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Abstract: Here, we introduce an environmentally friendly way of fabricating carbon nanoparticles
which can be utilized as conductive agent for lithium-ion batteries (LIBs). Polyethylene (PE), which
comprises the largest portion of plastic waste, was used as a source for carbon nanoparticle synthesis.
Sulfonation allowed chemical structural transformation of innately non-carbonizable PE into a
carbonizable conformation, and carbon nanoparticles could be successfully derived from sulfonated
PE. Then, PE-derived carbon nanoparticles were used as conductive agents for LIBs, and assembled
cells exhibited stable performance. Even though the performance is not as good as Super-P, utilization
of PE as a source of conductive agent for LIBs might provide an economical advantage to upcycle PE.

Keywords: nanoparticles; environmentally friendly synthesis; conductive agent; Li-ion battery

1. Introduction

Lithium-ion batteries (LIBs), which have become an inseparable part of our daily life,
consist of four major components: cathode, anode, electrolyte, and separator. Among those,
the anode is where oxidation takes place and lithium ions and electrons are produced [1,2].
For efficient overall electrochemical reaction, generated electrons should be transported
effectively throughout the anode. One of the most commonly used anode materials for
fabricating LIBs is graphite [3]. However, even though graphite itself is considered as a
conductive material, the microparticular shape of graphite for LIBs requires additional
help for enhanced charge transport. Nanoparticular conductive agents are used to fill the
microscale gaps between graphite particles and reduce contact resistance throughout the
anode [1,3–5]. As a result, the introduction of conductive agents, which are commonly car-
bon nanoparticles, supports effective charge transport within anode. Therefore, conductive
agents serve as a critical component for LIBs. In this article, we present an environmentally
friendly route of producing conductive agents for LIBs which utilizes polyethylene (PE)
as a source. PE is a commodity polymer which represents the largest production volume.
Simultaneously, PE is the polymer with the largest volume in waste. On top of that, more
critically, most of the PE waste is processed via landfill, which causes serious environmental
problems [6,7]. In previous studies, sulfonation of PE was studied as a way to fabricate
carbon fibers out of PE fibers [8–12]. Here, we demonstrate the fabrication of conductive
agents for LIBs from PE, which might provide economically profitable cycle in reducing
the volume of PE landfill. Through sulfonation at an elevated temperature, PE, which
is an innately non-carbonizable material, could be successfully cross-linked and could
develop carbon structure through heat treatment under an inert gas environment. The
carbonized product from PE was then examined for its usage as a conductive agent for
LIBs. LIBs assembled using PE-based carbon nanoparticles as conductive agents exhibited
moderate capacitance when compared to the control samples based on Super-P, a reference
commercial conductive agent. Still, LIBs based on PE carbon operate without any flaws.

Catalysts 2021, 11, 424. https://doi.org/10.3390/catal11040424 https://www.mdpi.com/journal/catalysts

https://www.mdpi.com/journal/catalysts
https://www.mdpi.com
https://doi.org/10.3390/catal11040424
https://doi.org/10.3390/catal11040424
https://doi.org/10.3390/catal11040424
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/catal11040424
https://www.mdpi.com/journal/catalysts
https://www.mdpi.com/2073-4344/11/4/424?type=check_update&version=1


Catalysts 2021, 11, 424 2 of 9

In summary, this study presents the possible application of PE as a source material for
fabricating a conductive agent for LIBs. This might provide motivation for recollecting PE
waste by ensuring economic profit, which will be due to a reduction in PE waste, which
causes serious environmental problems.

2. Results

PE requires chemical structural changes to develop carbon structure upon high heat
treatment because the molecule only contains single carbon bonds which easily dissociate
during high heat treatment. Here, we utilized sulfonation to induce chemical structural
transformation of linear PE chains into cyclic structures which can withstand high heat
treatment and can evolve into carbon structures. For sulfonation, PE powders were
immersed in sulfuric acid and sulfonated at the elevated temperature for 1 h. Sulfonated
PE powders were then filtered, washed with deionized water, and dried for further analysis.
PE samples sulfonated at various temperature were first examined with dynamic scanning
calorimetry (DSC) to track chemical structural changes of PE chains which are essential for
successful carbonization.

Figure 1 presents DSC results of PE samples sulfonated at various temperatures and
it can easily be deduced that PE chains started to be transformed into a new structure at
150 ◦C. Endothermal melting peak of PE at 120 ◦C started to deform when the sample was
sulfonated at 150 ◦C. As peak intensity showed an overall decrease, which is commonly
seen behavior during the cross-linking process of polymers [13–15], we could expect that
transformation of PE chains took place in a way to cross-link linear chains. However,
we could not conclude complete cross-linking of PE chains because of the presence of
endothermal residue. Still, the shape of the DSC peak remained unchanged after 150 ◦C
even when sulfonation temperature was increased up to 170 ◦C, which at least ensured
that possible transformation via sulfonation was completed at the 150 ◦C.
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Figure 1. Dynamic scanning calorimetry (DSC) results for PE samples sulfonated at various temperatures.

The kinetic aspect of the reaction was also interrogated. PE samples were sulfonated
at the fixed temperatures for elongated processing times. The DSC results of PE samples
sulfonated at 150 ◦C for 1 and 4 h, respectively, both exhibited matching results, which
confirmed that 1 h was, kinetically, sufficient time for complete reaction (Figure S1).

Next, FT-IR was used to explore further chemical structural changes of PE upon
sulfonation (Figure 2). Up to 120 ◦C for sulfonation, the only noticeable change in spectra
was the emergence of S–O, S=O, and C–O bond peaks which appeared at 860, 1100, and
1200 cm−1, respectively [16]. Significant changes of spectra could be observed for the 150 ◦C
sulfonated sample, which is concomitant to the result from DSC analysis. A doublet peak
at 2840 and 2920 cm−1, representing the C–H bond, completely disappeared. Such change
indicates a significant degree of polymer chain cross-linking and therefore supports the
DSC results, which suggested possible cross-linking initiation at 150 ◦C [17–20]. Further,
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ketone peak around 1700 cm−1 and O–H single bond peak started to appear with the
simultaneous disappearance of C–H bonds. Changes in O–H and C=O bonds are related to
attachment of oxygen functional group and sulfone functional group during the sulfonation
process [8,10,21,22].
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Lastly, Raman spectroscopy was used to conclude chemical structural change of PE
chains into a cyclic structure (Figure 3). Raman spectra of pristine PE sample exhibited
fingerprint Raman peaks of common PE. Peaks at 1070 and 1130 cm−1 are related to C–H
stretching. The CH2 twist vibration of PE is represented by the 1300 cm−1 peak. Finally,
a triplet spanning 1420 to 1500 cm−1 is related to CH2 bending vibration [23,24]. Next,
Raman spectra of sulfonated PE sample was examined. It has been well studied in previous
research interrogating structural development of the polyacrylonitrile (PAN) precursor that
two characteristic Raman bands appear at 1400 and 1600 cm−1 when the cyclic structure
has evolved [25–28]. A Raman band at 1400 cm−1 is from ring breathing vibration of
cyclic structure and another at 1600 cm−1 is from stretching vibrational mode of carbon
double bonds [28,29]. When the carbon precursor starts to develop polyaromatic cyclic
structure, these two Raman bands start to emerge. Upon 150 ◦C sulfonation, characteristic
Raman peaks of pristine PE, which are mostly from C–H bonding vibration modes, have
disappeared, and Raman peaks at 1400 and 1600 cm−1 develop. Therefore, it can be argued
that linear PE chains containing C–H bonds are cross-linked into polyaromatic structures
through high temperature sulfonation.
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Moreover, both the shape and the ratio of peaks were comparable to those of peaks
exerted by thermally oxidized PAN sample, which definitely contains polyaromatic cyclic
structures. Hence, based on the Raman spectra of PE sample sulfonated at 150 ◦C, we could
conclude that PE chains were successfully transformed into polyaromatic cyclic structures.

It is worth mentioning that the two Raman bands at 1400 and 1600 cm−1 are also
characteristic fingerprints of the carbon structure, but it should be noted that the interpreta-
tion of these Raman bands has to be carefully made based on experimental circumstances.
In this case, sulfonation of PE cannot simply derive carbon structure formation and it
is logically sound to conclude that the Raman bands are related to the development of
polyaromatic structure whose moieties are not as structured and as large as carbon mate-
rials [25,28,29]. In addition, the intensity ratio of these two bands is significantly higher
in the case of carbon materials because the carbon structure consists of a well-constructed
cyclic structure. The D to G intensity ratio spans 0.8 to 1.2 in the case of amorphous carbon
while that of stabilized PAN whose chemical structure only includes polyaromatic moieties
is well below 0.5 [28–30]. Therefore, the emergence of two Raman bands observed from
Figure 3, with very low D to G ratio, should be interpreted as formation of polyaromatic
moieties, not as formation of carbon structure.

After confirming successful chemical structural transformation of PE into cyclized
structure through sulfonation, the sulfonated sample was then carbonized. PE sample
sulfonated at 150 ◦C was carbonized at 1000 ◦C with a ramping rate of 5 ◦C/min. Carboniza-
tion was successful. The resultant carbon from sulfonated PE exhibited the characteristic
Raman peaks of carbon materials (Figure 4a). The D to G peak ratio of carbonized PE
sample was 1.03, and the value was comparable to that of Super-P, a reference carbonaceous
conductive agent for commercial LIBs. As a result, it was confirmed that sulfonation made
the successful development of carbon structure from PE possible. Successful carbonization
of sulfonated PE again could be validated from competitive production yield (Figure 4b).
Production yield of carbon materials from PE was determined based on thermogravimetric
analysis (TGA) result. The value was 47.7%, and it was similar to the production yield of
PAN, a reference polymeric carbon precursor, reaching around 50% [31,32].
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Figure 4. (a) Raman spectra of carbon derived from sulfonated PE (PE carbon) and SuperP. (b) Thermogravimetric analysis
(TGA) results for sulfonated PE.

However, X-ray diffraction (XRD) results and powder conductivity results revealed
major differences between PE-derived carbon powder and Super-P (Figure 5a). First, while
lateral development of polyaromatic structure confirmed from Raman spectroscopy was
similar, axial development of carbon structure was significantly varied. The Raman D
band around 1400 cm−1 is strongly related to the clustering of aromatic moieties [27–29].
In the case of amorphous carbon structure, the development of carbon structure in the
lateral direction induces development of the D band. However, it should be noted that D
band development exhibits an inverse relationship to the degree of carbon ordering in the
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case of highly ordered graphitic carbon. Hence, the Raman spectra depicted in Figure 4
clearly show that PE-derived carbon and Super-P have comparable degree of carbon
structural development in lateral direction. In XRD, completely different phenomenon was
observed. D-spacing (d002) and axial size of carbon crystallite (Lc) were calculated based
on characteristic (002) carbon peak around 25◦. The Bragg angle of the (002) peak was used
to calculate D-spacing, and Lc was calculated based on the Debye–Scherrer equation using
the full width at half maximum (FWHM) value of the peak [29,33]. While the D-spacing of
Super-P was slightly smaller than that of PE-derived carbon, Lc was much bigger than that
of PE carbon, indicating superior carbon structural development of Super-P in the axial
direction. The difference in carbon structural development was reflected in conductivity.
Before conductivity measurement, the PE carbon was ball-milled until the average size of
the particles reached 0.315 ± 0.228 µm (Figure S3) to achieve a degree of contact resistance
comparable to Super-P. Unfortunately, due to the limitations of top-down approach used
in this study, the particle size distribution of resultant PE carbon was too broad to be
accurately measured. Still, the overall size of particle was in sub-hundred-nanometer scale.
According to the previous reports, conductive agents cannot be effectively mixed with
active anode materials when the particle size is too large [34,35]. In this study, ball-milled
PE carbon could be successfully mixed with active materials without phase separation,
which ensures that the particle size is small enough.
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Figure 5. (a) XRD results and (b) electrical conductivity of carbon nanoparticle for PE and Super-P.

Electrical conductivity exhibited concomitant results following the trends observed
in XRD (Figure 5b). Electrical conductivity of Super-P, which has shown a more ordered
carbon structure in the axial direction, was significantly higher than for the carbon from
the PE sulfonated at 150 ◦C for 1 h. PE carbons derived from other sulfonation conditions
were also examined to obtain enhanced electrical performance of PE.

However, varied sulfonation time and temperature did not have any effect on the
electrical conductivity of carbonized samples (Figure S4). Both elongated processing
time and temperature did not provide any improvement in conductivity of the final
carbonized products. Moreover, carbonization temperature was also elevated to 2000 ◦C to
explore further changes, but the degree of ordering remained at the similar level, showing
hard carbon characteristics (Figure S5) [36,37]. Even though its value is not as good as
Super-P, the carbon derived from sulfonated PE still has sound electrical conductivity
enough for it to be utilized as a conductive agent for fabricating LIB anodes. Finally, LIBs
were fabricated using PE carbon as a conductive agent and compared to LIBs assembled
based on Super-P. For anode fabrication, graphene oxide (GO) was used as active anode
materials and polyvinylidene fluoride (PVDF) was used as binder material. Ball-milled PE
carbon exhibited excellent mixing characteristic with GO and anode could be successfully
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fabricated. Fabricated anodes were assembled into coin cell with half-cell configuration
consisting of lithium counter electrode and lithium hexafluorophosphate (LiPF6) electrolyte.

Figure 6 depicts the electrochemical performance of cells which were fabricated using
Super-P and PE-derived carbon, respectively. PE carbon served well as a conductive
agent and a properly working cell could be fabricated. However, the capacitance of
LIBs fabricated from PE carbon was 365.18 mAh/g, whose value was significantly lower
than LIBs made from Super-P. This is probably because PE carbon had lower electrical
conductivity than Super-P. However, at the high current cycle of 1 C, capacitance of LIBs
from PE carbon and Super-P were at the comparable range, whose values were 90.43 and
104.23 mAh/g, respectively.
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Capacity and the coulombic efficiency (CE) of LIBs from (a) Super-P and (b) PE carbon at 0.1–10 C-rate. Galvanostatic
charge/discharge curves of LIBs from (c) Super-P and (d) PE carbon.

In summary, innately non-carbonizable PE could be transformed into carbonizable
structure through sulfonation. Thorough analysis revealed chemical structural changes of
PE through the sulfonation process, and successful carbonization could also be confirmed.
More importantly, carbon nanoparticles fabricated from sulfonated PE could be utilized as
a conductive agent for LIBs. Even though the performance was not as good as the reference
commercial material Super-P, the LIBs fabricated from PE carbon nanoparticles exhibited
sound performance. Such a demonstration envisions the possible upcycling pathway for
PE waste, which is a serious worldwide environmental problem. Currently, recycling of
PE does not provide solid economical profit. However, the possibility of transforming PE
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into a battery component, which ensures economic benefit, might promote collection of PE
waste and, in turn, reduce the amount of PE waste.

3. Materials and Methods
3.1. Experimental Details

Sulfonation of PE was conducted by mixing linear low-density polyethylene (LLDPE)
powder from Lotte Chemical (UL814) with sulfuric acid (98%, Daejung Chemical, Korea).
PE powder (15 g) was dispersed in 250 mL of sulfuric acid in a beaker and the mixture
was heated up to the desired temperature using an oil bath. After sulfuric acid treatment,
the entire mixture, including solid product and sulfuric acid, was poured into a water
bath filled with 2 L of water for neutralization. After thorough mixing in the water bath,
dispersion was filtered using glass fiber filter (GF/A, Whatman, UK). Filtered product
was again washed with water until the pH of water was completely neutralized. Finally,
sulfonated PE powder after washing was filtered using filter paper and dried in convection
oven overnight.

Carbonization of sulfonated PE was conducted using box furnace. Chamber was
purged with N2 for 1 h before carbonization. During carbonization, N2 gas was purged
at 2000 sccm. Temperature was elevated up to target temperature with the ramping
rate of 5 ◦C/min. Carbonized product was then ball-milled using planetary ball mill
(Pulverisette 6, Fritsch, Germany) for 12 h with rotating speed of 400 rpm.

3.2. Characterization

Differential scanning calorimetry (DSC) was performed using a Q20 DSC (TA Instru-
ments, New Castle, DE, USA) under N2 environment with a heating rate of 5 ◦C/min.
Fourier transform infrared (FT-IR) spectroscopy measurement was conducted using Jasco
FT/IR-6000 (Jasco, Japan). All the FT-IR spectra were obtained with the attenuated total
reflectance (ATR) equipment. The instrument was equipped with a vacuum pump, and all
the samples were measured under vacuum. Raman spectroscopy of samples were obtained
using a Renishaw inVia Raman spectrometer (Renishaw, UK). Spectra were obtained with
514 nm laser at 0.15 mW of output power. Laser was focused through 20× optical lens and
exposure time was 30 s. Thermo gravimetric analysis (TGA) was performed using Setasys
Evolution TGA (Setaram Instrument, France) under an N2 environment with a 5 ◦C/min
of heating rate. For X-ray diffraction (XRD) measurement, SmartLab XRD (Rigaku, Japan)
with Cu−Kα radiation (λ = 1.54 Å) was used. XRD was operated at an acceleration voltage
of 45 kV and an emission current of 200 mA. The 2θ value was scanned from 10 to 60◦ at a
scan speed of 10◦/min. Electrical conductivity of samples were measured using powder
resistance measurement system (HPFM-M2, Hantech, South Korea). For anode fabrication,
GO, conductive agent (PE carbon or Super-P), and polyvinylidene fluoride (PVDF) were
mixed in the weight ratio of 80:10:10. PVDF was used as a binder material. The prepared
mixture was coated on a copper foil using a doctor blade and then dried in a vacuum oven
at 80 ◦C for 12 h. CR 2032 coin-type cells were assembled in an argon-filled glove box. For
cell assembly, Celgard 2400 was used as a separator and 1 M LiPF6 ethylene carbonate (EC)
and dimethyl carbonate (DMC) mixture with volumetric ratio of 1:1 was used as electrolyte.
Assembled cells were tested using a WBCS 3000 Automatic Battery Cycler system (Won A
Tech, Daejeon, Korea).

4. Conclusions

In this article, we demonstrated the fabrication of carbon nanoparticles from polyethy-
lene (PE), which takes up the largest volume of plastic waste. PE is innately non-carbonizable
and cannot be transformed into useful carbonaceous materials. Using various physico-
chemical analysis methods, including DSC, FT-IR, Raman spectroscopy, TGA, and XRD,
the chemical structural transformation of PE through sulfonation could be tracked, and
it could be concluded that PE could be transformed into carbonizable chemical structure
through sulfonation. As a result, sulfonation made carbonization of PE possible, and car-
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bon nanoparticles were synthesized from PE. Resultant carbon nanoparticles were tested
as conductive agents for lithium-ion batteries (LIBs). Intriguingly, LIBs from PE-derived
carbon properly operated and exhibited sound performance, which envisions possible
upcycling pathway of PE as a LIB component.

Supplementary Materials: The following are available online at https://www.mdpi.com/article
/10.3390/catal11040424/s1. Figure S1: DSC measurements of PE sample with varied sulfonation
time. Figure S2: FT-IR results for PE samples with varied sulfonation time. Figure S3: Representative
scanning electron microscopy (SEM) image of ball-milled PE carbon. Figure S4: Powder electrical
conductivity measurement of PE samples sulfonated for varied temperatures and times. Figure S5:
XRD analysis results for sulfonated PE samples carbonized at various temperatures.
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