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Abstract: The graphite, which is treated to be potato-shaped, is widely applied in Li-ion batteries as
the anodic material. Sequential batch shaping is the main method at present. However, the small
height of the shaping cavity of the existing structure leads to the problem of low processing capacity
and high cost. In this work, a new structure of the shaping machine was developed with the aim
of shaping graphite by large output and costless. The equipment system for graphite rounding in a
pilot scale at a treatment amount of 25 kg raw material each run was established. The results showed
that the ratio of the diameters of the final product by an undersized percentage corresponding to
10% was 11.15 um, 50% was 18.94 pm, and 90% was 29.54 um, and tap density was 0.945 g/cm3,
the yield reached 48%, under the optimized conditions of 1833 rpm rotating speed of shaping disk,
2646 rpm rotating speed of classifier, and 40 min shaping period. All the above characteristics of the

check for rounded graphite are in line with the requirements for applying in the anode of Li-ion batteries. In
updates short, the present study aims to provide a new structure of the shaping machine, contributing to the
Citation: Chen, J.; Ma, T, Lu, Y; efficient and cost-effective rounding of graphite and revealing the structure of the shaping machine,
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contributing to promoting the wide improvement of the shaping machine.
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De Jesus The lithium-ion battery has become an indispensable electrochemical energy storage
Received: 8 August 2023 device in people’s lives and production activities [1]. Especially with the dramatic increas-
Revised: 25 August 2023 ing development of the electric vehicle industry, the global demand for lithium-ion batteries
Accepted: 29 August 2023 is rising sharply [2]. Improving the performance and safety, as well as reducing the manu-
Published: 30 August 2023 facturing cost of lithium-ion batteries, have long been the goal of the sustainable energy

industry [3]. Up to now, many kinds of materials, mainly including LiMxO; (M is one of or

a combination of Co, Mn and Ni) and LiMxPOy4 (M = Fe, Mn), have been developed as the

= cathode material to satisfy different requirements [4,5]. It is worth mentioning that, for all

Copyright: © 2023 by the authors.  of the above cathode materials, graphite is their common anode material, which plays an
Licensee MDPL, Basel, Switzerland. jmportant role in the performance and manufacturing cost of lithium-ion batteries [6].

Natural graphite occupies an important position in the anode material market due to

its advantages of low cost, wide resource distribution, easy obtaining and suitable charge-

discharge characteristics, and its usage is expected to grow continuously in the future [7].

The raw material for the preparation of graphite anode is usually in a flaky shape, which

cannot be used directly in lithium-ion batteries [8]. Spheroidization is generally an essential
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process to obtain anode-active materials from the raw material of graphite in prior art
processes [9], which affects many important characteristics impacting the electrochemical
performance, such as the shape, tap density and particle size distribution of graphite
products [10].

Excellent processing technology is the key to cost-effectively and efficiently obtain-
ing high-quality graphite anode products from the raw material of natural graphite [11].
However, there are a few kinds of literature that have been reported focusing on graphite
rounding, which is dominantly limited to the approach and a lab scale [11]. For an in-
dustrial production scale in practice, the research on equipment design and key structure
improvement is still lacking.

In general, there are two main methods for particle surface modification treatment: jet
milling and rotational impact blending. Jet milling is also employed in rounding treatment.
In this process, the particles that need to be rounded are drafted by the high-speed airflow
jetted by the nozzles. The particles are rounded via the actions of collision and grinding
each other. This method is mainly used in the morphology modification of materials with
high hardness, such as diamond, silicon carbide, etc., The processing cost is high, and
graphite, which has high toughness, is suitable for mechanical shaping equipment. The
rotational impact blending mainly uses the impact and shear of the hammer on the particles
to achieve the surface modification of the particles. This method is popularly adopted for
spheroidization of graphite, which is also the method adopted in this study. This method is
more suitable for surface modification of graphite, a material particle with high toughness,
and has the advantages of high yield and low energy consumption.

At present, the rotational impact blending for spheroidization of graphite mainly
contains two ways: continuous method and intermittent method [12]. The continuous
shaping machine has many advantages, but it also has the problem that the shaping time
is not easy to control. However, shaping time is one of the most important factors in the
final product morphology control. Batch shaping equipment is, therefore, more and more
popular, and it is also the main equipment used in production. Through practical experience,
we found that, at present, the intermittent shaping machine most worth improving is the
increase of the output of a single machine, which is directly related to the decline of
production costs. This is because the shaping machine must be equipped with other
equipment, such as a turbine air classifier, dust collector, induced draft fan, etc., to form a
complete equipment system to be used in production. If the production of a single shaping
machine is increased without changing other supporting equipment, it means that the cost
consumed in the shaping process per unit of graphite products will be greatly reduced.

There are few literatures focused on the graphite rounding process currently. M.Y. et al.,
proposed an improved production process with a new spheroidization machine with
high efficiency and low energy consumption for rounding natural graphite for Li-battery
applications [13]. The study mainly focused on the introduction of the technical craft, the
influence of the process parameters on particle morphology, tap density, specific surface
area, etc. This study also proved that the new process proposed has advantages and
improvements in the specific energy consumption and yield compared with the traditional
technology. However, the realization method, i.e., the equipment used, was not discussed.
Simultaneously, there are a large number of studies focusing on the effect of sphericity
parameters on the electrochemical properties of graphite materials [14-17].

On the one hand, the ultimate purpose of spherification of graphite is to improve
its electrochemical performance; the most direct means of expression is to assemble the
treated material into a lithium-ion battery for electrochemical performance detection, such
as specific capacity, rate capability, cycling stability, etc. On the other hand, a large number
of studies have confirmed that the electrochemical properties of graphite materials can be
significantly improved by treating graphite with spheroids [9]. Spheroidal graphite has
a smaller specific surface area and higher tap density. Thus, it has higher first-coulomb
efficiency, higher reversible charge—discharge capacity and better cyclic stability [10]. Due
to the above reasons, in actual production applications, physical characteristics, such as
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particle size distribution and tap density, are commonly used to indirectly express the
electrochemical performance of materials, which has become the basis for judging whether
spherical graphite products meet the application needs, which is also the actual rules of the
upstream and downstream industries of the industry. Thereby, particle size distribution
and tap density of the spherical graphite are selected as indicators to judge the effect of
spherifying graphite.

On the basis of the above analysis, the present work focuses on the study of graphite
spheroidization equipment, including the influence of equipment structure, main control
parameters (including rotating speed of shaping disk, shaping period and rotating speed
of classifier) on the spheroidization effect of graphite, and industrial test. The objective of
this work is to provide more ideas contributing to the improvement of the structure of the
shaping machine for graphite and to reveal more details about the structure and working
principle of the shaping machine, which is also aimed to promote the development of this
field. Specifically, a new structure of the shaping machine was developed with the aim of
shaping graphite by large output and costing less. The equipment system in a pilot scale
for graphite rounding was established. Key technological parameters were determined in
the process of graphite shaping. This technology points out an economical and efficient
way of rounding graphite.

2. Materials and Methods
2.1. Materials

The raw material used in this study is natural flake graphite. The main characteristics
of the raw material are as follows: tap density is 4.53 g/cm3, the ratio of the diameters
corresponding to 10% (Dyg) is 5.5 um, the ratio of the diameters corresponding to 50% (Dsp)
is 19.0 um, the ratio of the diameters corresponding to 90% (Dyp) is 37.9 um. The scanning
electron microscopy (SEM) of the raw material is shown in Figure 1.
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Figure 1. Scanning electron microscopy (SEM) of the raw material used in this study.

2.2. Structure of Rounding Machine for Graphite

The structure of the proposed rounding machine for graphite is shown in Figure 2a.
In general, the proposed rounding machine contains two main parts: the shaper and the
classifier. The shaper consists of a shaper motor, gear ring, shaping disk and shaping
frame. The classifier dominantly consists of a classifier motor and turbine rotor. The main
difference between the proposed structure and the existing structure of prior art is the
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shaping frame, which is innovatively proposed in this study in order to increase the output
of a single machine. By increasing the shaping cavity, the volume of the shaping cavity is
increased to accommodate more single feed. However, under the original structure, the
colliding frequency between the particles and the shaping disk will decrease, thus making
the shaping effect worse. By additionally fixing a shaping frame upon and rotating with the
shaping disk, the particles in the shaping cavity are simultaneously shaped by the shaping
disk and the shaping frame, increasing the collision frequency and significantly improving
the shaping effect. Through the above simple and low-cost improvement of the existing
structure, the output of a single shaping machine can be greatly increased, and the cost
consumed in the shaping process can be significantly reduced. According to the above
design, the new rounding machine has been manufactured, as shown in Figure 2b.

(a)

Outlet for
fine particles
-

Air inlet
—_—

Figure 2. Structure (a) and photo (b) of the proposed rounding machine for graphite. (01: classifier
motor; 02: turbine rotor; 03: shaping disk; 04: shaping frame; 05: gear ring; 06: shaper motor).

2.3. Working Mechanism of the Proposed Rounding Machine

During the operation process, as shown in Figure 2a, the airflow enters the rounding
machine via the air inlet. After that, the airflow through the gap between the shaping disk
and the gear ring forms a high-speed airflow into the shaping chamber. Then, the raw
material of the graphite, which needs to be shaped, enters the rounding machine through
the inlet. On the one hand, once the raw material enters the shaping cavity, it will be in
a high-speed rotating state immediately driven by the high-speed rotating shaping disk
and be shaped by frequently colliding with the shaping disk. The shaping frame, which
is set upon the shaping disk, provides more colliding opportunities for the raw material
of graphite with the shaping frame. On the other hand, the graphite inside the shaping
chamber is also subjected to the action of the airflow field, leading the graphite to enter the
classifying area. The fine particles that do not meet the product requirement of size go out
across through the classifier and are collected by a dust collector as a by-product, while the
graphite whose size meets the requirement of the product cannot go across through the
classifier and are back to the rounding area driven by the airflow to be shaped again until
the processing is finished. During the above process, the irregular and sharp edges of the
graphite particles are polished and rounded into potato-like granules to achieve the purpose
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of spherification. The precise control of the classification process can effectively reduce
or even avoid the occurrence of over-crushing, contributing to significantly improving
the yield of products. When processing is complete, the finished product outlet valve is
opened, and the finished product goes into the finished product collector for collection. The
dominant difference between the proposed structure and the current rounding machine
is that the set of the shaping frame, which directly leads to the presented structure of the
shaping chamber, is much higher. On the basis of the above principle, the aim of the set of
the shaping frame is to increase the production ability of the rounding machine.

2.4. Graphite Rounding System

On the basis of the above studies, an efficient and controllable rounding system for
graphite was designed and established, as shown in Figure 3. The system mainly contains
four parts: the rounding machine accompanied by the turbine air classifier, final product
collector, high-efficiency filter cylinder dust collector, and high-pressure induced draft
fan. The raw material is entered into the rounding machine via the star feeder. In the
rounding process, fine particles will be removed from the shaping chamber by the action
of the classifier and collected by the filter cylinder dust collector to improve the quality of
the final product and its yield. Simultaneously, the other particles whose size meets the
product requirement are modified by the action of shaping the disk and shaping the frame
for a certain period (5~60 min) until the rounding treatment is finished. Then, the rounding
machine is turned off, and the final product outlet valve is opened. The final product in
the shaping chamber enters into the final product collector by the action of the airflow
provided by the high-pressure induced draft fan and is collected.

High efficiency filter cylinder dust collector

Final product collector

Turbine air classifier

silencer

High pressure

Star feeder induced draft fan

O
!1}_

Final product Fine particles

Rounding machine .

Figure 3. Structure of graphite rounding system.

For each run, the rotating speed of the shaping disk, shaping period, and rotating
speed of the classifier were first set through the screen of the programmable logic controller
(PLC). Secondly, turned on the classifier, induced draft fan and shaping machine in turn.
At this time, the final product outlet was closed. Thirdly, 25 kg of raw material was fed into
the feeder. Fourthly, the value is by clicking the corresponding button on the screen of the
PLC, and the raw material is entered into the shaping machine. Finally, After the shaping
process is completed and the product is discharged, the sample is uniformly collected for
testing particle size distribution and vibration density.

2.5. Investigation of Parameters for Graphite Rounding

For each test, 25 kg of raw material was fed into the rounding machine via the star
feeder. Then, the rounding machine was turned on to start shaping and maintained for a
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certain period. Next, open the outlet value for the product and close the outlet value for
the fine particles. The final product was transported by the airflow and entered into the
final product collector, as shown in Figure 3.

Effects of shaping period, rotating speed of shaping disk, and rotating speed of classi-
fier on diameter distribution, tap density, and yield of the final product were investigated.
To establish the effect of shaping periods ranging from 30 to 80 min in increments of 10 min,
the rotating speeds of the shaping disk and classifier were set at 1833 and 2646 rpm, re-
spectively. To determine the effect of the rotating speed of the shaping disk of 1100, 1283,
1467, 1650, and 1833 rpm, the shaping period and rotating speed of the classifier were set
at 40 min and 2646 rpm, respectively. To determine the effect of the rotating speed of the
classifier, the shaping period and the rotating speed of the classifier were set at 40 min and
1833 rpm, respectively. After each experiment was completed, the equipment was turned
off. All fine particles were collected by the high-efficiency filter cylinder dust collector, and
all final product was collected by the final product collector.

2.6. Characterization Methods

The performance of the test was characterized by the diameter distribution represented
by Djg, Dsg, and Dy, tap density, and final product yield (as shown in Equation (1)).
The diameter distribution of the graphite particle was detected by the laser diffraction
particle size analyzer (Mastersizer 3000, Malvern Panalytical, Malvern, UK). The degree of
sphericity of the graphite particle was detected by the particle shape analyzer (Morphologi
G3, Malvern, UK). The tap density was determined by a tap density analyzer (BT-301,
Bettersize, Dandong, China). Scanning electron microscopy (SEM, SUPRA 55, Zeiss, Jena,
Germany) was used to observe the morphology of particles. The raw materials and the
final product were measured by an electronic balance with a resolution 1 g.

. mass of the final product (kg)
Yield (%) =
feld (%) mass of the raw material (25 kg)

x 100% 1)

3. Results and Discussion
3.1. Rounding Effect
3.1.1. Effect of the Rotating Speed of Shaping Disk on Graphite Rounding

The rotating speed of the shaping disk is the most important factor impacting on
shaping strength. Excessive rotating speed will lead to pulverization of the particles, while
too low rotating speed cannot provide enough strength to wear away the irregular corners
of the particles. For different kinds of graphite, the appropriate rotating speed of shaping
the disk should be determined according to the specific material characteristics (such as
hardness). The present results reveal the influence law of parameters and the performance
of the shaping machine proposed.

Figure 4 shows the effect of the rotating speed of the shaping disk on the rounding
performance of the graphite used in this study when the shaping period and the rotating
speed of the classifier were kept at 40 min and 2646 rpm, respectively. With the increase
of the rotating speed of the shaping disk from 1100 to 1833 rpm, especially from 1100
to 1467 rpm, the particle diameters, including Dy, D5y and Dy, are affected slightly.
Specifically, when the rotating speed of the shaping disk increases from 1467 to 1833 rpm,
D1 increases from 9.83 to 11.15 um while Dy decreases from 31.02 to 29.54 um. This
phenomenon indicates that with the increase in the rotating speed of the shaping disk, the
action of shaping is strengthened. The size of large particles decreases slightly when their
irregular edges are worn away, contributing to the decrease of Dgg. For small particles,
after their surface is more abraded off, their particle size becomes smaller, which is easier
to capture by the classifier as fine particles are discharged from the shaping cavity. That
is why Dy slightly increases as the rotating speed of the shaping disk goes from 1467 to
1833 rpm.
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The higher the shaping strength, the greater the amount of fine particles produced
and discharged and the lower the yield. On the contrary, high shaping strength leads to
higher abrasion degrees of irregular edges and corners of particles and, thus, higher tap
density. It is worth emphasizing that the effect of the rotating speed of the shaping disk
below 1467 rpm on the tap density is very small, which means that the shaping strength
is insufficient at this time. When the rotating speed of the shaping disk increases from
1467 to 1650 rpm, the tap density increases sharply from 0.85 to 0.912 g/cm?>. Successively
increasing the rotating speed of the shaping disk to 1833 rpm, the tap density continuously
increases to 0.945 g/cm?, indicating that when the rotating speed of the shaping disk is
1467 rpm, the particles begin to suffer an obvious shaping effect. When the rotating speed
reaches 1833, the shaping effect has been relatively strong. If the rotating speed continues
to increase, the crushing effect may be triggered.
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Rotating speed of shaping disk (rpm)

Figure 4. Effect of the rotating speed of shaping disk on the graphite rounding performance.

3.1.2. Effect of the Shaping Period on Graphite Rounding

The determination of reasonable shaping strength is mainly to ensure that the particles
are mainly subjected to shaping action rather than crushing. Under the setting condition,
the shaping time mainly affects the shaping degree and yield of the final product. Figure 5
shows the effect of the shaping period on the graphite rounding performance when the
rotating speed of the shaping disk was kept at 1833 rpm, and the rotating speed of the
classifier was limited to 2646 rpm. It is observed that the diameters, including D1y, Dsg
and Dgg, all change negligibly with a slight decrease with the shaping period increases.
For example, with the shaping period increases from 30 to 80 min, Djy decreases from
11.12 to 10.54 um, D5 decreases from 19.41 to 17.63 um, and Dy decreases from 30.85 to
28.39 um. It indicates that under the present conditions, the graphite particles inside the
rounding process are dominantly subjected to be shaped rather than pulverized. Although
the diameter changes negligibly, the tap density increases dramatically from 0.924 to
1.004 g/cm? while the yield declined sharply from 53 to 41% with the increase of the
shaping period from 30 to 80 min. The dramatic increase in tap density clearly points out
that the irregular corners of the graphite particles are constantly worn away and form fine
particles. The formed fine particles are captured by the classifier and collected by the dust
collector. This is also the reason that leads to the decline of the final product yield. The
diameter and tap density are the main factors influencing the product quality, and the yield
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is the main factor impacting the cost. The specific parameter selection should be based
on the performance and application requirements of the final product while taking into
account the principle of cost-effectiveness.
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Figure 5. Effect of the shaping period on the graphite rounding performance.

3.1.3. Effect of the Rotating Speed of Classifier on Graphite Rounding

Different from shaping time and shaping strength, the rotating speed of the classifier
has no direct effect on particle shaping but indirectly influences the characteristics of the
final product by capturing and discharging particles. Figure 6 shows the effect of the
rotating speed of the classifier on the graphite rounding performance, when the rotating
speed of the shaping disk was kept at 1833 rpm and the shaping period was limited to
40 min. Firstly, there is a trend that the yield increases dramatically, with the increase of the
rotating speed of the classifier, while diameters containing D1, D5g and Dy all decrease
obviously. On the one hand, according to the working principle of the classifier, under the
condition of constant air volume, the cutting particle size decreases with the increase of
the classifier speed, which means that the number of particles captured by the classifier
decreases and the number of particles remaining in the classification chamber as finished
products increases [18,19]. On the other hand, the particle with a larger diameter has
greater inertia force, and the spheroidization intensity is higher, which makes Dg decrease
significantly, and the particle size distribution of the finished product is more concentrated.
The rotating speed of the classifier has a slight effect on the tap density of the final product,
but there is no obvious rule. When the rotating speed of the classifier increases from 2058
to 2646 rpm, the tap density only varies from 0.937 to 0.949 g/cm?3, with a small range of
0.012 g/cm?. It can be obviously concluded that the rotating speed of the classifier has no
direct effect on the tap density but indirectly affects the particle size distribution of the
finished product. More directly, the rotating speed of the classifier has an effect on the
particle size distribution of the finished product, and the particle size distribution has an
effect on the tap density. Therefore, the rotating speed of the classifier should be determined
according to the demand for yield and finished particle size distribution.
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Figure 6. Effect of the rotating speed of the classifier on the graphite rounding performance.

3.1.4. Discussion on Degree of Sphericity of Graphite Particle Impacted by Shaping Period
and Shaping Disk Rotating Speed

Figure 7a shows the degree of sphericity of graphite particles of raw material and
shaped treated for 30, 40, 50, 60, and 80 min at a shaping disk rotating speed of 1283 rpm.
Figure 7b shows the degree of sphericity of graphite particles of raw material and shaped
treated for 30, 40, 50, 60, and 80 min at a shaping disk rotating speed of 1467 rpm. Figure 7c
shows the degree of sphericity of graphite particles of raw material and shaped treated
for 30, 40, 50, 60, and 80 min at a shaping disk rotating speed of 1650 rpm. Figure 7d
shows the degree of sphericity of graphite particles of raw material and shaped treated
for 30, 40, 50, 60, and 80 min at a shaping disk rotating speed of 1833 rpm. It is obvious
from Figure 7a—d that (1) the degree of sphericity of graphite particle increased slightly
with the increase of shaping disk rotating speed from 1283 to 1833 rpm; (2) under different
rotating speed conditions, the sphericity increased with the extension of shaping time,
and when the shaping time reached 40 min, the increasing rate of sphericity slowed down
and gradually became stable. From the aspects of yield, energy consumption and product
quality, 1833 rpm and 40 min are also suitable conditions for graphite rounding.

3.1.5. Discussion on Shape of Graphite Particle Impacted by Shaping Period

Raw material and spherical graphite obtained from different spheroidization treatment
times (including 30, 40, 50, 60 and 80 min) are divided into five particle size segments,
which are >5, 5-15, 15-25, 25-35, and >35 um, respectively, to clearly and visually show the
shape changes of graphite particles during spheroidization treatment, as shown in Figure 8.
Three conclusions could be concluded: (1) the spheroidization time is the same, and the
shape of different grades is similar; (2) for all particle sizes, the shape of the same particle
size tends to be more spherical with the extension of spherification treatment time; (3) for
all particle grades, the graphite particles reached potato shape (without sharp edges) when
the spherification treatment time reached 40 min.
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Figure 7. Degree of sphericity of graphite particle for different shaping periods at shaping disk
rotating speed of (a) 1283, (b) 1467, (c) 1650, and (d) 1833 rpm.
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Figure 8. The Shape of graphite particles with different size distributions impacted by the shaping
period from 30 to 80 min under shaping disk rotating speed at 1833 rpm.

3.2. Optimized Test

The above investigations indicate that 1833 rpm of the rotating speed of the shaping
disk, 40 min of the shaping period, and 2646 of the rotating speed of the classifier are
reasonable and suitable conditions for good performance of rounding for the graphite
employed in this study. Under the above-optimized condition, the diameter distribution
of the final product is shown in Figure 9a, Dyg is 11.15 um, Dsg is 18.94 um, and Dy is
29.54 um. The yield is 48%. The tap density is 0.945 g/cm3. Figure 9b,c show that there
are no irregular and sharp edges on the graphite shaping product particles, which are
potato-like shapes with good sphericity.
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Figure 9. Diameter distribution of the final rounding product of graphite (a); scanning electron
microscopy (SEM) of the final rounding product of graphite by (b) 500x and (c) 2000 x.

4. Conclusions

This study provided an improved structure of the graphite rounding machine, which
can be realized by a low-cost and simple operation. Compared with the existing technology,
a shaping frame was additionally fixed upon and rotating with the shaping disk in the
proposed structure to increase the output of a single shaping machine and decrease the
cost consumed in the shaping process. The important parameters impacting the rounding
performance of graphite were investigated. The rotating speed of the shaping disk of
1833 rpm, the shaping period of 40 min, and the rotating speed of the classifier of 2646 rpm
were determined as reasonable conditions. The Dy of the final product was 11.15 pm, D50
was 18.94 um, and Dgg was 29.54 um, tap density was 0.945 g/ cm?, and the yield reached
48%, by the established graphite rounding system in a pilot-scale at a treatment amount of
25 kg raw material for each run. All the above characteristics of the rounded graphite are in
line with the application requirements of graphite anode materials. The improved structure
of the shaping machine, the established equipment system, and the parameters obtained in
this study can be directly used in production so as to reduce the cost of the present graphite
spheroidization process. The above results provide reference and data support for the
application and further study of improvement in the technology of graphite rounding.
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