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A B S T R A C T   

Molybdenum disulfide (MoS2) nanostructures are grown on the silicon substrates using thermal chemical vapor 
deposition and then Pd anchoring on them is carried out by DC magnetron sputtering to form Pd/MoS2 Schottky- 
type nano/hetero-junctions. Extended X-ray absorption fine structure (EXAFS) spectroscopy is applied to study 
the local structure around the molybdenum K-edge. In this way, the kind, coordination number, and distance of 
neighbors of absorber atom are determined. Moreover, structural analysis has been performed by X-ray 
diffraction. Optical studies are conducted by UV–Visible and differential reflectance spectroscopy. The electronic 
properties of the samples are examined using Raman spectroscopy with an excitation laser at 532 nm. 
Furthermore, the surface chemical analysis is monitored by X-ray photoelectron spectroscopy. In addition, a 
simulation study of the structural and electronical properties of the samples is carried out to understand the 
effect of Pd adding on MoS2 structure using Quantum ESPRESSO software. The reasonable place of the Pd atom 
after Pd anchoring in MoS2 lattice is obtained.   

1. Introduction 

Semiconducting layered transition-metal dichalcogenides (TMDCs) 
are gaining more interest due to the possibility of tuning the band-gaps 
which are used in various applications such as transistor technology, 
solar cell & photovoltaics, photocatalysis, solid lubricants, and opto-
electronics [1–8]. These structures are expressed as MX2 (M = Mo, W, 
Ta, Ti, Nb, etc.; X  = S, Se, Te) in which a hexagonal layer of M metal 
atoms is sandwiched between two layers of X chalcogen atoms [9]. 
Molybdenum disulfide (MoS2) is the most common TMDC, consisting of 
several phases i.e., the hexagonal 2H form, which is predominant for 
bulk MoS2, whereas monolayer ones have 1H and metastable 1 T poly-
types. When 1H-MoS2 layers are stacked one by one, hexagonal 2H and 
rhombohedral 3R phases can be formed [10,11]. In hexagonal structure, 
the arrangement of Mo and S atoms stacked together by weak Van-der- 
Waals forces to form S–Mo–S sandwiches coordinated in a triangular 
prismatic fashion [12–15]. MoS2 semiconductor, as a typical represen-
tative of the TMDs family, has attracted more consideration owing to its 
narrow band-gap and high charge mobility ratio at room temperature 
[16]. MoS2 is an n-type semiconductor, due to S vacancies [17], with a 
tunable band-gap with an indirect-to-direct transition from about 1.1 to 
1.97 eV from bulk to monolayers, respectively [18,19]. This versatile 

optical transition enhances photoluminescence property that has found 
potential applications in high-performance logic devices, integrated 
circuits, optoelectronics, ultrafast lasers, memristors, optical sensors, 
photocatalysis, and hydrogen evolution [20–28]. Generally, these 
compounds can be obtained by different techniques such as physical 
vapor deposition (PVD), chemical vapor deposition (CVD), and sulfuri-
zation methods [29–31]. 

On the other hand, the fabrication of heterostructures assembled 
with semiconductors and noble metals gold (Au), silver (Ag), platinum 
(Pt), etc., is a useful strategy for engineering and improving optical 
properties [32,33]. The noble metal nanoparticles anchored on the 
semiconducting materials would enhance the optical properties of the 
heterostructures based on the interfacial electron transfer mechanism 
(Schottky junction), which is often considered a potential technological 
solution in modern photonics [34–36]. Two-dimensional (2D) semi-
conductors are considered to be excellent channel materials for future 
electronic and optoelectronic devices due to excellent gate electrostatics 
in atomically thin crystals, reduced interface traps at dangling-bond-free 
surfaces, and high carrier mobility in flat layer structures [37]. So, the 
fabrication of these heterostructures made with metals such as gold 
(Au), silver (Ag), platinum (Pt), and palladium (Pd) and semiconductors 
is one of the useful strategies for improving optical and electronical 
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properties of the semiconductors [32,37]. 
In this study, firstly, MoS2 nanostructures (NSs) are grown on SiO2 

buffered p-type silicon substrates via one-step thermal chemical vapor 
deposition (TCVD) through simultaneous evaporation of the precursors 
in each process. After that, Pd/MoS2 Schottky-type nano/hetero-junc-
tions (NHs) are fabricated using DC magnetron sputtering technique. 
Then, the obtained layers are characterized using X-ray diffraction 
(XRD), UV–Visible, diffuse reflectance (DRS), Raman, and X-ray 
photoelectron spectroscopy (XPS). Moreover, X-ray absorption fine 
structure spectroscopy (XAFS) is applied to study the structural prop-
erties of these heterostructures. This work aims to investigate the co-
ordination environment of absorber atom (Mo) in the nano- 
heterostructures. The molybdenum K-edge is investigated to find the 
local structure of Mo and study the effect of Pd metal anchoring on the 
MoS2 NSs. Extended X-ray absorption fine structure (EXAFS) is an 
element-specific spectroscopy technique that demonstrates high sensi-
tivity to the local structural changes around the absorbing atom, 
including the number of neighbors and bond distances, and also the type 
of them. EXAFS spectroscopy is related to the environment around any 
absorbing atom, mainly up to 6 Å corresponding to 1–3 coordination 
shells [38]. 

On the other hand, a systematic theoretical study is useful to realize 
and explore the wide range of applications for nanoscale electronics and 
spintronic devices based on MoS2 modified by noble metals i.e., Pd 
atoms [39]. However, several experimental and simulation studies 
investigated the structural properties and the effect of transition metal 

decorated on TMDCs structures [40–42], but a few of them studied local 
structure around the absorber atom. In this research, the diffusion of Pd 
elements in MoS2 ML is studied by using density functional theory (DFT) 
to perform ab initio calculations on the electronic properties of Pd/MoS2 
NHs using Quantum ESPRESSO software. 

2. Experimental materials and methods 

At first, P-type silicon (100) chip wafers with single side polished as 
substrates with 2 cm × 2 cm dimension were used for the fabrication of 
MoS2 NSs and Pd/MoS2 NHs. Before the deposition process, the sub-
strates were cleaned and degreased sequentially with acetone, ethanol, 
and deionized water for 10 min at 30 ◦C separately in an ultrasonic bath. 
Then, the cleaned substrates were immersed in 10 percent hydrofluoric 
acid (HF ~ 10 %) for a few seconds to eliminate the natural oxidation 
from the silicon surface. Then, the substrates were dried in an atmo-
sphere oven for 5 min at 80 ◦C. Subsequently, a silicon oxide insulating 
buffer layer was produced through a thermal oxidation process in the 
horizontal tubular furnace (TF5/25–1250). Then, to grow MoS2 NSs, the 
substrate was placed inside a ceramic boat loaded in the quartz tubular 
furnace at atmospheric pressure. Accordingly, the MoO3 powder (60 
mg) and sulfur powder (2100 mg) were situated separately in the 
ceramic crucibles. One of them contain MoO3 powder which was placed 
at the center of the tube at 1000 ◦C (high temperature) and the SiO2/Si 
substrate was placed face down on top of the MoO3 powder. The other 
one was allocated to sulfur powder, located adequately far from the first 
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Fig. 1. X-ray diffraction patterns of a) pristine-MoS2 NSs and b) Pd/MoS2 NHs.  
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crucible at 200 ◦C (low-temperature zone) near the gas inlet. It is worth 
noting that simultaneous sublimation of the precursors is critical to 
achieving an optimal condition. Thus, the long distance between the 
positions provides appropriate conditions. Before heating the furnace, 
the tube was purged by Ar gas at a flow rate of 450 sccm for 30 min to 
remove another gas from the furnace. Then, the furnace temperature 
was gradually increased up to 1000 ◦C in 30 min and then kept invariant 
at the temperature for one hour in Ar flow rate of 200 sccm. Finally, the 
furnace was switched off allowing it to cool down by natural convection 
to reach room temperature again. To deposit Pd on the synthesized MoS2 
NSs, a DC magnetron sputtering (Nanostructured Coatings Co.DST3, 
Iran) was employed. The Pd NSs were deposited under monomeric 
pressure 2.3 × 10-2 mbar at room temperature with a 42 sccm Ar gas 

flow rate. During the experiments, the applied current and voltage are 
set to be 300 V and 0.03 A, respectively. 

The crystalline structure of the grown layers was characterized by an 
X-ray diffractometer, X’Pert PRO MPD PANalytical, using Cu Kα radia-
tion at λ = 1.54 Å. Optical reflectance of samples and estimating their 
bandgap were studied using a Scinco (Instrument Serial No.: S4100-00- 
0701001U) diffuse reflection spectroscopy (DRS). In addition, UV–Vi-
sible absorption spectroscopy was performed using a Stellat Net EEP 
spectrometer. Raman spectroscopy was carried out to study the elec-
tronic properties of the samples with an excitation laser at 532 nm. X-ray 
photoelectron spectroscopy (XPS) (model: BESTEC (EA 10)) was used to 
gain further insight into the chemical composition of the MoS2 NSs 
before and after Pd anchoring. Furthermore, the local atomic structure 
around the Mo atom was studied by EXAFS spectroscopy with the 
spectra collected at the BL22 CLÆSS beamline at the ALBA light source 
(Barcelona, Spain) at the K-edge of Mo (E = 20000 eV). Spectra were 
taken in Fluorescence mode using a fluorescence solid-state Silicon 
Drift detector. The synchrotron radiation emitted by a multipole wiggler 
was first vertically collimated and then monochromatized by a Si (311) 
double-crystal monochromator. For the theoretical EXAFS calculations, 
the Fourier transform was performed in the k3 χ(k) weighted EXAFS 
signal between 2.5 and 11.0 Å− 1 at the Mo K-edge. Experimental EXAFS 
results were fitted in R-space using the FEFF code. 

3. Result and discussion 

Fig. 1 demonstrates XRD patterns taken from pristine-MoS2 NSs and 
Pd/MoS2 NHs. The peaks corresponding to MoS2 structures attributed to 
003, 006, 101, 009 and 107 crystalline planes appear in both samples at 
2θ = 14.50̊, 29.19̊, 33.03̊, 44.34̊ and 47.78̊ and it confirms formation the 
rhombohedral phase based on ref code: 01–077-0341. As can be seen in 
Fig. 1, after anchoring of Pd, the peak position experiences a shift to a 
larger angle. It may arise from the generation of stress inside the pristine 
crystal which changes the cell volume and some crystalline parameters 
[43]. It is worth noticing that Pd/MoS2 NHs reveal an additional peak at 
2θ = 40.26̊ corresponding to the 111 crystalline planes of Pd based on 
the ref code: 00–001-1310. The observed peaks in both samples at 2θ =
33.60̊ and 33.58̊ are related to 211 crystalline planes of cubic silicon 
structure according to ref code: 01–072-1426 and also there are several 
peaks at about 18.55̊, 26.08̊, 36.83̊, 37.06̊ and 37.41̊ corresponding to 
− 101, − 111, 200, 111 and 002 planes of MoO2 structures (ref code: 
01–076-1807). 

XRD is a powerful technique to probe the interlayer distance in MoS2 
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Fig. 2. Diffuse reflectance spectra for a) pristine-MoS2 NSs and b) Pd/MoS2 
NHs in the wavelength range of 300–800 nm and band gap determination of the 
samples from the (F(R)⋅hν) 1/2 vs energy plots. 

Table 1 
A and B excitons position and band gap values calculated by Kubelka-Munk 
equation of diffuse reflectance spectra of the samples.  

Sample A exciton position 
(nm) 

B exciton position 
(nm) 

Band gap (Eg) 
(eV) 

pristine-MoS2 

NSs  
666.1  605.2  1.86 

Pd/MoS2 NHs  678.8  616.2  1.81  
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nanostructures [44]. When MoS2 nanostructure contains multiple MoS2 
molecular layers stacked periodically, it exhibits an XRD pattern with 
the first two reflection peaks having diploid relationships. According to 
Bragg’s formula: nλ = 2d sin θ. Where n ascertains the diffraction order 
(for first order n = 1), λ denotes the X-ray wavelength (Cu Kα = 0.15406 
Å), d stands for the interplanar distance of lattice in nm and θ represents 
the Bragg’s angle in degree, respectively The d spacing corresponding to 
the first XRD peak represents the interlayer distance in MoS2. In this 
way, by considering the first (003) peak at 2θ = 14.50̊, the interlayer 
distance for MoS2 NSs is calculated to be 0.610 nm. Moreover, shifting 
the first XRD peak to a larger angle indicates a reduction of interlayer 
distance in the MoS2 lattice. XRD pattern of Pd/MoS2 NHs shows the 
shift of the first (003) peak to 14.59̊, corresponding to an interlayer 
distance of 0.606 nm. Therefore, the results show that the interlayer 
space reduces due to the Pd entrance in the MoS2 lattice. 

Moreover, the optical properties of the samples are assessed by 
diffuse reflectance spectrometer. DRS spectroscopy leads to observing 

Fig. 4. Raman spectra of a) pristine-MoS2 NSs and b) Pd/MoS2 NHs in the range of 350–450 cm− 1.  
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the effect of Pd anchoring on the band gap of the MoS2 synthesized NSs. 
The band gap energy of the samples is determined from DRS results 
using the Kubelka-Munk function [45,46]. Fig. 2 illustrates the reflec-
tion spectra of the samples in the wavelength interval range of 300 to 
800 nm and the obtained data are tabulated in Table 1. There are 
obvious valleys attributed to A and B excitons in the spectrum of MoS2 
NSs, while those are weak in Pd/MoS2 NHs. Moreover, after the Pd 
anchoring on the MoS2, these valleys corresponding to A and B excitons 
experience a redshift of 12.7 and 11 nm, respectively. In addition, the 
reflection of the sample is enhanced by the Pd anchoring, especially in 
the region of 500–700 nm wavelength. Furthermore, after Pd anchoring 
on the MoS2 semiconductor, the band gap energy slightly decreases to 
the lower energy at about 0.05 eV. 

The absorption of the samples is studied via UV–Visible spectroscopy 
in the wavelength range of 200–800 nm. Fig. 3 illustrates the absorption 
spectra of the MoS2 NSs and Pd/MoS2 NHs, respectively. As be seen in 
the corresponded spectra, the absorbance of the MoS2 enhances in the 
ultraviolet region after Pd anchoring, while it reduces in the visible area. 
The discrete surface plasmon absorption in the visible area decreases 
significantly by Pd anchoring due to a damping effect caused by d–d 
interband transitions (i.e. the plasmon energy is lost by excitation of 
single electron interband transitions) [47]. Moreover, the peaks attrib-
uting to A and B excitons for MoS2 NSs appeared at 666 and 605 nm, 
respectively. After Pd anchoring, A exciton peak has a red shift to a 
larger wavelength of about 5.5 nm, which can be inferred that there is a 

direct energy transfer between semiconductor excited states and 3d 
levels of the Pd ions. Also, due to the existence of various MoS2 nano-
flakes with different layers, one shoulder appeared at 651 nm, which has 
a redshift to 656 nm after Pd anchoring. The value of Pd metal and MoS2 
semiconductor work function are reported as 5.6 eV and 5.1 eV, 
respectively [48,49]. The work function difference between Pd and 
MoS2 causes electron transfer from MoS2 into the lower energy states in 
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Table 2 
refined parameter of EXAFS fitting for MoS2 reference powder, pristine-MoS2 
NSs, and Pd/ MoS2 NHs.  

Sample  2nd Peak (Mo-S) 3rd Peak (Mo-Mo) 

Reference  N2 R2 σ2
2 N3 R3 σ3

2 

6.00 2.40 0.0009 6.00 3.17 0.0009  
1st Peak (Mo-O) 2nd Peak (Mo-S) 3rd Peak (Mo-Mo) 

pristine-MoS2 

NSs 
N1 R1 σ1

2 N2 R2 σ2
2 N3 R3 σ3

2 

1.47 1.99 0.0001 0.5 2.43 0.0001 0.61 3.21 0.006  
1st Peak (Mo-O) 2nd Peak (Mo-S) 3rd Peak (Mo-Mo/ 

Pd) 

Pd/ MoS2 NHs N1 R1 σ1
2 N2 R2 σ2

2 N3 R3 σ3
2 

1.15 1.98 0.0001 0.98 2.40 0.0001 1.79 3.18 0.02  
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Pd through a thin interfacial barrier layer and leads to a built-in electric 
field, directed from MoS2 toward the Pd metal layer. 

Fig. 4 shows the Raman spectra of the MoS2 NSs and Pd/MoS2 NHs. 
The MoS2 sample exhibits two characteristic Raman peaks, the E1

2g mode 
at 388.8 cm− 1 corresponding to the S and Mo atoms oscillating in the 
antiphase parallel to the crystal plane and the A1g mode at 417.5 cm− 1 

attributing to the S atoms oscillating in the antiphase out-of-plane. Ac-
cording to the figure, the E1

2g peak position almost has no change, while 
the A1g peak has a redshift of about 5.8 cm− 1 due to the incorporation of 
Pd atoms in the MoS2 nanostructure. The contact between the Pd and 
MoS2 NSs can cause enhancement of electron concentration which is 
responsible for the A1g mode downshift. Moreover, it may arise from the 
strong binding in Pd/MoS2 NHs with a clean interface leading to soft-
ening of the Mo–S bonds [50]. A1g phonons pair much more firmly with 
electrons than E1

2g phonons in MoS2-based substances. So, this indicates 
that a notable change in the electronic structure and semiconductor 
characteristics of MoS2 nanostructure can be caused by Pd anchoring 
[51]. In addition, the relative intensity of IA1g / IE1

2g 
decreases after Pd 

anchoring from 2.1 to 1.3. The most likely phenomena such as strain, 
defects, grain size, and thickness are known to impact the Raman 
response, manifesting themselves as changes in peak position, broad-
ening, and intensity that affect the peak ratios [52]. The reduction of the 
relative intensity of IA1g / IE1

2g 
can be attributed to layer orientation 

under the cross-polarized configuration, a transition from a mixed/ 
random grain orientation to a more parallel layered orientation after Pd 
anchoring on MoS2 NSs [53]. 

To study the local structure of the Mo atom and the coordination 
number, X-ray absorption spectroscopy is carried out at the BL22 - 
CLÆSS beamline at the Alba Synchrotron, Barcelona, Spain. Several 
spectra are collected to accumulate them and to have a good enough 
signal-to-noise ratio. The energy calibration is done using the Mo foil 
sample and is set to be 20,000 eV at the first maximum above the edge. 
Fluorescence spectra are obtained at room temperature. The obtained 
data from EXAFS spectroscopy are analyzed by Demeter software. 
ATHENA program is applied for data processing including energy cali-
bration, background subtraction, and normalization and the ARTEMIS 
program is used for data analysis using simulation standards from FEFF 
standard file. Fig. 5 displays the normalized absorption spectra of MoS2 
reference powder, pristine-MoS2 NSs, and Pd/MoS2 NHs. The EXAFS 
oscillation for both pristine-MoS2 NSs and Pd/MoS2 NHs has a reduced 
amplitude compared with pure MoS2 powder (MoS2 reference is pre-
pared from MoS2 powder), indicating that all samples exhibit weaker 
short-range order [54]. 

Fig. 6 shows XANES spectra at Mo K-edge for samples. As can be 
seen, the white line which is attributed to the first sharp rise in the 
XANES spectrum and corresponds to transitions of electrons to unfilled 
bound states just below the continuum of free electron states has 
decreased for both samples compared to the reference. This decline in 
the white line confirms a reduction in the unoccupied density of the state 
of Mo 4d and an average valence state lower than IV [55]. Moreover, in 
the inset figure, clear differences between the Mo K-edge XANES are 
evident for pristine-MoS2 and Pd/MoS2 samples compared to the MoS2 
reference. The onset of the Mo main absorption gradually shifts to lower 
energies. This so-called chemical shift reveals a change in the valence 
state of the incorporated Mo cations [56]. 

Data are collected from the MoS2 ref powder before the sample 
measurements to enable the determination of the amplitude reduction 
factor (S0

2), without it the coordination number cannot be identically 
determined. It is found to be 0.8 and so all coordination numbers and the 
subsequent results are corrected accordingly. Then, by setting S0

2 for 
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Fig. 9. XPS survey for a) pristine-MoS2 NSs and b) Pd/MoS2 NHs.  

Table 3 
The atomic percentages of the elements in pristine-MoS2 NSs, and Pd/ MoS2 
NHs.  

Sample Element Atomic % 

pristine-MoS2 NSs Mo 3d  38.1 
S 2p  44.2 
O 1 s  17.7 

Pd/MoS2 NHs Mo 3d  6.4 
S 2p  29.2 
Pd 3d  25.9 
O 1 s  38.5  
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each EXAFS data, the Mo-O, Mo-S, and Mo-Mo bond distance, σ2 

parameter, and coordination number are obtained for the samples. The 
extracted EXAFS spectra and corresponding Fourier transforms for the 
samples are shown in Figs. 7 and 8. As can be seen in Fig. 7, it is 
important to notice that, there is a strong difference in the shape of 

EXAFS oscillations of the samples concerning MoS2 reference powder. 
The amplitudes of EXAFS oscillations of the samples are less than the 
reference powder and also, they have some shifts to different wave-
numbers after the Pd anchoring process. 

The Fourier transformed of EXAFS spectra are shown in Fig. 8. There 
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Fig. 10. Deconvoluted XPS spectra of a) and b) Mo 3d, c) and d) S 2p for pristine-MoS2 NSs and Pd/MoS2 NHs; e) Pd 3d for Pd/MoS2 NHs.  
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are three distinct peaks at three radial distances. The first peak corre-
sponds to atomic bonds with O atoms (Mo-O), the nearest neighbor of 
the transition metal atom (Mo), and the second one is attributed to S 
atoms (chalcogenides, Mo-S) and the third peak is associated with 
intralayer cation (transition metal, Mo-Mo) neighbors [17]. Comparison 
between the spectra of MoS2 reference and the samples verifies, that 
there are MoO2 structures in the samples which are synthesized via the 
TCVD method. Similarly, the XRD results confirm the presence of MoO2 
in the samples. The fitting consequences for EXAFS data give informa-
tion about the type, distance, and coordination number of backscatter 
atoms. As can be seen in Table 2, the first shell for the sample is for Mo-O 
and second shell is for Mo-S and the third shell is for the Mo-Mo path, 
respectively [57]. In addition, the changes in Mo-Mo and Mo-O bond 
distance after Pd anchoring are also extracted by fitting EXAFS. It can be 
found that due to Pd anchoring on the MoS2 NSs, the bond distances 
decrease to smaller values. On the other hand, the Debye-Waller 
parameter increases after Pd adding due to inducing disorder in the 
MoS2 lattice. 

The chemical composition and element valence on the surface of 
MoS2 NSs and Pd/MoS2 NHs are analyzed by XPS. As depicted in Fig. 9, 
the survey spectra confirmed the presentence of Mo, S, and Pd elements. 
The presence of C and O elements can be observed from the spectra. The 
O 1 s peak might be caused by the absorbed gaseous molecules and also 
by molybdenum oxide structures accompanied by the MoS2 NSs. After 
Pd anchoring on MoS2 NSs surface, the intensity of the Mo and S peaks 
reduces in comparison with the pristine-MoS2 NSs due to the nature of 
surface-sensitive XPS analysis. The atomic percentages of O 1 s, Mo 3d, S 
2p, and Pd 3d for the samples are presented in Table 3. The corre-
sponding value for O1s increased significantly in Pd/MoS2 NHs due to 
the defects created by the plasma effect during Pd anchoring. The 
deconvoluted XPS spectra of the samples are shown in Fig. 10. In the Mo 
3d core-level spectrum (Fig. 10a), the appearance of Mo 3d5/2 (229.2 
eV) and Mo 3d3/2 (232.2 eV) peaks for Mo 3d doublet indicate the 
characteristic +4 states [58]. Besides, two weak Mo6+ 3d peaks (3d5/2 
peak at 233.1 eV and 3d3/2 peak at 235.4 eV) are ascribed to the slight 
oxidation of MoS2 NSs. As shown in Fig. 10b, after Pd anchoring Mo4+

3d5/2, Mo4+ 3d3/2, Mo6+ 3d5/2, and Mo6+ 3d3/2 peaks have shifted to 
higher binding energy at 230.8, 233.4, 234.3 and 237.3 eV, respectively. 
It is worth noticing that the Mo6+ oxidation peaks intensity has 
increased after Pd anchoring (Fig. 10a and 10b), while the Mo4+ peaks 
intensity has decreased. This can be attributed to electron transfer from 
MoS2 to Pd NPs which is in agreement with our UV–Visible results and 
also reported by Y. Garcia-Basabe et al. [59]. 

In the high-resolution scans of S 2p (Fig. 10c), two feature peaks (S 
2p1/2 and S 2p3/2) appeared at 163.10 and 161.9 eV, respectively, which 
greatly matched the binding energy of S2− ions in MoS2. For Pd/MoS2 
NHs, the S 2p (Fig. 10d) region is deconvoluted into two peaks, present 
at 164.2 eV and 163.3 eV, which are due to the S 2p1/2 and S 2p3/2 levels 
respectively. Differences of 1.2 and 1.4 eV for MoS2 NSs and Pd/MoS2 

a b c

d e

Mo

Pd

S

Fig. 11. Side view and up view of the optimized crystalline structure of a) pristine MoS2, b) Pd atom substitution with a Mo atom, c) Pd atom substitution with an S 
atom, d) Pd interstitial between Mo and S atoms at the middle bond state and e) Pd interstitial between Mo and S atoms at middle hexagonal state. 

Table 4 
calculated band gap energy (Eg) and Mo-Mo bond distance for pristine MoS2 and 
various modes of Pd- doped on MoS2.  

Simulation information The calculated band 
gap (Eg) 

Mo-Mo bond 
distance 

Pristine MoS2 1.767 eV  3.1822 Å 
Pd atom substitution with a Mo atom 0.050 eV  3.1822 Å 
Pd atom substitution with an S atom 1.288 eV  3.1822 Å 
Pd interstitial between Mo and S atoms 

at middle bond state 
1.49 eV  3.1715 Å 

Pd interstitial between Mo and S atoms 
at middle hexagonal state 

1.37 eV  3.1933 Å  
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NHs samples are attributed to the spin–orbit coupling [51,60]. More-
over, new doublet peaks at the higher binding energy at 166.4 and 
165.0 eV are corresponding to S2

2− 2p. In the Pd/MoS2 NHs, Mo 3d and S 
2p peaks all shifted to higher binding energies arising from the upshift of 
the Fermi level toward the conduction band [61,62]. 

Pd 3d spectrum of the Pd/MoS2 NHs sample shows two peaks around 
336.9 eV and 337.9 eV relating to Pd 3d5/2 (Fig. 10e) while the peaks at 
342.1 eV and 343.0 eV are corresponding to Pd 3d3/2 levels. A difference 
of about 5.3 eV is related to the spin–orbit coupling. The binding energy 
values of pure Pd clusters are reported to be around 335.3 eV and 340.0 
eV for 3d5/2 and 3d3/2 levels [63,64]. So, the binding energies obtained 
in this work are much larger than those for metallic Pd and almost the 
same as the characteristics of Pd4+. 

3.1. Simulation result 

The electronic band structure calculation of two-dimensional pris-
tine MoS2 and Pd/ MoS2 structures is performed using the plane wave 
basis as implemented in the Quantum Espresso package [65]. The 
generalized gradient approximation (GGA) in the form of Perdew- 
BuekeErnzerhof (PBE) is used for the exchange–correlation functional 
[66]. Ultra-soft method pseudo potentials are chosen for simulations. In 
all calculations, the kinetic energy cut off is set as 60 Ry for the 
expansion of plane-wave basis and 10− 10 Ry as energy convergence 
thresholds. For the primitive cell relaxation, 12 × 12 × 1 Mon-
khorst–Pack [67] k-point mesh is used for sampling the Brillouin zone. 
To prevent the artificial interlayer interaction, a vacuum spacing of 20 Å 
is considered. Forces convergence thresholds of 10− 4 Ry per Bohr are 
selected for geometry structure optimization. To study the effect of Pd 
adding on the electronic structure of MoS2, the calculations are carried 

out for a large 4 × 4 × 1 supercell with 16 Mo atoms and 32 S atoms. 
The electronic structure of MoS2 shows tuneability of band gap with 

the various modes for placement of Pd atom in the base structure. The 
top and side views of the MoS2 structure before and after anchoring are 
shown in Fig. 11 (a-e) and the simulation results are shown in Table 4. 
After that, various modes for placement and different sites substitutional 
doping of Pd atom in MoS2 structure including a Pd atom replaced a Mo 
atom at the substitutional site (9b), a Pd atom replaced an S atom at the 
substitutional site (9c), Pd interstitial between Mo and S atoms in the 
middle bond state (9d) and Pd interstitial in the middle hexagonal state 
(9e) are simulated to identify the reasonable place of Pd in MoS2 
structure according to DRS and EXAFS result. The Mo-Mo bond distance 
has no change after Pd adding on MoS2 lattice in Pd atom substitution 
with a Mo atom and Pd atom substitution with an S atom, while in the Pd 
at Mo and S middle bond state and in the Pd at middle hexagonal state, it 
has changed to about 3.1715 Å and 3.1933 Å, respectively compared to 
the Mo-Mo bind distance in the pristine MoS2 simulation model (3.1822 
Å). On the other hand, the refined parameters of EXAFS spectroscopy 
show a reduction in the Mo-Mo bond distance after Pd anchoring on the 
MoS2 structure. Thus, the configuration of Fig. 11d is in agreement with 
EXAFS results. 

Moreover, Fig. 12 illustrates the calculated band structures of all 
configurations. Note that the valence band maximum and conduction 
band minimum are both located at the K point of the Brillouin zone, 
which indicates a direct band gap for all configurations with and without 
the Pd atom. Furthermore, the electronic band gap experiences a 
reduction after Pd adding. Due to the DRS result of the samples, the 
MoS2 band gap had a slight decrease after the Pd anchoring, which the 
closest simulation result that confirms this reduction is for the Pd 
interstitial between Mo and S atoms in Pd at the middle of the bond 
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and S atoms at the middle bond state and e) Pd interstitial between Mo and S atoms at middle hexagonal state. 
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state. 

4. Conclusion 

In this research, molybdenum disulfide nanostructures, MoS2 NSs, 
are grown on silicon substrates based on thermal chemical vapor 
deposition. After that, by using DC magnetron sputtering Pd nano-
particles are anchored on the MoS2 NSs to form Pd/MoS2 NHs. XRD, 
UV–Visible absorption spectroscopy, DRS, Raman, and XPS are carried 
out to characterize the crystalline structures and optical properties of the 
samples. The XRD patterns confirm the formation of the rhombohedral 
crystalline structure phase of MoS2. Also, it attests to a diffraction peak 
corresponding to the Pd crystalline plane after Pd anchoring to form Pd/ 
MoS2 NHs. Moreover, the optical study of the samples indicates a 
reduction of the absorbance and enhancement of the reflectance after Pd 
anchoring on MoS2 NSs in the visible region. The results also show the 
redshift of A and B excitons and a slight reduction of band gap energy 
after Pd anchoring. This shift to a larger wavelength can be inferred that 
there is a direct energy transfer between MoS2 excited states and 3d 
levels of the Pd ions. Furthermore, the work function difference between 
Pd and MoS2 causes electron transfer from MoS2 into the lower energy 
states in Pd through a thin interfacial barrier layer and leads to a built-in 
electric field, directed from MoS2 toward the Pd metal layer. Raman 
results show downshifting of A1g vibration mode due to enhancement of 
electron concentration by Pd anchoring. Besides that, the reduction of 
the relative intensity of IA1g / IE1

2g 
can be related to a more parallel 

layered orientation after Pd anchoring on MoS2 NSs. XPS analysis shows 
electron transfer from Mo 4d electronic states to Pd NPs conduction 
band. Moreover, after Pd anchoring, all Mo 3d and S 2p peaks have 
shifted to higher binding energies corresponding to the upshift of the 
Fermi level toward the conduction band. Also, the binding energies 
obtained from Pd 3d in Pd/MoS2 NHs show the characteristics of Pd4+. 
Moreover, EXAFS spectroscopy is applied to investigate the local 
structure around the molybdenum K-edge. Mo K-edge for the MoS2 NSs 
is investigated using fluorescence mode. In this way, the kind, coordi-
nation number, and distance of neighbors of absorber atom are deter-
mined. It is found that due to Pd anchoring on the MoS2 NSs, the bond 
distances decrease to smaller values. Also, the Debye-Waller parameter 
increases after Pd adding due to inducing disorder in the MoS2 lattice. In 
addition, a simulation study of the structural and electronical properties 
of the samples is done to understand the effect of Pd adding on MoS2 
structure using Quantum ESPRESSO software. Comparing the simula-
tion results, it is concluded that only for the Pd interstitial between Mo 
and S atoms at the middle bond state, the Mo-Mo bond distance has 
decreased. Moreover, the reduction of the band gap after Pd adding has 
occurred for all simulation models, but the closest model to the exper-
imental results of DRS is the Pd interstitial between Mo and S atoms at 
the middle bond state. 
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