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A B S T R A C T

The δ-MnO2 exhibits an ideal capacitive deionization (CDI) electrode for the efficient removal of ammonium ions 
(NH4

+), owing to its unique layered structure that facilitates effective insertion and extraction of ions. However, 
MnO2 is constrained by self-aggregation, inadequate electrical conductivity, and sluggish reaction kinetics in 
practical applications, leading to subpar ammonium removal performance. Here, the polyaniline (PANI) inter-
calated MnO2 and carbon nanotubes (CNTs) composites (P/M-C-X) were synthesized by a straightforward and 
swift one-step inorganic/organic interface reaction using the chemical traction effect of aniline. The synergistic 
effect of the increased layer spacing and the introduced oxygen vacancy after PANI intercalated and the 1D/2D 
conductive interconnect structure constructed by CNTs can effectively improve the electrical conductivity, 
promote ions/electrons diffusion, and enhance the charge reaction kinetics. As results, P/M-C-50 exhibits 
excellent NH4

+ removal performance, including the maximum salt adsorption capacity (SAC) (160.0 mg g− 1), 
ultra-high salt adsorption rate (SAR) (1.07 mg g− 1 s− 1), and good cyclic stability. Furthermore, the compre-
hension of NH4

+ storage mechanism has been enhanced through structural characterization, electrochemical 
analysis, and theoretical calculation. This study shows that P/M-C-50 has broad potential as a CDI ammonium 
removal electrode, and lays a solid foundation for the effective recovery and reuse of ammonium resources.

1. Introduction

Human activities have fundamentally altered the nitrogen cycle with 
excessive use of fertilizers, fine chemicals and increasing nitrogen 
emissions from livestock, households and industry leading to serious 
environmental problems such as eutrophication of water bodies, 
increased greenhouse gas emissions and acidification of water bodies, 
which have a serious impact on the safety of drinking water sources and 
fishery products[1–3].The cleanliness of water quality is closely corre-
lated with the ammonium content in water environment. Therefore, the 
removal of ammonium ions from wastewater and the recovery of 
ammonium resources not only prevent pollution but also offer cost 
savings and valuable resource recovery, thus making significant con-
tributions to environmental and resource sustainability[4]. In view of 
the limitations of environmental capacity and the continuous tightening 
of ammonia nitrogen emission standards, the existing nitrogen removal 
processes are facing more stringent technical requirements and chal-
lenges. The removal of ammonia nitrogen in wastewater treatment is 
commonly achieved through conventional biological treatment 

methods, such as the activated sludge process, which converts it into 
nitrogen for ammonium removal. However, this method of converting 
ammonia into elements is contrary to the core concept of the circular 
economy, which is “reduce, reuse and recycle” [5,6].Other physical and 
chemical methods, such as ion exchange[7], struvite precipitation[8], 
and reverse osmosis (RO) [9], have been validated as feasible for 
removing or recovering NH4

+ from wastewater. Unfortunately, ion ex-
change has the disadvantage of potential secondary reactions; struvite 
precipitation requires the addition of additional chemicals to adjust the 
pH of the wastewater; and reverse osmosis requires a high-pressure 
pump as a driving force and is not selective for NH4

+ during ion 
removal and does not allow for accurate ammonium recovery. Conse-
quently, there is an urgent necessity to develop a novel technology that 
can overcome the limitations of existing ammonia recovery methods. 
This technology should not only address environmental concerns but 
also facilitate the reuse and recycling of ammonium resources while 
yielding economic and ecological benefits.

Capacitive deionization (CDI) is a novel desalination technology that 
has been utilized for treating saline wastewater due to its advantages in 
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energy efficiency, ease of operation, environmental sustainability, and 
cost-effectiveness [10–13]. If CDI technology can be used to treat 
ammonia wastewater to achieve removal and rapid enrichment and 
recovery of NH4

+, and ultimately form a high-value product ammonium 
fertilizer, the purpose of resource recycling can be achieved, and the 
dependence on the Haber-Bosch process can also be reduced, thus saving 
energy and improving economic efficiency. However, the desalination 
performance of the CDI process heavily relies on the adsorption elec-
trode, which serves as the most crucial component requiring excellent 
physical and chemical properties. Therefore, developing an efficient 
electrode material plays a pivotal role in advancing CDI-based ammo-
nium removal technology [14–16]. Traditional carbon-based materials 
such as graphene [17], carbon aerogel[18,19], and carbon nanotubes 
[20], which utilize the principle of double electric layer (EDL) to store 
ions, exhibit insufficient ion capture capacity[21]. Moreover, they 
inevitably undergo side reactions of carbon anodization, resulting in low 
desalination capacity [22,23]. In order to overcome these aforemen-
tioned shortcomings, research focus has shifted towards Faradaic ma-
terials, which boast substantial ion storage capacity due to their reliance 
on reversible redox reactions or ion insertion effects, and these materials 
have found successful application as CDI electrodes[24,25].Currently 
used common Faradaic electrode materials include Prussian blue (PB) 
and its analogues (PBAs)[26,27], MXene[28,29], transition metal oxides 
such as manganese oxides(MnO2)[30,31], NASCION[32], etc. Among 
them all, MnO2 stands out due to its low cost, low toxicity, strong acid 
resistance properties along with a high theoretical capacity (308 mA h 
g− 1) making it suitable for use as an ammonium removal electrode 
material in CDI[33,34].

Unfortunately, MnO2 electrode materials have problems such as poor 
electrical conductivity, insufficient active sites, inadequate structural 
stability, and slow NH4

+ reaction kinetics[35]. These problems result in 
subpar ammonium removal performance, limited cycle life, and low 
electrochemical reactivity in CDI. To address these challenges, various 
materials engineering strategies have been developed to enhance the 
conductivity and redox reaction kinetics of MnO2 materials by short-
ening the diffusion path of NH4

+ ions and increasing the exposed surface 
area. These strategies include heteroatom doping[36], vacancy forma-
tion[37], pre-intercalation[38], and composites with conductive mate-
rials[39]. One effective approach is introducing oxygen vacancies to 
adjust the properties of raw materials by modifying their surface elec-
trical structure. The presence of oxygen vacancies creates additional 
channels for ion insertion, thereby increasing active site availability and 
accelerating electron transfer to improve material conductivity[37]. 
Common methods of introducing oxygen vacancies include heteroatom 
doping[40], liquid-phase reduction[41], and pre-intercalation[42]. In 
addition, the inherent self-aggregation properties and poor electrical 
conductivity of MnO2 significantly impede the reaction kinetics of NH4

+. 
Research have demonstrated that the combination of carbon-based 
materials with manganese dioxide effectively overcomes this obstacle 
by facilitating a rapid and efficient electron transfer process, enhancing 
electron conductivity, and preventing particle agglomeration[39,43]. 
Besides, pre-intercalation techniques can regulate the interlayer 
configuration of MnO2 using common intercalation materials such as 
polyaniline (PANI)[44] or polyethylpyrrolidone (PVP)[45]. Intercala-
tion not only expands layer spacing but also facilitates NH4

+ diffusion, 
thus improving cyclic stability while reducing structural collapse. 
However, the development and formulation of a straightforward and 
effective method that can concurrently introduce oxygen vacancies, pre- 
intercalation, and with conductive materials into MnO2 to achieve su-
perior NH4

+ adsorption in CDI remains a significant challenge.
Here, based on the chemical traction effect of aniline and the pre- 

intercalation strategy, the PANI intercalated MnO2 and CNTs compos-
ites (P/M-C-X) was prepared through a straightforward one-step inor-
ganic/organic interfacial reaction, and then used as a cathode material 
for CDI to remove NH4

+.The unique 1D/2D conductive interconnect 
structure effectively reduces the self-aggregation of MnO2 nanosheets 

while providing good electrical conductivity and convenient ion diffu-
sion paths within the composite. Moreover, PANI pre-intercalation not 
only increases the layer spacing, but also introduces abundant oxygen 
vacancies, which together provide additional channels for NH4

+ inser-
tion, thereby improving the current response, increasing the number of 
redox-active sites, and accelerating electron transfer. Specifically, P/M- 
C-50 exhibited outstanding ammonium removal properties with signif-
icant adsorption/desorption capacity. P/M-C-50 achieved a maximum 
salt adsorption capacity (SAC) of 160.0 mg g− 1 and an ultra-high salt 
adsorption rate (SAR) of 1.07 mg g− 1 s− 1. Furthermore, it demonstrated 
excellent cyclic stability and holds great promise as a Faradaic electrode 
material for ammonium removal in CDI.

2. Methods

2.1. Synthesis of P/M-C-50

3 mL aniline monomer and a certain amount of CNTs were dispersed 
into 150 mL CCl4 organic solution, and after ultrasound for a period of 
time, solution A was obtained. 0.4 g of KMnO4 and dissolve it in 150 mL 
of water to obtain solution b. Add solution b to solution A to create a 
water/organic stratification system with a distinct interface. After 
reacting at the water/organic interface for 24 h at 5 ℃, extract and filter 
the black product, wash it several times with deionized water and 
ethanol, then freeze-dry it for 24 h to obtain P/M-C-X (X represents the 
content of CNTs). Specifically, when the amount of added CNTs is 
determined as 0 mg, 20 mg, 50 mg, or 80 mg, the prepared samples are 
named P/M-C-0, P/M-C-20, P/M-C-50, or P/M-C-80 respectively. The 
physical diagram of material preparation is shown in Figure S1.

The details of “Materials characterizations”, “Electrochemical Mea-
surements”, “CDI experiments” and “Density functional theory calcula-
tions” are presented in Supplementary materials.

3. Result and discussion

The material preparation process is illustrated in Fig. 1a. The aniline 
monomer and CNTs were evenly dispersed in the CCl4 organic solution, 
while KMnO4 was dissolved in the aqueous phase. At the interface of the 
two phases, the oxidation reaction of aniline and the reduction reaction 
of MnO4

− occurred at the same time, which promoted the layer self- 
assembly of layered MnO2 and PANI, and realized the pre- 
intercalation of PANI (Fig. S1a). It should be noted that the chemical 
traction effect caused by the electrostatic interaction between CNTs and 
aniline enables the CNTs were evenly distributed on the surface of MnO2 
nanosheets with intercalated PANI and in the middle of adjacent 
nanosheets, thus forming a 1D (CNTs)/2D (MnO2 nanosheets) conduc-
tive interconnect structure (Fig. S1b-d). In the absence of aniline 
monomer, CNTs could not diffuse from the organic phase to the aqueous 
phase and were still dispersed in the lower organic phase, which further 
demonstrated the chemical traction effect of aniline (Figure S2). If the 
solvent was tried to change, the CCl4 organic phase was replaced with 
the water phase, although KMnO4 and CNTs could be in direct contact, 
the experimental results showed (Figure S3) that the product quality 
after extraction and filtration was not significantly improved. Scanning 
electron microscopy (SEM) images showed stacked CNTs (Figure S4), 
clearly indicating that the expected chemical reaction did not occur in 
the system. Thus, as a contrast, the flower-like pure MnO2 was prepared 
by hydrothermal method (Figure S5a), and the specific preparation 
process has been detailed in Supplementary materials. SEM images of P/ 
M-C-0 and P/M-C-50 are shown in Figure S5b and Fig. 1b. Due to the 
self-assembly of PANI and MnO2, the prepared P/M-C-0 showed a 
typical layered structure. After the introduction of CNTs, CNTs were 
evenly distributed around MnO2 nanosheets own to the chemical trac-
tion of aniline monomers, forming a unique 1D/2D conductive inter-
connecting structure, which effectively inhibited the self-aggregation of 
MnO2 nanosheets, the free space between adjacent nanosheets is 
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maintained, thus forming a convenient ions/electrons diffusion channel, 
effectively accelerating ions/electrons migration, and realizing fast 
ions/electrons diffusion dynamics. The morphologies of P/M-C-20 and 
P/M-C-80 (Figure S5c and d) were not significantly different from those 
of P/M-C-50. However, the exterior of P/M-C-20 only covered a limited 
number of CNTs, while P/M-C-80 showed aggregation of CNTs. The 
above two morphologies are not conducive to the exposure of active 
sites and affect the removal performance of ammonium ions. Hence, P/ 
M-C-50 can be considered as the optimal sample. A typical high- 
resolution transmission electron microscope (HRTEM) image of P/M- 
C-50 is presented in Fig. 1c, displays two sets of lattice fringes, one of 
which is about 0.71 nm corresponding to the (001) crystal plane of 
MnO2.The additional set of lattice fringes measures approximately 0.35 
nm and corresponds to the (002) crystal plane of the CNTs, providing 
further evidence of successful integration of the MnO2 nanosheet with 
CNTs. The unique 1D/2D conductive interconnect structure formed by 
the introduction of CNTs facilitates a rational layered structure and 
prevents the self-aggregation of MnO2, which improves its structural 
stability. Additionally, energy dispersive X-ray spectroscopy (EDS) 
elemental maps reveal a uniform distribution of elements in P/M-C-50 
(Fig. 1d-e). HRTEM images of P/M-C-0 (Figure S6a) reveal distinct lat-
tice streaks of typical MnO2 nanosheets, with a measured interlayer 

lattice distance of approximately 0.69 nm. Obviously, the lattice stripe 
size of P/M-C-0 is larger than that of MnO2 (0.67 nm) (Figure S7), 
indicating that PANI is successfully intercalated into the interlayer of 
MnO2, enlarging the layer spacing and promoting ion diffusion. 
Compared to P/M-C-0, the layer spacing of P/M-C-50 increases to 0.71 
nm, indicating that the introduction of CNTs also contributes to an 
increased layer spacing for MnO2, which facilitates ion diffusion and 
storage.

In order to characterize the prepared samples, various techniques 
including X-ray diffraction (XRD), X-ray photoelectron spectroscopy 
(XPS), Raman spectroscopy, FTIR spectroscopy, and other methods were 
employed to detect their crystal structure, valence state, and vacancy 
defect state. The XRD pattern (Fig. 1f) demonstrates that the diffraction 
peaks predominantly occur at approximately 12.03◦, 25.85◦, 37.17◦and 
69.94◦, corresponding to the (001), (002), (111) and (020) crystal 
planes of δ-MnO2 (JCPDS 80–1098), respectively. It is worth noting that 
in comparison with MnO2, the XRD patterns of P/M-C-0 and P/M-C-50 
reveal a broader and weaker diffraction peak intensity for the (001) 
crystal phase, accompanied by a shift towards lower angles. This further 
confirms that the intercalation of PANI leads to an increased layer 
spacing in MnO2, which aligns with the HRTEM results. The XRD pat-
terns of other compared samples are presented in Figure S8, showing no 

Fig. 1. (a) Schematic synthesis of the P/M-C-50; (b) SEM images of P/M-C-50; (c) HRTEM images of P/M-C-50; (d) HAADF-STEM of P/M-C-50; (e) the corresponding 
EDS mapping of P/M-C-50; (f) XRD patterns of pristine MnO2, P/M-C-0, P/M-C-50; (g) Mn 2p, (h) O 1 s of P/M-C-50.
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significant deviation from the position of the diffraction peak observed 
in P/M-C-50. Due to the intercalation of PANI, the XPS spectra of all P/ 
M − C show characteristic peaks of N, Mn and O, which differ from 
MnO2 (Figure S9). In the Mn 2P XPS spectrum (Fig. 1g), the peaks 
observed at 642.44 and 654.3 eV correspond to Mn 2p3/2 and Mn 2p1/2, 
respectively, exhibiting a spin energy difference of 11.86 eV, thereby 
verifying the characteristic features associated with the MnO2 phase
[46].The four fitting peaks of Mn 2p indicate that Mn4+ and Mn3+

coexist in MnO2. Interestingly, the integral area ratio of Mn3+/ Mn4+

increases from 0.69 (MnO2) and 0.78 (P/M-C-0) to 1.21(P/M-C-50) 
(Figure S10) because the conversion of Mn4+ to Mn3+ balances the 
introduced oxygen vacancy. The high-resolution O 1 s spectrum 
(Fig. 1h) reveals three peaks at 530.24, 531.58, and 533.19 eV, associ-
ated with the Mn-O-Mn bond, oxygen vacancy, and O-H bond, respec-
tively [41]. The peak area of oxygen vacancy in P/M-C-50 was 
significantly higher than that in other samples (Figure S11), indicating 
that the appropriate introduction of CNTs significantly increased the 
oxygen vacancy content. In addition, HRTEM images also confirmed the 
presence of oxygen vacancies in P/M-C-50[47](Figure S12). In the high- 
resolution N 1 s spectrum of P/M-C-50 (Figure S13c), the peaks at 
397.89 and 400.51 eV correspond to the − N = and − N+− signals, 
respectively[38], while the peak at 399.53 eV are attributed to the Mn-N 
bond, as there is a strong interaction between the Mn-N bonds, indi-
cating successful intercalation of MnO2 by PANI. Additionally, the C1s 

spectrum (Figure S14c) exhibits five distinct peaks, the presence of C-Mn 
peak indicates the successful coating of CNTs. The Raman spectra of 
these five materials exhibit significant characteristic peaks in the 
500–700 cm− 1 range (Figure S15), which can be attributed to the 
stretching vibration pattern of Mn-O in the [MnO6] octahedron[45]. 
Compared with MnO2, the characteristic peaks of P/M− C samples show 
a redshift, indicating a decrease in the activation energy of Mn-O bonds, 
possibly due to the presence of oxygen defects in the [MnO6] octahedron
[36]. Furthermore, the results of FTIR spectroscopy for P/M-C-50 and 
other compared samples were consistent with those from Raman spec-
troscopy (Figure S16), further notarizing the aforementioned conclu-
sions. According to Brunauer-Emmett-Teller (BET) tests (Figure S17 and 
Table S1), it is observed that both P/M-C-0 and P/M-C-50 exhibit sub-
stantial specific surface areas of 221.4 m2/g and 167.5 m2/g, respec-
tively. Notably, the pore volume of P/M-C-50 (0.27 cm3 g− 1) surpasses 
that of P/M-C-0 (0.16 cm3 g− 1). P/M-C-50 has a relatively large specific 
surface area and excellent pore volume, which can strengthen the 
penetration and transport of ammonium ions, and reveals extra active 
sites for NH4

+ adsorption, thus significantly improving the removal 
performance of ammonium ions.

The electrochemical NH4
+ storage properties of P/M-C-0, P/M-C-20, 

P/M-C-50, and P/M-C-80 were assessed through cyclic voltammetry 
(CV), constant current charge–discharge (GCD), and electrochemical 
impedance spectroscopy (EIS). The cyclic voltammetry(CV) curves of P/ 

Fig. 2. (a) Cyclic voltammograms of P/M-C-0, P/M-C-20, P/M-C-50, P/M-C-80 at a scan rate of 5 mV/s;(b) CV curves of P/M-C-50 at different sweep rates;(c) 
Gravimetric specific capacitances of samples at different scan rates;(d) Power-law relationship between particular current and the scanning rate; (e) CV curves 
showing the capacitive contribution (purple) and diffusion-controlled contributions (blue) for P/M-C-50 at 5 mV s− 1;(f) Capacitance and diffusion-controlled con-
tributions versus scan rates; (g) EIS spectra; (h) Linear fit showing the corresponding relationship between Z’ and ω− 1/2 of samples; (i) Cycling performance and 
coulombic efficiency of P/M-C-50 at 2 A g− 1. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.)
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M-C-50 and the reference samples at a scan rate of 5 mV s− 1 are shown in 
Fig. 2a and Figure S18. The CV curve of P/M-C-0 was typically rectan-
gular, with no obvious redox peak, while weak redox peaks appeared in 
P/M-C-20, P/M-C-50 and P/M-C-80, indicating that the introduction of 
CNTs enhanced the electrical conductivity and promoted the pseudo- 
capacitive characteristics of ion storage [48,49].Among them, P/M-C- 
50 has the largest area of CV curve, indicating that it has higher 
ammonium storage capacity and better capacitance performance. This 
may be attributed to the appropriate introduction of CNTs and the 
insertion of PANI, which not only form a 1D/2D conductive interconnect 
structure, but also introduces abundant oxygen vacancies while 
increasing the MnO2 layer spacing, enhance the conductivity of the 
composite material, and promote the rapid transfer and transmission of 
electrons and ions in the charge and discharge process. The CV curves of 
P/M-C-50 and other comparison samples were subsequently measured 
at various scanning rates (Fig. 2b and Figure S19). The CV curves of all 
samples at high scanning speeds showed no significant distortion, 
demonstrating excellent rate capability and high reversibility. The spe-
cific capacity of different samples at different scanning rates was 
calculated according to CV curve. With increasing scanning rate, the 
specific capacity showed a decreasing trend (Fig. 2c). In particular, P/M- 
C-50 demonstrates the highest specific capacitance at a scanning rate of 
0.5 mV s− 1, reaching up to 263.4F g− 1, indicating its excellent electro-
chemical performance.

Additionally, the relationship between the current value (i) and the 
scan rates (v) obeys a power law, expressed as i = aνb, where i represents 
the current value, ν represents the scan rates, and a and b are modifiable 
parameters. As b is set to 0.5 and 1, the ion storage behavior aligns with 
diffusion-dominated and capacitive-dominated mechanisms, respec-
tively[50].The b values for P/M-C-0, P/M-C-20, P/M-C-50 and P/M-C- 
80 are 0.53, 0.80, 0.95 and 0.84, respectively(Fig. 2d), indicating that 
NH4

+ storage in P/M-C-50 is driven by both diffusion and capacitive 
control behaviors with capacitive being dominant. The contribution 
ratio of diffusion to capacitive can be precisely quantified by the 
following calculation formula (i = k1ν + k2ν1/2, where k1ν represents the 
capacitive contribution and k2ν1/2 represents the ion diffusion contri-
bution[35,51]). The capacitive contribution of P/M-C-50 reaches 68.6 % 
at a scan rate of 5 mV s− 1 (Fig. 2e), significantly higher than that of P/M- 
C-0(17.9 %), P/M-C-20(54.4 %) and P/M-C-80 (61.1 %) (Figure S20a-c). 
The capacitive contribution is positively correlated with scan rate 
(Fig. 2f) and the maximum capacitive contribution of the P/M-C-50 
reaches 85.6 % at a scan rate of 10 mV s− 1. Obviously, P/M-C-50 with 
high capacitive contribution can exhibit a more efficient electron 
transfer process, ensuring the effective and swift removal of NH4

+ in the 
CDI process. [51]. Besides, the large layer spacing, abundant oxygen 
vacancies and 1D/2D interconnect network structure of P/M-C-50, not 
only contribute to the enhancement capacitive contribution, but also 
improve the charge transfer and ion diffusion during charge and 
discharge, thus promoting the rapid reversible insertion/extraction of 
NH4

+.
EIS was utilized for further investigation into the factors contributing 

to the improved storage performance of NH4
+ (Fig. 2g). All electrodes 

exhibited a semicircular response in the high frequency region and a 
linear response in the low frequency region. The small diameter of the 
semicircle for all electrodes indicates low resistance and fast charge 
transfer, attributed to the introduction of oxygen vacancies and CNT. 
Moreover, by plotting the correlation coefficient between Z’ and ω− 1/2 

(where ω is angular frequency), the Warburg coefficient can be deter-
mined [52]. As shown in Fig. 2h, P/M-C-50 electrode has the smallest 
slope, indicating a faster diffusion rate for NH4

+ ions. By calculation, it is 
found that the diffusion coefficient of P/M-C-50 is 1.6 × 10− 17 cm2 s− 1 is 
significantly larger than that of P/M-C-0 (4.3 × 10− 18 cm2 s− 1), P/M-C- 
20 (5.7 × 10− 18 cm2 s− 1), and P/M-C-80 (8.8 × 10− 18 cm2 s− 1), indi-
cating that it has the best ion diffusion performance and is conducive to 
the rapid removal of ammonium ions. The GCD curves of all samples are 
depicted in Figure S21, showing that P/M-C-50 exhibits the highest 

specific capacity at various scanning rates, consistent with the CV re-
sults. The GCD curve of P/M-C-50 reveals a charging buffer platform 
between 0.2 and 0.4 V at a low current density (1 A g− 1), indicating 
capacitive behavior. Furthermore, both P/M-C-0 and P/M-C-50 
demonstrate longer cycle stability compared to MnO2. At a current 
density of 2 A/g (Fig. 2i), P/M-C-50 retains 88 % of its capacity after 500 
cycles, surpassing both MnO2 (32 %) and P/M-C-0 (86 %) (Figure S22), 
highlighting the significantly enhanced structural stability of P/M-C-50. 
Therefore, P/M-C-50 demonstrates excellent electrochemical ammo-
nium storage performance and shows great potential as an electrode 
material for CDI ammonium ions removal. This not only offers an 
effective strategy for recovering ammonium resources from actual 
wastewater, but also provides important theoretical support and prac-
tical reference for the reuse and recycling of ammonium resources.

To evaluate the ammonium ions removal performance of the pre-
pared material, a CDI module was constructed with activated carbon 
(AC) as the anodic material for Cl− capture and MnO2-based material as 
the cathode for NH4

+ capture (Fig. 3a). At lower ammonium ion con-
centrations (0–400 mg L− 1), the NH4Cl concentration is linearly corre-
lated with the conductivity (Figure S23). The impact of different 
voltages on SAC was initially examined in an NH4

+ solution with an 
initial concentration of 100 mg L− 1 (Figure S24). As voltage increases 
from 0.8 V to 1.4 V, the SAC of P/M-C-50 gradually rises, reaching its 
peak at 1.4 V due to the heightened electrostatic driving force, the 
electrode’s ion intercalation capacity is markedly improved. The ions 
removal performance of all prepared samples was compared and 
analyzed at different NH4

+ concentrations (Fig. 3b). SAC showed a sig-
nificant increase with the rise in NH4

+ solution concentration. Notably, 
P/M-C-50 exhibited the highest SAC value at each concentration 
compared to the other three samples. This excellent ions removal per-
formance can be attributed to the conductive bridge constructed by the 
CNTs and the enhanced layer spacing after PANI intercalated, which 
promotes charge transfer and provides a wide diffusion and short path 
for NH4

+ diffusion. Additionally, the presence of oxygen vacancy pro-
vides more active sites for the rapid reversible intercalation/dein-
tercalation of NH4

+, thus greatly enhancing the salt adsorption capacity 
of the composite. All these results prove the success of chemical traction 
effect and pre-intercalation strategy.

In Fig. 3c, P/M-C-50 reached adsorption equilibrium fastest in NH4
+

solutions with an initial concentration of 100 mg L− 1, and SAC value was 
the highest (123.4 mg g− 1), which was 2.11 times that of MnO2 
(Figure S25), 2.01 times that of P/M-C-0, and 1.26 times that of P/M-C- 
20 and 1.21 times that of P/M-C-80, respectively. In addition, SAR and 
SAC of Ragone diagram (Fig. 3d) can intuitively reflect ion removal 
performance. Obviously, the P/M-C-50 curve was in the upper right 
position, which means that the largest SAC and the fastest SAR (0.59 mg 
g− 1 s− 1). It is fully demonstrated that P/M-C-50 has excellent ion trap-
ping performance and rapid ion removal efficiency in NH4

+ solution 
treatment. In the practical application of CDI technology, it is crucial to 
achieve efficient ammonium ions removal performance within a specific 
concentration range due to the significant difference in ammonium- 
containing wastewater. To further investigate the ammonium removal 
properties of P/M-C-50, NH4

+ solutions ranging from 25 to 400 mg L− 1 

were tested at a voltage of 1.4 V (Fig. 3e). The results indicated that SAC 
increased with the rise in NH4

+ concentration. Particularly, in a 400 mg 
L− 1 NH4

+ solution, the SAC of P/M-C-50 reached as high as 160.0 mg g− 1, 
which significantly outperforms P/M-C-0 (106.2 mg g− 1), P/M-C-20 
(131.7 mg g− 1), and P/M-C-80 (141.9 mg g− 1). Clearly, the Ragone di-
agram for NH4

+ at 400 mg L− 1 (Fig. 3f) is positioned at the top right 
corner, fully demonstrating the exceptional ion trapping capability of P/ 
M-C-50 even under high brine concentrations. Compared with the 
recently published literature, our prepared P/M-C-50 also has greater 
advantages in ammonium ion removal performance (Table S2 and 
Fig. 3g). The P/M-C-50 demonstrates lower specific energy consumption 
(SEC) and superior charging efficiency at any NH4

+ concentration in 
comparative studies, attributed to its exceptional salt adsorption 
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capacity (SAC) and rapid salt removal rate. Even at a voltage of 1.4 V, 
the P/M-C-50 can still maintain a charge efficiency of 0.98 and an SEC 
value of 136.8 kJ/mol (Fig. 3h), outperforming P/M-C-0, P/M-C-20, and 
P/M-C-80 (Figure S26). Furthermore, the cyclic stability of the P/M-C- 
50 electrode was investigated through conducting 30 consecutive 
adsorption–desorption experiments. The results, as depicted in Fig. 3i, 
demonstrate that the SAC retention rate of P/M-C-50 can reach 86.6 %, 
which is significantly higher than that of P/M-C-0 (59.6 %), indicating 
excellent stably performance. This outstanding recycling performance 
can be attributed to the abundant oxygen vacancy, which enhances 
electron transfer rate and improves electrical conductivity of the com-
posite material, facilitating rapid electron transfer during adsorp-
tion–desorption processes. Additionally, the introduction of CNTs not 
only further improves the conductivity of the composite, but also en-
hances its stability.

The basic mechanism of NH4
+ removal by the P/M-C-50 electrode 

during the CDI process was investigated through a series of character-
ization tests, including ex situ XRD and XPS analysis, to monitor the 
structural evolution and chemical state changes of the electrode. The 
XPS Mn 2p spectra of P/M-C-50 electrodes in NH4

+ intercalation/dein-
tercalation process under different states are illustrated in Fig. 4a-c. 

Compared with the original state of P/M-C-50 (Fig. 1g), the integral area 
ratio of Mn3+/Mn4+ after the first ammonium ion intercalation process 
increases from 1.21 to 1.66, which clearly indicates that the insertion of 
NH4

+ ions is closely related to the conversion process of Mn4+ to Mn3+. 
After the first NH4

+ deintercalation, the integral area ratio of Mn3+/Mn4+

fell to 1.16, which was similar to the original sample, which fully veri-
fied the reversibility of the redox reaction between Mn3+ and Mn4+. To 
ensure the reliability of the above observations, we further tested the 
samples from the second and third cycles. After NH4

+ intercalation in the 
second cycle, the integral area ratio of Mn3+/Mn4+ increases to 1.76, 
and decreases to 1.20 after removal. After the third cycle, after NH4

+

intercalation and deintercalation, the integral area ratio of Mn3+/Mn4+

is 1.69 and 1.20, respectively. The results of the three cycles are highly 
consistent, which not only confirms the reversibility of NH4

+ intercala-
tion, but also demonstrates the stability of NH4

+ intercalation/dein-
tercalation during CDI.

The XRD pattern of P/M-C-50 after the NH4
+ ion insertion and 

extraction process is presented in Figure S27. Following NH4
+ interca-

lation, the characteristic peak of the (001) crystal surface shifts to a 
lower angle compared to the original P/M-C-50, indicating an expansion 
of the crystal lattice. Upon removal of NH4

+, the characteristic peak 

Fig. 3. (a) Schematic diagram of CDI cell;(b) SAC of samples at various voltages; (c) SAC and (d) Ragone plot of samples in 100 mg L− 1 NH4
+ solution using an applied 

voltage of 1.4 V; (e) SAC and (f) Ragone plot of P/M-C-50 in various NH4
+ solution using an applied voltage of 1.4 V; (g) Comparison of deammonization performances 

of the P/M-C-50 and those based on other reported electrode materials; (h) The specific energy consumption and charge efficiency of P/M-C-50 in various NH4
+

concentrations; (i) Recycling performance.
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returns to its initial position, suggesting a contraction process in the 
lattice, corresponding to the contraction and expansion during NH4

+

adsorption/desorption. Notably, the lattice parameter decreases from 
12.18 to 11.86 after NH4

+ intercalation and increases to 12.21 after 
deintercalation. This small lattice parameter change during the CDI 
process not only demonstrates the excellent structural reversible sta-
bility of P/M-C-50, but also predicts its excellent regeneration perfor-
mance, thus maintaining a high SAC retention rate in 30 consecutive 
adsorption–desorption experiments. Additionally, N 1 s XPS spectrum 
exhibits a shift towards increased binding energy upon NH4

+ intercala-
tion (Figure S28), further revealing interaction between NH4

+ and P/M- 
C-50.

The action mechanism of P/M-C-50 in the process of CDI NH4
+

removal was further understood through calculation based on density 
function theory (DFT). The electron state density (DOS) of MnO2, P/M- 
C-0, and P/M-C-50 is depicted in Fig. 4d-f, with the structure model 
shown in Figure S29. In comparison to MnO2, the DOS of P/M-C-0 shifts 
towards lower energy, causing the Fermi level to enter the conduction 
band and facilitating an easier transition of electrons from the valence 
band to the conduction band. This results in an increased number of free 
electrons in the conduction band and significantly enhances the 

conductivity of P/M-C-0 after introducing PANI. As for P/M-C-50, 
higher DOS intensity near the Fermi level indicates greater participa-
tion of free electrons in conductive processes after introducing CNTs, 
leading to improved conductivity. It is evident that the conductivity of 
P/M-C-50 is significantly enhanced, effectively promoting electron and 
ion transport dynamics during CDI ammonium removal. Furthermore, 
according to the migration model (Figure S30), the NH4

+ ion diffusion 
barrier calculated for P/M-C-0, rich in oxygen vacancies, is 2.003 eV, 
which is smaller than that for MnO2 without oxygen vacancies (3.072 
eV) (Fig. 4g). This suggests that oxygen vacancies can enhance NH4

+ ion 
diffusion. P/M-C-50 exhibits an even lower diffusion barrier (0.543 eV), 
indicating that the introduction of CNTs further reduces the barrier for 
NH4

+ ion diffusion and facilitates rapid migration of NH4
+ ion. Therefore, 

optimizing the material structure can significantly improve ion transport 
performance and enhance ammonium ions removal efficiency. The 
adsorption structure model of NH4

+ (Figure S31) demonstrates that NH4
+

can achieve stable adsorption on MnO2, P/M-C-0, and P/M-C-50. P/M- 
C-0 with abundant oxygen vacancies has a lower adsorption energy 
(− 4.250 eV) than MnO2 (Fig. 4h), indicating that oxygen vacancy is 
favorable for NH4

+ adsorption Otherwise, P/M-C-50, which has the 
highest oxygen vacancy content, has the lowest adsorption energy 

Fig. 4. (a-c) XPS Mn 2p spectra; (d-f) The DOS of MnO2, P/M-C-0 and P/M-C-50; (g) diffusion barriers profiles, (h)adsorption energy of NH4
+ for MnO2, P/M-C-0 and 

P/M-C-50; (i) Charge density differences of NH4
+ adsorption in the interlayer of P/M-C-50. The yellow and cyan electron clouds show accumulation and depletion of 

electrons, respectively. The isosurface value is 0.002 e Bohr− 3. (For interpretation of the references to colour in this figure legend, the reader is referred to the web 
version of this article.)
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(− 4.902 eV), indicating the strongest binding strength and more 
favorable adsorption of NH4

+.Then, the charge density distribution of 
MnO2 (Figure S32a), P/M-C-0 (Figure S32b), and P/M-C-50 (Fig. 4i) 
after NH4

+ intercalating was analyzed. The charge transfers between 
NH4

+ and P/M-C-50 is 0.79 e− , much lower than the charge transfer 
between NH4

+ and MnO2(1.79 e− ), P/M-C-0 (1.46 e− ). The reduction in 
charge transfer indicates that the electronic interaction between NH4

+

and the P/M-C-50 is reduced, which may be due to the introduction of 
PANI and CNTs that changed the surface properties and electronic 
structure of MnO2, providing more adsorption sites, making it easier for 
to adsorb on P/M-C-50. Additionally, the weaker electrostatic interac-
tion between NH4

+ and P/M-C-50 further facilitated the diffusion of 
NH4

+.

4. Conclusion

In conclusion, the PANI intercalated MnO2 and CNTs composites 
were prepared by chemical traction effect and pre-intercalation strategy. 
The increased layer spacing and oxygen vacancy introduced after PANI 
intercalated and the 1D/2D conductive interconnect structure con-
structed by CNT together improve the ammonium ion removal perfor-
mance of CDI system. As a result of these advantages, P/M-C-50 
electrode demonstrated high SAC (160.0 mg g− 1), lower energy con-
sumption (136.8 kJ/mol), and good cycling performance (SAC retention 
of 86.6 % is maintained following 30 cycles), when serving as a CDI 
electrode to remove NH4

+ ions. Notably, the ammonium ions removal 
performance of P/M-C-50 surpassed that of most reported electrode 
materials. Furthermore, through spectroscopy studies and theoretical 
calculations, a deeper understanding of the mechanism of NH4

+ removal 
and the structural stability of composite materials was achieved. This 
work presents a simple and efficient method to construct 1D/2D 
conductive interconnect structures with high interconnectivity and 
integrity. This successful material combination not only provides valu-
able inspiration for future designs of other 1D materials composited with 
2D materials, but also heralds the great potential of materials with this 
structure as a high-performance Faradaic CDI ammonium ion removal 
electrode, which promises to achieve even better performance.
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