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With the development of capacitive deionization technology, charge efficiency and electrosorption capacity

have become some of the biggest technical bottlenecks. Asymmetric activated carbon electrodes with ion-

selective functional groups inspired by membrane capacitive deionization were developed to conquer these

issues. The deionization capacity increased from 11.0 mg g�1 to 23.2 mg g�1, and the charge efficiency

increased from 0.54 to 0.84, due to ion-selective functional groups minimizing the co-ion effect. The

charge efficiency and electrosorption capacity resulting from better wettability of these electrodes are

effectively enhanced by grafting ion-selective functional groups, which are propitious to ion movement.

In addition, asymmetric deionization capacitors show better cycling stability and higher desalination rates.

These experimental results have demonstrated that the modification of the ion-selective (oxygen-

containing) functional groups on the surfaces of activated carbon could greatly minimize the co-ion

effects and increase the salt removal from the solution. These results have indicated that the ion-selective

asymmetric carbon electrodes can promote well the development of deionization capacitors for practical

desalination.
1. Introduction

The water crisis is one of the most threatening issues in the
foreseeable future due to the decrease of available fresh water
caused by the growing population and environmental pollu-
tion.1–4 Deionization of brackish water can provide abundant
fresh water for humans. Various desalination technologies have
been developed to conquer this threat.1,3,5,6 Capacitive deion-
ization (CDI) as a new technology is more energy-efficient
compared to such traditional desalination approaches as
reverses osmosis and multistage distillation.7–13 The cardinal
principle of CDI is the same as for electric double layer capac-
itors (EDLCs), but with distinct differences.14–16 The main
difference is that the solution is uid and ions are removed and
stored on the electrodes with the applied voltage (1–2 V) during
the deionization process, whereas the electrolyte is immovable
in EDLCs and is only for energy storage.14,17,18 The goal of CDI is
the removal of ions from the electrolyte rather than energy
storage.16

According to the principle of CDI, carbon materials are more
suitable due to their unique properties. Hence, various carbon
materials have been developed by us and other research
groups.19–22 Most of them show good desalination performance
hnology, Shanghai University, Shanghai
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ESI) available: Experimental details for
, S-AC and N-AC, SAC curves, Ragone
itors in a 1000 mg L�1 NaCl solution.
but prepared with a complex procedure, high cost and low-scale
yield.23,24 Among them, activated carbon (AC) has been recog-
nized as the most commercially practical electrode material for
CDI due to its higher specic surface area, larger pore volume,
better stability, lower cost and mass production.25–28 Unfortu-
nately, AC has high surface area but always accompanied with
a large amount of disordered arrangement of micropores,
which restrict the diffusion of salt ions and mass transfer in
desalination process.25,28,29 Although advanced strategies were
proposed to solve this issue including increasing the ratio of
mesoporous structure and introducing some hydrophilic
groups on the AC electrodes.25,30 The electrosorption capacity
and charge efficiency are still much lower than that expected
due to the co-ion expulsion effects.

Although the CDI technology has many advantages, the co-
ion expulsion effect is an unavoidable issue, in which the
oppositely charged counter-ions are adsorbed to the electrode
and co-ions are repelled by applying voltage to electrodes.2,31

The adsorption and desorption of salt ions occur at the same
time in the deionization process, which result in reducing the
charge efficiency (CE, dened as the ratio of adsorbed salt over
charge) and increasing the energy consumption.10 Generally,
higher charge efficiency leads to lower energy consumption.
However, the charge efficiency of most carbon electrodes in the
CDI process is lower than 0.6, which is far less than 1 and limits
its large-scale industrial application.2,4,10 To promote the prac-
tical application of CDI technology, it is quite urgent to improve
the charge efficiency and reducing energy consumption of the
electrodes.
This journal is © The Royal Society of Chemistry 2018
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Fig. 1 Scheme illustration of the time-dependent CDI model of (a) asymmetric AC electrodes and (b) symmetric activated carbon electrodes.
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These limitations may be overcome effectively by intro-
ducing ion-exchange membranes (IEM) into the CDI.7,32 The
ion-exchange membranes capacitive deionization (MCDI) have
ion selectivity which prevents reverse adsorption and prohibits
the mobility of co-ions.33 The movement of counter-ions is free
and the co-ions are prohibited in the IEM.34 It will minimize the
co-ions expulsion effect and increase CE and salt removal effi-
ciency. It has been demonstrated that the CE of MCDI or
revised-MCDI is even up to 0.9.32 However, there are two
disadvantages limiting the commercial application of MCDI.
One is that the price of IEM is very high and the other is the high
contact resistance caused by the inferior contact adhesion
between the CDI electrodes and IEM.31 The electrode with
graing ion-selective groups through covalent bonds is analo-
gous to the MCDI. It can simplify the equipment and overcome
the disadvantages of MCDI, which is more economical. Inspired
by the MCDI, carbon electrodes with graing ion-selective
groups have attracted great interest of the CDI tech-
nology.2,31,35–37 Previously, we designed and prepared a novel
ion-selective 3D graphene electrode to overcome the co-ions
expulsion effect.31 However, the construction of ion-selective
3D graphene suffered from high production cost, long-time
treatment and only suitable for lab-scale fabrication.31 It is
noted that most of asymmetric CDI were designed and prepared
to overcome the co-ions expulsion effects, in which only one
pair of asymmetric electrode were studied in a low concentra-
tion and small volume of NaCl solution for laboratory
research.31,35–37 The CDI for practical applications is still
challenging.

Hence, asymmetric AC electrodes have been designed and
graed by sulfonic groups and amine groups on the surface of
AC through covalent bonds as a cation-selective electrode and
an anion-selective electrode respectively for enhanced capaci-
tive deionization. The NaCl aqueous solution with an initial
concentration of 1000 mg L�1 in a total volume of 400 mL was
pumped to the cell from beginning to end in this work. Ten
pairs of asymmetric electrodes are assembled with sulfonic AC
This journal is © The Royal Society of Chemistry 2018
as positive electrodes and aminated AC as negative electrodes.
The scheme of co-ion minimization is illustrated in Fig. 1. The
ions are selectively absorbed on the surface of asymmetric AC
electrodes even before applying the voltage. Ions ux into and
store in the oppositely charged electrode pores with electro-
static attraction aer applying voltage. Ion-selective functional
groups can prevent reverse adsorption and prohibit the mobility
of co-ions similar to MCDI. As a result, the electrosorption
capacity and charge efficiency of asymmetric AC electrodes have
been signicantly improved because of not only preventing co-
ion expulsion effect but also promoting the wettability and
accelerating salt solution inltration. These results will be
benecial to solve the technical bottlenecks and accelerate the
practical engineering application of CDI.

2. Experimental details
Preparation

AC (TF-B518) was supplied by Shanghai Sino Tech Investment
Management Co. Ltd and modied with diluted nitric acid.
Sinopharm Chemical Reagent Company provided other chem-
icals. DI water was used in the whole experiment process.

The preparation of ion-selective function AC was according
to the literature with some improvements.31 For anion groups
graing, 10.5 g of sulfanilic acid was dissolved to the NaOH
aqueous solution in an ice bath. 65 mL of icy hydrochloric acid
was added to the above solution for 15 min. Then, 30 mL of
sodium nitrite was added to the above solution slowly for
30 min. Next, the diazosalt of sulfanilic acid was obtained and
added slowly to the AC dispersion for 3 h. The products were
collected by centrifugation, washed several times with deion-
ized water and absolute ethanol, and dried at 60 �C for 12 h. The
obtained sample was labelled as S-AC. For cation groups gra-
ing, 2.5 mL of 3-aminopropyltriethoxysilane was dispersed to
1000 mL of acetone dispersion of AC and then evaporate all the
acetone at about 70 �C. The obtained samples was labelled as N-
AC.
RSC Adv., 2018, 8, 2490–2497 | 2491
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The corresponding electrodes preparation. The carbon
ingredient and PVDF were uniformly mixed in N-methyl pyrro-
lidone with ratio of 85 : 15 in a vacuummixer. Then the mixture
was pressed onto graphite sheets with a mass of 1.0 g and a size
of 7.0 cm � 11.0 cm � 0.01 cm. The corresponding electrodes
are obtained aer dried at 40 �C overnight.
Characterization

The samples were characterized by nitrogen sorption isotherms
(Autosorb-IQ2, Quantachrome Corporation), eld emission
scanning electron microscopy (SEM, JEOL JSM-700F), X-ray
photoelectron spectroscopy (XPS, Perkin-Elmer PHI 5000C
ESCA). Fourier transform infrared spectroscopy (FT-IR, Thermo
Nicolet Avatar 370 spectrometer) and dynamic contact angle
analysis (Krüss, DSA100). The detailed information is available
in ESI.†
Electrochemical and desalination experiments

Cyclic voltammetry (CV) was actualized in a 3-electrode system
using a CHI 660D, which include an S-AC (or N-AC or AC) as the
working electrode, a graphite sheet as the counter electrode,
and a saturated calomel electrode as the working electrode.

The electrosoption performance was conducted in electro-
sorption cell. The electrosorptive cell includes 10 pairs of elec-
trodes and each pair electrodes separated by an inert spacer.
Four different CDI cells were assembled for comparison: (1) AC
versus N-AC, which is cathode and anode correspondingly;
(2) AC versus S-AC, which is anode and cathode respectively;
(3) N-AC versus S-AC, where is anode and cathode correspond-
ingly; (4) AC versus AC, which is symmetric combination.
Aqueous sodium chloride solution with fresh concentration of
1000 mg L�1 and total volume of 400 mL was pumped to the cell
from beginning to end. The conductivity of NaCl solution was
detected by a conductivity meter to reect the concentration
changes.
Fig. 2 (a) SEM images of S-AC and (d) NS-AC, (b and c) EDS elemental

2492 | RSC Adv., 2018, 8, 2490–2497
3. Results and discussion
Characteristics

The surface prole of the obtained materials is determined by
SEM images and shown in Fig. 2. As seen from Fig. 2a and d,
both S-AC and N-AC exhibit well connected and irregular
network-like porous architectures. It indicates that the
morphology and structure of AC are mainly maintained aer
modication. The EDS mapping (Fig. 2b–f) conrms that S
and N element are uniformly scattered on the whole surface of
the S-AC and N-AC correspondingly. It well proved that the ion-
selective groups are effectively graed on the surface of AC,
which should be benecial to electrosorption.

Pore features and specic surface area are represented by N2

sorption isotherms (Fig. 3a and b). Generally, the surface area of
AC includes micropore surface area and the external surface
area.29 Fig. 3a shows the N2 adsorption isothermal of AC, N-AC
and S-AC. According to the IUPAC classication, all the samples
exhibit a typical type I, which indicate that the presence of
relatively large micropore in the frameworks.35–37 The BET
specic area decreased from 2759 m2 g�1 for AC to 1090 m2 g�1

for S-AC and 696 m2 g�1 for N-AC, especially, the specic area of
N-AC is the lowest because the graed groups may increase the
total weight of the samples and decrease the specic surface
area correspondingly. Although the decrease of the specic
surface area of S-AC and N-AC, the wettability of S-AC and N-AC
are greatly increased due to the hydrophilic –SO3

� and –NH3
+-

groups on the surface, which can result in full contact between
the salt solution and electrodes, accelerate salt ion inltration,
and enhance the deionization performance.2,31

The presence of ion-selective functional groups of the AC, N-
AC and S-NC are conrmed by the FT-IR spectra (Fig. 3c). The
peaks at around 3500–3400 cm�1 and 1750–1600 cm�1 exist in
all the samples, which are assigned to O–H stretching and CO
asymmetric stretching vibration, respectively. The characteristic
peaks at around 1150–1050 cm�1 and 650–575 cm�1 in the
mapping of C, S and (e and f) C, N correspondingly.

This journal is © The Royal Society of Chemistry 2018
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Fig. 3 (a) Nitrogen adsorption/desorption isotherms, (b) pore size distribution, (c) FTIR spectra and (d) XPS spectra (the insert is the S 2p spectra.)
of AC, S-AC and N-AC.

Fig. 4 Optical micrographs of the water contact angles of AC, S-AC
and N-AC at different time.
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sample S-AC are ascribed to the symmetric stretching vibration
of S]O, indicating effective graing of sulfonic groups on the
surface of S-AC. The peak at around 1633 cm�1 and 1123 cm�1

corresponding to bending vibration of N–H and stretching
vibration of C–N are obviously observed indicating the combi-
nation of –NH2 groups on the N-AC. The presence of the char-
acteristic peaks of –NH2 and S]O demonstrate that sulfonic
and amine groups have been successfully decorated on the
surface of S-AC and N-AC.

The surface compositions of asymmetric AC was detected by
XPS. As displayed in Fig. 3d, the N-AC sample shows an obvious
peak at �400 eV assigned to N 1s, and the atomic percentage
of N element was about 4.39%. Other samples shows no
obvious N 1s peak. The S-AC sample shows a notable peak at
167.5 eV of S 2p. From the inset picture, the atomic percentage
of S element was about 0.28%. In addition, no obvious S 2p peak
was detected even aer the signal amplication for others. All
the results can prove that the ion selective groups have been
successfully graed on AC.

The dynamic contact angle measurements are carried out to
better understand the function of modication on the wetta-
bility. The contact angle changes over time as presented in
Fig. 4. The contact angle of AC (105�) is higher than N-AC (100�)
and S-AC (95�) when water drops on the electrode surfaces as
soon as possible. The contact angle of the N-AC and S-AC are
decreased faster with time increasing. Then, contact angles of
AC, S-AC and N-AC are down to 35�, 10�, and 20� at the contact
time about 90 s. It should be pointed out that N-AC and S-AC
This journal is © The Royal Society of Chemistry 2018
have lower contact angle, which indicates that the hydrophilic
–SO3

� and –NH3
+groups on the surface increase the electrode's

wettability. It is consistent with the above XPS and FT-IR results.

Electrochemical properties

The CV was usually employed to evaluate the electrosorption
ability of electrodes.38 All the CV curves show typical capacitor-
like characteristics with no obvious oxidation/reduction peaks
in the selected voltage range (Fig. S1†). It manifests that the
capacitive behavior of all samples result from EDLC assigning
to the coulombic interactions.39 But the shape of CV curves is
RSC Adv., 2018, 8, 2490–2497 | 2493
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Fig. 5 (a) SAC changes vs. time curves and (b) Ragone plots of SAR vs.
SAC in a 1000 mg L�1 NaCl solution at 1.4 V with a flow rate of 40
mL min�1.
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slightly deviated from rectangle because of the inherent resis-
tivity of the salt solutions.40

Generally, the larger area of CV curves indicates higher
specic capacitance under the same condition. It needs to note
that the CV curve of N-AC and S-AC electrodes exhibit much
Fig. 6 (a, c) SAC curves and (b, d) Ragone plots of SAR vs. SAC of the S

2494 | RSC Adv., 2018, 8, 2490–2497
larger area as compared with that of AC, suggesting a higher
specic capacitance of N-AC and S-AC electrodes. The specic
capacitances of AC, N-AC and S-AC electrodes are 39.3 Fg�1,
44.6 Fg�1, and 57.9 Fg�1 according to the eqn (S1),† respec-
tively. The enhanced capacitances can be attributed to the
graed –SO3

� and –NH3
+ groups. The CV curves at 5 mV s�1 are

also carried out (Fig. S1b†). It can be seen that the shape of CV
curves are relatively rectangular. Generally, the lower scan rate,
the higher specic capacitance. The CV curves at 10 mV s�1 in
a 1000 mg L�1 NaCl solution are seriously deviated from the
relatively rectangular shape (Fig. S1c†). The area of the CV
proles are smaller, indicating a lower specic capacitance.
Desalination performance

In order to investigate the inuence of ion-selective groups of
asymmetric activated carbon on deionization performance, four
sets of different CDI cells were evaluated for comparison. Four
different enhanced CDI cells include three sets of asymmetric
electrodes and one set of symmetric electrodes: (1) AC versus N-
AC, which is cathode and anode correspondingly; (2) AC versus
S-AC, which is anode and cathode correspondingly; (3) N-AC
versus S-AC, which is anode and cathode correspondingly. As
mentioned above, these three pairs of electrodes work as
asymmetric cells. (4) AC versus AC, which is a symmetric
combination.

The CDI performance of four different cells were carried out
and shown in Fig. 5a. The salt adsorption capacity (SAC) is
a useful and insightful performance indicator of the electrodes
materials itself and doesn't change with any other cell compo-
nent under the given experimental conditions.10 Fig. 5a displays
the SAC variation along with the desalination time. Obviously,
the SAC of all samples increase rapidly at the beginning 10 min,
suggesting that Na+ and Cl� are absorbed onto the anode and
-ACkN-AC electrodes in a 1000 mg L�1 NaCl solution.

This journal is © The Royal Society of Chemistry 2018
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Fig. 7 (a) The regeneration curves and (b) current transient of the S-
ACkN-AC and ACkAC electrodes in a 1000 mg L�1 NaCl solution.
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cathode electrodes as soon as the external voltage is applied.
With the time going by, the SAC increase slowly in the 10–
60 min, indicating that most of ions have been absorbed onto
the electrodes. The SAC keeps nearly smooth aer about
60 min, demonstrating that the electrosorption equilibrium
time is approximate 60 min.

As calculated, the SAC of asymmetric electrodes were
23.2 mg g�1, 20.1 mg g�1 and 16.5 mg g�1 for the S-ACkN-AC, S-
ACkAC, N-ACkAC cells compared with the symmetric ACkAC
cells (11.0 mg g�1) at 60 min as the external voltage applied. The
corresponding Regone plot SAR (salt adsorption rate) versus SAC
(according to the eqn (S2) and (S3)†) are provided in Fig. 5b. The
plot curves of the S-ACkN-AC electrodes are in the top and right
region compared with ACkAC electrodes in the down and le
region, indicating that the S-ACkN-AC electrodes have higher
SAC and faster SAR. The results can be attributed to the graed
ion-selective –SO3

� and –NH3
+ functional groups, which can

increase the electrostatic interaction force for the counter-ions
Table 1 Comparison of performance of various asymmetric cells

Asymmetric cells Applied voltage [V] Initial Na

ACkF-AC electrodes 1.2 500
Naon-ACkAC Constant current �500
CXkmodied negative CX 1.2–1.4 234
3DNGRk3DSGR 1.4 500
ACF-HNO3kACF 1.2 500
Sulphonated-RGO/CFCkCFC 1.4 1000
Sulfonated graphene-CFCkCFC 1.2 400
Sulfonated graphene/ACkaminated
graphene/AC

Constant current 500

AC-QPVPkAC-HNO3 1.2 500
(COO2�)-3DAPGrkNR4

+-3DAPGr 1.4 300
S-ACkN-AC 1.4 1000

This journal is © The Royal Society of Chemistry 2018
and repel co-ion to move to the opposite electrode. The hydro-
philic –SO3

� and –NH3
+ groups on the surface increases the

electrode's wettability and heighten the interaction between salt
solutions and the electrodes' surface.36 That is why asymmetric
electrode have higher electricsorption performance than
symmetric electrodes.

Generally, for the given electrodes material, the CDI perfor-
mance mainly depends on the operating conditions such as the
cell voltage and ow rate.10,41–43 The CDI performance of
symmetric and asymmetric electrodes at different cell voltages
were also investigated (Fig. 6a and b). When the voltage is zero,
there is nearly no electro sorption. It can be obviously seen that
the electrosorption capacity increase sharply as soon as the
external voltage is applied and then reach the electrosorption
equilibrium aer about 60 min when the voltage increase from
0.4 to 1.4 V. There is no hydrolysis of water observed during the
desalination process due to the intrinsic resistance in the whole
circuit.29 Too higher voltage is not selected because of too
higher voltage leading to the hydrolysis of water. The SAC of the
S-ACkN-AC electrodes increased from 8.9 mg g�1 to 23.2 mg g�1,
when the voltage increased from 0.4 V to 1.4 V. However, the
symmetric ACkAC electrodes only increase from 4 mg g�1 to
11.0 mg g�1. The SAC of asymmetric S-ACkN-AC electrodes are
higher than that of symmetric AC–AC electrodes (Fig. S2a and
b†) at any voltage. The higher cell voltage can provide stronger
electrostatic interaction which results in a higher salt
adsorption.

The experiments at different ow rates were also performed
(Fig. 6c and d). The SAC increase with the ow rate increasing
from 20 to 40 mL min�1. The highest SAC is achieved at ow
rate of 40 mL min�1 for both S-ACkN-AC and ACkAC capacitors.
This may be due to that more salt ions can be provided for the
adsorption at higher ow rate. The SAC of asymmetric S-ACkN-
AC capacitors at each ow rate are higher than that of
symmetric ACkAC capacitors. All the results indicate that the
asymmetric S-ACkN-AC capacitors have enhanced desalination
performance compared with symmetric ACkAC capacitor
(Fig. S2c and d†).

The repeated deionization-regeneration experiments of S-
ACkN-AC and ACkAC capacitors were also evaluated (Fig. 7a).
Cl concentration [mg L�1] SAC [mg g�1] CE Ref.

16.3 0.7 46
10.8 0.45 47
3.0–5.0 — 35
13.72 0.85 31
12.8 0.74 48
160 mmol g�1 0.45 49
9.54 0.425 2
10.3 0.928 37

20.6 0.68 50
18.43 0.87 51
23.2 0.84 This work

RSC Adv., 2018, 8, 2490–2497 | 2495
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The Na+ and Cl� ions are absorbed onto the electrode surface by
electrostatic attraction during the charging process. The
adsorbed Na+, Cl� ions can be effectively and rapidly back to the
solution when the applied potential was reversed. As shown in
Fig. 7a, the solution conductivity of S-ACkN-AC capacitors drops
more quickly under the applied voltage, and it is more rapidly
restored to the initial conductivity once the voltage is reversed
compared with ACkAC capacitors. To nish one deionization-
regeneration cycle, it takes about one hour for S-ACkN-AC
capacitors, but two or three hours for ACkAC capacitors.

The desalination decline of S-ACkN-AC capacitors did not
appear even aer 10 cycles. However, the desalination perfor-
mances tend to decline for ACkAC capacitors aer nishing
each deionization-regeneration cycle. The perfect regeneration
of the S-ACkN-AC capacitors can be contributed to the enhanced
electrostatic adsorption which successfully prohibits co-ion
effect by graing ion selective functional groups.

The CE is a powerful tool to evaluate charge utilization and
energy consumption.44–51 The higher CEmeans the lower energy
consumption during the deionization process.45 The current
response curves of S-ACkN-AC and ACkAC capacitors are shown
in Fig. 7b. The CE of the S-ACkN-AC capacitors is calculated to
be 0.84 which is higher than that of ACkAC (0.54) according to
the eqn (S4)† and indicating lower energy consumption in this
work. It is also higher than most of that reported in literatures
(Table 1). This is attributed to following reasons: (i) the expel-
ling of co-ions are blocked and cannot leave the electrode
regions through the additional electrostatic adsorption by the
ion selective and charged functional groups, and consequently,
the charge efficiency of asymmetric electrodes is effectively
improved. (ii) The improved surface wettability by graed ion-
selective –SO3

� and –NH3
+ functional groups is benecial to

the EDL formation and thus ensured the greater and faster
desalination. The higher CE means lower energy consumption
during this the deionization process.
4. Conclusions

In summary, we prepared asymmetric activated carbon elec-
trodes with ion-selective functional groups. The prepared elec-
trodes have higher charge efficiency (0.84) and higher
electrosorption capacity (23.2 mg g�1) compared to pristine AC
electrodes (0.54 of charge efficiency and 11.0 mg g�1 of elec-
trosorption capacity) due to the wettability and hydrophilicity
effectively enhanced by graing ion-selective functional groups.
Asymmetric AC electrodes show the better cycling stability.
These experimental results have demonstrated that the modi-
cation of the ion-selective functional groups on the surfaces of
AC could reduce the co-ion effects effectively and improve the
salt removal efficiency from the solution. This will open the new
opportunity to development of capacitive deionization tech-
nology for practical desalination.
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