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Abstract

Novel two-dimensional carbon nitride hexagonal-lgteeets were fabricated from
thermal condensation, which uses hexaazatripheendesed precursor prepared
microporous and oxidation resistant carbons madse(lAT-CN). The results show
that the as-prepared HAT-CN is the first electratikzed in capacitive deionization,
due to the rich heteroatom and border-group contastwell as the potential
collaborative effect of C and N atoms, displayihg guick ion diffusion and strong
charge transfer performance. Additionally, the cépee deionization performance of
HAT-CN is improved by the synergistic contributioha large accessible surface area,
large pore volume, and high graphitization. Thetetele of HAT-CN was carbonized
at 550 ‘C which display an excellent specific capacitancé#9.2 F ¢ in 1-M NaCl
solution at a scan rate of 5 m\}.sSubsequently, a high salt adsorption capacity of
24.66 mg g was attained for an applied voltage of 1.2 V i0 58y L'* NaCl solution,

showing good cyclic stability at 30 cycles. Consigg those excellent properties of



the prepared HAT-CN, the capacitive deionizatioectbde should be an ideal

candidate for high-performance deionization apfilca
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Desalination

1. Introduction

Shortages in water resources and water securityveseof the most important
problems threatening and hindering the rapid arsagited development of society,
exacerbated by unusable brackish water and theudiff in regenerating domestic
and industrial sewage [1, 2]. Traditional desalorattechniques such as membrane
distillation, ion-exchange resins, reverse osmos&d electrodialysis are
energy-intensive and costly, including regeneratiynenvironmentally unfriendly
means such as the use of an acid or base solud@). [Thus, a novel water
desalination technique—capacitive deionization (SEHas been rapidly developed
because of its excellent performance, which indudgh energy efficiency and water
recovery and low energy consumption and contantnafP]. CDI refers to the
removal of ions using capacitive adsorption. As tbéiage is applied, the solution
containing the charged substance migrates towagdetbctrodes and is adsorbed,
forming double electric layers (EDLS) on the eled#-liquid interface [10, 11]. Then,
the charge is desorbed back into the solution tilrahe cancelation of the electric

field or the reversal of the cell voltage. CDI abukgenerate and restore during the



adsorption and desorption processes [12, 13]. Aamgie is membrane capacitive
deionization (MCDI), which integrates commerciatiexchange membranes onto the
CDI devices. It has been demonstrated that thetredmsorption efficiency is
improved by greatly reducing the effect of the on-j14-16].

A key parameter affecting the desalination efficienf CDI is the performance of
the electrode material, which includes a high su&farea and electric conductivity,
good wettability, and physicochemical stability [1T™herefore, carbon materials
including activated carbon (AC) [18], carbon aeto@A) [20], carbon nanotubes
(CNTs) [19, 22], and grapheme [21, 22] have beggastigated as the ideal candidates
for CDI electrodes, which is benefit by their exeet conductivity, high specific
surface area (SSA), and good chemical stabilityweieer, the electrosorption
capacity didn’'t achieve the expected performancetduhe available surface area is
limited by the van der Waals forces within graph#éakes and unideal wettability of
AC and CNTs. [23-24] Also, the high manufacturirmsicand complex preparation
process is also limited the further applicatiolC&d electrode. [25]

Recently, the 2D crystalline, network— a structural analog of grapheme, as a
novel material, has been synthesized by Mahmoo#0itb [26]. GN has regular
holes and a large electronic band gap (1.96 eViciwhives it better thermodynamic
stability and capacity than that of ghG.. Researchers are working to synthesize 2D
crystals with tuneable structures and propertisgigua bottom-up approach [27-30].
C:N has been found to have broad energy and envinot@inepplications in

nanoelectronics sensors, gas storage, and battbaesuse of its high surface area,



good crystallinity, and fast ion transport [31-33his is compared to the original
graphene structure, which is surrounded by 6 N ata@ach with a dangling bond in
C.N. The size of the hole allows the anchoring obwa fnteracting K or CI atoms.
Meanwhile, heteroatom doping can enhance the pal@h of the structure and
increase specific binding sites, both working tbgetto increase the enthalpies of
interaction between the guest and adsorbent spsagjesdicantly, as compared to
carbon materials [34]. Relatively high nitrogen o can enhance hydrophilicity,
electric conductivity, and capacity [35, 36]. Afiese factors indicate that it will be
extremely interesting to investigate the feaswilif using GN nanosheet as CDI
electrodes. All these highlights show thaiNCnanosheet has great potential for
application in CDI.

In our work, the HAT precursor has been preparedth®y simple reaction of
hexaketocyclohexane octahydrate and diaminomaldenit hot acetic acid solution,
followed by carbonization and simple condensatmremove GN, species based on
n-electrocyclic rearrangements to prepare HAT-CN-Phe template, additional
nitrogen sources, and any complicated steps areeuptired. The electrochemical
behavior and MCDI performance of the HAT-CN-X etede were examined in NaCl
agueous solution. For comparison, an AC electroaie also investigated. As expected,
the HAT-CN-X electrode shows better capacitive dedalination performance than
AC electrodes. The results indicate that HAT-CNsXipromising material for MCDI.
As far as we know, there have been no reports degathe use of HAT-CN-X as an

electrode in MCDI.



2. Experimental
2.1. Fabrication

Hexaketocyclohexane octahydrate, diaminomaleoajtacetic acid (AR, 99.5%),
nitric acid (AR, 65%), and acetonitrile (AR) weraurphased from Sinopharm
Chemical Reagent Co., Ltd. All the reagents werdusithout further purification.
Activated charcoal (AC, SS#Ar~1000 nig?) was purchased from Shanghai Aladdin
biochemical technology Co., Ltd., CHN. Cation/ani@xchange membranes
(LE-HOCM Grion 0011/1201) were supported by Hangeh®rion Environment
Technology Co., Ltd., CHN.

The synthesis of hexaazatriphenylene-hexacarbonitrile (HAT) was carried out
according the procedure stated in the literaturé, [38]. Synthesis of HAT:
Hexaketocyclohexane octahydrate (8 g, 12.6 mmal) diaminomaleonitrile (22 g,
100.8 mmol) were refluxed in AcOH (300 mL) for 2 The black suspension was
filtered off while hot and washed with hot AcOH %325 mL), resulting in a black
solid. The solid was suspended in 30 % HNEGD mL) and heated at 100 °C for 3 h.
The hot dark brown suspension was poured into iaeemw(200 mL) and cooled
overnight. The suspension was filtered and thelsedis refluxed in MeCN (500 mL)
for 2 h and was filtered. The filtrate was thenpvated in vacuo to yield an orange
solid (4.5 g, yield 50%).

The synthesis of HAT-CN-X was prepared using HAT (1 g) for carbonization in a
tubular furnace at different temperatures for Indar N gas flow. The heating ramp

was set up to be 2 °C mirfrom 30 to 100 °C, and 5 °C mitrfrom 100 °C to 450,



550, 700 or 800 °C. The described resulting mdteraae labeled as HAT-CN-X,
where CN stands for the element type after carlatioiz and X refers to the synthesis
temperature.
2.2. Characterization

The products were characterized by using a scarel@ajron microscope (SEM,
JEOL JEM-700F, JP) equipped with an energy dispersiray spectrometer (EDS)
and a transmission electron microscope (TEM, JEQEM- 200CX, JP). The
crystalline structures of the samples were ideadifby powder X-ray diffraction
(PXRD, Bruker, D8, GER) using a CusKradiation source at 40 kV and 40 mA.
Fourier transform infrared (FTIR) spectroscopy wasformed with a Perkin-Elmer
Spectrum GX at a range of 4000-500"crRaman spectra (HORIBA, LabRam HR
Evolution, FR) were recorded at a laser of 532 Kmay photoelectron spectroscopy
(XPS) data was recorded on a Thermo Fisher SdemHAlpha system equipped
with a twin anode Al-K& (1486.6 eV) X-ray source. C/H/N elemental analyki8)
was accomplished as combustion analysis using & \dicro device. Nitrogen
adsorption/desorption isotherms were measured avithSAP 2460 (Micromeritics,
USA) at 77 K. Before the measurements, all sampie® degassed 20 h at 493 K
under vacuum. The specific surface areas (SSASs) thedpore volumes were
calculated using the multi-point Brunauer-Emmettefe BET) model. The pore size
distributions were derived from the desorption lohes of the isotherms using the
nonlocal density functional theory model (NLDFT)hel surface wettability of the

samples was investigated by a drop-shape analystisns (DingSheng, JY-82B, CN).



Thermogravimetric analysis (TG) was performed on@&209 (NETZSCH, GER)
under nitrogen atmosphere with a 5 °C Triveating rate.
2.3 Electrochemical capacitance evaluation

The electrochemical properties were determined by edectrochemical
workstation (CHI 660E, Chinstruments, CN). The tes#s a three-electrode system in
a 1.0-M NaCl solution, which includes a HAT-CN-Xeetrode, a piece of platinum
plate electrode (1 x 1 & and an Ag/AgCl (saturated 1.0-M KCI) electrodeich
serves as the working, counter, and referenceretied, respectively. Theorking
electrode was prepared by mixing the acteenponent, acetylene black, and poly
(vinyl alcohol) in a ratio of 8:1:1 wt.% to form hmgeneous slurries, then coated
onto a titanium mesh and dried at 110 °@ wacuum oven for 1 h. For comparison,
AC and HAT-CN-X electrodes were prepared understraesxperimental conditions
as thewvorking electrodes.

The electrochemical performance of the electrodes wvaluated by cyclic
voltammetry (CV) and galvanostatic charge-dischamggasurements (GCD) in a
potential ranging from 0 to 1.0 V. Electrochemitcapedance spectroscopy (EIS) was
conducted with an amplitude of 5.0 mV and a freqyerange from 100 kHz to
0.01 Hz. Thespecific capacitances (Cs) were evaluated by th@nfimg formula with

the CV curves:

__ [1au

Cs = 1)

2myv

where G(F ¢ is the specific capacitance, | (A) is the resgonisrrentiensity, U (V)

is the potential windowy (V s?) is the potential scan ra@md m is the mass of the



electrode material.
2.4 CDI experiments

The deionization performance of electrodes wasstigated in a CDI device
apparatus, as shown in Figure S1. The electrodemers included a mass of about
200mg, size of 30 x 30 mm and thickness of 0.2 mm. In each experiment, the
analytical pure NaCl solution (500, 700, and 100§ lnf) was continuously pumped
from a peristaltic pump into the cell, and the wedfit returned to the unit cell with a
flow rate of 22 mL mift. The volume of the solution was maintained at 80an
298 K. The voltage was set within a range of 1.2, and 1.8 V. The salt adsorption
capacity (SAC) was obtained as the following foraaul

SAC = =t %V )
where SAC (mg ¢) is the salt electrosorption capacity (md),gC, and G(mg L™
are the initial and final concentrations of supplgter, V (L) is the volume of the
solution, and m (mg) is the mass of the electrodtenal.
3. Resultsand discussion
3.1 Characteristics

The synthesis process of preparation of HAT and HON-X is shown in
Scheme 1, based on previous studies in which ssistieecurred through the thermal
pyrolysis polymerization of hexaketocyclohexane abgtrate and
diaminomaleonitrile, and condensation ipdimosphere [34].

The phase morphology of HAT and HAT-CN-X is chaeaizted by SEM and

TEM images, as shown in Figure S2 and Figure larGlethe shape of HAT and



HAT-CN-X appear as some accumulation of small raghlexagons and a simply
smooth surface in Figure S2 (a—d). Therefore, tlaErostructure, caused by the
pre-assembly of HAT, can be transferred to HAT-CNf¥er carbonization, and the
regular shape also showed good mechanical stabiity the carbonization
temperature increases, some uniform cracks (p+10n size) begin to form in the
plates, which indicates that their structures amdenup of small primary slabs,
randomly arranged. Furthermore, the evenly por@mostructures of HAT-CN-450,
HAT-CN-550, and HAT-CN-700 are investigated in TEHMigure 1(e—h)) images.
These structures provide more ion-accessible s@ack significantly increased
electrosorption capacitance. However, the struafileAT-CN-800 appears stacking
and interpenetrated with each other in Figure 1{hgre are signs that a structural
rearrangement after carbonization changes ancéaébn to a nearly graphitic carbon
phase without heteroatoms, following a temperatigee

The higher nitrogen content was indicated in therapared HAT-CN-X materials
at lower carbonization temperatures, characterige@/H/N EA, with the XPS and
EDS mapping spectrometer results shown in Tab@&darly, the N elemental content
measured by EA (31.5 at.%) is approach by XPS (@8%) and further demonstrated
in the EDS (36.1 at.%) examination. All of the l&sghow that HAT-CN-550 has a
nearly perfect eN-type stoichiometry, as previously reported [28].3Vioreover,
EDS mapping also shows that carbon and nitroganesits are evenly distributed, as
shown in Figure 1(a-d). Therefore, the governeddeosation mechanism can

guarantee that the stoichiometric composition,wtated for HAT-CN, is transferred



to the GN-type products.

XPS was used to identify the composition and fumality characteristics of C and
N atoms in the materials, as shown in Figure S& Nhls signal (Figure 3) shown
exists in cyano (~398 eV), pyrazine (~399 eV), quary nitrogen atoms (~400 eV),
and oxidized nitrogen (~402 eV) groups after dectuion. [34] The carbonization
temperature can be regulated to control the amaoifutiitese groups in the as-prepared
products. The increase in temperature is the pyimaason for the reduction in N,
characterized by the absence of cyano and pyrazows, as their content decreased
continuously from 10.84 % to 5.00 % and 14.61 9®.&7 %, respectively. On the
contrary, the content of quaternary nitrogen growgreases with higher temperature
from 4.75 % to 9.83 % because of its higher bindéngrgy. Previous studies have
shown that carbon materials with high N-heteroatmmtent mainly introduced from
cyano and pyrazine groups have good wettability elnarge transfer ability, and
therefore have better capacitive deionization perémce. [34, 35]

The C1s spectrum (Figure S4) exists in graphiticCCearbons (284 eV),
spf-hybridized nitrogen atoms (285 eV and 286 eV)dipdd carbon atoms (289-290
eV), and oxidized nitrogen (~402 eV) groups aftecahvolution. With the increase in
temperature, the single peaks are transferredwerlinding energies, exhibiting a
reduction in the positive working potential andskesert properties of the electrons.
Eventually, the inertia is lost again at very highmperatures. However, the content of
graphitic C=C is increased at higher temperatumesnf6.95 % to 22.12 %.
Additionally, the controllable carbon electronicusture and the potential synergistic

10



effect of C and N atoms would be advantageous d¢octpacitive and deionization
performance.

Figure S5 and Figure 2(a) shows the Raman speadfuRhAT and HAT-CN-X,
which is indicated by so-called disordered carbon (D-) and crystallized graphitic
spf carbon (G-), near 1350 ¢hand 1595 cm, respectively. With the increase in
carbonization temperature, thg/lg ratio increases from 0.96 to 1.21, owing to the
opportune adjustability of the carbon structuresixrrings and infrequently replaced
N atoms, that is, the continuous formation of thienfiive carbon phase. Therefore,
material with higher carbon symmetry and electricahductivity was prepared at
higher temperatures.

The FT-IR spectra of the HAT and HAT-CN-450/550//81D electrodes are shown
in Figure 2(b). All five samples show the appeaeaoicthe bands at 1599, 1459, 1333,
and 1221 cml, which indicate stretching vibrations of aroma@N bonds in
condensed N-containing hybridization. The absorpbands at 1333 and 1599 ¢m
may correspond to the stretching vibrations of@Gké&l and C=N bonds, respectively.
There are less intense peaks of terminal cyangsratine groups at 2242 chwith
increasing synthetic temperature [40]. The resultse further confirmed by Raman
and XRD spectrum analysis.

X-ray diffraction (XRD) patterns of the as-prepai¢dl and HAT-CN-X materials
are further investigated. Figure 2(c) revealed th&T has a crystalline structure by
self-assembly because of its strong supramole@aggregation, making it a hopeful

material for the preparation of inert carbons. Aft®ndensation, the absence of
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crystalline inorganic impurities led to the fornmatiof an amorphous structure with
increasing temperature. The results shown an absehaharacteristic peaks of
graphitic stacking @ 26) at high temperature, which may also be thsae for the
formation of high specific surface-area carbon. dr@alysis of HAT (Figure S6) also
confirmed that it decomposes completely below 8@ Raman spectra further
confirms this result. Nevertheless, the increagiegk intensity (2, 26) indicates that
the reemergence of graphitic phase stacking atehigarbonization temperatures is
consistent with the TEM results.

Figure 4 shows the contact angle of the as-preparaterials, utilizing water
droplets on the surfaces. Their values are sumetrin Table 1, showing an
excellent surface hydrophilicity for all the asjpaeed materials. Meanwhile, all of
the values are almost same and both small. Therdhie hydrophilicity of
HAT-CN-X significantly contributes to its electragtion performance because of the
high nitrogen content and polar groups on its se$asuch as —OH and =N.

N2 physisorption isotherms were used to characténeepecific surface area (SSA)
and pore size distribution, suggesting type-I isatis in Figure 2(d). A large amount
of N, is shown to absorb at /g 0.1 with no further adsorption at p/p 0.1-0.9,
indicating the almost unique microporous propert¢sHAT-CN. Meanwhile, the
inorganic porogen-free, as-prepared samples prdvigle SSA in the range of 600—
800 nf g, shown in Table 1. The conspicuous micropores hamesentative
geometric shapes and angles of a polycondense@vark, which is condensed from
the original nonporous HAT crystals. After condditsg considerable, accessible

12



microporosity is created by a good arrangement &f.Hn addition, the micropore
enlarged with increasing synthesis temperature igeolvan increase in micropore
volume. Finally, the adsorption capacity at%#0.9 came from the adsorption on the
thin flake surface and within the hierarchical ¢yawf a wafer. In a previous report,
higher SSA of micropores introduced more activessib adsorb ions [41]. Clearly,
HAT-CN-550 exhibits a highly microporous structurehich is essential to its

capacitive and deionization property.

3.2 Electrosor ption experiments

The electroadsorption behavior of as-prepared ssnplas analyzed by cyclic
voltammetry (CV) measurements. Figure 5(a) showesGN test for all formulated
electrode materials. Clearly, no oxidation/redutteaks were observed in all the
formulations under the selected potential rangdicating that the ions were adsorbed
on the electrode surface by forming EDLs due tolaob interaction rather than
electrochemical reaction [41]. Owing to the intingesistance and polarization effect
of the electrode little deviation from the standaedtangular structure is evident.
However, the CV curve of the as-prepared matelsd ahows an approximately
rectangular shape, suggesting that reverse pdtesténning can be achieved to
rapidly charge the platform, that is, salt ionsdian excellent ability to adsorb/desorb
from the electrodes quickly.

According to the calculations from the CV curve #osweep speed of 5 mV,ghe
specific capacitance (Cs) is 52.25 F dor HAT-CN-450, 179.20 F g for

HAT-CN-550, 162.54 F § for HAT-CN-700, and 99.86 F gfor HAT-CN-800.
13



Clearly, the HAT-CN-550 electrode has the bestassgreater graphitization leads to
good conductivity and low internal resistance. Hegrethe continuous pore size and
relatively integrated structure within flakes sypptany more active sites. That is, a
more exposed surface can ensure the easier migi@tisalt ions across the interface
between solution and material. [41]

In Figure 5(b), the CV test of HAT-CN-550 was intigated at various scan rates
from 1-50 mV &, showing no oxidation/reduction reaction due te tectangular
nature of the shape of the CV curves. This suggbatsthe salt ion can move in or
out quickly within the electrode, that is, Nand Cl can adsorb/desorb from
HAT-CN-550 electrode. Compared to low scan ratesdl@1mV &), the higher scan
rates (50 mV 3) show a CV curve shaped like a piece of leavelibiing a degree
of distortion from the rectangle. This indicates thss available SSA in the internal
pores of the electrode due to insufficient timetfor salt ions to move from solution
to materials and accumulate. On the contrary, dhe have sufficient time to diffuse
and accumulate in almost all obtainable SSA, produ@ preferable capacitive
behavior at a slower sweep rate.

For further investigation, the relationship betweapecific capacitances and sweep
rate of HAT-CN-550 electrode is shown in Figure )5(Crends of the specific
capacitance show an increase, while the sweepleateased from 50 mV#go 1 mV
s, while the specific capacitances for 50, 10, B\ s*are 87.76 F§, 168.43 F g,
179.20 F ¢ and 221.28 F'§ respectively.

In Figure 5(d), the influence of ion concentration the electrical adsorption

14



property of the HAT-CN-550 electrode was studiethva potential window of 0 to
1.0 Vin 0.5-, 1.0-, and 1.5-M NaCl solutions aican rate of 5 mV's Apparently,
the higher concentration of the NaCl solution hasgdr areas of CV curves,
suggesting that salty ion has a better effect aumlation and adsorption on
electrode surface at a higher concentration of Ns@ultion, resulting in higher
electronic conductivity and more ion contents inLlEDegion. Hence, HAT-CN-550
has good electrosorption properties in CDI procass, also has great advantages in
seawater desalination.

For further study, the stability and invertibiligjffect of HAT-CN-550 electrode, the
galvanostatic charge-discharge curves (GCD) iedeat a current density of 200 mA
g* with a potential window of 0 to 1.0 V in 1.0-M NBéblution, as shown in Figure
6(a). HAT-CN-X electrode is appearance a symmetriangle feature of ideal
capacitor behaviors. It is worth noting that theves are not an absolute symmetric
triangle, which may be the influence of a smallyskecapacitance emanating from
rich-nitrogen content [43]. It also can be foundttthe HAT-CN-550 electrode has a
longer charge/discharge time, that its result ésshme as the CV results, suggesting it
has higher specific capacitances. In Figure 6{b¥ investigated the GCD curves of
HAT-CN-550 electrode at a current density of 10@B-50A g'. Clearly, at the
beginning of the discharge process appears, tleenadt resistance drops. A lower
gradient means a lower total drag, suggesting HNFS50 electrode has low internal
resistance and is suitable for CDI. Furthermorejeitibility and stability are
investigated by GCD in 1.0-M NaCl solution at arent density of 200 mA In

15



Figure 6(c), it can be found that there is no changd discharge attenuation after 600
cycles, showing the HAT-CN-550 electrode has timg llife for CDI applications due
to key features, such as good stability and cyfitglperformance.

To investigate the electrochemical impedance spedtrs tested in 1.0-M NacCl
solution, as shown in Figure 6(d). The high frequyenorresponds to the limiting
process of charge transfer and the connection afgehtransfer resistance and the
EDLs at the contact interface between the electraiel the electrolyte
solution. Clearly, a small semicircle at high frequies can be found, that is, the
smaller the charge transfer resistance is dueetgrialler semicircle. Meanwhile, it is
displayed that higher carbonization temperaturd kwdd to lower charge transfer
resistance, which improves the capacitive perfomeamut all of the as-prepared
electrodes have a small interface contact resistaxcept of HAT-CN-450 electrode.
3.3 MCDI performance

The MCDI performance was investigated in a NaCleagis solution at a certain
voltage and flow rate by batch mode. The MCDI dalbricated by symmetrical
electrodes consist of the as-prepared electroseegontrast to the commercially
activated carbon (AC) electrodes.

As shown in Figure 7(a), all the as-prepared ebelets cell have a sharp decrease
with 10 min at voltage of 1.2 V in initial conceation of 500 mg L}, suggesting that
the electrodes have an excellent ability to absatbions onto the relatively charged
electrodes quickly. With increasing absorption timenductivity decreases gradually
and then is closed to electrosorption equilibriutmew the curves flattens out at 60

16



min. As shown in Figure 7(a), the salt adsorpti@pacitance (SAC) values of
HAT-CN-450, HAT-CN-550, HAT-CN-700, and HAT-CN-808lectrode are 22.79
mg g, 24.66 mg g, 19.13 mg ¢, and 17.50 mg 4 respectively. Compared to the
as-prepared sample, the AC electrode has the |ladesstiination capacitance (11.14
mg gY). The salt adsorption rate (SAR) is also one ef fitctors affecting MCDI
performance. [44] It can be combined with SAC torfa MCDI Ragone diagram, as
shown in Figure 7(b). Clearly, the HAT-CN-550 siehin the upside and right of the
CDI Ragone figure indicates the highest SAC, owingthe high micro-porous
content and perfect ratio of nitrogen content, udeolg excellent electrical
conductivity and a rich vary boundary structuree TAC electrode has the lowest
SAC, because of its low micro-porous contributir®AS Although HAT-CN-700 and
HAT-CN-800 electrodes have lower impedance than HIN-550, the impedance of
HAT-CN-550 is also small. Moreover, the excellenettability of HAT-CN-550
contributes to adequate contact between the etixtrand solution, which is one of
the key factors for MCDI test. In short, the acqdiresults explicitly demonstrate the
importance of the micro-pore amount and the ratiaimogen content in improving
the desalination performance of an electro-actiatenmal.

To further investigate, the influence of appliedtages ranging from 1.2 to 1.8 V,
and concentrations of NaCl solution between 500Lmgo 1000 mg [* on MCDI
performance of the HAT-CN-550 electrode is shownFigure 7(c). The MCDI
behaviors of the HAT-CN-550 electrode were studieslarying test applied voltages
from 1.2 to 1.8 V with a flow rate of 22 mL mtnThe curves in the figure dropped

17



sharply within 10 min and reach a stable stateiwif® min. Increasing the applied
voltage, the SAC is increased from 24.66 to 33.47gh indicating that the higher
potential can produce a stronger electrostaticrasteon to bring about a larger
removal of NaCl. Meanwhile, MCDI Ragone plots ot thHAT-CN-550 electrode
performance at applied potentials varying from tb.2..8 V are exhibited in Figure
7(d). The results reveal that the curves approactempside and to the right with
increase in applied potential, suggesting a high&€ and SAR increase with the
enhancement of the applied potentials. It is notiirag no obvious bubbles were found,
while the applied potentials were set to 1.8 V,gasging that no electrolytic reaction
of water took place, even at an overvoltage highan 1.23 V [45] because of the
effect on membrane resistance and intrinsic resistaf electrode. [46]

Additionally, the effect of different NaCl conceation on MCDI performance was
investigated at the applied potential of 1.2 V. B&C of HAT-CN-550 electrode in
NaCl concentration of 500, 700 and 800 mgi4 24.66, 26.43, and 30.79 md,g
respectively. Clearly, the curves increase withreasing NaCl concentration, and the
plots show an increase to the right, revealingghdr adsorption mass of NaCl and
removal rate due to higher conductivity makes gyet form EDLs, with a faster
transportation speed of the salt ions to the addetrspacing channel when the NacCl
concentration in the solution is higher. Howevehew the increase in ions in the
solution is much greater than the adsorption amdhatspecies of ions in the pore is
saturated, leading to a decrease in removal efitgie

Finally, the effect of the regeneration stabiliytbe HAT-CN-550 electrode was

18



investigated with a charge voltage of 1.2 V, rewvgplts ability to absorb, and in a
short circuit, to desorb, as shown in Figure 8. Teenization process completes
quickly after the charge voltage was applied. Ttrenshort circuit of the cell has a
quick desorption performance during the dischargecgss, suggesting that the
HAT-CN-550 electrode has excellent regeneration.di@hally, no apparent

decrease in solution conductivity was observedr & regeneration cycles, which
reveals an excellent regeneration property. Moreave electrosorption capacities
performance are higher than those for other Nimedgped electrode materials
reported in previous work as listed in Table 2. reEfere, the HAT-CN-550 electrode

has excellent deionization performance in CDI.

4. Conclusions

In conclusion, a novel hexagon-like carbon framéwavas prepared by
condensation of HAT through in situ synthesis arsmduit as an electrode in
capacitive deionization. Results indicate that HXY-has a large specific surface area,
rich micro-pore structure, and excellent condutgjvivhich leads to high MCDI
performance, contributed by the furnishing of pyenf space and active sites for
charge storage. Additionally, HAT-CN has a highragen content, good wettability,
and low impedance, which all lead to the fast pansof salt ions. Meanwhile, the
HAT-CN electrode, as the heteroatom-based carboteriak reveals favorable
regeneration performance. Thus, HAT-CN is a pramgi®lectrode material suitable
for MCDI application and alkaline treatment.
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Table

Table 1 Summary of characterization results as wsll experimental carbon yield of the
HAT-CN-X materials.

Table 2 Comparison of electrosorption capacitieBlitfogen-doped electrode materials from this

study and reported in previous work.

Table 1 Summary of characterization results as age#ixperimental carbon yield of the HAT-CN-X miatist

TIK] C [at.%] N [at.%] O [at.%] SShger  Contact o/ yeild
[m*g"] anglel] 1 [%]

EA EDS XPS EA EDS XPS EA EDS XPS
450 552 605 629 429 371 353 - 24 18 5955 194 - 915
550 49.5 610 684 315 361 293 - 24 23 7712328 096 625
700 477 636 665 291 349 303 - 25 32 8309 532 107 384
800 565 679 811 214 286 153 - 35 36 7013 892 121 255




Table 2 Comparison of electrosorption capacitiedlifogen-doped electrode materials from this stadg
reported in previous work.

i ) Applied Initial concentration/ Electrosorption
Raw materials and preparation procedure . . Ref.
voltage conductivity of salt  capacity

Nitrogen-doped graphene sponge fabricated via

500 mg L

directly freeze-drying graphene oxide solutiony 5y, _ 21.0 mg ¢ 47

followed by annealing in Nifatmosphere NaCl solution

Nitrogen-doped carbon nanorods prepared from

naturally based nanocrystalline cellulose through

freeze drying with subsequent thermal treatment 5, 500 mg L' 17.62 mg § 48

under an ammonia atmosphere at different NaCl solution

temperatures

Nitrogen-doped porous hollow carbon spheres

(N-PHCS) prepared by using polystyrene spheres

as hard templates and dopamine hydrochloride gs, \, 500 mg L' 12.95 mg § 49

carbon and nitrogen sources by carbonization at NaCl solution

different temperatures

Facile dual doping strategy via carbonization of

covalent organic frameworks to prepare 500 mg L )

hierarchically porous carbon spheres and-2V NaCl solution 18.5mg ¢ 50

carbonization at different temperatures

Two-dimensional  boron  carbon  nitride

nanosheets were fabricated using a new

approach, which uses M as both the 500 mg L ]

template and the nitrogen source, boric acid as% v NaCl solution 13.6 mg ¢ 25

the boron source and a subsequent pyrolysis

process

Metal-organic-framework  (ZIF-67) derived

carbon polyhedron and carbon nanotubg 4\ 1000uS cm* 7.08 mg ¢ 19

hybrids(HCN) NacCl solution

Hexaazatriphenylene-based precursor prepared

microporous and oxidation resistant carbonsj » 1200uS cni' 24.66 mg ¢ our
NaCl solution work

materials




Figure

Scheme 1 Condensation reaction process

Figure 1 TEM images of (a) HAT-CN-450; (b) HAT-CN-550; (c) HAT-CN-700 and (d)
HAT-CN-800.

Figure 2 (@) Raman survey spectra of HAT-CN-450/550/700 /800; (b) FT-IR survey spectra of
HAT-CN-450/550/700 /800; (c) PXRD measurements of HAT and HAT-CN-450/550/700 /800; (d)
N, physisorption isotherms measurement (the inset represents Pore size distribution) of
HAT-CN-450/550/700/800.

Figure 3 Fitted N1s XPS line scans of (a) HAT-CN-450; (b) HAT-CN-550; (c) HAT-CN-700 and
(d) HAT-CN-800.

Figure 4 Contact Angle measurement of (@) HAT-CN-450, (b) HAT-CN-550, (c) HAT-CN-700,
and (d) HAT-CN-800.

Figure 5 (a) CV curves of the electrodes at a potential sweet rate of 5 mV s*; (b) CV curves of
the HAT-CN-550 at different scan rates; (c) the specific capacitance of the electrodes at 1-50 mV
s™: (d) CV curves of the HAT-CN-550 at different concentration of NaCl.

Figure 6 (a) the GCD curves of the HAT-CN-450/550/700/800 electrodes; (b) the GCD at
various current density of HAT-CN-450; (c) continuous GCD curves of theHAT-CN-550
electrodes with a current density of 200 mA g™; (d) the Nyquist plots (the inset represents the
details of the Nyquist plots) in 1 M NaCl solution.

Figure 7 (a) the conductivity variation with deionization time (the inset represents the SAC with
different material) and (b) CDI Ragone plots of HAT-CN-450/550/700/800 and AC electrodesin a

500 mg L™ NaCl solution at a cell voltage of 1.2 V with a flow rate of 22 mL min™; CDI



performance of the HAT-CN-550 electrode: (c) the variation of conductivity aong with the
desalination time (the inset shows the SAC at different applied voltages) and (d) CDI Ragone
plotsin a’500 mg L™ NaCl solution at different cell voltages with a flow rate of 22 mL min™; ()
the SAC curves and (f) CDI Ragone plotsin different concentrations of NaCl solution at a voltage

of 1.2V with aflow rate of 22 mL min'?;

Figure 8 Regeneration performance of the HAT-CN-550 electrode in a 500 mg L™ NaCl

solution at 1.2 VV with aflow rate of 22 mL min™.
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