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calized sp2-N hybridized organic
electrode enables sustainable and high-efficiency
electrochemical ammonium removal†

Haoyuan Qiu,a Minjie Shi, *a Peipei Zhang,a Yueheng Tao,a Xinyue Zhang,a

Jun Yang, a Jingxin Zhao*bc and Huan Pang *d

Water scarcity emerges as a critical global challenge, with the purity of aquatic ecosystems intimately linked

to ammonium concentrations. The removal of ammonium ions (NH4
+) is vital for mitigating ammonium

contamination and promoting the sustainability of nitrogenous resources. Capacitive deionization (CDI)

utilizing organic electrodes offers a promising electrochemical solution through a unique “ion

coordination” mechanism; however, its efficacy is hindered by the presence of electrochemically inert

units within the molecular framework for ion capture. Here, we introduce a rod-shaped DHPZ organic

compound designed as a CDI electrode, distinguished by four imine rings and lone pair electrons in sp2

orbitals. This configuration establishes a hybridized sp2-N framework that exhibits significant electron

delocalization and an exceptionally low HOMO–LUMO gap of 1.18 eV, enhancing its affinity for fast,

stable, and efficient NH4
+ capture. The DHPZ-based CDI device achieves an impressive NH4

+ removal

capacity of 136.6 mg g−1 at 1.2 V, a swift removal rate of 4.55 mg g−1 min−1, and outstanding

regeneration (95.76% retention after 200 cycles), positioning it among the leading technologies in

current CDI devices for NH4
+ adsorption. Furthermore, we have developed interconnected CDI devices

for targeting NH4
+ removal from real wastewater, highlighting a sustainable and innovative approach to

water remediation.
Introduction

The scarcity of freshwater, comprising a mere 2.53% of the
Earth's total water supply, with only 0.34% readily accessible for
human use, poses a substantial global challenge.1–4 Ammonium
contamination from sources such as agricultural runoff and
industrial wastewater represents a signicant threat to fresh-
water ecosystems. The unintentional discharge of ammonium-
laden wastewater leads to acidication and eutrophication,
adversely affecting aquatic life and jeopardizing the safety of
drinking water.5–9 Typical domestic wastewater contains
approximately 40 to 80 mg L−1 of total nitrogen, with ammo-
nium ions (NH4

+) constituting around 82%. In light of NH4
+
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environmental contaminant, the removal of NH4
+ from waste-

water becomes essential for curtailing nitrogen pollution and
advancing practices of sustainability.10–13 A variety of tech-
niques, including struvite crystallization, ion exchange, and
reverse osmosis, are utilized for NH4

+ removal from wastewater;
yet, each method comes with its own set of limitations,
including ecological impacts and steep costs. Struvite crystalli-
zation requires the addition of chemicals to regulate pH and is
effective mainly at high ammonium levels. Ion exchange and
adsorption processes involve lengthy treatment times and
generate signicant amounts of secondary waste. Additionally,
reverse osmosis depends on energy-intensive pumps and does
not specically target NH4

+.14,15 Therefore, the development of
cost-effective, energy-conserving, and environmentally friendly
technologies for the targeted extraction of NH4

+ poses a signi-
cant challenge, especially in cases of wastewater with low
ammonium content.

Capacitive deionization (CDI), recognized as an electro-
chemical technique, is emerging as a promising solution for
desalination, water purication, and the elimination of pollut-
ants. This approach offers a multitude of advantages, such as
reduced operational expenses, energy conservation, ecological
compatibility, and the prevention of secondary
contaminants.16–19 There is growing interest in applying CDI
systems for extracting NH4

+ from wastewater with low
Chem. Sci., 2025, 16, 9895–9904 | 9895
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ammonium levels, wherein the use of pseudocapacitive elec-
trodes has shown signicant potential.19,20 These electrodes
generate considerable electrochemical capacitance via redox
processes, enhancing ion adsorption and selectivity in CDI
applications. Although progress has been made with a range of
pseudocapacitive electrodes, especially those composed of
metal compounds such as MnO2, TiO2, MXenes, and Prussian
blue analogues, intrinsic shortcomings remain.9,14,20,21 The
dependence of these metal compounds on limited mineral
resources, notably metal ores and geologic deposits, greatly
limits their accessibility. Moreover, the pseudocapacitive reac-
tions of these metal compounds are characterized by the
formation and alteration of intermediate species, with some
undergoing nonreversible changes that impede reaction rates
and reduce long-term efficiency.22

Organic materials are progressively being identied as viable
contenders for pseudocapacitive electrodes in CDI
applications.23–29 A notable advantage lies in their minimal
environmental footprint, as they can be synthesized from
renewable resources, thereby alleviating the risks associated
with the disposal of heavy metals typically present in metal
compounds.25,30–33 More impressively, the inherent pseudoca-
pacitive characteristics of organic materials enable them to
capture ions through direct interactions with their functional
groups, utilizing a distinctive “ion coordination” mechanism
that transpires without any phase transition during the elec-
trochemical process.22,34 Moreover, their versatile structures
provide adaptable frameworks that are unimpeded by the lattice
expansion and structural strain associated with metal
compounds. These attributes render organic matters suited as
promising pseudocapacitive electrodes in CDI technologies.
Notwithstanding their promising attributes, the application of
organic electrodes in electrochemical deionization is still in its
formative stages. The realization of their full potential is
encumbered by the signicant presence of electrochemically
inert units within the organic molecular framework, resulting in
an insufficient density of accessible active sites that under-
mines the ion removal efficacy of the CDI devices.

In this study, we have pioneered an innovative organic
material, denoted as DHPZ, meticulously engineered as a CDI
electrode with exceptional NH4

+ capture capability. The DHPZ
molecule features an extraordinary orbital architecture, incor-
porating four imine rings that contain highly accessible C]N
redox-active sites and lone pair electrons positioned within an
sp2 orbital. This innovative design engenders a distinctive non-
equivalent hybridized sp2-N framework, characterized by
extensive electron delocalization and an extremely narrow
HOMO–LUMO gap of merely 1.18 eV. Such a conguration
endows the DHPZ electrode with a high affinity for rapid, stable,
and efficient NH4

+ capture, as validated by in situ characteriza-
tion and theoretical calculations. When integrated into a CDI
device, the DHPZ electrode demonstrates remarkable perfor-
mance, achieving a high NH4

+ removal capacity of 136.6 mg g−1,
a rapid average rate of 4.55 mg g−1 min−1 and impressive
regeneration performance, retaining 95.76% of its initial effi-
ciency even aer 200 cycles, outperforming current CDI devices
in NH4

+ removal. COMSOL simulations further corroborate the
9896 | Chem. Sci., 2025, 16, 9895–9904
high NH4
+ penetration and distribution throughout the DHPZ

electrode. Bridging the gap between laboratory innovation and
practical application, we have successfully integrated the DHPZ-
based CDI device into an electrochemical system, demon-
strating its efficacy in removing NH4

+ from real wastewater and
paving the way for sustainable environmental remediation
solutions.

Results and discussion
Molecular conguration and electronic structure

The DHPZ molecule was synthesized using an efficient method
that involved a solvent-free condensation reaction between 2,5-
dihydroxy-1,4-benzoquinone (DHBQ) and phenazine-2,3-
diyldiamine (TTFQ) precursors, as shown in Fig. 1a. The
successful synthesis of the DHPZ molecule can be conrmed
through Nuclear Magnetic Resonance (NMR) analyses. The
solid-state 13C NMR spectrum (Fig. 1b) unveils distinct signals
corresponding to specic carbon environments: two peaks at
127.9 ppm and 140.2 ppm are assigned to the carbon atoms in
C]N bonds of the imine rings, while a peak at 144.3 ppm is
attributed to the carbon atoms in C–N bonds of the imine rings.
Additionally, a peak at 129.3 ppm belongs to the carbon atoms
in C]C bonds of the benzene rings. In the liquid-state 1H NMR
spectrum, two resonances at 7.98 ppm and 7.72 ppm are
designated for the hydrogen atoms in the benzene rings and
a resonance at 7.64 ppm is associated with the hydrogen atoms
in the imine rings (Fig. S1†). The orbital conguration of the
resultant DHPZ molecule exhibits unique characteristics,
including four imine rings and lone pair electrons situated in
sp2 orbitals, leading to a non-equivalent hybridized sp2-N
framework. The p electrons of the neutral state DHPZ molecule
are 38, aligning with the 4n + 2 Hückel's rule (where n = 1, 2, 3,
etc.), which signies a high degree of aromaticity.35 The p-
electron localization function (ELF-p) illustrated in Fig. 1c
reveals that both the DHBQ and TTFQ precursors exhibit frag-
mented ELF-p isosurfaces, indicative of their low levels of
conjugation. Remarkably, upon condensing DHBQ and TTFQ to
create the DHPZmolecule, there is a considerable enhancement
in conjugation levels, with the isosurface rings extending
throughout the entire molecular framework, encompassing
both benzene and imine rings within the DHPZ molecule. As
observed from the scanning electron microscope (SEM) image,
the DHPZ molecule displays rod-shaped morphological char-
acteristics, each measuring a few micrometers in length
(Fig. S2†). This distinctive one-dimensional rod-like congura-
tion creates longer and uninterrupted channels for ion diffu-
sion, thereby enhancing the accessibility of active sites within
the DHPZ molecule. More characterization studies about the
structural characteristics of the DHPZ molecule are provided in
Fig. S3–S6.†

Investigating the optical properties of the DHPZ molecule
provides valuable information about its electronic behaviors. A
key factor in this regard is the optical band gap (Eg), which
represents the energy difference between electronic levels
within the organic molecule (Fig. 1d). The Eg value is a crucial
parameter inuencing the electrochemical activity of the
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Structural characterization of the DHPZ organic molecule. (a) Molecular structure diagram and (b) solid-state 13C NMR spectrum of DHPZ
synthesized from DHBQ and TTFQ precursors. (c) ELF-p plots, (d) UV-vis absorption spectra and (e) the calculated Eg values of DHBQ, TTFQ and
DHPZ molecules. (f) LOL-p color-filled map and (g) HOMO–LUMO distributions of the DHPZ molecule.
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organic materials. A smaller Eg generally corresponds to
improved conductivity and faster electrochemical reaction
rates.36 As illustrated in Fig. 1e, the DHPZ molecule exhibits
a remarkably small Eg of 1.73 eV, signicantly lower than the Eg
values of its precursors, DHBQ (2.03 eV) and TTFQ (2.25 eV).
This small Eg value signies that the DHPZ molecule requires
less energy for electron excitation, signicantly enhancing its
redox kinetics and promoting efficient charge transfer proper-
ties by substantially lowering the kinetic barrier within the
DHPZ molecule. To probe the kinetic behavior of the DHPZ
molecule, specically its capacity for electron delocalization,
the localized orbital locator-p (LOL-p) method was employed.
This method utilizes a LOL value of 0.5 as a demarcation: values
© 2025 The Author(s). Published by the Royal Society of Chemistry
below indicating localized electrons and those above signifying
delocalization.37 As evidenced in Fig. 1f, the LOL-p prole for
the DHPZ molecule presents values consistently ranging from
0.621 to 0.862 along its molecular backbone. This observation
conrms substantial p-electron delocalization, underscoring
the highly conjugated arrangement of the DHPZ structure.
When examining the partial density of states (Fig. S7†), one can
observe a dense population of electrons near the Fermi energy
level, indicating a considerable degree of electron delocaliza-
tion and a natural propensity for charge movement in the DHPZ
molecule. Additionally, the orbital energy prole illustrates
a low-energy unoccupied molecular orbital (LUMO) alongside
a high-energy occupied molecular orbital (HOMO), as shown in
Chem. Sci., 2025, 16, 9895–9904 | 9897
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Fig. 1g. The computational results demonstrate that the DHPZ
molecule exhibits an exceptionally small HOMO–LUMO gap of
merely 1.18 eV. Such a narrow energy gap greatly lowers the
activation energy required for electron transfer, promoting
efficient oxidation and reduction processes. This electronic
conguration enhances the redox activity while simultaneously
boosting charge transport properties of the DHPZ molecule
through facilitated interorbital electron mobility37,38 It is
important to note that this energy gap is signicantly smaller
than those found in other electroactive organic materials
(Fig. S8†).
Fig. 2 Electrochemical properties of the DHPZ electrode tested in NH4C
different scan rates. (c) GCD plots, (f) the corresponding specific cap
representation of ICSSZZ, (e) color-filled contour map of ICSSZZ in the
sponding ELF image of the DHPZ molecule. (h) Ex situ Bode plots. (i) Lo
uptake/release. (j) The calculated HOMA values of the reduced DHPZ st

9898 | Chem. Sci., 2025, 16, 9895–9904
Electrochemical measurements and the absorption
mechanism

Further investigations into the electrochemical characteristics
of the DHPZ molecule were conducted in NH4Cl aqueous
solution. A three-electrode setup was employed for the study,
which included the use of the synthesized DHPZ as the working
electrode, a graphite rod serving as the counter electrode, and
a saturated Ag/AgCl electrode functioning as the reference
electrode. Cyclic voltammetry (CV) was performed on the DHPZ
electrode over a range of scan rates from 5 to 50 mV s−1. As
illustrated in Fig. 2a, the resulting voltammograms display clear
l aqueous electrolyte. (a) CV curves and (b) the calculated b values at
acitances and “IR drops” at various current densities. (d) Isosurface
slice plane perpendicular to the symmetry plane, and (g) the corre-

ng-term cycling stability of the DHPZ electrode during repeated NH4
+

ate upon NH4
+ adsorption.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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pseudocapacitive features, indicative of faradaic processes
associated with the NH4

+ uptake. The discerned escalation in
peak currents with increasing scan rates, combined with the
uniform morphology of the CV curves, alongside the slight
variations in peak potentials (Fig. S9†) with minimal electrode
polarization, further corroborates the remarkable electro-
chemical responsiveness and efficient redox kinetics of the
DHPZ electrode. The b values depicted in Fig. 2b are quantita-
tively determined to be 0.79 and 0.88 during the oxidation
phase and 0.76 and 0.93 during the reduction phase, conrm-
ing that the DHPZ electrode is predominantly governed by
surface-controlled capacitive contributions (Fig. S10†), as
opposed to the more sluggish diffusion-controlled processes. As
illustrated in Fig. 2c, the galvanostatic charge/discharge (GCD)
proles for the DHPZ electrode, obtained at various current
densities ranging from 1 to 8 A g−1, display a high degree of
symmetry, underscoring the reversibility of the electrochemical
processes involved. Calculations based on these curves reveal
a remarkable specic capacitance of 361.05 F g−1 at a current
density of 1 A g−1. Notably, even when subjected to a tenfold
increase in current density, the DHPZ electrode maintains
a considerable specic capacitance of 178.8 F g−1 (Fig. 2f),
underscoring its exceptional rate capability for NH4

+ capture.
Furthermore, it is evident that the increase in “IR drop” remains
negligible across various current densities, further affirming the
outstanding electron transfer efficiency of the DHPZ electrode
for NH4

+ capture.
To evaluate the electronic structure and aromatic properties

of the DHPZ electrode, we employed the iso-chemical shielding
surface (ICSS) methodology. Fig. 2e illustrates the Z-component
of the ICSS (ICSSZZ) corresponding to the symmetrical supra-
molecular plane. Distinct shielding regions (depicted in red)
project outward perpendicular to the plane, encircled by
a closed and deshielded isosurface (represented in blue). This
characteristic ICSSZZ distribution pattern offers compelling
evidence in support of the p-aromaticity of the DHPZ mole-
cule.39,40 A more profound comprehension of the ICSSZZ can be
achieved by scrutinizing the slice plane that is perpendicular to
the symmetry plane (Fig. 2d). This visualization uncovers
a signicant magnetic shielding effect, characterized by a rela-
tively smooth gradient within the ring's interior. In quantitative
terms, the ICSSZZ values at the center of the ring (ICSSZZ (0))
and 1 Å above this point (ICSSZZ (1)) are 13.88 ppm and
8.91 ppm, respectively (Fig. 2d). These results accentuate the
intricate in-plane aromatic characteristics of the DHPZ mole-
cule. The delocalization of p-electrons throughout the conju-
gated superstructures facilitates the injection of electrons into
the DHPZ molecule with a reduced energy barrier, thereby
enhancing structural stability. The electron localization func-
tion (ELF) of the DHPZ molecule is illustrated in Fig. 2g. The
pronounced brightness surrounding the carbon and nitrogen
atoms within the benzene and imine rings indicates a signi-
cant accumulation of electrons, further conrming the
complete delocalization of p-electrons in the DHPZ molecule.
Consequently, the freely delocalized p-electrons and the
extended conjugation considerably lower the energy barrier for
the NH4

+ diffusion in the DHPZ electrode.
© 2025 The Author(s). Published by the Royal Society of Chemistry
Fig. 2h showcases the Bode plots of the DHPZ electrode at
various stages throughout the charging and discharging
process. The dashed line, representing a phase angle of 45°,
delineates the eigenfrequency ranging from 0.34 to 1.70 Hz.
This range corresponds to a rapid frequency response, charac-
terized by time constants spanning from 0.59 to 2.94 s. In the
Nyquist plot (Fig. S11†), the characteristic near-vertical lines in
the low-frequency domain, associated with a low charge transfer
resistance of 2.17 U in the high-frequency domain, suggest
efficient NH4

+ diffusion and charge transfer across the DHPZ
electrode. Calculations indicate a high diffusion coefficient for
the DHPZ electrode, measuring 1.77 × 10−12 cm2 s−1

(Fig. S12†), thereby highlighting the remarkable electro-
chemical kinetics of the electrode and its capacity for swiNH4

+

capture.
As shown in Fig. 2i, the DHPZ electrode exhibits exceptional

stability, retaining an impressive 95.93% of its capacity aer
over 10 000 charge–discharge cycles and achieving nearly 100%
coulombic efficiency at 5 A g−1. When compared to a range of
other NH4

+-capturing electrodes, including transition metal
oxides, Prussian blue analogs, and layered double hydroxides
(Table S1†), the DHPZ electrode demonstrates superior cycling
stability, both in terms of capacitance retention and overall
cycle life. Fig. 2j illustrates the indices of the harmonic oscil-
lator model of aromaticity (HOMA) for the DHPZmolecule in its
reduced state. As the HOMA index approaches 1, it indicates
a considerable improvement in both the aromatic character and
structural stability of the organic molecule. Signicantly, the
HOMA values near 1 upon the complete adsorption of NH4

+

highlight the exceptional stability of the DHPZ molecule for
NH4

+ capture.40 The results, presented in Fig. S13,† further
demonstrate exceptional electrochemical stability, with the
DHPZ electrode retaining 96.27% of its initial specic capaci-
tance aer 10 000 cycles at a high current density of 10 A g−1.

In situ Raman spectra (Fig. S14†) of the DHPZ electrode were
collected during the electrochemical testing, as presented in
Fig. 3a. During the discharge process, the peak intensity of the
C]N bonds (1589 cm−1) signicantly decreases with the
absorption of NH4

+, while the peak intensity of the C–N bonds
(1374 cm−1) gradually increases accordingly. When the poten-
tial is reversed, the signal for the C–N bonds gradually weakens,
coinciding with the reappearance of the C]N bonds as a result
of the oxidation reaction during NH4

+ removal. As illustrated in
Fig. S15,† the ratio of peak intensities for the C]N and C–N
bonds (IC]N/IC–N) was graphed against potential. This analysis
uncovers a distinct trend: the IC]N/IC–N ratio progressively
diminishes during the discharging phase (NH4

+ uptake) and
increases during the charging phase (NH4

+ removal). This
behavior indicates that a reversible redox reaction involving the
transformation of C]N into C–N bonds takes place within the
DHPZ electrode during the NH4

+ uptake/release process. Ex situ
XPS analysis at its initial, discharged, and charged states
(Fig. 3b) reveals shis in the N 1s spectra that suggest reversible
bond transformations. During the discharging phase, the C]N
bond (398.88 eV) predominantly shis to 400.98 eV, indicating
the formation of C–N bonds. This alteration returns to its
original state upon charging, conrming the reversibility of the
Chem. Sci., 2025, 16, 9895–9904 | 9899
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Fig. 3 Electrosorption mechanism of the DHPZ electrode for NH4
+ capture. (a) In situ Raman spectra during the electrochemical process. (b) Ex

situ N 1s XPS spectra at pristine, fully charged and discharged states. (c) MESP surface and (d) the calculated RESP values of DHPZ molecule. (e)
Charge differential distribution of the DHPZ molecule upon NH4

+ adsorption. (f) Schematic illustration of the proposed NH4
+ adsorption–

desorption process within the DHPZ electrode.
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electrochemical process. Fig. 3c illustrates the molecular elec-
trostatic potential (MESP) representation, emphasizing the
eight nitrogen atoms situated within the four imine rings.
These nitrogen atoms are surrounded by areas of elevated
electronegativity, indicated by signicant negative restrained
electrostatic potential (RESP) values (approximately −0.60 eV at
each imine location, Fig. 3d). This nding suggests that the
C]N bonds in the imine rings are capable of interacting with
NH4

+ ions during the redox process. Analyzing the charge
density differentials further conrms notable charge depletion
and accumulation between NH4

+ and imine sites within the
DHPZ molecule (Fig. 3e), reinforcing the assertion that the
DHPZ electrode can efficiently capture NH4

+ ions. Based on
these observations, a schematic illustration of the electro-
chemical transformations within the DHPZ electrode is
provided in Fig. 3f, where NH4

+ ions are adsorbed and desorbed
through redox reaction involving the eight C]N bonds of the
DHPZ electrode, with the C]N 4 C–N transformations upon
NH4

+ uptake/release.
CDI performances and applications for NH4
+ removal

To maximize the electrochemical capacity generated by redox
reactions, we have adopted an asymmetric design strategy,
which combines a rod-shaped DHPZ organic electrode with
exceptional NH4

+ adsorption capability and commercial acti-
vated carbon (AC) with high surface area for Cl− uptake. The
synergistic integration of these electrode materials enables the
9900 | Chem. Sci., 2025, 16, 9895–9904
construction of a hybrid CDI device with signicantly improved
overall electrosorption capacity. As shown in Fig. 4a, a hybrid
CDI device has been fabricated employing DHPZ as the anode
and AC as the cathode. An anion exchange membrane is posi-
tioned adjacent to the AC cathode to prevent cation adsorption
during voltage reversal. The assembled CDI device was investi-
gated at various applied voltages within 10 mM NH4Cl aqueous
solution. Fig. 4b shows the associated transient current curves,
which demonstrate the real-time variations in current
throughout the adsorption and desorption phases. The
conductivity of the solution was continuously monitored using
an online conductivity meter, and the NH4

+ concentration can
be determined based on a calibration curve derived from the
conductivity data (Fig. S16†). When different voltages are
applied to the CDI device, a noticeable initial current is gener-
ated, which quickly drops and then stabilizes. At the same time,
the solution conductivity also shows a substantial decline
(Fig. S17†). It is evident that the enhanced electrostatic forces
improve the NH4

+ absorption within the DHPZ electrode,41,42

leading to a signicant increase in the specic capacity for NH4
+

removal as the voltage increases (Fig. 4c). When subjected to the
tested voltage of 1.2 V, the CDI device achieves exceptional NH4

+

removal performance, achieving a considerably large capacity of
136.6 mg g−1 at 1.2 V with a high charge efficiency of 81.94%.
However, an examination of charge efficiency uncovers
a signicant declining trend as applied voltages increase
(Fig. S18†), suggesting an elevated probability of side reactions
at voltages exceeding 1.2 V. When operated at 1.2 V, the CDI
© 2025 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc02192h


Fig. 4 CDI performances for NH4
+ removal. (a) A schematic representation of the hybrid CDI device incorporating a rod-like DHPZ anode paired

with an AC cathode. (b) Current response profiles; (c and d) NH4
+ removal capacities as a function of removal times and removal rates at varying

applied voltages. (e) Regeneration stability and the corresponding SEC values across 200 cycles at 1.2 V. (f) Finite element simulations of the NH4
+

distributions within rod, block, and granule electrode models and (g) the simulated NH4
+ concentrations and diffusion rates. (h) Schematic

illustration of rapid NH4
+ diffusion through the rod-like DHPZ structure. (i) A comparative analysis of the achieved NH4

+ removal capacity against
existing CDI devices utilizing various electrode materials.
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device delivers a rapid average NH4
+ removal rate of 4.55 mg

g−1 min−1 (Fig. 4d), highlighting its superior adsorption effi-
ciency for NH4

+ removal. To assess the regeneration stability of
the assembled CDI device, continuous adsorption–desorption
experiments were conducted in constant voltage mode for 200
cycles at 1.2 V. As illustrated in Fig. 4e, the NH4

+ removal
capacity of the CDI device achieves an impressive retention rate
of 95.76% aer 200 cycles, outperforming other CDI devices
incorporating pseudocapacitive materials (Fig. S19†). Chemical
oxygen demand (COD) analysis further indicates negligible
dissolution of organic matter from the DHPZ electrode during
CDI operation (Fig. S20†). Signicantly, the specic energy
consumption (SEC) per cycle remains consistently low, ranging
© 2025 The Author(s). Published by the Royal Society of Chemistry
from 54.25 to 57.94 kJ mol−1, conrming the minimal occur-
rence of side reactions during the cycling process.

Finite element simulations were performed using COMSOL
Multiphysics to examine the NH4

+ diffusion behavior within the
DHPZ electrode in the CDI device. For comparative analysis,
three distinct electrode congurations—rod, block, and
granule—were simulated in a 10 mM NH4Cl solution at an
applied voltage of 1.2 V. The simulation results reveal notable
differences in NH4

+ concentration proles across the three
electrode models over identical time intervals. Specically, the
rod-shaped electrode model exhibits more pronounced NH4

+

concentration variations compared to the block and granule
models, with substantially higher NH4

+ concentrations
observed in its deeper regions (Fig. 4f). Further analysis of the
Chem. Sci., 2025, 16, 9895–9904 | 9901
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simulation data demonstrates that the rod-shaped electrode
model possesses a remarkably higher ion diffusion coefficient
of 1.77 mol m−2 s−1, which is approximately three- and four-fold
greater than that of block and granule models, respectively.
Additionally, the rod-shaped electrode model exhibits the
highest NH4

+ concentration (9.8 mol m−3) among the three
congurations (Fig. 4g), conrming its superior ability to facil-
itate the penetration and uniform distribution of NH4

+ ions.
These ndings underscore the advantages of the rod-shaped
design in optimizing NH4

+ diffusion and adsorption efficiency
in CDI devices, as depicted in Fig. 4h. As a result, the NH4

+

removal capability of the CDI device shows a remarkable
enhancement compared to reported CDI devices for NH4

+

removal that utilize a range of electrode materials (Fig. 4i and
Table S2†).7,8,13–15,20,21,43,44 The experimental ndings strongly
indicate that the DHPZ organic material demonstrates signi-
cant potential as a faradaic electrode for CDI applications. Its
advantages over conventional inorganic materials are multi-
faceted, encompassing not only superior environmental
compatibility, including enhanced sustainability, reduced
ecological impact, and lower carbon emissions, but also
Fig. 5 CDI applications for NH4
+ removal from wastewater. (a) Schema

CDI device. (b) Selectivity coefficients of NH4
+ over competing cation

energies of the DHPZ electrode coordinated with different cations (Na+, C
CDI devices and (e) the corresponding reductions in NH4

+ concentration
(f) The NH4

+ concentrations in the treated effluent following success
assembled CDI device with considerable potential for practical applicati

9902 | Chem. Sci., 2025, 16, 9895–9904
outstanding electrosorption performance. These properties
stem from its unique structural characteristics, such as abun-
dant redox-active sites, extensive p-electron conjugation, and
a highly stable framework that facilitates exceptional and long-
term NH4

+ adsorption.
The selective extraction of NH4

+ is of importance for the
efficient capture of ammonium resources (Fig. 5a), particularly
in addressing environmental concerns and enhancing nitroge-
nous recovery from wastewater systems. To systematically
evaluate the selectivity of the CDI device for NH4

+ amidst
competing cations, a series of experiments were conducted
using mixed solutions. The ndings from these experiments are
presented in Fig. S21 and S22,† which illustrate the competitive
behavior of NH4

+ against other cations. As illustrated in Fig. 5b,
the selectivity coefficients of the CDI device for NH4

+ are 4.9 and
8.65 when competing with Na+ and Ca2+ in binary solutions,
respectively. Furthermore, when these three cations are present
at equal concentrations, the selectivity of the CDI device for
NH4

+ is greater than that for Na+ and Ca2+, with selectivity
coefficients of NH4

+/Na+ and NH4
+/Ca2+ being 1.9 and 11.4,

respectively. To gain a deeper insight into the differences in
tic illustration of the selective NH4
+ removal process in the assembled

s in binary and multicomponent solutions. (c) Calculated adsorption
a2+ and NH4

+). (d) An integrated system utilizing three interconnected
s in actual ammoniumwastewaters before and after system processing.
ive system processing cycles. (g) A schematic representation of the
ons in domestic wastewater treatment.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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selectivity, the adsorption energies of various ions on the DHPZ
electrode were computed. The results indicate that, in
comparison to Na+ and Ca2+, the adsorption energy of NH4

+ is
the most negative (Fig. 5c), suggesting that the DHPZ electrode
in the CDI device provides remarkable selectivity for the NH4

+

capture.
To illustrate practical implementation, we have craed

interconnected CDI devices that enable multi-stage removal
processes. As depicted in Fig. 5d, ammonium wastewater ows
into a three-stage CDI treatment system, ultimately yielding
puried water. The system performance was evaluated using
authentic ammonium-containing wastewater collected from
a municipal plant in Jiangsu Province, China, with an NH4

+

concentration of 52.69 mg L−1 and conductivity of 1482 mS cm−1

(see the Experimental section for details). Fig. 5e shows that the
integrated system effectively achieves consistent NH4

+ removal
throughout each stage of the electrosorption process. Even with
the existence of competing ions in the actual wastewater, the
NH4

+ concentration can be lowered to 8.44 mg L−1 aer three
rounds of CDI treatment (only ∼90 min), exceeding the strin-
gent requirements of China's Class I wastewater discharge
standard (GB8978-1996). Moreover, the integrated system has
been employed in the continuous treatment of actual waste-
water. It is evident that, following a three-stage purication
process lasting 90 min, the NH4

+ concentrations in the treated
effluent can be diminished to less than 12 mg L−1 (Fig. 5f),
thereby successfully complying with the wastewater discharge
standards. This outcome substantiates the excellent electro-
chemical ammonium capture capabilities of the CDI-based
systems for practical applications. It visually illustrates the
variation in conductivity from wastewater to the nal output of
the three-stage purication process, reecting a signicant
reduction from 1482 to 691 mS cm−1, with nearly negligible
NH4

+ content (Fig. S23†). Besides, the CDI device demonstrates
sustainable energy recovery capability,45 as shown in Fig. S24
and S25.† Due to its efficiency, energy-saving properties, recy-
clability, and high selectivity for NH4

+ removal, the developed
organic-based CDI device holds considerable potential for real-
world applications in water purication and contaminant
removal, especially in the treatment of domestic wastewater
(Fig. 5g).

Conclusion

In summary, a novel DHPZ organic material has been craed
for a CDI electrode with superior NH4

+ adsorption capacity,
which showcases a specialized orbital structure comprising four
imine rings and lone pair electrons in an sp2 orbital, forging
a unique non-equivalent hybridized sp2-N framework. The
presence of available C]N redox-active sites within the imine
rings is complemented by the highly aromatic DHPZ frame-
work, characterized by extensive electron delocalization and
featuring aminimal HOMO–LUMO gap of merely 1.18 eV. These
distinctive characteristics enhance its ability for rapid, consis-
tent, and effective NH4

+ adsorption. Consequently, the DHPZ-
based CDI device achieves an impressive NH4

+ removal
capacity of 136.6 mg g−1 at 1.2 V, alongside a swi average
© 2025 The Author(s). Published by the Royal Society of Chemistry
adsorption rate of 4.55 mg g−1 and exceptional regenerative
performance, maintaining 95.76% efficiency aer 200 cycles.
This remarkable and consistent removal capability surpasses
those of existing CDI devices for NH4

+ adsorption. For applied
scenarios, we have devised a series of interconnected CDI units
specically tailored for the NH4

+ elimination from real waste-
water, embodying a sustainable and cutting-edge solution for
wastewater treatment and water purication.
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