
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

3 
N

ov
em

be
r 

20
23

. D
ow

nl
oa

de
d 

on
 7

/2
9/

20
25

 1
2:

08
:1

5 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
An advanced PdN
aDepartment of Metallurgy and Material

Engineering and Technology, 76080, Jamsho
bInstitute of Chemistry, Shah Abdul Latif Un
cDr. M. A. Kazi Institute of Chemistry Unive

Pakistan. E-mail: zaffar.ibhupoto@usindh.e
dKey Laboratory of Superlight Material

Education, College of Materials Science

Engineering University, 150001, Harbin, PR
eDepartment of Inorganic Chemistry, Crys

Asociada al ICP-CSIC), Faculty of Science

Teatinos, 29071, Malaga, Spain
fCNR IMM, Via Piero Gobetti 101, 40129 Bo

Cite this: RSC Adv., 2023, 13, 32413

Received 14th July 2023
Accepted 23rd October 2023

DOI: 10.1039/d3ra04738e

rsc.li/rsc-advances

© 2023 The Author(s). Published by
Ps@MoS2 nanocomposite for
efficient oxygen evolution reaction in alkaline
media†

Umair Aftab, a Muhammad Yameen Solangi, a Aneela Tahira,b Abdul Hanan, d

Muhammad Ishaq Abro,a Amal Karsy, i Elmuez Dawi, j Muhammad Ali Bhatti,k

Riyadh H. Alshammari,h Ayman Nafady, h Alessandro Gradone,f

Raffaello Mazzaro, fg Vittorio Morandi, f Antonia Infantes-Molina e

and Zafar Hussain Ibupoto *c

In response to the increasing availability of hydrogen energy and renewable energy sources, molybdenum

disulfide (MoS2)-based electrocatalysts are becoming increasingly important for efficient electrochemical

water splitting. This study involves the incorporation of palladium nanoparticles (PdNPs) into

hydrothermally grown MoS2 via a UV light assisted process to afford PdNPs@MoS2 as an alternative

electrocatalyst for efficient energy storage and conversion. Various analytical techniques, including

scanning electron microscopy (SEM), transmission electron microscopy (TEM), X-ray diffraction (XRD), X-

ray photoelectron spectroscopy (XPS), and energy dispersive spectroscopy (EDS), were used to

investigate the morphology, crystal quality, and chemical composition of the samples. Although PdNPs

did not alter the MoS2 morphology, oxygen evolution reaction (OER) activity was driven at considerable

overpotential. When electrochemical water splitting was performed in 1.0 M KOH aqueous solution with

PdNPs@MoS2 (sample-2), an overpotential of 253 mV was observed. Furthermore, OER performance was

highly favorable through rapid reaction kinetics and a low Tafel slope of 59 mV dec−1, as well as high

durability and stability. In accordance with the electrochemical results, sample-2 showed also a lower

charge transfer resistance, which again provided evidence of OER activity. The enhanced OER activity

was attributed to a number of factors, including structural, surface chemical compositions, and

synergistic effects between MoS2 and PdNPs.
1. Introduction

Technological advances, as well as the impact of the industrial
revolution on humans and the planet, create new challenges for
our well-being. During the past few decades, rapid industrial
development has resulted in the greenhouse gas effect being
one of the major concerns. Greenhouse gases are primarily
generated by the purication and use of fossil fuels, including
coal, petrochemical compounds, and natural gas. This raises
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signicant concerns about the feasibility of initiating extensive
research on renewable energy reservoir development and
related technologies.1–3 Hydrogen has high energy density and
zero carbon emissions into the atmosphere, so it has shown
high potential and is capable of meeting the challenges of the
energy sector. Natural gas reservoirs have traditionally been
converted to hydrogen via steam-reforming. Electrochemical
water splitting is a green and cost-effective technology for
producing hydrogen to meet energy needs for sustainable and
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environmentally friendly futures.4–6 The electrochemical water
splitting process requires electric power, which is generated via
solar panels or wind generators, which are considered
sustainable technologies. Water splitting involves two half-cell
reactions, one of which is the hydrogen evolution reaction
(HER) and the other is the oxygen evolution reaction (OER). In
either case, water splitting is a non-spontaneous reaction and it
is accompanied by the use of external energy. However, by using
an electrocatalyst as either a cathode or anode, this energy
barrier can be overcome.7 It has a high energy barrier, making
OER half-cell reactions kinetically sluggish compared to HER,
therefore, it is not possible to exploit the maximum hydrogen
generation from water splitting due to the lack of efficient OER
reactions. In order to increase the efficiency of the OER half-cell
reaction kinetics, electrocatalysts would be highly effective in
reducing the overpotential needed for water splitting, and
therefore the activation energy could be lowered.8–10 Electro-
catalysts based on precious metals, such as iridium (IrO2) and
ruthenium (RuO2), offer efficient OER activity, but their scarcity
and cost limit their use on a large scale. The development of low
cost, simple, and high-stability electrocatalysts would allow the
water splitting process to be adapted to scale up applications.
The immediate focus is therefore on nonprecious electro-
catalysts, resulting in vigorous research in the last 20 years for
more efficient electrocatalysts that possess a minimum amount
of noble metals in their compositions.3,11 Several materials have
been studied for various electrochemical applications,
including conductive polymers, carbon derivatives, metal
oxides, and metal suldes. Although transition metal oxides,
sulphides, and conductive polymers exhibit redox properties,
their industrial applications are restricted by their limited
capacitance, low specic surface area, and poor electrical
conductivity.5,12 The development of energy storage and
conversion systems has recently been inuenced by the unique
characteristics of metal suldes, including their abundance,
low cost, signicant electrical conductivity, high theoretical
capacitance, ease of preparation, and environmental friendli-
ness.13 There has been tremendous interest in two-dimensional
(2D) layered dichalcogenides due to their unique characteris-
tics, such as enriched active sites, large surface area, and high
ionic conductivity.14 Among them, molybdenum disulde
(MoS2) is highly investigated because of its high capacitance,
catalytic sites, earth abundance, cost effectiveness, and high
charge carrying capability.15 As withMoS2, Mo atoms are located
between two layers of S atoms in a sandwich-like structure.
Moreover, MoS2 possesses three different crystal phases,
namely trigonal (1T), hexagonal (2H) and rhombohedral (3R).
Compared to two other phases of MoS2, the 2H phase is highly
stable. In MoS2, the 2H and 3R phases are semiconducting
materials, whereas the 1T phase is metallic in nature. A heat
treatment can change a 3R phase into a 2H phase.16 The pres-
ence of many metallic oxidation states in MoS2 makes it a redox
material and an electrocatalyst.17 There has been evidence
showing that MoS2 HER performance is poor due to a lack of
unsaturated edges as active sites and also poor electrical
conductivity.18–20 MoS2 has been etched by H2O treatment,21

treated with NaClO,22 treated with oxygen plasma,23 and
32414 | RSC Adv., 2023, 13, 32413–32423
annealed with H2 (ref. 24) to accelerate its HER activity. By
doping metal or nonmetal into MoS2, the basal plane is acti-
vated, which enhances the HER performance25–27 due to local
electron density variation around Mo and S atoms. Through the
modulation of electron density of MoS2, 3d transition metals
(Co, Ni) of the doping agents have proven effective for
enhancing HER and OER activities.26,28,29 MoS2 has been found
to have metal sites at its basal panes that are inert towards
hydrogen/oxygen reactive species, resulting in poor catalytic
performance.30,31 It is therefore highly desirable to redesign and
reconstruct MoS2 basal plane in order to demonstrate efficient
OER kinetics through efficient adsorption/desorption.32–34 In
light of these challenges regarding the development of an effi-
cient MoS2 electrocatalyst, we propose the use of palladium (Pd)
nanoparticles incorporation into MoS2 during the UV light
environment for the rst time in the literature. The UV light
based for the decoration of MoS2 nanostructures with Pd is
simple, ecofriendly and scalable, hence such fabrication strat-
egies for the design of high performance electrocatalysts are
highly desirable. Pd is a noblemetal with a high catalytic activity
for OER. Noble metals are known for their high conductivity
and chemical stability, which makes them ideal for electro-
catalytic applications. Pd is particularly active for OER, due to
its ability to easily undergo oxidation and reduction reactions.
Furthermore, Pd can be easily dispersed on the surface of MoS2.
MoS2 is a layered material with a large surface area, which
makes it a good support material for Pd nanoparticles. Pd
doping is a promising strategy for improving the performance
of MoS2 for OER.35,36 It can help to increase the activity, stability,
and conductivity of the catalyst, which makes it a more attrac-
tive option for commercial applications. As a result of enriched
unsaturated edge sites, multivalent Mo atoms and synergetic
effect, Pd based MoS2 composite outperformed OER.

As described here, MoS2 nanosheets were synthesized by
hydrothermal process followed by Pd combination by a UV light
assisted method. A variety of Pd contents were applied to MoS2
and their effects on structural changes, chemical composition,
and catalytic performance were studied.

2. Experimental section
2.1. Hydrothermal synthesis of MoS2 nanostructures
followed by UV light assisted deposition of palladium
nanoparticles

Thiourea (CH4N2S), ammonium molybdate hexahydrate
(H20MoN2O10), palladium chloride (PdCl2), hydrochloric acid
(HCl), and sulfuric acid (H2SO4) were purchased from Sigma
Aldrich, Karachi, Pakistan. Two sessions were required to
synthesize Pd based MoS2 nanocomposite. As a rst step, MoS2
nanostructures were synthesized using a hydrothermal process.
Herein, ammonium molybdate hexahydrate of 245 mg and
thiourea of 225 mg were dissolved in 70 mL of deionized water.
In the next step, the solution was transferred to a Teon-lined
stainless-steel autoclave with a capacity of 100 mL and kept in
an electric oven at 210 °C for 20 hours. The autoclave was cooled
at room temperature (RT) aer the reaction was completed. The
nanostructured material was collected from the autoclave. A
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Powder XRD diffraction of (a) MoS2 pristine (b, c) sample-1 &
sample-2.
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lter paper was used to remove impurities aer several washes
with deionized water. Aerwards, the nanomaterial was dried at
100 °C for 3 hours. Second, Pd based MoS2 nanocomposites
were developed. MoS2 nanomaterial was added to three sepa-
rate beakers of 100 mL deionized water with PdCl2 solution
(20 mg PdCl2 and 0.02 M HCl in 20 mL DI water) of 6 mL, 12 mL
and 18 mL. The samples were labelled as sample-1, sample-2
and sample-3. Following sonication for 30 minutes, the
solution-containing beaker was placed in an ultraviolet irradi-
ation box for 2 hours under continuous stirring. An irradiation
mechanism was used here to convert Pd ions into Pd nano-
particles. The reduction of Pd2+ as followed when MoS2 was the
substrate. Once MoS2 was exposed to radiation, electrons would
dissociate from holes in the valence band and be released to the
conduction band because of the semiconductor nature of MoS2
nanostructure. These free electrons were taken up by the PdCl2

−

ions when they approached the MoS2 surface. As a conse-
quence, precursors of Pd nanoparticles were created by
reducing Pd2+ ions. Due to their conned surface plasmon
resonance, these precursors would facilitate the absorption of
visible light. Furthermore, the presence of Pd nanoparticles on
the MoS2 nanostructure may stop from recombining of elec-
tron–hole pairs on MoS2. As a result, additional photogenerated
electrons were generated and more Pd2+ ions were converted
into Pd0, growing on the Pd precursors to form giant Pd
nanoparticles.37–40 Hence, MoS2 nanostructures were combined
with Pd nanoparticles. Following the combination process,
samples were removed from UV irradiation boxes and repeat-
edly washed with DI water. We collected samples with lter
paper and dried them at 100 °C for two hours. As a result,
a nanocomposite material was achieved (Scheme 1).

2.2. Physical characterizations

A powder X-ray diffractometer (Philips PANanalytical) operated at
45 kV and 45 mA with CuKa radiations of 1.5418 Å was used to
Scheme 1 Schematic view of palladium nanoparticles deposited on Mo

© 2023 The Author(s). Published by the Royal Society of Chemistry
examine crystal orientation and phase purity of synthesized
samples. A quantitative analysis of phase was carried out with the
help of High Score Plus soware. XPS analysis of prepared
samples was performed on Scienta ESCA 200 Spectrometer at low
operating pressure (10−10 mbar) and under ultrahigh vacuum
usingmonochromatic X-ray source Al (k-alpha) of photons (1486.6
eV). As a result of the XPS measurement, a 0.65 eV Auf7/2 line of
full width at half maximum was observed. Nanostructures were
analyzed via scanning electron microscopy using a ZEISS Gemini
S2 nanostructures.

RSC Adv., 2023, 13, 32413–32423 | 32415
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Fig. 2 SEM and EDS spectra of (a) MoS2 pristine (b, c) sample-1 & sample-2.
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SEM 500 model. High-magnication images of nanostructures
were captured with a high-resolution transmission electron
microscope (FEI Tecnai F20) equipped with a Schottky emitter at
120 kV. Further, an angle annular dark eld detector equipped
with scanning transmission electron microscopy (STEM-HAADF)
was used to discriminate between samples with varying atomic
weights.

2.3. Electrochemical measurements for OER activity

VERSASTAT 4-500 Potentiostat was used to measure the
electrochemical activity of OER using three electrode cells,
namely reference electrode (Ag/AgCl), counter electrode (Pt
wire), and working electrode (glassy carbon electrode). First,
32416 | RSC Adv., 2023, 13, 32413–32423
the catalyst solutions from different samples were prepared
by mixing 5 mg of sample with 1 mL of deionized water in
a 5 mL bottle. Aerward, 30 microliters of Naon 5 wt% was
added to the solution and homogenized with a sonicator.
Alumina slurry was used to clean the working electrode (GCE)
via polishing-on-polishing cloth. Drop casting the prepared
catalyst ink onto the GCE aer it was cleaned and dried was
then performed. Oxygen evolution reactions were measured
in 1.0 M KOH electrolyte solution using linear sweep vol-
tammetry at 5 mV s−1 scan rate. To calculate electrochemical
active surface area at different scan rates, cyclic voltammetry
(CV) was performed in non-faradic regions at 30, 50, 70, 90,
110, and 130 mV s−1. Electrochemical impedance
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 TEMmicrographs a different magnification of pristine MoS2 (a–c) and PdNPs@MoS2 (d–f). (c, e) HRTEMmicrographs with inset illustrating
the spatial frequencies of the crystallite displayed in the FFT.
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spectroscopy (EIS) was used to evaluate catalyst charge
transport activity at applied onset potential of OER and an
amplitude of 5 mV. Frequencies were between 100 000 Hz and
0.1 Hz. The Nernst equation was used to convert the
measured potential into a reversible hydrogen electrode
(RHE).
Fig. 4 XPS spectra of pristine MoS2 and Pd doped sample-2 (a) Mo 3d,

© 2023 The Author(s). Published by the Royal Society of Chemistry
3. Results and discussion
3.1. Structural, compositional, and morphological
characterizations

Fig. 1 showsmeasured reections for pristineMoS2 and Pd-doped
MoS2, respectively, using powder XRD. As shown in Fig. 1, pristine
(b) S 2p, (c) Pd 3d.

RSC Adv., 2023, 13, 32413–32423 | 32417
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Fig. 5 (a) LSV Polarization curves of different catalysts (b) bar graph presentation of different materials (c) corresponding Tafel plots for the
different materials obtained from their LSV curves (d) Cdl values assigned to ECSA values (e & f) chrono-potentiometric durability at different
current densities (20, 40 & 60 mA cm−2) of sample-2 and LSV curves before and after durability illustrating stability sample-2.

32418 | RSC Adv., 2023, 13, 32413–32423 © 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Comparative study of PdNPs@MoS2 nanocomposite as OER catalyst with freshly reported electrocatalysts in 1 M KOH electrolyte

Electrocatalyst Current density (mA cm−2) Overpotential (mV) Tafel slope (mV dec−1) Ref.

Pd@MoS2 20 253 59 This work
NiCo2S4/C 20 285 61 58
Co3O4–MgO (CM) 10 274 64 54
Co3O4/CeO2 10 270 60 59
Co2P/CoNPC 10 311 78 60
TiO2–Co3O4 10 270 60 61
CoPO 10 350 60.7 62
MnO2@Co3O4 20 310 72 63
AMO@CeO2/NF 10 261 73.2 64
10-Ir-NCO 10 303 78 65
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MoS2 displayed signicant crystalline properties and exhibited
a variety of diffraction patterns. In the pristine MoS2, XRD
diffractions at two theta angles were 33.065°, 38.209°, 41.028°,
44.142°, 47.878°, 51.799°, 58.357°, 60.133°, 65.184°, 68.735°,
69.377°, 71.918°, and 77.549° corresponding to Miller indices
(101), (104), (015), (009), (017), (018), (1111), (021), (202), (024), and
(0015), respectively. XRD analysis conrms that MoS2 is rhom-
bohedral, as supported by JCPDS card no. 01-089-2905. The Pd
based samples showed similar diffraction patterns as well as
some reections of nanoparticles of Pd. It was found that the
reections of the Pd nanoparticles were in good agreement with
the standard JCPDS card no: 01-088-2335.41 Based on the
measured reections of Pd nanoparticles, they were indexed to 2
theta angles of 40.01°, 46.535°, and 67.925°. In the XRD study, it is
apparent that MoS2 is a highly crystalline material and that Pd
based composite has been conrmed, but there are no additional
peaks corresponding to any impurities.

Detailed morphology and chemical compositions of pristine
and Pd based MoS2 composites are illustrated in Fig. 2 by SEM
and EDS. According to Fig. 2, the le side shows the morpho-
logical features, while the right side shows the chemical
compositions. In all cases, MoS2 exhibited sheet nanostructures
with a thickness of 100–150 nm,42 and UV-light assisted Pd
combination did not change this morphology. MoS2 samples
were all uniformly morphologically characterized. Fig. 2 shows
Fig. 6 EIS experiment data of MoS2 pristine, different PdNPs@MoS2 like s
the frequency range of 100 kHz to 0.1 Hz in 1.0 M KOH (a, b) Bode plot

© 2023 The Author(s). Published by the Royal Society of Chemistry
that the pristine sample of MoS2 contains Mo and S. However,
EDS spectra of sample 1 and sample 2 clearly show the presence
of Pd signals, conrming the presence of Pd. In comparison
with sample 1, sample 2 has a relatively higher content of Pd
according to the EDS study. Pd decorated MoS2 nanostructures
was our goal with the intention of proposing an efficient elec-
trocatalyst with a reasonable cost for large-scale applications
using MoS2. In addition, EDS mapping as shown in Figure S1†
conrms the even distribution of Mo, S and Pd.

Fig. 3a–c shows TEM micrographs of pristine MoS2 at
different magnications. The samples are characterized by
aggregated micro-akes that have an average lateral size of over
one micrometer.42 Apparently, the thickness of the nanosheets
is quite dishomogeneous, ranging between few layers to 10–20
layers, as evidenced by the lattice fringes corresponding to MoS2
(0,0,2) planes on folded edges (Fig. 3c). A series of HAADF-STEM
micrographs are shown in Fig. S2,† displaying a specic
microstructure resulting from the folding of the nanosheets.

Fig. 3d–f shows TEMmicrographs of MoS2 sample with Pd at
different magnications. Samples typically consist of micro-
akes with an average dimension of over 1 micrometer, like
pristine MoS2 samples.43 However, nanoparticles with an
average size ranging between 15 and 20 nm are observed to be
deposited on MoS2. No specic crystalline feature related to
these particles was observed, as evident in high magnication
ample-1 and sample-2 at OER onset potential, amplitude of 10 mV for
s and (c) Nyquist plot.

RSC Adv., 2023, 13, 32413–32423 | 32419

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ra04738e


Table 2 Summary of unique features of presented OER catalysts

Catalyst

Calculated from
LSV Calculated from EIS Calculated from CV

Tafel slope Charge transfer resistance
Double layer
capacitance

Double layer
capacitance

Electrochemically
active surface area

B, mV dec−1
Rct,
U CPEdl, mF Cdl, mF cm−2

ECSA,
cm2

Palladium pristine 91 465.6 1.75 3.8 95
MoS2 pristine 95 1038 0.56 3.6 90
Sample-1 86 251.7 2.90 11 275
Sample-2 59 65.55 5.18 20.5 512.5
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micrograph (Fig. 3f) where the only lattice fringes are compat-
ible with MoS2, rather than metallic Pd. This is suggesting a low
degree of crystallinity for the metallic nanoparticles, maybe
resulting from partial oxidation. However, we cannot exclude
that the lattice fringes related to the metal are not imaged as
a result of the non-optimal imaging conditions, given the high
thickness of the sample and the low operating acceleration
voltage, limiting the resolution with such a low d-spacing, as the
one expected for crystalline Pd (2.24 Å for (1,1,1) reection).44

HAADF-STEM micrograph at different magnications can be
found in Fig. S3,† highlighting the higher contrast of the
nanoparticles compared to the supporting MoS2 nanosheets. As
contrast in this imaging mode is highly dependent on atomic
weight Z, this is suggesting that the nanoparticles are Pd-based.
STEM-EDS analysis (Fig. S4†) further corroborates these nd-
ings, display an increasing content of Pd on the nanoparticles.
Strikingly, the Pd content registered on nanoparticles-free areas
is not negligible, suggesting that Pd may be either adsorbed, or
even embedded in the MoS2 lattice.

The electronic environment and valence states of pristine
MoS2 and Pd based MoS2 composite (sample-2) were evaluated
using X-ray photoelectron spectroscopy (XPS). As shown in
Fig. 4a, Mo 3d signals at the core level for pristine MoS2 and
sample-2 evidence the presence of three different oxidation
states for these samples with the Mo 3d5/2 contributions located
at 229.5 eV, 230.8 eV and 233.4 eV, and assigned to Mo(IV), Mo(V)
and Mo(VI), respectively.45 Moreover, it is observed two S 2s peak
contributions.46 Comparing the sample with and without Pd, it
is evidenced that under the presence of Pd, a greater proportion
of Mo(IV) is present, 82% vs. 74%.

Fig. 4b shows the S 2p spectrum for both pristine MoS2 and
Pd based sample-2, where the presence of both sulde and
sulfate species are clearly noticeable with the S 2p3/2 contribu-
tion centered at 162.5 eV and 169.2 eV, respectively. Again, the
proportion of sulde species is higher under the presence of Pd
as observed for Mo signal, where the proportion of Mo(IV) is
higher.47 Finally, Pd spectrum for Pd based MoS2 (sample-2) is
shown in Fig. 4c. Three doublets, Pd 3d5/2 and 3d3/2 spin orbit
contributions, are noticeable, with the Pd 3d5/2 component
located at 336.4 eV, 337.6 eV and 338.7 and due to the presence
of Pd0, Pd(II) and Pd(IV), respectively.48 We have observed from
the presence of Pd metallic nanoparticles into MoS2 using XRD
32420 | RSC Adv., 2023, 13, 32413–32423
analysis and the XPS study has shown that the Pd was located
on the surface of MoS2 with various oxidation states such as Pd0,
Pd2+ and Pd4+, and more likely the dominance is shown by the
possible presence of PdO compared to PdO2 and Pd0 nano-
particles. The XRD has shown information about the material
composition in bulk phase, whereas the XPS, being the surface
science sensitive technique has given information about the
chemical composition for less than 10 nm surface. Even though
the presence of Pd in zero oxidation is less on the surface but it
has indicated some support to the XRD analysis, hence we
proposed the Pdo nanoparticles decorated MoS2 composite
throughout the text of manuscript.

3.2. OER half-cell water splitting performance of pristine
MoS2 and various Pd based composites

An electrochemical approach was used to investigate the role of
OER in Pd based MoS2 samples under alkaline 1.0 M KOH
conditions. In this preliminary OER characterization, linear
sweep voltammetry (LSV) was used at a scan rate of 5 mV s−1

using a three-electrode cell setup. In this experiment, a modi-
ed glassy carbon electrode (GCE) was used with various
samples of MoS2 as the working electrode, a reference electrode
of silver–silver chloride (Ag/AgCl) saturated with 3.0 M KCl as
the reference electrode, and a counter electrode of Platinum
wire. We report all LSV polarization curves with iR corrections.
According to Fig. 5a, LSV polarization curves were measured for
different MoS2 samples and palladium particles in 1.0 M KOH,
and measured curves showed that there were signicant
differences in OER activity among the samples. As pristine MoS2
has limited OER activity, various synthetic strategies for its
structural and electronic disorder are necessary to enhance its
performance. Palladium nanoparticles, however, were found to
be even less effective in enhancing OER performance.49 These
observations suggest that MoS2 being a low-cost, earth abun-
dant material, and ecofriendly in nature could be commercial-
ized if the efficient electrochemical water splitting performance
would be obtained by improving the OER activity using dynamic
synthesis strategies. In order to improve OER performance, we
used a simple UV light assisted approach on hydrothermally
grown MoS2 to couple with the minimum amount of palladium
nanoparticles. Interestingly, using UV light as a light irradiation
time provides us with control over palladium nanoparticle
© 2023 The Author(s). Published by the Royal Society of Chemistry
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addition to MoS2. As illustrated in Fig. 5a, both PdNPs@MoS2
samples demonstrate signicant enhancement of OER activity
over bare palladium nanoparticles and pristine MoS2 samples.
The Pd based MoS2 sample-2 has shown the lowest possible
OER onset potential compared to other samples, suggesting the
rare addition of palladium nanoparticles can lead to highly
improved OER activity due to the increased electrical conduc-
tivity, rich catalytic sites, defects in the electronic structure, and
synergetic effects between MoS2 and palladium materials
through better interfacial charge transport.50,51 Furthermore, an
overpotential at 20 mA cm−2 was estimated for the different
samples as enclosed in Fig. 5b and it is obvious that pristine
MoS2 sample was found with the highest OER overpotential of
410 mV, suggesting that it is limited by the sluggish reaction
kinetics due to high energy barrier. Among the MoS2 samples,
sample-2 showed the lowest overpotential of 253 mV and
comparative analysis with other catalyst is mentioned in Table
1. In addition, it was observed during experimental results
(Fig. S5†) that the addition of higher content of Pd (sample-3)
led to deterioration of its reaction kinetics and decrease its
OER performance. This might be that sample-3 had unfavorable
surface and variable particle size of Pd nanoparticles which
could not further support OER activity signicantly. This indi-
cates that the palladium incorporation has signicantly lowered
the energy demand of MoS2 towards OER process. Fig. 5c shows
the corresponding Tafel values for each material based on Tafel
analysis of the linear region of LSV curves. As shown in Fig. 5c,
samples-2 and sample-1, palladium nanoparticles, and pristine
MoS2 all showed calculated Tafel values in the order 59 mV
dec−1, 86 mV dec−1, 91 mV dec−1, and 95 mV dec−1. It is evident
from Tafel results that sample-2 of MoS2 has provided several
channels for rapid OER kinetics, which validates the practical
aspects of electrochemical water splitting.39,52

The OER kinetics for active sites involves four electron
transfer steps, i.e., OH− exhibits coordinated oxidative adsorp-
tion on surface O vacancy sites (Eq. (1)). The adsorbed *OH is
then oxidatively deprotonated to create *O (eqn (2)). In the
subsequent O–O bond formation phase, *O interacts with
another OH to generate a *OOH intermediate (eqn (3)). In the
nal phase, *OOH is deprotonated to produce O2 with the
regeneration of the active site (eqn (4)).

OH− / *OH + e− (1)

*OH / *O + H+ + e− (2)

*O + OH− / *OOH + e− (3)

*OOH / O2 + H+ + e− (4)

whereas * represent the adsorbed states or adsorption active
sites.53

Based on cyclic voltammetry, we calculated electrochemical
active surface area (ECSA) of sample-2 of MoS2 under a non-
faradaic region at various scan rates as shown in Fig. S6.†
Following that, a linear plot was constructed of the difference
between the current densities of the anodic and cathodic sides
© 2023 The Author(s). Published by the Royal Society of Chemistry
versus the scan rate, as shown in Fig. 5d. As described in
previous studies,38,40,54 the slope obtained aer linear tting
corresponds to the ECSA value. In order, sample-2, sample-1,
palladium nanoparticles, and pristine MoS2 have ECSA values
of 20.5, 11, 3.8, and 3.6 mF cm−2 respectively. According to the
ECSA calculations, sample-2 of MoS2 was highly likely to expose
the large number of active sites during water splitting, resulting
in enhanced OER activity compared to other materials used. As
shown in Fig. 5e and f, we also examined the durability and
stability aspects of sample-2 of MoS2 using chro-
nopotentiometry and LSV polarization curves. The durability
test was done at three different constant current densities like
20, 40, and 60 mA cm−2 as shown in Fig. 5e. Sample-2 exhibited
excellent durability, and can be used for long-term water split-
ting measurements. Fig. 5f shows the LSV curves before and
aer the durability test, which conrms the sample-2 has high
potential to maintain OER onset potential and overpotential
without any abrupt changes.51,55,56 Based on the durability and
stability results, MoS2 sample-2 can be used as an alternative to
other existing precious and nonprecious electrocatalysts for
OER. To obtain a comprehensive picture of the enhanced OER
activity of sample-2 of MoS2, electrochemical impedance spec-
troscopy (EIS) has been used to examine the interfacial charge
transfer behavior of the various prepared samples in the present
study, as shown in Fig. 6. This was achieved by scanning
different materials with a sweeping frequency of 100 000 Hz to
1 Hz, amplitude of 5 mV and OER onset potential of 0.45 V,
including pristine MoS2, Pd doped samples-1 and 2, and
palladium nanoparticles. As shown in Fig. 6a–c, Bode plots and
Nyquist plots have been used to represent the experimental EIS
data. Charge transports as determined by Nyquist plots have
been strongly supported by Bode plots. Simulation of experi-
mental EIS data with z-view soware led to a well tted equiv-
alent circuit, as shown inset in Fig. 6c. Essentially, the
equivalent circuit consisted of the constant phase element
(CPE), charge transfer resistance (Rct), and solution resistance
(Rs).31,57 In Table 2, we present the estimated values for charge
transfer resistance. In comparison with other materials re-
ported in this work, sample-2 had the lowest charge transfer
resistance, which conrms that palladium incorporation into
MoS2 has enhanced sample-2's electrical conductivity, which
has further contributed to the efficient operation of OERs.
Moreover, we have compared the obtained results of sample-2
with the recently published works on the OER applications as
given in Table 1. It can be seen that the newly designed elec-
trocatalyst based on PdNPs@MoS2 (sample-2) has several
advantages such as low overpotential, simple, and ecofriendly,
hence it can be used as an alternative electrode material for the
energy conversion and storage applications.

4. Conclusions

In summary, PdNPs were incorporated onto hydrothermally
grown MoS2 nanostructures using UV light to yield
PdNPs@MoS2. The proposed approach for designing an effi-
cient MoS2 based electrocatalyst employing structural changes
is facile, scalable, and eco-friendly for hydrogen (H2)
RSC Adv., 2023, 13, 32413–32423 | 32421
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production. A variety of analytical techniques have been used to
assess the structure, morphology, crystal quality, and surface
chemical composition of the samples. UV light assisted incor-
poration of PdNPs did not change the morphology of MoS2, but
altered its chemical composition as well as the electrochemical
behavior to favor OER. In particular, sample-2 of PdNPs@MoS2,
the OER performance has taken place at the lowest over-
potential (253 mV at 20 mA cm−2) with signicant stability and
durability. Low charge transfer resistance for the prepared
samples strongly supported the OER efficiency. Furthermore,
the addition of Pd had not only optimized the concentration but
also created adverse effect on the OER activity of the composite
system. In light of the ndings, the presented electrodematerial
may have greater potential for energy conversion and storage
applications.

Conflicts of interest

Authors declare no conict of interest in this research work.

Data availability

The authors declare that the data supporting the ndings of this
study are available upon request.

Author contributions

Umair Aab, did material synthesis and partial electrochemical
studies. Muhammad Yameen Solangi, did partial electro-
chemical investigations. Aneela Tahira, did XRD analysis and
wrote the dra. Abdul Hanan, did ECSA study. Muhammad
Ishaq Abro, did partial supervision. Amal Karsy, did SEM
measurement. Elmuez Dawi, did validation of electrochemical
results and edited the dra. Muhammad Ali Bhatti, did SEM
and EDS analysis. Riyadh H. Alshammari, did EDS mapping
and analyzed the results. Ayman Nafady, did EIS analysis and
edited the dra. Alessandro Gradone and Raffaello Mazzaro,
did TEM/HRTEM measurement, Vittorio Morandi, supervised
the TEM/HRTEM measurement. Antonia Infantes-Molin, did
XPS analysis. Zafar Hussain Ibupoto, did main supervision and
wrote the rst dra of manuscript.

Acknowledgements

The authors would like to gratefully acknowledge the Higher
Education Commission Pakistan for partial support under the
project NRPU/8330/8350. We also extend our sincere apprecia-
tion to the Researchers Supporting Project Number
(RSP2023R442) at King Saud University, Riyadh, Saudi Arabia,
and Ajman University-DRGS-2022-IRG-HBS-05. This publication
is part of the R&D project PID2021-126235OB-C32 funded by
MCIN/AEI/10.13039/501100011033/and FEDER funds.

References

1 L. Wu, L. Yu, X. Xiao, F. Zhang, S. Song, S. Chen and Z. Ren,
Research, 2020, 2020, 3976278.
32422 | RSC Adv., 2023, 13, 32413–32423
2 M. Wu, X. Meng, M. Zhou and Y. Zhou, New J. Chem., 2023,
47, 9492–9500.

3 X. Hou, H. Zhou, M. Zhao, Y. Cai and Q. Wei, ACS Sustain.
Chem. Eng., 2020, 8, 5724–5733.

4 L. Zhang, J. Xiao, H. Wang and M. Shao, ACS Catal., 2017, 7,
7855–7865.

5 N. Joseph, P. M. Sha and A. C. Bose, Energy Fuels, 2020, 34,
6558–6597.

6 M. Ahmed, M. N. Lakhan, A. H. Shar, I. Zehra, A. Hanan,
I. Ali, M. A. Latif, K. Chand, A. Ali and J. Wang, J. Indian
Chem. Soc., 2022, 99, 100281.

7 F. Qiu, J. Shi, M. Guo, S. Chen, J. Xia and Z.-H. Lu, Inorg.
Chem., 2021, 60, 959–966.

8 N.-T. Suen, S.-F. Hung, Q. Quan, N. Zhang, Y.-J. Xu and
H. M. Chen, Chem. Soc. Rev., 2017, 46, 337–365.

9 C. Tsai, H. Li, S. Park, J. Park, H. S. Han, J. K. Nørskov,
X. Zheng and F. Abild-Pedersen, Nat. Commun., 2017, 8,
15113.

10 R. A. Qureshi, A. Hanan, M. I. Abro, M. S. AlSalhi,
M. A. Qureshi, M. Y. Solangi, S. Devanesan, M. A. Shar and
U. Aab, Mater. Today Sustain., 2023, 23, 100446.

11 Z. K. Ghouri, A. Badreldin, K. Elsaid, D. Kumar, K. Youssef
and A. J. Abdel-Wahab, Ind. Eng. Chem., 2021, 96, 243–253.

12 M. B. Wazir, M. Daud, N. Ullah, A. Hai, A. Muhammad,
M. Younas and M. Rezakazemi, Int. J. Hydrog. Energy, 2019,
44, 17470–17492.

13 R. Barik and P. P. Ingole, Energy Storage., 2020, 21, 327–334.
14 O. V. Yazyev and A. Kis, Mater. Today, 2015, 18, 20–30.
15 P. Raybaud, J. Hafner, G. Kresse, S. Kasztelan and

H. Toulhoat, J. Catal., 2000, 190, 128–143.
16 M. Chhowalla, H. S. Shin, G. Eda, L.-J. Li, K. P. Loh and

H. Zhang, Nat. Chem., 2013, 5, 263–275.
17 B. Mohanty, M. Ghorbani-Asl, S. Kretschmer, A. Ghosh,

P. Guha, S. K. Panda, B. Jena, A. V. Krasheninnikov and
B. K. Jena, ACS Catal., 2018, 8, 1683–1689.

18 Y. Cao, ACS Nano, 2021, 15, 11014–11039.
19 K. Pramoda, U. Gupta, M. Chhetri, A. Bandyopadhyay,

S. K. Pati and C. N. R. Rao, ACS Appl. Mater. Interfaces,
2017, 9, 10664–10672.

20 M. Yu, S. Zhao, H. Feng, L. Hu, X. Zhang, Y. Zeng, Y. Tong
and X. Lu, ACS Energy Lett., 2017, 2, 1862–1868.

21 X. Wang, Y. Zhang, H. Si, Q. Zhang, J. Wu, L. Gao, X. Wei,
Y. Sun, Q. Liao, Z. Zhang, K. Ammarah, L. Gu, Z. Kang and
Y. Zhang, J. Am. Chem. Soc., 2020, 142, 4298–4308.

22 P. Zhang, H. Xiang, L. Tao, H. Dong, Y. Zhou, T. S. Hu,
X. Chen, S. Liu, S. Wang and S. Garaj, Nano Energy, 2019,
57, 535–541.

23 G. Ye, Y. Gong, J. Lin, B. Li, Y. He, S. T. Pantelides, W. Zhou,
R. Vajtai and P. M. Ajayan, Nano Lett., 2016, 16, 1097–1103.

24 L. Li, Z. Qin, L. Ries, S. Hong, T. Michel, J. Yang, C. Salameh,
M. Bechelany, P. Miele, D. Kaplan, M. Chhowalla and
D. Voiry, ACS Nano, 2019, 13, 6824–6834.

25 Y. Sun, Y. Zang, W. Tian, X. Yu, J. Qi, L. Chen, X. Liu and
H. Qiu, Energy Environ. Sci., 2022, 15, 1201–1210.

26 S. Park, J. Park, H. Abroshan, L. Zhang, J. K. Kim, J. Zhang,
J. Guo, S. Siahrostami and X. Zheng, ACS Energy Lett.,
2018, 3, 2685–2693.
© 2023 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ra04738e


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

3 
N

ov
em

be
r 

20
23

. D
ow

nl
oa

de
d 

on
 7

/2
9/

20
25

 1
2:

08
:1

5 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
27 H. Xue, A. Meng, C. Chen, H. Xue, Z. Li and C. Wang, Sci.
China Mater., 2022, 65, 712–720.

28 T. H. M. Lau, X. Lu, J. Kulhavý, S. Wu, L. Lu, T.-S. Wu,
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