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ABSTRACT

The scarcity of freshwater has attracted the attention of countries around the world. Capacitive
deionization (CDI) is a burgeoning green desalination technology with low price and high efficiency.
The properties of the CDI electrodes directly affect the deionization efficiency. It is a hot spot of CDI
technology research to develop electrode materials with higher adsorption capacity, better sustain-
ability and lower cost. On this purpose, porous carbon materials derived from corncobs, cornstalks
and waste cigarette butts have been firstly used as electrodes for CDI desalination in this paper.
Eight derived materials have been successfully prepared through carbonization and activation.
The morphology characteristics and electrochemical performance of the materials have been exam-
ined. Their desalination performance has been investigated. The results show corncobs activated
at 800°C (CBC-800) have the best properties with a specific surface area of 1,201.9 m*g™ and pore
size of 1.7268 nm. The CBC-800 electrode also possesses a high specific capacitance of 141.4 F-g™! and
low inner resistance. The salt adsorption capacity is 19.2 mg-g™ and the charge efficiency is 60.3%
in a 3,000 mg-L" NaCl solution at 1.2 V. CBC-800 is expected to be an efficient electrode material

for CDI applications.
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1. Introduction

The shortage of freshwater is one of the most seri-
ous problems that needs to be solved, which is crucial for
humans to survive: indeed, a person can only live for 3 d
without water [1,2]. In addition, freshwater is an indispens-
able resource for developing a country’s economy, especially
in agriculture, industry and manufacturing [3]. About 3% of
the world’s water is freshwater. Meanwhile, approximately
70% of the world’s freshwater is frozen in glaciers, which
are difficult and costly to develop. The remaining 30% of
the freshwater is exploitable groundwater [4,5]. However,
the population explosion, economic development, water
pollution and so on have led to severe freshwater storages
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all over the world [6]. For example, about 800 million peo-
ple do not have clean water to drink and 2.5 billion people
are exposed to severe health risks because there is no clean
water [7]. Besides, the Covid-19 pandemic has caused a
rapid increase in water consumption due to public health
demands [2]. About 768 million people in the world lacked
clean water 10 y ago, and 1.8 billion people by 2025 would
face water storage. Demand for freshwater is expected to
increase by 55% by 2050 as a result of population expansion
and economic development [8,9]. Therefore, it needs the joint
efforts of all countries in the world to solve the freshwater
problem.

Seawater is the most abundant water resource in the
world [10]. Roughly 75% of the earth’s surface is covered with
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water, and 97% of it is seawater [11]. Unfortunately, seawa-
ter cannot be directly used by humans. If seawater can be
turned into freshwater for human consumption, the shortage
of freshwater will be solved. Traditional desalination tech-
nologies such as distillation, reverse osmosis, and electro-
dialysis are limited because of the frequent maintenance of
the infrastructure and the high energy consumption during
the operation [12-14]. Compared with traditional technolo-
gies, capacitive deionization (CDI) has received great con-
cern due to its low price, green and high efficiency [15-18].
CDI is a burgeoning and potential desalination technology,
which is based on reversible salt adsorption-desorption at
carbon electrodes [19-21]. Research has been extensively car-
ried out in the preparation of carbon materials, the impro-
vement and mathematical modeling of CDI systems [22].

The theoretical basis of CDI is the electric double-layer
(EDL) theory. The function of CDI system is achieved by
supplying an external voltage that causes the ions to be
absorbed on the surface of the carbon electrodes. As shown
in Fig. S1, the traditional CDI system consists of a carbon
electrode pair are separated by a flowing solution, includ-
ing the deionization process and regeneration process. By
applying a voltage, anions and cations in solution move to
the positive and negative poles under the action of the elec-
tric field and are adsorbed into the EDL at the surface of the
electrodes, respectively. After a while, a large number of
ions are adsorbed on the surface of the electrodes so that the
electrodes reach a saturated state. By shorting the positive
pole and negative pole, the ions on the surface of the elec-
trodes are released into the solution to form a salt solution,
and the electrodes are correspondingly regenerated [23]. It
can be seen that electrodes play an important role during the
deionization and regeneration process. In general, a good
CDI electrode material should have the following proper-
ties: a large ion-accessible specific surface area, excellent
pore structure, high electronic conductivity, high electro-
chemical stability, and good regeneration ability [21].

At present, there have been many studies on CDI elec-
trodes, such as the modification of traditional carbon
materials and the development of new composite materi-
als. Kim et al. [24] proposed a hierarchically open-porous
nitrogen-incorporated carbon polyhedrons derived from
metal-organic frameworks for improved CDI performance.
Yan et al. [25] have made investigation on a sandwich-like
nitrogen-doped graphene composites via a self-assembling
strategy. However, the development of carbon materials
for CDI desalination still has some difficulties [22,26-29].
For example, traditional carbon materials with large spe-
cific surface area (such as graphene, carbon nanotubes and
so on) are limited due to high cost and complex preparation
process [30-32]. Low-cost and abundantly available biochar
through carbonization and chemical activation at high tem-
peratures in an oxygen-free environment has low ion-ac-
cessible specific surface area and poor performance [34,35].
Therefore, the development of CDI electrode materials with
high salt adsorption capacity still requires a lot of effort.

Biomass waste is cheap and easy to obtain, and it is a
renewable resource. However, most biomass waste is dis-
carded without being environmentally friendly, causing
serious environmental pollution [36]. Park et al. [37,38] have
made brilliant works on porous carbon materials derived

from biomass to improve the performance of electrodes. In
this paper, we prepared porous carbon materials derived
from corncobs, cornstalks, and waste cigarette butts through
carbonization and K,CO, activation at high temperatures
and developed as efficient electrodes for CDI desalination.
The raw materials are cheap and easy to obtain, and the
preparation method is green and convenient. Most biochar
is modified with KOH, while green K,CO, is selected as
the activator in this paper. And no article has reported the
research of corncobs for CDI desalination. The results show
that the corncobs activated at 800°C (CBC-800) possess an
excellent pore structure and the highest specific surface area
of 1,201.9 m*g™. It has been demonstrated that the obtained
electrode shows low inner resistance and the highest specific
capacitance of 141.1 F-g? in a 1 M NaCl solution at a scan
rate of 5 mV-s™. The salt adsorption capacity of CBC-800
electrodes achieved 19.2 mg-g™ in a 3,000 mg-L™ NaCl solu-
tion and also exhibit a fast deionization rate, good regenera-
tion behavior. This paper provides a reference for the reuse
of biomass waste and the development of CDI electrodes.

2. Materials and methods
2.1. Preparation of biochar

Firstly, the corncobs were cleaned with deionized water
and dried at 80°C for 12 h. The dried corncobs were then
crushed into powder with a crusher. Secondly, the dried corn-
cob powder was pre-carbonized at 400°C for 2 h (5°C-min™)
under an N, atmosphere. The pre-carbonized powder was
then washed with deionized water and dried at 80°C for 3 h.
Thirdly, the black carbon powder was mixed with K,CO, in
a mortar (the ratio of carbon to K,CO, is 1:5), and activated
in a tube furnace at 700°C, 800°C or 900°C for 2 h under an
N, atmosphere, respectively. A heating rate of 5°C-min™" was
applied for the activation. Finally, the resulting black solid
was washed with 10% HCI solution to remove the inorganic
impurities and then washed with deionized water. The res-
idue was collected and dried at 80°C for 3 h. The resultant
porous carbon materials derived from corncobs are named
CBC-X, where X indicates the activation temperature.
Porous carbon materials derived from cornstalks and waste
cigarette butts were prepared by the same method, named
CS-X and WCB-X, respectively.

2.2. Characterization

All samples were observed by a scanning electron micro-
scope (SEM, Hitachi SU8010) and transmission electron
microscope (TEM, FEI Talos F200X). Textural properties
of all samples were measured using a fully automatic sur-
face area analyzer (BELSORP MAX) by nitrogen adsorp-
tion/desorption method, the specific surface area and the
pore-size distribution of all samples were calculated based
on Brunauer-Emmett-Teller (BET) and density functional
theory (DFT), respectively. The crystal structure and defect
degree were investigated by XRD diffractometer (Bruker
D8 Advance) and Raman spectrometer (LabRAM HR
Evolution). The elemental compositions were also analyzed
by X-ray photoelectron spectroscopy (XPS) equipment (PHI
Quantera II).
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2.3. Electrochemical performance of carbon materials in 1 M NaCl
solution

All electrochemical measurements were carried out with
a CHI660D electrochemical workstation (Shanghai Chenhua
Instruments Co.) at room temperature. In general, 10 wt.%
acetylene black, 10 wt.% PTFE emulsion, and 80 wt.%
porous carbon material were mixed and pressed onto a 1 cm?
nickel foam. To ensure adequate mixing, a small amount
of C,H.OH can be added beforehand. The as-formed elec-
trode was then dried at 80°C for 3 h in a vacuum oven. The
quality of the active material on the electrode surface was
calculated by the difference in weights before and after the
coating of the samples. The as-prepared electrode was used
as the working electrode in an electrochemical cell, while the
Pt sheet and Ag/AgCl were used as the counter and refer-
ence electrodes, respectively. The specific capacitance (C,)
was calculated from the cyclic voltammetry (CV) by the
following formula [39]:

j 1av
YV 2 muAV

)

where [IdV is the area under the CV curve. m is the weight
of active material in the working electrode. v is the scan
rate. AV is the potential window.

The specific capacitance (C_.,) was calculated from the
galvanostatic charge/discharge (GCD) by the following
formula [40]:

IAt
= _ 2
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where [ is the current. At is the discharge time. m is the
weight of active material in the working electrode. AV is
the potential window.

2.4. Deionization experiments

The electrode slurry consists of 80 wt.% porous carbon
material, 10 wt.% acetylene black, and 10 wt.% PTFE emul-
sion. The obtained slurry was pressed on a 28 cm? nickel
foam. The as-formed electrode was then dried at 80°C for 3 h
in a vacuum oven. Finally, the electrodes were equipped into
the CDI unit to test the deionization performance. As shown
in Fig. S2, the NaCl solution can flow through the CDI unit
circularly with the help of the peristaltic pump. The elec-
trochemical workstation can be used as a constant voltage
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Fig. 1. Schematic illustration of the preparation process of CBC.

Carbonization

source and records current. The conductivity meter can mea-
sure the conductivity of NaCl solution in real-time as a reflec-
tion of the change in solution concentration. Fig. S3 shows
the structure of the CDI unit. The volume of NaCl solution
is 100 mL. The concentrations of NaCl solution are 1,000;
2,000 and 3,000 mg-L™. The charging voltages are 0.8-1.2 V.

The salt adsorption capacity (SAC) of the electrodes
can be calculated using the following formula [41]:

(C,-C)V

m

SAC= 3)
where C; and C, represent the start and end concentrations,
respectively. V is the solution volume. m is the weight of
active material.

The charge efficiency (1) can be achieved by the follow-
ing equation [42]:

_SACxF
z

where F is the Faraday constant (96,485 C-mol™). } is the
amount of charge, which can be calculated by integrating
the current.

)

3. Results and discussion
3.1. Characteristics

The activation temperature is an important factor
that affects the properties of biochar. When the activa-
tion temperature exceeds 700°C, K,CO, would decompose
and a series of reactions would take place as indicated in
Egs. (5)-(8) [43].

K,CO, - K,0+CO, (5)
CO, +C —2CO ©6)
K,CO, +2C — 2K +3CO )
C+K,0 - 2K + CO ®)

Fig. 2 shows the SEM image of biochar at different acti-
vation temperatures. Under the activation of K,CO,, as the
activation temperature rises, the pore wall of the biochar
becomes rough or even breaks and collapses, and the pores

Activation

CBC

v ‘
Mesopores .
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Fig. 2. Scanning electron microscope images of biochar: (a-c) CBC-X, (d-f) CS-X and (g-i) WCB-X.

Fig. 3. Transmission electron microscope images of biochar: (a—c) CBC-X, (d—f) CS-X and (g-h) WCB-X.

are blocked. It is obvious that there are a large number of
pores on the surface of CBC-800, CS-700 and WCB-800, and
this dense pore structure provides conditions for the storage
and transmission of ions. To further analyze the structure of
carbon materials, TEM was used to characterize the biochar.
As shown in Fig. 3, the carbon skeleton of all biochar was
preserved after high-temperature activation. It is necessary
to note that the activation reaction is more intense at high
temperature. The higher the activation temperature, and
the more intense the reaction. Different carbon materials
have different densities. As shown in Fig. 2a, WCB-900 can

be not prepared at 900°C due to WCB needs more K,CO,
in the activation process. So, the properties of WCB-900 are
not discussed below.

Fig. 4 displays the nitrogen adsorption/desorption iso-
therms and pore-size distributions of CBC-X. According to
the IUPAC Technical Report [44], the adsorption isotherm
of CBC-700 has a large slope in the low-pressure region
and there is almost no change in the medium-pressure
region. It is inferred that the adsorption isotherm of CBC-
700 belongs to the type-I curve. The adsorption isotherm
of CBC-800 has a hysteresis loop, the adsorption branch
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of the hysteresis loop is parallel to the desorption branch.
It is inferred that the adsorption isotherm of CBC-800 is a
typical type-IV curve with the type H4 hysteresis loop. The
adsorption isotherm of CBC-900 is also a typical type-IV
curve with the type H4 hysteresis loop. In addition, the pore
size of CBC-700 is distributed in the range of 0~1 nm, indi-
cating that CBC-700 is mainly microporous. The pore size
of CBC-800 is distributed in the range of 0~2 nm, indicat-
ing that CBC-800 contains a large number of micropores
and a small number of mesopores. The peak of the pore-
size distribution curve of CBC-900 is 2 nm, indicating that
CBC-900 is mainly mesoporous.

As shown in Fig. 5a, the adsorption isotherm of CS-700
and CS-800 have a large slope in the low-pressure region and
there is almost no change in the medium-pressure region.
It is inferred that the adsorption isotherm of CS-700 and
CS-800 belong to the type-I curve. The adsorption isotherm
of CS-900 has a hysteresis loop, the adsorption branch of
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Fig. 4. Nitrogen sorption isotherms and pore-size distribution
curves of CBC-X.
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the hysteresis loop is parallel to the desorption branch. It is
inferred that the adsorption isotherm of CS-900 is a typical
type-IV curve with the type H4 hysteresis loop. Similarly,
as shown in the inset of Fig. 5b, the adsorption isotherm of
WCB-700 and WCB-800 belong to the type-I curve. But the
adsorption isotherm of WCB-X has an obvious unclosed
hysteresis loop. This hysteresis loop is not proof of the
type-IV curve. Instead, nitrogen has a chemical reaction
with some substances in the material, so that the adsorption
branch and the desorption branch are not closed.

Table 1 shows the test results of the specific surface
area analyzer of all samples. The specific surface area,
total pore volume and average pore size of CBC-700 are
825.32 m*g™, 0.3771 cm®g™ and 1.8277 nm, respectively.
The specific surface area, total pore volume and average
pore size of CBC-800 are 1,201.90 m*g™, 0.5188 cm®g™ and
1.7268 nm, respectively. The specific surface area, total pore
volume and average pore size of CBC-900 are 853.60 m*g~
!, 0.4830 cm*g™! and 2.2624 nm, respectively. When the
activation temperature increases from 700°C to 800°C,
the specific surface area and total pore volume of CBC-X
increase, but the average pore size decreases. On one hand,
as the activation temperature increases, the chemical reac-
tion between the activator and the biochar is intensified,
which increases the pore of the biochar. On the other hand,
the area of biochar is constant. If the pores on the carbon

Table 1
Pore characteristics of porous carbon materials

Samples Sper (M*>g™) Vo (cm*>g ™) D, . (nm)
CBC-700 825.32 0.3771 1.8277
CBC-800 1,201.90 0.5188 1.7268
CBC-900 853.60 0.4830 2.2624
CS-700 979.70 0.4692 1.9158
CS-800 1,065.10 0.8606 3.2321
CS-900 701.01 0.6612 3.7730
WCB-700 428.25 0.2041 1.9064
WCB-800 936.22 0.4065 1.7367
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Fig. 5. Nitrogen sorption isotherms and pore-size distribution curves of biochar. (a) CS-X and (b) WCB-X.
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surface increase, the diameter of the individual pores will
decrease. When the activation temperature continues to
increase to 900°C, the specific surface area and pore vol-
ume of CBC-X decrease. This is because the pore wall
breaks and collapses, causing the small pore to be blocked
or multiple small pores that have been formed into a large
pore. The test results show that 800°C is the appropriate
activation temperature for CBC-X, CS-X and WCB-X.

X-ray diffraction (XRD) is a common method to study
the crystallinity and purity of carbon materials. Fig. 6a dis-
plays the XRD results of CBC-X, it can be seen that CBC-X
possess an obvious graphitic stacking peak at 23° and a
weak peak at 44°, which were considered as (002) and (100)
planes of the carbon, respectively, indicating that the main
component of the samples is amorphous carbon [45]. In
addition, no other peaks can be seen, indicating that the
purity of the samples is high. Raman is a common method
to study the defect degree of carbon materials. Fig. 6b dis-
plays the Raman profiles of CBC-X, the peaks are located
at about 1,350 and 1,580 cm™, corresponding to the D band
and G band, respectively. The D band reflects amorphous
carbon and defect structure and the G band reflects the
ordered graphitic structure of sp? hybridization. The ratio
of the D band to the G band (I /1) is used to characterize
the defect degree of the sample [46]. The I /I of CBC-700,
CBC-800 and CBC-900 are 0.92, 0.94 and 0.34, respectively. It
is proved that at an activation temperature of 800°C, K,CO,
makes the corncobs produce more pores, which is condu-
cive to the storage and transmission of ions.

Similarly, as shown in Fig. 7, the I /I . of CS-700, CS-800
and CS-900 are 0.93, 0.95 and 0.67, respectively, the I /I, of
WCB-700 and WCB-800 are 0.93 and 0.99, respectively. It is
proved that 800°C is the appropriate activation tempera-
ture for CS-X and WCB-X.

To intensively explore the chemical compositions of
the carbon materials, XPS analysis was performed. Figs. 8
and S4. show the content of C, N and O in CBC-X and its
chemical state, the specific results are shown in Table 2.
Oxygen could enhance the hydrophilicity and specific capac-
itance of biochar, nitrogen is assumed to be the main con-
figuration contributing to the electrical conductivity and
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pseudo-capacitance of biochar. In addition, N-6 and C=O
functional groups can work together to improve the specific
capacitance of carbon materials [47-49]. Obviously, CBC-X
has the highest nitrogen content, and N-6 accounts for 49.3%,
while C=0 accounts for 43.1% of oxygen. Under their joint
action, CBC-800 will have the highest specific capacitance.

It is worth noting that the nitrogen content in CS-700 is
higher, and the proportion of C=0 is also very high. CS-700
may have the highest specific capacitance.

3.2. Electrochemical performance

The electrochemical behavior of biochar was carried out
by cyclic voltammetry (CV), galvanostatic charge/discharge
(GCD), and electrochemical impedance spectroscopy (EIS)
measurements in a 1 M NaCl solution at room tempera-
ture. Fig. 10. depicts the CV profiles of CBC-X electrodes
at a scan rate of 5 mV-s™, all profiles have no oxidation and
reduction peak, indicating an ideal electrochemical dou-
ble-layer capacitance (EDLC) behavior between the solution
and electrode rather than faraday reaction [50]. In addition,
all profiles are symmetrical and almost rectangular shape,
indicating the electrodes can realize ions adsorption and
desorption rapidly [51]. According to Eq. (1), the specific
capacitance of the CBC-700, CBC-800 and CBC-900 electrodes
is 114.1, 141.4 and 75.0 F-g ', respectively.

Similarly, the electrochemical behavior of CS-X elec-
trodes is similar to that of CBC electrodes (Fig. 11a). The
specific capacitance of the CS-700 electrode is 132.0 F-g7,
which is higher than the CS-800 and CS-900 electrodes
(106 and 24.7 F-g, respectively). This is probably because
the heteroatom content of CS-700 is higher than that of
CS-800. However, the CV profiles of the WCB electrodes
are extremely irregular (Fig. 11b), which is the result of the
oxidation-reduction reaction of the nitrogen group. The
specific capacitance of WCB-700 and WCB-800 is 58.6 and
76.4 F-g7, respectively. We find that the CV profiles of CBC-X
and WCB-X have a potential window of 0~-1.0 V, while the
CV profiles of CS-X have a potential window of -0.2~-1.0 V.
This is because the potential window of 0~1.0 V is large for
CS-X. In this case, the migration rate and decomposition
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Fig. 6. (a) X-ray diffraction patterns and (b) Raman spectra of CBC-X.
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rate of ions on the electrode surface are very fast, and the
polarization phenomenon is easy to occur. Therefore, the
high potential should be reduced so that the potential win-
dow becomes smaller. Overall, the highest specific capaci-
tance of the CBC-800 electrode due to the excellent meso/
microporous structure, higher specific surface area and the
content of the N element. The specific capacitance of all
carbon electrodes by CV tests at different scan rates from
Eq. (1) is calculated in Table 3. Moreover, the CV curves of
all carbon electrodes at different scan rates in a 1 M NaCl
solution are shown in Fig. S7-S9.

Fig. 12 shows the GCD profiles of CBC-X electrodes at
a current density of 0.25 A-g, all profiles show a triangu-
lar shape, indicating an ideal EDLC behavior rather than
faraday reaction [52,53]. The discharge time of the CBC-800
electrode is longer than CBC-700 and CBC-900 electrodes,
indicating that the CBC-800 electrode has higher spe-
cific capacitance, which is consistent with the CV results.
However, the GCD profiles are not regular triangular, this
is mainly because of the contact resistance between the
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Table 2
Content of C, N and O elements of porous carbon materials
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Samples C (%) N (%) O (%)
N-5 (%) N-6 (%) N-Q (%) O-1 (%) O-TI (%) O-11I (%)
. 2
CBC-700 79.2 08 0
37.2 48.6 14.2 38.5 27.8 33.7
1. 23.
CBC-800 74.9 8 33
23.7 49.3 27 43.1 34.8 22.1
14 46.1
CBC-900 52.5
45.6 29.8 24.6 34.3 59.1 6.6
1.2 30.2
CS-700 68.6
30.6 46.7 22.7 429 321 25
0.3 32.6
CS-800 67.1
322 442 23.6 36.7 30.9 324
0.1 40.1
CS-900 59.8
39.5 54 6.5 31.7 55 133
WCB-700 81 02 188
39.2 35.8 25 39.3 43.7 17
0.9 22.2
WCB-800 76.9
319 31.1 37 419 34.7 23.4
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Fig. 9. Content of C, N and O elements of biochar. (a) CS-X and (b) WCB-X.

electrodes and salt solution [54]. For example, the IR drop
at the start of discharge profile reflects the resistance of the
solution-electrode interface. According to Eq. (2), the spe-
cific capacitance of CBC-700, CBC-800 and CBC-900 elec-
trodes is 165, 180 and 54 F-g™.

Likewise, the discharge time of the CS-700 electrode is
longer than CS-800 and CS-900 electrodes (Fig. 13a), sug-
gesting that the CS-700 electrode has higher specific capac-
itance, which is consistent with the CV results. The specific
capacitance of the CS-700 electrode is 134.8 F-g, which is
higher than the CS-800 (111 F-g™) and CS-900 (32.7 F-g™) elec-
trodes. However, the GCD profiles of the WCB electrodes
are extremely irregular due to the existence of the nitrogen
element (Fig. 13b). The specific capacitance of WCB-700
and WCB-800 is 72.8 and 77.8 F-g7, respectively. The GCD

results demonstrate that the CBC-800 electrode has a more
suitable pore structure for the storage and transport of ions.
The specific capacitance of all carbon electrodes by GCD
tests at different current densities from Eq. (2) is calculated
in Table 4. In addition, the GCD curves of all carbon elec-
trodes at different current densities in a 1M NaCl solution
are shown in Figs. S7-59.

To further evaluate the electrochemical behavior and
electrical resistance by EIS. As shown in Fig. 14, the Nyquist
plots of all carbon electrodes are composed of a semicir-
cle in a high-frequency range and a slop line in a low-fre-
quency range. In the high-frequency range, the diameter
of the semicircle indicates the charge transfer resistance
between the electrodes and solution. The x-intercept pres-
ents the equivalent series resistance (ESR), which reflects the
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electrode resistance, charge transfer resistance, and contact
resistance between the carbon materials and current col-
lectors [55,56]. In the low-frequency range, the slope of the
line represents the capacitive behaviors of the electrode. In
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Fig. 10. Cyclic voltammetry (CV) curves of CBC-X electrodes
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Fig. 17, the charge transfer resistance of the CBC-700, CBC-
800 and CBC-900 electrodes are 0.91, 0.92 and 0.8 (2, respec-
tively. Such a small value indicates that the charge transfer
resistance of the CBC electrodes can be ignored. The ESR

0.0

-0.2

-0.4

Potential (V)

-0.6

-0.8

-1.0

—— CBC-700
—— CBC-800
—— CBC-900

T
0 100 200

300

400 500 600
Time (s)

T
700 800 900 1000

Fig. 12. Galvanostatic charge/discharge (GCD) curves of
CBC-X electrodes in a 1 M NaCl solution at a current density

in a 1 M NaCl solution at a scan rate of 5 mV-s™. of 0.25 A-g™.
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Fig. 11. CV curves of (a) CS-X and (b) WCB-X electrodes in a 1 M NaCl solution at a scan rate of 5 mV.
Table 3
Specific capacitance of all carbon electrodes with CV tests
Samples 5mV-s™! 10 mV-s™ 20 mV-s™ 50 mV-s™ 75mV-s™ 100 mV-s™
CBC-700 114.1 92.4 67.9 27.4 16.6 114
CBC-800 141.4 120.7 89.8 47.5 31.3 22.0
CBC-900 75.0 65.8 58.7 34.5 22.6 15.5
CS-700 132.0 113.0 85.4 36.8 21.0 13.4
CS-800 106.0 96.0 80.0 44.6 28.8 20.0
CS-900 24.7 22.6 204 16.6 14.5 9.7
WCB-700 58.6 38.7 23.9 9.7 6.3 49
WCB-800 76.4 52.7 38.3 16.3 104 7.6
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Fig. 13. GCD curves of (a) CS-X and (b) WCB-X electrodes in a 1 M NaCl solution at a current density of 0.25 A-g™.

Table 4

Specific capacitance of all carbon electrodes with GCD tests

Samples 0.25A-g" 05A-g' 075A-g! 1.0A-g!
CBC-700 107.4 89.4 77.0 67.4
CBC-800 126.1 110.5 100.9 93.2
CBC-900 60.2 52.6 48.4 44.7
CS-700 134.8 115.2 105.4 98.5
CS-800 111.0 93.0 85.2 79.7
CS-900 32.7 21.3 18.0 16.5
WCB-700  72.8 51.8 39.2 29.0
WCB-800  77.8 52.5 44.2 33.4

value of the CBC-700 electrode is 2.50 Q), the ESR value of
the CBC-800 electrode is 2.25 Q, and the ESR value of the
CBC-900 electrode is 3.27 Q. The lower ESR of the CBC-800
electrodes can be attributed to the following reasons: On
one hand, the meso/microporous structure is beneficial to
ion storage and transfer, which can reduce the contact resis-
tance between the electrodes and solution. On the other
hand, the higher content of the N element leads to better
electronic conductivity. The plot of the CBC-800 electrode
has the highest slope, indicating it is a double electric layer
adsorption and faster ions transport.

In Fig. 15a the ESR value of the CS-800 electrode is
3.30 Q, which is lower than the CS-700 electrode (3.80 Q)
and CS-900 electrode (4.37 Q). In Fig. 15b the ESR value of
the WCB-700 and WCB-800 electrodes are 3.30 and 2.95 Q,
respectively. In brief, the CBC-800 electrode may have a
good deionization ability due to its outstanding properties
and electrochemical performance. The next step will be to
explore the actual deionization ability of CBC, CS and WCB
electrodes by experiments.

In particular, according to electrochemical results, the
cycle stability of the CBC-800 electrode is measured by GCD.
As shown in Fig. 16, the capacitance retention rate of the
CBC-800 electrode is still close to 100% after 1,000 charge/
discharge. Indicating that the CBC-800 electrode possesses
excellent electrochemical stability and uses time longer.

2.5
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{—=—CBC-800
—— CBC-900
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L S L
/ 4 20 25 30 35
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0.5 1

0.0 g T g T
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Fig. 14. Electrochemical impedance spectra (EIS) of CBC-X
electrodes in a 1 M NaCl solution.

3.3. Deionization performance

The deionization ability of the CBC-X, CS-X and WCB-X
electrodes was carried out in a 3,000 mg-L™ NaCl solution.
As shown in Fig. 17a, the ion adsorption capacity of all
electrodes increases rapidly within 5 min when 1.2 V volt-
age is applied and then stabilized after 15 min, indicating
the electrodes reach saturation point within 15 min. The
plot of the CBC-800 electrodes is steeper than other elec-
trodes, indicating the adsorption rate of the CBC-800 elec-
trodes is faster. After 15 min, the CBC-800 electrodes show
the highest adsorption capacity, which reaches 19.2 mg-g™.
As shown in Fig. S10a, the solution conductivity decreases
within 600 s and then plateaued after 900 s, indicating the
deionization process was completed within 900 s. The salt
adsorption capacity of all carbon electrodes from Eq. (3)
is calculated in Table 5. The highest salt adsorption capac-
ity and fast adsorption rate of CBC-800 electrodes can be
explained by the following aspects: The CBC-800 possesses
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Fig. 16. Capacitance retention rate of the CBC-800 electrode by
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the highest specific surface area and more pores consisting
of micropores and mesopores. The micropores can provide
more storage space for ions, and the mesopores can reduce
the transport resistance of ions. In addition, the existence
of the N element can create more defects, which favors ion
diffusion and improves the electronic conductivity of carbon
materials. Of course, too much or too little electrode slurry
will affect the salt adsorption capacity of the CDI electrode.
Because too little electrode slurry cannot be coated with the
whole nickel foam, and too much electrode slurry will affect
the performance of the internal slurry. The slurry quality of
the single electrode in this paper is 350 mg, it is necessary
to explore the influence of the quality of the electrode slurry
on the salt adsorption capacity of electrode under the condi-
tion that the nickel foam can be coated. In a word, the CBC-
800 electrodes show the best deionization ability due to its
unique properties. Moreover, Figs. S11a and S12a show the

solution conductivity changes for CS and WCB electrodes,
respectively.

To explore the impact of the charging voltage on the
deionization ability, the voltage of 0.8-1.2 V was used in
the deionization experiments with CBC-800 electrodes in a
3,000 mg-L™* NaCl solution. As shown in Fig. 17b, once the
charging voltage was applied, the SAC increases rapidly.
When the voltage increases, the upward trend of electrosorp-
tion capacity is more obvious, indicating better SAC under
the higher voltage. Generally, the increase of charging volt-
age can enhance the electric field intensity between the elec-
trodes, which is beneficial to ion migration. Nevertheless,
the charging voltage is always under 1.23 V, because hydro-
lytic reactions could appear at high voltage. The SAC of
CBC-800 electrodes increased from 10.8 to 19.2 mg-g™
when the charging voltage increased from 0.8 to 1.2 V.

The effect of the initial NaCl concentration on the
deionization performance was also studied. As shown
in Fig. 17¢c, the higher solution concentration results in a
higher SAC. The SAC of CBC-800 electrodes increased from
11.6 to 19.2 mg-g™ when the concentration of NaCl solu-
tion increased from 1,000 to 3,000 mg-L?. This could be
explained by the following reasons: (i) The higher concen-
tration provides more ions, which could reduce the difficulty
of the electrodes to adsorb ions; (ii) The concentration of the
solution increasing results in the faster formation of EDL,
which facilitates the adsorption of ions. Compared with the
activated carbon obtained through non-renewable energy
(The adsorption capacity is 9.72 mg-g™ in 500 mg-L™ NaCl
solution), CBC-800 also has a comparative power [57].

To investigate the regeneration behavior of CBC-800
electrodes, the cyclic salt adsorption-desorption experi-
ments were conducted in a 3,000 mg-L™ NaCl solution at a
charging voltage of 1.2 V and discharge voltage of 0 V. As
shown in Fig. 17d, the solution conductivity dropped rap-
idly in 10 min when the voltage was applied. The solu-
tion conductivity increases and back to the initial value in
10 min when the voltage was stopped. If the performance
of the electrode is poor, the time will be longer, but no more
than 15 min. Of course, the size and quantity of electrodes
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Fig. 17. (a) Plots of SAC vs. deionization time for the carbon electrodes in a 3,000 mg-L! NaCl solution at 1.2 V. (b) Plots of SAC
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Table 5
SAC of biochar electrodes in different solution concentrations
at1.2Vv

Electrodes 1,000 mg-L™ 2,000 mg-L™ 3,000 mg-L™*
CBC-700 9.3 11.6 14

CBC-800 11.6 14.8 19.2
CBC-900 8.5 10.8 15.9

CS-700 7.8 8.7 11.6

CS-800 5.6 6.8 9.4

CS-900 2.5 4.6 6.9
WCB-700 15 2.3 3.1
WCB-800 3.6 4.1 5.1

will affect this process. If the number of electrodes is large,
such as 10 pairs or 100 pairs, it will take more time for the
electrodes to reach adsorption saturation. We will test the
influence of the number of electrodes on the salt adsorption
capacity and salt adsorption rate of the electrode in future

work. The SAC of CBC-800 electrodes has no clear change
during the five regeneration process, indicating CBC-800
electrodes possess a good regeneration performance and
stability. This can be attributed to the following factors: (i)
The mesopores can make the ion transport easier, and the
micropores can provide more active adsorption sites; (ii)
Heteroatoms doping can offer better electronic conductivity
and good wettability, which is beneficial to the adsorption
of ions. In a word, the high specific surface area, excellent
meso/micropores structure and high content of nitrogen
element of CBC-800 lead to its highest specific capacitance
and smallest inner resistance, which predestines the best
deionization and regeneration performance of CBC-800
electrodes.

Fig. 18 shows the charge efficiency () of CBC-800
electrodes at different NaCl solution concentrations and
charging voltages. As shown in Fig. 18a, the charge effi-
ciency of CBC-800 electrodes decreases from 71% to 60.3%
when the charging voltage increases from 0.8 to 1.2 V, indi-
cating the increase of the charging voltage is not condu-
cive to the utilization of charge. A higher charging voltage
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Fig. 18. (a) Plots of 1 vs. charging voltage for CBC-800 electrodes in a 3,000 mg-L~ NaCl solution. (b) Plots of 1 vs. solution concen-

tration for CBC-800 electrodes at 1.2 V.

can provide more charge, but a large number of charges
cannot be used efficiently. As shown in Fig. 18b, When the
solution concentration increases from 1,000 to 3,000 mg-L™,
the charge efficiency of CBC-800 electrodes increases from
50.3% to 60.3%. Apparently, the increase of solution concen-
tration is beneficial to improve the charge efficiency. This
can be attributed to the salt adsorption capacity of CBC-800
electrodes increases, which could consume more charge.
The charge efficiencies of other electrodes in a 3,000 mg-L™*
NaCl solution at 1.2 V are also shown in Figs. S10-S12.
However, the value of the charge efficiency is always lower
than 100%, which is mainly due to the following reasons:
(i) the binder such as PTFE was used when preparing the
electrode slurry, which would increase the inner resistance
of the electrodes; (ii) the connection between the carbon
materials and the nickel foam is not close enough, which
would also waste a part of charge; (iii) the charge utiliza-
tion decreases due to the common ion effect during the
deionization process.

4. Conclusions

In a word, we successfully prepared the micro/meso-
porous carbon materials derived from corncobs, cornstalks
and waste cigarette butts through carbonization and chem-
ical activation, and developed them as efficient electrodes
for CDI desalination. The raw materials are cheap and easily
available, and the preparation process is green and conve-
nient. As a result, among the eight carbon materials made
from three raw materials, the CBC-800 exhibits an excellent
meso/microporous structure, the highest specific surface
area of 1,201.90 m*g™ and the content of heteroatoms. The
electrodes made from CBC-800 also possess a good electro-
chemical performance (the specific capacitance is 141.4 F-g™!
at a scan rate of 5 mV-s™), high salt adsorption capacity (the
value of SAC is 19.2 mg-g™ in a 3,000 mg-L' NaCl solution),
fast adsorption rate and good regeneration performance.
Considering these above factors, compared with other car-
bon materials in this paper, the CBC-800 is a promising
material for the desalination of salt water by CDI.
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S3. Results and discussion
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	_Hlk141005753
	_Hlk141005793
	_Hlk141005811
	_Hlk121916707
	_Hlk113802847
	_Hlk113803755
	_Hlk113804705
	_Hlk113804835
	_Hlk136282933
	_Hlk136282809
	_Ref113003154
	_Ref113003157
	_Ref113003413
	_Ref113003827
	_Ref113003829
	_Ref113003980
	_Ref113004013
	_Ref113004176
	_Ref113004177
	_Ref113004758
	_Ref113004771
	_Ref113004945
	_Ref113004946
	_Ref113004994
	_Ref113005033
	_Ref113005035
	_Ref113005076
	_Ref113005270
	_Ref113005537
	_Ref113005589
	_Ref113005597
	_Ref113005641
	_Ref113005644
	_Ref113005733
	_Ref113006946
	_Ref113007162
	_Ref113007247
	_Ref113007315
	_Ref113007348
	_Ref113007437
	_Ref113007400
	_Ref113007477
	_Ref113007487
	_Ref113007560
	_Ref113007562
	_Ref113007627
	_Ref113007641
	_Ref113007703
	_Ref113007704
	_Ref111026200
	_Ref111026201

