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Abstract: Fluorine pollution of wastewater is a global environmental problem. Capacitive deioniza-
tion has unique advantages in the defluorination of fluorine-containing wastewater; however, the
low electrosorption capacity significantly restricts its further development. To overcome this limita-
tion, nitrogen-doped core-shell mesoporous carbonaceous nanospheres (NMCS) were developed in
this study based on structural optimization and polarity enhancement engineering. The maximal
electrosorption capacity of NMCS for fluorine reached 13.34 mg g−1, which was 24% higher than
that of the undoped counterpart. NMCS also indicated excellent repeatability evidenced by little
decrease of electrosorption capacity after 10 adsorption-regeneration cycles. According to material
and electrochemical measurements, the doping of nitrogen into NMCS resulted in the improvement
of physicochemical properties such as conductivity and wettability, the amelioration of pore structure
and the transformation of morphology from yolk-shell to core-shell structure. It not only facilitated
ion transportation but also improved the available adsorption sites, and thus led to enhancement of
the defluorination performance of NMCS. The above results demonstrated that NMCS would be an
excellent electrode material for high-capacity defluorination in CDI systems.

Keywords: fluorine removal; capacitive deionization; mesoporous carbon; nitrogen doping

1. Introduction

Fluorine (F−) is an indispensable trace element for the human body to maintain nor-
mal physiological activities. However, excessive intake of fluorine can be harmful to teeth,
bones, central nervous system and reproductive system [1]. In recent years, with the rapid
development of industries, increasing amounts of fluorine-containing wastewater have
been produced in industrial processes such as metal smelting, steel and cement production,
aluminum electrolysis, ceramics, pharmaceuticals and semiconductor manufacture [2]. The
fluorine content of fluorine-containing wastewater is generally more than 100 mg L−1, and
even reaches several thousand mg L−1 in some specific industries [3]. Due to the high
migration ability of fluorine pollution, the direct discharge of fluorine-containing wastewa-
ter into the environment/water bodies will easily result in pollution of groundwater and
drinking water sources, leading to fluorosis in drinkers. Therefore, the fluorine-containing
wastewater must be defluoridated before it is permitted to be discharged into the environ-
ment/water bodies.

At present, the methods of adsorption, precipitation, reverse osmosis and ion ex-
change are commonly used for the purification of fluorine [4–7]. These methods have
disadvantages such as high cost and secondary pollution. In recent years, capacitive deion-
ization (CDI) has emerged as a promising electrochemical defluorination technology. The
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principle of CDI fluorine removal is based on double-electric-layer adsorption [8,9]. In
CDI, as the fluid flows through the electrodes under the action of electric field, ions in
the fluid can migrate to and be absorbed to the oppositely charged electrode to form a
double-electric-layer. After adsorption saturation, the electrodes can be regenerated by
being short-circuited, since the ions adsorbed to the electrodes can be re-released into the
fluid in this state. Certain distinct advantages, such as simple operation, low cost, low
energy consumption and environmentally friendly effects, make CDI competitive as an
alternative defluorination technology [10,11]. CDI originated in the mid-1960s, and for
many years the research on CDI has been mainly focused on desalination of seawater
and brackish water, with little attention being paid to the defluorination applications of
CDI. Tang et al. studied the defluorination performance of CDI using activated carbon in
batch mode and verified the feasibility of CDI for defluorination application in brackish
groundwaters [12]. Epshtein et al. fabricated flow electrodes using SiO2 and constructed
flow-electrode CDI. They successfully removed fluorine from acidic wastewater [13]. In the
study by Gaikwad et al., defluorination and removal of chromium were simultaneously
achieved using activated carbon in CDI [14]. Nevertheless, research on the removal of
fluorine using CDI is still in its infancy, evidenced by the limited amount of available
literature. The relatively low electrosorption performance of CDI cannot meet the stan-
dards for commercial application. For example, Park et al. reported that the defluorination
capacity of the reduced graphene oxide/hydroxyapatite composite was only 0.19 mg g−1 at
1.2 V [15]. Tang et al. observed the defluorination capacity of activated carbon ranging from
0.4 to 0.8 mg g−1 at 1.2 V at flow rates ranging from 30 to 100 mL min−1 [16]. Gaikwad et al.
prepared activated carbon derived from tea waste biomass, which showed a defluorination
capacity of 0.74 mg g−1 with an initial fluorine of 10 mg L−1 and a defluorination capacity
of 2.49 mg g−1 with an initial fluorine of 10 mg L−1, respectively [17]. Thus, more research
is needed for the further improvement of electrosorption performances.

As the core component of CDI, the electrode plays a crucial role in affecting the de-
fluorination performance of CDI. Porous carbons are generally used to fabricate the CDI
electrode due to their low fabrication cost, favorable porous structure, excellent electrical
conductivity and remarkable electrochemical stability [18–20]. Among porous carbons,
the mesoporous carbons have been considered to be superior candidates because of their
larger aperture, which can facilitate ion transport and, hence, enhance the availability of
surface area [21,22]. Therefore, the mesoporous carbons are generally considered to possess
more accessible active adsorption sites for fluorine as compared with the microporous
carbons. However, the pure carbonaceous materials reported in the literature exhibited low
defluorination performance [15,16]. Recently, researchers have attempted to modify pure
carbonaceous carbons in order to improve the defluorination performance. The modifica-
tion methods have mainly focused on metal/metal oxide/metal hydroxide doping, such as
Ti(OH)4 [23], La(III) [24,25], TiO2 [26], and so on. However, as yet there has been no break-
through improvement in the defluorination performance. It has been reported that pure
carbonaceous materials generally display inferior wettability and electrical conductivity,
which could significantly hinder the adsorption of ions in the carbon framework [27,28].
Heteroatomic doping, such as nitrogen doping, has been proven to be an effective way to
enhance the wettability and electrical conductivity of carbonaceous material in CDI desali-
nation applications [29,30]. However, little attention has been paid to the modification of
porous carbons by heteroatomic doping to improve the defluorination performance of CDI.
The amelioration of wettability is mainly associated with the introduction of nitrogenous
polar functional groups into the carbon framework, which displays benign affinity to
aqueous solvents through nitrogen doping. The improvement of electrical conductivity
through nitrogen doping is mainly due to the electron-rich peculiarity of nitrogen, which
can bring more electrons to the delocalized π-system of the carbon framework. Based on
the above facts, nitrogen-doped mesoporous carbons are extremely attractive.

In this study, the nitrogen-doped mesoporous carbonaceous nanospheres (NMCS) with
core-shell structure were prepared via a gradient sol-gel method for efficient defluorination
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in CDI systems. As a comparison, mesoporous pure carbonaceous nanospheres without
heteroatom doping (MCS) were also prepared. The defluorination performance was studied
in a series of batch mode-recirculating mode experiments, and the important contribution
of nitrogen doping to the defluorination performance of carbon materials was analyzed in
depth using multiple material characterizations and electrochemical analyses.

2. Materials and Methods
2.1. Materials Synthesis and Electrode Fabrication

The precursors of MCS and NMCS were prepared via a gradient sol-gel method [31]. In
a typical procedure, 1.5 g of resorcinol (Guangfu Fine Chemical Research Institute, Tianjin,
China) and 1.5 g of cetyltrimethylammonium bromide (CTAB, Guangfu Fine Chemical
Research Institute, Tianjin, China) were dissolved in a mixed solvent of ammonia solution
(25 wt.%, Fengchuan, Tianjin, China) and ethanol (Riolon, Tianjin, China) with a volume
ratio of 5:3. After magnetically stirring for 30 min at room temperature, the mixture was
added with 7.5 mL of tetraethyl orthosilicate (TEOS, Jiangtian, Tianjin, China) and 2.1 mL of
formaldehyde (37 wt.%, Ailan, Shanghai, China). The mixture continued to be magnetically
stirred for 24 h at room temperature and was then transferred to Teflon-lined autoclaves to
carry hydrothermal reaction for 24 h at 100 ◦C. To prepare NMCS, the above precursors
were ground with urea (Jiangtian, Tianjin, China) for 2 h using a ball mill for intensive
mixing. Subsequently, the resulting products were carbonized at 700 ◦C 180 min in a
nitrogen atmosphere. As a comparison, MCS was prepared by directly carbonizing the
hydrothermal precursors without adding urea. Next, the carbonizing products were soaked
in 10 wt.% hydrofluoric acid (HF, 40 wt.%, Fengchuan, Tianjin, China) for 24 h to remove
impurities. Finally, the obtained products were washed with deionized water and ethanol
and dried in vacuum overnight.

The as-acquired MCS and NMCS powders were mixed with carbon black and PTFE
with a mass ratio of 8:1:1. The mixture was dispersed in ethanol solution and ultrasonically
stirred to form a homogenized slurry. The electrode was fabricated by pressing the slurry
onto a titanium mesh current collector using a noodle machine. Finally, the electrodes were
dried in vacuum in order to remove the residual ethanol.

2.2. Materials Characterization

The morphology of as-acquired MCS and NMCS were characterized by scanning
electron microscope (SEM, Hitachi S-3500N, Hitachi, Tokyo, Japan) equipped with an
energy-dispersive X-ray spectrometer (EDS) and high-resolution transmission electron
microscope (TEM, JEM-ARM200F, JEOL, Tokyo, Japan). The structure of MCS and NMCS
was analyzed by X-ray diffraction (XRD, D/max-2500, Rigaku, Tokyo, Japan). The porous
structure of MCS and NMCS was analyzed by the Brunauer–Emmett–Teller (BET) method
using a density functional theory (DFT) model. The defect structure and graphitization
degree of MCS and NMCS were analyzed by Raman spectroscopy (SR-500I-A, Time Tagger,
Wuhan, China). The elements and compositions of MCS and NMCS were analyzed by X-ray
photoelectron spectroscopy (XPS, ESCALAB 250 XI, Thermo Scientific Escalab, Waltham,
MA, USA). The wettability of MCS and NMCS was measured by the drop shape analysis
system (Kruss DSA 100S, KRUSS, Shanghai, China).

2.3. Electrochemical Measurements

The electrochemical measurements in this study included cyclic voltammetry (CV),
galvanostatic charging–discharging (GCD) and electrochemical impedance spectroscopy
(EIS). All measurements were performed in 1 mol L−1 NaF solution using a potentiostat
(chi760e, CH Instruments, Shanghai, China). A three-electrode system was employed
with a carbonaceous electrode as the working electrode, a platinum gauze electrode as the
counter electrode and a saturated calomel electrode as the reference electrode.

The measurements of EIS were with a frequency range of 0.1 to 100,000 Hz. For CV
measurements, the potential window was ±0.5 V, and the scan rate varied from 10 to
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100 mV·s−1. Based on the CV curves, the specific capacitance can be ascertained according
to the following equation:

C =
S

2∆Vvm
(1)

where C is the specific capacitance (F g−1), S is the area of the CV curve, ∆V is the voltage
window (V), v is the scan rate (V s−1) and m is the mass of active material on the working
electrode (g).

In GCD measurements, a series of current densities including 0.2, 0.5 and 1 A g−1 were
employed with a potential window of ±0.5 V. Based on the GCD curves, the charge/discharge
capacitance can be determined according to the following equation:

C =
I∆t

m∆V
(2)

where I/m is the current density (A g−1), ∆t is the charge/discharge time (s) and ∆V is the
voltage window (V).

2.4. Defluorination Experiment

The defluorination experiment was conducted in a self-made CDI cell in a batch mode-
recirculating mode. As shown in Figure S1, the CDI cell was composed of a rectangular
plastic chamber with a pair of parallel electrodes attached to plastic plates inside. Each
electrode had an area of around 7 cm2 and a thickness of around 30 µm. In the defluorina-
tion experiment, the adsorption period and the electrode regeneration period alternated.
The adsorption period proceeded with 100 mL of NaF solution circulating in the CDI cell
through a peristaltic pump with a voltage being applied between the two electrodes. The
circulating rate of the circulating solution was constant at 10 mL·min−1, while the fluorine
concentration of the circulating solution varied from 250 to 1000 mg L−1. The conductivity
of the circulating solution was continuously monitored through a conductivity meter (IN-
ESA, DDS-11A, INESA, Shanghai, China), and the concentration of the circulating solution
was ascertained based on the calibration curve between the conductivity and concentration,
as shown in Figure S2. The electrode regeneration period started when the conductivity of
the circulating solution remained unchanged, which indicated the adsorption equilibrium
of fluorine onto the electrodes. In this period, the voltage between the two electrodes was
removed and the electrodes were in a short circuit.

The electrosorption capacity at a typical time can be calculated according to the
following equation:

Γt =
(C0 − Ct)V

m
(3)

where C0 is the initial fluorine concentration of the circulating solution (mg L−1), Ct is the
fluorine concentration of the circulating solution at adsorption time of t (mg L−1), V is the
volume of the circulating solution (L) and m is the mass of active material (g).

The electrosorption rate at a typical time can be calculated according to the follow-
ing equation:

vt =
Γt
t

(4)

where Γt is the electrosorption capacity at adsorption time of t (mg g−1) and t is the
adsorption time (min).

3. Results and Discussion
3.1. Material Characterizations

Figure 1 shows the morphological features of MCS and NMCS. As depicted in the
SEM image, MCS exhibited a regular spherical morphology with rough surfaces and with
a diameter ranging from 900 to 1400 nm, as shown in Figure 1a. According to Figure 1b,
NMCS retained the regular spherical morphology after nitrogen doping while displaying
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much smoother surfaces and smaller size dimensions. The TEM image shown in Figure 1c
indicates the unique yolk-shell structure of MCS. Interestingly, as shown in Figure 1d,
the doping of nitrogen resulted in the structural transformation of NMCS from yolk-shell
to core-shell spheres. The thickness of the shells of both NMCS and MCS were in the
range of 100–150 nm. High-resolution TEM images were further employed to depict
the microstructure of the core and shell of NMCS. It is evident from Figure 1e–g that
the core had a much looser structure, while more homogeneous and smaller-sized pores
were distributed in the core. EDS mapping images of NMCS, as shown in Figure S3,
demonstrated that nitrogen was introduced into both the core and shell of NMCS and was
evenly distributed across the core and shell.

Figure 1. (a) SEM image of MCS; (b) SEM image of NMCS; (c) TEM image of MCS; (d) TEM image of
NMCS; (e–g) high-resolution TEM images of NMCS.

Figure 2 shows the structural features of MCS and NMCS. Raman spectroscopy
was employed to analyze the features of NMCS and MCS. In Figure 2a, two prominent
peaks appeared at around 1350 cm−1 (D band) and at 1595 cm−1 (G band). The D band
was reported to result from the Csp3 hybridization and could be assigned to defects
and disordered structures [32]. The G band was reported to be derived from the Csp2
hybridization and could correspond to the crystalline graphitic structure [33]. The relative
intensity ratio of the D band and the G band (ID/IG) is extensively used as an indicator
to reflect the disorder degree of carbonaceous materials. The high ID/IG values of NMCS
(0.999) and MCS (0.982) demonstrated their disorder features in which abundant defects
were distributed. Nevertheless, NMCS displayed a higher ID/IG value as compared with
MCS, indicating that more structural disorders and surface defects were formed in the
framework of NMCS caused by the doping of nitrogen [34]. The generation of surface
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defects in carbonaceous materials can promote ion diffusion, provide more accessible site
for ion adsorption and, thus, is beneficial for ion removal.

Figure 2. (a) Raman spectra of MCS and NMCS; (b) N2 adsorption/desorption isotherms of MCS
and NMCS; (c) pore size distribution curves of MCS and NMCS.

The pore structures of MCS and NMCS were analyzed based on N2 adsorption/desorption
isotherms. As shown in Figure 2b, both isotherms of NMCS and MCS show obvious hys-
teresis loops, which can be assigned to type-IV adsorption/desorption isotherm pattern.
The type-IV adsorption/desorption isotherm pattern has been reported to be a typical
characteristic of the mesoporous structure [35]. The pore size distribution curves of MCS
and NMCS are shown in Figure 2c. The porous structure of MCS and MMCS is mainly
composed of mesopores, as evidenced by the fact that the pore size is mainly distributed
in the range of 2~50 nm. The average pore diameter of MCS and NMCS was 43.2 and
43.7 nm, respectively. As listed in Table 1, the specific surface area of MCS derived from
mesopores was 771 m2 g−1, which was around 72.9% of the total specific surface area
(1058 m2 g−1). After nitrogen doping, the total specific surface area of NMCS (1049 m2 g−1)
was almost unchanged. However, the specific surface area derived from mesopores in-
creased to 819 m2 g−1, which was 78.1% of the total specific surface area. Similar to specific
surface area results, according to Table 1 the pore volume of both MCS and NMCS is
primarily derived from mesopores. The above results further illustrate the domination of
mesoporous structure in the MCS and NMCS frameworks. The mesopores would promote
ion diffusion in the carbon frameworks and provide more accessible sites for ion adsorp-
tion, since their large apertures can reduce the resistance for ion transfer to the interior
structure [36]. Therefore, the higher specific surface area derived from mesopores endowed
NMCS with more available adsorption sites as compared with MCS in spite of similar total
adsorption sites, which would contribute to the improvement of CDI performance.

Table 1. Pore structural parameters of MCS and NMCS.

Sample
Specific Surface Area (m2 g−1) Pore Volume (cm3 g−1)

SBET Smic Smeso Vt Vmic Vmeso

MCS 1058 287 771 1.89 0.12 1.77
NMCS 1049 230 819 1.78 0.10 1.68

Figure 3 shows the compositions of MCS and NMCS. The FTIR spectrum of MCS
shown in Figure 3a indicates two distinct absorption bands at around 1590 and 1250 cm−1,
which can be ascribed to the stretching vibration of C=O and C-O-C, respectively [37]. In
the spectrum of NMCS, an additional absorption band at around 3430 cm−1, corresponding
to the stretching vibration of N-H, is observed according to Figure 3a, confirming the
successful doping of nitrogen into NMCS [38]. The introduction of nitrogen-containing
functional groups would significantly change the wettability of carbonaceous material.
As shown in Figure S4, the contact angle of NMCS decreased from 35.77◦ to 17.86◦ af-
ter nitrogen doping, which is associated with the benign affinity of nitrogen-containing
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functional groups to aqueous solution. The amelioration of wettability of NMCS would
enhance the utilization of the specific surface area, thus, more sites can be available for
ion adsorption [39]. The content of nitrogen doped was quantitatively analyzed by XPS
measurement. As shown in Figure 3b, the survey spectrum of NMCS indicts a distinct
N1s peak, but it almost disappears in the survey spectrum of MCS. According to Table 2,
the nitrogen content of NMCS was 4.03%, which was significantly higher than that of
MCS (0.31%). The above results further suggest the successful doping of nitrogen from
urea. As shown in Figure 3c,d, the high-resolution N1s spectra of NMCS and MCS can be
fitted into three peaks at around 398, 400 and 401 eV, corresponding to three configurations
of nitrogen, i.e., pyridinic-N, pyrrolic-N and graphitic-N. It has been widely reported in
the literature that pyridinic-N and pyrrolic-N are beneficial to boost capacitance through
generating pseudocapacitance based on faradic reactions, and that graphitic-N contributes
to improve the conductivity of carbonaceous materials [40,41]. According to Table 2, all the
contents of pyridinic-N, pyrrolic-N and graphitic-N in NMCS were significantly increased
as compared with MCS. Therefore, the electricity conductivity and capacitance behavior of
NMCS would be enhanced significantly, as verified by the electrochemical measurements
discussed in Section 3.2.

Figure 3. (a) FTIR spectra of MCS and NMCS; (b) XPS survey spectra of MCS and NMCS;
(c) high-resolution N1s spectra of MCS; (d) high-resolution N1s spectra of NMCS.

Table 2. Nitrogen content of MCS and NMCS.

Sample N (%)
Fraction of Nitrogen (%) Content of Nitrogen (%)

Pyridinic-N Pyrrolic-N Graphitic-N Pyridinic-N Pyrrolic-N Graphitic-N

MCS 0.31 1058 287 771 1.89 0.12 1.77
NMCS 4.03 1049 230 819 1.78 0.10 1.68
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Based on the results outlined and discussed above, both MCS and NMCS have supe-
rior mesoporous structures which can provide abundant available sites for ion adsorption.
The doping of nitrogen into NMCS resulted in morphologic transformation, structural
amelioration and improved physicochemical properties such as conductivity and wettabil-
ity. It not only facilitated ion transportation, but also improved the available sites for ion
adsorption and, thus, would boost the defluorination performances in CDI systems.

3.2. Electrochemical Analysis

Figure 4 shows the electrochemical performances of MCS and NMCS. As shown in
Figure 4a,b, the CV curves of both MCS and NMCS were close to rectangle at low scan
rates, while they gradually changed into a fusiform shape with the increasing scanning
rate due to the polarization effect of the electrodes [28]. The absence of redox peaks and
excellent symmetry of CV curves demonstrates the ideal electrical-double-layer capacitance
behaviors of MCS and NMCS [42]. According to Equation (1), the specific capacitance
of MCS and NMCS at different scan rates was calculated, and the results are shown in
Figure 4c. Apparently, the specific capacitance of both MCS and NMCS decreased with the
increase of scan rate, which is attributed to the improved utilization of interior pores at
lower scan rates. Nevertheless, NMCS displayed substantially higher specific capacitance
as compared with MCS at all scan rates employed. The capacitance behaviors of MCS and
NMCS were further analyzed by GCD curves. As shown in Figure 4d,e, both MCS and
NMCS exhibited linear curves, implying the dominant contribution of electrical-double-
layer adsorption to capacitance behaviors [43]. The high symmetry of GCD curves indicates
the excellent repeatability of MCS and NMCS. The charge/discharge capacitance of MCS
and NMCS under different current densities was calculated according to Equation (2), and
the results are shown in Figure 4f. Evidently, the charge/discharge capacitance of NMCS
was higher than that of MCS under all current densities measured, in accordance with
the CV results. The superior capacitance behavior of NMCS is possibly associated with
the facilitation of ion transportation and the improvement of available adsorption sites
resulting from the doping of nitrogen.

Figure 4. (a) CV curves of MCS with different scan rates; (b) CV curves of NMCS with different
scan rates; (c) specific capacitance results of MCS and NMCS; (d) GCD curves of MCS with different
current densities; (e) GCD curves of NMCS with different current densities; (f) charge/discharge
capacitance results of MCS and NMCS.
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Figure 5 shows the EIS curves of MCS and NMCS with a frequency range of 0.1–100,000 Hz.
The semicircle of MCS and NMCS in the high-frequency region is associated with the
charge-transfer process within the microstructure. The inclined line of MCS and NMCS
in the low-frequency region is related to the ion-diffusion process inside the framework.
The charge-transfer resistance (Rct) of MCS and NMCS was fitted to be 2.449 and 1.616 Ω,
respectively, based on the equivalent circuit model shown in Figure 5. The low Rct of NMCS
implies that the doping of nitrogen reduces the barrier for ion to diffusion and improves
the electrical conductivity to facilitate ion transport [44]. Based on the above results, NMCS
exhibited superior capacitance and resistance behaviors as compared with their undoped
counterparts, which is favorable for effective defluorination in CDI experiments.

Figure 5. EIS curves of MCS and NMCS.

3.3. CDI Performance Analysis

The defluorination performances of MCS and NMCS were studied with the initial
fluorine concentration of 1000 mg L−1 at an applied voltage of 1.2 V. Figure 6a shows the
change of conductivity with the electrosorption time in a typical cycle. The conductivity
of MCS and NMCS initially decreased sharply and gradually reached a plateau with the
increase of electrosorption time. In this study, MCS and NMCS reached adsorption satu-
ration at around 30 min, as evidenced by the almost unchanged conductivity at this time.
Nevertheless, NMCS indicated rapider and greater decline in conductivity than that of
MCS, implying the boosted defluorination performance of NMCS after doping of nitrogen.
Figure 6b shows the Kim plots of MCS and NMCS with the initial fluorine concentration of
1000 mg L−1 at an applied voltage of 1.2 V. The plot of NMCS is located on the upper right as
compared with MCS, suggesting the superior electrosorption capacity and electrosorption
rate of NMCS in CDI defluorination application. According to Figure 6b, NMCS exhibited
an electrosorption capacity at saturation of 10.77 mg g−1 and maximal electrosorption rate
of 2.20 mg g−1 s−1. The electrosorption capacity of NMCS at saturation was 13.34 mg g−1,
and the maximal electrosorption rate of NMCS was 3.13 mg g−1 s−1, which showed signif-
icant improvement as compared with NMCS. Additionally, the electrosorption capacity
of MCS and NMCS under different operating conditions was examined. As shown in
Figure 6c,d, NMCS always displayed higher electrosorption capacity as compared with
MCS with various initial fluorine concentrations and voltages. These results elucidated
the importance of nitrogen doping to improve the defluorination performances of NMCS.
Additionally, the electrosorption capacity and adsorption saturation times of NMCS were
compared with porous carbons reported in the literature. As shown in Table S1, NMCS
showed higher electrosorption capacity and shorter adsorption saturation time as compared
with commercial activated carbons [14,16], biomass-derived activated carbons [17,45] and
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activated carbons modified with metal oxides [26]. The above results imply the significant
advantages of NMCS in defluorination applications.

Figure 6. (a) Conductivity change of circulating solution of MCS and NMCS with the initial fluorine
concentration of 1000 mg L−1 at 1.2 V; (b) the corresponding Kim plots of MCS and NMCS with the
initial fluorine concentration of 1000 mg L−1 at 1.2 V; (c) electrosorption capacity of MCS and NMCS
with different initial fluorine concentrations; (d) electrosorption capacity of MCS and NMCS with
different voltages.

The adsorption–regeneration experiments were repeated for 10 cycles under the same
experimental conditions to investigate the repeatability of the NMCS electrode. An amount
of 1000 mg L−1 of the initial fluorine concentration and 1.2 V of constant voltage were
employed. As shown in Figure 7, more than 94% of electrosorption capacity in the ini-
tial cycle was retained after 10 cycles, indicating the outstanding cycling stability of the
NMCS electrode. In the cycling experiments, the effluent pH was constant at around
7.0. This implies that faradaic side reactions such as water splitting did not occur during
the adsorption–regeneration cycling. After 10 adsorption–regeneration cycles, the NMCS
electrode was taken out and characterized by TEM. As shown in Figure S6, the regular
spherical morphology with distinct core-shell structure was completely retained, further
revealing the remarkable stability of NMCS during adsorption–regeneration cycling. The
superior CDI performance outlined and discussed above demonstrates that NMCS would
be a promising electrode material for effective defluorination.
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Figure 7. Cycling stability of NMCS.

4. Conclusions

In this study, we prepared NMCS via a gradient sol-gel method to effectively remove
fluorine in CDI systems. NMCS achieved a high electrosorption capacity of 13.34 mg g−1

with the initial fluorine concentration of 1000 mg L−1 at 1.2 V and also excellent repeatability
with little decrease of electrosorption capacity after 10 cycles. The superior defluorination
performance of NMCS as compared with its undoped counterpart was associated with im-
proved physicochemical properties, such as conductivity and wettability, the amelioration
of pore structure and the transformation of morphology due to nitrogen doping. Nitrogen
doping into NMCS was found to not only facilitate ion transportation, but to also improve
the available adsorption sites. Therefore, NMCS would be an excellent electrode material
for effective defluorination in CDI systems.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/w15030608/s1, Figure S1: Schematic diagram of the de-
fluorination system (a) and the CDI unit (b); Figure S2: Standard curve of conductivity and fluorine
concentration; Figure S3: EDS elemental mapping images equipped with TEM of NMCS; Figure S4:
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