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ABSTRACT 
 
Electrochemical capacitors (ECs) are an important component 
of modern energy storage due to their fast charge-discharge 
kinetics, high power density, and long operating life. This work 
investigates the electrochemical behaviour and morphological 
characteristics of mercury sulfide (HgS) electrodes, using 
cyclic voltammetry and scanning electron microscopy for a 
thorough analysis. HgS was produced using a single-step 
hydrothermal method. X-ray diffraction revealed the presence 
of single-phase HgS. The W-H and S-S plots determine the 
crystallite size. UV-Vis spectroscopy investigation indicates 
absorption in both UV and visible regions, with an optical 
energy band gap of 0.79 eV. FESEM detected nano-polyhedral 
particles. EDS analysis using FESEM revealed the presence of 
mercury and sulfur. The Nyquist plot and cyclic voltammetry 
showed capacitive behavior, indicating compatibility with 
batteries and supercapacitors. The study thoroughly 
investigates HgS electrodes to identify crucial elements 
influencing capacitance performance, such as electrode shape, 
surface area, and material composition. The findings highlight 
HgS's potential as an effective electrode material and provide 
insights into its use in developing EC technology. This study 
contributes to the ongoing development of energy storage 
systems by linking fundamental electrochemical principles 
with comprehensive morphological characterization, paving 
the way for long-lasting and efficient capacitive devices. 
 
 
INTRODUCTION 
 
In the realm of energy storage and conversion technologies, 
electrochemical capacitors (ECs), also known as 
supercapacitors or ultracapacitors, have emerged as promising 
alternatives to traditional energy storage devices such as 
batteries [1],[2] Unlike batteries, which store energy through 
chemical reactions, ECs do it electrostatically at the electrode-
electrolyte contact [3],[4]. This mechanism enables ECs to 
provide rapid charge and discharge cycles, high power density, 
and long cycle life [5] making them excellent for applications 
that require frequent and rapid energy transfers, such as hybrid 
automobiles, solar power plants, and portable devices [6], [7]. 
 

Electrochemical capacitors offer numerous distinct benefits 
over conventional batteries. They have a high-power density, 
which allows them to deliver bursts of energy quickly and 
efficiently. This feature is especially useful in applications 
requiring rapid energy delivery, such as regenerative braking in 
automobiles or peak power shaving in electrical grids [8],[9] . 
Furthermore, ECs often maintain their performance over long 
cycles, with low degradation even after hundreds of thousands 
or millions of charge-discharge cycles [10],[11] . This longevity 
translates into lower maintenance costs and a longer operational 
lifespan compared to batteries, making ECs economically 
appealing for both industrial and consumer applications [12], 
[13]. 
 
Another significant feature of ECs is their capacity to function 
well across a wide temperature range, from sub-zero to high 
thermal conditions [14] . This robust thermal performance 
ensures reliable operation in various climatic conditions, 
making them ideal for outdoor and automotive applications. 
Moreover, electrochemical capacitors are frequently built using 
environmentally friendly materials and do not rely on harmful 
compounds or heavy metals found in typical battery chemistries 
[15],[16] . This feature not only reduces their environmental 
impact but also simplifies end-of-life disposal and recycling, 
aligning with sustainable energy storage practices. 
 
The pursuit of improved performance and efficiency in ECs has 
prompted continuous research into novel electrode materials, 
with mercury sulphide (HgS) emerging as a viable candidate. 
HgS, known for its semiconductor properties and chemical 
durability, offers exciting opportunities to enhance capacitive 
behaviour in energy storage applications. The electrochemical 
performance of HgS is heavily influenced by its interaction 
with electrolytes as well as its morphological features, such as 
surface area and particle size distribution. Understanding these 
interactions requires extensive study and characterization to 
fully realize HgS potential in advancing electrochemical 
capacitor technology. 
This research investigates the electrochemical and 
morphological properties of mercury sulphide electrodes using 
modern analytical techniques such as cyclic voltammetry and 
scanning electron microscopy. The study aims to help optimize 
and build next-generation electrochemical capacitors by 



67th Annual Technical Conference Proceedings © 2024 Society of Vacuum Coaters (www.svc.org) 
Chicago, IL, USA May 6 – 9, 2024 all rights reserved ISSN 0737-5921 
https://doi.org/10.14332/svc24.proc.0051 ISBN 978-1-878068-44-6 

 

elucidating the links between electrode structure, surface 
characteristics, and electrochemical performance. Ultimately, 
by combining the benefits of ECs with the unique features of 
mercury sulphide, this research seeks to promote innovation in 
energy storage technologies, resulting in more efficient, 
sustainable, and diverse solutions.  
 
EXPERIMENTAL SECTION 
 
Synthesis of Mercury Sulphide 
 
To begin, make a 0.1M solution of sodium sulphide (1.5g) in 
35ml of deionized water and stir for 1 hour. Prepare another 
solution of 0.3M mercury chloride (0.25g) by stirring it in 20ml 
of deionized water at room temperature for 1 hour. After an 
hour, add the sodium sulphide solution to the mercury chloride 
solution dropwise at 5-minute intervals. Allow this solution to 
stand for 1 hour, stirring constantly. After an hour, transfer the 
final solution into a 100ml Teflon-lined stainless-steel 
autoclave, seal it, and treat it at 180°C for 24 hours. After 24 
hours, let it cool. 
 
Next, centrifuge the precipitate and wash it several times with 
deionized water and ethanol. Then, dry the precipitate in a 
vacuum oven at 70°C overnight. The following day, crush the 
samples into a fine powder. 

                                                (1) 

 
Deposition of Thin Film for Working Electrodes 
 
First, the FTO substrate must be thoroughly cleaned to ensure 
it is free of contaminants. This cleaning process involves 
sequentially sonicating the substrate in acetone, isopropanol, 
and deionized water for 10 minutes each [17] . After cleaning, 
the substrate is dried with nitrogen gas and baked at 100°C for 
10 minutes to remove any residual moisture. 
 
Next, prepare the HgS solution as previously described, 
ensuring it is well-mixed and free of particulate matter. If 
necessary, filter the solution using a 0.45-micron syringe filter 
to remove impurities. For the spin coating process, place the 
clean FTO substrate onto the spin coater chuck and secure it 
with a vacuum to keep it stationary. Dispense a measured 
amount of the HgS solution onto the centre of the substrate, then 
set the spin coater to rotate at 1000 rpm for 30 seconds. The 
centrifugal force will evenly spread the solution across the 
substrate surface, forming a uniform thin film. 
 
After spin coating, carefully transfer the coated substrate to a 
hot plate or oven set at 70°C. Allow the film to dry for 10-15 
minutes to evaporate any remaining solvent and promote 
adhesion of the HgS layer to the FTO substrate, helping to form 
a continuous and uniform thin film [18]. 
 
 

Electrochemical Study 
 
In this study, we employed cyclic voltammetry (CV) and 
potentiostatic electrochemical impedance spectroscopy (PEIS) 
using a Biologic SP-240 three-electrode system to investigate 
the electrochemical properties of as-synthesized samples 
intended for capacitance and supercapacitance applications 
[19]. The experimental setup included a reference electrode 
(Ag|AgCl), a platinum counter electrode, and the synthesized 
thin film as the working electrode. The analysis employed an 
electrolyte containing a 0.5 M LiI solution. 
 
RESULTS AND DISCUSSION 
 
Structural Analysis 
 
The as-synthesized samples were examined using a Cu Kα X-
ray diffractometer in Bragg-Brentano geometry (λ = 1.54 Å), 
scanning from 10° to 90° in 2θ. Figure 1(a) depicts the resulting 
X-ray diffraction patterns, which show unique peaks that 
correspond to specific crystalline phase. The analysis of the 
patterns revealed the presence of HgS peaks, which 
corresponded to the JCPDS file 98-008-1917. The reflections 
along the (111), (002), (022), (133), (222), (004), (133), (024), 
(224), and (115) planes indicate the formation of a cubic HgS 
crystal structure, as illustrated in Fig. 1(b). This cubic structure 
is characteristic of the sphalerite phase of HgS [20], [21]. The 
sharp and well-defined peaks suggest that the synthesized HgS 
nanocrystals are of high crystalline quality, with minimal 
impurities or secondary phases. These results confirm the 
successful synthesis of HgS with the desired crystal structure, 
which is crucial for its potential applications in various fields. 
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Figure 1. (a) XRD pattern for as-synthesized materials with 
their respective (hkl) indices on the top of the peaks, (b) 3D 
structures.  
 
The lattice characteristics of the constituent phases of 
nanocomposites have a considerable influence on their 
formation. Thus, the conventional cubic equations between d 
spacing and lattice parameter were used to calculate the lattice 
parameters of HgS phases in each composite sample. Table 1 
summarizes the computed lattice parameter values and 
compares them to the conventional JCPDS values. The as-
synthesized samples lattice parameters differed slightly from 
conventional JCPDS values. This demonstrates the presence of 
strain in the material. The Debye Scherrer (D-S) equation was 
used to determine the average crystallite size of the critical for 
improving light absorption and reducing reflection losses [22]. 
Anti-reflective coatings with spec synthesized samples, which 
was 46 nm, as shown in table 2. The D-S equation assumes 
isotropic crystallite characteristics with no strain in the material 
[23]. 
 
The as-synthesized samples were analyzed using the 
Williamson-Hall (W-H) plot approach, which assessed both 
microstructural strain and crystallite size while taking into 
consideration isotropic strain effects across the whole X-ray 
diffraction (XRD) spectrum [24]. Figure 2(a) depicts the 
samples W-H plots, which show the slope (related to crystallite 
size) and intercept (related to strain) values obtained using 
linear regression analysis. Table 2 summarizes the calculated 
crystallite size and strain based on the slope and intercept 
compared to the traditional W-H equation. 
 
The Size-Strain (S-S) analysis uses Gaussian and Lorentzian 
functions to evaluate strain and crystallite size, taking into 
consideration low contributions from high 2θ peaks [25]. 
Figure 2(b) illustrates this method, which uses Rietveld 
refinement to correct Full Width Half Maximums (FWHMs) for 
instrumental broadening. Table 2 summarizes crystallite sizes 
and stresses obtained using various analytical methods, 
highlighting the effectiveness of S-S plots in capturing precise 
structural information.  
 

Table 1. Lattice parameter calculated for HgS. 
 

 a b c 
Lattice parameter of as synthesized 

HgS (Å) 
5.84 5.84 5.84 

Lattice parameters from JCPDS  
98-008-1917 

5.85 5.85 5.85 

 

 

 
 
Figure 2. (a) Williamson Hall plot, (b) Size Strain plot of as-
synthesized HgS with their respective slope and intercept. 
 
Table 2. Crystallite size of HgS as calculated by Debye 
Scherrer equation, W–H plots and S–S plots. 
 

Parameter Debye 
Scherrer 

Williamson 
Hall 

Size Strain 

Crystallite 
size(nm) 

46 35 37 

strain - -2.0 E-04 3.8 E-03 
 
Optical Analysis 
 
Optical analysis is critical for understanding the properties of 
mercury sulphide (HgS). UV-Vis spectroscopy is an optical 

(b) 

(a) 
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method that provides vital insights into its electronic structure 
and optical properties. UV-Vis spectroscopy was utilized to 
investigate the optical properties of the nanocomposites as they 
were formed. The analysis involved determining absorbance, 
optical band gap, and illustrating the sample absorbance 
spectra, which revealed absorption in both the UV and visible 
ranges. The absorbance peaks were found at wavelengths of 
331, 373, 416, 534, 704, and 847 nm, with the maximum 
absorption at 847 nm as shown in figure 3(a). 
 
The sample band gap analysis was carried out using Tauc plots 
[26] , a well-known method for finding optical band gaps in 
materials. Absorbance data was examined using Tauc's method 
and Menth's equation to create plots, allowing for the 
measurement of the sample band gap, which was found to be 
0.79 eV, as shown in Figure 3(b). 
 
This low band gap value suggests that HgS nanocomposites can 
effectively absorb lower energy photons, making them suitable 
for applications in optoelectronic devices such as 
photodetectors and solar cells [27] . The broad absorbance 
spectrum, covering both the UV and visible ranges, indicates 
that the HgS nanocomposites can be utilized in a variety of 
photonic applications, including UV protection and visible light 
harvesting. Additionally, the distinct absorbance peaks at 
multiple wavelengths imply the presence of different electronic 
transitions and possible quantum confinement effects in the 
nanocomposites. 
 

 

 
 
Figure 3. (a) Absorbance spectra, (b) Tauc plot for as 
synthesized HgS with their respective band gaps. 
 
Surface Morphological Analysis 
 
Field emission scanning electron microscopy (FESEM) was 
used to examine the morphology of HgS, resulting in increased 
resolution, improved surface contrast, greater depth of field, 
and enhanced operational versatility. The morphology of HgS 
indicates a polyhedral shape and size with irregularities (Fig. 
4(a) (b)). These irregularities can improve ion transit and 
increase the accessibility of active sites, enabling 
supercapacitors to offer high power densities. They serve as 
anchor points for active materials, minimize particle 
aggregation, and enhance structural integrity during charge-
discharge cycles, contributing to increased cycle life and 
performance. They also improve the effective surface area, thus 
increasing the amount of stored charge per unit volume, 
resulting in higher energy densities. 
 
The agglomerates present feature rougher surfaces and more 
complex geometries, which may enhance the effective surface 
area available for charge storage in supercapacitors. The porous 
nature of the agglomerates allows for efficient ion diffusion 
within the electrode material, facilitating faster 
charge/discharge speeds. Additionally, the mechanical stability 
of the agglomerates may contribute to enhanced structural 
integrity of the electrode material during cycling, resulting in 
increased long-term performance and durability of 
supercapacitors.  
 
The elemental composition of the samples was determined by 
Energy Dispersive X-ray Spectroscopy (EDX) analysis, as 
shown in (Fig. 4c). The EDX spectra clearly indicated the 
presence of mercury (Hg) and sulfur (S) in the substance. This 
quantitative analysis confirms the elemental elements of the 
synthesized samples, providing critical information about their 
chemical composition. 
 

(a) 

(b) 
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Figure 4. FESEM images of the samples HgS at different 
magnifications (a) X 50,000, (b) X20,000, (c) EDX pattern for 
inset selected area. 
 
Cyclic Voltammetry 
 
The CV curves of HgS reveal two distinct peaks in both forward 
and reverse scans, indicating a characteristic two-step redox 
process inherent to the material. As scan rates increase, the peak 
currents also rise while the peak separation widens, consistent 
with typical electrochemical behaviour. This behaviour 

signifies HgS undergoes a complex electrochemical conversion 
during cycling [28] . 
 
In capacitor applications, ideal materials typically exhibit 
rectangular-shaped CV curves with minimal peak separation, 
indicative of rapid and reversible charge storage and discharge 
[29] . Although the CV curves of HgS in Figure 5 deviate 
somewhat from this ideal form, they do display promising 
characteristics for capacitor utilization. For effective capacitor 
performance, materials must possess several critical properties. 
Firstly, high specific capacitance is crucial, as it determines the 
amount of charge that can be stored per unit mass of material. 
Secondly, fast charge and discharge rates, governed by the 
kinetics of electrode reactions, are essential for responsive 
energy storage applications. Lastly, good cyclic stability is 
paramount—the material should endure numerous 
charge/discharge cycles without significant degradation [30]. 
 
HgS exhibits potential in these regards, showcasing a 
distinctive electrochemical behaviour suitable for capacitor 
applications despite the observed CV curve characteristics. Its 
ability to undergo a two-step redox process, albeit with some 
peak separation, suggests it can facilitate efficient charge 
storage and release. Further optimization and understanding of 
its electrochemical properties could enhance its performance 
and broaden its applicability in energy storage technologies. 
 

 
 
Figure 5. Cyclic Voltammetry of HgS in a LiI electrolyte. 
 
Nyquist Plot 
 
The Nyquist plot serves as a pivotal tool in electrochemical 
impedance spectroscopy (EIS), offering deep insights into the 
impedance characteristics of materials such as HgS. When 
examining the Nyquist plot for HgS, a distinctive semicircle-
like shape typically emerges, mirroring the electrochemical 
behaviour akin to a Randle's circuit [31]. 
 

(b) 

(a) 

(c) 
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In the framework of Randle's circuit [32], which models the 
impedance of an electrochemical cell, the impedance Z can be 
expressed as  

                          (2) 
where R1 denotes the solution resistance, R2 represents the 
charge transfer resistance, C2 signifies the capacitance, j stands 
for the imaginary unit, and ω denotes angular frequency. With 
specific values like R1=2.045×106 Ohm, R2=56.28 Ohm and 
C2=24.33×10−6 F, the behaviour of this configuration can be 
elucidated. 
 
Analyzing the Nyquist plot reveals a semicircle, indicative of 
HgS's impedance profile resembling that of a Randle's circuit 
[33] . This semicircular shape signifies a blend of R2 and C2 
influencing the impedance response, particularly at 
intermediate frequencies. 
 
The Randle's circuit model underscores that at higher 
frequencies, the impedance primarily hinges on 2 + !

"#$%
, 

highlighting the capacitive nature of HgS. This configuration 
underscores how C2 facilitates efficient charge storage and 
discharge processes, essential for capacitive devices requiring 
rapid energy management. 
 
The presence of a semicircle in the Nyquist plot and the 
configuration R1/(R2+C2) signifies robust charging 
capabilities, emphasizing HgS's suitability for applications 
demanding high efficiency in energy storage and release [34] . 
The semicircle-like Nyquist plot of HgS, reminiscent of a 
Randle's circuit characterized by parameters R1, R2, and C2, 
underscores its capacitive prowess [35] . This configuration not 
only supports efficient charging dynamics but also enhances 
HgS's potential across various capacitive device applications as 
illustrative in Figure 6. 
 

 
 
Figure 6. Nyquist Plot of HgS in a LiI electrolyte. 
 
 

CONCLUSION 
 
This study shows the high potential of mercury sulfide (HgS) 
as an electrode material for electrochemical capacitors. HgS 
was successfully synthesized using a hydrothermal technique, 
and X-ray diffraction confirmed its high crystalline quality, 
which is required for energy storage applications. 
Electrochemical investigations, such as cyclic voltammetry and 
electrochemical impedance spectroscopy, revealed that HgS 
had a positive capacitive characteristic. These findings suggest 
that HgS is ideal for high-power applications due to its effective 
charge-discharge kinetics and low resistance, which are critical 
for the rapid cycling requirements of ECs. 
 
Furthermore, UV-Vis spectroscopy demonstrated that HgS has 
a broad absorption spectrum that includes both UV and visible 
wavelengths. Its narrow optical band gap of 0.79 eV makes it 
ideal for application in optoelectronic devices and solar cells, 
where efficient absorption of lower-energy photons is 
desirable. Morphological research utilizing field emission 
scanning electron microscopy (FESEM) revealed that HgS 
particles are polyhedral with surface imperfections. These 
properties improve ion transport and access to active areas, 
resulting in higher energy densities and faster charge/discharge 
rates. 
 
Energy-dispersive X-ray spectroscopy (EDX) verified the 
presence of mercury and sulphur, thereby verifying the 
material's chemical constitution. The combination of these 
beneficial characteristics makes HgS an attractive electrode 
material for ECs. Its extensive optical absorption and good 
morphological properties contribute to its promise in advanced 
energy storage technologies. 
 
Finally, the outcomes of this study provide the path for future 
improvement and development of HgS-based capacitors. 
Future research should concentrate on improving the synthesis 
process, increasing material stability, and investigating 
practical applications to fully realize HgS's potential in real-
world energy storage systems. This study establishes a solid 
platform for intriguing developments in next-generation 
electrochemical capacitors by combining fundamental 
electrochemical concepts with comprehensive morphological 
characterization. 
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