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a b s t r a c t

Covalent triazine-based frameworks (CTFs) with high nitrogen content, porous structures and low
electric resistance were synthesized and applied as membrane capacitive deionization (CDI) electrodes
for the first time. The obtained CTFs exhibit abundant micropore structure which provide adsorption site
for ion and certain hydrophilicity ensure the whole pore volume is participating. The electrodes of p-CTFs
show ideal capacitive behavior with the maximum specific capacitance values of 122.63 F g�1 at a scan
rate of 1mV s�1 under 1M NaCl solution. Besides, the further membrane capacitive deionization by batch
mode experiment exhibits excellent electrosorption capacity of 29.34mg g�1 under 1.2 V in a
1000mg L�1 NaCl solution and stable regeneration performance. With the admirable properties
mentioned above, the prepared CTFs can offer great opportunities as promising CDI electrodes for
application of high-performance desalination.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Water scarcity is one of the top challenges to human habitation
on Earth because of the unusable brackish water and regeneration
difficulty of industrial effluents, especially for arid and subarid re-
gions [1]. Traditional desalination approaches including reverse
osmosis, multistage flash distillation, ion exchange and electrodi-
alysis require high energy consumption, high capital cost and cause
secondary pollution [2]. As an emerging technology for water
treatment, capacitive deionization is attracting increasing attention
due to its unique merits, such as being simple, safe, low-charge,
highly efficient and contamination-free. CDI is an electro-
adsorption process where the charged species in a feed solution
migrate and adsorb the oppositely charged electrodes under an
applied potential and then desorb while a short-circuit or reversed
voltage are applied. CDI could form the electrical double layer (EDL)
at the electrode-liquid interface during adsorption processes [3,4].
In particular, membrane capacitive deionization (MCDI), in which
the cation/anion ion exchange membrane is introduced to inhibit
desorption of co-ions during cell polarization, has been verified to
be a valid technique in enhancing the current efficiency of CDI [5,6].
g).
One of the most important components in CDI cells is the
electrode material and the porous structure and chemical compo-
sition, which will affect the deionization performance dramatically.
Carbonaceous materials including activated carbon (AC) [7], carbon
nanotubes (CNTs) [8], activated carbon fiber (ACF) [9], and carbon
aerogel (CA) [10,11] have been thoroughly studied for CDI due to
their high specific surface area, favorable conductivity and appro-
priate pore size distribution. Otherwise, flow electrodes [12] and
rotating film electrodes [13] have realized continuous CDI opera-
tion. However, novel materials are acquired to search for higher
deionization performances. Currently, metal-organic framework
(MOF)-derived carbon materials, which were carbonized from one-
, two-, or three-dimensional structure crystalline molecules, have
begun to be researched in CDI and have demonstrated excellent
deionization properties [14,15]. Yamauchi and coworkers studied
MOF-derived porous carbon polyhedra (PCP) as electrode materials
in CDI for the first time, and the as-prepared materials exhibited
commendable deionization performance with an electrosorption
capacity of 13.86mg g�1 in 500mg L�1 NaCl solutions [16]. Carbon
polyhedron and carbon nanotube hybrids (HCNs) have been syn-
thesized via employing ZIF-67 as precursors, and CDI using these
materials as electrodes showed the highest capacitance of 343 F g�1

at the scan rate of 10mV s�1, while the salt adsorption capacity
reached as high as 7.08mg g�1 [17].

Apart from MOFs, covalent organic frameworks (COFs) are
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burgeoning materials that were first synthesized and studied by
Yaghi and coworkers in 2005 [18]. COFs exhibit a better chemical
stability and thermal stability than that of MOFs. Many reversible
organic reactions including boronic acid trimerization [19], boro-
nate ester formation [20], trimerization of nitriles [19], and Schiff
base reactions [21], have been used for the synthesis of crystalline
COFs. COFs have been regarded as a promising class of advanced
materials because of the large specific surface area, high thermal
and chemical stability, tunable functionalities and highly crystalline
structures. Covalent structures have high charge carrier mobility
because of their distinctive electronic and optoelectronic properties
[22]. The relatively high nitrogen content will improve the hydro-
philicity and electroactive area. Rybinskiet et al. discovered a high
adsorption of CTF-1 for the surfactants alkyl polyglycol ether,
C12EO7 and sodium dodecylsulfate (SDS) because of CTF sheet
exfoliation [23]. The heteroatom effect and micropore structure of
porous triazine-based frameworks were also studied and applied to
high-performance supercapacitors by Hao and coworkers [24], and
the capacitor using these CTFs as electrodes exhibited an excellent
specific capacitance of more than 380 F g�1 [25]. To the best of our
knowledge, the research and use of COF-derived porous materials
as electrodes in CDI have not been reported so far. In this study,
covalent triazine-based polymers (p-CTFs) provide a great un-
tapped potential for application.

2. Experimental

2.1. Materials

Carbon black (CB) is BP2000 by CABOT Corp., US. Anion/cation
exchange membranes are LE-HoCM Grion 1201/0011, respectively,
supplied by Hangzhou Grion Environment Technology Co., Ltd.,
CHN. Activated carbon (AC), tetrahydrofuran (THF), polyvinylidene
fluoride (PVDF), N,N-dimethylacetamide (DMAC), 1,4-
dicyanobenzene, zinc chloride (ZnCl2), hydrochloric acid (HCl)
and sodium chloride (NaCl) are supplied by Aladdin Chemical Re-
agent Co., Ltd., China. All the reagents were of analytical grade.

2.2. Preparation of p-CTFs electrodes

p-CTFs were prepared via ionothermal synthesis according to
previous work [19] with the following procedure (see Fig. 1):

A mixture of 1,4-dicyanobenzene (1 g, 7.8mmol) and anhydrous
ZnCl2 (5.32 g, 39mmol) were placed into a crucible under an
infrared lamp. The crucible was heated to 400 or 500 �C in a muffle
furnace for 40 or 60 h followed by cooling to room temperature. The
black product was collected and stirred with 5% HCl for 24 h. Then,
the product was isolated by filtration and stirred with water for
24 h and then further washed with THF for 24 h. The resulting black
Fig. 1. Trimerization of dicyanobenzene in molten ZnCl2 to form oligom
powder was dried under vacuum at 150 �C for 24 h, ground and
sieved.

The working electrodes were prepared with 80wt% p-CTFs as
the active component, 10wt% CB to improve conductivity, and
10wt% PVDF as a binder to form homogeneous slurries after
adequately stirring in a moderate amount of DMAC. The mixture
was coated onto a titanium mesh that was cut to 2� 3 cm, and the
electrodes were dried in a vacuum oven at 40 �C overnight.

2.3. Characterization

The samples were investigated by Fourier transform infrared
spectroscopy (FT-IR, CCR-1 Thermo-Nicolet, US) with a wave-
number range of 500e3000 cm�1. Powder X-ray diffraction (PXRD,
Empyrean, PANalytical B.V., NL) data was collected using a flat
sample holder and Cu Ka radiation at 40 kV with a rate of 5� min�1.
Nitrogen adsorption/desorption isotherms (NOVA4200e, Quan-
tachrome, US) weremeasured at 77 K. The Brunauer-Emmett-Teller
(BET) method was utilized to calculate the specific surface areas
(SSAs) and the pore volumes, and the pore size distributions were
derived from the desorption branches of the isotherms using the
nonlocal density functional theory model. Thermogravimetric an-
alyses (TGA)were carried out on a thermogravimetric analyzer (STA
449C, Netzsch, GER) from room temperature to 1000 �C at a heating
rate of 10 �C min�1 and under a N2 flow rate of 20 sccm. The mi-
cromorphologies were characterized using transmission electron
microscopy (TEM, FEI Talos F200S, US) and high-resolution field-
emission scanning electron microscopy (SEM, Zeiss Merlin, GER).
The surface wettability of the samples was studied by a dynamic
contact angle analysis (OCA15, Dataphysics, GER) method using a
drop shape analysis system. A water drop of 1mL with a rate of
1mL s�1 was placed on the electrode surface, and a series of images
were captured.

2.4. Electrochemical measurement

Electrochemical characterization was carried out by an elec-
trochemical workstation (CHI 660E, CH Instruments, CHN). The
electrode materials were coated on current collectors of thin tita-
nium mesh (2� 1 cm2 with an effective area of 1� 1 cm2) to
fabricate the work electrode. The configuration of a three-electrode
system in 1M NaCl electrodes used Ag/AgCl (saturated KCl) and
1� 1 cm2 Pt foil as the reference and counter electrodes, respec-
tively. Cyclic voltammetry (CV) tests of this sample were performed
in the potential range from�0.5 to 0.5 V and conducted at different
scanning rates (v). Galvanstatic charge-discharge was measured at
different current densities with the potential window from �0.5 to
0.5 V. Electrochemical spectroscopy (EIS) was set within
0.01e100,000 Hz at a 5mV oscillation amplitude. The specific
ers and then to form a polymer covalent triazine-based framework.
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capacitance (Cm) was calculated directly from the following
formula:

Cm ¼

ð
I dV

2mvDV

where m (g) refers to the mass of the active materials in the elec-
trode, v (V s�1) represents the potential scan rate, I (A) represents
the response current and DV (V) stands for the potential difference.
2.5. Electrosorption experiment

As shown in Fig. 2, a homemade batchmodewas set in theMCDI
experiments with water delivery by a peristaltic pump and a small
water tank with a conductivity meter. The electrodes were placed
face-to-face at both sides and connected with a direct-current (DC)
power supply. Titaniummesh was used as the current collector and
coated electrode material.

MCDI measurements were performed in a batch-mode experi-
ment (BM-Method) with an 80mL recycling water reservoir. The
fixture comprises a pair of Perspex ending plates and a piece of
rubber plate as a gasket. Two electrodes were cut into 2� 3 cm and
covered with an ion exchange membrane. The typical mass of two
electrodes is ~0.17 g. A conductivity probe (Rex DDSJ-319L) was
calibrated and placed at the water sample to monitor the real-time
concentration change (Dc). The flow rate was controlled to be
constant with a peristaltic pump during the MCDI operation. The
MCDI cell was flushed without electric tension for at least 30min to
reach stabilization. Measurements were initiated with 1.2 V for
charging (desalination) and reversed voltage 1.2 V for discharging
(regeneration). The salt adsorption capacity (SAC, mg g�1) was
calculated by the following equation:

SAC ¼ ðC0 � CÞV
m

where C0 (mg L�1) and C (mg L�1) are the initial and final con-
centrations of the solution, respectively, V (L) represents the vol-
ume of the reservoir water, and m (g) stands for the total mass of
active component in two electrodes.
Fig. 2. Schematic diagram of cap
3. Results and discussion

3.1. Characteristics

To confirm the chemical structure of prepared CTFs, Fourier
Transform Infrared (FT-IR) spectroscopy was first performed, with
the monomer 1,4-dicyanobenzene measured as a control sample
(Fig. 3a). It is clear that the intense CN band at approximately
2232 cm�1 disappeared for the p-CTFs [27], indicating a complete
trimerization reaction of the cyano groups. In comparison, the FT-IR
spectra of p-CTFs showed stretching/deformation vibration signals
at ~1580 and ~1200 cm�1, which are ascribed to the existence the
vibration of benzene/triazine in materials. In addition, from the
powder X-ray diffraction (P-XRD) pattern of p-CTFs (Fig. 3b), the
broad peak at 26.2� is assigned to the (001) diffraction, character-
istic of the interlayer aromatic sheets [26]. One can observe that an
apparent broad peak at low temperatures and the intensity of the
peak increase with the reaction time, which was attributed to the
fundamental trimerization reactions of the cyano groups while
building the structures. Further cross-linking/rearrangement re-
actions were induced by high temperature, and the faint peak
suggests the formation of the amorphous polymer material [24].

The synthesized samples are analyzed by nitrogen adsorption-
desorption isotherms. All of the samples show N2 isotherms that
belong to type I [24,27], with drastic increases at low relative
pressures, which were caused by the predomination of the
enriched micropore distribution of the p-CTFs (Fig. 3c). Fig. 3d re-
flects the pore size distribution of the prepared CTFs. The coexis-
tence of micropores and mesopores is clearly observed [26,28], and
this character will be facilitative to the capacitive deionization. The
Brunauer-Emmett-Teller surface area of p-CTF increases remark-
ably from 37.24m2 g�1 to 361.60m2 g�1 when increasing the re-
action temperature from 400 �C to 500 �C (Table 1). Higher
temperature distinctly enhances pore structure and total pore
volume, thus generating a larger specific surface area. The prepared
p-CTFs exhibit hierarchically porous structures while the micro-
pores occupy the main part, and this is crucial for their outstanding
capacitive behavior.

Scanning electron microscopy (SEM) was employed to charac-
terize themorphology of the prepared CTFs. As shown in Fig. 4a and
Fig. S1, an apparently stacked layer morphology was observed for
the CTFs, which was similar with that in previously reported works
acitive deionization setup.



Fig. 3. Characterization of prepared CTFs: (a) FT-IR spectra (b) PXRD patterns (c) Nitrogen adsorption-desorption isotherm and (d) Pore size.

Table 1
Textural characteristics for p-CTFs.

Sample SBET
(m2 g�1)

Vtotal

(cm3 g�1)
Average pore
diameter (nm)

p-CTF-400�C-20 h 24.39 0.024 4.80
p-CTF-400�C-40 h 37.24 0.038 5.16
p-CTF-500�C-40 h 361.60 0.19 2.33
p-CTF-500�C-60 h 395.31 0.20 2.26
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[29,30]. Translucent transmission electron microscopy (TEM) was
also exploited for further characterizing the prepared CTFs. As
described in Fig. 4b, the sample p-CTF-500�C-40 h exhibits stacking
or layer structures [31], a result that was coincident with that from
the SEM images, and the dominant amorphous feature was also
confirmed from this image [32]. From the elemental mapping
Fig. 4. p-CTF-500�C-40 h: (a) SEM (b) TEM imag
images (Fig. 4c and d) one can observe that nitrogen atoms are
homogeneously distributed in the obtained materials, reflecting
the complete reaction of the monomers. Microporous and layered
structures of p-CTFs can not only contribute to the superbly high
volumetric capacitance but also facilitate the cycling stability dur-
ing repeated absorption and desorption processes.

To investigate the chemical and thermal stability, thermogra-
vimetric analysis (TGA) was applied to the prepared p-CTFs, and the
results are shown in Fig. S2; surprising chemical and thermal sta-
bility is exhibited based on the weight loss curves of the p-CTFs,
demonstrating their appropriateness to realistic applications [33].
It is well known that the hydrophilicity of the electrode materials is
of great significance to the capacitive deionization performance.
Therefore, dynamic contact angle measurements were performed
to measure the wettability of the prepared electrodes. As exhibited
e with (c) C and (d) N elemental mapping.
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in Fig. S3, the contact angles are nearly 0�, implying the excellent
hydrophilic properties of the prepared electrodes, although the
applied binder (polyvinylidene fluoride) has strong hydrophobicity.
This hydrophilic phenomenon could be easily explained by the high
nitrogen content of the p-CTFs [23]. The remarkable wettability of
the p-CTFs affords good compatibility with aqueous solutions, thus
assisting more transport pathways for ions and improving the
desalination performance.
Table 2

p-CTF-
400�C-20 h

p-CTF-
400�C-40 h

p-CTF-
500�C-40 h

p-CTF-
500�C-60 h

Specific
capacitance (F g�1)

111.82 113.44 122.63 103.07
3.2. Electrochemical performance

The electrochemical measurements were performed to inves-
tigate the properties of p-CTF electrodes. Fig. 5a displays CV curves
at a scan rate of 1mV s�1 in a 1M NaCl aqueous solution with a
potential range from �0.5 to 0.5 V. The featureless and rectangular
curves suggest that the capacitive properties originate from the
formation of an ideal EDL due to the coulombic interactions instead
of faradic reactions [1,34]. From the CV curve we could see that
most of the p-CTFs exhibit a nearly rectangular shape with an
excellent symmetry, indicating that the charge current can reach a
Fig. 5. (a) p-CTF electrodes at the scan rate of 1mV s�1 and (b) specific capacitance. (c) CV cu
electrodes. (e) Galvanostatic charge-discharge curves with the current density from 0.1 to 2 A
electrode. All the curves were measured in a 1M NaCl solution.
plateau quickly after reversing the potential sweep, and this in-
dicates that the salt ions can be adsorbed and desorbed quickly and
effectively. Based on the CV curves at 1mV s�1, the specific capac-
itance of p-CTF-500�C-40 h is determined to be 122.63 F g�1, which
is slightly higher than that of others (Table 2). The measured curves
of p-CTF-500�C-40 h are shown in Fig. 5c at different potential scan
rates ranging from 1 to 500mV s�1 in a 1M NaCl aqueous solution.
However, with the increase in the scan rate, the CV curves show an
increased distortion from the typical rectangular shape which can
be attributed to the inherent resistivity of the salt solutions as well
as the electrode polarization [34]. There is adequate time for salt
ions to penetrate into the inner pores at a relatively low scan rate
[15]. With the scan rates increasing, the higher current response
res of the p-CTF-500�C-40 h electrode at different scan rates. (d) Impedance spectra of
g�1 and (f) CV curves at 1mV s�1 for a half-cell experiment with the p-CTF-500�C-40 h
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delay will affect the capacitive behavior of the electrode [35]. Then,
the formation of an EDL could be diminished by the increased
ohmic resistance at the high scan rates [36]. Among the samples, p-
CTF-500�C-40 h exhibits the best performance towards salt ion
accumulation.

Fig. 5d presents the Nyquist plots of p-CTF electrodes in a fre-
quency range from 0.01 Hz to 100 kHz. At the high-frequency re-
gion, the charge transfer resistances (Rct) (corresponds to the
diameter of the semicircle) range from 5 to 8U, indicating a small
charge transfer barrier. Additionally, the negligible semicircle can
be partially attributed to the high wettability due to the high ni-
trogen content [37]. Among those, CTF-500�C-60 h exhibits the
smallest resistance, suggesting its superior conductivity perfor-
mance compared to that of the other samples. Another phenome-
non that can be concluded from Fig. 5c is that the Rct of p-CTFs
decreases with the elevation of both reaction time and tempera-
ture, which hints that a sufficient reaction could afford better
conductivity. In addition, the intersection of the impedance spectra
with the real axis at the high-frequency end reflects the bulk
resistance (Rs), which includes the contact resistances and the
resistance of the electrolyte [38]. In the low-frequency region, a
more vertical straight line is evident, indicating the faster ion
diffusion behavior in the electrolyte. p-CTFs are p-conjugated sys-
tems which could afford fast and smooth diffusion pathways for
charge transport, so the conductivity of the materials could be
significantly improved [24,30]. The excellent conductivity is also
reflected from galvanostatic charge-discharge curves in Fig. 5e, in
which the IR drop is extremely small at the start of the discharge
processes due to the low inner resistance of the electrode [39]. The
longer galvanostatic charge-discharge time means a higher ion
storage capacity. Additionally, the curves are linear and symmetric,
revealing the excellent stability of the p-CTFs in the charge-
discharge process.

To further study the performance of p-CTF-500�C-40 h during
Fig. 6. (a) NaCl adsorption and regeneration curves of p-CTFs at 1.2 V. (b) Deionization curv
CTF-500�C-40 h electrode in a 500mg L�1 NaCl solution at 1.2 V. (d) Salt adsorption capaci
positive or negative polarization, a half-cell experiment was carried
out. As shown in Fig. 5f, both anodes and cathodes formed EDLs for
ion storage, and this result clearly demonstrates that p-CTF-500�C-
40 h is suitable for use as a symmetrical electrode for capacitive
deionization [40].

3.3. CDI performance

The batch-mode desalinization performance of the fabricated
symmetric electrodes was tested in a 50e1000mg g�1 NaCl solu-
tion at a constant operation voltage of 1.2e2.0 V. Fig. 6a shows the
curve of conductivity variation under 1.2 V with time at the initial
conductivity of ~1000 ms cm�1. In the initial stage, the conductivity
of all electrodes decreased sharply due to the quick adsorption of
ions by the action of electric forces. As time elapsed, the curves
flattened slowly, and this phenomenon demonstrated that the salt
adsorption reached saturation. After that step, the conductivity of
the solution increased quickly to the initial level when the polarity
was reversed. The specific electrosorption capacities of p-CTF-
400�C-20 h, p-CTF-400�C-40 h, p-CTF-500�C-40 h and p-CTF-
500�C-60 h electrodes are 4.97, 11.08, 20.71, and 14.91mg g�1,
respectively. p-CTF-400�C-20 h takes a short time to reach satura-
tion adsorption with a lower capacity, and this could be indicate
that stable amorphous network polymers are not fully rearranged
during the trimerization of dicyanobenzene after 20 h of reaction
[25,41]. To our knowledge, the value obtained from the p-CTF-
500�C-40 h sample is significantly superior to that of the other
carbon materials reported previously (Table S1).

To further study the potential effects on capacitive deionization
behavior (see Fig. 6b), the typical MCDI experiment for p-CTF-
500�C-40 h electrodes was conducted by applying a voltage ranging
from 1.2 to 2.0 V, and the salt adsorption capacity (SAC) increased
from 24.20 to 36.30mg g�1 after ~110min. In all cases, the SAC
evidently increased with the elevation of applied potentials due to
es of p-CTF-500�C-40 h at different applied potentials. (c) Cycle performance of the p-
ty for different initial concentrations under 1.2 V.
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stronger Coulombic interactions resulting from a high cell potential
[42]. When the applied voltage was 2.0 V, no visible gas bubbles
were observed, indicating that nowater electrolysis took place [43],
which was ascribed to the intrinsic resistance of the electrode [44]
and membrane resistance, permitting an overvoltage higher than
1.23 V such that no electrolysis occurred. At the same time, the
conductivity variations reflected excellent electrode regeneration.
For further proof, as demonstrated in Fig. 6c, the p-CTF-500�C-40 h
electrode under 1.2 V potential presents a remarkable cycling per-
formance over twelve cycles with a minimal SAC change.

Additionally, the MCDI performance with different initial con-
centrations at 1.2 V was studied (Fig. 6d), the electrosorption ca-
pacities are 7.93, 12.71, 24.20, and 29.34mg g�1, and the
desalination efficiencies are 22.08, 9.40, 7.47 and 4.54% as the initial
NaCl concentrations increase from 50, 200, 500e1000 ms cm�1,
respectively. The specific adsorption capacity increases but NaCl
removal efficiency decreases with the increase in the ion concen-
trations in the feed solutions. The higher initial concentration of
solution enhanced surface area and the number of active sites for
adsorption [45]. This phenomenon is attributed to the overlapping
effect of the EDL on the micropores and the decrease in ionic
resistance at higher salt concentrations [46]. However, the porous
holes are saturated with the ionic species when the absolute
increased number of ions in solution is far larger than the amount
of the adsorbed ones, which leads to the decrease of removal effi-
ciency [47].

Based on the above description, the p-CTF-500�C-40 h electrode
exhibits the best MCDI performance. The strong adsorption affinity
of p-CTFs is due to p-p electron-donor-acceptor interactions be-
tween the p-electron-deficient benzene rings (strong electron-
withdrawing effects of the nitro groups) and the p-electron-rich
graphitized carbon surface [48].

4. Conclusion

In this work, the p-CTFs prepared by ionothermal synthesis are
suitable in electrosorptive processes, revealingmanymerits such as
certain hydrophilic properties, appropriate porous structure and
low resistance. As a new type of carbonaceous polymeric material,
p-CTFs exhibit outstanding electrochemical performance due to the
p-p conjugated system, and the advantageous morphologies with
structures containing abundant micropores. In addition, the het-
eroatom effect of p-CTFs, which is attributed to the high nitrogen
content, also facilitates ion adsorption. Furthermore, the good
cycling stability plus excellent regeneration performance for CDI
and the characteristics of thermal and chemical stability show that
this system has a great potential for real application in waste water
treatment.
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