodic peak potentials with scan rates derived from CV curves. (e) Percentage contribution of capacitive-controlled charge storage at different
scan rates. (f) Separation of capacitive and diffusion-controlled contributions, with coloured regions representing capacitive effects. (g) Electron
localization function for 7t electrons (ELF-7t) of the PTAP molecule, illustrating electron delocalization characteristics.
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enhancing ion capture capacity. Furthermore, PTAP exhibits
outstanding electronic characteristics, including an ultra-
narrow HOMO-LUMO gap of just 1.97 eV, which ensures high
electronic conductivity, rapid charge transfer efficiency, and
robust thermodynamic stability. Together, these attributes
make PTAP a highly efficient and stable electrode material.

Furthermore, the IR drop remains consistently low across the
range of current densities (Fig. 2c), indicating excellent charge
transport and low internal resistance. To gain insight into the
charge storage mechanism, a capacitive contribution analysis
was conducted over a range of scan rates (Fig. 2f). The results
show a progressive increase in capacitive-controlled contribu-
tions with increasing scan rate, emphasizing the electrode's
strong pseudocapacitive behaviour. At a scan rate of 50 mV s,
the surface-controlled capacitance accounts for 85.67% of the
total response (Fig. 2e), demonstrating rapid electrochemical
kinetics and high electrosorption capacity. Additionally,
compared to the individual PTCDA and DAP monomers, the
PTAP molecule exhibits significantly enhanced -conjugation,
as evidenced by continuous isosurface rings across the molec-
ular framework (Fig. 2g). This extended conjugated network not
only enhances molecular stability but also facilitates efficient
electron transport throughout the electrode.

The electrochemical kinetics of the PTAP electrode were
systematically investigated using electrochemical impedance
spectroscopy (EIS) at various charge-discharge states, as shown
in Fig. 3a (the EIS data are listed in Table S17). The Na" diffusion
kinetics were quantitatively assessed through Warburg imped-
ance analysis. As illustrated in Fig. 3b, the calculated diffusion
coefficients ranged from 4.96 x 10~ t0 9.8 x 10~ "> em” s,
indicating excellent Na" mobility within the PTAP electrode and
highlighting its superior ion transport characteristics.

To assess long-term durability, a cycling stability test was
conducted (Fig. 3c), revealing outstanding electrochemical
stability with a capacity retention of 91.16% after 5000 cycles. In
contrast, the PTCDA and DAP monomers exhibited declining
performance after just 100 cycles (Fig. S91), underscoring the
enhanced structural resilience of PTAP. A deeper insight into
the structural stability was obtained through the Harmonic
Oscillator Model of Aromaticity (HOMA) analysis, depicted in
Fig. 3d. The evolution of aromaticity in PTAP before and after
Na" insertion (PTAP and PTAP+8Na) was evaluated. The HOMA
index, which ranges from 0 to 1, quantifies aromatic character,
with values approaching 1 indicating strong aromaticity and
structural integrity. Notably, the HOMA values remained close
to 1 after full Na* adsorption, demonstrating the preservation of
the conjugated structure and confirming the excellent stability
of the PTAP molecule. Further evidence of the electrode's
stability was provided by UV-Vis spectroscopy (Fig. 3e).
Throughout the cycling test, the electrolyte solution remained
optically clear, and no characteristic absorption bands were
detected in the UV-Vis spectra, indicating the absence of elec-
trode dissolution and ensuring long-term chemical robustness.
Together, these comprehensive electrochemical and spectro-
scopic analyses confirm the exceptional performance of the
PTAP electrode, particularly its fast, stable, and efficient Na*
storage and retention capabilities.
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To investigate the structural evolution of the PTAP electrode
under different electrochemical conditions, ex situ X-ray
photoelectron spectroscopy (XPS) was utilized, providing crit-
ical information about the fundamental electrochemical
processes. Analysis of the N 1s (Fig. 4a) and O 1s (Fig. 4b)
spectra in the pristine, fully discharged, and fully charged states
revealed significant peak shifts, indicating reversible changes in
chemical bonding during electrochemical cycling. Specifically,
during discharge, the C=0 bond (531.8 eV) was reduced to a C-
O bond (533.0 eV), while the C=N bond (398.9 eV) was con-
verted into a C-N bond (400.9 eV). These changes were fully
reversed upon charging, underscoring the excellent electro-
chemical reversibility of the PTAP electrode.

Furthermore, the ex situ Na 1s XPS spectra (Fig. 4c) showed
no detectable Na signal in the pristine state. However, a distinct
peak at 1071.8 eV emerged during the charging process, clearly
confirming the successful capture of Na“ ions by the PTAP
electrode. The redox mechanism was further elucidated
through in situ Raman spectroscopy. As shown in Fig. S10,}
Raman spectra collected during discharge and charge revealed
dynamic changes in bonding. Prior to testing, peaks at
1254 cm™ ' and 1615 cm™* were observed, corresponding to the
C-N and C-O bonds, respectively.”* As discharge progressed,
new peaks appeared at 1251 and 1604 cm ™", reflecting changes
in the C-N and C-O bonding environments. Simultaneously,
the intensities of the original C-N and C-O peaks diminished.
This suggests that during discharge, Na* ions chelate with the
C-N bonds via a coordination mechanism, while binding to the
C-O bonds through an enolation process. During the subse-
quent charging process, the signals associated with the reduced
C-N and C-O bonds weakened, while the original C-N and
C=0 bonds re-emerged due to oxidation. These observations
strongly confirm the high redox reversibility of both the imine
(C-N « C-N) and carbonyl (C-O < C=O0) functional groups in
PTAP during Na'* ion insertion and extraction.

The mechanism of the PTAP electrode in the desalination
process was further elucidated through density functional
theory (DFT) simulations (Fig. 4d). The molecular electrostatic
potential (MESP) map (inset of Fig. 4d) reveals that the regions
surrounding the two carbonyl groups and six imine groups in
the PTAP molecule exhibit significantly higher electronegativity
compared to other areas. This indicates a strong tendency for
these sites to coordinate with Na* ions, acting as redox-active
centers. Further analysis identified two distinct active regions
within the PTAP molecule, designated as site A and site B
(Fig. 4e). The Na' insertion process was modelled in three
sequential stages: PTAP, PTAP+4Na, and PTAP+8Na, allowing
evaluation of the reaction pathway and associated energy
changes. The initial total energy of pristine PTAP was calculated
to be —6.612 x 10" eV. During discharge, Na* ions first interact
with site A—comprising two C=N and two C=O bonds—to
form PTAP+4Na, with a total energy of —8.377 x 10% eV.
Subsequently, additional Na" ions bind at site B, which contains
four C=N bonds, forming PTAP+8Na with a total energy of
—10.145 x 10" eV (Fig. S117). These computational findings are
further supported by SEM and energy-dispersive X-ray spec-
troscopy (EDS) analyses of the fully charged PTAP electrode

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(a) EIS plots of the PTAP electrode at various discharged/charged states and (b) corresponding Na™ diffusion coefficients. (c) Long-term

cycling stability of the PTAP electrode over 5000 cycles. (d) The calculated HOMA values for the PTAP molecule before and after complete Na*
adsorption. (e) UV-Vis spectra and digital photographs of the electrolyte at different cycles.

(Fig. 4f), which show a uniform distribution of Na across the
electrode surface. Notably, the intensity of the Na 1s peak
significantly decreases upon discharge, nearly reverting to its
original state, providing strong evidence for the effective release
of Na' ions from the PTAP electrode.®* Additionally, electron
localization function (ELF) analysis (Fig. 4g) reveals substantial
electron density accumulation, confirming that the extended -
electron delocalization within the PTAP molecular framework
lowers the energy barrier for Na' capture and enhances ion
adsorption efficiency.

CDI applications

To maximize the electrochemical capacity generated by redox
reactions, we developed an asymmetric design that combines
a pseudocapacitive PTAP molecular electrode with excellent Na*
adsorption capability and commercial activated carbon (AC)
known for its high surface area and Cl~ absorption properties.
This innovative pairing enables the creation of a hybrid capac-
itive deionization (CDI) system with significantly improved total

© 2025 The Author(s). Published by the Royal Society of Chemistry

salt removal capacity. For experimental validation, we con-
structed a CDI device (detailed configuration in Fig. S12t) using
PTAP as the anode and AC as the cathode, incorporating an
anion exchange membrane adjacent to the AC cathode to block
cation adsorption when reversing voltage polarity. The desali-
nation process was continuously monitored using a conduc-
tivity measurement system (Fig. 5a), with salt concentrations
estimated from a pre-established conductivity-concentration
calibration curve (Fig. S131). The CDI device's performance was
systematically assessed under various applied voltages (0.8-1.4

V). The CDI device's desalination performance was assessed

across a voltage range of 0.8-1.4 V, well below its theoretical safe
operating limit of 1.9 V (Fig. S147). As shown in Fig. 5b, the
current response exhibited distinct, rapid oscillations indicative
of sequential ion adsorption and desorption. Concurrently,
substantial drops in solution conductivity (Fig. 5¢) confirmed
the occurrence of electrosorption processes. Our results
revealed a strong dependence of desalination efficiency on
applied voltage. Higher voltages enhanced ion transport and
electrode capture due to stronger electrostatic forces.

Chem. Sci., 2025, 16, 14976-14987 | 14981
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Fig. 4 Ex situ XPS spectra of (a) N 1s, (b) O 1s and (c) Na 1s for the PTAP electrode in pristine, fully charged and discharged states. (d) Calculated
total energies of sodium-intercalated PTAP structures, indicating stability variations with sodium incorporation, and (e) depicting key electro-
chemical reactions and ion transport dynamics. (f) SEM image and the corresponding EDS mapping images at the adsorption state. (g) The

corresponding ELF image of a PTAP molecule.

Quantitative analysis (Fig. 5d and e) showed that increasing the
voltage improved salt removal capacity. However, this gain
came with a substantial energy cost. Specifically, raising the
voltage from 1.2 V to 1.4 V led to a 36.22% increase in energy
consumption, while salt removal capacity improved by only
14.15%. This disproportionate trade-off was accompanied by
a decline in charge efficiency to 69.53% at 1.4 V (Fig. 5f), sug-
gesting the onset of parasitic electrochemical reactions at
higher voltages, which may affect long-term stability and energy
efficiency. The specific test results are listed in Table S2.f A
comprehensive evaluation of energy consumption versus desa-
lination efficiency identified 1.2 V as the optimal operating
voltage. At this voltage, the CDI device achieved an outstanding
balance between performance and energy use, delivering a high
salt removal capacity of 91.50 mg g~ " with a low energy input of

14982 | Chem. Sci, 2025, 16, 14976-14987

0.846 W h g ', and an average removal rate of 3.05 mg
¢~ ' min~" with a maximum (peak) salt removal rate of 18.83 mg
g~' min "% These values surpass those of state-of-the-art
organic electrode-based CDI systems (Fig. 5g)°”® (refer to
Table S31 for details). Long-term operational stability was
confirmed through 100 consecutive adsorption-desorption
cycles at 1.2 V. The device retained 95.55% of its initial perfor-
mance (Fig. 5h), with specific energy consumption (SEC)
remaining consistently stable between 70.05 and 73.80 k] mol ™
per cycle. These findings highlight the ability of the system to
minimize side reactions and maintain efficiency over extended
use. Additional performance data are provided in Fig. S15-S19
and Table S4.1 A comparison was made of salt removal capacity
and average removal rate with other CDI devices previously

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5

(a) Schematic diagram of the desalination experiments performed using the PTAP-based CDI device. (b) Current response profiles and (c)

corresponding variations in solution conductivity under different applied voltages. (d) Salt removal capacities obtained during the electro-
sorption process. (e) Ragone plots and (f) corresponding correlation between salt removal capacities, charge efficiency, and energy consumption
at various applied voltages. (g) Comparison of salt removal capacity with previously reported CDI devices utilizing different organic electrodes. (h)

Cyclic regeneration at 1.2 V through repeated adsorption—desorption

reported under the same applied voltage (see Table S5t for
details).

Fig. 6a presents a schematic diagram of the hybrid capacitive
deionization (HCDI) process using PTAP for the adsorption of
metal ions and dye molecules. Beyond its outstanding desali-
nation performance, the CDI device also exhibits excellent
potential for treating industrial wastewater containing cationic
dyes, with methylene blue (MB) selected as a model

© 2025 The Author(s). Published by the Royal Society of Chemistry

cycles.

contaminant. To simulate textile industry effluents, MB solu-
tions with an initial concentration of 100 mg L~ " were prepared.
CDI treatment was performed at an applied voltage of 1.2 V, and
dye removal was monitored using UV-vis spectroscopy. As
shown in Fig. 6b, the near-complete disappearance of absorp-
tion peaks following treatment indicates highly efficient dye
removal. This result is visually supported by the dramatic
change in solution appearance from deep coloration to

Chem. Sci., 2025, 16, 14976-14987 | 14983
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Fig. 6

(a) Schematic diagram of HCDI of PTAP absorbing metal ions and dye ions. (b) UV-Vis absorption spectra and (c) digital photos of the MB

dye-laden solution before and after CDI treatment. (d) Removal efficiencies of MB cationic dye with the CDI device over 50 consecutive
adsorption—desorption cycles. (e) MESP mapping illustrating the electron-rich regions (C=0 and C=N sites) responsible for cationic adsorption.
(f) Salt ion concentrations profiles. (g) Energy recovery performance of the CDI device during the discharging process. (h) Voltage profiles of the
CDI device during charging and discharging. (i) Energy recovery rates at various applied current densities.

complete transparency (Fig. 6¢). Moreover, the CDI device
maintains exceptional removal rates approaching 100%, even
after 50 consecutive adsorption-desorption cycles, with negli-
gible performance degradation (Fig. 6d). Complementary
molecular electrostatic potential (MESP) mapping (Fig. 6e)
further highlights the electron-rich regions around the C=0
and C=N groups in the PTAP molecule, which serve as active

14984 | Chem. Sci., 2025, 16, 14976-14987

sites for cationic dye adsorption. Conductivity profiles of the
saline solution over three HCDI stages (Fig. S201) confirm stable
and efficient ion removal. After three successive HCDI cycles,
the Na* concentration was reduced to 130.1 mg L', and CI~
concentration to 200.8 mg L™" (Fig. 6f), surpassing the safety
limits established by China's national standard GB5749-2022.
In addition to its purification performance, the CDI device

© 2025 The Author(s). Published by the Royal Society of Chemistry
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demonstrated superior energy recovery capabilities. Operating
within a voltage window of —1.2 V to 1.2 V, the system achieved
an energy recovery rate of 36.97% at a current density of 4 Ag ™"
(Fig. 6g-i), indicating its potential to partially reclaim energy
during operation. This combination of high-efficiency salt and
dye removal, excellent cycling stability, and notable energy
recovery highlights the CDI device as a sustainable and high-
performance solution for water purification and environ-
mental remediation.

Conclusion

In summary, this study successfully engineered and synthesized
an electron-delocalized, dual-redox PTAP organic electrode for
advanced electrochemical desalination applications. By
employing a strategic molecular design approach, multiple
C=N and C=O0 functional groups were incorporated into
a rigid, conjugated backbone, resulting in extensive m-electron
delocalization and a notably narrow HOMO-LUMO energy gap
of 1.97 eV. This tailored molecular architecture endows the
electrode with exceptional electrochemical properties,
including a high specific capacitance of 412.73 F g~ ' and
excellent cycling stability in NaCl electrolyte. The PTAP-based
capacitive  deionization  (CDI) device demonstrated
outstanding desalination performance, achieving a high salt
removal capacity of 91.50 mg g~ " at an applied voltage of 1.2 V—
far exceeding the performance of state-of-the-art organic elec-
trode-based CDI systems (<60 mg g ')—and an impressive
average salt removal rate of 3.05 mg g~ " min . Additionally, the
device maintained ~95.55% of its initial salt removal capacity
after 100 adsorption-desorption cycles, highlighting its robust
long-term stability. Beyond desalination, the PTAP-based CDI
device exhibited multifunctional capabilities, including effi-
cient removal of organic dyes and effective energy recovery
during operation. This work offers valuable insights into the
molecular-level design of high-performance organic electrodes
and establishes a versatile platform for the next generation of
high-capacity, multifunctional electrochemical water treatment
systems. Considering the application prospects of PTAP elec-
trodes in HCDI, future research priorities and challenges
primarily include: (1) large-scale production of PTAP electrode
materials or development of analogous organic electrode
materials; (2) improving the recyclability or efficient decompo-
sition of electrode materials to promote environmental
sustainability; (3) integrating in situ characterization with
computational modeling to investigate the complex electro-
chemical mechanisms of electrode materials; (4) expanding the
scale of HCDI systems using organic electrodes and discovering
broader functional and practical uses.
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