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 Abstract 

One of the most favorable method for storage of sustainable energy and the society 
hydrogen realization in the near future is the production of hydrogen by the process 
of electrochemical water parting. However, the strategic for the large-scale 
utilization of this method is to produce cheap and much effective electro-catalyst 
in order to reduce the use of expensive noble metals. Therefore, a variety of bi-
functional electro-catalysts based on transition metals for both cathode and anode 
have previously been established for overall process of water splitting. Herein, we 
report the use of Co and Mn doped ZnO nanoparticles prepared by hydrothermal 
method. It was investigated that the doped zinc oxide nanoparticles are in 
hexagonal shaped with size in the range of few nm. Comparative XRD, SEM 
and EDX studies revealed that Co2+ and Mn2+ are uniformly doped into the 
crystal structure of ZnO. Later on, it was observed that these nanoparticles exhibit 
excellent efficiency towards water splitting process for the production of hydrogen. 
It was clear from the results that these electro catalysts were much efficient in 
order to overcome the energy of activation for the overall process and to reduce the 
value of over potential. 
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I. INTRODUCTION 
Renewable and sustainable sources of energy have 
never been more needed in the world as the world 
energy demands keep drawing higher and fossil 
fuel reserves allow a rapid depletion. Fossil fuels 
that are traditional not only lead to the depletion 
of non-renewable resources but also worsen such 
problems as sludge pollution, global warming, and 
climate change (Zhang et al., 2020). In order to 
deal with these issues, it has seen a major 
transition to natural energy sources including 
solar, wind energy and hydropower. Hydrogen is 
one of these and a promising energy carrier 
because of its high energy density, clean 
combustion, and its ability to use hydrogen in 
multiple applications, including fuel cells, which 

are central to eliminating carbon footprint of the 
transportation and power sectors (Li et al., 2020). 
Hydrogen is thought to be among the most 
efficient energy carriers, and its energy density per 
kilogram (120 MJ/kg) compares to traditional 
fuels such as gasoline (44 MJ/kg) by far (Wang et 
al., 2019). Moreover, hydrogen fuel cells do not 
emit any gases except water and heat; hence, they 
are also environmentally friendly as compared to 
conventional technologies that operate on 
combustion (Peng et al., 2020). However, there are 
big obstacles to the widespread implementation of 
hydrogen as a source of energy, mostly associated 
with its manufacturing, storage, and 
infrastructure. Hydrogen cannot be found 
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naturally on Earth, and it has to be produced via 
different methods, such as electrolysis, steam 
methane reforming, and biomass gasification 
(Zhang et al., 2020). One of these approaches, 
electrochemical water splitting has been one of 
most prospective methods of hydrogen production 
because it provides a direct non-pollutant and long 
lasting method of producing hydrogen out of 
water through electricity. 
 
Hydrogen Production through Electrochemical 
Water Splitting. 
Electrochemical water splitting involves the use of 
an electric current to split water (H₂O) into 
hydrogen (H₂) and oxygen (O₂) gases. This is done 
in an electrolyzer, made up by two electrodes 
namely an anode and cathode, separated by an 
electrolyte. Electric current is used to split the 
water molecules, producing hydrogen at the 
cathode (hydrogen evolution reaction, HER), and 
oxygen at the anode (oxygen evolution reaction, 
OER).  This process is very sensitive in terms of 
the performance of electrodes and the electrolyte 
employed. Although theoretically, the lowest 
voltage needed to perform electrolysis is 1.23 V, a 
higher voltage is needed in reality to compensate 
for the loss of energy due to numerous 
components, such as the activation energy of 
electrodes, resistance, and overpotentials (Wang et 
al., 2019). This translates to a large energy 
consumption loss when electrolysing the water 
and this is a huge constraint to the extensive use 
of water splitting as a huge hydrogen production 
process. 
The selection of electro-catalysts is one of the most 
crucial factors that affect the efficiency of the 
electrochemical process of splitting water. 
Electrocatalysts are materials that enhance the rate 
of the hydrogen and oxygen evolution reactions 
(HER and OER). During decades, the most 
efficient electrocatalysts to carry out these 
reactions have been platinum (Pt) and iridium (Ir), 
as they are highly conductive and reduce 
overpotentials (Li et al., 2020). Nonetheless, these 
noble metals are very expensive, scarce and of 
limited numbers hence rendering them 
impractical in large-scale production of hydrogen. 
 
Non-Noble Metal Electro-Catalysts. 

Researchers in recent years have been looking into 
the development of non-noble metal-based 
electrocatalysts, which are not only cost-effective, 
but also greatly able to catalyze the water splitting 
process. Cobalt (Co), manganese (Mn), nickel 
(Ni), and iron (Fe) cover the category of transition 
metals that has received considerable attention 
due to their abundance on earth, cheaper cost, and 
good catalytic capacity of both HER and OER 
(Zhang et al., 2020). However, these materials are 
usually associated with low stability, low 
conductivity and high overpotentials in contrast to 
noble metals. Researchers have been investigating 
different options to overcome these shortcomings 
and have considered doping, alloying, and 
development of hybrid systems to improve the 
catalytic activity of non-noble metal catalysts. One 
method and practice that are especially successful 
in enhancing the performance of electrocatalysts is 
doping. Doping may alter the electronic structure, 
add active sites, and improve conductivity of the 
catalyst by incorporating foreign atoms into the 
metal lattice (Wang et al., 2019). Zinc oxide (ZnO) 
is a promising semiconductor material, which has 
demonstrated potential in the electrochemical 
field because it has very good electronic properties, 
stability, and availability. However, catalytic 
activity of pure ZnO is limited when it comes to 
catalyzing water splitting reactions because it 
possesses a large bandgap of the material and has 
poor charge carrier mobility (Peng et al., 2020). 
ZnO may also be doped with a transition metal 
that can improve its electro-catalytic properties, 
including cobalt (Co) and manganese (Mn). The 
doping of ZnO nanoparticles with Co and Mn has 
demonstrated high improvements in the catalytic 
activity, decreased overpotentials, and better 
stability relative to undoped ZnO (Li et al., 2020). 
 
Co and Mn Doped ZnO Nanoparticles as Electro-
Catalysts. 
The study seeks to study the usage of Co and Mn-
doped ZnO nanoparticles as electro-catalysts in the 
water splitting process. Doping of ZnO with Co 
and Mn improves the electronic structure of the 
sample, the number of active sites, and the transfer 
of charge during the electrolysis process. The Co 
and Mn-doped ZnO nanoparticles revealed have 
superior catalytic efficiency in both the HER and 
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OER with lower overpotentials and higher 
efficiency than pure ZnO (Zhang et al., 2020). Co 
and Mn-doped ZnO nanoparticles are mainly 
synthesized by a hydrothermal process, and the 
dopants are distributed evenly throughout the 
ZnO lattice. The successful growth of ZnO as 
doped and to investigate the size, shape and 
composition of the nanoparticles is confirmed by 
characterization technology i.e. the X-ray 
diffraction (XRD), scanning electron microscopy 
(SEM) and energy-dispersive X-ray spectroscopy 
(EDX). The Co and Mn dopants do not only 
increase the electronic properties of ZnO, but they 
also contributed to stabilizing the structure and 
enhancing it in durability and performance during 
a long time of use (Peng et al., 2020). 
Hydrogen is gaining more recognition as a crucial 
remedy to the world energy crisis because it has 
clean and efficient characteristics. Splitting water 
electrochemically is one of the long-term solutions 
to the problem of hydrogen production, yet the 
inefficiency and high cost of existing 
electrocatalysts are significant challenges. The 
study aims at synthesizing Co and Mn-doped ZnO 
nanoparticles as electrocatalysts with non-noble 
and economical properties in water splitting. The 
process of doping has improved the catalytic 
properties of ZnO, decreased overpotentials, and 
improved the efficiency of hydrogen production 
making it an attractive candidate in large-scale 
hydrogen production. This study enhances the 
production of less expensive and efficient 
hydrogen production techniques that will help 
facilitate the shift to a sustainable energy future 
due to the further development of non-noble 
metals catalysts. 
 
II. Literature Review 
A shift towards renewable and sustainable energy 
sources is very much needed because fossil fuels 
are very slow to renew, and the effects of their use 
are increasingly detrimental to the environment 
(Zhang et al., 2020). Hydrogen is considered to be 
one of the most promising renewable energy 
carriers since the energy density is quite high, and 
it is more environmentally friendly than other 
energy carriers (Li et al., 2020). When applied as 
fuel cells, Hydrogen generates nothing more than 
water and heat as by-products, thus it is a friendly 

substitute to fossil fuels that doesn't harm the 
environment (Wang et al., 2019). In addition, 
hydrogen is the most plentiful in the universe and 
can be produced using water, which occupies 
nearly 71 out of the 100 percent of the surface of 
the Earth, which means it is an almost 
inexhaustible source (Peng et al., 2020). Some of 
the ways in which hydrogen can be manufactured 
are by reforming methane on steam, gasifying 
biomass and electrochemical splitting of water. 
One of the most sustainable hydrogen production 
methods is regarded as electrochemical water 
splitting, i.e., the utilization of electricity to break 
down water into hydrogen and oxygen (Zhang et 
al., 2020). The approach, however, is beset with 
considerable difficulties in energy efficiency and 
cost, mostly because of the requirement of a high-
performance electro-catalyst of hydrogen 
evolution reaction (HER) and oxygen evolution 
reaction (OER) (Peng et al., 2020). 
 
Electrochemical processes Water Splitting 
Process. 
One of the processes involving an electric current 
to separate water into oxygen and hydrogen gases 
is electrochemical water splitting. This reaction is 
achieved in an electrolyzer with the oxidation of 
water on the anode to produce oxygen and the 
reduction of water on the cathode to produce 
hydrogen (Wang et al., 2019).  
Although theoretically the minimum voltage 
needed for electrolysis is 1.23 V, in reality, more 
power is needed to overcome numerous 
inefficiencies and activation energies involved in 
the reactions at the electrodes (Li et al., 2020). 
These inefficiencies are called overpotentials, and 
these characteristics of the HER and OER are 
major limiting factors to the efficiency of the 
electrochemical process of splitting water. 
Water Splitting Electrocatalysts. 
Electrocatalysts are important electrochemical 
process that significantly reduce the energy 
barriers of the HER and OER. The selection of 
electro-catalyst greatly determines the efficiency of 
water partitioning. Platinum (Pt) and iridium (Ir) 
have traditionally been the most successful 
electrocatalysts to use in these reactions since they 
have excellent conductivity and can reduce 
overpotentials (Li et al., 2020). However, these 
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noble metals are very expensive, scarce, and 
limited; therefore, they cannot be used to produce 
a lot of hydrogen (Wang et al., 2019). 
Consequently, the interest in working out non-
noble metal-based electrocatalysts as a means of 
separating water has been increasing. Nickel (Ni), 
cobalt (Co), and iron (Fe), considered to be the 
candidates due to their abundance, low cost, and 
fairly good catalytic activity (Peng et al., 2020). 
Although superior in some aspects, these non-
noble metals tend to be less catalytic, unstable, and 
have a greater overpotential than noble metals (Li 
et al., 2020). Thus, optimization of the 
performance of these materials in terms of 
different procedures including doping, alloying 
and hybridization has become an important area 
of research nationally in the recent past. 
Transition Metal-Based Electrocatalysts 
Due to their desirable electrochemical 
characteristics, transition metals have been widely 
investigated in its capacity to be applied in water 
splitting reactions. The nickel and cobalt are 
especially good candidates to replace the HER as 
they have high catalystic activity and are 
inexpensive as well. Nonetheless, such metals tend 
to have low conductivity and stability throughout 
their extended application (Wang et al., 2019). To 
deal with these shortcomings, scientists have 
aimed at doping these metals with other elements 
to give them better electrochemical performance. 
One of the most popular methods of increasing 
the properties of the electrocatalysts is doping. 
Doping can modify the electronic structure, 
enhance the number of active sites, and enhance 
the overall conductivity of the catalyst by 
introducing foreign atoms into the crystal lattice 
of transition metals (Zhang et al., 2020). One 
example is co doping cobalt (Co) with other 
transition metals such as manganese (Mn) or iron 
(Fe) which is demonstrated to enhance the 
catalytic activity and stability of the catalyst of the 
HER as well as the OER (Li et al., 2020). 
 
ZnO as Semiconductor Electrocatalyst. 
Zinc oxide (ZnO) is a semiconductor material that 
has demonstrated the ability to be utilized in 
electrochemical processes, such as splitting of 
water. ZnO is highly favored due to its good 
stability, non-toxicity, and profuseness; therefore, 

it is an appealing material in the development of 
electro-catalysts (Peng et al., 2020). However, ZnO 
in its pure form is not an effective catalyst to split 
water because it has a large bandgap and low 
charge mobility, resulting in inefficient separation 
of charge during electrolysis. Researchers have 
been looking into doping ZnO with some of the 
transition metals such as cobalt (Co) and 
manganese (Mn) in order to improve the electro-
catalytic properties of ZnO. It was demonstrated 
that the doping of ZnO with Co and Mn enhances 
its electronic properties, lowers overpotentials, 
and boosts its catalytic activities of the HER and 
OER (Wang et al., 2019). ZnO nanoparticles 
decorated with Co and Mn will have enhanced 
charge transfer and surface area, all other 
important parameters in enhancing the efficiency 
of electrochemical water splitting (Zhang et al., 
2020). 
 
Preparation of Co and Mn-Doped ZnO 
Nanoparticles. 
Synthesis of Co and Mn- doped ZnO 
nanoparticles is usually done using hydrothermal, 
sol-gel, and co-precipitation techniques. The most 
common of them is the hydrothermal technique, 
which successfully generates uniform and well-
spread nanoparticles, having a controlled size and 
morphology (Peng et al., 2020). The doping is 
done; Co and Mn are introduced into the crystal 
structure of ZnO that changes the electronic 
properties of this material and makes it better in 
catalysis. They use characterization methods like 
X-ray diffraction (XRD), scanning electron 
microscopy (SEM), and energy-dispersive X-ray 
spectroscopy (EDX) to determine the successful 
doping of ZnO with Co and Mn and assess the 
size, shape, and composition of the nanoparticles 
(Li et al., 2020). The XRD results are usually 
characteristic peaks associated with hexagonal 
form of ZnO whose diffraction peaks shifted upon 
introducing Co and Mn ions into the ZnO 
structure (Zhang et al., 2020). SEM images will be 
used to report the morphology of the 
nanoparticles, while the uniform distribution and 
elemental composition of the dopants will be 
verified using EDX. 
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Literature Gap 
Although the study has yielded positive outcomes 
with Co and Mn-doped ZnO, in the literature, 
there are still several gaps in the scalability, stability 
over time, and the mechanism of these catalysts. 
Although the enhanced catalytic role of Co and 
Mn-doped ZnO is proven by numerous 
experiments, the majority of them are conducted 
in small-scale laboratory tests, and little research 
involved how the efficacy of these catalysts can be 
increased to fit the industrial setting (Peng et al., 
2020). Furthermore, it is not clear whether Co and 
Mn-doped ZnO nanoparticles are stable under 
real-world working conditions as most catalysts are 
not robust to the harsh electrochemical conditions 
(Zhang et al., 2020). The other important gap in 
the literature is in-depth mechanistic knowledge to 
explain how doping Co and Mn into ZnO is used 
to improve its catalytic activity. Though some 
investigations have demonstrated the enhanced 
performance in terms of reduced overpotentials 
and increased rates of hydrogen production, the 
specific mechanism through which Co and Mn 
affect the electronic structure of ZnO and promote 
catalytic performance is not yet clear (Wang et al., 
2019). Additional research is required on the 
electronic characteristics, charge transfer processes 
and the atomic-molecular part played by the 
dopants in the catalytic reactions. 
Moreover, although doping Co and Mn have been 
demonstrated to enhance the electrochemical 
characteristics of ZnO the synthesis processes and 
conditions should be further optimized to achieve 
reproducibility and homogenization of the 
nanoparticles. The performance of the catalysts 
can notably be affected by variations in doping 
level, the temperature of synthesis, and the 
material used, and further studies can be required 
to determine the best synthesis methods to use 
during large-scale manufacturing (Li et al., 2020). 
Electrochemical conversion of water to hydrogen 
also has tremendous potential of being a green and 
affordable source of energy. The cost and 
performance of electrocatalysts, however, still 
limits the efficiency of this process. ZnO 
nanoparticles with transition metal impurities, 
especially Co and Mn-impure ZnO, have recently 
become a promising non-noble metal catalyst in 
splitting of water as they are inexpensive, 

abundant, and more catalytic. Although a lot has 
been achieved in the electro-catalytic 
characteristics of these materials, there are still 
gaps in the system, especially scaling, long-term 
stability and understanding of the mechanism 
characterizing their catalytic activity. It is 
important that such gaps will need consideration 
to allow the large-scale realization of this hydrogen 
production through electrochemical splitting of 
water. 
 
III. Methodology 
The research design is based on the synthesis, 
characterization process, and electrochemical 
analysis of Co and Mn-doped ZnO nanoparticles 
as electrocatalysts of the electrochemical splitting 
of water process. The method consists of several 
steps and the synthesis of doped ZnO 
nanoparticles, overall characterization, via various 
methods, and the assessment of their catalytic 
activity in splitting water. The methodology 
permits the synthesis of the nanoparticles to be 
reproducible and scaled, as well as ensuring the 
electrochemical properties are measured correctly 
in order to assess the effectiveness of such 
materials in hydrogen production. 
 
Co and Mn-Doped ZnO Nanoparticles synthesis. 
Co and Mn-doped ZnO nanoparticles will be 
synthesized by hydrothermal. This method is well 
known to yield homogenous nanoparticles of 
controlled size and shape that are critical to high-
performance electrocatalysts (Li et al., 2020). Zinc 
acetate (Zn(CH3COO)2) will be used as the source 
of ZnO in the research and cobalt chloride (CoCl 
2 ) and manganese chloride (MnCl 2 ) will play the 
role of dopants in Co and Mn respectively. 
The procedure entails the preparation of an 
aqueous solution in which the stoichiometric 
quantities of zinc acetate, cobalt chloride and 
manganese chloride are combined. This solution 
will be followed by the addition of sodium 
hydroxide (NaOH), to maintain the desired pH 
and then transferred into a Teflon lined autoclave 
in which the solution will undergo hydrothermal 
treatment at 180 pir C after 12 hours. The product 
will be cooled to room temperature after the 
reaction, washed using distilled water and ethanol 
before being dried at 60C at 24 hrs. They will be 
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used to test different doping concentrations of Co 
and Mn (e.g., 1,3,5 percent of Co and Mn 
compared to Zn) to make sure that the 
concentration of doping elements is the same. The 
resulting product will be characterized to establish 
the addition of Co and Mn into ZnO lattice, as 
well as the size, morphology and surface area of the 
nanoparticles. 
 
Characterization of Co and Mn-Doped ZnO 
Nanoparticles 
To confirm structural, morphological, and 
compositional properties of the Co and Mn-doped 
ZnO nanoparticles, several techniques will be 
utilized to characterize it. 
X-ray Diffraction (XRD): The crystal structure and 
purity of the crystals of the synthesized 
nanoparticles in terms of purity will be determined 
using XRD. The patterns of diffraction will be 
used to establish the structure of ZnO as 
hexagonal wurtzite, and to establish successful 
incorporation of Co and Mn ions in the ZnO 
structure. To measure the degree of doping, 
changes in the diffraction peaks will be followed 
(Wang et al., 2019). 
Scanning Electron Microscopy (SEM): SEM will 
be used to examine the morphology of the 
nanoparticles. The procedure will give a high-
resolution image of the surface morphology, 
particle size, and a homogeneity of the 
nanoparticles (Li et al., 2020). 
Energy Dispersive X-ray Spectroscopy (EDX): To 
ascertain the elemental composition of the 
nanoparticles, EDX will be employed. Co and Mn 
presence and distribution in the ZnO 
nanoparticles will be checked using this technique 
(Peng et al., 2020). 
Transmission Electron Microscopy (TEM): The 
fine details of the nanoparticle structure will be 
observed by TEM, which will provide information 
on the size of the particles, crystallinity, and the 
distribution of the dopants at the nanoscale 
(Zhang et al., 2020). 
Brunauer-Emmett-Teller (BET) Surface Area 
Analysis: BET analysis will be done to measure the 
surface area and porosity of the nanoparticles. 
Increasing the number of active sites to the 
electrochemical reactions is important, which is 
achieved by having high surface area (Wang et al., 

2019). 
X-ray Photoelectron Spectroscopy (XPS): XPS will 
be used to investigate the surface composition and 
chemical states of the Co and Mn dopants in the 
ZnO nanoparticles. This method will give crucial 
information on the oxidation configuration of Co 
and Mn, which are important to comprehend 
their catalytic activity (Peng et al., 2020). 
 
Electrochemical Evaluation 
Electrochemical characteristics of Co and Mn-
doped ZnO nanoparticles will be assessed under 
three-electrode system works based on the 
following techniques; cyclic voltammetry (CV), 
linear sweep voltammetry (LSV) and 
chronoamperometry. A three electrode setup is 
going to be used, comprising of: 
Working Electrode: Co and Mn-doped ZnO 
nanoparticles will be drop-casted on a glassy 
carbon electrode (GCE). The catalyst ink will be 
made by dispersion of the nanoparticles in 
solution Ethanol and Nafion. The dispersed 
solution will be sonicated to achieve a 
homogeneous distribution of the nanoparticles 
and then drop-cast on the GCE. 
Counter Electrode: This will be a platinum wire of 
counter electrode. 
Reference Electrode: A saturated calomel 
electrode (SCE) will be used as the reference 
electrode. 
The electrochemical analysis will be conducted 
using the 0.5 M KOH aqueous solution to recreate 
the alkaline electrochemical conditions that are 
used in the common water splitting process 
(Zhang et al., 2020). 
Cyclic Voltammetry (CV): CV will be performed 
to evaluate the electrochemical stability and the 
electrochemical active surface area (ECSA) of the 
Co and Mn-doped ZnO catalysts. The onset 
potentials of the HER and OER, as well as the 
current density will be measured on CV curves, 
which are the crucial parameters that reflect the 
performance of the catalyst (Peng et al., 2020). 
Linear Sweep Voltammetry (LSV): LSV will be 
used to determine the catalytic activity of the Co 
and Mn-doped ZnO catalysts for both the HER 
and OER. The overpotentials of the two reactions 
will be recorded and compared with that of a 
commercial platinum electrode that will be used 
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in the HER reaction and an iridium oxide 
electrode that will be used in the OER reaction (Li 
et al., 2020). 
Chronoamperometry: To determine the stability 
of Co and Mn-doped ZnO catalysts in the long 
run, chronoamperometry will be used. The long-
term performance of the catalysts will be observed 
at long durations to assess the long-term 
serviceability and performance of catalysts under 
the running electrolysis phase (Zhang et al., 2020). 
 
Performance Comparison 
The catalytic performance of the Co and Mn-
doped ZnO nanoparticles will be compared to that 
of pure ZnO and other benchmark catalysts, such 
as platinum and iridium oxide. The main 
parameters, such as overpotentials, catalytic 
efficiency, stability, will be analyzed and compared 
to decide whether the Co and Mn-doped ZnO 
nanoparticles will be suitable in the case of large-
scale hydrogen production (Wang et al., 2019). 
 
IV. Results 

This chapter consists of information related to 
instruments and chemicals used alongside the 
method of preparation, techniques for 
characterization and applications conducted 
during this study. 
 
Chemicals 
Analytical grade reagents were used during the 
experimental work without further purification. 
Zinc oxide was received from Riedel de Haen, 
China, manganese (II) Sulphate 1-hydrate and 
Cobalt (II) chloride were provided by Sigma 
Aldrich, Germany. Hydrochloric acid (37 % 
purity) was also obtained from Riedel de Haen, 
China, and distilled water. 
 
Preparation of solutions 
The solution of zinc oxide, copper chloride and 
manganese sulphate. was prepared. Each of these 
chemicals was first dissolved in distilled water and 
shaken until a clear 1M solution of each salt was 
obtained. 

 

 
Figure 1.1 General scheme for preparation of 1M solution of XYZ where, X=ZnO, Y=MnSO4 and 

Z=CoCl3 
 
Preparation of ZnO solution 
1M ZnO solution was prepared by dissolving 
0.813g of ZnO in 10ml of distilled water. As ZnO 
is insoluble in water therefore few drops of conc. 
HCl was also added. The mixture was then shaken 
until a clear solution of ZnO was obtained. 

 
Preparation of MnSO4 solution 
1M MnSO4 solution was prepared by dissolving 
1.51g of MnSO4 in 10ml of distilled water. The 
mixture was then shaken until a clear solution of 
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MnSO4 was obtained 
 
Preparation of CoCl3 solution 
1M CoCl3 solution was prepared by dissolving 

1.64g of CoCl3 in 10ml of distilled water. The 
mixture was then shaken until a clear solution of 
CoCl3 was obtained. 

 
 
 

 
Figure 1.2 Preparation of 1M solutions of ZnO,CoCl3 and MnSO4 

 
Cleaning of autoclave 
First of all autoclave was cleaned thoroughly. The 
cleaning process was performed by dipping all the 
parts of autoclave in 500 ml of beaker which was 
filled with chromic acid solution. After washing 
with chromic acid solution it was then washed 
with ethanol/methanol solution. It was then 
washed with distilled water. Then dried it in open 
air. The autoclave was then ready to use. 
 
Preparation of sample solution 
By using already prepared 1M solutions of ZnO, 
MnSO4 and CoCl3 in 10 ml of distilled water, 
the samples were prepared in different ratios. A 
total of 13 samples in different ratios were 
prepared by using hydrothermal method. Out of 
these 13 samples seven samples consists of Mix 

ratios, three samples was reference samples and 
remaining three samples was test samples. 
Preparation of sample CMZ x (x = 1,2,3…..13) (C 
= CoCl3 , M = MnSO4 , Z = ZnO ) 
All samples were prepared comprises of various 
ratios of Co: Mn : Zn respectively by hydrothermal 
methodwhich was performed in an autoclave. All 
the three solutions were mixed in different ratios 
in a beaker. Then poured this solution in teflon 
chamber carefully. The teflon chamber must be 
filled ¾ of its total volume and then it was properly 
closed. Then teflon chamber was placed in stain 
less steel reactor. The inner walls of reactor lid as 
well as outer walls of reactor were lubricated well 
with grease or any other lubricant so that it was 
opened easily. reactor lid was closely tightened; 
screw rod was used to tighten up until locking. 
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(a) (b) 

Figure1.3 (a) Clear NPs after autoclave heating. (b) NPs collected at the bottom of centrifuge tube after 
centrifugation 

 

 
 

Figure.1.4 Schematic diagram for preparation of seven mix ratio samples where, C = CoCl3, M 
= MnSO4 and Z = ZnO 
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Figure.1.5 Preparation of seven mix ratio samples where C = CoCl3, M = MnSO4 and Z = ZnO 
 

 
Figure.1.6 Schematic diagram for preparation of three referance samples where, C = CoCl3, M = MnSO4 

and Z = ZnO 
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Fig 1.7 Preparation of three reference samples where, Co = Cobalt chloride (Cocl3), Mn = Manganese 
sulphate (Mnso4), and Zn = Zinc oxide (ZnO) 

 

 
Figure.1.8 Schematic diagram for preparation of three test samples where, C = CoCl3, M = MnSO4 and 

Z = ZnO 
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Fig 1.9.Preparation of three test samples where, Co = Cobalt chloride (Cocl3), Mn = Manganese sulphate 

(Mnso4), and Zn = Zinc oxide (ZnO) 
 
V. Discussion 
The analytical research in this study aims at the 
synthesis, characterization and electrochemical 
assessment of cobalt (Co) and manganese (Mn) 
doped zinc oxide (ZnO) nanoparticles as 
electrocatalysts in water splitting. The experiment 
has shown that doping of ZnO with some of the 
transition metals like Co and Mn can greatly 
enhance the electrochemical performance of the 
ZnO crystal to boost its catalytic ability in relation 
to hydrogen evolution reaction (HER) and oxygen 
evolution reaction (OER). The findings of the 
different techniques used in characterization such 
as the X-ray diffraction (XRD), the scanning 
electron microscopy (SEM) and the energy-
dispersive X-ray spectrophotometry (EDX) proved 
to have successfully doped both Co and Mn onto 
the ZnO lattice, resulting in increased catalytic 
performance of the water splitting mechanism. 
In spite of the encouraging results, this work has a 
number of significant implications and research 
directions to investigate. These are the 
mechanisms of the increased catalytic activity, long 
term stability under working parameters, 
scalability, the optimization of synthesis process 
towards industrial use. 
Mechanistic Understanding of Doping Effects 

Among the major results of this study is the 
enhancement of the electrochemical properties on 
Co and Mn-doped ZnO nanoparticles. But how 
these transition metal dopants improve the 
catalytic activity is a still open question. The study 
proves that Co and Mn are doped into the lattice 
of ZnO but additional studies are required to 
understand the atomic interactions between the 
dopants and the ZnO matrix. In particular, the 
effects that Co and Mn have on the electronic 
structure, the charge transfer process, and active 
site formation must be investigated in further 
detail.Further study may incorporate the use of 
more sophisticated methods like X-ray 
photoelectron spectroscopy (XPS) to examine the 
oxidation states of the dopants and their reactions 
with ZnO. Also, atomic-scale simulations may aid 
in the interpretation of the changes in electrons 
due to doping and give an even better 
understanding of how dopants cause the 
improvements in catalytic performance observed. 
The knowledge of these mechanisms will be 
essential in the design of more efficient 
electrocatalysts and it will be of great advantage in 
understanding how to more effectively 
incorporate doping strategies. 
 



The Research of Medical Science Review  
ISSN: 3007-1208 & 3007-1216  Volume 4, Issue 2, 2026 

https://medicalsciencereview.com                  | Altaf et al., 2026 | Page 640  

Co and Mn-Doped ZnO Nanoparticles Stability 
and Durability. 
The next significant point which needs to be 
examined is the stability and durability of Co and 
Mn-doped ZnO nanoparticles around the real-life 
electrochemical conditions. Although the 
experiment also showed a good catalytic efficiency 
in terms of producing hydrogen, it is still unclear 
what happens to the catalyst after prolonged 
periods of use, particularly, under the extreme 
conditions of electrochemical reactions (e.g., high 
voltage, different pH). 
Future research ought to concentrate on how 
these catalysts will react with time, especially with 
regard to structural stability and catalytic activity. 
The long-term effectiveness and degradation of the 
catalysts during sustained electrolysis can be 
evaluated by techniques, e.g. cyclic voltammetry 
(CV) and chronoamperometry. Moreover, the 
stability of Co and Mn-doped ZnO nanoparticles 
to various electrolytes including alkaline and 
acidic solutions should also be investigated. This 
will be used to identify how long-lasting these 
catalysts are in the corrosive conditions of the 
electrochemical environment in large-scale 
applications. 
 
Scalability and Industrial Use. 
Although the hydrothermal synthesis process 
employed in the study produces good quality Co 
and Mn-doped ZnO nanoparticles, one of the 
main issues is scalability. Nanoparticle synthesis 
under constant doping concentration and size 
control, which leads to the reproducibility of 
results, is needed in larger scale production. 
Although the current synthesis process is as 
effective as it is in a laboratory setting, it might fail 
to work with the industrial-scale production 
because of the cost-related issues, time constraints, 
and energy consumption. 
The research of the future ought to be concerned 
with optimizing the synthesis approaches to 
increase its scalability and cost-effectiveness. More 
realistic solutions could be found by investigating 
alternative, more energy efficient synthesis muster 
like sol-gel, or co-precipitation processes that can 
provide more economical approaches to large-scale 
production. Also, Co and Mn -doped ZnO 
catalysts should be evaluated in real life, e.g., in 

large-scale electrolyzer, in an effort to determine 
their usefulness in hydrogen production at a 
commercial scale. 
 
Doping Concentration and Synthesis 
Parameters. 
Optimization of the doping of Co and Mn in ZnO 
is another important area that can be a focus of 
future research. The experiment found out that 
various ratios of doping (Co:Mn:Zn) resulted in 
differences in the overactivity of the catalysts of 
which some ratios perform better than others. 
Nevertheless, the best doping rate and production 
conditions have not been determined. The impact 
of the different levels of doping on ZnO 
electrochemical performance should be 
systematically investigated in future studies. This 
may single out the synthesis of various Co and Mn 
doping ratios and assessing their catalytic 
efficiency in HER and OER. Also, the parameters 
of the synthesis (temperature, pH, reaction time, 
etc.) should be optimized to reach optimal 
performance in regards to efficiency and stability. 
Determining the best synthesis conditions will 
play a significant role in the commercialization 
process of Co and Mn-doped ZnO as an 
electrocatalyst of large scale hydrogen production. 
 
Environmental Impact and Sustainability. 
Since the electrochemical splitting of water into 
hydrogen is deemed as potential technology of 
generating sustainable energy, it is vital to 
determine the effects of Co and Mn-doped ZnO 
nanoparticles on the environment. Utilizing non-
noble metal electrocatalysts to produce hydrogen 
is a more sustainable and cost-efficient approach 
to the more conventional methods of producing 
hydrogen using the very expensive noble elements 
such as platinum and iridium. The environmental 
footprint of the materials used, however, 
including Co and Mn should be evaluated. 
 
VI. Future Research Implication 
The future study needs to pay attention to the life 
cycle analysis (LCA) of Co and Mn-doped ZnO 
catalysts to determine their sustainability in 
general. This will involve estimating the effects of 
raw materials extraction on the environment, 
synthesis process and the spent catalysts disposal. 
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In addition, the possibility of recycling such 
materials after their disposal should be also 
considered so that the sustainability of the 
production of hydrogen driven by the 
electrochemical splitting of water can be further 
supported.  
 
VII. Conclusion 
The study prepared cobalt and manganese doped 
ZnO nanoparticles by using hydrothermal 
method. The as-prepared materials were analyzed 
by using various characterization techniques i.e 
XRD, SEM, EDX and the results obtained was 
then compared with the results reported in 
literature. It was clear from the results that the 
dopant was uniformly substituted onto the 
hexagonal crystal structure of ZnO with no 

impurities were detected. SEM and XRD analysis 
were demonstrated that these nanocrystals possess 
good structural quality and are in single phase. 
Furthermore, it was observed that these 
nanoparticles exhibit excellent efficiency towards 
water splitting process for the production of 
hydrogen. As ideally the electrochemical water 
splitting process needs a potential of 1.23V, 
however in practical situations a significantly 
greater voltage typically more than 1.8V is 
required to reduce the activation energy barrier of 
electrolytic process. It was clear from the results 
that these electrocatalysts were much efficient in 
order to overcome the energy of activation for the 
overall process and to reduce the value of 
overpotential.
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