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Activated carbon synthesized from styrofoam waste was applied as an electron
extractor to enhance the performance of Cu/p-CuSCN/n-Cu,O/ITO-based
photovoltaic cells. The widespread use of plastic products, particularly styrofoam,
has led to severe environmental pollution due to its long decomposition time.
Styrofoam waste-derived activated carbon utilizes polystyrene, which is rich in
carbon, to produce high-surface-area materials. In this study, the activated
carbon enhances the efficiency of photogenerated electron separation and
extraction in photovoltaic cells. Characterization results indicate that the
activated carbon has a surface area of 1,865.04 m?/g, a pore volume of 1.25 cm3/g,
and a pore diameter of 2.53—2.68 nm, with a direct band gap energy of 4.33 eV.
Voltage testing on the photovoltaic cells demonstrated a significant increase,
with the highest voltage reaching 209.67 mV in the 5 mg activated carbon
variation, representing a 34.84% improvement. The application of activated
carbon in Cu/p-CuSCN/n-Cu.0/ITO-based photovoltaic cells provided a notable

voltage increase, confirming its effectiveness as an electron extractor.

1. Introduction

The use of plastic products increases each year.
Excessive production of plastic packaging, coupled with
inadequate waste processing, leads to environmental
pollution. In 2016, Indonesia ranked fifth in global plastic
waste production, generating 9.128 million tons of plastic
waste [1]. One major type of plastic waste is styrofoam,
which decomposes much more slowly than other plastics,
typically taking between 60 and 1,000 years [2].
Styrofoam is often disposed of by incineration, which
contributes to environmental pollution through
emissions of CO,, SOx, and chlorine gas [1]. The main
component of styrofoam, polystyrene, consists of a long
carbon chain formed from repeating styrene monomers
(CsHs) [3]. Rich in carbon groups, styrene monomers offer
the potential for conversion into activated carbon, which
features a large surface area, ample porosity, and high
adsorption capacity [4]. Activated carbon is valuable
across various fields, including technology, industry, and
energy.

According to data from the Central Statistics Agency
(BPS) for 2019—-2021, the most widely installed power
plants in Indonesia are Steam Power Plants (PLTU), with
33,092 units. Coal-fired PLTUs emit CO, at a rate of 1,140
tons per MWh [5]. To address this, the Presidential
Regulation of the Republic of Indonesia Number 112 of
2022 on Accelerating Renewable Energy Development for
Electricity Supply promotes alternative energy sources,
including Solar Power Plants (PLTS), to reduce the burden
on PLTUs. In this context, photovoltaic cell performance
can be enhanced by utilizing activated carbon as an
electron extractor, which facilitates the separation and
extraction of photogenerated electrons, thereby reducing
recombination losses [6]. Activated carbon can serve as
an electron extractor due to its semiconductor properties
[7] and a band gap range of 0—5 eV [8]. Yuningsih and
Mulyadi [9] reported that activated carbon from coconut
shells achieved a conductivity of 0.8 S/cm, while corn
cob-derived activated carbon reached 0.7 S/cm [7].
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Previous studies have studied various electron
extractor materials for photovoltaic cells, including
graphene oxide (GO) [10]. However, the relatively low
surface area of GO limits its effectiveness in electron
collection and extraction, reducing the overall efficiency
of photovoltaic cells. In contrast, activated carbon offers
a much larger surface area—typically between 500 and
1,500 m?/g for commercial activated carbon, compared to
150 m?/g for commercial GO [11, 12]. As an electron
extractor, activated carbon provides more reactive sites
on its surface, enhancing charge transfer efficiency from
the active layer to the electrode. Additionally, its porous
structure enables faster electron diffusion, making it a
superior material for electron collection and transport in
photovoltaic energy storage and conversion applications.

The issues outlined above serve as the backdrop for
the innovative development of Cu/p-CuSCN/n-
Cu,0/ITO-based photovoltaic cells, utilizing activated
carbon derived from styrofoam waste as an electron
extractor. The Cu/p-CuSCN/n-Cu.0/ITO structure [13]
has demonstrated good stability and efficiency; however,
modification with activated carbon from styrofoam waste
presents a more optimal solution due to its surface area
characteristics, enhancing photovoltaic cell performance.
This innovation not only boosts the efficiency of
photovoltaic cells but also addresses environmental
challenges, such as air pollution and styrofoam waste
while providing an alternative renewable energy source.

2. Experimental

2.1. Tools and Materials

Various tools and instruments were used, including
glassware, sandpaper, filter paper, dropper pipettes,
measuring cylinders, flasks, and pipettes, as well as
stirring rods, water baths, hot air guns, vertical and
horizontal furnaces, pH meters, micrometers,
voltmeters, crucibles, ovens, spatulas, Brunauer-
Emmett-Teller (BET) apparatus, and UV-Vis Diffuse
Reflectance Spectroscopy (DRS). The materials used
include styrofoam waste, 100% acetone (True Glitter),
anhydrous KOH, 10% HCl (Mallinckrodt), copper plate,
KSCN (Merck), 100% CH;COOH (CIMS), 1 M CuSO, (Sains
Laboratory), ITO glass (10 ohms), and nitrogen gas.

2.2. Synthesis of Activated Carbon from Styrofoam
Waste

Activated carbon was synthesized using a method
adapted from de Paula et al. [14] with modifications to the
inert gas used. The process began by dissolving styrofoam
waste in acetone, followed by drying with a hot air gun.
The dried sample was then placed in a vertical furnace,
heated to 530°C at an average rate of 10°C/min under N>
gas for 5 hours. Activation was performed using
anhydrous KOH as the activating agent, with a KOH to
pyrolyzed styrofoam waste ratio of 4:1. The mixture was
then heated in the furnace at 800°C for 1 hour. Finally, the
activated carbon was washed with 10% HCI and rinsed
with hot distilled water until a pH of 7 was achieved.

2.3. Preparation of Cu/p-CuSCN/n-Cu.O/Activated
Carbon/ITO

The copper plate was first sanded with sandpaper,
and its thickness was measured. It was then washed with
distilled water, cleaned using an ultrasonic device, and
soaked in a solution containing 0.1 M KSCN, 0.1 M acetic
acid, and 1 M acetone, adjusted to a pH of 3.5, for 30
minutes to form a p-CuSCN layer (positive
semiconductor). The negative semiconductor was
obtained by boiling the Cu/p-CuSCN plate in a 1 M CuSO,,
solution for 30 minutes, resulting in the formation of an
n-Cu.0 layer on top of the plate. Activated carbon from
styrofoam waste was then deposited on the Cu/p-
CuSCN/n-Cu:0 plate with varying weights of 0, 1, 2, 3, 4,
and 5 mg. Finally, ITO glass was added to complete the
assembly of the photovoltaic cell [15].

3. Results and Discussion

3.1. Synthesis of Activated Carbon from Styrofoam
Waste

Figure 1 shows the results of activated carbon, which
appears as fine black grains and has a neutral pH, as
confirmed by pH indicator testing. The flow of N, gas
prevents oxidation by reducing the oxygen content during
the pyrolysis process in the furnace [16]. A temperature of
530°C is considered optimal for the styrofoam pyrolysis
process, as pyrolysis temperatures generally range from
400°C to 650°C [17]. The pyrolyzed carbon was then
activated using KOH, which significantly affects the
structure and porosity of the activated carbon [17]. The
styrofoam  waste-derived activated carbon was
characterized using the BET method and UV-Vis DRS.

3.1.1. Brunauer—Emmett—Teller (BET)
Characterization

The pore size characteristics of the styrofoam waste-
derived activated carbon were analyzed using the BET
method, which is based on the gas absorption capacity.
Nitrogen gas was used for the characterization. The
resulting linear isotherm graph, shown in Figure 2,
illustrates the nitrogen gas absorption capacity of the
activated carbon sample. The graph corresponds to a Type
IV isotherm, indicating that the activated carbon is
mesoporous, with pore sizes ranging from 2 to 50 nm
[18]. The detailed results of the BET characterization for
the styrofoam waste-derived activated carbon are
presented in Table 1.

Figure 1. Activated carbon derived from styrofoam waste
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Table 1. BET surface area and pore volume

BET
Pore Pore
surface .
Sample area volume diameter
(ng—l) (Cmgg_l) (nm)
Styrofoam
waste-derived
activated 1,865.04 1.25 2.53-2.68
carbon

Based on Table 1, the surface area of the styrofoam
waste-derived activated carbon was 1,865.04 m?/g, with a
pore volume of 1.25 cm?3/g and a pore diameter ranging
from 2.53 to 2.68 nm. The surface area of this activated
carbon is larger compared to that of polyacrylonitrile-
based activated carbon (1,250 m?/g) [19] and
polyurethane foam-derived activated carbon (1,469.9
m?/g) [20]. The pore diameter of 2.53—2.68 nm falls
within the mesoporous range (2—-50 nm), which is
advantageous for maximizing light absorption across
various wavelengths and preventing the diffusion of
captured electrons [21]. The BET characterization results
demonstrate that styrofoam waste-derived activated
carbon is suitable as an electron extractor in Cu/p-
CuSCN/n-Cu,0/ITO-based photovoltaic cells.

3.1.2. UV-Vis DRS (Diffuse Reflectance Spectroscopy)
Analysis

Styrofoam waste-derived activated carbon samples
were tested using UV-Vis DRS in the wavelength range of
100—-400 nm. The resulting data were used to calculate
the band gap energy (Eg), which is presented in Figure 3.
The band gap energy was determined using the Kubelka-
Munk equation and the Tauc plot method, where Eg is
derived from the graph of the relationship between
(F(R'e0)hv)* and hv (eV) [22]. The band gap energy
corresponding to direct electron transitions is shown in
Figure 3, where the value of nis 2 [23].
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Figure 2. BET adsorption and desorption isotherm plots
of styrofoam waste-derived activated carbon
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Figure 3. UV-DRS results of the Kubelka-Munk method
for styrofoam waste-derived activated carbon: (a) graph
of the Kubelka-Munk relationship to energy, (b) direct
band gap energy derived from the Kubelka-Munk
method

The graph in Figure 3 shows that the direct band gap
energy of styrofoam waste-derived activated carbon is
4.33 eV, which falls within the semiconductor range of
0 eV < Eg < 5 eV [8], indicating that the activated carbon is
a semiconductor. Other activated carbons, such as those
derived from andiroba shells, have also been reported as
semiconductors [23]. The band gap energy influences the
ability of styrofoam waste-activated carbon to absorb
light at longer wavelengths or lower energies. A smaller
band gap energy allows for more effective light
absorption, as it requires less energy to excite electrons
from the valence band to the conduction band [15].

The band gap of styrofoam waste-derived activated
carbon is relatively larger compared to other activated
carbons, such as almond shell activated carbon, which
has a band gap of 3.10 eV [24], and bamboo-activated
carbon, which has a band gap of 3.3 eV [25]. The slightly
wider band gap in styrofoam waste-derived activated
carbon can help suppress the charge recombination
process in photovoltaic cells by creating a greater
separation between photogenerated electrons and holes
[71.
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Table 2. Light intensity measurements for photovoltaic cells

Activated carbon variation Light intensity (lux)
Fo 167,600
F1 169,300
F2 168,100
F3 169,800
F4 171,500
F5 170,900

3.2. Preparation of Cu/p-CuSCN/n-Cu.O/Activated
Carbon/ITO Photovoltaic Cells

Photovoltaic cells were successfully assembled by
soaking the Cu plate in KSCN and acetic acid to form a
CuSCN layer, followed by boiling in CuSO, to form a Cu.O
layer. Styrofoam waste-derived activated carbon was
then deposited in varying amounts: Fo (0 mg), F: (1 mg),
F. (2 mg), F; (3 mg), F, (4 mg), and Fs (5 mg), followed by
the addition of ITO glass. The resulting photovoltaic cells
exhibited a light blue top layer composed of Cu.0, with
activated carbon on top, as shown in Figure 4(a). The
layer structure of the photovoltaic cells is depicted in
Figure 4(b), with the layers arranged as follows: ITO
glass, activated carbon, Cu.O, CuSCN, and Cu. This cell
configuration was developed based on the work of
Karunarathna et al. [13], with modifications to the
activated carbon layer.

3.3. Photovoltaic Cell Voltage Testing

The voltage test on the photovoltaic cells was
conducted between 12:00 and 13:00 WIB under bright
sunlight conditions, with light intensity ranging from
167,600 to 171,500 lux, as measured using a lux meter.
The measurement data are presented in Table 2. The test
was performed in triplicate, with the highest voltage
obtained from the F5 variation (5 mg activated carbon),
which reached 209.67 mV. In contrast, the Fo variation
(without activated carbon) yielded only 73.33 mV. The
voltage increase for the F5 variation photovoltaic cell was
significant, with a rise of 185.92% compared to Fo, as
shown in Figure 5.

The detailed test results show that the Fo
photovoltaic cell produced a voltage of 73.33 mV, F1
produced 95.67 mV, F2 produced 129 mV, F3 produced
136.33 mV, F4 produced 162.33 mV, and F5 produced
209.67 mV. CuSCN, a hole transport material, has a high
conduction band value, which enhances hole collection
efficiency and prevents recombination between electrons
and holes [26]. The properties of CuSCN contribute to
high efficiency in photovoltaic cells, minimizing energy
loss through recombination. The combination of
activated carbon and CuSCN in photovoltaic cells shows
promising potential, as it improves electron and hole
extraction by shortening the charge transport path.
Moreover, the use of CuSCN and carbon leads to an energy
shift of 0.2 eV [27], allowing for maximum photon
absorption and higher voltages.

ITO Glass
Activated carbon
Cu,0

CuSCN

Cu

Figure 4. (a) photovoltaic cell plate and (b) layer
structure of the photovoltaic cell
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Figure 5. Voltage testing results of photovoltaic cells

The increase in voltage observed with the addition of
activated carbon mass is also influenced by the pore size
of the activated carbon, which is sufficiently large to
accommodate n-Cu,0 within its pores, thereby
facilitating the extraction of photogenerated electrons
[13]. The incorporation of carbon materials, such as
activated carbon, into photovoltaic cells can also enhance
their longevity. This is due to the hydrophobic nature of
carbon, which helps prevent degradation from humidity,
thus improving the stability of the photovoltaic cells [28].
These findings suggest that activated carbon can serve as
a cost-effective alternative to expand the electrode
surface area and enhance the stability of photovoltaic
cells, making it a viable option for large-scale production
compared to conventional electrode materials.

4. Conclusion

Styrofoam waste-derived activated carbon exhibits
excellent pore characteristics, with a surface area of
1,865.04 m?g™, a pore volume of 1.25 cm3g™, and an
average pore diameter of 2.68 nm, classifying it as
mesoporous. The mesoporous structure offers the
advantage of maximizing light absorption across a wide
range of wavelengths while being small enough to
prevent the diffusion of captured electrons. When applied
to Cu/p-CuSCN/n-Cu.O/ITO-based photovoltaic cells,
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activated carbon significantly enhances the voltage
output, demonstrating its effectiveness as an electron
extractor. The highest voltage, 209.67 mV, was achieved
with the variation containing 5 mg of activated carbon
(F5). Additionally, the direct band gap energy of
styrofoam waste-derived activated carbon is 4.33 eV.
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