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The development of organic electrode materials for capacitive deionization
(CDI) is hindered by limited redox-active sites and sluggish ion kinetics. Herein, a
proton-acid-mediated interfacial polymerization strategy is proposed to fabricate
nanoscale protonated polyaminoanthraquinone (PAAQ), mitigating these limitations.
The protonated imine groups (-NH-) on the PAAQ chains to form -NH,"- polarons,
induces extensive m-electron delocalization along the polymer backbone, which
activates the latent redox sites and significantly boosts the electrochemical
performance. In addition, leveraging the intrinsically low crystallinity of PAAQ,
interfacial polymerization was coupled with agitation to disperse the aqueous oxidant
template, yielding nanoparticles whose increased specific surface area increases the
accessible active adsorption sites. The optimized PAAQ material delivers an
exceptional NH," removal capacity of 120.43 mg g'!' and a high rate of 9.22 mg g-!
min-!, surpassing most reported organic electrodes. The material also shows
outstanding cycling performance, maintaining 84.1 % of its original capacity after 50
CDI cycles. This work proposes a protonation-activated strategy that unlocks the
latent redox sites of conjugated polymers and amplifies their electrochemical
performance, providing valuable insights for the development of high-performance
organic electrodes in CDI and related energy storage applications.

Keywords: Capacitive deionization; Organic polymer; Ammonium removal; Water

purification; Electron delocalization


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ta02416e

Page 3 of 29 Journal of Materials Chemistry A

4 Lintroduction o 0105 bR
42 With the expansion of agriculture, acceleration of industrialization, and population
43  growth, many ammonia nitrogen emissions caused ammonium ion (NH*) pollution has
44 become one of the important environmental problems facing the world!-. Industrial activities,
45  including metallurgy, chemical manufacturing, fertilizer production, and coking, as well as
46  agricultural practices such as excessive use of fertilizers and discharge of livestock
47  wastewater, are the primary sources of ammonium nitrogen pollution* 3. The discharge of
48  wastewater containing ammonium nitrogen contributes to water eutrophication and leads to
49  the formation of hazardous substances such as nitrites and nitrates® 7. Ammonia reclaimed
50 from the environment is being re-envisioned as a strategic, renewable energy -carrier,
51  capitalizing on its high energy density, carbon-free nature, safety, and transport
52 economy—benefits that go well beyond its historical use in fertilizers®-'?. With a high
53  volumetric hydrogen density (106 kg H, m= as a liquid at 300 K and 1.0 MPa, compared to
54  liquid hydrogen’s 70 kg H, m™ at 20 K)!!, ammonia is easy to store and transport, making it a

55  versatile medium. Thus, efficient ammonia recovery from aqueous environments holds

56  significant importance for environmental protection and energy utilization.

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

57 Traditional ammonia recovery methods, such as ammonia stripping, chemical

58  precipitation, oxidation, membrane filtration, biological treatment and so on, have
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59  limitations'> 3. Ammonia stripping needs pH and temperature adjustments, posing air

(cc)

60  pollution and scaling risks. Struvite precipitation requires large amounts of magnesium and
61  alkali, yielding low fertilizer output. Anaerobic ammonium oxidation has a long start up
62  period and is sensitive to environmental changes. Therefore, there's an urgent need for a
63  pollution-free, cost-effective, and energy-efficient NH," capture technology. Capacitive
64  deionization (CDI) is an energy-saving emerging water treatment technology by adsorbing
65  ions onto electrodes under an applied DC voltage, which is easy to operate, sustainable, and
66  reusable with electrodes'* 13, It can also selectively remove different ions through electrode
67  design '%17. Compared to the various limitations of traditional inorganic electrode materials,

68  such as anodic corrosion and co-ion effect of carbon materials, poor conductivity and volume
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expansion of inorganic faraday materials'®®, organic electrode materials, which achjgvg ig
storage through functional groups with redox activity to avoid the above defects, have become
a hot research topic in CDI electrode materials in recent years. This pseudocapacitive organic
electrode materials rich in active site such as carbonyl groups and Schiff bases have shown
significant advantages in high capacity, adjustability, stability, and low toxicity?’3!.

Given their high theoretical charge-storage capacities, well-defined redox potentials,
rapid kinetics, and structural diversity, quinones have been the subject of extensive
electrochemical research. Their theoretically substantial specific capacity is competitive with
lithium-ion systems3?> 33, 1-Aminoanthraquinone (AAQ), an inexpensive organic precursor
that incorporates redox-active quinone units, can be polymerized into extensively
n-conjugated architectures, thereby enhancing the overall charge density, which has been
widely exploited for proton storage and cation batteries. However, most previous CDI studies
have relied on quinone-based oligomers obtained through condensation reactions that aim to
establish a nominally complete n-conjugated backbone. The resulting polymer frameworks
are fragile and readily dissolved in flowing aqueous electrolytes, representing one of the
bottlenecks in the research of organic electrodes’* 3°. In fact, a straightforward
homopolymerization of AAQ directly affords a long-chain, robust polyaminoanthraquinone
(PAAQ) framework that withstands aqueous environments under periodic electric fields. Yet
this otherwise straightforward route has received scant attention because the homopolymer
backbone cannot sustain long-range n-electron delocalization, the majority of its redox-active
sites remain electrochemically silent. Although the anthraquinone moieties possess an
intramolecular 7©-n conjugated framework, the interunit p-m conjugation supplied by the
bridging imine group (-NH-) introduces periodic disruptions that act as energetic barriers to
electron delocalization along the PAAQ chains, leading to limited conductivity.

Recent investigations have demonstrated that protonation of these -NH- linkages by
protonic acids drives the formation of P-doped polaronic states that reorganize the charge

distribution along the PAAQ chain, and the resulting PAAQ effectively extends m-electron
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96  delocalization across the entire conjugated architecture, thereby markedly ephangings 05 ne
97  macroscopic electrical conductivity’® 37. The improvement of conductivity is expected to
98 activate the redox sites on conjugated polymers to achieve higher electrochemical adsorption
99  capacity®® %. Additionally, In a reaction environment containing protonic acids, amino group
100 (-NH,) are protonated to more reactive -NH;", thereby promoting the continuous
101 polymerization of monomers to increase the yield of long-range polymers*. It should also be
102  emphasized that monomers and oxidants are usually soluble in different solvents. Compared
103  with in-situ polymerization in a single solvent, interfacial polymerization in multiple solvents
104  usually achieves better results*!. When two immiscible liquids form an interface, one of the
105  liquid solvents contains a monomer. Due to the difference in chemical potential between two
106  immiscible liquids at the interface, monomers can diffuse towards the interface and initiate
107  polymerization, thereby achieving precise design of the polymer structure based on solvent
108  soft templates.
109 In this work, a novel and convenient AAQ polymerization method was developed. By

110  utilizing the interface aggregation strategy and the promoting effect of proton acid, the

111  protonated PAAQ exhibits satisfactory microstructure and capacitance. This method achieves

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

112 an enhanced conductivity and activated redox sites for conjugated polymers by proton acid

113 regulation of electron delocalization, endowing them with excellent electrochemical

Open Access Article. Published on 14 May 2026. Downloaded on 5/15/2026 12:50:17 AM.

114  performance. At 1.2 V, the adsorption capacity of enhanced PAAQ for NH," is as high as

(cc)

115  120.43 mg g'!, and the adsorption rate is 9.22 mg g! min’!, significantly better than that of
116  undoped acid and structurally optimized control sample. A series of characterization results
117  indicate that the C=0O group is the redox adsorption site for NH,", and microgravimetric
118  monitoring by an electrochemical quartz crystal microbalance with dissipation (EQCM-D)
119  further corroborates the reversibility of the ion adsorption/desorption process.

120

121 2.Experimental methods

122 2.1. Material and chemicals

123 1-Amino Anthraquinone (AAQ, >98 %) were obtained from Shanghai Adamas Co., Ltd.
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(Shanghai, China). Ammonium persulphate (APS, AR, >98 %) was purchased from Shanghais "0 O

Titan Scientific Co., Ltd. (Shanghai, China). Acetonitrile (HPLC, 99.90 %) was obtained
from Shanghai Adamas Co., Ltd. (Shanghai, China). Perchloric acid (HCIO,, GR, 70.0 —
72.0 %) was purchased from Yonghua Chemical Co., Ltd (Jiangsu, China). Ethanol absolute
(AR, >99.7 %) was provided by Shanghai Lingfeng Chemical Reagents Co., Ltd. (China).

Activated carbon (AC) powder obtained from Shanghai Macklin Biochemical Co.Ltd.
(Shanghai, China). AC powder, carbon black (Shanghai Adamas Co., Ltd.) and
polyvinylidene fluoride (PVDF, Adamas, average Mw~534000, RG) were combined at a
weight ratio of 8 : 1 : 1, followed by the addition of several drops of
1-Methyl-2-pyrrolidinone (NMP, >99.5 %, Aladdin), and the mixture was stirred for more
than 12 h. This slurry was evenly coated onto a carbon paper and subsequently dried under
vacuum at 60 °C to obtain an AC electrode with a thickness of approximately 0.1 mm.
2.2. Synthesis of PAAQ

Add 1.2780 g of APS to 20 mL of deionized water and sonicate to obtain a uniform APS
solution. Add 0.3125 g (naaq : naps = 1 : 4) of AAQ monomer and 40 mL of acetonitrile to a
beaker, then drip 140 pL of HCIO, and sonicate for 15 min to obtain a uniform orange yellow
transparent solution. The APS solution was then slowly added dropwise at a rate of one drop
every three seconds while the mixture was stirred at 300 rpm and maintained at 25 °C. The
color of the solution gradually turned dark orange, and stirring was continued at room
temperature for 48 h, resulting in the formation of a black precipitate. This solid product
(denoted as PAAQ-PS) was collected by centrifugation, washed sequentially with ethanol and
deionized water, and finally dried in a vacuum oven at 60 °C. In addition, two additional
samples were prepared under otherwise identical conditions to highlight the roles of acid and
stirring: PAAQ-S which involved stirring but no addition of protonic acid, and PAAQ-P
which involved the addition of protonic acid but no stirring during the dropwise addition and
subsequent reaction.
2.3. Material characterization

Scanning electron microscopy (SEM, GeminiSEM 300, Germany), X-ray diffractometer

/D6TA02416E
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152 (XRD, Rigaku Ultima IV, Japan), X-ray photoelectron spectroscopy (XPS, Thermo Sgientifics) 05 o
153  K-Alpha, America), Fourier transform infrared spectrometer (FTIR, iS10, America),
154  Thermogravimetric analysis (TGA, TGA-1000C, China), Electrochemical workstation
155  (PGSTAT302N, Swiss), Electrochemical Quartz Crystal Microbalance with Dissipation
156  Monitoring (EQCM-D, Biolin, Swiss), Based on the N, adsorption/desorption isotherms
157  tested on Micromeritics ASAP 2460, the corresponding specific surface area (SSA) of the
158  different materials was calculated by Bruner Emmett Teller (BET). The pore size distributions
159  were calculated by Barret Joyner Halenda analysis (BJH).

160  2.4. Electrochemical measurements

161 The PAAQ material, CB, and PVDF were mixed at a mass ratio of 8:1:1 in NMP
162  solution and stirred for 24 hours to obtain a homogeneous slurry. The slurry was evenly
163  coated onto a carbon paper using a film applicator at a thickness of 1 um. The coated area was
164  then carefully scraped to define a well-defined electrode region of 1 cm % 1 cm. After vacuum
165  drying at 60 °C to completely remove the solvent, the total mass of the dried active materials

166  on the electrode was approximately 0.5 mg. The resulting PAAQ electrode was then ready for

167 electrochemical tests.

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

168 Electrochemical tests were performed on a standard three-electrode system connected to

169  an electrochemical workstation. The as-synthesized PAAQ, a platinum sheet, and a saturated

Open Access Article. Published on 14 May 2026. Downloaded on 5/15/2026 12:50:17 AM.

170  Ag/AgCl electrode served as the working, counter, and reference electrodes, respectively.

(cc)

171 The specific capacitance (C, F g!) was derived from the galvanostatic charge-discharge

172 (GCD) curves using the following equation:

c y/i¥a 1
173 = —
mA I; )
174 Among them, / (A) is the discharging current, Az (s) is the discharging duration, AV (V)

175  represents the voltage window, and m (g) refers to the mass of the active material on the
176  electrode.
177 Electrochemical-impedance spectroscopy (EIS) of the working electrode was recorded

178  on a workstation over the frequency window 0.01-10° Hz. The spectra were analyzed and
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fitted with equivalent circuits using ZView 3.3 software. The diffusion coefficient of NHL/ /755 eE

was subsequently extracted from the fitted data via the relationship*?:

__ R
Dhu, = o i m coga (2

Among them, R refers to the gas constant, 8.314 J K-! mol!. T refers to the Kelvin
temperature. If tested at room temperature of 25 °C, 7= 298.15 K. A4 refers to the area of the
electrode sheet, cm?. n refers to the number of electrons transferred during the reaction
process, 1. F refers to the faraday constant, 96485 C mol!. o refers to the Warburg
coefficient, which is the slope of the line fitting Z” and ©>. C refers to NH," concentration,

mol L.

2.5. CDI experiment

The PAAQ electrode for CDI tests was prepared following the same coating and drying
procedure as described for the electrochemical tests, except that the coated region was 2 cm x
2 cm and the dried active material mass was approximately 2 mg. The CDI cell was
assembled in a symmetric stack, comprising (from outside to center) fixed separators, gaskets,
conductive sheets, electrode materials, anion exchange membranes (AEM), chambers, cation
exchange membranes (CEM), and then the reverse order back to the outer fixed separators.
PAAQ and AC served as the cathode and anode materials, respectively. For each test, a 40
mL volume of 10 mM NH,CI solution was circulated through the system at a flow rate of 20
mL min~!. Prior to applying voltage, the system was flushed with both deionized water and
the NH,Cl solution to achieve physical adsorption equilibrium on the electrodes. The
concentration of NH4CI, which exhibits a linear relationship with solution conductivity, was
monitored indirectly by measuring conductivity every 10 seconds using a conductivity meter
(LeiCi, DDSJ-319L). All experiments were conducted in a sequential batch mode with
applied voltages ranging from 0.8 to 1.2 V.

The NH;* removal behaviors of the CDI system were evaluated by NH," removal

capacity (NRC, mg g') and NH;" removal rate (VRR, mg g! min’'), which were
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calculated according to the following equations: DO 101058 DeT G e
(G- CYXV
NRC= ~———"—(3)

NRC
NRR= ——(4)

Where Cy and C, (mg L") are the concentration of NH;" at initial and final
stages, respectively; V (L) i1s the volume of NH4Cl solution; m (g) represents

respective quality of electrode; ¢ (min) refers to adsorption time.

3. Results and discussion

3.1. Synthesis and characterization of PAAQ
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<

wash, dry

PAAQ powder

215

216 Fig. 1. Schematic diagram about the polymerization reaction of the PAAQ material (a), SEM (b) and
217 TEM (c) images of PAAQ-PS, SEM images of PAAQ-S (d) and PAAQ-P (e).

218 The synthetic route to PAAQ is illustrated in Fig. 1a. AAQ monomers were initiated by
219  protic acid (HCIO,) and propagated with APS as the oxidant, yielding PAAQ chains
220  composed of -NH- linked repeat units. After 24 h of reaction, the initially dark-orange organic
221  phase turned opaque-black, and a dense, black polymer film accumulated at organic-water
222 interface. To drive the conversion to completion, the reaction was prolonged to 48 h, after
223 which an abundant black precipitate had settled at the interface. The crude product was
224  isolated by centrifugation and purified via successive washes with absolute ethanol (until the
225  supernatant became colorless) to remove unreacted AAQ, followed by deionized water to
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eliminate residual APS and neutralize residual acidity. The isolated PAAQ was obtgined itis 705 One

83.5 % isolated yield. SEM equipped with EDS was employed to investigate the sample’s
morphology and elemental composition. As presented in Fig. S1, the EDS maps indicate a
homogeneous dispersion of C, N, and O across the analyzed area. To investigate the
promoting effect of protic acid and the structural tunability enabled by interfacial
polymerization, two control samples were prepared: (i) PAAQ-S (only stir), synthesized
under neutral conditions with stirring, and (ii)) PAAQ-P (only protonic acid), prepared in the
presence of protic acid under static conditions. The sample prepared with simultaneous protic
acid addition and stirring is denoted as PAAQ-PS.

Vigorous stirring dispersed the aqueous APS solution into acetonitrile, generating
numerous nano-sized aqueous droplets that served as templates. At the resulting curved
oil-water interface, AAQ monomers from the organic phase underwent oxidative
polymerization, producing uniform polymer nanoparticles. As shown in the SEM image (Fig.
1b), the resulting PAAQ-PS material exhibits a well-dispersed, millet-like morphology. This
was further confirmed by TEM (Fig. 1c), which revealed alternating dark and light contrast
within individual grains, indicating thickness variations and confirming a three-dimensional
porous architecture with abundant voids. This internal porosity provides essential pathways
and a driving force for mass transport during the adsorption of water-based pollutants. In stark
contrast, when protic acid is omitted (PAAQ-S), polymerization is incomplete, affording
irregular, sub-nano fragments resembling the wreckage of a sphere (Fig. 1d). The necessity of
additional ethanol washes during purification corroborates the presence of substantial
unreacted monomer, resulting in a markedly lower isolated yield (53.1 %). It can therefore be
concluded that protic acids augment the involvement of monomeric species in the
polymerization reaction, thereby elevating the overall yield while simultaneously enforcing a
template-directed propagation that secures the as complete as possible growth of the polymer
along the template, ultimately affording control over the polymer’s microscopic morphology.
Under static interfacial polymerization (PAAQ-P), the absence of mechanical agitation leads

to coalescence of the aqueous APS phase, producing a dense bulk (Fig. 1e) whose compact
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architecture markedly differs from the small particulate morphology observed under stirre
conditions. Such dense packing is anticipated to hinder active site accessibility, underscoring
the influence of stirring on the microstructural evolution of interface-polymerization organic

polymer.

(a) (b)
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Fig. 2. (a) XRD patterns of PAAQ. High-resolution XPS spectra of (b) C 1s, (¢c) N 1Is. (d) FTIR
spectroscopy of AAQ and PAAQ. (e) TGA curve of samples. (f) the corresponding DOS for AAQ and
PAAQ.

XRD patterns of the AAQ monomer and the corresponding polymer PAAQ are
presented in Fig. 2a. The monomer exhibits a series of intense, well-defined Bragg reflections
indicative of its high crystallinity. Upon oxidative polymerization, these sharp peaks collapse
into broad, low-intensity humps centered at 20 = 25°, which is the signature of 7-m stacking
between polymer backplanes®> 4. XPS analysis revealed the elemental composition and
bonding states of PAAQ. High-resolution C 1s spectrum can be deconvoluted into four peaks
centered at 284.8, 285.7, 287.5 and 290.3 eV, assigned to C-C/C=C, C-N, C=0 and zn-n
stacking, respectively (Fig. 2b). Similarly, the N 1s spectrum (Fig. 2¢) could be deconvoluted
into three peaks at 399.4, 399.9 and 401.5 eV, corresponding to the quinonoid imine (=N-),
amine (-NH-), and positively charged nitrogen (N*) species** 43. The presence of the =N-
component evidences an extended m-conjugation pathway between the lone pair on nitrogen

and the anthraquinone m-system?, facilitating delocalization of charge carriers across the
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274 polymer backbone and imparting superior electron-transport characteristics. The sqlg Q1857 205€D1ne
275  component at 532.4 eV (Fig. S2) is ascribed to carbonyl oxygen (C=0) within the quinonoid
276  rings.

277 FTIR spectra of AAQ and PAAQ are displayed in Fig. 2d. For the monomer, the
278  symmetric and asymmetric N—H stretching vibrations of the terminal —NH, group are
279  observed at 3420 and 3300 cm, respectively*’. After oxidative polymerization, these two
280  peaks coalesce into a single broad envelope centered at 3470 cm™!, confirming the conversion
281  of -NH, into -NH- group within the polymer backbone*. Additional spectral signatures can be
282  summarized as follows: (1) A strong band at 1640 cm™!, common to both AAQ and PAAQ, is
283  ascribed to the C=0 stretching vibration of the quinonoid carbonyl. (2) PAAQ exhibits two
284  well-resolved peaks at 1580 cm™ and 1490 cm that are attributed to in-plane skeletal
285  vibrations of the quinonoid and benzenoid rings, respectively. In contrast, AAQ displays three
286  broader and less-defined bands in the same region, reflecting the shorter effective conjugation
287  length of the monomer®. (3) The aromatic C-N stretching mode at 1290 cm™ in AAQ

288  undergoes a red-shift to 1270 cm! in PAAQ, consistent with the formation of C-NH-C

289  bridges upon polymerization3®3'. (4) The series of bands between 1180 to 1010 cm! originate

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

290  from in-plane C-H deformation modes. (5) Out-of-plane bending vibrations appear at 827 and

291 800 cm! (two adjacent C-H) and 723 and 710 cm™! (three adjacent C-H) on the benzene ring.

Open Access Article. Published on 14 May 2026. Downloaded on 5/15/2026 12:50:17 AM.

292 FTIR spectra of the control samples (Fig. S3) demonstrate that PAAQ-S retains most of the

(cc)

293  characteristic peaks of AAQ, including the free -NH, stretches, corroborating the incomplete
294  polymerization in the absence of protic acid. Conversely, PAAQ-P exhibits spectral features
295 nearly identical to those of PAAQ, indicating that mechanical stirring influences
296  microstructure rather than the intrinsic chemical functionality of the polymer.

297 TGA demonstrates a pronounced improvement in thermal stability upon polymerization
298  (Fig. 2e). PAAQ exhibits negligible mass loss below 200 °C and retains >90 % weight
299  retention at 300 °C. The subsequent degradation is also very slow, and PAAQ-S may exhibit
300  slightly weaker thermal stability than the other two polymerization products due to

301  incomplete polymerization. In stark contrast, the AAQ monomer undergoes catastrophic
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decomposition above 300 °C, retaining merely 20 % of its initial mass at 400 °C_ Thests 0o onne

results attesting to the robustness of the polymer backbone. Variations in the density-of-states
(DOS) at the Fermi level occurring in the pores of AAQ and PAAQ (polymerization degree =
2, 3) were further investigated by using VASP AIMD simulations (Fig. 2f). The results
indicate that the formation of a more complete m-conjugated framework through further
polymerization reaction may enhance the density of states on the material surface, which is
expected to promote the transfer of electrons on the polymer chain and enhance the overall
conductivity of the material®?. N, sorption isotherms and pore-size distributions of the four
samples are presented in Fig. S5. According to the IUPAC classification®, both PAAQ and
PAAQ-P exhibit Type IV isotherms (Fig. S4a). A gradual uptake at low-to-intermediate
relative pressures (p/po < 0.4) indicates a lack of micropores structure, whereas a pronounced
capillary condensation step accompanied by a clear Hi-type hysteresis loop at p/pe > 0.8 is
diagnostic of a mesopore/macropore network. This feature is more pronounced for PAAQ-P.
The corresponding BJH pore-size distributions (Fig. S4b) corroborate the predominance of
mesopores (2-50 nm) and macropores (> 50 nm) in all polymerized products. BET analysis
yields the following SSA: PAAQ-S (27.59 m? g'') > PAAQ-PS (19.53 m? g'') > PAAQ-P
(15.35 m? g') > AAQ (2.67 m? g'). For applications of electrode materials, higher SSA
shortens ion-diffusion pathways, enhances charge-storage capacity and improves adsorption
kinetics. Notably, all polymeric products possess markedly larger SSAs than the AAQ
monomer, ensuring abundant electroactive sites. The exceptionally high SSA of PAAQ-S
originates from its fragmented, incompletely polymerization morpholog. But this
morphological characteristic does not necessarily translate to superior electrosorption
performance. Conversely, the quiescent interfacial polymerization of PAAQ-P yields a

compact, agglomerated architecture, resulting in the lowest SSA among the polymers.

3.2. Electrochemical characterization

/D6TA02416E
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Fig. 3. (a) CV and (b) GCD curves of various organic electrodes in 1 M NH4ClI solution. (c) GCD

specific capacitances, (d) contribution of capacitance and diffusion control capacity, (e) power-law

relationship between oxidation peak current and scan rate of organic electrodes. (f) Nyquist plot of
organic electrodes and equivalent circuit diagram. (g) NH,4* diffusion coefficient of organic electrodes.

(h) Long-term cycling performance and corresponding GCD curves of the PAAQ electrode at 3 A g

The various organic electrodes was characterized by conventional three-electrode
configuration (Fig. S5-8). Cyclic voltammetry (CV) and galvanostatic charge-discharge
(GCD) curves (Fig. 3a-b) reveal a quasi-reversible redox couple for both PAAQ-PS and
PAAQ-P, which can be attributed to the enolization of C=0 to C-OH on the anthraquinone
core>* 33, This transformation confirms that PAAQ possesses redox-active sites capable of
NH,* storage. Notably, the redox peak is close to zero potential, indicating facile activation of
these sites®. In contrast, both PAAQ-S and AAQ exhibit almost pure electrical double layer
behavior at higher scanning rates, with only weak and far from zero potential redox signals

observed at scanning rates below 10 mV s (Fig. S7f) and 1 mV s! (Fig. S8h) respectively.
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These observations corroborate that C=O on the conjugated backbone are intripsicallys 050 0e

9

redox-active. P-doping of PAAQ chain owing to the protonation of -NH-, triggers an
extensive delocalization of the m-electron cloud across the anthraquinone scaffold, thereby
expanding the n-conjugated structure and markedly optimizing energy bandgap and electronic
properties’”- %8, Consequently, the redox-active sites are electronically activated>®, manifesting
as a pronounced decrease in the redox potential and substantial increase in integrated peak
area. Although PAAQ-S bears a comparatively weak m-system, its CV and GCD curves
display lower polarization than those of monomeric AAQ (Fig. S7a-b, Fig. S8a-b),
underscoring low degree of m-conjugated can still provide minor additional capacitance
performance. As shown in Fig. 3¢, the specific capacitance of different electrode materials
measured at 0.5 A g in the order : PAAQ-PS (203.95 F g'') > PAAQ-P (160.73 F g!) >
PAAQ-S (56.65 F g') > AAQ (11.2 F g!). The superior performance of PAAQ-PS relative to
PAAQ-P stems from stirring operation during the polymerization process, which possibly
suppresses excessive n-n stacking of the polymer chains under static conditions, optimizing
charge distribution and extending further electron delocalization®®. In contrast, the
pronounced advantage of PAAQ-PS over both PAAQ-S and AAQ originates from the
post-protonation expansion of m-conjugation, which simultaneously unlocks latent redox
activity and cooperatively amplifies ion-storage capacity. Overall, the above results
demonstrate that the strategy of protonation to regulate electron delocalization possibly exert
a more decisive influence on capacitance of PAAQ than do structural modifications.

To gain deeper insight into the capacitive response of organic electrode materials, the
fraction of diffusion-controlled capacitance was quantified (Fig. 3d). The theory proposed by
Duun et al can quantitatively calculate the ratio of current generated by diffusion control and
capacitance control at a certain scanning rate: i = kv + k13 kv and k,v° represent surface
capacitance control current and diffusion control current, respectively. Owing to the rapid
surface-capacitive kinetics imparted by the wider range of electron delocalized n-conjugated
skeleton, the quinone-based electrodes in this work exhibit a markedly higher capacitive

contribution than most previously documented organic or ammonium-selective electrodes® 34

/D6TA02416E
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371 % 6L 62 At the scan rate of 1 mV s, the capacitive ratios are 30 % for AAQ, 31, %, %’;ﬁ;‘g;ﬁgg
372 PAAQ-S, 54 % for PAAQ-P, and 57 % for PAAQ-PS. These imply that proportion of
373  capacitance control is possibly governed predominantly by the extended m-conjugated which
374  emergers after ploymerization, whereas redox sites exert secondary influence. Among these,
375  PAAQ-PS presents the largest capacitive proportion, indicating its superior applicability for
376  rapid storage of NH,". A power-law analysis correlating the current response with scan rate
377  was performed based on the CV results. Typically, dynamics of electrode are divided into
378  capacitance control and diffusion control. The scan rate (v) versus current (i) relationship
379 follows a power-law dependence, i = av°, where a and b are adjustable parameters obtained
380 from the linear fitting of log i versus log v. The b-value of 0.5 indicates that
381  diffusion-controlled reactions dominate, while a b-value of 1.0 indicates complete capacitive
382  behavior®. The b-values of four organic materials were obtained by calculating the currents
383  of the oxidation peak and reduction peak at different scan rate (Fig. S5-8i). Notably, certain
384  difference in b-values is observed between PAAQ-PS and PAAQ-P, while PAAQ-S and AAQ

385  have almost no such phenomenon, especially AAQ. Combined with slight asymmetry of the

386  CV curves, this indicates that the additional enolization mechanism does not conform to a

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

387  simple reversible kinetic relationship possibly. Fig. 3e presents the b-values derived from the

388  anodic peak currents of all four materials. Approaching 1.0 for the three polymer electrodes’

Open Access Article. Published on 14 May 2026. Downloaded on 5/15/2026 12:50:17 AM.

389  b-values signify that dynamics is governed predominantly by capacitive processes,

(cc)

390  corroborating the quantitative capacitive-diffusion contribution analysis.

391 Electrochemical impedance spectroscopy (EIS) measurements yielded the Nyquist plot
392 presented in Fig. 3f. The high-frequency intercept and semicircle diameter represent the
393  solution resistance (Rs) and charge-transfer resistance (Rct), respectively. Fitted values follow
394  the sequence Rs: PAAQ-PS (3.81 Q) < PAAQ-P (4.01 Q) < PAAQ-S (4.10 Q) < AAQ (4.33
395  Q); Ret: PAAQ-PS (3.14 Q) < PAAQ-P (5.85 Q) < PAAQ-S (6.88 Q) < AAQ (15.49 Q). The
396  exceptionally low Rs and Rct of PAAQ-PS are ascribed to the electron delocalization of its
397  polymer chains and optimized surface-charge distribution in a rice-grain morphology, which

398 facilitate rapid electron/ion transport and enhance redox kinetics’. The Warburg coefficient
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(Rw), derived from the low-frequency linear region, decreases in the order PAAQ-PS
PAAQ-P < PAAQ-S < AAQ, corroborating the smallest Rw for PAAQ-PS%. Consequently,
based on Eq. (2), the NH,* diffusion coefficient (Fig. 3g) is highest for PAAQ-PS (1.2 x
10-'7), affirming its superior pseudocapacitive behavior. Cyclic stability was evaluated by
GCD cycling at 3.0 A g''. Over 2000 cycles, PAAQ-PS exhibited negligible capacitance fade
(Fig. 3h), underscoring its outstanding electrochemical reversibility. Organic
pseudocapacitive materialss robustness is attributed to its reliance on functional groups as
redox-active sites for ion adsorption, in contrast to storage mechanisms involving phase
transitions. This property enables it to circumvent issues like the substantial volume
expansion observed in many inorganic materials, while preserving excellent structural

integrity throughout extended cycling..

3.3. CDI performance evaluation
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Fig. 4. (a) Schematic of the PAAQ//AC HCDI process. NH," removal capacity, energy consumption(b)
and Ragone plots (c) of PAAQ under various voltages. (d) Cycling performances and retention values

of PAAQ electrodes at 1.2V. (e) NH,* removal capacity comparison of other electrode materials.

To evaluate the efficiency of the HCDI system for NH," removal, adsorption

experiments were conducted by using a custom-built CDI device. As showed in Fig.4a, the
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418  device was configured with PAAQ electrode material as the cathode for adsorbing NH,*, ands 756 e
419  commercially available activated carbon as the anode for adsorbing CI-. Upon reversing the
420  voltage, the ions adsorbed on the electrode were desorbed, and the electrode achieves
421  regeneration. To prevent the capture of ions during voltage reversal, an anion exchange
422  membrane (AEM) and a cation exchange membrane (CEM) were positioned adjacent to the
423  anode and cathode surfaces, respectively. During the process of increasing the applied voltage
424  from 0.8 V to 1.2 V, the specific adsorption capacity of organic electrodes for NH,"
425  significantly increased, indicating that high voltage helps enhance the deionization ability of
426  HCDI devices (Fig. 4b). Adsorption capacities toward NH," at 1.2 V were calculated by Eq.
427  (3) and followed the order: PAAQ-PS (120.43 mg g!') > PAAQ-P (100.52 mg g'') > PAAQ-S
428  (70.83 mg g!) > AAQ (17.13 mg g!) (Fig. 4b), a trend that mirrors the preceding
429  electrochemical metrics. The highest specific capacitance observed for PAAQ-PS translates
430  into the best NRC. The Ragone plot (Fig. 4c) shows that the PAAQ-PS electrode shifts
431  furthest toward the upper-right quadrant, evidencing simultaneously elevated NRC and NRR.

432 A high NRR of 9.23 mg g!' min! was achieved by the HCDI device during the initial

433 adsorption phase under 1.2 V operation. Attributed to its rapid surface redox reaction, the

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

434  performance surpasses that of polymers obtained through previous synthetic methods of

435  AAQ?’. Combined with the result of electrochemical test, the adsorption performance gain is

Open Access Article. Published on 14 May 2026. Downloaded on 5/15/2026 12:50:17 AM.

436 ascribed the global upshift in electronic conductivity coupled with judicious microstructure

(cc)

437  optimization, highlighting the advantages of the protonation regulation and interfacial
438  polymerization approach.

439 Conversely, the bulky morphology of PAAQ-P induces steric shielding of redox-active
440  moieties and excessive m-m stacking, both of which impede interfacial charge transfer and
441  yield a marginally lower NRC than the rice-shaped PAAQ-PS. These observations underscore
442  the potential of morphology engineering for low-crystallinity organic frameworks whose
443  architectures are highly tunable. PAAQ-S suffers from a poor-continuity n-conjugated
444  network due to lack of Polarization induced electron delocalization. Although it possesses the

445  highest SSA, restricted electron mobility prevents full activation of surface redox sites,
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thereby diminishing NH," adsorption. Nevertheless, its capacity still exceeds that of pristin& =770

AAQ, confirming that the partially conjugated segments generated by moderate
polymerization do facilitate electron transport. Relative to PAAQ synthesized under acidic
conditions, however, a pronounced performance gap persists, highlighting the pivotal role of a
well-developed m-conjugated framework in achieving superior NH," capture. A critical factor
in judging CDI electrode performance is their long-term stability. To determine the
reversibility and cyclic stability of PAAQ electrodes within a CDI device, cycling
performance was assessed in a 1.2 V NH,CI solution (Fig. 4d). After 50 cycles, the NRC of
PAAQ-PS was maintained at 84.1% of its initial value, confirming its satisfactory cyclic
stability. Compared to previous ammonium removal electrode materials, PAAQ-PS exhibits

both good adsorption capacity (Fig. 4¢)?3 24 3435, 65,66,

3.4. lonic deintercalation mechanism
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Fig. 5. (a) High-resolution XPS spectra of O 1s for PAAQ before and after CDI. (b) Structural
evolutions of PAAQ upon enolization for NH," uptake/removal. (c) Time-dependent changes in Af3/3,
current and voltage of PAAQ at different scan rates measured via EQCM. The corresponding mass

change (d) and current change (e) of PAAQ at various scan rates.

To elucidate the NH," storage mechanism of PAAQ, ex-situ XPS was performed on the
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465  PAAQ-PS electrode before and after CDI (Fig. 5a). The O 1s spectra reveal that only a C5OF 0 O
466  component at 532.4 eV is present prior to CDI. After NH," uptake, the C=0 peak attenuates
467  concomitantly with the emergence of a new C-OH feature at 533.7 eV. This spectral evolution
468  corroborates the enolization of quinonyl C=0 moieties to C-OH, thereby enabling reversible
469  NH,' storage (Fig. 5b), in agreement with prior studies® 3°. Specifically, a negative voltage is
470  applied to the PAAQ electrode during the CDI adsorption step. The C=O on the PAAQ
471  backbone are reduced to C-OH. This reduction imparts a stronger electronegativity to the
472  oxygen atom, enabling it to bind NH4" through hydrogen bonding or chelation, thereby
473  forming a C-OH-NH," structure. This additional binding mode increases the upper limit of
474  NH,4" adsorption. When the voltage is inverted, the C-OH groups are oxidized back to C=0.
475  This transformation weakens the affinity for NH4*, and together with the electrostatic
476  repulsion from the positive potential, NH4" is efficiently released from the electrode. The
477  electrodes of PAAQ-P, PAAQ-S, and AAQ after CDI were further tested by XPS (Fig. S9).
478  Only PAAQ-P mirrors the behavior of PAAQ-PS, exhibiting a pronounced enolization

479  signature through the appearance of C-OH functionalities alongside attenuated C=O signals.

480  In contrast, PAAQ-S and AAQ retain their original C=O profiles after CDI, owing to their

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

481  incomplete m-conjugation, which precludes activation of the quinone redox centers. This

482  spectroscopic evidence is consistent with the electrochemical results.

Open Access Article. Published on 14 May 2026. Downloaded on 5/15/2026 12:50:17 AM.

483 To further quantify ionic fluxes during adsorption/desorption, EQCM-D was coupled to

(cc)

484  cyclic voltammetry. Fig. 5¢ shows that, during the anodic sweep at progressively lower scan
485  rates, the normalized frequency shift (Af/3) decreases stepwise, signifying Cl- adsorption and
486  a concomitant increase in PAAQ mass. Upon cathodic polarization, Cl- is expelled while
487  NHy4' is incorporated. The overall mass declines because the molar mass of desorbed Cl-
488  exceeds that of adsorbed NH,*. Notably, the transition from anodic to cathodic polarization
489  induces a transient frequency reversal: the mass initially rises slightly before monotonically
490  decreasing. This effect intensifies at slower scan rates, suggesting a diffusion-limited
491  enolization of residual C=0O groups that facilitates additional NH," uptake, potentially

492  exceeding the mass loss from CI- release. The closed Am—potential hysteresis loop in Fig. 5d
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demonstrates the robust cyclability of PAAQ under repeated redox behavior. Although the nefs) 005 e

mass loss per cycle is negligible, it is evident that as the scan rate decreases, the magnitude of
mass change within a single cycle increases significantly. This observation indicates that at
lower scan rates, ions have sufficient time to diffuse fully into the interior of the electrode
material, thereby enabling more pronounced mass variation. Moreover, the lower scan rate
accentuates the mass reversal phenomenon, that is, the transient frequency reversal around the
potential switching point, further demonstrating that the enolization-driven pseudocapacitive
effect is more fully realized under slower kinetic conditions.

Fig. 5e displays the CV recorded simultaneously with the EQCM-D measurements.
Although a well-defined redox couple is still discernible, its formal potentials are displaced
further from zero potential point relative to those observed in conventional CV performed on
coated electrodes. This shift may be ascribed to the higher degree of dispersion of the
electroactive film on the quartz-crystal chip, which disrupts the n-n stacking that normally
endows conjugated polymers with their certain electrochemical characteristics®. Taking the
scan rate of 10 mV s as representative, the potential at which the mass transition changes
from an initial increase to a subsequent decrease, as illustrated in Fig. 5d, coincides almost
exactly with the cathodic peak potential in the CV. This correspondence demonstrates that,
once the applied potential falls below this value, enolization-driven NH,;* uptake by PAAQ
ceases. Consequently, the expulsion of CI- and the sorption of NH," reach a dynamic

equivalence in molar terms, manifesting as a net decrease in the overall electrode mass.

4.Conclusion

In summary, this work successfully prepared PAAQ nanomaterials with abundant redox
active sites and appreciable electronic conductivity through a mild strategy combining
protonation and interfacial polymerization. This method effectively solved the problem of
insufficient active sites and slow adsorption rate caused by diffusion control in traditional

organic materials. PAAQ-PS demonstrates significantly enhanced NH," adsorption

/D6TA02416E
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performance over both the non-acid-mediated PAAQ-S and the statically polymerizeds) 55 ors

PAAQ-P. This advantage arises from its combination of improved conductivity, due to
electron delocalization from -NH,"- polarons, and a morphology that facilitates the exposure
of redox-active sites. The experimental results showed that under voltage of 1.2 V, the
adsorption capacity of PAAQ for NH,* reached 120.43 mg g-!, with an adsorption rate of 9.22
mg g' min’', and it could still maintain 84.1% of the initial adsorption capacity after 50
cycles, demonstrating excellent cycling stability and rapid adsorption ability. This study
provides innovative ideas for activate the redox active sites of organic conjugated polymers to
enhance their adsorption capacity, further promoting the application and development of CDI

technology in the fields of NH,* removal and resource recovery.
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