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Oz

Cevre ve ekonomi tizerindeki olumsuz etkileri en aza indirmek ve enerji tilkketimini azaltmak amaciyla, gelismis, diisiikk maliyetli ve
stirdiiriilebilir enerji depolama cihazlar1 gelistirmek biiyiik 6nem tasimaktadir. Giiniimiizde siiperkapasitorler ve sarj edilebilir
bataryalar, iki ana umut vadeden enerji depolama ¢oziimii olarak 6ne ¢ikmaktadir. Yiiksek performansli elektrokimyasal enerji
depolama sistemleri liretmenin anahtari, elektrokimyasal olarak aktif malzemelerdir. Elektrokimyasal performanslarini artirmak
amactyla, genis spesifik ylizey alanina ve kontrol edilebilir gézenek boyutlarina sahip gézenekli yapilar tasarlamak gerekmektedir.
Bu ¢alismada, hidrotermal karbon (HTC) katkili kursun siilfiir (HTC@PbS) ince film siiperkapasitor elektrot yapilari, sprey
yontemiyle 100 °C'deki cam taban malzemeleri iizerine, sprey sayisina bagl olarak iiretilmistir. Yiizey morfolojileri, bilesim
analizleri ve kristal yapilar sirastyla FESEM, EDX ve XRD ile karakterize edilmistir. 2 puf ve 3 puf HTC@PbS ince film
stiperkapasitor elektrot yapilarinin spesifik kapasitans (Cs) degerleri, Keithley 2400 sourcemeter ve 2100/220 Keithley multimetre
kullanilarak, diizlemsel zamana bagli -V yontemi ile -1,4 V ile +0,2 V potansiyel araliginda, 5 mV/s, 10 mV/s, 25 mV/s, 50 mV/s
ve 100 mV/s tarama hizlarinda dl¢iilmiistiir. 2 puf ve 3 puf HTC@PbS ince film siiperkapasitor elektrot yapilarinda kaplanan aktif
kiitle miktarlar1 sirasiyla 0,0566 g ve 0,0185 g olarak belirlenmistir. 2 puf ve 3 puf sprey i¢in 5 mV/s tarama hizinda elde edilen
spesifik kapasitans degerlerinin 873 F/g ve 919 F/g olarak en yiiksek degerlere sahip oldugu goriilmektedir.
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Abstract

To mitigate adverse environmental and economic impacts and to reduce energy consumption, the development of innovative,
affordable, and sustainable energy storage systems is crucial. Currently, rechargeable batteries and supercapacitors are recognized
as the two leading energy storage solutions. The production of high-performance electrochemical energy storage systems relies
heavily on electrochemically active materials. To enhance their electrochemical capabilities, it is essential to create porous structures
featuring a high specific surface area and adjustable pore dimensions. In this study, hydrothermal carbon (HTC) doped lead sulfide
(HTC@PbS) thin film supercapacitor electrode structures were fabricated on glass substrates at 100 °C using the spray method, with
their properties varying depending on the number of sprays. Surface morphologies, compositional analyses, and crystal structures
were characterized by FESEM, EDX mapping, and XRD, respectively. The specific capacitance (Cs) values for the 2- and 3-spray
HTC@PDS thin film supercapacitor electrode structures were measured using the in-plane time-dependent I-V method, employing
a Keithley 2400 sourcemeter and a Keithley 2100/220 multimeter. Measurements were conducted in the potential range of -1.4 V to
+0.2 V at scan rates of 5 mV/s, 10 mV/s, 25 mV/s, 50 mV/s, and 100 mV/s. For the 2- and 3-spray HTC@PbS thin film supercapacitor
electrode structures, the amount of active mass coated was determined to be 0.0566 g and 0.0185 g, respectively. The specific
capacitance values for the 2- and 3-spray samples, measured at a 5 mV/s scan rate, showed the highest values of 873 F/g and 919
F/g.
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1. Introduction

Energy is acknowledged as a vital element for the advancement and economic health of contemporary society around the globe.
Nonetheless, the rising consumption of energy in recent years has resulted in issues like the exhaustion of fossil fuel resources and
environmental degradation [1,2]. It is essential to transition from traditional energy sources to alternative renewable energy options.
Over the past two to three decades, substantial global efforts have been dedicated to the research and development of diverse renewable
energy sources to meet energy demands while minimizing environmental impact. Renewable energy types, including biomass, solar,
wind, and hydroelectric power, have been recognized as viable prospects. Among the different pretreatment techniques, hydrothermal
carbonization (HTC) has proven to be an effective approach for enhancing physicochemical characteristics [3,4].

With the discovery of nanoporous carbons as a functional class of materials, their potential applications such as supercapacitors, H,
storage, CO; capture, photocatalysis, etc. continue to increase greatly. Carbon can form sp, sp?, and sp> bonds, as it uniquely lacks any
internal p-electrons. Consequently, it can display distinct characteristics with various allotropic forms that range from nanoscopic to
macroscopic sizes, along with numerous nanostructured configurations, which influence their physicochemical properties such as
electrical conductivity, low weight, porosity, and chemical stability across different scales. The remarkable traits of carbon, particularly
those that are activated, are greatly affected by the diverse range of surface functionalities that include heteroatoms. A straightforward
method to adjust and regulate the physicochemical properties of carbon substances must be developed to leverage them for cutting-
edge uses [5]. There are two primary and often interrelated approaches to easily manage the qualities of porous carbon: creating the
pore structure and adding specific functional groups to the carbon surface and matrix [6,7]. While significant advancements have been
achieved in producing nanoporous carbons with innovative shapes [8], heteroatom-doped carbons (HDCs) featuring adjustable
structural and chemical attributes have gained more attention due to their multifaceted capabilities, especially as sophisticated
functional materials [9,10]. Specifically, HDCs with well-defined porosity and extensive surface area demonstrate enhanced
effectiveness for energy storage and conversion applications in fuel cells, supercapacitors, and batteries, as well as for CO, capture and
hydrogen storage [11].

Advancements in the modern electronics industry are closely tied to progress in the technology of semiconductor materials.
Components of electronic circuits made from semiconductors are essential in various aspects of daily life. These semiconductor
components are utilized in fields such as communication, healthcare, information technology, automotive, transportation, military, and
several others. Systems built with semiconductors offer benefits like being lightweight, compact, possessing low error rates, cost-
effective, and highly efficient. The construction of each discrete solid-state electronic device or integrated circuit starts with the
production of high quality semiconductor materials. Lead sulfide (PbS) is an important component among semiconductor materials
and is utilized in a wide range of applications due to its remarkable physical and chemical characteristics. These applications include
light emitting diodes (LEDs), infrared sensors, lasers, solar energy systems, optical fibers, and window coverings, all thanks to its
ability to act as a Pb*? ion-selective sensor [12-14]. PbS is a distinctive semiconductor with a direct energy band gap of 0.41 eV at
ambient temperature, classified under group IV-VI of the periodic table [15]. Furthermore, PbS exhibits a cubic crystal structure,
possesses a dielectric constant of 17.3, and has a significant exciton and effective Bohr radius of 18 nm [16,17]. Its strong ability to
absorb in the infrared (IR) range and into the visible spectrum makes it ideal for applications in IR detection [18]. Recently,
nanoparticles for PbS material have been further developed physically and chemically. Due to the quantum confinement of the carriers,
it has been discovered that the ternary non-linear optical properties are strong, which suggests that it can be used as an optical switch
in optical circuits [19]. Moreover, various metals and heteroatoms are doped into PbS nanostructures to improve their physical,
chemical, optoelectronic, etc. properties for different applications. In this study, our aim is to fabricate spray number dependent
HTC@PDbS thin film supercapacitor electrodes by doping hydrothermal carbon (HTC) and to discuss the effective parameters by
revealing the relationship between specific capacitance values and structural characterisation.

2. Experimental Section

The experiment consists of 3 stages. The first stage is the production of hydrothermal carbons, the second stage is the preparation of
HTC@PDbS solution and the last stage is the growth of HTC@PbS thin film supercapacitor electrodes depending on the spray number.

Firstly, 8 g of glucose is added to 80 ml of pure water in a 100 ml beaker and mixed at 600 rpm for 5 mins. with a magnetic stirrer.
Then, it is continued to be stirred in ultrasonic mixer for 15 mins. at room temperature and the solution is placed in autoclave and kept
in oven at 180 °C for 18 hours. After cooling, it is removed from the oven, filtered, washed with distilled water and finally kept in an
oven at 50 °C until drying to obtain HTCs.

In the second step, 0.02 Molar PbNOs3 in 20 ml distilled water is stirred in a magnetic stirrer for 30 mins. at room temperature. In
another beaker, 0.648 g NaOH in 10 ml distilled water is stirred at room temperature for 20 mins. and then the solution in both beakers
is taken into a 100 ml beaker, and stirred for 10 mins. to obtain a homogeneous solution. In another beaker, 0.002 g of HTC in 20 ml
of distilled water was stirred at 100 °C and 500 rpm for 5 hours in a magnetic stirrer and added to 100 ml of solution. In another beaker,
0.05 Molar thiourea [(NH2),CS] was stirred in 10 ml of distilled water at room temperature for 10 mins. on a magnetic stirrer and added
dropwise into 100 ml of the mixture with the help of a micropipette and stirred on a magnetic stirrer for 30 mins. During this time the
colour of the solution changed towards dark grey colour.
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In the last stage, when the temperatures of the glass substrates placed on the heater by weighing their empty masses reached 100 °C,
the distance between the glass substrates and the nozzle at right angles to the surface was adjusted to 10 cm and HTC@PbS thin films
were produced for 2 and 3 sprays with air gas and the amount of active material mass coated was measured with a precision balance.

Surface morphologies, compositional analyses and crystal structures were characterised by FESEM, EDX mapping and XRD,
respectively. The specific capacitance (Cs) values of HTC@PDS thin film supercapacitor electrode structures produced with 2 and 3
sprays were measured by in-plane time-dependent I-V method using Keithley 2400 sourcemeter and 2100/220 Keithley multimeter in
the potential range of -1.4 V to +0.2 V at scan rates of 5 mV/s, 10 mV/s, 25 mV/s, 50 mV/s and 100 mV/s.

3. Results and Discussion

XRD patterns of HTC@PbS thin film supercapacitor electrode structures depending on the number of 2 and 3 sprays are given in
Figure 1. Accordingly, the formation of cubic PbS crystals having a=b=c=5.9300 A with (1 111),(1111),(200),(2220)and
(31 1) Miller planes at diffraction angles of 23.39°, 26.03°, 30.17°, 43.47° and 50.98°, respectively, was observed (PDF Card No.:
00-002-0699). In addition, the formation of orthorhombic crystalline PbSO4 having crystal structure parameters a=8.4500 A, b=5.3800
A, ¢=6.9300 A with (21 1) and (2 1 2) Miller planes at diffraction angles of 29.76° and 37.44° (PDF Card No.: 00-001-0867),
respectively, was observed during the reaction. Miller planes (1-10), (110) and (200) at 26=14.8°, 16.8° and 22.6° diffraction angles,
respectively, indicate HTC structures [20].
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Figure 1. XRD patterns of HTC@PDbS thin film supercapacitor electrodes depend on spray numbers.

Surface morphologies and EDX mapping analyses of HTC@PDbS thin film supercapacitor electrode structures produced for 2 and 3
sprays are depicted in Figure 2. According to this, the temperature of the glass substrate materials at 100 °C shows that the films have
a dense and homogeneous surface morphology. In 2x spray, some parts of the surface appear as hollow, small spheres and layered
adhesive network, while in 3x spray, some parts of the film are in the form of small spheres, but in some parts of the film, the formation
of grain structures similar to small cauliflower branches is observed. In addition, the presence of regions with excessive glow on the
surface in the FESEM image in the 3x supercapacitor electrode structure indicates that oxidation is excessive, which is clearly seen
from EDX mapping and XRD diffraction patterns.

The masses of the base material glasses before and after spraying were weighed with a precision balance and the amount of active
material used in the calculation of the specific capacitance values was determined. Accordingly, the amount of active substance was
measured as 0.0566 g and 0.0185 g for 2x and 3x HTC@PbS spray, respectively. Specific capacitance (Cs) values of 2x and 3x
HTC@PDbS thin film supercapacitor electrode structures were measured with the help of Keithley 2400 sourcemeter and 2100/220
Keithley multimeter using in-plane time-dependent I-V method with Kickstart programme at scan rates of 5 mV/s, 10 mV/s, 25 mV/s,
50 mV/s and 100 mV/s in the potential range of -1.4V to +0.2V. Since PbS crystals are sensitive to temperature and light, all
measurements were performed at room temperature and in the dark.
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d)
Figure 2. FESEM images and EDX mappings of HTC@PbS thin film supercapacitor electrodes depends on sprey amounts (a)2X
FESEM image, b) 2X EDX Mapping, ¢)3X FESEM image, d) 3X EDX Mapping)

The specific capacitance values were calculated by using the amount of active material coated and I-V values with the help of Equation
1[21-23].

1
C = a7 (1)
m.——
dt

where Cs is specific capacitance (F/g), I is current (A), m is the amount of active substance coated (g). For 2 and 3 times spraying,
cyclic voltammetry curves for 5, 10, 25, 50 and 100 mV/s scan rates are given in Figure 3 and calculated Cs values are given in Table
1. Accordingly, Cs values decrease with increasing scan rates, whereas Cs values are higher since the amount of active mass decreases
in the 3x sample. High specific capacitance (Cs) values are obtained at low scan rates due to the excitation of more charge from the
surface to the interior of the active material at low potentials scanned per unit time, i.e. due to the interaction of only surface charges
at high scan rates. In addition, the increase in the mass of the active material at 2x caused a decrease in the specific capacitance values
due to the decrease in the free path that the charges settled in the pores of the HTC will take in the electrical field formed with the
applied potential. At the lowest scan rate of 5 mV/s, Cs values of 873 F/g and 919 F/g were obtained for 2x and 3x sprays, respectively.
Durga and colleagues [24] observed specific capacitance figures ranging from 248.48 F/g to 41.4 F/g for PbS supercapacitor electrodes
created on Ni foam using the chemical bath deposition technique, which are significantly less than the values reported in this research.
The reason for this is thought to be due to the method applied, the substrate material, the amount of active material and the pores of the
doped HTC. In addition, another situation is that with the formation of PbSOj4 crystal structures in the synthesis stage obtained in this
study, oxygen acts as a heteroatom in the structure and increases the specific capacitance values. Mohamed et al. [25] found the specific
capacitance value of PbS flake nanostructured supercapacitor electrodes hydrothermally deposited on graphene oxide sheets as 1371.57
F/g as a result of three-electrode method. In addition, for PbS@GO//AC (activated carbon) structured asymmetric supercapacitor, they
reached a specific capacitance value of 251 F/g for 1 A/g, which is in agreement with the specific capacitance values obtained in this
study.
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Figure 3. Cyclic voltammetry curves of HTC@PbS thin film supercapacitor electrodes structures depend on scanning rate for 2x and
3x sprays.
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Table 1. Specific capacitance values depend on scanning rates for HTC@PDbS thin film supercapacitor electrodes.

Sc(:::vl/lsz;te C, Specific Capacitance (F/g)
5 873
- 10 442
(o]
25 193
50 111
100 59
Sc(?I:IVI}Ste C, Specific Capacitance (F/g)
5 919
>< 10 880
en
25 707
50 464
100 276

4. Conclusion

In this research, HTC-infused PbS thin film supercapacitor electrodes were created on glass substrates at a temperature of 100 °C using
a spray technique that is straightforward, affordable, and requires minimal equipment based on two and three spray applications. Their
surface structure appears quite compact, resembling tiny spherical particles. The emergence of PbSOj4 crystals within the composition
and the role of oxygen as a foreign atom played crucial roles in enhancing the specific capacitance values. An increase in the scanning
rate led to a decrease in specific capacitance values, as only surface charges were engaged. Due to the high density of carriers in the
PbS chalcogenide structure and the enhanced number of pores on the surface resulting from the additional HTC, supercapacitors that
are cost-effective, easy to manufacture, environmentally benign, and exhibit high performance with appropriate size and structure can
be produced and further improved with additives.
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