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A B S T R A C T   

Capacitive deionization (CDI) is a promising technique for brackish water desalination. However, its salt elec
trosorption capacity is insufficient for practical application yet, and little information is available on hardness ion 
(Mg2+, Ca2+) removal in CDI. Herein, hierarchical porous carbon (HPC) was prepared from low-cost and 
renewable microalgae via a simple one-pot approach, and both MnO2/HPC and polyaniline/HPC (PANI/HPC) 
composites were then synthesized using a facile, one-step hydrothermal method. Compared with the MnO2 
electrode, the MnO2/HPC electrode presented an improved hydrophilicity, higher specific capacitance, and 
lower electrode resistance. The electrodes exhibited pseudocapacitive behaviors, and the maximum salt elec
trosorption capacities of MnO2/HPC-PANI/HPC CDI cell was up to 0.65 mmol g− 1 NaCl, 0.71 mmol g− 1 MgCl2, 
and 0.76 mmol g− 1 CaCl2, respectively, which were comparable and even higher than those of the previously 
reported CDI cells. Additionally, the MnO2/HPC electrode presented a selectivity order of Ca2+ ≥ Mg2+ > Na+, 
and the divalent cation selectivity was found to be attributed to their stronger binding strength in the cavity of 
MnO2. Multiscale simulations further reveal that the MnO2/HPC electrodes with the unique luminal configu
ration of MnO2 and HPC as supportive framework could offer a great intercalation selectivity of the divalent 
cations and exhibit a great promise in hardness ion removal.   

1. Introduction 

Desalination has been widely applied to tackle the escalating fresh
water scarcity. Currently, there are two main types of water desalination 
technologies: reverse osmosis and thermal distillation (Caldera and 
Breyer, 2023). However, the energy consumption of reverse osmosis is 
high, and membrane fouling at high pressure is another problem that 
needs to be resolved. Thermal distillation consumes even more thermal 
and electric energy to vapor water, which makes it very expensive and 
results in a large emission of greenhouse gasses (Srimuk et al., 2020). In 
addition, water hardness is a problem broadly existing in tap, river, and 
ground water. This is mainly owning to the presence of calcium (Ca2+) 
and magnesium (Mg2+) ions, which can induce scaling problems in heat 
exchangers, pipelines of boilers, and electrical appliances (He et al., 
2018; Zhang et al., 2020). Several approaches including ion exchange, 
chemical precipitation, nanofiltration, reverse osmosis, and electrodi
alysis have been applied for water softening (Zhang et al., 2020). 

However, these processes either consume a large amount of energy or 
require an excessive use of chemicals. Thus, the development of an 
environmentally friendly and low energy consuming technology is 
highly desirable for brackish water desalination and water softening. 

Capacitive deionization (CDI) is an electrochemically controlled 
method based on electrosorption of ions through the formation of an 
electric double layer (EDL) on the surface of two porous carbon elec
trodes (Bhat et al., 2019). Due to its environmentally friendly, low-cost, 
and high-energy-efficiency features, CDI has emerged as a promising 
desalination technology for brackish water treatment (Oyarzun et al., 
2018; Zhang et al., 2021). Nevertheless, the undesirable expulsion of the 
co-ions in the carbon electrode will lead to a lower salt electrosorption 
capacity and higher energy consumption (Gamaethiralalage et al., 2021; 
Tan et al., 2020). In order to improve the salt electrosorption capacity, 
redox-active and pseudocapacitive materials such as Na3V2(PO4)3, 
CuHCF and MnO2 have been employed as CDI electrodes (Srimuk et al., 
2020). However, these materials always suffer from poor conductivity 
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and/or volume expansion-contraction in the ion inter
calation/deintercalation process, which can result in poor cycling sta
bility (Chen et al., 2013; Wang et al., 2019). Thus, designing composite 
materials composed of carbon material with pseudocapacitive material 
(i.e., MnO2) could be an efficient way to enhance electrical conductivity 
while mitigating the volume expansion-contraction, thereby enhancing 
desalination performance (Jia et al., 2018). 

Hierarchical porous carbon (HPC) has a high surface area with a 
multimodal pore size distribution and can serve as a conductive network 
and buffer the volume expansion of the active material in battery and 
supercapacitor applications (Sevilla et al., 2017; Wang et al., 2017). In 
particular, renewable biomass, such as microalgae, can be utilized to 
synthesize HPC through a simple and sustainable one-pot approach 
(Sevilla et al., 2017). Compared to traditional materials, 
biomass-derived materials have demonstrated lower production costs 
and reduced energy consumption in certain applications (Hussain et al., 
2021; Oliveira et al., 2021). Furthermore, studies have shown that 
biomass production can be scaled up using established methods and 
technologies, making it a viable option for large-scale applications 
(Oliveira et al., 2021). In addition, microalgae have extraordinary 
biomass productivity and a fast growth rate and can even be easily 
cultivated in nutrient-rich wastewaters. The unit CO2 fixation capacity 
of microalgae is nearly 50 times higher than terrestrial plants (Zhou 
et al., 2017), production of HPC from microalgae could further accel
erate CO2 mitigation. More importantly, the uniform micron-sized cell 
bodies in microalgae can result in the production of carbon materials 
with large surface areas and controllable multimodal porosity (Rizwan 
et al., 2018). Thus, HPC derived from microalgae could be a great 
candidate as a supportive backbone in electrode materials for improving 
CDI performance. Various MnO2 polymorphs (α, β and δ) have been used 

as electrode materials in CDI just for NaCl removal, owing to their 
environmentally friendly, low-cost, and high theoretical specific 
capacitance features (Leong and Yang 2019; Srimuk et al., 2020). 
Among them, α-MnO2 with a large tunnel structure (4.6 × 4.6 Å) has 
been applied in multivalent ion batteries (including Mg, Ca and Al) as 
well (Juran et al., 2018). The square 2 × 2 loose tunnels are suitable for 
the insertion/extraction of ions with a large hydrated radius, suggesting 
that α-MnO2 can be an efficient pseudocapacitive electrode in CDI for 
water softening. Therefore, integrating α-MnO2 into the HPC surface will 
counteract their drawbacks and derive a synergistically improved hybrid 
electrode for CDI applications. In addition, although some carbon or 
battery electrodes have been used for divalent ions removal (Cerón 
et al., 2020; Chen et al., 2022; Singh et al., 2020; Shocron et al., 2022; 
Uwayid et al., 2022; Zhao et al., 2012), information regarding the use of 
hybrid electrodes for water softening and divalent cation selectivity in 
CDI systems remains limited. 

Therefore, in this work, microalgae were used to prepare HPC first. 
Then, the α-MnO2 nanorods were uniformly dispersed on the HPC sur
face, and PANI was grafted on HPC via a facile, one-step hydrothermal 
procedure. Later, the brackish water desalination and water softening 
performance of the prepared MnO2/HPC-PANI/HPC CDI cell was eval
uated. In addition, the MnO2/HPC electrode was used to evaluate the 
competitive intercalation between Na+, Mg2+ and Ca2+ in the binary salt 
solutions. Furthermore, the underlying mechanisms for cation selec
tivity were elucidated using molecular dynamics simulations and den
sity functional theory (DFT) calculations. 

Fig. 1. (a) Schematic illustration of the preparation of the MnO2/HPC and PANI/HPC; (b) XRD patterns of the HPC, MnO2, MnO2/HPC and PANI/HPC; (c) FTIR 
spectra of the HPC, MnO2, MnO2/HPC and PANI/HPC; (d) TEM image of the MnO2/HPC; (e) HAADF-STEM image of the MnO2/HPC; (f) HAFFD elemental mapping 
on the MnO2/HPC of C, Mn, O, and the crystal structure of α-MnO2 (derived from VESTA); (g) HAADF-STEM image showing the (220) lattice plane of a single MnO2. 
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2. Results and discussion 

2.1. Preparation and characterizations of the electrodes 

The facile preparation procedure of the MnO2/HPC and PANI/HPC is 
illustrated in Fig. 1a. The X-ray diffraction (XRD) pattern of MnO2 
confirms the formation of α-MnO2 (JCPDS No. 44–0141) (Fig. 1b) 
(Leong and Yang, 2019). Similarly, three peaks centered at 37.1◦, 41.8◦, 
and 66.3◦ were clearly observed, which could be attributed to the (211), 
(301) and (002) planes of α-MnO2. In contrast, both HPC and PANI/HPC 
showed an amorphous structure, as two broad peaks at 24.0◦ and 43.8◦

were observed (Fig. 1b). Raman spectra of the HPC and MnO2/HPC 
show G and D bands at 1595 and 1333 cm− 1, respectively, indicating 
ordered graphene and disordered amorphous carbon structures (Fig. S1) 
(Evans et al., 2019). In addition, multiple features in the fingerprint 
region (1556, 1469, 1295, 1230 and 1103 cm− 1) were observed in the 
Fourier transform infrared (FTIR) pattern of the PANI/HPC, which 
resulted from the different aromatic modes in the PANI polymer 
(Fig. 1c). More importantly, the feature at 1103 cm− 1 demonstrates the 
presence of the conducting form of PANI on the surface of HPC, and the 
feature at approximately 511 cm− 1 proves the existence of Mn-O on the 
MnO2/HPC composite surface (Evans et al., 2019; Tan et al., 2021). The 
transmission electron microscopy (TEM) images of the MnO2/HPC and 
PANI/HPC clearly show that both MnO2 and PANI were formed on the 
HPC surface, respectively (Fig. 1d and Fig. S2). Specifically, the α-MnO2 
samples show typical nanowire bundles (Fig. 1e). The elemental 

mapping of the MnO2/HPC indicates the presence of Mn and O elements 
(Fig. 1f), exhibiting the uniform distribution of Mn and O in the 
MnO2/HPC. The D-spacing is approximately 0.346 nm, which corre
sponds to the (220) crystal plane of the α-MnO2 structure (Fig. 1g). In 
addition, scanning electron microscopy (SEM) images further demon
strate that the MnO2 nanorods were uniformly formed on the HPC sur
face (Fig. S3). 

A new peak of Mn 2p was observed in the X-ray photoelectron 
spectroscopy (XPS) spectrum of the MnO2/HPC, and two new peaks of N 
1 s and Cl 2p were observed in the PANI/HPC (Fig. S4). The high- 
resolution XPS spectra of the MnO2/HPC in the Mn 2p region pre
sented two peaks at 653.7 eV (Mn 2p1/2) and 642.0 eV (Mn 2p3/2), 
indicating that the oxidation state of Mn was +4 (Fig. S5) (Chong et al., 
2018). The high-resolution XPS spectra of the PANI/HPC in the N 1 s 
region (~ 400 eV) confirm the presence of N (-NH- and -N=) from PANI 
(Fig. S6) (Evans et al., 2019). In addition, the PANI/HPC had a positive 
zeta potential of 15.7 mV, indicating that it could selectively absorb 
negative ions like Cl− (Fig. S7). Conversely, both MnO2 (− 20.7 mV) and 
MnO2/HPC (− 23.9 mV) exhibited negative zeta potentials, implying 
that they could selectively absorb positive ions such as Na+, Mg2+ and 
Ca2+ via electrostatic force. The hydrophilicity of the electrodes was 
evaluated by static water contact angles (Fig. S8). Compared to the HPC 
and MnO2 electrodes, both MnO2/HPC and PANI/HPC electrodes 
exhibited smaller water contact angles, suggesting that they were 
readily wetted and accessed by the salty solution (Tan et al., 2021). 

Fig. 2. (a) Cyclic voltammograms of the HPC, MnO2, MnO2/HPC and PANI/HPC electrodes at a scan rate of 5 mV s− 1 in 1 M NaCl solution; (b) Representative 
galvanostatic charge/discharge profiles of the HPC, MnO2, MnO2/HPC and PANI/HPC electrodes in 1 M NaCl solution at a current density of 0.3 A g− 1; (c) Nyquist 
plots for the impedance responses of the HPC, MnO2, MnO2/HPC and PANI/HPC electrodes (inset shows a close-up of the near origin section) in 1 M NaCl solution; 
(d) Cyclic voltammograms of the MnO2/HPC electrode at a scan rate of 5 mV s− 1 in 1 M NaCl, MgCl2 and CaCl2 solutions; (e) Cyclic voltammograms of the PANI/HPC 
electrode at a scan rate of 5 mV s− 1 in 1 M NaCl, MgCl2 and CaCl2 solutions; and (f) Pseudocapacitance and EDL capacitance contributions to the specific capacitances 
of the MnO2/HPC and PANI/HPC electrodes in 1 M NaCl, MgCl2 and CaCl2 solutions. 
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2.2. Electrochemical performance of the electrodes 

Similar to the HPC electrode, the MnO2, MnO2/HPC and PANI/HPC 
electrodes depicted rectangular-shaped voltammograms (Fig. 2a; and 
Fig. S9). These cyclic voltammetry (CV) curves were consistent with the 
previous reports on MnO2@carbon and PANI@carbon composite elec
trodes, indicating their pseudocapacitive behaviors (Evans et al., 2019). 
Both MnO2/HPC and PANI/HPC electrodes exhibited larger responsive 
currents, suggesting their higher specific capacitances. Their charge‒ 
discharge profiles in 1 M NaCl solution further confirm their pseudo
capacitive behaviors with symmetric and linear curves (Fig. 2b and 
Fig. S10). In line with the CV results, the PANI/HPC electrode possessed 
the largest specific capacitance of 197.1 F g− 1, followed by the 
MnO2/HPC (175.2 F g− 1), HPC (153.9 F g− 1), and MnO2 (102.4 F g− 1) 
electrodes at 0.3 A g− 1 (Fig. S11). The higher specific capacitances in the 
MnO2/HPC electrode was attributed to the synergistic effects between 
the HPC and MnO2. Because the porous HPC serves as a supportive 
backbone in the MnO2/HPC composite, which could prevent the particle 
aggregation and reduce the volume expansion-contraction of MnO2 
(Chen et al., 2013; Jia et al., 2018). Besides, the faradaic pseudocapa
citance from the MnO2 can further improve the specific capacitance of 
MnO2/HPC. Since the conductive PANI layer on the surface of HPC 
could facilitate easy and fast ion transportation, the PANI/HPC electrode 
had the smallest Rct (0.23 Ω) and σ (12.36 Ω s0.5) values (Table S1, 
Fig. 2c and Fig. S12). In comparison with the poor conductivity in the 
MnO2 electrode (Rct = 2.76 Ω, σ = 44.88 Ω s0.5), the MnO2/HPC also had 
much lower Rct (0.23 Ω) and σ (12.36 Ω s0.5) values. The well-dispersed 
MnO2 nanorods connected with the conductive matrix of HPC could 
substantially facilitate the ion and electron transportation (Fig. S3) 

(Chen et al., 2013; Sevilla et al., 2017). 
Similarly, the quasi-rectangular shape in the CV curves was also 

observed for the MnO2/HPC and PANI/HPC electrodes in 1 M MgCl2 and 
CaCl2 electrolytes with a slightly higher current response compared to 
that of 1 M NaCl (Fig. 2d and 2e). Consistent with the CV results, the 
galvanostatic charge/discharge curves of the MnO2/HPC electrode in 1 
M MgCl2 and CaCl2 electrolytes also showed linear and symmetric 
curves, but had relatively higher specific capacitances of 177.3 F g− 1 

(MgCl2) and 179.6 F g− 1 (CaCl2), respectively (Fig. S13). Similarly, the 
MnO2@carbon electrode was reported to have a similar specific capac
itance in equimolar concentrations of NaCl and MgCl2 electrolytes (Xu 
et al., 2021). The relatively higher specific capacitances of the 
MnO2/HPC and PANI/HPC electrodes in divalent electrolytes (i.e., 
MgCl2 and CaCl2) also indicate their excellent water softening capacity. 
Then, Dunn’s method (Fig. S14) (Tan et al., 2021) was used to calculate 
the contributions of EDL capacitance and pseudocapacitance for the 
MnO2/HPC and PANI/HPC electrodes, respectively. As shown in Fig. 2f, 
the approximately 87% capacitance of the MnO2/HPC electrode resulted 
from pseudocapacitance, and the capacitance was approximately 82% 
for the PANI/HPC electrode in 1 M NaCl, MgCl2 and CaCl2 electrolytes. 
These results further demonstrate that the pseudocapacitive intercala
tion process was the main charge-storage mechanism in the electro
chemical reaction for both MnO2/HPC and PANI/HPC electrodes in 
NaCl, MgCl2 and CaCl2 electrolytes. More importantly, the 
pseudocapacitive-contributed capacities in the hardness ion electrolytes 
(MgCl2 and CaCl2) were relatively higher than those in the NaCl 
electrolyte. 

Fig. 3. Salt electrosorption capacities of the HPC–HPC, MnO2-PANI/HPC and MnO2/HPC-PANI/HPC cells in 5 mM (a) NaCl, (b) MgCl2 and (c) CaCl2 single salt 
solutions at different applied cell voltages; (d) Salt electrosorption capacities of the MnO2/HPC-PANI/HPC cells in different feed concentrations of NaCl, MgCl2 and 
CaCl2 single salt solutions at ±1.4 V; (e) Cycling performance of the MnO2/HPC-PANI/HPC cell in 10 mM NaCl, MgCl2 and CaCl2 solutions over 30 cycles at ±0.8 V. 
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2.3. Water desalination and water softening performance 

The representative current density and NaCl concentration profiles 
of the HPC–HPC, MnO2-PANI/HPC and MnO2/HPC-PANI/HPC cells 
are depicted in Fig. S15. At each applied cell voltage, the MnO2/HPC- 
PANI/HPC cell always possessed the highest salt electrosorption ca
pacity, followed by the MnO2-PANI/HPC and HPC–HPC cells (Fig. 3a- 
3c). Fig. S16 shows the corresponding average salt electrosorption rates, 
charge efficiencies and energy consumptions. Obviously, the best 
desalination performance was observed for the MnO2/HPC-PANI/HPC 
cell. The energy consumption for the MnO2/HPC-PANI/HPC cell in 5 
mM NaCl solution was only 0.64 Wh g− 1, which was considerably lower 
than previously reported conventional CDIs as well as MnO2-based 
hybrid CDIs (Hand and Cusick, 2017; He et al., 2021; Xu et al., 2021). 
Notably, only 0.17 Wh L− 1 of energy was required to desalinate the feed 
solution to drinking water (<20 mg L− 1 NaCl), making it quite low 
compared to RO processes (0.5 − 2.5 Wh L− 1 for brackish water with 
salinity <10 g L− 1) (Tan et al., 2020; Zhao et al., 2013). The highest 
electrosorption capacities for the MnO2/HPC-PANI/HPC cell was up to 
0.65 mmol g− 1 NaCl, 0.71 mmol g− 1 MgCl2 and 0.76 mmol g− 1 CaCl2 
(Fig. 3d). Its maximum NaCl electrosorption capacity was comparable 
and even higher than the values reported in the previous studies 
(Table S2), in which similar MnO2 or MnO2(PANI)@carbon composite 
electrodes were applied (Jin et al., 2020; Nie et al., 2020). In addition, 
the maximum MgCl2 and CaCl2 electrosorption capacities were also 
higher than those in the previous reports (Table S3-S4) (Liu et al., 2020; 
Uwayid et al., 2022). Its excellent brackish water desalination and water 
softening performance could mainly be ascribed to the pseudocapacitive 
behaviors of the PANI/HPC and MnO2/HPC electrodes, which can 
selectively intercalate negative ions (Cl− ) and positive ions (Na+, Mg2+

and Ca2+) (Evans et al., 2019; Tan et al., 2020; Wang et al., 2019). In 
addition, the synergistic effects between the high porosity of the HPC 
and MnO2 (PANI) could generate higher specific capacitances, better 
hydrophilicity and reduce charge transfer and ionic diffusion re
sistances, thereby guaranteeing excellent desalination performance 
(Fig. 2 and Fig. S8). 

Then, the cycling performance of the MnO2/HPC-PANI/HPC cell was 
examined. The NaCl electrosorption capacity remained at approxi
mately ca. 0.35 mmol g− 1, the MgCl2 electrosorption capacity remained 
at ca. 0.39 mmol g− 1, while the CaCl2 electrosorption capacity was 
stable at ca. 0.42 mmol g− 1 (Fig. 3e). In addition, the desorption effi
ciency remained approximately 96%, suggesting that the MnO2/HPC- 
PANI/HPC cell exhibited exceptional regeneration capabilities 
(Fig. S17). The porous HPC served as a supportive backbone in the 
MnO2/HPC composite, which could prevent particle aggregation, 
reduce the volume expansion-contraction of MnO2, enhance the struc
tural integrity and perform long-term cycling (Chen et al., 2013). In 
order to further illustrate the stability, the MnO2/HPC powder was 
scratched off from the carbon cloth for Raman, XRD, SEM and TEM 
characterizations. The intensity ratio of D-band to G-band (ID/IG) 
increased from 0.99 to 1.02 after 30 cycles, indicating slight oxidation of 
the MnO2/HPC electrode (Fig. S18). However, the XRD characteriza
tions indicate that the crystal structure of the MnO2/HPC electrode had 
no obvious change in comparison with the original one after 30 cycles in 
10 mM NaCl (Fig. S19). There was also no significant change in the 
morphology of the MnO2/HPC electrode (Fig. S20 and Fig. S21). In 
addition, the uniform coating of the PANI on the HPC surface could 
reduce the kinetics of parasitic reactions of carbon materials (Fig. S3). 
Additionally, the shallow traps for the PANI molecules in the pores of 
HPC can protect it from degradation (Evans et al., 2019; Gao et al., 
2022). As a result, the PANI/HPC composite electrode could also retain a 
large cycling capacity (Evans et al., 2019). The galvanostatic charge/
discharge tests also demonstrated the high stability of the MnO2/HPC 
and PANI/HPC electrodes (Fig. S22). Additionally, the effluent pH in 10 
mM NaCl in all 30 cycles slightly decreased and stabilized at approxi
mately 6.5~7.0 (Fig. S23). These results further demonstrate that the 

facile designed MnO2/HPC could be applied as an efficient electrode 
material for improved brackish water desalination and hardness ion 
removal. 

2.4. Cation selectivity of the α-MnO2/HPC electrode 

The cation selectivity of the MnO2/HPC electrode in binary salt so
lutions was subsequently investigated (Fig. 4). The difference in cation 
electrosorption capacity between Na+and Mg2+ cations gradually 
increased when the applied voltage was increased from 0.8 V to 1.4 V 
(Fig. 4a). Similar results were observed in the binary NaCl/CaCl2 solu
tion (Fig. 4b), indicating that the MnO2/HPC possessed divalent selec
tivity over monovalent cations. Since the MnO2/HPC surface was 
negatively charged (Fig. S7), there was a strong electrostatic force be
tween divalent cations and the MnO2/HPC surface (Leong and Yang, 
2020; Leong et al., 2021). In addition, the active sites occupied by Na+

could be gradually replaced by divalent cations (Mg2+ or Ca2+) because 
of the stronger interaction between the divalent ions and the negatively 
charged electrode surface, which results from the ion-swapping effect 
(Srimuk et al., 2020; Xu et al., 2021). More importantly, the divalent 
cation selectivity could still be maintained when the concentration of 
Na+was twice that of Ca2+ (Fig. S24), suggesting that the MnO2/HPC 
electrode had a great potential in water softening. In addition, the 
MnO2/HPC electrode showed a relatively higher affinity for Ca2+than 
Mg2+ (Fig. 4c). One reason could be the slower kinetics of Mg2+ inter
calation/deintercalation into the tunnel structure of α-MnO2 than that of 
Ca2+, as the hydrated ionic radius of Mg2+ (0.43 nm) is larger than that 
of Ca2+ (0.41 nm) (Singh et al., 2021; Shocron et al., 2022). The rela
tively higher hydration energy of Mg2+ (− 1830 kJ mol− 1) compared to 
that of Ca2+ (− 1505 kJ mol− 1) could also limit Mg2+ inter
calation/deintercalation (Fig. 4d and e). Other studies also showed that 
Ca2+ could be more strongly attracted to the negatively charged elec
trode because of its smaller hydrated radius compared to that of Mg2+

(Singh et al., 2021). 
To further evaluate the selective capacity of Mg2+ and Ca2+ over Na+

in the MnO2/HPC electrode, the intercalation mechanisms were eluci
dated using molecular dynamics simulations and DFT calculations. The 
intercalation capacities of cations in the MnO2/HPC were evaluated by 
Monte Carlo simulations. The results indicate that the amount of Mg2+

and Ca2+ was obviously greater than that of Na+ (Fig. 5a and b). This 
might be attributed to the relatively higher binding energy between 
divalent cations and the electrode than that of Na+ (Fig. 5c) (DuChanois 
et al., 2022). The cation selectivity of the MnO2/HPC was largely 
dependent on the special configuration of α-MnO2. In addition, the 
interaction energies (ΔEinter) of cations and α-MnO2 were precisely 
examined by DFT calculations through the unit cell model of α-MnO2. 
For the limited lumen size, only one water molecule can be encapsulated 
in the cavity with the cation after equilibrium (Fig. S25 and Fig. 5d-f). 
The location site of the cations is offset from the center of the cavity of 
α-MnO2 (Table S5). From the ΔEinter of the cations in α-MnO2 (Fig. 5g), it 
is obvious that the binding strength of Mg2+ and Ca2+ to the lumen side 
is much higher than that of Na+. This proves that the intercalation 
selectivity of divalent cations in the electrode can be contributed by the 
stronger binding strength of Mg2+ and Ca2+ in the cavity of α-MnO2 
(Singh et al., 2021). Moreover, the charge distributions of the cation 
intercalation systems from Mulliken charge analysis indicate that only 
0.44|e| electrons are transferred from α-MnO2 and H2O to Na+

(Table S6), while 0.76|e| and 0.82|e| are transferred from that to Mg2+

and Ca2+, respectively. The electron density difference also confirms the 
direction and degree of electron transfer in the encapsulation of cations 
to α-MnO2 (Fig. 5d-f and Fig. S26) (Su et al., 2018). Thus, the MnO2/HPC 
electrodes with a reasonable combination and configuration offer better 
intercalation selectivity of Mg2+ and Ca2+. Overall, the MnO2/HPC 
electrode exhibited a selectivity order of Ca2+ ≥ Mg2+ > Na+ due to the 
differences in valence, hydrated radius and binding strength in the 
cavity of MnO2. 
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3. Conclusions 

The well-dispersed MnO2 nanorods connected with HPC were pre
pared using a facile, one-step hydrothermal approach. The prepared 
MnO2/HPC electrode had a considerable specific capacitance of 175.2 F 
g− 1, low charge transfer and ion diffusion resistance, and superior sta
bility. In comparison with the HPC–HPC and MnO2-PANI/HPC cells, 
the MnO2/HPC-PANI/HPC cell exhibited the highest NaCl, MgCl2 and 
CaCl2 electrosorption capacity, fastest salt electrosorption rate, highest 
charge efficiency and lowest energy consumption. The MnO2/HPC 
electrode delivered selective intercalation to the hardness ions 
(Mg2+and Ca2+) in the binary salt solutions. Both ion valence and radius 
could affect their competitive intercalation into the MnO2/HPC elec
trode. Furthermore, molecular dynamics simulations and DFT calcula
tions indicate that the preference of MnO2/HPC toward divalent ions 
was mainly due to their stronger binding strength in the cavity of MnO2. 
Our results clearly demonstrate that CDI with the facile designed MnO2/ 
HPC composite electrode can offer a great promise in brackish water 
desalination and water softening. 

4. Material and methods 

4.1. Preparation of MnO2/HPC and polyaniline/HPC 

The chemicals used in this work are described in the Supporting 
Information. The HPC was produced from microalgae (Spirulina pla
tensis) biomass (Sevilla et al., 2017). First, the microalgae samples were 
thoroughly mixed with CaCO3 and K2C2O4 (at a weight ratio of 
1:0.5:0.5) in an Agatha mortar, pyrolyzed in a tube furnace in a N2 
environment and held at 800 ◦C for 2 h. The obtained HPC powders were 
soaked and washed with 0.1 M HCl several times to remove inorganic 

impurities and then thoroughly washed with deionized water. Then, 
both MnO2/HPC and PANI/HPC were prepared via a facile, one-step 
hydrothermal procedure (Fig. 1a) (Evans et al., 2019). For the 
MnO2/HPC, 0.35 g MnSO4, 1 g K2S2O8 and 0.35 g HPC powder were 
mixed in 56 mL deionized water (DI) under stirring for 20 min at room 
temperature. Then, 4 mL KOH (1 M) was wisely dropped into the so
lution with magnetic stirring for an additional 30 min. The obtained 
mixture was transferred into a 100 mL Teflon-lined stainless-steel 
autoclave, which was heated for 12 h at 110 ◦C in an electric oven. Later, 
the produced precipitates were washed with DI water several times and 
collected by vacuum filtration. MnO2 was produced with the same 
procedure without the addition of HPC. For the PANI/HPC, 0.35 g HPC 
powder, 0.35 g aniline and 3 mL HCl (37%) were added into 55 mL DI 
water with magnetic stirring for 6 h at 4 ◦C. Then, 2 g ammonium 
persulfate was added to the solution with magnetic stirring for an 
additional 2 h at 4 ◦C. Similarly, the obtained mixture was transferred 
into a 100 mL Teflon-lined stainless-steel autoclave and heated for 6 h at 
120 ◦C. The formed PANI/HPC was then washed with DI water and 
ethanol several times and collected by vacuum filtration. Finally, the 
MnO2, MnO2/HPC and PANI/HPC samples were dried in vacuum at 
50 ◦C for 24 h. Details about the preparation and characterizations of the 
HPC, MnO2, MnO2/HPC and PANI/HPC electrodes are given in the 
Supporting Information. 

4.2. Capacitive deionization tests 

The desalination of brackish water (2.5–10 mM NaCl) and softening 
of water (2.5–10 mM MgCl2 and CaCl2) were performed in a homemade 
CDI cell (Fig. S27). The cell consisted of a cathode (HPC or PANI/HPC) 
and an anode (HPC, MnO2 or MnO2/HPC). The water channel was 
formed by a 0.5 mm thick silicon gasket between the anode and cathode, 

Fig. 4. Salt electrosorption capacities and selectivity coefficients of the MnO2/HPC-PANI/HPC cells in binary salt solutions containing (a) 5 mM NaCl and 5 mM 
MgCl2; (b) 5 mM NaCl and 5 mM CaCl2, and (c) 5 mM MgCl2 and 5 mM CaCl2; (d) Schematic of the MnO2/HPC-PANI/HPC CDI cell. (e) The possible pathway for 
cation selectivity of Na+, Mg2+ and Ca2+ ions by the MnO2/HPC electrode. 
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and a filament fabric served as the spacer. Titanium foils were used as 
current leads. In the brackish water desalination and water softening 
processes, 70 mL of feed solution was circulated through the CDI cell at a 
flow rate of 35 mL min− 1. A constant voltage (i.e., ±0.8, ±1.0, ±1.2 V, 
or ±1.4 V) was applied to the cell by a potentiostat (PARSTAT MC, 
Princeton Applied Research Inc., USA). For the single salt solution, the 
concentration variation of ions was calculated according to the linear 
relationship between the concentration and conductivity, which was 
monitored by a conductivity meter (S230, Mettler Toledo, Co., 
Switzerland). For the binary salt solution, the concentration variation of 
ions was measured by an inductively coupled plasma atomic emission 
spectrometer (ICAP7400, Thermo Scientific, Inc., USA). The pH varia
tion of the effluent solution was monitored by a pH meter (S210, Mettler 
Toledo, Co., Switzerland). Details on the calculations of salt electro
sorption capacity, salt electrosorption rate, charge efficiency and energy 
consumption are provided in the Supporting Information. 

4.3. Theoretical calculations 

The intercalation behaviors of Na+, Mg2+ and Ca2+ in MnO2/HPC 
were determined according to the Metropolis Monte Carlo method 
(Metropolis et al., 1953). The α-MnO2/HPC supercell consists of two 
graphene sheets with a MnO2 layer with a size of 29.82 Å × 29.52 Å ×
16.20 Å, showing Mn-C bonds between the graphene layer and α-MnO2. 
The molecular dynamics simulations were implemented to predict the 
intercalation amounts of ions in the MnO2/HPC supercell using Universal 
force fields. The Ewald summation was used to evaluate the electrostatic 
interactions with an accuracy of 1 × 10− 4 kcal/mol. The atom-based 
summation was applied to assess the van der Waals interactions by 
using cubic spline truncation of a 15.5 Å cutoff distance and a 1.0 Å 
spline width. The location and the amounts of the ion species could be 
reflected in the simulations. To further investigate the interaction 

energy between ions and α-MnO2, DFT calculations were employed and 
the details are given in the Supporting Information. 
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