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Abstract 

Polycrystalline thin films of molybdenum-doped rhenium disulphide (Mo-doped ReS2) alloys 

were synthesised by aerosol-assisted chemical vapour deposition (AACVD) using precursor 

solutions containing (1) [Re(S2CC6H5)(S3CC6H5)2], and (2) [Mo(S2CNEt2)4]. Synthesised thin 

films were characterised using powder X-Ray diffraction (p-XRD), Raman spectroscopy, 

scanning electron microscope (SEM), transmission electron microscope (TEM), inductively 

coupled plasma-optical emission spectrometry (ICP-OES) and energy dispersive X-Ray 

(EDX). The p-XRD shows that interlayer spacing increases with increasing Mo content in the 

ReS2 matrix, and (001) plane becomes broad and weak as the molybdenum increases in the 

doped films. The destruction of the vibrational modes of ReS2 on increasing the Mo content 

and a clear shift in the Eg vibrational and Ag-like modes were also observed by Raman analysis. 

The presence of Mo in the ReS2 matrix was detected by ICP-OES. It was observed that the Mo 

content in the final material was 7.61 at% compared to the initial feed of 15 at%. The SEM 

images of the doped alloy films revealed nano crystal morphology, and the morphology 

changed when there was an increase in the Mo portion into the ReS2 crystal structure. 

Keywords: AACVD; Rhenium disulfide; Doping; Mo-doped ReS2; Doped transition 

metal dichalcogenides; TMDCs. 

 

 

 

 

 

 

 

 

 

 

 



1. Introduction  

Transition-metal dichalcogenides (TMDCs) are semiconductors with the general formula MX2, 

where M is a transition metal, such as (rhenium, molybdenum, cadmium and iron), and X is a 

chalcogen, such as S, Se, Te, have received a considerable attention because of their potential 

applications in electronic, optoelectronic and energy storage. Chemical vapour deposition 

(CVD) and physical vapour transport (PVT) are the most commonly used methods to produce 

TMDCs [1]. Both the lateral size and the number of layers can be controlled using these 

methods, and this is important when tuning the optical and electronic properties of layered 

TMDCs [2].  

Two-dimensional (2D) transition metal dichalcogenides (TMDs) are a new class of electronic 

materials contribute great chances for advanced technologies. 2D TMDs materials have unique 

physicochemical properties and show broad prospects in energy storage [3, 4], optoelectronics, 

spintronics, high-end electronics [5], and a direct bandgap [6]. Their electronic properties can 

be control by doping [7]. Therefor, the doping is important to inhance and control their 

properties for different application.  

Rhenium disulfide (ReS2), a new member in the TMDCs family, has received considerable 

attention due to its direct band gap nature in the bulk and monolayer form [8]. Its direct band-

gap value for bulk to monolayer is 1.5 eV [8, 9]. ReS2 has electronic band structures, which 

are different from other TMDCs. Most of the research studies on metal sulfide revealed that 

they are isotopological; however, unlike most other TMDCs ReS2 has a direct band gap in both 

bulk and monolayer form, and this is due to its band structures that show metallic character, in 

rhenium atoms the band that crosses the Fermi level comes from the 5d-orbitals. In the 

monolayer form this band is not separated [10]. Unlike ReS2, molybdenum disulfide (MoS2) 

materials have an indirect-band-gap in the bulk form and a direct-band-gap in the monolayer 

form [11]. Doped TMDCs have promising technological potential, particularly in catalysis and 

nanoelectronics [10]. Transition metal (TM)-doped TMDCs can be used as an alternative 

process to expand the current technology instead of changing to a new one. However, doping 

TMDCs could be unsuitable in some applications. Therefore, the synthesising of a few 

monolayer TMDCs and controlling their composition is vital for their technological use [12]. 

The synthesis of Mo-doped ReS2 alloys is still a challenge, and it is difficult to detect Mo in 

ReS2 lattice [13]. However, both Re(IV) and Mo(IV) have similar ionic radii of 0.63 and 0.65 

Å, respectively [14]; therefore, doping should be possible. A pure thin film of metal 



chalcogenide, as well as perovskite materials, can be produced using aerosol-assisted chemical 

vapour deposition (AACVD) [15], such as ReS2 [16], pyrite (FeS2) [17, 18], WS2 [19], 

cadmium sulfide (CdS) [20], tin(II) sulfide (SnS) [21, 22] and MAPBr3 [23]. TM-doped MoS2 

can also be produced using  AACVD [24-26].  

Recently, molybdenum-doped ReS2 has received attention, few layered ReS2/MoS2 films with 

different Re/Mo atomic ratio were synthesised. The compositions the heterojunctioned films 

were controlled by controlling the ratio of Re to Mo atom. The study show that the adhesion 

force can be control [27]. The electrical properties of monolayer of Mo-doped ReS2 were 

investigated and display gate-tunable current rectification behavior [28].  

The Mo-doped ReS2 with few nanosheets thickness and control Mo-dopant contents have been 

synthesised. The effect of Mo on hydrogen evolution reaction activities of the doped materials 

were studied, and revealed an optimal hydrogen evolution reaction activities performance [29]. 

Molybdenum-doped ReS2 was synthesised using chemical vapor deposition, doped alloy has 

been shown to possess a bowing effect with phase transition from octahedral (1T) to hexagonal 

(2H) [30]. In this paper, Mo-ReS2 alloyed film was produced using (1) 

[Re(S2CC6H5)(S3CC6H5)2] and (2) [Mo(S2CNEt2)4] precursors using AACVD. These 

precursors have been synthesised according to previously reported literature methods [31, 32]. 

The Molybdenum is a promising hole donor because Mo atom has one valence electron less 

than rhenium, therefore, it is the best candidate for p-type doping of ReS2 [33].  

2. Experimental 

2.1 Deposition of thin films using aerosol-assisted chemical vapor deposition (AACVD) 

Thin films were produced using aerosol-assisted chemical vapour deposition technique 

(AACVD). The apparatus was used to produce Mo-doped ReS2 alloyed is shown in Fig. S1.  

In all portions a 0.1 mmol of total precursors (1) [Re(S2CC6H5)(S3CC6H5)2] and (2) 

[Mo(S2CNEt2)4] have been used. The precursors were dissolved in tetrahydrofuran (20 mL) 

loaded in the same vessel. Glass substrates were loaded into the tube furnace, which heated to 

the desired temperature (550 °C) for deposition thin films. The aerosol of the solution is 

generated using piezoelectric humidifier which was delivered as a precursors mist to a quartz 

tube containing the substrates (3 cm x1 cm) that placed in the tube furnace. Argon was used  

as carrier gas with flow rate 180 sccm.  



2.2 Synthesis of ([Re(S2CC6H5)(S3CC6H5)2]) (1) 

The compound [Re(S2CC6H5)(S3CC6H5)2] was synthesised as described in previous 

literature[16, 31, 34].  Briefly, the precursor was synthesised by reacting 1:2 mol ratio of 

[(Et4N) ReS4], which was synthesised as previously reported[34], and [(S2CC6H5)2] in 50 ml 

of dry acetonitrile under an inert atmosphere of dry nitrogen using the standard Schlenk line 

for 48 h. The green precipitate was then filtered, washed with hexane and then recrystallized 

with hexane and hot CH2Cl2 (1:1), yield was (60.4%). Anal. Calc. (%) for [(C21H15ReS8)] C, 

35.56; H, 2.13; S, 36.06; Found (%) C, 35.56; H, 2.52; S, 35.79. 1H NMR (400 MHz, 

dichloromethane -d2) δ / ppm 1.18 (s, 1 H) 1.26 (tt, J = 7.31, 1.77 Hz, 9 H) 3.28 (q, J = 7.31 

Hz, 6 H) 7.24–7.41 (m, 9 H) 7.41–7.53 (m, 7 H) 7.56–7.69 (m, 3 H) 7.88–8.07 (m, 7 H). 13C 

NMR 13C NMR (101 MHz, dichloromethane-d2) δ ppm 124.59 (s, 1 C) 127.60 (s, 1 C) 128.34 

(s, 2 C) 131.78 (s, 2 C) 133.26 (s, 1 C) 134.79–135.02 (m, 1C). 

2.3 Synthesis of ([Mo(S2CNEt2)4]) 

The precursor was prepared as previously reported [24, 32, 35]. Briefly, a mixture of 

molybdenum hexacarbonyl Mo(CO)6 (10 g, 37.9 mmol) and 

bis(diethylthiocarbamoyl)disulfide (22.4 g, 75.6 mmol) was added to degassed acetone and the 

mixture was heated under reflux for 2 h at 58 ˚C. The mixture was then cooled down to room 

temperature. As a result, crystals precipitated from the solution and were isolated by vacuum 

filtration, washed with pentane, and dried in vacuo to furnish the title compound (62.5%). mp 

126 °C–128 °C. Anal. Calc (%) C, 34.88; H, 5.86; N, 8.14; S, 37.16. Found (%): C, 35.04; H, 

6.05; N, 8.08; S, 37.33. IR (vmax/cm-1): 2970 (w), 2929 (w) 2868 (w), 1211 (s), 1071, 1145, 

1208.  MS (ES+) 690.1 [M + H].  

3. Results and Discussion  

Thermogravimetric analysis (TGA) was used to determine the final residue of the precursors 

(1) [Re(S2CC6H5)(S3CC6H5)2] and (2) [Mo(S2CNEt2)4] by analysing the weight loss of the 

precursors during the ignition process under an inert atmospheric environment. TGA analysis 

shows that the final residue of both (1) and (2) are ReS2 and MoS2, respectively. This result is 

consistent with previously reported findings [34, 36]. The TGA of complexes (1) and (2) was 

used to determine the decomposition temperature for both precursors [24, 25], precursor (1) 

had a high decomposition temperature the last step occurred around 1000 °C. Precursor (2) had 

four decomposition steps last step occurred at 400 °C decomposition. Therefore, the deposition 



temperature of the reactor was performed according to the rhenium precursor at 550 °C. This 

temperature shows that ReS2 thin films were successfully produced using AA-CVD. 

Molybdenum-doped ReS2 alloy thin films have also been synthesised with a low concentration 

of Mo. The feed value of Mo in the alloy film is 2%, 5%, 10% and 15%, the Inductively coupled 

plasma-optical emission spectrometry (ICP-OES) investigation revealed that a good 

percentage of Mo was incorporated into the alloy thin films and was found to be 0.84%, 1.29%, 

4.33% and 7.61%, respectively (Fig. 1(i)).  The disparity in feed value of Mo and incorporated 

value of Mo could due to the difference in crystal structure between ReS2 and MoS2, rhenium 

disulfide has distorted 1T (octahedral) structure while MoS2 exists in 2H (hexagonal) crystal 

structure. This difference in layer structure could make ReS2 lattice struggles to accommodate 

more Mo. 

However, we could not detect any signature of Mo in Mo-ReS2 alloy film by energy dispersive 

X-Ray (EDX) analysis of scanning electron microscope (SEM), as Mo-doped ReS2 literature 

reported [13, 37]. The Raman of Mo-doped ReS2 shows the destruction of the three vibrational 

modes of ReS2. By increasing the concentration of Mo to 7.61%, all modes of ReS2 disappear. 

This suggests that at 7.61% dopants the long range order within the 1T structure of ReS2 is lost. 

The powder X-Ray diffraction (p-XRD) demonstrate how the sharp (001) peak for ReS2 

becomes weaker and broader by increasing the Mo content. This indicates the loss of 

diffracting material in the (001) plane with d-spacing (6.16 Å) of the distorted-1T structure of 

ReS2 (Fig. 1 (iii)). It can be seen from the XRD data that the d-spacing of the doped alloyed 

films increases gradually by increasing the amount of Mo in the ReS2 matrix (i.e., from (6.16 

Å) in case of ReS2 to (6.18 Å) for 0.84% Mo, (6.29 Å) for 1.29% Mo, (6.31 Å) for 4.33% Mo 

and finally (6.37 Å) at 7.61% Mo).  

These interesting findings clearly suggest that the doping of Mo shows approximate linear 

relationship lattice expansion in the (001) direction of the crystal lattice of ReS2 (Fig. S2). The 

crystal structure of molybdenum doped ReS2 shows the increase in the d-spacing with 

increasing Mo portions. Suggesting that, increasing the dopant (Mo) makes the crystal structure 

suffer from lattice expansion in the (001) direction. This expansion was noticed in previous 

works [24, 34], studies disclosed that doped-TMDs (e.g Re-doped MoS2) were produced by 

AA-CVD affords a lattice expansion in the (002) direction as compared to bulk material. This 

is  quite similar to our work wich shows that the expantion also obserived in the (001) direction. 



 

Fig. 1.  The ICP-OES, Raman spectroscopy and Powder X-ray diffraction pattern for the Re1-

xMoxS2 (0 ≤ x ≤ 1) alloy were deposited by AACVD at 550 °C. (i) The ICP-OES of at% 

tungsten in precursor feed and found in the alloyed films. (ii) Raman spectroscopy of the Re1-

xMoxS2 (0 ≤ x ≤ 1) thin films deposited by AACVD using (1) and (2); (a) 0% Mo, (b) 0.84% 

Mo, (c) 1.29% Mo, (d) 4.33% Mo, (e) 7.61% Mo. (iii) Powder X-ray diffraction patterns of the 

alloy; (a) 0% Mo (ReS2) shows one peak which is preferred orientation in the (010) plane of 

1T-ReS2 and consistent with our previous studies that reported before [11,24], (b) 0.84% Mo, 

(c) 1.29% Mo, (d) 4.33% Mo, and (e) 7.61% Mo. 

The dependence of the Raman spectroscopy shifts in the Eg and Ag-like optical modes of Re1-

xMoxS2 are shown in Fig. 2. It can be seen in Fig. 2 that by increasing the concentration of 

molybdenum, both the Eg and Ag-like modes were affected significantly in the same way. These 

two vibrational modes have decreased by ca. ~6 cm-1. On the one hand, the Eg vibrational mode 

shifted from ca. 152.5 cm-1 at 0% Mo to ca. 146 cm-1Eg when increase the Mo portion to 4.33%, 

mainly due to the in-plane stretching vibrations of Re-Re bonds along the edge of the Re4 unit 

and in-plane vibrations of a pair of S atoms. On the other hand, the Ag-like mode shifted from 

ca. 212 cm-1 in case of pure ReS2 to ca. 205.7 cm-1 when the incorporation reaches 4.33%. The 

Ag-like modes include in-plane stretching vibrations of Re-Re bonds and the vibrations of a 

pair of S atoms that span only one metal-metal bond. This is consistent with the substitutional 

doping that happened to the Mo atoms in the ReS2 matrix and the metal-metal exchange 

actually occurred.  Increasing the doping level of Mo to more that 7% makes the lattice suffered 

from destruction and the Eg and Ag-like modes of ReS2 are lost. Losing the structure of the 

Raman spectrum was observed in our previous studies [24, 34], by increasing the dopant 

portions. The reason behind this could due to the different in crystal structure between ReS2 

and MoS2 which have octahedral and hexagonal crystal structure, respectively[34]. Rhenium 



disulfide  suffer from a rippling effect of sheets in the ac plane, and this is because ReS2 exists 

as distorted parallelograms within the layers [38].  

 

Fig. 1.  Shifts of the Eg and Ag-like bands of the Re1-xMoxS2 (0 ≤ x ≤ 1) thin films as a function 

of the mole fraction (x) of Molybdenum were found by ICP-OES spectroscopy. A break from 

160 to 205 cm-1 in the Y-axis is to make the peak shift more obvious. 

The surface morphology of the alloyed films deposited by the AACVD at 550 ºC was 

investigated by scanning electron microscope (SEM). The SEM investigations provide a 

different morphology by increasing the Mo concentration. ReS2 had a leaf-like lamellar 

structure, but 0.84% of the Mo shows flaky lamellar clusters. Increasing the incorporation to 

1.29% showed lamellae morphology, 4.33% had a cluster structure, and finally, by increasing 

the incorporation to 7.61%, leaf-like lamellae were observed, as shown in Fig. 3. These 

different morphologies that observed by increasing dopant ratios were compatable with 

previous studies [24, 34]. Those studies revealed that, when dopant (Re) increased in MoS2, 

different morphologies were observed e.g  lamellar morphology in case of pure MoS2 to 

clusters, feather-like crystals and smaller crystallites mirroring by increasing the rhenium 

content in MoS2. 



 

Fig. 2.  Secondary electron SEM images (10 kV) of the Mo-doped ReS2 thin films deposited 

on a glass substrate by AACVD using (1) and (2) at 550 °C; (a) ReS2,11, (b) 0.84% Mo, (c) 

1.29% Mo, (d) 4.33% Mo, (e) 7.61% Mo and (f) MoS2. All scale bars represent 1 μm. 

High resolution transmission electron microscope (HRTEM), revealed apparently 

homogeneous doping, and surprisingly, the EDX was able to detect the Mo in the ReS2 lattice 

(for supporting information, see Fig. S3). It was found that the crystals had a ReS2 type 

structure. Two samples with different levels of Mo doping (7.6% and 0.84%) were imaged at 

atomic resolution (Fig. 4 and Fig. S4). The atomic resolution (S) TEM images demonstrate a 

crystal structure with lattice spacing similar to those of pure ReS2. The flakes appeared to be 

single crystalline and index to ReS2 viewed down the (010) zone axis. Interestingly, high levels 

of Mo doping appear to result in an expansion of the ReS2 lattice. It was also observed that in-

plane lattice spacing was larger for the 7.6% doped sample compared to the 0.84% doped 

sample. While the 0.84% sample is consistent with the d-spacing expected for pure ReS2, 

showing a (001) spacing of ~5.5 Å, the same spacing in the 7.6% sample was measured at ~5.8 

Å, corresponding to an in-plane expansion of over 1.29%. An expansion of interlayer spacing 

was also observed in our p-XRD data (for supporting information, see Fig. S4), suggesting that 

the introduction of high levels of Mo results in an expansion of the ReS2 unit cell in all 

dimensions. This evidence strongly supports the theory that these samples are homogeneously 

alloyed and that there is no phase segregation of MoS2 and ReS2 [24]. 



 

Fig. 3.  (a) shows a high-angle annular dark-field scanning transmission electron microscopy 

(HAADF STEM) image of two nanosheets of alloy 7.61% Mo; (b-d) are elemental maps for 

S, Mo and Re, respectively; (e) atomic resolution HAADF STEM image of a representative 

region of nanosheet; and (f) corresponding Fourier transform showing a crystal structure 

closely resembling that expected for ReS2. 

 

 

 

 

 

 

 

 

 

 



4. Conclusion  

In summary, AACVD was used to produce Re1-xMoxS2 alloyed films at 550 ˚C. Polycrystalline 

thin films of Mo-doped ReS2 were synthesised using precursors (1) [Re(S2CC6H5)(S3CC6H5)2] 

and (2)  [Mo(S2CNEt2)4] by adding a low concentration of (2) at 550 ˚C. The characterised 

films of (1) and (2) correspond to MoS2 and ReS2. The molybdenum level in the ReS2 matrix 

was detected by ICP-OES to get up to 7% Mo when feed was at 15% Mo, and EDX elemental 

mapping successfully detected Mo in the lattice. Furthermore, dramatic changes have been 

observed in both p-XRD and Raman spectroscopy. The SEM of the doped films shows nano 

crystal morphology, and this morphology was changed by increasing the molybdenum 

concentration in the ReS2 crystal structure. 
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