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Abstract

The carbon anode material for lithium-ion battery was prepared by pyrolysis fuel oil and waste polyethylene terephthalate
(PET) additive. The pitch was synthesized as a medium material for carbon anode by heat treatment. The waste PET additive
improved the softening point and thermal stability of the pitch. L, and L, of the anode material (heat-treated pitch) increased
at higher treatment temperature but decreased by waste PET additive. The electric capacity was evaluated based on effects
of defective cavity and developed graphite interlayer, respectively. When the L, and L, of the anode material decreased, the
electric capacity by cavity increased based on defective graphite structure. Therefore, the addition of waste PET causes the
improved capacity by the cavity. The anode material which has a high efficiency (over 95%) and C-rate (95%, 2 C/0.1 C)
was obtained by controlling the process of heat treatment and PET addition. The mechanism of lithium-ion insertion was
discussed based on effects of defective cavity and developed graphite interlayer.
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1 Introduction

Lithium-ion batteries (LIBs) are being used extensively in
energy-intensive portable devices such as smart phones,
notebooks, and electric vehicles. Important factors in the
commercialization of lithium-ion batteries are long cycle
characteristics, energy density, and light-weight design
[1, 2]. The long cycle characteristics indicate the struc-
tural stability of the anode/cathode active material and the
solid—fluid interface. Also, higher energy densities represent
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greater capacity per unit mass. Graphite is the most widely
used anode materials for lithium-ion batteries, which has
excellent performance such as structural stability, low oper-
ating potential and long cycle life. Graphite is generally clas-
sified as natural graphite and artificial graphite. Artificial
graphite is produced by heat treatment using pitch and coke
as precursors at temperatures above the graphitization tem-
perature (about 3000 °C). Natural graphite is buried glob-
ally. It not only has an advantage such as low cost and high
capacity, but also has a disadvantage that structural collapse
occurs relatively easily during charging and discharging [3].
On the other hand, artificial graphite is used in many cases,
because it has structural stability even during charging and
discharging.

The artificial graphite has been produced using pitch
and coke made from petroleum residues or coal tar [4-7].
The petroleum residues and coal tar are mainly composed
of aromatic hydrocarbons, the pitch and coke are synthe-
sized by thermal condensation polymerization of them.
Pitch has been applied in various application industries
(such as impregnation, binding, coating or feed for coke).
The key process parameters that determine the properties
of pitch include the reaction temperature, time, and pres-
sure. The artificial graphite is synthesized by hot pressing of
pitch/coke blender, heat treatment and impregnation. Many
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researchers focus on anode materials of lithium-ion batter-
ies using petroleum-based byproducts as raw materials for
carbon and graphite materials [8—14].

The investment for carbon anode material has been
increasing, because the demand is increasing more rapidly
in the field of automobile and portable devices. As a result,
the price of pitch, coke and artificial graphite is gradually
increasing, causing a problem in battery cost. Therefore,
it is important not only to improve the energy density of
graphite-based battery anode materials, but also to reduce
the cost of material process cost.

In recent years, Asian nations prohibit the importing
waste plastic, and it is becoming a global environmental
issue [15-17]. Polyethylene terephthalate (PET) is a polymer
obtained by polymerizing ethylene glycol and terephthalic
acid, and it can be converted to a carbon material by heat
treatment [ 18-20]. It also has an oxygen atom. Therefore, it
is expected that the cross-linking can be driven during pitch
synthesis by oxygen radicals in PET additive [21, 22]. The
crystallinity is generally determined by softening point of
the pitch and the heat treatment temperature, and the soften-
ing point of the pitch is increased by the cross-linking effect.
In addition, the pitch with high softening point results in
developed crystallinity during the heat treatment [23, 24].
Oxygen radicals will thus provide defects in the crystals as
impurities. When cavities occur, additional space is provided
for lithium ions and the capacitance is increased.

In this study, the capacity improvement of lithium-ion
battery was investigated by petroleum-based anode mate-
rial based on effect of PET waste addition. The pitch was
synthesized using petroleum residue and PET by heat treat-
ment. The crystal and electrochemical properties of pre-
pared anode were studied based on heat treatment process
and waste PET additive. The mechanism was discussed to
investigate the relationship among the battery performance,
synthesis process parameters and waste PET addition.

2 Experimental methods and analysis
2.1 The synthesis of pitch from PFO and waste PET

PFO (Pyrolysis fuel oil, petroleum residue, supplied from LG
Chem., Korea) and waste PET (supplied from Lotte Chem.,
Korea) were used as precursors for synthesis of pitch. The pitch
was synthesized thermally using a 5 L autoclave at 410 °C for
3 h. To analyze the effect of waste PET addition on the char-
acteristics of the anode materials, waste PET was added at
contents of 5 wt%. The specific reaction conditions are shown
in Table 1. The softening point of the synthesized pitch was
determined using DP 70 (made by Mettler Toledo), in accord-
ance with ASTM 3461. The pitch was preheated to 50 °C and
subsequently heated at a rate of 2.0 °C/min to perform the
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Table 1 Pitch synthesis conditions with waste PET addition

Name PFO(g) PET(g) Pressure Temp (°C) Time (min)
(bar)

PETO 1810 0 1 400 120

PETS5 1819 96 1 400 120

softening point analysis. The thermal characteristics of the
pitch were evaluated using a Thermo plus EVO II TG8120,
a thermogravimetric analyzer (TGA) made by Rigaku. Also,
elemental analysis and Fourier-transform infrared spectros-
copy (FT-IR) were employed using a Thermo Scientific Flash
2000 analyzer and Bruker ALPHA-P and ALPHA-T analyzer
to examine the increase in oxygen content in the pitch with
respect to the waste PET addition.

2.2 Preparation and analysis of anode materials
according to thermal treatment temperature

The synthesized pitch were heat treated for 1 h at different
reaction temperatures (1000, 1500, 2000, and 2400 °C) to pro-
duce anode materials. The applied experimental conditions are
shown in Table 2. The heat treatment conditions were deter-
mined based on previous research results conducted by the
present research team on thermal treatment process conditions,
as follows: nitrogen gas was injected so that an inert atmos-
phere was maintained. In this atmosphere, the samples were
subject to the first heat treatment for increasing carbonization
yield, during which the temperature was raised at a rate of
5 °C/min to 500 °C for 1 h. The first heat treatment induced
bond formation due to condensation/cross-linking reactions of
low molecular weight materials and thus a carbon yield would
increase. Subsequently, the temperature was raised to the target
heat treatment at the same heating rate [25]. The heat-treated
samples were ground by ball milling and sifted through a 500-
mesh sieve before testing. X-ray diffraction analysis (XRD)
was conducted using the Rigaku diffractometer Ultima IV to
analyze the crystallization of the prepared anode materials.
This test was performed using Cu-Ka (1=1.5418 A)atacur-
rent of 40 mA and a voltage of 40 kV. The scanning rate was
set at 3°/min over a scanning angle (26) range of 0° to 90°.
Collected diffraction data were subject to data reduction using
PDXL software. The d-spacing (D) and crystal size (L) of the
specimens were measured using the Bragg—Scherrer formula
[26].

The interlayer spacing (d,,) was calculated from the
Bragg’s equation formula:

dooy = A/2sin 0y,

where 4 is the radiation wavelength, and 0 is the (00x) reflec-
tion angle [(001) is (002) or (004)].
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Tablg 2 Heat treatmen.t Name Pressure N, flow 1st Temp (°C)  2nd Temp (°C)  3nd Temp (°C)  Time (min)
conditions for preparation of (bar) (cc/min)
anode materials

PET X_1000 1 100 500 1000 - 60

PET X_1500 1 100 500 1500 - 60

PET X_2000 1 100 500 1500 2000 60

PET X_2400 1 100 500 1500 2400 60

PET X_Y: X: waste PET addition Y: heat treatment temperature

The Scherrer equation was used to determine the crystal-
line height (L,, L) formula:

L.(L,) = Ki/(Bcos Oy).

where f, is the half-height width of the (00x) reflection.

2.3 Assembly and electrochemical analysis
of lithium-ion battery

To determine the electrochemical characteristics of the pre-
pared anode materials, each anode material (carbon) was
mixed with a water-soluble binder [CMC (carboxymethyl
cellulose): SBR (styrene-butadiene rubber)=1:1 wt%] at a
ratio of 8:2 wt% to produce a slurry solution. A doctor blade
was used to coat this slurry solution on copper foil, which
was subsequently dried in a vacuum oven at 120 °C for 12 h.
The coated electrodes were rolled using a roll press machine
and, in an argon atmosphere glove box, made into coin cells
that use Li metal as a reference electrode. To examine the
electrochemical characteristics of the prepared batteries, a
charge and discharge meter was used for cycle and rate con-
trolling tests at a driving voltage of 0-2.5 V (WBCS 3000
Battery Cycler, Won A Tech).

3 Results and discussion

3.1 Pitch synthesis and analysis according to PET
addition

The softening point and elemental content of synthesized
pitch are shown in the Table 3. The softening point in the
synthesized pitch was increased by addition of waste PET.
In general, PET was degraded at 400 °C or higher, and it
was decomposed into substances that have various oxygen

functional groups that participate in the pitch synthesis reac-
tion. The decomposed substances were led the cross-linking
and polymerization to increase the softening point in synthe-
sized pitch [27]. The softening point of pitch without added
waste PET was 125.6 °C, and the softening point of pitch
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Fig.1 a TGA and b DTG analysis results of pitch samples with waste
PET addition

Table 3 Softening point and

! ! Name C (%) H (%) 0 (%) N (%) S (%) H/C ratio S.P. (°C)
elemental analysis of pitch
samples according to waste PET  pgr 93.1 6.2 0.7 N.D N.D 0.8 125.6
addition PET 5 93.4 5.6 1.0 N.D N.D 0.72 237.7

SP softening point
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Table 4 Crystal structure of anode materials with respect to waste
PET addition and heat treatment temperature
Sample names  2-Theta D (002) L, L, N
PET 8 PET 0_1000 2543 3.50 45.79 15.63 5.47
PET 5_1000 25.38 3.51 34.38 14.66 5.18
8 PET 0_1500 25.66 3.47 54.95 4221  13.17
% PETO PET 5_1500 25.63 3.47 52.36 41.58 1297
=1 PET 0_2000 2591 3.44 8598 21426  63.37
= PET 5_2000 25.93 343 101.49 17750 52.71
g PET 0_2400 26.31 3.38 210.56  283.07 84.65
© PET 5_2400 26.30 3.39 20541 26792 80.14
-
N Number of layers

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber(cm'1)

Fig.2 FT-IR analysis results of pitch samples with waste PET addition
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@ Springer

2-theta(?)



Carbon Letters (2020) 30:545-553

549

2.5
28 PET 0_1000 ——Charge PET 5_1000 —— Charge
—_— - Discharge — Discharge
= 2.0 = 2.0
= =
- -
n 15
g 1.5 | s
= P
T 10 ® 101
et e
= =
3 o5 S 05
<] <)
o o
0.0 T T T T T T T 0.0 T T T T T T T T
0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350
Sepcific capacity [mAh/g] Sepcific capacity [mAh/g]
25 2.5 —
——Charge PET 5_1500 Charge
— PET 0_1500 e o] = bischarge
= 20- :—:' 2.0
a =
n
2 1.5 > 1.5
= =
© 1.0 T 1.0-
= £
% 0.5 % 0.5 -
o o
0.0 ; : : : . 0.0 T T T T
0 50 100 150 200 0 .50 100 150 200 250
Sepcific capacity [mAh/g] Sepcific capacity [mAh/g]
28 PET 0 2000  |—Chame 28 PET5 2000 | — Charge
- Discharge — — Discharge
= =20
= 2.0 =20
= |
-
»n 1.5 L1s.
z =
§'1.0— © 1.0
® -
2 5
D 0.5 %5 0.5-
° o
o
0.0 T T T T 0.0 T T T T
0 50 . 100 0 50 100 150
Sepcific capacity [mAh/g] Sepcific capacity [mAhig]
2.5
PET 0_2400 ——Charge 28 PET 5 2400 ——Charge
— Discharge —_— - ——Discharge
=5 =
= 2.0 :_J 2.0 -
| i
L15] ®15-
E 1.0 = 10
2 £
L ]
“6’ 0.5 - ..5 0.5
o o
00 T T T T T 0'0 T T T U T T
0 50 100 150 200 250 0 50 100 150 200 250

Sepcific capacity [mAh/g]

Sepcific capacity [mAh/g]

Fig.4 Galvanostatic charge—discharge curves of anode materials made of pitch samples with additions of waste PET
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C and O content increased and H content decreased as waste
PET was added. The increase of oxygen content can be con-
firmed by the introduction of oxygen content by the addition
of waste PET. When waste PET was added, a large amount
of alkyl side chain contained in PFO was decomposed by
oxygen functional groups to increase aromatization and
decrease H/C ratio [28]. Therefore, it was considered that the
amount of aromatic structure increases in the low molecular
chain structure [29].

The thermal behavior of the synthesized pitch is shown in
Fig. 1. The synthesized pitch begins to decompose at 200 °C,
but decomposition begins at 380 °C with the addition of
waste PET. The samples were prepared into a coke at the
pitch of 500 °C and no decomposition occurs. It can be seen
that the amount of residual residues increased from 35 to
53 wt% when waste PET was added. The thermal proper-
ties were improved by the addition of waste PET, and the
improved thermal properties were attributed to the polym-
erization phenomenon due to cross-linking of oxygen func-
tional groups. The DTG analysis results showed that the
petroleum-based pitch had two peaks.

In general, the softening point and thermal stability of
the pitch increase by the increasing of content in the high

(a)
350 E Interlayer capaicty
[

300 Cavity capacity

Capacity(mAh/g)
2 8 8 &

(%]
o
|

o

“PET0_1000 PET0_1500 PET 0_2000 PET 0_2400

Il Interlayer capaicty
Il Cavity capacity

(b) 350

N N w

o [+ o

o o o
! ! 1

-

(%]

o
|

Capacity(mAh/g)

[5.]
o
!

0- PET5_1000 PET5_1500 PET 5_2000 PET 5_2400

Fig.5 Intercalation and void capacity of anode materials prepared of
pitch a not addition b addition waste PET
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molecular weight materials [7]. And the high molecular
weight material is produced by polymerizing the low molec-
ular weight materials during the pitch synthesis process [30].
The addition of waste PET increased the softening point
and thermal stability of the pitch. Therefore, it was consid-
ered that the waste PET was induced the polymerization of
low molecular weight materials during pitch modification
process.

To analyze the effect of the waste PET addition on the
surface chemistry of the pitch, FT-IR analysis is shown in
Fig. 2. There was no significant difference in peak height
between samples when waste PET was added. It can be seen
that the waste PET content contained a small amount of
oxygen functional groups as small as 5 wt% of the total,
and had a surface chemistry similar to the pitch. However,
the addition of waste PET slightly increased the peak cor-
responding to the C=0 structure at 16501720 cm™' due to
the effect of oxygen functional groups [31].

3.2 Crystallinity analysis with respect to heat
treatment temperature

To analyze the crystallinity of the anode materials with
respect to the heat treatment temperature, their XRD pat-
terns were examined, as shown in Fig. 3 and summarized
in Table 4. As the heat treatment temperature increased
(1000 — 1500 — 2000 — 2400 °C), the L. value of the
anode materials was increased (15—42—214—283). The
L, value at 2400 °C was found to be nearly 19 times the
value at 1000 °C. Based on the d-spacing D (002) and L,
values, the prepared anode materials were compared with
regards to the crystallinity and the degree of graphitization.
When the heat treatment temperature was raised from 1000
to 2400 °C, the d-spacing D (002) decreased from 3.50 to
3.38 A. This observation can be interpreted as showing that,
as the heat treatment temperature increases, the d-spacing
D (002) approaches 3.354 A of the theoretical d-spacing of
graphite. In this regard, the synthesized pitch is considered
to be soft carbon materials which, driven by thermal energy,
can be easily converted into a graphite structure. It was also
observed that, as the heat treatment temperature increased
(1000 — 1500 — 2000 — 2400 °C), the L, values increased
(45— 53— 86 —283), and when the temperature reached
2400 °C of the graphitization temperature, the L, value was
found to increase significantly [32]. Overall, the increas-
ing heat treatment temperature is considered to improve the
crystallinity of the anode materials, thereby allowing them to
have a structure similar to that of graphite. L,, L. and number
of layers in anode material were decreased at the same heat
treatment temperature by addition of waste PET; therefore,
the addition of waste PET was inhibited the development of
graphite structure during graphitization process [33].
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Fig.6 Analysis of rate performance of anode materials made of pitch samples with additions of waste PET

3.3 Electrochemical analysis

The Galvanostatic charge/discharge curves of the anode
material are shown in Fig. 4. In the case of the anode mate-
rial treated at relatively low temperature, the protruded part
appeared about~0.5 V (red arrow), and the protruded part
decreased at higher heat treatment temperature. Generally,
when the graphite structure is not developed, an unstable
SEI layer is formed, and thus a protruding portion appears
in the discharge curve. On the other hand, when the graph-
ite structure develops and a stable SEI layer is produced,
the protruding part of the discharge curve decreases [34].
Therefore, it was noted that the anode material treated over
2000 °C had a developed graphite structure and formed a
stable SEI layer. Kasuh reported that lithium ion is inserted
between graphite layers at a discharge voltage lower than
0.2 V vs Li*/Li in the galvanostatic charge/discharge curve
but in cavity by crystal structure defects at a discharge volt-
age more than 0.2 V vs Li*/Li [35]. The prepared anode
material showed the lithium-ion insertion in both graphite
layer structure and defective cavity.

Figure 5 shows the discharge capacity of prepared
anode material based on effects of graphite layer structure
and defective cavity. As the heat treatment temperature
increased, the discharge capacity by defective cavity and
the total discharge capacity decreased. Over 2000 °C, the
graphite structure developed and the discharge capacity
by graphite layer structure and the total discharge capacity
increased. As seen from the XRD results in Table 4, L, and
L, increased as the heat treatment temperature increased.
From these results, it can be seen that as the L, and L
decreased, the discharge capacity due to the cavity increased.
On the contrary, as the L, and L, increased, the discharge
capacity due to the graphite structure increased. Waste PET
addition more decreased L, and L, than them of samples
treated at same temperature (see Table 4) and increased the
discharge capacity by developed cavity. Eventually, waste
PET addition increased the total discharge capacity.

The rate and electrochemical properties of the anode
material are shown in Figs. 6, 7, and Table 5. At the heat
treatment temperatures of 1000, 1500, 2000 and 2400 °C,
the discharge capacities of first cycle at 0.1 C was 313, 205,

@ Springer



Carbon Letters (2020) 30:545-553

552
@ 350 -] [l 1<t Discharge capacity
Il st Charge capacity
300 -
G
~ 2501
K =
E 200 -
e
2 150
Q
g_ 100
©
O 5l
0_PETO PET5 PETO PETS PETO0 PET5 PETOPETS
_1000 _1000 _1500 _1500 _2000 _2000 _2400_2400
(b) 120 [l nitial efficiency
Bl:2cn1c
100 4
9
e 80 -
=
20
2 « 60
89
& O
5 401
S
=
£ 204
0

“PETOPET5 PETOPETS
_1000_1000 _1500 _1500

PETOPET5 PETOPETS
_2000_2000 _2400 _2400
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Table 5 Analysis of electrochemical characteristics of anode material
synthesis of pitch samples with additions of waste PET

Ist Discharge  1st Charge Initial 2C/0.1C

capacity capacity efficiency

(mAh/g) (mAh/g) (%)
PET 0_1000 313 260 83 90
PET 5_1000 334 275 82 88
PET 0_1500 205 184 90 96
PET 5_1500 226 200 89 95
PET 0_2000 149 128 86 98
PET 5_2000 164 132 81 95
PET 0_2400 219 195 89 91
PET 5_2400 241 208 86 95

149 and 219 mAh/g, respectively. The results of Table 4
showed that the crystal structure of heat-treated samples
became similar to that (3.354 A) of graphite based on D
(002) decrease (3.5 A—343 IOA). As a result, the defective
cavity decreased and the capacity decreased accordingly.
The interlayer capacity increased with the crystal structure
similar to that of graphite. Similarly, the initial efficiency
was 83% lower at 1000 °C, but the initial efficiencies was
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90% (1500 °C), 86% (2000 °C), and 89% (2400 °C), respec-
tively, as the heat treatment temperature increased. This
suggested that the SEI layer is over-formed on the exposed
surface of PET0_1000 (treated at 1000 °C) due to the large
number of defective cavities in the carbon crystal structure.
Also, the rate characteristic of all samples showed that the
2 C/0.1 C value was higher than 90%. Furthermore, the elec-
trochemical properties were investigated based on effects
of waste PET additive. The addition of waste PET inter-
rupted growth of pitch crystal structure, it formed the defects
in heat-treated pitch (in the Sect. 3.2). The formed defect
increased the storage capacity of lithium ions by forming a
cavity for lithium-ion storage during intercalation/deinterca-
lation of lithium ions [36]. Therefore, the addition of waste
PET improved the cavity capacity of pitch-based anode elec-
trode material, it increased the discharge capacity.

4 Conclusions

The advantage of waste PET additive was discussed based on
PFO-based carbon anode material. PET additive developed
the capacity and with keeping an initial efficiency (95%)
and C-rate (95%, 2 C/0.1 C). The defective cavity of anode
which caused by PET additive increased capacity and C-rate.
It might be resulted by developed lithium-ion storage and
pass way. It is noted that treat process of PET additive was
well addressed based on high-performance anode material.
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