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ABSTRACT: Coal-based cryptocrystalline graphite is an intermediate phase T Metamorphism
formed during the transformation of highly metamorphic anthracite into
crystalline graphite. In order to explore the relationship between the
graphitization degree of coal-based cryptocrystalline graphite and its physical k- Coalification

Graphitization 4‘{

properties from macromolecular structure to provide a theoretical basis for ST Lo
industrial application, samples were tested by X-ray diffraction, electrochemistry, Q:\‘J,Z[ FT1T103354mm
and thermal conductivity and compared with standard graphite (SG) and e L S
artificial thermal simulation graphitized samples. The results show that with the :L:__\_I AR

increase of graphitization degree and the growth of microcrystalline structure, the
electrical impedance of cryptocrystalline graphite decreases, the conductivity
increases, the specific capacity of initial discharge increases, and the thermal
conductivity increases, which gradually approach the electrical and thermal
properties of crystalline graphite. The linear equations between impedance and
L,and L_ are y = —0.42x + 70.44 and y = —1.87x + 70.62, and the correlation coefficients are 0.93 and 0.88. The linear equations
between thermal conductivity and the horizontal extension length (L,) and vertical stacking thickness (L.) are y = 0.09x + 1.36 and y
= 0.4x + 0.76, the correlation coeflicients are 0.82 and 0.84., and the reduction of microcrystalline parameters d, and the increase of
L, and L. lead to a direct improvement of physical properties. Artificial thermal simulation samples also show the same regularity, but
their physical properties are lower than those of natural evolution samples. Short-term high-temperature simulation is different from
long-term magma heat and pressure, and the growth of graphite microcrystals is more complete under long-term geological
conditions, resulting in better physical properties.
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1. INTRODUCTION istics with crystalline graphite.” Research shows that most
cryptocrystalline graphite is formed during the graphitization
stage of coal subjected to magmatic thermal metamorphism
and tectonic stress.”” Cryptocrystalline graphite serves as the
primary component of coal-based graphite and predominantly
consists of an apocrystalline or microcrystalline structure. It is
composed of a combination of newly formed components with
different degrees of graphitization and residual coal and rock
components. The formation of cryptocrystalline graphite
occurs through the coevolution of coal graphitization and
coalification with continuous progress and several jumps. The
degree of graphitization increased during the whole process.
Microscopically, this evolution is manifested as the gradual
formation of graphite structures with different degrees of order,
transitioning from organic components to graphite minerals

Graphite, an isomer of carbon, possesses a distinctive laminar
structure and exhibits unique properties, such as lubricity,
excellent thermal and electrical conductivity, high- and low-
temperature resistance, radiation resistance, and chemical
stability. These unique properties make graphite widely used
in various sciences, technologies, and engineering fields.
Additionally, its wide range of applications, deep processing
products with high added value, and long industrial chain
contribute to graphite’s status as an indispensable strategic
material.' > In 2018, the United States of America (USA)
identified graphite as one of the 35 “key minerals”, while the
International Energy Agency predicted a 25-fold increase in
graphite demand by 2040 compared to 2021, in a sustainable
development scenario.” Furthermore, China’s “National
Mineral Resources Plan (2016—2020)” included graphite and

24 other minerals as strategic minerals for the first time. Received:  September 9, 2023
According to the degree of development of the graphite Revised:  October 22, 2023
crystal structure, graphite can be categorized into two types: Accepted:  December 7, 2023

crystalline and cryptocrystalline (microcrystalline). Cryptoc- Published: January 2, 2024

rystalline graphite exhibits varying degrees of development in
its microcrystalline structure, sharing similar physical character-
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with three-dimensional (3D) crystal structures.” Graphite is
considered the final stage of this evolution.”'’ With the
progress of graphitization, the carbon structure gradually
changed from the amorphous shape in anthracite to the 3D
ordered structure of graphite. And it changes from a short and
disordered messy layer to a long and ordered layered
arrangement, the gap between layers decreases continuously,
and the horizontal extension and vertical stacking degree
increase.''™'? Zeng et al. also found through high-temperature
thermal simulation graphitization that the graphite crystal layer
spacing gradually decreased and the degree of stacking and
extension increased.'* In fact, cryptocrystalline graphite is an
intermediate phase in the transition from highly metamorphic
anthracite to graphite crystals. On the nanoscale, it appears as a
disordered organic component, with its macromolecular
structure evolving into an ordered 3D spatial crystal structure
of graphite. The evolution of macromolecular structure results
in different degrees of graphitization, determining the transi-
tional and complex physical properties exhibited by different
types of coal measures graphite."”'® Consequently, the
physical properties of cryptocrystalline graphite tend to exhibit
transitional properties similar to mineral graphite.

Previous studies of the structure and evolution of
cryptocrystalline graphite have yielded fruitful results. This
includes understanding the evolution of macromolecular
structure during the transition from high-metamorphic
anthracite to graphite, identifying the characteristics of
cryptocrystalline %graphite, and studying the controlling factors
in its genesis.'”’~"” In terms of the electrical properties, the
theoretical electrical capacity of graphite is ~372 mAh/g.
However, recent findings have shown that nongraphite carbon
materials, such as amorphous carbon, possess a theoretical
lithium storage capacity surpassing that of graphite.”’”** Many
scholars have focused on purifying and modifying cryptocrys-
talline graphite using a high temperature to improve the degree
of graphitization to enhance its performance as an electrode
material. These treatments have resulted in a higher specific
capacity of graphite materials.””™>* Previous studies have
shown that the higher the degree of graphitization, the larger
the specific capacity of graphite as a lithium ion anode
material** " Lin et al. found that the microcrystalline
structure of carbon materials has a strong correlation with its
potassium ion storage performance.”> Moreover, it has been
observed that a high degree of graphitization and an orderly
arrangement of carbon atoms contribute to an increased
capacity for lithium embedded in carbon materials.”® In terms
of thermal properties, Zhao et al.** summarized the thermal
conductivity of graphite materials based on different testing
methods employed by previous studies. The thermal
conductivities of graphite materials tested in parallel and
vertical layers are ~2000 and ~5 W/(m K), respectively.
Although slight variations exist in the thermal conductivity
values obtained using different testing methods, the overall
differences are not significant.”*” By adding cryptocrystalline
graphite as a porous matrix, the composite phase chang
materials has higher thermal conductivity.* Qiu et al.*' used
X-ray diffraction (XRD) analysis to examine the influence of
microcrystalline parameters (doy, and L,) variation on thermal
conductivity.

Compared to crystalline graphite, cryptocrystalline graphite
possesses characteristics, such as concentrated ore bodies,
high-grade deposits, and easy development and can serve as a
partial substitute for crystalline graphite. Recently, there has
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been a growing demand and consumption of graphite,
depleting crystalline graphite resources. Therefore, developing
and using cryptocrystalline graphite will remarkably alleviate
the pressure on the demand for crystalline graphite resources.
However, due to the lack of a corresponding theoretical basis,
the understanding of its basic physical properties and the
difference of physical properties between different degrees of
graphitization are seriously insufficient. At present, the
application is mainly based on raw ore and original processing
products,42 such as metallurgy, electrical, refractory materials,
batteries, and other fields, with low added value of products.
And often mixed with coal, resulting in a lot of waste of
resources. Therefore, strengthening research on the internal
relationship between the degree of graphitization of
cryptocrystalline and its physical properties and revealing the
change law of the physical properties of cryptocrystalline
graphite during the evolution of macromolecular structure
provide a new application direction for cryptocrystalline
graphite with different degrees of graphitization and have
great significance for the industrial application of cryptocrystal-
line graphite, which also provides a new direction and basis for
new carbon materials. It also has great significance for new
electrochemical energy storage and thermal interface materials.
It provides the experimental basis for promoting the
application of coal measure cryptocrystalline graphite in the
field of new energy and new materials and realizing the
strategic substitution of crystalline graphite

Herein, the relationship between the microcrystalline
structure and electrical and thermal properties of cryptocrystal-
line graphite at different graphitization stages was studied.
XRD was used to analyze the graphite crystal parameters at
different graphitization stages. And the electrical and thermal
properties were tested at each graphitization stage. The
relationship between microcrystalline parameters and physical
properties was analyzed qualitatively and quantitatively. The
study will provide insight into the electrical and thermal
properties corresponding to different graphitization degrees
from the perspective of macromolecular structure evolution.

2. EXPERIMENT

2.1. Experimental Sample. In this study, a series of
samples with different degrees of graphitization was collected
from a typical cryptocrystalline graphite mining area in Hunan,
Southern China. In order to avoid the difference of samples
under different natural conditions, the samples were taken
from the same coal seam in the Lutang mining area. The
obtained samples were tested by X-ray diffraction, and ten
samples with different degrees of graphitization were selected
according to the results. The samples were labeled as Z1, 72,
73,74,25,76,27,Z8,Z9, and Z10. Table 1 presents the basic
information on these samples.

At the same time, a standard graphite sample (SG) of Henan
crystalline graphite ore was subjected to the same experiment
to compare with the naturally evolved graphite sample.

2.2. Sample Treatment. Samples were demineralized to
eliminate the influence of the mineral composition on the test
results. First, the samples were crushed and passed through a
200-mesh (75 pm) standard sieve. Wet particle size analysis
was performed using the Malvern Mastersizer 3000 laser
particle size analyzer produced in the UK. The particle size
distribution of the sample is shown in Table 2. It can be seen
that the average particle size of most samples is less than 75
pum, more than 90% of each sample is less than 75 ym, more

https://doi.org/10.1021/acsomega.3c06871
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Table 1. Basic Information of Samples

No. Site FC,4/%" Md/%“ A/ %" Vgae/ %
Z1 Lutang mine 83.73 0.91 12.09 4.18
72 Lutang mine 73.57 0.36 23.51 292
73 Lutang mine 84.87 0.42 10.71 4.42
74 Lutang mine 83.30 0.60 11.78 4.92
A Lutang mine 81.37 0.42 16.24 2.39
76 Lutang mine 70.48 0.92 25.24 4.28
77 Lutang mine 87.93 0.54 7.81 4.26
Z8 Lutang mine 88.54 1.14 6.92 4.54
79 Lutang mine 86.40 2.02 10.24 3.36
Z10 Lutang mine 84.00 0.28 11.10 4.90

“FC,q fixed carbon; Md, moisture; A,y ash content; Vg, volatile
matter.

Table 2. Sample Particle Size Distribution

Distribution (%)
for given particle
size

No. <75um >75pum Dv(10) /um® Dv(50) /um® Dv(90) /um“
Z1 96.85 3.15 3.38 9.45 43.6
72 94.52 5.48 3.62 112 56.5
Z3 93.83 6.17 3.50 9.90 57.8
74 85.69 14.31 3.74 139 139
ZS 93.07 6.93 4.55 13.0 64.1
76 90.37 9.63 2.60 12.5 74.2
77 82.19 17.81 3.70 23.1 130
78 92.06 7.94 3.06 14.6 68.6
79 84.88 15.12 2.95 25.0 93.5
710 85.85 14.15 2.39 24.4 89.2

“Dv(10), particles measured in 10% of the sample are smaller than
this particle size; Dv(50), particles measured in 50% of the sample are
smaller than this particle size; Dv(90), particles measured in 90% of
the sample are smaller than this particle size.

than 50% is less than 20 pm, and the samples can meet the
200-mesh.

Each 15 g of pulverized coal was mixed with 80 mL of HCI
(36% mass fraction) solution in a plastic beaker. The HCI
solution was stirred in a constant temperature bath at 60 °C for
4 h and then filtered. Then, 80 mL of HF (hydrofluoric acid)
solution with a mass fraction of 40% was added to the sample,
and the pickling process was repeated using the same water
bath. Two acids are used to dissolve inorganic minerals in the
sample. Finally, the residual coal sample was cleaned and
filtered with ultrapure water. Add 50% AgNOj; solution to
remove excess acids and chlorides from the filtrate until there
is no precipitation. The pickling coal sample was filtered using
filter paper and put in the oven for vacuum drying at 6 °C for
24 h to obtain the demineralized coal sample.

2.3. High-Temperature Simulation. In order to study
the relationship between the physical properties of different
graphitization degrees of aphanitic graphite in coal measures
under natural conditions, samples with the same mining area,
geological background, and evolutionary path were selected for
experiments. At the same time, the effects of primary minerals
were excluded from the sample de-ashing treatment. However,
in order to minimize the influence of natural factors on its
physical properties, the same sample was selected to control its
graphitization degree through high-temperature thermal
simulation so as to simulate the change of physical properties,
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under different graphitization degrees and compare with the
natural evolution sequence.

A sample with low metamorphic bituminous coal (FC,4 =
65.01%; V4, = 30.85%) were subjected to high-temperature
thermal simulation to change their graphitization degree. The
same experiments were performed on the obtained samples
and compared with those on the naturally evolved samples. In
this experiment, NTG-SML-60W integrated laboratory graphi-
tization furnace was used, and the manufacturer was Zhuzhou
Nuotian Electric Heating Technology Co., Ltd. The specific
experimental steps are as follows: 15 g of coal sample is put
into each vessel, placed in the graphitization furnace, and
vacuumed to replace the gas once before heating, and argon
gas with a flow rate of 10 L/min is used to protect the whole
experiment. The experiment adopts a segmented heating
method: First, under the condition of heating rate of 5§ °C/
min, the temperature is raised to 1000 °C and the heat is kept
for 60 min. Then the temperature is raised to the target
temperature point at a rate of 10 °C/min, held for 90 min, and
finally cooled to room temperature naturally. Four temperature
points were set at 1800, 2100, 2400, and 2700 °C; the samples
obtained after heating were recorded as ND18, ND21, ND24,
and ND27 in turn.

2.4. X-ray Diffraction. XRD is an effective method for
studying crystal structure and is widely used in the analysis of
coal—graphite structures. In addition, the important parame-
ters of microcrystalline structure can be obtained using XRD
analysis.”> XRD analysis was used in this study to determine
the degree of graphitization. Prior to testing, the samples were
crushed to 200 mesh and then demineralized. The XRD
instrument used was the SmartLab-9 kW with a copper target
from Rigaku Co. of the United States, with an accelerated
voltage of 45 kV, current of 200 mA, scanning range of 26 from
S to 70°, and scanning rate of 2°/min. The obtained data were
processed using JADE software, and the carbon layer spacing
dgy, was calculated using the Bragg equation.**

doo, = A/(2 sin 0) (1)

The degree of graphitization was calculated usin% MERING
and MARIE(1958) to optimize Franklin’s model:*

g = (03440 — d,y,)/(0.3440 — 0.3354) (2)

The horizontal extension length (L,) and vertical stacking
thickness (L) of the carbon layer were calculated by using the
Schieler formula. The number of stacking layers was obtained
through stacking thickness and layer spacing.

L, = (k,4)/[(100) cos 6(100)] (3)

L. = (kyA)/[5(002) cos 6(002)] (4)

Here, f is the revised half-height width, and k; and k, are 1.84
and 0.89, respectively.

2.5. Electrochemical Test. Graphite has been extensively
studied as a carbon material for lithium-ion battery electrodes.
Many scholars have used graphite for electrochemical testing
by making lithium-ion batteries to test their electrochemical
performance.””*" In this study, a liquid lithium-ion battery
was used for electrochemical testing to examine electro-
chemical impedance and charge—discharge cycle. The electro-
chemical impedance reflects conductivity, while battery
charging and discharging reflect the lithium storage and
discharge capacities of the sample.

https://doi.org/10.1021/acsomega.3c06871
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A mixture of 0.8 g of cryptocrystalline graphite, 0.1 g of
acetylene black (SuperP), and 0.1 g of poly(vinylidene
fluoride) (PVDF) was added to 3 mL of N-methyl-2-
pyrrolidone (NMP) to create a homogeneous solution. SuperP
is produced by China Delong Chemical Co., Ltd. It has the
characteristics of high purity, low heavy metal content, and
strong electrical conductivity and is mixed with graphite to
enhance electrical conductivity. PVDF is produced by the
French Arkema company, is soluble in strong polar solvents
and nonconductive, and is used as a positive electrode binder.
NMP, a colorless transparent liquid, is produced by China
Changxin Chemical and used as a solvent to fuse PVDF,
graphite, and carbon black together, so that the binder and
other substances are fully mixed and evenly distributed. The
solution was mixed and stirred on an electromagnetic stirring
table for 12 h. Then, a copper foil was evenly scraped with a 25
um blade (Figure 1a). After 12 h of drying in an oven at 90 °C,

Figure 1. (a) Graphite mixed solution on copper sheet; (b) CR2032
button cells; (c) impedance tester; (d) electrochemical workstation.

the copper foil was cut into round sheets with a diameter of 1
cm and prepared as CR2032 button cells (Figure 1b). The
entire process was conducted under anaerobic conditions to
prevent the oxidation of the lithium plates. After 12 h, the

resistance was tested using a resistivity tester made by Zahner
GMBH in Germany (Figure 1c). Charge and discharge of the
battery were analyzed using the Lanhe system of China
Landian Electronics Co., Ltd. (Figure 1d). Figure 2 shows the
block diagram of the electrochemical test system and the
battery structure diagram.

2.6. Thermal Conductivity Test. Due to the high
anisotropy of graphite, there is a large difference in thermal
conductivity between its surfaces. Since the sample in this
study did not possess a complete graphite structure and
contained an amorphous molecular structure with an
incomplete crystal form, the sample could exhibit low thermal
conductivity.”’ In addition, since the sample was in powder
form, it cannot be tested for anisotropy. Therefore, the overall
thermal conductivity was measured by using the transient
plane heat source method.

The experimental instrument used was the Hot Disk TPS
25008 thermal conductivity tester produced in Germany. The
powder sample was tested at 25 °C using a nickel probe with a
radius of 6.394 mm. The powder sample was compressed at 20
MPa to form two pieces, each with a thickness of 30 mm and a
diameter of 50 mm. The Hot Disk probe was placed inside the
sample to maintain flatness during transient recording, and
then, the sample was inserted into the container. The initial
heating power of the probe was set at 0.3 W, and the
temperature increase (At) of each sample was recorded. The
thermal conductivity was calculated by using the Fourier
diffusion thermal conductivity equation:

K = QH/AtS (%)

Here, K is the thermal conductivity (unit, W/(m K)); Q is the
initial power (unit, W); H is the sample thickness (unit, m); At
is the temperature rise, in kelvin (K); and S is the sample area
(unit, m?).

3. EXPERIMENTAL RESULTS

The experimental results of natural evolution samples and
artificial thermal simulation samples are shown in Supporting
Information Table SI.

3.1. X-ray Diffraction Characteristics. According to the
XRD test results, the microcrystalline parameters dyy,, L, and
L. of graphite were calculated, and the graphitization degree of

CPU
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14-bit D/A converter *8
Control Constant Constant
logic current voltage

H source source

) é $

CR2032 )

16-bit D/A converter

/(L

7/ e \s N\
1 Cathode Shell 4 Gasket
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Figure 2. Block diagram of electrochemical test system and battery structure diagram.
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each sample was calculated. According to the coal measure
graphite division scheme,'® the samples were categorized into
three grades: graphite, semigraphite, and anthracite.

Figure 3 shows the XRD characteristics of the samples. An
evident graphite-002 peak is observed around 26 = 26° of the
samples.

d,

00
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/ doy =0.3478 nm / q“”
N dy, =03423 nm /
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Figure 3. XRD characteristic pattern.

From Z10 to Z1, the 002 peak gradually sharpens, the half-
height width decreases, and the peak shape becomes
symmetrical. This indicates a gradual increase in the
graphitization degree and the appearance of a graphite
structure in the samples. The 002 peaks of Z10, Z9, Z8, and
Z7 exhibit strong asymmetry, symbolizing the turbostratic
structure of anthracite. The 10/ band remains unsplit,
suggesting a wide and slow diffraction. This indicates that
the samples still possess polycyclic aromatic hydrocarbon
structures (PHAs) of anthracite. For Z6, ZS, and Z4, the 002
peak becomes higher and sharper, indicating a higher degree of
metamorphism than Z10 to Z7 and the degree of graphite
crystallization significantly increased. The 002 diffraction peaks
of Z3,Z2, and Z1 are further reduced and narrowed compared
to those of ZS and Z4. Although the peak heights of Z1 and Z3
are lower, their peak shapes are sharper, and the half-height
width is narrower. The degree of crystallization of graphite is
not different from that of Z2, but the graphite structure is more
regular than those of ZS and Z4. The half-height width of Z5
to Z1 gradually decreased and tended toward symmetry.
Notably, Z3, Z2, and Z1 exhibit sharp and symmetrical crystal
peaks, indicating the presence of a graphite crystal structure in
the samples. The 10! band from ZS to Z1 gradually starts to
split into 100 and 101 peaks, and the structure of the sample
changed from PAHs to the carbon atom lattice structure of
graphite.

Compared with the XRD pattern of the graphite sample
(Figure 4), it can be seen that the standard graphite sample has
a very sharp (002) peak, which can reach more than 400000
cm™. The half-height width is small, and the peak shape is
symmetrical, indicating that it has a complete graphite
structure.

By analyzing the microcrystalline layer spacing (dyg,) from
Z10 to Z1, it can be observed that dy;,, decreases and the
graphitization degree of the sample increases. As shown in
Figure S, microcrystalline parameters L, and L. gradually
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Figure 4. XRD pattern of standard graphite.

increase with the decrease of layer spacing dyy, and basic
structural units form rapidly with the increase of graphitization
degree, indicating the rapid formation of the graphite crystal
structure.

3.2. Impedance. Impedance (Z(®)) is composed of two
parts: the real part on the horizontal axis and the imaginary
part on the vertical axis. The impedance test results correspond
to the dispersions of the real and imaginary parts of the
internal resistance, which are plotted as the electrochemical
impedance spectrum. Electrochemical impedance spectroscopy
(EIS) is an electrochemical system that simplifies a battery into
multiple electronic components, and the spectrum from left to
right is the conversion from low frequency to high frequency.”’
The diagram shows the shape of two quasi-semicircles. The
impedance of the cell is the horizontal value of the first
semicircle’s diameter, In order to avoid accidental errors in the
experimental results and ensure the authenticity of the results,
four parallel tests were carried out in the experiment.

After four parallel tests, the impedance difference of the
sample is small, the average impedance of the sample is
obtained, and the electrochemical impedance spectrum is
drawn. As shown in Figure 6, Z9 exhibits the highest
impedance of 70 €, while Z2 exhibits the lowest impedance
of 32 Q. The impedance of the graphite sample SG reached
28€, only 4€2 lower than that of the cryptocrystalline graphite
sample Z2, only 12.5% lower, indicating that the cryptocrystal-
line graphite was close to graphite to a certain extent

3.3. Specific Capacity of Initial Discharge. The average
of the three test results was used as the specific capacity of the
sample for the first discharge. Figure 7 shows the initial
discharge capacities of the tested samples. At a current density
of 0.01 mA/g, the initial discharge-specific capacity of the
sample gradually increases with an increase in the degree of
graphitization. Among the natural samples, Z3 exhibits the
highest initial discharge-specific capacity of 1471.63 mAh/g.
Z10 exhibits the lowest initial discharge capacity, at only 259.7
mAh/g. The specific discharge capacity of SG is 340.2 mAh/g,
which is very close to the theoretical reserve of graphite of 372
mAh/g, and most of the tested cryptocrystalline graphite
samples can be higher than this result, in line with the literature
which mentioned that amorphous carbon has more theoretical
lithium storage than graphite.”*™>*
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Figure 6. EIS atlas of the sample shows the thermal conductivity of the samples. Generally, the
: i thermal conductivity of the natural samples from Z1 to Z10
shows a downward trend, indicating that the overall thermal
1600 1 1471.63 conductivity gradually increases with an increase in the degree
11004 Em of graphitization. Sample Z1, which exhibits the highest degree
= of graphitization and crystallization, has a thermal conductivity
= 1200 bso.o6 of 12.2 W/(m K), while Z9 and Z10 anthracite samples, which
E o0 T 94174 exhibit the lowest degree of graphitization, have the lowest
5 840.3,04 55 thermal conductivities of 1.43 and 1.59 W/(m K), respectively.
& 8007 L7 The thermal conductivity of SG can reach 19.38 W/(m k),
£ 00 4995 which is a certain gap compared to cryptocrystalline graphite.
8 etz 3.5. Thermal Simulation Results. The experimental
@400 i ~295.11259. results of thermal simulation samples are shown in Table S1.
200 - i According to the research results of predecessors and our
research group, it is difficult for the sample to reach a high
. T degree of gra}z)hitization by heating without the catalytic action
272 13 4 75 26 21 28 29 710 fordditives. =55
Sample number ol agditives. . . . . .
As shown in Figure 9, it can be seen that, with the increase
Figure 7. Discharge capacity histogram. of temperature, the 002 peak shown by the XRD pattern
gradually changes from low to sharp, indicating that the
graphite crystal development is gradually complete. However,
3.4. Thermal Conductivity. The average of the four compared with the samples of natural evolution, the 002 peak
thermal conductivity coefficients is used as the thermal of artificial graphitization reached a maximum of 10000 cm™,
conductivity coeflicient of the sample, and a bar chart of the which was far lower than the development of 002 peak of
average thermal conductivity of each sample is drawn. Figure 8 natural evolution. It can be seen that the graphitized samples
2448 https://doi.org/10.1021/acsomega.3c06871

ACS Omega 2024, 9, 2443-2456


https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c06871/suppl_file/ao3c06871_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06871?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06871?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06871?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06871?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06871?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06871?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06871?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06871?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06871?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06871?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06871?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06871?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06871?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06871?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06871?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06871?fig=fig8&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c06871?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

(002)

|

gy 0.3388 nm
L U\
dyy>= 0.3393 nm
/NN

10000
A= 0.3415 nm
"\

8000

evel/em”

Z 6000

ak |

= 4000

Pe

2000

0 T T T T
10

Diffraction Angle(®)

Figure 9. XRD characteristic pattern of the thermal simulation
sample.

controlled by thermal simulation have great limitations and
cannot reach a high degree of graphitization. This is due to
short-term high-temperature simulations, which are still
inferior to metamorphism under long geological conditions.
It can also be seen from the microcrystalline parameters that L,
and L, of artificially simulated samples are much smaller than
those of naturally evolved samples among samples with the
same graphitization degree.

As shown in Figure 10, the impedance of the sample can be
seen. The impedance of ND18 is the highest at 72, and the

. = N\DI8
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0 T T T T T T T T T

0 10 20 30 40 50 90
Zge (O

1
100

Figure 10. EIS atlas of thermal simulation samples.

impedance of ND27 is the lowest at 57€2. With the increase of
the graphitization temperature, the degree of graphitization
increases and the impedance also decreases.

As shown in Figure 11, the first specific discharge capacity of
the thermal simulated graphitized sample also increases with
the increase in graphitization temperature. The discharge
capacity of ND18 is 85.3 mAh/g. The discharge capacity of
ND27 is 300.5 mAh/g. Compared with that of natural samples,
the discharge capacity of thermal simulated samples is lower.

As shown in Figure 12, the thermal conductivity of the
artificially graphitized sample decreased gradually with the
increase of the graphitization temperature. The thermal
conductivity of the graphitization temperature was the lowest
1.21 W/(m K) at 1800 °C and the highest 4.06 W/(m K) at
2700 °C. At the same degree of graphitization. The thermal
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conductivity of artificially simulated samples is lower than that
of naturally evolved samples

4. DISCUSSION

In this study, from the perspective of macromolecular structure
evolution, linear fitting was conducted to establish the
correlations between the microcrystalline parameters (dygy,
L, and L) and the impedance, discharge-specific capacity, and
thermal conductivity.

4.1. Graphitization Degree and Physical Properties of
Natural Evolution Samples. 4.1.1. Impedance. By analyz-
ing the scatter plot of dy,-impedance (Figure 13), it can be
concluded that the sample’s impedance gradually decreases
with an increase in the graphitization degree, leading to an
increase in electrical conductivity.

According to the scatter plot, the electrical conductivity
enhancement in the samples can be divided into three stages.
First, in the anthracite stage (Z10—Z9), the sample impedance
remains unchanged, and the electrical conductivity remains
unchanged during the coalification process. In the transition
from the anthracite to semigraphite stage (Z8-Z6), the
impedance of the sample decreases, and the electrical
conductivity begins to increase significantly. In the transition
from the semigraphite to the graphite stage (ZS—Z1), the
impedance of the sample decreases sharply, leading to an
explosive increase in electrical conductivity.

Analysis of the scatter plots of L,—impedance and L.—
impedance (Figure 14) reveals a negative linear correlation
between the impedance and the degrees of stacking and
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Figure 13. Scatter diagram of dyy, and impedance.

extension. The fitted line indicates that L, and L. exhibit a
good linear relationship with impedance. The correlation
coefficient R of the linear fitting between L, and impedance is
0.93. The correlation coefficient R of linear fitting between L,
and impedance is 0.88. The impedance is directly affected by
the microcrystalline parameters and increases linearly with the
increases in L, and L.

4.1.2. Specific Capacity of Initial Discharge. By analysis of
the scatter plot depicting the relationship between the initial
discharge-specific capacity and the graphite microcrystalline
layer spacing (dyy,) (Figure 15), it is evident that the discharge
capacity gradually decreases with an increase in the sample
microcrystalline layer spacing (dyg,). This negative correlation
indicates that as the degree of graphitization increases, the
initial discharge-specific capacity increases.

According to the scatter diagram, the specific capacity
growth during discharge can be divided into three stages. In
the anthracite stage (Z10—Z8), the specific capacity growth
during the initial discharge of the sample is very slow, almost
negligible. This is because the structure of the sample
undergoes minimal changes during this stage; in the later
stage of coalification, the removal of organic matter is still
ongoing, which does not significantly increase the specific
capacity of the initial discharge, and there are still a lot of
defects and irregular structures in the sample. When the
microcrystalline layer spacing is between 0.338 and 0.344 nm,

T T T T T
0.334 0.336 0.338 0.340 0.342 0.344 0.346 0.348 0.350 0.352

dy,/nm

Figure 15. Scatter diagram of dy, and discharge capacity.

the specific discharge capacity of the sample starts to increase
significantly, corresponding to the semigraphite to graphite
phase (Z8—Z6) and exhibits almost linear growth. The specific
discharge capacity continues to increase steadily in the graphite
stage (Z5—Z1), corresponding to doy, < 0.338 nm, with a
growth rate similar to the previous stage but with a smaller
increment. This is because the dyy, value is a capacity
determining parameter, and the effects of L, and L. on its
capacity are less inlpot‘t::lnt.31

4.1.3. Thermal Conductivity. The correlation between d,
and thermal conductivity is depicted in the scatter plot (Figure
16). It can be observed that the thermal conductivity of the
sample increases with an increase in the degree of
graphitization. In the anthracite and semigraphite phases
(from Z10 to Z6), the increase in the thermal conductivity is
relatively slow. However, when d;, < 0.338 nm, in the graphite
stage (from Z5 to Z1), the thermal conductivity of the sample
begins to increase significantly, with a growth rate much higher
than that of the previous stage.

It can be observed from the scatter plot between the L,—
thermal conductivity and L.—thermal conductivity that the
microcrystalline parameters L, and L, have a certain correlation
with thermal conductivity and linear fitting, respectively. As
shown in Figure 17, the correlation coeflicient R? of linear
fitting between L, and thermal conductivity is 0.82, and the
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Figure 16. Scatter diagram of dyy, and thermal conductivity.

correlation coefficient R* of linear fitting between L. and
thermal conductivity is 0.84.

4.2. Relationship between Graphitization Degree
and Physical Properties of the Thermally Simulated
Samples. The relationship between graphitization degree and
physical properties of artificially simulated graphitized samples
is the same as that of naturally evolved samples; the physical
properties increased with the increase of graphitization degree
(Figure 18), but at the same degree of graphitization are lower
than those of natural samples, that is, higher impedance, lower
discharge capacity, and lower thermal conductivity. This is due
to the natural evolution of the sample not only after a long
time of geothermal heating, but also continuous stress,'> which
makes the graphite crystal growth more complete, with more
complete L, and L, and stronger physical properties.

4.3. Mechanism of Macromolecular Structure Evolu-
tion on Physical Properties. The impedance is the internal
resistance of the battery, which can reflect the ability to
conduct ions to pass through. A smaller impedance indicates a
higher ion conductivity and stronger electrical conductivity.
The electrical conductivity of graphite is primarily dependent
on the total concentration of conducting carriers within the

Figure 18. Scatter diagram of thermal simulation sample dy;, and
physical properties.

lattice and the free movement of carriers. It determines
whether electrons can circulate within the material. The
electrical conductivity of graphite in the direction of the
parallel plane is much greater than that in the vertical plane. A
comprehensive analysis of the scatter plot and the fitting line
shows that there is a strong correlation between the impedance
of the sample and microcrystalline parameters. In the
anthracite stage, the electrical conductivity remains unchanged.
This could be attributed to the fact that the coal structure has
not transformed into graphite or still contains a significant
amount of H and O during the removal of organic matter,
which hinders electron migration and results in poor electrical
conductivity. The electrical conductivity is obviously enhanced
at the anthracite to semigraphite stage. At this stage, the
deoxygenation and dehydrogenation process is basically
complete, and the organic matter in the sample gradually
disappears, leading to an improvement in conductivity.
However, when the degree of graphitization is low, graphite
crystals in this stage are primarily ordered in a 2D plane with a
less 3D crystalline structure. At the same time, there are
structural defects in this process, and there are many
disordered structures in the sample, resulting in a slow rate
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of electrical conductivity enhancement. At the semigraphite to
graphite stage, the electrical conductivity begins to increase
explosively. At this stage, the defects in the samples are almost
repaired. With the progress of graphitization, the degree of
stacking and elongation begins to increase significantly,
providing a good channel for electrons and greatly improving
the electrical conductivity. It can be seen from SG that the
impedance difference between the cryptocrystalline graphite
and the graphite sample is not very obvious, which means that
when the graphitization reaches the ideal state, that is, the end
point of evolution graphite, the electrical conductivity reaches
the maximum and reaches the level of graphite. As shown in
Figure 19, when the stacking and extension degree of the

=] =
o 2 o olo| £
3% Li LifLil o
[ (]
— —
el i el
- -
=
L| § e O E’
= Litol |G =
=3 Li =3
o ol \ ©
o
I'j Li

Anthracite to Semigraphite Semigraphite to Graphite

Figure 19. Schematic diagram of electronic circulation.

sample increase, the internal structure is stacked in layers,
which greatly reduces the obstruction of electron passage and
significantly enhances the electrical conductivity. However,
when the degree of stacking and elongation is low, there are
more disordered structures in the sample, which leads to the
obstruction of electron flow and a decrease in the sample
conductivity.

Comparing SG and natural evolution samples, it can be seen
that coal-based cryptocrystalline graphite has a lithium storage
capacity much higher than that of SG, because mostly
cryptocrystalline graphite is micrystalline disordered carbon.
For this kind of disordered carbon with a small grain size, the
lithium intercalation mechanism mainly involves surface
adsorption or edge lithium storage. This implies that lithium
ions are not only inserted in the graphite layer but also doped
on the surface and edge of graphite. The surface and edge of
graphite have more lithium ions than interlayer doping,
allowing this type of carbon material to have a lithium storage
capacity several times more than the theoretical capacity of
graphite.”®*” However, graphite has a complete crystal
structure, and lithium ions are mainly stored between carbon
layers, which lead to certain limitations in its lithium storage
capacity. During charging, lithium ions migrate from the
lithium sheet under the action of voltage, pass through the
diaphragm to the graphite electrode in the electrolyte, insert
into the graphite layer, and adsorb on its surface. Lithium ions
leave the graphite electrode during discharge and return to the
lithium sheet to form a stable current. In the first few charging
cycles of the liquid lithium-ion battery, the electrolyte is
decomposed on the graphite positive electrode and the lithium
sheet through an interfacial reaction to produce a layer of solid
electrolyte interfacial phase (SEI)*%*’ (Figure 20). The SEI
acts as a passivation layer on the surface of the electrode,
blocking electrons and allowing lithium ions to pass through.
This prevents further decomposmon of electrons and electro-
lytes and ensures long-term cycles.”’"®> However, the SEI film
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Figure 20. Mechanism of SEI membrane action.

can also absorb some lithium ions during the lithium-ion
transmission process, which leads to a reduction of the specific
discharge capacity.

The specific capacity of the first discharge increases
gradually with the increase of the degree of graphitization.
As the defects of the sample begin to repair and the impurities
are reduced, the side reaction of the first film formation is
reduced, the SEI passivation layer is thinner, and more lithium
ions are released during the ion transport process, and the
specific discharge capacity is increased. In addition, the
increase of graphitization degree also leads to the increase of
microcrystalline size, the graphite particle size becomes larger
so that it has a smaller specific surface area, and the formed SEI
passivation film consumes less lithium ions. At the same time,
the larger microcrystalline size provides more lithium storage
space and improves the specific capacity of the first
discharge.”> When the graphite stage is reached, the
graphitization makes the L, and L. of the sample begin to
increase significantly, the impedance of the sample begins to be
greatly reduced, the ion pass rate is improved, the lithium ion
diffusion power is greatly increased, the lithium ion de-
embedding amount is also increased to a certain extent, and
the specific capacity of the first discharge is increased.

A comprehensive analysis of the scatter plot and the fitted
linear equation shows that there is a strong correlation between
the thermal conductivity of the sample and the lattice
parameters, where the thermal conductivity increases with
the growth of the lattice. This is because heat transfer primarily
occurs through radiation, convection, or conduction. In all
solid materials, heat conduction is realized by thermal vibration
of lattice atoms and the flow of free electrons. For most metals,
the heat conduction of free electrons is the main one. For
nonmetals of carbon and graphite products, the heat
conduction mechanism mainly relies on the nonharmonic
vibration of elastic lattice (i.e., the interaction of phonons) to
transfer heat.*"°® Phonon thermal conductivity can be
calculated from the Makinson equation:

_(TY r7/0 e*EL(ET, T)
A= 3nVR| — soae 2
3 VR(®) fo (&€ —1)? (6)

& = hw/kT; V is the average speed of phonon motion; L is the
free path of phonons; k is the Boltzmann constant; R is the
universal gas constant; h is Planck’s constant; @ is the
frequency; and © is the Debye temperature. The main factors
affecting A are the mean velocity V of phonon motion and the
free path L of phonon. Various defects, namely, discontinuous
points (such as dislocation, point defects, and grain
boundaries), will lead to irregular structure and hinder phonon
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propagation, resulting in scattering.’” It can be seen from the
thermal conductivity of SG that graphite, as a crystalline
mineral, has a very high degree of crystal integrity and
structural order compared with the transitional mesophase of
cryptocrystalline graphite, and there is also a certain amount of
disordered organic components in cryptocrystalline graphite,
making graphite have higher thermal conductivity than
cryptocrystalline graphite. Although the thermal conductivity
of human simulated graphitization also increases with the
increase of the degree of graphitization, the artificial conditions
cannot simulate natural geological evolution, resulting in
microcrystalline structure parameters of the samples simulated
by artificial thermal simulation not being as complete as those
of the natural samples, making their thermal conductivity low.
With the increase of graphitization degree, the distance
between the crystal surface layers of the microcrystals
decreases, the lattice defects in the graphite materials reduce,
the arrangement of the microcrystals gradually becomes more
regular and the factors affecting phonon scattering weaken. At
the same time, the reduction of defects and the increase in
grain size will increase the average speed V of phonons and the
free path L. Consequently, the thermal conductivity of the
materials increases. Figure 21 shows the phonon vibration
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Figure 21. Phonon vibration modes with different degrees of
graphitization.

modes with different degrees of graphitization. As the degree of
graphitization increases, the arrangement of C layers gradually
becomes orderly and the direction of phonon vibration tends
to be consistent. When the degree of graphitization is low due
to a certain angle of arrangement between C layers, part of the
phonon vibration energy escapes in the horizontal direction,
and the average speed and free path of phonons are low,
resulting in reduced energy transmission efficiency and poor
thermal conductivity. However, when the degree of graphitiza-
tion increases, the arrangement of C layers tends to be parallel,
the vibration direction of phonons moves only in the direction
perpendicular to the layer, the energy loss is minimal, and the
average speed and free path of phonons are large. These greatly
improve the energy transmission efficiency and thus improve
the thermal conductivity.

5. CONCLUSION

(1) Electrical conductivity increases with the increase in
graphitization degree, and the growth rate gradually increased.
The impedance decreases almost linearly with the increase of
L,. The fitted linear equation is y = —0.42x + 70.44, and the
correlation coefficient reaches 0.93. The impedance decreases
almost linearly with the increase of L, and the linear fitting
equation between them is y = —1.87x + 70.62, the correlation
coefficient is 0.88. As the graphitization degree increases, the
degree of stacking and elongation increases, the arrangement of
the C layers is gradually ordered, the obstruction of conductive
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ions passing through is greatly reduced, impedance is reduced,
and the conductivity is enhanced.

(2) With the increase of graphitization degree, the initial
specific discharge capacity gradually increased. As the defects
of the sample began to be repaired, the microcrystal size began
to become larger, which reduced the side reaction of the first
film formation and the consumption of lithium ions during the
film formation process, and the initial specific discharge
capacity increased. At the same time, the larger microcrystal
size provides more storage space for lithium, improving the
specific capacity of the first discharge. The low impedance of
the high graphitization stage can provide more power for ion
diffusion and increase the specific capacity of the first
discharge.

(3) The thermal conductivity gradually increases with an
increase in the degree of graphitization, the growth rate
gradually increases, and the growth rate changes obviously
when dyp, = 0.338 nm. The linear equation of L, and thermal
conductivity is y = 0.09x + 1.36, and the correlation coeflicient
reaches 0.82. The linear equation of L. and thermal
conductivity is y = 0.4x + 0.76, and the correlation coefficient
is 0.84. This is due to the reduction in defects and the
regularity of C-layer arrangement, resulting in a great reduction
in phonon vibration energy escape and improved energy
transfer efficiency, and at the same time, the average speed and
free path of phonons increase, enhancing thermal conductivity.

(4) The physical properties of artificially simulated
graphitized samples and naturally evolved graphite samples
increased with the increase of graphitization degree. However,
the physical properties of the thermal simulated samples are
generally lower than those of the natural evolution samples.
Because the artificial thermal simulation only goes through a
short period of high temperature, its graphitization degree can
only reach semigraphite at the highest. However, the natural
evolution samples go through a long period of high
temperature and high pressure under geological conditions;
not only its graphitization degree can reach a higher level but
also the graphite microcrystalline parameters are more
complete. The physical properties of the samples are higher
than those of the graphitized samples under artificial
conditions.

(5) By comparing the experimental data of graphite and
cryptocrystalline graphite, it can be seen that the conductive
property of cryptocrystalline graphite is smaller than that of
graphite and it can be used as a secondary substitute for
graphite in conductive component applications to alleviate the
pressure on the demand for graphite resources. In terms of
electrochemical energy storage, cryptocrystalline graphite has
the advantage of higher reserves than graphite, which can
provide a new direction for the selection of energy storage
materials. In terms of thermal conductivity, due to its own
limitations, there is still a certain gap between the thermal
conductivity of cryptocrystalline graphite and graphite, and the
traditional graphite (graphene) has more unique advantages in
the application of thermal interface materials.
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