Crucial parameters to obtain a high-performance supercapacitor from plastic waste
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Abstract

Activated carbons (ACs) have common application for the EDLC (electric double layer
capacitance) supercapacitors. Among various methods, ACs can be manufactured from the plastics,
which offers a sustainable method for managing plastic waste. In this study, we present a two-step
process that involves pyrolysis followed by chemical activation, which effectively transforms
common plastic waste into activated carbons (ACs), making them suitable for electrode materials
in supercapacitors. In addition to well established parameters such as specific surface area and
micropore volume, our research highlights the importance of other critical factors, including the
glass transition temperature of the polymer, compatibility between the polymer and activating
agent, the ratio of activating agent (K»COs3) to ACs, and the stability of ACs in water dispersion.
Tuning the mentioned parameters, we obtained AC with a competitive electrochemical
performance. Specifically, the ACs exhibited a specific capacitance of 220 F g (at a current density
of 1 A g, energy and power densities of 61.1 Wh kg™! and 36.9 kW kg™!, respectively, and
excellent cycling stability (95% retention after 30,000 cycles). Our findings provide a pathway

towards transforming plastic waste into valuable electrode materials for supercapacitors.
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Introduction

Environmental pollution on a broad scale is caused by the pervasive plastic waste. In order to avoid
its combustion and landfilling, it is required to look into various techniques for its recycling or
transformation. According to global estimates, the amount of plastic waste generated each year is
approximately 3x10® tons.! While recycling is considered a way to utilize plastic waste, only 9%
of plastic waste is recycled worldwide, with 20% being mismanaged.? The remaining 60-70% of
plastic waste is largely burned or disposed of in landfills. Rather than resorting to incineration, an
alternative approach is to transform plastics into valuable materials, such as activated carbons

(ACs), which offers a sustainable method for managing plastic waste.

Supercapacitors, can be utilized to provide high power output, reduce battery discharge depth, and
store energy for memory operations in case of unexpected shutdowns. Compared to batteries,
supercapacitors have the advantage of fast charging and discharging, making them optimal for
energy harvesting and scavenging. Depending on power requirements, supercapacitors can even
replace batteries entirely. It is simple to understand why capacitor technology is the best choice for
energy storage applications when you consider the better power density of supercapacitors along

with its wide working temperature range, excellent reliability, low weight, and high efficiency.

The mechanism of EDLC SCs is simply based on electrostatic adsorption of ions, where the suitable
pore size (preferably micropores®) with the high SSA plays a main role in the high energy storage
performance. As a result, such SCs display enormous cycling stability, fast charging and

discharging ability, and enhanced power density.

In this contribution is discussed the conversion process of common plastic waste materials,
including polyethylene (PE), polypropylene (PP), polystyrene (PS), polyamide (PA), polyester
fabric (PES), polyethylene terephthalate (PET), polyurethane (PU), and acrylonitrile-butadiene-
styrene (ABS), into activated carbons (ACs) that possess appropriate electrochemical
characteristics for supercapacitor applications. Our findings indicate that, in addition to the specific
surface area (SSA) and porosity of the ACs, several other factors significantly influence the

capacitive properties of ACs. These factors include the glass transition temperature (Tg) of the



polymer, the compatibility of the polymer with K>2COs as an activating agent, and the stability of

AC water dispersion.
Polymer transformation

We describe the transformation of common plastic waste materials, such as polyethylene (PE),
polypropylene (PP), polystyrene (PS), polyamide (PA), polyester fabric (PES), polyethylene
terephthalate (PET), polyurethane (PU) and acrylonitrile-butadiene-styrene (ABS), into ACs with

suitable electrochemical parameters towards supercapacitor applications.

PS and PET pellets were easily processed without any manufacturing difficulties, while polymers
like PE, PP, PU, and ABS posed challenges during milling due to sintering. Sintering occurred
because these polymers reached their glass transition temperature (T,), causing their structure to
become rubbery and complicating the grinding process. The sintering also hindered the mixing of
K>CO:s, leading to decreased specific capacitance of the activated material. This was evident from

the specific capacitance values obtained for each polymer (Fig. 1a).

We also observed visible differences in the dispersibility of the AC materials in water. Some of the
materials formed agglomerates and quickly settled down, while others formed stable dispersions.
These variations could be attributed to differences in surface energy among the AC materials. The
C-PS sample, which had a specific surface area (SSA) of 750 m? g! did not form agglomerates,
exhibited capacitance values similar to C-PU, which had an SSA of 1559 m* g! and formed
agglomerated dispersions. Additionally, C-PES, with an SSA of 909 m? g”!, formed very fine
dispersions. From these observations, we concluded that the combination of high surface area, high
micropore volume, and the ability to form fine dispersions were responsible for the observed

capacitance.

The sample exhibiting the highest capacitance value (C-PA) was chosen to investigate the impact
of the AC:K»>CO:s ratio on capacitance properties (Fig. 1b). As the amount of K»COs decreased, the
specific surface area (SSA) increased up to a C-PA:K,COs ratio of 1:0.5, reaching a remarkably
high SSA of 2266 m? g'!. However, this trend did not correspond to an increase in capacitance.
Carbon with a lower K,COj ratio was found to be ineffective in terms of capacitance due to its poor
ability to form stable dispersions. The AC material exhibited instability and quickly aggregated.
This behaviour resulted in low-quality films on the electrode surface, leading to lower capacitance

values.
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Fig. 1. (a) Adsorption|desorption isotherm of C-PA 1:1. (b) DFT pore size distribution. (c) Comparison of
ACs prepared from various polymers, ratio 1:3. Specific capacitance evaluated in the 3-electrode setup at a
current density of 1 A g”!in IM H,SO4, (d) Comparison of C-PA prepared with different ratio between
polyamide:K>COs.

Although the samples with C-PA:K>COs ratios of 1:3 and 1:6 had lower SSA values compared to
the others, they formed stable dispersions and still exhibited high capacitance values of 350 F g™
and 300 F ¢!, respectively. The peak performance of 521 F ¢! (at 1 A g'!) was achieved when the
C-PA:K,CO;s ratio was 1:1. Deviating from this ratio, whether by increasing or decreasing it, led to
a deterioration in sample performance, as evidenced by the GCD test (Fig. 2d, e). This can be
attributed to the ability to form stable dispersions. Samples with higher capacitance values tend to
form stable dispersions, which have been proven to be highly beneficial from an electrochemical
perspective. In contrast, the C-PA samples, despite having a high SSA, form unstable dispersions
and quickly aggregate. This results in significantly lower capacitance values from an

electrochemical standpoint.

The AC samples derived from C-PA, C-ABS, C-PES, and C-PU that exhibited the highest
performance were subjected to further characterization using a 2-electrode symmetrical setup,
which closely resembles a real supercapacitor device (Fig. 2). The highest specific capacitance of
the C-PA among all the carbon samples is attributed not only to the very high specific surface area
and the micro-pore volume, but also to the ability to form stable dispersion, which eventually
benefits the adsorption of the higher amount of the electrolyte ions. These micropores responsible
for the high amount of the accommodated electrolyte ions and the immensely high capacitance. C-
PA 1:1 exhibited a micropore:total pore volume ratio 63 %, which predisposes it for the fabrication
of the EDLC supercapacitor. C-PA 1:1 with best capacitance results (521 F g'!) had the specific

surface area from BET equaled to 1974 m? g! with a total micropore volume of 0.59 cm® g
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Fig. 2. Characterization by the 2-electrode symmetrical setup. (a) CV quasi-rectangular shape of C-PU, C-
ABS, C-PES and C-PA recorded at 100 mV s, (b) GCD response recorded at 1 A g™! of best performing
ACs (C-PU, C-ABS, C-PES and C-PA) in 2-electrode setup. (c) Comparison of specific capacitances of C-
PU, C-PES, C-ABS, C-PA. Additionally, C-PA was tested at different C-PA:K,COs ratios, where the GCD
is shown in (d) and compared in terms of specific capacitances in (e). (f) The cyclic stability test of C-PA 1:1

for 50 000 cycles at 5 A g™\

In order to explore the applicability of the C-PA sample, we utilized an ionic liquid, [EMIM][BF4],
as an electrolyte to enhance the capacitive performance in terms of energy and power density. lonic
liquids are a type of electrolyte commonly employed to achieve higher capacitance and energy
density. We specifically selected 1-ethyl-3-methylimidazolium tetrafluoroborate ([EMIM][BF4])
as the electrolyte due to its ability to operate within a wide potential window and its molecular size
matching the pore width of our ACs.* The stable potential window was investigated using cyclic
voltammetry (CV) in the range of 0-3.7 V. The CV curves displayed a semi-rectangular shape
without observable peaks. The galvanostatic charge-discharge (GCD) measurements at various
current densities exhibited high energy density and power density, as illustrated in Figure 3a. The
Ragone plot (Figure 3b) compares our findings with relevant publications on ACs derived from
plastic waste. In our study, we achieved a maximum energy density of 61.1 Wh kg ™' and a maximum

power density of 36.9 kW kg!. These results significantly surpass previously published outcomes,



suggesting that the C-PA material could serve as a promising alternative to commercially available

carbons.
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Fig. 3. (a) Energy density (orange) and power density (green) plot of C-PA 1:1 on various current density for
2-electrode setup in [EMIM][BF:]. (b) Ragone plot comparing current published research vs our results.>™3

Conclusion

To meet the demand for sustainable electronics and plastic waste reuse, we successfully obtained
highly porous activated carbon (AC) materials from common plastic waste for supercapacitor

electrodes.

The final supercapacitive properties are influenced by several key parameters, including not only
well-known specific surface area (SSA) and microporosity but also the glass transition temperature
of the polymer, compatibility between the polymer and activating agent (K>COs3), and the stability
of the activated carbon (AC) dispersion. The identification of these critical parameters, together
with the outstanding results obtained, represents a significant advancement towards the efficient

utilization of plastic waste in energy storage devices.

The C-PA sample, exhibiting the best properties, achieved a capacitance of 220 F g' (at 1 A g'!)
and excellent cyclic stability (95% retention after 30,000 cycles) in an aqueous electrolyte. In an
ionic liquid electrolyte, the C-PA sample showed significantly improved energy and power density

(61.1 Wh kg ! and 36.9 kW kg ™).

Our findings emphasize the importance of multiple parameters in obtaining high-performance
electrode materials, such as surface area, micropore volume, dispersion quality, pore size
distribution, K»CO3:AC ratio, and precursor's glass transition temperature. Careful evaluation of
these factors allowed us to develop novel sustainable materials with superior electrochemical

properties in terms of both capacitance and stability for supercapacitor applications.
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