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   ABSTRACT:  

This study reports the synthesis, spectroscopic characterization, and functional evaluation of a novel nickel(II) 

dithiocarbamate complex derived from 4-piperidinopiperidine and its corresponding mixed-ligand Ni(II) complex 

formed with 1,2-bis(diphenylphosphino)ethane (dppe). Elements (CHNS and Ni gravimetry), FT-IR, UV-Vis, and NMR 

spectroscopy were used to characterise the two complexes, which were produced in good yields through salt-metathesis 

and ligand exchange processes. Spectral data suggest a primarily square-planar coordination environment and validate 

the effective chelation of phosphine and dithiocarbamate ligands to the Ni(II) core. Density Functional Theory (DFT) 

investigation of a model Ni(II) dithiocarbamate species gave information about electronic structure, frontier orbital 

distribution, and chemical reactivity indices in addition to revealing a distorted square-planar geometry. Nanocrystalline 

nickel sulphide (NiS) was produced by thermally breaking down the dithiocarbamate precursor. PXRD, SEM/EDS, and 

UV–DRS analyses revealed phase-pure β-NiS with a band gap of about 3.08 eV. NiS has the potential to be an efficient 

photocatalyst for the removal of organic pollutants, as evidenced by photocatalytic studies that showed significant 

visible-light induced degradation of model organic dyes (Methylene Blue = 85% and Rhodamine-6G ≈ 70% after 180 

min). For Ni(II) dithiocarbamate complexes and their generated nanomaterials, this work offers synthesis methods, 

thorough characterisation, and application insight. 

 

1. INTRODUCTION 

Dithiocarbamates (DTCs) continue to attract significant 

research interest owing to the unique electronic 

characteristics of their nitrogen and sulfur donor atoms 

and their ability to form highly stable chelate complexes 

with a wide range of transition metals(1). Effective 

bonding with soft transition metal ions including Ni²⁺, 

Cu²⁺, Zn²⁺, and Pt²⁺ is made possible by the strong 

bidentate coordination mode of the [R₂NCS₂] ⁻ ligand, 

which is mainly driven by the soft and polarisable 

sulphur atoms(2). Metal–ligand interactions are further 

modulated by the electronic and steric character of the 

substituent groups on the amine nitrogen, resulting in 

complexes with adjustable structural, magnetic, optical, 

and electrochemical properties(3).  The use of transition 

metal dithiocarbamates in materials chemistry, 

bioinorganic chemistry, catalysis, and sensor 

development has been aided by this tunability(1,4).  

Because of the coordination flexibility of DTC ligands, 

transition metals can take on a variety of geometries, 

such as square planar, tetrahedral, and octahedral, 

depending on the metal ion's electronic state and the 

ligand's steric profile(5).Prior single-crystal X-ray 

diffraction structural studies on complexes like [Co 

(Et₂dtc)₃], [Co(nPr₂dtc)₃], [Pd(iPr₂dtc)₂], and [Pd 

(Et₂dtc)₂] have shown differences in metal–sulfur bond 

lengths that are closely correlated with ligand bulkiness 

and metal identity(6). Similarly, nickel(II) 

dithiocarbamate complexes such as Ni(Et₂dtc)₂ and 

related bis(dialkyldtc) species have been characterized 

by single-crystal X-ray analysis, revealing 

predominantly square planar geometries around the Ni 

center, consistent with strong chelation by two bidentate 

DTC ligands; these structures also show variation in Ni–

S bond distances depending on the alkyl substituents, 

with bulkier groups generally leading to shorter Ni–S 
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contacts and enhanced stability relative to less bulky 

analogues(1).According to complementary UV-Vis 

spectroscopic analyses of stability constants, complex 

stability increased noticeably in the order Co < Ni < 

Pd(7).  Also, it was discovered that the steric effects of 

the alkyl substituents affected stability in different ways 

for different metals: cobalt complexes show the trend Et 

> iPr > nPr > Me, while nickel and palladium complexes 

show increasing stability with increasing alkyl-group 

steric bulk (Me < Et < nPr < iPr)(6).The shortest M–S 

bond lengths and best stability were also shown by 

complexes containing the iPr₂dtc ligand, demonstrating 

the combined effect of steric hindrance and electronic 

contributions in improving metal–ligand interaction(6). 

In this paper, we report the synthesis of a nickel(II) 

dithiocarbamate complex derived from the secondary 

amine, 4-piperidinopiperidine. Subsequent reaction of 

this Ni (DTC) species with NiCl₂ and 1,2-

bis(diphenylphosphino)ethane (dppe) afforded a second 

mixed-ligand nickel (II) complex. Both the primary Ni 

(DTC) and the mixed-ligand complexes were subjected 

to comprehensive analytical characterization. Detailed 

spectral studies were performed, including UV–visible 

spectroscopy and infrared (FT-IR) analysis, as well as 

nuclear magnetic resonance (¹H NMR and ¹³C NMR) 

spectroscopy, to elucidate their electronic, functional 

group, and structural features. These combined spectral 

and analytical data provide insight into the coordination 

environment and confirm the successful formation of the 

targeted complexes(8). 

2. EXPERIMENTAL 

All reagents and solvents employed in the present study 

were of analytical grade and were used as received 

without any further purification (Sd Fine Chemicals). 

Elemental analysis was carried out to confirm the 

composition of the synthesized complexes, and Ni was 

estimated by Ni (DMG) gravimetric analysis.  Infrared 

spectra were recorded in the 400–4000 cm⁻¹ region using 

an FT-IR spectrometer, while electronic absorption 

spectra were measured at room temperature on a UV–

visible spectrophotometer. NMR measurements were 

carried out on a 400 MHz spectrometer using standard 

procedures. All instrumental techniques were operated 

according to standard protocols to ensure accuracy and 

reproducibility of the spectral and structural data. 

 

2.2. Synthesis of complexes 

2.2.1 Preparation of bis {[4-(piperidine-1yl) 

piperidine]carbodithioato- κ²S,S‵} nickel (II); [Ni(4-

pipdtc)₂] (1) 

4-Piperidinopiperidine (0.4 g, 2 mmol) and carbon 

disulfide (1 mL, 2 mmol) were dissolved in ethanol (10 

mL) under ice-cold conditions (5 °C) with constant 

stirring to form a yellow solution of the corresponding 

dithiocarbamic acid. To this solution, an aqueous 

solution of nickel(II) chloride (0.237 g, 1 mmol) was 

added dropwise under continuous stirring. The reaction 

mixture immediately yielded a green precipitate, which 

was collected by filtration, washed thoroughly with 

ethanol, and dried. The complex was obtained in good 

yield, 75%. 

2.2.2. Preparation of {[4-(piperidin1-yl) 

piperidine]carbodithioato-κ²S,S‵}(1,2-

bis(diphenylphosphino)ethane- κ² P,P‵] nickel(II) 

}chloride 

The mixed-ligand nickel complex, [Ni(4-

pipdtc)(dppe)Cl], was synthesized by refluxing the 

parent nickel dithiocarbamate complex, [Ni(4-pipdtc)₂] 

(0.545 g, 1 mmol), with 1,2-

bis(diphenylphosphino)ethane (dppe, 0.797 g, 2 mmol) 

and nickel(II) chloride (0.237 g, 1 mmol) in a 1:1 mixture 

of acetonitrile and methanol for 3 hours. During the 

reaction, a reddish-pink solution was formed, indicating 

complex formation. The reaction mixture was cooled to 

room temperature, and the resulting complex was 

precipitated, collected by filtration, and washed 

thoroughly with ethanol. The complex was dried and 

obtained in good yield, 73%. 

 

Scheme 1. Synthetic scheme of complex 1 
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 Scheme 2. Synthetic scheme of complex 2 

3. RESULT AND DISCUSSION 

3.1.Elemental Analysis 

The empirical compositions of the mixed-ligand Ni(II) 

complex and the Ni(II) dithiocarbamate were verified 

using quantitative elemental analysis. An instrumental 

CHNS elemental analyser, which uses burning of the 

sample and subsequent measurement of combustion 

products to obtain accurate mass percentages of these 

elements, was used to determine the amounts of carbon, 

hydrogen, nitrogen, and sulphur(9).The purity and 

stoichiometry of the produced complexes were evaluated 

by comparing the experimental CHNS values with the 

computed theoretical percentages. Additionally, each 

complex's nickel content was measured by classical 

gravimetric analysis, in which the mass of the 

precipitated and isolated Ni(II) ion in a distinct solid state 

was used to determine the associated Ni percentage(10). 

The suggested chemical formulae for the target 

substances were strongly confirmed by the combined 

analytical data from gravimetric and CHNS methods. 

 

Table 1. Analytical data for the Ni(II) Complexes 

       

       

Compound Ni% C% H% N% S% Melting  
Exp-

Cal 

Exp-

Cal 

Exp-

Cal 

Exp-

Cal 

Exp-

Cal 

Point 

℃ 

              

Ni(dtc)2 
10.09-

10.72 

48.26-

48.46 

7.14-

7.36 

10.23-

10.34 

23.21-

23.43 
150-200 

C22H40N4NiS4 
            

         

2[Ni(dtc) (dppe)] 

Cl 

7.11-

7.96 

58.72-

58.85 

9.22-

9.32 

3.61-

3.82 

8.12-

8.26 
200-250 

C37H44ClN2NiP2S3 

      

Table 2. Electronic and FT-IR Data (Cm-1) 

 

 

 

 

 

 

 

 

Complex Key λmax (nm) νC-N   νC-S   νNi-S    νC-H      νN-H        νNi-P 

 

1. [Ni(dtc)2] 

 

250,300,350,400 

 

1514 1000 426   2940    3402     ---- 

 

 2.2[Ni(dtc) (dppe)] Cl 

 

240,310,370,450 

 

1524 1246 531 2942    3419     512 
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3.2. IR Spectral Studies 

Both the parent Ni(II) dithiocarbamate and its mixed-

ligand Ni(II) complex were subjected to FT-IR 

spectroscopy to verify functional group participation and 

metal–ligand interaction; specific band locations and 

assignments are shown in Table 2. The coordinated 

secondary amine's N–H stretching vibrations are 

responsible for the medium-intensity absorptions seen at 

3402 cm⁻¹ (parent) and 3419 cm⁻¹ (mixed ligand). These 

absorptions are consistent with typical amine N–H 

strains and show that the amine moiety stays intact post 

complexation. The CH₂ groups of the ligand backbone 

are the source of the aliphatic C–H stretching bands at 

2940 cm⁻¹ and 2941 cm⁻¹, respectively. These bands lie 

within the typical range for saturated hydrocarbon C–H 

stretches as observed in coordination complexes(11).The 

presence of the dithiocarbamate moiety is confirmed by 

the thioureide C–N stretches at 1514 cm⁻¹ (parent) and 

1524 cm⁻¹ (mixed ligand); coordination to the metal 

centre usually results in shifts in this band because of 

delocalisation and changes in bond order upon 

chelation(11,12).Similar to this, C–S stretching 

vibrations at 1000 and 997 cm⁻¹ show bidentate 

coordination of the sulphur donors to Ni(II). Because of 

metal-sulfur bonding processes, these bands are 

frequently found in metal dithiocarbamate 

complexes(2,13).Bands at 426 and 531 cm⁻¹ for the 

parent and mixed ligand complexes, respectively, in the 

lower wavenumber area are attributed to Ni–S stretching 

modes, which are typical of Ni–S bonds in these species.  

The mixed-ligand complex also shows a band at 512 cm⁻¹ 

that can be attributed to Ni–P stretching, which indicates 

coordination of the dppe phosphine ligand. Because of 

the mass and bond strength of Ni–P linkages, metal–

phosphine vibrations in nickel complexes are often 

detected in this region(14,15). The observed shifts and 

precise assignments validate the successful development 

of both the parent and mixed-ligand complexes and 

support the suggested coordination settings(14).  

 

Figure. 1 FT-IR Spectra of Complex 1 

 

(a) UV Spectra of Complex 1 and (b) expanded spectra of Complex 1 

http://www.jchr.org/


 
 

 

3502 

Journal of Chemical Health Risks 

www.jchr.org 

JCHR (2025) 15(6), 3498-3519 | ISSN:2251-6727 

3.3. Electronic Spectral Studies 

The UV–Visible spectra of complexes 1 and 2 (Table 2) 

show intense bands in the UV region (complex 1: 250, 

280, 300 and 350 nm; complex 2: ~230, 290, 330 and 390 

nm) that arise from ligand-centered π→π* and n→π* 

transitions, confirming successful coordination. Upon 

coordination in a square-planar geometry, the metal d-

orbitals split into distinct energy levels: the highest-

energy d_{x²–y²} orbital is raised well above the other d 

orbitals (d_{xy}, d_{xz}, d_{yz}, d_{z²}) as a result of 

strong ligand interaction in the plane, producing large 

crystal field splitting typical of square planar complexes 

with a d⁸ metal center like Ni²⁺, Pd²⁺, and Pt²⁺. This large 

splitting minimizes electron-electron repulsion by 

keeping electrons in lower-energy orbitals and results in 

low-spin dsp² hybridization that stabilizes square planar 

geometry(16,17).  

Because d–d transitions involve excitation between split 

d-orbital levels of the same metal, and are Laporte-

forbidden in a centrosymmetric field, they are weak in 

intensity compared with ligand-centered absorptions. In 

this study, complex 1 shows weak d–d bands near 400 

nm, ~450 nm and 700 nm, while complex 2 exhibits a 

weak broad band around 450 nm, all of which are 

assigned to these d–d transitions. The weak intensity and 

positions of these bands reflect the large square-planar d-

orbital splitting expected for Ni²⁺ complexes, supporting 

a square-planar/distorted square-planar geometry for 

both complexes(18,19). A band in the region 350–380 

nm (near 350 nm for 1 and 370 nm for 2) is attributed to 

ligand-to-metal charge transfer (LMCT) from sulfur to 

the metal. Together, the strong ligand-based transitions, 

LMCT, and weak d–d absorptions confirm the formation 

of complexes 1 and 2 and are consistent with the 

electronic effects of square-planar coordination(20,21). 

Overall, the presence of strong ligand-based transitions 

along with LMCT and weak d–d bands confirm the 

formation of complexes 1 and 2 and reflects the 

electronic environment created by ligand 

coordination(20,21,22). 

 

 

1H NMR Spectra of Complex 1 

http://www.jchr.org/


 
 

 

3503 

Journal of Chemical Health Risks 

www.jchr.org 

JCHR (2025) 15(6), 3498-3519 | ISSN:2251-6727 

 

13C NMR Sectra of Complex 1 

3.4. 1H NMR Spectral Analysis 

Through the presence of expected proton environments 

and coordination-induced spectrum shifts, the ¹H NMR 

spectra of the parent dithiocarbamate complex and its 

mixed-ligand derivative offer convincing proof for the 

effective synthesis of the desired coordination molecules. 

Signals appearing downfield in the δ ~3.7–4.6 ppm 

region are assigned to N–CH₂ protons, which typically 

experience deshielding due to the electronegative 

nitrogen atom and show further shift changes after metal 

coordination because the formation of metal–ligand 

bonds alter the electronic density around the donor atom 

and adjacent protons(23). The CH₂/CH₃ protons of the 

ligand backbone are responsible for resonances in the 

aliphatic region (δ ~1.2–3.0 ppm) in both complexes, 

indicating that the alkyl framework is unaffected by 

complexation(24).In the mixed-ligand complex, 

additional resonances are observed in the aromatic region 

(δ ~7.2–8.0 ppm), confirming the presence of aryl 

protons from the co-ligand (such as phosphine-derived 

phenyl groups), and this feature clearly differentiates it 

from the parent complex(25).Furthermore, the slight 

peak shifting and broadening observed in both spectra is 

consistent with restricted ligand mobility, reduced 

rotational freedom, and changes in the chemical 

environment caused by coordination, which commonly 

leads to less sharp signals in coordination compounds 

when compared to free ligands(26).The residual solvent 

peak at δ 7.26 ppm (CDCl₃) is also present and is 

consistent with standard solvent referencing(27).Overall, 

the suggested structures are supported and the successful 

synthesis of both complexes is confirmed by the presence 

of distinctive aliphatic, N-linked methylene, and (in the 

mixed-ligand system) aromatic resonances together with 

coordination-related shift variations(28). 

3.5.13C NMR Spectral Studies 

The appearance of different resonances for the thioureide 

carbon (NCS₂) and the expected aliphatic/aromatic 

carbon environments in the ¹³C NMR spectra of both 

complexes provide compelling evidence for the 

successful formation of the dithiocarbamate framework 

and subsequent mixed-ligand complexation. The most 

diagnostic feature in both spectra is the resonance found 

in the downfield region (~δ 165–210 ppm), which is 

attributed to the dithiocarbamate moiety's thioureide 

carbon (C=S). Its presence verifies the formation of the 

NCS₂ functional group and the thioureide character 

resulting from resonance delocalisation between C–N 

and C=S, a crucial structural characteristic of metal 

dithiocarbamates(29).The appearance and/or slight 

shifting of this signal between the two complexes further 

supports coordination-induced electronic redistribution, 

since metal binding alters π-delocalization and changes 

shielding around the thioureide carbon(29).In the parent 

complex, the remaining signals mainly appear in the 

aliphatic region (~δ 20–65 ppm) and are attributed to 
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piperidine/piperazine type carbons, where carbons 

adjacent to nitrogen (N-CH₂) are typically more 

deshielded and appear at relatively higher δ values 

compared to other saturated carbons, confirming the 

ligand backbone, the absence or poor visibility of the 

thioureide carbon signal in the parent compound can be 

attributed to severe line broadening and reduced signal 

intensity arising from strong metal–sulfur coordination, 

rapid relaxation effects, and possible aggregation of the 

parent complex(30).In the mixed-ligand complex, 

additional signals in the aromatic region (~δ 120–150 

ppm) are clearly observed, confirming the incorporation 

of aromatic carbon environments (e.g., phenyl groups 

from a phosphine ligand such as dppe), and this aromatic 

carbon set distinguishes the mixed-ligand system from 

the parent complex(31).The overall pattern of carbon 

resonances, including the thiocarbonyl carbon, aliphatic 

N-linked carbons, and (in complex-2) aromatic carbons, 

together with minor peak broadening/shift variations, is 

consistent with coordination complex formation and the 

expected ligand environments(32). 

Table 3.1H NMR spectral data of synthesized 

compounds 

Compound δ(ppm) Assignment 

1. [Ni(dtc)2] 4.59-3.70 N-CH2 

 3.00-2.92 CH2(α to N) 

 1.93-1.23 
Remaining 

aliphatic CH2 

2. 2[Ni(dtc) 

(dppe)] Cl 
7.99-7.26 

Ar-H(phenyl 

protons) 

 2.52-1.86 

Aliphatic 

CH2(ligand 

backbone) 

 

Table 4. 13C NMR spectral data of synthesized 

compounds 

Compound δ(ppm) Assignment 

1. 

[Ni(dtc)2] 

170.24-

165.87 

C=S(thiocarbonyl 

carbon NCS2) 

 133.61-

114.41 

C-N 

 40-55 Aliphatic carbons( 

N-CH2) 

2.2[Ni(dtc) 

(dppe)] Cl 

150.1-124.4 Ar-C/Ar-CH 

 165-210 C=S 

 20-65 Aliphatic carbons 

(N-CH2) 

4.DFT Analysis of a Ni (II) Dithiocarbamate of 

Complex (3) 

4.1.Geometry Optimization and MEP Analysis 

The optimized geometrical structure of the complex 3 

was investigated using Density Functional Theory (DFT) 

at the B3LYP level of theory with an appropriate basis set 

(LANL2DZ for Ni and 6-31G(d) for non-metal atoms). 

All geometries were fully optimized without imposing 

symmetry constraints, and frequency calculations 

confirmed the absence of imaginary frequencies, 

indicating that the obtained structure corresponds to a 

true minimum on the potential energy surface. The Ni(II) 

ion prefers a four-coordinate environment, as the 

optimised structure shows. One phosphorus atom from 

the triphenylphosphine ligand, two sulphur atoms from 

the bidentate dithiocarbamate ligand, and one donor 

atom (N or S, depending on the coordination mode) from 

the thiocyanate ligand make up the coordination sphere. 

Around the Ni(II) center, this coordination arrangement 

creates a distorted square planar geometry that is typical 

of the d⁸ electronic configuration. 

Bond Length Analysis 

It was determined that the Ni–S bond lengths were 

2.2883 Å and 2.1975 Å. The small difference between 

these two values confirms that the dithiocarbamate 

ligand is effectively chelated while also indicating a 

modest distortion in the coordination environment. The 

predicted range for Ni(II)–sulfur coordination is 

encompassed by these bond distances. As is typical of 

Ni(II)–triphenylphosphine complexes, the Ni–P bond 

length was determined to be 2.4124 Å, reflecting 

significant σ-donation from the phosphorus atom to the 

metal center. The thiocyanate ligand's coordination 

through the nitrogen atom is confirmed by the Ni–N bond 

distance of 1.8674 Å. Strong metal–ligand interaction is 

suggested by this comparatively shorter bond length. The 

delocalisation of electron density over the N–C–S 
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segment is indicated by the C–S bond length (1.8903 Å) 

and the C–N bond length (1.3934 Å) within the 

dithiocarbamate molecule. The shorter C–N bond length 

compared to a typical single bond supports partial double 

bond character due to resonance stabilization. 

Analysis of Bond Angles 

A distorted square planar geometry is evident from the 

bond angles surrounding the Ni(II) core. The predicted 

trans angles S(2)–Ni–P and S(3)–Ni–N were 175.53° and 

172.55°, respectively. These values are quite near to the 

optimal 180° that is anticipated for a square planar 

configuration. Square planar coordination is further 

supported by the cis angles S(2)–Ni–N (93.25°), S(3)–

Ni–P (94.69°), and P–Ni–N (90.85°), which are all near 

90°. The chelating dithiocarbamate ligand's limited 

biting angle and the bulky triphenylphosphine ligand's 

steric hindrance are the causes of the slight departures 

from the ideal values. Its d⁸ electronic state, which 

favours square planar geometry because of ligand field 

stabilisation effects, is consistent with the almost planar 

arrangement surrounding the Ni(II) center. 

The formation of a stable four-coordinate Ni(II) complex 

with distorted square planar geometry is confirmed by 

the optimised geometrical parameters. Strong metal–

ligand interactions and efficient chelation by the 

dithiocarbamate ligand are shown by the bond length and 

bond angle values, and overall structural stability is aided 

by electronic delocalisation within the ligand framework. 

                                                                                                                                           

Optimized structure of complex 3 

 

 

 

Table 3.5. Bond lengths and bond angles of complex 3 

Bond 

Length 

Calculated 

value(Å) 

Bond 

Angle 

Calculated 

value(°) 

Ni-S1 2.288 S2-Ni-P 175.53 

Ni-S2 2.197 S2-Ni-N 93.24 

Ni-P 2.412 S3-Ni-P 94.68 

Ni-N 1.867 S3-Ni-N 172.52 

  P-Ni-P 90.85 

4.2.Molecular electrostatic potential (MEP) surface 

The Molecular Electrostatic Potential (MEP) surface of 

the optimized Ni(II) dithiocarbamate complex was 

generated to investigate the charge distribution and 

identify potential reactive sites within the molecule. The 

electrostatic potential values range from –5.842 × 10⁻² 

a.u. to +5.842 × 10⁻² a.u., as shown in the colour scale of 

the MEP map. Green denotes near-neutral potential, blue 

denotes positive potential, and red to orange denotes 

regions of negative electrostatic potential on the MEP 

surface. The most negative potential regions (orange to 

red) are located mostly over the dithiocarbamate ligand's 

sulphur atoms and somewhat over the thiocyanate 

moiety, as the MEP map makes evident. This suggests 

that these areas have a high electron density, proving that 

sulphur atoms are potent electron-donating centers. 

Because of this, these areas are more vulnerable to 

electrophilic assault. 

The presence of π-electron delocalisation within the 

ligand backbone is supported by the moderately negative 

potential that is also spread along the dithiocarbamate 

group's N–C–S framework. This delocalisation improves 

coordination with the Ni(II) core and increases ligand 

stability. The phenyl rings' hydrogen atoms and a small 

area close to the metal center are the primary locations of 

the positive electrostatic potential regions (blue). 

Because it coordinates with soft donor ligands, the Ni 

atom's electrophilic nature is reflected in the positive 

potential around it. These areas might be potential 

locations for interactions between nucleophiles. 

Because of the delocalised π-electron density throughout 

the aromatic system, the triphenylphosphine ligand's 

phenyl rings are primarily green in colour, suggesting a 

somewhat neutral electrostatic potential. 
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In general, the MEP analysis validates: localised high 

electron density over donor atoms of sulphur. In the 

dithiocarbamate framework, effective charge 

delocalisation occurs. The metal center has an 

electrophilic property. electronic distribution that is 

steady across the complex. The stability of the deformed 

square planar shape derived from the optimisation study 

is further supported by the symmetric distribution of 

electrostatic potential. 

 

The electrostatic potential surface of complex 3 

4.3. Frontier molecular orbitals 

The electronic properties of the Ni(II) dithiocarbamate 

complex were further investigated through Frontier 

Molecular Orbital (FMO) analysis. The energies of the 

highest occupied molecular orbital (HOMO) and lowest 

unoccupied molecular orbital (LUMO) were calculated 

at the B3LYP/LANL2DZ level of theory. The HOMO 

energy was found to be –0.22211 a.u. (–6.04 eV), while 

the LUMO energy was –0.12290 a.u. (–3.35 eV). The 

calculated energy gap (ΔE) between HOMO and LUMO 

is 2.69 eV. 

HOMO Analysis; 

The HOMO slightly extends toward the nickel core and 

is mostly found over the dithiocarbamate ligand's sulphur 

atoms. This suggests that ligand-based orbitals with 

potential metal–ligand interaction characteristics have 

made a substantial contribution. Sulphur atoms' function 

as potent donor sites in coordination is confirmed by the 

electron density over them. According to the distribution 

of HOMO density, the complex is stabilised in large part 

by electron donation from the dithiocarbamate moiety 

toward the metal center. 

LUMO Analysis; 

The metal center receives the majority of the LUMO, 

with the thiocyanate and phosphine ligands receiving a 

smaller amount. This suggests a strong metal-centered or 

metal-ligand antibonding nature for the LUMO. The 

metal center may serve as an electron-accepting site, 

based on the localisation surrounding the Ni atom. This 

pattern suggests that metal-centered transitions or ligand-

to-metal charge transfer (LMCT) may occur. 

Energy Gap Interpretation; 

The HOMO–LUMO energy gap of 2.69 eV indicates 

moderate kinetic stability of the complex. A relatively 

moderate energy gap suggests: 

• Good thermodynamic stability 

• Moderate chemical reactivity 

• Controlled charge transfer ability 

The gap value supports the distorted square planar 

geometry observed in the optimized structure and 

indicates effective overlap between metal and ligand 

orbitals. 

Overall Electronic Characteristics; 

The FMO analysis verifies:  

• Sulphur donor atoms with strong electron 

density localisation (HOMO) 

• The Ni(II) center's capacity to take electrons 

(LUMO) 

• Important orbital interaction between the metal 

and the ligand 

• Electronic arrangement that is stable but 

somewhat reactive 

The creation of a stable four-coordinate Ni(II) complex 

with effective metal–ligand bonding interactions is thus 

supported by the electronic structure study. 
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  (a) HOMO and LUMO plots of complex 3 (b) Electronic Energy Level Diagram Showing HOMO–LUMO 

Transition 

Molecular Orbital Diagram Interpretation and 

Correlation with DFT Studies: 

The relative energy levels and electron density 

distribution of the frontier orbitals covered in the FMO 

study are graphically shown in the molecular orbital 

diagram created for the Ni(II) dithiocarbamate complex. 

As shown  in the diagram, the highest occupied 

molecular orbitals (HOMO)which extend primarily over 

the filled metal–ligand bonding and nonbonding d-

orbitals (including contributions from ligand sulphur 

donors), are shown at lower energy relative to the 

unoccupied orbitals. Higher energy corresponds to the 

antibonding dₓ²₋y² orbital with considerable metal 

character, which is the lowest unoccupied molecular 

orbital (LUMO). The diagram's high LUMO localisation 

around the nickel center is consistent with the DFT 

LUMO analysis, which shows a metal-centered or metal-

ligand antibonding character with lesser contributions 

from the phosphine and thiocyanate ligands. 

According to the computed HOMO (–6.04 eV) and 

LUMO (–3.35 eV) energies acquired at the 

B3LYP/LANL2DZ level of theory, the arrow in the 

molecular orbital diagram that shows electron transfer 

from the HOMO to the LUMO is the direction of the 

border orbital transition. The diagram's HOMO–LUMO 

gap of 2.69 eV supports the notion that the complex is 

both moderately reactive and thermodynamically stable 

because it matches the moderate energy separation found 

by DFT. Furthermore, the energy ordering displayed in 

the MO diagram supports the distorted square-planar 

geometry observed from structural optimisation, as this 

geometry leads to a characteristic splitting pattern of the 

Ni(II) d-orbitals where the antibonding dₓ²₋y² orbital lies 

highest in energy, consistent with the identity of the 

LUMO. Thus, the molecular orbital diagram not only 

summarises the DFT results but also correlates the 

electronic structure with the overall bonding framework 

of this four-coordinate, square-planar Ni(II) complex. 

Table 5.  Global chemical reactivity parameters for 

complex 3 

Parameter (eV)                3 

Energy (a.u) -1534 
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EHOMO -6.04 

ELUMO -3.35 

Energy Gap 2.69 

Ionization potential (IP) 6.04 

Electron affinity (EA) 3.35 

Absolute electronegativity 

(χ) 

4.70 

Absolute softness (σ) 0.74 

Chemical hardness (η) 1.35 

Chemical potential (μ) -4.70 

Electrophilicity (ω) 8.18 

 

4.4. Global Reactivity Parameters and Their 

Chemical Significance 

DFT was used to determine the synthesised complex's 

global reactivity characteristics based on the frontier 

molecular orbital energies. The optimised geometry's 

thermodynamic stability was confirmed by the discovery 

that the optimised structure's total electronic energy was 

-1534 a.u. 

 Ionization Potential and Electron Affinity 

Making use of Koopman's theorem: 

Potential for Ionisation (IP) = -EHOMO = 6.04 eV 

Affinity of Electrons (EA) = -ELUMO = 3.35 eV 

Since the complex doesn't need a lot of energy to remove 

electrons, electron transfer activities are made easier by 

the modest ionisation potential. The electron affinity 

value shows a favourable inclination to receive electrons, 

which promotes interaction with electron-rich dye 

molecules during photocatalysis.  

Chemical Hardness and Softness 

The following formulas were used to determine chemical 

softness (σ) and hardness (η): 

η = (IP − EA)/2 = 1.35 eV 

σ = 1/η = 0.74 eV⁻¹ 

While softness denotes polarisability and reactivity, 

chemical hardness quantifies resistance to charge 

transfer. 

The complex is neither too soft nor too hard, as indicated 

by its intermediate hardness value of 1.35 eV, which 

suggests balanced stability and reactivity. Good 

polarisability is reflected in the corresponding softness 

(0.74 eV⁻¹), which improves adsorption and interaction 

with organic dye molecules. Because of their polarisable 

sulphur atoms, dithiocarbamate ligands, which are 

sulfur-donor complexes, naturally increase softness. 

According to HSAB principles, this explains why the 

complex and soft organic substrates interact well. 

 

 

Electrophilicity Index 

This is how the electrophilicity index (ω) was computed: 

           ω = μ² / 2η = 8.18 eV 

Strong electron-accepting ability is indicated by a high 

electrophilicity rating. Given that the complex can 

efficiently trap photoexcited electrons and contribute to 

the production of reactive oxygen species (ROS), this 

characteristic is especially crucial in understanding 

photocatalytic dye degradation. The experimental 

photocatalytic efficiency found in this study is supported 

by literature reports indicating complexes with 

electrophilicity values above 6 eV show improved redox 

reactivity. 

5.Characterization of Nickel sulfide nanoparticle 

5.1. Powder X-ray diffraction analysis of NiS 

The crystalline structure and phase purity of the nickel 

sulfide (NiS) sample synthesized via nickel 

dithiocarbamate precursor were investigated by powder 

X-ray diffraction (PXRD). The PXRD pattern of NiS, 

recorded in the 2θ range from 20° to 80°, is presented in 

Fig.5.1. A clear set of diffraction peaks is observed, 

indicating the formation of a crystalline phase rather than 

an amorphous or poorly ordered material. The standard 

Joint Committee on Powder Diffraction Standards 

(JCPDS) file No. 86-2281, which corresponds to the β-

NiS (nickel sulphide) phase, was used to index the 

observed diffraction peaks. It is common practice to 
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verify the production of single-phase crystalline NiS in 

nanostructured materials using this standard reference. 

At 2θ values = 30.31°,32.21°,35.70°,37.36° and 40.47° 

that correspond to the (101), (300), (021), (220), and 

(211) crystallographic planes, prominent reflections are 

seen corresponding to Millerite shape of the NiS. These 

peaks correlate with earlier studies on β-NiS materials 

synthesised by different chemical methods and are 

directly labelled on the diffraction pattern (Figure 3.20). 

A favoured orientation or a larger population of lattice 

planes contributing to diffraction in that direction is 

shown by the most strong peak, which occurs at ~31° 

(designated as the (300) plane). Significant intensity is 

also shown by secondary peaks like (101) and (021) that 

confirm the existence of a well-developed crystalline 

lattice. The degree of crystallinity—a fundamental 

quantitative metric derived from PXRD analysis—

reflects the percentage of ordered domains in the sample. 

While some disorder, flaws, or nanoscale domains 

contribute to peak broadening, the material's moderate 

crystallinity indicates that it contains a sizable fraction of 

ordered lattice structures. Because of size effects and 

surface strain, nanostructured sulphides frequently 

exhibit moderate crystallinity. 

Peak broadening can be further analyzed using the 

Scherrer equation, 

𝐷 =
𝐾 𝜆

𝛽  cos 𝜃
 

where β is the full width at half maximum (FWHM) of 

the chosen peak adjusted for experimental broadening, θ 

is the Bragg angle, K is the form factor (usually 0.9), D 

is the average crystallite size, and λ is the Cu Kα radiation 

wavelength (1.5418 Å). The average crystallite size 

calculated using the Scherrer equation was found to be 

47.22 nm. In accordance with the broad peak profiles, an 

estimate of the crystallite size in the nanometre zone can 

be obtained by applying this equation to the most intense 

diffraction peak. This kind of widening usually indicates 

microstrain or tiny coherent diffraction domains inside 

the crystalline lattice. Significantly, there are no extra 

reflections in the PXRD pattern that might be ascribed to 

secondary phases such elemental sulphur, nickel oxides, 

or leftover precursor species. By showing that the 

breakdown of the nickel dithiocarbamate precursor 

produces a single crystalline sulphide phase under the 

applied conditions, the lack of extraneous peaks validates 

the phase purity of the synthesised NiS. This observation 

is consistent with observations in the literature that NiS 

synthesised chemically only displayed the distinctive β-

NiS phase reflections when indexed against JCPDS 

standards. 

In conclusion, the effective synthesis of crystalline NiS 

is confirmed by PXRD analysis. The computed crystal 

size  of 47.22 nm indicates a material with notable 

organised domains scattered with nanocrystalline 

features, and the indexed diffraction pattern exactly 

matches standard reference data (JCPDS No. 86-2281). 

Understanding the material's future physicochemical 

properties and possible functional performance in 

applications like energy storage, electrical devices, and 

catalysis depends on these structural features. 

 

Fig.5.1. Powder X-ray diffraction pattern of NiS 

Dislocation Density Analysis 

In addition to crystallite size estimation, the dislocation 

density (δ), which provides insight into the defect 

concentration within the crystal lattice, was evaluated. 

Dislocation density, which is an important indicator for 

evaluating structural flaws in nanocrystalline materials, 

is the total length of dislocation lines per unit volume. 

The following relation can be used to estimate it: 

                           δ =1/D2 

where D is the crystallite size expressed in meters. 

Substituting the calculated crystallite size (47.22 × 10⁻⁹ 

m) into the above equation, the dislocation density was 

determined to be: δ=4.48×1014 lines m−2. The resultant 

value falls within the usual range that has been 

documented for sulphide materials with nanostructures. 

The existence of lattice flaws such vacancies, edge 

dislocations, and grain boundary defects is indicated by 

a comparatively higher dislocation density. These flaws 
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are caused by internal lattice strain effects and decreased 

particle size in nanocrystalline systems. By creating 

more active sites and promoting better charge carrier 

separation, such structural flaws might increase surface 

reactivity. As a result, the computed dislocation density 

enhances the structural data obtained from PXRD 

analysis and further validates the synthesised NiS 

nanocrystalline nature. 

Lattice Parameter Determination 

To further validate the crystal structure of the synthesised 

Nickel sulfide sample, lattice parameters were 

determined from multiple indexed reflections in the 

PXRD pattern. The interplanar spacing (d) 

corresponding to the prominent diffraction peaks at 2θ = 

30.31° (101), 32.21° (300), 35.70° (021), and 37.36° 

(220) was calculated using Bragg’s law: d= λ /2sinθ. 

where λ = 1.5418 Å (Cu Kα radiation) and θ is the Bragg 

angle. 

The calculated d-spacings were subsequently substituted 

into the hexagonal lattice equation: 

                                       

 

For the (300) reflection (where 𝑙 = 0), the equation 

simplifies to: 

                               

Using the experimentally determined d-spacing for the 

(300) plane, the lattice constant 𝑎was calculated to be:  

𝑎 = 9.64𝐴˚.Substitution of this value into the lattice 

equation corresponding to the (101) reflection enabled 

determination of the lattice constant 𝑐, which was found 

to be: 𝑐 = 3.15A˚. 

For the hexagonal β-NiS (Millerite-type) phase, the 

obtained lattice parameters are in excellent agreement 

with standard reference data (JCPDS No. 86-2281), 

whose reported values are around a=9.62 a=9.62 Å and 

c=3.15 c=3.15 Å. Less than 0.5% separates the 

experimental and standard values, falling within 

allowable computational and instrumental error bounds. 

Phase-pure β-NiS with intact crystallographic symmetry 

was successfully formed, as evidenced by the close 

agreement between computed and reference lattice 

characteristics. Moreover, the low variance implies that 

the precursor decomposition process did not result in any 

notable macroscopic structural distortion. 

5.2.UV-vis diffuse reflectance spectroscopy analysis of 

Nickel sulfide nanoparticle 

The optical properties and electronic band structure of 

the synthesized NiS sample were investigated using UV–

visible diffuse reflectance spectroscopy (UV–DRS). 

Diffuse reflectance measurements were performed in the 

wavelength range corresponding to photon energies from 

approximately 2 eV to 6 eV. The raw reflectance data, 

collected as percent reflectance (%R), were converted to 

the Kubelka–Munk function F(R) to account for 

scattering effects inherent in powdered samples. The 

Kubelka–Munk transformation, defined as: 

𝐹(𝑅) =
(1−𝑅)2

2𝑅
 

enables the estimation of the absorption coefficient for 

diffuse samples and facilitates analysis of electronic 

transitions. To find the material's optical band gap, a Tauc 

plot was created by graphing (F(R)⋅hv)1/2 (F(R)⋅hν)1/2 

against photon energy hν. In line with other research on 

transition metal sulphides, this methodology assumes an 

indirect permitted transition for NiS.The resulting Tauc 

plot from the diffuse reflectance spectra of NiS is shown 

in Figure 3.21. The red line represents the linear segment 

in the absorption edge region, which was extrapolated to 

intersect the energy axis. The optical band gap energy, or 

Eg E g, is represented as the intercept of this linear fit 

with the photon energy axis. Based on this analysis, the 

NiS sample's optical band gap was found to be 3.08 eV. 

 Compared to numerous values published for bulk NiS 

and nanostructured forms in previous publications, the 

derived band gap is relatively greater. For instance, 

depending on the synthesis technique, morphology, and 

particle size, hexagonal and nanostructured NiS 

frequently show band gaps in the range of ~2.8–3.6 eV, 

with smaller nanocrystals showing values as high as 

~3.12 eV. Conversely, it has been found that bulk nickel 

sulphide materials have lower band gaps of ~2.1–2.4 eV, 

albeit these values vary based on defect density and 

stoichiometry.The relatively high band gap obtained in 

the present study may be attributable to the small 

crystalline domain size and structural disorder inherent 
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to the synthesized sample. Quantum confinement effects, 

common in nanoscale semiconductors, often increase the 

effective band gap as particle size decreases, as has been 

noted in various nickel sulfide nanostructures. 

The observed sharp increase in (F(R)⋅hv)1/2 

(F(R)⋅hν)1/2 with photon energy raising further points to 

a substantial optical absorption onset in the near-UV 

region. This characteristic suggests that the material may 

effectively absorb high-energy photons, which could 

have consequences for applications in photocatalysis, 

UV photodetection, or optoelectronic devices where 

regulated band gap energies are essential. The current 

material's nanostructured and potentially defect-rich 

nature results in a noticeably greater optical gap than 

classical NiS, which is commonly characterised as a 

smaller band gap semiconductor or even metallic 

depending on stoichiometry.  

In conclusion, the Tauc plot of Kubelka–Munk 

transformed reflectance data indicates that the 

synthesised NiS has an optical band gap of 3.08 eV, 

which is confirmed by the UV–DRS analysis. This 

comparatively large band gap offers important 

quantitative information about the material's optical 

properties and possible functional performance. It also 

shows a substantial alteration of the electronic structure 

in comparison to bulk NiS, most likely as a result of 

disorder, lattice strain, and nanoscale effects. 

 

Kubelka-Munk plot of [F(R)hv]2 against hv (eV) for 

NiS 

Urbach Energy Analysis 

In addition to band gap estimation, the degree of optical 

disorder in the synthesised NiS sample was evaluated 

through Urbach energy (Eᵤ) analysis. Urbach energy 

provides information about localised electronic levels 

within the forbidden gap, defect states, and structural 

disorder. It is represented by the breadth of the 

exponential absorption tail close to the band edge. The 

Urbach region follows the relation: 

                                            α=α0exp (hν/Eu) 

where α is the absorption coefficient, hν is the photon 

energy, and Eᵤ is the Urbach energy. For diffuse 

reflectance data, the Kubelka–Munk function F(R) was 

used as an approximation of the absorption coefficient. 

By taking the natural logarithm of F(R), the above 

expression can be rewritten in linear form: 

                                         ln(F(R))=hν/Eu+constant 

A plot of ln(F(R)) versus photon energy (hν) in the 

absorption edge region (approximately 3.0–3.3 eV) 

exhibited a linear behaviour. The Urbach energy was 

determined from the inverse of the slope of this linear 

region and was found to be approximately 0.21 eV. The 

obtained Urbach energy value indicates that the NiS 

lattice contains localised defect states and considerable 

structural disorder. This finding further supports the 

synthesised material's nanocrystalline and defect-

influenced character by showing a strong correlation 

with the microstrain and dislocation density determined 

by PXRD investigation. Such band tail states could have 

an impact on charge carrier dynamics and help explain 

NiS observed optical and photocatalytic characteristics. 

5.3.SEM and EDS Analysis  

The surface morphology and microstructural features of 

the NiS sample were examined using scanning electron 

microscopy (SEM). Representative micrographs at 

different magnifications are shown in Fig.5.3(a) and (b), 

corresponding to 7,000× and 5,000× magnification, 

respectively. SEM provides information on particle size, 

shape, agglomeration, and surface texture, which are 

critical for understanding material behaviour in potential 

applications such as catalysis, energy storage, and 

sensing. The synthesised NiS sample is made up of 

irregularly shaped nanoparticles that have collected into 

bigger clusters, as shown by the SEM pictures. 

Significant particle–particle interaction occurs during the 

growth and nucleation phase, as seen by the dense, 

interconnected networks formed by individual particles 

rather than their isolation. The surface roughness seems 

rough and uneven at higher magnification (7,000×), and 

the particle surfaces have many tiny protrusions. In 

electrochemical applications, this roughness suggests a 
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high surface area morphology, which is advantageous for 

boosting surface-dependent characteristics like charge 

transfer or catalytic activity. 

Instead of having consistent spherical or rod-like 

geometries, the detected particles exhibit a wide range of 

sizes and shapes. Submicron-sized grains seem to make 

up the majority of clusters, giving them a sponge-like 

shape with surface imperfections and interstitial spaces. 

These characteristics are typical of materials that have 

limited crystal development after fast nucleation, which 

frequently results in agglomerated nanostructures with 

large concentrations of surface defects. The overall 

morphology shows that a fine, granular material with a 

considerable amount of structural roughness was created 

by the synthesis process. Because of improved light 

absorption and reactive site availability, this granular 

assembly offers potential benefits for applications like 

photocatalysis that call for a larger active surface area. 

Furthermore, the degree of agglomeration observed at 

both magnifications indicates that, although the sample 

is mostly composed of nanoparticles, bigger clusters 

were formed during drying or synthesis due to high 

interparticle adhesion interactions. The material's 

conductivity, diffusion routes, and porosity may all be 

impacted by this clustering behaviour. 

To put it simply up, SEM analysis shows that the NiS 

sample made using the nickel dithiocarbamate precursor 

has a high surface area morphology that is heterogeneous 

and made up of irregularly shaped, densely packed 

nanoparticles. It is anticipated that these structural 

features will improve functional performance in 

applications where charge transport and surface 

interactions are crucial. 

 

 

(a)                                                   (b) 

Fig.5.3.(a) and (b) SEM images of  NiS 

The representative EDS spectrum is shown in Fig.3.23. 

EDS provides semi-quantitative elemental analysis of the 

sample surface, allowing verification of the constituent 

elements and assessment of compositional uniformity. 

The graph labels the significant peaks in the spectrum 

that correspond to sulphur (S) and nickel (Ni). Ni is the 

source of the strongest signals, with the largest count 

seen at the distinctive Ni Kα energy (~7.5 keV) and other 

Ni peaks at lower energies. Multiple Ni peaks confirm 

that nickel is the sample's main constituent. With 

significant peaks at its characteristic energy locations 

(~2.3 keV), sulphur is easily recognised, showing that it 

has been incorporated into the material's lattice. Within 

the detection range (0–20 keV), no notable peaks 

attributed to other elements, such as carbon, oxygen, or 

metals from remaining precursor species, were seen. The 

lack of unnecessary elemental signals indicates that the 

synthesised material is chemically clean and has very 
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little surface impurity contamination. This finding 

supports the successful development of nickel sulphide 

with few secondary phases and is in line with the 

anticipated Ni:S proportion. 

The spectrum's quantitative examination reveals that, as 

would be expected for a stoichiometric NiS molecule, Ni 

and S are present in same atomic percentages. Surface 

roughness, local compositional fluctuations, and the 

intrinsic constraints of EDS quantification, especially for 

light elements, can cause slight departures from the 

optimal 1:1 atomic ratio. Nonetheless, the material's 

primary composition of Ni and S is confirmed by the 

general stoichiometry suggested by the measured 

intensities. The result that Ni and S are uniformly 

distributed throughout the sampled region, showing 

uniform elemental dispersion at the microstructural 

scale, is further supported by spatial EDS mapping. This 

homogeneity shows that the synthesis method produced 

a homogenous nickel sulphide phase, which is crucial for 

consistent physicochemical qualities. 

EDS examination confirms that the synthesised sample 

is mostly composed of Ni and S in the anticipated 

stoichiometric proportions, with no discernible 

contamination from other elements. These findings 

support the effective synthesis of high-purity NiS with a 

consistent elemental distribution, as do SEM 

morphological observations and XRD phase 

identification. 

 

Energy dispersive X-ray spectra of  NiS 

5.4. Structure–Property Correlation Analysis of NiS 

The structural, morphological, compositional, and 

optical characterisation results collectively provide a 

comprehensive understanding of the physicochemical 

nature of the synthesised Nickel sulfide sample. A 

systematic correlation between PXRD, UV–DRS, SEM, 

and EDS findings reveals a coherent structure–property 

relationship within the material.  

The synthesis of phase-pure β-NiS with lattice 

parameters (a = 9.64 Å and c = 3.15 Å) was validated by 

PXRD analysis, which showed excellent agreement with 

JCPDS reference data (No. 86-2281). The dislocation 

density value of 4.48 × 10¹⁴ lines m⁻² and the calculated 

crystallite size of 47.22 nm show the presence of 

nanoscale crystalline domains with structural flaws such 

grain boundaries and lattice faults. In nanocrystalline 

sulphides synthesised via precursor breakdown 

processes, such fault patterns are common. The optical 

behaviour observed in the UV-DRS analysis is directly 

correlated with these structural features. Nanoscale 

crystallite size and related structural disorder are 

responsible for the optical band gap of 3.08 eV, which is 

significantly larger than that of bulk NiS. The existence 
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of localised defect states and band tailing close to the 

absorption edge is further supported by the Urbach 

energy value of 0.21 eV. The synthesised material's 

defect-influenced electrical structure is strongly 

supported by the agreement between the optical disorder 

indicated by Urbach energy and the structural disorder 

deduced from dislocation density analysis. 

SEM micrographs revealed densely packed, 

asymmetrically structured nanoparticles that formed 

agglomerated clusters with a rough surface roughness. 

The nanocrystalline size determined by PXRD 

investigation is consistent with this shape. A high density 

of surface-active sites, which is typical of materials with 

moderate crystallinity and defect-rich domains, is 

suggested by the granular and linked particle network 

shown in SEM. The nanoscale crystallite size ascertained 

by Scherrer analysis is likewise consistent with the 

observed agglomeration tendency. With only nickel and 

sulphur signals and no discernible impurities, the EDS 

results validated the sample's elemental purity and 

stoichiometric composition. The phase purity determined 

by PXRD is supported by the lack of superfluous 

elemental peaks. The homogenous development of the 

NiS phase throughout the sample is further supported by 

the homogeneous elemental distribution seen in EDS 

mapping. 

The effective synthesis of structurally coherent and 

compositionally consistent NiS with nanoscale 

characteristics and defect-mediated electronic properties 

is confirmed by the high agreement between these 

independent characterisation approaches. Before 

assessing the material's functional performance, this 

comprehensive interpretation provides a strong basis for 

comprehending its inherent properties. These correlated 

structural and electronic features provide the basis for 

evaluating the functional behaviour of the synthesised 

material. 

5.5.Evaluation of photocatalytic activity of NiS 

The photocatalytic performance of the synthesized NiS 

material was assessed by monitoring the degradation of 

two model organic dyes — Methylene Blue (MB) and 

Rhodamine-6G (RG6) — under visible light 

illumination. These dyes were selected due to their well-

established absorption features and frequent use as probe 

molecules for photocatalytic evaluation in aqueous 

media. RG6 and MB stock solutions were made 

independently by dissolving each dye in distilled water 

to a concentration of 1.0 × 10⁻¹ M. This concentration 

was selected to preserve circumstances pertinent to 

ambient contaminant levels while guaranteeing 

detectable absorbance in the UV-Vis range. 

 For every dye, 50 millilitres of the corresponding stock 

solution were put into a jacketed photoreactor that had a 

visible light source (400–700 nm). To create adsorption–

desorption equilibrium between the dye molecules and 

the catalyst surface, the NiS photocatalyst (dosage 

usually 0.5–1 g L⁻¹) was dissolved into the dye solution 

and magnetically agitated in the dark for 30 minutes 

before irradiation. The observed drops in dye 

concentration during illumination are guaranteed to be 

the result of photocatalytic processes rather than 

straightforward adsorption thanks to this dark 

equilibration step. A small amount of the suspension—

usually 3–5 mL—was taken out at the conclusion of the 

dark phase in order to capture the initial absorbance 

spectrum. After that, the photoreactor was exposed to the 

visible light source, and during the irradiation time, 

aliquots were taken out at regular intervals (such as 30, 

60, 90, 120, 150, and 180 minutes). After removing 

photocatalyst particles with a centrifuge, the UV-Vis 

absorbance spectrum of each aliquot was recorded. 

The distinctive absorption peak centred at 664 nm was 

used to follow the MB degradation Fig.5.5.(a). The 

strongest intensity is seen in the first spectra, which was 

taken right after the dark equilibration (t = 0). Peak 

intensity systematically decreases with increasing 

irradiation time, suggesting that MB molecules gradually 

photodegrade in the presence of light and NiS. The MB 

absorption peak exhibits a notable decrease in intensity 

during 180 minutes of exposure to visible light, 

indicating the NiS photocatalyst's efficient photocatalytic 

activity. Similarly, the absorbance peak at 526 nm was 

used to track the photocatalytic degradation of RG6 Fig. 

5.5.(b). As the exposure duration rises from 0 to 180 

minutes, the peak intensity of the RG6 spectra shows a 

time-dependent decline. The RG6 band's gradual 

attenuation indicates that NiS can aid in Rhodamine-6G's 

degradation in the presence of applied visible light. 
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Fig.5.5.(a) and(b) Time-dependent UV-vis absorption spectra for photodegradation of methylene blue and 

rhodamine-6G in the presence of as-prepared nickel sulfide nanoparticle under ultraviolet light. 

The photocatalytic degradation efficiency (%) for each 

dye was calculated using the expression: 

Degradation efficiency(%) =
𝐶0 − 𝐶𝑡
𝐶0

× 100 

where 𝐶0is the initial dye concentration after dark 

equilibration, and 𝐶𝑡is the concentration at irradiation 

time 𝑡, determined from the change in absorbance 

according to the Beer–Lambert law. 

At the end of 180 min of visible light irradiation, the 

absorbance peak of MB decreased significantly, 

corresponding to an approximate 85 % degradation of the 

dye and Under the same conditions, RG6 also showed 

substantial decomposition, with an estimated 70 % 

degradation after 180 min of irradiation. 

Both MB and RG6 are degraded over the course of the 

irradiation period, according to the time-dependent 

degradation profiles, with the absorbance intensity 

declining nearly monotonically. Plotting ln (C0/Ct) 

ln(C0) can be used to approximate the rate of 

degradation. To assess apparent kinetic constants under 

pseudo-first-order reaction assumptions, plot /C t vs 

time. Such kinetic analysis offers insight into the 

underlying photocatalytic mechanisms and enables direct 

comparison of catalyst performance with that reported in 

related investigations.  

 

Photodegradation of methylene blue and rhodamine-6G in the presence of as-prepared nickel sulfide nanoparticles. 
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Progressive photocatalytic decomposition under visible 

light is confirmed by the exhibited degradation curves for 

both dyes (Figure 3.24.), which demonstrate a steady 

decline in normalised concentration (C/C₀) with 

increasing irradiation time. In contrast to Rhodamine-

6G, Methylene Blue shows a faster drop, suggesting that 

the NiS catalyst degrades MB more easily. The 

normalised concentration of MB approaches a much 

lower value than that of RG6 after 180 minutes of 

illumination, further indicating the much better 

photocatalytic effectiveness of NiS toward MB under the 

experimental conditions. The successful activation of 

NiS under visible light and its capacity to produce 

reactive species that break down organic dye molecules 

are confirmed by the observed drop in absorbance peaks 

with irradiation time. According to literature findings on 

metal sulfide-based semiconductors exhibiting light-

driven oxidation and reduction processes, NiS acts as an 

active visible-light photocatalyst, as evidenced by the 

effectiveness of photocatalytic degradation for both MB 

and RG6. 

According to the results, NiS promotes effective charge 

separation and transfer to molecular oxygen and water 

through its suitable band gap and high surface area 

morphology. This results in reactive oxygen species like 

superoxide anions (O₂·⁻) and hydroxyl radicals (·OH), 

which target and degrade chromophoric dye structures. 

Both the inherent photocatalytic effectiveness of NiS and 

substrate characteristics (such as molecular structure and 

adsorption affinity) affect the unique absorption decay 

behaviour for each dye. 

Furthermore, because of its cationic character and 

stronger electrostatic interaction with the NiS surface, 

which promotes better adsorption and faster electron 

transfer, it has a higher degrading efficiency toward MB. 

As millerite NiS has a large number of active surface 

sites and short charge carrier diffusion paths, which 

reduces electron–hole recombination. Positively charged 

holes are left behind when electrons are stimulated from 

the valence band to the conduction band by exposure to 

visible light. These photogenerated charge carriers take 

part in surface redox processes, in which valence band 

holes oxidise water or hydroxide ions to produce ·OH 

radicals, and conduction band electrons reduce dissolved 

oxygen to produce O₂·⁻ radicals.  

The conjugated π-electron systems of dye molecules are 

targeted by these extremely reactive species, which 

gradually break down the chromophoric groups and 

eventually mineralise into smaller, less hazardous 

compounds. Rhodamine-6G's more complicated 

molecular structure and steric hindrance, which might 

reduce adsorption efficiency and postpone oxidative 

cleavage, may be the cause of its comparatively slower 

decomposition. Overall, the robust visible-light-driven 

photocatalytic performance of millerite NiS is confirmed 

by the combined effects of an appropriate band gap 

energy, a favourable surface shape, and effective charge 

carrier dynamics. 

In addition to showcasing the as-prepared NiS intrinsic 

activity toward model dye contaminants, the notable 

visible-light photocatalytic degradation of MB (~85%) 

and RG6 (~70%) highlights its potential use in 

environmental cleanup of contaminated water. Because 

visible-light active photocatalysts can effectively use a 

larger portion of the solar spectrum to generate reactive 

oxygen species (such as hydroxyl radicals and 

superoxide anions) that mineralise persistent organic 

contaminants into less toxic compounds, they have been 

extensively studied as sustainable advanced oxidation 

processes for water treatment. These systems have 

demonstrated a great deal of ability to break down a 

variety of water contaminants, such as pesticides, 

synthetic dyes, pharmaceutical residues, and other 

stubborn organics that conventional wastewater 

treatment methods frequently are unable to fully 

eliminate. A promising route for solar-driven purification 

of industrial effluents and contaminated natural waters 

under environmentally relevant conditions is provided by 

the utilisation of visible light, including natural sunlight, 

which also improves the energy efficiency and 

applicability of photocatalytic water treatment 

technologies. 

6.CONCLUSION 

In summary, the design, synthesis, and thorough 

characterisation of a nickel(II) dithiocarbamate complex 

and its mixed-ligand derivative with a phosphine co-

ligand were successfully proven in this study. While DFT 

investigations offered important information about 

electronic structure, bonding interactions, and chemical 

reactivity, spectral analysis (FT-IR, UV–Vis, ¹H/¹³C 

NMR) confirmed ligand coordination and square-planar 
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Ni(II) environments. The dithiocarbamate precursor was 

successfully transformed into nanocrystalline NiS with 

verified phase purity, nanoscale dimensions (~47 nm), 

and notable structural disorder that contributed to special 

optical characteristics like an enlarged band gap (~3.08 

eV). The homogenous elements distribution and high 

surface roughness typical of nanostructured materials 

were revealed by SEM/EDS investigations. Functionally, 

the produced NiS showed strong photocatalytic activity 

driven by visible light, attaining significant degradation 

efficiencies for typical dye pollutants when exposed to 

radiation. These findings suggest the wider use of Ni(II) 

dithiocarbamates as adaptable building blocks for 

functional nanomaterials and highlight the potential of 

NiS produced from organometallic precursors for 

environmental remediation applications. When 

considered collectively, the results support important 

connections between material structure, molecular 

coordination chemistry, and photocatalytic activity, 

providing interesting avenues for further research and 

use of complexes based on dithiocarbamates and their 

associated nanostructures. 
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