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optimal balance between crystallite growth and strain relief. The decline
at 900 °C is attributed to lattice distortion and potential sulfur non-
stoichiometry, establishing a quantitative baseline for thermal processing
of MoS,.
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Two-dimensional transition-metal dichalcogenides (TMDs) have emerged as pivotal materials for next-
generation optoelectronics, catalysis, and energy storage due to their unique thickness-dependent
bandgaps, strong spin-orbit coupling, and high surface reactivity [1-5]. Among TMDs, molybdenum

disulfide (M0S, ) has been widely investigated for field-effect transistors [6-8], direct-bandgap monolayer

photodetectors [9, 10], and electrochemical hydrogen evolution [11-13]. Monolayer MoS, exhibits a

direct bandgap of ~1.9 eV, which transitions to an indirect bandgap of ~1.2 eV in bulk form [9, 14].

Raman spectroscopy serves as a key non-destructive diagnostic tool, where the frequency difference (Aw)

between the in-plane E12g and out-of-plane A1g modes provides an indirect estimation of layer number

[15-19]. Scalable deployment of MoS, relies on chemical synthesis methods [20, 21], such as

hydrothermal processing [12], sulfurization of molybdenum oxides [22], chemical vapor deposition (CVD)
[23-29], and liquid-phase exfoliation [30-33].
Solution-based thermolysis using ammonium tetrathiomolybdate (ATM, (NH,),MoS,) presents a low-

cost, high-yield pathway [34-36]. Thermal annealing post-synthesis is indispensable for decomposing
residual precursor components, driving atomic rearrangement, and promoting long-range crystallization
[37-39]. Although thermal annealing is widely employed to improve the structural ordering of chemically
synthesized MoS,, the relationship between annealing temperature, coherent crystallite growth, lattice
strain, and structural deterioration at excessive temperatures remains insufficiently resolved for solution-
derived precursor systems. In particular, an increase in diffraction intensity alone does not necessarily
provide sufficient evidence of improved structural quality because the observed intensity can also be
affected by preferred orientation, sample loading, and measurement conditions. A combined evaluation of
diffraction peak position, peak broadening, interlayer spacing, coherent domain size, and lattice strain is
therefore necessary to establish a more reliable relationship between thermal processing and structural
evolution. Previous studies have extensively investigated MoS, synthesis using vapor-phase,
hydrothermal, solvothermal, sulfurization, and other chemical routes. However, systematic correlations
among coherent crystallite size, interlayer spacing, lattice strain, Raman characteristics, and nanoscale
morphology across a controlled annealing-temperature window remain comparatively limited for
chemically converted thiomolybdate precursor systems. Furthermore, high-temperature structural
deterioration is frequently associated with sulfur loss or sulfur-vacancy formation, although such
mechanisms require direct compositional or defect-sensitive evidence. Therefore, distinguishing
experimentally established structural changes from proposed defect-chemical mechanisms is essential for
developing a scientifically robust thermal-processing strategy. Accordingly, this work systematically
investigates the temperature-dependent structural evolution of chemically synthesized MoS, under sulfur-
assisted inert annealing at 300-900 °C. The specific objectives are to: (i) quantify the evolution of the MoS,
(002) diffraction peak and coherent crystallite size; (ii) evaluate changes in interlayer spacing and lattice

strain as indicators of structural ordering; (iii) correlate XRD-derived structural parameters with Raman
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spectroscopy and FE-SEM observations; and (iv) identify the most favorable thermal-processing condition
within the investigated temperature range while distinguishing experimentally supported observations
from proposed defect-related mechanisms. The principal contribution of this work is a quantitative
correlation between annealing temperature, coherent crystallite growth, strain relaxation, and subsequent

structural deterioration at excessive temperature in a chemically synthesized MoS, system.

2. Experimental Section

2.1. Materials

Ammonium heptamolybdate tetrahydrate ( (NH,),Mo0.,0,,-4H,0 , >99.0% ), sodium sulfide
nonahydrate ( Na,S-9H,0 , >98.0% ), hydrochloric acid ( HCI, 37%), sulfur powder (S, 99.99% ),

absolute ethanol (C,H.,OH, > 99.8% ), and deionized water (18.2 MQ -cm ) were purchased from Sigma-

Aldrich and used as received without further purification.

2.2. Preparation of the thiomolybdate precursor

In a typical synthesis, ammonium heptamolybdate tetrahydrate and sodium sulfide nonahydrate were
dissolved in deionized water under continuous magnetic stirring at room temperature, maintaining
controlled precursor molar ratios (specifically Mo:S = 1:4 for the standard baseline, and 1:1, 1:3, 1.5, 1.7.

pH of the solution is adjusted to 4.5 using diluted HCI (2 M), turning the mixture to a characteristic dark
red/brown color, indicating the formation of tetrathiomolybdate species (MoSi‘) . The detailed reaction
proceeds via acidification as follows:

MoS? +2H" — MoS, 4 +H,S T

The mixture was stirred for 2 h at 60 'C. The resulting orange-brown precipitate ( MoS,) was isolated
by filtration, washed three times with deionized water and absolute ethanol to remove residual ions (Na+,

Cl"), and dried under vacuum at 80 "C for 12 h.
2.3. Thermal treatment

The precursor powder (0.50 g) was placed in an alumina boat located at the center of a quartz tube

furnace. An auxiliary boat containing 1.00 g of sulfur powder was placed upstream in the low-temperature
zone. The tube was purged with high-purity N, (99.999%) at 100 sccm for 30 min. Under a constant
N, flow (50 sccm), the furnace was heated at controlled rates (5, 10, 15, and 20 °C min™* for Raman

optimization, and fixed at 15 'C min™" for temperature-dependent studies) to target temperatures.
2.4. Characterization

Phase identification and crystallographic parameters were determined by XRD (Bruker D8 Advance,
Cu K, radiation, A=1.5406A). For XRD measurements, the synthesized powders were dispersed and

deposited onto single-crystal Silicon substrates, accounting for the characteristic Si(311) substrate peak
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observed in the baseline survey pattern.

Vibrational modes were measured via Raman spectroscopy (Horiba LabRAM HR Evolution, 532 nm laser
excitation at low power <1 mW ). Surface morphology was characterized using FE-SEM (JEOL JSM-7610F
operatingat 10 kV ).

3. Results and Discussion

3.1. Raman characteristics

To evaluate the effect of thermal ramp kinetics on the vibrational properties, Raman spectrawere recorded
for samples prepared at different heating rates (5--20 "C min ") while keeping the annealing temperature

constantat 700 ‘C (Figure 1). All samples exhibit the characteristic ElZg and A, modes [40-44]
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Figure 1. Raman spectra of M0S, samples prepared at various heating rates (5, 10, 15,and 20 'C min™) ata

fixed annealing temperature of 700 'C.
The legend denotes the corresponding frequency differences (Aw )
3.2. Morphology
The crystallographic refinement and lattice parameters evaluated from XRD profiles are summarized in

Table 1. The average coherent domain size (D ) along the (002) direction was calculated using Scherrer's

equation: D= KA
BcosO
where K=0.89, A =0.15418 nm, [ is the structural broadening (FWHM in radians), and 0 is the Bragg
angle. The lattice strain (&) was calculated using: e= b
4tan0

Table 1. Structural parameters, (002) peak position, interplanar spacing (d(ooz)), FWHM, crystallite size (D ), and

lattice strain (&) of M0OS, annealed at various temperatures.
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Annealing Peak Interplanar . . .
o . FWHM (002) | Crystallite Lattice Strain
Temperature Position Spacing .
(@) Size D (nm) € (x1073)
(ac) (002) 26 (@) | d(002) (A)
300 1412 6.27 1.15 7.2 4.8
500 1428 6.20 0.62 135 26
700 14.38 6.15 0.38 221 12
900 1431 6.18 051 184 21

Figure 2. High-resolution FE-SEM morphology showing aggregated flake-like MoS, nanostructures synthesized at

optimal 700 °C condition.

The interplanar spacing d(ooz) decreases from 6.27A at 300 C to 6.15A at 700 ‘C, approaching the

standard theoretical spacing of stoichiometric 2H-MoS, ( 6.15A , ICDD PDF #96-900-9145). This
contraction confirms the removal of residual intercalated species/solvent molecules and tight compression
of van der Waals layers. Concurrently, crystallite growth peaks at 22.1 nm at 700 'C with a minimum
strain of 1.2x107°.

At 900 ‘C, the crystallite size decreases to 16.4 nm while microstrain increases to 1.9x107°. This
reversal is attributed to thermal dissociation and localized sulfur sublimation (>800 ‘C), generating
sulfur vacancies (V) and lattice strain that disrupt long-range stacking order along the c -axis [45-51].

FE-SEM imaging (Figure 2) reveals non-uniform, stacked, flake-like nanostructures with lateral dimensions
of 50--100 nm and apparent aggregate thickness of 20--30 nm . The FE-SEM apparent thickness (
20--30 nm) reflects multi-flake aggregation and edge-curving effects, which aligns consistently with few-
layer optical estimations from Raman spectroscopy once mechanical stacking is accounted [52, 53].

3.3. Temperature-dependent XRD evolution

Figures 3-5 display the phase evolution of the synthesized powders. The baseline survey pattern in Figure
3 exhibits a broad background with a distinct peak around 20 ~ 56, corresponding to the Si(311) plane

of the Silicon substrate used during sample deposition. The unannealed sample (Figure 4) displays an
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amorphous profile devoid of sharp diffraction peaks from MoS, . Upon annealing (Figure 5), distinct
diffraction peaks emerge at 20 ~14.4°,32.7°,39.5°,44.2°,49.8°,58.3", and 60.2", corresponding to the
(002),(100), (103),(106),(105),(110), and (008) planes of hexagonal 2H-MG0S, , respectively. At 300$
and 500 ‘C, the (002) feature is broad, indicating limited domain size. The reflection reaches maximum

sharpness and intensity at 700 'C , confirming optimal long-range crystallization, before suffering

intensity attenuation at 900 ‘C due to thermal strain and sulfur vacancy accumulation [54, 55].
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Figure 3. XRD survey pattern of baseline Figure 4: XRD pattern of the unannealed
synthesized product. precursor powder showing amorphous nature.
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Figure 5. XRD pattern evolution of MoS, as a function of annealing temperature: (a) 300 °C, (b) 500 °C, (c) 700 °C,
and (d) 900 °C.

3.4. Supporting precursor-ratio experiment
To assess the sensitivity of phase evolution to the starting chemical stoichiometry, a supporting series of

MoS, powders was prepared by varying the initial molar ratio of ammonium heptamolybdate tetrahydrate

to sodium sulfide nonahydrate (1:1, 1:3, 1:5, and 1:7, all annealed at 700 °C for 2 h under 50 sccm N,

flow with a heating rate of 15 ‘C/min ). Figure 6 and Figure 7 show supporting structural data for varying

nominal AMT : Na,S precursor ratios (1:1, 1:3, 1:5, and 1:7).
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Figure 6: XRD patterns of MoS, flakes prepared with different precursor ratios (a) 1:1, (b) 1:3, (c) 1:5, and (d) 1:7
(annealed at 700 °C).

The supplied manuscript also presents XRD and FE-SEM results for nominal AMT:sulfide precursor ratios
of 1:1, 1:3, 1.5, and 1:7. These ratios were not adequately defined in the original Methods section. In the
revised interpretation, they are treated as a supporting experiment rather than a second primary research
question. The authors should explicitly state whether the ratios are molar, mass, or solution-volume ratios

and confirm which sulfur reagent was used. All other synthesis and annealing parameters should be stated

as constant.

Figure 7. FE-SEM images of MoS, powders synthesized with precursor ratios: (a) 1:1, (b) 1:3, (c) 1:5, and (d) 1:7.
The four patterns are reported to be consistent with the hexagonal 2H-MoS, phase and dominated by the
(002) reflection. The original manuscript observed an additional reflection under some ratios and a
decrease in overall diffraction intensity at the highest sulfide ratio. Rather than concluding that precursor

ratio has no influence, the evidence supports the narrower statement that no large morphology change was
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observed within the investigated ratio window. A broader optimization would require quantitative peak
analysis and replication. All precursor ratios yield 2H-MoS, phase ordering following 700 "C annealing.

Higher precursor sulfide ratios (1:5 to 1:7) show minor attenuation in overall XRD peak intensity,
indicating that excess sulfur precursor content beyond stoichiometry does not significantly alter the
primary flake morphology or crystal phase [12, 22].

3.5. Structure—processing relationship

The comprehensive structural model derived from Raman, XRD, and FE-SEM analyses illustrates a clear
three-stage thermal conversion process: Precursor Decomposition ( <300 'C ): Amorphous
thiomolybdate decomposes, releasing volatile products and forming a disordered intermediate matrix
[56]. Crystallization & Nucleation ( 500--700 ‘C ): Thermally activated atomic diffusion promotes

2H-MoS, layer nucleation, crystallite expansion (D =22.1nm ), and lattice strain reduction [37-39].

Thermal Strain & Vacancy Generation (>700 "C): Sulfur loss induces structural microstrain, creating

point defects (V) and reducing domain coherence along the stacking axis [57, 58].
4. Conclusions

This study demonstrates the critical influence of post-synthesis annealing temperature (300--900 ‘C) on
the crystallization, strain, and morphology of chemically derived MoS, Thermal treatment at 700 "C
yields optimal structural quality, characterized by maximum crystallite size ( 22.1 nm ), minimum

microstrain (1.2x107°), and an interplanar spacing ( doo =6.15A ) aligned with stoichiometric
2H-MoS, . Annealing at 900 "C introduces lattice strain and decreases structural coherence due to sulfur

volatilization. Raman mode separation (Am ~23.9 cm™) confirms few-layer structural domains within
aggregated 50--100 nm nanoflakes. These findings establish an optimized processing temperature for

scalable chemical preparation of high-quality MoS, nanostructures.
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