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The selection and preparation of an electrode material is the core of capacitive deionization. In order to
obtain a material with a good deionization properties, we have designed an environmentally-friendly and
simple way of preparing biochar. In this work, biochar was prepared by a thermal-deposition method
and after chemical modification it was characterized with a scanning electron microscope (SEM), Fourier
transform infrared spectrophotometer (FTIR), X-ray diffraction (XRD) and X-ray photoelectron
spectroscopy (XPS). The specific surface area of biochar modified by KOH is as high as 833.76 m? g%,
but the specific surface area of the unmodified electrode material is only 126.43 m? g~ The
electrochemical analysis (CV and EIS) of the biochar indicates that HC-800 has a lower charge transfer
resistance and a higher specific capacitance, where the specific capacity of HC-800 reaches 120 F gfl. A
CDI property analysis of HC-800 shows a better electrosorption capacity of 11.52 mg g~* and better
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1. Introduction

Since the beginning of the 21st century, the three major issues
of population, resources and the environment have become the
challenges all humans must face. Among these, water
resources, as an irreplaceable essential resource for mankind,
have become one of the most urgent problems in the world."*
Capacitive deionization technology is a new type of water
treatment technology in which ions are moved to the oppositely
charged electrode and adsorbed onto the electrical double-layer
(EDL) formed between the solution and the electrode interface.
Once the voltage is removed, the ions adsorbed by the elec-
trodes can be immediately released into the solution.* CDI is
regarded as a novel and promising alternative technology due to
its low energy consumption, low cost, rapid regeneration and
environmental friendliness and it is used for the removal of
charged species from sea water and brackish water.*® There-
fore, capacitive deionization technology is considered to be
a non-membrane desalination technology which is expected to
replace the traditional desalination method.”®

As the core component of the CDI module, the material
electrode directly affects the desalination effect of CDI.® Biochar
materials have been most widely applied in CDI electrodes, due
to their wide range of sources, sustainable regeneration, excel-
lent capacitance and low pollution.'®** Biomasses such as
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chitosan," sugarcane,"* Artocarpus peels," bitter-tea and palm
shell wastes,'® and straw® have been widely used as precursors
for preparing biochar materials. Chitin, which is second only to
cellulose in yield, is an excellent raw material for biochar.
Carbon prepared from chitin has a high surface area, well-
developed mesoporosity and a high nitrogen content."” Most
studies have shown that carbon materials with a high nitrogen
content can improve the wettability of products, enlarging the
accessible electrode area and enhancing charge accumulation,
which is helpful for transferring charge during the electro-
sorption process and improves the specific capacitance.'®****
In recent years, the modification of biochar has been
a research hotspot in improving the electroadsorption capacity
of biochar electrodes. The main methods include acidification,
physical modification by high-temperature carbonization in an
atmosphere furnace and chemical modification by adding
chemical activators such as KOH,****> ZnCl,,*** etc.>* KOH is
commonly used in the preparation of biochar with a high
specific surface area, which not only has excellent water
absorption, but can also greatly improve the specific surface
area and pore structure of biochar by reacting with carbon
atoms to produce gases or salt solids in the thermal decompo-
sition process, and which plays the role of pore making and
space occupation.”® Meanwhile, the specific surface area and
pore structure of the biochar electrode are important parame-
ters affecting the electrode's electrosorption property.””>®
Previous studies have shown that chitin is a suitable precursor
for porous carbon materials that have been applied in super-
capacitors®**® and lithium ion batteries.**> However, the elec-
trosorption behavior of chitin derived biochar during CDI is still
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unknown. Meanwhile, in order to improve the electro-
adsorption capacity of chitin derived biochar, the influence of
the activator KOH on the structure, surface morphology,
specific surface area, pore size structure, electrochemical
property and CDI property of chitin derived biochar are worth
studying.

In this work, the biochar was prepared by carbonizing chitin
under nitrogen protection in a tube furnace followed by KOH-
activation. The influence of KOH on the structure,
morphology, electrochemical property and CDI property was
studied by comparing KOH-activated biochar with biochar. The
two kinds of biochar were characterized by BET, SEM, XRD,
FTIR and XPS. The electrochemical properties of the two kinds
of biochar electrodes were tested by cyclic voltammetry and
electrochemical impedance spectroscopy (EIS) at an electro-
chemical workstation. The capacitive deionization, regenera-
tion and cycling stability of the two kinds of biochar electrodes
were tested with a simple home-made electroadsorption device.
KOH-activated chitin derived biochar electrode is a new option
for a CDI electrode.

2. Experimental
2.1 Materials

Chitin; polyvinylidene fluoride (PVDF), KOH, NaOH, HCI and
N,N-dimethylacetamide (DMAC) were purchased form Sino-
pharm Chemical Reagent Co., Ltd. Conductive carbon black
was obtained from Tianjin Jindadi Chemical Co., Ltd. All
chemicals are analytical reagents.

2.2 Synthesis of biochar

An appropriate amount of chitin was heated up to 400 °C at
5°C min~" in a tubular furnace (SK-GO5123K, Tianjin Zhong-
huan Electric Furnace, China) and cooled to obtain pre-
carbonized chitin. The pre-carbonized chitin fully blended
with the activator KOH (0 g and 25% mass of pre-carbonized
chitin) was heated up to the target temperature (800 °C) and
kept for 2 hours under a nitrogen atmosphere, where the
nitrogen flow rate was 100 mL min . After naturally cooling to
ambient temperature, the product was cleaned thoroughly with
10% HCI to completely remove the remaining residues, and
rinsed with distilled water several times to pH = 7. Finally the
product was dried for 10 h in an oven at 80 °C. The two obtained
biochars were named CS-800 and HC-800, according to whether
KOH was used.

2.3 Characterization

The morphological characteristics of CS-800 and HC-800 were
observed by scanning electron microscopy (S4800, Hitachi,
Japan). The specific surface area and pore size distribution
analysis of CS-800 and HC-800 were investigated with an auto-
matic surface area and porosity analyser (ASAP2020, Micro-
meritics, USA). The CS-800 and HC-800 were ground into
powder, then formed into tablets with KBr (sample mass 1%).
FTIR spectrometry of CS-800 and HC-800 were recorded on
a Nicolet-460 FTIR spectrometer (Madison, Nicolet, USA) over
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the wave range of 4000 to 400 cm ™ *. The crystal structures of CS-
800 and HC-800 were investigated with an X-ray diffractometer
(APEXII, Bruker, USA). The chemical compositions of CS-800
and HC-800 were analyzed using X-ray photoelectron spectros-
copy (XPS; Escalab 250 XI, Thermo Fisher, USA).

2.4 Electrode sheet fabrication and electrochemical analysis

CS-800 and HC-800 were mixed with conductive carbon black
and polyvinylidene fluoride at a weight ratio of 75 : 5 : 20 with
dimethylacetamide as the solvent. The mixture was stirred in
a magnetic stirrer for 1 h after ultrasonication for 10 min. The
obtained mixture was uniformly coated on both sides of a tita-
nium sheet to prepare a 6 x 5 cm electrode sheet followed by
drying in a vacuum oven at 50 °C for 4 hours. The effective mass
of an electrode is about 0.35 g.

The electrochemical properties of the HC-800 and CS-800
electrodes were tested by CV and EIS tests at an electro-
chemical workstation (CHI660E, Shanghai Chenhua Instru-
ment Co. Ltd). The concentrations of electrolyte in the CV test
and EIS test were 0.5 mol L™" and 0.05 mol L " KClI, respectively.
A three-electrode working system was adopted in the testing
system. An Ag/AgCl electrode, the prepared biochar electrodes
and a platinum wire electrode were the reference electrode,
working electrode and counter electrode, respectively. The
whole testing process was carried out at room temperature. The
frequency of the EIS test ranged from 0.01 Hz to 10 000 Hz, and
the amplitude was 5 mV. The capacitance (C, F g~ ") of the HC-
800 and CS-800 electrodes can calculated from eqn (1) accord-
ing to the current-voltage curves obtained from the CV test:***

U 1
Cs JU‘ Ivm(Uf ) du (1)
where I (A) is the current; U (V) and U; (V) are the final voltage
and initial voltage, respectively, the scanning voltage ranges
from —1.2 V to 1.2 V; v (V s~ ) is the scanning rate, where the
scanning rates were 0.02 V s~', 0.01 V s™%, 0.005 V s™" and
0.002 V s, respectively. The effective mass () of an electrode
is about 0.35 g.

2.5 CDI experiment

The capacitive deionization properties, regeneration and
cycling stability of the HC-800 and CS-800 electrodes were tested
by a simple home-made electroadsorption device, which con-
sisted of a CDI module, a DC power supply (IT6322, ITECH,
China), a peristaltic pump, a beaker and a conductivity meter
(DDB-12L, TUNE VOLT, China). A constant direct voltage of 2 V
was applied to two electrode plates of the same biochar whose
distance was 8 mm. 300 mL of NaCl solution (50 pus cm %,
160 ps cm ™', 300 us em ™, 500 pus cm™ ') was circulated between
the CDI module and the beaker at a flow rate of 20 mL min~" by
a peristaltic pump. The change in concentration (y) which has
a good linear relationship with conductivity (x), was monitored
and recorded with a conductivity meter throughout the experi-
ments (y = 2.4119x + 38.346).

Electrosorption capacity (g) and rate of desalination (n) were
calculated from eqn (2) and (3), respectively:

This journal is © The Royal Society of Chemistry 2020
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where ¢, and ¢ are the initial and equilibrium concentrations
(mg L") of NaCl, V (L) represents the volume of the NaCl
solution (0.3 L), m (g) represents the effective mass of two
electrodes (0.7 g), and M represents the relative molecular
weight of NaCl (58.5 ¢ mol ™).

3. Results and discussion
3.1 Structure and morphological characterization

Scanning electron microscopy (SEM) was used to observe the
pore morphology and surface morphology of chitin powder and
biochar powder. As shown in Fig. 1a and b, the chitin powders
are irregular particles with a size of several hundred microme-
ters, and the particles are tight, blocky and compact. The orig-
inal powder particles are not uniform, and have no substantial
intermolecular pores. After high-temperature carbonization,
the scanning electron microscopy images (such as Fig. 1c and d)
of CS-800 show that the size of the particles shrinks signifi-
cantly, which is consistent with the macroscopic observation of
the two samples. It can be seen from the high-magnification
image that the surface of the CS-800 particles becomes fluffy
and porous, which may be caused by the escape of various small
molecules from the chitin powder during high-temperature
carbonization. Fig. 1e and f are scanning electron microscope
images of HC-800, which were obtained by comparison with the
scanning electron microscope image of Fig. 1c and d for CS-800.
After modification, new holes are formed due to the reaction of
KOH with chitin. The size of the biomass carbon powders
shrinks further, and the structure of pores and voids is more
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complicated, making it possible that HC-800 has a larger
specific surface area. Since the lamellar structure of HC-800
greatly increases the porosity of chitin and the sheet-like
particle size is thin, the generated pores can be effectively
utilized in the subsequent utilization.

The specific surface area and pore diameter distribution of
the electrode are important factors affecting the adsorption
properties of the electrode. Fig. 2 illustrates the N, adsorption/
desorption isotherms of CS-800 and HC-800 at —196 °C. The
adsorption isotherm of CS-800 is similar to a type IV isotherm
which indicates that the CS-800 contains a certain amount of
mesopores.**?** According to the IUPAC classification, the
hysteresis loop of the CS-800 adsorption curve belongs to type
H3 which indicates that the particles of CS-800 are flaky. From
the adsorption isotherm of the modified biochar HC-800, it can
be seen that the adsorption amount in the low-pressure zone
increases rapidly, and the adsorption amount in the medium
pressure zone changes little. The adsorption curve of HC-800
belongs to type I, and thus it can be judged that the modified
biochar HC-800 contains mainly micropores and contains
a certain amount of mesopores.*”*® Fig. 3 shows that the pore
sizes of CS-800 mainly range from 2 nm to 10 nm, while the pore
size of HC-800 ranges from 2 nm to 6 nm, which is consistent
with previous N, adsorption/desorption isotherm analysis
results.® Table 1 shows the microstructure parameters of CS-
800 and HC-800. The specific surface area of HC-800
(833.76 m* g7 ') is 6.59 times that of CS-800 (123.43 m* g~ %).
The micropore volume accounts for about 77.8% of the total
pore volume, which indicates that most pores of HC-800 are
micropores. The increased specific surface area and micropores
are very beneficial for the formation of double-layer capacitors
in the process of capacitor deionization and in enhancing the
CDI property.

Fig. 1 SEM images of chitin (a and b), CS-800 (c and d) and HC-800 (e and f).

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 N, adsorption/desorption isotherms of CS-800 (a) and HC-800 (b) at —196 °C.

Fig. 4a shows the FTIR spectra of HC-800 and CS-800. It can
be seen that the absorption peaks at 3433 cm ™%, 1628 cm ™ * and
1108 cm ™' underwent no shift. The peak at 3433 cm™' is
attributed to the O-H stretching vibration, indicating that both
kinds of biochar contain a certain amount of hydroxyl, and the
asymmetry of the CS-800 middle peak is attributed to the exis-
tence of hydrogen bonding. But the addition of KOH destroys
the hydrogen bonding. The peak at 1630 cm ™' is due to the
stretching vibration of C=0. The peak at 1108 cm ™" is assigned
to the stretching vibration of C-O in the secondary alcohol. A
new characteristic peak of HC-800 at 620 cm ™" was formed by
the in-plane bending vibration of C-CO-C.

Fig. 4b shows the XRD patterns of CS-800 and HC-800. The
characteristic peaks of CS-800 appeared at 26 = 24.85° and
29.44°. These sharp diffraction peaks indicated that there was
a certain crystalline region in CS-800. But the diffraction peaks
in HC-800 were weaker and wider than those in CS-800, where
no new peaks arose after modification. The cause of this change
was that the KOH and CS-800 did not produce a chemical
reaction to form a new substance, but the addition of KOH
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Fig. 3 Pore size distribution (BJH) of CS-800 and HC-800.
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affected the degree of crystallization of CS-800. The degree of
crystallization of the biochar was reduced, so the structure of
HC-800 is looser than that of CS-800. The XPS peaks of C, N and
O in CS-800 and HC-800 are shown in Fig. 5. Fig. 5a shows that
there are four main forms of carbon in CS-800 and HC-800,
which are C-C, C-O, C=0, and -COOH. Fig. 5b shows that
nitrogen exists in CS-800 and HC-800 in three main forms,
which are pyrrolic-N (N-5), pyridinic-N (N-6) and graphitic-N (N-
Q). Table 2 indicates that HC-800 has a higher content of
pyrrolic-N (N-5) and graphitic-N (N-Q). As HC-800 has more
abundant pore channels than CS-800, it is easier to lose
nitrogen atoms from the surface, so the nitrogen content of HC-
800 surface is slightly lower than that of CS-800. Fig. 5c shows
that the main forms of oxygen in CS-800 and HC-800 are C=0
(O-I), -O- (O-1I) and -COOH (O-1I1I). Oxygen finds it difficult to
escape during thermal decomposition and KOH activation, so
the oxygen content of CS-800 and HC-800 is very high, but the
existing forms of oxygen are significantly different: the O-III of
CS-800 is much greater than the O-III of HC-800, suggesting that
activator KOH not only changes the morphological structure of
biochar, but also to some extent changes the composition.

By analyzing and comparing the structure and composition
of CS-800 and HC-800, the reaction process of hole formation
and KOH activation can be inferred. When the chitin powder is
carbonized to form CS-800, the chitin itself is compact and the
intermolecular forces are relatively large. The intermediates
formed in the carbonization process are relatively compact, and
the small molecular gases formed in the thermal decomposi-
tion process find it difficult to escape, resulting in the incon-
spicuous pore-making effect. After adding the activator KOH,

Table 1 Microstructure parameters of CS-800 and HC-800

Samples  Sperm’g ' Sppm’g ! Vgmem®g ' Ry nm
CS-800 126.43 41.54 0.13 6.91
HC-800 833.76 118.55 0.24 4.36

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 (a) The FTIR spectra of HC-800 and CS-800, (b) X-ray diffraction analysis of various CS-800 and HC-800.

some chemical reactions will occur, as shown in eqn (4)-(6), carbon atoms and the metallic potassium salt, which can play
where -CH,OH is used to represent the part of the groups the role of making pores and occupying space, greatly
participating in the reaction. In the high temperature process, improving the specific surface area of HC-800 and enriching the
KOH not only reacts with some groups in chitin, but also with  pore structure. The adhesion of sylvite to the biochar material in
the gases (CO and H,) generated by the reaction of KOH with the molten state can also reduce its surface tension and reduce
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Fig. 5 XPS spectra of HC-800 and CS-800, (a) C spectrum, (b) N spectrum, (c) O spectrum.
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Table 2 The different forms of O and N contents of HC-800 and CS-
800 from the element analyzer

N [%] 0 [%]
Samples N-5[%] N-6[%] N-Q[%] O-1[%] O-I[%] O-III [%]
CS-800  6.22 14.53
2571 3875  35.54 11.91  34.46  53.63
HC-800  4.85 13.78
25.94 34,57  39.49  21.02  40.15  38.83
OH 0 COOH

\ COOH

Fig. 6 Structure diagram of O and N on ideal HC-800.

the mass transfer resistance of the electrolyte in the carbon
material, thus boosting the electrochemical property of HC-800.

4KOH + (-CH,OH) — K,CO; + K,0 + 3H,1 + (-H) (4)
K,CO; + 2C — 2K + 3CO? (5)
K,O0 + C — 2K + CO? (6)
(@) “] —=—0.002Vs
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Fig. 7 CV curves of CS-800 (a) and HC-800 (b) at different scan rates.
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As shown in Fig. 6, the possible structure of HC-800 can be
roughly guessed at. According to previous characterizations, it
can be seen from SEM that the carbon material has an extremely
thin flaky particle structure. Different characteristic peaks of
FTIR analysis can determine the functional groups of HC-800.
XPS analysis further provides the types and contents of the
functional groups.

3.2 Electrochemical analysis of HC-800 electrode and CS-800
electrode

Fig. 7 shows the CV curves of CS-800 and HC-800 at different
scan rates. More precisely, the specific capacitances of CS-800 at
0.02 Vs, 0.01 Vs 0.005Vs *and 0.002 Vs ' were esti-
mated as 24.85 Fg~',29.17 Fg ', 34.66 Fg " and 42.87 F g,
respectively. The specific capacitances of HC-800 at 0.02 V s~ %,
0.01 Vs, 0.005Vs 'and 0.002 Vs ' were estimated as 50.91 F
g ', 64.86 Fg ' 82.12 Fg " and 122.33 Fg~ !, respectively. If the
energy storage mechanism was through non-faradaic EDL
phenomena, the CV curve would exhibit a rectangle.***
However, the CV curves of CS-800 and HC-800 are not ideal
rectangles, which may be caused by other redox reactions
occurring in the electrolysis system, resulting in the irregular
shape of the scanning pattern. By comparing the adsorption
capacity of different scanning rates, the capacitance of the
electrode decreases with the increase in the scanning rate,
which may be because the scanning rate is so fast that ions are
too slow to enter into the pores of the biochar.*®* The CV curves
of the CS-800 electrodes were compared with the CV curves of
the HC-800 electrodes, and it was found that the HC-800 elec-
trodes have a better electrochemical property.

The chemical impedance test can reflect the dynamics of the
charge transfer and substance diffusion at the electrode/
solution interface. Fig. 8a shows the EIS spectra of the HC-800
electrode and CS-800 electrode, and the diameter of the arc
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capacitive deionization and desalination.

can reflect the diffusion resistance of ions at the interface
between NaCl solution and biochar electrode. The diameter of
the arc is proportional to the ionic diffusion resistance.** In the
low-frequency region, the slope of the HC-800 electrode is larger
than that of the CS-800 electrode, indicating that after KOH
activation, the HC-800 electrode has a larger capacitance and
a smaller ionic diffusion resistance. In the high-frequency
region, the arc diameter of the CS-800 electrode is larger than
that of the HC-800 electrode, which could imply that ionic mass
transfer resistance between CS-800 electrode and solution was
greater than that from the HC-800 electrode. After KOH acti-
vation, the electrochemical properties of HC-800 were signifi-
cantly improved in all aspects at all frequencies, such as the
ionic mass transfer resistance of the biochar electrodes and
solution being reduced and the capacitance of the biochar
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(a) EIS curves of HC-800 and CS-800. (b) Solution conductivity vs. time for HC-800 electrode and CS-800 electrode in the process of

electrode being increased, which significantly improved the
adsorption effect in the process of CDI.

3.3 CDI experiment of HC-800 electrode and CS-800
electrode

The most straightforward method to compare the CDI proper-
ties of HC-800 and CS-800 is to conduct capacitive deionizing
and desalting experiments. Fig. 8b shows the change in
conductivity in the process of capacitive deionization and
desalination. During the deionization process of the CS-800
electrode, the conductivity of the solution decreased from 160
ps em ™' to 121 pus em™ !, and the salt removal efficiency of CS-
800 was 24.37%. For the HC-800 electrode, the solution
conductivity decreased from 160 ps cm ™" to 74 ps cm ™', and the

(b) 1604
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(a) Electrosorption capacity of HC-800 electrodes at different concentration of NaCl solution. (b) Cycling stability performance of HC-
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salt removal efficiency of the HC-800 electrode was 53.75%. The
electroadsorption capacities of the HC-800 electrode and the
CS-800 electrode were 15.4 mg g~ and 6.93 mg g~ ', respec-
tively. The HC-800 electrode showed a better electrosorption
property than CS-800.

It can be seen from Fig. 9a that the higher the concentration
of the solution, the higher the electrosorption capacity. This is
mainly due to the fact that the micropores inside the materials
can improve the ion mass transfer rate and reduce the overlap
effect in higher concentration solutions.*” When the conduc-
tivity of the solution increases from 50 to 500 ps cm ', the
electrosorption capacity increases from 6.2 to 26.5 mg g~ *. The
electrosorption capacity of the HC-800 electrodes with 500
us cm ™! of NaCl solution is also higher than for most biochar
materials reported in the literature, such as chitosan-based
activated carbon,’ soybean shells,*® pine pollen,* or sugar-
cane biowaste derived biochars."*

Regeneration and cycling stability are also important
parameters in choosing good CDI electrode materials. Fig. 9b
shows the adsorption and desorption process of the modified
biomass carbon electrode. When the positive and negative
plates are short-circuited, the conductivity of the solution
continues to increase, indicating that the electrode has begun to
desorb, and the desorption time is half as fast as the electro-
sorption time. After using for a period of time, the electro-
sorption property of the electrode is the same as it was initially,
the surface is intact, and no peeling has occurred. It could be
observed that the HC-800 electrode exhibited a maximum
charge efficiency of 87.23% after several cycles, indicating that
the HC-800 electrode has excellent regeneration and cycling
stability.

4. Conclusions

Porous biochar derived from chitin has been successfully
synthesized by a thermal-deposition method followed by KOH-
activation. The KOH-activated biochar (HC-800) with abun-
dant micropores and a high specific surface area exhibits the
best electrochemical and desalination performance compared
with biochar without any additives (CS-800). The specific
surface area of HC-800 is as high as 833.76 m”> g ', compared
with the 126.43 m* g~" of CS-800. The maximum capacity of
HC-800 is 122.33 F g~ !, compared with the 42.87 F g~ of CS-
800. The charging resistance of HC-800 is 4.16 Q, compared
with the 18.75 Q of CS-800. The HC-800 electrode showed
better electrosorption capacity than CS-800. HC-800 exhibited
a maximum charge efficiency of 87.23% after several cycles,
and HC-800 has good cyclic desalination stability and regen-
eration ability. Therefore, HC-800 provides a promising and
environmentally-friendly method for a capacitive deionization
device.
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