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Abstract: As the demand for artificial graphite for lithium-ion battery (LIB) anode materials is on the
rise, technologies for optimizing the manufacturing processes and reducing the production costs of
artificial graphite are crucial. At the same time, globally, regulations on the generation of harmful
volatile substances during the artificial graphite production process are also becoming increasingly
stringent. In this study, we focused on a continuous kneading process that minimizes the emission of
volatile substances during the manufacturing of artificial graphite. To this end, a carbonized material
was first prepared from a mixture of needle coke and binder pitch and processed at 3200 °C using two
types of co-rotating twin-screw extruder-based continuous kneading equipment to ultimately obtain
artificial graphite. The physical properties of the carbonized as well as graphitized materials were
analyzed, which revealed the superior performance of the LIB anode material, namely a discharge
capacity of greater than or equal to 350 mAh/g, and an initial efficiency of 91% or higher. Thus, a
continuous kneading manufacturing process that emits less harmful volatile substances and provides
artificial graphite with sufficient battery performance was demonstrated.

Keywords: artificial graphite; kneading process; twin-screw extruder; anode material; lithium
ion battery

1. Introduction

Lithium-ion batteries (LIBs) are used in a wide range of devices from simple smart-
phones to more sophisticated electric vehicles. The use of LIBs is expected to rapidly
increase commensurate with consumer demands. The key features of LIB include high
energy density and initial Coulombic efficiency (ICE) [1-12]. The first technological break-
through in LIBs was achieved as early as the 1970s after the discovery of LiCq compounds

Copyright: © 2023 by the authors.

Licensee MDPL, Basel, Switzerland. supported by graphite layers in a charged state [13-15]. In general, anode precursors

are derived from carbon materials, such as soft and hard carbons, artificial and natural
graphite, and relevant derivatives. Artificial graphite from coal tar or petroleum-derived
precursors [16] has played an essential role in the LIB market since its invention in the
Attribution (CC BY) license (https:// 19908 [17-19]. Due to its intrinsic and unique molecular structure, artificial graphite can pro-
creativecommons.org/licenses /by / vide highly volatile Li ions in multiple stacks of graphene sheets [20-22]. Recent research
40/). on typical artificial graphite revealed a discharge capacity of more than 320 mAh/g [23].
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However, there are numerous challenges to the mass production of artificial graphite: first,
buyers still expect to purchase it at low prices; second, with electric vehicles flooding the
automotive market, battery cell makers have to cope with the down-pricing of the cells.
Two recognizable market players, Shanshan Tech Co., Ltd., and Jiangxi Zichen Technol-
ogy Co., Ltd. have been using their own powder processing technologies that lower the
production cost while maintaining a low surface area of the active anode materials.

Currently, twin-screw extruders are widely used in various industries, such as food
processing [24-28], ceramics [29-32], and polymers [33-36]. However, research on twin-
screw extruders optimized for manufacturing artificial graphite is scarce; to date, artificial
graphite has been simply pulverized and sold as extruded graphite. Therefore, developing
an optimal extruder for the artificial graphite manufacturing process offers significant
potential for LIB manufacturing. Another manufacturing process relevant to artificial
graphite manufacturing, namely the kneading process, is considered an expensive opera-
tion. For instance, a typical kneading process, currently in practice, requires more than 12 h,
including the core process, cooling, and cleansing steps. Furthermore, from the perspective
of environmental safety, it is considered a highly polluting activity by relevant government
agencies, as the current technologies inevitably emit significant amounts of unhealthy
fumes during the charging and discharging of feeds.

An exemplary design of the kneading assembly, which has achieved effective results
for manufacturing graphite for battery anodes, employs continuously operated co-rotating
twin-screw extruders [37]. Herein, two distinct and parallel co-rotating twin-screw ex-
truders, the KRC-52 model (Kurimoto, Ltd., Japan) and CHT-20 model (Nanjing Cowin
Extrusion Machinery Co., Ltd., China), were selected and evaluated. The KRC-52 model
had an axis dimensional ratio of 44:5 (440 and 50 mm in length and diameter, respectively),
rotating at 30 rpm (Figure 1a). The system was equipped with a reverse helical-shaped
screw paddle at its end so that additional compactness could be applied to the feed before
being discharged. The sample discharging outlet was placed on the bottom side of the
barrel, where the sliding gate adjusted the opening time. In contrast, the CHT-20 model
was built with an axis dimensional ratio of 44:1 (968 and 22 mm in length and diameter,
respectively) (Figure 1b). Thus, the CHT-20 model was twice as long as the KRC-52 model.
In addition, the CHT-20 model was set to 300 rpm, which was advantageous for avoiding
feed clogging. To compare the two models, their kneading performances were evaluated at
the same residence time of 20 min at 250 °C. CHT-20 demonstrated superior performance
in the secondary particle expansion of D50. Subsequently, a retrofit design was created by
installing an additional component in CHT-20 (Figure 2). Here, two twin-screw extruders
were connected by a single screw feeder so that the outlet of the first extruder and the
inlet of the second extruder overlapped to prevent fume discharge. While the same axis
diameter of 22 mm was maintained, the length-to-diameter ratio increased from 44:1 to
64:1 (that is, 1408 and 22 mm in length and diameter, respectively). The conveying, mixing,
and engaging elements were made of WgMosCr4V;, with 40CrNiMo selected as the core
material. Each barrel comprised eight sections with a heating capability that could raise
the temperatures to 400 °C. With each heating unit length being 160 mm, a total heating
length of 1280 mm was available. Considering the smooth running of a powdered mix of
coke and pitch under high pressure, a single screw vertical feeder (power: 0.18 kW and
output speed: up to 50 rpm) was placed in such a way that the premix could go directly
to the rotating axis by force. This was to avoid clogging under lower rpms, for example,
20 rpm (1/15th compared to the original setting of 300 rpm).

The objective of this study was to design a continuous kneading process that minimizes
the release of harmful volatile materials. As mentioned earlier, various volatile materials
and dust are generated during the artificial graphite manufacturing process. In an actual
industrial setting, purifiers and dust collectors are utilized to mitigate pollution. As the
need for eco-friendly technologies has grown worldwide, the demand for the minimization
of volatile materials and dust generation in the manufacture of artificial graphite has also
increased. Therefore, in this study, we developed an environmentally friendly optimal
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continuous process based on twin-screw extruders for the artificial graphite manufacturing
process. We also evaluated the electrochemical performance of an LIB anode manufactured
from the artificial graphite thus obtained.

(@)

Big diameter (Big room for compaction) Small diameter (Small room for compaction)

Figure 1. (a) KRC-52 (In the courtesy of Kurimoto., Ltd.) and (b) HCT-20 (In the courtesy of Nanjing
Cowin, Co., Ltd., China) kneader screw paddle composition.
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Figure 2. Retrofitted design of double twin-extruder type continuous kneader (In the courtesy of
Nanjing Cowin, Co., Ltd., China).

2. Materials and Methods
2.1. Sample Preparation
2.1.1. Needle Cokes and Binding Pitch Composition

Two types of coal-derived needle cokes-green and calcined, prepared by POSCO
MC Materials, Co., Ltd. (Republic of Korea).The cokes were pulverized to a particle size
distribution of D50 set to approximately 10 pm. A petroleum-derived binding pitch (ZL250,
RUTGERS GmbH in Germany) with a softening temperature of 250 °C was premixed at
room temperature with the needle cokes for 30 min at 30 rpm using a blade-type mixer
(KRC-52 sigma). The weight ratio of the cokes to the binding pitch was set to 1:0.12. The
basic characteristic was summarized in Table 1.
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Table 1. Characteristic of pitch binder, ZL250.

Pitch Binder Source QI (%) Fixed Carbon (%) Ash (%) Sulfur (%)
Z1.250 Petroleum 0.5 68 0.02 0.01

2.1.2. Comparison of Continuous Kneading Performance of KRC-S52 and CHT-20 Extruders

The premixed samples of cokes and pitch were fed to the aforementioned co-parallel
rotating extruders once the barrel temperature reached 250 °C. A residence time of 20 min
was stipulated. Considering the differences in the internal structural mechanisms of the
two machines, the rotating speeds were controlled to 30 and 300 rpm for KRC-52 and
CHT-20, respectively, to maintain the same residence time; this also prevented the machines
from clogging. The feeds were retrieved upon discharge and heat-treated at 3200 °C for 2 h.
The particle size distributions of the feeds were measured at regular intervals.

2.1.3. Continuous Kneading by Retrofitted Double Co-Rotating Parallel Extruding System

The carbon/graphite precursor (1 kg) was mixed with a pitch binder (10-13.5% by
extrapolation) at room temperature (25 °C) for 30 min. In other words, a pitch-binding
material (10% by weight) was applied to the primary coke, whereas graphitized primary
cokes were mixed with both 10% and 13.5% of the pitch binder for comparing the hy-
drophobic behavior of their surfaces after graphitization at 3200 °C. Particularly, a 2-L
KRC-52 sigma-blade-type kneader was used so that its twin rotors with opposite directions
of rotation could enhance the uniform distribution of the feed. After being mixed at room
temperature, the mixture was introduced into a retrofitted CHT-20 double barrel extruding
type continuous kneader. The rotational speed of each screw was set to 20 rpm with a
connecting single-screw feeder at 7 Hz so that the residence time was maintained at 20 min.
The temperature was set to reach 90-100 °C above the softening point temperature of the
binding pitch mixed feed; this would translate to 350 °C for a pitch with a softening point
of 250 °C and 200 °C for a pitch with a softening point of 110 °C.

2.2. Characterization of Samples
2.2.1. Surface Properties

A surface character analyzer (3Flex, USA) was used to characterize the surface area
and pore size distribution of the feed.

2.2.2. Particle Size Analysis

A particle size analyzer (Cilas 1090, CILAS, France) was used to measure the particle
size distributions and spans.

2.2.3. Tap Density Measurement

The tap density was measured based on 20 g of each sample in the up- and down-
tapping directions for 3000 counts.

2.2.4. Elemental Analysis

CHN elemental analysis (MT-5, Japan) was performed based on 1 g of each sample by
heating the sample to 750 °C, at a heating rate of 5 °C/min.

2.2.5. X-ray Diffraction Measurement

The graphitization degree of the sample with the lowest surface area was selected for
X-ray diffraction measurement (RIGAKU RINT Ultima+, Japan) at a narrow scan rate of
0.5 °/min (Cu-K) in the range of 24-30° based on the Gakushin method and using Si as
a reference.
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2.2.6. Topological Characterization

A scanning electron microscope (SEM; JEM-ARM?200F, JEOL, Japan) and a cold field
emission gun (FEG) equipped with double Cs correctors were used for the topological
characterization of the anode fabricated from artificial graphite.

2.3. Electrochemical Performance of the Artificial Graphite Anode
2.3.1. Cell Preparation

The anode was produced by uniformly mixing the anode active material, a binder
(carboxy methyl cellulose and styrene butadiene rubber), and a conductive material (Super
P) using distilled water so that its weight ratio became 97:2:1 (anode active material: binder:
conductive material). The mixture was applied to a Cu current collector, compressed by a
roll press, and dried under vacuum for 12 h at 100 °C. In this case, the electrode density was
set to 1.5-1.6 g/cc. Using the respective constituent elements, a CR2032 half-coin cell was
produced with Li as a counter electrode according to a conventional production method. A
1 mol. solution of LiPF6 in a mixture of ethylene carbonate (EC) and dimethyl carbonate
(DMC) at a 1:1 ratio by volume was used as the electrolyte.

2.3.2. Electrochemical Testing

The coin cell test was conducted under the following conditions: 0.1 C, 5 mV, and
0.005 C cut-off for charging; 0.1 C, and 1.5 V cut-off for discharging. The initial discharging
capacity and ICE were measured.

3. Results and Discussion
3.1. Comparison of Continuous Kneading Performance of KRC-S2 and CHT-20 Extruders

The coal-derived needle cokes (both green and calcined) and petroleum-derived binder
pitch were fed into the two aforementioned models of co-parallel rotating-type extruders,
KRC-52 and CHT-20, and the compounding effects were evaluated. The green needle
cokes showed clear signs of secondary particle size expansion by both extruders. Here,
the secondary particle size was categorized and evaluated as 10, 50, and 90 um, which
were named D10, D50, and D90, respectively. The expansion rates were increased for the
three particle sizes (Figure 3a). Particularly, CHT-20 performed significantly better for
D50 and D90. The D10 and D50 calcined needle cokes showed an inferior expansion in
CHT-20 (Figure 3b); however, D90 size particles showed a higher expansion. Given the low
wettability of the calcined cokes in the larger particle range, CHT-20 was more effective
probably due to the longer barrel with a higher rotation speed of the paddle movement and
smaller paddle depth, which led to fewer residues inside the barrel. Therefore, a relatively
small-diameter rotating axis with a longer dimension operating at a faster rpm would be
more effective in kneading as well as compounding the primary particles. Furthermore,
it also generated larger and more desirable secondary particles. A larger axis can be
predicted to translate into more redundant leftover particles that could result in additional
unnecessary reactions with newly fed particles introduced later.
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Figure 3. Secondary particle size expansion results of needle cokes with KRC-52 and CHT-20
extruders: (a) green and (b) calcined.

3.2. Continuous Kneading Performance of the Retrofitted Consecutive Dual Co-Rotating Parallel
Extruding System

After continuous kneading and compounding of the samples, an elemental analysis
was conducted on the retrofitted machine. The results (Table 2) showed that the mixtures
with a pitch having a higher softening point (250 °C) contained higher volatile matter.
Notably, volatile matter was observed in the green coke-based mixture, regardless of
whether isotropic or needle cokes were used. The calcined cokes also showed a similar
tendency, albeit on a smaller scale. Thus, as expected, the volatile material content of the
cokes was inevitable whether isotropic or needle cokes were used (Figure 4). The petroleum-
derived pitch showed a uniform tendency of higher residual rate when combined with
either of the coke materials, even though the pitch was treated at a temperature of 90-100 °C
higher than the softening point. As mentioned earlier, the objective should be to eliminate
the volatile matter generated from either the coke or pitch. This newly retrofitted system
offers a solution to this issue. More pitch-derived binding materials could be used if higher
speeds and limited internal dimensions of the barrel structure were incorporated into the
retrofitted system. For example, a 10-um petroleum-based pitch-binding sample with the
highest tap density and lowest surface area presented the best electrode manufacturability
because the active material could be coated well onto the Cu collector. A 6-um petroleum-
based pitch-binding sample, starting with a relatively smaller primary particle size of D50
of 6 um, showed a less compounding effect, which translated to a lower tap density and
surface area than the 10-um petroleum-based pitch-binding sample. A 10-pm coal tar-based
pitch-binding sample exhibited less compounding effect, probably owing to its less volatile
content; however, it showed a relatively lower span. Moreover, it did not lead to a better
tap density and surface area. It may be conjectured that some primary particles were intact
and not kneaded, which might explain the slightly smaller D50. The 6-um coal tar-based
pitch-binding sample had the lowest tap density with a relatively high surface area while
maintaining a fair amount of secondary particle size. Therefore, it may be concluded that
only a limited number of primary particles passed through the kneading process to form
proper secondary particles.
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Table 2. Physical properties of calcined needle coke-based samples.

Primary Secondary After Graphitization
Particle Size Pitch  Particle Size Tap Density d(po2) Surface Area
(D50, um) (D50, um) Span (g/cc) (nm) (m?/g)
10 Pet. 15.24 1.40 0.82 0.3358 1.48
6 Pet. 8.90 1.48 0.63 0.3358 2.94
10 Coal 14.76 1.25 0.72 0.3358 1.96
6 Coal 1091 1.34 0.62 0.3360 2.70

In relation to the volatile matter, the particle-size distribution measurement based on
D50 volumetric analysis suggested that the parallel direction could help minimize volatile
emissions, whereas the sample with a smaller amount of volatile matter had a larger
particle size distribution. Therefore, a reduced amount of volatile matter was assumed
to have been transformed, which formed a stronger bond with the other particles. Thus,
comparatively larger secondary particles were generated. The coal-derived pitch samples
evidently presented a higher rate of compounding effect, which could be mainly attributed
to their innate higher beta-resin content compared to their petroleum-derived counterparts.
Regardless of calcination, this tendency was maintained by both the needle and isotropic
cokes. In terms of wettability, it could be concluded that the coal-derived coke agreed with
the flows created by melting the same origin and coal-derived pitch-binding material.

To understand the relationship between the volatile matter and secondary particle
expansion, a detailed analysis of the physical properties of the samples was conducted,
considering various primary particle sizes and pitch-binding material types. Calcined
cokes were selected to exclude the possible surface chemistry with pitch-binding materials
derived from a coke structure.

In Figure 5, coal tar-based pitch-binding samples show apparently narrower spans,
that is, ((D90-D10)/D50) of less than 1.35; conversely, petroleum-based pitch-binding
material samples showed higher values of tap density than their coal-tar-based counter-
parts. The primary particle size of the supporting cokes could be related to better electrode
manufacturability. Such a phenomenon could be attributed to the severe centralization of
the D50 particle size of the petroleum-based pitch groups. At the same time, coal tar-based
pitch groups were expected to have a comparatively uniform distribution in all particle size
distributions. All the samples were confirmed to possess reasonable graphitization degree
values of less than or equal to 0.3360 nm, as measured by X-ray diffraction. The surface
area suggested that it was strongly and inversely affected by the secondary particle size.

As confirmed by the images from SEM, all the samples showed evidence of agglomera-
tion to form secondary particles. The petroleum-based pitch samples tended to possess less
agglomerated morphologies in both 10 and 6 um samples compared to their coal tar-based
counterparts (Figure 6). This was probably due to their lower fixed carbon ratio, which was
associated with lower beta—resin content, that is, TI (toluene insoluble) minus QI (quino-
line insoluble). The petroleum pitch samples had, in other words, less binding content,
thereby having fewer leftover carbons after calcination. What remained after the calcination
was crucial in bonding cokes together. The SEM images show fewer particles attached to
one another compared to their coal-tar pitch counterparts. In detail, the following could
be concluded:

(@) The particle agglomeration was uniform, with a small portion of non-agglomerated
particles, which were believed to be effective in the smooth transfer of lithium ions during
charging and discharging cycles; this was due to its well-kneaded structure with finer
particles attached to and agglomerated on larger particles.

(b) The agglomeration of the particles showed a strong intensity in that the starting
particle size D50 was 6 pum, and yet, its final aggregated shape showed a relatively higher
degree of size expansion, which affirmed that such a high degree of bonding would provide
more scope for charging and discharging; this could translate to a larger capacity. In other
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words, smaller particles were attached to one another in such a way that the agglomerated
particles could possess a proper passage and room for the charge and discharge of Li ions.

(c) The non-agglomerated particles were observed with a low degree of bonding (small
number of agglomerated particles), which implied that the kneading effect was hardly
seen in these particles. The majority of the particles were believed to be primary particles
(non-agglomerated). The non-kneaded particles were scattered, which was not a good sign

of kneading.

(d) Given that the sample started with a D50 of 6 um, a certain degree of agglomeration
could still be seen (partial kneading effect); therefore, it may be inferred that a number of
particles were not agglomerated, thereby showing a wide particle-size distribution.
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Figure 4. Comparison of volatile material proportion of coke after the continuous kneading of
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Figure 6. SEM photographs from graphitized active anode samples: (a) calcined needle coke with
D50 particle size of 10 pum and petroleum-based pitch-binding material, (b) calcined needle coke with
D50 particle size of 6 um and petroleum-based pitch-binding material, (c) calcined needle coke with
D50 particle size of 10 pm and coal-tar-based pitch-binding material, and (d) calcined needle coke
with D50 particle size of 6 pum and coal-tar based pitch-binding material.

3.3. Electrochemical Testing Result

For calcined needle coke with D50 particle size, the LIB anode material test was
performed. The third discharging capacity of all the D50 calcined needle cokes was more
than 350 mAh/g (Figure 7, Table 3). This is acceptable based on the industrial standards of
major LIB manufacturers. Only the calcined needle coke with a D50 particle size of 6 um
and a coal-tar-based pitch binder sample yielded an ICE of more than 90%. Evidently,
the petroleum pitch-binding material created a positive bonding with the coal-derived
calcined needle coke, which led to both a higher discharging capacity and ICE. This
discharge capacity and ICE were significantly higher than 327 mAh/g and 81.6% of those
of typical coal-derived artificial graphite [23]. The charging and discharging performances
of all the aforementioned samples demonstrated a similar pattern of stable staging, with
a plateau above the 20th cycle during charging. Similarly, uniformity in the discharging
characteristics was observed.
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Figure 7. Charging and discharging cyclic characteristics: M—calcined needle coke with D50 particle
size of 10 um and petroleum-based pitch-binding material, B—calcined needle coke with D50 particle
size of 6 pum and petroleum-based pitch-binding material, M—calcined needle coke with D50 particle
size of 10 um and coal-tar-based pitch-binding material, and M—calcined needle coke with D50
particle size of 6 um and coal-tar-based pitch-binding material.

Table 3. Electrochemical testing results of calcined needle coke-based samples.

Electrochemical Performance

Primary Particle Size

(D50, um) Pitch Discharging Capacity ICE
(3rd, mAh/g) (1st, %)

10 Pet. 353.1 93.7

6 Pet. 355.0 92.7

10 Coal 350.3 92.4

6 Coal 352.9 91.5

Calcined-needle coke-based samples have proven the validity of the proposed system
by producing better than average electrochemical performance, that is, a higher discharging
capacity and ICE, thereby satisfying industrial standards. Moreover, evidently, the propor-
tions of the cokes and pitch binders could be adjusted for a better production capacity. It
was assumed that a limited space inside each barrel of the proposed continuous kneading
system was not fully optimized to accommodate green coke-based feed treatment; this
exposed the need for further studies on preventing the incineration of feeds with higher
volatile matter; notably, green cokes are more affordable in meeting the demands of the cur-
rent industry, and can achieve higher discharge capacities and ICEs. In a future study, the
installation of more discharge outlets between the heating compartments can be considered
based on a more detailed analysis of volatile matter dynamics. The 10-um Pet. showed
a commercially acceptable level of a third discharging capacity of 353.1 mAh/g and ICE
of 93.7% and its narrow particle size distribution, represented by the highest tap density
and lowest surface area, which could be useful in the production of electrodes with more
acceptable performances. The 6-pum Pet. (agglomerated structure comprising D50) showed
the highest discharging capacity; however, its lower ICE implied a lower compounding
effect, which can be attributed to its lower tap density and higher surface area. However,
both 10- and 6-pum coals showed below the commercial level of third discharge capacity,
probably due to their lower compounding effect of the coal-derived binder, which left many
primary particles unaffected and intact.
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4. Conclusions

This work proposed an artificial graphite manufacturing process that can minimize the
generation of harmful volatile material. Two distinct types of parallel co-rotating twin-screw
extruders, namely the KRC-52 model (Kurimoto. Ltd., Japan) and CHT-20 model (Nanjing
Cowin Extrusion Machinery Co., Ltd., China), were selected for this study. Their kneading
performances were evaluated at the same residence time at 250 °C. CHT-20 yielded better
secondary particle expansion of D50. Subsequently, a retrofit design was conceived by
installing an additional component into the CHT-20. It was verified that a smaller diameter
combined with a longer screw facilitated the kneading performance. Various premixed
feeds of cokes and binding pitch were inserted into the retrofitted kneading system at a
temperature higher than that of the softening pitch by 100 °C. The feeds were heat treated
and graphitized at 3200 °C. The retrofitted extruder assembly demonstrated effective
control of the intrinsic volatiles when kneading the cokes and pitch. In a specific case,
the resulting calcined cokes showed a 47% increase in the particle size distribution with
no signs of smoke. Additionally, the anode materials presented the highest discharging
capacity of more than 350 mAh/g and 90% of ICE.
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