
Phase-Engineered Ni-MoS₂ Thin Films: 
Optoelectronic Tuning and Enhanced 

Photocatalytic Activity
Bahadivand Chegini S1, Khanlary M1* and Baghshahi S2

1Department of Physics, Imam Khomeini International University, Iran
2Department of Materials Science and Engineering, Imam Khomeini International University, Iran

Crimson Publishers
Wings to the Research

Research Article

*Corresponding author: Khanlary M, 
Department of Physics, Imam Khomeini 
International University, Iran

Submission:  June 30, 2026
Published:  August 10, 2026

Volume 23 - Issue 1

How to cite this article: Bahadivand 
Chegini S, Khanlary M* and Baghshahi S. 
Phase-Engineered Ni-MoS₂ Thin Films: 
Optoelectronic Tuning and Enhanced 
Photocatalytic Activity. Res Dev Material 
Sci. 23(1). RDMS. 001055. 2026.
DOI: 10.31031/RDMS.2026.23.001055

Copyright@ Khanlary M, This article is 
distributed under the terms of the Creative 
Commons Attribution 4.0 International 
License, which permits unrestricted use 
and redistribution provided that the 
original author and source are credited.

ISSN: 2576-8840

Research & Development in Material science

Introduction
Two-dimensional Transition Metal Dichalcogenides (TMDs), particularly molybdenum 

disulfide (MoS₂), have attracted extensive research interest due to their exceptional layer-
dependent physicochemical properties. MoS₂ exhibits intrinsic n-type conductivity arising 
from native nonmetallic defects and possesses a tunable electronic band gap, ranging from 
1.2eV (indirect) in the bulk to 1.9eV (direct) in the monolayer regime [1,2]. The emergence of 
a direct band gap in few-layer configurations makes MoS₂ an appealing material for advanced 
optoelectronic applications, including UV-visible and near‑infrared photodetectors. However, 
conventional synthesis methods such as mechanical exfoliation and Chemical Vapor Deposition 
(CVD), despite producing high-quality crystals, remain limited by scalability, cost, and process 
complexity, constraining their suitability for large-scale industrial implementation [3].

The 1T phase of MoS₂, notwithstanding its distinctive electronic properties, has historically 
been hampered in practical applications by its inherent metastability, frequently yielding to 
the more stable 2H phase during post-synthesis processing. Conventional methodologies have 
encountered significant challenges in circumventing this phase transformation. Our findings 
demonstrate that the spray pyrolysis technique, by virtue of its intrinsic characteristics and 
the presence of oxygen, effectively sustains the metallic 1T phase, thereby inhibiting the 
transition to the semiconducting 2H phase. This breakthrough not only establishes a reliable 
synthetic route for phase-pure 1T -MoS₂ but also unlocks avenues for the exploitation of its 
exotic properties in advanced electronic and catalytic devices, addressing a critical bottleneck 
within the field. Spray pyrolysis has emerged as a simple, cost-effective, and scalable 
alternative for depositing MoS₂ thin films under ambient conditions. This technique offers 
precise control over precursor chemistry and enables homogeneous incorporation of dopant 
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Abstract
The inherent metastability of the 1T phase of MoS₂ presents a significant synthetic challenge. However, 
our approach utilizing spray pyrolysis has demonstrated a novel pathway for its stabilization. The 
strategic introduction of oxygen during this process is crucial; it mediates interfacial interactions that 
substantially lower the material’s surface energy, thereby effectively inhibiting the thermodynamically 
favored 1T→2H phase transition and preserving the metastable 1T structure for potential applications. In 
this work Ni-doped MoS₂ thin films with nickel concentrations ranging from 0 to 7 at. % were synthesized 
via spray pyrolysis. Structural, optical, and chemical characterizations were conducted using XRD, Raman 
spectroscopy, UV-Vis spectroscopy, PL, FTIR, and AFM. XRD and Raman results verified the coexistence 
of semiconducting 2H and metallic 1T phases. UV-Vis analysis showed a reduction in the optical band 
gap from 1.84eV to 1.59eV with increasing Ni content, which is attributed to the formation of impurity-
induced energy levels within the band structure. FTIR measurements indicated decreased surface 
hydrophilicity upon Ni incorporation, while AFM images revealed an increase in surface roughness. 
Photocatalytic degradation of methylene blue under visible-light irradiation improved markedly from 
53% for pristine MoS₂ to 99.4% for the 7 at. % Ni-doped film, due to the higher density of active edge 
sites and defect-induced charge trapping. In general, these findings demonstrate that Ni doping is a 
highly effective approach for tuning the optoelectronic properties of MoS₂ and substantially enhancing 
its photocatalytic performance.

http://dx.doi.org/10.31031/RDMS.2026.23.001055
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species into the MoS₂ lattice, making it particularly suitable for 
the fabrication of intentionally doped semiconductor films over 
large areas [4]. Doping MoS₂ with transition metals has proven to 
be an efficient strategy for tailoring its structural, electronic, and 
chemical properties. Among various dopants, nickel (Ni) has gained 
attention due to its ability to modify lattice periodicity, modulate 
the Fermi level, and increase the density of charge carriers [5,6]. 
Previous studies have shown that Ni doping enhances photocatalytic 
activity, Hydrogen Evolution Reaction (HER) performance, and the 
operational characteristics of electronic devices [7-9]. Specifically, 
incorporation of Ni introduces impurity states within the band 
structure, leading to band gap narrowing and improved visible‑light 
absorption [10].

Beyond electronic modulation, Ni doping also plays a significant 
role in the phase behavior of MoS₂. While the semiconducting 2H 
polymorph is thermodynamically stable under ambient conditions, 
the metallic 1T and distorted 1T′ phases exhibit markedly higher 
electrical conductivity and catalytic activity [11]. Mixed-phase 
structures composed of coherent 2H/1T domains have been 
experimentally achieved, characterized by atomically sharp 
phase boundaries and crystallographically matched interfaces 
that form in-plane metal/semiconductor heterostructures [12]. 
Such biphasic configurations offer promising opportunities for 
next‑generation optoelectronic devices, including field-effect 
transistors, photodetectors, and photocatalytic systems [13,14].

Sulfur vacancies (VS), whether intrinsic or introduced during 
synthesis, play a critical role in governing phase transitions and 
catalytic behavior. These vacancies increase electron carrier 
concentration and facilitate the 2H phase to1T phase transformation 
in TMDs [15,16]. Moreover, edge sites with unsaturated coordination 
serve as active centers for catalytic reactions, and their density can 
be substantially increased through controlled doping strategies 
[17].

Despite notable progress, systematic investigations into the 
combined effects of Ni doping on phase evolution, band structure 
engineering, and photocatalytic performance of spray‑pyrolyzed 
MoS₂ thin films remain limited. In particular, the relationship 
between Ni concentration, stabilization of the metallic 1T phase, and 
enhancement of visible‑light-driven photocatalytic performance 
requires further elucidation. In this study, we synthesize Ni‑doped 
MoS₂ thin films with varying Ni concentrations (0, 3, 5, and 7 at. %) 
via spray pyrolysis and examine the influence of Ni incorporation 
on structural phase evolution, optical band gap modulation, surface 
morphology, and photocatalytic degradation of methylene blue 
under visible‑light irradiation. Our findings demonstrate that Ni 
doping simultaneously induces band gap narrowing, stabilizes 
the metallic 1T phase, and markedly enhances photocatalytic 
efficiency, achieving a degradation rate of 99.4% for the 7 at. % Ni-
doped sample.

Experimental
In this study, molybdenum disulfide (MoS₂) thin films were 

fabricated via the spray pyrolysis method. Glass substrates with 
dimensions of 1cm × 2cm were used for film deposition. Prior to 
deposition, the substrates were ultrasonically cleaned in acetone 

at 27 °C for 15 minutes, followed by 15 minutes of treatment in 
methanol under identical conditions. They were then rinsed with 
deionized water (DW) and dried using a nitrogen (N₂) stream. 
Finally, the substrates were placed in an oven at 100 °C for 15 
minutes to remove residual moisture.

To prepare MoS₂ precursor solution, 0.61g of ammonium 
heptamolybdate tetrahydrate ((NH₄)₆Mo₇O₂₄.4H₂O) and 0.21g 
of thiourea (CS(NH₂)₂), both sourced from Sigma‑Aldrich, were 
separately dissolved in 25mL of DW. The solutions were then 
combined and stirred magnetically at 1800rpm at room temperature 
until a clear and colorless precursor solution was obtained. The 
substrates were placed on a hot plate preheated to 350 °C, and 50mL 
of the precursor solution was sprayed at a flow rate of 1.5mL/min, 
with each spray burst lasting 10 seconds. The nozzle‑to‑substrate 
distance was maintained at 35cm throughout the process. The Mo/S 
molar ratio in the precursor was 1:2.1. Ni‑doped MoS₂ films were 
synthesized following the same procedure by adding 3, 5, and 7 
wt.% of NiSO₄·6H₂O to the composite solution (Table 1). Structural 
characteristics, chemical composition, and surface morphology of 
the resulting samples were examined using X-ray Diffraction (XRD) 
and Atomic Force Microscopy (AFM).

Table 1: Percentage and Composition of the Ni-MoS2 
solution.

Ni 
Doping 

(%)

Ammonium 
Hepta 

Molybdate (g)

Thiourea 
(g)

Nickel Sulfate 
Hexahydrate 

(g)

Deionized 
Water (ml)

0 0.61 0.21 - 50

3 0.61 021 0.02561 50

5 0.61 0.21 004320 50

7 0.61 0.21 0.06437 50

The photocatalytic activity of the samples was evaluated via 
Methylene Blue degradation. For this purpose, A solution was 
prepared by dissolving 20mg of MB in 18mL of deionized water 
(DW). The pH was adjusted to 3 by adding 0.1mL of HCl. This 
mixture was stirred at room temperature for 10 minutes to ensure 
homogeneity. Subsequently, separate aliquots of this solution were 
loaded with the photocatalysts (pristine MoS₂ and Ni-doped MoS₂). 
These suspensions were then stirred at room temperature for 120 
minutes under visible light irradiation (80W lamp).

Results and Discussion
Structural analysis

The structural properties of pristine MoS₂ and Ni‑doped MoS₂ 
thin films were examined using X-ray Diffraction (XRD), as shown in 
Figure 1. The primary diffraction peaks of MoS₂ correspond to the 
(002) and (100) planes of the hexagonal 2H‑MoS₂ phase, appearing 
at 2θ values of approximately 14.03° and 33°, respectively. An 
additional peak observed at around 10.40° is attributed to the (002) 
(sometimes labeled as (001)) reflection of the metastable 1T‑MoS₂ 
phase. The presence of this peak at a lower 2θ angle indicates 
an expanded interlayer spacing associated with the octahedral 
coordination of the 1T phase, in contrast to the trigonal prismatic 
structure characteristic of the 2H phase.
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Figure 1: a) XRD patterns of MoS2 and Ni-MoS2 films and b) Focus on Ni-induced lattice distortions and secondary 
phases in the Ni-MoS₂ film within the 10°- 22° 2θ range.

The stabilization of the 1T phase is generally challenging in 
conventional synthesis routes. In this work, its relative stability is 
likely facilitated by the non-equilibrium growth kinetics inherent 
to the spray pyrolysis process, which promote the nucleation 
and retention of the metastable metallic phase. Moreover, the 
slight broadening of diffraction peaks and the presence of a weak 

amorphous background suggest incomplete crystallization, most 
likely influenced by the substrate temperature during deposition. 
This parameter could be further optimized to enhance crystalline 
quality.

Upon Ni incorporation, two additional features appear at 
approximately 34.4° and 42°, corresponding to nickel-induced 
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lattice perturbations within the MoS₂ host matrix. A more 
intense diffraction peak near 44° is attributed can be attributed 
to metallic nickel. Ni doping also induces a noticeable shift in the 
(002) diffraction peak toward lower angles, indicating an increase 
in interlayer spacing (d‑spacing). This behavior supports the 
incorporation of Ni atoms into the MoS₂ lattice and the associated 
lattice distortion.

Previous studies have reported that the magnetic properties of 
MoS₂ are strongly dependent on the coexistence of the 1T and 2H 
phases [18,19] The observed ferromagnetism is often attributed 
to the intrinsic behavior of mixed-phase 1T/2H MoS₂ systems, 
whereas the 1T phase alone typically does not exhibit significant 
room‑temperature ferromagnetism. Experimental evidence has 
also demonstrated that coherent mixed-phase structures with 
atomically sharp interfaces and lattice matching can form in MoS₂, 
creating in‑plane metal/semiconductor heterostructures that are 
promising for next‑generation optoelectronic and photoelectric 
devices [20,21].

Sulfur vacancies (Vs) play a critical role in stabilizing the 1T 
phase and modulating magnetic and electronic behavior. These 
vacancies increase the electron carrier concentration in the 1T 
phase and generate localized paramagnetic centers. Additionally, 
the presence of Vs lowers the energy barrier for the 2H‑to‑1T 
phase transition, particularly in two‑dimensional materials where 
quantum confinement enhances phase instability. Nickel is widely 
recognized as an effective dopant for enhancing the magnetic 
response of MoS₂, even at low concentrations, and has been 
reported to improve its performance in gas sensing applications.

Lattice parameter and crystallite size analysis

The lattice parameter (a) for the hexagonal MoS₂ structure was 
calculated using the standard relation [22]:

2 2 2

2 2 2

1 4 (1)
3

h k hk l
d a c

 + +
= + 

 

where d is the plane distance and h, k and l are the Miller indices 
of the corresponding diffraction planes.

The crystallite size was estimated using the Scherrer equation 
[23]:

(2)
cos
KD λ

β θ
=

where K is the shape factor constant, (0.9), 𝜆 is x-ray wavelength 
(1.5406Å), 𝛽 is the full width at half maximum (FWHM) and 𝜃 is the 
corresponding Bragg angle.

Based on the calculations, the lattice planes distance decreased 
from 3.13Å for pristine MoS₂ to 3.00Å for Ni‑doped MoS₂ films. 
The reduction in the interlayer spacing is attributed to the 
interstitial incorporation of Ni atoms within the MoS₂ lattice, 
which significantly modulates the local bonding configuration and 
interlayer interactions. This structural contraction, rather than 
being solely a consequence of ionic radii mismatch, indicates that 
Ni incorporation-likely mediated by lattice strain and perturbations 
in the local electronic density-serves as a primary driver for the 
observed interlayer spacing. These findings suggest that Ni-doping 
can be effectively employed to tune the material’s physicochemical 
and catalytic performance.

Also, the calculations indicate that Ni incorporation increased 
the crystallite size from 4.65nm in undoped MoS₂ to approximately 
18nm for the Ni‑doped films. This enhancement in crystallite 
size may result from Ni‑induced atomic agglomeration and the 
facilitation of grain coalescence during film growth.

In addition, Figure 1(b) exhibits weak but distinguishable 
reflections in the 2θ range of 11-21°. These low‑intensity features 
are attributed to the presence of a minor secondary phase, 
identified as nickel sulfide (NiS). This assignment is consistent 
with previously reported diffraction data corresponding to both 
orthorhombic NiS [24] and the β‑NiS phase [25], confirming that a 
small fraction of Ni participates in the formation of Ni‑rich sulfide 
inclusions.

UV-Vis absorption spectroscopy

Figure 2 displays the UV-Vis absorption spectra of MoS₂ and 
Ni‑doped MoS₂ thin films coated on glass substrates.
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Figure 2: Absorbance spectrum of MoS₂, Ni doped in MoS₂.
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Three prominent absorption peaks are observed at 
approximately 454nm, 610nm, and 678nm. These features are 
consistent with previously reported data and are assigned to 
excitonic transitions labeled as C, B, and A, respectively. The A and 
B transitions, originating from inter-band excitonic transitions 
at the K points of the Brillouin zone, are characteristic of the 2H 
polymorph of MoS₂. These absorption bands arise from the energy 
splitting caused by valence band spin-orbit coupling in 2H‑MoS₂ 
with significant lateral dimensions. Both the A and B absorption 
bands are intrinsic to the material and are not influenced by surface 
adsorbates or residual chemicals. The C band, however, is attributed 
to nearly degenerate multiple excitonic states associated with Van 
Hove singularities in the electronic density of states of layered 
MoS₂. Based on this analysis, and in agreement with previous 
photoluminescence (PL) measurements, it is confirmed that few-
layer MoS₂ nanosheets were successfully synthesized.

An additional feature observed at approximately 544nm is 
likely related to defect states induced by the synthesis process, 
particularly the relatively high substrate temperature employed. 
A redshift in the absorption peaks is observed upon Ni doping in 
MoS₂. Similar spectral shifts have been reported for Ni‑doped ZnO 
and are attributed to sp-d exchange interactions between band 
electrons and the localized d-electrons of the Ni²⁺ ions, suggesting 
substitutional doping of Ni²⁺ ions into the host lattice.

Analysis of Ni-doping effects on optical properties

We have conducted a comprehensive study involving the 
investigation and comparative analysis of the intrinsic band gap of 
pure samples against nickel-doped samples, specifically examining 
concentrations of 3%, 5%, and 7%. This analysis was performed 
utilizing the principles of Tauc’s law.

This reduction in band gap energy compared to pristine MoS₂ is 
a significant outcome of the Ni doping. It suggests that the presence 
of nickel atoms alters the electronic band structure of the MoS₂. 
This band gap narrowing can lead to enhanced light absorption in 
the visible region, potentially improving the material’s performance 
in optoelectronic and photocatalytic applications. The precise 
mechanism for this band gap reduction in Ni-doped MoS₂ is likely 
related to the sp-d exchange interactions between the d-electrons 
of Ni²⁺ ions and the band electrons of MoS₂, as was discussed 
previously in relation to spectral shifts. Such interactions can lead 

to the formation of new energy levels within the band gap or a 
modification of the band edges.

The observed significant reduction in the band gap of MoS₂ upon 
nickel doping, as detailed previously, points towards a synergistic 
effect. This effect is understood to arise from the interplay between 
carbon residues generated during thiourea pyrolysis and the 
incorporated nickel dopants. Several factors contribute to this 
phenomenon:

(i) Mid-Gap States: The presence of carbon, along with the nickel 
dopants, is believed to introduce impurity bands within the band 
gap. These mid-gap states are likely formed through sp-d exchange 
interactions occurring between the conduction band electrons and 
the d-electrons of the Ni²⁺ ions, as supported by existing literature 
[26].

(ii) Lattice Distortion and Band Tailing: The doping process can 
induce enhanced lattice distortion. This distortion, in turn, can lead 
to increased band tailing, effectively broadening the edges of the 
conduction and valence bands and contributing to a reduced band 
gap [27,28].

(iii) Formation of Ni-C Interfacial Species: The synthesis 
conditions may also promote the formation of specific interfacial 
species involving nickel and carbon. These Ni-C interfacial 
structures could play a role in modifying the electronic properties 
[29,30].

(iv) Stabilization of the 1T Phase: Carbon residues can also 
contribute to the stabilization of the metallic 1T phase of MoS₂. 
The 1T phase intrinsically possesses different electronic properties 
compared to the semiconducting 2H phase, often characterized by 
a smaller band gap or metallic behavior [31].

These combined effects provide a comprehensive explanation 
for the observed defect-mediated band engineering in these 
Transition Metal Dichalcogenides (TMDs), aligning with recent 
research trends in the field [32,33].

Further detailed analysis of the Ni-doped samples reveals 
a monotonic decrease in the band gap with increasing nickel 
concentration. Referring to Figure 3, the band gap values are 
reported to be 1.8, 1.7, 1.68 and 1.59eV for pristine MoS2, %3 Ni, 
%5 Ni, and %7 Ni, respectively.
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Figure 3: Tauc’s plot of pristine MoS2 and Ni-doped MoS2, a) pristine MoS2, b) 3% Ni, c) 5% Ni and d) 7 % Ni doped in 
MoS2.

A general narrowing with doping, where the primary 
mechanism remains the introduction of impurity levels. This 
narrowing is attributed to substitutional Ni²⁺ ions occupying 
Mo⁴⁺ sites, effectively modulating the band gap for potential 
optoelectronic applications.

Photoluminescence spectroscopy of MoS₂ and Ni-Doped 
MoS₂

The Photoluminescence (PL) spectra of the synthesized MoS₂ 
samples provide critical insights into their electronic structure and 
defectivity. The recombination of electrons and holes within the 
spin-orbit-split valence bands gives rise to two principal emission 
peaks, labeled A and B, observed at approximately 680 nm (1.82eV) 
and 612nm (2.03eV), respectively. The observed low intensity ratio 
of peak B to peak A (B/A) is indicative of high sample quality and a 
minimal density of structural defects.

As illustrated in Figure 3, the Gaussian PL peak characteristics 
of MoS₂ quantum dots (QDs) exhibit a notable dependence on 
the excitation wavelength. This phenomenon can be attributed to 
several factors:

(i) potential substrate inhomogeneity arising from non-uniform 
scattering of constituent QD components;

(ii) the presence of distinct electronic states associated with 
varied particle aggregation configurations;

(iii) strain induction by higher-energy (shorter wavelength) 
incident light, which consequentially narrows the energy gap. Given 
MoS₂’s high Young’s modulus and exceptional strain tolerance 
(exceeding 10%), it is recognized as a promising material for 
strain-engineered applications. Its direct energy gap is known to 
narrow under minor strains induced by processes such as doping 
or annealing, and can be further modulated by laser irradiation, 
a phenomenon also observable in techniques like Raman 
spectroscopy.

Consistent with the data presented in Figure 4, the 
photoluminescence (PL) spectra of both undoped and nickel-doped 
MoS₂ nanosheets exhibit a prominent emission peak within the 
infrared region. For the undoped sample, this peak is centered 
at 765nm (1.621eV), whereas for the nickel-doped sample, it is 
observed at 762nm (1.627eV). This represents a subtle blue shift 
of approximately 6meV in the Exciton A emission band upon 
nickel doping, suggesting a modification of excitonic properties. 
Considering the relatively high excitation energy by laser irradiation 
(λex=510nm), the observed slight energy gap narrowing in the 
doped sample might be partially influenced by photo-induced 
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strain during PL measurements. Furthermore, the reduction in 
PL intensity in Ni-MoS₂ samples compared to pure MoS₂ indicates 
significant alterations in the electronic structure and carrier 
recombination behavior. The higher PL intensity in pure MoS₂ is 
typically attributed to a greater radiative recombination rate and 
slower carrier transfer [34]. Conversely, the observed decrease 

in PL upon doping is directly correlated with enhanced charge 
transfer efficiency and a reduced electron-hole recombination 
rate [35]. This suggests that the presence of Ni ions creates new 
energy levels within the band gap, facilitating faster, non-radiative 
recombination pathways. 

Figure 4: PL spectra of MoS2 and Ni doped MoS2 film.

Collectively, the PL data for both undoped and doped MoS₂ 
structures confirm the formation of few-layer MoS₂ with a direct 
energy gap of approximately 1.63eV. Nickel doping appears 
to facilitate exciton formation and potentially enhance the 
likelihood of monolayer formation through Ni-mediated interlayer 
interactions. These effects are anticipated to create favorable 
conditions for improved photocatalytic and magnetic properties in 
the synthesized materials.

Raman spectroscopic analysis of MoS₂ nanostructures

Raman spectroscopy was employed to confirm the successful 
synthesis of MoS₂ nanostructures and to elucidate their structural 
and phase characteristics. The measurements were performed 
using a 532nm laser excitation source (Takram P50c0R10). The 
resulting spectrum provides definitive evidence for the presence of 
the metallic phase (1T or distorted 1T´) of MoS₂ (Figure 5).

Figure 5: Raman spectroscopy of MoS2 film.
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A prominent peak observed at approximately 140.7cm⁻¹ is 
attributed to the Mo-Mo stretching vibration within the metallic 
lattice. This is complemented by characteristic peaks at ~223.1cm⁻¹ 
(J₂ mode) and ~329.5cm⁻¹ (J₃ mode) [36,37], which are consistent 
with theoretical predictions of Brillouin zone modifications in 
octahedrally coordinated metallic MoS₂ [38]. Furthermore, the A₁g 
phonon mode, observed as a weakened and redshifted feature at 
~416cm⁻¹, corroborates the altered electron-phonon interactions 
characteristic of the metallic polymorph [39,40].

The simultaneous presence of characteristic peaks associated 
with both the 1T and 2H phases in the Raman spectrum indicates 
a coexistence of these two structural polymorphs within the 
sample, which is in excellent agreement with the X-ray Diffraction 
(XRD) results. The peak at 140.7cm⁻¹, notably absent in the pure 
2H phase, is specifically assigned to the vibrational modes of the 
distorted octahedral structure inherent to the 1T phase.

While the 1T phase is intrinsically less thermally stable than 
the 2H phase, its observed presence at room temperature can 
be attributed to kinetic stabilization. This stabilization is likely 
facilitated by surface interactions with functional groups, such as 
hydroxyl (OH) moieties or hydrogen atoms, present in the spray 
pyrolysis synthesis environment. These interactions may contribute 
to a reduction in the system’s free energy, thereby stabilizing the 1T 

phase.

Structural analysis via X-ray Diffraction (XRD) and FTIR 
spectroscopy

The vibrational and structural characteristics of the synthesized 
samples were examined using X-ray Diffraction (XRD) and Fourier‐
Transform Infrared (FTIR) spectroscopy. XRD patterns exhibit 
a noticeable shift of the primary (001) diffraction peak toward 
higher angles (approximately 10°), indicative of a reduction in 
interlayer spacing. This contraction is typically associated with 
cation incorporation or structural rearrangements within layered 
dichalcogenides, in agreement with previous reports [41,42]. 
Such behavior suggests that nickel ions perturb the MoS₂ lattice, 
influencing the stacking order and interplanar distances.

FTIR spectroscopy provides complementary evidence regarding 
chemical bonding and surface functionalities. As displayed in Fig. 7, 
all samples exhibit a broad absorption band in the 3200-3600cm⁻¹ 
region, corresponding to O-H stretching vibrations. This band 
reflects the presence of physisorbed moisture, this band reflects 
the presence of physisorbed moisture, commonly observed in MoS₂ 
due to surface polarity and residual functional groups potentially 
originating from precursor preparation or synthesis steps (Figure 
6).
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Figure 6: FTIR spectra of MoS2, % 3 Ni doped MoS2, % 5 Ni doped MoS2 and %7 Ni doped MoS2. 

A distinct peak observed around 1000cm⁻¹ in all FTIR 
spectra is attributed to the asymmetric Mo-S stretching vibration, 
confirming the successful formation of the MoS₂ structure across 
all synthesized samples [43,44].

Nickel incorporation is evidenced by specific vibrational modes 
exclusively present in the 3% Ni-doped sample. Peaks at 612cm⁻¹ 
and 926cm⁻¹ are assigned to metal-sulfur (Ni-S) and metal-oxygen 
(Ni-O) bond vibrations, respectively [45]. Notably, the peak at 
926cm⁻¹ originates from the bending vibrations of Ni-O bonds, 
indicating their formation due to the incorporation of Ni(II) ions 

within the MoS₂ lattice. The absence of these Ni-S and Ni-O related 
peaks in samples doped with higher nickel concentrations (5% 
and 7%) suggests a fundamental shift in the nickel incorporation 
mechanism at elevated doping levels.

Weak features around 3450cm⁻¹ in all nickel-doped samples 
are tentatively assigned to the formation of Ni-H bonds during 
the synthesis process [34], although further investigation may be 
required for definitive confirmation. A significant observation is the 
drastic reduction in the intensity of the broad O-H stretching band 
(∼3500-3200cm⁻¹) in Ni-doped samples compared to pristine 
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MoS₂. This indicates that nickel doping substantially passivates 
the surface hydrophilicity of MoS₂ by reducing the number of 
active sites responsible for water adsorption, such as defect sites 
or oxygen-containing functional groups [46]. This passivation 
is likely crucial for enhancing photocatalytic or electrocatalytic 
performance by improving charge carrier dynamics. 

Additionally, peaks at 2361cm⁻¹ and 2924cm⁻¹ correspond 
to the asymmetric and symmetric O-C-O and C-H stretching 
vibrations, respectively [47,48]. These may arise from residual 
organic precursors or atmospheric CO₂ adsorption.

Atomic Force Microscopy (AFM) analysis of MoS₂ and Ni-
Doped MoS₂ nanosheets

Atomic Force Microscopy (AFM) was employed to characterize 
the surface morphology of the synthesized MoS₂ and Ni-doped 
MoS₂ nanosheets, with representative images presented in Figure 
7. The observed surface features, including micro-domes and 

nanoscale protrusions, are attributed to various phenomena such 
as mechanical deformation induced by strain or surface oxidation, 
nucleation effects influenced by synthesis temperature, and 
stresses within the van der Waals interaction regime of the S-Mo-S 
layers. These factors, coupled with the inherent elastic properties 
of MoS₂, lead to swelling in MoS₂ monolayers and the formation of 
blister-like features, particularly at the MoS₂-substrate interface.

Figure 7 presents typical examples of these domes observed 
in few-layer MoS₂ and Ni-doped MoS₂. The majority of domes on 
pristine MoS₂ exhibited radii (R) of approximately 9nm, while Ni-
doped MoS₂ samples showed larger average radii, reaching up 
to 23nm for the Ni-MoS₂ samples. These domes predominantly 
possessed a round or nearly round base, with larger structures 
tending towards pyramidal shapes. The formation of these domes is 
linked to the adsorption of water and impurities via van der Waals 
forces between the MoS₂ layers and the substrate.

                      (a)

                     (b)
Figure 7: AFM of (a) Ni doped-MoS2 and (b) MoS2. 

In Figure 7a (Ni-doped MoS₂), the light-colored regions 
representing domes are notably more extensive compared to 
the flat, dark regions, and are more prevalent than in pristine 
MoS₂ (Figure 7b). This increased doming in Ni-doped samples is 
attributed to the presence of nickel impurities and higher ambient 
humidity, which facilitates water intercalation between the few-
layer MoS₂ and the substrate [49]. Some studies have reported 

that such bulging, caused by water intercalation, can enhance 
lubrication at the contact interface [50,51]. Conversely, friction has 
been shown to increase with rising humidity [52,53].

AFM analysis yielded mean surface roughness (Ra) values of 
34nm for pristine MoS₂, 14nm for 3% Ni-doped MoS₂, 21nm for 
5% Ni-doped MoS₂, and 29nm for 7% Ni-doped MoS₂. The initial 
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decrease in surface roughness upon low Ni doping (3%) followed 
by a progressive increase with higher Ni content (5% and 7%) is 
likely influenced by factors such as lattice strain arising from the 
atomic radius mismatch between nickel and molybdenum, and the 
creation of new nucleation sites during the growth process. The 
observed non-linear trend of surface roughness with Ni content can 
be rationalized by a threshold-driven transition from atomically 
dispersed Ni species to aggregated Ni clusters. Beyond critical 
loading, cluster growth and coalescence generate pronounced 
topographic features, which can amplify roughness abruptly rather 
than gradually. In parallel, Ni-induced local phase transformation 
(e.g., 2H-to-1T or defect-assisted rearrangements) may alter 
local bonding configurations and lattice strain, further enhancing 
roughness in a concentration-dependent manner.

Corroborating the AFM findings, FTIR spectroscopy revealed 
that pristine MoS₂ exhibited the highest hydroxyl group absorption, 
which progressively diminished upon nickel incorporation. While 
moisture absorption in pristine MoS₂ typically elevates friction 
by increasing interlayer binding energy through hydrogen 
bonding with sulfur atoms [54], a distinct mechanism governs the 
tribological behavior of Ni-doped samples. Previous investigations 
have demonstrated that nickel doping modulates the electronic 
structure of MoS₂ and generates additional active sites, leading 

to reduced shear stress and enhanced lubrication performance 
[55,56]. Consequently, despite its comparatively higher surface 
roughness among the doped specimens, the 7% Ni-doped MoS₂ 
demonstrates optimal frictional characteristics, highlighting the 
beneficial effects of nickel doping on tribological properties.

Photocatalytic activity

The photocatalytic performance of the synthesized pristine 
MoS₂ and Ni-doped MoS₂ was evaluated by monitoring the 
degradation of Methylene Blue (MB). The UV-Vis absorption spectra 
for both the pure MoS₂ and Ni-doped MoS₂ systems are shown 
in Figure 8. Methylene blue, a hetero-polyaromatic compound 
containing sulfur and nitrogen atoms, exhibits strong absorbance 
at 664nm. In the recorded spectra, two distinct absorption peaks 
are consistently observed around 613nm and 644nm. These 
peaks are attributed to electronic transitions, including  *(n )π→  
transitions involving the unpaired electrons of nitrogen atoms and 
as the *( )π π→   transitions within the conjugated double bonds of 
the aromatic ring system. This indicates that an electron excitation 
transition occurs within the MB solution [57,58]. The percentage of 
dye degradation was calculated using the following formula:
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Figure 8: The photocatalytic spectra of pure MoS2 and Ni-doped MoS2(3, 5 and 7% Ni) for MB dye. 

where A0 and A are, respectively, the dye solution concentrations 
before and after photoirradiation for a given time.

Recent studies have reported that the dye degradation efficiency 
of pristine MoS₂ for MB is relatively low, exhibiting around 19%; 
however, nanostructured heterojunctions such as CdS/MoS₂/
Bi₂S₃ have demonstrated extraordinarily high photodegradation 

efficiencies, reaching 90% [59]. Furthermore, different phases 
of MoS₂ can enhance degradation efficiency; one study reported 
methylene blue dye degradation of 72% for 1T-MoS₂ and 98% 
for 2H-MoS₂, respectively, within 60.0min and 5.0min under 
visible sunlight [60]. It has also been reported that the MB dye 
degradation efficiency of pristine MoS₂ increases from 85% to 96% 
upon doping with 5% Ni into 2H-MoS₂ [61]. This enhancement 
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is attributed to Ni doping, which is believed to increase the 
number of uncoordinated atoms at the edge sites of MoS₂, thereby 
promoting electron transfer across MoS₂ interfaces. Consequently, 
the photocatalytic activity of MoS₂ is significantly improved [62]. 
Nickel incorporation into the lattice and the associated defect 
engineering generates intermediate energy states, thereby tuning 
the band gap. This enhances the photogenerated electron-hole 
separation and promotes low-resistance charge-transfer pathways 

at the interfacial junction, significantly suppressing electron-hole 
recombination and increasing the electron-transfer efficiency.

Figure 9 illustrates the percentage degradation of methylene 
blue (MB) over a 120-minute irradiation period as a function of 
Ni doping concentration in MoS₂. The degradation percentages for 
MoS₂ doped with 0%, 3%, 5%, and 7% Ni were found to be 53.1%, 
81.3%, 96.4%, and 99.4%, respectively.

Figure 9: Graphical representations of the effect of Ni-doped MoS2 on dye degradation of MB. 

These results clearly indicate a continuous enhancement in the 
degradation efficiency of MB dye with an increasing concentration 
of Ni doping, from 3% to 7%. This observed improvement suggests 
that doping MoS₂ with Ni plays a crucial role in optimizing its 
photocatalytic performance.

The enhancement is likely related to the controlled modification 
of MoS₂ morphology through Ni doping, which potentially 
increases the number of active sulfur sites available for catalytic 
reactions [63]. As the number of these active sites increases, the 
photocatalytic activity of the MoS₂ is significantly enhanced. The 
maximum degradation efficiency of MB dye was observed with the 
7% Ni-doped MoS₂, reaching 99.4%.

Conclusion
This research investigates the synthesis and property 

engineering of multi-layered MoS₂ thin films using the spray 
pyrolysis technique on glass substrates, with nickel impurity 
concentrations varied from 0 to 7 atomic percent. Findings 
indicate that the presence of oxygen during the synthesis process, 
by reducing surface energy, impedes the thermodynamic phase 
transition from the metallic (1T) to the semiconducting (2H) phase, 
thereby ensuring the coexistence and stabilization of both phases in 
the final structure. In the evaluation of photocatalytic performance 
under visible light irradiation, samples containing seven atomic 
percent nickel demonstrated an enhancement in the degradation 
efficiency of Methylene Blue (MB) from 53.1% to 99.4%. This 
significant performance leap is attributed to the synergistic effects 
stemming from an increased density of structural defects, expanded 
edge active sites, and improved dynamics of electron-hole pair 
separation and transfer. This study’s findings highlight the efficacy 
of nickel doping via spray pyrolysis as a strategy for engineering 

the physicochemical properties of MoS₂, thereby solidifying the 
high potential of these nanostructures for emerging frontiers in 
optoelectronics and energy conversion systems.
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