
Nanoscale
Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
D

ec
em

be
r 

20
25

. D
ow

nl
oa

de
d 

on
 1

/2
2/

20
26

 4
:2

8:
09

 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-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal
Dual functionalit
aDepartment of Chemistry, Comsats Univers
bInterdisciplinary Research Center for

Management (IRC-HTCM), King Fahd Univ

31261, Saudi Arabia. E-mail: muhammad.im
cSolar Cell Applications Research Lab, Dep

University Lahore, Lahore, Punjab, 54000,

gcu.edu.pk
dCore Research Facilities, King Fahd Unive

31261, Saudi Arabia
eNanomaterials Research Group (NRG), P

44000, Pakistan

Cite this: DOI: 10.1039/d5na00763a

Received 10th August 2025
Accepted 17th November 2025

DOI: 10.1039/d5na00763a

rsc.li/nanoscale-advances

© 2025 The Author(s). Published b
y of silver- and bismuth-based
molybdenum disulfide multiple phases towards
effective oxygen evolution reaction and dye
degradation

Asma Asmat,a Sobia Dilpazir, a Muhammd Imran,*b Sawaira Moeen,c Anwar Ul-
Hamid, d Ghafar Alie and Muhammad Ikram *c

The engineering of two-dimensional (2D) layered materials through metallic and non-metallic doping has

proven to be an intriguing strategy for achieving efficient water oxidation and high catalytic activities. The

current study reveals the fabrication of a novel bifunctional Ag/Bi-doped MoS2 catalyst with a fixed

concentration (2 wt%) of bismuth (Bi) and varying concentrations (1 and 3 wt%) of silver (Ag) as dopants

in MoS2 (host) using a facile hydrothermal strategy. The Bi-doped MoS2 catalyst with 3 wt% Ag exhibited

an excellent catalytic activity of 99.57% for the elimination of RhB dye from water and flexibility in a wide

pH range, signifying its catalytic dye-degradation potential in diverse pH environments. Additionally, the

bifunctional catalyst demonstrated an outstanding electrocatalytic OER performance, requiring an

overpotential of only 192 mV to reach a current density of 10 mA cm−2 and a small Tafel slope of

65.3 mV dec−1.
1. Introduction

Water is a basic element for the survival and growth of humans
and other living beings.1 Despite the abundance (71%) of water
on the Earth's crust, only 0.03% is acceptable for human
consumption.2 Water reservoirs are frequently contaminated by
wastewater coming from textile, paper, petroleum and leather
industries, containing large amounts of dyes in it.3 Methyl
orange (MO), rhodamine B (RhB) and methylene blue (MB) are
some common organic dyes discharged from industries, posing
detrimental effects on human health and the environment.4 In
recent decades, a variety of techniques have been implemented
to reduce dye content in wastewater, for instance, coagulation,
ltration, catalytic degradation, photocatalysis, adsorption, and
biodegradation.5 Among these, the catalytic degradation using
2D materials is an effective renewable approach for the reduc-
tion of harmful dyes and other pollutants from water.6
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Another major problem encountered by the modern world is
a severe energy crisis owing to the widespread depletion of
energy resources.7 Various countries have predominantly relied
on fossil fuels to meet the growing energy demands.8 This
extensive utilization of fossil fuels has led to their depletion,
degraded the natural environment, and disturbed the ecological
balance.9 The prime concern is to explore alternative sources of
energy that are sustainable and eco-friendly.10 Hydrogen has
been proposed as a good alternative to non-renewable energy
sources.11,12

One of the dening factors in promoting a hydrogen-based
economy is its contribution to reducing carbon emissions into
the environment.13 Currently, about 95% of industrial hydrogen
production primarily relies on the steam methane reforming
method, releasing around 830 million tons of CO2 annually.14

Therefore, there is a continuous need to develop green and
sustainable methods to generate hydrogen as a clean energy
carrier.15 Electrochemical water splitting is a sustainable and
economical approach to producing carbon-free hydrogen fuel.16

It is a process that requires a standard theoretical potential of
1.23 V to split water into H2 and O2.17 Two distinct half-
reactions, the cathodic hydrogen evolution reaction (HER) and
anodic oxygen evolution reaction (OER), constitute the thor-
ough process of electrochemical water splitting.18,19 However,
a multistep electron transfer, particularly in the OER, results in
slow reaction kinetics and substantial energy loss during the
reaction, declining the overall efficiency of energy
conversion.20,21
Nanoscale Adv.
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Hence, efficient electrocatalysts are required to overcome
these kinetic energy barriers.22 Although Ir/Ru and Pt-based
catalysts are esteemed for their performance in the OER and
HER, the poor sustainability and high cost of such precious-
metal-based catalysts signicantly hinder their widespread
applications.23,24 Substantial efforts have been made in the
pursuit of sustainable and economically viable electro-
catalysts.25 Transition metals, including transition metal di-
chalcogenides, oxides, and nitrides, have garnered considerable
interest as promising alternative electrocatalysts.26,27 MoS2 is
a widely studied TMDC, exhibiting unique properties, such as
chemical inertness, large surface area, tunable interlayer
spacing, and low toxicity. Owing to these excellent properties,
MoS2 has been broadly investigated as a co-catalyst in various
catalytic processes, including dye elimination and hydrogen
storage.28,29 The structure of MoS2 is composed of multiple
monolayers, with Mo atoms sandwiched between two S atoms
in each monolayer.30 MoS2 and Pt-based catalysts exhibit the
same value of the Gibbs free energy for hydrogen adsorption
(DGH = 0 eV), which makes them efficient electrocatalysts for
HER.31,32 In addition, the metallic (1T)-phase MoS2 catalysts
with enhanced intrinsic conductivity serve as optimum candi-
dates in OER for delivering the lowest OER overpotentials,
compared with the semiconducting (2H) phase.33

In general, pristine MoS2 displays inadequate catalytic
performance owing to insufficient exposed edge sites and rela-
tively inactive basal planes.34 There has been tremendous work
done to increase the intrinsic catalytic performance of MoS2,
such as phase engineering, electrodeposition, and nano-
structure engineering.35 However, an effective approach is to
facilitate electron transfer through the metallic doping of
MoS2.36 In the previous studies, Group-V impurity elements,
such as trivalent bismuth (Bi3+), have been widely explored as
ideal precursors for their non-toxic and inexpensive nature.37

Additionally, silver (Ag) dopants are of immense interest for
Fig. 1 Schematic of the synthesis of (a) MoS2 and (b) Ag/Bi-doped MoS

Nanoscale Adv.
their unique physicochemical properties and large surface area,
which is favorable for electrocatalytic processes.38 The intro-
duction of silver atoms into the MoS2 lattice leads to the
formation of new active sites and the enhancement of the
electrocatalytic activity of MoS2.39,40

The current study unveils the synergistic effect of Bi and Ag
as dopants in the MoS2 host, synthesized by an eco-friendly
hydrothermal strategy. The resultant novel bifunctional Ag/Bi-
doped MoS2 heterogeneous catalyst displays exquisite catalytic
degradation behavior against RhB dye and a remarkable
electrocatalytic performance for OER.
2. Experimental details
2.1 Materials

Na2MoO4$2H2O (99%), NH2CSNH2 (99.0%), Bi(NO3)3$5H2O
(98%), silver nitrate (AgNO3, 90.0%), and HCl (37%) were
procured from Sigma Aldrich, Germany.
2.2 Synthesis of the Ag/Bi-doped MoS2

To prepare MoS2 via the hydrothermal route, 0.5 M of Na2-
MoO4$2H2O and 1 M of NH2CSNH2 were utilized as precursor
materials, dissolved in deionized (DI) water and stirred at 60 °C
for 15 min (Fig. 1a). The required amount of HCl was incorpo-
rated dropwise to sustain a pH of 2 for the stirred solution to
obtain the precipitates. Subsequently, the precipitated solution
was transported to a 100 mL autoclave at 180 °C for the
completion of the reaction for 22 h. To eliminate the contami-
nants from the autoclaved solution, the colloidal solution was
processed by centrifuging twice at 8000 rpm for 9 min and
drying at 110 °C overnight to attain a ne powder (control
sample). Furthermore, 2 wt% of Bi(NO3)3$5H2O was integrated
into the precursor solution of MoS2 under the same environ-
ment to prepare Bi–MoS2. Similarly, 1 and 3 wt% of AgNO3 were
2.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Representation of the catalytic mechanism of Ag/Bi-doped MoS2.
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added to the binary system (precursor solution of Bi–MoS2) to
prepare Ag/Bi–MoS2 (Fig. 1b).
2.3 Catalytic activity (CA)

The catalytic performances of MoS2 and Ag/Bi-doped MoS2 were
determined by the breakdown of the RhB dye in the presence of
a reducing agent (NaBH4) in different pH environments (pH =

4, 12, 7) at room temperature. First, 400 mL of NaBH4 was added
to 3 mL of a RhB dye solution, followed by the incorporation of
400 mL of the (1, 3 wt%) Ag/Bi-doped MoS2 synthesized samples.
In the presence of the reducing agent, the synthesized samples
(MoS2 and Ag/Bi-dopedMoS2) were employed as catalysts for the
reduction of the RhB dye. The degree of degradation was
examined at regular intervals in the 200–800 nm range using
a UV-Vis spectrophotometer. Incorporating NaBH4 and the
synthesized nanocatalysts resulted in the decolorization of the
dye. The percentage degradation of the RhB dye was computed
by the given eqn (1):

% Degradation = C0 − Ct/Ct × 100. (1)

Here, C0 and Ct are the concentrations of the RhB dye at the
beginning and end of the degradation procedure.

2.3.1 Mechanism of the catalytic activity. The mechanism
of catalysis predominantly relies on two main factors: rst, the
incorporation of a reducing agent (NaBH4) and second, the
addition of newly synthesized nanocatalysts (Ag/Bi-dopedMoS2)
into the RhB dye solution. The RhB dye is an oxidizing agent
that gains an e− from the reducing agent (NaBH4) in a chemical
reaction. In this process, an electron is transferred from
a reductant to an oxidant, causing the breakdown of the
synthetic dye. Generally, in the absence of catalysts, the redox
reaction between NaBH4 and RhB is slow. To increase the rate of
redox reaction, nanocatalysts, such as MoS2 and Ag/Bi-doped
MoS2, are incorporated into the redox reaction. These nano-
catalysts reduce the activation energy required to initiate the
reaction and serve as an electron transfer source between the
© 2025 The Author(s). Published by the Royal Society of Chemistry
reacting species, thereby facilitating the transfer of electron
from BH4

− (donor) to RhB+ (acceptor) (Fig. 2). Furthermore, the
synthesized catalyst's small size and large surface area provide
a relatively high number of active sites for the adsorption of RhB
and NaBH4 onto catalyst's surface, resulting in the enhanced
degradation of RhB.
2.4 Electrochemical measurements

A CS350M potentiostat was employed to analyze the OER
performance of MoS2, Bi–MoS2, and 1%, 3% of Ag/Bi–MoS2
using a Pt plate (counter electrode), catalyst slurry coated on Ni
foam (working electrode, 308 mV overpotential of Ni-foam from
our previous study 10.1002/adsu.202500317), and Ag/AgCl
(reference electrode). The working electrode was prepared by
the drop-wise coating of the synthesized sample slurry over the
Ni foam. The slurry contained 4 mg of pristine and doped MoS2
with 700 mL of ethanol and a few drops of Naon. To obtain
a homogeneous mixture, the slurry was sonicated for half an
hour under ambient conditions. LSV was characterized at
a sweep rate of 5 mV s−1 with a potential range of 1–2 V (vs.
RHE). EIS was performed with 10 mV AC amplitude over
a frequency range of 1 to 106 Hz.
3. Results and discussion

XRD patterns were obtained to scrutinize the crystal structure,
phase purity and crystallographic planes of MoS2 and Ag/Bi-
doped MoS2 within the 2q range of 20–80° (Fig. 3a; 20 points
smoothed). Diffraction peaks at 29.0° (006), 34.0° (012), 38.1°
(104), 47.8° (107), 60.5° (1010), and 75.5° (1013) ascribed to
rhombohedral phase of MoS2 (JCPDS card# 01-077-0341). Peaks
at 28.4° (102), 32.3° (202), 40.1° (112), and 56.6° (−205) revealed
the monoclinic structure of Mo2.06S3 (JCPDS card# 01-072-0821).
Additional peaks sited at 22.5° (201), 27.0° (114), 31.2° (122),
31.7° (106), and 45.° (134) assigned to hexagonal Mo15S19 phase
(JCPDS card# 00-040-0936). Peak at 26.7° (411) correspond to
monoclinic phase of sulphur (JCPDS card# 077-0228).41 The
Nanoscale Adv.
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Fig. 3 (a) Diffraction patterns of MoS2, Bi–MoS2, 1% Ag/Bi-doped MoS2, and 3% Ag/Bi-doped MoS2 and (b and c) SAED analysis of Bi–MoS2 and
3% Ag/Bi-doped MoS2.
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clear shi towards a relatively low 2q value was observed aer
the doping with Bi, which was ascribed to the alteration of the
lattice parameters in the MoS2 host). Moreover, sharper peaks
compared with those of pristine MoS2 were revealed, which
were associated with compressive stress during the growth of
the crystallites.42 The XRD patterns of the (1, 3 wt%) Ag/Bi-
doped MoS2 exhibited signicantly intense diffraction peaks,
signifying that the inclusion of Ag substantially improved the
crystallinity of the sample.43 The doping with silver slightly di-
splaced the diffractogram towards a relatively small angle due
to lattice distortion, modication of Bragg's condition and the
exchange of Mo sites with Ag, which primarily was hindered by
a large difference in the ionic radii of the host metal (Mo4+ =

0.59 Å) and dopant species (Ag+ = 1.26 Å).44–46 The calculated
crystallite sizes of MoS2, Bi–MoS2, and 1%, 3% of Ag/Bi–MoS2
were 91.37, 91.36, 59.92, and 60.90 nm, respectively. The rela-
tively high density of grain boundaries due to the incorporation
of Ag ions reduced the crystallite size by restricting the crys-
tallite growth during nucleation. The presence of large ionic
radii Ag ions potentially hindered grain growth and coarsening,
pinning the grain boundaries and straining the host lattice.44
Fig. 4 (a) UV-vis spectra and (b) FTIR spectra of MoS2, Bi–MoS2, 1% Ag/

Nanoscale Adv.
Additionally, the SAED pattern illustrated bright rings, reect-
ing the polycrystalline nature of the Bi–MoS2 and Ag/Bi-doped
MoS2, in accordance with the XRD patterns (Fig. 3b and c).

The optical properties of the pure, Bi–MoS2 and Ag/Bi-doped
MoS2 were examined utilizing UV-vis absorption spectroscopy
from 300–800 nm (Fig. 4a). The absorption peak of pristine
MoS2 was noticed within the wavelength range of 500–700 nm,
with a maximum absorbance at 658 nm attributed to p–p*

transition.47–50 Upon the doping of the host material with
bismuth, the absorption window was enhanced. With the
incorporation of silver in Bi–MoS2, the absorption wavelength
range was further increased, indicating an efficient charge
transfer within the doped sample, resulting in the improved
electrocatalytic performance of the Ag/Bi-doped MoS2 catalyst.51

The FTIR analysis characterized the chemical structure of
the MoS2 and Ag/Bi-doped MoS2 in the 4000–400 cm−1 range
(Fig. 4b). The transmittance bands at 445, 491, and 603 cm−1

were attributed to the Mo–S stretching mode.52–55 The incorpo-
ration of metal as a dopant affected the bands' intensities and
their wavenumbers. The binding of the metal atoms with the
host surface shied the FTIR spectrum towards a relatively high
Bi-doped MoS2, and 3% Ag/Bi-doped MoS2.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) XPS survey spectrum of 3% Ag/Bi–MoS2 and high-resolution spectra of (b) Bi 4f, and (c) Ag 3d.
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wavenumber.56 The band corresponding to the Mo–S vibration
at 445 cm−1 for undoped MoS2 shied to 460 cm−1 for 2 wt% Bi
and 472 cm−1 for 1 and 3 wt% Ag.57 The bands at 644 and
894 cm−1 indicated the characteristic stretching mode of the
S–S bond.58,59 The band observed at 1104 cm−1 corresponded to
the asymmetric S–O stretching mode.60 The band at 1602 cm−1

was ascribed to the O–H bending vibrations of the absorbed
water molecules.61,62 The N–H stretching vibrations were
accountable for the band at 2032 cm−1.63 The band at 3134 cm−1

appeared because of the O–H bond stretching vibration, which
was related to intercalated water.64

To characterize the oxidation state of Ag/Bi–MoS2, XPS anal-
ysis was utilized. The survey scan conrmed the existence of Mo,
S, Bi, S, Ag, C and O (Fig. 5a). Mo 3d showed +4 and +6 oxidation
states around 228, 232.5 and 235.8 eV, respectively.65 S 2p
revealed peaks at binding energies of 162.3 eV (3d3/2) and
163.4 eV (3d1/2) were observed.66 The observed peaks at 159.6 and
165 eV in the Bi 4f spectrum were ascribed to 4f7/2 and 4f5/2 of
Bi3+, respectively (Fig. 5b).67 The Ag 3d spectrum revealed peaks at
367.2 eV (3d5/2) and 373.2 eV (3d3/2), as shown in Fig. 5c.68
© 2025 The Author(s). Published by the Royal Society of Chemistry
To elucidate the elemental composition of the control and
doped MoS2 samples, EDS measurements were performed. The
prominent Mo and S peaks (Fig. S1a) reveal the successful
preparation of MoS2. The additional peaks of Bi and Ag
(Fig. S1b–d) are attributed to the incorporation of the dopant
species. The chlorine (Cl) peaks in the spectra arise from using
HCl to maintain a pH of 2 during the preparation of the
samples. Moreover, in order to minimize the charging effects,
the specimens are usually sputter-coated with Au, inducing Au
peaks in the spectrum. The EDS mapping of the as-synthesized
highly doped MoS2 sample was carried out to investigate the
distribution of its elemental components, represented by
distinct colors. The presence of various elements, Ag, Mo, and S,
was conrmed (Fig. S2a–d).

FESEM analysis was implemented to examine the surface
morphology and structure of MoS2 and Ag/Bi-doped MoS2. The
pure sample exhibited agglomerated small-sized particles
overlapped with the chunk, along with the random distribution
of small and large clusters of particles (Fig. S3a). The doping of
Bi into MoS2 revealed the rod-shaped particles overlapped with
Nanoscale Adv.
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the agglomerated non-uniform chunks (Fig. S3b).69 With the
incorporation of Ag (1 wt%), a at rectangular rod-like
morphology appeared with a few rod-shaped particles over-
lapping on the surface. Furthermore, the agglomeration of
spherical-shaped particles was observed (Fig. S3c). Upon
increasing the concentration of Ag (3 wt%), this pattern was
increasingly revealed (Fig. S3d).

TEM micrographs were employed to investigate the
morphological features and topography of MoS2 and Ag/Bi-
doped MoS2. The formation of the wrinkled-nanosheets (NSs)
of the pristine catalyst was revealed by TEM (Fig. 6a). The
nanorod-shaped structures anchored in the NSs were observed
because of the incorporation of Bi, conrming the interaction
between Bi and MoS2 NSs (Fig. 6b).70 Upon the doping of Ag,
a at rectangular rod-like morphology was observed (Fig. 6c).
The increased concentration of Ag revealed the agglomeration
of distinct spherical, hexagonal, and rod-shaped nanoparticles
distributed within the NSs. Furthermore, the aggregation of Ag
nanoparticles resulted in the formation of a at-lying
nanoprism-like structure (Fig. 6d). The interlayer spacings of
the pristine MoS2, Bi–MoS2, 1% Ag/Bi-doped MoS2, and 3% Ag/
Bi-doped MoS2 were calculated from the HRTEM images using
Gatan soware and observed as 0.307, 0.312, 0.315, and
0.319 nm, respectively (Fig. S4a–d).

To assess the catalytic performance of the control and Ag/Bi-
doped MoS2 nanocatalysts against the RhB dye reduction using
NaBH4 in different pH environments, a UV-vis spectrophotometer
was used. The degradation rates of pure and Ag/Bi-doped MoS2 in
an acidic medium (pH = 4) were 74.00%, 77.28%, 78.85%, and
82.71%; in a basic medium (pH = 12), 70.14%, 72.85%, 73.57%,
and 80.00%; and in the neutral medium (pH = 7), 92.85%,
94.14%, 96.85%, and 99.57%, in 10min (Fig. 7a–c). In comparison
to the basic medium, both the acidic and neutral environments
exhibited the highest RhB reduction. In the acidic medium, the
Fig. 6 TEM images of (a) MoS2, (b) Bi–MoS2, (c) 1% Ag/Bi-doped MoS2,

Nanoscale Adv.
high catalytic activity of the synthesized nanocatalyst was ascribed
to the high concentration of H+ ions for absorption on the surface
of the catalyst. In the basic medium, the number of OH− ions
increased, resulting in the oxidation of the RhB dye and
a decrease in the catalytic activity. Maximum reduction rates were
examined in the neutral medium (pH = 7) for all catalysts; this
might be due to the occurrence of the RhB dye in zwitterionic
(RhB ±) and cationic (RhB+) congurations in water.71 Moreover,
the doping of metal atoms in the host material played a signi-
cant role in catalysis. In the absence of dopants, the degradation
efficiency of MoS2 was relatively low in all media. When Bi (2 wt%)
was doped in the MoS2 lattice, it increased the surface area for
absorption, leading to enhanced degradation efficiency. Likewise,
the addition of Ag further improved the reductive degradation of
dye by functioning as an e− relay system and generating partially
charged hydrogen species on the surface.72,73 Upon increasing the
concentration of Ag (3 wt%), the number of exposed active sites
increased owing to the relatively small size of the Ag nano-
particles, resulting in the maximum breakdown of the RhB dye.74

TheMoS2-based nanocatalyst offered the advantage of recycling to
promote environmental sustainability practices. The effect of the
recycled material on the dye degradation efficacy was determined
by executing ve cycles. The nanocatalysts were separated from
the dye solution through centrifugation, dried and reused to run
the next cycle of catalytic activity. At the end of each cycle, the
degradation efficacy was determined, and the acquired outcomes
are displayed in Fig. 7d. The as-synthesized nanocatalysts revealed
high effectiveness towards recycling and reusability while
sustaining their catalytic activities.

OER in an alkaline electrolyte is a complex four-electron
process that involves a series of successive steps. It involves
the formation of several intermediates like –OH, –O, and –OOH.
The process begins with the formation of an M–OH interme-
diate, which is attributed to the adsorption of –OH at the metal
and (d) 3% Ag/Bi-doped MoS2.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Catalytic degradation of the RhB dye using MoS2, Bi–MoS2, 1% Ag/Bi-doped MoS2, and 3% Ag/Bi-doped MoS2 in (a) protonated, (b)
basified, (c) neutral media, and (d) recycling experiments.

Paper Nanoscale Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
D

ec
em

be
r 

20
25

. D
ow

nl
oa

de
d 

on
 1

/2
2/

20
26

 4
:2

8:
09

 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-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
active site (M). The resulting M–OH further reacts with another
–OH, generating an MO intermediate. The O2 evolution steps
are further divided into two possible categories, involving the
generation of O2 via the direct combinations of the MO inter-
mediates and through the formation of MOOH that then
generates M–O2. The pathway that involves the formation of
MOOH is less efficient and requires more energy, resulting in
relatively slow reaction kinetics and low activity.75–78

The electrocatalytic activities of the MoS2 and Ag/Bi-doped
MoS2 electrodes for OER were initially evaluated using the LSV
curve. The LSV curves of the MoS2, Bi–MoS2, 1 wt% Ag/Bi-doped
MoS2, and 3 wt% Ag/Bi-doped MoS2 electrodes are displayed
(Fig. 8a). MoS2 achieved the overpotential of 237 mV at 10 mA
cm−2, signifying the minimum catalytic performance of the
pristine MoS2 electrode. The overpotential of the Bi–MoS2 elec-
trode was 227 mV at constant current density, indicating that the
incorporation of bismuth masked the edge active sites of MoS2,
resulting in decreased catalytic performance for OER compared
with that of pristineMoS2. However, the 1 wt% Ag/Bi-dopedMoS2
required the overpotential of only 224mV to obtain a 10mA cm−2

current response. In addition, the 3 wt% Ag/Bi-doped MoS2
electrode demonstrated the lowest overpotential of 192 mV at the
current density of 10 mA cm−2, suggesting that the incorporation
of Ag facilitates the OER kinetics of the electrode (Fig. 8b).79

Consistent Tafel plots were calculated from the LSV polarization
curves to further examine the insights into the OER kinetics. The
Tafel slopes of MoS2, Bi–MoS2 and 1%, 3% Ag/Bi–MoS2 were 118,
© 2025 The Author(s). Published by the Royal Society of Chemistry
89.2, 108.9, and 65.3 mV dec−1, respectively (Fig. 8c). The
smallest Tafel plot value was obtained for the 3 wt% Ag/Bi-doped
MoS2 electrode, indicating its fastest OER kinetics owing to the
increased concentration of Ag, which optimized the adsorption
of hydroxyl radical (OHc) onto the catalyst's surface and lowered
the kinetic energy barrier during OER.80 The charge transfer
properties of bifunctional Ag/Bi-doped MoS2 electrodes were
analyzed through EIS. The obtained Nyquist plots (Fig. 8d)
revealed the largest semicircle diameter of the pristine MoS2
electrode with the highest charge transfer resistance (Rct), indi-
cating the restricted diffusion of ions. The incorporation of Bi
resulted in a decreased diameter of the semicircle, suggesting
enhanced charge transfer and an accelerated rate of electro-
chemical reaction. The charge transfer resistance was signi-
cantly decreased for the 1 wt% Ag/Bi-doped MoS2 electrode,
owing to the resultant electronic interaction upon the inclusion
of Ag. The smallest semicircle diameter in the Nyquist plots was
observed for the 3 wt% Ag/Bi-dopedMoS2 electrode, implying the
lowest charge transfer resistance, which was attributed to a rela-
tively high concentration of Ag. This resulted in the maximum
charge transfer at the electrode/electrolyte interface and a high
current density, leading to favourable OER kinetics.81,82 The
comparison of the prepared electrocatalyst with other reported
electrocatalysts is presented in Table S1.

The electrochemical performance of the electrocatalysts
primarily depends on the intrinsic activity and active surface
regions of the electrocatalysts, and it is usually determined by the
Nanoscale Adv.
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Fig. 8 (a) LSV polarization curves, (b) overpotentials at a current density of 10 mA cm−2, (c) Tafel plots, and (d) EIS analysis of MoS2, Bi–MoS2, 1%
Ag/Bi-doped MoS2, and 3% Ag/Bi-doped MoS2.
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electrochemical active surface area (ECSA).83 Relatively high
values of ECSA demonstrate the existence of numerous exposed
active surface areas, which are accountable for the excellent
electrocatalytic behaviour of the electrode.84 The ECSA is directly
related to theCdl value, estimated by testing CV curves atmultiple
scan rates. The Cdl values calculated for the MoS2 and 3 wt% Ag/
Bi-doped MoS2 electrodes were 15.89 mF cm−2 and 19.55 mF
cm−2, respectively (Fig. S5). The signicant increase in the ECSA
results is attributed to the incorporation of 3 wt% Ag, suggesting
the enhancement of active sites for efficient ion transfer, result-
ing in the exceptional OER activities of the electrocatalysts.
4. Conclusion

The present work demonstrates the synthesis of a novel
bifunctional Ag/Bi-doped MoS2 heterogeneous catalyst via
a hydrothermal approach, with a xed concentration (2 wt%) of
Bi and varying concentrations (1 and 3 wt%) of Ag as dopants in
the MoS2 host. The synthesized catalyst was investigated for its
catalytic properties in the degradation of RhB dye and its
electrochemical OER performance. XRD patterns revealed the
hexagonal structure of MoS2. The elemental compositions of
the control and doped MoS2 samples were elucidated through
EDS proles. TEM analysis veried the formation of nanosheets
(NSs) and nanorods, with a nanoprism-like structure observed
with the increased concentration of Ag (3 wt%). The maximum
Nanoscale Adv.
catalytic activity of 99.57% for the elimination of the RhB dye
was observed in the neutral medium in the presence of BH4

−

ions. In the alkaline electrolyte, the 3 wt% Ag/Bi-doped MoS2
electrode revealed outstanding electrocatalytic OER perfor-
mance, requiring an overpotential of only 192 mV to reach
a current density of 10 mA cm−2 and a small Tafel slope of
65.3 mV dec−1. In conclusion, this study provides insights into
the development of metal and non-metal-based catalysts for
effective oxygen evolution and dye degradation.
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