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Abstract: 
We report for the synthesis, structural characterization, and photocatalytic activity of NiOₓ-MoO₃-
MoS₂ nanocomposites (NCs) with different ratios of MoO₃-MoS₂ (labeled as NMOS, N = NiOₓ, MO 
= MoO₃, S = MoS₂). NiOₓ nanoparticles (NPs) were synthesized via a sol–gel method and 
subsequently annealed with different Mo-precursor ratios to form NMOS NCs. Structural analyses 
(XRD, TEM, XPS, Raman) confirmed a non-stoichiometric NiOₓ core, encapsulated by MoO₃-MoS₂ 
domains. Optical studies showed band gap tuning from 3.53 eV (NiOₓ) to 2.92 eV (NMOS-III), 
enhancing visible-light absorption. Photocatalytic activity, evaluated through methylene blue (MB) 
degradation, revealed NMOS-I exhibited the highest efficiency due to balanced phase composition 
and efficient radical generation, with rapid adsorption and degradation in the first 5 minutes, 
followed by slower equilibrium adsorption. In contrast, excessive Mo-precursor loading in NMOS-
III formed a secondary phase (e.g., NiS), leading to recombination losses and reduced efficiency. 
This work represents the first demonstration of tunable ternary NMOS NCs and elucidates how 
precise control of phase ratios and heterointerfaces dramatically enhances photocatalytic activity. 
These findings highlight the role of phase distribution and interfacial chemistry, offering new 
possibilities for tailoring NMOS NCs for photocatalytic and environmental applications.

Keywords: NiO, nanoparticles, MoO₃, MoS₂, nanocomposites, dye degradation 

1. Introduction
In recent years, the demand for advanced nanomaterials with a wide range of applications, 
including photodegradation [1,2], energy storage, and catalysis [3], has increased. 
Nanocomposites (NCs) have garnered significant attention for their ability to combine unique 
properties of individual components, enhancing performance and enabling multifunctional 
applications.[4,5] Transition metal oxides are promising due to their chemical stability, natural 
abundance, cost-effectiveness, and relatively simple synthesis routes.[6] They can also serve as 
efficient photocatalysts due to the suitable band gaps, stability, oxygen vacancies, surface-active 
sites, and ability to generate reactive oxygen species (ROS) under UV and visible light 
irradiation.[6,7] Moreover, the photocatalytic efficiency of metal oxides under visible light can be 
further enhanced through doping engineering.[8,9] Upon excitation, photogenerated electrons 
reduce oxygen species to form superoxide radicals (·O₂⁻), while the corresponding holes oxidize 
water or hydroxide ions to yield hydroxyl radicals (·OH⁻). These ROS, in turn, drive the degradation 
of organic pollutants, bacterial disinfection, and water splitting for hydrogen production, 
positioning metal oxides as important materials for environmental remediation and energy 
applications.[10–12]

Nickel oxide (NiO) nanoparticles (NPs) are one of the most common metal oxides that have been 
extensively studied due to their mechanical,[13] electronic,[14] magnetic,[15] optical,[16,17] and 
p-type conductivity properties. Therefore,  NiO NPs have been utilized in a variety of applications, 
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including gas sensors,[18] fuel cells,[19,20] catalysts,[21,22] battery materials,[23,24] and 
supercapacitors.[25,26] NiO NPs crystallize in a cubic structure, with their size and defect 
concentration, such as nickel vacancies and oxygen interstitials, influencing their magnetic[15] 
and electronic[14] properties. The NiO NPs can be synthesized using a variety of methods, such 
as hydrothermal synthesis,[27] electrodeposition,[28] the sol-gel method,[29] and thermal 
decomposition.[30] Despite these benefits, NiO NPs tend to aggregate due to the strong 
interparticle binding energy,[31] exhibit low electrical conductivity due to their wide band gap 
(3.5–3.9 eV),[32] and face challenges in defect control during synthesis, leading to inconsistent 
performance.[33] 

To overcome these limitations, NiO is commonly combined with other metal oxides, such as 
molybdenum trioxide (MoO₃). MoO₃ has a layered structure of double MoO₆ octahedra stacked by 
van der Waals forces,[34,35]  high surface area,[36] remarkable electronic properties,[37,38] and 
oxidizing characteristics. As an n-type semiconductor, MoO₃ exhibits an indirect band gap of 3.16 
eV (with a direct band gap of 2.27 eV) [39,40] and supports stable photogenerated charge carriers 
at room temperature.[41] Moreover, this material is thermally stable,[42] has very low 
toxicity,[43] and is highly catalytic, making it suitable for the hydrogen evolution reaction 
(HER),[44] gas sensor applications,[45,46] energy storage devices,[47] and other functional 
applications.[48] MoO₃ can be easily synthesized in various forms, including powder,[49] 2D 
nanosheets,[50] and nanotubes.[51] 

Incorporating MoS₂ into NiO-MoO₃ introduces a layered structure of molybdenum atoms between 
sulfur layers, enhancing electrical conductivity,[52,53] active edge sites,[54] visible-range light 
absorption,[55] charge separation, and photocatalytic performance. MoS₂, an n-type 
semiconductor with an indirect band gap of 1.2 eV (direct 1.8 eV),[55]  exhibits stable 
photogenerated excitons at room temperature due to high exciton binding energy (several 
hundred meV).[56] Moreover,  MoS₂ is thermally stable,[57] not toxic,[58,59] and highly 
catalytically active,[60] making it promising for HER,[61]  gas sensor,[62] lithium-ion battery,[63] 
and other functional applications.[64,65] MoS₂ can be synthesized as powder, 2D nanosheets, or 
nanotubes.[66] 

NiO-MoO₃-MoS₂ NCs (labeled as NMOS, N = NiOₓ, MO = MoO₃, S = MoS₂) hold significant potential 
due to the synergistic interplay between their individual components. NiOₓ is a stable p-type metal 
oxide with strong redox activity, but is limited by its wide band gap and low conductivity. [13–
17,32,33] while MoO₃ is an n-type semiconductor with a high surface area, a favorable electronic 
structure, and good catalytic activity for energy-related applications.[34–40,44–48] MoS₂ further 
contributes high electrical conductivity, strong visible-light absorption, abundant active edge 
sites, and robust catalytic performance. [52–56,60–65] 

Generally, the use of ternary compounds holds great promise for advancing 
photocatalysis.[67,68] A ternary photocatalytic system, consisting of three hybridized 
components, significantly outperforms binary or single-component counterparts by providing 
broader light absorption, more efficient charge separation and transfer through multi-
heterojunction interfaces, and a higher density of surface-active sites. These features effectively 
suppress electron–hole recombination, prolong charge-carrier lifetimes, and enhance the 
generation of reactive species for pollutant degradation or solar fuel production.[67,68] Moreover, 
ternary systems often show improved stability and versatility compared to binary or single-
component photocatalysts, due to stronger interfacial interactions and tunable band gaps that 
optimize redox capabilities.

Despite the lack of direct investigations into the full NMOS system, existing studies on NiO-MoO₃ 
and MoO₃-MoS₂ composites highlight the potential benefits of integrating these materials.[69,70] 
Integrating NiOₓ with MoO₃ and MoS₂ forms multi-heterojunctions that enhance charge separation, 
broaden the light-harvesting range, and increase the density of active sites, making NMOS NCs 
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highly attractive for photocatalytic environmental remediation and energy-conversion 
applications. Several studies of MoO₃-MoS₂ NCs or nanowires achieved through hydrothermal 
synthesis exhibit enhanced optoelectronic and catalytic properties.[69] Additionally, research on 
NiO-MoO₃ and nickel molybdate (NiMoO₄) synthesized by spin–coating sol–gel techniques, 
focusing on their physical and electrochemical properties with polymer additives, highlights the 
growing interest in Ni-Mo-based hybrids.[70] 

This study introduces a novel approach by synthesizing NiO NPs via a sol-gel method and 
subsequently combining with varying molar ratios of (NH₄)₂MoS₄ as a Mo precursor to fabricate 
tunable NMOS NCs. This underexplored strategy enables precise control over phase composition 
and interfacial engineering. The unique approach of using (NH4)2MoS4 as the Mo source enables 
the preservation of the NiO structure while promoting the simultaneous and controlled formation 
of both MoO3 and MoS2. The NMOS NCs were characterized using X-ray diffraction (XRD) to 
determine phase and crystalline structure, transmission electron microscopy (TEM) for 
morphology, composition, and particle size, X-ray photoelectron spectroscopy (XPS) to probe 
surface elemental composition and chemical states, and Raman spectroscopy confirmed the 
vibrational modes and structural features of the MoO₃-MoS₂ domains. The optical properties were 
assessed via UV-Vis spectrophotometry and photoluminescence (PL) measurements. The strength 
and novelty of this work lie in the systematic correlation between precursor ratio, phase 
distribution, heterointerfacial chemistry, and photocatalytic performance, enabled by 
comprehensive multi-technique characterization, and validated through dye degradation 
experiments. In-depth insights from electron paramagnetic resonance (EPR) spectroscopy, which 
reveal reactive radical species and the underlying catalytic mechanism, further establish this 
study as a benchmark for the rational design of ternary transition-metal oxide/sulfide 
photocatalysts.

2. Results and Discussion
2.1. Synthesis 

The first step in the preparation of NMOS NCs is the NiOx (X=0-1) NPs synthesis. The NiO NPs were 
synthesized using the sol-gel method, in which nickel(II) nitrate hexahydrate (Ni(NO₃)₂6H₂O) was 
first dissolved in distilled water (DI water). Subsequently, a sodium hydroxide (NaOH) solution was 
added dropwise. This resulted in the formation of a light green nickel hydroxide (Ni(OH)₂) 
precipitate, which was subsequently centrifuged, washed three times with DI water, and dried to 
yield a pale green paste. The chemical reaction is shown in Reaction 1.

Reaction 1:  Ni(NO3)26H2O + 2NaOH→Ni(OH)26H2O↓ + 2NaNO3

Upon annealing at 270 °C for 2 hours, the Ni(OH)₂ transformed into black non-stoichiometric NiOₓ 
NPs. The chemical reaction involved in the process is shown in Reaction 2[71]:

Reaction 2:  Ni(OH)2→NiOx + H2O

The second step in the synthesis of NiOₓ–MoO₃–MoS₂ NCs involves the growth of a MoO₃–MoS₂ 
layer encasing the NiOₓ NPs. Ammonium tetrathiomolybdate ((NH₄)₂MoS₄) was employed as the 
molybdenum precursor (Mo-precursor), enabling the initial ionic interaction with the NiOₓ surface 
and leading to the formation of the NiOₓ–MoS₄²⁻ structure. Different molybdite concentrations 
(referred to as I, II, and III) were added by varying the molar ratios of (NH₄)₂MoS₄. The NCs 
formation process consisted of sonicating the NiOₓ NPs in an aqueous solution of (NH₄)₂MoS₄ to 
ensure homogeneous dispersion and promote surface interaction between the Mo–S species and 
the NiOₓ NPs. This was followed by overnight stirring, allowing sufficient time for uniform 
deposition of MoS₄²⁻ onto the NiOₓ surface, as shown in Reaction 3. The driving force for the 
formation of NiOₓ–MoS₄²⁻ intermediate is likely the combination of electrostatic interactions and 
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the mildly acidic environment generated when (NH₄)₂MoS₄ is dissolved in DI water. The NiOₓ NPs 
are p-type semiconductors, due to intrinsic defects such as nickel vacancies or extra oxygen,[72] 
which results in a positive surface character at acidic pH.[73] These electrostatic interactions 
ensure close contact between the NiOₓ NPs and the surrounding MoS₄²⁻ species, which is crucial 
for their subsequent crystallization during the annealing step.

Reaction 3: NiOx + (NH4)2MoS4→NiOx - MoS42- +2NH4
+

The final phase of the NCs was a 15-minute annealing step, which promoted the crystallization of 
the MoO₃-MoS₂ phase and facilitated the removal of ammonia (NH₃) and sulfur-based residues. 
First, the NiOₓ–MoS₄²⁻ solution was centrifuged to remove the excess salt residues, and the 
resulting precipitates were vacuum-dried. Subsequently, the dried powders were placed in quartz 
ampoules and continuously vacuumed to promote the removal of NH₃ and sulfur-based residues. 
The ampoule was placed in a horizontal two-zone tube furnace with the powder-containing region 
positioned in the higher-temperature zone at 520 °C (hot zone), and the opposing end at 350 °C 
(cold zone). This dual-temperature configuration was deliberately chosen based on the known 
decomposition temperature of (NH₄)₂MoS₄.[74] In the higher-temperature zone (520 °C), 
intermediate species such as amorphous MoS₃ begin to form, while NH₃ and hydrogen sulfide 
(H₂S) are simultaneously released and evacuated under vacuum (Reaction 4).[74]  The cooler 
zone (350 °C) facilitates the directional migration and condensation of these volatile byproducts, 
ensuring their safe and gradual removal while preventing uncontrolled sulfur release or 
recombination. Afterwards, the remaining intermediate species, such as MoS₃, are converted into 
crystalline MoS₂, while further crystallization and restructuring of the NMOS NCs occur (Reaction 
5). Moreover, the annealing step plays a crucial role in repairing structural defects within the non-
stoichiometric NiOₓ. It also enhances the NiOₓ crystallinity and stability by reducing structural 
defects such as nickel vacancies and excess oxygen.[75] 

Reaction 4: (NH4)2MoS4→2NH3 + H2S + MoS3

Reaction 5: NiOx - MoS4-2 +2NH4+1→NiOx -MoS2 +2NH3 + H2S + S

The 15-minute annealing time was chosen based on several considerations. First, the 
decomposition of (NH₄)₂MoS₄ into the intermediate MoS₃, followed by its conversion into MoS₂ and 
MoO₃, is known to occur rapidly at 520 °C.[74] Literature studies indicate that these 
transformations initiate within minutes, making 15 minutes an appropriate and controlled thermal 
window.[76] Second, under vacuum conditions at high temperatures, prolonged heating can lead 
to the excessive evaporation of sulfur species (e.g., S₂, H₂S), which may reduce the formation of 
crystalline MoS₂.[77] Limiting the annealing time helps to minimize sulfur loss while still allowing 
essential phase transitions. Additionally, prolonged exposure to sulfur residues increases the 
likelihood of side reactions between sulfur and NiOₓ, potentially leading to the formation of 
undesired nickel sulfide (NiS) phases.[76] A short annealing time helps suppress such secondary 
reactions, ensuring better phase purity and structural integrity of the final NiOₓ–MoO₃–MoS₂ NCs.

The presence of NiOₓ within the NMOS NCs during the annealing process at 520 °C may cause 
additional side reactions to occur during the thermal decomposition of MoS₃ to MoS₂. Although 
NiOₓ does not serve as a direct oxidant, it can release lattice oxygen under high temperature, 
thereby acting as a catalytic or surface-active species that modifies the local redox environment 
and facilitates reaction pathways.[78] During the decomposition of MoS₃ under vacuum, sulfur 
residues are released as a byproduct (Reaction 6). Those sulfur residues can react with the NiOₓ 
surface, leading to the partial formation of nickel sulfide (NiS) as a secondary phase and oxygen 
(O₂) released (Reaction 7). 

The sol-gel synthesis of NiOₓ produces NaNO₃ as a byproduct (Reaction 1), which may not be 
entirely removed during the washing procedure and can persist in the final product. As NaNO₃ is 
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highly water-soluble, completely removing Na⁺ and NO₃⁻ ions can be complex because of their 
adsorption on the surface of extremely fine Ni(OH)₂/NiO fine particles. Therefore, even after three 
rounds of washing with DI water, some ions may remain adsorbed on the particle surfaces or 
become trapped within an evolving gel-like network, where NaNO₃ can be physically entrapped 
and shielded from removal.[79] As a result, NaNO₃ residues may remain in the dried and calcined 
NiOₓ powder. During the subsequent annealing step in the encapsulation process, this residual 
NaNO₃ can decompose to form reactive oxygen species such as sodium nitrite (NaNO₂) and O₂ 
(Reaction 8).[80] 

Since all the reactions occur within the same 15-minute annealing window, the O₂ released during 
this period (Reaction 7-8) can effectively oxidize the MoS₃ to MoO₃, particularly under vacuum, 
where molecular oxygen availability is otherwise limited (Reaction 9). The relatively low O₂ 
content ensures controlled and stepwise oxidation. 

Reaction 6: MoS3→MoS2 + 1
2S2↑

Reaction 7: 12S2 + NiOx→NiS + 1
2O2↑ 

Reaction 8:  NaNO3→NaNO2 + 1
2O2↑

Reaction 9:  2MoS3 +4O2→2MoO3 +2SO2

2.2. Structural Analysis 
The X-ray diffraction (XRD) patterns in Figure 1 display the structural characteristics of NiOₓ and 
NMOS-I-III NCs. The successful synthesis of NiOₓ NPs in the cubic phase (PDS 00-073-0450) is 
evident from prominent diffraction peaks at 37.2°, 43.3°, 62.8°, 75.4°, and 79.36°, which correlate 
to the 111, 200, 220, 311, and 222 planes, respectively.[81] In addition to the characteristic XRD 
pattern of NiO, we observe an additional peak at 29.29° that can be assigned to NaNO₃, which 
constitutes ~8% of the total. (PDS 98-000-0333). The presence of NaNO3 is likely a residual 
byproduct from the sol-gel process utilized in the synthesis of NiOₓ NPs (Reaction 1). 

The XRD pattern for the NMOS-I and NMOS-II NCs (Figure 1 – red and blue) shows that the 
samples contain ~ 96 % NiO, ~3 % MoO₃ (PDS 04-008-4547), and traces of molybdenum disulfide. 
The oxidation pathway leading to the formation of MoO₃ involves a reaction between MoS₃, formed 
during the decomposition of (NH₄)₂MoS₄, and residual NaNO₃ that remains trapped within the gel-
like network formed during the sol–gel synthesis of NiOₓ. During the annealing process at 520 °C, 
this residual NaNO₃ decomposes to produce reactive oxygen species, such as NaNO₂ and O₂, as 
shown in Reaction 8.[80] Indeed, while the NiOₓ XRD pattern shows approximately ~8% of 
NaNO₃, it's completely absent in the NCs' patterns, which further supports the proposed 
transformation pathway. Namely, the decrease in NaNO₃ suggests that it was consumed by 
oxidation reactions, likely through the release of oxygen species that facilitated the oxidation of 
MoS₃ to MoO₃.

As expected, at low initial concentrations of MoS₄²¯, only trace amounts of MoS₂ (PDF 04-026-
7897) were detected, partly due to the presence of oxidation-promoting species in the reaction 
environment. The low molybdate content observed in the XRD patterns can be attributed to 
several factors. First, the Ni:Mo precursor ratios were relatively low, approximately 4:1 for NMOS-
I and 2:1 for NMOS-II, which limited the availability of molybdenum for MoS₂ formation. Second, 
the oxidation of MoS₃ to MoO₃ during annealing by the byproducts of O₂ and NaNO₃. Additionally, 
the relatively short annealing time (15 min at 520 °C) may be insufficient for the complete 
conversion of MoS₃ into well-crystallized MoS₂, resulting in the partial formation of amorphous 
MoS₂ that is undetectable by XRD. Moreover, if only a small percentage of MoS₂ is formed, it will 
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be challenging to detect by XRD due to its minimal thickness, insufficient mass, and weak 
diffraction intensity.[82] Indeed, the characteristic (002) reflection, which indicates the layered 
structure, is often very weak or completely absent in monolayer and few-layer samples.[83] In 
addition, turbostratic disorder and poor crystallinity further reduce XRD visibility. As a result, XRD 
cannot reliably confirm the presence of MoS₂; this reflection becomes discernible only as the 
number of layers increases and crystallinity improves.

The XRD pattern for the NMOS-III sample (Figure 1 – green) reveals a more complex composition: 
56.8% NiO, 25.3% MoO₃, 9.6% NiS (PDS 98-000-0308), and 8.3% MoS₂. NiS forms due to a reaction 
between the NiO and the sulfur in MoS₂ (Reaction 6-7Reaction 7). These results indicate that 
increasing MoS₄²¯ concentration makes the formation of various Mo-based oxides and NiS more 
pronounced, suggesting complex interactions between NiOₓ and MoS₄²¯ at the interface.

Figure 1: XRD patterns of NiOₓ NPs (black) and NMOS NCs prepared with varied precursor ratios: 
NMOS-I (red), NMOS-II (blue), and NMOS-III (green). The diffraction peaks are indexed to ♦ NiO (PDF 
00-073-0450), ♠ NaNO₃ (PDF 98-000-0333), ■ MoO₃ (PDF 04-008-4547), ▲ MoS₂ (PDF 04-026-7897), 
and ♣ NiS (PDF 98-000-0308).

The synthesis of non-stoichiometric NiOₓ NPs resulted in oval-shaped NPs with an average 
diameter of approximately 8±3 nm (Figure 2A-B). Figure 2A displays a representative TEM 
image of the NPs, while Figure 2B shows the corresponding size distribution. A representative 
HR-TEM image of a single NiOₓ NP is shown in Figure 2A - insert. The image reveals well-defined 
lattice fringes with an interplanar spacing of 0.241 nm, corresponding to the (111) plane of cubic-
phase NiO.[81] The crystallinity of the NPs was further confirmed by the Selected Area Electron 
Diffraction (SAED) pattern shown in Figure 2C, which displays distinct concentric diffraction rings. 
These rings can be indexed to the (111), (200), (220), and (311) planes, confirming the face-
centered cubic structure of NiO.[81] The EDS analysis (Table 1and Figure S1) revealed that the 
NiOₓ NPs contain ~57 at% Ni and ~43 at% O, corresponding to a Ni:O atomic ratio of 1:0.75. This 
deviation from the ideal stoichiometry of NiO (1:1) suggests the presence of nickel-rich phases or 
oxygen vacancies.[75] 

Table 1: Results of the semi-quantitative EDS analysis from TEM images

Nickel
(Ni) (at%)

Oxygen
(O) (at%)

Molybdenum
(Mo) (at%)

Sulfur
(S) (at%)

Ni: O

NiOₓ  57.3 ± 3.6 42.7 ± 3.6 1: 0.75
56.8 ± 3.6 43.2 ± 3.4 1:0.76NMOS-I 25.7 ± 3.5 59.0 ± 4.8 11.1 ± 4.0 4.2 ± 2.7

NMOS-II 22.0 ± 2.6 58.6 ± 3.1 13.5 ± 2.3 5.9 ± 2.9
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NMOS-III 13.8 ± 3.4 52.2 ± 3.2 18.2 ± 3.4 15.7 ± 3.6

During the synthesis of NMOS NCs, the NiOₓ NPs underwent an additional 15-minute annealing 
step at 520 °C to crystallize the MoO₃-MoS₂. This temperature is significantly higher compared to 
the formation temperature of the NiOₓ NPs (270 °C). The elevated thermal treatment not only 
facilitated the crystallization of the MoO₃-MoS₂ mixture but also induced further growth and 
enhanced crystallinity within the NiOₓ NPs.[75,84] Consequently, the annealed NiOₓ NPs exhibited 
an increased average particle size of approximately 13 ± 4 nm, as shown in Figure 2D-E. Clear 
lattice fringes are observed with an interplanar spacing of 0.241 nm, corresponding to the (111) 
plane of cubic-phase NiO, confirming the improved crystallinity following the high-temperature 
annealing (Figure 2D – insert).[81]  In Figure 2F, the SAED pattern shows distinct concentric 
diffraction rings of the FCC structure of NiO.[81] EDS measurements (Table 1) revealed that the 
non-stoichiometric NiOₓ NPs contain 57 at% Ni and 43 at% O, corresponding to a Ni:O atomic ratio 
of 1:0.76. 

HR-STEM analyses of the NMOS NCs (Figure 2G-L) reveal well-defined NiOₓ NPs embedded within 
molybdate-derived structures. Orthorhombic MoO₃ crystallites are distinguished by lattice fringes 
with an interplanar spacing of 0.366 nm corresponding to the (001) plane. The NiOₓ NPs display 
lattice fringes with a spacing of 0.241 nm, assigned to the (111) plane of cubic NiO.[81]  In all 
cases, EDS elemental mapping (Figure 2G-H, J-K, M-N) demonstrates the presence of Ni, O, Mo, 
and S, and the semi-quantitative analysis (Table 1) confirms their presence in agreement with 
the designed composite structure. 

The differences among the samples with varying amounts of molybdate precursor are manifested 
in changes to MoO₃ NP size, composition, and crystallinity, each of which is directly correlated 
with the precursor concentration. In the NMOS-I sample (Figure 2I), MoO₃ crystallites are 
relatively small (~5–7 nm) and display the (011) plane with a spacing of 0.255 nm. In the NMOS-
II sample (Figure 2L), MoO₃ NPs grow to ~21 nm, reflecting the effect of increased (NH₄)₂MoS₄ 
loading in promoting the development of larger domains. In the NMOS-III sample (Figure 2O), the 
MoO₃ NP size further increases to ~33 nm, demonstrating that precursor concentration strongly 
drives nucleation and coarsening of MoO₃ crystallites. The compositional trends follow the same 
pattern: the NMOS-I NCs contains 25.7% Ni, 59.0% O, 11.1% Mo, and 4.2% S, the NMOS-II NCs 
shows increased Mo and S (13.5% Mo, 5.9% S) with reduced Ni (22.0%), while the NMOS-III NCs 
exhibits the most pronounced enrichment in Mo (18.2%) and S (15.7%) alongside a decrease in 
Ni (13.8%) and O (52.2%). These differences are consistent with XRD analysis (Figure 1), where 
MoO₃ reflections intensify and sharpen from the NMOS-I to NMOS-III samples, confirming the 
enhanced crystallinity and higher fraction of the MoO₃ phase at increasing precursor 
concentrations.
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Figure 2: HR-TEM images and related analyses of NiOₓ NPs and NMOS-I-III NCs are presented as 
follows: (A) NiOₓ NPs, with an inset showing a high-resolution image of a single NP; (B) Size distribution 
histogram of NiOₓ NPs; (C) SAED pattern of NiOₓ NPs; (D) annealed NiOₓ NPs, with an inset showing a 
high-resolution image of a single NP; (E) Size distribution histogram of annealed NiOₓ NPs; (F) SAED 
pattern of annealed NiOₓ NPs; (G, J, M) HR-TEM images of NMOS-I-III NCs displaying particle 
morphology; (H, K, N) corresponding EDS mapping for NMOS-I-III NCs; and (I, L, O) images of the lattice 
fringes for NMOS-I-III NCs, respectively.

The X‑ray photoelectron spectroscopy (XPS) spectra of NiOₓ and NMOS-I-III NCs are shown in 
Figure 3A-K, providing insight into their electronic structure, chemical composition, and surface 
states. Depth profiling was performed on the NCs to obtain representative information from both 
the NiOₓ NPs and their interface with the MoO₃–MoS₂ domains.

For NiOₓ NPs (Figure 3A-B), the Ni 2p and O 1s peaks are clearly observed. Background 
subtraction was performed using the Shirley method. The O 1s spectrum, deconvoluted with 
Shirley background subtraction, shows two main components: a peak at 530.03 eV corresponding 
to lattice oxygen (M–O) in NiO, and a higher binding energy peak at 532.09 eV associated with 
surface hydroxyl groups or adsorbed species (C–O/Ni–OH). Notably, nickel species are 
progressively reduced during XPS depth profiling with Al Kα radiation, revealing lower oxidation 
states and even the presence of metallic Ni. The Ni 2p spectrum displays a complex envelope 
arising from multiple oxidation states and satellite features. The main Ni²⁺ peaks appear at 855.01 
eV (2p₃/₂) and 872.40 eV (2p₁/₂), with shake-up satellites at 860.78 eV and 879.91 eV, 
characteristic of Ni²⁺ in NiO. Peaks at 857.07 eV (2p₃/₂) and 873.82 eV (2p₁/₂), with additional 
shake-up at 864.00 eV and 883.50 eV, indicate Ni³⁺ species with minor Ni⁺ contributions appear 
at 853.70 eV and 870.78 eV. These multiple valence states confirm the non-stoichiometric nature 
of NiOₓ, consistent with oxygen vacancies or partial surface reduction/oxidation. TEM–EDS 
analysis further supports this interpretation, showing a Ni:O atomic ratio of ~1:0.75. XPS 
quantification yields Ni and O atomic percentages of 62.5% and 37.5%, respectively (Table S1), 
confirming the nickel-rich composition of the material.
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In the NMOS-I NCs (Figure 3C-E), the Ni 2p and O 1s peaks remain at similar binding energies 
but with reduced intensities (54.8% Ni and 37.8% O). This reduction reflects surface modification 
caused by Mo incorporation. In the Mo 3d region, the peaks at 232.7 eV and 235.6 eV correspond 
to Mo⁶⁺ (Mo 3d₅/₂ and 3d₃/₂), indicative of MoO₃ or related oxides. Additional peaks at 228.6 eV 
and 230.6 eV are characteristic of Mo⁴⁺ in MoS₂, while the small peak at 225.9 eV corresponds to 
the S 2s signal. These results confirm the coexistence of MoO₃ and MoS₂ phases, with partial 
oxidation of MoS₂ likely occurring during annealing or through interactions with NiOₓ. The 
quantified contributions from Mo⁶⁺, Mo⁴⁺, and S 2s are 4.5%, 2.2%, and 0.7%, respectively.

Increasing the Mo-precursor to NMOS-II NCs changes the relative intensities of the peaks without 
shifting their binding energies (Figure 3F-H). XPS quantification reveals atomic percentages of 
59.7% Ni, 31.7% O, 4.3% Mo⁶⁺, 3.3% Mo⁴⁺, and 1.0% S. These results confirm that NiOₓ remains 
the dominant phase, but the sample is increasingly enriched in the composite with Mo⁴⁺/Mo⁶⁺ 
species and sulfur, yielding a mixed MoO₃–MoS₂ composition. The partial oxidation of MoS₂ is 
consistent with annealing-induced oxidation processes.

For the NMOS-III NCs (Figure 3I-K), the Ni, O, Mo, and S signals undergo further redistribution. 
The atomic percentages are 43.4% Ni, 28.9% O, 7.9% Mo⁶⁺, 13.4% Mo⁴⁺, and 6.4% S. The higher 
S 2s intensity compared to the NMOS-I and NMOS-II samples suggests increased incorporation of 
MoS₂, along with the possible formation of NiS as a secondary phase due to chemical interactions 
between NiOₓ and the MoS₄²⁻ precursor. The simultaneous presence of NiOₓ, MoO₃, and MoS₂ 
phases, along with traces of NiS, underscores the complex chemical interplay that occurs during 
precursor decomposition and annealing.

In summary, XPS analysis reveals that increasing the Mo-precursor concentration results in higher 
Mo and S content, indicating the formation of larger MoO₃ and MoS₂. The NiOₓ phase remains 
dominant but undergoes surface modification, with evidence of partial MoS₂ oxidation and 
possible NiS formation at higher concentrations. These findings confirm the tunable composition 
and complex interfacial chemistry of the nanocomposites.
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Figure 3: XPS spectra of NiOₓ and NiOₓ–MoO₃–MoS₂ NMOS): (A) Ni 2p and (B) O 1s for NiOₓ; (C) Ni 2p, 
(D) O 1s and (E) Mo 3d for NMOS-I; (F) Ni 2p, (G) O 1s and (H) Mo 3d for NMOS-II; (I) Ni 2p, (J) O 1s and 
(K) Mo 3d for NMOS-III. (L) Raman spectra of NiOₓ NPs (black) and NMPS NCs prepared with different 
Mo-precursor ratios: NMOS-I (red), NMOS-II (blue), and NMOS-III (green).

2.3. Spectroscopic Analysis 
Raman spectra of NiOₓ and NMOS-I-III NCs are shown in Figure 3L, providing characteristic 
vibrational signatures, structural features, and phase composition. The corresponding peak 
assignments are summarized in Table S2. Across all samples, NiO-related modes are detected, 
though their intensity and visibility decrease progressively with increasing precursor 
concentration. At the same time, MoO₃-related peaks are consistently observed in the composites, 
and their number, position, and intensity evolve with Mo precursor loading. These observations 
confirm the coexistence of NiOₓ and Mo-derived phases, with variations in spectral features 
reflecting changes in nanoparticle size, structural integration, and phase composition.
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The differences between the samples are evident in both the identity and relative intensities of 
the Raman bands. The spectrum of pristine NiOₓ (Figure 3L - black) is dominated by Ni–O 
vibrations, with sharp features at ~514 and ~1077 cm⁻¹ corresponding to the first-order 
longitudinal optical (LO) and second-order longitudinal optical (2LO) modes, respectively, and 
additional peaks at ~398 and ~725 cm⁻¹ assigned to first-order transverse optical (TO) and 
second-order transverse optical (2TO) modes.[85,86] The sharp peak at 514 cm⁻¹ is particularly 
significant, as it is commonly associated with Ni-related defects,[86] reflecting the non-
stoichiometric nature of the synthesized NiOₓ.

In the NMOS-I sample (Figure 3L - red), the NiO signals decrease in intensity and shift slightly 
(~538 and ~1093 cm⁻¹), which can be explained by the growth of larger NiO NPs during 
annealing,[87] as confirmed by TEM. At the same time, six new bands emerge that are 
characteristic of MoO₃: ~356 cm⁻¹ (Mo–O bending), ~765 cm⁻¹ (O–Mo–O bridge stretching), ~819 
and ~851 cm⁻¹ (Mo–O–Mo symmetric stretching), ~891 cm⁻¹ (terminal Mo=O stretching), and 
~940 cm⁻¹ (polyoxometalate-type Mo–O stretching).[88,89] These features confirm the 
coexistence of NiO and MoO₃, in agreement with XRD and XPS results.

In the NMOS-II spectrum (Figure 3L - blue), the NiO contribution is further reduced, with only a 
weak LO mode at ~545 cm⁻¹ detected. In contrast, MoO₃-related signals intensify, including peaks 
at ~364 cm⁻¹ (Mo–O bending), ~756–763 cm⁻¹ (Mo–O–Mo stretching), ~816 cm⁻¹ (Mo=O 
stretching), ~858 and ~888 cm⁻¹ (Mo–O stretching and bending), and ~940 cm⁻¹ 
(polyoxometalate-type stretching). These results show that higher precursor loading enhances 
the vibrational contributions of MoO₃ while masking most NiO modes, consistent with the 
structural integration suggested by XRD and XPS.

Finally, in the NMOS-III sample (Figure 3L - green), the NiO-related modes disappear entirely, 
indicating their suppression by Mo-rich and sulfide phases. Strong MoO₃ vibrations are observed 
at ~707, 824, 863, 905, 953, and 1007 cm⁻¹, several of which are shifted to lower wavenumbers 
due to lattice softening caused by the growth of larger MoO₃ NPs (~33 nm, TEM). In addition, MoS₂ 
fingerprints are clearly detected at ~376 cm⁻¹ (E¹₂g), ~403 cm⁻¹ (A₁g), and ~460 cm⁻¹ (A₁u), 
consistent with the increased MoS₂ fraction at this loading.[90]  A low-frequency band at ~344 
cm⁻¹ is also present, assigned to NiS vibrations,[91] confirming partial sulfide formation via 
interaction between NiOₓ and the MoS₄²⁻ precursor during annealing. Together, these 
observations highlight the progressive transition from NiO-dominated spectra to MoO₃- and MoS₂-
rich vibrational signatures, with additional NiS contributions at the highest precursor 
concentration.

The absorption spectra of NiOₓ and NMOS-I-III NCs are displayed in Figure 4A. All the spectra 
exhibit absorption in the UV–visible region, with an absorption edge around 300 nm corresponding 
to the presence of NiOₓ NPs.[92,93] As the Mo content increases, the spectra show apparent 
broadening and splitting of the absorption band, indicating changes in the electronic structure. 
Deconvolution of the absorbance spectra (Figure 4B-E) enables a more detailed interpretation 
of these features, allowing for tracing the individual spectral contributions of MoO₃ and MoS₂.

The NiOₓ NPs deconvolution (Figure 4B) reveals three distinct peaks at 248, 298, and 300 nm. 
The peaks in 248 and 298 nm are characteristic of NiOₓ NPs with an average size of ~8 nm.[92–
94]  The third broad peak at 300 nm is typical of NaNO₃ and corresponds to the weak n→π* 
electronic transition within the nitrate ion.[95] The presence of NaNO₃, a byproduct of the sol–gel 
synthesis of NiOₓ, is further supported by XRD analysis.

The absorbance spectrum of NMOS-I NCs displays more pronounced and sharper peaks at 262 nm 
and 303 nm (Figure 4C). Moreover, the first one appears to be more intense with reduced FWHM. 
The 262 nm peak, associated with NiOₓ, exhibits a red shift compared to pristine NiOₓ, likely due 
to increased particle size (~13 ± 4 nm, confirmed by TEM) and reduced quantum confinement 
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effects (Figure 2B, E). In addition, the shift and narrowing of the NiOx peak can also be ascribed 
to the annealing process, as well as the formation of additional Mo-related phases. Namely, the 
electronic interactions between NiOₓ and MoO₃–MoS₂ modify the transition energies. Indeed, the 
absorbance peak at 303 is most likely attributed to the presence of MoO₃,[96] which forms during 
the annealing process with the Mo-precursor (Reaction 9). That ascription is further supported 
by the comparatively higher dielectric function of MoO₃, which enhances its optical response in 
this region, resulting in a more intense and distinct absorbance peak.[97,98] Spectrum 
deconvolution supporting this interpretation (Figure 4C), as it resolves additional broad spectral 
contribution at 310 nm, which is assigned to the defects within the NCs as well as MoO₃.[99] 

As the concentration of the Mo-precursor increases to NMOS-II NCs, the characteristic NiOₓ-related 
absorption features diminish markedly, with the NiOₓ peak nearly disappearing from the 
spectrum. Instead, the absorption is dominated by an edge around 300 nm, corresponding to 
MoO₃. This shift occurs as the NiOₓ is embedded within a MoO₃–MoS₂ matrix, which suppresses its 
optical response. The latter observation is supported by TEM, XRD, and Raman analysis, showing 
increased MoO₃ and reduced NiOₓ signals. Similar to the NMOS-I NCs, spectral deconvolution of 
the NMOS-II absorption profile (Figure 4D) resolves three peaks at 262, 303, and 315 nm, with 
the latter two attributed to MoO₃. As observed in TEM, the red shift of the third peak from 310 nm 
to 315 nm suggests further MoO₃ growth and dielectric enhancement, consistent with larger MoO₃ 
domains.

For the NMOS-III sample, the absorption spectrum exhibits extended absorption into the visible 
region (400–800 nm), which is a result of the higher concentration of MoS₂.[100] The absorption's 
deconvolution presents a complex mixture of multiple peaks at 262, 272, 305, and 728 nm 
(Figure 4E). The band at 262 nm is associated with NiOₓ, and the decrease in its full width at half 
maximum (FWHM) indicates changes in its local electronic environment within the Mo-rich matrix. 
The peak at 272 nm corresponds to NiS,[101] formed through interaction of NiOₓ with the Mo-
precursor during annealing, while the 305 nm band is attributed to MoO₃, and is consistent with 
its stronger crystallinity and dielectric response.[96,99,102] The broad peak at 728 nm arises from 
overlapping contributions of MoS₂ and Mo-based sub-oxides. These results confirm the multiphase 
nature of the NMOS-III nanocomposite, consistent with the phase distribution observed in Raman, 
XRD, and XPS analyses.

To summarize, NiOₓ and NMOS-I-II NCs samples exhibit a clear absorption edge in the UV region, 
dominated by NiOₓ and MoO₃ contributions, with negligible absorption above 400 nm. By contrast, 
NMOS-III exhibits extended visible-light absorption due to MoS₂ and secondary Mo phases, 
reflecting its multiphase character.

Figure 4: (A) Absorption spectra of NiOₓ NPs and NMOS-I-III NCs with various Mo-precursor ratios; 
(B–E) spectral deconvolution of NiOₓ and NMOS-I-III NCs.

The band gap values of NiO and NMOS-I-III NCs are shown in Figure S2. Pure NiOₓ NPs exhibit a 
band gap of 3.53 eV, consistent with reported values.[103] Upon introducing the Mo-precursor, 
the band gap increases to 3.66 eV in the NMOS-I sample. This shift can be attributed to the growth 
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and improved crystallinity of NiOₓ during annealing, together with the formation of MoO₃ domains. 
As the NiOₓ is most likely embedded within the MoO₃–MoS₂ matrix, this results in a modified 
electronic structure and a slight blue shift of the absorption edge. Interestingly, at a 2x Mo-
precursor concentration, the band gap of NMOS-II NCs red shifts back to 3.53 eV. This red shift is 
attributed to the growth of separated MoO₃ domains, which increase the NiO-MoO₃ phase 
segregation and separation. This interpretation is further supported by XRD, which reveals 
intensified MoO₃ reflections, Raman spectra show suppression of NiOₓ vibrational modes by Mo-
rich phases, and XPS data confirm increased Mo⁶⁺/Mo⁴⁺ contributions. In contrast, for NMOS-III, 
the band gap shifts to 2.93 eV. The profound shift can be attributed to the formation of MoS₂ and 
NiS. The presence of MoS2 introduces broad band-edge transitions, extending optical absorption 
into the visible range. 

The emission spectra of NiOₓ and NMOS-I-III NCs at an excitation wavelength (λex) of 250 nm and 
532 nm are shown in Figure 5A-B, respectively. The 250 nm excitation is for the NiOₓ component, 
while the 532 nm excitation is selective for the Mo-component. 

Under excitation at 250 nm, the PL spectra of all samples display the same emission profile with 
varying intensities (Figure 5A). Deconvolution reveals three prominent peaks at 380, 497, and 
601 nm, together with a broad band at 463 nm (Figure S3). Since the spectral shape remains 
essentially unchanged across all samples, only the NiOₓ deconvolution is shown in Figure S3, 
while the fitting parameters for the composites are summarized in Table S3. The emission at 380 
nm represents near-band-edge (NBE) transitions typical in wide-band gap semiconductors like 
NiOₓ. This strong peak is ascribed to excitonic recombination between the conduction and valence 
bands within the band edge.[104] The board 463 nm peak and 497 nm peak are associated with 
structural defects such as oxygen vacancies and interstitials in NiOₓ.[105] Whereas the 601 nm 
band is attributed to transitions from the conduction band to the d-band within NiOₓ's band 
structure, aligning with its estimated Fermi level energy.[106] For NMOS-I, the emission intensity 
is nearly doubled compared to pristine NiOₓ, probably due to energy transfer from MoO₃ defect 
states, as supported by XRD, TEM, XPS, and Raman analyses. In contrast, the emission of NMOS-
II NCs is only slightly enhanced compared to the NiOₓ. This enhancement is attributed to MoS₂ 
contributions, which extend absorption but also introduce non-radiative pathways that partially 
suppress emission.[107] NMOS-III exhibits significantly reduced PL compared to the NiOₓ, which 
can be attributed to the presence of a multiphase composition (NiO, NiS, MoO₃, and MoS₂), as 
confirmed by the other results. This complex phase mixture introduces non-radiative 
recombination centers and contending energy transfer pathways that quench emission. Namely, 
the lower PL intensity likely arises from defect states and electronic transitions specific to the NiS 
and MoS₂ phases, which differ from pure NiOₓ transitions and contribute weaker overall emissions.

When excited at 532 nm, the emission is much lower in intensity due to the low Mo-content 
(Figure 5B-F and Table S4). The pristine NiOₓ exhibits weak emission with a broad background 
and a shoulder-like peak at 633 and 661 nm (Figure 5C and Table S4). The background is 
attributed to deep-level defects, particularly oxygen vacancies, while the shoulder 
features originate from defect-related states associated with the non-stoichiometric NiOₓ 
lattice.[105] In NMOS-I NCs, the emission intensity increased, and the broad background is blue-
shifted. The 633 nm peak becomes more distinct, and the 661 nm shoulder-like feature broadens 
and strengthens. These enhancements are attributed to the presence of Mo-based additives 
(Figure 5D). 

In NMOS-II NCs, the broad background is red-shifted with additional peaks at 629, 670, and 723 
nm (Figure 5E). The 629 nm feature corresponds to the MoS₂ B exciton with a blue shift due 
to defect-induced lattice distortions. The 670 nm peak is attributed to the MoS₂ A exciton, arising 
from direct electron–hole recombination in MoS₂,[108,109] and its red shift indicates a subtle 
increase in MoS₂ layer thickness. The 723 nm band is likely related to defect-bound excitons, 
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which become more pronounced in few-layer and defect-rich Mo-S phases. In NMOS-III NCs, the 
overall emission is reduced compared to NMOS-I NCs and NMOS-II NCs (Figure 5B, F), reflecting 
the complex multiphase composition (NiO, NiS, MoO₃, MoS₂) as confirmed by XRD, TEM, XPS, and 
Raman analyses. Deconvolution reveals a blue-shifted background with additional peaks at 633 
and 670 nm, corresponding to MoS₂ B and A excitons, respectively.[108,109] The slight shifts of 
these excitonic peaks also suggest enhanced defect–exciton interactions, where defects act as 
trapping or recombination sites that perturb excitonic transitions.

Figure 5: Emission spectra of NiO NPs, NMOS-I, NMOS-II, and NMOS-III NCs measured at excitation 
wavelengths of 250 nm (A) and 532 nm (B). Deconvoluted PL spectra of (C) NiOₓ and (D-F) NMOS-I-III 
NCs at an excitation wavelength of 532 nm.

2.4. Photocatalysis Analysis
Our findings demonstrate that NMOS NCs exhibit exceptional potential as a photocatalytic system. 
The unique architecture integrates p-type NiOₓ NPs, known for their high theoretical capacitance, 
with n-type MoO₃-MoS₂ phases. This combination forms efficient p–n junctions at their interfaces, 
facilitating enhanced charge separation and transfer. Additionally, the combined effect of these 
phases is expected to improve electronic conductivity and chemical stability, thereby creating an 
optimal platform for visible-light-driven photocatalysis. These properties position the 
nanocomposites as a highly promising material for photocatalytic applications. 

To elucidate whether Mo-based structures enhance the radical-mediated photocatalytic activity 
of the NCs, we employed electron paramagnetic resonance (EPR) spectroscopy. This technique 
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enables the detection and identification of radicals generated in the presence of NCs through the 
use of spin-trapping agents such as 5-tert-butoxycarbonyl-5-methyl-1-pyrroline N-oxide (BMPO), 
a nitrone-based spin trap effective for both hydroxyl (·OH⁻) and superoxide (·O₂⁻) radicals.[110] 
To evaluate the formation of the reactive radicals in NiOₓ and NMOS-I-III NCs, EPR measurements 
were conducted in the dark and under visible-light illumination (Figure S4 and Figure 6A).

For both NiOₓ and NMOS-III NCs, no EPR signals were observed under dark conditions or visible 
light irradiation (Figure S4 and Figure 6A), suggesting that no stable radicals were generated. 
This behavior can be explained by their optical properties: NiOₓ NPs have a wide band gap of 
approximately 3.53 eV, allowing them to absorb light primarily in the ultraviolet rather than visible 
range. Similarly, NMOS-III NPs NCs contain a high fraction of MoO₃, and also predominantly absorb 
ultraviolet light. As a result, both NiOₓ and NMOS-III exhibit limited photoactivity under visible 
light, consistent with their relatively poor photocatalytic performance in dye degradation 
experiments, as will be shown below.

Figure 6: EPR spectra acquired under visible-light illumination of (A) NiOₓ and NMOS-I-III with BMPO 
as a "spin-trap" and (B) NMOS-II NCs under light illumination with and without the addition of DMSO.

For NMOS-I-II NCs, no signals were observed under dark conditions. However, after exposure to 
visible light, the EPR spectrum exhibits a distinct pattern centered around g = 2, with four lines 
indicative of interactions with ·OH⁻radicals.[111]  Notably, the radical signal intensity of NMOS-II 
exhibits the strongest response under illumination (Figure 6A). Notably, using BMPO as a spin 
trapping agent in EPR spectroscopy effectively detects reactive oxygen species (ROS) such as 
·OH⁻ and ·OOH (·O₂⁻) despite their short half-lives.[112] To establish the formation of ·OH⁻ 
radicals, the experiments were repeated in the presence of 10% dimethyl sulfoxide (DMSO), which 
acts as a scavenger for ·OH⁻ radicals, thereby allowing for the distinction between signals induced 
by different oxygen species.[113][114] The presence of DMSO resulted in a quenched EPR signal 
for NMOS-II compared to samples without DMSO (see Figure 6B). The latter result indicates that 
the main active radical species formed under illumination of the NMOS-I and NMOS-II is the ·OH⁻. 
This specific species is the most favorable for advancing oxidation processes, especially in 
applications such as pollutant and wastewater treatment, soil remediation, and sterilization.[115]

To evaluate the photocatalytic efficacy of NCs, we examined the ability of NiOₓ and NMOS-I-III NCs 
to degrade the methylene blue (MB) dye under visible-light irradiation. MB is an aromatic 
heterocyclic cationic dye[116] and is considered as one of the most popular clothing colorants in 
the textile industry [117], known for its environmental persistence and toxicity. Effective 
degradation of MB demonstrates the NCs' ability to break down complex organic pollutants, 
highlighting their potential for environmental remediation applications, such as wastewater 
treatment, by leveraging visible-light-driven photocatalysis to address industrial dye pollution.
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Figure 7A shows the change in the absorbance of the MB dye at different time intervals for all 
the examined catalysts (NiOₓ and NCs) in aqueous solutions. The reduction of the MB 
characteristic absorption maxima (λmax ~665 nm) was used to track the progression of dye 
degradation. In addition, we assessed the photocatalytic efficiency of all NPs and NCs by 
comparing the degradation rate (D%), and the kinetics of the photocatalytic reactions, as detailed 
in the methods section (Figure S5A). Following 90 minutes of illumination, the degradation rates 
of MB dye are as follows: 35% with NiO NPs, 82% with NMOS-I, 73% with NMOS-II, and 42% with 
NMOS-III (Figure S5A). NMOS-I and NMOS-II NCs demonstrated the highest photocatalytic 
efficiency compared to NiOₓ and NMOS-III NCs. The superior performance of NMOS-I can be 
attributed to the optimal balance between NiOₓ and Mo-related phases (1:0.02, as confirmed by 
XRD). This combination facilitates efficient charge separation and suppresses electron–hole 
recombination. In contrast, excessive Mo- and S-content in the NMOS-III NCs introduces additional 
recombination centers (e.g., NiS).

The photocatalytic degradation followed a two-stage first-order kinetic model, with a rapid initial 
phase (0–5 min) and a slower subsequent phase (5–90 min). The corresponding rate constants 
are presented in Figure S5B and Table S5. Both first- and second-order fitting to the kinetic 
models were evaluated to elucidate the best fit to the experimental performance (Figures S5B-
C and Table S5). We found that the difference was marginal, and adopted the first-order model 
for consistency and to facilitate direct comparison with most literature reports. The rapid 
adsorption of dye molecules promotes the faster dye degradation within the first 5 minutes onto 
the active sites of the NCs. For  NMOS-I and NMOS-II NCs, this process is much more efficient and 
fast, with NMOS-I NCs exhibiting the fastest kinetic rate of 0.289 min⁻¹. The process proceeds 
more rapidly because ·OH⁻ radicals are generated alongside adsorption, which promotes dye 
molecule degradation and thereby regenerates the active sites on the surface of the NCs. This 
observation is supported by the EPR analysis, where only the NMOS-I and NMOS-II NCs were shown 
to exhibit radical formation. In the following degradation phase, for the pristine NiO and NMOS-III, 
this process is extremely slow, with kinetics rates of 0.002 and 003 min⁻¹, respectively. This slow 
degradation occurs mainly due to slow equilibrium adsorption. Conversely, for the NMOS-I and 
NMOS-II, this process is faster, 0.004  and 0.005 min⁻¹, respectively. Here again, due to the higher 
Mo-content, there is a synergistic effect between the adsorption process and radical-promoted 
photocatalysis. 

  
Figure 7: (A) 3D UV-visible spectra of MB photodegradation after different light irradiation times 
using NiOₓ and NMOS-I-III NCs in aqueous solutions. Note: spectra are shown with an offset for 
clarity. (B) Schematic mechanism of methylene blue degradation by NMOS NCs.

The photodegradation processes involving NMOS-I-II NCs and their interaction with dyes are 
detailed in Equations 1-4 and schematically illustrated in Figure 7B. Under illumination with 
visible light, photons with energy greater than or equal to the band gap of the semiconductor 
components (NiOₓ, MoO₃, or MoS₂) excite electrons from the valence band (VB) to the conduction 
band (CB), generating electron-hole pairs. The photogenerated electrons and holes react with 
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adsorbed species (oxygen, water, or hydroxide ions) to produce reactive oxygen species, such as 
·O₂⁻ and ·OH⁻, which are responsible for dye degradation. The ·OH⁻reacts with the adsorbed MB, 
breaking their chromophores and leading to mineralization.[118] The schematic mechanism of 
methylene blue degradation by NMOS NCs.

Equation 1: NiOX -x1 - 2MoO3 - MoS2 +hv→NNiOX -x1 - 2MoO3 - MoS2(e-
CB + h+

VB)
Equation 2: NiOX -x1 - 2MoO3 - MoS2(h+

VB) + H2O→NiO@1 - 2L - MoS2 + ∙ OH- + H+

Equation 3: NiOX -x1 - 2MoO3 - MoS2(h+
VB) + ∙ OH-→NiO@1 - 2L - MoS2 + ∙ OH

Equation 4: NiOX -x1 - 2MoO3 - MoS2(e-
CB) + O2→NiO@1 - 2L - MoS2 + ∙ O2

-

3. Conclusions 

The NMOS NCs were synthesized via a novel approach, involving the sol-gel synthesis of non-
stoichiometric NiOₓ NPs, followed by annealing with various molar ratios of Mo precursor, which 
enabled tunable multiphase compositions. Comprehensive characterization through XRD, TEM, 
XPS, and Raman confirmed the formation of multiphase NCs, containing non-stoichiometric NiOₓ, 
while the MoO₃ and MoS₂ fractions increase with Mo-precursor, and that NMOS-III additionally 
contains NiS formed by interaction between NiOₓ and MoS₄²⁻. Optical measurements (Absorbance 
and PL ) discovered that increasing the Mo-precursor concentration induces a shift in the 
absorption edge from the UV to the visible region, with band gaps decreasing from 3.66 eV (NMOS-
I) to 2.93 eV (NMOS-III), due to the higher MoS₂ and NiS content. 

Under visible-light irradiation, NMOS-I exhibited the highest photocatalytic activity for MB 
degradation (82% in 90 min), which is attributed to an optimum balance of NiOₓ and MoO₃–MoS₂ 
phases that promote efficient p–n junction formation, thereby enhancing charge separation and 
minimizing electron–hole recombination. In contrast, NMOS-III demonstrated lower activity (42%), 
likely due to recombination centers associated with NiS and excess MoS₂. EPR measurements 
confirmed that ·OH⁻ radicals generated by NMOS-I and NMOS-II drive the degradation process. 
Kinetic analysis revealed that MB degradation in NMOS-I and NMOS-II proceeds via dual stages: a 
rapid initial stage dominated by dye adsorption and degradation by ·OH⁻ radicals, after that a 
slower stage controlled by slow equilibrium adsorption. NMOS-I showed the fastest overall kinetics 
due to efficient interaction between adsorption and photocatalysis, while higher Mo loadings 
(NMOS-III) reduced this effect.

In conclusion, the innovative synthesis and multi-technique characterization of this study 
demonstrate that NMOS NCs, particularly NMOS-I and NMOS-II, offer a promising platform for 
visible-light-driven photocatalysis. The novel tunable phase compositions improve charge 
separation and optical properties, while detailed kinetic modeling of adsorption-photocatalysis 
interplay provides actionable insights for designing heterostructured NCs. These findings suggest 
potential applications in environmental remediation, such as dye degradation, and pave the way 
for further optimization of heterostructured nanomaterials for advanced photocatalytic systems.

4. Methods
4.1. Experimental 

4.1.1. Sol-gel synthesis of NiOₓ NPs:
3.635 g of nickel(II) nitrate hexahydrate (Ni(NO₃)₂6H₂O, Merck, 97%) dissolved in 5 mL of distilled 
water (DI water). Meanwhile, 2 g of sodium hydroxide (NaOH, Bio-Lab, 97%) was dissolved in 5 
mL of DI water. Then, 0.9 mL of NaOH solution was added dropwise to the Ni solution. The resulting 
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light green mixture was centrifuged at 5000 RPM for 5 minutes. The precipitation was washed 3 
times with DI water and dried in a vacuum oven at 80 ˚C for 1h. The obtained green powder was 
annealed at 270 °C for 2 h under a nitrogen atmosphere to yield dark-black powder.

4.1.2. Synthesis of NMOS NCs: 
The dark-black NiOₓ NPs powder was divided into four vials (with one vial serving as a reference). 
Three different molar ratios of ammonium tetrathiomolybdate ((NH₄)₂MoS₄) were added to each 
vial to control the relative MoO₃–MoS₂ content (labeled as I, II, and III). The molar ratios were as 
follows:

 NMOS-I: 0.276 mol   
 NMOS-II: 0.552 mol   
 NMOS-III: 0.828 mol

15 mL of DI water was added to each vial, and the mixtures were sonicated for 5 minutes. All 
solutions were then mixed overnight in an oil bath at 55 °C. To finalize the coating of NiO NPs with 
the MoS₂ layer, each sample was centrifuged at 11,000 RPM for 20 minutes. Subsequently, each 
sample was sonicated for 5 minutes in 3 mL of ethanol and transferred to ampoules. The ampoules 
were dried in a vacuum oven at 80 °C for 1 hour. Finally, the ampoules were vacuum-sealed and 
placed in a horizontal oven with two heat zones (350 °C and 520 °C) for 15 minutes.

4.2. Characterization Techniques
4.2.1. X-ray diffraction (XRD):

XRD patterns of the NiOₓ NPs and NMOS-I-III NCs were collected in a step−scan mode at room 
temperature using Rigaku SmartLab SE diffractometer with 40 kV X-ray generator (Cu Kα 
radiation, 10−50° 2θ range, step width 0.03°). The XRD data were analyzed using MDI Jade 8.8 
software, and the relative fractions of the NiO, NaNO₃, MoS₃, and MoO₃ phases were determined 
by the Reference Intensity Ratio (RIR) method.

4.2.2. High-resolution Transmission Electron Microscopy (HR-TEM):
HR-TEM analysis of the NiOₓ NPs and NMOS-I-III NCs was performed using a Talos F200X S/TEM 
microscope (Thermo Fisher Scientific, USA) with an accelerating voltage of 200kV and an X-FEG 
Electron source. An energy-dispersive X-ray spectroscopy (EDS) detector (super-X EDS system) 
was attached to the TEM instrument, which allowed the chemical composition of the nanocrystals 
to be determined. The samples were prepared by dropping 5 µL of a highly diluted sample solution 
in ethanol onto a copper grid covered by formvar carbon. 

4.2.3. X‑ray photoelectron spectroscopy (XPS):
 XPS spectra of the NiOₓ NPs and NMOS-I-III NCs were collected using a Thermo Scientific ESCALAB 
QXi. The samples were irradiated with monochromatic Al Kα radiation with a spot size of 400µm. 
The survey scans were collected at a pass energy of 200 eV and an energy step size of 1.0 eV. 
High-resolution scans were collected at a pass energy of 40 eV and an energy step size of 0.1 eV. 
A dual-beam neutralization was used to manage charge effects. All data was processed and 
analyzed using Avantage software version 6.4.

4.2.4. Raman measurements 
Raman analysis of NiOₓ NPs and NMOS-I-III NCs was collected using a LabRAM HR Evolution system 
(Horiba, France) equipped with a 532 laser to minimize fluorescence interference. Spectra were 
acquired using an 800 mm spectrograph, which offers high sensitivity, high spectral resolution, 
and low stray light. A 600 gr/mm grating was employed, yielding a spectral resolution of less than 
1.0 cm⁻¹ per pixel. Imaging and spectral acquisition were conducted using a BXFM Olympus 
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modular optical microscope with a PlanFL N ×100 objective lens (NA 0.9). Each spectrum was 
collected with an exposure time of 0.25–0.5 seconds, averaged over 10 accumulations. 

4.2.5. UV-Vis Spectrophotometer:
 The absorbance spectra of the NiOₓ NPs and NMOS-I-III NCs solutions were recorded in the range 
of 250-800 nm using a V-750 UV-visible spectrophotometer (Jasco, Japan) equipped with 60 mm 
integrating spheres.

4.2.6. Spectrofluorometer:
The photoluminescence (PL) spectra of the NiOₓ NPs and NMOS-I-III NCs were recorded using FP-
8350 Spectrofluorometer (Jasco, Japan). Here, lasers with a 250 and 532 nm wavelength were 
used for excitation, and the PL was measured in the range of 300-800 and 600-800 nm using an 
FP-8350 Spectrofluorometer (Jasco, Japan). 

4.2.7. Electron Paramagnetic Resonance (EPR):
Spectra of the NiOₓ NPs and NMOS-I-III NCs were recorded on a Bruker ELEXSYS 500 X-band 
spectrometer equipped with a Bruker ER4119HS resonator operating at a microwave frequency 
of 9.5 GHz. The experimental conditions for the EPR spectra were as follows: microwave power of 
20 mW, 1 Gauss modulation amplitude, and a modulation frequency of 100 kHz. The sweep range 
was 200 Gauss, and the spectra consisted of 400 data points. The data was plotted using Origin 
software. 5 mg of each sample was dispersed in DI water. Each sample (200 μl) was inserted into 
a flat cell Suprasil for aqueous solutions (WG-808-Q, Wilmad) at room temperature. A stock 
solution was prepared by sonicating 25 mg of 5-tert-butoxycarbonyl-5-methyl-1-pyrroline-N-oxide 
(BMPO) spin trap in 5 mL DI water. Each sample consisted of a 40 µL dispersed solution with NiO 
and NMOS-I-III NCs in DI water (5 mg in 1mL), with 160 µL BMPO stock solution.

4.2.8. Photocatalysis
Dye degradation was performed to study the photocatalytic activity of the NiOₓ NPs and NMOS-I-
III NCs. A stock solution was prepared by dispersing 5 mg of methylene blue (MB) dye in 10 mL of 
DI water. 10 mg of each NPs sample (the NiO and NMOS-I-III NCs) was dispersed in 29 mL of DI 
water. For each sample, 1 mL of MO stock solution was added to 29 mL of DI water of the NiO and 
NMOS-I-III NCs. Each sample was placed in front of a solar simulator (model 10500, 1 sun, Abet-
technologies, USA) at a distance of 10 cm. 2.5 mL of the sample was collected every 10 minutes 
and centrifuged at 11000 rpm for 1 minute before measuring the absorption spectrum. The 
degradation rate (D%) was calculated using Equation 5 and Equation 6, where, C0 and Ct is the 
dye concentration at t = 0 min (initial concentration) and t = t min, respectively.

Equation 5: D% = (1 - Ct
C0)x100%

The first-order kinetic equation is given by:

Equation 6: ln(Ct
C0) = k1t

Here, k1 (min–1) represents the reaction first-order rate constant derived from the slope of the ln

(Ct
C0) versus time (t) plot. 
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