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Abstract- The production of energy from nonrenewable resources is currently a major concern
due to issues including ozone layer depletion, water pollution, global warming,
environmental degradation, and the rise of new diseases. The increasing demand for energy
transfer technologies and energy storage devices has obtained significant attention
worldwide. In the field of inorganic chemistry, binary, ternary, quaternary, and multinary
metal sulfides have been praised for their potential in energy conversion and storage. Metal
complexes function as a precursor for metal chalcogenides based on their structure,
stability, and thermal breakdown. Since structure and energy are two of the fundamental
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1. INTRODUCTION

Ozone layer depletion, water pollution, global warming, environmental
degradation, and the appearance of new diseases are some of the issues
that have made energy production from nonrenewable resources a serious
concern nowadays [1]. So, renewable energy sources can effectively
replace the finite energy supplies derived from fossil fuels. The increasing
demand for energy transfer technologies and energy storage devices has
obtained significant global attention [2]. Utilizing electrochemical energy
storage to address the scarcity of renewable energy sources is important
in this era of increasing energy consumption [3,4].

Transition metal chalcogenides and oxides have outstanding
electrochemical output for use in energy conversion and storage,
photovoltaics, high-temperature superconductors, sensors, and catalysis
[4,5]. For instance, they have remarkable mechanical, electrical, thermal,
optical, and catalytic properties [3]. Metal sulfides are typically selected
over metal oxides due to their unique stability, effectiveness, sustainable
production, and practicality in terms of cost [3,4].

The ability of binary, ternary, quaternary, and multinary metal sulfides
to convert and store energy has been praised in the field of inorganic
chemistry [1,6,7]. These compounds are a class of inexpensive materials
that have potential uses in a variety of fields, such as solar cell
applications, energy storage, and imaging [6]. Also, they have high
electrochemical activity, outstanding redox reversibility, capacitance,
conductivity, and electrocatalysis [1]. Metal complexes function as a
precursor for metal chalcogenides based on their structure, stability, and
thermal breakdown [1,8]. Since structure and energy are two of the
fundamental characteristics of molecules, they represent important
concepts in modern chemistry [9].

The synthesis of metal chalcogenide nanoparticles using single source
precursors (SSP) has several advantages over alternative techniques.
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These include low toxicity, minimal or no pre-reactions and
contamination, and ligand selection that can affect volatility [8]. Also,
employing SSP becomes an imperative synthetic approach for only a
minority of sulfur-based ligands such as ethyl xanthate, thiobenzoic acid,
thioethers, and diethyldithiocarbamate as it depends upon the ligand
system [10]. The application of diethyldithiocarbamate complexes as
single molecular precursors (SMPs) to a broad range of binary and
multicomponent metal sulfides is represented in this review.
Additionally, the usage of metal sulfide for energy storage is the main
emphasis of this work.

1I. DIETHYLDITHIOCARBAMATE COMPLEXES AS SSP

Diethyldithiocarbamate belongs to the class of monoanionic 1,1-
dithiolate ligands [11]. The formation of Diethyldithiocarbamate salt is
an exothermic reaction and therefore, normally conducted at an extremely
low temperature (ice bath) [12]. In Figure 1, a nucleophilic attack occurs
between secondary amine (diethylamine) with carbon disulfide in water
or alcoholic solution in basic medium or excess amine [13].

Diethyldithiocarbamic acid (Et2NCS;H) is highly unstable
and decomposes under acidic conditions to an amine and
carbon disulfide [8,14]. So, the ligands are usually isolated
as their alkali metal or ammonium salts by using a base
acting as a proton acceptor. Also, the alkali metal salt of
diethyldithiocarbamate is water soluble with limited
solubility
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in organic solvents while their ammonium salts are more
soluble in an organic solvent [15].
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Figure (1): Schematic illustration of the synthesis of
diethyldithiocarbamate anion and complex formation

The formed diethyldithiocarbamate anion, Figure 1, is a
remarkably effective ligand for metals and poses different
coordination modes to stabilize various oxidation states [8,14].
Because of diethyldithiocarbamate ligands are expressed by
four resonance structures as shown in Figure 2 [16]. The
stability of an SSP is determined by the ligand system [10]. For
example, diethyldithiocarbamate complexes are considered
good SSPs due to their stability, stronger metal-sulfur and
carbon-sulfur bonds, volatility for chemical vapor deposition
(CVD) [6], and a larger electron-donating -NR, group
(thioureide group) [10].
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Figure (2): Resonance structures of dithiocarbamate anion

II1. BINARY METAL SULFIDES AND THEIR
APPLICATION

Metal sulfides in particular, a variety of sulfur-containing
ligands are readily adjustable, and altering their characteristics
allows for regulated alteration of the secondary breakdown
products and decomposition rates. Thiolates, thioureas,
xanthates, and dithiocarbamates (DTCs) are a few examples
that have been extensively studied. Another benefit is that
some of these ligands also function as surfactants, self-capping
to stabilize the produced nanocrystals. There are two distinct
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SSP breakdown regimes: first solvothermal using a capping
agent, and second chemical vapor deposition (CVD) (unless
self-capping) [6]. In this review, our attention is focusing on
the metal sulfide derived from the diethyldithiocarbamate
ligand (Et,DTC). For instance, green precursor zinc
bis(diethyldithiocarbamate) served as a foundation for
efficiently generating high-quality wurtzite ZnS nanoparticles
through a solventless melt method, as confirmed by X-ray
diffraction analysis, EDX, and SEM. The latter technique
confirmed the poly-dispersed spherical and cubic structures of
ZnS. While EDX reveals approximately a 1:1 Zn to S ratio
[17].

Figure 3 illustrates the production of cobalt sulfide (CooSs)
nanoparticles (NPs) by solvothermal techniques employing a
single-source precursor cobalt bis(diethyldithiocarbamate) (Co
[EtcDTC]») and hexadecylamine (HDA) as a capping agent.
The improved Co9Sg NPs electrode produced remarkable
specific capacitance equals to 502 Fg™! at current densities of 1
Ag! and the capacitance retention reached 87% after 7,000
cycles [18]. In another work, copper
bis(diethyldithiocarbamate) (Cu [EtDTC],) was used as the
SSP in the solvothermal process to create CuS nanocubes
(NCs) at low temperatures. HDA was used as a shape-directing
agent. The electrochemical characteristics of a modified
copper sulfide NCs working electrode were assessed using an
electrolyte solution of 1 M potassium hydroxide. The modified
CusS nanocubes electrode demonstrated an outstanding specific
capacitance equals to 14723 Fg! at 1 Ag!, along with
excellent capacitive retention up to 93.6% after 5,000 cycles at
a current density of 10 Ag™! [19].

Figure 3 Schematic illustration of the synthesis of CooSsenergy
storage application, Adapted with permission from Ref. [18]
(Copyright 2022, Elsevier)

1V. ENERGY STORAGE APPLICATION OF MULTI-
COMPONENT METAL SULFIDES

A ternary composite of metal sulfide, or semiconducting tri-
chalcogenide, was created using the single source precursor
technique [3]. Figure 4 illustrates the detailed process used to
prepare the tri-chalcogenide system from the
diethyldithiocarbamate ligand. After The EtoDTC ligand
bound the metal salts, the metal complex solution was
deposed on an electrode. Metal sulfide thin films were
produced by the physical vapor deposition method with a
resistive heating apparatus. Glass slides and fluorine-doped
tin oxide (FTO) sheets were carefully cleaned to ensure
optimal conditions for the deposition procedure [20]. Table 1
lists the recent tri-chalcogenide system synthesized by
diethyldithiocarbamate SSP and used for energy storage
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applications [2,3,21-27]. It has been demonstrated that these
sulfides make good electrode materials for energy storage with
BaSs: Ni,Ss: SbyoSs having the highest specific capacitance of
1019.4 F ¢!, Table 1.

Figure (1): Preparation Scheme of tri-chalcogenide system,
Adapted with permission from Ref. [20] (Copyright 2022,
Elsevier)

Table (1): Recent tri-chalcogenide system for energy storage

Multicomponent specific specific power | [Ref]
system capacitance density (W
Fgh kg™
BaS: MnS: DyS 824.13 10826.7 [2]
BaSs: NixSs: SboS; | 1019.4 11931.26 [3]
BaS3: CusS: MnoS | 694 10618 [21]
BaS: MnS: Sb,Ss 762.83 9084.78 [22]
BaSs: LasS3: DySis | 723 11166 [23]
BaS: Sn,Ss: LaS 659.6 3661.65 [24]
Ba83: L21283: HO2S} 779 10145.28 [25]
BaS: CoS: LasS3 967.24 1659 [26]
BaS: NiS: Gd»S3 745.55 5674.08 [27]

V. CONCLUSION

Diethyldithiocarbamate is one of the most promising ligands
for preparing metal sulfide by single precursor techniques.
Also, the prepared metal sulfide had outstanding properties for
various applications, such as photocatalysis, quantum dots,
solar cells, energy storage, and water purification.
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