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Abstract—This study aimed to optimize the molecular weight range of coating pitch to enhance the electrochemical
performance of graphite-based anodes used in lithium-ion batteries by understanding the characteristics of the coating
pitch. The coating pitch was divided into four fractions based on its solubility in hexane, acetone, toluene, and n-
methyl-2-pyrrolidone (NMP). These four fractions were estimated based on the thickness and homogeneity of the
coated surfaces. The lighter fractions of pitch, such as hexane and acetone, assisted in forming a homogeneous surface
by decreasing the viscosity during carbonization. Heavy fractions, such as toluene and NMP, were the main compo-
nents of the coating. They improved the rate performance of the anode by forming an isotropic layer, which increased
the number of lithium-ion intercalation sites. However, thick surfaces increased the charge-transfer resistance because
of the increased diffusion path lengths of lithium ions. The pitch molecular weight fractions of 128-768, 768-1152, and
1,152-1,480 m/z should be controlled to 70-84.49, 11.20-18.21, and 3.35-5.15%, respectively. Furthermore, the results of
this study can be applied to optimize the coating properties for other anode materials, such as silicon, at a controllable
pitch coating thickness according to the molecular weight.
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INTRODUCTION

Lithium-ion batteries (LIBs) are widely used in small-scale devices,
such as portable electronics, and in large-scale applications, such as
electric vehicles and energy storage systems [1-4]. As the demand
for LIBs has recently increased owing to environmental regula-
tions, battery materials have been widely studied to improve their
characteristics. Among them, graphite, which is used as a commer-
cial anode material, has been increasingly studied [5,6]. Graphite
has many advantages, such as a low and constant potential, which
is similar to that of lithium metal, high electrical conductivity, low
price, and a stable intercalation mechanism [6-9]. However, it also
has many disadvantages, such as a low initial coulombic efficiency
due to the formation of a solid electrolyte interphase (SEI) layer and
poor rate performance. To compensate, many researchers have found
that graphite surface modifications, such as doping, oxygen treat-
ment, and carbon coating, can improve the electrochemical prop-
erties of graphite [10-17]. Among them, carbon coating is expected
to have two major effects, namely, increasing the initial coulombic
efficiency and promoting the rate performance [18-21]. The edge
planes of graphite have higher active energies than their basal planes,
resulting in more SEI layers on the edge planes [22]. The carbon
coating forms a uniform surface and prevents electrolyte decom-
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position on the edge plane, thereby inhibiting the formation of an
SEI layer and increasing the initial Coulombic efficiency [23,24].
Additionally, the carbon coating layer forms a diffusion path for
lithium ions, which facilitates lithium-ion intercalation/deintercala-
tion and improves the rate performance [25].

Pitch is a promising coating material owing to its low cost and
structural stability. It is composed of polycyclic aromatic hydrocar-
bons (PAHs) with molecular weights of 100-2,000 m/z. Depending
on the molecular weight range of the pitch, characteristics such as the
H/C atomic ratio, carbon yield, softening point, and aromaticity vary
[26-30]. Furthermore, the molecular weight range of pitch can have
many effects on the coating and electrochemical properties. Therefore,
it is necessary to optimize the molecular weight range of coating pitch.

This study aimed to optimize the molecular weight range of coat-
ing pitch to enhance the electrochemical performance of graphite-
based anodes used in LIBs by understanding the characteristics of
the coating pitch. The molecular weight range of coating pitch was
controlled to determine its effect on the graphite anode material of
LIBs, and the molecular weight range of the coating pitch with the
best electrochemical performance was considered. The molecular
weight of the coating pitch was controlled by solvent extraction with
four organic solvents: hexane, acetone, toluene, and n-methyl-2-pyr-
rolidone (NMP). The coating properties of the prepared pitch were
observed based on the carbonization behavior and the effect of the
surface morphology was investigated using thermal gravimetric anal-
yses (TGA) and scanning electron microscopy (SEM), respectively.
The effects of the electrochemical properties of the pitch-coated
graphite anode were estimated based on the initial Coulombic effi-
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ciency and rate performance. The results of this study are expected
to be applied to optimize the coating properties of other anode mate-
rials, such as silicon, by controlling the pitch coating thickness accord-
ing to the molecular weight.

EXPERIMENTAL

1. Sample Preparation

A petroleum pitch (softening point of 255 °C; supplied by Rutgers
Infratec GmbH) was used as a precursor. The molecular-weight-
controlled pitch was prepared by solvent extraction, and the solu-
ble/insoluble fraction of the pitch was measured three times using
various organic solvents to determine the appropriate molecular
weight. Hexane, acetone, and toluene were selected because of their
different soluble/insoluble fraction ranges and small standard devi-
ations; the results are shown in Fig. 1. NMP was also used, although
its standard deviation was relatively large because the soluble frac-
tions exceeded 90%. Dichloromethane (DCM) and tetrahydrofuran
(THF) exhibited relatively large standard deviation. The extraction
of >60% of the soluble fraction was lengthy, and DCM and THF
are highly volatile, with boiling points of 39.6 and 66 °C, respectively.
Therefore, a considerable amount of solvent volatilized, resulting in
a large error range.

Pitch (10 g) was dispersed in 500 ml hexane, acetone, toluene,
and NMP for 30 min using sonication, and the samples were stirred
for 2h at a temperature below the boiling point of the respective
solvent. The solutions were extracted using a Buchner funnel with
a filter and an aspirator until the filtered solvent was colorless. The
filtered solution was dried to evaporate the solvent, and the obtained
powder was named as hexane-soluble (HS), acetone-soluble (AS),
toluene-soluble (TS), and NMP-soluble (NS).

Spherical natural graphite with a particle size D5, of 13 pm was
used to prepare the molecular weight-controlled pitch-coated graph-
ite. To prepare pitch-coated graphite, 0.25 g of a molecular weight-
controlled pitch was dispersed in 100 ml NMP for 10 min using
sonication. Subsequently, 5 g graphite was added to the solution to
form a homogeneous suspension, which was stirred for 1h. The
solvent was then dried using an evaporator under vacuum with con-
tinuous stirring. The as-obtained powder was carbonized at 1,300 °C
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Fig. 1. Solvent fractionation percentage of pristine pitch.
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for 1 h [31]. The pitch-coated graphite samples were named GHS,
GAS, GTS, and GNS, depending on the pitch used. For example,
GHS refers to the HS-coated graphite. The coating-free graphite
was denoted as G.

2. Characterization

Matrix-assisted laser desorption ionization-time of flight mass
spectrometry (MALDI-TOF-MS, Bruker Autoflex Speed TOF/TOF)
was used to analyze the molecular weight distribution of the pre-
pared pitch over a range of 0-2,000 m/z. The matrix used was 7,7,8,8-
tetracyanoquinodimethane (TCNQ). Pitch is mainly composed of
PAHs, and TCNQ is particularly suitable for these PAHs because
of the desorption of intact PAHs and their ionization by accelerat-
ing the formation of radical cations; therefore, highly resolved mass
spectra with no fragmentation or aggregation of ions were obtained
[32]. Pristine pitch and NS were investigated using the water-spot-
ting method (solvent-free method) because not all the compo-
nents of NS and pristine pitch were dissolved in THF [27,33]. The
HS, AS, and TS samples dissolved in THF were analyzed using the
solvent method.

The carbon yield and thermal stability of the prepared pitch were
characterized using TGA. Elemental analysis (EA; Thermo Scien-
tific FLASH EA-2000 organic elemental analyzer) was used to mea-
sure the carbon, hydrogen, nitrogen, and sulfur contents of the pre-
pared pitch.

The surface morphology of the pitch-coated graphite was ana-
lyzed using SEM (Tescan Mira 3 LMU FEG) and transmission elec-
tron microscopy (TEM).

3. Electrochemical Tests

The electrochemical performance of the coated graphite was
estimated using 2032-coin cells with two electrodes. Lithium metal
was used as the counter electrode and the working electrode was
prepared by mixing 95 wt% prepared sample with 2.5 wt% styrene
butadiene rubber and 2.5wt% carboxyl methyl cellulose in distilled
water. After mixing with a Thinky mixer, the slurry was coated onto
a copper current collector and dried in a vacuum oven at 120 °C
for 8 h. The loading level was typically approximately 6.5 mg cm ™.
The slurry was then pressed in a roll-type mill to enable a poros-
ity of approximately 28%. Cell assembly was conducted in a glove
box in an argon atmosphere to remove the effects of moisture and
oxygen. The electrolyte consisted of 1 M LiPF; dissolved in a mix-
ture of ethylene carbonate and diethyl carbonate (1:1 v/v). Elec-
trochemical behavior analysis was conducted after aging for 24 h
to allow sufficient electrolyte contact with the active material of the
fabricated cell. Galvanostatic charge and discharge tests were per-
formed in the potential range of 0.01-1.5V versus Li/Li" at room
temperature. To confirm the rate performance, lithium intercala-
tion was performed at 0.1 C (1 C=372mAg '), and deintercalation
was performed at various rates of 0.2-5 C. Electrochemical imped-
ance spectroscopy (EIS) was performed at an amplitude of 10 mV,
frequency range of 100 kHz to 0.01 Hz, and voltage <0.7 V.

RESULTS AND DISCUSSION
1. Characterization of the Molecular Weight-controlled Pitch

1-1. Molecular Range of the Molecular Weight-controlled Pitch
The molecular weight range of the prepared pitch was exam-
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Fig. 2. Segments of molecular weight-controlled pitch based on the
MALDI-TOF results.

ined using MALDI-TOF and EA. Fig. 2 shows the molecular seg-
ments of the pristine and molecular weight-controlled pitches based
on the MALDI-TOF results (Fig. S1). The HS sample exhibited the
lowest average molecular range, which gradually increased in the
order of AS>TS>NS. Based on the MALDI-TOF results, the molec-
ular-weight range was divided into segments and converted into
percentages. Using the molecular weight of the pseudo component
naphthalene, the segments were divided as follows [33]: segment 1
(100-128 m/z), segment 2 (128-256 m/z), segment 3 (256-384 m/z),
segment 4 (384-512 m/z), segment 5 (512-640 m/z), segment 6
(640-768 m/z), segment 7 (768-896 m/z), segment 8 (896-1,024
m/z), segment 9 (1,024-1,152 m/z), segment 10 (1,152-1,280 m/z),
and segment 11 (1,280-1,480 m/z). Segments 2-6, which represent
relatively light molecular weight ranges, for HS, AS, TS, and NS
were 92.03, 91.39, 75.64, and 66.08%, respectively, indicating that
the light molecular weight range gradually decreased. In contrast,
segments 10-11, which represent the relatively heavy molecular
weight ranges, for HS, AS, TS, and NS increased by 1.99, 1.96, 5.15,
and 8.70%, respectively.

Table 1 lists the elemental compositions of carbon and hydro-
gen as determined using EA. The H/C atomic ratio can be calcu-
lated using the carbon and hydrogen contents, which are related to
the molecular weight of the pitch. The lower the H/C ratio of the
prepared pitch, the higher the degree of aromatic condensation,
which means that the pitch has a heavier molecular weight [34].

Table 1. Elemental contents and H/C atomic ratio of pristine and

molecular weight-controlled pitch
C(%) H(®) N(®%) S(%®) H/Cratio
Pristine pitch ~ 93.39 545 0.12 0.09 0.70
HS 89.78 6.67 0.12 0.10 0.88
AS 91.76 6.24 0.16 0.09 0.81
TS 91.71 6.01 0.13 0.07 0.78
NS 89.02 5.69 1.73 0.08 0.76
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Fig. 3. TGA curve and carbon yield of pristine and molecular weight-
controlled pitches.

The H/C ratio of the prepared pitch decreased in the following
order: HS>AS>TS>NS. This indicates that many components with
high molecular weights were present in the order of HS, AS, TS,
and NS.
1-2. Thermal Analysis of the Molecular Weight-controlled Pitch
Fig. 3 shows the TGA graphs of HS, AS, TS, and NS in a nitro-
gen atmosphere, which can be used to examine the carbon yield
and thermal stability. The amounts of residue for HS, AS, TS, and
NS at 900 °C were 5.75, 8.94, 33.16, and 50.13 wt%, respectively. The
mass loss started at approximately 200 °C, and the residual mass
remained constant above 450 °C. HS, which consists mostly of
lightweight components, exhibited the lowest carbon yield, which
increases its surface roughness owing to the formation of defects
in the carbon coating layer during heat treatment [35]. Conversely,
the TS and NS coatings, which contained heavy molecular weight
components, exhibited an increased electrochemical performance,
such as a good initial Coulombic efficiency and high power rate,
after being used as a coating because they were less volatile and
formed a uniform coating layer. Furthermore, TS and NS, as com-
pared to those of other carbon sources, increased the mechanical
strength and electrical conductivity of the sample [36].
2. Characterization of the Molecular Weight-controlled Pitch-
coated Graphite
2-1. Surface of the Molecular Weight-controlled Pitch-coated Graphite
SEM and TEM analyses were performed to investigate the sur-
face morphology of the pitch-coated graphite, as shown in Fig. 4.
The roughness of the prepared samples was estimated from the
standard deviations of the SEM images. The surfaces of GHS and
GAS, as compared with that of the pristine graphite (G), were
rougher, and those of GTS and GNS were more uniform and had
reduced roughness. Furthermore, the roughness and thickness of
the surface coating layers were compared using the TEM images
in Fig. 5. GHS, in which the HS coating was in the light molecu-
lar weight range, exhibited an increased surface roughness owing
to the loss of volatile components during heat treatment. In con-
trast, GTS and GNS exhibited uniform surfaces and thickness dif-
ferences. Furthermore, the coating layers of GNS, as compared with

Korean J. Chem. Eng.(Vol. 40, No. 12)
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Fig. 4. SEM images of pitch-coated graphite. (a) G, (b) HS-coated graphite (GHS), (c) AS-coated graphite (GAS), (d) TS-coated graphite

(GTS), and (e) NS-coated graphite (GNS).

sraphite
surface

20.64 nm

Fig. 5. TEM images of pitch-coated graphite. (a) GHS, (b) GAS, (c) GTS, and (d) GNS.

that of GTS, were thicker because of the higher carbon yield. The
formation of a coating layer increased the roughness when the
carbon yield of the coating pitch, which was mostly composed of
light molecular weight particles, was low. In contrast, when the car-

December, 2023

bon yield of the coating pitch was high, meaning that it was com-
posed mostly of heavy molecular weight particles, a uniform surface
layer was formed and the coating thickness increased according to
the carbon yield.
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Fig. 6. Electrochemical performance of the prepared samples. (a) Initial Coulombic efficiency for G, GHS, GAS, GTS, and GNS with error
bars. (b) Rate performance of G, GHS, GAS, GTS, and GNS at various delithiation rates. (c) Nyquist plots for the pitch-coated graph-
ite after cycling. (d) Charge/discharge curves of G, GTS, and GNS at the 2™ cydle.

3. Electrochemical Performance of Pitch-coated Graphite
3-1. Initial Coulombic Efficiency

Fig. 6(a) shows the average and error bars of the initial Coulombic
efficiencies of the prepared samples. The graphite surface induced
the formation of an SEI layer during the first lithium intercalation
process, resulting in a decrease in the reversible capacity [37]. There-
fore, G exhibited the lowest initial coulombic efficiency of 90.60%.
All the pitch-coated graphite samples exhibited increased initial
Coulombic efficiency because the formation of a coating layer pre-
vented direct contact between the pitch-coated graphite electrode
and the electrolyte, thereby reducing the SEI layer formation and
increasing the initial coulombic efficiency [24]. However, the error
bar ranges for GHS and GAS were 1.27 and 1.95, respectively, which
were larger than those for GTS and GNS, owing to their low car-
bon yield. A low carbon yield indicates that the roughness of the
coating layer increases because of the volatilization of light molec-
ular components during heat treatment; therefore, a low carbon
yield is attributed to nonuniform surfaces and surface defects [35].
This is consistent with the SEM images shown in Fig. 4. GTS and
GNS exhibited error bars of 0.02, and 0.15, respectively, indicating
the high thermal stability of TS and NS, resulting in a homoge-
neous surface for each particle in the sample. Therefore, these sam-
ples exhibited a very low variance and increased initial efficiency.
In particular, GTS exhibited little difference in its error bars, mak-
ing it the optimal molecular weight range for the coating pitch.
3-2. Rate Performance and EIS

The rate performance was determined to investigate the discharge

capacity based on the rate of the prepared samples, as shown in Fig.
6(b). Charge (Li" intercalation) was performed in the constant cur-
rent/constant voltage mode at 0.1 C for only the first cycle, and
then at 0.2 C. Discharge (Li" deintercalation) was performed in the
CC mode at different rates from 0.2 C to 5C to confirm the rate
capability (5 C/0.2 C). Here, the 1 C rate was equal to the graphite
theoretical capacity of 372 mA g . The 5C/0.2 C rate capability of
GTS (46.12%) and GNS (39.33%) were higher than that of G
(25.87%). From a microscopic perspective, graphite has an aniso-
tropic structure consisting of edge and basal planes. Most lithium
ions are intercalated/deintercalated through the edge plane of
graphite; however, the basal plane of graphite has difficulty interca-
lating/deintercalating lithium ions. Therefore, the rate capability of
graphite is limited, but can be improved by forming an isotropic
carbon coating on its surface [25]. The coating layer consisted of
amorphous carbon with an isotropic structure. This isotropic struc-
ture consisted of randomly oriented hexagonal rings or graphene
sheets. The anisotropic carbon coating forms equivalent diffusion
paths for lithium ions; therefore, the rate performance of GTS and
GNS increased with a uniform coating layer. However, GHS and
GAS were confirmed to have poorer rate performance (9.39 and
10.09%, respectively) than G (25.87%). As mentioned above, owing
to the relatively nonuniform and high roughness of the GHS and
GAS surfaces, the coating layer increased the resistance of the mate-
rial, thereby suppressing the rate performance.

As shown in Fig. 6(c), the semicircle in the EIS results clearly
confirms that the charge transfer resistance (Rct) of GHS (138.68 Q2)

Korean J. Chem. Eng.(Vol. 40, No. 12)
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Fig. 7. Correlation between the properties of coating pitch and the rate performance of coated graphite anodes. (a) Carbon yield as a func-
tion of the segment fraction percentage. (b) Carbon yield as a function of the rate performance.

and GAS (123.84 Q) increased, as compared to that of G (108.83 Q).
The Rct at the electrode/electrolyte interface indicates the kinetics
of the electrochemical reaction and can change based on the car-
bon coating, surface modification, electrolyte additives, and other
factors [38,39]. A larger Ret value indicates that it is difficult to
intercalate/deintercalate lithium ions. Therefore, the non-uniform
surfaces and surface defects of GHS and GAS hindered lithium-
ion intercalation/deintercalation. The Rct values of GTS (79.84 Q)
and GNS (86.82 Q) were lower than that of graphite because of
the uniform surface of the isotropic carbon-coating layer.

In particular, the rate properties of GT'S, as compared with those
of GNS, were improved owing to the high carbon yield of NS,
which increased the coating thickness. Fig. 6(d) shows the charge-
discharge curves of the second cycle of G, GTS, and GNS. The
graphite curve is steeper than that of amorphous carbon at approxi-
mately 1V during intercalation [40]. The slope is less steep near
1V in the order G>GTS>GNS, indicating that the coating layer of
GNS is thicker than that of GTS. The thick GNS coating layer
increased the diffusion path length of lithium ions; therefore, this
coating layer increased the resistance when lithium ions were deinter-
calated, resulting in a poor rate performance.

3-3. Correlations Between the Molecular Range, Electrochemical
Properties, and Structure Design of Pitch-coated Graphite

Considering these results, the coating effect and surface formed
varied according to the molecular weight range, indicating that they
were significantly influenced by the carbon yield. Therefore, to exam-
ine the molecular weight range and electrochemical properties, the
correlation between the carbon yield and each molecular weight
range was first investigated and then the correlation between the
molecular weight range and electrochemical properties was deter-
mined. Based on these results, the structure of pitch-coated graph-
ite was investigated.

The correlation between the carbon yield and electrochemical
performance was confirmed based on the TGA and MALDI-TOF
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mass spectrometry results. Fig. 7(a) shows a plot of the carbon yields
and segments. The segment division criteria were HS, HI-TS, and
TI-NMPS, which can be seen in Fig. SI and Table S1. Segments 2-
6 represent a relatively light molecular weight range, whereas seg-
ments 10-11 represent a heavy molecular weight range. The deter-
mination coefficients of each graph are all 0.95 or higher, indicating
that the given linear behavior is suitable. That is, each segment and
the carbon yield exhibits a linear relationship. The electrochemical
performance of pitch-coated graphite was significantly altered by
the surface morphology after coating and heat treatment, and these
variations were associated with the carbon yield. Fig. 7(b) shows a
graph of the carbon yield and rate performance. The most improved
rate performance occurred when the carbon yield was approxi-
mately 30, which then decreased. Notably, this graph exhibits a
reliable relationship with a determination coefficient of 0.93. The
carbon yield, segment graphs, and rate performance graphs exhibit
reliable correlations, indicating that the correlation between the
segments and rate performance is dependable.

Fig. 8 shows the dependence of the rate performance on the
segment fraction, which can be divided into the following four
regions depending on the rate performance.

(1) The “A’ region, which includes GHS and GAS, exhibited
poorer electrochemical performance than uncoated G. A larger frac-
tion of segments 2-6 results in more surface defects and a higher
roughness, as shown in Figs. 4 and S2. The formation of this sur-
face led to poor electrochemical performance, with a smaller frac-
tion of segments 2-6 facilitating the formation of homogeneous
surfaces. However, a small amount of light molecular components
indicates an increase in viscosity [41]; therefore, the pitch easily
aggregated during the coating process. In summary, under the de-
scribed experimental conditions, the use of a coating pitch consist-
ing of approximately 70-84.49% of segments 2-6 is recommended.

(2) The region where the electrochemical performance began
to improve after coating was “B;” and the peaks in region “C”, That
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is, the electrochemical performance increased continuously from
11.20 to 18.21% for segments 7-9, and from 3.35 to 5.15% for seg-
ments 10-11. However, their electrochemical properties deterio-
rated. The reason for this difference in the properties is the formation
of a homogeneous surface and an appropriate coating thickness.
Therefore, the “C” region formed a surface without defects, which
made the uniform coating layer not excessively thick, resulting in
an outstanding rate performance. In particular, 18.21% of segments
7-9 and 5.15% of segments 10-11 exhibited the best molecular
weight distribution for the coating pitch.

(3) The “D” region included the GNS sample, which contained
the highest content of segments 10-11. It is noteworthy that the
heavy molecular weight range did not necessarily improve the
electrochemical properties; rather, the coating layer became exces-
sively thick, which increased the charge transfer resistance and
caused the characteristics to deteriorate. Furthermore, with regard
to other parameters, such as the coating ratio, solution concentra-
tion, and heat-treatment temperature, the electrochemical proper-
ties can be improved by controlling the coating thickness.

Based on these results, the structural design of the pitch-coated
graphite according to the molecular weight range is shown in the
upper part of Fig. 8. In summary, 128-768 m/z, which is the lighter
fraction of pitch, assists in forming a homogeneous surface by de-
creasing the viscosity during carbonization. The heavier fraction,
768-1,480 m/z, was the main component that formed the coating
layer. This improved the rate performance of the anode by form-
ing an isotropic layer, which increased the number of lithium-ion
intercalation sites. However, a thick surface increases the charge-
transfer resistance because of the increased diffusion path lengths
of lithium ions. Therefore, the pitch molecular weight fractions of
128-768, 768-1,152, and 1,152-1,480 m/z should be controlled to

70-84.49, 11.20-18.21, and 3.35-5.15%, respectively.
CONCLUSIONS

The effects of the molecular weight range of coating pitch on
the electrochemical performance were investigated. The molecular
weight range was divided into three regions based on the MALDI-
TOF results, with segments 2-6, 7-9, and 10-11 representing the
light, medium, and heavy molecular weight ranges, respectively.
GHS and GAS, containing 85% or more of segments 2-6, exhib-
ited a heterogeneous coating surface owing to the loss of a large
number of volatile components during heat treatment, resulting in
an inconsistent initial efficiency and reduced rate performance. Nota-
bly, the coating pitch with a lower content (approximately 85%) of
segments 2-6 formed a uniform surface, which improved the elec-
trochemical properties, and the coating pitch with segments 7-9
and 11-12 contents>11.20 and 33.35%, respectively, enhanced the
electrochemical performance. The 5C/0.2C capacitance of GTS
was 46.12%, as compared to the 25.87% of G. However, an excess
content of segments 7-11 resulted in poor electrochemical proper-
ties because the formation of a thick coating layer increased the
charge transfer resistance and hindered lithium diffusion resistance.
In summary, the best electrochemical properties were observed for
1821% of segments 7-9 and 5.15% of segments 10-11; these molecu-
lar weight ranges were thought to be optimal for coating pitch.
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