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Abstract: Cost-effective bismuth (Bi) boasts a high theoretical capacity and exceptional selectivity
towards CI” ion storage, making it a promising material for desalination batteries (DBs). However,
the substantial volume expansion and low conductivity severely hinder the cycling performance
of Bi-based DBs. In this study, a carbon-layer-coated Bi nanocomposite (Bi@C) was synthesized by
pyrolyzing a metal-organic framework (Bi-MOF) containing Bi using a straightforward method.
The results show that the Bi@C synthesized under the condition of annealing at 700 °C for 2 h
has the optimum properties. The Bi@C has good multiplication performance, and the desalination
capacity is 106.1 mg/g at a high current density of 1000 mA /g. And the material exhibited a high
desalination capacity of 141.9 mg/g at a current density of 500 mA /g and retained 66.9% of its
capacity after 200 cycles. In addition, the Bi@C can operate at a wide range of NaCl concentrations
from 0.05 to 2 mol/L. The desalination mechanism analysis of the Bi@C revealed that the carbon
coating provides space for Bi particles to expand in volume, thereby mitigating the issues of electrode
material powdering and shedding. Meanwhile, the porous carbon skeleton establishes electron and
ion channels to enhance the electrode material’s conductivity. This research offers a promising strategy
for the application of chloride-storage electrode materials in electrochemical desalination systems.

Keywords: desalination; Faraday electrode materials; bismuth electrodes; carbon coating

1. Introduction

With the increase in population and industrialization, the scarcity of freshwater re-
sources has become an increasingly pressing issue globally [1,2]. Seawater, being abundant,
readily available, and inexpensive, could significantly alleviate the water scarcity problem
if effectively utilized [3]. Although advanced desalination technologies such as reverse
osmosis (RO) [4] and multistage flash evaporation (MSF) [5] have been proposed to produce
clean water, their widespread application is limited due to high energy consumption and
secondary pollution concerns [6,7]. Consequently, novel green and low-energy desalination
technologies have emerged [8-12]. Capacitive deionization (CDI) exhibits low energy con-
sumption and environmental friendliness and has garnered widespread attention [13,14].
However, the traditional carbon-based capacitive deionization system only removes ap-
proximately 20 mg/g of salt [15] and is not suitable for highly concentrated seawater [16],
thereby limiting its large-scale application in seawater desalination. Substituting the ion
adsorption electrode with an ion-embedded electrode could effectively address this issue.
Consequently, desalination batteries (DBs) with a high desalination capacity have been
progressively drawing the attention of researchers.

Significant efforts have been devoted to exploring sodium-ion-storage electrode mate-
rials, but chloride-ion-storage electrodes have been comparatively less investigated. The
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limited variety of available chloride-storage electrode materials and the dearth of extensive
research on the chloride-storage mechanism have contributed to the slow development of
chloride-storage electrodes [17]. Thanks to its high theoretical desalination capacity [18],
silver is most widely used for chloride storage in desalination [19-22]. However, the high
cost of silver and the low conductivity of AgCl continue to impede the application of
Ag/AgCl electrodes in practical devices [20]. In recent years, bismuth and bismuth oxychlo-
ride (Bi/BiOCl) have been demonstrated to exhibit promising performances as alternative
chloride-storage electrode materials. Han et al. [23] initially investigated the desalination
efficiency of Bi and BiOCl electrodes, and paired the Bi electrode with NaTiy(POy4); to
construct a desalination cell. The results indicated that the Bi electrode possessed an ini-
tial desalination capacity of up to 129 mg/g. Chen et al. [24] introduced the concept of
a portable bi-ionic electrochemical deionization technique, which employs BiOCl as the
chloride Faraday negative electrode, boasting a stable and reversible desalination capacity
of 68.5 mg/g. This is more than twice the previously reported optimal performance of
31.2 mg/g in the HCDI (Hybrid Capacitor Deionization) system. Despite the promising
desalination performance of Bi/BiOCl, the capacity decay is too rapid due to the volume
expansion (~158%) induced by the conversion of Bi to BiOCl, leading to the pulverization
and shedding of the material. Furthermore, the low electrical conductivity of BiOCI limits
the advancement of bismuth research [15,25].

Researchers and scholars have made many attempts to nanosize or dope Bi with
carbon to improve the desalination capacity. For example, Nam et al. [26] prepared a Bi
foam electrode with electrodeposition and paired it with Cus[Fe(CN)g]2-nH,O. The Bi
electrode has a high interfacial area, which is favorable for the diffusion of chloride ions
into the Bi lattice, and the desalination capacity was maintained at 87.8% after 20 cycles of
charge/discharge, with the shortcoming that in order to improve the reduction efficiency
of BiOCl, the BiOCl reduction was carried out in a solution of hydrochloric acid of pH 1.2
during discharge, but this operation cannot be applied on a large scale in the practical in-
dustry. Liu et al. [27] prepared BiOCI-CNF by anchoring nano-BiOCl on electrospun carbon
nanofibers for a rocking-chair capacitive deionization system, and by appropriately adjust-
ing the composition of the hybrid materials, the BIOCI-CNF-based RCDI showed good
results in the desalination capacity (124 mg/g), energy consumption (66.8 Wh/m?), power
consumption (1.8 Wh/m?) (66.8 Wh/m?), and desalination rate (0.52 mg/g per second).

Analyzing the current reports, it can be observed that many systems do not charge and
discharge in the same electrolyte in order to achieve good material recovery. After charging
in neutral NaCl, BiOCl is separately placed in a hydrochloric acid solution for conversion
during the reduction process [23,26,28], which avoids the problem of slow kinetics of BiOCl
reduction and the inability to achieve complete reduction, but reduces the operability of
bismuth application in desalination batteries. The development of bismuth chlorine-storage
desalination batteries with excellent performance and feasible operation has become an
urgent issue.

Here, we propose a constraint strategy to restrict the comminution of Bi nanoparticles
during the DB process and effectively mitigate the problem of low conductivity of the Bi
electrode. The prepared chlorine-storage electrode was based on the simple carbonization of
the Bi-containing metal-organic framework (Bi-MOF), and Bi nanoparticles were uniformly
covered in mesoporous carbon materials. Thanks to the stable carbon skeleton structure,
the Bi@C maintained good stability during the reaction process, allowing for the volume
expansion of the Bi chloride storage and discharge process. Additionally, the porous
carbon skeleton provided electronic and ionic channels for enhanced electronic conductivity.
As a result, the corresponding Faraday electrode showed excellent performance with a
desalination capacity of up to 141.9 mg/g and a capacity retention of 66.9% after 200 cycles,
which was superior to recent reports (Table S1).
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2. Experimental Section
2.1. Materials and Chemicals

Bismuth nitrate pentahydrate (Bi(NO3)3-5H,0), nitric acid (HNOj3), and sodium chlo-
ride (NaCl) were purchased from Aladdin Reagent Co. (Shanghai, China) Homobenzoic
acid (H3BTC), methanol (CH3OH), and N,N-dimethylformamide (DMF) were purchased
from McLean Reagents Ltd. (Changzhou, China) and N-methylpyrrolidone (NMP) and
polyvinylidene difluoride (PVDF) were purchased from Arkema, Colombes, France.

2.2. Preparation of Materials

The first step was the preparation of Bi-MOF with the solvothermal method: specifi-
cally, 3.659 mmol of homobenzoic acid (H3BTC) and 0.309 mmol of Bi(NO3)3-5H,O were
added to a mixture of N, N-dimethylformamide/methanol (60 mL, 4:1) at room tempera-
ture. After the powders were completely dissolved, the clear solution was transferred to
a 100 mL PTFE-lined steel reactor. The reaction was heated to 120 °C in a sealed reactor
for 24 h. The product was washed and cleaned with methanol three times and centrifuged
to obtain a white powder, which was dried in a vacuum oven at 60 °C for 3 h. The dried
white powder was ground and mixed.

The dried white powder was ground and transferred to a corundum boat placed in a
tube furnace and heated to 600 °C, 700 °C, and 800 °C under an argon atmosphere, with the
sintering time set to 4 h and the temperature increase rate to 5 °C/min. After the annealing
was completed and the products were collected with the furnace cooled down to room
temperature, the products were named Bi@C-600 °C, Bi@C-700 °C, and Bi@C-800 °C. In
addition, the fixed sintering material temperature was 700 °C, and the sintering time was
changed to 0.5, 1, 2, and 4 h. The corresponding products were named Bi@C-0.5 h, Bi@C-1 h,
Bi@C-2 h, and Bi@C-4 h in turn.

2.3. Electrode Fabrication

The prepared active material was mixed with Super P in a mass ratio of 8:1 and ground
in a mortar for 30 min, and the mixture obtained by mixing and grinding was added to
a N-methylpyrrolidone binder dissolved in polyvinylidene fluoride and stirred for 6 h to
obtain a slurry mixture. The mass ratio of poly(vinylidene fluoride) to Super P was 1:1, and
the mass ratio of poly(vinylidene fluoride) to N-methylpyrrolidone was 1:19. The resulting
slurry mixture was applied to the carbon paper and dried in a vacuum drying oven at
70 °C for 12 h to obtain the electrode sheet.

2.4. Material Characterization

The sample morphology was examined with scanning electron microscopy (SEM,
ZEISS SUPRA® 55, Carl Zeiss, Jena, Germany) and X-ray diffraction pattern analysis (XRD,
DX-27 mini). Nitrogen adsorption and desorption tests were carried out to obtain data on
the specific surface area and pore size of the samples. An X-ray fluorescence spectroscopy
test (XPS, Thermo Scientific K-Alpha, Waltham, MA, USA) was used to determine the
composition of the material to be tested. A thermogravimetric analysis (TGA) was carried
out at 900 °C in oxygen to determine the sample content.

2.5. Electrochemical Testing

The electrochemical properties of the materials were tested in a 0.6 M NaCl electrolyte
using a three-electrode system. The electrodes were discharged prior to each performance
test, reducing the oxidized state of the material to Bi. The electrode to be tested was fixed
as a working electrode with a platinum sheet electrode holder. An activated carbon fiber
felt with an area of 1.5 mm was fixed to the platinum sheet electrode holder as the counter
electrode. The reference electrode was a saturated silver/silver chloride reference electrode
(the potential difference between Ag/AgCl and NHE is 0.198 V). The electrochemical
measurements were carried out on an electrochemical workstation (Corrtest, CS350H,
Wuhan, China) with a three-electrode system, and cyclic voltammetry (CV), constant-
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current charge/discharge (GCD), and electrochemical impedance spectroscopy (EIS) were
sequentially conducted.
The electrode desalination capacity (IRC) was calculated as:

IRC:2.18><I><if 1)
m

where [ is the current applied during desalination (milliamps), t is the electrode charging
duration (hours), and m is the electrode mass (grams).
The Coulombic efficiency (CE) was calculated as:

C.
CE (%) = Cljd x 100 @)
ic

where C; ; and C; . are the specific capacities at discharge and charge in the ith cycle,
respectively.

3. Results and Discussion
3.1. Optimization of the Preparation Process of MOF-Derived Bismuth Carbon Materials
3.1.1. Optimization of Sintering Temperature

During the annealing process, the high temperature causes the particles to intensify
the collision and thus agglomerate together. However, too low of a temperature can lead
to incomplete reactions and excessive impurities [3]. As can be seen from Figure 1d, the
main diffraction peaks of Bi@C-600 °C, Bi@C-700 °C, and Bi@C-800 °C corresponded to
the Bi standard card, with sharp peaks and good crystallinity, proving that the synthesized
material was Bi metal. The diffraction peaks of the carbon were not found on the graph,
so the carbon in the synthesized material was in an indeterminate form. The stray peaks
located at the diffraction angles of 27.9, 32.7, and 55.5 degrees belonged to the Bi oxide that
was not sufficiently reduced during the thermal reduction process. As can be seen from
the SEM image, when the sintering temperature was 600 °C (Figure 1a), the Bi presented
as concave spherical particles loaded on the carbon skeleton, which was mainly in the
form of uneven columns with rough surfaces. When the sintering temperature reached
700 °C (Figure 1b), the Bi spheres had a smooth surface and were uniformly loaded on the
carbon skeleton. The statistics of metal particle size at this temperature showed that the
particle size was mainly distributed between 70 and 220 nm, with an average particle size
of 148 nm. It is worth noting that the average particle size of Bi@C-700 °C was lower than
that of Bi@C-600 °C. The reason was that the Bi-MOF structure was a columnar structure,
and the temperature was low under the annealing condition of 600 °C, so the metal ions
and the organisms in the inner part of the columnar structure received less energy and the
Bi was mostly reduced to Bi nanoparticles encapsulated in the carbon skeleton, which were
not exposed in the visible range of the scanning electron microscope. And the metal ions
and the organics outside the columnar structure absorbed most of the heat, reacted, and
aggregated together without being restricted during the growth process. The external metal
ions and organics absorbed most of the heat and reacted, and the Bi was not restricted in
the growth process and aggregated together. When the annealing temperature reached
700 °C, the organic columnar structure of the precursor unfolded in the form of a flower
due to the growth of Bi spheres inside, with sufficient energy and uniform Bi growth. When
the annealing temperature reached 800 °C, as shown in (Figure 1c), the Bi spheres were
heavily aggregated and seriously separated from the carbon skeleton, and the size of the Bi
clumps reached more than 20 pm.
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Figure 1. SEM images of (a) Bi@C-600 °C, (b) Bi@C-700 °C, and (c) Bi@C-800 °C; comparison of
(d) XRD, (e) desalination capacity, and (f) Coulombic efficiency of materials at different sintering
temperatures.

Then, the desalination ability of the material was tested at three different temperatures.
As can be seen from Figure le, the maximum desalination capacities for Bi@C-600 °C,
Bi@C-700 °C, and Bi@C-800 °C were 160.5, 183.6, and 80.4 mg/g, respectively. Moreover,
as can be seen from Figure 1f, the Coulombic efficiency of Bi@C-600 °C and Bi@C-700 °C
was better than that of Bi@C-800 °C, both of which were about 103%, with a small amount
of side reactions. Analyzing the reasons, it can be seen that the Bi particle size had a greater
effect on the desalination capacity, while the support of the carbon skeleton was more
helpful for the desalination stability. According to the above analysis, when the annealing
temperature was 700 °C, the Bi@C had the best desalination performance.

3.1.2. Optimization of Sintering Time

The shorter the sintering time, the smaller the size of the Bi ball, but the thickness of
the carbon shell will be larger, thus preventing the contact of chloride ions with the Bi metal
particles. However, too long of a sintering time will also cause the Bi particles to gradually
gather and increase in size, which will lead to a reduction in the desalt capacity and life
of the electrode. XRD tests were performed to determine the phase composition of the
material, and the results are shown in Figure S1. The main diffraction peaks of Bi@C-2 h
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all corresponded to the Bi standard map, which proved that the ideal material could be
successfully synthesized under the condition of a sintering time of two hours, and the
heterogeneous peaks of the Bi oxide were more obvious in the material under the other
sintering times, representing the incomplete thermal reduction of Bi. It can be seen from the
SEM image that the Bi ball particles at Bi@C-0.5 h (Figure 2a) were spherical-concave with
irregular distribution. The reason was that the annealing time was short and most of the Bi
metal particles were covered in carbon shells, which could not be observed in the figure.
For Bi@C-1 h (Figure 2b), the Bi metal particles coated in the carbon shell could be seen
faintly. The size distribution of the Bi metal particles was wide, with the minimum visible
particle size being 50 nm and the maximum particle size being 210 nm. However, most of
the Bi particles were still coated and the particle size could not be determined. The carbon
skeleton of Bi@C-2 h (Figure 2c) was pod-like and covered with Bi spherical particles. The
particles were round, the carbon skeleton was thin, and the coated Bi particles were clearly
visible. The particle size ranged from 50 to 180 nm, with an average particle size of 120 nm.
On the other hand, the Bi spheres in Bi@C-4 h (Figure 2d) were basically exposed on the
surface of the carbon skeleton, and the particle size mainly ranged from 70 to 220 nm, with
an average particle size of 148 nm. At the same temperature and sintering time of 2 h, the
particle size of the product was smaller and more uniform.
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Figure 2. SEM images of (a) Bi@C-0.5 h, (b) Bi@C-1.0 h, (c) Bi@C-2.0 h, and (d) Bi@C-4.0 h; comparison
of (e) desalination capacity and (f) Coulombic efficiency of materials at different sintering times.
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The materials under different annealing times were compared with a constant-current
charge—discharge test. It can be seen from Figure 2e,f that all the materials had an activation
phenomenon at the initial stage. When the annealing time was shorter, the carbon shell
was thicker. Most of the Bi was covered in the carbon shell, and the activation energy
required was higher. When the annealing time was 2 h, Bi@C-2 h reached the maximum
desalination capacity in the fourth cycle, that is, 117.7 mg/g, and basically maintained a
stable desalination capacity in the 50 cycles. The capacity after the cycle was 110.1 mg/g,
and the capacity retention rate was as high as 93.5%. When the reaction became stable, the
Coulombic efficiency of each material was stable at 105% to 108%. Therefore, the Bi@C-2 h
material with an annealing time of 2 h had the best desalination performance.

3.2. Characterization of Bismuth Carbon Materials Derived from MOFs

After optimizing the synthesis protocol, Bi@C-2 h was selected as the chloride-storage
electrode material in this study. As can be seen from Figure 3a, Bi@C-2 h was composed
of Bi, C, N, and O elements, all of which were evenly distributed, indicating that the
synthesized material had uniform composition. The distributed oxygen element was the
oxygen in the Bi oxide that was not completely reduced during the synthesis process, and
the oxygen in the Bi oxide synthesized during the oxidation reaction with air during the
storage process. The main components of the material were Bi and carbon elements, in
which Bi elements accounted for 28.13% of the total atoms, and carbon elements accounted
for 52.72% of the total atoms. Similarly, XPS tests also confirmed the presence of Bi, C,
O, and N in the material. As can be seen from the high-resolution XPS map of Bi 4f in
Figure 3¢, the peaks of binding energy at 159.2 and 164.5 eV corresponded to Bi 4{7/2
and Bi 4f5/2, respectively, so the surface of the Bi had been oxidized by air into a layer
of Bi oxide. Through the analysis of the O 1 s diagram in Figure 3e, it can be found that
the Bi formed a Bi-O-C (530.2 eV) bonding mode with O and C [23]. When nitrogen was
added into the carbon structure, because the electronegativity of nitrogen atoms is large,
the conductivity of the material could be increased, and the electrochemical activity could
be improved. When the doping content of pyridine nitrogen is higher, it is more conducive
to promoting ion diffusion. It should be noted that the XPS profiles of pyridine nitrogen,
graphite nitrogen, and nitrogen oxide could be obtained from the material, corresponding
to the binding energies of 398.5, 401.1, and 405.4 eV, as shown in Figure 3f.

In the process of desalination, the specific surface area of the material affected the
adsorption of the water molecules and salt ions. The specific surface area of Bi@C-2 h was
determined with nitrogen adsorption and desorption test. As can be seen from Figure 4a,
the adsorption and desorption curves are shown as a type Il isotherm, and the specific
surface area was calculated to be 90.400 m?/g. The pore size distribution was analyzed
using the BJH model (Figure 4b), and the pore size of the material was mainly distributed
between 2 and 22 nm, with an average pore size of 7.084 nm. The data showed that the
material had a large specific surface area, which meant that the Bi carbon material generated
by MOF annealing had a porous property, which was conducive to increasing the area of
the electrochemical reaction, thereby increasing the active site of the reaction and improving
the electrochemical performance.
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Figure 3. (a) EDX elemental mapping and (b) XPS spectra of Bi@C-2 h; (c) high-resolution Bi 4f XPS
spectra of Bi@C-2 h; high-resolution 1 s XPS spectra of (d) C, (e) O, and (f) N of Bi@C-2 h.

The composition of Bi@C-2 h was analyzed with thermogravimetric analysis. The
result is shown in Figure 4c. Compared with Bi nanoparticles, the results showed that the
mass loss of Bi@C-2 h was about 2% before 157 °C, which was due to the volatilization
of adsorbated water molecules in the material, and then the mass increased due to Bi
oxidation. When the temperature exceeded 290 °C, the carbon in the Bi@C-2 h material
was pyrolytic. The final mass ratio of the material was 87.74% of the original, and the final
material was mainly Bi oxide (Bi;O3). After conversion, the mass ratio of Bi in the Bi carbon
material was about 78.7%. In contrast, due to the presence of a small amount of Bi oxide
impurities, the mass ratio of Bi obtained under the same conditions was 96.5%.
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Figure 4. (a) Nitrogen absorption and desorption curves of Bi@C-2 h; (b) differential pore size
distribution curve of Bi@C-2 h; (c) thermogravimetric curve of Bi@C-2 h and Bi metal.

3.3. Electrochemical Performance Test

The cyclic voltammetry of the Bi-carbon electrode was measured at different scanning
rates. As shown in Figure 5a, there was a pair of symmetric oxidation peak and reduction
peak in the CV diagram; the peak shape was uniform, and the ratio of peak currents between
the cathode and anode peaks was close to 1, which had good reversibility. In addition, the
relationship between the peak current, the scanning rate, and half of the scanning rate was
linear, so the reaction between the electrode and chloride ion was controlled by diffusion
and surface adsorption.

It can be observed (Figure 5b) that at a low current density of 100 mA /g, the Coulombic
efficiency was as high as 160% to 210%. After the current density increased, the material had
the opportunity to contact more electrons, thus improving the electron utilization rate of the
material, and the side reaction of water was relatively weaker. In the later stage, the change
of current density had no obvious effect on the demineralization capacity of the material,
and the demineralization capacity was basically maintained at 96 mg/g. Therefore, due to
the excellent electrical conductivity of Bi@C, under the condition of changing the current
density, it had little effect on the desalination performance of the Bi carbon electrode, but it
would change the strength relationship between the side and main reactions.

It can be seen from Figure 5c¢ that when the electrolyte concentration was lower
than 0.05 mol/L, the initial capacity of the electrode material was very low during the
desalination cycle. When the electrolyte concentration was higher than 2 mol/L, the initial
capacity of the electrode material was high, but after 20 cycles of charge and discharge,
the capacity decayed to almost 0. When the electrolyte concentration was between 0.1 and
1 mol/L, the maximum desalination capacity of the Bi-carbon electrode material increased
with the increase in the electrolyte concentration and stabilized at 90 to 120 mg/g after
50 cycles. When the electrolyte concentration was 0.2-0.6 mol/L, the electrode material
exhibited the best cycling performance. As can be seen from Figure 5d, with the stability of
the reaction, the Coulombic efficiency of the Bi@C at different concentrations was finally
around 105%, with a low side reaction degree and high energy utilization rate.
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The Bi@C was tested for 200 cycles. As can be seen from Figure 5e, the highest salt
removal content of Bi@C-2 was 141.9 mg/g, which decayed to 95 mg/g after 30 cycles, and
then stabilated between 86 and 95 mg/g in the subsequent cycles. Therefore, the structure
of the material remained stable during the reaction.
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Figure 5. (a) Cyclic voltammetry curve and (b) rate performance of Bi@C-2 h; comparison of
(c) desalination capacity and (d) Coulombic efficiency at different concentrations; (e) long cycle
performance of Bi@C-2 h.

3.4. Analysis of Desalination Mechanism

The main reactions of Bi@C during the known chloride-storage process are:
Bi+ Cl™ +H,O — BiOCl 4+ 2H " +3e~ (3)
During the chlorination process, the main reactions of Bi@C are:
BiOCl + H,O +3e~ — Bi+Cl™ +20H™ 4)

It is observed that in the Bi@C-2 h electrode plate (Figure 6a—c), before the desalination
cycle, Bi metal particles are mainly confined to the electrode plate by the carbon skeleton
and made conductive by the carbon skeleton. After five cycles, it could be seen that a small
amount of Bi metal particles were detached from the carbon skeleton structure, which
was the main reason for the degradation of the Bi carbon electrode’s desalination capacity.
After 50 cycles, the carbon skeleton remained stable, in which bound Bi metal particles
steadily contributed to capacity. And as can be seen from Figure S3, when the first chlorine
storage was performed on the bare Bi electrode, the surface appeared fragmented due to
the occurrence of a large volume expansion leading to the pulverization of the material.
However, the interior of the Bi particles did not come into contact with the chloride ions
and therefore did not participate in the reaction. After 5 and 50 cycles of desalination, only
the surface of the Bi particles appeared to be detached, and the Bi particles remained in a
granular form without large-scale fractures.
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Figure 6. SEM images of Bi@C-2 h electrode (a) before reaction, (b) after fifth chlorination, and
(c) after 50 desalination/salination cycles; electrochemical impedance spectra of the electrode (d)
before reaction and (e) after 50 cycles; (f) changes in electrical conductivity during charging and
discharging.

In conclusion, most of the Bi particles could be fixed on the electrode sheet due to the
protection of the carbon skeleton of the Bi@C, and the porous carbon structure and small
particle size of the Bi particles also promoted the contact and reaction between the ions and
the electrode sheet. On the other hand, the bare Bi electrode without any modification had
poor electrical conductivity and a large particle size, and the ions and electrons could not
penetrate deep into the Bi spheres to react, resulting in a small percentage of functional Bi
and a capacity far below the theoretical capacity.

An impedance analysis was performed for Bi@C-2 h. The unmodified bare Bi electrode
was compared with the Bi-carbon black electrode doped with 10% carbon black by mass
ratio. Figure 6d shows the impedance diagram before the reaction of the three electrodes.
The electrode reaction was controlled by electrochemistry and concentration polarization.
It could be observed that the semicircle of the high frequency region and the intercept
value of the X-axis were basically the same, that is, the solution resistance was close. The
semicircle diameter of Bi@C was smaller than that of the bare Bi electrode and Bi-carbon
black electrode, which meant that the ion charge transfer resistance of the Bi@C electrode
was smaller than that of the bare Bi electrode and Bi-carbon black electrode. The slope of
the low frequency Bi@C electrode was also greater than that of the bare Bi electrode and
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Bi-carbon black, that is, the impedance value of chloride ion diffusion at the interface of the
Bi@C electrode system was smaller. After 50 cycles of charge and discharge (Figure 6e), the
interface diffusion resistance of the Bi electrode was relatively large, and the ion charge
transfer resistance of the three electrodes was close to that of the Bi@C electrode and
the Bi-carbon black electrode. During the reaction, the impedance changes of various
materials were compared, as shown in Figure S3. It could be found that the impedance of
the Bi@C electrode remained stable during the reaction, which meant that the structure
of the Bi@C was stable during the reaction, and the ionic charge transfer resistance and
ionic interface diffusion resistance were better than those of the bare Bi electrode and the
Bi-carbon black electrode.

The change of electrical conductivity during charge and discharge is shown in Figure 6f.
The discharge process of the electrolytic cell corresponded to the conversion of Bi stored
chloride into Bi oxychloride, which was consistent with the decreasing trend of the electrical
conductivity of the solution. However, during the charging process of the electrolytic cell,
Bi oxychloride released chloride ions and reduced to Bi, and the chloride ions in the solution
increased, and the conductivity increased. Because the applied current was a constant
current, the conductivity of the electrolyte also showed a linear change with the increase
in time, which proved that the current input was used by the electrode chloride-storage
process. Therefore, in the process of charging and discharging, the removal of chloride ions
occurred in the Bi@C electrode, which led to the change in electrical conductivity.

4. Conclusions

In this study, carbon-coated Bi nanocomposites (Bi@C) were prepared with the facile
pyrolysis of a Bi-based MOF. The size of the synthesized Bi nanoparticles and the thickness
of the carbon layer highly depended on the annealing temperature and time. The optimal
sample (i.e., Bi@C-2 h) with a high desalination capacity and long cycle life was attained
with annealing at 700 °C for 2 h. At the current density of 500 mA /g, the desalination
capacity of the Bi@C was up to 141.9 mg/g, and the capacity retention rate was 66.9% after
200 cycles. In addition, the Bi@C could work at a wide range of NaCl concentrations from
0.05 to 2 mol/L, and the optimal working concentration was 0.2 to 0.6 mol/L. According to
the mechanism analysis of salt removal, it could be seen that the Bi@C maintained good sta-
bility in the reaction process thanks to the stable carbon skeleton structure, which reserved
space for the volume expansion of Bi during the chloride-storage process. In addition, the
porous carbon skeleton provided electron and ion channels, and the impedance of the Bi@C
was low. This study is of great significance for the application of chloride-storage electrode
materials in the desalination system.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/batteries10010035/s1, Figure S1: XRD pattern of materials at
different annealing times; Figure 52: Charge and discharge curves at different current densities;
Figure 53: SEM image of demineralization process of Bi@C-2 h electrode and bare bismuth electrode.
Bi@C-2 h electrode: (al) before reaction; (b1) After the first storage of chlorine; (c1) After the first
chlorination; (d1) After the fifth chlorination; (el) After the 50th chlorination; Bare bismuth electrode:
(a2) before reaction; (b2) After the first storage of chlorine; (c2) after the first discharge of chlorine;
(d2) After the fifth chlorination; (e2) After the 50th chlorination; Figure S4: Impedance changes
during the reaction of (a) bare bismuth electrode, (b) bismuth-carbon black electrode; (c) Bi@C
electrode; Table S1: Comparison of desalination capacity of Bi@C based DB with various carbon,
pseudocapacitor and Faraday electrode materials reported in the literature. References [29-37] are
cited in the supplementary materials.
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