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ABSTRACT: This study reports the synthesis and structural characterization of 
palladium (Pd)-doped molybdenum disulfide (MoS₂) produced via the powder 
metallurgy route. The primary objective was to investigate how Pd incorporation 
influences the structural, morphological, and electrical properties of MoS₂, thereby 
demonstrating the advantages of powder metallurgy compared to conventional 
synthesis techniques. The materials were analyzed by X-ray diffraction (XRD), 
scanning electron microscopy (SEM) coupled with energy-dispersive spectroscopy 
(EDS), Fourier-transform infrared spectroscopy (FTIR), and Raman spectroscopy. 
XRD confirmed the retention of the hexagonal MoS₂ phase without the formation 
of secondary Pd-related phases, indicating successful substitutional doping. SEM–
EDS analyses revealed a uniform Pd distribution and progressive morphological 
evolution with increasing Pd content, characterized by enhanced surface roughness 
and improved particle dispersion. FTIR and Raman spectra showed modifications 
in bonding environments and vibrational modes, evidencing the structural influence 
of Pd atoms on the MoS₂ lattice. Electrical measurements, performed using both 
I–V and four-point probe methods, demonstrated a conductivity increase from 9.6 
× 10-⁹ S·m-¹ for pure MoS₂ to 1.6 × 10-⁵ S·m-¹ and 1.9 × 10-⁵ S·m-¹ for the 1% and 
2% Pd-doped samples, respectively. This enhancement is attributed to the higher 
charge carrier density and improved interlayer charge transport induced by Pd 
doping. These findings confirm that powder metallurgy provides an effective and 
scalable synthesis pathway for achieving homogeneous Pd incorporation in MoS₂. 
The resulting materials exhibit excellent structural integrity and enhanced electrical 
performance, making them promising candidates for catalytic, sensing, and energy 
storage applications.
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1.  INTRODUCTION

 The escalating demand for high-efficiency sensors and energy systems, with a 
particular focus on energy storage and electronic devices, has intensified in recent 
years [1,2]. Driven by a growing emphasis on sustainability, enhancing the perfor-
mance of these devices has become a critical research priority. Energy storage de-
vices, such as batteries and supercapacitors, are integral for integrating renewable 
energy sources and advancing electric mobility [3]. Similarly, highly sensitive sen-
sors and efficient catalysts are crucial for environmental monitoring and industrial 
chemical processes.

The performance of these technologies is intrinsically linked to the fundamental 
properties of the semiconductor materials employed in their fabrication [4]. Con-
sequently, research focused on discovering and refining semiconductor materials is 
paramount for achieving significant technological advancements in these areas [5, 
6]. In this context, the two-dimensional transition metal dichalcogenide Molybde-
num Disulfide (MoS2) has emerged as a particularly promising candidate. It exhib-
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lenges related to dopant uniformity, defect control, and scalability, 
this work introduces the powder metallurgy route as an alternative 
synthesis method for Pd-doped MoS₂.

To the best of our knowledge, this study represents the first 
successful application of powder metallurgy for the synthesis of 
Pd-doped MoS₂, demonstrating its ability to achieve homoge-
neous Pd incorporation within the MoS₂ lattice without the for-
mation of secondary Pd-based phases. The combination of XRD, 
SEM–EDS, and Raman analyses confirmed the structural integrity 
of the hexagonal MoS₂ phase and the effective substitutional dop-
ing of Pd atoms.

Moreover, the samples produced through this route exhibited 
a three-order-of-magnitude enhancement in electrical conductiv-
ity compared to undoped MoS₂, directly evidencing the influence 
of Pd on charge carrier generation and interlayer transport. These 
findings highlight not only the effectiveness of the powder metal-
lurgy process in tailoring the microstructure and electronic prop-
erties of MoS₂, but also its potential as a scalable, compositionally 
controlled technique for fabricating doped 2D materials suitable 
for catalytic, sensing, and energy storage applications.

2. EXPERIMENTAL

The synthesis involved three primary raw materials. MoS2 pow-
der, with a purity of >98wt%. and a particle size distribution of 
0.5µm to 10µm, was obtained as a donation from Ferroligas Nu´-
cleo. The palladium source was Palladium(II) Acetylacetonate, a 
yellow powder with 99.9wt.% purity. Additionally, elemental sul-
fur (S), in the form of a yellow powder with a purity of >99.5wt.%, 
was sourced from Exodo Cient´ıfica.ˆ

The phases of the experimental procedure adopted for this 
work are detailed in the flowchart in Figure 1.
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its a unique combination of advantageous properties, including a 
suitable electronic bandgap, high carrier mobility, excellent phys-
icochemical stability, and a layered atomic structure amenable to 
nanoscale device integration [5, 6].

A promising strategy to augment the intrinsic properties of 
MoS2 is doping with transition metals such as Palladium (Pd). As a 
dopant, palladium is recognized for its exceptional catalytic activity 
and electronic characteristics. The introduction of  Pd atoms into 
the MoS2 lattice can significantly enhance electrical conductivity 
and modulate the electronic structure, thereby boosting the mate-
rial’s performance and responsiveness in various applications [7–
9]. This substitutional doping strategy not only creates new ave-
nues in materials engineering but also holds considerable potential 
for developing next-generation devices, including highly sensitive 
sensors, efficient catalysts for chemical reactions, and components 
for energy storage [7, 8, 10].

While various techniques can be employed for doping MoS2, 
conventional methods such as chemical vapor deposition (CVD), 
sputtering, and sol-gel synthesis present notable drawbacks. CVD 
is often hindered by process complexity and scalability issues [11], 
sputtering can lead to nonuniform dopant distribution and incon-
sistent electrical properties [12], and sol-gel methods can be slow 
and result in disordered porosity and potential impurities [13]. In 
contrast, powder metallurgy offers superior control over compo-
sition and microstructure, yielding highly uniform, doped mate-
rials crucial for high-performance applications [14–18]. This ap-
proach allows for the homogeneous mixing of precursor particles, 
followed by a sintering process that promotes robust interaction 
between the materials, making it especially suitable for fabricating 
high-quality nanoscale devices.

The functionalization of MoS2 via Palladium (Pd) doping 
represents a promising strategy to enhance its material properties 
[10]. Palladium’s viability as a substitutional dopant is supported 
by its physicochemical compatibility with the MoS2 lattice, includ-
ing a minimal atomic radius mismatch (3.60%) and analogous 
electronegativity and valence states [7, 8]. This atomic-level mod-
ification is expected to create active catalytic sites for processes 
such as the oxygen evolution reaction (OER) and improve elec-
tronic transport, modulating the electronic structure through co-
valent Pd-S bond formation to enhance performance in sensor and 
energy applications [19–21].

In light of these considerations, this work reports on the syn-
thesis and structural characterization of Pd-doped MoS2 using a 
powder metallurgy approach. We provide a systematic investiga-
tion to elucidate the effects of palladium doping and to establish 
a foundation for its future use in next-generation devices such as 
sensors and catalysts.

Despite extensive research on Pd-doped MoS₂ synthesized 
through chemical vapor deposition, sol–gel, and hydrothermal 
routes, there remains a lack of systematic investigation into the 
structural and electrical effects of Pd incorporation in MoS₂ pre-
pared via powder metallurgy. This study addresses that gap by 
demonstrating powder metallurgy as a controllable and scalable 
alternative synthesis route capable of producing homogeneously 
doped 2D materials with tunable microstructural and electronic 
properties.

In contrast to previous studies employing chemical vapor dep-
osition, sputtering, or sol–gel techniques, which often face chal-

Figure 1. Flowchart of the experimental procedure steps.

https://jamt.ejournal.unri.ac.id/index.php/jamt
http://Jamt.ejournal.unri.ac.id


Applied Materials and Technology

33

Jamt.ejournal.unri.ac.id

J.Appl.Mat. and Tech. 2025, 7(1), 31-40

Sample Mass (g)

Pure MoS2 2.500

MoS2  – 1% Pd 2.525

MoS2  – 2% Pd 2.550

Table 1.  Masses in grams for the pure and doped MoS2 compo-
sitions.

The samples were divided into pure MoS2 , MoS2  with 1% Pd, 
and MoS2  with 2% Pd. The powders were weighed on a SHIMADZU 
model AUW220D analytical balance and mixed using a mortar and 
pestle. Table 1 shows the final mass for each composition based on a 
2.5g starting mass of MoS2 .

For the compaction process, a cylindrical die with an internal 
diameter of 14mm was utilized. Each die was charged with 0.5g of 
powder and subsequently subjected to uniaxial pressing in a SKAY 
hydraulic press. A load of 1t was applied and maintained for a 
duration of 5min, after which the resulting specimen was ejected. A 
total of nine specimens were prepared in triplicate for three distinct 
compositions: undoped MoS2, MoS2 doped with 1% Pd, and MoS2 
doped with 2% Pd. Additionally, a discrete sulfur pellet was pressed 
for each compositional set and cosealed with the specimens in 
silicate glass tubes to maintain a sulfur-rich atmosphere during the 
subsequent heat treatment. This was intended to keep the MoS2 
structure intact, as it readily reacts with oxygen at high temperatures 
to form MoO3.

Before heat treatment, the compacted specimens were sealed 
in silicate glass ampoules. For each composition, three specimens 
and one supplementary sulfur pellet were placed in an ampoule, 
which was then evacuated and subsequently backfilled with 
nitrogen gas to establish an inert atmosphere. The heat treatment 
was conducted in a JUNG model 2312 furnace, where the sealed 
ampoules were subjected to a thermal profile consisting of heating 
to 600oC, holding for a 2h dwell time, and passive cooling inside 
the furnace.

 For XRD, the powder sample was analyzed using a PANalytical 
model X’Pert Pro. The test parameters were: measurement time of 
1s per step, step size of 0.02o, 2θ scan range from 5o to 90o, using a 
copper tube (Cu–Kα, λ = 0.1542nm), with a voltage of 40kV and a 
current of 30mA.

The morphology and elemental composition of the bulk 
specimens were investigated by SEM coupled with EDS, using a 
Carl Zeiss EVO MA15 instrument. The analyses were performed 
with an accelerating voltage (EHT) of 15.00kV and a working 
distance ranging from 8.0mm to 9.5mm. Surface topography was 
imaged using the secondary electron detector, while compositional 
contrast was visualized with the backscattered electron detector. 
To ensure representative results, micrographs were acquired at a 
magnification of 5000x from at least three distinct regions on each 
specimen, with concurrent EDS providing the elemental analysis.

FTIR spectroscopy was performed on the bulk specimens 
using a PerkinElmer Spectrum 100 instrument. Spectra were 
recorded in transmittance mode over a wavenumber range of 
4000cm−1 to 600cm−1. Each fnal spectrum was an average of 12 
scans acquired over a total duration of one minute. 

Raman spectra of the specimens were acquired using a labRAM 
HR Evolution system equipped with a Syncerity OE detector. 

The analysis was conducted using a 532nm laser excitation source 
through a 50x objective lens. Each spectrum represents the 
accumulation of 20 scans, with an integration time of 10s per scan, 
over the spectral range of 100cm−1 to 1400cm−1. 

The electrical resistance (R) was first determined by I-V curve 
analysis using a Keithley 2612A SourceMeter. A custom Python 
script automated a voltage sweep from −10V to 10V in 0.05V 
increments, recording the resultant current at each point. R was 
then calculated from the linear regression of the I-V curve.

3. RESULT AND DISCUSSION

3.1. Structural characterizations. The pressed specimens 
exhibited sufficient green strength, allowing them to be handled 
without damage. The samples presented a satisfactory surface fin-
ish with a metallic luster, which was particularly noticeable after the 
addition of Pd. Figure 2 shows a representative specimen before 
and after the heat treatment process. After cooling, the silicate glass 
tubes were broken, and the specimens were retrieved for structural 
characterization. To obtain information on the composition and 
general structural properties, SEM was performed in BSD mode 
on the MoS2, MoS2–1%Pd, and MoS2–2% samples heat-treated at 
600oC. The resulting micrographs, taken at 5000x magnification, 
are shown in Figure 3.

The micrograph of pure MoS2 (Figure 3a) reveals a charac-
teristic stacked-layer structure, typical of lamellar materials. The 
surface displays a relatively homogeneous morphology with some 
aggregated regions, indicating that the MoS2 maintained its crys-
talline structure after the heat treatment [22]. Upon analyzing 
the micrograph of the MoS2 with 1% Pd (Figure 3b), a slight al-
teration in morphology is perceptible. Small particles can be ob-
served dispersed on the MoS2 matrix, suggesting the presence of 
Pd nanoparticles. The structure also appears rougher and more 
fragmented, which may indicate an interaction between palladium 
and MoS2, an exfoliation of the layers. In the micrograph of the 
sample with 2% Pd (Figure 3c), the differences become even more 
evident. The presence of well-distributed particles on the surface is 
more intense, suggesting an increased concentration of palladium. 
Furthermore, greater agglomeration and possible grain growth are 
observed, indicating that a larger amount of Pd may be inducing 
changes in the crystalline structure and morphology of the mate-
rial.

SEM analysis (Figure 3) provides morphological evidence 
that the presence of Pd induced the exfoliation of the MoS₂ crys-
tal structure. The micrographs clearly show individual nanosheets 
and well-dispersed Pd structures (Figures 3b and 3c), indicating 
a breakdown of the layered stacking. This is further corroborated 
by XRD data (Figure 5), where the characteristic MoS₂ peak at 2θ 
= 14.45° exhibits a decrease in intensity, broadening, and a slight 
shift. These changes confirm a reduction in the crystallite size and 
a loss of long-range order, directly supporting the exfoliation pro-
cess. The morphological changes observed are particularly signif-
icant for applications in catalysis and energy storage. In catalysis, 
the presence of well-dispersed Pd nanoparticles on the surface of 
MoS₂ is crucial, as it increases the number of available active sites, 
which directly enhances catalytic performance [23]. The increase 
in surface roughness may also provide additional sites for chemi-
cal reactions. In energy storage devices like lithium-ion batteries, 
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a rougher and more fragmented morphology can facilitate ion dif-
fusion and improve the electrochemical performance by shorten-
ing the transport path of ions and electrons [24]. The control over 
the morphology achieved through powder metallurgy is thus a key 
factor for these applications.

EDS coupled with SEM was used to map the elemental distri-
bution in the pure MoS₂, MoS₂-1% Pd, and MoS₂-2% Pd samples. 
The EDS micrograph of the pure MoS₂ sample shows a uniform 
distribution of molybdenum (Mo) and sulfur (S), as expected. 
Small signs of oxygen (O) may be present, indicating slight sur-
face oxidation. In the sample doped with 1% Pd, the elemental 
mapping confirms its incorporation into the MoS₂ matrix via the 
presence of bright spots corresponding to Pd, which appear to be 
relatively homogeneously distributed. With an increase to 2% Pd, 

the EDS mapping reveals a greater quantity of these bright spots, 
though some agglomeration may be present. 

The EDS spectrum for pure MoS2  (Figure 4a) shows intense 
peaks for Mo (Lα at ˜2.0keV and Kα at ˜17.5keV) and S (Kα at 
˜2.3keV), confirming the material’s composition. With the ad-
dition of 1% (Figure 4b), new peaks corresponding to Pd (Lα at 
˜2.8keV) appear, confirming successful doping. For the 2% Pd 
sample (Figure 4c), the intensity of the Pd peaks increases signifi-
cantly, as expected. Across all samples, no unexpected peaks indi-
cating contamination were observed.

Quantitative elemental data obtained from EDS spectra are 
summarized in Table 2. The results show a consistent Mo:S ratio 
close to the stoichiometric 1:2 proportion in all samples, confirm-
ing the preservation of the MoS₂ structure after Pd doping. An in-

Figure 2. (a) A representative green compact specimen before heat treatment; (b) the same specimen after heat treatment.

(a) (b)

Figure 3. SEM/BSD micrographs of the samples: (a) Pure MoS₂ (b) MoS₂ with 1% Pd; and (c) MoS₂ with 2% Pd after heat treatment at 
600oC.

(a) (b)

(c)
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Figure 4. SEM–EDS elemental mapping of Mo, S, and Pd in (a) pure MoS₂, (b) MoS₂–1%Pd, and (c) MoS₂–2%Pd samples. The maps 
confirm the homogeneous distribution of Pd across the MoS₂ matrix and the preservation of the layered morphology after doping.

(a) (b)

(c)

crease in Pd content is observed for the MoS2–2%Pd sample, with 
2.92 at.% Pd (5.55 wt.%), while Pd was below the detection limit 
in the MoS₂–1%Pd sample. This is expected for low doping lev-
els, as EDS sensitivity for Pd at concentrations below ~1 at.% is 
limited, particularly in matrices containing heavier elements such 
as Mo. Despite this limitation, the compositional trend and the 
morphological and electrical modifications observed confirm the 
progressive Pd incorporation with increasing nominal content.

The X-ray diffractograms for the samples are presented in 
Figure 5. The analysis reveals that the characteristic peaks of 
hexagonal MoS2 (indicated by red triangles) are present in all 
samples, confirming that the primary phase was maintained after 
doping and heat treatment. Peaks attributed to residual elemental 
sulfur (S) are also observed (blue circles).

In the pure MoS2 sample (a), the pattern shows well-defined 
peaks characteristic of the 2H-MoS2 hexagonal phase. With the 
introduction of 1% Pd (b), the MoS2 peaks remain dominant but 
show slight changes in relative intensity, suggesting minor lattice 
distortions due to Pd incorporation. In the 2% Pd sample (c), the 

Sample Element Atomic % Weight %

Pure MoS2 Mo 30.49 56.76

S 69.51 43.24

MoS2  – 1% Pd Mo 32.53 59.06

S 67.47 40.94

Pd 0 0

MoS2 – 2% Pd Mo 33.95 58.25

S 63.13 36.20

Pd 2.92 5.55

Table 2.  Atomic and weight percentages of the elements in the 
MoS₂ and Pd-doped MoS₂ samples determined by EDS.

MoS2 structure is still predominant, but there is a more expressive 
reduction in the peaks associated with sulfur. This suggests 
the increased Pd content may have facilitated a more complete 
sintering process. Importantly, no significant peaks corresponding 
to secondary palladium-containing phases (e.g., PdS) were detected 
in any sample, indicating that Pd was efficiently incorporated into 
the MoS2 matrix, likely via substitutional doping.

The absence of secondary Pd-related peaks in the XRD patterns 
is a crucial finding, as it indicates the successful integration of 
Pd into the MoS2 lattice without forming new, undesired phases. 
This is particularly important for optoelectronic and catalytic 
applications. For instance, the presence of separate PdS phases 

Figure 5. XRD patterns of the samples heat-treated at 600°C: (a) 
Pure MoS2, (b) MoS2-1%Pd, and (c) MoS2-2%Pd. Red triangles de-
note the MoS2 phase and blue circles denote the S phase.
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Therefore, this oxidation is interpreted as superficial and limited, 
possibly related to partial sulfur loss during heating at 600°C and 
to a local catalytic effect of Pd, which may promote surface oxida-
tion. Such a process can modify the bond energy and create new 
active sites, potentially beneficial for catalytic or sensing applica-
tions, although it may also affect stability under oxidative environ-
ments. The combined FTIR, XRD, and EDS results thus indicate 
that oxidation is confined to the surface and does not compromise 
the structural integrity of the material.

Raman spectroscopy investigates the vibrational modes of 
a material [30–32]. For MoS₂, the two primary Raman-active 
modes are the in-plane E₂g¹ mode (˜383cm−1) and the out-of-
plane A₁g mode (˜408cm−1) [30]. The spectra for pure MoS₂ and 
MoS₂–2%Pd are compared in Figure 7.

FTIR spectroscopy was used to identify functional groups 
and chemical interactions [26]. The spectra for all samples are 
shown in Figure 6. The pure MoS2 spectrum (red line) displays a 
characteristic Mo–S stretching vibration band at approximately 
600cm−1. Other bands at ˜1420cm−1, ˜1690cm−1, and ˜3750cm−1 
suggest the presence of surface oxides or adsorbed hydroxyl groups 
and water [27]. Doping with 1% Pd (blue line) preserves the 
main MoS2 peaks but introduces a new band at 2919cm−1, possibly 
from C–H vibrations. With 2% Pd doping (indicated by the black 
line in the graphic), a new peak emerges at 960cm−1, which may 
indicate the formation of molybdenum oxides, suggesting that a 
higher Pd concentration could promote surface oxidation [28]. 
The introduction of Pd modifies the material’s surface, affecting the 
adsorption of functional groups [29].

The changes in the FTIR spectra, particularly the appearance 
of new bands with increasing Pd content, are relevant for sensing 
applications. The presence of surface oxides or other functional 
groups can create active sites that enhance the material’s interac-
tion with target gas molecules. This surface functionalization is a 
key strategy for improving the sensitivity and selectivity of a sen-
sor [30]. The peak at 960cm−1, potentially related to molybdenum 
oxides, could indicate a change in the electronic environment of 
the MoS2 surface, which is a critical factor for the detection mech-
anism in gas sensors and photodetectors.

The appearance of the band at ~960 cm−1 in the FTIR spec-
trum of the MoS₂–2%Pd sample is attributed to the presence of 
oxidized molybdenum species at the surface (Mo–O stretching 
modes). This band does not indicate the formation of a significant 
amount of crystalline MoO₃, since the XRD patterns show no corre-
sponding peaks and the EDS analyses reveal only low oxygen levels. 

Figure 6. FTIR spectra of pure MoS2 (red), MoS2–1%Pd (blue), 
and MoS2–2%Pd (black) samples.

Figure 7. Raman spectra for pure MoS2 and Pd-doped MoS2 with 
1% and 2% Pd. The graph shows a red shift and broadening of the 
peaks as the Pd concentration increases, indicating the interaction 
of the dopant with the MoS2 crystal lattice.

Sample 
E₂g¹ 

(cm−1)
Δω(E₂g¹) 

(cm−1)
A₁g 

(cm−1)
Δω(A₁g) 

(cm−1)
Pure MoS2 385.8 – 410.8 –
MoS2  – 1% Pd 354.9 -0.9 409.6 -1.2

MoS2  – 2% Pd 384.1 -1.7 59.06 -2.1

Table 3.  Raman Spectroscopy Parameters.

The pure MoS₂ spectrum (red line) shows two sharp primary 
peaks at 385.8 cm−1 (E₂g¹) and 410.8 cm−1 (A₁g), characteristic 
of a well-defined crystalline structure. In the 2% Pd doped sample 
(black line), the overall signal intensity is reduced, which may indi-
cate a decrease in crystallinity or the introduction of disorder. No-
tably, the relative intensity of the A₁g mode increases compared to 
the E₂g¹ mode. This enhancement of the out-of-plane mode may 
be related to interactions between the Pd dopant atoms and the 
sulfur atoms, which would directly affect vibrations perpendicular 
to the basal plane.

Quantitative analysis of the Raman peaks was performed to 
evaluate the effect of Pd incorporation on the vibrational behav-
ior of MoS₂. The extracted parameters are summarized in Table 3, 
which lists the peak positions and corresponding shifts (Δω) for the 
E₂g¹ and A₁g modes. The E₂g¹ mode shifted from 385.8 cm−1 in pure 
MoS₂ to 384.1 cm−1 for the 2% Pd-doped sample (Δω = –1.7 cm−1), 

could introduce new interfaces and alter the electronic band 
structure of the MoS2, which is detrimental for applications in 
photodetectors and sensors where a precise bandgap is required 
[25]. The successful substitutional doping, as supported by these 
results, is also highly beneficial for catalysis, as it ensures that the 
Pd atoms are isolated or finely dispersed, acting as efficient active 
sites and preventing agglomeration [23].
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Comparable conductivity enhancements have been reported 
to significantly impact device performance. For instance, Kaushik 
et al. [25] demonstrated that Pd contacts to MoS₂ substantially re-
duced the Schottky barrier height, resulting in nearly tenfold high-
er current response in MoS₂-based sensors, evidencing improved 
charge injection and detection sensitivity. Similarly, recent studies 
on hybrid MoS₂/Pd catalytic structures have shown remarkable 
electrocatalytic performance.

The RGO/MoS₂/Pd heterostructure reported by Pandey et 
al. [31] exhibited an overpotential of approximately 245 mV and 
a Tafel slope of 42 mV·dec−1 for the oxygen evolution reaction 
(OER), indicating highly efficient charge transfer at the doped 
interface. In the context of energy storage, Hu et al. [24] demon-
strated that incorporating conductive polymers into MoS₂, such 
as polyaniline (PANI), increased the specific capacitance from 
150 F·g−1 to over 400 F·g−1, while other MoS₂–carbon composites 
achieved values exceeding 1000 F·g−1 [32]. These literature bench-
marks confirm that the three-order-of-magnitude increase in con-
ductivity observed in our Pd-doped MoS₂ samples can directly 
translate into enhanced sensor sensitivity, catalytic efficiency, and 
charge storage capability, supporting the material’s potential for 
multifunctional energy and sensing devices.

The resistivity ρ was calculated from the resistance R, obtained 
as the inverse slope of the linear fit of the I–V data (Figure 8), 
using the sample’s cross-sectional area (A) and thickness (L) ac-
cording to the relation ρ = R·(A/L). The calculated parameters are 
summarized in Table 4.

The conductivity increased from 9.6 × 10−9 S·m−1 for pure MoS₂ 
to 1.6 × 10−5 S·m−1 and 1.9 × 10−5 S·m−1 for the 1% and 2% Pd-
doped samples, respectively, representing a three-order-of-mag-
nitude enhancement. This trend was verified by four-point probe 
measurements (not shown), which yielded results within the same 
order of magnitude, confirming that the improvement is intrinsic 
and not dominated by contact resistance effects.

The experimental results demonstrate that Pd doping is an ef-
fective strategy for tailoring the electrical behavior of MoS₂. The 
significant reduction in resistivity validates the material’s potential 
for applications in sensors, catalysis, and energy storage devices. In 
gas sensing, the initially high resistivity of pristine MoS₂ limits the 
detection of small resistance variations upon gas adsorption. By 
significantly reducing the baseline resistance, Pd doping enables 
a stronger and more detectable electrical signal, thereby enhanc-
ing sensor sensitivity [30]. For catalytic applications, high electri-
cal conductivity facilitates efficient charge transfer at active sites 
during electrochemical reactions, such as the OER, and for energy 

while the A₁g mode moved from 410.8 to 408.7 cm−1 (Δω = –2.1 
cm−1). Both peaks also exhibit an increase in full width at half max-
imum (FWHM), indicating enhanced lattice disorder and local 
strain induced by Pd atoms. These quantitative results confirm the 
occurrence of a red shift and spectral broadening consistent with 
Pd–S interactions and lattice distortion within the MoS₂ struc-
ture.	

The observed changes in the Raman spectra due to Pd dop-
ing provide valuable understanding into the material’s structural 
changes. The decrease in signal intensity and the shift in the A₁g 
mode suggest the introduction of lattice defects or a change in 
the interlayer coupling, which can be beneficial for various appli-
cations. For instance, defects created by doping can act as active 
sites for adsorption and chemical reactions, which is a fundamen-
tal principle for highly sensitive gas sensors and catalysts [23, 30]. 
The modification of the interlayer interactions, as indicated by the 
change in the A₁g  peak, could also affect the electronic band struc-
ture, a key property for optoelectronics. Therefore, the Raman 
analysis confirms that the dopant successfully modifies the intrin-
sic properties of the material, opening up possibilities for these 
new applications.

3.2. Electric Characterization. Electrical resistivity (ρ) was 
determined using two complementary techniques: I–V curve anal-
ysis and the four-point probe method. Both approaches were em-
ployed to ensure consistency and methodological rigor; however, 
only the I–V results are presented here for clarity, as they provided 
reproducible values and identical conductivity trends.

V curves (Figure 8) reveal the electrical behavior of the sam-
ples. The pure MoS₂ sample (a) exhibits characteristic non-line-
ar, semiconducting behavior with low current in the nanoampere 
range. This high resistivity is expected for pristine MoS₂ and re-
sults from a low charge carrier concentration and poor electrical 
contacts [25]. Doping with 1% Pd (b) increases the current by 
nearly three orders of magnitude to the microampere range and 
results in a more symmetric, ohmic-like response, indicating that 
Pd doping effectively introduces charge carriers and improves 
conductivity (σ). Increasing the doping to 2% Pd (c) further en-
hances the current, confirming the same trend.

Figure 8. I-V curves for the samples: (a) Pure MoS2 (b) MoS2 
with 1% Pd; (c) MoS2 with 2% Pd.

Parameter
Sample Composition

Pure MoS2 MoS2 -1% Pd MoS2 -1% Pd

Radius (r) [m] 0.0027 0.0027 0.0027

Thickness (L) [m] 0.00135 0.001 0.002

Area (A) [m2] 1.539 × 10−4 3.85 × 10−5 1.538 × 10−4

R [Ω] 9.11(7) × 108 1.59(4) × 106 6.76(5) × 10-4

ρ [Ωm] 1.04(8) × 108 6.14(9) × 104 5.20(4) × 104

Table 4.  Geometric parameters and calculated electrical proper-
ties for the pure and Pd-doped MoS2 specimens.
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storage systems, it ensures faster charge/discharge kinetics and re-
duced internal resistance [19, 23, 24].

The remarkable improvement in conductivity is primarily 
attributed to the electronic effects induced by Pd incorporation 
within the MoS₂ lattice. The experimental evidence suggests 
that Pd atoms substitute Mo sites through substitutional dop-
ing, introducing shallow donor states near the conduction band 
that increase carrier density and mobility. This substitution also 
causes local lattice distortions and defect formation, as support-
ed by the Raman red shift and peak broadening, which enhance 
electron–phonon coupling and interlayer transport. Additionally, 
Pd–S bond formation reduces the Schottky barrier height at grain 
boundaries and promotes charge delocalization. Collectively, 
these effects account for the three-order-of-magnitude enhance-
ment in electrical conductivity and confirm the strong influence of 
Pd doping on the electronic structure of MoS₂.

These electrical findings are consistent with the structural and 
vibrational analyses presented earlier. The XRD patterns revealed 
a slight shift of the (002) diffraction peak toward lower angles 
with increasing Pd content, indicating an expansion of the inter-
layer spacing and partial lattice distortion. Similarly, Raman spec-
troscopy showed a red shift and broadening of the E₂g¹ and A₁g 
modes, confirming the weakening of Mo–S bonds and increased 
defect density. Such structural modifications facilitate charge car-
rier delocalization and enhance interlayer charge transport, which 
explains the three-order-of-magnitude improvement in electrical 
conductivity observed in the Pd-doped samples.

The electronic mechanism underlying the conductivity en-
hancement can be further understood based on previous theoret-
ical and experimental studies. Density functional theory (DFT) 
simulations have shown that Pd incorporation into the MoS₂ lat-
tice introduces shallow donor states near the conduction band and 
reduces the Schottky barrier height at metal–semiconductor inter-
faces [33-35]. These effects facilitate charge carrier delocalization 
and increase electrical conductivity. Furthermore, transition-met-
al doping has been experimentally demonstrated to modulate the 
band structure of MoS₂ and enhance electron mobility by several 
orders of magnitude [36]. These findings support our interpreta-
tion that the observed three-order-of-magnitude improvement 
arises from Pd-induced charge transfer and band structure mod-
ulation.
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4. CONCLUSION

This research successfully demonstrated the synthesis and 
structural characterization of palladium-doped MoS₂, confirming 
the effective incorporation of palladium into the molybdenum di-
sulfide crystal matrix. XRD analysis verified the retention of the 
hexagonal MoS₂ phase across all samples, though modifications in 
material crystallinity were noted. Crucially, the absence of peaks 
corresponding to secondary palladium-containing phases indi-
cated that the adopted synthesis conditions were appropriate for 
achieving substitutional doping. This was further corroborated by 
EDS analysis, which revealed a homogeneous distribution of Pd 
without evidence of contamination from other elements, reinforc-
ing the efficacy of the chosen doping method. The characterization 
techniques collectively revealed significant changes in the materi-

al’s structure and surface chemistry upon doping. SEM imaging 
showed notable morphological alterations, including increased 
surface roughness and the formation of dispersed nanoparticles, 
particularly in samples with higher palladium content. FTIR 
spectroscopy provided further insight, showing that Pd doping 
induces significant changes in the material’s surface composition. 
While the persistence of characteristic Mo-S vibrational modes 
confirmed the preservation of the base structure, the emergence 
of new spectral bands evidenced the direct influence of Pd on 
the compound’s physicochemical properties, including potential 
oxidation and modified surface adsorption. Raman spectroscopy 
also confirmed that the dopant successfully modifies the intrinsic 
properties of the material, which can introduce defects that act as 
active sites.

The electrical property measurements were in good agreement 
with literature values, showing a pronounced enhancement in 
electrical conductivity (σ) with palladium doping, indicating an 
improvement in charge carrier mobility. This dramatic reduction 
in resistivity is a key finding that validates the material’s potential 
for applications in sensors, catalysts, and energy storage devices.

This work demonstrates that the powder metallurgy synthesis, 
combined with Pd doping, successfully creates a material with op-
timized electrical properties. However, despite the advancements 
in conductivity, the full potential of the material appears to be lim-
ited by microstructural factors, such as grain boundaries, structur-
al defects, and dopant agglomeration, which were observed in the 
SEM imaging. These factors act as scattering centers for charge car-
riers, thereby limiting mobility and suggesting the need for further 
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