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ABSTRACT
For enhanced electrochemical water splitting, to produce clean and green hydrogen,
which is the fuel for sustainable energy conversion and storage, high-efficiency and
reasonably priced catalysts for the hydrogen evolution reaction (HER) in basic
electrolytes are essential. The primary obstacle in green hydrogen is to accomplish
continuous and efficient hydrogen evolution at high current densities, which is
impossible since prolonged large-current operation quickly degrades the efficiency of
hydrogen creation. This work prepared B-PbBr₂ and S-PbBr₂ nanocomposites using a
simple hydrothermal method to improve electrocatalytic green hydrogen production at
industrial current densities.
Synthesised B-PbBr₂ and S-PbBr₂ catalysts exhibit excellent electrochemical water-
splitting activity, low overpotential, high current density, and extended stability lasting
more than 12 hours. Our work has led to the development of a new electrocatalyst,
which is one of the earth-abundant, stable, and highly effective catalysts for water
electrolysis. The S-PbBr₂/NF electrode significantly enhances conductivity, and its
nanosheet structure offers a substantial surface area for catalytic activity. This makes
it one of the most promising electrocatalysts for the hydrogen evolution reaction (HER)
in an alkaline medium. It's potential is underscored by outstanding stability, excellent
catalytic activity and a straightforward production method. The low onset potentials of
-0.239 V for S-PbBr₂ and -0.242 V for B-PbBr₂ further indicate that both electrodes
serve as efficient electrocatalysts for HER
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INTRODUCTION:
There has long been interest in hydrogen's potential
as a ubiquitous, low-carbon energy source. The
prospect of producing hydrogen from various
sources, transporting and storing it, and using it to
offer final energy services without emissions has
been studied by a wide range of experts in recent
decades [1]. The two previous major cycles of
interest in hydrogen were centred on the use of fuel
cells in the transportation industry [2]. Both the
breadth of the hydrogen utilisation options under
discussion and the degree of international political
backing for those options are new. In almost every
region, the idea of hydrogen is increasingly coming
up in conversations about traditional energy. Many
different countries and organisations believe that
hydrogen has the potential to play a major and wide-
ranging role in the future of the energy sector [3,4].
The green energy problem has emerged as a new
challenge of the twenty-first century due to the rapid
rise of industrialization, population, and the global
economy[5]. The fundamental notion of energy

refers to a system's capacity to execute work, but
because of its various manifestations, it is
challenging to encapsulate it in a singular definition.
It is a property of an object that can be altered from
one form to another or converted to a different form;
however, it cannot be created or annihilated.
There are many diverse energy sources, including
sun, wind, hydro, tidal, geothermal, biomass, and
hydrogen. Out of all of these sources, hydrogen
produces clean energy[6,7]. We are all aware that
the world is surrounded by renewable energy
sources, particularly water. Water resources are one
kind of renewable energy and are abundant and
sustainable on the earth. The natural, self-renewing
renewable resource, like water, makes an effort to
capture energy. It’s a self-replenishing attempt to
harness energy. Water itself has practical uses, but
when it breaks down into hydrogen and oxygen, the
industry has designated hydrogen as the next-
generation fuel that is ideal for generating electricity,
powering cars, and other applications[8,9]. No
dangerous gases are emitted into the atmosphere
by hydrogen, and it belongs to the category of clean
energy sources. As a result of fluctuating oil prices,
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a lack of petroleum, and increased awareness of
acid rain and air pollution in the 1970s, interest in
hydrogen increased[10].
Projections suggest that hydrogen produced from
coal or nuclear energy may play a crucial role in
long-term energy supply, especially in the
transportation sector. As oil and gas supplies
increased, oil prices stabilised, opposition to nuclear
power increased, and other air pollution control
measures were implemented, interest in hydrogen's
potential began to decline[11].
Experimental Section:
Preparation of PbBr2, S-PbBr2 and B-PbBr2
nanoparticles: Synthesis of nanoparticles was
conducted utilising the chemicals KBr, NH3, NaOH,
Na2SO4, (CH₃COO)₂Pb*3H₂O and
𝑁𝑎2𝐵4𝑂5(𝑂𝐻)4⋅8𝐻2𝑂, with tests executed without
additional purification. 50 millilitres of distilled water
was first introduced into a beaker and agitated for
10 minutes. 2.945 g of lead(II) acetate trihydrate,
(CH₃COO)₂Pb*3H₂O, was added, and after 5
minutes, 8.1 g of KBr was introduced to the solution,
resulting in a colour change to yellow. The pH of the
solution has been measured several times every 5
minutes. The pH of the suspension was adjusted to
11 by the progressive addition of 10 ml of ammonia.
The solution was subsequently placed in a Teflon-
lined autoclave reactor and maintained at 150ºC for
18 hours. The resultant powder was subjected to
centrifuging, and the final product was dried at 80ºC
for 2 hours. We have extracted the concentrations
of PbBr2: S and PbBr2: B from a total yield of 0.5g.
For ultrasonication, a concentration such as 85:15
was added to the beaker. The solution was then
transferred to an autoclave reactor with a Teflon
coating and held at 125°C for 8 h. The resulting
powder of S-PbBr2 and B-PbBr2 was cleaned and
collected using a centrifuge, and the final product
was dried for four hours at 80 degrees.
Fabrication of Working Electrodes: For the
fabrication of working electrodes, 0.1 g of the
synthesised materials was dispersed in 10 ml of
Isopropyl alcohol and sonicated for 30 min.
Meanwhile, as purchased, nickel foam was cut into
1.5×1.5 cm2 and sonicated in 2.5 M HCl for 5 min,
which was followed by a wash of distilled water and
acetone to remove the impurities present on the
surface of Ni foam. After that, the prepared
suspension of materials was drop-cast on the Ni
foam separately with an active area of 2.25 cm2.
Drop-casted nickel foams were dried for 30 min at
60°C. After that, prepared working electrodes were
studied for the hydrogen evolution reaction in the 1
M KOH electrolyte. Figure 1 discusses a step-by-
step schematic of the process, detailing the
synthesis of the catalyst and the subsequent
preparation of electrodes in a systematic manner.

RESULT AND DISCUSSION:
2.1. Material Analysis:

The X-ray diffraction pattern of the PbBr₂ sample
reveals significant crystallinity (Fig. 1a). The XRD
pattern was taken at room temperature between 15º
and 90º in the 2θ range. All XRD reflection peaks
were indexed using Bragg's law. XRD planes (002),
(020), (011), (111), (220), (031), (040), and (232)
show the samples' orthorhombic phase structure. All
reflection peaks are sharp and shifted in Fig 1b due
to S and B doping in pure PbBr₂. B-PbBr2 shows a
right shift, indicating crystal lattice contraction and
reduced interplanar spacing. Scherrer's equation
determines powder particle sizes: 12.98 nm, 13.09
nm, and 12.7 nm for PbBr₂, S-PbBr₂, and B-PbBr₂
samples.
The FTIR spectral studies of S-PbBr2 and B-PbBr2
nanocomposites in Fig. 1c, showed the absorption
bands from 2353.8 cm-1 to 1107 cm−1 are typically
due to the presence of functional groups like
hydroxyl(O-H bending), amine(N-H stretching),
carboxyl(C-O stretching)groups, etc. and the region
from 987.7 cm-1 to 460.3 cm−1 is referred as
fingerprint region which derives the intra-molecular
actions. In Fig. 1d, the PL emission of the PbBr₂, S-
PbBr₂, and B-PbBr₂ nanocomposite spectra was
observed, and the characteristic emission peaks of
the sample were noted at 700.1 nm and 700.4 nm
with a band gap of 1.77 eV, respectively, for the
doped PbBr₂ nanocomposites. Studies say that the
excitation wavelength of PbBr2 nanomaterial is
between 300nm and 450nm[12]. The doped lead
halide perovskites can be directly excited at 700nm
due to the unique energy states of S-PbBr₂ and B-
PbBr₂, where the excitation of electrons from the
valence band to the conduction band increases,
which helps to drive the chemical reactions.

Fig. 1: (a) XRD pattern, (b) Enlarged peak, (c) FTIR
and PL spectra of B-PbBr2, S-PbBr2 nano composites
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The morphological features of pure and doped PbBr₂
nanocomposites were examined by field emission
scanning electron microscopy, which is depicted in
Figs. 2, 3, and 4. The energy dispersive X-ray
spectroscopy (EDAX) was performed and studied
for the elemental analysis of prepared PbBr₂, S-
PbBr₂, and B-PbBr₂ nanocomposites, as shown in
Figs. 2j, 3j, and 4j. The elemental composition of
PbBr2 and doped PbBr2 was displayed and showed
the uniform distribution of Pb, Br, K, C, and O
elements in pure PbBr2 (Figs. 2d-2j). The elements
S, Pb, Br, O, and C in S-PbBr₂ and the elements B,
Pb, Br, O, and C in B-PbBr₂ have been identified in
EDAX images (Figs. 3d-3j, Figs. 4d-4j). The atomic
ratio of Pb, Br, O, and C is 20.4%, 29.6%, 36.2%,
and 13.8% in PbBr₂. The atomic ratios are like 5.9%,
50.4%, 36%, 0.1%, and 7.5% for the elements C, O,
S, Br, and Pb in S-PbBr₂, whereas the elements like
B, C, O, Br and Pb have the ratio of 0.0%, 10%,
70.1%, 5.5% and 14.4%. FESEM images of PbBr₂
have predicted that the sample has a layered
structure morphology. The microstructural image of
the sample is a nanosheet with a few layers, which
is mentioned as the arrow depicted in Fig. 2a. From
the SEM micrographs (Figs. 3a-3c), B-PbBr₂ has a
nanorod morphology of structure, whereas the S-
PbBr₂ sample has a crystal morphology depicted in
Fig. 4a-4c, and after the careful inspection of Fig. 4,
it indicates that some of the crystals show a pyramid-
like structure. The FESEM image shows
nanoparticles with good uniformity and crystallinity.
The atomic ratio of Pb, Br, O, and C is 20.4%, 29.6%,
36.2%, and 13.8% in PbBr₂. The X-ray photoelectron
spectroscopy of the lead halide nanocomposites
was performed, and the survey scan was noted for
PbBr₂, S-PbBr₂, and B-PbBr₂ in Fig. 6l. X-ray
photoelectron spectroscopy (XPS) was used to
identify and study the element valence state and
elements in pristine PbBr₂, S-PbBr₂, and B-PbBr₂
samples. This confirms the presence of the Br 3d, C
1s, O 1s, and Pb4f peaks in pure PbBr2 as well as
the extra S 2p and B 1s peaks that came from S and
B doping in S-PbBr2 and B-PbBr2. The Pb 4f spectra
of pristine PbBr2 were displayed in Fig. 6a, where it
was revealed that the peaks at binding energies
137.5 eV and 142.4 eV correspond with the Pb4+
binding phases of Pb 4f7/2 and Pb 4f5/2, as well as
their satellite peaks, which were located at 136 eV
and 140.8 eV. The positions of Pb 4f7/2 and Pb 4f5/2
of Pb4+ for S-PbBr2 were indicated at 137 eV and
142 eV, as shown in Fig. 6b. Similarly, the positions
of Pb 4f7/2 and Pb 4f5/2 of Pb4+ for B-PbBr2 were 138
eV and 142.9 eV in Fig. 6c, respectively. The Br 3d
spectra of PbBr2 are shown in Fig. 5d, where two Br
3d peaks can be seen at 67.6 eV and 68.5 eV, which
correspond to Br 3d5/2 and Br 3d3/2. There are two Br
3d peaks for S-PbBr2, situated at 68.5 eV and 75
eV, and for B-PbBr2, the two peaks were present at
67.8 eV and 68.7 eV in Fig. 5e and 5f. In comparison
with pure, the peaks of B-PbBr₂ were chemically
shifted to the right side, and thus the B element
draws electron density away from the atoms in the
PbBr₂, causing a more positive charge and higher

binding energy. Similarly, the peaks of S-PbBr₂ were
chemically shifted to the right side, causing more
positive local charges. Fig. 6g-6i displays the
deconvolution peaks of the O 1s spectra centred at
528.8 eV and 530.1 eV, respectively, for pure PbBr2,
which is attributed to M O bonds, oxygen vacancies,
and adsorbed water. The O 1s spectra of S-PbBr2
and B-PbBr2 were obtained at 530 eV, 531 eV, and
535 eV. For the S-PbBr₂ sample, the peaks of 2p
are seen in Fig. 6j at 160 eV and 168 eV, which are
represented by S 2p₃/₂ and S 2p₁/₂. At 161 eV and
166 eV, the satellite peaks of S-PbBr₂ were located.
The binding energy at 190.8 eV drew attention to the
peak 1s with a satellite peak of 188 eV for the sample
B-PbBr2 depicted in Fig. 6k. Catalytic activity can be
increased through S and B-doping by altering the
electrical structure and generating more active sites.

Fig. 2: (a) SEM images of PbBr2 at 1 μm, (b) 3mm, (c)
5mm, (d) elemental mapping of PbBr2, (e) Br, (f) Pb, (g)

K, (h) O,(i) elements, (j) EDAX analysis.

2.2. Study of Electrochemical Hydrogen
Evolution Reaction:
A conventional three-electrode potentiostat system
and electrochemical workstation, Auto lab/PGSTAT-
M204, in alkaline media (1 M KOH), were used to
examine the electrochemical measurements for the
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hydrogen evolution reaction of PbBr2 and PbBr2:
S, PbBr2: B electrodes of Nickel Form(NF). The
PbBr2, PbBr2: S and PbBr2: B electrodes worked as
a working electrode, whereas Ag/AgCl and Pt
functioned as a reference and counter electrode,
respectively. The capacity to examine
electrochemical processes on various time scales is
the strength of electrochemical impedance
spectroscopy. The linear sweep voltammetry (LSV)
curves for the different samples for the HER are
shown in Fig. 5a. S-PbBr₂/NF and B-PbBr₂/NF
demonstrated significantly better HER activity than
PbBr₂/NF, as predicted, with a significantly lower
onset potential and a higher current density. To be
specific, pristine S-PbBr₂/NF and B-PbBr₂/NF
achieved an earlier onset potential of -0.239 V and -
0.242 V vs. RHE. Here, S-PbBr₂/NF was delivered
a current density of 10 mA/cm² at an overpotential
of -0.262 V, which is -0.265 V for PbBr₂/NF,
respectively. A fundamental tool for examining and
evaluating the efficacy of electrocatalytic chemical
imaging of electrode materials is the tafel slope,
which is depicted from LSV data. The kinetic reaction
of all electrodes was examined using the tafel plot
(Fig. 5b), which revealed that the electrochemical
reaction rate and the overpotential of the S-PbBr2
and B-PbBr2 electrodes are strongly correlated. The
values obtained for PbBr2/NF, S-PbBr2/NF, and B-
PbBr2/NF were 142, 100, and 118 mV/dec,
respectively; thus, the obtained value demonstrates
the Volmer-Heyrovsky mechanism.

Fig. 3: (a) SEM images of B-PbBr2at 1 μm, (b) 3mm, (c)
5mm, (d) elemental mapping of B-PbBr2, (e) B, (f) C, (g)

O, (h) Br,(i) Pb elements and (j)EDX analysis

lectrochemical impedance spectroscopy (EIS)
results (Figure 7a) show that the PbBr₂/NF has a
series resistance (Rs) value of 0.6 Ω, while S and B-
PbBr₂/NF have a value of 0.74 Ω and 0.81 Ω.
Compared to pristine PbBr₂/NF (14.5 Ω), the charge
transfer resistance (Rct) of S-PbBr₂ and B-PbBr₂
(2.62 Ω and 12.38 Ω) is less because of the high
charge-transfer ratio. The EIS data conclusively
show that S and B doping improves PbBr₂/NF
electrocatalytic capabilities for the hydrogen
evolution reaction. When S and B are added to
PbBr₂, it improves electrical conductivity, increases
the number of active sites, and increases intrinsic
catalytic activity, as seen by the considerable
reduction in both series resistance (Rs) and charge
transfer resistance (Rct). All of these components
work together to improve the efficiency of the HER
process, demonstrating that S and B doping is an
effective strategy for improving the performance of
PbBr₂-based electrocatalysts.
The resistance can be decreased and the rate of
electron transfer increased by delivering a voltage
that is close to the reaction's redox potential. The
doping of S and B enhances the PbBr2/NF
electrocatalytic capabilities for the hydrogen
evolution reaction, according to the EIS data which
shows the significant decrease in both series
resistance (Rs) and charge transfer resistance (Rct)
indicates that increase in electrical conductivity,
number of active sites, and boosts intrinsic catalytic
activity. Together, these elements increase the HER
process's efficiency, suggesting that S and B doping
is a useful tactic for enhancing the functionality of
PbBr2-based electrocatalysts. The difference
between the anodic and cathodic current densities
provides the double-layer capacitance (Cdl) of the
active electrode, yielding information on a catalyst's
electrochemically active surface area. Based on the
CV curve, the Cdl values for PbBr2/NF, S-PbBr2/NF,
and B-PbBr2/NF were 0.15, 0.21, and 10.2 mF/cm2,
respectively (Fig. 7b). By analysing the values of
electrochemical analysis, the material is good for the
hydrogen evolution reaction.
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Fig. 4: (a) SEM images of S-PbBr2at 1μm, (b) 3mm, (c)
50mm, (d) elemental mapping of S-PbBr2, (e) C, (f) O, (g)

S, (h) Br,(i)Pb elements and (j)EDX analysis

Fig. 5: (a) linear sweep voltammetry curves, (b ) Tafel
slope

Fig.6: (a-c)Pb4f, (d-f) Br3d, (g-i) O1s spectra of PbBr2, S-
PbBr2 and B-PbBr2, (j) 2p state of S-PbBr2, (k) 1s state of

S-PbBr2, (l)XPS survey spectra

Fig. 7: (a) electrochemical impedance spectroscopy
curves, (b) Cdlplot

CONCLUSION
In conclusion, a straightforward and successful
strategy for utilising the hydrothermal method to
create PbBr₂/NF, S-PbBr₂/NF, and B-PbBr₂/NF was
proposed and accomplished. In terms of overall
alkaline and neutral water splitting methods, the
synthesised S-PbBr₂/NF and B-PbBr₂/NF, as
integrated bifunctional electrodes, showed
remarkable catalytic characteristics for the HER,
attaining 10 mA cm². This was made possible by the
optimised composition with favourable conductivity
and the well-thought-out 3D hierarchical structure.
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Because of its excellent stability, straightforward
production process, and strong catalytic activity, B-
PbBr₂/NF is one of the most promising
electrocatalysts for electrochemical water splitting,
particularly under neutral circumstances. This
study's methodology can be used for various
applications such as photocatalysis, metal-air
batteries, and supercapacitors, as well as for other
mixed transition metal oxides with comparable
structures. The synthesised electrocatalyst is a
cheap, effective catalyst that performs well in water
electrolysis and is a good option for water splitting.
The depreciating prices of renewable energy are a
significant factor propelling the potential of hydrogen
skyward. Should renewable energy generation
become sufficiently economical and widespread, as
it could replace fossil fuels in transportation, heating,

industrial raw materials, and virtually any application
resistant to electrification. Consequently, hydrogen
is part of a collection of technologies that
synergistically enhance the development of low-
carbon energy within the total energy system.
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