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a b s t r a c t 

Nitrogenization is an effective method for improving the capacitive deionization (CDI) per- 

formance of porous carbon materials. In particular, polymer organic frameworks with het- 

eroatom doping, containing an ordered pore structure and excellent electrochemical sta- 

bility, are ideal precursors for carbon materials for high-performance CDI. In this study, a 

nitrogen-enriched micro-mesoporous carbon (NMC) electrode was fabricated by carboniz- 

ing a Schiff base network-1 at 500, 600, and 700 °C. Scanning electron microscopy, Fourier 

transform infrared spectroscopy, X-ray diffraction, N 2 adsorption-desorption, the contact 

angle of water, cyclic voltammetry, and electrochemical impedance spectroscopy were used 

to characterize the morphological structure, wettability, Brunauer–Emmett–Teller surface 

areas, and electrochemical performance of the NMCs. The results showed that the NMC 

carbonized at 600 °C achieved the best specific capacitance (152.33 F/g), as well as a high 

electrosorption capacity (25.53 mg/g) because of its chemical composition (15.57% N) and 

surface area (312 m 

2 /g). These findings prove that NMC is viable as an electrode material for 

desalination by high-performance CDI applications. 

© 2021 The Research Center for Eco-Environmental Sciences, Chinese Academy of 

Sciences. Published by Elsevier B.V. 
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opulation growth, industrial and agricultural development,
nd climate change have caused a rapid increase in the con- 
umption of clean freshwater, resulting in a global short- 
ge. Desalination technologies, such as distillation, reverse 
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smosis, and electrodialysis, are attracting increasing atten- 
ion for the utilization of brackish water to produce fresh- 
ater. However, there are some shortcomings to these pro- 

esses, such as low efficiency and severe environmental pol- 
ution ( Semiat, 2008 ). With advantages including low cost and 

xcellent regeneration stability, capacitive deionization (CDI) 
as been rapidly developed in recent years ( Pastushok et al.,
i). 
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2019 ). This process consists of ions in a solution being ad-
sorbed onto electrodes when a voltage is applied, and as the
charge is removed or reversed, they are released from the elec-
trodes ( Anderson et al., 2010 ). 

Electrode materials play a vital role in CDI performance.
An ideal electrode for CDI should have the following fea-
tures: high specific surface area, high conductivity, proper
porous structure, and good wettability. Because carbon-based
materials, such as graphene ( Wei et al., 2016 ), carbon nan-
otubes ( Zhu et al., 2018 ), activated carbon, and their compos-
ites ( Singh et al., 2020 ), meet most of these criteria, they are
the most widely used CDI electrodes. However, these materi-
als have some severe defects, such as low utilization of specific
surface area and unideal wettability, which limit the develop-
ment of CDI. Therefore, it is necessary to identify new materi-
als with excellent physical and chemical properties. Many ef-
forts have been focused on manufacturing high-performance
carbon materials to solve these problems. Mesoporous car-
bons have larger apertures for ion transport because their
accessible surface area is larger than that of microporous
carbons. Yeh et al. used a two-stage method to synthesize
activated carbon electrodes from coconut shells to show that
electrodes with meso-porosity exhibited a good capacitive
performance. In addition, doping with nitrogen can simulta-
neously enhance the conductivity and wettability as it induces
a large number of defects that are convenient for electron
transfer and provide pseudo-capacitance rises from Faradic
redox reactions. However, the high manufacturing cost, com-
plex preparation process, and low amount of nitrogen (3%–8%)
limit the performance and further application of these materi-
als ( Song et al., 2020 ; Wang et al., 2016 ). Therefore, research on
nitrogen-rich mesoporous electrode materials with excellent
CDI performance is extremely desirable. Furthermore, com-
position and structure are the major factors influencing CDI
performance. Thus, the balance between nitrogen doping and
pore structure should be further explored. 

Polymer organic frameworks (POFs), which are constructed
using light elements with strong covalent bonds, possess con-
trollable pore sizes and good chemical and thermal stability.
Carbon materials derived from POFs are used for catalysis,
adsorption, gas storage and separation, and energy storage
( Wang et al., 2015 ). Melamine is an ideal precursor for the fab-
rication of an organic framework because it possesses a tri-
azine ring with three reactive amino groups. Furthermore, its
high nitrogen content could provide the resulting polymers
with special features. Zhao et al. studied melamine-based
POFs synthesized using a solvothermal method with aromatic
dialdehydes and melamine as the monomers, and found that
it possessed a porous structure with a broad pore size dis-
tribution, high surface area, and high nitrogen content, mak-
ing it an ideal precursor for carbon materials. Thus, POFs and
their derived carbon materials are emerging as potential elec-
trode materials for CDI. However, few studies have evaluated
nitrogen-enriched micro-mesoporous carbons (NMC) derived
from POFs. 

Therefore, in this study, we prepared an NMC derived
from a Schiff-base network-1 (SNW-1) as an enhanced per-
formance CDI electrode. The SNW-1 is a POF with a micro-
mesoporous structure and high nitrogen content, and is di-
rectly prepared using melamine and terephthalaldehyde as
monomers. Therefore, the SNW-1 was selected as a precur-
sor to prepare the NMCs and investigate the balance between
pore structure and nitrogen doping in an NMC. 

1. Experimental 

1.1. Materials 

Melamine (99%), terephthalaldehyde (99%), ZnCl 2 , and
polyvinylidene fluoride were obtained from the Aladdin
Industrial Corporation (China). In addition, HCl, carbon
black, N,N-dimethylacetamide, and NaCl were obtained from
Sinopharm Chemical Reagent Co., Ltd. (China). Meanwhile,
dichloromethane (99.5%), acetone (99.5%), and DMSO (99%)
were obtained from the Grion Environment Technology Co.,
Ltd. (China). 

1.2. Characterization 

Transmission electron microscopy (TEM, FEI Talos F200S) and
scanning electron microscopy (SEM, Zeiss Sigma 300) were
used to measure the morphologies of the SNW-1 and NMC ma-
terials. Fourier transform infrared spectroscopy (FT-IR, Nico-
let 670) was performed in the range of 500–4000 cm 

−1 . Pow-
der X-ray diffraction (Empyrean, PANalytical B.V.) data were
collected using a flat sample holder and Cu K α radiation at
40 kV in the 2 θ range of 10–80 °. X-ray photoelectron spec-
troscopy (XPS, ESCALAB250Xi, Thermo Fisher Scientific) was
performed using a K-alpha system with Al K α (1486.6 eV) ra-
diation to measure the chemical composition of the samples.
Nitrogen adsorption/desorption isotherms were obtained us-
ing an ASAP 2460 (Micromeritics). The Brunauer–Emmett–
Teller (BET) method was employed to measure the specific
surface area (SSA), and Barrett–Joyner–Halenda models were
used to calculate the pore volume and pore size distribu-
tion. The surface wettability of the samples was studied us-
ing a contact angle analysis (KRUSS DSA100) method with
a drop shape analysis system. A CHI 660E electrochemical
workstation was used to characterize the electrochemical per-
formance by conducting cyclic voltammetry (CV), galvanos-
tatic charge-discharge (GCD), and electrochemical impedance
spectroscopy (EIS) in a 1 mol/L NaCl solution using a three-
electrode system, which consists of a work electrode, refer-
ence electrode (Ag/AgCl, saturated 1 mol/L KCl), and counter
electrode (1 cm 

2 × 1 cm 

2 Pt slice). 

1.3. Preparation of NMC samples 

First, 0.47 g of melamine (3.73 mmol) and 0.75 g of terephtha-
laldehyde (5.59 mmol) were dissolved in DMSO (23 mL) and
then decanted into a Teflon-lined autoclave (100 mL capacity).
The mixture was heated at 180 °C for 10 h, and then washed
with excess acetone and dichloromethane after cooling to ap-
proximately 30 °C. The obtained white powder was then dried
under a vacuum at 30 °C for 10 hr. 

The SNW-1 sample (80 mg) was transferred to ceramic
boats and placed inside a temperature-programmed furnace
under an argon atmosphere, wherein it was heated from room
temperature to 500, 600, or 700 °C at a rate of 5 °C/min, and
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hen maintained at the specified temperature for 2 hr be- 
ore cooling to room temperature. The resultant samples were 
ashed with deionized water and dried at 80 °C for 12 hr to 
btain the NMC samples. 

.4. CDI tests 

he work electrodes were fabricated and then assembled for 
he CDI apparatus to evaluate the desalination performance,
n accordance with our previous work ( Liu et al., 2019 ). The test
lectrolyte was an NaCl solution (500 mg/L), and the voltage 
as set at 0.8 1.0, or 1.2 V. The flow rate was set to 10 r/min
uring the experiment. 

The desalination capacity (SAC, mg/g) was calculated using 
he following Eq. (1) ( Li et al., 2019 ): 

AC = 

( C 0 − C e ) × V 

m 

(1) 

here C 0 (mg/L) is the initial concentration of the NaCl solu- 
ion, C e (mg/L) is the final concentration of the NaCl solution,
 (L) is the volume of the NaCl solution, and m (g) is the mass
f the electrode. 

The desalination rate (SAR, mg/g/min) was calculated as 
q. (2) ( Li et al., 2019 ): 

AR = 

( C 0 − C e ) × V 

t 
(2) 

here t (min) is the desalination time. 
Energy consumption ( W, kWh/kg) was calculated using 

q. (3) ( Ma et al., 2020 ): 

 = 

∫ 
i × v d t 

3 . 6 × ( C 0 − C e ) × V 

(3) 

here i (A) is the current, v (V) is the voltage. 
Finally, the charge efficiency (CE, %) was calculated as 

q. (4) : 

E = 

F × V × ( C 0 − C e ) ∫ 
Id t 

× 100% (4) 

here, F is the Faraday constant (96,485 C/mol), and I (A) is the 

urrent. 

Scheme
. Results and discussion 

.1. Characterization 

he SNW-1 nanoparticles were constructed using melamine 
nd terephthalaldehyde ( Scheme 1 ). Fig. 1 a shows the FT- 
R results of SNW-1, melamine, and terephthalaldehyde, and 

ig. 1 b shows the XRD results of SNW-1. After the syn- 
hesis process, the SNW-1 spectrum showed no bands at 
468 cm 

−1 , 3417 cm 

−1 , 1650 cm 

−1 (H-N-H stretching) or 
683 cm 

−1 (C = O stretching), confirming that the reaction was 
omplete ( Zhao and Yan, 2015 ). Meanwhile, the bands located 

t 1471 cm 

−1 and 1539 cm 

−1 (C = N stretching) indicate that 
elamine was incorporated into the SNW-1 ( Kim et al., 2018 ).
s shown in Fig. 1 b, the broad XRD peak in the 2 θ range of 15–
0 ° indicates that SNW-1 has amorphous characteristics with 

 low degree of crystallinity, which is in good agreement with 

reviously reported literature ( Shunmughanathan et al., 2015 ).
ccording to the TGA results (Appendix A Fig. S1), the SNW- 
 began to decompose when the temperature was greater 
han 30 °C and completely decomposed below 900 °C. Because a 
igher temperature causes a lower carbon yield and improves 
he carbonization degree of the final material, the carboniza- 
ion temperatures in the experiment were set to 500, 600, and 

00 °C, in which the corresponding samples were labeled as 
MC500, NMC600, and NMC700, respectively. 

Fig. 2 a, b, e, and f show the SEM results of SNW-1, NMC500,
MC600, and NMC700, respectively, and reveal the occurrence 
f rough surfaces and irregular morphology at low magnifica- 
ion. The SNW-1 exhibits a cluster-like structure with an in- 
erconnection of many nanoparticles, which form numerous 
ores at the macro- and meso-scales. Further, it is clear that 
hrinkage occurred during the pyrolysis process, leading to 
econnections among these nanoparticles and developing an 

nterconnected network structure of micro- and meso-pores.
his could be attributed to the incomplete interspace pores,
hich were produced during the carbonization step, as well 

s the structure collapse during the nanoparticle shrinkage 
uring carbonization. The presence of these interspace pores 
 1. 
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Fig. 1 – (a) FTIR spectroscopy of SNW-1, melamine, and terephthalaldehyde, (b) XRD pattern of SNW-1 

Fig. 2 – SEM images of (a) SNW-1, (b) NMC500, (e) NMC600, and (f) NMC700, (c) TEM image of NMC600, (d) C, (g) O, and (h) N 

element mapping of NMC600 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

improves ion diffusion within the structure. In addition, the
TEM mapping images reveal that C, O, and N exist on the sur-
face of the NMC600 ( Fig. 2 c, d, g, and h). 

Fig. 3 a shows the XRD results for NMC500, NMC600, and
NMC700. After carbonization, the obtained NMC showed two
peaks at 2 θ values of 24 ° and 43 °. These peaks correspond to
diffraction at (002) and (100), respectively, revealing the for-
mation of partial graphitic structures. Further, with increas-
ing temperature, the degree of graphitization increased. Fig. 3 b
shows the Raman spectra of NMC500, NMC600, and NMC700.
In the Raman spectra, the D band at approximately 1330 cm 

−1

represents a defect within the graphitic structure and the ex-
istence of heteroatoms. Meanwhile, the G band at approxi-
mately 1590 cm 

−1 indicates E 2g vibration within the graphite
sheet. The I D / I G values of NMC500, NMC600, and NMC700 were
calculated to be 1.19, 1.28, and 1.32, respectively. These results
demonstrate that the NMC has a disordered structure, and the
degree of graphitization increases with increasing tempera-
ture. Electrical conductivity is vital for carbon materials to at-
tain high performance in CDI, and a higher degree of graphi-
tization implies better electrical conductivity. 

The surface area results are shown in Fig. 4 a. The samples
displayed type I isotherms with a dramatic increase in low
pressure, revealing the existence of micropores. Simultane-
ously, hysteresis loops at high pressures (0.45 < P/P 0 ) revealed
the existence of meso-and macropores in the NMC samples.
As listed in Appendix A Table S1, the SSAs and pore volumes
of the NMC materials increased with increasing carbonization
temperature. This may be attributed to the shrinkage and col-
lapse of the pore structure, which is consistent with the SEM
results. These results are supported by the pore size distribu-
tion shown in Fig. 4 b. The average pore diameters of NMC500,
NMC600, and NMC700 were 4.31 nm, 2.94 nm, and 2.55 nm, re-
spectively. Meanwhile, the pore volume decreased in the fol-
lowing order: NMC700 (0.56 cm 

3 /g) > NMC600 (0.49 cm 

3 /g) >
NMC500 (0.33 cm 

3 /g). With a large average pore size and mul-
tilevel pore structure, NMC could be a high-capacity electrode
material for CDI. 

As shown in Fig. 5 a–c, the XPS spectra of all the NMC
samples have three peaks at 285, 398, and 534 eV, indicating
the existence of C, N, and O, respectively. These results sug-
gest that they converted to nitrogen-doped carbon materials
and are consistent with the XRD and Raman analyses. The
atomic contents are listed in Table 1 . Specifically, the N con-
tents of NMC500, NMC600, and NMC700 were 18.58%, 15.57%,
and 10.74%, respectively. Because of the decomposition of er-
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Fig. 3 – (a) XRD pattern of NMC500, NMC600, and NMC700, (b) Raman spectra of NMC500, NMC 600, and NMC 700 

Fig 4 – (a) Nitrogen adsorption–desorption isotherms of NMC500, NMC600, and NMC700 and (b) pore size distributions of 
NMC500, NMC600, and NMC700 

Fig. 5 – (a–c) X-ray photoelectron spectroscopy (XPS) of NMC500, NMC 600, and NMC700, and (d–e) high-resolution N1s 
spectrum of NMC500, NMC 600, and NMC700. 
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Table 1 – Elemental analysis of NMC500, NMC 600, and NMC700 by XPS. 

Sample C (%) N (%) O (%) pyridinic-N (%) pyrrolic-N (%) graphitic-N (%) 

NMC500 69.8 18.58 11.62 38.80 48.40 12.80 
NMC600 70.65 15.57 13.78 38.61 48.54 12.85 
NMC700 71.96 10.74 17.3 46.11 39.20 14.69 

Fig. 6 – Water contact angles of (a) NMC500, (b) NMC600, 
and (c) NMC700. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

rant non-carbon elements, the C content increased while the
N content decreased with increasing carbonization tempera-
ture. The high-resolution N 1s XPS spectra of the NMCs can
be deconvoluted into pyridinic-N (398.3 ± 0.2 eV), pyrrolic-N
(399.9 ± 0.2 eV), and graphitic N (401.0 ± 0.2 eV) ( Fig. 5 d and e).
As shown in Appendix A Fig. S2, the C 1s spectra of the NMCs
consist of three peaks, the –C–O bond at 288.3 ± 0.3 eV, the C–N
bond at 286.8 ± 0.3 eV and the C–C/C = C bond at 284.6 ± 0.3 eV.
Note that the peak at 288.3 ± 0.3 eV signifies N-atom
existence. 

To evaluate the wettability, contact angle tests of NMC500,
NMC600, and NMC700 were conducted, as shown in Fig. 6 .
When the water contact angle is greater than 90 °, the sur-
face of the material is hydrophobic whereas when the angle
is less than 90 °, it is hydrophilic. According to the results, the
contact angles of NMC500, NMC600, and NMC700 were 65.45 °,
69.20 °, and 76.35 °, respectively, indicating that the NMCs are
hydrophilic carbon materials. This may be because of their
high nitrogen content. In addition, the wettability decreased
in the order of NMC500 > NMC600 > NMC700, which may be
attributed to the loss of nitrogen content with increasing car-
bonization temperature. The wettability results were consis-
tent with the XPS results. Note that the solid-liquid interfacial
tension may increase around the nanopores if it is hydropho-
bic, thereby making the nanopores inaccessible to aqueous so-
lutions. 

2.2. Electrochemical performance 

The electrochemical performances of NMC500, NMC600, and
NMC700 were assessed using CV, GCD, and EIS tests. The test
potential ranged from −0.5 to 0.5 V with a series of scan rates
( v , 1–100 mV/sec). The representative CV curves of NMC500,
NMC600, and NMC700 at a scan rate of 10 mV/sec are shown
in Fig. 7 a. The rectangular CV curves indicate that the elec-
trical double-layer capacitive behavior of the NMC electrodes
was generated from a Coulombic reaction instead of a Faradic
reaction ( Zhao et al., 2016 ). In addition, a distinct deviation
from the rectangle curve shape, attributable to the pseudo-
capacitance caused by N atoms, was also observed ( Shi et al.,
2020 ). The airtight area of the NMC600 was slightly larger
than that of the NMC500 and NMC700. The specific capac-
itances at 1 mV/sec of the NMC500, NMC600, and NMC700
were 143.35, 152.33, and 132.4 F/g, respectively. In particular,
the NMC600 had a very high electrochemical capacity. Fig. 7 b
shows the CV curves of NMC600 at different scan rates of 1, 10,
50, and 100 mV/sec. With increasing scan rate, the polariza-
tion effect and inherent internal resistance of the electrodes
caused a deviation from the typical rectangular shape. Fig. 7 c
shows the specific capacitances of the NMC electrodes at dif-
ferent scan rates, of which the NMC600 electrode exhibited
the highest specific capacitance. The BET surface area and
pore volume increase made additional adsorption sites avail-
able for the ions with increasing carbonization temperature.
Although the N content decreased with increasing carboniza-
tion temperature, NMC600 maintained a high nitrogen con-
tent (15.57%), thereby improving the wettability and specific
capacitance. Moreover, the high degree of graphitization and
multilevel pore structure provide high conductivity and an in-
creased number of accessible pores for ion adsorption. Above
all, the chemical composition and porous structure synergis-
tically promote electrochemical performance. Although the
NMC700 possesses the largest BET surface area and pore vol-
ume, its specific capacitance is lower than that of NMC600.
This, which may be attributed to the high surface tension
caused by the intense hydrophobic property, makes the micro-
pores inaccessible to the electrolyte. These “dead pores” limit
the electrode’s electrochemical performance. Therefore, find-
ing a balance between the chemical composition and struc-
ture is more important than prioritizing one property as a very
high electrochemical performance can be achieved with the
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Fig. 7 – (a) CV curves at a scan rate of 10 mV/sec of NMC500, NMC 600, and NMC700, (b) CV curves of NMC600 at different 
scan rates, (c) the specific capacitances of NMC500, NMC 600, and NMC700 at different scan rates, (d) Comparison of EIS 

curves of NMC500, NMC 600, and NMC700, (e) GCD curves of NMC500, NMC 600, and NMC700, (f) GCD curves of NMC 600 at 
various current densities 
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ppropriate structure and suitable chemical composition. In 

his study, the NMC600 provided the best results. 
To distinguish the pseudocapacitive contributions. We cal- 

ulated the pseudocapacitive contributions using Eqs. (5) and 

6) : 

(V ) = k 1 v + k 2 v 1 / 2 , (5) 

(V ) / v 1 / 2 = k 1 v 1 / 2 + k 2 , (6) 

here k 1 and k 2 are adjustable parameters that change with 

he applied voltage, and i(V), k 1 v, k 2 v 1/2 , and v represent 
he current at a fixed voltage, the capacitive and diffusion- 
ontrolled currents, and the scan rate, respectively. As shown 

n Appendix A Fig. S4, the calculated capacitance/faradaic 
ontribution of NMC600 is 48.96%/51.04%, suggesting that ni- 
rogen induced a pseudocapacitance, which increased the CDI 
erformance. This pseudocapacitance resulted from a reac- 
ion between the nitrogen functional groups and sodium ions,
n which the pyridinic-N and pyrrolic-N species (Lewis base) 
f NMC600 with a strong π delocalization capture sodium ion 

Lewis acid) via the acid-base interaction principle. 
The results of the EIS are shown in Fig. 7 d, wherein the 

can frequency ranged from 10 −2 to 10 5 Hz. The NMC500 had 

owest charge-transfer resistance ( R ct ) value (Appendix A Ta- 
le S2), which is mainly attributed to its high nitrogen con- 
ent. The low R ct and low-frequency plots correspond to the 
ast ion-diffusion process inside carbon. As shown in Fig. 7 e,
he linear and symmetric GCD curves of NMC500, NMC600,
nd NMC700 indicate the electrodes all had excellent stability.
n addition, NMC600 exhibited the longest charge–discharge 
ime, suggesting that it possessed the best specific capaci- 
ance. 
.3. CDI performance 

he desalination performance of the NMC500, NMC600, and 

MC700 electrodes was tested in a 100 mL NaCl solution with 

n initial concentration of 500 mg/L at 1.2 V and a flow rate 
f 10 r/min in batch mode. As shown in Appendix A Fig. S3,
he solution concentrations for all the electrodes decreased 

ignificantly, which can be attributed to the fast adsorption of 
ons by the electric force. With increasing time, the curves sta- 
ilized at 472.6, 469.26, and 474.44 mg/L, respectively, indicat- 

ng that the salt adsorption of the electrodes reached satura- 
ion. The electrosorption capacities of the NMC500, NMC600,
nd NMC700 electrodes were 15.89, 25.53, and 20.15 mg/g 
 Fig. 8 a). The electrosorption adsorption rate (SAR) is also a 
rucial factor for evaluating the CDI performance. The elec- 
rosorption rate of the NMC600 electrode was 1.91 mg/g/min,
hich is higher than that of the NMC500 (0.88 mg/g/min) 

nd NMC700 (1.09 mg/g/min) electrodes ( Fig. 8 b). The posi- 
ion of the NMC600 electrode at the top-right of the CDI 
agone plot indicates it has the highest SAC, which can be 
ttributed to the specific pore structure and chemical com- 
osition ratio, as well as the high degree of graphitization and 

igh conductivity. Compared with the NMC700 electrode, the 
MC600 had a higher mesopore volume and higher N con- 

ent, which makes it a better salt-ion reservoir, and the co- 
xistence of meso- and micropores ensures a better electro- 
hemical performance. This result is in accordance with the 
lectrochemical measurements. Although the NMC500 elec- 
rode has a lower impedance and higher N content than the 
MC600 electrode, the specific area of the NMC600 electrodes 

s much larger. Therefore, the presence of a reasonable meso- 
ore structure resulting in a highly accessible surface area and 



journal of environmental sciences 111 (2022) 282–291 289 

Fig. 8 – (a) Electrosorption capacities of NMC500, NMC600, and NMC700 electrodes and (b) Ragone plots of NMC500, NMC600, 
and NMC700 electrodes 

Fig. 9 – (a) Changes in the circulating solution concentration with time, (b) electrosorption capacity of NMC600 at various 
voltages, (c) Ragone plots of NMC600 at various voltages, and (d) cycling desalination performance of NMC600. 

 

 

 

 

 

 

 

 

 

Table 2 – Comparison of charge efficiency and energy con- 
sumption of NMC500, NMC 600, and NMC700. 

Sample Charge efficiency 
Energy consumption 
(kWh/kg) 

NMC500 0.50 0.82 
NMC600 0.58 0.75 
NMC700 0.53 0.79 
a rich nitrogen content that promotes electrical conductivity
and wettability are key factors enabling NMC600 electrodes
to achieve the best deionization performance in the CDI test.
The energy consumption and charge efficiency of each mate-
rial is summarized in Table 2 . Compared with the NMC500 and
NMC700 electrodes, the NMC600 electrode exhibited the high-
est charge utilization and lowest energy consumption. These
results verify the importance of the balance between the pore
structure and nitrogen content in the electrode material for

CDI. 
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To examine the SAC of the NMC600, CDI experiments were 
onducted under voltages of 0.8, 1.0, and 1.2 V ( Fig. 9 a–c). The
olution concentration initially increased sharply and reached 

 stable state within 60 min. The SAC also increased from 

4.48 to 25.53 mg/g with increasing voltage ( Fig. 9 b). Thus, a 
igher voltage results in a higher SAC because of the stronger 
lectrostatic interactions. Water hydrolysis was not observed 

uring the experimental process because of the intrinsic re- 
istance in the circuit. Fig. 9 c shows the electrosorption rates 
t different voltages. Further, with increasing voltage, the 
urve shifts to the right, indicating that the SAC and SAR in- 
rease simultaneously owing to the easy adsorption of ions 
aused by stronger Coulombic interactions at higher voltages 
 Andelman, 2011 ). 

Cycling stability can be evaluated using adsorption–
egeneration experiments. Fig. 9 d shows the cyclic absorp- 
ion/desorption experiments performed on the NMC600 elec- 
rode under 1.2 V. The adsorption and desorption processes 
ere completed quickly during regeneration, indicating an ex- 

ellent regeneration ability. After 10 cycles, although the ad- 
orption time of the NMC600 slightly increased, there was very 
ittle degradation, indicating its high potential for practical use 
n CDI. In addition, Appendix A Fig. S4 shows the SEM results 
f the NMC samples after multiple adsorption-desorption cy- 
les, revealing that the pore structure was not destroyed after 
he operation. This implies the good stability of the materials.
ompared with CDI electrodes synthesized by other methods 

Appendix A Table S3), NMC600 showed a good electrosorp- 
ion capacity, which suggests that the nitrogen-rich micro- 

esoporous carbons obtained via a simple strategy exhibit ex- 
ellent CDI performance. 

. Conclusions 

n this study, we prepared NMC CDI electrodes by directly car- 
onizing an SNW-1. The results showed that, because of its 

arge surface area (312 m 

2 /g) and optimal chemical composi- 
ion (15.57% of nitrogen content), NMC600 showed a high spe- 
ific capacitance (152.33 F/g) and the best SAC (25.53 mg/g).
his indicates the importance of the balance between pore 
tructure and chemical composition for CDI performance. In 

ddition, the NMC600 showed excellent electrosorption sta- 
ility in the recycling experiment. These findings indicate the 
romising potential of POF-driven carbon materials for desali- 
ation by CDI. 
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