
 

Available online at www.jourcc.com 

Journal homepage: www.JOURCC.com 

Journal of Composites and Compounds 5 (2023) 38-50 
 

 

Nickel sulfide-based composite as electrodes in electrochemical sensors: 

A review 

Maryam Irandoost a, Beena Kumari b*, Tuyen Truong c, Bhishma Karki d, Md Rahimullah Miah e 

a Department of Mining and Metallurgical Engineering, Amir Kabir University of Technology, Tehran, Iran 
b Department of Pharmaceutical Sciences, Indira Gandhi University, Meerpur, Rewari, Haryana, India -123401 

c Applied Physical Chemistry Laboratory (APCLAB), VNUHCM-University of Science, Ho Chi Minh City, Vietnam 
d Department of Physics, Tri-Chandra Multiple Campus, Tribhuvan University, Kathmandu 44600, Nepal 

e Department of IT in Health, North East Medical College and Hospital, Afiliated with Sylhet Medical University, Sylhet, Bangladesh 
 

A B S T R A C T A R T I C L E I N F O R M A T I O N 

 
 

Nickel sulfide (NiS) is an extremely a transition metal sulfide with great potential use as a sensor material be- 

cause of its exceptional conductivity and stability. Herein, we present first, the all of synthesis of NiS into sensor 

and biosensor. Electrochemical sensor, Due to the fact that disposal to electrolyte during electrochemical impact 

can rapidly deform NiS, lowering its electroactivity and measurement repeatability, a method for effectively in- 

tegrating NiS into sensors is crucial. Then, the main focus of this review is the recent advancements in sensor 

systems that utilize NiS and its composites. The article discusses the correlation between sensing performance and 

electrode construction strategies, and identifies shortcomings and limitations in the current applications of these 

sensors. Based on this analysis, the authors suggest potential future directions and areas for further research in the 

development of NiS-based sensors. This study focused on developments in NiS-based sensor systems and their 

composites throughout the past articles. The article investigates the correlation between the way electrodes are 

made and the effectiveness of the sensors they produce. On this basis, we discuss the scope for future of NiS-based 

sensors and offer additional directions. 
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1. Introduction 

Electrochemical sensors are devices that use electrochemical re- 

actions to detect and quantify the concentration of target analytes in a 

sample solution [1]. These sensors find broad usage in numerous fields, 

including biomedical, environmental, and manufactering monitoring, 

as well as food safety and clinical diagnostics.Several methods have 

been used to fabricate electrochemical sensors, including photolithog- 

raphy, ink-jet printing, and screen-printing. Among these techniques, 

screen-printing has gained popularity since the 1990s due to its ability 

to produce low-cost, highly reproducible, and reliable sensors on a large 

scale, making use of the technology was derived from the microelectron- 

ics sector [2, 3]. In recent decades, there has been a growing inclination 

towards making chemical and biological sensors smaller and incorporat- 

ing them into compact sample analysis systems and pre-processing [4]. 

These devices have numerous benefits such as the capability to examine 

quicker analysis speed ,small amounts of samples, appropriateness for 
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Fig. 1. Calacification of sensors 
 

mechanized processes, and enhanced consistency and dependability [5]. 

Lately, a considerable amount of research has been directed towards cre- 

ating electrochemical sensors in a compact form factor suitable for mea- 

suring extracellular fluid, conducting clinical diagnoses, and performing 

micro total analysis using microscale or submicroscale devices [6, 7]. 

The methods used for electrochemical detection are rapid., affordable, 

and straightforward to carry out, allowing for accurate quantification 

of a diverse array of compounds present in a wide spectrum of sample 

[8].At the core of every electrochemical sensor is a working electrode, 

which generates an electrical signal through an electrochemical process 

and acts as a transduction element. In more advanced biosensors, the 

working electrode may be coated with a sensing and biorecognition lay- 

er. The progress made in the advancement of electrochemical sensors is 

discussed in the review article [9]. 

Recently, electrochemical sensors have been created using nano- 

materials consisting of different metal oxides, metal sulfides, and metal 

hydroxides due to their electrocatalytic features [10]. Electrodes that 

are enhanced with nanocomposites offer attractive electrochemical and 

physiochemical features, including chemical durability, excellent me- 

chanical stabilitysurface area of large, biocompatibility and fast elec- 

tron transfer kinetics. Besides metal oxides, metal chalcogenides (like 

metal sulfides) have become increasingly important in non-enzymatic 

electrochemical sensors due to their exceptional physical and chemical 

characteristics, including low cost, easy accessibility, and high catalytic 

activity [11, 12]. 

Metal sulfide nanostructures have garnered significant attention 

in research Because of their possible uses in a range of areas, such as 

energy storage and conversion devices, light-emitting diodes, sensors, 

photocatalytic and electrocatalytic reactions, memory devices, and ther- 

moelectric devices, they are considered to have significant potential. 

Numerous studies have extensively investigated these nanostructures. 

[13-15]. 

NiS, a compound known for its high electronic conductivity, afford- 

ability, and ease of production,it has found widespread applications in 

a range of fields examples of the mentioned items include photocata- 

lysts, electrocatalysts [16], lithium-ion batteries [17], supercapacitors 

[18], and dye-sensitized solar cells. Researchers have synthesized var- 

ious NiS compounds with diverse morphologies, including including, 

nanosheets, nanoflake arrays, nanorods ,core-shell structures, hollow 

spheres, nanoframes, and urchin-like micro/nano-structures, that have 

been successfully produced and studied in previous research [19-22]. 

However, the creation of hierarchical flower-shaped NiS has not been 

widely achieved. It is worth mentioning that NiS has a distinct feature in 

which it tends to create intricate coordination, This means that the atoms 

in the material have a tendency to arrange themselves in a complicated 

and well-organized manner [23, 24]. 

The donation of electrons from sulphide to nickel metal atoms leads 

to an increase in electron density on nickel, facilitating the interaction 

and formation of a complex with suitable moieties. Nevertheless, elec- 

trochemical reactions cause instability in pristine NiS due to variations 

in electronic and volume conductivity [25]. The researchers used a hy- 

brid material called NiS/S-g-C3N4, which contained nickel sulfide and 

sulfur-doped graphitic carbon nitride, as an interface for detecting glu- 

cose without using enzymes in an alkaline solution. The modified elec- 

trode made of NiS/S-g-C3N4 was able to detect glucose at an applied 

potential of 0.55 V vs. Ag/AgCl, with a low detection limit of 1.5 μM 

(S/N = 3), high sensitivity of 80 μA mM−1 cm−2, and fast response time 

of 5 seconds. The sensing process was not affected by various inorganic 

ions and organic substances. This nanohybrid material could be applied 

to real sample analysis and has potential for various applications in elec- 

trochemical glucose sensing[26]. 

Reduced graphene oxide (rGO) is being used as a supportive mate- 

rial to effectively stabilize NiS the redox reactions ofin order to resolve 

the problem of instability.The HER activity of catalysts Blending a con- 

ductive carbon nanomaterial with a compound of Ni-S. has not been sys- 

tematically studied in research on nickel sulfide-based electrodes [27]. 

To address this gap, a nanocomposite of Ni3S2 and MWCNTs (Ni3S2/ 

MWCNT-NC) was The glucose-assisted hydrothermal method was em- 

ployed to synthesize it, and its kinetics and HER activity were evaluated. 

The study also investigated the function of MWCNTs in the catalyst 

and the influence of the morphology of the catalyst.on HER activity to 

understand the origin of Ni3S2/MWCNT-NC’s HER activity. Results 

demonstrated that Ni3S2/MWCNT-NC outperformed pure Ni3S2 elec- 

trodes due to its relatively small HER activation energy (Ea). Moreover, 

Ni3S2/MWCNT-NC exhibited reasonable stability during long-term op- 

eration. These findings suggest that the combination of a compound of 

Ni-S combined with a carbon nanomaterial that conducts electricity. can 

enhance catalyst performance and provide insights into the performance 

of the hydrogen evolution reaction (HER) of Ni3S2/MWCNT-NC [28] . 

This article intends to present a beneficial analysis of the latest re- 

search undertakings that concentrate on producing and utilizing nano- 

structures made of nickel sulphide.We discussion application and syn- 

thesis NiS nanostructures obtained in sensors, this comprises of various 

nanostructures such as nanobelts, nanotubes, nanowires, and a few dis- 

tinctive nanostructures. Next, some important synthesis composite NiS 

with other materials are presented that it is application sevral sensor 

which include gas sensor, electrichemical sensor, biosensor, etc. The re- 

view will wrap up by providing some viewpoints and predictions about 
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Fig. 2. Electrohemical sensors and applications. 
 

the future advancements in the research areas related to NiS composite 

nanostructures. 
 

 

2. Sensors 

 
The purpose of sensors is to improve the capacity of our surround- 

ings to detect and communicate information. They aim to make human 

life easier and more convenient in almost every field, including Estab- 

lishing a particular ambiance or atmosphere, activating water heaters, 

Guaranteeing security, monitoring equipment, and etc. Sensors provide 

clearer visibility into processes and workflows, examine work patterns 

of employees and identify environmental factors across broader facil- 

ities. Through monitoring, regulation, and improving operational effi- 

ciency, sensors have the potential to enhance business management [29]. 

As per the Oxford English Dictionary, a sensor is an instrument that 

detects or gauges a specific state or characteristic, and records, indicates, 

or reacts to the data it receives. Therefore, sensors are accountable for 

transforming a stimulus into a measured signal, which may arise from 

various sources such as chemical, acoustic, electromagnetic, thermal, or 

mechanical. The measured signal is typically electrical, but other forms 

of signals likeoptical , hydraulic, or pneumatic signals may also be em- 

ployed [30]. 

Sensors play a crucial role in the functionality of engineering devic- 

es, utilizing a wide variety of physical principles for function. With the 

vast selection of sensors available in the market, choosing an appropriate 

sensor for a new application can be an intimidating work for Design 

Engineers.ign Engineer [31].A sensor is typically described as a tool 

that can detect and react to a stimulus or signal. This description is quite 

all-encompassing, as it applies to a wide range of objects, from the hu- 

man eye to the trigger mechanism of a gun[32]. 

A chemical sensor can be defined as a compact instrument that, 

through a chemical interaction or process between the sensor device and 

the gas under analysis, converts quantitative or qualitative chemical or 

biochemical information into a signal that can be analyzed practically 

[33].In recent decades, Various varieties of gas sensors have been de- 

veloped using different sensing substances and conversion techniques, 

to create integrated multi-sensors or “electronic noses.” These electron- 

ic noses are the most advanced tools for monitoring globally.. Some 

important gas-sensing materials include metal oxide semiconductors, 

conducting and composite polymers, and other novel materials. These 

sensors can be combined with various transduction devices such as 

metal-oxide-semiconductor field-effect transistor, optical transducers, 

quartz crystal microbalance, surface acoustic wave, andchemo-resistive 

[34]. Electrochemical sensors are a type of chemical sensor that uses 

electrochemical reactions to detect and quantify a target analyte. These 

sensors work by converting a chemical reaction into an electrical sig- 

nal, which can be measured and analyzed. Electrochemical sensors are 

commonly used for detecting gases, such as carbon monoxide, oxygen, 

and hydrogen sulfide, but they can also be used for other applications, 

such as glucose monitoring for diabetes management. Examples of elec- 

trochemical sensors include potentiometric sensors, amperometric sen- 

sors, and conductometric sensors. Electrochemical sensors are a type of 

chemical sensor that measure the concentration of a specific chemical 

species in a sample by detecting changes in electrical properties. These 

sensors typically consist of an electrode and an electrolyte, and operate 

by converting a chemical reaction into an electrical signal. 

2.1. Classification of sensors 

 

Sensors can be categorized based on their principles of conversion 

(i.e., the physical or chemical effects upon which they rely), their intend- 

ed use, the type of output signal they produce, the materials used, and 

the manufacturing technology employed. The categorization of sensors 

based on their method of operation is illustrated in Figure 1.They can 

be separated into two groups: chemical and physical sensors. Sensors 

that rely on physical phenomena,including magnetoelectricity, magne- 

tostriction, photoelectricity, thermoelectricity, ionization, piezoelectric- 

ity, and others, are used to transform even the smallest variations in the 

measured quantity into an electrical signal. In contrast, chemical sensors 

translate minute modifications in the measured quantity into an elec- 

tric signal via chemical adsorption, electrochemical reactions, and other 

chemical mechanisms [35]. 

Electrochemical sensors identify distinct analytes by means of elec- 

trochemical reactions and can be classified into various types based on 

the electroanalytical technique employed .The four main types of elec- 

trochemical sensors are conductometric, potentiometric, voltametric, 

and amperometric. Amperometric sensors apply a constant potential to 

a sensing electrode, also known as a working electrode, causing an elec- 

trochemical reaction. The resulting current response is then measured 

over a period of time. 

Voltammetric sensors utilize a variety of potentials applied to the 

working electrode concerning a reference electrode. The resulting cur- 

rents are then measured for each potential. In contrast, potentiometric 

sensors generally determine the voltage variation between a working 

electrode and a reference electrode in the absence of any electric cur- 

rent passing through the cell. Conductometric sensors, frequently uti- 

lized for assessing the level of ionic analytes, gauge the electrochemical 
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Fig. 3. Design of electrochemical sensor. 
 

cell conductance [36, 37]. In some cases, the production of a signal can 

result from a sequence or chain of reactions. Electrochemical sensors 

have found widespread application in various domains over the past 

few decades, such as environmental monitoring, pathogen detection, 

healthcare, automotive industry, food industry, engineering, and various 

commercial applications[38] . There are several types of electrochemi- 

cal sensors, including: 

• Potentiometric sensors: These sensors measure the potential 

difference between an indicator electrode and a reference elec- 

trode, and are commonly used to measure pH and ion concen- 

tration. 

• Amperometric sensors: These sensors measure the current pro- 

duced by an electrochemical reaction, and are commonly used 

to measure gases such as oxygen and carbon dioxide. 

• Conductometric sensors: These sensors measure changes in 

electrical conductivity that occur as a result of a chemical reac- 

tion, and are commonly used to detect gases such as ammonia 

and chlorine. 

• Electrochemical sensors are widely used in a variety of appli- 

cations, including environmental monitoring, medical diagnos- 

tics, and industrial process control. 

2.2. Applications electrochemical sensors 

 

Electrochemical (bio) sensors exhibit remarkable analytical advan- 

tages over conventional methods Because of their distinct characteris- 

tics, such as being easily transportable, capable of being made smaller in 

size, simplicity, self-containment, affordability, exceptional sensitivity, 

and impressive selectivity [39, 40]. Furthermore, these powerful ana- 

lytical tools can be efficiently controlled through sustainable methods 

that involve simple preparations of samples and the application of re- 

agentsThere is a widespread recognition that the development of elec- 

trochemical sensing platforms that can detect target molecules using 

various analytical principles depends greatly on the quality of electrode 

materials [41]. The employment of different bio-ingredients in various 

biological analyses is a distinct attribute of electrochemical technolo- 

gy. Maintaining the biological activity and orientation of biomolecules 

during immobilization is critical because inadequate fixation can lead 

to decreased specificity, loss of activity, and poor biocompatibility. The 

latest trend in the immobilization of various biomolecules involves the 

use of functionalized nanomaterials. This is because they increase the 

electrode’s surface area, which leads to more stable immobilized bio- 

molecules and improved electrochemical analysis performance [3].Sev- 

eral published reviews [42, 43] in the field of electrochemical biosensors 

have provided an up-to-date overview of the literature. The remarkable 

specificity of biological recognition events has resulted in the creation of 

electrochemical biosensors with exceptionally high selectivity.Among 

these biosensors,enzyme electrodes that rely on either potentiometric 

or amperometric methods to track variations resulting from biocatalytic 

processes have a long-standing tradition. In situ electrochemical moni- 

toring of contaminants can achieve enhanced specificity by incorporat- 

ing these devices with remotely deployed probes. However, while adapt- 

ing enzyme electrodes for in situ operation, it is crucial to account for 

the effects of field conditions, including salinity, pH, and temperature, 

on biocatalytic activity [44].Research on metal sulfides has primarily 

focused on their use in electrochemical usages. For instance, copper sul- 

fide has been utilized in nonenzymatic glucose sensors [45] while iron 

sulfide has been studied for its ability to detect hydrogen peroxide. Addi- 

tionally, nickel sulfide and cobalt sulfide have been investigated for their 

potential in dye-sensitized solar cells [46], and molybdenum sulfide has 

been examined as a catalyst for hydrogen evolution. At room tempera- 

ture, nickel sulfide, also referred to as Ni3S2, is a metallic conductor that 

exhibits a low resistivity of 1.8 x 10-5 Ω. Ni S occurs in different shapes 

and structures at the nanoscale and has been researched for its potential 

use in supercapacitors, catalysts, and electrochemical sensors [47, 48]. 

Figure 2,show Electrohemical sensors and applications. 

The potential applications of electrochemical technology in a range 

of industries have made it a leading subject of basic and applied re- 

search . Electrochemical processes are generally viewed as environ- 

mentally friendly and sustainable due to their use of electrons as “clean 

reagents” to initiate reactions. As a result, electrochemical technology 

has found extensive use in energy-related applications [49, 50], envi- 

ronmental monitoring [51] and biochemical sensing [52]To this end, de- 

veloping selective, sensitive, robust, and sandwich electrode devices for 

use in electrochemical sensors and biosensors is of critical importance. 

Electrochemical sensors have the potential to address various societal 

issues, including those related to the health of human beings and the 

environment [53].The major issues faced by electrochemical sensors in 

detecting drug compounds are excessively high voltage and overvoltage, 

as well as weak signals. To address this problem, electrodes that have 

been altered with conductive catalysts are commonly utilized. Among 

the various catalysts employed in designing novel electrochemical sen- 

sors, nanomaterials are a crucial type [54]. 

2.3. Components of sensors 

 

hydrophilic membranes called wetting filters separated these elec- 

trodes , which are designed to be hydrophilic so that they can facilitate 



42 M. Irandoost et al. / Journal of Composites and Compounds 5 (2023) 38-50 
 

 

 

 
Fig. 4. Materials working electrode modifications in electrochemical sensors. 

 

the transport of electrolyte among the adjacent electrodes. This enables 

ions to move in and out of the electrodes (see Figure 3) [55]. Electro- 

chemical sensors are systems that incorporate an electrochemical trans- 

ducer that may transform the response received from the interaction of 

the target analyte and the element that senses into a quantifiable signal 

that corresponds to the analyte concentration. The traditional electro- 

chemical sensor, as shown in Fig. 1, is made up of three electrodes: 

the working electrode (WE), the counter electrode (CE), and the refer- 

ence electrode (RE). WE is the site of the electrocatalytic reaction and 

is changed with various nanomaterials to improve the electrocatalytic 

reaction. CE completes the circuit, continuing the flow of electrons, 

while RE guarantees that the WE potential is applied correctly [56]. The 

equilibrium procedures enable the three-electrode configuration to pre- 

serve its sensor sensitivity and consistency for most of its lifespan. A gas 

permeable membrane is typically used to allow gases into the system. 

Its hydrophobic membrane effectively separates water from gases and 

controls the gas quantity that can access the working electrode’s sur- 

face and simultaneously obstructs any liquid leakage from the sensor’s 

interior [57]. 

The location where either reduction or oxidation takes place depends 

on the interaction of the gas species under observation with the system 

at the working electrode. To each reaction ,that occurs on the exterior 

of the working electrode’s area, there will be a corresponding feedback 

from the counter electrode,which acts as a balancing pole. When the sys- 

tem is activated, the counter electrode works to equilibrium the potential 

change resulting from the response of the working electrode to the gases 

being detected. The primary measurement for an amperometric electro- 

chemical sensor is the monitoring of the balancing current in a dynamic 

manner. To maintain the system, the potential on the reference electrode 

is necessary to secure the working electrode[58]. 
 

 

3. Electrodes Materials 

 
Electrochemical sensors rely heavily on electrodes as they are essen- 

tial in transforming chemical reactions into electrical signals. Typically, 

an electrochemical sensor is consisting of a pair of electrodes, namely 

a reference electrode and a working electrode. The working electrode 

serves the purpose of identifying the target analyte and generating a sig- 

nal, whereas the reference electrode maintains a steady electric potential 

that permits the measurement of the potential of the working electrode. 

A variety of electrodes are employed in electrochemical sensors, includ- 

ing metal electrodes, carbon electrodes, and conductive polymer elec- 

trodes n[49]. Metal electrodes, such as gold and platinum, are frequently 

used as working electrodes owing to their high stability and conductivi- 

ty. Carbon electrodes, like glassy carbon and carbon nanotubes [59], are 

also widely used due to their large surface area and low background cur- 

rent [60].The use of conductive polymer electrodes, such as polypyrrole 

and polyaniline, is on the rise because of their potential to identify par- 

ticular analytes selectively [61]. Electrochemical sensors may incorpo- 

rate a counter electrode along with the working and reference electrodes, 

to ensure the smooth flow of electrons through the electrical circuit. A 

non-reactive metal such as platinum or stainless steel is often utilized for 

the counter electrode. Other types of electrodes used in electrochemical 

sensors include pseudo-reference electrodes, working electrodes, and 

reference electrodes [49]. 

Metal-based materials, including metal nanoparticles, oxides, and 

hydroxides [62-65], are often employed as electrodemodifiers due to 

their excellent electrocatalytic properties [66]. These materials can ef- 

fectively reduce interference and lower the overpotential needed for 

analyte detection. While noble metals such as Pt, Au, and Ag [62] are 

well-known for their electrocatalytic potential, cheaper metals like Cu, 

Co, and Ni [65] have demonstrated similarly promising results. Of these, 

nickel has garnered significant attention as a surface modifier for elec- 

trodes, particularly in the form of oxides or hydroxides, owing to its 

superior stability in air or solution when compared to pure metallic par- 

ticles [67] . 

The choice of the suitable electrode type relies on factors such as 

the properties of the analyte, the sensitivity required, and the cost con- 

straints. Below are the types of electrodes: 

Platinum (Pt) electrode: Pt is a commonly used electrode material 

due to its high electrical conductivity, stability, and low reactivity with 

most chemicals. It is commonly used in electrochemical sensors for gas 

detection, oxygen measurement, and pH sensing [68]. 

Gold (Au) electrode: Au is also a popular electrode material due to 

its high conductivity, biocompatibility, and stability. It is commonly 

used in biosensors for the detection of biological molecules, like to pro- 

teins, DNA, and viruses[69]. 

Carbon-based electrodes: Carbon-based materials [70], such as 

glassy carbon[71], graphen [71, 72], and carbon nanotubes [73, 74], are 

commonly used in electrochemical sensors because of their extensive 

surface area. low cost, and ease of modification. They are used in a va- 

riety of electrochemical sensing applications, including glucose sensing, 

DNA sequencing, and detection of environmental pollutants. 

Metal oxide electrodes: Metal oxide materials, such as tin oxide, zinc 

oxide, and titanium oxide, are used in gas sensors for the recognition 

of gases, including carbon monoxide, methane, and hydrogen, through 

detection methods.They are also used in electrochemical sensors for the 
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detection of environmental pollutants [75, 76] . 

Nickel sulfide (NiS) electrode: NiS is a versatile electrode material 

that has been used in electrochemical sensors for the detection of various 

analytes, such as glucose, hydrogen peroxide, and dopamine. Biosensors 

for detecting specific biological molecules can be developed by modify- 

ing NiS electrodes with various biomolecules [77, 78]. 

Selecting the right electrode materials is extremely important be- 

cause the harmful nature of Hg can cause risks to both human health and 

the environment. Over the past few decades, a range of electrochemical 

sensors for heavy metal detection have been developed based bismuth 

electrodes [79]. The deposition of these materials on the electrode is a 

well-established fact, and they tend to easily amalgamate with heavy 

metal ions at negative potentials. The use of anodic stripping voltam- 

metry (ASV) produces electric currents that correspond to a particu- 

lar heavy metal ion when it undergoes oxidation at a specific anodic 

potential. One of the most sensitive, affordable, easy-to-use, and safe 

techniques for analyzing heavy metals in water is Square wave anodic 

stripping voltammetry (SWASV), which is widely recognized and com- 

monly used [80]. 

Carbon plays an essential role in electroanalysis and electrocatalysis 

for sensing purposes is possibly the most extensively utilized materi- 

al. Among carbon-based nanomaterials, graphene and CNTs are highly 

sought-after for electrode design in the bioanalytical field because they 

offer a combination of desirable properties, including good electrical 

conductivity, acceptable biocompatibility, high surface area, and electro- 

chemical or chemical durability [81]. owing to their small size and high 

conductivity, carbon nanotubes (CNTs) are appropriate for use as single 

nanoscale electrodes. Numerous studies have demonstrated that these 

individual nanoelectrodes possess electric properties that can effective- 

ly enhance electron-transfer reactions [82]. However, integrating CNTs 

into biosensing electrodes has proven to be challenging. They are typ- 

ically used as intermediaries linking enzymes to electrodes composed 

of glassy carbon, Au, Pt. A binder is utilized to produce a CNT paste 

that can be used to obtain arbitrary distributions of carbon nanotubes on 

electrodes made of glassy carbon, Au, Pt. 

The two-dimensional plane of graphene grants it a vast specific sur- 

face area, which makes it ideal for immobilizing substantial quantities 

of various substances, including metals, nanoparticles, and biomolecules 

[83] Due to the fact that every single atom in graphene is considered a 

surface atom, the interaction between molecules and the transportation 

of electrons through graphene can be highly sensitive to any molecules 

that are absorbed. Due to its properties, graphene can aid in the transfer 

of electrons during its use as an electrode. This makes it a cost-effective 

replacement for carbon nanotubes [84]. Unlike the curled configuration 

of graphene, carbon nanotubes are a planar sheet with an uncovered 

structure. As a result, both sides of the graphene sheet can be used for 

catalysis support [85]. As a result, it is regarded as a more favorable 

catalyst carrier. Until now, graphene sheets have been utilized in the 

production of electrochemical sensors for hydrogen peroxide, ascorbic 

acid, hydrazine, and biosensors. Conversely, materials based on copper 

oxide and copper have been extensively studied for the electro-oxidation 

of glucose over an extended period [86, 87]. 

Thin films of metal chalcogenides are attractive materials for the 

production of various devices including photodiode arrays covering a 

wide area, coatings that selectively absorb solar energy, cells that con- 

vert sunlight into electricity, sensors, and photoconductors [88]. Among 

the VIII-VI group of compound semiconductors, Nickel sulphide is a 

compound of a transition metal that displays interesting characteristics. 

By doping or in response to temperature and pressure changes, nickel 

sulphide displays a metal-insulator transition. The compound demon- 

strates antiferromagnetic semiconductor properties in its low tempera- 

in several applications such as solar selective coatings. The authors, 

SURESH et al, opted for the chemical bath deposition (CBD) method 

due to its multiple benefits such as easy instrumental operation, low cost, 

large area production, and low elaboration temperature. The objective of 

their study is to synthesize NiS thin films produced through the use of 

the CBD technique. The micrographs of the NiS thin films demonstrated 

that they were homogenous, finely-grained, and thoroughly coated onto 

the substrate, with some particle overgrowth. These NiS thin films are 

applicable in a range of devices such as storage electrodes in photoelec- 

trochemical storage devices, IR detectors, and solar selective coatings 

[89].Figure 4, show Materials working electrode modifications in elec- 

trochemical sensors. 

Luo et al. [90] have reported that in an alkaline solution, glucose 

shows a positive response at a nickel electrode. A Ni2+/3+ ion pair pres- 

ent on the Ni surface that has undergone oxidation was suggested as the 

possible mechanism for this response. Ni-NDC (Nickel nanoparticles 

distributed in erratic graphite-like carbon) were analyzed by T.You et al 

[91] to study their reaction to sugars. 

According to their findings, They revealed that the sensitivity of Ni- 

NDC towards sugars is enhanced by at least one level, and it shows 

a relative standard deviation of 1.75% for 40 successive detections in 

comparison to bulk Ni.Prabhu and Baldwin, on the other hand, used am- 

perometric detection of glucose at a constant potential in basic solution 

with CuO plated on glassy carbon [92].The Cu2+/3+ redox pair medi- 

ated the electrocatalysis for glucose oxidation in the same way that the 

Ni-electrode did. 

Among the accomplishments made possible by the use of nanomate- 

rials in electrode modification are the following [93]: 

• Improved surface kinetics 

• Increased electrochemical processes due to increased electro- 

active surface area. 

• Nanomaterials, also offer a robust foundation as well as highly 

active integration sites that enhance electrode selectivity. 
 

4. Synthesis and properties of nanomaterials nickel 

sulfide 

 
There are several types of nickel sulfide, including: 

• Nickel monosulfide (NiS): a binary compound of nickel and 

sulfur, with the chemical formula NiS. 

•  Nickel disulfide (NiS2): a binary compound of nickel and sul- 

fur, with the chemical formula NiS2. 

• Nickel subsulfide (Ni3S2): a ternary compound of nickel and 

sulfur, with the chemical formula Ni3S2. 

• β-Nickel sulfide (β-NiS): s transitional stage of nickel sulfide, 

which is the most commonly studied form of nickel sulfide in 

electrochemical sensors. 

The properties and applications of these nickel sulfide compounds 

can vary depending on their structure and composition. For example, 

β-NiS has shown promise as a sensing material in electrochemical sen- 

sors because its the distinctive characteristics like excellent conductiv- 

ityand good catalytic activity. Nickel sulfide is a potential nanomaterial 

that has various uses in the fields ofenergy conversion , catalysis, and 

electronics. The synthesis of NiS nanoparticles has been widely investi- 

gated using various methods such as chemical precipitation, hydrother- 

mal synthesis, and solvothermal synthesis. These approaches provide a 

significant level of mastery in regulating the dimensions, structure, and 

crystal morphology of the nanoparticles obtained.novel hierarchical A 

solvothermal technique was employed to produce NiS with a flower-like 

structure, which was found to exhibit remarkable catalytic performance 

towards the electrochemical oxidation of H O on a carbon paste elec- 
ture phase, and paramagnetic properties in its high temperature phase. 2 2 

Owing to these unique properties, nickel sulphide thin films are utilized 
trode under alkaline conditions. The resulting material displayed high 
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catalytic activity for MOR. 

According to a study conducted by Jingchao Zhang et al [94], they 

found that the H2O2 sensor had remarkable consistency, a broad range 

of detection 0.5 μM to 1.37 mM, and strong electrocatalytic capabili- 

ties. Furthermore, the NiS with a flower-shaped hierarchical structure 

demonstrated excellent electrocatalytic activity in an alkaline medium 

for the methanol oxidation reaction (MOR) and displayed significant 

tolerance towards the catalyst-poisoning species produced during the 

reaction. The process of MOR was observed to occur by directly elec- 

tro-oxidizing methanol on the surface layer of oxidized NiS. This was 

attributed to the redox reactions of Ni (II)/Ni (III). 

As far as we know, this study represents the first documented instance 

of creating a distinctive hierarchical flower-shaped NiS material using a 

solvothermal technique for the purpose of detecting H2O2 through an 

electrochemical method. Furthermore, the material showed strong cata- 

lytic activity for the MOR in an alkaline setting when applied to a car- 

bon paste electrode. The strong electrocatalytic capabilities displayed by 

the NiS nanostructures for the MOR in an alkaline environment implies 

potential new applications for them as effective electrocatalysts in DM- 

FCs.Wenqin Wu et al [95] reported in their study that they synthesized 

Ni7S6 particles using a one-pot hydrothermal method, with NiCl2·6H2O 

and thiourea as the precursors. To elaborate, they first dissolved 454.46 

mg NiCl2·6H2O in 6 mL of distilled water, and so added 24 mL of EA 

and 114.18 mg of thiourea to the solution.The solution was stirred for 

approximately 25 minutes and introduced into an autoclave composed of 

stainless steel that is lined with Teflon and has a volume of 50 mL. It was 

subsequently heated at 180°C for a duration of 12 hours. Following this, 

the sulphide was collected and washed multiple times with ethanol and 

deionized water, before being dried under vacuum. The structure and 

morphology of the synthesized Ni7S6 were then examined through SEM 

analysis, revealing that it had a flower-like appearance with multiple 

nanoplates featuring sharp tips that extended from the core. The particle 

size was estimated to be roughly 1 μm. 

Ongoing research is dedicated to improving the performance of 

non-enzymatic glucose sensors using Ni3S2 as a material. The promising 

properties of Ni3S2 make it an attractive candidate for glucose monitor- 

ing applications. Recent research by Soochan Kim et al. involved the 

development of Ni3S2 with diverse morphologies on Ni foam through 

adjustments to solvent composition. 

The structure and morphology of the resulting products can be sig- 

nificantly influenced by the polarity and coordination of the reaction 

medium, which in turn can have a notable impact on the reactivity and 

diffusion of the reactants.Nevertheless, no research has been reported 

yet on the confinement of the Ni3S2 structure’s morphology with the 

help of a solvent. Several different structures of Ni3S2 were created on 

Ni foam by means of a hydrothermal technique in a environmentally 

friendly solution of water and ethanol, with the aim of filling this void 

[96]. By controlling the reaction medium, a hierarchical structure of 

Ni3S2 was produced, and its electrochemical properties were investigat- 

ed with regards to its morphology. The prepared Ni3S2 electrode with 

a hierarchical structure was then employed to detect glucose, demon- 

strating excellent selectivity , sensitivity, and repeatability [97]. Ni3S2 

nanosheet arrays were synthesized via a simple one-step hydrothermal 

process on Ni foam substrate, and directly utilized as an electrode for 

a high-performance supercapacitor and non-enzymatic glucose sensor. 

The resulting electrode demonstrated both high energy density and ex- 

 

Table 1. 

Nickel sulfide-based composite as electrodes in electrochemical sensors. 

Composite based 

NiS 

 

Method 
Linear range 

(μM) 

Limit of 

detection 

(μM) 

Scan 

rate 

(mV/s) 

 

Sensitivity 

 

Potential (V) 
Properties & 

application 

 

Ref. 

 

 

CLFW@Ni-NiS/MIV 

 

solution of vitrimer by dip 

coating method 

 

 

- 

 

 

- 

 

 

100 

 

 

- 

 

high values of 

0.79 

Variable, shape-memory, 

self-healing 

supercapacitors, cataly- 

sis and sensors 

 

 

[102] 

 

NiS/GO/MGCE 

 

hydrothermal method 

 

0.1–1.0 mM 

 

3.79 μM 

 

50 

 

- 

3.39 (5.4 μA) 

and 0.15 (2.7 

μA) 

A non-enzymatic urea 

sensor 

 

[107] 

b-NiS@rGO/AuNS/ 

GCE 

 

single-step hydrothermal 

1 mM to 1 

mM, 2 mM to 

1 mM 

682 nM, 1.3 

mM and 6 

nM 

 

10–100 

 

- 
0.18, 0.15, and 

0.33 

Biosensors and energy 

storage devices 

 

[108] 

Au/N-GOQDs/NiS2/ 

BC/MIP/GCE 

differential pulse voltam- 

metry 

DA (0.05–8 

µM and 8–40 

µM) 

CPZ 0.005–2 

µM 

 

100 

 

- 

 

- 

 

Electrochemical sensor 

 

[109] 

 

rGO/NiS/AuNCs 
simple single-step hydro- 

thermal 

 

34.4–269.2 

 

0.09 μg·L-1 

 

- 

3.38 × 

10- 8 A per 

μg L–1 

 

-0.5 

 

Electrochemical sensing 

 

[11] 

 

NiS@NiO/TiO2 
a simple hydrothermal 

method. 

0.001 to 45 ng 

mL-1 

1.67 × 10-4 

ng mL-1 

(S/N = 3) 

 

0.1 

 

- 

 

+0.6 to - 0.2 
Photoelectrochemical 

biosensor 

 

[110] 

 

ZnS–NiS 
a simple ion-exchange 

reaction 

 

- 

 

(0.125 mm) 

 

50 
48.5 

μA mm−1 

 

-0.60 to 1.00 

Nonenzymatic Elec- 

trochemical Glucose 

Sensors 

 

[111] 

 

 

ß-NiS/Ppy 

 

 

hydrothermally 

10 nM to 900 

µM 

,20 nM to 1 

mM 

 

1 nM and 

5 nM 

 

 

50 

 

 

- 

 

 

0.42 to 1.04 

 

 

Biosensing applications 

 

      [112] 

 

 

ZnS/NiS@ZnS 

 

 

via a water-soluble route 

0.1 to 300 

μM(HQ),0.5 

to 400 

Μm(CC) 

24nM for 

HQ 

,71nM for 

CC 

 

 

10 to 300 

 

8.0 * 106 

–1.0 * 104 

 

 

-59 mV pH-1 

 

 

Electrochemical sensor 

 

 

[113] 
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Continue 

 

cellent long-term stability. Furthermore, as a non-enzymatic sensor, the 

3D Ni3S2 nanosheet array electrode exhibited exceptional electrocata- 

lytic activity towards glucose oxidation, with a exellent sensitivity of 

6148.0 mA mM-1 cm-2.In addition, the Ni S nanosheet array electrode 

exhibits extraordinary glucose electrocatalytic activity, including high 

sensitivity, excellent selectivity, a low detection limitation, and an im- 

mediate response. All of these remarkable performance metrics indicate 

that the Ni3S 2 nanosheet array is a promising electrode material for glu- 

cose sensors that do not rely on enzyme [98]. 

Electrodeposition is another method for synthesizing nickel sulfide. 

In a study by Padmanathan et al., a thin film of NiS was successfully de- 

posited via chronoamperometry onto ITO-coated glass substrates. Prior 

to electrodeposition, the ITO substrates were cleaned to remove surface 

impurities. This was done by using Ultrasonic treatment using ethanol 

as the solvent and then in water for a period of 10 minutes.To prepare a 

solution for a NiS thin film sensor, 0.01m Ni(NO3)2·6H2O and 0.1m thio- 

acetamide were mixed in 100 mL of water that has been distilled twice. 

The NiS thin films were deposited on an ITO substrate by applying a 

fixed potential of 0.9 V for 500 s. The produced sensor demonstrated a 

low detection limit and high sensitivity, with values of 0.32 mm and7.43 

mAmm-1cm-2, respectively. Additionally, it had a response time of less 

than 8 seconds [78]. In a separate study conducted by Rekha Bhardwaj 

and colleagues [99], the process of creating mesoporous rhombohedral 

β-NiS involved using thiourea as the source of sulfur, and was done 

through a solvothermal method. By conducting a Rietveld refinement, 

it was verified that the formation of rhombohedral β-NiS occurred in a 

single phase.The optical, electro-catalytic, and morphological properties 

of the synthesized β-NiS nanoparticles were found to be influenced by 

the reaction temperature. The FESEM pictures showed that there were 

structures resembling cluster beans and 1-D nano-rods. 

Composite based 

NiS 

 

Method 
Linear range 

(μM) 

Limit of 

detection 

(μM) 

Scan 

rate 

(mV/s) 

 

Sensitivity 

 

Potential (V) 
Properties & 

application 

 

Ref. 

NiS/S-g-C3N4/GCE 
Thermal 0.1 to 2.1 µM 

1.5 μM (S/N 

= 3) 
10 to 100 

80 μA 

mM−1 cm−2 

0.55 vs. Ag/ 

AgCl 

Non-enzymatic glucose 

sensing 
[26] 

 

3D Ni 3 S2 nanoshe/ 

NF 

 

facile one-step 

hydrothermal 

 

0.005–3.0 μM 

to mM 

 

1.2 µM 

 

20 

6,148 μA 

mM-1 

cm-2 

 

- 

 

Non-enzymatic sensor 

 

[114] 

 

Ni3 S2 /MWCNTs 

 

using glucose-assisted 

hydrothermal 

 

30 to 500 µM 

 

1 µM 

 

1 

 

μA mM-1 

cm-2 

 

- 

Highly sensitive and 

selective biosensor for 

glucose 

 

[28] 

NiS–rGO nanohybrid 
facile one- 

step hydrothermal 
0.005-1.7 10 

50 
- -0.2 and 0.6 Sensor/glucose solution [115] 

 

PVP–NiS 

Electrodeposition,thermal 

air 

oxidation 

 

0.2–2.97 

 

4.6 mM 

 

20 
82.73 mA 

mM1 

 

0.5 

Electrochemical sensing 

of 

glucose 

 

[116] 

 

MPL-NiS/rGO 
hydrothermal electrode- 

posited 

43 nM – 0.26 

µM 

0.5 to 53 

nM(BPA) 

 

- 

 

- 

 

-1.0 
Sensor for electrochemi- 

cal measurements 

 

[117] 

 

f-CB/NiS 

 

ectrochemical method 

0.125 to 268 

Μm,268 to 

1781 μM 

 

0.02 µM 

 

50 

1223 μA 

mM-1 

cm-2 

 

0.47 

 

Non-Enzymatic Glucose 

Sensor 

 

[118] 

NiS/ITO 
ne-step electrodeposition 

method 
0.32 μM 5–45 μM 20 

7430 μA 

mM-1 cm-2 
0.5 

Non-enzymatic Glucose 

Sensor 
[78] 

 

 

α-NiS/GC 

 

 

via a template-free method 

 

0.125 μM–0.2 

mM 

 

 

0.08 μM 

 

 

50 

 

80 µA 

mM-1 

 

 

0.60 

Non-enzymatic glucose 

sensors and water 

treatment, superca- 

pacitors 

 

 

[119] 

NiS hollow spheres/ 

GCE 

 

hydrothermal 
0.125 µM–2.0 

mM 

 

0.125 µM 

 

50 
155 mA 

mM1 cm2 

 

0.60 

Supercapacitors and 

Non-Enzymatic Glucose 

Sensors 

 

[120] 

 

Ni3S2/Nickel foam 

 

hydrothermal method 

 

0.5 µM–3 mM 

 

0.82 µM 

 

5 to 100 

16,460 

μA mM−1 

cm−2 

 

0 - 0.8 

Glucose sensing, other 

electrochemical appli- 

cations 

 

[96] 

 

Ni3S2@Ni foam 
chemical corrosion by 

sodium sulfide 

 

1–300 μM 

 

0.045 µM 

 

50 
14674 μA 

mM−1 cm−2 

 

0.5 
Hydrazine electrochemi- 

cal sensor 

 

[121] 

 

Ni7S6/MWCNTs 

 

one-pot hydrothermal 

  
 

20 
185.04 μA 

mM−1 cm−2 

 

0.415 
Amperometric sensor 

for nitrite 

 

[95] 

 

CTAB/NiS/CS/GCE 

 

solvotermal 

 

0.01–200.0 

μM 

 

3.35 and 

2.94 nM 

 

10 to 250 

 

- 

 

- 0.2–1.3 

Validate the Practical 

Application of the Pres- 

ent Sensor 

 

[122] 

 

NiS2 -CNT 

 

simple solution method 
0.1 nM to 10.0 

mM 

30.0 ± 0.02 

pM 

 

- 

632.9224 

μA mM−1 

cm−2 

 

0.0 to +1.5 

 

Chemical sensor 

 

[123] 
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5. Composites of nickel sulfide 

 
The composite of nickel sulfide (NiS) electrode is a commonly used 

material in electrochemical sensors. Electrochemical sensors are devic- 

es that measure the concentration of a specific substance in a solution 

by measuring the current produced by an electrochemical reaction. The 

composite of nickel sulfide electrode is a versatile material that can also 

be used in biosensors. Biosensors are instruments that employ biologi- 

cal substances like antibodies or enzymes for the purpose of detection. 

and measure the concentration of specific substances in a sample. These 

devices are widely used in healthcare, food safety, and environmental 

monitoring. 

NiS-based electrodes have been used in various electrochemical sen- 

sors for the detection of different analytes such as glucose, hydrogen 

peroxide, and neurotransmitters.One of the main advantages of using 

NiS-based electrodes in electrochemical sensors is their high electrocat- 

alytic activity, which enables the efficient conversion of analyte mole- 

cules into measurable electrical signals. The exceptional catalytic per- 

formance is credited to the distinctive configuration of NiS, which has 

abundant active sites and a vast surface area that helps in the transfer of 

electrons during reactions. Moreover, NiS-based electrodes possess ex- 

cellent stability and durability, making them suitable for long-term sens- 

ing applications. They also have good biocompatibility, which makes 

them ideal for biosensing applications.Several methods have been re- 

ported for the fabrication of NiS-based electrodes, including chemical 

vapor deposition, electrodeposition, and hydrothermal synthesis. Table 

1 shows the types of nickel sulfide-based electrodes, along with their 

fabrication methods and applications .In the following, research about 

nickel sulfide composites has been discussed. Among methods, the hy- 

drothermal method is a popular technique for synthesizing nickel sulfide 

composite electrodes due to its several advantages.the hydrothermal 

method allows for precise control over the size, shape, and composition 

of the synthesized nanoparticles. The reaction occurs in an aqueous solu- 

tion under high pressure and temperature, which facilitates the formation 

of homogeneous and crystalline nanoparticlesand this is a simple and 

cost-effective technique, which makes it suitable for large-scale produc- 

tion of nickel sulfide composite electrodes. The method does not require 

complex equipment and can be easily scaled up.Therefore, due to its 

precise control over nanoparticle size and shape, simplicity and cost-ef- 

fectiveness, and excellent electrochemical properties, the hydrothermal 

method is a good method for the synthesis of nickel sulfide composite 

electrodes. NiS electrodes show significant promise for the advancement 

of electrochemical sensors due to their exceptional electrocatalytic ac- 

tivity, long-lasting stability, durability, and compatibility with biologi- 

cal systems.Further research is required to optimize the fabrication and 

functionalization of NiS-based electrodes for to detect a wide spectrum 

of analytes with high sensitivity and selectivity. 

Electrode materials can be categorized into three types based on their 

composition: The original text refers to three types of materials inorganic 

polymer compound materials, metal compound materials, and non-me- 

tallic materials [100, 101]. The ability of an electrode material to store 

energy is influenced not only by its individual characteristics, but also by 

its microstructural properties. Among metal compound materials, The 

nanofibers made of NiS and shaped like flowers have a unique structure 

made of nano-sheets. This structure provides multiple pathways for the 

transfer of ions and electrons, which results in excellent rate perfor- 

mance. Additionally, these nanofibers have a high specific capacitance. 

Furthermore, the sensor assembled with the CLFW@Ni-NiS/V hybrid 

can detect even small amounts of deformation or external pressure by 

converting them into current signals. This sensitivity showcases the sen- 

sor’s ability to detect subtle changes [102]. The exceptional properties 

displayed by a hybrid that is intelligent and can perform multiple func- 

tions, such as self-healing capabilities, shape-memory, and good reshap- 

ing, make it a promising candidate for a vast array of uses, which may 

involve sensing, catalysis, and energy storage. These applications have 

been extensively studied and are of great interest to researchers [18-20]. 

The limited conductivity of NiS has hindered its further application. To 

address this issue, some researchers have combined NiS with materi- 

als that exhibit good conductivity to achieve enhanced electrochemical 

performance. Examples of such materials include carbon [103] and met- 

al nanoparticles. Sunil Kumar Naik et al [104], reported on the use of 

graphene oxide / NiS to modify a glassy carbon electrode in order to 

improve the conductivity of NiS. This modified electrode was referred 

to as NiS/GO/MGCE. Both electrochemical and electrochemical im- 

pedance spectroscopy (EIS) modes were used to assess the detection 

abilities ertaining to the electrode that has been altered or adjusted in 

some way towards urea in water. The results suggest that the electrode 

modified with NiS/GO nanocomposite showed an exceptionally low 

level of detection and that the process of the electrode was found to 

be controlled by diffusion. The newly developed sensor was evaluat- 

ed for its practicality, long-term stability, interference, and selectivity. 

Consequently, the MGCE /GO/ NiS showed impressive electrocatalytic 

properties when detecting urea, showcasing strong sensitivity, selectiv- 

ity, and reproducibility. In reseach about nickel sulphide by R.M. Abdel 

Hameed et al [105], the process of electrospinning was employed in or- 

der to create carbon nanofibers that have nickel sulphide nanoparticles 

incorporated onto them. This was achieved by using a sol-gel mixture of 

DMF and PAN, and NiAc and NH4S were added. The mixture was then 

subjected to an electrospinning process at 20 kV, afterwards, the material 

was subjected to calcination in an argon environment at a temperature of 

900 degrees Celsius for a duration of 2 hours. The nanomaterial that was 

obtained showed exceptional catalytic efficiency in the electro-oxidation 

of urea under basic conditions, mainly due to the enhanced surface area 

of the metallic nanofibers and their effective dispersion.The NiS/CNFs 

nanocomposite exhibited higher oxidation current density values in 

KOH solution when the concentration of urea molecules was increased. 

Through an EIS examination, it was discovered that there was a better 

charge transfer mechanism occurring at the surface of the nanomaterial, 

suggesting its potential to be an efficient nanocatalyst for electrocatalytic 

reactions involving urea.Furthermore, The method utilized to produce 

the nanocomposite has the potential to be expanded for the synthesis of 

multiple bimetallic nanocomposites in various proportions, which can 

be utilized in sustainable energy system [106]. In recentely study, NiS 

was utilized to selectively interact with analytes as it helps with electron 

distribution. However, neat NiS is unstable during the interaction, so 

stabilizing the compound is crucial. Thus, the researchers synthesized 

nickel sulfide/graphene oxide (NiS/GO) via the superficial hydrothermal 

method to stabilize the compound. They characterized the synthesized 

functionalized GO nanoparticles to fine-tune the size, surface area, and 

morphology for the specific application. The results showed that the 

NiS/GO nanocomposite modified electrode had a very low detection 

limit and that the electrode process was controlled by diffusion. Addi- 

tionally, the developed NiS/GO/MGCE showed excellent electrocatalyt- 

ic behavior towards urea sensing with good sensitivity, selectivity, and 

reproducibility in sensor . 
 

 

6. Conclusion and future perspectives 

 
Electrochemical sensors are essential tools used in various fields, 

such as environmental monitoring, medical diagnostics, and energy stor- 

age. The development of novel electrode materials with enhanced sensi- 

tivity, selectivity, and stability is crucial for the advancement of electro- 

chemical sensing and energy storage technologies. Nickel sulfide (NiS) 
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is a promising material for use as electrodes in electrochemical sensors 

due to its excellent electrical conductivity, low cost, and high surface 

area. However, the sensitivity and selectivity of NiS-based sensors can 

be improved by incorporating other materials into the NiS structure to 

form composite electrodes. This article discussed the use of NiS-based 

composites as electrodes in electrochemical sensors, highlighting their 

potential applications and benefits.The use of NiS-based composites 

as electrodes in electrochemical sensors has shown significant prom- 

ise for various applications. For example, NiS-carbon nanotube (CNT) 

composite electrodes have been shown to have high sensitivity towards 

glucose, making them suitable for glucose monitoring applications. The 

high sensitivity of this composite electrode can be attributed to the syn- 

ergistic effect between NiS and CNT, which enhances the interaction be- 

tween the electrode and glucose molecules.NiS-reduced graphene oxide 

(rGO) composite electrodes have also been explored for use in electro- 

chemical sensing applications, such as the detection of dopamine. The 

NiS-rGO composite electrode showed high sensitivity and selectivity 

towards dopamine, making it a promising candidate for dopamine de- 

tection in biological samples. Furthermore, NiS-based composites have 

also been used as anodes in lithium-ion batteries due to their high theo- 

retical specific capacity and excellent cycling stability. NiS-carbon com- 

posites have been shown to have enhanced electrochemical performance 

as anodes in lithium-ion batteries, making them promising candidates 

for energy storage applications.The use of NiS-based composites as 

electrodes in electrochemical sensors and energy storage devices shows 

great promise, but there are several challenges that need to be addressed. 

One of the main challenges is the stability of the composite electrode un- 

der various conditions, such as high temperatures and corrosive environ- 

ments. The development of stable NiS-based composite electrodes with 

high performance and stability is crucial for their practical applications. 

Another challenge is the scalability and reproducibility of the NiS-based 

composite electrode fabrication process. The development of cost-ef- 

fective and scalable fabrication methods is necessary for the practical 

application of NiS-based composite electrodes. 

Future research can focus on developing new NiS-based composites 

with improved sensing and energy storage properties for various appli- 

cations. The design and optimization of NiS-based composite electrodes 

can also be explored to improve their performance and stability. In ad- 

dition, the integration of NiS-based composite electrodes with micro- 

fluidic systems and portable devices can further enhance their potential 

applications in various fields. In conclusion, the incorporation of other 

materials into NiS structures to form composite electrodes has shown 

great potential for various electrochemical sensing and energy storage 

applications. Future research can focus on developing new NiS-based 

composites with improved sensing and energy storage properties for 

various applications. The design and optimization of NiS-based com- 

posite electrodes can also be explored to improve their performance and 

stability. Overall, the use of NiS-based composites as electrodes in elec- 

trochemical sensors and energy storage devices shows great promise and 

is an exciting area of research for future development. 

Acknowledgment 

 
The authors would like to thank Semnan University Research Coun- 

cil for the financial support of this work. 

Conflicts of Interest 

 
The authors declare that they have no conflict of interest 

 

REFERENCES  

  

 

 

    

 

   

          

 

      

  

 

 

  

 

 

  

 

          

 

             

 

  

 

      

 

 

   

 

          

 

            

          

 

             

        

 

                   

  

 

 

  

          

 

                

            

  

               

 

 

  

         

 

                   

 

        

 

               

        

 

  

 

 

  

         

 

    

        

 

      

    

 

         

 

              

       

biosensors, Biosensors and bioelectronics 17(5) (2002) 345-359.

[3]  H. Meskher, F.  Achi, H. Belkhalfa, Synthesis and Characterization of CuO@

PANI  composite:  A  new  prospective  material  for  electrochemical  sensing,  Journal

of Composites and Compounds 4(13) (2022) 178-181.

[4]  B.R.  Eggins,  Biosensors:  an  introduction, Springer-Verlag2013.

[5]  S. Cosnier, Biomolecule immobilization on electrode surfaces by entrapment

or attachment to electrochemically polymerized films. A review, Biosensors and

Bioelectronics 14(5) (1999) 443-456.

[6]  D.A. Sousa, M. Carneiro, D. Ferreira, F.T. Moreira, M.G.F. Sales, L.R. Ro-

drigues, Recent advances in the selection of cancer-specific aptamers for the de-

velopment of biosensors, Current Medicinal Chemistry 29(37) (2022) 5850-5880.

[7]  S. Gavrilaș, C.Ș. Ursachi, S. Perța-Crișan, F.-D. Munteanu, Recent trends in

biosensors for environmental quality monitoring, Sensors 22(4) (2022) 1513.

[8]  S.  D’souza,  Microbial  biosensors,  Biosensors  and  Bioelectronics  16(6)  (2001)

337-353.

[9]  J.  Barek,  How  to  improve  the  performance  of  electrochemical  sensors  via  min-

imization of electrode passivation, Chemosensors 9(1) (2021) 12.

[10]  B.K. Boggs, R.L. King, G.G. Botte, Urea electrolysis: direct hydrogen pro-

duction from urine, Chemical Communications (32) (2009) 4859-4861.

[11]  S. Sahoo,  A. Satpati,  Fabrication  of rGO/NiS/AuNCs ternary  nanocomposite

modified electrode for electrochemical sensing of Cr (VI) at utra-trace level, Sur-

faces and Interfaces 24 (2021) 101096.

[12]  H. Emadi,  A. Hemmati, E. Behrouzi, Investigation of Fe3O4/SBA-15 mag-

netic  nanocomposite  synthesized  by  microwave-assisted  solvothermal  route  as

multi-therapeutic  agent,  Journal  of  Composites  and  Compounds  4(12)  (2022)  141-

144.

[13]  M.-R.  Gao,  Y.-F.  Xu,  J.  Jiang,  S.-H.  Yu,  Nanostructured  metal  chalcogenides:

synthesis,  modification,  and  applications  in  energy  conversion  and  storage  devices,

Chemical Society Reviews 42(7) (2013) 2986-3017.

[14]  Q.  Lu,  Y.  Yu,  Q.  Ma,  B.  Chen,  H.  Zhang,  2D  transition‐metal‐dichalcogenide‐

nanosheet‐based  composites  for  photocatalytic  and  electrocatalytic  hydrogen  evo-

lution reactions, Advanced Materials 28(10) (2016) 1917-1933.

[15]  Y.  Liu,  C.  Xiao,  M.  Lyu,  Y.  Lin,  W.  Cai,  P.  Huang,  W.  Tong,  Y.  Zou,  Y.  Xie,

Ultrathin Co3S4  nanosheets that synergistically engineer spin states and exposed

polyhedra  that  promote  water  oxidation  under  neutral  conditions,  Angewandte

Chemie International Edition 54(38) (2015) 11231-11235.

[16]  N.F.H.  Nik  Zaiman,  N.  Shaari,  N.A.M.  Harun,  Developing  metal‐organic

framework‐based  composite  for  innovative  fuel  cell  application:  An  overview,  In-

ternational Journal of Energy Research 46(2) (2022) 471-504.

[17]  H.  Xu,  Z.  Kong,  J.  Siegenthaler,  B.  Zheng,  Y.  Tong,  J.  Li,  T.  Schuelke,  Q.H.

Fan,  K.  Wang,  H.  Xu,  Review  on  recent  advances  in  two‐dimensional  nanomateri-

als‐based cathodes for lithium‐sulfur batteries, EcoMat  (2023) e12286.

[18]  J.  Yang,  X.  Duan,  W.  Guo,  D.  Li,  H.  Zhang,  W.  Zheng,  Electrochemical  per-

formances investigation of NiS/rGO composite as electrode material for superca-

pacitors, Nano Energy 5 (2014) 74-81.

[19]  F. Cai, R. Sun, Y. Kang, H. Chen, M. Chen, Q. Li, One-step strategy to a

three-dimensional  NiS-reduced  graphene  oxide  hybrid  nanostructure  for  high  per-

formance supercapacitors, RSC Advances 5(29) (2015) 23073-23079.

[20]  Y.  Li,  H.  Wang,  H.  Zhang,  P.  Liu,  Y.  Wang,  W.  Fang,  H.  Yang,  Y.  Li,  H.  Zhao,

A {0001} faceted single crystal NiS nanosheet electrocatalyst for dye-sensitised

solar  cells:  sulfur-vacancy  induced  electrocatalytic  activity,  Chemical  communica-

tions 50(42) (2014) 5569-5571.

[21]  L.  Mi,  Y.  Chen,  W.  Wei,  W.  Chen,  H.  Hou,  Z.  Zheng,  Large-scale  urchin-like

micro/nano-structured  NiS:  controlled  synthesis,  cation  exchange  and  lithium-ion

battery applications, RSC advances 3(38) (2013) 17431-17439.

[22]  H. Geng, S.F. Kong, Y. Wang, NiS nanorod-assembled nanoflowers grown

on  graphene:  morphology  evolution  and  Li-ion  storage  applications,  Journal of

Materials Chemistry A 2(36) (2014) 15152-15158.

[23]  C. Tang, C. Zang, J. Su, D. Zhang, G. Li, Y. Zhang, K. Yu, Structure and

magnetic  properties  of  flower-like  α-NiS  nanostructures,  Applied  Surface  Science

257(8) (2011) 3388-3391.

[24]  J.  Yang, X. Duan, Q. Qin,  W. Zheng, Solvothermal synthesis of hierarchical

flower-like  β-NiS  with  excellent  electrochemical  performance  for  supercapacitors,

Journal  of  Materials  Chemistry  A  1(27)  (2013)  7880-7884.

[25] R. Pothu, R. Bolagam, Q.-H. Wang, W. Ni, J.-F. Cai, X.-X. Peng, Y.-Z. Feng

,  J.-M. Ma,  Nickel  sulfide-based  energy  storage  materials  for  high-performance

electrochemical capacitors, Rare Metals 40(2) (2021) 353–373.

[26]  S. Vinoth, P.M. Rajaitha,  A. Venkadesh, K.S. Devi, S. Radhakrishnan,  A. Pan-

dikumar, Nickel sulfide-incorporated sulfur-doped graphitic carbon nitride nano-

hybrid  interface  for  non-enzymatic  electrochemical  sensing  of  glucose,  Nanoscale

Advances 2(9) (2020) 4242-4250.

[27]  J.  Liu,  D.  Xue,  Rapid  and  scalable  route  to  CuS  biosensors:  a  microwave-as-

sisted Cu-complex  transformation  into  CuS nanotubes  for  ultrasensitive  nonenzy-

[1]  Z. Nie, C.A. Nijhuis, J. Gong, X. Chen, A. Kumachev, A.W. Martinez, M.

Narovlyansky, G.M. Whitesides, Electrochemical sensing in paper-based micro-

fluidic devices, Lab on a Chip 10(4) (2010) 477-483.

[2] M. Gerard, A. Chaubey, B. Malhotra, Application of conducting polymers to

https://doi.org/10.1039/B917150A
https://doi.org/10.1039/B917150A
https://doi.org/10.1039/B917150A
https://doi.org/10.1016/s0956-5663(01)00312-8
https://doi.org/10.1016/s0956-5663(01)00312-8
https://doi.org/10.52547/jcc.4.4.1
https://doi.org/10.52547/jcc.4.4.1
https://doi.org/10.52547/jcc.4.4.1
https://doi.org/10.1016/s0956-5663(99)00024-x
https://doi.org/10.1016/s0956-5663(99)00024-x
https://doi.org/10.1016/s0956-5663(99)00024-x
https://doi.org/10.2174/0929867329666220224155037
https://doi.org/10.2174/0929867329666220224155037
https://doi.org/10.2174/0929867329666220224155037
https://www.mdpi.com/1424-8220/22/4/1513
https://www.mdpi.com/1424-8220/22/4/1513
https://doi.org/10.1016/S0956-5663(01)00125-7
https://doi.org/10.1016/S0956-5663(01)00125-7
http://dx.doi.org/10.3390/chemosensors9010012
http://dx.doi.org/10.3390/chemosensors9010012
https://doi.org/10.1039/B905974A
https://doi.org/10.1039/B905974A
https://doi.org/10.1016/j.surfin.2021.101096
https://doi.org/10.1016/j.surfin.2021.101096
https://doi.org/10.1016/j.surfin.2021.101096
https://doi.org/10.52547/jcc.4.3.1
https://doi.org/10.52547/jcc.4.3.1
https://doi.org/10.52547/jcc.4.3.1
https://doi.org/10.52547/jcc.4.3.1
https://doi.org/10.1039/C2CS35310E
https://doi.org/10.1039/C2CS35310E
https://doi.org/10.1039/C2CS35310E
https://doi.org/10.1002/adma.201503270
https://doi.org/10.1002/adma.201503270
https://doi.org/10.1002/adma.201503270
https://doi.org/10.1002/anie.201505320
https://doi.org/10.1002/anie.201505320
https://doi.org/10.1002/anie.201505320
https://doi.org/10.1002/anie.201505320
http://dx.doi.org/10.1002/er.7198
http://dx.doi.org/10.1002/er.7198
http://dx.doi.org/10.1002/er.7198
http://dx.doi.org/10.1002/eom2.12286
http://dx.doi.org/10.1002/eom2.12286
http://dx.doi.org/10.1002/eom2.12286
http://dx.doi.org/10.1016%2Fj.nanoen.2014.02.006
http://dx.doi.org/10.1016%2Fj.nanoen.2014.02.006
http://dx.doi.org/10.1016%2Fj.nanoen.2014.02.006
https://doi.org/10.1039/C5RA02058A
https://doi.org/10.1039/C5RA02058A
https://doi.org/10.1039/C5RA02058A
https://doi.org/10.1039/C4CC01691B
https://doi.org/10.1039/C4CC01691B
https://doi.org/10.1039/C4CC01691B
https://doi.org/10.1039/C4CC01691B
https://doi.org/10.1039/C3RA42859A
https://doi.org/10.1039/C3RA42859A
https://doi.org/10.1039/C3RA42859A
https://doi.org/10.1039/C4TA03440F
https://doi.org/10.1039/C4TA03440F
https://doi.org/10.1039/C4TA03440F
http://dx.doi.org/10.1016/j.apsusc.2010.11.030
http://dx.doi.org/10.1016/j.apsusc.2010.11.030
http://dx.doi.org/10.1016/j.apsusc.2010.11.030
https://doi.org/10.1039/C3TA11167A
https://doi.org/10.1039/C3TA11167A
https://doi.org/10.1039/C3TA11167A
https://doi.org/10.1039/D0NA00172D
https://doi.org/10.1039/D0NA00172D
https://doi.org/10.1039/D0NA00172D
https://doi.org/10.1039/D0NA00172D
https://doi.org/10.1039/C0JM01714K
https://doi.org/10.1039/C0JM01714K
https://doi.org/10.1007/978-3-663-05664-5
https://doi.org/10.1007/s12598-020-01470-w
https://doi.org/10.1016/s0956-5663(01)00312-8


48 M. Irandoost et al. / Journal of Composites and Compounds 5 (2023) 38-50 
 

 

 

matic glucose sensor, Journal of Materials Chemistry 21(1) (2011) 223-228. 

[28] T.-W. Lin, C.-J. Liu, C.-S. Dai, Ni3S2/carbon nanotube nanocomposite as 

electrode material for hydrogen evolution reaction in alkaline electrolyte and 

enzyme-free glucose detection, Applied Catalysis B: Environmental 154 (2014) 

213-220. 

[29] M. Javaid, A. Haleem, S. Rab, R. Pratap Singh, R. Suman, Sensors for daily 

life: A review, Sensors International 2 (2021) 100121. 

[30] J. Shieh, J.E. Huber, N.A. Fleck, M.F. Ashby, The selection of sensors, Prog- 

ress in Materials Science 46(3) (2001) 461-504. 

[31] H. Khalilpour, P. Shafiee, A. Darbandi, M. Yusuf, S. Mahmoudi, Z.M. 

Goudarzi, S. Mirzamohammadi, Application of Polyoxometalate-based compos- 

ites for sensor systems: A review, Journal of Composites and Compounds 3(7) 

(2021) 129-139. 

[32] J. Fraden, Handbook of modern sensors: physics, designs, and applications, 

American Association of Physics Teachers, Springer, New York 2010. 

[33] J.R. Stetter, W.R. Penrose, S. Yao, Sensors, chemical sensors, electrochemical 

sensors, and ECS, Journal of The Electrochemical Society 150(2) (2003) S11. 

[34] J. Gutiérrez, M.C. Horrillo, Advances in artificial olfaction: Sensors and appli- 

cations, Talanta 124 (2014) 95-105. 

[35] G. Harsanyi, Sensors in biomedical applications: fundamentals, technology 

and applications, CRC press2000. 

[36] K. Beaver, A. Dantanarayana, S.D. Minteer, Materials approaches for im- 

proving electrochemical sensor performance, The Journal of Physical Chemistry B 

125(43) (2021) 11820-11834. 

[37] R. Keçili, A. Denizli, Molecular Imprinting-Based Smart Nanosensors for 

Pharmaceutical Applications, Molecular Imprinting for Nanosensors and Other 

Sensing Applications, Elsevier2021, pp. 19-43. 

[38] M.E. Natoli, M.M. Chang, K.A. Kundrod, J.B. Coole, G.E. Airewele, V.N. 

Tubman, R.R. Richards-Kortum, Allele-specific recombinase polymerase amplifi- 

cation to detect sickle cell disease in low-resource settings, Analytical Chemistry 

93(11) (2021) 4832-4840. 

[39] P.K. Kalambate, N.S. Gadhari, X. Li, Z. Rao, S.T. Navale, Y. Shen, V.R. Patil, 

Y. Huang, Recent advances in MXene–based electrochemical sensors and biosen- 

sors, TrAC Trends in Analytical Chemistry 120 (2019) 115643. 

[40] S. Tajik, Z. Dourandish, F. Garkani Nejad, H. Beitollahi, P.M. Jahani, A. Di 

Bartolomeo, Transition metal dichalcogenides: Synthesis and use in the develop- 

ment of electrochemical sensors and biosensors, Biosensors and Bioelectronics 

216 (2022) 114674. 

[41] B.S. Jilani, P. Malathesh, C. Mruthyunjayachari, K.V. Reddy, Cobalt (II) tet- 

ra methyl-quinoline oxy bridged phthalocyanine carbon nano particles modified 

glassy carbon electrode for sensing nitrite: A voltammetric study, Materials Chem- 

istry and Physics 239 (2020) 121920. 

[42] A.J. Baeumner, Biosensors for environmental pollutants and food contami- 

nants, Analytical and bioanalytical chemistry 377 (2003) 434-445. 

[43] C. Fan, G. Li, D. Zhu, Recent progress in immobilized enzyme-based reagent- 

less electrochemical biosensors, Curr. Top. Anal. Chem 3 (2002) 233-251. 

[44] J. Wang, Analytical electrochemistry, John Wiley & Sons2023. 

[45] L. Qian, J. Mao, X. Tian, H. Yuan, D. Xiao, In situ synthesis of CuS nanotubes 

on Cu electrode for sensitive nonenzymatic glucose sensor, Sensors and Actuators 

B: Chemical 176 (2013) 952-959. 

[46] X. Zhang, G. Wang, A. Gu, Y. Wei, B. Fang, CuS nanotubes for ultrasensitive 

nonenzymatic glucose sensors, Chemical Communications (45) (2008) 5945-5947. 

[47] Z. Zhang, Z. Huang, L. Ren, Y. Shen, X. Qi, J. Zhong, One-pot synthesis of 

hierarchically nanostructured Ni3S2 dendrites as active materials for supercapaci- 

tors, Electrochimica Acta 149 (2014) 316-323. 

[48] W. Zhou, X.-J. Wu, X. Cao, X. Huang, C. Tan, J. Tian, H. Liu, J. Wang, H. 

Zhang, Ni3S2 nanorods/Ni foam composite electrode with low overpotential for 

electrocatalytic oxygen evolution, Energy & Environmental Science 6(10) (2013) 

2921-2924. 

[49] A.J. Bard, L.R. Faulkner, Fundamentals and applications, Electrochemical 

methods 2(482) (2001) 580-632. 

[50] Y. Gu, A. Wu, H. Sohn, C. Nicoletti, Z. Iqbal, J.F. Federici, Fabrication of re- 

chargeable lithium ion batteries using water-based inkjet printed cathodes, Journal 

of Manufacturing Processes 20 (2015) 198-205. 

[51] O.M. Ama, S.S. Ray, Nanostructured Metal-Oxide Electrode Materials for 

Water Purification, Springer2020. 

[52] A. Hayat, C. Yang, A. Rhouati, J.L. Marty, Recent advances and achievements 

in nanomaterial-based, and structure switchable aptasensing platforms for ochra- 

toxin A detection, Sensors 13(11) (2013) 15187-15208. 

[53] H. Meskher, F. Achi, Electrochemical Sensing Systems for the Analysis of 

Catechol and Hydroquinone in the Aquatic Environments: A Critical Review, Crit- 

ical Reviews in Analytical Chemistry (2022) 1-14. 

[54] S. Jafari Zare, M. Masomi, M. Sharifzadeh Baei, S. Naghizadeh Raeisi, S.-A. 

Shahidi, Electrochemical sensing of Nalbuphine in pharmaceutical samples using 

amplified MgO/CNTs nanocomposite electrode, Journal of Composites and Com- 

pounds 4(10) (2022) 1-3. 

[55] W.Y. Yi, K.M. Lo, T. Mak, K.S. Leung, Y. Leung, M.L. Meng, A Survey of 

Wireless Sensor Network Based Air Pollution Monitoring Systems, Sensors 15(12) 

(2015) 31392-31427. 

[56] R. Amali, H. Lim, I. Ibrahim, N. Huang, Z. Zainal, S. Ahmad, Significance of 

nanomaterials in electrochemical sensors for nitrate detection: A review, Trends in 

Environmental Analytical Chemistry 31 (2021) e00135. 

[57] L.A. Zambrano-Intriago, C.G. Amorim, J.M. Rodríguez-Díaz, A.N. Araújo, 

M.C.B.S.M. Montenegro, Challenges in the design of electrochemical sensor for 

glyphosate-based on new materials and biological recognition, Science of The To- 

tal Environment 793 (2021) 148496. 

[58] M. Richards, M. Ghanem, M. Osmond, Y. Guo, J. Hassard, Grid-based analy- 

sis of air pollution data, Ecological modelling 194(1-3) (2006) 274-286. 

[59] M. Hicham, A. Fethi, S. Ha, B. Khaldoun, Antifouling double layers of func- 

tionalized-multi-walled carbon nanotubes coated ZnO for sensitive and selective 

electrochemical detection of catechol, Fullerenes, Nanotubes and Carbon Nano- 

structures 30(3) (2022) 334-347. 

[60] W. Zhang, R. Wang, F. Luo, P. Wang, Z. Lin, Miniaturized electrochemi- 

cal sensors and their point-of-care applications, Chinese Chemical Letters 31(3) 

(2020) 589-600. 

[61] S. Nambiar, J.T. Yeow, Conductive polymer-based sensors for biomedical ap- 

plications, Biosensors and Bioelectronics 26(5) (2011) 1825-1832. 

[62] W. Liu, K. Hiekel, R. Hübner, H. Sun, A. Ferancova, M. Sillanpää, Pt and 

Au bimetallic and monometallic nanostructured amperometric sensors for direct 

detection of hydrogen peroxide: Influences of bimetallic effect and silica support, 

Sensors and Actuators B: Chemical 255 (2018) 1325-1334. 

[63] C. Bao, Q. Niu, X. Cao, C. Liu, H. Wang, W. Lu, Ni–Fe hybrid nanocubes: an 

efficient electrocatalyst for non-enzymatic glucose sensing with a wide detection 

range, New Journal of Chemistry 43(28) (2019) 11135-11140. 

[64] C. Tortolini, P. Bollella, R. Zumpano, G. Favero, F. Mazzei, R. Antiochia, 

Metal Oxide Nanoparticle Based Electrochemical Sensor for Total Antioxidant Ca- 

pacity (TAC) Detection in Wine Samples, Biosensors 8(4) (2018) 108. 

[65] S.M. Khomambazari, P. Lokhande, S. Padervand, N.D. Zaulkiflee, M. Iran- 

doost, S. Dubal, H. Sharifan, A review of recent progresses on nickel oxide/carbon- 

ous material composites as supercapacitor electrodes, Journal of Composites and 

Compounds 4(13) (2022) 195-208. 

[66] D. Hernández‐Santos, M.B. González‐García, A.C. García, Metal‐nanopar- 

ticles based electroanalysis, Electroanalysis: An International Journal Devoted to 

Fundamental and Practical Aspects of Electroanalysis 14(18) (2002) 1225-1235. 

[67] M. Wang, Y. Ni, L. Cao, D. Zhao, X. Ma, Porous Ni/β-Ni(OH)2 superstruc- 

tures: Rapid solvothermal synthesis, characterization, and electrochemical proper- 

ty, Journal of Colloid and Interface Science 401 (2013) 8-13. 

[68] G.C.M. de Oliveira, J.H. de Souza Carvalho, L.C. Brazaca, N.C.S. Vieira, 

B.C. Janegitz, Flexible platinum electrodes as electrochemical sensor and immu- 

nosensor for Parkinson’s disease biomarkers, Biosensors and Bioelectronics 152 

(2020) 112016. 

[69] A.N. Raja, Recent development in chitosan-based electrochemical sensors 

and its sensing application, International Journal of Biological Macromolecules 

164 (2020) 4231-4244. 

[70] H. Meskher, T. Ragdi, A.K. Thakur, S. Ha, I. Khelfaoui, R. Sathyamurthy, 

S.W. Sharshir, A.K. Pandey, R. Saidur, P. Singh, F. Sharifian jazi, I. Lynch, A Re- 

view on CNTs-Based Electrochemical Sensors and Biosensors: Unique Properties 

and Potential Applications, Critical Reviews in Analytical Chemistry (2023) 1-24 . 

[71] M. Hayat, A. Shah, J. Nisar, I. Shah, A. Haleem, M.N. Ashiq, A novel electro- 

chemical sensing platform for the sensitive detection and degradation monitoring 

of methylene blue, Catalysts 12(3) (2022) 306. 

[72] H. Meskher, F. Achi, S. Ha, B. Berregui, F. Babanini, H. Belkhalfa, Sensitive 

rGO/MOF based electrochemical sensor for penta-chlorophenol detection: a novel 

artificial neural network (ANN) application, Sensors & Diagnostics 1(5) (2022) 

1032-1043. 

[73] G. Cho, S. Azzouzi, G. Zucchi, B. Lebental, Electrical and electrochemical 

sensors based on carbon nanotubes for the monitoring of chemicals in water—A 

review, Sensors 22(1) (2022) 218. 

[74] H. Meskher, H.C. Mustansar, A.K. Thakur, R. Sathyamurthy, I. Lynch, P. 

Singh, T.K. Han, R. Saidur, Recent trends in carbon nanotube (CNT)-based bi- 

osensors for the fast and sensitive detection of human viruses: a critical review, 

Nanoscale Advances 5(4) (2023) 992-1010. 

[75] E. Fazio, S. Spadaro, C. Corsaro, G. Neri, S.G. Leonardi, F. Neri, N. Lavanya, 

C. Sekar, N. Donato, G. Neri, Metal-oxide based nanomaterials: Synthesis, charac- 

https://doi.org/10.1039/C0JM01714K
http://dx.doi.org/10.1016/j.apcatb.2014.02.017
http://dx.doi.org/10.1016/j.apcatb.2014.02.017
http://dx.doi.org/10.1016/j.apcatb.2014.02.017
http://dx.doi.org/10.1016/j.apcatb.2014.02.017
https://doi.org/10.1016/j.sintl.2021.100121
https://doi.org/10.1016/j.sintl.2021.100121
https://doi.org/10.1016/S0079-6425(00)00011-6
https://doi.org/10.1016/S0079-6425(00)00011-6
https://doi.org/10.52547/jcc.3.2.6
https://doi.org/10.52547/jcc.3.2.6
https://doi.org/10.52547/jcc.3.2.6
https://doi.org/10.52547/jcc.3.2.6
https://doi.org/10.1149/1.1539051
https://doi.org/10.1149/1.1539051
https://doi.org/10.1149/1.1539051
https://doi.org/10.1149/1.1539051
https://doi.org/10.1201/9781420012910
https://doi.org/10.1201/9781420012910
https://doi.org/10.1021/acs.jpcb.1c07063
https://doi.org/10.1021/acs.jpcb.1c07063
https://doi.org/10.1021/acs.jpcb.1c07063
http://dx.doi.org/10.1016/B978-0-12-822117-4.00002-2
http://dx.doi.org/10.1016/B978-0-12-822117-4.00002-2
http://dx.doi.org/10.1016/B978-0-12-822117-4.00002-2
https://doi.org/10.1021/acs.analchem.0c04191
https://doi.org/10.1021/acs.analchem.0c04191
https://doi.org/10.1021/acs.analchem.0c04191
https://doi.org/10.1021/acs.analchem.0c04191
https://doi.org/10.1016/j.trac.2019.115643
https://doi.org/10.1016/j.trac.2019.115643
https://doi.org/10.1016/j.trac.2019.115643
https://doi.org/10.1016/j.bios.2022.114674
https://doi.org/10.1016/j.bios.2022.114674
https://doi.org/10.1016/j.bios.2022.114674
https://doi.org/10.1016/j.bios.2022.114674
http://dx.doi.org/10.1016/j.matchemphys.2019.121920
http://dx.doi.org/10.1016/j.matchemphys.2019.121920
http://dx.doi.org/10.1016/j.matchemphys.2019.121920
http://dx.doi.org/10.1016/j.matchemphys.2019.121920
https://doi.org/10.1007/s00216-003-2158-9
https://doi.org/10.1007/s00216-003-2158-9
https://doi.org/10.3390%2Fbios11100360
https://doi.org/10.3390%2Fbios11100360
http://dx.doi.org/10.1016%2Fj.snb.2012.09.076
http://dx.doi.org/10.1016%2Fj.snb.2012.09.076
http://dx.doi.org/10.1016%2Fj.snb.2012.09.076
https://doi.org/10.1039/B814725F
https://doi.org/10.1039/B814725F
http://dx.doi.org/10.1016/j.electacta.2014.10.097
http://dx.doi.org/10.1016/j.electacta.2014.10.097
http://dx.doi.org/10.1016/j.electacta.2014.10.097
https://doi.org/10.1039/C3EE41572D
https://doi.org/10.1039/C3EE41572D
https://doi.org/10.1039/C3EE41572D
https://doi.org/10.1039/C3EE41572D
http://dx.doi.org/10.1016/j.jmapro.2015.08.003
http://dx.doi.org/10.1016/j.jmapro.2015.08.003
http://dx.doi.org/10.1016/j.jmapro.2015.08.003
https://doi.org/10.3390/s131115187
https://doi.org/10.3390/s131115187
https://doi.org/10.3390/s131115187
https://doi.org/10.1080/10408347.2022.2114784
https://doi.org/10.1080/10408347.2022.2114784
https://doi.org/10.1080/10408347.2022.2114784
https://doi.org/10.52547/jcc.4.1.1
https://doi.org/10.52547/jcc.4.1.1
https://doi.org/10.52547/jcc.4.1.1
https://doi.org/10.52547/jcc.4.1.1
https://doi.org/10.3390/s151229859
https://doi.org/10.3390/s151229859
https://doi.org/10.3390/s151229859
http://dx.doi.org/10.1016/j.teac.2021.e00135
http://dx.doi.org/10.1016/j.teac.2021.e00135
http://dx.doi.org/10.1016/j.teac.2021.e00135
https://doi.org/10.1016/j.scitotenv.2021.148496
https://doi.org/10.1016/j.scitotenv.2021.148496
https://doi.org/10.1016/j.scitotenv.2021.148496
https://doi.org/10.1016/j.scitotenv.2021.148496
http://dx.doi.org/10.1016/j.ecolmodel.2005.10.042
http://dx.doi.org/10.1016/j.ecolmodel.2005.10.042
https://doi.org/10.1080/1536383X.2021.1940150
https://doi.org/10.1080/1536383X.2021.1940150
https://doi.org/10.1080/1536383X.2021.1940150
https://doi.org/10.1080/1536383X.2021.1940150
http://dx.doi.org/10.1016/j.cclet.2019.09.022
http://dx.doi.org/10.1016/j.cclet.2019.09.022
http://dx.doi.org/10.1016/j.cclet.2019.09.022
https://doi.org/10.1016/j.bios.2010.09.046
https://doi.org/10.1016/j.bios.2010.09.046
https://doi.org/10.1016/j.snb.2017.08.123
https://doi.org/10.1016/j.snb.2017.08.123
https://doi.org/10.1016/j.snb.2017.08.123
https://doi.org/10.1016/j.snb.2017.08.123
https://doi.org/10.1039/C9NJ01792E
https://doi.org/10.1039/C9NJ01792E
https://doi.org/10.1039/C9NJ01792E
https://doi.org/10.3390/bios8040108
https://doi.org/10.3390/bios8040108
https://doi.org/10.3390/bios8040108
https://doi.org/10.52547/jcc.4.4.4
https://doi.org/10.52547/jcc.4.4.4
https://doi.org/10.52547/jcc.4.4.4
https://doi.org/10.52547/jcc.4.4.4
https://doi.org/10.1016/j.jcis.2013.01.016
https://doi.org/10.1016/j.jcis.2013.01.016
https://doi.org/10.1016/j.jcis.2013.01.016
https://doi.org/10.1016/j.bios.2020.112016
https://doi.org/10.1016/j.bios.2020.112016
https://doi.org/10.1016/j.bios.2020.112016
https://doi.org/10.1016/j.bios.2020.112016
https://doi.org/10.1016/j.ijbiomac.2020.09.012
https://doi.org/10.1016/j.ijbiomac.2020.09.012
https://doi.org/10.1016/j.ijbiomac.2020.09.012
https://doi.org/10.1080/10408347.2023.2171277
https://doi.org/10.1080/10408347.2023.2171277
https://doi.org/10.1080/10408347.2023.2171277
https://doi.org/10.1080/10408347.2023.2171277
https://doi.org/10.3390/catal12030306
https://doi.org/10.3390/catal12030306
https://doi.org/10.3390/catal12030306
https://doi.org/10.1039/D2SD00100D
https://doi.org/10.1039/D2SD00100D
https://doi.org/10.1039/D2SD00100D
https://doi.org/10.1039/D2SD00100D
https://doi.org/10.3390/s22010218
https://doi.org/10.3390/s22010218
https://doi.org/10.3390/s22010218
https://doi.org/10.1039/D2NA00236A
https://doi.org/10.1039/D2NA00236A
https://doi.org/10.1039/D2NA00236A
https://doi.org/10.1039/D2NA00236A
https://doi.org/10.3390/s21072494
https://doi.org/10.3390/s21072494
https://books.google.com/books/about/Handbook_of_Modern_Sensors.html?id=W0Emv9dAJ1kC
https://www.wiley.com/en-us/Analytical+Electrochemistry,+4th+Edition-p-9781119787693
https://electrochem.xmu.edu.cn/UserFiles/File/Electrochemical%20methods.%20Fundamentals%20and%20applications.pdf
https://doi.org/10.1007/978-3-030-43346-8


M. Irandoost et al. / Journal of Composites and Compounds 5 (2023) 38-50 49 
 

 

terization and their applications in electrical and electrochemical sensors, Sensors 

21(7) (2021) 2494. 

[76] M. Amiri, V.T. Targhi, S. Padervand, S.M.M. Khoei, Corrosion behavior of 

aluminum oxide coatings created by electrolytic plasma method under different 

potential regimes, Journal of Composites and Compounds 2(4) (2020) 129-137. 

[77] M. Arivazhagan, A. Shankar, G. Maduraiveeran, Hollow sphere nickel sulfide 

nanostructures–based enzyme mimic electrochemical sensor platform for lactic 

acid in human urine, Microchimica Acta 187 (2020) 1-9. 

[78] P.K. Kannan, C.S. Rout, High Performance Non‐enzymatic Glucose Sensor 

Based on One‐Step Electrodeposited Nickel Sulfide, Chemistry–A European Jour- 

nal 21(26) (2015) 9355-9359. 

[79] J. Wang, J. Lu, Ü.A. Kirgöz, S.B. Hocevar, B. Ogorevc, Insights into the anod- 

ic stripping voltammetric behavior of bismuth film electrodes, Analytica Chimica 

Acta 434 (2001) 29-34. 

[80] J.-H. Hwang, X. Wang, D. Zhao, M.M. Rex, H.J. Cho, W.H. Lee, A novel 

nanoporous bismuth electrode sensor for in situ heavy metal detection, Electro- 

chimica Acta 298 (2019) 440-448. 

[81] F. Liu, Y. Piao, K.S. Choi, T.S. Seo, Fabrication of free-standing graphene 

composite films as electrochemical biosensors, Carbon 50(1) (2012) 123-133. 

[82] Y. Liu, M. Wang, F. Zhao, Z. Xu, S. Dong, The direct electron transfer of 

glucose oxidase and glucose biosensor based on carbon nanotubes/chitosan matrix, 

Biosensors and Bioelectronics 21(6) (2005) 984-988. 

[83] A. Rochefort, J.D. Wuest, Interaction of Substituted Aromatic Compounds 

with Graphene, Langmuir 25(1) (2009) 210-215. 

[84] J. Lu, I. Do, L.T. Drzal, R.M. Worden, I. Lee, Nanometal-decorated exfoli- 

ated graphite nanoplatelet based glucose biosensors with high sensitivity and fast 

response, ACS Nano 2(9) (2008) 1825-32. 

[85] Y.-G. Zhou, J.-J. Chen, F.-b. Wang, Z.-H. Sheng, X.-H. Xia, A facile approach 

to the synthesis of highly electroactive Pt nanoparticles on graphene as an anode 

catalyst for direct methanol fuel cells, Chemical Communications 46(32) (2010) 

5951-5953. 

[86] Y. Wang, Y. Wan, D. Zhang, Reduced graphene sheets modified glassy carbon 

electrode for electrocatalytic oxidation of hydrazine in alkaline media, Electro- 

chemistry Communications 12(2) (2010) 187-190. 

[87] J. Xu, T. Li, L. Wang, J.-C. Wang, L. Zhao, S. Shen, Q. Tu, Y. Zhang, J. Wang, 

Voltammetric Behavior of Guanine at ERGO/GC Electrode and Its Application in 

Cell Counting, Journal of The Electrochemical Society 161(4) (2014) G21. 

[88] R.S. Mane, C.D. Lokhande, Chemical deposition method for metal chalco- 

genide thin films, Materials Chemistry and Physics 65(1) (2000) 1-31. 

[89] S. Saeed, N. Rashid, R. Hussain, J.P. Jasinski, A.C. Keeley, S. Khan, Nanopar- 

ticles and nanocrystals of a new bidentate nickel(II) complex of N-[ethyl(pro- 

pan-2-yl)carbamothioyl]-4-nitrobenzamide: synthesis, characterization, and crys- 

tal structures, Journal of Coordination Chemistry 66(1) (2013) 126-138. 

[90] P. Luo, F. Zhang, R.P. Baldwin, Comparison of metallic electrodes for con- 

stant-potential amperometric detection of carbohydrates, amino acids and related 

compounds in flow systems, Analytica chimica acta 244 (1991) 169-178. 

[91] T. You, O. Niwa, Z. Chen, K. Hayashi, M. Tomita, S. Hirono, An ampero- 

metric detector formed of highly dispersed Ni nanoparticles embedded in a graph- 

ite-like carbon film electrode for sugar determination, Analytical chemistry 75(19) 

(2003) 5191-5196. 

[92] K. Kano, M. Torimura, Y. Esaka, M. Goto, T. Ueda, Electrocatalytic oxidation 

of carbohydrates at copper(II) -modified electrodes and its application to flow- 

through detection, Journal of Electroanalytical Chemistry 372(1) (1994) 137-143. 

[93] N. Baig, M. Sajid, T.A. Saleh, Recent trends in nanomaterial-modified elec- 

trodes for electroanalytical applications, TrAC Trends in Analytical Chemistry 111 

(2019) 47-61. 

[94] J. Zhang, C. Xu, D. Zhang, J. Zhao, S. Zheng, H. Su, F. Wei, B. Yuan, C. 

Fernandez, Facile synthesis of a nickel sulfide (NiS) hierarchical flower for the 

electrochemical oxidation of H2O2 and the methanol oxidation reaction (MOR), 

Journal of the electrochemical society 164(4) (2017) B92. 

[95] W. Wu, Y. Li, J. Jin, H. Wu, S. Wang, Y. Ding, J. Ou, Sensing nitrite with 

a glassy carbon electrode modified with a three-dimensional network consisting 

of Ni 7 S 6 and multi-walled carbon nanotubes, Microchimica Acta 183 (2016) 

3159-3166. 

[96] S. Kim, S.H. Lee, M. Cho, Y. Lee, Solvent-assisted morphology confinement 

of a nickel sulfide nanostructure and its application for non-enzymatic glucose 

sensor, Biosensors and Bioelectronics 85 (2016) 587-595. 

[97] M. Ma, W. Zhu, D. Zhao, Y. Ma, N. Hu, Y. Suo, J. Wang, Surface engineering 

of nickel selenide nanosheets array on nickel foam: an integrated anode for glucose 

sensing, Sensors and Actuators B: Chemical 278 (2019) 110-116. 

[98] H. Huo, Y. Zhao, C. Xu, 3D Ni3S2 nanosheet arrays supported on Ni foam for 

high-performance supercapacitor and non-enzymatic glucose detection, Journal of 

Materials Chemistry A 2(36) (2014) 15111-15117. 

[99] F.F. Bobinihi, O.E. Fayemi, D.C. Onwudiwe, Synthesis, characterization, and 

cyclic voltammetry of nickel sulphide and nickel oxide nanoparticles obtained 

from Ni(II) dithiocarbamate, Materials Science in Semiconductor Processing 121 

(2021) 105315. 

[100] R.Y. Pelgrift, A.J. Friedman, Nanotechnology as a therapeutic tool to combat 

microbial resistance, Advanced Drug Delivery Reviews 65(13) (2013) 1803-1815. 

[101] D.C. Onwudiwe, J.N. Mugo, M. Hrubaru, E. Hosten, Bis diallyl dithiocar- 

bamate Pt(II) complex: synthesis, characterization, thermal decomposition studies, 

and experimental and theoretical studies on its crystal structure, Journal of Sulfur 

Chemistry 36(1) (2015) 36-47. 

[102] C. Xiong, B. Li, H. Liu, W. Zhao, C. Duan, H. Wu, Y. Ni, A smart porous 

wood-supported flower-like NiS/Ni conjunction with vitrimer co-effect as a multi- 

functional material with reshaping, shape-memory, and self-healing properties for 

applications in high-performance supercapacitors, catalysts, and sensors, Journal 

of Materials Chemistry A 8(21) (2020) 10898-10908. 

[103] A. Ziyaei-Halimehjani, K. Marjani, A. Ashouri, A one-pot, three-component 

synthesis of thiazolidine-2-thiones, Tetrahedron Letters 53(27) (2012) 3490-3492. 

[104] T.S. Sunil Kumar Naik, S. Saravanan, K.N. Sri Saravana, U. Pratiush, P.C. 

Ramamurthy, A non-enzymatic urea sensor based on the nickel sulfide / graphene 

oxide modified glassy carbon electrode, Materials Chemistry and Physics 245 

(2020) 122798. 

[105] R.M. Abdel Hameed, I.M.A. Mohamed, A.M. Al-Enizi, A. Abutaleb, S.F. 

Shaikh, A. Yousef, Fabrication of electrospun nickel sulphide nanoparticles onto 

carbon nanofibers for efficient urea electro-oxidation in alkaline medium, Interna- 

tional Journal of Hydrogen Energy 46(24) (2021) 12944-12960. 

[106] S. Haider, S.S. Shar, I. Shakir, P.O. Agboola, Design of NiS/CNTs nanocom- 

posites for visible light driven catalysis and antibacterial activity studies, Ceramics 

International 47(24) (2021) 34269-34277. 

[107] T.S.K. Naik, S. Saravanan, K.S. Saravana, U. Pratiush, P.C. Ramamurthy, 

A non-enzymatic urea sensor based on the nickel sulfide/graphene oxide modified 

glassy carbon electrode, Materials Chemistry and Physics 245 (2020) 122798. 

[108] P. Muthukumaran, C. Sumathi, J. Wilson, G. Ravi, Enzymeless biosensor 

based on β-NiS@ rGO/Au nanocomposites for simultaneous detection of ascorbic 

acid, epinephrine and uric acid, RSC advances 6(99) (2016) 96467-96478. 

[109] Z. Lu, Y. Li, T. Liu, G. Wang, M. Sun, Y. Jiang, H. He, Y. Wang, P. Zou, X. 

Wang, A dual-template imprinted polymer electrochemical sensor based on AuNPs 

and nitrogen-doped graphene oxide quantum dots coated on NiS2/biomass carbon 

for simultaneous determination of dopamine and chlorpromazine, Chemical Engi- 

neering Journal 389 (2020) 124417. 

[110] D. Zheng, J. Yang, Z. Zheng, M. Peng, J. Chen, Y. Chen, W. Gao, A highly 

sensitive photoelectrochemical biosensor for CEA analysis based on hollow NiS@ 

NiO/TiO2 composite with typal pn heterostructure, Talanta 246 (2022) 123523. 

[111] C. Wei, C. Cheng, J. Zhao, Z. Wang, H. Wu, K. Gu, W. Du, H. Pang, Meso- 

porous ZnS–NiS nanocomposites for nonenzymatic electrochemical glucose sen- 

sors, ChemistryOpen 4(1) (2015) 32-38. 

[112] P. Muthukumaran, R. Ramya, P. Thivya, J. Wilson, G. Ravi, Nanocomposite 

based on restacked crystallites of β-NiS and Ppy for the determination of theoph- 

ylline and uric acid on screen-printed electrodes, New Journal of Chemistry 43(48) 

(2019) 19397-19407. 

[113] J. Qu, Z. Zhu, C. Wu, L. Zhang, J. Qu, Preparation of ZnS: Ni/ZnS quantum 

dots with core/shell structure and application for detecting cefoperazone–sulbac- 

tam, Spectrochimica acta part a: molecular and biomolecular spectroscopy 121 

(2014) 350-354. 

[114] H. Huo, Y. Zhao, C. Xu, 3D Ni3 S2 nanosheet arrays supported on Ni foam for 

high-performance supercapacitor and non-enzymatic glucose detection, Journal of 

Materials Chemistry A 2(36) (2014) 15111-15117. 

[115] S. Radhakrishnan, S.J. Kim, Facile fabrication of NiS and a reduced 

graphene oxide hybrid film for nonenzymatic detection of glucose, Rsc Advances 

5(55) (2015) 44346-44352. 

[116] S. Jana, G. Mondal, B.C. Mitra, P. Bera, B. Chakraborty, A. Mondal, A. 

Ghosh, Facile synthesis of nickel oxide thin films from PVP encapsulated nickel 

sulfide thin films: an efficient material for electrochemical sensing of glucose, hy- 

drogen peroxide and photodegradation of dye, New Journal of Chemistry 41(24) 

(2017) 14985-14994. 

[117] T.D. Vu, P.K. Duy, H.T. Bui, S.-H. Han, H. Chung, Reduced graphene ox- 

ide–Nickel sulfide (NiS) composited on mechanical pencil lead as a versatile and 

cost-effective sensor for electrochemical measurements of bisphenol A and mercu- 

ry (II), Sensors and Actuators B: Chemical 281 (2019) 320-325. 

[118] S. Kubendhiran, R. Sakthivel, S.-M. Chen, B. Mutharani, Functional- 

ized-carbon black as a conductive matrix for nickel sulfide nanospheres and its 

application to non-enzymatic glucose sensor, Journal of The Electrochemical So- 

https://doi.org/10.3390/s21072494
https://doi.org/10.3390/s21072494
https://doi.org/10.29252/jcc.2.3.4
https://doi.org/10.29252/jcc.2.3.4
https://doi.org/10.29252/jcc.2.3.4
https://doi.org/10.1007/s00604-020-04431-3
https://doi.org/10.1007/s00604-020-04431-3
https://doi.org/10.1007/s00604-020-04431-3
https://doi.org/10.1002/chem.201500851
https://doi.org/10.1002/chem.201500851
https://doi.org/10.1002/chem.201500851
http://dx.doi.org/10.1016/S0003-2670(01)00818-2
http://dx.doi.org/10.1016/S0003-2670(01)00818-2
http://dx.doi.org/10.1016/S0003-2670(01)00818-2
http://dx.doi.org/10.1016/j.electacta.2018.12.122
http://dx.doi.org/10.1016/j.electacta.2018.12.122
http://dx.doi.org/10.1016/j.electacta.2018.12.122
http://dx.doi.org/10.1016/j.carbon.2011.07.061
http://dx.doi.org/10.1016/j.carbon.2011.07.061
https://doi.org/10.1016/j.bios.2005.03.003
https://doi.org/10.1016/j.bios.2005.03.003
https://doi.org/10.1016/j.bios.2005.03.003
https://doi.org/10.1021/la802284j
https://doi.org/10.1021/la802284j
https://doi.org/10.1021/nn800244k
https://doi.org/10.1021/nn800244k
https://doi.org/10.1021/nn800244k
https://doi.org/10.1039/C0CC00394H
https://doi.org/10.1039/C0CC00394H
https://doi.org/10.1039/C0CC00394H
https://doi.org/10.1039/C0CC00394H
http://dx.doi.org/10.1016%2Fj.elecom.2009.11.019
http://dx.doi.org/10.1016%2Fj.elecom.2009.11.019
http://dx.doi.org/10.1016%2Fj.elecom.2009.11.019
https://doi.org/10.1149/2.081404jes
https://doi.org/10.1149/2.081404jes
https://doi.org/10.1149/2.081404jes
https://doi.org/10.1080/00958972.2012.744834
https://doi.org/10.1080/00958972.2012.744834
https://doi.org/10.1080/00958972.2012.744834
https://doi.org/10.1080/00958972.2012.744834
https://doi.org/10.1016/S0003-2670(00)82494-0
https://doi.org/10.1016/S0003-2670(00)82494-0
https://doi.org/10.1016/S0003-2670(00)82494-0
https://doi.org/10.1021/ac034204k
https://doi.org/10.1021/ac034204k
https://doi.org/10.1021/ac034204k
https://doi.org/10.1021/ac034204k
https://doi.org/10.1016/0022-0728(93)03252-K
https://doi.org/10.1016/0022-0728(93)03252-K
https://doi.org/10.1016/0022-0728(93)03252-K
http://dx.doi.org/10.1016/j.trac.2018.11.044
http://dx.doi.org/10.1016/j.trac.2018.11.044
http://dx.doi.org/10.1016/j.trac.2018.11.044
https://doi.org/10.1149/2.0221704jes
https://doi.org/10.1149/2.0221704jes
https://doi.org/10.1149/2.0221704jes
https://doi.org/10.1149/2.0221704jes
https://link.springer.com/article/10.1007/s00604-016-1961-x
https://link.springer.com/article/10.1007/s00604-016-1961-x
https://link.springer.com/article/10.1007/s00604-016-1961-x
https://link.springer.com/article/10.1007/s00604-016-1961-x
https://doi.org/10.1016/j.bios.2016.05.062
https://doi.org/10.1016/j.bios.2016.05.062
https://doi.org/10.1016/j.bios.2016.05.062
http://dx.doi.org/10.1016/j.snb.2018.09.075
http://dx.doi.org/10.1016/j.snb.2018.09.075
http://dx.doi.org/10.1016/j.snb.2018.09.075
https://doi.org/10.1039/C4TA02857K
https://doi.org/10.1039/C4TA02857K
https://doi.org/10.1039/C4TA02857K
https://doi.org/10.1016/j.mssp.2020.105315
https://doi.org/10.1016/j.mssp.2020.105315
https://doi.org/10.1016/j.mssp.2020.105315
https://doi.org/10.1016/j.mssp.2020.105315
https://doi.org/10.1016/j.addr.2013.07.011
https://doi.org/10.1016/j.addr.2013.07.011
https://doi.org/10.1080/17415993.2014.960418
https://doi.org/10.1080/17415993.2014.960418
https://doi.org/10.1080/17415993.2014.960418
https://doi.org/10.1080/17415993.2014.960418
https://doi.org/10.1039/D0TA03664A
https://doi.org/10.1039/D0TA03664A
https://doi.org/10.1039/D0TA03664A
https://doi.org/10.1039/D0TA03664A
https://doi.org/10.1039/D0TA03664A
https://doi.org/10.1016/j.ijhydene.2021.01.138
https://doi.org/10.1016/j.ijhydene.2021.01.138
https://doi.org/10.1016/j.ijhydene.2021.01.138
https://doi.org/10.1016/j.ijhydene.2021.01.138
http://dx.doi.org/10.1016/j.ceramint.2021.08.337
http://dx.doi.org/10.1016/j.ceramint.2021.08.337
http://dx.doi.org/10.1016/j.ceramint.2021.08.337
https://dx.doi.org/10.1016/j.matchemphys.2020.122798
https://dx.doi.org/10.1016/j.matchemphys.2020.122798
https://dx.doi.org/10.1016/j.matchemphys.2020.122798
https://doi.org/10.1039/C6RA19921F
https://doi.org/10.1039/C6RA19921F
https://doi.org/10.1039/C6RA19921F
https://doi.org/10.1016/j.cej.2020.124417
https://doi.org/10.1016/j.cej.2020.124417
https://doi.org/10.1016/j.cej.2020.124417
https://doi.org/10.1016/j.cej.2020.124417
https://doi.org/10.1016/j.cej.2020.124417
https://doi.org/10.1016/j.talanta.2022.123523
https://doi.org/10.1016/j.talanta.2022.123523
https://doi.org/10.1016/j.talanta.2022.123523
https://doi.org/10.1002/open.201402044
https://doi.org/10.1002/open.201402044
https://doi.org/10.1002/open.201402044
https://doi.org/10.1039/C9NJ04246F
https://doi.org/10.1039/C9NJ04246F
https://doi.org/10.1039/C9NJ04246F
https://doi.org/10.1039/C9NJ04246F
https://doi.org/10.1016/j.saa.2013.10.096
https://doi.org/10.1016/j.saa.2013.10.096
https://doi.org/10.1016/j.saa.2013.10.096
https://doi.org/10.1016/j.saa.2013.10.096
https://doi.org/10.1039/C4TA02857K
https://doi.org/10.1039/C4TA02857K
https://doi.org/10.1039/C4TA02857K
https://doi.org/10.1039/C5RA01074H
https://doi.org/10.1039/C5RA01074H
https://doi.org/10.1039/C5RA01074H
https://doi.org/10.1039/C7NJ02985C
https://doi.org/10.1039/C7NJ02985C
https://doi.org/10.1039/C7NJ02985C
https://doi.org/10.1039/C7NJ02985C
https://doi.org/10.1039/C7NJ02985C
http://dx.doi.org/10.1016/j.snb.2018.08.139
http://dx.doi.org/10.1016/j.snb.2018.08.139
http://dx.doi.org/10.1016/j.snb.2018.08.139
http://dx.doi.org/10.1016/j.snb.2018.08.139
https://doi.org/10.1149/2.0451803jes
https://doi.org/10.1149/2.0451803jes
https://doi.org/10.1149/2.0451803jes


50 M. Irandoost et al. / Journal of Composites and Compounds 5 (2023) 38-50 
 

 

 

ciety 165(3) (2018) B96. 

[119] C. Wei, C. Cheng, Y. Cheng, Y. Wang, Y. Xu, W. Du, H. Pang, Comparison 

of NiS2 and α-NiS hollow spheres for supercapacitors, non-enzymatic glucose sen- 

sors and water treatment, Dalton Transactions 44(39) (2015) 17278-17285. 

[120] C. Wei, C. Cheng, J. Zhao, Y. Wang, Y. Cheng, Y. Xu, W. Du, H. Pang, NiS 

hollow spheres for high‐performance supercapacitors and non‐enzymatic glucose 

sensors, Chemistry–An Asian Journal 10(3) (2015) 679-686. 

[121] X. Liu, Y. Li, N. Chen, D. Deng, X. Xing, Y. Wang, Ni3S2@ Ni foam 3D elec- 

trode prepared via chemical corrosion by sodium sulfide and using in hydrazine 

electro-oxidation, Electrochimica Acta 213 (2016) 730-739. 

[122] Y. Dong, L. Zhang, Coupling surfactants with 3D hollow raspberry-like NiS/ 

carbon microsphere with S vacancies for enhanced sensitivity monitoring of sero- 

tonin and L-tryptophan, Sensors and Actuators B: Chemical 368 (2022) 132140. 

[123] M.M. Rahman, J. Ahmed, A.M. Asiri, I.A. Siddiquey, M.A. Hasnat, Devel- 

opment of 4-methoxyphenol chemical sensor based on NiS2-CNT nanocomposites, 

Journal of the Taiwan Institute of Chemical Engineers 64 (2016) 157-165. 

https://doi.org/10.1149/2.0451803jes
https://doi.org/10.1039/c5dt02724a
https://doi.org/10.1039/c5dt02724a
https://doi.org/10.1039/c5dt02724a
https://doi.org/10.1002/asia.201403198
https://doi.org/10.1002/asia.201403198
https://doi.org/10.1002/asia.201403198
http://dx.doi.org/10.1016/j.electacta.2016.08.009
http://dx.doi.org/10.1016/j.electacta.2016.08.009
http://dx.doi.org/10.1016/j.electacta.2016.08.009
https://doi.org/10.1016/j.snb.2022.132140
https://doi.org/10.1016/j.snb.2022.132140
https://doi.org/10.1016/j.snb.2022.132140
http://dx.doi.org/10.1016/j.jtice.2016.04.009
http://dx.doi.org/10.1016/j.jtice.2016.04.009
http://dx.doi.org/10.1016/j.jtice.2016.04.009

