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Abstract  

The structure of the final product 2D-MoS2 is modified through preparation conditions modulation. One pot simple and easy 

procedure hydrothermal technique is used for MoS2 powder preparation. The precursor solution pH is varied in the acidic side 

from 1 up to 5. The reaction temperature and time in the autoclave are kept constant while the pH is varied. The change in pH 

is studied at each of two reaction temperature 210oC & 230oC and each one of three reaction time 24, 48, 72 hour. Crystal 

structure and phase identification are elucidated by XRD measurements. Morphology, shape and size of fine structures are 

demonstrated by FESEM & HRTEM images. As well surface area, elemental analysis and oxidation state of elements are 

explored by BET, EDX and XPS measuring technique. XRD patterns peaks of the investigated sample are indexed with 

JCPDS standard files and found to be will matched with that of 2H-MoS2 phase of MoS2 product. Also the crystallite size is 

calculated by Appling SHERER equation on the well define and high intensity peak in XRD pattern. XRD patterns show that 

at both low reaction time and temperature the end product is almost amorphous at PH 1&3 while at 4&5 it is poly crystalline. 

FESEM micrographs show flower-like structure composed of spheres of nanosheets. HRTEM images demonstrate more 

details about the present fine structures such as Nano sheet spheres and their arrangement. As well SAED patterns identified 

the amorphous and crystalline state combined with nomination of planes. Also, the arrangement of Nano sheets and distance 

between layers in the bundle are determined. Surface area of MoS2 constituents is measured by BET method. The obtained 

results show that samples with (001) plane have value 59m2/g while that contain (002) plane have value 19m2/g. The 

elemental analysis measured by EDX display the existed elements S & Mo with their percentage. The ratio of Mo/S is found 

to be nearly ½. The existed elements of MoS2 product is confirmed by XPS measurements with the oxidation state of the 

elements are determined from Mo & S peaks and their deconvolution.   

Keywords: MoS2; Hydrothermal method; Crystal growth; Nanocrystalline materials; Microstructure.  

1. Introduction 

Transition-metal chalcogenides (TMDCs) have a 

promising future so researchers have put a large focus 

on their studying and low cost preparation. Chemical 

formula of TMDCs is MX2 where M referred to the 

transition-metals (M = Ti, Zr, Hf, V, Nb, Ta, Mo, W,  

Pt) and X is referred to the chalcogens (X = S, Se, 

Te) [1-4]. TMDs can be semiconductors, true metals, 

semi-metals, or superconductors depending on their 

composition[5]. In monolayer TMDC, the transition-

metal atoms are sandwiched between two chalcogen 

atoms [6]. Like graphene, TMDCs have a strong in-

plane covalent bond and week van der Waals 

between layers also the properties of TMDCs change 

with the thickness. TMDCs in bulk semiconducting 

form have an indirect bandgap. While in several layer 

form have a direct bandgap [5]. 

TMDCs are excellent for electronic devices like 

transistors, photodetectors .., etc. because of their 

shift from indirect to direct bandgap from bulk to 

single layer respectively. Also, TMDCs have been 

used in other applications, for example, 

photovoltaics, lithium-ion batteries, and ultrasensitive 

biosensors just to name a few. [7,8]. 

Molybdenum disulfide (MoS2) is one of the 

transitional materials chalcogenides (TMDCs) with 

an X-M-X structure. MoS2 is usually crystallized in 

three different structures 2H, 3R, and 1T. where 2H-

MoS2 (two-layer hexagonal) and 3R-MoS2 (three-

layer rhombohedral) are the stable phases that can be 

exist for Bulk MoS2[9]. Moreover 2H is the most 

common and stable phase among these three. Also, 

both 1T and 3R phases can change to 2H structure 

through heating. 2H-MoS2 unit cells consist of two 
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tri-atomic layers which are centrosymmetric to each 

other, creating hexagonal structure. The layers are 

connected by weak van der Waals force, which 

enables the easy intercalation of hetero-

molecules[10,11]. However, the atoms within a layer 

are connected by strong covalent forces. This high 

anisotropy crystal structure results in two types of 

exposed surfaces: (002) planes along the edges of S-

Mo-S (c axis) named as basal planes and (100) planes 

along the edges of S-Mo named as edges. Theoretical 

researches and experimental results reveal that the 

basal planes are inert and stable, thus the edges, 

especially the sulfur edge- terminated edges serve as 

active sites for many important catalytic reactions, 

such as hydrogen evolution reactions (HER) in 

electrochemistry[12], hydrogenation[2] and  hydro-

desulfurization (HDS)[13]. Furthermore MoS2 flakes 

have been deployed in the development of gas 

sensors[14-17] and have demonstrated good ability 

for sensing[18]. 

Herein, it is focused on low cost preparation of 

typical single phase 2H-MoS2 with interlayer distance 

0.64nm and development of it to be with wide 

interlayer spacing 0.94nm. The characterizing 

measurement techniques such as XRD, FESEM, 

HRTEM, BET, EDX and XPS are performed to 

explore the nature of the prepared end product. 

 

2. Experimental Details 

2.1 synthesis of Mos2 (hydrothermal technique): 

The Purchased Materials Ammonium molybdate 

tetrahydrate (NH4)6Mo7O24.4H2O and thiourea 

NH2CSNH2 with purity 99.5% as a source of Mo and 

S are used as received without any treatment. 

Distilled water is used as a solvent. The precursor 

solution is prepared by dissolving 2.48 gm of 

(NH4)6Mo7O24.4H2O and 4.56 gm thiourea 

NH2CSNH2 into 70mL de-ionized water 

The mixed precursor solution 70mL is poured into 

100mL Teflon lined stainless steel autoclave. The 

precursor solution pH
 
is adjusted by adding drops of 

HCl to be 1, 3, 4 &5.  Then the autoclave transferred 

directly to a furnace adjusted at the required 

temperature and staying time. After reaching the 

required time the furnace power is turned off and 

leaved to cool naturally at room temperature. Both 

reaction time and temperature are varied to be 24h, 

48h, 72h and 200
o
C, 210

o
C & 230

o
C, respectively. At 

each constant time and temperature of these the pH is 

changed from 1 up to 5. At the end the final product 

is washed thoroughly several times by water and 

ethanol then dried at 60
o
C for 5 hours. The samples 

are classified to groups according to reaction 

temperature Tc, time th and pH
 
value. 

The variation effect of precursor solution pH
 
1,3,4,5 

on MoS2 growth is studied at each of the three 

constant reaction time 24h, 48h & 72h and each of 

the two constant reaction temperature 210
o
C &230

o
C. 

The effect of reaction time 24h, 48h& 72h is 

investigated on samples prepared at each of the two 

pH 1, 5.  As well the effect of reaction temperature is 

studied at constant pH 5 and each of the two reaction 

time 24h & 48h.  

 

3.Result and discussion 

3.1. X-Ray Diffraction - Structural analysis  

I) Effect of precursor solution pH 

All samples are examined by X-ray diffraction XRD 

to identify crystalline nature, present phases and 

crystallite size. The obtained XRD patterns for 

samples prepared at each one of the two constant 

reaction temperature 210
o
C &230

o
C and each 

constant reaction time 24h, 48h & 72h at varied pH 

(1, 3, 4 & 5) are demonstrated by Fig.1 (a, b, c) and 

Fig.2 (a, b, c). It is salient from Fig.1 (a) that samples 

with pH (1 & 3) are mostly amorphous since their 

patterns are empty from any clear peak corresponding 

to any formed plane in the MoS2 ordered structure. 

On contrast those samples with pH
 
(4 & 5) show 4 

peaks at 2θ
o
= 9.5

o
, 18.5

o
, 33

o
& 58

o
 which correspond 

to (001), (003), (100) & (110) respectively which 

indicate polycrystalline nature. By indexing these 

peaks with JCPDS files well match with the file no 

#73-1508 corresponding to 2H-MoS2 phase is found. 

All XRD patterns are totally empty from any peak 

corresponding to any impurity or other phases related 

MoS2. The existence of (001) & (003) emphasize 

layer structure via c-axe. When the reaction time 

increased to 48h all peaks characterizing 2H-MoS2 

phase are appeared regardless the P
H 

value which 

means that the samples have the same atomic 

arrangement but with poor crystallinity as indicated 

by low intensity of peaks Fig.1(b). It is worth to note 

that the (002) identifying typical 2H-MoS2 phase with 

ordered stacking layers spaced by 0.63nm is absent in 

XRD patterns of samples have reaction time 24h 

&48h while it appears when the reaction time 

increased to 72h. This means that when the reaction 

time <72h the formed 2H-MoS2 phase has layer 

structure with wide distance 0.94nm between the 

stacked layers as deduced from appearance of clear 

and defined peak at 2θ
o
 = 9.5

o
 corresponding to 

(001). This finding is reported in few papers using 

some additives in their hydrothermal preparation [1, 

3].  

There When both reaction temperature and time 

increased to 230
o
C and 48h respectively all 

characteristic peaks of 2H-MoS2 except that at 2θ = 

14. All peaks have relatively lower intensity 

excluding that at 2θ
o
 = 9.5

o
 corresponding to (001) 

which has higher intensity irrespective to pH
 
values. 

The XRD patterns looks like that for epitaxial growth 

since only one plane of growth is present which 

indicate preferred orientation growth. The variation 
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effect of precursor solution P
H 

is significantly 

observed only for samples prepared at both reaction 

temperature (210
o
C) and time (24h). The crystallinity 

nature of the prepared samples changed from 

amorphous state at P
H
1&3 to crystalline state at pH (4 

& 5). 

The results of measuring surface area of samples 

have (001) & (002) plane by BET show significant 

difference in their values 53.5 & 19.5m
2
/g which 

correspond to distance between layer stack 0.94nm & 

0.63nm respectively. 

 

 

 

 
Fig.1 (a, b & c). XRD patterns of samples prepared at 

constant reaction temperature 210
o
C at different pH 

(1, 2, 3, 4& 5) values and times (24, 48 & 72 h).  

 

 
Fig. 2 (a, b). XRD patterns of samples prepared at 

constant reaction temperature 230
o
C at different pH 

(1, 2, 3, 4& 5) values and times (24 & 48 h). 

 

II) Effect of reaction temperature.  

The XRD patterns of samples prepared at constant 

precursor pH
 
5 and constant reaction time 48h and 

different reaction temperatures 200
o
C, 210

o
C & 

230
o
C are given in Fig. 3.  

 
Fig. 3. XRD patterns of sample prepared at different 

reaction temperatures (200, 210 & 230
o
C) at constant 

pH 5 and time 48 h. 

The change in reaction temperature has only an 

observable change in peak intensity corresponds to 

(001) plane. The increase in reaction temperature 

induces unobservable increase in (001) intensity at 

both 200
o
C &210

o
C but at 230

o
C reasonable decrease 
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is noticed may be due to the onset of destroying the 

ordered atoms arrangement. This conjecture 

supported by vanish of all weak peaks at the high 

2θ
o
 side. Obviously the (001) is the preferred 

orientation growth plane for samples prepared at 

200
o
C & 210

o
C which indicates like epitaxial growth. 

 

III) Effect of reaction time  

As well the variation in reaction time is studied on 

samples prepared at constant pH
 
5 and temperature 

210
o
C. Their XRD patterns is demonstrated in 

[Fig.4]. 

 

 
Fig. 4. XRD patterns of sample prepared at constant 

reaction temperature 210
o
C and pH 5 at different 

times (24, 48 & 72 h). 

 

All peaks at high 2θ
o
 side corresponding to (003), 

(100) & (110) have too low intensity while that at 

2θ
o
 =9.5

o
 has relatively high intensity which looks 

like epitaxial growth. The samples crystallinity 

decreases with increasing reaction time from 24h to 

48h until it totally deteriorated at 72h. The effect of 

both reaction temperature and time, to great extent, 

are similar. 

 

3.2. X-ray Photoelectron Spectroscopy (XPS) 

measurements - Structural analysis  

The valence state of elements and elemental 

composition information of the final product were 

confirmed by the XPS spectra. In the case of samples 

that were prepared at constant pH 5 and preparation 

temperature 210
o
C and different time 24h,48h and 

72h (See fig. 5). Very strong Mo and S peaks 

corresponding to Mo 3d and S 2p can be seen at ~230 

eV and ~162.9 eV, respectively. You will usually 

want to divide your article into (numbered) Fig. 5 (a, 

c & e) show a singlet structure centered at ~226 eV 

generated by photoelectrons emitted from the 2s core 

state of S atoms and a doublet structure by 

photoelectrons emitted from the 3d core state (3d3/2 

and 3d5/2 orbitals) of Mo atoms due to l-s coupling. 

 
Fig 5: XPS spectra for samples prepared at constant 

pH 5 and preparation temperature 210
o
C and 

different time 24h, 48h and 72h. (a) high resolution 

spectra of Mo 3d peak doublet, (b) high resolution 

spectra of S 2p peak doublets. 

 

The Mo 3d5/2 peak appears at ~228.8 eV while the 

Mo 3d3/2 peak appears at ~231.1 eV. The difference 

between the two peaks is ~ 3.2 eV for all samples, 

this confirms the presence of Mo in 4+ oxidation 

state necessary for the formation of MoS2 [19-22]. 

also Mo6+ peak, which corresponds to the MoO3 

formation is also observed at ~235 eV[19]. 

Furthermore, the S 2p spectrum Fig. 5 (b, d & f ) can 

be deconvoluted in two doublets (2p1/2 and 2p3/2), The 

S 2p3/2 peak appears at ~161.5 eV while the S 2p1/2 

peak appears at ~162.5 eV confirming the formation 

of sulfide [20,23]. The values of the binding energy 

confirm the formation of MoS2 formation according 

to figure 5. 

3.3. Field Emission Scanning Electron Microscope 

(FE-SEM) measurements with EDX - 

morphological analysis 

FESEM images of the prepared samples at 210
o
C and 

pH 5 with various reaction time are shown in [Fig. 6 

a -b-c]. The images represent sample prepared at 24h, 

48h & 72h show nano sheets randomly oriented but 

at reaction time 48h a flower like structure composed 

of assembled nano sheets is prevails. The elemental 

analysis measured by Energy Dispersive X-Ray 

Analysis (EDX) for MoS2 prepared at 24h, 48h & 

72h listed in tables attached in Fig. 6 (d, e, f). The 

peaks related to the O, Mo and S elements are 

detected; no other elements are observed. Moreover, 

the ratio between Mo and S is ~1: 2 in all samples 

prepared at 24h, 48h & 72h. However, the oxygen 

atomic percentage decrease with increasing reaction 
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time indicating release of oxygen at long reaction 

time.  

 
Fig. 6 (a, b & c) FE-SEM and (d, e& f) EDX graphs 

and elemental analysis tables images of samples 

prepared at constant pH5 and temperature 210
o
C at 

different reaction time (24h,48h& 72h), respectively.  

 

3.4. High-Resolution Transmission Electron 

Microscopy (HR-TEM) measurements - 

morphological analysis 
Shape and size of substructures for MoS2 

combined with Selected Area Electron Diffraction 

SAED are examined by HRTEM. As prepared 

samples at 210
o
C and pH 5 with various reaction time 

are diagnosed by HRTEM. Low and high 

magnification HRTEM images for sample prepared at 

24h, 48h& 72h combined with their SAED patterns 

are shown in Fig. 7. Low magnification images of 

samples prepared at 24h, 48h &72h display elongated 

strips with average width 7.42nm assembled in 

bundles randomly distributed. Some of them gathered 

to form condensed Nano sheets while the others are 

crosslinked in sets of low number of strips with sharp 

edge and tapered end. Numbers not few of the strips 

are in individual state which increase the exposed 

surface area. The identity of preceding   substructures 

is nearly similar for samples prepared at 24h, 48h & 

72h reaction time. 

Alternatively, high magnification images demonstrate 

bunch of long-term ordered sheets with interspace 

0.26nm corresponding to (100) Fig. 7(b). Only one 

orientation of bundle comprise strips with ordered 

interlayer stack is clear. When the reaction time 

increased to 48h these bundles have different 

orientations with inter space layer o.25nm Fig. 7(e). 

On contrary for samples prepared at 72h these 

bundles dissociated to be a singular elongated one 

widely separated from each other [Fig.7-h]. 

 

 
Fig. 7(a, b, d, e, g& h) HRTEM and (c, f & i) SAED 

patterns for samples prepared at constant pH5 and 

temperature 210
o
C at different reaction time (24h, 

48h & 72h), respectively. 

 

Selected Area Electron Diffraction SAED patterns for 

as prepared sample with 24h, 48h & 72h are given in 

Fig. 7(c, f & i). The SAED patterns for samples 

prepared at reaction time 24h & 48h display faint 

continuous rings correspond to planes (001) & (100) 

Fig. 7(c & f) proving low crystallinity.  In contrast, 

the SAED pattern for sample with reaction time 72h 

is empty from any ring corresponding to plane 

existence Fig .7(i) which indicate sample amorphicity 

and/or amorphous phase prevailing on crystalline 

phase.  

 

Conclusions 

The present work deals with studying the preparation 

and characterization of MoS2. Hydrothermal 

technique is used to prepare MoS2 on one shot since 

it is simple, low cost and easy to operate.  pH, both 

reaction temperature and time   are managed to obtain 

layered pure single phase 2H-MoS2 with different 

interlayer distance. The pH
 
is varied from 1 up to 5 

while both reaction temperature and time are 

constant. AS well, effect of reaction temperature is 

studied at constant pH
 
5 and reaction time 48h. Also 

the effect of reaction time is diagnosed at constant pH
 

5 and reaction temperature 210
o
C. The end product 

MoS2 at each of the preceding conditions is subjected 

to characterizing measurements such as XRD, 

FESEM, EDX, HRTEM and XPS. 

The change of pH
 
has significant effect at both low 

reaction temperature and time. The samples are 

amorphous at pH 1&3 and polycrystalline at pH
 
4 & 

5. All crystalline samples have preferred orientation 

and look like epitaxial growth. Single 2H-MoS2 
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phase is prepared with typical interlayer distance 

0.64nm and wide space between layers 0.94nm. An 

interesting peak at 2θ
o
 =9.4

o
 with reasonable intensity 

and broadening is observed in all preparation 

conditions except those at reaction time 72h. This 

peak is not recorded in JCPSD files but observed by 

several authors. The detailed morphological nature is 

explored by FESEM and HRTEM while crystalline 

nature by SAED. Flower-like MoS2 microspheres 

have been synthesized, it was found that the prepared 

MoS2 microspheres were constructed by MoS2 

nanosheets randomly oriented with stacked layered 

structure. The elemental analysis is determined by 

both EDX & XPS. The ratio of Mo/S is found to be 

nearly 1/2. The traditional and typical 2H-MoS2 pure 

single phase with a wide interlayer space which is 

very important in water pollutant removal and 

photocatalytic reactions are successfully prepared.  
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