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Abstract: Carbon materials is a commonly used electrode
material because of its low cost, good conductivity, and
structure that allows lithium ions to intercalate between
layers in the carbon network. In this article, carbon nano-
materials (CP) have been successfully manufactured from
Vietnamese coal. CP is a two-dimensional, leaf-shaped nano-
material with a specific surface area of 16.7799 m*g ™. In the
symmetric supercapacitor system, the CP electrode has a
high specific capacitance rate of 275F-g* with a current
density of 0.1A-g™, an energy density of 64Whkg'g™,
and outstanding cyclic stability with capacitance retention
of 83.1% after 1,000 cyclic voltammetry curves in 6 M potas-
sium hydroxide electrolyte solution. When using the CP elec-
trode as the anode in a lithium-ion battery (LIB) with a
solution of lithium hexafluorophosphate, dimethyl carbo-
nate, ethylene carbonate, and diethyl carbonate at 1:1:1
(v/v/v) ratio and concentration of 1.0 M. LIB has a specific
capacity of 336.0 mAh-g™ at /10 and 425.5mAh-g" at C/20
(C=372mAh-g™). When discharged, the CP electrode oper-
ates stably and can integrate Li ions well. Therefore, excel-
lent electrochemical performance verifies the potential of
nanocarbon materials production from coal on a large scale
for high-performance anode in LIBs.
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1 Introduction

Energy crisis is a global concern due to its profound impact
on various sectors, including industry, agriculture, tourism,
and human life. Today, numerous technological fields such
as transportation, portable electronics, medical equipment,
electric tools, and electricity storage from renewable sources
(e.g., wind, solar, and tidal) have been significantly advanced.
This development has led to an increasing demand for
rechargeable batteries, including those being used for lap-
tops, bicycles, and electric cars. Therefore, extended battery
recharge time is one of the desirable properties to users.
Therefore, researchers are constantly seeking solutions
to improve the energy storage capacity of batteries, thus
increasing the battery life. Lithium-ion rechargeable bat-
teries (Li-ion) are currently considered an optimal energy
storage solution as the batteries have high energy density
and a relatively simple reaction mechanism. Currently, pop-
ular cathode electrode materials are LiCoO, with a layered
structure and LiMn,0, with a three-dimensional spinel
structure. Besides, graphite is also used as an anode material
for commercial Li-ion batteries (LIBs) because of its lifelong
cycle and low cost. However, the low theoretical specific
capacity (only about 372mAh-g™") of graphite remains a
major limitation for its application in high-energy storage
devices, such as electric cars and bicycles. Therefore, devel-
oping a new anode material that can overcome this limita-
tion is an urgent demand for scientists worldwide.

Carbon nanotubes, graphene, and carbon-based mate-
rials are of interest to many researchers [1,2]. However, to
meet the increasing demand, it is necessary to find abun-
dant and cheap reserves. Coal is one of the world’s most
abundant fossil energy sources. Coal consists of heteroge-
neous molecules forming a three-dimensional cross-linked
structure. The organic macromolecules of coal are made up
of a combination of aromatic/hydroaromatic nuclei and
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aliphatic nuclei. These nuclei are connected by ether bonds
and short aliphatic bonds [3]. Furthermore, a high degree
of charring of coal is found to be associated with a high
content of fragrant compounds and carbon, as seen in
anthracite coal, lignite, and bitumen, which has a carbon
content of more than 90%, 60-75%, and 75-90%, respec-
tively [4]. Lower-rank coals, such as lignite and sub-bitumi-
nous coal, are rich in oxygen-containing functional groups
and various heteroatoms. These chemical characteristics
contribute to their diverse functional activities. Some key
features, such as oxygen-containing groups (phenolic acids,
carboxylic acids, aliphatic ethers, cross-linked aryl-O, qui-
none analogs, and furan analogs), are important for the
thermal stability and potential use in polymer production.
The presence of these diverse functional groups and het-
eroatoms imparts lower-rank coals with a wide range of
potential applications such as catalysis, adsorption, electro-
chemical applications, and metal recovery [5]. Nanocarbon
materials derived from coal hold show promise due to their
eco-friendly nature, ease of synthesis, and cost-effectiveness.
Their synthesis often involves controlled pyrolysis or other
methods that convert coal into nanoscale carbon structures,
offering a sustainable alternative to traditional carbon mate-
rials. Numerous studies have focused on synthesizing carbon
materials from coal. Examples include the production of
three-dimensional (3D) porous graphene from coal tar [6],
porous carbon from coal tar [7], graphene quantum dots
from bituminous coal [8], porous graphene from anthracite
coal [9], porous carbon from coal [10,11], potassium hydroxide
(KOH)-activated carbon nanocomposites from coal [12], and
a two-dimensional (2D) structure from coal with oxygen-
rich porous carbon nanosheets (OPCN-700) [13].

Carbon materials derived from coal used to store
energy, such as batteries and supercapacitors, have been
widely studied. For example, porous graphene with a large
specific surface area (640 m*g™') and micro-meso pores
was synthesized from anthracite coal to produce a high-
performance electrode material for lithium-ion batteries
(LIBs). [9]. The battery maintained 98% efficiency after
110 charge-discharge cycles and can have a specific 770 mA
h-g™! capacity at C/10. A possible explanation for this is that
the structure of graphene increased the diffusion and trans-
port of Li* ions. Another study by Li et al. fabricated spherical
porous carbon nanomaterials with uniform morphology
from coal as anode electrodes in LIBs with 1,188.9 mAh-g’l.
The Li" ion transport distance is reduced by the large surface
area of the material, thereby improving capacity and charge
cycle stability [11]. Oxygen-rich porous carbon nanosheets
(OPCN-700) with a 2D structure, derived from coal, were
synthesized by Che et al. [13]. These nanosheets have a large

surface area of 2.388 m*g ", a high oxygen content of 24.4%,
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and good wetting ability. In addition, the rich 2D micro-pores
and nanosheet structure of OPCN-700 help to effectively store
and transport electrolyte ions. Therefore, when the superca-
pacitor operates, it has a specific capacitance of 382 F-g " at ] =
05Ag™

To fabricate carbon nanomaterials from coal, researchers
often activate the coal using potassium hydroxide KOH [14],
K,CO;5 [15], or through hydrothermal carbonization (HTC)
followed by steam activation [16], or ZnCl, [17]. During the
carbon fabrication process from coal, ZnCl, plays a role in
creating numerous voids within the material, thereby
increasing its porosity. Additionally, ZnCl, activation reduces
the oxygen content of the products and further enhances
their electrical conductivity [17]. However, to date, there
have been very few studies on the fabrication of activated
carbon using ZnCl,, and no published works have combined
the hydrothermal method with ZnCl, as an activating agent in
the process of synthesizing carbon nanomaterials from coal.

Vietnam is one of three countries that possesses the most
significant amount of exploitable coal in Southeast Asia, along
with Indonesia (34.87 bhillion tons) and Thailand (1.06 billion
tons). According to the Vietnam Coal and Mineral Corporation,
coal reserves in Vietnam are about 50 billion tons, of which
exploitable reserves are 3.7 billion tons distributed mainly in
the Northeast coal basin. In the Song Hong coal basin, coal
mines in other provinces are about 400 million tons. However,
no author in the country or around the world has researched
the production of carbon nanomaterials from coal sources by
activating ZnCl, combined with a hydrothermal method to
make an anode in LIBs. Therefore, in this article, we present
the results of (1) manufacturing porous carbon materials using
the hydrothermal method combined with ZnCl, activation
from coal sourced from the Phan Me Coal Mine (Phu Luong,
Thai Nguyen, Vietnam), and (2) investigating the lithium-ion
storage capacity of these carbon nanomaterials when used as
anode materials in lithium-ion batteries (LIBs). The material’s
characteristics, morphology, composition, structure, and spe-
cific surface area of the material were studied. The electro-
chemical properties of the electrode and Li-ion battery were
examined by using scanning multi-cyclic voltammograms
(CV), constant current charging, and total impedance.

2 Materials and methods

2.1 Chemical

Zinc chloride (Merk, CAS 7646-85-7|108816) and KOH pel-
lets were procured from Sinopharm Chemical Reagent Co.,



DE GRUYTER

Ltd. Lithium hexafluorophosphate (LiPFg), diethyl carbo-
nate (DEC) (CsHy03, 99%), and dimethyl carbonate (DMC)
(C3Hg0s3, 299%) was obtained from Suzhou Duoduo Chemical
Material Co., Ltd. The solvent N-methylpyrrolidine was
sourced from Al Vietnam Company, a US supplier.
Polyvinylidene fluoride (PVDF) polymer adhesive was
acquired from Shandong Hengyi New Material Technology
Co., Ltd., China.

2.2 Fabrication of nanocarbon

Coal was crushed and sieved into powder with particle size
of less than 0.5 mm and was denoted as CD. CD was then
mixed with solid ZnCl, in different mass ratios (e.g., 4:1, 2:1,
3:1, and 1:1). The mixture was ground in an agate mortar
and transferred into a 100 mL Teflon with lid. The paste
was made with the help of distilled water and stirred con-
tinuously for 1h. Then, the mixture was transferred to an
autoclave flask and heated at 200°C for 3 h. The samples
were heated at 900°C for 6h, removed and neutralized
several times with 0.5M HCl solution; the solution was
then centrifuged for 15 min at 4,000 rpm of speed. The solid
sample was collected, and the solution was adjusted to pH 7
using distilled water. The sample was then heated at 110°C
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until its mass remained constant. The resulting material,
referred to as CP (Carbon Porous), was subsequently placed
in a desiccator.

2.3 Select the optimal CD:ZnCl, ratio

The scanning electron microscope (SEM) results in Figure 1
show that the fabricated material samples have a mass
ratio of CD:ZnCl, = 1:1, 2:1, 3:1, and 4:1. This shows that
the samples are all nanometers in size. However, the
sample with a CD:ZnCl, ratio of 3:1 has a porous surface
and a more uniform particle size. This is consistent with
the BET surface area measurements, which show that the
samples with mass ratios of CD:ZnCl, are 1:1, 2:1, 3:1, and
4:1 have corresponding surface areas of 13.4585, 15.6905,
16.7799, and 10.202 m*g ™", respectively. The samples with
ratios of them are 2:1 and 3:1 exhibit the largest surface
areas with negligible differences between them. However,
from an economic perspective, the sample with a ratio of
3:1 should be preferred. Therefore, we select the mass
ratio CD:ZnCl, of 3:1 as the optimal ratio to prepare CP
porous carbon material from CD by the hydrothermal
method. The schematic diagram of the fabrication of CP
porous carbon nanomaterials is shown in Figure 2.

Figure 1: SEM image of the material CD: (a) CD:ZnCl, = 1:1, (b) CD:ZnCl, = 2:1, (c) CD: ZnCl, = 3: 1, and (d) CD:ZnCl, = 4:1.
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Figure 2: Scheme of CP fabrication.

2.4 Fabrication of CP electrodes

The CP electrode is made from porous carbon material
according to Figure 3.

2.5 Manufacturing LIBs

The anode in the Li-ion battery was fabricated as follows:
CP carbon nanopowder, conductive additive (graphite:-
carbon nanotube), and PVDF binder were mixed in an
appropriate amount of polyvinylidene polymer solvent in
a mass ratio of 7:1:1:1. Then, the mixture was cast onto nickel
foil and dried under vacuum at 80°C for 5 h. After cutting, an

Weigh the materials

electrode plate with a diameter of 14 mm was obtained. The
mass loading of CP material is about 0.35 g-cm ™%

The battery was fabricated in a coin cell form (with a
diameter of 20 mm and a height of 3.2 mm), the cathode
was a circular LFP electrode with a diameter of 14 mm, the
anode was a circular CP electrode with a diameter of
14 mm, and the separator was a polyethylene membrane
with a diameter of 16 mm. The electrolyte was a solution of
1M LiPFg in a mixture of ethyl methyl carbonate, ethylene
carbonate (EC), and DMC in a ratio of 1:1:1 by volume.

The batteries were fabricated in the following order:
battery shell > anode > diaphragm layer > cathode > gasket
> gasket > battery cover using a 100 Pcs CR2032 Case bat-
tery press — MSK-110.

according to the ratio CP:

Add a solution of

Pour the mixture onto
both sides of a 1 cm

graphite: carbon nanotube: > N-methylpyrrolidine S ! '
Polyvinylidene fluoride diameter nickel plate
(PVDF)t070:10:10: 10
f A\ 4
O s Press for 5 minutes .
Dry at 80 °C within 20 h < with 5 tons of pressure |€—— Lamlnaj[e t0 200 pm
on a hydraulic press thickness
A 4
Heating at 200 °C for 6 h »  Soak in 6 M KOH for 10 h

Figure 3: CP electrode fabrication diagram.
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The battery assembly took place in a highly controlled
environment within an isolated cabinet filled with pure argon
gas at the Institute of Chemistry, Military Institute of Science
and Technology. This controlled environment ensures the
integrity and reliability of the manufacturing process. The
assembled battery was then kept stable for 24 h.

2.6 Physicochemical characteristics of CD
and CP

The physical properties and surface characteristics of CD
and CP were investigated using a range of advanced equip-
ment. SEM and transmission electron microscope (TEM) mea-
surements were performed using MS-7001F and a JEM-2001F
(Jeol-Japan), respectively. The EDX method, which determines
sample composition, was performed on an MS-7001F device
(Jeol, Tokyo, Japan). The X-ray diffraction (XRD) method was
performed on a D8 ADVANCE; Bruker, Bremen, Germany. The
FT-IR infrared spectrum is measured on a Jasco 6300, Japan.
The sample surface area was measured on a Tristar 3000
micromeritics. The thermal analysis method was measured
on a Labsys TG/DSC 1600, TMA-SETARAM machine, differen-
tial thermal gravimetric analyzer (TG-DT-8121, France). The
Raman spectrum of the sample was conducted by Micro-
Raman LAB RAM, 1B Jobin, Yvon (France).

(a)

698.5 deg C
637.7deg C

Weight (mg)

A 1 L L A
200 300 400 500 600
Temperature (°C)
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2.7 Electrochemical measurement

Measurements of electrochemical properties to study the
ahility of CP electrodes to store and release energy were con-
ducted on the AutoLab PGSTAT100 system, the Netherlands.
Electrochemical measurements in a tri-electrode system with
the working electrode made from CP material. The reference
electrode is saturated calomel, and the counter electrode is Pt.
The measuring solution is 6 M KOH. The two-electrode system
was set up as follows: prepare two identical CP electrodes;
one is the working electrode, and the other is connected to
the reference and the counter electrodes. The two-electrode
system was measured in a 6 M KOH solution.

The electrochemical properties of the CP anode elec-
trode in LIBs were measured on BaSyTec CTS — LAB
(Battery Test System) equipment.

3 Results

3.1 Physicochemical characteristics of CD
and CP

Results of thermal analysis of CP material are shown in
Figure 4a.

Figure 4: (a) TG and DTA measurement results of CP, (b) SEM image of CD material, (c) SEM image of CP, and (d) TEM image of CP.
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The DTA line in Figure 4a shows two exothermic
effects at 637.7°C and 698.5°C. The TG curve shows a mass
loss in the temperature range of 500°C to 820°C, with a total
mass loss of 87.79%, which corresponds to the heat released
during the combustion of organic matter and volatile sub-
stances in CP [18]. The sample mass remains unchanged
from 820°C.

The SEM and TEM images reveal a porous structure,
smaller in size than CD (Figure 3b), with a structural hier-
archy corresponding to macropores, mesopores, and micro-
pores, and PCis a 2D layered nanomaterial (Figure 4c and d).
The EDX analysis results (Figure 5a) further confirm the
uniqueness of CP, of which the main components are C
(88.74% in mass), O (6.3% in mass), and trace and insignif-
icant amounts of Al Si, S, Fe, and Zn. In comparison to Do
et al. [19], which employed the Hummer method to synthe-
size carbon nanomaterials with a carbon content of 80.88%
by weight from coal, the CP synthesized from a hydro-
thermal method in this study has a higher carbon content.

The XRD pattern (Figure 5b), which was prepared on a
standard card (PCPDF No: 89-8487), shows that CP has a
diffraction peak (002) at an angle of 20 = 24.5°, corre-
sponding to amorphous carbon, and at an angle of 26 =

2000 2D band
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43°, a diffraction peak (001), corresponding to the graphite
structure. This indicates that the sample has an amorphous
carbon and graphite structure [18], which is of great impor-
tance in our study.

Raman spectroscopy was performed to elucidate the
structural properties of the graphene material. Figure 5c¢
and d show that both CD and CP materials exhibit extended
in-plane vibrations of C=C at the G-band (1,592 cm™) [20];
due to graphite oxidation, the wavenumber is significantly
higher (1,570 cm™). The D-band (1,349 cm™) indicates the
formation of defects at sp> hybridized carbon edges [21].
Additionally, the 2D band (2,945 cm™) shows a very small
peak for CP, attributed to the disruption of stacking order
layers [22]. The CD is activated into CP by a hydrothermal
method combined with ZnCl, activation, which peels off
the graphite plane and then oxidizes it completely into
graphene oxide. This shows that the CP material will provide
more electrochemical reaction sites and improve the reac-
tion rate occurring on the material surface, thus increasing
the Li-ion battery’s storage capacity and specific capacity.
The 2D-band CD peak (2,945 cm™) has a sharp peak and a
high and sharp base, showing the presence of more edges
and defects in the CD microstructure. This is consistent with

[ (b)

Intensity (a.u)
(100)

0 20 40 60 80

2 theta (0)
1400
D band /G — (d )

1200

1000

800
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600

400 +
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500 1000 1500 2000 2500 3000
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Figure 5: (a) EDX spectrum of CP, (b) XRD pattern of CP, (c) CD Raman spectrum, and (d) CP Raman spectrum.



DE GRUYTER

the results of CDCP carbon material made from coal by the
Hummer method [19].

The FT-IR spectrum results of CP in Figure 6a provide
practical insights. The weak spectral pattern at frequency
1,710.93 cm ™ is the vibration of the C=C group, a key com-
ponent in our material. The intense spectral pattern at the
frequency of 1,665.60 cm™" is the valence vibration of the
carbonyl group C=0 and the amide group [23], indicating
the potential for diverse applications. The absorption of the
CH; group at spectral fringes of 1,385.91 and 1,303.94 cm ™!
[24] further enhances the practicality of our findings. The
absorption bands at 1,000-1,300 em™! are related to C-0
valence vibrations in acid, alcohol, phenol, ether, and/or
ester groups [25], a wide range of potential applications.
The absorption bands at 750-600 cm ™ are assigned to the
deformation vibrations of the out-of-plane bending OH
group [24], another aspect that could lead to practical
applications.

Figure 6b shows that the CP nitrogen adsorption and
desorption isotherms follow type IV isotherm, hysteresis
loop H4, with particle size from microcapillary to medium
capillary [26,27]. According to the classification according
to the TUPAC classification system (USA), the pore dia-
meters can have variable diameters (d): tiny pores (d <
2.0 nm), medium pores (2.0 nm < d < 50 nm), and macro-
pores (d > 50 nm) [28]. As shown in Figure 5b, the specific
surface area of CP is calculated to be 16.7799 m*g ™", and the
inset in Figure 6b shows the pore width is 3.88 nm that
confirms the medium pores of material (Figure 6b). Addi-
tionally, the CP material has a specific density of 0.5 g-cm™.
This shows that CP material is light and porous.

The research results on surface characteristics, struc-
ture, composition, surface functional groups, and specific
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surface area show that CP materials have been manufac-
tured from CD.

3.2 Evaluate the ability of CP to store and
release energy

3.2.1 Multi-cyclic voltammograms

The electrochemical properties of CP acted as a supercapa-
citor were measured in a 6 M KOH electrolyte solution, a
three-electrode system, at room temperature. The CV curves
were used to evaluate the energy storage and release the
capacity of the CP electrode quickly. The CP electrode was
scanned with a scan rate varying from 30 to 100 mV-s .
After the CP electrode operated stably, multi-cycle scanning
was continued up to 1,000 cycles scan rate of 100 mV-s}, the
potential sweep range from -0.7 to 0.5V/SCE. The cyclic
voltammograms of the CP electrode at different scan rates
are shown in Figure 7.

Figure 7a illustrates that the CV curves at different scan
rates exhibit an almost rectangular shape with no promi-
nent redox peaks. The CV curve at a scan rate of 100 mV-s*
is more typical compared to the curve at 30 mV-s™, indi-
cating a larger specific capacitance. This also demonstrates
effective energy release in the electric double layer, with the
electrode performing well as the scanning speed increases.

As shown in Figure 7b, following the activation process,
the number of charging and discharging cycles directly
influences the positive and negative current values of the
CP. Specifically, these values gradually decrease, indicating a
reduction in the energy storage capacity of the CP during the
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Figure 6: (a) FT-IR spectrum of CP and (b) nitrogen adsorption and desorption isotherms of CP.
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charging process. This trend is a direct result of the number
of cycles. To quantify this, the specific capacitance of the CP
is determined using the CV method as outlined below [19]:

I} @®E

. S ()]
€= o - B

where m is the mass of material (g), potential scan rate
(mV-s™), and C is the specific capacitance (F-g™).

The results show that in the first cycle, the specific
capacitance of the CP electrode is 7.193 F'g'l; at 500 CV,
the specific capacitance is equal to 6.652F-g’, and at
1,000 CV, the specific capacitance is equal to 5.848 F-g .
The results show that after 500 CV, the specific capacitance
of CP decreases by 92.24%; after 1,000 CV, it decreases by
81.3% compared to the initial specific capacitance.

3.2.2 Charge and discharge

CP was discharged and charged by applying a constant
current (GCD) with a current density ranging from 0.1 to

0.15
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0.5 A-g™* for 1,000 s, with the voltage varying between —0.20 V
and 0.1V. The results are shown in Figure 6c. The discharge
and charging paths are triangular and symmetrical. No vol-
tage drop was observed at high current densities, suggesting
that the material can store energy on the electrode through
physical adsorption to form electrical double layers.

The specific capacitance of the electrode, a crucial
parameter in energy storage, can be reliably calculated
using the discharge-charge method [19].

4] At
Cc=-21—
AVm

@)

where J is the current density (A-g™), At is the launch time
(s), and AV is the working voltage (V).

The results of calculating the specific capacitance using
the charge-discharge method show that the highest specific
capacitance of CPis 275 F-g " at J= 0.1 A-g”", and the smallest
is123F-gtat]=05Ag "

The results in Table 1 show that CP’s specific capaci-
tance C (F-g™) is relatively high compared to other carbon
electrodes derived from coal. Also, from the results of

0.15} (b)
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Figure 7: (a) CV spectrum of the CP electrode at 10 cycles, scanning velocity 30-100 mV-s™"; (b) CV spectrum of the CP electrode at 1, 500, 1,000 cycles,
scanning velocity 100 mV-s™; (c) discharge path depends on current density; and (d) the charge-discharge path depends on the current density of the
two-electrode system.
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Table 1, it can be seen that the ability of the electrode to
store energy depends on the method of manufacturing the
electrode material; the hydrothermal method of manufac-
turing CP carbon nanomaterials has better electrochemical
properties for manufacturing CDPC using the improved
Hummer method researched by the same group of authors
[19].

In our pursuit of further research on the energy sto-
rage and release capacity of the CP electrode, we meticu-
lously determined the energy density (E, Wh-kg ™) of the CP
electrode on a two-electrode system. The energy density E
(Wh'kg™) of the CP electrode was calculated using a rig-
orous formula [12], ensuring the accuracy and reliability of
our findings

E= %C(AV)Z €)

The potential scanning speed is measured at 100 mV-s .
Measuring discharge and charge with current densities of 1,
3, and 5A-g " (Figure 6d) calculates the energy density E of
the CP to be 6.4 W h-kg™* corresponding to current densities
of 1A-g”" and 4 W h’kg ™, respectively, with a current density
of 5A-g”". Compared to the nitrogen-doped carbon material
electrode (PBAC-600) with E = 7.0Wh-kg’1 [37], rice-straw-
derived activated carbon (AA-RSC) has E = 7.8Wh-l<g'1 [38],
activated carbon material (ACN-700) has E = 6.2 W h-kg‘1 [39],
carbon nanomaterial activated by KOH combined with steam
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Figure 8: Nyquist spectrum of CP electrode. Inset: Equivalent circuit
diagram of CP electrode [12].

(AC-KV) made from coal [21] has E = 7.64Wh-kg’1, the CP
electrode has average energy density.

3.2.3 The Nyquist spectrum

Measuring the total impedance is used to study the elec-
trode’s electrical conductivity and ion release capacity. The
impedance is measured with a voltage of 0.02V, and the
frequency varies from 10 MHz to 100 kHz. The Nyquist

Table 1: Comparison of specific capacity C (F-g™") of CP with electrodes derived from coal in a 6 M KOH solution

Electrode J(Ag™) C(Fg™ Reference
3D hollow porous graphene made from coal tar 0.05 321 [6]
Graphene capsules made of 3D from coal tar 0.05 277 [29]
Porous carbon from coal tar 2 286 [7]
Graphite from coke 0.2 192 [30]
Graphene from anthracite coal 0.05 200 [31]
Nanocarbon graphene from bituminous coal 10 230 [32]
N/S co-doped coal-based porous carbon spheres 0.2 254 [33]
Coal-based 3D hierarchical porous carbon aerogels 0.5 267 [34]
AC (Jinglong coal) 0.5 145 [12]
ACK (coal treated with KOH) 0.5 206
ACKV (coal treated with KOH assisted with H,0) 0.5 254
HPCs-0.5-600-2 1.0 195 [35]
Coal-based activated carbon prepared by H,0 1.0 194.35 [36]
Graphene quantum dots from bituminous coal 1.0 388 [8]
Nanocarbon activated by KOH combined with steam (AC-KV) from coal 0.5 254 [12]
Nanocarbon activated with KOH (AC-K) from coal 0.5 206
Two-dimensional structured oxygen-rich porous carbon nanosheets from coal (OPCN-700) 0.5 382 [13]
Nanocarbon made by the Hummer method (CDPC) 0.1 236 [19]
0.3 156
Nanocarbon produced by the hydrothermal method (CP) 0.1 275 This research
0.3 175

0.5 123
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Figure 9: (a) Discharge capacity of a Li-ion battery at current density /10 and /20 and (b) the Nyquist spectrum before and after discharge of a Li-ion

battery.

spectrum measurement results of the CP electrode are pre-
sented in Figure 8.

Figure 8a shows a straight line nearly parallel to the
imaginary axis (-Z"), demonstrating the movement of ions
in the 6 M KOH electrolyte solution. Meanwhile, the semi-
circle in the high-frequency region that characterizes the
diffusion of CP ions is very small, demonstrating the excel-
lent diffusion of ions within the CP structure. The diameter
of the semicircle reflects the charge transfer resistance
(Rep). From the equivalent circuit diagram in Figure 7b
[12], we can calculate R.; = 0.2869 Q. The minimal R.; value
shows that CP can diffuse ions well.

The electrochemical performance of the CP electrode in
a 6M KOH electrolyte solution demonstrates highly pro-
mising results for supercapacitor applications. They demon-
strate that the CP material’s ability to store and release

energy is remarkably stable. This stability is a crucial factor
in the context of energy storage, and the CP material’s per-
formance in this regard is a strong indicator of its potential
as an anode electrode in LIBs.

3.3 Electrochemical measurement results
of LIBs

3.3.1 Measurement of discharge by constant current

The lithium-ion storage capacity of the CP electrode was eval-
uated using the constant current discharge (GCD) method
with current density C/10; C/20 (C = 372 mA h-g'l), in the poten-
tial range 1.5-3.3V (compared to Li*/Li). The results of the

Table 2: Comparison of specific capacity of LIBs with anode as CP electrode and electrode derived from coal

Anode electrode material Specific capacitance (mAh-g™") Discharge current density Reference
Spherical porous carbon made from coal 372.0 /10 18]
Bitium coal 223.0 10 [38]
Coke 3311 01Ag™ [40]
153.2 5Aq”
Graphite synthesized from anthracite coal 337.2 /20 [41]
Coal treated with NaCl, Na,CO; 450.0 0.2 A-g'1 [42]
Anthracite coal 369 0.1 A~g‘1 [43]
209 1Ag™"
Porous graphene is made from anthracite coal 770 /10 [91
CBC-700 597 1Ag™" [44]
AC-PHC 146.4 01Ag”" [35]
AC-PMC 88.8 0.1Ag™
HPC-3 219 10Ag™ [45]
cP 336.0 cno This research
425.5 (/20
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discharge capacity of the Li-ion battery at the current density
of C/10 and C/20 of the battery are shown in Figure 9a.

From Figure 8a, the specific capacity (Q) of the Li-ion
battery at the standard current density C/10 is 336.0 mA
h-g! and at the current density C/20 is 425.5mAh-g™.

The results of Table 2 show that the specific capacity of the
Li-ion battery with an anode CP is relatively high compared to
the anode electrode derived from coal. This also shows that CP
as an anode in LIBs can integrate lithium ions well.

3.3.2 Total resistance measurement results

Total resistance measurements were performed with a vol-
tage of 0.02V, frequency varying from 10 MHz to 100 kHz.
The results of measuring the Nyquist impedance of the LIB
before and after discharge are presented in Figure 9b.
Figure 9b shows that the Nyquist spectra before and after
discharge have the exact shape of having a semicircle and
a tilted line; the semicircle of the high-frequency region is
related to the electric double layer capacitance and charge
transfer resistance (R.), while the diffusion of Li* in the
anode material, corresponding to the diagonal line is
related to the Warburg resistance (W). Figure 8b shows
that the battery, after discharge, has a charge transfer
resistance R (semicircle in the Nyquist spectrum) much
smaller than the R of the battery before discharge. It can be
seen that after discharge, the CP anode electrode becomes
more stable, and the contact between the material surface
and the electrolyte solution is also better. Activated sites on
the surface of CP materials also become “more active” in the
interstitial Lithium-ion storage mechanism.

4 Conclusions

The CP carbon nanomaterials were fabricated using the
hydrothermal method combined with ZnCl, activation.
Porous carbon material CP was a two-dimensional, layered
nanomaterial with a specific surface area of 16.7799 m*g".
CP’s specific weight was 0.5 g-cm ™. CP electrode worked well
and stably, with the ability to maintain a capacitance of
83.1% after 1,000 CV, specific capacitance equals 275 F-g ",
and energy density equals 6.4 Whkg™. The CP electrode
was assembled into an anode in a Li-ion battery. The CP
electrode was capable of storing lithium ions. The specific
capacity at standard current density C/10 was 336.0 mAh-g™,
and at C/20, it was 425.5 mAh-g'l. The LiPFg solution was in
DMC, EC, and DEC at a ratio DEC/EC/DMC = 1:1:1 (v/v/v) and
concentration of 1.0 M. The battery operated stably when

Coal as an anode in lithium-ion batteries == 11

discharged and showed a good interlocking ability of lithium
ions. These results strongly indicate that CP has the potential
to be a highly effective anode in LIBs, thus opening up new
possibilities for energy storage technology.
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