DEVELOPMENT, CHARACTERIZATION AND EVALUATION OF
SELECTED TRANSITION METAL DOPED ZINC SULPHIDE
NANOSTRUCTURE SURFACE LAYERS DECORATED
WITH GRAPHENE FOR WATER SPLITTING

BY
JOAN JEPTUM KIPTARUS

A THESIS SUBMITTED TO THE SCHOOL OF ENGINEERING,
DEPARTMENT OF MANUFACTURING AND TEXTILE ENGINEERING IN
PARTIAL FULFILMENT OF THE REQUIREMENTS FOR THE AWARD OF

THE DEGREE OF DOCTOR OF PHILOSOPHY IN
INDUSTRIAL ENGINEERING

b

MOI UNIVERSITY

2025



ii

Declarations

Declaration by the Student

This thesis 1s my original work and has not been presented for a degree in any
other university. No part of this thesis may be reproduced without prior written

permission of the author and/or Moi University.

SIZNAMUTE: . .eevreeeeeeireeeeeeireeeeecire e e Date: oo,
Joan Jeptum Kiptarus,
ENG/DPHIL/IE/02/18

Declaration by the Supervisors
This research thesis has been submitted for examination with our approval as
University supervisors.

SIZNAMUTE:...eevreeeeeeireeeeecree e e e e e Date: v,
Prof. Henry Kiriamiti,
Department of Chemical and Process Engineering,

School of Engineering, Mo1 University

SIZNAMUTE:...eevreeeeeeireeeeecree e e e e e Date: oo
Prof. David Njuguna Githinji,
Department of Manufacturing, Industrial and Textile Engineering, School

of Engineering, Mo1 University.

SIGNAUTE: cvvveeeireeeieee et ereeeeiee s Date: ovveeieeeeiees
Dr. Kiptiemoi Korir Kiprono,
Department of Mathematics, Physics and Computing,

School of Sciences and Aerospace Studies, Mo1 University.



iii

Dedication

This research is dedicated to:
My late parents
and

Family

Whose love and support have seen me this far.



v

Acknowledgements

This work was supported by the African Development Bank (AFDB), the Cen-
ter of Excellence in Phytochemicals, Textile and Renewable Energy (ACE II
PTRE), Moi University, Kenya, the SAMat Research Facilities, the Jawaharlal
Nehru Centre for Advanced Scientific Research (JNCASR), Bengaluru, India, and
Strengthening mobility and Promoting Regional integration in Engineering Edu-
cation in Africa (SPREE). The Centre for High Performance Computing (CHPC)
in Cape Town is acknowledged for providing computing resources and support
(under project: MATS0868). I sincerely thank Prof. C. N. Rao for allowing me
to visit JNCASR, Bangalore, India for my research experiments. Much appreci-
ation goes to Prof. Sebastian C. Peter for allowing me to work in his lab under
his guidance. Much gratitude’s to Prof. Umesh Waghmare for his overwhelming
support and all the SCP family for their assistance. Sincere gratitude’s to Moi
University for giving me a chance to take part in staff research exchange program.
I would also like to express my deep and sincere gratitude’s to my research super-
visors: Prof. Henry K. Kiriamiti, Dr. David N. Githinji, Dr. Kiptiemoi k. Korir
for their positive criticism and providing invaluable guidance throughout this re-
search. Many thanks to Prof. Ambrose Kiprop for his overwhelming support. I am
grateful to all my colleagues from my department of Mehanical, Production and
Energy Engineering (MPEE), Manufacturing, Textile and Industrial Engineering
(MTTI) and other departments who supported me to complete the PhD research

work directly or indirectly. May God bless you all.



Abstract

Water splitting (WS) is the dissociation of Water (H20) into Hydrogen (Hs) and
Oxygen (O3). Zinc Sulphide (ZnS) provides an excellent option for the hydrogen
reduction cathode in photo electrochemical (PEC) cells for WS. However, its low
sensitivity to visible range in electromagnetic spectrum limits its practical appli-
cability. Few comprehensive studies consider a wide range of transition metals
as potential dopants to meet future energy requirements for greater PEC WS.
The main objective of this research was to develop, characterize and evaluate the
selected Transitional metal (TM) doped ZnS nanostructure (NS) surface layers
decorated with graphene (rGO) for WS. The specific objectives were to: simu-
late the optimal dosage of TM dopants for ZnS nanostructure layers, synthesize
TM doped ZnS NS layers decorated with graphene, characterize TM doped ZnS
NS layers decorated with graphene and to evaluate the photocatalytic hydrogen
production of TM doped ZnS NS layers decorated with graphene. Theoretical
first principles Ab-Initio calculations based on Density functional theory (DFT)
method was employed to examine the electronic structure of ZnS nanostructures
(NSs) doped with selected TM dopants including; manganese (Mn), copper (Cu),
cobalt (Co) and iron (Fe) in order to modify the structural properties of ZnS
NSs. Highly distributed cobalt doped ZnS NSs were effectively fabricated on the
surfaces of graphene sheets via simple hydrothermal technique. The structural,
electronic and optical properties of the cobalt doped ZnS decorated with graphene
(Co-ZnS-rGO-NS’s) were examined using X-ray diffraction (XRD), X-ray pho-
tocurrent spectroscopy (XPS), Raman spectroscopic (RS), Fourier transmission
infrared spectroscopy (FTIR), Scanning electron microscopy (SEM) and Ultra
violet visible absorbance spectroscopy (UV-vis). The photocatalytic activity of
Co,Zn,_,SrGO NS’s at (x = 0, 1, 2, 4 and 6) atomic percentage (atm.%) was
determined in lab experiments using water and visible light. The stability of 3d
orbital transitional metal dopant (TMD’s)’s in ZnS NSs were shown to be depen-
dent both on the dopant concentrations and the d orbital character of the TMD’s.
Evidently, the 3d orbital TMD’s’s (Cu, Co,Mn and Fe) showed low formation
energies and appropriate band edge states due to their low lattice strain, hence
absorbed into ZnS NSs. ZnS doped with 4 atm.% of Cu and Co was shown to be
optimal for photocatalytic hydrogen generation based on theoretical studies. The
findings of XRD, FTIR, RS, XPS and SEM investigation suggest that graphene
oxide (GO) was successfully transformed into graphene sheets, Co,Zn;_,SrGO
NS’s possessed a crystalline, cuboidal and spheroidal form of structure displaying
a paper like appearance. UV-vis spectrophotometric analysis verified a notable
rapid increase in transmittance and high transparency (~ 90%) within (180-800)
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nm wavelength range. Calculations of transmittance spectra revealed a direct
allowable band gap range of (1.26-5.46) eV, demonstrating a band gap decrease
as cobalt content increased, consistent with theoretical predictions. Furthermore,
the optimal cobalt loading of 0.04 atm.% generated a maximum hydrogen yield
of 7649umolh™" after 720 minutes of Ultra Violet (UV) light exposure, indicating
that the ZnS NSs’s electronic and optical characteristics were influenced by their
stability with respect to dopant concentration. In conclusion, the results show
that improved transfer of photo-generated electrons, increased surface area and
better dispersion-absorption properties all contributed to higher photocatalytic
hydrogen generation activity. The study recommended synthesis optimization for
commercially viable technology.
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Chapter 1

Introduction

1.1 Background information

The global energy supply and related environmental issues are among the biggest
technological challenges being confronted by chemists, technologists and engineers
in the 21%" century Arutyunov & Lisichkin (2017); Kalogirou| (2023)). Two of
the most pressing problems facing the globe currently are global warming and
the energy crisis; Sustainable and carbon neutral sources may be promoted as
alternatives to fossil fuels |L. Chen et al.| (2022); Peter| (2018). Natural resources
such as coal and petroleum products as a source of energy are nearly exhausted
and it is predicted that oil supplies will run out in 50 to 150 years Lewis & Noceral
(2006)). Additionally, the use of fossil fuels has led to a number of environmental
issues, including rising emissions of greenhouse gases, most notably carbon dioxide
carbon dioxide (C'O;), Nitrogen dioxide (NO,) and other air pollutants Netz et
al.| (2007) which has caused swerve climate change Ahmad et al| (2015); Fajrina
& Tahir| (2019); Faunce et al| (2013). The total amount of energy consumed
worldwide in 2008 was 15Terra Watts (TW) Petroleum| (2009) and by 2050, it is
predicted that this figure or the burn rate of energy, will have roughly doubled due
to the growing global production and population P. Du & Eisenberg (2012)). On

that account, exploring renewable, clean and carbon-neutral alternative energy



resources is desperately desired to limit our dependency on fossil fuels [Quan et al.
(2007); Yuan et al|(2022). The hunt for new renewable and sustainable energy
sources sparked by rising energy consumption demand continuously presses for
the creation of novel materials to address these issues as well as offering high
alternative energy harvesting and storage capacities [Shang et al.| (2023); Sathre
et al| (2016). With over 60% of all global greenhouse gas emissions coming from
energy, the United Nations (UN) claims that it is the primary cause of climate
change. As a result, one of the 17 Sustainable Development Goals adopted by
the UN also calls for the exploration of new renewable energy sources Goal seven
(Goal 7) Mai et al.| (2022). Therefore, it is believed that creating alternative energy
sources with no carbon trace is essential for the survival of the worldKorir et al.
(2021]).

Hydrogen presents itself as a prospective alternative to carboniferous fossil
fuels but primarily with consideration of a suitable source. Given that all of the
renewable sources (solar energy, wind, geothermal energy heat, tides, biomass, et
al), solar energy is the most feasible and from a fundamental scientific view point
of view, the most attractive alternative energy source [Esswein & Nocera/ (2007));
C. A. Simon (2024). Due to the major environmental consequences of the depletion
of fossil fuels, there is growing interest in the conversion of water and solar energy
into clean and sustainable H, fuels utilising elements that are abundant on earth
X. Li et al| (2015). Hydrogen is one such fuel with no emission of pollutants
when burned in oxygen X. Li et al.| (2023));|QQ. Hassan et al.| (2023)), it is the most
abundant and cleanest element in nature and has the highest energy content in
common fuels which is almost three times that of gasoline in the same weight
Bellani et al.| (2019)). As an ideal energy carrier, hydrogen can be used in various
fields such as, communications and transportation, electric power, architecture,
industry, in vehicles, spacecraft propulsion, aircraft and electric devices [Joy et
al.| (2018). By using a hydrogen-oxygen fuel cell, hydrogen can be converted into

electricity and the byproduct of this process is only water, thus used as a renewable



energy. So far, the main ways to obtain hydrogen are by reforming the natural
gas, coal, oil, but these approaches usually come along with the emission of carbon
dioxides which do not meet the vision of zero carbon emission M. Yu et al.| (2021));
Bauer et al.| (2022); W. Liu et al.| (2022)). Scientists hypothesized that using solar,
wind, hydro, geothermal and nuclear energy as power source to produce hydrogen
will realize a real zero carbon source of hydrogen production Boretti| (2023)); Turner
(2004). Future alternatives to fossil fuels that are considered are hydrogen and
electric power. However, there remain significant obstacles impeding the growth
of hydrogen energy, regardless of how hydrogen is produced, stored, transported,
or used |P. Chen et al. (2021). The quest for a clean, renewable and sustainable
energy future has been highly sought for by the scientific community over the last
four decades. Photocatalytic water splitting is expected to become the dominant
method of hydrogen production as a promising approach for clean, economical
and environmentally friendly production of hydrogen by using solar energy since
Fujishima and Honda first reported the photoelectrochemical water splitting on a
Titanium oxide (7O2) electrode in 1972|Gopinath & Nalajala (2021); |[Fujishima &
Honda (1972)). The relative high energy barrier and slow kinetic properties require
utilization of catalyst to improve this situation. At present, noble metal-based
materials including ruthenium, iridium, rhodium and platinum are the state-of-
the-art water splitting electrocatalysts due to their high reactive in acidic and
alkaline condition P. Wang et al| (2011)); Y. Li et al.| (2020); |Cavaliere (2023).
However, the cost of using these catalysts on a wide scale has significantly increased
by their rarity and the mining whereby the refining procedures have a negative
impact on the environment. Exploring a reliable and stable non-noble metal-
based material is therefore the focus of many research efforts today |P. Chen et
al.| (2021)). Energy disciplines have increasingly put much interest in to transition
metal base materials such carbides, nitrides, phosphides, sulfides, oxides and their
composites Voiry et al.| (2013); X.-T. Wang et al. (2020); Zhao et al. (2020).

Transition metal base materials offer a wide range of applications in areas including



energy storage and conversion, sensors and photo or electrocatalysis due to their
distinctive electrical structure and great physical properties|Q. Wang et al. (2016));
R. Patel et al. (2018)). Nanostructures materials have become the main attraction
for material researchers due to their contributions to different disciplines such as
environment, electronics, photonics, medicine, etc. Various kinds of nanomaterials
have been developed and are currently utilized in innumerable applications [Razali
& Ismail| (2021)). Due to their distinctive chemical and electrical structure, ZnS, a
group II-VI semiconductor, has attracted a lot of interest because it has proven
to be an effective photocatalyst |[Agorku et al. (2015). The large band gap (3.60
eV) prevents it from being utilized for photocatalysis in the visible light range.
To fully utilize the potential of sunlight for hydrogen synthesis, a photocatalyst
material with visible-light activity must be used [Kurnia, Ng, Tang, et al.| (2016));
L. Wang et al.| (2020)); Villa et al. (2021)); Hao et al.| (2018]); Fajrina & Tahir| (2019).

1.1.1 Photocatalytic water splitting

The process of designing visible light driven photo catalysts begins with band en-
gineering. It is well acknowledged that a material’s performance in photo electro-
chemical PEC and other optoelectronic applications is influenced by its structure
and morphology, which include defects in both the bulk and surface, as well as
particle size, crystal structure and surface morphology. |G.-J. Lee & Wu (2017));
Kong et al.| (2011); Bell et al. (2011)). Photoelectrochemical (PEC) catalysis and
electrocatalysis are some of the approaches of hydrogen fuel production via water
splitting. PEC water splitting based devices utilize an active semiconductor anode
material such as ZnS to absorb solar energy necessary to break the chemical bond
of a water molecule. The oxygen evolution reaction oxygen evolution reaction
(OER) and the hydrogen evolution reaction hydrogen evolution reaction (HER)
are the two chemical processes of water splitting Nellist| (2016)). As seen in fig-
ure [1.1] these processes don’t have favorable thermodynamics hence, an external

potential bias is needed to cause the uphill response AE? = —1.23V. The OER



takes place in electrolytic cells and involves four electron transfers (see Equation
and is viewed as the challenge in breaking down water molecules into Hy and
O, gases.

2H50(1) — Os(g) + 4H " (ag) + 4e™. (1.1)

Figure 1.1: Schematic illustration of an electrochemical hydrogen and oxygen
reaction. (Source;|J. Zhu et al| (2019))

The electrochemical water splitting reactions that take place in electrolyzers

with a cathode and anode are usually what allow water reduction and oxidation

processes to happen [Efmann et al| (2016); McHugh et al| (2020). Commonly

employed electrolytes are sulfuric acid and potassium hydroxide, which create

an alkaline and acidic environment, respectively Ruetschi & Amlie] (1966); Ran-|

ganathal (2023). The operations proceed in appropriate electrolytes where ions

and charges diffuse between the electrodes. When an adequate voltage is provided
to the electrodes during the electrochemical water splitting reaction, the water is
separated into hydrogen and oxygen, which can be stated in Equation This
overall reaction includes two half reactions which is HER and OER respectively,
as shown in Figure 1.1l The overpotential 7 is one of the essential criteria to
evaluate the activity of the electrocatalysts. In theory, HER and OER have onset
potentials to start the reaction, which is 0 V and 1.23 V. respectively. However,
the practical HER and OER processes normally require an extra potential to over-

come the kinetic barriers. This extra potential is called overpotential. The value



of overpotential at a specific current density can reflect the activity of catalyst,
the lower overpotential, the better electrocatalytic performance of the catalyst.
To generate the required over potential for water splitting, conventional indus-
trial electrolyzers depend on outside power sources. That being said, combining
such electrolyzers with renewable energy sources, such as solar energy, is a more
sustainable way to produce hydrogen. Both water and solar energy are widely
available and abundant Roger et al.| (2017));|C. Hu et al.| (2017). From this vantage
point, the most anticipated approach of generating hydrogen by splitting water
while employing solar light energy is PEC catalysis|J. Zhang, Liu, et al.| (2011) and
it is an important reaction from the viewpoint of global energy and environmen-
tal concerns Kudo & Miseki| (2009)). Therefore, designing efficient photocatalytic
materials for the production of clean energy fuels, such as hydrogen and for pho-
tocatalytic degradation of environmental pollutants represents a remarkable route
to deal with energy crisis, environmental pollution issues and global warming
problems. Fujishima and Honda’s pioneering work from 1972 Fujishima & Honda!
(1972) documented water splitting for Hy production over 7905 semiconductor.
Since then, numerous semiconductor kinds have been studied for photocatalytic
H, production. Multiple active photocatalysts including different oxide, sulfide,
and oxynitride semiconductors have been developed for the aforementioned pho-
tocatalytic reaction |J. Zhang et al.| (2012)). Because of their adequate band gap
and catalytic function, metal sulfides and their composites are among them and
are considered ideal candidates for photocatalytic Hoproduction. Recent years
have seen a lot of interest in the exceptional physical and chemical properties of
semiconductor metal sulfides. Very lately a number of binary metal sulfide Metal
Sulphide (MS) compounds, including PbS, CdS, ZnS, MoS,, SnSy, BisSs, InySs,
CusS, NiS/NiSs and CoS, as well as their derivatives and heterostructures, have
been extensively utilized for a variety of uses [Maeda et al. (2006); Bonde et al.
(2009); Balayeva & Mamiyev| (2016); Baran et al. (2015)). The most popular met-

als used in photocatalytic hydrogen production as sulfide compounds have been



summarized in Figure [I.2] The majority of these compounds have been found to
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Figure 1.2: Chemical composition of metal sulfide photocatalysts for hydrogen
generation. (Source; |Maeda et al.| (2000))

exhibit a remarkable reactivity to visible light, enough active sites and the right re-
duction potential of H™/Hj to function as an efficient photocatalyst. Additionally,

new quantum size effects allow for further tuning towards quick charge transfer,

longer excited state lifetimes [Keimer & Moore| (2017)); [Frame & Osterloh (2010).

Therefore, a lot of effort has been put towards enhancing solar hydrogen genera-

tion over MS semiconductor photocatalysts over the past ten years
De Krol (2016)); |Amirav & Alivisatos (2010). Among other MS materials ternary

sulfides, such as CulnSy and CuGaSs, exhibit good selectivity and a high rate of

photocatalytic generation, especially when combined with titanium dioxide 7704

Shiga et al.| (2016); H. Hou et al.| (2020). Additionally, More research currently is

also focused on 2D nanosheets, flakes, and anisotropic structures MS with reduced
dimensions. Another well known method for boosting photocatalytic activity is
the functionalization of low dimensional MS structures. The goal of this growing
field of study is to use different metals or chemicals as dopants in order to create
large amounts of hydrogen (see, for example, Figure . Blue boxes represent
chemical elements whose sulfide compounds have been widely used in photocataly-
sis to produce hydrogen. The elements that are used as dopants (green) and whose
oxides or other compounds (cyan) are utilized to construct heterostructures with
metal sulfides for hydrogen evolution are also marked. Specific qualities are es-

sential to improving the yield of photocatalytic reactions, in addition to typical



environmental and industrial requirements H. Chen et al. (2021). Clearly, finding

an ideal photocatalyst that meets all needs as indicated in Figure has led to
a great deal of research that has resulted in new and flexible photocatalysts and
mechanisms for photocatalytic reactions. Adsorption, contact, desorption, and

other fundamental catalytic stages control the overall reaction mechanism, prod-

ucts, and yield |Balayeva & Mamiyev| (2022). However, defect free parametrization

of these variables enables the creation of a successful photocatalyst.

Efficiency

. Photocatalyst .

A

A

© Recycling Stability

Figure 1.3: Criteria to develop photocatalysts exhibiting high efficiency in general.
(Source; |H. Chen et al| (2021))

It is therefore very difficult to find a highly effective visible light sensitive photo
catalyst due to the fact that materials with outstanding photocatalytic activity
and chemical stability, such as 7O, and ZnS frequently have band gaps that
are too large for visible light absorption (2011)). Chalcogenides have also
been considered an appealing choice at the nanoscale because of their unique and
tunable electrical, optical, and electronic capabilities in relation to their particle

size. ZnS is a more stable and highly technologically sophisticated wide band gap

II-VI semiconductor than other chalcogenide materials [N. Kumar et al.| (2015).




To be more precise, ZnS is one of the most widely utilized photocatalysts owing to
its quick generation of electron-hole pairs upon photo-excitation and its incredibly
negative reduction potentials of excited electrons |J. Zhang et al.| (2012)); D. Huang
et al. (2020); |Juine et al| (2021)); |J. Zhou et al. (2020)). Additionally, it suggests
that there is a high activity for Hs evolution under UV light irradiation even
in the absence of noble metal co-catalysts |J. Zhang, Yu, et al. (2011); [Reber
& Meier| (1984). ZnS is selected as a target due to its rapid electron-hole pair
formation by photo-excitation, the presence of highly active surface sites for Hy
production and its outstanding chemical stability against oxidation and hydrolysis
when the particle size is reduced to only a few nanometers|Y.-C. Zhu et al.[ (2004)).
As a result, ZnS generally displays the most promising nanoscale morphology
among inorganic semiconductors, making it a novel material with a wide range of

prospective application.

1.1.2 Transitional metal doping of ZnS

Doping is necessary in order to modify the intrinsic semiconductors properties.
An average of one dopant atom for every 10° atom is found in the doping concen-
tration |Pereiral (2017)); [Kripal et al|(2010). The intermediate gap states created
by surface species are transferred outside the gap area to generate impurity cen-
ters when impurities, electrons and holes are doped into semiconductors [Zunger &
Malyi| (2021). Doping has no effect on the absorption of a spectrum, but it greatly
increases the intensity of its emission X. Yang et al.| (2019). The process mixture
is simply mixed with the dopant to achieve the desired doping. If, as in the case
of rare earth elements and transition metals, the impurity induced transition is
bounded, then the radiative efficiency of the impurity induced emission increases
considerably. Consequently, doped nanomaterials bring about significant advance-
ments in the domains of optics, photonics, electronics, medicine, biosensors, solar
cells, Infra Red (IR) detectors, color television, phosphors, light emitting diodes,

field emitting diodes, lasers, photocatalysts, photo detectors, and electrolumines-
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cence sensors electroluminescence sensors (ELS) X. Chen et al,| (2005); H. Zhang
et al. (2020); Palani et al.| (2022); |Rahimi-Iman| (2020). Because of their high
surface to volume ratio, ZnS nanoparticles exhibit a considerable band gap, which
makes them more promising carriers of photoluminescence Bhargava et al.| (1994)).
ZnS nanoparticles with different chemical and physical properties can be produced
by doping; this is required to use semiconductor nanocrystals for the production
and sale of nanoscale devices. The impurity centers that interact with electrons
and holes are created by dopants. In this regard, a number of researchers have at-
tempted to build semiconductor nanostructures doped with transition metal |Choi
et al.| (2005); [Radovanovic et al. (2005)); Yatsunenko et al.| (2008)). Since ZnS has
a large band gap (3.6 €V), it can only absorb in the UV, but it is easy to change
its absorbance by adding metal ions like Mn, Ni, Cu, or Pb Kudo & Sekizawa!
(2000); (Tsuji & Kudo (2003)). Significant progress has recently been achieved in
the production of transition metal doped III-V and II-VI semiconductor nanos-
tructures, since theoretical research shows that these materials could exhibit high
Curie temperatures Dietl et al| (2000). By moving the center of recombination
away from surface states and toward impurity states, impurities improve radia-
tive efficiency. ZnS nanoparticles doped with transition metal ions are the most
important material for studying semiconductor nanocrystals; they also hint at a
new class of illuminating materials. The electronic configuration of the Mn™2
ion, for example, is [Ar]3d°. Quantum efficiency is increased because the energy
transition between the ZnS lattice’s s-p states and these Mn*? d states happens
more quickly because of their hybridization. Numerous studies Bol & Meijerink
(1998); X. Li et al.| (2023, |2015); |C. Li et al.| (2008)) indicate that the broad emis-
sion peak of the Mn*? ions is influenced by the host lattice. Moreover, doping
various optically active luminous materials has been shown to enhance a number
of properties, most notably an increase in emission intensity throughout a wide
wavelength range. Among the reported dopants, Cu doping has attracted the most

attention because of its strong concentration dependency (C. Lee et al.| (2008); this
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attracts the different energy levels, producing luminous spectra. In earlier re-
search, ZnS doped with Cu, Ni, and Pb has been examined for the production of
photocatalytic Hy |Arai et al.| (2008); H. Yu et al.| (2007)); J. Liu/ (2010). Cu doped
ZnS was found to have a low chemical stability but a high quantum efficiency of
up to 3.7% at 420 nm Kudo & Sekizawal (2000)). Although nickel (Ni) doped ZnS
has less activity for generating Ho, its quantum efficiency was found to be 1.3%
at 420 nm and 2.1% at 430 nm by Bang et al.| (2008). Compared to Cu and Ni
doped ZnS, lead (Pb) doped ZnS exhibited substantially poorer photocatalytic
activity. ZnS only absorbs in the UV on its own, thus altering its absorbance by
doping it with specific TM ions is simple Devi & Kavithal (2013); Mahmoud et al.
(2018)); Jothibas et al. (2018)). The ZnS absorption edge may move in this way,
moving into the visible region, and new energy levels may be created between
the ZnS valence Band Maximum (VBM) and Conduction Band Minimum (CBM)
Belver et al.| (2019); Bai et al,| (2018); Khaki et al.| (2017); |Kurnia, Ng, Tang, et
al.| (2016); [Fadojutimi et al. (2022)). As a result, doping can induce structural
defects which can successfully modify band structure and control photo-activity.
Also, TM dopants may enhance charge separation, reduce band gap and photo-
corrosion impact and show noticeable light absorption photo-activity Korir et al.

(2021)) and can also increase PEC application performance.

1.1.3 Graphene effects

Regarding the effect of reduced graphene cobalt doping on the optical, structural,
and photocatalytic properties of ZnS for hydrogen production, a significant amount
of data has been presented in the current research. Improving charge separation
and transfer, promoting optical absorption, maximizing band gap position, reduc-
ing cost and toxicity, and boosting stability and water splitting kinetics are the
main effects of graphene which explains the advantage of how well heterogeneous
semiconductors can split water using solar Razaq et al. (2022). A greater possibil-

ity of developing extremely effective photo catalysts appears to exist when various
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engineering procedures are combined, particularly when co-catalyst loading and
other strategies are used Ray| (2015); Rowley-Neale et al. (2018)). To determine the
key efficiency limiting phase and develop highly efficient solar-to-fuel conversion
systems, a comprehensive grasp of the fundamentals of electron and hole transfer
thermodynamics and kinetics is essential Prasad et al.| (2020). The combination of
graphene and other inorganic functional materials holds great promise for many
potential applications, including energy storage materials, nanoelectronic devices,
and photovoltaics, given the notable physical, chemical, and mechanical properties
resulting from the two dimensional two dimensional (2D) form of graphene sheets
M. Xu et al.| (2013); K. Khan et al.| (2020). The network of conjugated sp? bonds
in graphitic carbon results in a greater number of delocalized electrons, which in
turn increases the transit of electrons optically created in semiconductor particles
and so increases the photo conversion efficiency of the system. Typically, reduced
graphene oxide rGO is synthesized from graphene oxide GO to create graphene-
based metal or semiconductor nanocomposites Vivekchand et al. (2008)). Xiang
& Yul (2013) investigated the synthesis, evaluation, and possible uses of semicon-
ductor and graphene-based photocatalysts in photocatalytic hydrogen production.
This significantly improved the material’s photocatalytic performance by raising
adsorption capacity, gathering visible light and lowering band gap energy. In ac-
cordance with their band gap, semiconductor nanoparticles emit light that causes
electrons and holes to form in the valence and conduction bands, respectively Ka-
mat| (2011)); Y. Zhang, Zhang, et al.| (2012)). Studies have demonstrated that this
strategy can prevent the recombination of electron hole pairs generated during
photocatalysis |An & Jimmy| (2011); |L. Han et al| (2012). A semiconductor pho-
tocatalyst with long-lived charge carriers, fewer charge trapping centers, the right
energy level offsets, and stability against light are all highly wanted for increasing
photocatalytic reactivity |Xiang & Yul (2013). Notwithstanding extensive research
on the photocatalytic development studies based on graphene for high photocata-

lyst efficiency, there are still more research gaps and challenges that require careful
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attention in the future |[Ahmed & Mohamed, (2023)).

1.1.4 New advancements in hydrogen production

Despite being thought of as an economical, clean, sustainable, and environmen-
tally helpful technology, the utility of MS semiconductor-based photocatalysis is
limited, even though photo-excited electron hole pairs recombine quickly and re-

quire little solar energy there are several strategies that have been developed to

overcome these innate limitations [[. U. Hassan et al.| (2023)); H. Xue et al.| (2022)

the optimization of the light spectrum absorbed by semiconducting photocata-
lysts has recently progressed with the synthesis and decorating of novel particle
morphologies. Phenolic structures, porous morphologies, One dimensional (1D)
nanowires (NWs), Zero dimensional (0D) Quantumn dots (QD’s), 2D sheets and
layered structures are among the materials currently being studied and developed

for photocatalytic hydrogen generation; these materials are depicted in Figure[1.4]
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Figure 1.4: Metal sulfide strategies for hydrogen production. (Source;
et al. )

In particular, band gap size reduction for MS enhances the contacting sur-

face areas and inter-particle interactions, facilitating rapid photo-excited charge
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transfer. Newly discovered quantum scale effects additionally provide rapid charge
transfer and strong electronic interaction |Adams et al. (2003); Kelley & Barton
(1999). Additionally, the electron-hole separation is further promoted by the cre-
ation of discrete states and trap states at quantum particles, which lowers the
charge recombination rate |Clarke & Durrant| (2010); Nozik (2008). Longevity
and recycling cycles can be improved by resilient substances and protective sur-
face treatments through the provision of a catalysts. The connection of plasmonic
metallic structures with MS photocatalysts has also received a lot of interest lately
Sayed et al.| (2022); X. Zhang et al.|(2013). When noble metal nanoparticles (NPs)
are coupled to semiconductor NSs (e.g., Au, Ag, Pt), photogenerated electrons in
the semiconductor’s Conduction band (CB) might move to the surrounding metals
due to the NPs lower Fermi energy level. The Schottky barrier that forms at the
metal-semiconductor contact helps to separate electrons from holes because the
metal acts as an electron sink. Redox processes involving photoinduced electrons in
noble metals and holes in the Valence band (VB) of semiconductors M. R. Khan
et al. (2015); X. Ma et al| (2016)). Charge carriers’ lifetime is extended during
the process, which also increases photocatalytic activity. A facet or high active
crystallographic orientation is an additional example. Co, Cu, Ni and Fe are inex-
pensive, widely available elements that are being used more and more as catalysts
for water oxidation and reduction. With its intriguing basic characteristics and
plethora of uses, including catalysts, UV light sensors, chemical sensors (including
gas sensors), biosensors, field emitters, field effect transistors, p-type conductors,

and nanogenerators.

1.1.5 Development methods of photocatalysts for hydrogen

production

Photo-catalytic water splitting is a very promising technology to proffer a solution
to present day environmental pollution and energy crises by generating hydrogen

fuel through a “green route” without environmental pollution [Fadojutimi et al.
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(2022)). In this sense, the focus of expanding basic and applied research has been
on H, production as a sustainable energy source. In general, multiple chemical
methods can be used to obtain hydrogen from various sources, such as coal or

liquid fossil fuels, as shown in FigurdI.5|

Figure 1.5: Chemical methods to obtain hydrogen. (Source; |Fadojutimi et al.|

2022))

In comparison to all other techniques, photocatalytic water splitting is the
simplest since it only requires semiconducting particles to create hydrogen and

oxygen when they are in solution with incident sunlight as shown in Equation[I.2]
H0() —> %og(g) + Hy(g): 6G° = 238k /mol (1.2)

Water oxidation
H,O+2H" = %Og +2H*(+0.82VusNHE, pH = T7) (1.3)

Water reduction
2H" + 2¢" = Hy(—0.41VusNHE,pH = 7) (1.4)

The photocatalyst must possess a valence band (VB) larger than the water

oxidation potential (+0.82 V vs Normal Hydrogen Electrode; refer to Equation
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in order to start the oxidation reaction. A bigger negative CB (0.41 V ver-
susNormal Hydrogen Electrode (NHE) is required to drive the reduction processes,
according to Equation [I.4] The result of this process is a clean, renewable source
of hydrogen that emits no greenhouse gases or hazardous by products. While
producing hydrogen and oxygen simultaneously from water splitting using a sin-
gle photocatalyst is theoretically possible, it is actually a difficult process because
the photocatalyst needs to meet specific requirements related to band structure,
energy gap and Co-catalyst fusion is a commonly used approach because of this
Jafari et al.| (2016)); Abdul Nasir et al.|(2021). Catalysts of all kinds; homogeneous,
heterogeneous and hybrid—have been developed. When compared to the others,
heterogeneous photocatalysts are distinguished by their remarkable resilience or
recycling, quick recovery or separation from the reaction medium, lack of toxic-
ity, low cost of operation and materials, ability to aid in the synthesis of specific
products, etc. K. H. Ng et al| (2021). Producing hydrogen energy from light is
one fascinating aspect of photo-catalytic hydrogen synthesis from water splitting.
Photocatalytic water splitting can be used to use solar energy to make Hy that
is affordable, clean and environmentally friendly Ran et al| (2014). In order to
address the most important energy and environmental problems facing the world
today, a sustainable energy infrastructure must be established. Because hydro-
gen is a clean, pure energy source that fuel cells can use, it will be important
to the system Dincer & Acar| (2015)); |(Ghorashi & Maranlou (2021). The photo-
catalytic water splitting reaction consists of three main stages: charge separation
and transportation, solar light collecting and catalytic Hy and O, evolution pro-
cesses |[Ran et al. (2014). The first two stages of the photocatalytic process have
experienced significant advancements, but much less work has been done to im-
prove the efficacy of the third step, which requires the use of co-catalysts—in this
case, Transitional Metal dopants TMD’s to increase efficiency in water splitting
C. Wang et al.| (2014)); Y. Wang et al.| (2017). Due to their continued dependence

on expensive, rare noble metal co-catalysts, the majority of semiconductor-based
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photocatalytic systems remain extremely challenging to extensively deploy. Utiliz-
ing co-catalysts that are inexpensive, widely available, and work well is crucial for
low-cost and extremely effective photocatalytic water splitting. The present goal
is to develop efficient catalysts or systems that will enable the use of solar energy
whenever it is required. Solar-driven water splitting for hydrogen production is
an interesting way to store and convert clean energy from visible light radiation
into chemical bonds Navarro Yerga et al.| (2009)); Tee et al. (2017). Because they
efficiently lower the energetic barriers to reaction, catalysts are essential to this
process because they promote an upward or energy-storing reaction while reducing
energy loss and increasing energy conversion efficiency. Costly noble metals in-
cluding ruthenium, iridium, rhodium and platinum make up the majority of water
splitting catalysts that are currently on the market. Nevertheless, for broad use,
catalysts derived from inexpensive and abundant materials are of vital importance
Tian et al.| (2021)).

From this angle, the potential for photoelectrochemical water splitting with
cobalt dopant-containing catalysts is investigated in this work. Its development,
characterization and methods for evaluating hydrogen are thoroughly looked at.
The large scale applications of photocatalytic platforms for efficient solar hydro-
gen H, production have not yet been thoroughly explored, despite the fact that
tremendous progress has been made in recent decades in the design of highly ac-
tive photocatalysts, such as semiconductor bio-hybrids, organic semiconductors
and plasmonic NPs Qi et al.| (2011]). However, there aren’t many thorough studies
that take into account a wide variety of transition metals as potential dopants
to fulfill future energy requirements for increased PEC water splitting. The DFT
framework, implemented in the Quantum ESPRESSO (QE) package, was used in
this study to investigate the electronic and optical properties, as well as the chem-
ical stability, of a chosen pristine 3d transitional metal doped ZnS |Chaurasiya &
Dixit| (2019); |A. Akhtar et al.| (2017)). Finding suitable dopants, figuring out the

optimal concentration and stability, figuring out the electronic and optical charac-



18

teristics of the 3d TM doped ZnS and assessing the factors that could affect their
photocatalytic performance were the main objectives. In order to achieve optimal
hydrogen production, extensive experimental studies were carried out to evaluate
the photocatalytic activity of different C'o,Zn,_,S rGONSs produced hydrother-
mally. The surface morphologies and material properties of the nanostructures
were described using a variety of techniques. A broad range of material metrics, in-
cluding particle size, crystal structure, surface morphology, chemical composition,
and band gap, were used in the analysis. These methods included RS microscopy,
FTIR, XPS, SEM, UV-vis and XRD. Therefore, research on Co,Zn;_,S rGO
nanostructure photocatalysts is desperately needed to confirm the photocatalytic
effectiveness of graphene based semiconductors in the production of hydrogen Hs

molecules for industrial applications.

1.2 Statement of the problem

The supply of energy has become a major global concern in recent years. Approx-
imately 66% of the world’s electrical power and 95% of its total energy demands
are currently provided by fossil fuels. However, it has been demonstrated that
burning fossil fuels produces greenhouse gases that accelerate global warming and
pollute the air. Furthermore, because fossil fuels take millions of years to de-
velop, they are not renewable energy sources. The reserves are being depleted far
more quickly than new ones are being generated due to our increasing demand for
energy consumption. Therefore, in order to meet growing energy demands and ad-
dress environmental issues, workable alternative energy solutions are desperately
needed.

In an effort to address the current energy crisis, new technologies, such as
nuclear, wind, and solar energy have emerged. Using hydrogen to create energy
is one approach that has surfaced. Hydrogen is a clean energy source because

it just releases heat and water vapor as byproducts and does not produce any
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pollutants. There have been claims that this possible energy source will help the
world’s current energy dilemma. Numerous studies have been conducted on this
technology and around 95% of hydrogen produced globally is derived from steam
reforming of natural gas. With this technique, the hydrogen and carbon atoms in
methane are separated. But this process produces greenhouse gases and does not
reduce dependence on fossil fuel.

Another way would be photoelectrochemical water splitting. In this process,
hydrogen is produced from water using sunlight and specialized semiconductors
called photoelectrochemical materials. The semiconductor directly dissociates wa-
ter molecules into hydrogen and oxygen through light energy. “Historically, the
discovery of photo-electrolysis of water directly into oxygen at a TiO electrode
and hydrogen at a platinum (Pt) electrode by the illumination of light is attributed
to Fujishima and Honda” |[Fujishima et al.| (2007)). However, this research does not
hold much potential to be a future source of hydrogen energy.

7ZnS NSs have been proposed as potential photo-anode materials for PEC water
splitting due to their low toxicity, simple synthesis, easy modification routes and
gives a very high quantum efficiency for the proton reduction reaction, without the
need for an expensive co-catalyst such as platinum. However, ZnS suffers from
low PEC activity due to its low sensitivity to visible range in electromagnetic
spectrum hence limits its practical applicability and photo-corrosion effects. The
main drawback of ZnS for photocatalyst is that it has a wide band gap of 3.6 eV
which is active only under UV light (A < 340nm) Kurnia, Ng, Amal, et al.| (2016)).

Therefore, application of ZnS NSs in PEC water splitting still awaits develop-
ment of effective design and synthesis strategies to improve its PEC efficiencies to
commercially viable levels. Given that most water splitting catalysts now on the
market are made of expensive noble metals (such as ruthenium, iridium, rhodium
and platinum), there is a dire need for catalysts made of elementally abundant
and less expensive elements.

The large scale applications of photocatalytic platforms for efficient solar hy-
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drogen H, production have not yet been thoroughly explored, despite the fact
that tremendous progress has been made in recent decades in the design of highly
active photocatalysts, such as semi-conductor bio-hybrids, organic semiconductors
and plasmonic nanoparticles (NPs) Qi et al.| (2011)). Few comprehensive studies
consider inclusion of graphene as a decorator and a wide range of transition metals
as potential dopants to meet future energy requirements for greater PEC water

splitting. The present study endeavors to address these limitations by;

1. Using the Quantum ESPRESSO package’s implementation of the DFT frame-
work to determine the optimal concentration and stability, find the right
dopants, examine the structural, optical and electronic properties of the se-
lected TM doped ZnS NSs and evaluate the variables that may have an
impact on their photocatalytic performance Chaurasiya & Dixit| (2019);
A. Akhtar et al.| (2017).

2. Conducting extensive experiments through the development of different TM
doped ZnS NS surface layers decorated with graphene, with the goal of

identifying the best NS that can provide optimum hydrogen energy.

3. Investigating the surface morphologies and material properties of the TM
doped ZnS NS using approaches such as RS microscopy, FTIR, XPS, SEM,
UV-vis, and XRD in order to analyze several different material metrics,
including particle size, crystal structure, surface morphology, chemical com-

position and band gap.

4. Determining the photocatalytic activity of different hydrothermally pro-
duced cobalt doped ZnS decorated with graphene C'o,Zn;_,.S rGO NSs for

improved hydrogen production.

Despite extensive research on the photocatalytic development studies based on
graphene for excellent efficiency of photocatalysts, there are still more research
gaps and challenges that need to be extensively examined |Ahmed & Mohamed

(2023). Therefore, research on TM doped ZnS NS photocatalysts decorated with
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graphene is desperately needed to confirm the photocatalytic effectiveness of graphene
based semiconductors in the production of hydrogen (H3) molecules for industrial

applications.

1.3 Justification

The current research is necessary because it provides a critical step toward the
development of ZnS NSs decorated with graphene for high PEC activity, especially
in visible light. A semiconductor photocatalyst with long lived charge carriers,
fewer charge trapping centers, the right energy level offsets and stability against
light are all highly required for increasing photocatalytic reactivity [Xiang & Yu
(2013); |[Kiptarus et al.| (2023)).

ZnS is a promising material for the hydrogen reduction cathode in photoelec-
trochemical cell for water splitting because the VB and CB edges of ZnS are
favorably situated for overall water splitting and it exhibits large band gap of ap-
proximately 3.54 eV and 3.91 eV for Zinc blend and Wurtzite respectively [Moon
et al.| (2022); Q. Li et al. (2019). Due to its large band gap, it is considered more
suitable for visible and UV light based devices Kaur et al. (2016). It is able to
efficiently catalyse the hydrogen reduction reaction without the need for an expen-
sive co-catalyst. By identifying dopants that can modify the electronic structure
of ZnS, an efficient visible light sensitive photocatalyst for hydrogen production
can be achieved. Through band engineering TM doping, visible light absorption
can be increased and photocatalytic efficiency under sunlight can be enhanced.

ZnS is a more stable, non toxic, abundant in bulk form, inexpensive, simple
synthesis, high apparent quantum yields, easy modification routes and highly tech-
nologically sophisticated wide band gap II-VI semiconductor than other chalco-
genide materials N. Kumar et al.| (2015)). More so, ZnS is one of the most widely
utilized photo catalysts owing to its quick generation of electron-hole pairs upon

photo-excitation and its incredibly negative reduction potentials of excited elec-



22

trons in its conduction band |J. Zhang, Yu, et al.| (2011); |D. Huang et al.| (2020);

Juine et al.| (2021)); [J. Zhou et al.| (2020).

Additionally, it exhibits good selectivity and high rate of photocatalytic Hy

generation under UV light irradiation even in the absence of noble metal co-

catalysts|J. Zhang, Liu, et al.| (2011); Reber & Meier|(1984). The presence of highly

active surface sites for Hy production and its outstanding chemical stability against

oxidation and hydrolysis when the particle size is reduced to only a few nanometers

Y.-C. Zhu et al.| (2004). As a result, ZnS generally displays the most promising

nanoscale morphology among inorganic semiconductors, making it a novel material

with a wide range of prospective application. The electronic and optical properties

of ZnS strongly depend on particle size and morphology (Goudarzi et al.| (2009);

Mendil et al.| (2016)); |Chabou et al.| (2019)).

Efficient hydrogen production from water by photocatalysis under sunlight

requires a significant improvement in light harvesting capability Kurnia, Ng, Tang |

(2016) with well established synthesis and modification routes. However the
most limiting factor for ZnS to achieve high photocatalytic efficiency using solar

energy are restriction of light absorption due to high energy (e.g.UV) wavelengths

and the fast recombination of charge carriers Kurnia, Ng, Tang, et al| (2016));

L. Wang et al| (2020); |Villa et al.| (2021)); Hao et al.| (2018)); Fajrina & Tahir|

(2019)). Expensive co-catalysts, such as platinum, are often needed to enhance

charge separation and surface reaction kinetics Maeda (2011); Kudo & Miseki

(2009)); |C. Jiang et al. (2017); X. Xu et al| (2019)); [Thorne et al| (2017)); Kurnia,

Ng, Amal, et al, (2016)); T. Simon et al| (2014).

Additionally, due to the size dependence of the electron-hole interaction in

semiconductor nanocrystals like nanowires, quantum confinement can be used

to improve optical propertiesDel Aguila et al| (2016); Brovelli et al.| (2011). As

a result, creating new photo-catalysts capable of effective photo-induced charge
separation is crucial. Therefore, better design and synthesis techniques are still

needed to increase the effectiveness of ZnS NSs for PEC water splitting to levels
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where they may be used in practical applications. It is necessary to produce ZnS
NSs with various physical and chemical properties, which can be accomplished
via doping, in order to use semiconductor nanocrystals for the fabrication and
commercialization of devices at the nanoscale because ZnS itself absorbs only in
the UV, but its absorbance can be easily enhanced by doping with selected TM
dopants and decorating it with graphene Devi & Kavithal (2013); Mahmoud et al.
(2018)); [Jothibas et al.| (2018]). This may cause the shifting of the absorption edge
of ZnS NSs towards the visible area and create new energy levels between the ZnS
NSs VBM and CBM Belver et al.| (2019); Bai et al.| (2018); [Khaki et al. (2017));
Kurnia, Ng, Tang, et al.| (2016)); Fadojutimi et al. (2022).

Consequently, structural defects caused by doping can effectively adjust band
structure and regulate photo activity. Improving charge separation and transfer,
promoting optical absorption, maximizing band gap position, reducing cost and
toxicity and boosting stability and water splitting kinetics are the main effects
of graphene which explains the advantage of how well heterogeneous semiconduc-
tors can split water using solar because the network of conjugated sp? bonds in
graphitic carbon results in a greater number of delocalized electrons, which in
turn increases the transit of electrons optically created in semiconductor particles
and so increases the photo conversion efficiency of the system Razaq et al|(2022).
Therefore, TMD’s and graphene inclusion can demonstrate visible light absorption
photo activity, improve charge separation, minimize band gap and photo-corrosion
impact and elevate PEC application performance Korir et al.| (2021). Thus PEC
water splitting is considered as a promising and environmentally benign approach

for efficient and economic hydrogen generation by utilization of solar energy.

1.4 Research Objectives

The main objective is to develop, characterize and evaluate the selected transi-

tion metal doped ZnS nanostructures surface layers decorated with graphene for
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water splitting.

The specific objectives are :

1. To simulate the optimal dosage of TM dopants for ZnS nanostructure layers
by performing first principles calculations using density functional theory

(DFT) within the framework of quantum espresso (QE).

2. To synthesize cobalt doped ZnS nanostructures layers decorated with graphene

via hydrothermal technique

3. To characterize the cobalt doped ZnS nanostructures decorated with graphene
in order to analyze the structural, electronic and optical properties on the

surface layers of the ZnS NSs

4. To evaluate the photocatalytic hydrogen production of cobalt doped ZnS
decorated with graphene by determining the optimal hydrogen production
rate from the prepared photocatalysts with respect to dopant concentration

through photocatalytic activity

1.5 Hypothesis

e Hybrid density functional theory (DFT) calculations carried out will accu-
rately predict the best TM for doping ZnS 2D layers and determine the
structural, electronic and optical properties of selected 3d TM doped ZnS
layers and factors affecting their photocatalytic performance hence support

the experimental findings.

e Doping ZnS with selected transition metal dopants, such as manganese, cop-
per, cobalt and iron, will effectively decrease its band gap, enhancing its ab-
sorption of visible light and thereby increase its efficiency as a photocatalyst

for hydrogen production.

e Graphene will significantly improve charge separation and transfer, promote

optical absorption, maximize band gap position, reduce cost and toxicity,
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boost stability and water splitting kinetics and prevent the recombination

of electron hole pairs generated during photocatalysis

e Cobalt as an effective TM dopant will create defect states near the bottom of
the CBM of ZnS 2D layer that will merge with the CB hence responsible for
the lowering of band gap and therefore produce a staggered band structure

arrangement which is perfect for PEC.

e Hydrothermal method will produce large amount of nanomaterials at rela-
tively low cost and yielding high crystalline nanocrystals with well controlled

dimensions, high reproducibility and quality.

e Techniques such as XRD, XPS, RS, FTIR, UV-vis and SEM employed in
characterizing the cobalt doped ZnS NSs decorated with graphene will an-
alyze the broad range of material metrics, including particle size, crystal
structure, binding energies on the surface layers, surface morphology, chem-

ical composition and band gap.

e Photocatalytic activity carried out on the fabricated TM doped ZnS NSs

decorated with graphene will quantitatively determine Hs evolution rate.

1.6 Significance

The use of fossil fuels has led to a number of environmental issues, including rising
emissions of greenhouse gases, most notably COy, NO, and other air pollutants
causing swerve climate change. Exploring renewable, clean and carbon-neutral
alternative energy resources is desperately desired to limit our dependency on
fossil fuels Quan et al. (2007)); [Netz et al. (2007). Therefore, the current goal is to
create highly efficient catalysts (materials) or systems with no carbon trace which
is essential for the survival of the world so that humankind can use solar energy

whenever they want.
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Hydrogen is one such fuel with no emission of pollutants when burned in oxy-
gen, it is the most abundant and cleanest element in nature, has the highest energy
content in common fuels which is almost three times that of gasoline in the same
weight and since its sole oxidation product is H,O X. Li et al. (2023); I. U. Hassan
et al.| (2023). Hydrogen is an eco-friendly energy source. So far, the main ways
to obtain hydrogen are by steam reforming of the natural gas, coal, oil, but these
approaches usually come along with the emission of carbon dioxides which do not
meet the vision of zero carbon emission M. Yu et al. (2021); Bauer et al.| (2022);
W. Liu et al.| (2022)). It is possible to reduce reliance on fossil fuels and CO, emis-
sions by using Hs as a fuel on a large scale and this can be achieved either directly
through photosynthetic artificial systems or through electrolysis using solar elec-
tricity. Therefore, the best and economic alternative for clean energy conversion
and storage from visible light irradiation into chemical bonds is solar driven water
splitting for the generation of hydrogen.

7ZnS NSs have been proposed as potential photo-anode materials for PEC water
splitting due to their low toxicity, simple synthesis and easy modification routes.
However, ZnS suffers from low PEC activity and photo-corrosion effects and there-
fore, application of ZnS NSs in PEC water splitting still awaits development of
effective design and synthesis strategies to improve its PEC efficiencies to com-
mercially viable levels |[Kiptarus et al. (2024, [2023)).

Given that most water splitting catalysts now on the market are made of expen-
sive noble metals (such as ruthenium, iridium, rhodium, and platinum), there is a
dire need for catalysts made of elementally abundant and less expensive elements.
The effects on the surface chemistry, crystalline property, optical property, sur-
face morphology and photocatalytic hydrogen generation of ZnS-graphene based
photocatalysts were investigated in relation to rGO decoration and Co doping.

The present research reports the following as the major achievements:

1. An ab initio Density Functional Theory (DFT) calculations that consider 3d

TM doping as a potential route towards attainment of ZnS 2D nano layers
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with superior PEC activity. The simulations provided the following results
that are fully consistent with the experimental work; in addition, ideal 3d

metal dopants and concentration were predicted

e The results showed that defects formation in ZnS NSs is strongly de-
pendent on defect site and the d character of TM dopant. The Zn
substitutional site is the most energetically favorable to most 3d TM
dopants, with Mn, Cu, Co and Fe to be incorporated in such sites under

equilibrium conditions.

e The formation energy for small atomic radii 3d of selected TM dopants
(Mn, Cu, Co and Fe) were negative hence it can easily be incorporated

in to Zn substitutional surface sites.

e The stability of 3d TM atoms in ZnS 2D nano layers is also critically
dependent on dopant concentration, Cu and Co being the most ener-
getically favourable within the dopant concentration range of 1-6 %

considered in this study.

e Mn, Cu, Co, and Fe dopants were found to induce band-edge states
at 4% and 2% dopant concentration, respectively, yielded a staggered
band-structure configuration, which can be ideal for PEC water split-

ting and related applications when in shallow level donor states.

e The band alignment relative to the redox potential of water revealed
that the VBM of Mn, Cu, Co and Fe doped ZnS 2D nano layers remains
strongly positive above the oxidation potential of Oy/H>0, favouring
oxygen evolution with the reduction potential remaining negative below

the reduction potential of H*/H,, thus maybe applicable in PEC.

e Additionally, Mn, Cu, Co and Fe should not be kept at concentrations
above 4 and 6 atm.%, to ensure reduction potential remaining negative
below the reduction potential of H™/Hs and to avoid semiconductor-

metal transition likely to improve the ZnS catalytic conversion efficiency
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compared to pristine ZnS.

2. Experimental findings suggest that controlling rGO inclusion and Co doping
as a possible path to producing ZnS NSs with enhanced PEC activity. The
experimental work yielded results that are entirely consistent with the the-

oretical work and the following conclusions may be taken from it as follows;

e Extensive analysis of its development (hydrothermal technique) where
noticeable improved solar energy utilization came from the narrowing
of band gaps brought on by the mutually beneficial interaction of rGO

and Co in the nanostructures.

e Characterization techniques such as XRD, XPS, RS, FTIR, UV-vis,and
SEM were conducted to investigate the structural, electronic and op-
tical properties of the cobalt doped ZnS NSs layers decorated with

graphene.

e Hydrogen assessment demonstrated that cobalt doped ZnS decorated

with graphene is an excellent photocatalyst for hydrogen generation.

In this study, Hy was successfully produced by water splitting using cobalt doped

ZnS decorated graphene photocatalysts.

1.7 Outline of the thesis

To effectively summarize and synthesize the findings from the research, the thesis

is structured into five chapters:

1. Chapter 1; This section introduces the research topic under investigation by
providing the background information of the research problem, statement of
the problem, justification, objective, hypothesis, significance and outline of

the study.

2. Chapter 2 ; The previous research on theoretical models, development, char-

acterization, and photocatalytic activity of transition metal-doped zinc sul-
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fide nanostructures for hydrogen production is provided in the literature

review.

. Chapter 3 ; Methodology entails the materials, equipment, theoretical and
experimental procedures for data collection for developing, characterizing
and optimising the cobalt doped zinc sulphide decorated with graphene for

hydrogen production.

. Chapter 4 ; This chapter describes and explains the result’s obtained from

the set objectives in chapter one

. Chapter 5; This chapter involves; summary, conclusion and recommenda-

tions.
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Chapter 2

Literature Review

2.1 Introduction

This chapter describes the previous work done on theoretical and experimental
results that explores the use of TM to enhance the PEC of ZnS synthesis, charac-
terization and evaluation of TM doped ZnS NSs for photocatalytic Hy production.
The research gaps discerned from the literature review are also summarized.
Numerous active photo-catalysts for splitting water have been synthesized and
investigated in the past few decades, whereas most of these photo-catalysts can
solely absorb the UV light, which accounts for only 4% of the total sunlight and
thus greatly restricts its practical applications. Hence, it is highly desirable to
develop photo catalysts that can be utilized for the generation of optimum H,
energy. ZnS exhibits exceptional features that can be used for a variety of appli-
cations, such as field emitters, electroluminescence, electrocatalysts and biosensors
B. H. Kim et al| (2014); Kiptarus et al. (2024). Nano ZnS has peculiar physical
and chemical characteristics when compared to bulk ZnS, including quantum size
effect, surface and volume effect, macroscopic quantum tunneling effect, as well as
higher optical absorption, chemical activity, thermal resistance, catalysis and low
melting point as seen in Table 2.1l In order to use ZnS more effectively, it can

be built with a variety of dimension features including; Three dimensional (3D)
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Table 2.1: ZnS Properties. Source; Kaur et al. (2016)

Che mical Electical Thermal Me chanical Optical Physical
Chemical Dielectric Heat of 4.079 |Refractive Solubility
formula | ZnS Constant 8.9 Fusion 390 J/g |Density | g/em3 | Index | 2356 | inwater | Insoluble
to yellow
Molecular| 97.46 Zinc [Ar] Heat of 477 |Boiling powder or
weight | g/mol 3d10 452 Formation |KJ/'mol [Point 1185°C Appearance| pieces
Sulphur Thermal
Hectronic | [Ne]3s2 | coefficientof | 636 | Melting Sulphurous
Zinc-12  |configuration 3p4 Expansion |um'm’C| Point | 1850°C Odour odour
Sulphur- Thermal 251 | Flexural 103
Group 16 |Band Gap 354eV | Conductivity | W/mK | Strength | MPa
Modulus
Hectron Specific heat | 0472 of
Crystal St Cubic Mobility  J180 co2/'Vs|  capacity J/g’C | Hasticity | 75 GPa
Poisson’s
Lattice Coff 5.4093A |Hole Mobility| 5 cm2/Vs Ratio 027

particle structures, 2D thin film structures, 1D wire, rod, tube, ribbon, belt and
sheet structures and 0D quantum dot structures, which are of particular interest
Shu et al| (2014). Therefore, the size of ZnS varies owing to the bulk particle,
nano scale structural level, or to become increasingly smaller in the future. Due
to its wide range of possible uses, ZnS, a very significant II-VI semiconductor,
has been the subject of extensive research. Because ZnS is more technologically
advanced and chemically stable than its alternative chalcogenides such as (ZnSe),
it is regarded as a good host material.

In its two crystalline forms, wurtzite and zinc blend (sphalerite), ZnS is a
polymorphous substance Wright & Gale| (2004)). The co-ordination geometry at
Zn and S is tetrahedral in both forms. Wurtzite has a hexagonal form (hcp),
whereas zinc blend has a more stable cubic form (fcc). With a band gap of roughly
3.54 eV and 3.91 €V for zinc blend and wurtzite, respectively, ZnS exhibits a wide
band gap. It is thought to be more appropriate for devices dependent on visible
and UV light due to its larger band gap than zinc oxide (Zn0O) (3.4 eV). Although
the closest connections between the two structures are comparable, the distances
and angles to neighbors are different. In comparison to wurtzite, zinc blend has
four asymmetric units in its unit cell and therefore the edges of ZnS are oriented

perfectly for universal water splitting.
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Figure 2.1: ZnS Crystal structures. Source;Kaur et al.| (2016))

Without the requirement for a costlier co-catalyst like platinum, ZnS is a po-
tential material that offers very high quantum efficiency for the proton reduction
reaction. Because of its wide 3.6 €V band gap, which also lowers energy loss, ZnS

possesses the fundamental drawback of functioning as a photocatalyst that only

functions under UV light A\ < 340nm Hong et al. (2012). The development of pho-

tocatalysts depends critically upon decreasing the band gap and enhancing light
absorption. An effective visible light sensitive photocatalyst for the generation of
hydrogen can be created by finding dopants that can alter the electronic struc-
ture of ZnS. ZnS is a cheap, non-toxic, abundant and photo-stable photocatalyst
that has become more and more popular for its application on an industrial scale,
a few issues still need to be worked out, like a larger band gap, an agglomerat-
ing propensity during the synthesis process and challenges removing it from the
reaction medium.

Technological progress requires the creation of an efficient water splitting sys-
tem, a material that functions as a photocatalyst in the splitting of water needs
to be developed in order to achieve this. Dopants including manganese, copper,
cobalt and iron can change the electronic structure of zinc sulfide , resulting in
the creation of an effective visible light sensitive photocatalyst that can produce

hydrogen. Transition metal dopants have been shown to be effective in increas-

ing visible light absorption Eyasu et al| (2013]); Murugadoss (2012); Rajabi &]

(2015). However, other properties like conductivity may be affected by TM

dopants. As an alternative, one can consider creating ZnS nanostructures and
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doping only the surface layer Burda et al. (2003)); F. Wang et al.| (2014); [Dholam
et al.| (2009); Hsu & Chang (2014)). It is critically necessary to focus on the de-
velopment of inexpensive, dependable and efficient catalysts for water splitting in
artificial photosynthetic systems. This research considered cobalt as one of the
best selected TM dopant as predicted in theoretical studies since there are few
comprehensive done on this dopant.

Comparable in characteristics to iron and nickel, cobalt is a relatively uncom-
mon magnetic element. Cobaltous (II) and cobaltic (III) are the two valence states;
the former is most frequently employed in the chemical industry Hammond (2000)).
The main forms of cobalt found in nature are arsenides, oxides and sulfides. Cobalt
is mostly produced in its metallic form, which is utilized to create cobalt super
alloys. The phrase "hard metal" describes compounds that have tungsten carbide
(80-95%) mixed with cobalt (5-20%) and nickel (0.5-5%) matrix. The periodic
table places the element cobalt in group VIII. Co is an element that is silver-white
in color, brittle, hard, ferromagnetic and stable in air. It may also be magnetic,
just as other metals Shedd| (2017)). Table illustrates how it slowly reacts with
diluted acids, melting the metal at 1495°C" and boiling it at 2927°C.

Table 2.2:  Physical and chemical properties of Cobalt and its compounds; Adapted
from |Leghissa et al.| (1994); Grialanella et al. (2020)

Substance Molecular formula Molecular weight Melting point Boiling point Solubility in water
Cobalt (II-IIT)* Co 58.84 1493°C 43100°C' Limited
Cobaltious oxide (IT)* CoO 74.94 1935°C 0.313mg/100g
Cobaltious oxide (II-IIT)* Co304 240.80°C 900°C' Limited
Cobaltious oxide (IIT)* Coy03H,0 183.88 84/19/100g, 37°C
Cobaltious sulfate CoSO4 155 39.3g/100g, 20°C'
CoSO47TH,0 96.8°C'
Cobaltious chloride CoCl, 129.84 724°C 1049°C 52.9 g/100g, 20°C'
Cobaltious carbonate CoCOy 118.94 0,11 g/100g,15°C'
Cobaltious acetate Co(CyH30) 249.08 Under CO, pressure soluble

Cobalt alloys fall into several categories: high strength steels, electro deposited
alloys, alloys with unique properties, magnetic alloys (aluminum, copper nickel, ti-
tanium), high-temperature, corrosion resistant super alloys (aluminum, chromium,
nickel, tantalum, titanium, tungsten, zirconium) Raabe (2023)); [Shifler| (2022).

Since Co serves as a binder for the metal carbides, hard metals are not technically
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Co alloys. Super alloys combine resistance to oxidation and creep at these high
temperatures with high temperature mechanical characteristics Schlegel (2023)).
These super alloys can include iron, nickel, or cobalt as their foundation and their
uses include the creation of magnetic materials and jet engines (Gialanella et al.
(2020); [Hughart & Bashor| (1999). Mostly cobalt is manufactured in its metal-
lic form. For instance, 25-65% Co is found in heat resistant steels Barceloux
& Barceloux] (1999); (Cobalt| (1990) and roughly 65% cobalt is combined with
chromium, nickel and molybdenum in vitallium alloys used in prosthetics. Cobalt
is used in the powder metallurgy industry to bond tungsten carbide. These hard
metals typically include 6-9% Co, with grinders and cutting tools containing the
highest concentration at 30%. The magnetic characteristics of iron, nickel, plat-
inum and phosphorus electrodeposited Co alloys are highly advantageous to the
recording industry and computer applications Hughart & Bashor| (1999); Aliofk-
hazraei et al. (2021)). The most significant Co containing compounds in industry,
excluding mixed oxides (II, III), are cobaltous (II) salts [Sarangi et al. (1999));
Schroeder et al.| (1967).

Among the various classes of sp? nano-carbon materials, graphene is a single or
few layered two dimensional sp? bonded carbon sheet with numerous remarkable
features in chemistry and physics Tang et al.| (2010); M. Zhou et al.| (2009); X. Cao
et al|(2011). According to Dresselhaus & Dresselhaus (2002)), it has a mechanical
stiffness of 1060 GPa and a thermal conductivity of up to 3000WmtK~!. Re-
cent research has demonstrated the remarkable electrical transport capabilities of
individual graphene sheets (Cui et al.| (2011)); |[Novoselov et al. (2005). Graphene
sheets can be incorporated into a nanocomposite material as a potential means
of utilizing these features for nanoscale purposes. GO, rGO, few layer graphene
oxide (FLGO) and chemically modified graphene (CCG) are some of the deriva-
tives of pure graphene that have been produced due to its poor aqueous solubility
and amazing electrical conductivity |C. Li & Shi| (2011); |J. Zhu et al| (2014). Ac-

cording to Hummers Jr & Offeman| (1958)), the Hummers process can be used
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to generate GO sheets, which are the oxygenated equivalents of one atom thick
graphene sheets, as a high surface single layer. Inhibiting electron transfer is the
combined effect of the functional groups on the surface and at the margins of GO
Gongalves et al. (2014).GO low electrical conductivity can be attributed to this
reason, while rGO its reduced version, displays stronger electrical conductivity.
Approximately 2600m?g~! is their specific surface area, more than twice that of
the majority of nanomaterials Montes-Navajas et al.| (2013). In contrast to pris-
tine graphene, GO demonstrates a high water dispersibility and possesses a pH
dependent negative surface charge that contributes to its high colloidal stability.
Therefore, GO is a potential material for nanomaterials applications because of
its tiny size, intrinsic optical characteristics, large specific surface area, low cost
and beneficial non-covalent interactions M. Zheng et al.| (2014)); Sun et al.| (2006)),
which enhances its utility as a delivery vehicle. Graphene is an excellent medium
for electron transport that participates in the photocatalytic hydrogen produc-
tion process and helps transfer photogenerated electrons from semiconductor to
graphene B. Jiang et al. (2011). A number of scholars have been hard at work
attempting to figure out how to combine photocatalysts with different materi-
als, like semiconductors [Tatsuma et al.| (2002), noble metals [Hirakawa & Kamat
(2005)) and graphite like carbon |L.-W. Zhang et al.| (2008), in order to mitigate the
recombination of photogenerated electron hole pairs. This research provides the
possibility of doping ZnS using cobalt with a combination of graphene to produce
an optimum material system that can be used to generate Hy as source of green

energy.
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2.2 Review on the theoretical simulations of the
selected transitional metal doped 2D ZnS sur-

face layers

2.2.1 Theoretical background

The computation of the system’s many nuclei, many electrons wave function is
required for a complete quantum mechanical treatment of a material; however, due
to the nucleus’s relatively large mass, their behaviour is typically decoupled from
that of the electrons in simulations, allowing them to be regarded as classical point
like particles (the Born-Oppenheimer approximation) Michel Sellier & Kapanova
(2017). The low mass of electrons, in contrast to nuclei, means that a full quantum-
mechanical treatment is needed to understand their behaviour; however, for almost
all material problems, a solution is beyond current or foreseeable technologies due
to the computational complexity of the many body Schrodinger equation Weinbub
& Kosik (2022).

By concentrating on the electron density rather than the many body wave
function, DF'T however, solves the computational challenge. Because the system’s
total energy is a unique functional of the electron density, according to the funda-
mental tenet of DFT, it is not essential to compute the system’s entire many body
wave function. But it is unknown exactly how the energy depends on density in
terms of function |S. Ghosh et al.| (2018) in order to solve a set of independent
particle equations. Hadjisavvas & Theophilou (1984) converted the DFT issue of
calculating the ground state energy and particle density of an N-electron system.

The original (3N-dimensional) many body problem is significantly harder to
solve than these Kohn-Sham equations, which are composed of N single particle
3D Schrodinger like equations De Martino et al. (2003)) with a modified effective
potential. Particle correlation and quantum mechanical exchange both contribute

to the modified potential, which is itself a functional of the total particle density
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Kohn & Sham (1965); Harbola & Sahni| (1989)). Since this exchange correlation
(x — C) potential is so weak in contrast to the single particle kinetic and Coulomb
terms, no equation for it is known. However, It is well known that the electronic
structure of many materials determines many of their properties, but it has only
recently become feasible to accurately model this behaviour.

The first generic approximation for exchange and correlation was the local
density approximation (LDA). The xC' energy density at position r in the LDA
is solely determined by the particle density at that place, n(r). This density
dependence is a good approximation of the density functional because it has been
determined exactly n#% = n(r), the density of a homogeneous electron gas, must
be the same. The exchange correlation hole, or the region around a particle where
the likelihood of finding another of the same type is lowered, is an essential feature
of any density functional. This hole arises from the Pauli exclusion principle and
the total drop in the density of all the remaining particles is expected to be equal
to (-1) [Cline| (1972)). In other words, exactly one particle has to be removed. The
LDA properly meets this exclusion principle, thus even if the shape of the exchange
correlation hole is erroneous, it has the right spherical average (Gunnarsson &
Lundqvist| (1976)).

Most extensions to the LDA contain a dependency on the local density gradi-
ent, just like in the generalized-gradient approximations (GGA’s), like the PW91
Perdew & Wang| (1992) and Perdew, Becke, and Ernzerhof (PBE) functionals
Perdew et al.| (1996)). These extensions, often based on the behavior of the homo-
geneous electron gas under modest perturbations, preserve the spherical average
of the exchange correlation hole. GGA’s provide systematic improvements in the
atomization or cohesive energies of a wide range of molecules and solids |Perdew
et al. (1992); [Winkler et al.| (1995). They also rectify the severe over binding of
hydrogen bonded solids by the LDA. However, they are not always a better so-
lution than the LDA since their accuracy relies on some system dependent error

cancellation in both cases. Beyond the GGA'’s, there are several approximations.
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Often employed approximations include

e meta-GGAs [Tao et al| (2003), in which the density’s Laplacian can be in-
cluded (practically, this is expressed in terms of the wave function’s Lapla-

cian, or the kinetic energy);

e hybrid functionals, in which the band gap problem is avoided by incorpo-
rating an empirical fraction, usually between 20 and 25%) of Hartree-Fock

exchange; and

e DFT + U, in which the addition of an on-site Hubbard-U potential en-
hances electron localization, usually applied to the d orf shells, optimizing

the magnetic characteristics of materials.

The importance of theory and computing in the development of new materials
is becoming more widely acknowledged Montoya et al. (2017). Modern science
and technology are based on an understanding of the arrangement of atoms in
materials and how that arrangement affects those attributes. To sustain the con-
tinual advancement in technology, new materials must be discovered and devel-
oped that are stronger, less expensive, lighter and more functional |A. Jain et al.
(2016)). While there are numerous well proven techniques for optimizing a specific
structure to determine the local energy (or enthalpy, at pressure) minimum, a
global optimization technique is needed to forecast the best stable structure out
of all potential configurations. Furthermore, due to the vast range of inter-atomic
bonding that may be encountered throughout the searches, only purely quantum
mechanical calculations are sufficiently dependable to achieve the requisite degree
of accuracy.

First-principles DFT methods provide an economical high-level description of
the electronic structure for the many thousands of structures that need to be
taken into account during a trustworthy search |[Freysoldt et al.| (2014). First-
principles crystal structure prediction has been supported by a variety of global

optimisation techniques, such as simulated annealing [Schon & Jansen| (2001), ge-
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netic/evolutionary algorithms Hart et al.| (2005)) N. L. Abraham & Probert| (2006);
N. Abraham & Probert| (2008); |Glass et al.| (2006), minima hopping and particle
swarms [Y. Wang et al| (2010). Ab initio random structure searching (AIRSS) is
a very simple and effective method Pickard & Needs| (2006). The AIRSS method
creates random structures; the atoms’ kind and quantity can be chosen at random
or can be specified. Then, if a crystal is desired, these atoms are randomly ar-
ranged in a unit cell of arbitrary form, with a volume selected to mimic the initial
density.

Using first principles DFT, a vast ensemble of random starting structures is
produced and each one is structurally optimised to minimise the cell stresses and
atomic forces Pickard & Needs| (2011). Consequently, every initially random struc-
ture is shifted to a local energy (or enthalpy) minimum in the vicinity. While
the calculations can be done sequentially, this problem is very suitable for high
throughput computation, where each random structure is optimised separately
on a portion of the total number of compute cores. Since there is no parallel
communication overhead, using a single core for every structure will result in
the highest throughput. Parallelizing the optimisation of each structure over a
multicore compute node is feasible and yields preliminary results quickly because
the communication cost between compute cores inside a single compute node or
workstation is low.

Several different structural, chemical, optical, spectroscopic, elastic, vibra-
tional, and thermodynamic phenomena can be computed using modern DFT
modeling algorithms. Experimental domains like vibrational and solid state Nu-
clear magnetic resonance (NRM) spectroscopy, where it is the main technique for
analyzing and interpreting experimental spectra, have been transformed by the
capacity to anticipate structure property connections. The electronic structure of
bulk and defect states in semiconductor physics has advanced significantly despite
the significant difficulties in characterizing excited states. Research is no longer

limited to crystal structures that are known because of the application of DFT
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an exploratory tool for materials discovery and computational experimentation is
growing, leading to the development of ex-nihilocrystal structure prediction, which
solves the challenging limitation of predicting crystal structure poly-morphs from

a given crystal structure.

2.2.2 Simulation of transitional metal doped 2D ZnS surface

layer nanostructures

Kurnia & Hart| (2015)) investigated the electronic properties of TM doped ZnS by

means of first principles calculations. Furthermore, they clarified that by permit-
ting electronic transitions at energies that coincide with visible light wavelengths,
TMD’s may result in increased photocatalytic efficiency in the presence of sun-
light. They concluded that Ni and Co doped ZnS will be promising materials for
photocatalytic hydrogen production because of their low formation energy and
appropriate band energies. Their calculations also showed that ZnS could readily

accept TM atoms including Co, Ni, Mn and Fe that result in low lattice strain as

shown in Figure 2.2(i).
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Figure 2.2: Formation energies; Source; |Kurnia €& Hari (2015)

From the Figure[2.2] it can be seen that the amount of lattice strain is generally
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consistent with the ionic radius of the TM, with the bond length increasing with
increasing radius (inset Figure). For TMD’s with large ionic radius (e.g. Cd and
Sc), the TM doped ZnS formation energy is relatively high, indicating that the
lattice expansion caused by large ions makes incorporation of these dopants in
ZnS unfavorable. The formation energy generally decreases as the volume strain
decreases and the lowest formation energies are found when the lattice strain is
close to zero.

Formation energies appear to increase as volume strain decreases significantly
below 0 % (i.e. < 1 %), although not many data points are available at these
large negative strains. The formation energies for Cr, V and Cu doped ZnS lie
significantly above the general trend between formation energy and lattice strain.
This is consistent with a relatively large difference between the TMD’s bond length
in doped ZnS compared with the TMD’s bond length in the transition metal
sulfide. This bond length strain is 9.0, 7.5, and 4.8 % for Cr, V and Cu doped
ZnS respectively, compared with 0.7, 1.2 and 2.7 % for Co (high spin), Fe, and
Mn doped ZnS, respectively, which have much lower formation energies.

Hence, to understand the formation energies of doped semiconductors, it is
necessary to consider both strain in the host lattice as well as strain in the dopant
atom bonds. The projected density of states (PDOS) show that TM doping causes
electronic structure modification and the introduction of states within the ZnS
band gap as seen in Figure (ii,a). For Ti, Co and Ni doping, the high spin
state is lowest in energy and the Density of states (DOS’s) for this spin state are
shown in Figure [2.2[iib). However, Kurnia & Hart| (2015)) studies was scattered
since it made it difficult to the know the ideal dopant for the PEC application.

According to [Korir et al| (2021)), water splitting using photo-electrochemistry
may be able to use ZnO NWs as photo-anode materials. Utilizing 3d TMD’s as
a potential strategy to produce ZnO NWs with increased PEC activity, Ab-initio
DFT simulations were also carried out. Their results showed that the doping site,

concentration and d character of dopant, all affected how stable 3d TMD’s were
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in ZnO NWs as seen in Figure [2.3|i); in both O-rich and Zn-rich conditions, the
majority of TM atoms were energetically most advantageous at the Zn substi-
tutional site as seen in Figure [2.3|ii). Their research was based on ZnO as the
semiconductor unlike the vcurrent research where the base material is ZnS.

Additionally, they discovered that at dopant concentrations of 1-6% at ther-
modynamic, all 3d TMD’s in ZnO NWs under O-rich conditions and Sc, Ti and
V under Zn-rich conditions had negative formation energies. This suggested that,
the dopants could be easily incorporated into ZnO NWs as described in Figure
2.3(1 and ii). Figure[2.3(V) illustrates how the dopant concentration had a major
effect on the band gap of TM doped ZnO NWs. When the dopant concentration
in Mn and Fe doped ZnO NWs increases, a noticeable band gap reduction is seen,
which at larger dopant concentrations shifts towards the visible light spectrum.
When Mn was present, the system turned metallic at 6 atm. %, when the band
gap became zero. Fe doped ZnO NWs on the other hand, maintained its semi-
conducting nature at the same dopant concentration, with a band gap of 1.78 eV.
Their results provided an insight on what could happen in doping ZnS for PEC
applications.

The authors proceeded to claim that whereas dopants such as Sc, Cr, Mn, Co,
Ni, and Cu in ZnO NWs yielded band-edge states, the electronic properties of
Ti and V at 2% and 4% dopant concentration, respectively, produced a staggered
band structure configuration as seen in Figure[2.3(iv) . Moreover, by reducing the
band gap, 3d TM dopants caused ZnO NWs’s absorption edge to be considerably
red-shifted as seen in Figure (iii) ; these effects were predicted to improve the
material’s ability to collect visual light. The study’s findings indicated that the
VBM of ZnO NWs doped with Sc, V, Ni, and Cu remained strongly positive above
the oxidation potential of Oy and H,O, while their reduction potential remained
negative below the reduction potential of H™/Hs.

They further divided the 3d TM doped ZnO NWs into two groups: those that

introduce band-edge states and those that induce mid-gap defect states. Whereas
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Sc, Cr, Mn, Fe, Co, Ni, and Cu introduce valence edge and conduction edge
states with an overall reduction of energy band-gap as shown in Figure (Vi),
Ti and V induce mid-gap states, which are attributed to hybridization between
3p and 2d orbitals. This indicated that the band alignment relative to the redox
potential of water could have favoured PEC application. Indeed, this study have
been instructive and formed part of the literature evaluation that served as the

foundation for the current study.
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Figure 2.3: Crystal structure, stability, band gap, pdos and optical characteriza-
tion

'Azouaoui et al.| (2020)) investigated the structural, electrical and magnetic char-
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acteristics of Mn,N having a cubic perovskite structure by density functional the-
ory calculations using first principles. The findings demonstrated that the MnyN
exhibited a metallic behaviour with a low magnetic moment and a ferrimagnetic
spin arrangement. The Design of States (DOS) analysis indicated that the pri-

mary source of the DOS at the Fermi level was Mn’s 3d band contributions as

shown in Figure [2.4(i).
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Figure 2.4: (i)projected dos of Mn-d orbital: a at the corner and b at the face,
(ii) Total energy versus lattice parameter a with AFM configuration and b with
FM configuration. Source; |Azouaoui et al. (2020)

The magnetic moments increased with an increase in lattice parameters and
in the vicinity of the optimal lattice parameter, both magnetic moments had large
deviations as shown in Figure [2.4{ii). This research was very informative on the
effects of Mn dopant in perovskite structure. However, it would have served well
if other TMD’s were considered for comparison and further investigation to give
a highlight on what happens when doping occurs.

First-principles calculations of the lattice constants, the band gap and the

DOS of ZnO:Mg (Znl1,Mg,O) was performed by [T. Han et al| (2011) within the
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framework of DFT and showed to be in good agreement with experimental results
in the literature. The Zn-4s DOS was responsible for the band gap widening of
ZnO: Mg. This work provided a powerful tool for tailoring the band gap and
electronic properties of ZnO with doping elements. However, the base material
was Zn0O and other dopants were not considered to predict the best dopant instead
magnesium was used.
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2.3 Review on development, characterization and
hydrogen production evaluation of the selected
transitional metal doped ZnS decorated with

graphene

2.3.1 Overview on the properties of nanostructures

A Nanomaterials (NM) is 1072 meters. Rizwan et al.| (2021)); [Saleh| (2020)) cate-
gorized NM into four types according to their shapes and size. The initial kind,
known as zero dimension: Materials, such as nano dots, have three nanoscale
dimensions and are incredibly small nearly zero. Viswanath et al| (2014). One di-
mension makes up the second sort where its two other dimensions are outside the
nanoscale, such as extremely thin surface coatings, while its one length (x, y or z)
is contained within the nanoscale |Almuhammady et al.| (2021). The third type of
material is 2D; like nano carbon tubes, its two dimensions fall within the range of
nanometers, while its third dimension is outside of the nano range. The final type
of NM has 3D, all of which are at the nanoscale. Its dimensions are marginally
larger and are not ignored (often more than 10 nm), which sets it apart from the
zero dimensions. classical mechanics in the case of NM is unable to adequately
describe the phenomena that take place in them because of the tiny dimensions
Kibble & Berkshire| (2004)); Lostaglio et al.| (2015)); Woit| (2011)); (Gutzwiller| (1970).
In this work 2D is the utilized classification.

Quantum mechanics allows for the description of a wide range of objects in
tiny dimensions (Giamarchi (2003)); [Vollath/ (2008) and the characteristics of NM
are different from those of materials with their original dimensions [Ealia & Sara-
vanakumar| (2017). There are numerous reasons why characteristics change, but
the primary one is: The NM stand out due to their exceptionally enormous surface
area (SA) in relation to their size. In this instance, the ratio of SA to volume (V)

will be as shown in Equation = 3 % 10° if we assume that the value of r in
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the equation is 1 nm Horikoshi & Serpone| (2013). A sphere with radius r has the

following characteristics:

SA = 4mr? (2.1)
4
= 2.2
v 33 (2:2)
and
3

The SA would be 6m? for a cubic length of 1 m. The area would be 12m? if the
cube were divided into two equal pieces 18m? will be the area if it is divided into
three equal sections. Hence, when a bulk material is separated into an ensemble
of individual NM, the total volume stays the same but the collective surface area
increases significantly |[Kulkarni et al. (2015). Furthermore, the NM has the abil-
ity to collapse into extremely small dimensions, thereby dominating the quantum
effect on matter behavior at the nanoscale |Cassone| (2020)) rather than using the
classical mechanics model to explain motion and energy, quantum mechanics will
do. The gravitational forces become very minor and ignored within specific lim-
itations when the three dimensions of NM are very small (less than 10 nm), as
they depend on very small and insignificant parameters such as mass and distance
Viswanath et al.| (2014)). In the case of Nanoparticles (NP), the electromagnetic
forces are quite high. The band gap and lattice parameters vary on the size of the

particles, which is another reason to alter the properties of NM Vollath| (2008)).

1. Physical Properties. The bulk material’s structure is the same as the NM
crystal structure, its lattice parameter however, varies Kulkarni et al.| (2015))
and this can be an amazing unique qualities that can differ greatly from the
bulk material’s physical characteristics. Although many of these peculiar
qualities are still unknown, some are known, the physical characteristics
of NM are the same for materials of different origins in terms of the large
distribution of atoms on the surface, the large surface energy resulting from

interactions with the external environment, the increased surface area and
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the spatial confinement of the electrons due to the small dimensions, which
prevents the electrons from moving freely |[Viswanath et al.| (2014); Mageswari

et al.| (2016)

. Optical properties. |Nair et al| (2018)) highlights that optical qualities
are among the most entrancing and helpful properties of nanomaterials and
have been widely examined utilizing an assortment of optical spectroscopic
strategies and are among the most significant features since they are essential
for numerous applications [J. Li & Zhang| (2009)). According to |J. Z. Zhang
(2009); Mandal & Ganguly| (2011); Parola et al. (2016)), these applications
include solar cells, photocatalysis, photo-chemistry, optical detectors, lasers,
sensors, imaging, and bio-medicine. Molecular size, shape, surface charac-
teristics and other factors, such as enhanced contact with the surrounding
environment or other nanostructures, are factors that determine the optical
properties of NM H. Kumar et al. (2018); Tshabalala et al. (2020). When
the particle size varies, the optical absorption coefficient shifts, causing a
change in the color of NM |J. Z. Zhang (2009)). Small dimensions allow the
electron to be spatially confined, preventing it from moving freely R. Ma et

al.| (2020); Viswanath et al.| (2014).

. Chemical properties. According to Fernandez-Garcia et al.| (2004)); Bunaciu
et al. (2015), the size of a material mostly influences its chemical stability
and reaction, which in turn influences its electronic structure. Mu et al.
(2014); L. Xu et al. (2018) explains that NM have a low chemical stability
and a large surface area, which enhances the likelihood of interaction with
the outside world and the poor stability of nanoparticles, offers an oppor-
tunity to design and fabricate unique nanomaterials, such as by chemically
transforming the “captured” intermediate nanostructures during a changing
process, assembling destabilized nanoparticles into larger ordered assemblies,
or shrinking/processing pristine materials into the desired size or shape via

selective etching , NM typically interact more than bulk materials. Fur-
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thermore, Viswanath et al. (2014]) argues that alterations in the electronic
structure and a comparatively high ionization factor are two factors that

may contribute to reduced chemical stability X. Du et al.| (2019).

. Electronic properties Due to the differing electronic structures of the
two, the strength of the energy levels in the conduction range of the NM
fluctuates differently from the bulk Kulkarni et al. (2015). An energy gap
is produced when the gap between two levels is greater than the product
of the Boltzmann constant kgT'(k) or (kg) and temperature (T). Depending
on the electronic structure and energy level separator, relevant nanoscale
components will result in varying sizes Almuhammady et al. (2021)). Com-
pared to bulk materials, NP have more potential for ionization and the main
factors influencing the wide variations in NM’s electronic characteristics are
charge quantization, the energy bands separating the valance and conduc-
tion bands, which determine the electronic transition from lower to upper
and the quantum confinement of electrons with their freedom of movement

Barhoum & Garcia-Betancourt| (2018)).

. Magnetic Properties The two main features that dominate the magnetic
properties of NP are finite-size effects (single-domain, multi-domain struc-
tures and quantum confinement) and surface effects (symmetry breaking of
the crystal structure at the particle surface, oxidation dangling bonds, and
surface stain) |Obaidat et al.| (2015); (Giorgalli (2021)). Due to an increase
in the ratio of surface to core atom counts, surface impacts become more
pronounced as particle size reduces Kulkarni et al.| (2015). Many magnetic
characteristics, including coercivity field, magnetic anisotropy, curie temper-
ature and magnetic moment per atom, can differ between nanoparticles and
bulk material Kodama| (1999); Hernando et al. (2005). Compared to the in-
terior of a particle, the surface magnetization of a particle drops more quickly
as temperature rises. NP magnetic anisotropy can be greatly influenced by

the poor symmetry surrounding their surface atoms [Lisjak & Mertelj| (2018)).
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Additionally, there may be fewer magnetic neighbour atoms influencing the
magnetic structure around defects in the interior and on the surface, which
can result in non-collinear spin configurations in ferri-magnetic particles
Mgrup| (2003); Sharmin| (2023)). Differential magnetic characteristics result
from a significant number of atoms in magnetic materials with large surface
area to volume ratios having varying magnetic couplings with surrounding
atoms |Coey| (2010); Tronc et al.| (2000). When a magnetic field is introduced,
the magnetization’s of the particles are arbitrarily orientated and aligned;
this alignment vanishes when the external field is removed, a phenomenon
known as super paramagnetism is seen in magnetic nanoparticles Mikhaylova
et al.| (2004). This is because, in contrast to the numerous domains of bulk
magnetic materials, magnetic nanoparticles only have one domain |Caizer
(2016); Peddis et al. (2014). The behavior of the particle is ferromagnetic
due to the charge localized at the particle surface. This finding suggested
that metallic clusters may exhibit ferromagnetic-like behavior as a result
of chemical bonding-induced band structure alterations Batlle et al.| (2022));

Y. Hu et al| (2021).

. Mechanical properties The mechanical characteristics of NM vary sig-
nificantly when compared to bulk materials. Inter-atomic distance reduces
as the number of atoms on the surface rises, increasing inter-atomic force
in the process. According to Q. Wu et al| (2020), this increase in inter-
atomic force raises the shearing strength of NM. According to Bunaciu et
al.| (2015, the young modulus of nano-solids increases in tandem with the
shearing strength. This mechanical property represents the stiffness of a
solid material and is defined as the relationship between stress (force per
unit area) and strain (proportional deformation) in a material in the lin-
ear elasticity regime of a uni-axial deformation Wiederhorn et al.| (2011));
Baumgart| (2000). In addition, compared to bulk materials, NP have the

largest tensile property, less plastic deformation, are more delicate and have
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less surface flaws. Better mechanical qualities result from these causes and

modifications |[Kulkarni et al. (2015); [Viswanath et al. (2014); |Vollath| (2008).

2.3.2 Overview on the role of transitional metal dopants

and graphene

ZnS NPs have high surface to volume ratio thus exhibit large band gap and hence
are more promising carriers of photoluminescent |Bhargava et al.| (1994). In order
to utilize the semiconductor nanocrystals for the fabrication and commercializa-
tion of devices at nanoscale, it is required to synthesize ZnS NPs with different
physical and chemical properties and this can be achieved by doping. The dopants
form the impurity centres that interact with the electrons and holes. The addi-
tion of impurities shifts the central recombination from surface states to that of
impurity states thus enhancing the radiative efficiency. In this regard, many re-
searchers have tried to synthesize TM doped semiconductor nanostructures |Choi
et al.| (2005)); [Yatsunenko et al.| (2008). Owing to its large band gap (3.6 €V), ZnS
itself absorbs only in the UV, but its absorbance can be easily tuned by doping
with metal ions, including Mn, Ni, Cu, Pb Kudo & Sekizawa, (2000)); Tsuji & Kudo
(2003)). Recently, many advances have been made in the synthesis of transition
metal doped III-V and II-VI semiconductor nanostructures as the theoretical work
predicted these materials could exhibit high curie temperatures |Dietl et al.| (2000).

ZnS NPs doped with transition metal ions are the most important material
for research in semiconductor nanocrystals and suggest a new class of photolumi-
nescent materials. For example, the Mn*? ion have the electronic configuration
[Ar]3d®, these d states of Mn™ hybridize with the s-p states of ZnS lattice thus
resulting in faster energy transition between the two, hence increasing the quan-
tum efficiency. The Mn*2 ions have the broad emission peak that depends upon
the host lattice |[Bol & Meijerink (1998); Van Sark et al.| (2001). Doping of various
optically active luminescent materials has also been reported by K. Dutta et al.

(2009) to improve various properties specially increase in intensity of emission in
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wide range of wavelength. Various dopants have been reported in which Cu doping
have received much attention due to strong dependence properties on concentra-
tion. It attracts the different energy levels resulting in luminescent spectra |C. Lee
et al.| (2008))

In the previous reports, ZnS doped with several metal ions such as Cu, Ni
and Pb was already examined for photocatalytic Hy production |Arai et al. (2008);
H. Yu et al.| (2007); J. Yu et al| (2010). The quantum efficiency of Cu doped
ZnS was found to be as high as 3.7% at 420 nm |Kudo & Sekizawal (2000), but its
chemical stability was low. Ni doped ZnS was chemically stable but its activity
for Hy production was lower and the quantum efficiency was found to be 1.3% at
420 nm by Kudo & Sekizawal (2000) and 2.1% at 430 nm by Bang et al.| (2008)).
The photocatalytic activity of Pb doped ZnS was much lower than that of Cu, Ni
doped ZnS.

Khosravi et al.| (1995) reported the photo physical and photocatalytic prop-
erties of ZnS NPs and explained the role of defect levels in influencing the lu-
minescence characteristics of quantum particles. Photoluminiscense (PL) studies
revealed a peak at 325 nm (3.82 eV) which was due to transition of trapped elec-
trons to valence levels. It was concluded that capping agents were important
in removing Zn dangling orbitals (electron traps) from the gap. Observation of
broad red shift in luminescence and absence of band edge luminescence may have
been due to unsaturated sp® hybridized orbitals of surface S atoms. PL emission
for various excitation wavelengths was measured. They observed a broad peak at
about 363 nm (3.41 eV) for all samples in the PL spectra for all organic passivating
agents at 220 nm excitation wavelength.

New insights into the reaction mechanism of graphene semiconductor photo-
catalysts have provided designers of rGO based composite photocatalysts with
new avenues for solar energy conversion design. This has additionally stimulated
comprehensive investigation into the microscopic charge carrier transfer pathway

associated with the interface between the semiconductor and the rGO [Y. Zhang,
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Zhang, et al. (2012); |[Kiptarus et al.| (2024). In recent decades, graphene and

its derivatives have come to be recognized as promising starting points for the

creation of new materials. Excellent electronic, thermal, optical and mechanical

properties are possessed by graphene and its compounds Igbal et al.| (2020)).

Researchers have always searched for innovative technologies to generate graphene
and its derivatives in an efficient and safe way. NM are used in a wide range of in-
dustries, such as superconductors, biology, sensors, nano-electronics and research.

It has been found that a number of NPs can be used to make everyday objects.

However, creating carbon based composite materials that may be used in a vari-

ety of applications is simple and reasonably priced [Egbedina et al. (2022). When

compared to conventional materials, composite elements are found to exhibit some
extraordinary qualities and to be easy to fabricate.
Numerous allotropes of carbon exist, including fullerene, which is 0D; car-

bon nanotubes, which are 1D graphene and its derivatives, which are 2D; and

graphite, which is 3D |Adetayo et al| (2019)). Graphene is the thinnest, stiffest

and most effective heat and electrical conductor known to science. Graphene is a
2D substance having a hexagonal lattice structure, sp? hybridization and carbon

atoms organized in a honeycomb pattern as demonstrated in Figure

Figure 2.6: Honeycomb structure, a; and ay are the lattice units. Source;

(2019)

It’s mechanical, thermal and electrical qualities are exceptional with a mi-
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nuscule band gap. High electrical characteristics (6000S/cm), high mechanical
strength (130 GPa), high optical transmittance (97.7%), high thermal conductivity
(5000Wm!K'), huge theoretical surface area (2630m~2g') and Young’s modulus
of 1 TPa are all present in graphene |Kazempour et al.|(2019)). To create a structure
similar to graphene, rGO can be reduced utilizing a number of methods, such as
thermal reduction, photochemical reduction, electrochemical reduction, microwave
reduction, solvothermal reduction, and chemical reduction. Y. Chen et al. (2015);
J. Chen et al| (2015). By eliminating the oxygen functional groups from GO,
compounds such as hydrazine, dimethylhydrazine, hydroquinone, sodium borohy-
dride, hydrohalic acids and strong alkali can be used to produce rGO |Lavin-Lopez
et al.| (2017). These compounds all carry the potential to be hazardous to both
human health and the environment. It is crucial to find a lowering agent that can
lower GO without sacrificing the consistency and responsiveness of rGO.
Recently, natural or non-toxic ingredients have been used in the "green re-
duction" process: sugar, green tea, ethylene glycol, leaf extracts from natural
products, aromatic amino acids, and sodium carbonate W. Chen et al.| (2010). It
has been discovered that ascorbic acid (AA) is an effective reducing agent. Since
the reaction produces no hazardous gaseous byproducts and is not environmen-
tally hazardous, AA has no toxic properties. By adding potassium permanganate
to a solution of graphite, sulfuric acid and sodium nitrate, Hummers’ technique
yields graphite oxide. It is widely used by lab staff and engineers as a trustworthy
method of producing large amounts of graphite oxide. It can also be modified
to provide a graphene oxide compound with a single molecule thickness Marcano
et al. (2010). Graphite flakes can be oxidized using three alternative methods,
as seen in Figure the improved technique, Hummers’ method and Hummers’

method with extra K MnO, Singh et al.| (2016)).
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Figure 2.7: Hummers procedures for the synthesis of graphite oxide. Source;
'W. Chen et al.| (2010))

Sujiono et al.| (2020)) synthesised graphene oxide based on coconut shell waste

by successfully using a modified Hummers method and the obtained GO was con-
firmed using XRD, FTIR, RS, UV-vis and SEM-EDX. In coconut shell charcoal,
where the GO sample tends to form a rGO phase, the XRD spectroscopy yielded
the fractional content of the 2D graphite phase at 71.53%, 14.47% phosphorus,
10.02% calcium and 3.97% potassium. The FTIR spectra revealed compound func-
tional groups that are similar to the way GO is made from pure graphite: hydroxyl
(-OH) at peak 1 (3449.92cm™!), carboxyl (-COOH) at peak 2 (1719.42cm ™), peak
3 (1702.62cm™1), alcohol (C-OH) at peak 4 (1628.12cm™!) and epoxy (-C-O) at
peak 5 (1158.51em™1).

D band intensity (Id)
G band intensity (Ig)

Band Intensity = (2.4)

The RS investigation revealed that the GO sample had an intensity ratio [see
Equation of 0.89 with a 2D single layer. The surface morphology with a large
number of granular particles and a broad size distribution was shown by the SEM
data. The spectrum, which formed as a result of light absorption of the energy

impinge on the material, showed sufficient optical characteristics in the UV-visible
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Figure 2.8: Hummers modified method for the synthesis of reduced graphene.
Source; [Sujiono et al. (2020)

range of findings. Using the Tauc plot approach, the sample’s band gap energy
value at 4.38 eV revealed characteristics of a semiconductor.

Due to the distinctive physical, chemical and mechanical properties of 2D
graphene sheets, the combination of graphene and other inorganic functional ma-
terials holds great promise for a variety of potential applications, including energy

storage materials, composites, sensors, nanoelectronic devices and photovoltaics

\Vivekchand et al.| (2008). The production of graphene sheets can be facilitated

by GO. Owing to the profusion of functional groups, including hydroxyl, carboxyl

and epoxyl groups on the surface of their carbon sheets, GO platelets are highly
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Figure 2.9: Graphene synthesis and its derivatives. Source; [Tewatia et al.| (2021))

hydrophilic and dispersible in water [Kotov et al.| (1996)); Szabo et al.| (2006]). As

graphene is no longer the starting material for materials based on graphene, GO’s

interlamellar space feature has taken its place [Yao et al.| (2009).

Tewatia et al.| (2021) successfully synthesized GO using a modified version of

Hummer’s process using an environmentally friendly reducing agent AA. It was ob-
served that all of the data from XRD Figure[2.11fi), UV-vis, RS andFTIR agreed
with previously published literature. They did, however, add that the chemical re-
duction approach used fewer hazardous chemicals and was a more affordable tech-
nique for large scale production. FTIR, Figure (iii), UV-vis, Figure (iv)
XRD and RS Figure 2.11](ii) were used to examine the surface and structural
characteristics. FTIR verified that during the reduction process, the majority of
groups, including hydroxyl (-OH), epoxy (-C-O), carboxyl (-COOH) and carbonyl
(C=0), may have been eliminated. Various techniques for synthesizing graphene
and its derivatives are shown in Figure This research work considered using

graphene as a decorator because of the discussed benefits.
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Figure 2.10: Graphene structure. Source; [Tewatia et al.| (2021)
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Figure 2.11: The XRD, SEM, FTIR and PL Spectra images of graphene. Source;
Tewatia et al.| (2021))

2.3.3 Overview on the synthesis of ZnS nanostructures

The earliest techniques for preparing NM are physical ones, particularly those
that involve hand grinding Rao & Biswas| (2009). According to |Almuhammady
et al. (2021); Mageswari et al.| (2016]), physical methods involve mechanical pres-
sure, high energy radiation, thermal energy or electrical energy to cause material
corrosion, smelting, evaporation or condensation, which results in the generation
of nanoparticles. These physical techniques are advantageous because they gen-
erate standardized mono-NP and operate on a top-down system without solvent
contamination. Physical approaches are less expensive both operationally and

economically. There are a number of techniques, such as laser pyrolysis [Shin
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(2021)), inert gas condensation synthesis [Suryanarayana & Prabhu (2007);
K. Zheng & Branicio (2020)), high energy ball milling [Fecht et al.| (1990) and

electron beam lithography Tseng et al.| (2003)).

The primary source of mechanical or thermal forces needed to create molecules

or gather atoms to produce materials with nanoscale sizes is chemical reactions,

which are the basis of chemical procedures |[Naresh & Lee (2021). The main con-

stituents of the powder are a blend of minerals, oxides and chlorides that combine
by heat treatment or grinding to create a powder with ultra-pure particles dis-
tributed across a stable salt matrix. The most significant chemical techniques for

recovering these particles from the matrix’s removal selectivity via one pot synthe-

sis , sol-gel method Bokov et al.| (2021]);Ward & Kol (1995), hydrothermal synthesis

\Gan et al| (2020); da Rocha et al. (2015), solvothermal method Lai et al. (2015),

polyol synthesis Kulkarni et al.| (2015), micro emulsion technique Viswanath et al.|

(2014)) and microwave assisted synthesis Niichter et al.| (2004)), solid-state reaction

as shown in Figure [2.12

These techniques are applied with the proper solvents for each washed com-
pound. Numerous synthetic techniques and modifications to ZnS based composites
are required in order to increase the high efficiency of ZnS and further enhance the
good solar cell material features. Additional properties that can be added to ZnS

NSs include spherical shape thick and thin film creation, rod and tube like features

Fang et al.| (2011). The current research considered using hydrothermal technique

for the synthesis of cobalt doped ZnS decorated with graphene as discussed below.
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Figure 2.12: Techniques for producing nanomaterials both chemical and physical
processes. Source; Almuhammady et al.| (2021))

Hydrothermal method is one of the most popular techniques for producing

nanomaterials. Essentially, it follows a solution-reaction-based methodology

et al. (2020); B Djurisic et al. (2012). NM can be formed via hydrothermal syn-

thesis at temperatures ranging from ambient temperature to extremely high tem-

peratures [ X. Wu et al| (2011). By use of a heterogeneous reaction in an aqueous

medium at high pressure and temperature near the critical point in a sealed ves-
sel, the hydrothermal approach produces nanostructured materials
(2016)). The hydrothermal and solvothermal methods are similar. The use of a

non-aqueous medium is the only distinction. In general, closed systems are used

for hydrothermal and solvothermal procedures Chen & Holt-Hindle| (2010). De-

pending on the vapor pressure of the primary component in the reaction, either
low-pressure or high-pressure conditions can be utilized to control the morphology
of the materials to be synthesized. Hydrothermal method has garnered significant

attention recently for engineering nanomaterials and many types of nanomaterials

have been successfully synthesized using this approach Meng et al. (2016]).
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The hydrothermal synthesis method has several advantages over other meth-
ods. For the purpose of creating diverse nano-geometries of materials, including
nanowires, nanorods, nanosheets, and nano-spheres, hydrothermal and solvother-
mal techniques are fascinating and practical |Dong et al. (2020); [Y. Jiang et al.
(2018); B. Chai et al. (2018)). There are many benefits to using hydrothermal and
solvothermal processes, such as low temperature synthesis energy efficiency, closed
system conditions that protect the environment, high crystallinity, phase purity
and high yield products Devaraju & Honma (2012)); Komarneni et al. (2010). A
few drawbacks of hydrothermal and solvothermal processes include the require-
ment for costly autoclaves made of stainless steel and Teflon liners, potential
safety concerns during reaction processes and the impossibility of studying in-situ
reactions because of their closed systems Dong et al.| (2020)).

For the synthesis of simple oxides like 7705, ZnO |P.-K. Chen et al. (2012);
P. Chen et al. (2013), BiO3 Muruganandham et al.| (2012)); |[Hsieh et al.| (2013),
InOOH Muruganandham et al.| (2013) and F'e;Os, hydrothermal preparation was
thoroughly studied and many of the important parameters were investigated. This
was achieved by heating the contents in an autoclave or an inert atmosphere and
adding a surfactant, stabilizer, or capping agent to prevent the growth of nanopar-
ticles. These stabilizers aid in the dissolving of the particles in various solvents
and stabilize against agglomeration, producing extremely crystalline phase pure
homogeneous particles with a restricted size distribution |Amutha et al.| (2013]).

Tiwari & Dhoble (2017) used a straightforward hydrothermal technique and
several sources of zinc as a precursor, solvents and surfactant to produce range of
ZnS NSs with adjustable crystal phase and morphology. With this technique, the
ZnS nanocrystals’ surface energy can be altered and the shape of ZnS synthesized
under comparable experimental conditions can be regulated at various reaction
times and temperatures |L. Jiang et al| (2008). Smaller ZnS NPs in a vacuum
are more thermodynamically stable in the wurtzite phase than in the sphalerite

phase, according to the low surface energy that is produced |[Subramani et al.
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(2023). The shape of ZnS produced in water or solvents at varying reaction times
under comparable experimental conditions is also worth noting. Additionally,
when the reaction time increases, the ZnS products’ surface area reduces, which
could be caused by larger particles on the microsphere surface|L. Chai et al.| (2007)).
Meanwhile, the morphology of the products may vary depending on the initial
concentration of the precursors, different zinc precursors, solvents and surfactants

G.-J. Lee & Wu (2017)).

2.3.4 Critical review on the synthesis, characterization and
hydrogen production evaluation of transition metal

doped ZnS nanostructures

Addition of Co to a ZnS matrix is one potential dopant with an ionic radius less
than Zn Hoy-Benitez et al.| (2020). This results in an easy-to-use doping method
that produces high quantities of dopants. High concentrations of Co result in band
gap states that allow absorption in the visible spectrum. The study examined ZnS
and Zn,_,Co,S thin films for atomic structural distortions at two distinct heavy
dopant concentrations: 3% (x = 0.03) and 1% (x = 0.01414). Their work generated
a structural model of this heavily doped material that is realistic. According to
Kang et al.| (2018), a high doping concentration raises the likelihood of a direct
transition by relaxing the selection rule of transition metal ions and raising defect
levels. This work provided an insight on how well cobalt can be used as a dopant
at specific concentration but it did not proceed to analyse for the possibility of
harvesting hydrogen gas.

Cobalt doped ZnS was utilized by P. C. Patel et al.|(2015) to investigate anti-
ferromagnetism. They found that at normal temperature, ferromagnetism or half-
metallicity was reduced by high Co concentrations. In this work, ferromagnetism
was the subject of study hence lacked the investigation on cobalt as a photocatalyst

for hydrogen production.
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Mohapatra et al.| (2021) explained field emission scanning electron microscope

(FESEM) micrographs where rGO was discovered to have a paper like structure
consistent with the current research. A regular hexagonal pattern was produced on
the sheet, indicating the presence of ZnS particles Figure however their study
was based on ZnS without the TM dopants. The same study was done by
where the graphene sheets were integrated in order to allow ZnS NPs to
develop and disseminate on their surface and prevent the sheet from aggregating.
Compared to pure ZnS and rGO, ZnS reduced graphene oxide nanocomposites
exhibited fluorescence. Again the use of TM was missing while the use of rGO
gave informative results to be compared with the current research.

By enhancing interfacial charge transfer, reducing charge recombination and

effectively harvesting light, enhances photocatalytic activity L. Tong et al. (2017)),

this was also in tandem with current work on the use of graphene. Figure
displays FTIR analyses of both pure reduced graphene and a combination of rGO
and ZnS at different ratios. An infrared spectrum of a reduced graphene oxide
revealed large peaks indicating O-H bonding at 3386cm ™!, 3467cm ™!, 3419cm 1,
and 3484cm L. The study compared well with the results obtained in the current

work although the use of TM dopant was missing.

Figure 2.13: The FESEM micrographs of reduced graphene with ZnS nanocom-
posites. Source; [Mohapatra et al.| (2021))
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Figure 2.14: Reduced graphene and ZnS synthesis with FTIR spectra analysis.
Source; Mohapatra et al| (2021)

Reducing the metal precursors on a rGO surface was the only stage in the

straight forward chemical procedure that produced reduced graphene oxide nanosheets

decorated with ZnS and ZnS-Ag NPs|Naeem et al.| (2023) as shown in Figure

Using ethyl violet (EV) and malachite green (MG) as model dyes, the synthesized
rGO-ZnS nanocomposite was employed as an adsorbent material against them.
An Ag doped rGO-ZnS nanocomposite stimulated the breakdown of the selected
organic contaminant, resorcinol. XRD [2.15(i), SEM-EDX [2.15(iv), FTIR Fig-
ure [2.15((ii) and Transmission electron microscopy (TEM) Figure 2.15(iii) anal-
ysis were used to analysis the properties of the prepared Ag-coated rGO-ZnS
nanosheets which exhibited good photocatalytic properties for the degradation of
phenolic compounds, rendering them valuable as antimicrobial agents and efficient
adsorbents for the treatment of wastewater. This research worked on the waste
water treatment and used Ag as the dopant. However, there is lack of hydro-
gen analysis which could have provided some informative results for comparison

purposes.
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Figure 2.15: The XRD, SEM-EDX, FTIR and TEM characterization of Ag-ZnS-
rGO. Source; Naeem et al. (2023)

L. Xue et al. (2011)) developed graphene ZnS quantum dot nanocomposites by

using NayS as a sulfide source and reducing agent and by widely spreading ZnS

nanodots over the surfaces of graphene sheets using a simple hydrothermal and

HummersHummers Jr & Offeman| (1958)) technique. The effective reduction of GO

to graphene sheets was demonstrated by the results of FTIR as shown in Figure
[2.16|iii) and XRD [2.16(i). A wrinkly paper-like structure of the graphene sheets
decorated with ZnS nanoparticles was revealed by the sample’s morphological
characterisation as seen in Figurii) .

Additionally, the PL measurement, as illustrated in Figure (iv), revealed
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a smooth spectrum, suggesting fewer flaws in the composite. Moreover, PL. mea-
surement showed a smooth spectrum, indicating fewer defects in the composite as
shown in Figure 2.16] In summary, the SEM and TEM characterizations revealed
homogeneous distribution of ZnS nanoparticles on graphene sheets for optical ap-
plications. This work provided some insights on the effects of graphene on ZnS
NSs but the use of dopants was missing and the study was done for PL mea-

surements. Cobalt NPs were deposited on the surfaces of graphene sheets via
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Figure 2.16: The XRD, SEM, TEM, HRTEM, FTIR and PL analysis of G-ZnS
composite. Source; |L. Xue et al.|(2011)

hydrazine hydrate reduction. The as-synthesised composites were assessed using

TEM, XRD, FTIR, RS, thermo-gravimetry and differential scanning calorimetry

Ji et al. (2011). Figure revealed that the as-formed Co NPs were uniformly

and densely deposited on the graphene sheet surfaces, thereby preventing the as-
reduced graphene sheets from stacking again. The graphene/Co nanocomposite

showed ferromagnetic activity with saturation magnetization, according to exper-

iments done; XRD in Figure 2.17(iv), RS Figure 2.17(iv), FTIR Figure 2.17|iv)
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and SEM Figure (iv) analysis. The study was done to find potential applica-
tion of cobalt doped ZnS in ferromagnetism. Despite the fact that the data were
helpful for characterization and comparison, no analysis of photocatalytic activity

was carried out.
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Figure 2.17: The XRD, SEM, FTIR and PL characterization of Graphene/Co.
Source; |Ji et al| (2011])

Y. Zhang, Zhang, et al,| (2012) assembled nanosized ZnS particles on the 2D

platform of a GO sheet by a facile two-step wet chemistry process, during which
the rGO and the close interfacial contact between ZnS NP and the rGO sheet was
achieved simultaneously. The XRD in Figurd2.18(i) patterns of GO, rGO and the
resulting nanocomposites of ZnS-GR showed a sharp diffraction peak at 26 value
of ca.10.1° for the rGO obtained from the hydrothermal reduction, the diffraction
peak at ca.10.1° disappeared and a very broad diffraction peak at 26 of ca. 25.0°
appeared, suggesting practically that all GO sheets were converted to rGO with
a random packing and much less functions following hydrothermal reduction and

GO sheets were successfully exfoliated from the raw graphite.
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Figure 2.18: The XRD, FESEM, SAED, XPS and RS characterization of graphene-
ZnS as a photo-sensitizer. Source; Y. Zhang, Zhang, et al| (2012)

XPS illustrated in Figure[2.1§](ii) of GO and ZnS-rGO, FESEM Figure[2.18(iv),
TEM Figure [2.1§[iii)analysis of ZnS-5% rGO was performed and showed a nice
dispersion of nanosized ZnS particles on the surface of the rGO sheet support,
selected area electron diffraction (SAED) Figure[2.18((iii) pattern as shown in Fig-
ure (i) indexed as (111), (220), and (311) crystal planes of ZnS. In addition,
the SAED pattern revealed that the ZnS-5% rGO nanocomposite had a polycrys-
talline structure, which was consistent with the findings of the XRD analysis for
the current study.

The combined SEM and TEM characterization also revealed that the ZnS
NPs and the 2D rGO sheet had an interfacial contact created. This strategy
was recommended because the transfer of charge carriers in rGO-semiconductor
nanocomposites was intimately related to the contact between the rGO and the
semiconductor. It was evident that adding different concentrations of rGO signifi-
cantly affected the optical property of light absorption for rGO-ZnS nanocompos-

ites. With an increase in rGO content, there was a higher absorption of visible
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light in the 400-800 nm region, which correlated with the color change of the sam-
ples. In this work, ZnS decorated graphene was utilized as a photo-synthesizer;
TMD’s was not taken into consideration. The acquired results showed a good
analysis of NSs which is consistent with current research; nonetheless, hydrogen
evaluation and TM were not performed.

C.-J. Chang et al.| (2015)) investigated the abilities of photocatalytic Hy produc-
tion by Ni-doped ZnS graphene composite photocatalysts. Undoped and Ni-doped
ZnS was loaded on the surface of graphene to prepare a series of composite pho-
tocatalysts. Properties of the photocatalysts were characterized by XRD Figure
[2.19(1), ultraviolet visible diffuse reflectance spectroscopy Figure [2.19(ii) FESEM
Figure [2.19(iii), high resolution transmission electron microscopy (HRTEM) Fig-
ure 2.19(iv).

C.-J. Chang et al.| (2015)) furthermore investigated the abilities of photocat-
alytic Hy production by using Ni doped ZnS graphene composite photocatalysts.
Properties of the photocatalysts were characterized via BET 1 Figure [2.20[i (a)),
BET 2 Figure 2.20(i (b)), photoinduced current and photocatalytic hydrogen
evolution test Figure 2.21)ii). HRTEM Figure 2.20{i), XP92.21[ii). The results
of this examination were highly helpful and could be compared to the current
research.

Nevertheless, graphene and Ni dopant were utilized for photocatalytic hydro-
gen production and the results demonstrated extremely high rates of hydrogen pro-
duction, demonstrating the necessity of TM doped ZnS decorated with graphene
for high rate photoactivity.

The incorporation of graphene oxide was demonstrated by [Y. H. Ng et al.
(2010) to improve the photocurrent generation and photoelectrochemical water
oxidation of Bismuth Vanadate BiV O, thin films. A simple, one-step photocat-
alytic reaction was used to improve the photoresponse in visible light and a note-
worthy ten fold enhancement in the photo-electrochemical water splitting reaction

was observed on BiV O, — rGO composite compared with pure BiV Q4. Since the
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Figure 2.21: The HRTEM and hydrogen energy analysis of Graphene-Ni-ZnS.
Source;C.-J. Chang et al.| (2015))

electrons were injected into rGO instantaneously at the site of production, there
was less charge recombination, which was explained by the longer electron lifetime
of excited BiVO,.

This photo-response increase was also assisted by improved contact between
BiV O, particles and transparent conducting electrode utilizing rGO scaffold.
Properties of the photocatalysts were characterized by SEM Figure (ii), XRD
and XPS Figure [2.22[1i), electron transfer Figure [2.23(ii), UV-vis Figure [2.23(i).
This study examined graphene and bismuth vanadate for PECWS. Nevertheless,
it clarified the significance of adding various atoms to graphene in order to enhance

hydrogen generation, and the study excluded the usage of TMD’s.
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Figure 2.22: The XRD/XPS and SEM characterization of BiVO4 —rGO. Source;
Y. H. Ng et al| (2010)
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Poly(vinyl pyrrolidone) capped and uncapped Co:ZnS nanoparticles was syn-
thesized by co-precipitation method. These synthesized nanoparticles were char-
acterized using spectral techniques, the optical and photoluminescence properties
of nanoparticles were also studied. Poly(vinyl pyrrolidone) capped nanoparticles
was studied for the electrochemical sensing of various bio-molecules
. The photocatlytic activity on Eriochrome black T dye in the visible
region using nanoparticles was been determined using XRD Figure i), (SEM
and RS) Figure 2.24(iii) and FTIR Figure [2.24(i) analysis. It was found that the
capped nanoparticles were more effective in photocatalytic degradation due to low
energy consumption and safe recovery of it after catalytic performance from pol-
luted water. This work did not use graphene and instead examined cobalt as the
TM dopant for photocatalytic disintegration of pollutants, rather than generating

hydrogen.
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The literature review conducted by |Shakil et al. (2018) revealed that there

was no discussion regarding the use of graphene to decorate cobalt doped ZnS
for hydrogen production. Different TMDs were discussed in general. Nonetheless,
the cobalt-doped ZnS was examined in relation to its possible uses in advanced
optoelectronics and spintronics. Its absorbance and transmittance were described
using the PL Figure [2.25ii) and Bandgap Figure [2.25(i) spectra. Since the work

was intended primarily for optoelectronics and sprintonics, only the band gap
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and PL spectra were briefly discussed. Graphene was absent and there was no

hydrogen analysis.
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Figure 2.25: The Bandgap, PL images of Co-ZnS nanoparticles;( Review 2018).
Source; [Shakil et al,| (2018)

Mamiyev & Balayeval (2022) further highlighted particularly recent findings in

metal sulfide based photocatalysts for hydrogen evolution reactions, considering
the swift development and excellent research in this field and found out that the
photocatalytic hydrogen evolution rate was still limited mainly by fast recombi-
nation rate, poor solar energy utilization and lack of surface active sites for Hy
reduction.

successfully created ZnO nanoparticles using a modified hy-
drothermal approach and these particles were examined using XRD Figure [2.26]1),
HRTEM and other methods as shown in Figure (a) and (b). HRTEM was
carried out to investigate the shape and size of the obtained ZnO nanoparticles
with different reaction times.The size and form of the produced ZnO nanoparticles
were discovered to be affected by the reaction time. ZnO nanoparticles were pro-
duced in spherical and rod shapes with longer reaction times due to an increase
in growth rate, see Figure [2.26[(ii).

Additionally, due to smaller nanoparticles gathering and creating larger parti-
cles, nearly all of the ZnO nanoparticles emerged as clusters of nanorods
. The equivalent strain and grain size was calculated from the diffrac-

tion patterns using the Scherrer and Williamson-Hall method. The average values
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of the ZnO nanoparticles’ D crystallite size with a range of 30-34 nm to represent
the typical values of the crystallite size, D of the ZnO nanoparticles produced at
various reaction durations.

The Figure [2.26]iii) and Figure [2.26(v) showed the optical absorption and
transmittance spectra of the manufactured samples for times 7, 15, and 23 hours
at near normal incidence over a spectral range between 200 and 800. The direct
optical band gap Figure (Vi) and crystallite size Figure (iv) obtained from

Scherrer calculated using the relation:

N|=

ahv = B(hv — E,) (2.5)

where B is a constant whose value depends on the likelihood of a transition, hv
is the photon energy, is the absorption coefficient and E, is the optical band gap.
From Figure (vi), the plot of hv against hv? was used to estimate the energy
gap E,. According to the reaction time, the values of E, were 3.58, 3.14, and 2.90
eV for S1-S3 respectively using Equation [2.5] The calculated values differ from the
bulk ZnO value 3.37e¢V. The produced zinc oxide samples’ quantum confinement
effects may be to blame for this blue shift |Jay Chithra et al.| (2015);/S. N. Shah et al.
(2016). According to the reaction time, the values of E, were 3.58, 3.14, and 2.90
eV for S1-S3 respectively using Equation 2.5 It was apparent that as reaction time
was increased, the band gap value dropped as a result of an increase in crystallite
size. This demonstrated that the aforementioned behavior may result from rising
nucleation and growth rate of NPs|Wasly| (2018);|Jay Chithra et al.| (2015). Figure
[2.26 (iii and v) shows absorbance and transmittance spectra of ZnO nanoparticles
synthesized at different times. The blue shift of the absorption of ZnO in the
UV-Vis spectra was gradually increased with the increase in reaction time due
to the decrease of particle size. The morphology showed that with increasing
the reaction time, smaller nanoparticles combined themselves and formed larger
particles and the average size of the ZnO nanoparticles is in in agreement with

XRD calculations. Regarding the UV-vis analysis, this study offered insightful
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Figure 2.26: The XRD, SEM, Absorbance, Transmittance, crystallite size obtained
from Scherrer and Direct band gap of ZnO nanoparticles synthesized at different

times. Source; (2018)

information that was highly pertinent to the ongoing investigation. Nevertheless,
the samples’ basis material was ZnO rather than ZnS, the study was done for
optical purposes rather than hydrogen, and graphene and TM dopants were also
absent.

The annealing effects on the XRD patterns of the Co?* ions doped ZnS samples

are displayed in Figure [2.28(b) |Ashokkumar et al.| (2015). Up to five hours of

annealing at 100°C' did not cause any change in the three diffraction peaks that

corresponded to the (111), (220), and (311) planes after annealing 3 mole% Co*"
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ions doped ZnS in different time interval samples. Furthermore, reflections at 2 =
28.9°,48.4°, and57.5°, respectively, indicated that the cubic crystalline ZnS was
annealed in an open atmosphere. For this annealing, no other impurity phase peak
(Co, CoS, ZnO, and CoO) was detected for any of the time intervals. The absence
of any diffraction peaks in the sample’s XRD pattern suggested the absence of
the crystalline CoS, CoS, and ZnO phases. Making Use of the Debye-Scherrer
Equation (Cullity| (1956)).

0.9\
D= 2.
[Beost (2:6)

The full width at half maximum (FWHM) of the primary XRD peak was used to
compute the size of the crystallite, where D is the crystallite size, A is the X-ray
wavelength, 0 is the Bragg angle and the full peak width. Based on the Debye
Scherrer Equation from the peak with the maximum intensity, the average
grain size of the Co** doped and undoped ZnS samples were determined.

Ashokkumar et al.| (2015) employed a simple, optimized wet chemical co-
precipitation method to produce clean, distinct Co* ion doped ZnS nanocrystals.
The 3 mole% of C'o** ions doped particles were produced by annealing ZnS NPs
at 1000°C' for (1, 2, 3, 4 and 5) hours, respectively as seen in Figure 2.27(b).
According to the results of the experiments, NPs were stable for a few minutes
before aggregation and growing in size as a result of their high SA to V ratio and
an increase in the attractive force between them, as seen in Figure [2.28|(c and
d). Following annealing, C'o*" ions doped with ZnS nanostructures were analyzed
via UV-Vis spectrometer, XRD, SEM and energy dispersive analysis of X-rays
(EDAX).

XRD measurements shown in Figure 2.2§(a and b) revealed a phase singu-
larity in the cubic structure of C'o** ions doped ZnS particles. This indicated the
incorporation of Co?** ions into the Zn?* lattice positions. According to these
findings, the chemical was in a homogeneous phase and stable at 1000°C'. Based

on the broadening of the X-ray diffractogram pattern lines, the pure and doped
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sample contained nano size crystals with diameters of around 4-6 nm. The Zinc
blend phase and crystalline size were unaffected by Co**. Co*" doped ZnS was

discovered to have a lower band gap value than pure ZnS.
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Figure 2.27: The UV-Visible spectrum of (a) (1, 3, 5, 7 and 11 % ) and (b) 3% at
(0, 2, 3, 4 and 5 hours) of Co*" ions doped ZnS compound, Source; [Ashokkumar
(2015))

It was demonstrated that cobalt doped ZnS NPs had a cubic structure and a
uniform size distribution with a range of 4-6 nm based on XRD studies and Debye
Scherrer’s Equation 2.6] As a result of the XRD Figure [2.28(a) analysis, the ideal
doping concentration was found to be 3% of C'o** ions. Both the crystalline size of
the ZnO that was produced and the cubic phase of ZnS NPs remained unchanged
in response to doping the concentration of C'o** ions or varying annealing times.
The crystalline size of ZnS was not affected by annealing at 1000°C' for varying
durations, or by increasing the doping concentration, as observed in XRD in Figure
2.28(b) images, due to aggregation and a high surface to volume ratio of Co

cluster formation. As the concentration of C'o*" ions grew, the optical band-gap

energy of the cobalt doped ZnS nanoparticles decreased. |Ashokkumar et al. (2015)

reported photoluminescence measurements of the produced nanoparticles at room

temperature Figure [2.28(c).



79

(111)
(220) 311
§ ) (@)
M
El
&) )
c =y
G

|

(e) - : I SEREIES . (0 i
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5 hrs (f) 6 hrs. Source; Ashokkumar et al.| (2015)

While the undoped sample showed PL emission peaks at 450 nm, the Co?*
doped ZnS sample generated PL emission throughout the visible range with several
peaks at 405, 468, and 495 nm. For optical purposes, cobalt doped ZnS was the
subject of the investigation. Nonetheless, this work offered insight into the optimal
cobalt dosage, corresponding to at 3% nearly consistent with the current study.
Insightful data on XRD, SEM, UV-vis and lattice analysis being the subjects of
the current study are also provided. There was a lack of graphene and additional

research on hydrogen analysis.

Mahvelati-Shamsabadi & Goharshadi (2018) embedded ZnS NPs on different

numbers of rGO nanosheets using ultrasonic waves. It was determined how well
the rGO-ZnS nanocomposites worked as a photo-anode for the oxygen evolution
reaction. The photo-electrocatalytic activity of the rGO-ZnS nanocomposite with

10% rGO (rGO10-ZnS) was remarkably high when compared to ZnS, rGO and
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other manufactured nanocomposites. With a negative starting potential of around
200 mV, it showed a five-fold higher maximum photocurrent density (1.1mAcm?)
at 1.23 V (against RHE) than ZnS NPs in Na,SO, (0.5 M) solution.

The power produced by the solar simulated light, which was stored from the
external power source, was 0.9mWem?, or 1 V. The photovoltaic voltage of rGO
10-ZnS rose by approximately 400 mV in comparison to ZnS. The goal of this
endeavor was to generate power using voltage and photocurrent. Finding out the
impacts of graphene incorporated in ZnS NPs for photocurrent /voltage generation
was made possible thanks in significant portion to the analysis. TM dopant, which

may have allowed for comparison with the current research, was absent from this

paper.
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R. K. Sharma et al| (2016]) produced ZnS nanoparticles utilizing a chemical

technique without the use of a capping agent. Cobalt was added to the particles
in concentrations ranging from 1% to 8%. XRD, TEM, UV-vis and X-ray fluo-
rescence (XRF) were used to analyze the produced materials for their structural
and optical features. The zinc blend structure was corroborated by the measured
XRD patterns, which showed that ZnS:Co particles ranged in size from 3.2 to 3.7
nm. Data from a UV study were used to calculate the optical band gap.

Doping caused the band gap to vary, ranging from 4.95 to 5.8 eV. Studies on
the ultraviolet spectrum revealed a blue shift as particle size decreased starting
with bulk ZnS, indicating quantum confinement. When utilized in many layers,
this material may have the potential to be used as a filter or as a window layer
in solar cells. It was found that the band gap results from simulation in the
cases of nickel and cobalt doping were similar to those from experimental UV-vis

spectroscopy data, which revealed changes of 5.1 eV to 5.66 €V in the case of nickel

doping [Sud & Sharma (2016]) and changes of 5.0 eV to 5.6 €V for different doping

concentrations in the case of cobalt as shown in Figure 2.30p.
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Figure 2.30: The (a) Band gap verse concentration (b) UV-vis Spectrum (c) Tauc
plot (d) Optical band gap verses concentration variation of cobalt doped ZnS.
Source; R. K. Sharma et al. (2016); Sud & Sharma (2016))
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One way to vary the electronic properties of a ZnS thin layer was to change the
band gap as seen in Figure 2.30[(b). The blue shift, or large band gap created in
cases of doping, can be explained by the confinement effect in nanostructure. The
material may have been useful in the UV spectrum as a result of this wavelength
modification. As the particle size decreases, the ZnS characteristic peak, which
corresponds to the 3.66 €V band gap, shifts to shorter wavelengths. Figure (b)
illustrates the blue shift that results from doping, which may have caused the cutoff
wavelength to drop into the ultraviolet spectrum.

The study revealed that cobalt doping in ZnS alters the optical band gap sig-
nificantly, increasing from 5.2 nm for 1% Co to 5.8 nm for 5% Co by extrapolating
the straight section of the curve to the x-axis Figure [2.30c), while the pure ZnS
band gap was 4.95 eV at 3.8 nm crystallite size. For both 1% and 5% cobalt
doping, the crystallite size was the same.

A maximum band gap of 5.8 €V was attained at a cobalt doping level of 5%, as
shown in Figure (d), as opposed to the measured band gap of 4.95 eV for pure
ZnS. At 1%, 3%, 7%, and 8% doping levels, band gaps are less. Additional inves-
tigation reveals that the crystallite size was almost consistent within reasonable
error limits. Hydrogen analysis was not done and graphene was absent from this
paper. The application is in the solar cell’s window layer. In terms of comparison,
especially when applying UV-vis analysis to ascertain the band gap of the cobalt
doped ZnS NSs at different concentrations, the findings were extremely relevant
to this study.

Yan et al.| (2013));|Z. Liu et al.| (2008]);|Czerw et al.|(2002) clarified that graphene
has a work function of 4.4 eV compared to ZnO as depicted in Figure which
has an estimated work function of 4.5 eV Sundaram & Khan (1996). During the
development of ZnO/GR composites, certain electrons from the graphene sheet
may have diffused towards the ZnO and subsequently gather at the interface to
form potential barriers. The barriers may have prevented the electron from diffus-

ing into ZnO. These electrons may be found in the bases of the conduction bands
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of ZnO. There was a substantial population of low energy levels in the conduction

band following thermal relaxation.
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Figure 2.31: Schematic of the Burstein-Moss shift in ZnO/GR. Source;
& Khan| (1996])

From curves a to g, the UV emission peak site progressively changed from 384
to 379 nm as shown in Figure 2.32(i). The UV emission peak’s blue-shift may
have been brought on by the interaction between the graphene sheets and the

ZnQ particles.
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Figure 2.32: The (i) blue shift of the UV peak (ii) Raman spectra (Samples a
to f represent 1 mM ZnO suspension at different GR concentrations: (a) 0.025,
(b) 0.033, (c) 0.05, (d) 0.1, (e) 1, and (f) 5 mg/mL) of graphene and ZnO/GR
composites. Source; |Yan et al. (2013))

The RS of ZnO/GR composites revealed the presence of two fundamental vi-

brations, as Figure [2.32[(ii) illustrates. Typically, the Fs, phonon of carbon sp?
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bonds was identified as the source of the G band at 1580cm ™. As a breathing
mode of p-point phonons of A;, symmetry, the D band was found at 1357cm~t. Tt
was linked to many local defects and disorders, especially those seen at the edges
of graphene and graphite platelets Tuinstra & Koenig) (1970)); Ferrari & Robertson
(2000). The D/G intensity ratios were shown to exhibit unpredictable changes as
GRs concentrations rose from 0.025 mg/mL to 5 mg/mL. Greater than the 0.75
D/G intensity ratio observed in GO, a D/G intensity ratio of roughly 0.90 was
observed in all ZnO and GRs. According to this, ZnO/GR’s disorder may have in-
creased and more sp? domains may have formed as GO disappeared. The increase
at 2937cm ™! associated with the D+G band was more indication that graphene
was becoming more disordered Ferrari et al.| (2006]); Ni et al.| (2007)).

This work was significant since it expanded on the knowledge of how to com-
pute band gap at various graphene concentrations using UV-vis analysis. It also
shed light on the role that graphene plays in semiconductor band gap reduction
for PEC applications. Unlike the current research, the study did not take into ac-
count TM dopants for future improvement in band gap reduction. Furthermore,
ZnO rather than ZnS was used as a base material in the work.

G.-J. Lee et al. (2019) synthesized (In, Cu) co-doped ZnS NPs in DI water
and ethanol solvent by a sonochemical approach using citric acid as surfactants
in aqueous for photoelectrochemical hydrogen production and the as-synthesized
photocatalysts were tested for the photocatalytic hydrogen evolution from water
splitting via the irradiation of simulated sunlight. Among In and Cu co-doped ZnS
products,4In4CuZnS photocatalyst achieved the maximum hydrogen production
rate 752.7umolh~tg~! in 360 minutes under simulated sunlight illumination. Hy-
drogen and oxygen cells were separated by using an ion exchange membrane.

Both electrodes (working electrode and Pt electrode) were dipped into each cell
containing an aqueous solution containing 0.1 M Na,S at pH-3 to convert water
into hydrogen and oxygen under solar irradiation. 4In4CuZnS NPs showed the

photoelectrochemical performance with photocurrent density of 12.2pumol Acm =2
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at 1.1V and hydrogen evolution rate of 1189.4umolh~tg=!. It also showed an
excellent photocatalytic activity due to the maximum surface area, the minimum
particle size and the minimum charge transfer resistance because this may have
provided more active centers for catalysis reaction. This work involved the use of

platinum, which is highly expensive.
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Figure 2.33: Hydrogen evolution and characterization of 4In4CuZnS nanoparti-
cles. Source; |G.-J. Lee et al| (2019)

G.-J. Lee et al| (2016); |G.-J. Lee & Wu| (2017) synthesized Cu/ZnS micro-

spheres using microwave irradiation method as seen in Figure [2.34 without using
any template. The photocatalytic activity was studied towards the photocat-
alytic hydrogen evolution under visible-light-driven Cu/ZnS photocatalysts in the
presence of NayS solution as a sacrificing agent. ZnS with 2umol % Cu?* ion
doped shows the maximum hydrogen evolution rate of 973.1umolh~tg~! at pH-
3 solution. In and copper were taken into consideration as the metal dopants
for photocatalytic reactions in this investigation. Nevertheless, the results were
very informative about the effects of doping and provided a basis for comparing

different doping agents to boost photoactivity.
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Figure 2.34: The photocatalytic hydrogen evolution illustration. Source;

et al. (2016); \G.-J. Lee & Wu (2017)

A novel Cu/ZnS/COF composite photocatalyst with a core shell structure

was synthesized for photocatalytic hydrogen production via water splitting by

‘W. Wang et al.| (2021) as shown in Figure The photocatalytic hydrogen pro-

duction results showed that the hydrogen production rate reached 278.4 ug=th=1,

attributed with its special structure, which has a large number of active sites, a

more negative conduction band than the reduction of H* to H, and the ability to

inhibit the recombination of electron—hole pairs. The research offered a novel idea

for building a very effective catalyst for the creation of hydrogen and expanded

uses for ZnS-based materials.
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|C.-J. Chang et al.| (2015)) established a photocatalytic activity of synthesized

graphene@ZnS nanocomposites and evaluated by measuring H, production from
water splitting in an NayS/NaySO3 aqueous solution. As shown in Figure
photocatalytic Hy production performances of undoped graphene ZnS photocata-
lysts. The as-prepared graphene Ni-doped ZnS nanocomposites showed a highly
active photocatalysts for hydrogen ZnS evolution and the highest photocatalytic
activity reached 8683 puh=tg—1.

This also showed that Ni-doping and decorated ZnS on graphene improved
the photocatalytic Hy production activity because of improved dispersing prop-
erty, increased surface area, increased absorption and enhanced transfer of photo
generated electrons as shown in Figure 2.37} The results of this work were useful
and were utilized to track and contrast the outcomes of the current study. How-
ever, the TM dopant in this experiment was nickel. In the present instance, cobalt,
additional TM dopants were required in order to determine the photoactivity rates

for various TM.
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Figure 2.36: Hydrogen quantification of graphene@ZnS nanocomposites. Source;
(C.-J. Chang et al. (2015))
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Figure 2.37: Proposed visible light induced photocatalytic mechanism of nickel
doped ZnS-rGO photocatalyst. Source; (C.-J. Chang et al.| (2015))

‘Agorku et al.| (2015) examined the degradation of indigo carmine dye in wa-

ter by employing graphene based photocatalysts to significantly increase visible
light induced photocatalytic activity in a series of Co-doped ZnS-rGO nanocom-
posites made by co-precipitation technique. Their research focused on optimizing
graphene based ZnS for water remediation through photo-degradation of indigo
carmine an organic contaminates as shown in Figure [2.38
The degradation of indigo carmine is primarily addressed by the photo-degradation

model, optimum cobalt concentration and other insights. Although there is some
overlap between the current study and the cited work, applying such results in
ZnS water splitting would be challenging. This highlights the necessity for research
projects like the current study to optimize graphene-based ZnS for single-use water
splitting.

In contrast to the current study employing cobalt and graphene for hydrogen

generation, Y. H. Ng et al.| (2010)) proposed a photocatalytic process to increase

electron migration with the help of graphene, as illustrated in Figure 2.39] How-

ever, the doping was done using Bismuth vanadate BiV Oy.

A one step solvothermal technique was used by H. Zhou et al| (2019)) to eval-

uate the photocatalytic performance of TM doped amorphous molybdenum sul-
fide/graphene ternary co-catalysts depicted in scheme Characterizations

included their morphology, structure and characteristics. The graphene sheets
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Figure 2.38: Proposed visible light induced photocatalytic mechanism of Co-doped
ZnS—tGO photocatalyst towards degradation of Indigo Carmine (IC). Source;
Agorku et al.| (2015)
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Figure 2.39: Reduced graphene oxide to promote electron migration in BiV Oj.
Source; [Y. H. Ng et al.| (2010)

of the ternary composites and the metal-doped M oS, nanoparticles were evenly
dispersed. Moreover, the intrinsic activity of amorphous MoS, was significantly
increased by metal doping and the incorporation of graphene significantly aided
in the separation of photo induced carriers. Under the combined influence of
graphene and transition metal, the photocatalytic Hs development using amor-
phous MoS, as a co-catalyst was significantly enhanced. Molybdenum sulfide
was utilized as a basis material in this endeavor, which may have hazardous ef-

fects on human health and the environment. Nonetheless, this work was rather
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enlightening.
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Figure 2.40: Transition metal doped amorphous molybdenum sulfide and graphene

ternary co-catalysts for excellent photocatalytic hydrogen evolution
(2019)

2.4 Literature gaps summary

Modern industrial electrolyzers rely on external power sources to produce the nec-
essary over-potential for WS. Thus, coupling such electrolyzers with renewable

energy source such as photovoltaic is a more sustainable approach for production

of hydrogen Roger et al| (2017)); |C. Hu et al| (2017). Fujishima and Honda'’s

pioneering work on catalysis Fujishima & Honda (1972) showed that 7O, can

be used as a photocatalyst in hydrogen production via WS. Since then, several

photocatalysts have been identified, that include oxides, sulfides and oxynitride

semiconductors |J. Zhang et al| (2012)). In particular, ZnS has been identified as

a promising photocatalyst due to its fast generation of electron-hole pairs upon

photo-excitation and high hydrogen evolution |D. Huang et al. (2020); Juine et al.

(2021)); |J. Zhou et al.| (2020)). However, mainstream adoption of ZnS in aforemen-

tioned application has been constrained by its response to UV spectrum and rapid

recombination of charge carriers Kurnia, Ng, Tang, et al| (2016); [L. Wang et al.|

(2020)); [Villa et al.| (2021); Hao et al| (2018)); Fajrina & Tahir (2019).

At present, noble metal based materials including ruthenium, iridium, rhodium

and platinum are the state of the art water splitting electrocatalysts due to their

high reactive in acidic and alkaline condition |P. Wang et al.| (2011)); Kiptarus et|
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al| (2024); |C. Jiang et al.| (2017); X. Xu et al| (2019); Kurnia, Ng, Amal, et al.
(2016). However, the cost of using these catalysts on a wide scale is significantly
increased by their rarity, mining and refining procedures have a negative impact on
the environment. Exploring a reliable and stable non noble metal based material
is therefore the focus of many research efforts |P. Chen et al.| (2021)). Energy dis-
ciplines have been increasingly interested in transition metal-base materials such
carbides, nitrides, phosphides, sulfides, oxides and their composites X.-T. Wang
et al. (2020); Zhao et al.| (2020).

According to studies, ZnS can have its band gap edge modified and its optical
characteristics altered by doping it with transition metals. The electronic and
optical properties of ZnS are strongly dependent on the particle size and surface
morphology Mendil et al| (2016); (Chabou et al| (2019). Additionally, low dimen-
sional ZnS exhibits improved optical response in visible light spectrum and has
TM dopants have been shown to modify electronic properties, particularly the
band gap edge of ZnS thus its optical response [Belver et al| (2019); Kurnia, Ng,
Tang, et al. (2016)); [Fadojutimi et al.| (2022)); Kiptarus et al.| (2024). For example,
Korir et al.| (2021) showed that TM dopants enhances visible light absorption of
ZnO nanowires and charge separation.

The selected TM dopants (Mn, Cu, Co and Fe) are attributed to their larger
ionic radii, valence electrons, variable oxidation states, thermodynamic stability
and half-metallic nature (Mn and Co) with 100% spin polarization induced by
strong hybridization between the TM-3d and S-3p states with ZnS system M hid
et al. (2024). Therefore, there are limited systematic studies that considers ZnS
and various optimization routes. Hence, the current work is envisaged to guide the
current and future work that may yield the development of robust PEC devices
based on ZnS. In this work, effects of the selected TM on the opto-electronic
properties of 2D ZnS are explored and the PEC activity of the modified system
investigated using density functional theory (DFT) approach.

The incorporation of graphene into semiconductors significantly improves the
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photocatalytic performance by improving the adsorption ability, light harvesting
in the visible domain and reducing the band gap energy. It has also been studied
that such a strategy can prevent the recombination of the photogenerated electron
hole pairs |An & Jimmy| (2011)); L. Han et al.| (2012). Long lived charge carriers,
fewer charge trapping centers, the right energy level offsets and stability against
light are all extremely desirable for enhancing the photocatalytic reactivity of a
semiconductor photocatalyst Xiang et al. (2012)). Despite extensive research on
the photocatalytic development studies based on graphene for excellent efficiency
of photocatalysts, there are still more research gaps and challenges that need to
be extensively examined in the future Ahmed & Mohamed| (2023).

A thorough investigation into the effects of cobalt doping on the structural,
electrical, and optical properties is lacking, as the literature survey demonstrates.
The water splitting capacity and hydrogen production efficiency of graphene dec-
orated cobalt doped ZnS NSs are also missing. In order to demonstrate for the
first time the impacts of cobalt doping and graphene inclusion on the structure,
electronic and optical properties of ZnS NSs for PEC hydrogen production, the
current study seeks to specifically lay out these effects.

The current investigation also seeks to ascertain the photocatalytic activity
of several hydrothermally generated cobalt doped ZnS decorated with graphene
Co,Zn1_,S rGO NSs in order to enhance hydrogen production. A number of
techniques, such as SEM, XRD, XPS, RS, FTIR, and UV-vis, shall be used to
characterize the surface morphologies and material properties of the developed
NSs in order to clarify the different material parameters, such as particle size,
crystal structure, surface morphology, chemical composition and band gap.

To be able to validate the photocatalytic efficiency of TM dopants and graphene
inclusion on ZnS semiconductor for the generation of hydrogen (Hy) molecules for
commercial applications, investigations on Co,Zn;_,SrtGO NSs photocatalysts

are therefore urgently needed.
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Chapter 3

Methodology

3.1 Introduction

This chapter describes the materials, equipment, methods/techniques, experimen-
tal design as well as methods of data analysis used to achieve the objectives of
the research in chapter one are also described. This study used hydrothermal

technique to create cobalt doped ZnS 2D layers decorated with graphene.

3.1.1 Materials and Methods

Materials

All reagents were of analytical grade and used without any further purification,
this include; zinc acetate (CyHgZn.2H50) MolarMass = 219.5g/mol, sodium
sulfide NasS or MolarMass = 78.0452g/mol, cobalt sulphate C0SO,.7TH50O
MolarMass = 281.10g/mol, acetone, distilled water, ethanol, methanol, thiourea
SC(N H3)2, graphite powder, sulfuric acid HySOy, sodium nitrate NaNOs, hy-
drogen peroxide H,(Oy sodium sulphate NasSOs3, sodium chloride, potassium per-
manganate K MnQO, which were all purchased from Fisher scientific, Alfa Aesar

and Sigma Aldrich having a purity of 99.99%.
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Apparatus and Equipment’s

The apparatus and equipment’s include; Magnetic stirrer and string bar, ice water
bath, weighing scale (Sartonious), autoclaves, fume hood, hot air oven, pasteur
Pipettes, beakers, measuring cylinders, sample holders, centrifuge (REM PR-24),
vacuum oven, sonicator (Elma), SEM/FESEM, XRD, RS, FTIR, gas chromatog-

raphy, photocatalytic reactor.

3.2 Theoretical simulations of the selected transi-

tional metal doped ZnS 2D surface layers

3.2.1 Computational analysis

Centre for High performance Computing (CHPC) cape town SA, QE suite was
used to perform the theoretical simulations on the selected TM doped ZnS 2D lay-
ers. First principles calculations were performed to determine the structural, elec-
tronic and optical properties of cobalt doped ZnS 2D layers and factors affecting its
photocatalytic performance were analysed. All the calculations were performed in
the framework of the DFT, as implemented in the QUANTUM ESPRESSO suite
Giannozzi et al. (2009). The generalized gradient approximation to the exchange
and correlation functional was employed in the form proposed by Perdew, Burke
and Ernzerhof (PBE) [Perdew et al.| (1996). The core-electrons were replaced by
ultra-soft pseudo potentials following Vanderbilt’s formulation and the electronic
wave functions (charge densities) were expanded in a plane wave basis set with a
well converged energy cutoff of 35 Ry and (350 Ry) [Vanderbilt| (1990).

ZnS was modelled as 1100 surface that was found to be the most stable, con-
sistent with other studies Hao et al.| (2018). A supercell of 12 ZnS layers slabs
with 2 X 2 and 3 x 2 the unit cell was used to model the undoped and doped
surfaces, respectively. A thick vacuum layer =~ 15A was included in the direction

perpendicular to the surface to avoid fictitious interaction between the periodic
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replicas. Integration over the Brillouin zone (BZ) was performed on a 4 x 4 x 1
k-point Monkhorst and Pack [Monkhorst & Pack| (1976) grid and structures were

relaxed until forces on the atoms were smaller than 0.02eV/ A

3.2.2 Structural properties simulation of the selected 3d

transitional metal doped 2D ZnS surface layers

Convergence test performed the self consistent field (scf) computation for various
values of Cut off energy (ECUTWFC) and the K input points. By using XM-
GRACE software, the total energy against various K points and ECUTWFC were
recorded. The calculation were carried out with lower values, in order to determine

the lowest value convergence, saving computational resources and time.

Lattice parameters simulations

Lattice parameters were optimized by varying the lattice parameters; cell dm (1),
cell dm (3), ECUTWEFC tag in the QE input file in Table and computing the
scf energy. The lattice data were recorded and tabulated in Table Table
and Table [A.3]

Crystal structure and doping sites

In order for the dopant to be introduced to the surface of the bulk ZnS, the surface
had to be relaxed. Relaxed functionality of the Physics Wallah (PW) module keeps
the initial optimized lattice parameter constant and simulates the forces between
the surface and the molecule. Hence allows to investigate the behavior of the
molecule being absorbed on the surface. Relax also does the atomic coordination,
optimization and force calculations applied to each atom by changing the atom

location and cell size.
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Calculation methods and models for ZnS doped with selected transi-

tional metal dopants

1. Total energies for the selected transitional metal doped ZnS

The total energies were computed and obtained from the Vec-relaxed output

file after completion of calculations in the CHPC as shown in Table [A.4]

2. Chemical potentials for the selected transitional metal dopants

The chemical potentials of the transition metal dopants, were determined
from their respective pure crystalline phases and the results were obtained

and recorded in Table [A.5]

3. Formation energies for both Zn-rich and S-rich condition

Evaluation of the formation energy (AEF)) of each doped system was con-

ducted to determine the stability of various TM dopants in ZnS 2D layers.

Formation Energy (AEF) is a function of the elemental chemical po-
tentials as well as the electron Fermi level and this can be calculated using
the supercell model as defined. In order to prevent interactions between the
adjacent mono layers, a 4 x 4 x 4 2D hexagonal mono layer with periodic
boundary conditions in the x and y directions was taken into consideration

for pristine and TM doped ZnS material.

The (Agr) of the selected TM dopants were determined using Equation

from their specific pure crystalline phases.

Apr = Eznsin — Ezns + (fzn/s — tar) (3.1)

Where E,5.as is the total energy of the TM doped ZnS , Ez,s is the total
energy of undoped 7ZnS, piz,/s is the chemical potential of the substituted
zinc and sulphide atoms and puj; is the chemical potential of the 3d metal

dopant atoms.
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In this work, formation energy of the 3d transition metal atoms at Zn and
S substitutional sites both under S-rich and Zn-rich growth conditions as

described by |[Kudo & Miseki (2009) was also determined.

Under the,

S-rich growth condition

The formation energies for Mn, Cu, Co and Fe were calculated and recorded

in Table using Equation [3.2] and [3.3] respectively;

1
5 = SES (3.2)

pzn™" = EZnS — u@e* (3.3)
while under the,

Zn-rich limit conditions

Equation |3.4] and were used to calculate the formation energies of Mn,
Cu, Co and Fe. The results were recorded in Table [A7]

puzn™ = EZn (3.4)

pEm™ = BEZnS — pzn™ (3.5)

Where E(S), E(Zn) and ZnS were the calculated total energies of the sul-

phur molecule, pure crystalline Zn and ZnS unit cells respectively.

The E-Fermi energy calculations were also carried out in order to understand
the location and behaviour of defect state within the band gap of the different

dopants when doped with ZnS and the results were tabulated in Table [A.8]
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Stability patterns of 3d transition metals dopants in 2D ZnS surface

layers

1. Stability as a function of dopant concentrations

The investigation on the stability of ZnS 2D surface layers as a function of
dopant concentration by increasing the number of TM dopants randomly
distributed in the surface layers at substitutional Zn sites was first carried
out to examine the impact of TM dopants on the structural, electronic and
optical properties of ZnS 2D layers for PEC applications. All doping concen-
trations utilised in this investigation preserved the same doping location for
each individual transition metal atom. The calculations on the concentration

of dopants under the Zn-rich and S-rich were determined;
(a) As an individual dopant (Mn, Cu, Co and Fe) under the Zn-rich and
S-rich
Table [A.9] Table [A.10] Table[A.11] Table

(b) With different dopant concentration (1, 2, 4 and 6 atm.%)

Table [A. T3] Table Table [A.1I5] Table

2. Direct calculations for formation energies under the Zn-rich and

S-rich for all the 3d TMD’s as a function of dopant concentration
(a) Formation energies under the Zn-rich for all the 3d TMD’s as a function
of dopant concentration Table

(b) Formation energies under the S-rich for all the 3d TMD’s as a function
of dopant concentration. Table

(c) Formation energy profile of 3d transition metal defects in ZnS 2D sur-

face layers under the Z-rich and S-rich condition. Table
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3.2.3 Electronic properties simulation of the selected 3d tran-

sitional metal doped 2D ZnS surface layers

The band gap was determined from the difference between the Highest Occupied
Molecular Orbital (HUMO) and Lowest Occupied Molecular Orbital (LUMO). The
band gap calculations were calculated from the relaxed output file submitted in
the high computing performance and tabulated in Table [A.20] To understand the
role that different orbitals played in the band structure, PDOS’s were simulated

and results analysed in chapter four.

3.2.4 Optical properties simulation of the selected 3d tran-

sition metal doped 2D ZnS surface layers

Using Liouville-Lanczos technique and time dependent density functional pertur-
bation theory (TDDFPT) Malcioglu et al.|(2011); Motornyi et al.| (2020); Gorni et
al.| (2022), the impact of Cu and Co dopants (at 4% concentration) on the optical
properties were examined. The optical response were assessed using the dielectric
response of the modified ZnS as expressed in Equation below and the results

were analysed in chapter four.

€W = €W + €W (3.6)

Where €l and €2 stand for the real and imaginary parts of the dielectric function
respectively. Imaginary part of the dielectric constant is a summation of all pos-
sible transitions from unoccupied to occupied wave functions via dipole transition
matrix, while the real part of dielectric function is obtained using Kramers- Kronig
relation |Lucarini et al.| (2005); |Ortega-Guerrero et al. (2020); Ramaniah & Boero
(2006). The optical absorption response (a,bs) was determined using dielectric

response function [Gajdos et al| (2006) as shown in Equation below and the
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results were analysed in chapter four.

N|=

Qaps = V 2w(\/e%w + 3w — €w) (3.7)

3.2.5 Photocatalytic activity simulations of the selected 3d

transition metal doped 2D ZnS surface layers

Band edge alignment computations were done to provide useful insights on photo-
catalytic activity of the modified ZnS 2D surface layers. These computation were
used to determine NHE at the CBM potential Equation and VBM potential
Equation [3.9|Z. Wang et al| (2023); Xi et al/ (2021)); Kurnia & Hart| (2015)); Z. Zhou

et al.| (2016) as depicted below.

ENFE =x - E. - 05E, (3.8)

EVy" = Eog” + E, (3.9)

Where y is the absolute electro-negativity of the semiconductor, E. is the energy
of a free electron on the NHE scale (4.5 €V) and E; is the band gap of the semi-

conductor. The results were obtained from the calculations and are represented

in Table [A.21]



102

3.3 Development of cobalt doped ZnS nanostruc-

ture surface layers

3.3.1 Synthesis of ZnS and cobalt doped ZnS via hydrother-

mal method

The hydrothermal process was carried out in an autoclave, a thick-walled steel
cylinder sealed hermetically to withstand high temperatures and pressures for
extended periods of time. As shown in Figure [3.1, a Teflon vessel designed to
withstand corrosion was positioned inside the autoclave’s interior chamber. The
vessel’s specifications were ; 120 mL capacity and an inner diameter of 30 mm.
There was no further purification applied to several of the compounds, which
were of the analytical form and reagents were measured using the weighing scale
(Shimadzu AUX220) as shown in Figure The experiments were carried out

using various composition concentrations at 200°C.

Figure 3.1: Autoclaves and Weighing scale

e Synthesis of ZnS

Synthesis of ZnS was done in accordance with the L. Xue et al.| (2011

standard and involved:

Procedure
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. Adding 440 mg of zinc acetate in 15 ml of water for 10 to 15 minutes

was prepared

. 312 mg of NayS in 15 ml of water was added slowly drop wise to the

above solution

. The mixture was transferred in to an autoclave and was magnetically

stirred for 30 minutes continuously using a magnetic stirrer with stirrer

. The autoclave was sealed and heated to 200°C’ within 30 minutes and
maintained at this temperature for 16 hours in the furnace Figure 3.2

and cooled to room temperature naturally

. The precipitate were separated by a centrifuge (REMI PR-24) Figure
.5 for 6 minutes at 7000 rpm

. The precipitate was washed with distilled water severally and finally

rinsed with ethanol to remove all unreacted reagent
. The washed precipitate was dried in an oven (60°C')

. The dried precipitate was grounded to fine powder using mortar and

pestle and stored ready for characterization.

Figure 3.2: Furnaces and Ovens
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Synthesis of cobalt doped ZnS

Samples for cobalt doped ZnS were fabricated with respect to their dopant
concentration atm.% via hydrothermal method as shown in Figure using

cobalt sulphate, zinc acetate and sodium sulfide ingredients as shown in

Figure

Figure 3.3: Cobalt sulphate, zinc acetate and sodium sulfide ingredients

Add (Na,8) dropwise § @ Add Cobalt acetate solution dropwise

(

Zinc acetate(C,HzZn 2H,0) solution

T p.:
; T 2 Drying /:\ Centrifugation
g . 200 {8
y o Washi h
— az — ol | [j

Figure 3.4: Preparation of cobalt doped ZnS by hydrothermal method
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e Synthesis of 1% cobalt doped ZnS

Procedure

1. 440 mg of zinc acetate was added in 15 ml of distilled water (DI)

2. 312 mg of NayS in 15 ml of DI was added drop wise to the above

solution

3. 5.622 mg of cobalt sulphate dissolved in 15 ml of DI was slowly added

to the mixture

4. The mixture was then transferred in to an autoclave and was mag-
netically stirred for 1 hour continuously using a magnetic stirrer with

stirrer.

5. The autoclave was sealed and heated to 200°C' within 30 minutes and
maintained at this temperature for 16 hours in the furnace and cooled

to room temperature naturally

6. The precipitate was separated by using a centrifuge (REMI PR-24) for

6 minutes at 7000 rpm

7. The precipitate was washed with distilled water severally and finally

rinsed to remove all unreacted reagents

8. The washed precipitate was dried in an oven Figure[3.5/60°C' and stored
ready for characterization. The observed color during synthesis was
greenish and bright light green after drying in the oven. The residue

was colorless.
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Figure 3.5: Centrifuge (REMI PR-24) and Vacuum oven

The same procedure was followed for the synthesis of 2%, 4% and 6% cobalt
doped ZnS NSs, except that varying concentrations of the cobalt sulphate
precursor were combined with the zinc acetate precursor during the hy-

drothermal process.

3.3.2 Preparation of graphite oxide, reduced graphene by

Hummers method

All chemicals were obtained from Sigma Aldrich and used without further purifi-

cation. GO was prepared from graphite powder by the Hummers method

mers Jr & Offeman| (1958)).

e Synthesis of Graphite Oxide

The synthesis of GO was prepared in the fume hood shown in Figure|3.6|con-
sidering the hazardous effects of sulphuric acid and potassium permanganate

being exothermic.
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Figure 3.6: Fume hood

Procedure

1. 25 ml of concentrated sulphuric acid was taken in a beaker and put in
an ice bath to maintain temperature to less than 20°C', 1 g graphite
powder was added to the solution with proper stirring at 500 rpm.

Sulphuric acid acts as the oxidizing agent for graphite

2. 3 g of potassium permanganate was gradually added within an ice water

bath since the reaction is exothermic

3. After few minutes the ice bath was removed and the reaction was stirred

properly by maintaining the temperature at (40 — 50°C') for 3 hours

4. After the 3 hrs, the ice bath was placed again and 100ml of DI was

added to the reaction drop wise carefully.
5. After 15 minutes, 75 ml of DI was added again.

6. Then 5 ml of hydrogen peroxide was added slowly to stop the reaction.
The color of solution changed to yellow from dark brown after the

addition of HyO,

7. The solution was centrifuged at 4000 rpm for 5 minutes to separate

unwanted extracts from the solution

8. After this the solution was washed by using 1:9 aqueous hydrochlo-
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10.

ride acid (HCI) to remove sulphate ions followed by washing with DI

severally
The solution was dried at 60°C in hot air vacuum oven for 12 hours.

The obtained powder was graphene oxide

e Synthesis of reduced graphene

Reduced graphene was synthesized according to the procedure of [Tewatia et

al.| (2021) as described below;

Procedure

1.

2.

1 g prepared graphite powder was added in 150 ml of DI.

The PH of the mixture was adjusted to between 9 and 10 with 25%
ammonium solution to promote the colloidal stability of the GO sheets

through electrostatic repulsion.

1 g of AA (vitamin C) was added to the solution and the reaction was

stirred at 600 rpm by maintaining the temperature at 60°C'.
After 12 hours, the sample was centrifuged and washed with DI.

The obtained sample was dried in a hot air vacuum oven at 60°C" and

kept to room temperature ready for characterization as shown in Figure

B.7



109
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Figure 3.7: Preparation of graphite oxide and reduced Graphene by Hummers
method

e Synthesis of ZnS-Graphene

Procedure

1. 60 mg of rGO was dispersed in to 50 ml of DI completely by ultrason-

ication.

2. 440 mg of zinc acetate dissolved in 15 ml DI was added and suspension

heated to 60°C with magnetic stirring for 2hours.

3. 312 mg of sodium sulfide dissolved in 15 ml DI was added slowly drop
by drop and kept stirring for 4 hours for the formation of ZnS NSs on

the GO platform.

4. The mixture was then transferred in to a 100ml Teflon sealed auto-
clave and heated to 200°C within 30 minutes and maintained at this
temperature for 16 hours in the furnace and allowed to cool to room

temperature naturally.
5. The reaction products were centrifuged for 6 minutes at 7000 rpm.

6. The reaction precipitate was washed with DI severally to remove unre-

acted reagents.
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7. The washed precipitate was dried in vacuum oven at 60°C' and stored

ready for characterization.

Figure 3.8: Reduced graphene synthesis using magnetic stirrer

e Synthesis of 1% Co-ZnS-Graphene

Procedure

1. 60 mg of rGO was dispersed in to 50 ml of DI completely by ultrason-

ication as shown in Figure [3.9

2. 440 mg of zinc acetate dissolved in 15 ml DI was added and suspension

heated to 60°C' with magnetic stirring for 2 hours.

3. 312 mg of sodium sulfide dissolved in 15 ml DI was added slowly drop
by drop and kept stirring for 4 hours for the formation of ZnS NSs on

the GO platform.

4. 5.622 mg of cobalt sulphate dissolved in 15 ml of DI was slowly added

to the mixture above while stirring

5. The mixture was then transferred in to a 100 ml Teflon sealed auto-

clave and heated to 200°C' within 30 minutes and maintained at this
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temperature for 16 hours in the furnace Figure 3.2 and allowed to cool

to room temperature naturally.
6. The reaction products were centrifuged for 6 minutes at 7000 rpm.

7. The reaction precipitate was washed with DI severally to remove unre-

acted reagents.

8. The washed precipitate was dried in vacuum oven at 60°C" and stored

ready for characterization.

Figure 3.9: Joan preparing samples using the sonicator

The same procedure was followed for the synthesis of 2%, 4% and 6% cobalt
doped ZnS decorated with graphene NSs, except that varying concentra-
tions of the cobalt sulphate precursor were combined with the zinc acetate

precursor during the hydrothermal process.

ZnS and ZnS-rGO were synthesized in a similar manner without the addition of
either cobalt sulphate or both rGO and cobalt sulphate. The synthesized cobalt
doped ZnS with and without graphene were packed in plastic centrifuges ready

for characterization and photocatalytic activity as shown in the Figure [3.10

3.4 Characterization of cobalt doped ZnS nanos-
tructure surface layers decorated with graphene

The following techniques were employed in characterizing the cobalt doped ZnS

decorated with graphene samples:
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Figure 3.10: Synthesized samples of ZnS, ZnS-rGO, cobalt doped ZnS with and
without graphene

1. Scanning Electron Microscopy (SEM)
2. Raman Spectroscopy (RS)/ Fourier Transform Infrared Spectroscopy (FTIR)
3. X-ray diffraction XRD, X-ray photocurrent spectroscopy XPS,

4. UV-visible UV-vis

3.4.1 Determination of the structural properties of cobalt

doped ZnS decorated with graphene

Determination of crystallinity (crystal size and disorder) of cobalt doped

ZnS decorated with and without graphene

X-ray diffraction was used to characterize crystallinity of the developed NSs.

R. Jain et al| (2016)); Letts et al. (2018) state that XRD provides information

on the phase, preferred orientation and other structural characteristics of crystals

in texture, as well as average grain size, crystal, stress and crystal defects

et al| (2015); Horikoshi & Serpone] (2013).
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Sample preparation

The samples were mounted on the sample holder and evenly distributed on a low
background slide on the area illuminated by the X-ray beam when the samples

were analyzed.

Method

X-ray diffraction patterns were performed by a Bruker D8-Advance diffractometer
equipped with graphite monochromatized Cu K«, radiation A\ = 0.15405nm in
the 20 range from 10° to 80° with a scan rate of 0.08° per second to determine
the crystalline structure of the samples. X-rays were produced in a sealed tube
under vacuum when current was applied to the heating filament that emitted
electron when it got heated up. The electrons were accelerated towards an anode
(copper plate) by a potential difference of 30 kV. These high energy electrons when
bombarded, the metal copper plate ionized copper 1s K shell, thereby electron
from 2p (Ka) or 3p (K ) dropped down to occupy the 1s and release energy as
X-rays of particular wavelength (CuK« = 1.5406). Cu K« was removed by using
nickel filter. The X-rays were allowed to fall on the sample under analysis and the

diffraction pattern were recorded.

3.4.2 Determination of the binding energies of cobalt doped

ZnS nanostructures decorated with graphene

XPS was used to analyse the binding energies on the surface of cobalt doped ZnS
NSs decorated with graphene. The basic principle of XPS was that the sam-
ple under investigation was irradiated by an X-ray beam and the photoelectrons
generated were collected by an energy analyzer Zemlyanov (2023). The binding
energy of the photoelectrons correlated with the energy of an electron level pro-
viding information about the element composition and chemical state of elements.

The intensity of the photoelectrons was proportional to the number of atoms,
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“emitters” and thus, the quantitative data were extracted.

Sample preparation

Typical samples for XPS are 5 mm to 10 mm square and up to 4 mm thick. The
powder was pressed into clean, high purity indium foil. The powder was then
dissolved in a suitable solvent and then drop cast onto the surface of a clean
silicon wafer. The powder was further sprinkled onto the surface of sticky carbon

conductive tape or pressed into a tablet for analysis.

Method

XPS measurements were carried out using a Thermo K-alpha+ spectrometer us-
ing micro focused and monochromated Al K « radiation with an energy of 1486.6
eV. The pass energy for the spectral acquisition was kept at 50 eV for individual
core levels. The electron flood gun was utilized for providing charge compensation
during data acquisition. Further,the individual core level spectra were checked for
charging using C 1s at 284.6 €V as the standard and corrected. The peak fitting
of the individual core levels was done using CASAXPS software (CasaXPS Version
2.3.19PR1.0; https://drive.google.com/drive/folders/1TBhxcPSrD66w07gIlFuFfywDNiXhr
-k?usp=drive_link) with a Shirley-type background. The spectra obtained for

each sample was recorded for further analysis.

3.4.3 Determination of the phase and chemical of cobalt

doped ZnS nanostructures decorated with graphene

Raman scattering phenomenon was used to study the shape, size, doping, amor-
phous or crystalline regions, defects distributions and doping of nanomaterials
Popovié et al| (2011); [Drescher & Kneipp| (2012). In particular, for carbon based
nanostructured materials, the Raman bands were utilized to distinguish between
various allotropes and to investigate their composition, structure and conductiv-

ity Bokobza et al.| (2014); Y. Wang et al. (1990). The investigation of the lattice


https://drive.google.com/drive/folders/1TBhxcPSrD66w07gIFuFfywDNiXhr7Z-k?usp=drive_link
https://drive.google.com/drive/folders/1TBhxcPSrD66w07gIFuFfywDNiXhr7Z-k?usp=drive_link
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dynamics and vibrational properties of sp?, sp® hybridized carbons were greatly

aided by Raman spectroscopy Reich & Thomsen| (2004). The Raman scattering

was depicted using intensity in arbitrary units as a function of wave number (cm?).

The stronger Stokes line were typically observed in Raman spectroscopy

(2019); Rangan et al.| (2020)

Sample preparation

The cover glass was gently put on a powder sample taken on a slide glass and

measured as it was. The mounted cover glass was gently removed.

Method

The Phase and chemical identification, molecular structure and their bonding ef-
fect of the Co-ZnS-rGO NSs were determined using RENISHAW InVia Raman
Microscope Figure with raman shift range 0f (100-4000)cm. The samples
to be measured were placed in a glass bottle and a raman spectrum of the glass
plus sample was taken. A raman spectrum of just the glass bottle was taken as a
“dark” spectrum. The effective raman spectrum was obtained from the spectrum
of sample in bottle minus the dark spectrum (The subtraction was done automat-
ically by the software). The data from several runs were exported and combined
using Excel. The spectra of the different samples were saved on a floppy disk for

analysis via Excel and Origin software.

Figure 3.11: Raman spectroscopy
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3.4.4 Determination of chemical bonding and molecular struc-
ture of the cobalt doped ZnS nanostructures deco-

rated with graphene

FTIR is an efficient analytical method for identifying the chemical composition
of a substance in a timely and accurate manner A. Dutta (2017). The Fourier
spectrum simultaneously collected high-resolution spectral data across a broad
spectral range |S. A. Khan et al.| (2018)). This offered a significant benefit over the
spectrum dispersion scale, which concurrently evaluated the intensity over a small
range of wavelengths [Y. Chen et al| (2015); Sankadiya et al. (2016)). A sample’s
absorption of infrared light was measured by a Fourier infrared spectrometer,

which produced a spectrum based on the functional groups of the material [zzo et

al] (2020).

Sample preparation

About 5 to 10 mg of cobalt doped ZnS decorated with graphene samples of different
concentrations were placed onto the face of a KBr plate, a small drop of mineral
oil was added and the second window was placed on top. With a gentle circular
and back and forth rubbing motion of the two windows, the mixture was evenly
distributed between the plates. The mixture appeared slightly translucent, with
no bubbles, because it was properly prepared. The sandwiched plates were placed

in the spectrometer and a spectrum was obtained.

Method

The phase and chemical identification, molecular structure and their bonding ef-
fect was determined using Perkin-Elmer Spectrum 100 FTIR spectroscope to study
the Co-ZnS-rGO NSs. During FTIR analysis, the samples were subjected to an
infrared light spectrum where different molecules absorbed IR light and molecular

vibration occurred. Different molecules and bonds vibrate in a way characteristic
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to them, leading to different amounts of light being absorbed at specific wave-
lengths depending on the sample’s composition. The amount of IR light that
passed through the samples were measured with a detector and the data was
converted to a spectrum friendly form via a mathematical process called Fourier
transform. The final spectrum represented light intensity as a function of wave

number.

3.4.5 Determination of morphological and size thickness of
the cobalt doped ZnS nanostructures decorated with

graphene

SEM was used to analyze and specify the characteristics of the material’s thick
or thin sample surfaces, as well as to identify the material’s shape and external

dimensions |Chu & Li (2006).

Sample preparation

Cleaning of the samples was done by using acetone then it was mounted on a stub
and dried using IR light ready for SEM analysis. Since the samples were metallic

there was no need of coating.

Method

The morphology of cobalt doped ZnS decorated with graphene samples were ex-
amined using a (Zeiss Gemini SEM500) scanning electron microscopy. An electron
beam was produced by the thermionic emission of tungsten filament cathode. The
acceleration voltage of energy ranging from 0.2 keV to 40 keV was focused by 2
condenser lenses to a spot on the sample. This scanned the different samples in
raster scan mode over a rectangular area. When the electron beam felled on the
sample surface, it emitted secondary electrons due to inelastic interaction. These
secondary electrons were attracted towards an electrically biased grid and acceler-

ated towards a phosphor or scintillator. When the secondary electron felled on the
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scintillator it produced flashes of light that were conducted to a photo-multiplier
outside the SEM column. The amplified electrical signal from the photo-multiplier
were viewed as a two dimensional intensity distribution and photographed using

analog to digital converters.

3.4.6 Determination of optical and electronic properties of
the cobalt doped ZnS nanostructures decorated with

graphene

The most fundamental prerequisite for visible light active photocatalysis is essen-
tially visible light harvesting Moradi et al.| (2021)); Kokilavani et al.| (2021)). For
visible light active photocatalysts to be designed, the light harvesting region must
be expanded from UV to visible, and the light utilization efficiency must be im-
proved. According to Gaur et al.| (2019)), typical measurements only require a little
amount of the sample. The light absorption ability mainly originates from inter
band electron transitions and is controlled by the band gap of semiconductors.
Electron excitation to any point in the conduction band occurs when the energy
of a photon is equal to the sum of the band gap energy and the width of the

conduction band.

Sample preparation

The different samples were prepared by compacting each into a wafer and fit-
ting this wafer to the reflectance integrating sphere ready for UV-vis absorbance

analysis.

Method

UV-visible optical absorption and transmittance studies of Co,Zn;_,S rGO nanos-
tructures were carried out to investigate their optical properties using UV-visible
spectrometer (Model: Perkin Elmer UV Win Lab 6.0.4.0738 / 1.61.00 Lambda

900) with an excitation wavelength from 320 to 560 nm at ambient temperature.



119

3.5 Evaluation of cobalt doped ZnS nanostructure
surface layers decorated with graphene for pho-
tocatalytic hydrogen production

The photocatalytic H, production was measured under the light intensity similar
to the air mass (AM) 1.5G condition for the ZnS, Co-ZnS, ZnS-rGO, Co,Zn,_,S
rGO NSs. The generation of Hy was recorded using Gas Chromatography (GC)
peaks. Design-Expert 13 software-Central composite design (CCD) was used to
demonstrate how different cobalt dopant concentrations (atm.%) and deposition
times (hrs) may result in high quality cobalt doped ZnS NSs decorated with
graphene. A two-factor CCD, each having five replications at the center of the
design was used. The design in Table basically represents the coordinate
arrangement of the design, with the response representing the hydrogen evolution
(umolh™"). With the use of a 430W Xenon lamp UV light source, the concen-
tration of Hy in the gas product was determined and the amount of hydrogen
generated via photo-catalysis was quantified using a GC. All of these experiments

were conducted in the photocatalysis lab depicted in Figure [3.12

Figure 3.12: Photo catalysis Lab

3.5.1 Photo-catalytic hydrogen production

Procedure

1. Photocatalytic water splitting to generate hydrogen |Y. Zhang, Zhang, et al.|
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10.

(2012); Iwase et al| (2011)); Ahmad et al.| (2015) was carried out in a quartz

photo reactor with a volume of 50 mL.

. A 430W Xenon lamp was employed as the side irradiation light source

equipped with cut-off filter A > 420nm due to remove UV part.

10 mg of the photocatalyst was dispersed by magnetic stirring in a 50 mL
reactor containing 20 mL H>O solution with addition of 0.1 M NaySOszand

0.1 M NayS mixed sacrificial agent faced to the lamp.

Prior to irradiation, the system was deaerated by bubbling high-purity ni-

trogen for 30 min, then illuminated for 12 hours under magnetic stirring.

Cobalt doped ZnS with and without graphene were used as a photocatalysts.

The top of the Pyrex cell was sealed with a silicone rubber septum.

. A needle-type probe was inserted into the reactor to withdraw generated gas

in 120 minutes’ intervals through the septum during experiments.

. Analyses were conducted on a gas chromatography (Agilent 8890 GC), Fig-

ure equipped with a thermal conductivity detector and a 5A molecular

sieve packed column.
Nitrogen was used as the carrier gas at a flow rate of 30cm?/min.

The photocatalytic activity of the samples was determined by the quanti-
tatively detected Hy evolution rate using an external standard in the same

concentration range.
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Figure 3.13: Photo-catalysis taking place using photo-reactor and simulator

3.5.2 Gas chromatography analysis

GC technique is used to separate the mixture of compounds according to their
boiling point. The various gas components travels through the long columns inside
the instrument before they reach the detector which is what triggers the response
(peaks) found on the gas chromatogram. Once a compound is in the gas phase
they will be carried along the internal column by a carrier gas which is an inert
(non reactive) gas that pushes the other gasses through the column at a steady

flow rate.

Method

The gas chromatogram separated and analysed the volatile compounds. When
the sample was injected in to the GC, it was vaporized in the heated inlet and was
transferred on to the column and the sample was carried through the column by the
carrier gas and interacted with the stationary phase which lines the column. The
column which was typically heated between 150 —300°C in the GC oven separates
the sample mixture in to its individual constituent or analyte through a repeated
process of absorption and desorption by the station phase. The speed of travel
through the column by individual components in the mixture depended on the
combination of their volatility, polarity and molecular mass which influenced the

separation and the elusion time of each compound as each analyte was eluted from
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the column passed through a detector to enable the identification of the compound.
The Thermal conductivity detector (TCD) was the universal detector and it could
detect air, hydrogen, carbon monoxide, nitrogen, sulfur oxide, inorganic gases and
many other compounds.

A measurement channel was reached by the sample components in the carrier
gas. The carrier gas was contained in the second channel, which acted as a ref-
erence channel. Both channels contained electrically heated resistance wires. A
voltage signal equal to the difference in thermal conductivity between the refer-
ence flow of carrier gas alone and the column effluent flow (sample components
in carrier gas) was produced. The signal was proportional to the concentration of
the sample components. A few crucial parameters needed to be adjusted in order
to get the best possible response from the TCD i.e. the filament resistance, carrier
gas and reference gas flow rates and detector block temperature.

The carrier gas in the GC-TCD served as the reference gas in addition to being
utilized to move the sample through the column and into the TCD-detector. The
reference gas, detector gas and carrier gas for the GC-TCD must match.

Similar to other chromatographic analytical procedures, GC was a relative
approach that necessitated calibration with a standard mixture for both sample
calibration and linearity verification. Concentration amount in GC was done au-

tomatically when norm% option was selected

Area of Peak X .
Total area

% composition X = 100 (3.10)

For each sample concentration, the GC in Figure was able to calculate the
areas and percentage composition of the different cobalt doped ZnS NSs. The
component with the largest percent composition, which was the primary product,
is defined by Equation when measurements of the product mixture in the GC
were taken. Certain levels of stability and low energy state confirmation tend to
lead to the formation of major products. Retention time measured how long it

took for the compound to enter the gas phase following injection before it actually
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Figure 3.14: Gas chromatography (Agilent 8890 GC)

made contact with the detector and produced a signal.

3.5.3 Hydrogen evolution quantities for cobalt doped ZnS
with graphene

Hy,,CH,,CO, Ny, and Oy with concentrations in ppm were the standard gases
used to calibrate the GC equipment. In order to determine the response fac-
tor for hydrogen, a standard graph was generated. For other chemicals, such as
(CO,C0O2,CH4), the standard response factors for TCD were CO = 42,COy =
48, Ny = 42, andCH, = 35.7. With these criteria, the chromatographic region was
splitted and calculations were performed.

The GC gave each peak area corresponding to ppm of the standard gas used.
Calibration plots for individual gases were plotted by varying the volume injected
to the GC (0.1 - 1ml). Since the current research was interested in determining

the amount of hydrogen, the other gases C' Hy, CO, NyandO; in the mixture were
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ignored and calculations for hydrogen were performed.

mol = ppm * 107% % vol (ml) /22400(ml) /mol(avgconst) (3.11)

The volume of a mole of any gas that behaves like an ideal gas is 22.4 liters at
0 °C (273.15 K) and 1 atm (101325 Pa), or Standard Temperature and Pressure

(STP). This volume is dependent on temperature and pressure.

Steps for calculation

1. A calibration graph was plotted i.e. concentrations versus corresponding

peak areas and the points were fitted with a linear curve to construct a

standard graph Figure [A.1]

2. Area of H, after analyses of 0.5 ml of gas of each concentration samples were
recorded. Therefore, by using standard graph equation, each area correlated

to specific amount of Hy ml.

3. The head space of the media was at 50 ml and calculations were done for

each analyte.

4. The volume of the media was at 20 ml and calculations were also done for

each analyte using excel Table and Table[A.24]

5. As per the STP, 0 °C and 1 atmosphere), 22400 ml of gas = 1000 micro
moles (um) as described in Equation (3.11]
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Chapter 4

Results and Analysis

4.1 Introduction

This chapter discusses the Co,Zn;_ .S rGO NSs sample materials findings in re-
lation to the study methodology employed to meet the research project goals.
Effective prediction of optimal TM for doping ZnS 2D surface layers was achieved
by hybrid DFT computations. Hydrothermal technique was employed to synthe-
size the cobalt doped ZnS NSs decorated with graphene. Lattice parameters and
crystal structure were calculated using the crystal patterns yielded via XRD. XPS
revealed vital information about the elemental and binding energies of the devel-
oped cobalt doped ZnS decorated with graphene NS surface layers and interfaces.
Molecular weight, optical transparency, smoothness, quantity of contaminants,
and chemical composition of the samples were all ascertained by the findings of
the FTIR and RS, while SEM supplied the morphological data. The attenuation
of light as it traveled through the NSs and returned after reflection was measured

by UV-vis.
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4.2 Computational analysis of the selected transi-
tional metal doped ZnS 2D surface layers

First-principles simulations were utilized to examine the structural, electronic and

optical properties of ZnS doped with the selected TMD’s.

4.2.1 Structural and stability properties of the selected 3d

transition doped ZnS 2D surface layers

It has been demonstrated that transitional metal dopants, such as Mn, Cu, Co, and
Fe, alter the opto-electronic characteristics of ZnS |Chauhan et al. (2023); Zafar et
al.| (2020); Axelevitch & Apter| (2017)). At the right dosage, these dopants can also
improve the stability of the devices and cause blue shifting in the optical response
Navarro Yerga et al| (2009). 3d TM dopants may be added to ZnS 2D layers
as substitutional dopants or point defects, depending on the synthesis technique
Bourgoin| (2012)); Z. Chen et al| (2013). Similar to how dopants are projected to
be randomly inserted in different crystal sites in experimental setups, in this work
a situation where the dopants randomly appeared as substitutional dopants was

anticipated.

Lattice Parameter Optimization

The lattice parameters and atomic locations of pure ZnS were all optimised and
the estimated lattice parameters recorded in Table [A.1] [A.2] were analyzed.
The total energy values with respect to the lattice parameter were plotted using

XMGRACE software to determine the lattice parameter with the minimum energy.

1. Lattice data analysis for Ecutwfc
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3. Lattice data analysis for Cell dm (3)
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Figure 4.3: Lattice-Celldm(3)

Cut-off energy, bond lengths and Lattice parameter; 35Ry, 2.11A , 7.4 were
recorded for optimized pristine ZnS as shown in Figure [4.1], [4.2] [4.3]

Crystal structure and doping sites

Considering that transition metal defects are known to alter the structural, elec-
trical, and optical characteristics of semiconductors, they can be strategically em-
ployed to boost the host semiconductor’s characteristics for desired uses |[Korir et
al| (2021). Depending on the development method employed, random point de-
fects—akin to substitutional defects—may appear in a periodic crystal |Bourgoin
(2012); X. Chen et al.| (2013). The ZnS 2D surface layers and nearby surface
were examined for substitutional sites in this work since the catalytic reaction was

expected to occur at the surface of the nanostructures.

1. Manganese

The top and side views of optimized ZnS 2D surface layer doped with man-

ganese at (1, 2 and 4 %) is shown in Figure [£.4]
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Figure 4.4: The top and side views of optimized ZnS 2D layers doped with 1%
(i and ii), 2% (ii and iii) and 4% (v and vi) manganese. The atoms of zinc,
sulfur, and manganese are represented by the gray, green and pink spheres (The
reader is directed to the Web version of this research for an interpretation of the
color references in this figure legend.)

2. Copper

Figure illustrates the top and side views of optimized ZnS 2D surface

layers doped with Copper atoms at (1, 2, 4 and 6 atm.% Copper)
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(vii) (viii)

Figure 4.5: The top and side views of optimized ZnS 2D Layers doped with 1% (i
and ii), 2% (ii and iii) and 4% (v and vi) and 6% (vii and viii) Copper. Zn,
S, and Cu atoms are represented by gray, green and brown spheres, respectively.
(The reader is directed to the Web version of this research for an interpretation
of the color references in this figure legend.)

3. Cobalt

The top and side view of optimized ZnS 2D surface layers doped with (1, 2,
4 and 6 atm.% Cobalt) are demonstrated in Figure
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Figure 4.6: The top and side views of optimized ZnS 2D layers doped with 1% (i
and ii), 2% (ii and iii) and 4% (v and vi) and 6% (vii and viii) cobalt. Gray,
green and blue spheres represent Zn, S and Co atoms respectively. (The reader
is directed to the Web version of this research for an interpretation of the color
references in this figure legend.)

4. Iron

The top and side view of optimized ZnS 2D surface layers doped with (1, 2,
4 and 6 atm.% Iron) are depicted in Figure
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(vii) (viii)
Figure 4.7: The top and side views of optimized ZnS 2D Layers doped with 1% (i
and ii), 2% (ii and iii) and 4% (v and vi) and 6% (vii and viii) Iron. Gray,
green and red sphere represent Zn, S and Fe atoms respectively. (The reader
is directed to the Web version of this research for an interpretation of the color
references in this figure legend.)
Since a catalytic reaction takes place at the surface of the ZnS 2D layer here,
substitutional sites at the surface and near surface of the individual ZnS 2D
layer were taken into consideration, as shown in Figure [4.4] and [4.7]
respectively. Impurity centers produced by Mn, Cu, Co and Fe dopants may

have interacted with electrons and holes. Because of this interaction, the

middle gap states arising from surface species may have been shifted outside
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the gap region which in turn may modify the structural, electronic and
optical properties of the ZnS 2D layer semiconductor producing properties

that may suite PEC applications.

Stability patterns of 3d transition metals dopants in ZnS 2D surface

layers

Transitional metal dopants can strategically be employed to modify the prop-
erties of semiconductor hosts for specific objectives [B. Zheng et al.| (2022), as
they are known to alter the structural, electronic and optical characteristics of
semiconductors Dolabella et al.| (2022)); Raizada et al.| (2021)). Understanding the
incorporation, stability and behavior of such defects in ZnS 2D Layer was therefore

essential for its successful application in PEC water splitting.

1. Stability as a function of dopant concentrations under the Zn-Rich

and S-Rich

The investigation on the stability of ZnS 2D layers as a function of dopant

concentration was determined under the Zn-rich and S-rich as follows;

(a) As an individual dopant (Mn, Cu, Co and Fe)

e Manganese
Based on the Zn-rich and S-rich conditions shown in Figure [4.8]
the formation energy of Mn dopant reduces as dopant concentra-
tion rises. The formation energy is more negative under Zn-rich
conditions, ranging from 2.4 to 4.6 eV, as shown in Table [A.9
This showed that, under equilibrium conditions, the Mn dopant
may be readily integrated into the ZnS 2D surface layer at the
Zn substitutional site, improving the PEC water splitting process.
Energy-wise, the S-rich circumstances are less favorable for forma-

tion since the formation energies at the S-substitutional sites were
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higher than those at the Zn substitutional site.

A graph of formation energies of Manganese 3d dopant as a function of dopant
concentration Under the Zn-Rich and S- Rich conditions
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Figure 4.8: Mn Zn-S-Rich
e Copper

From the Figure[4.9] the formation energy of Copper dopant slightly
decreased with increase in dopant concentration under the Zn-rich
and S-rich conditions this can be explained by the fact that Cu
is less sensitive to changes in dopant concentration. Under the
Zn-rich condition the formation energy was consistently more neg-
ative from (-5.2 to -6.2 €V) as shown in Table [A.10] This showed
that the Cu dopant can easily be incorporated in to the surface
of ZnS 2D Layer at the Zn substitutional site under equilibrium
conditions and so enhance PEC process. The formation energy
under the S-rich condition at the S-substitutional sites was much
higher compared to the Zn substitutional site, because they are

energetically less favorable under S-rich conditions.
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A graph of formation energies of 3d Copper dopant as a function of dopant
concentration Under the Zn-Rich and S- Rich conditions
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Figure 4.9: Cu Zn-S-Rich
e Cobalt

As shown in Figure [£.10] the formation energy of cobalt dopant
falls linearly with an increase in dopant concentration in both Zn-
rich and S-rich environments. Table[A.11lshows that the formation
energy was constantly more negative from (4.2 to -6.4 €V) under
the Zn-rich condition. This suggests that, under equilibrium con-
ditions, the Co dopant can be integrated into the ZnS 2D Layer
at the Zn substitutional site and improve the PEC water splitting
process. Compared to the Zn substitutional site, the formation en-
ergy at the S-substitutional sites was significantly greater and less
favorable energetically under S-rich circumstances. The stronger
bonding and stable structure for Co doped ZnS 2D layers are sup-

ported by their comparatively larger formation energy.



136

A graph of formation energies of 3d Cobalt dopant as a function of dopant
concentration Under the Zn-Rich and S- Rich conditions
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Figure 4.10: Co Zn-S-Rich

e Iron
From the Figure [{.11] the formation energy of Iron dopant sys-
tematically decreases with increase in dopant concentration under
the Zn-rich and S-rich conditions. Under the Zn-rich conditions,
the formation energy was consistently more negative from (3.0 to
-4.4 V) as seen in Table This indicates that the Fe dopant
can be incorporated in to the surface of ZnS 2D Layer at the Zn
substitutional site under equilibrium conditions therefore enhanc-
ing PEC water splitting process. The formation energy under the
S-rich condition at the S-substitutional sites was much higher com-
pared to the Zn substitutional site, and this explained as to why

they are energetically less favorable under S-rich conditions.
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A graph of formation energies of 3d Iron dopant as a function of dopant concen-
tration Under the Zn-Rich and S- Rich conditions
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Figure 4.11: Fe Zn-S-Rich

(b) Different Dopant Concentration (1, 2, 4 and 6 atm.%)

e 1 amt.% Zn-S-Rich
The formation energy of copper at 1% is more negative than that
of the other dopants under Zn-rich conditions, as shown in Figure
and this is further supported by Table[A. T3] Given that, Cu at
—5.2eV is less sensitive to variations in dopant concentration there-
fore can be readily integrated into the ZnS 2D surface layers. Less
improvement in the PEC water splitting process can be attributed
to Mn, Co, and Fe demonstrating a slightly positive formation en-
ergy at 1% atm dopant concentration. These configurations are
energetically less favorable under S-rich conditions because the for-

mation energy at the S substitutional site was significantly higher.
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A graph of formation energies of 3d TM dopants as a function of dopant concen-
tration at 1 atm.%

Under the Zn-Rich and S- Rich conditions
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Figure 4.12: 1 amt.% Zn-S-Rich

e 2 amt.% Zn-S-Rich
From the Figure the formation energy of copper at atm. 2% is
more negative than the other dopants. However, the other dopants
as seen in Table [A.14] recorded negative values meaning that all
the four dopants can easily be incorporated in to the ZnS 2D Layer
surfaces at the Zn substitutional site under equilibrium conditions
and so improve the PEC water splitting process. Under the S-rich
conditions, the formation energy was isothermally higher at the S
substitutional site hence were energetically less favorable under the

S-rich condition.
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A graph of formation energies of 3d TM dopants as a function of dopant concen-
tration at 2 atm.% Under the Zn-Rich and S- Rich conditions
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Figure 4.13: 2 amt.% Zn-S-Rich

e 4 amt.% Zn-S-Rich
From the Figure [£.14] the formation energy of copper at atm. 4%
is more negative than the other three dopants, this shows that Cu
is less sensitive to changes in dopant concentration as recorded in
Table However, the other dopants recorded negative values
under the Zn-rich condition, which depicts that all the four dopants
could easily be incorporated in to the ZnS 2D layer at the Zn
substitutional site under equilibrium conditions and so improve
the PEC water splitting process. Under the S-rich conditions, the
formation energy was consistently higher at the S substitutional site

hence were energetically less favorable under the S-rich condition.
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A graph of formation energies of 3d TM dopants as a function of dopant
concentration at 4 atm.% Under the Zn-Rich and S- Rich conditions
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Figure 4.14: 4 amt.% Zn-S-Rich

6 amt.% Zn-S-Rich

From the Figure [4.15] the formation energy of copper and cobalt
recorded higher negative formation energy values under the Zn-rich
conditions than the other two dopants. This shows that Cu and Co
are less sensitive to changes in dopant concentration as confirmed in
Table[A.16] However, the four dopants recorded high negative val-
ues under the Zn-rich condition. Therefore, the dopants can easily
be incorporated in to the ZnS 2D layer surfaces at the Zn substi-
tutional site under equilibrium conditions and so improve the PEC
water splitting process. Furthermore, a higher amount of dopant
concentration could cause light scattering of the samples, hence re-
duce effective irradiation absorbed by the reaction suspension and
shielding of light thus reduce PEC water splitting process. Un-
der the S-rich conditions, the formation energy were higher at the
S substitutional site hence were energetically less favorable under

the S-rich condition.
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A graph of formation energies of 3d TM dopants as a function of dopant concen-
tration at 6 atm.% Under the Zn-Rich and S- Rich conditions
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Figure 4.15: 6 amt.% Zn-S-Rich

2. Direct calculations for formation energies under the Zn-rich and
S-rich for all the 3d TM dopants as a function of dopant concen-

tration

(a) Formation energies under the Zn-rich for all the 3d TM dopants

The Figure describes the trends in the formation energies of 3d
TM dopants in ZnS 2D surface layers for various dopant concentra-
tions ( 1, 2, 4 and 6 atm.%) under the Zn-rich conditions Figure [£.16]
It was observed that the formation energy of 3d TM atoms in ZnS
2D surface layer was sensitive to dopant concentration. Under Zn-rich
conditions, the defect stability decreased with increase in dopant con-
centration. The more the dopant concentration the more it induces
dramatic changes in the structural morphology of the NSs. These ob-
servations may be attributed in part to lower atomic radii of these
elements compared to that of Zn, thus subjecting the ZnS crystal to
substantial local structural relaxation. These elements may have fewer
unoccupied d orbitals hence affect the level of their chemical interac-
tion with nearest neighbor sulphur atoms. The diagram also shows that
copper was less sensitive to changes in dopant concentration under the

Zn-rich conditions and that Cu was stable at the Zn substitutional site.
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Figure 4.16: Formation energies under the Zn-rich for all the 3d TM dopants as a
function of dopant concentration

(b) Formation energies under the S-rich for all the 3d TM dopants

From the Figure [£.17] under the S-rich conditions in Table [A.I§] the
stability of TM doped ZnS 2D layers increased with an increase in
dopant concentration. Copper and iron were less sensitive to changes
in dopant concentration since it indicated a minimal change in defect

stability.

Under both S-rich and Zn-rich conditions, the results suggested that the de-
fect stability remains insensitive to changes in dopant concentration of 1-2
atm.%. Under S-rich conditions, the change in stability of TM doped ZnS 2D
surface layers with dopant concentration was minimal with Cu-doped ZnS
and Fe-doped ZnS being the least sensitive to changes in dopant concentra-
tion. On the other hand, in the Zn-rich limit, the change in stability was
minimal with Cu-doped ZnS being the least sensitive to changes in dopant

concentration.
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Figure 4.17: Formation energies under the S-rich for all the 3d TM dopants as a
function of dopant concentration.
3. Formation energy profile of 3d transition metal defects in ZnS 2D

surface layers under the Z-rich and S-rich Condition.

From the Figure [4.18] S substitutional sites are energetically less favorable
under S-rich conditions. S-rich conditions was much higher in energy com-
pared to the Zn substitutional site, as recorded in the Table [A.19] This
observation can be associated with the large crystal strain due to relatively
large atomic radii of TM atoms compared to S atoms. Importantly, the
calculated formation energies of the 3d transition metals in ZnS at the Zn
substitutional site in the S-rich condition were negative. The negative for-
mation energies explains that these transition metals can readily be incor-

porated into ZnS at the Zn substitutional site under equilibrium conditions.
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Formation energy profile of 3d transition metal defects in ZnS NW under the Z-
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Figure 4.18: Formation energy profile of 3d transition metal dopants in ZnS 2D
layer under the Z-rich and S-rich Condition

4.2.2 Analysis on the electronic properties of the selected

3d transition dopants in ZnS 2D surface layers

In this study, electronic properties were assessed in terms of the changes of the
electronic band gap with the introduction of the selected 3d TM dopants. Em-
ploying dopants presents another effective pathway for achieving the desired band
gap in ZnS. The band gap of 3d TM doped ZnS were performed for dopants con-
centration between 1-6% and presented in Figure [4.19] It was observed that, the
considered dopants (Mn, Cu, Co, and Fe) reduced the band gap with varying

degrees for the various dopant concentration.

Band gap

The Figure demonstrated the difference between the HUMO and LUMO. The
band gap calculations were determined from the relaxed output file submitted in
the high computing performance and analyzed as seen in Figure 4.19, The results
showed that the band gap of TM doped ZnS 2D surface layers were strongly de-
pendent on the dopant concentration. Cu recorded the lowest band gap reduction

from 1 to 6 amt%.
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Figure 4.19: Band gap energy of 3d transition metal doped ZnS 2D layers at the
Zn substitutional as a function of dopant concentrations.

Band gap reduction was observed with increase in dopant concentration from
1 to 6%, shifting optical response towards the visible light spectrum at higher
dopant concentrations. The observed reduction in band gap in these case can be
attributed to upward shift of the VBM and downward shift of CBM due to the
introduction of defect states. The band gap energy of TM doped ZnS 2D layers at
the Zn substitutional as a function of dopant concentration as shown in the Figure
[4.20] The concentration of the dopant had a significant impact on the band gap
of TM doped ZnS 2D layers.
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Figure 4.20: Bandgap energy of 3d transition metal doped ZnS 2D layers at the
Zn substitutional as a function of dopant concentrations.

Due to the shifting of the band edge levels, doping generally resulted in a

reduction in the ZnS 2D layer band gap. The concentration of the dopant had a
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significant impact on the band gap of TM doped ZnS 2D layers. In some instances,
dopants may induce mid gap defect states that can aid electron and hole transfer
essential for oxidation of water [J. Li & Wul (2015). In this work, Cu and Co were
found to induce defect states thus producing a staggered band structure which

could be ideal for optimal performance in PEC water splitting.

Projected Density of states

PDOS gives information on the kind of interaction that happens in a supercell
and understanding on the contribution of different orbitals in the band structure.
By increasing the number of TM dopants randomly dispersed in the 2D layer
at substitutional Zn sites, the stability of ZnS 2D layers as a function of dopant
concentration was firstly explored in order to discover how TM dopants affects the
electronic and optical characteristics of ZnS 2D layers for PEC applications. All
doping concentrations taken into account in this investigation preserved the same

doping position for every distinct transition metal atom.

1. PDOS of bulk and Relaxed ZnS

The Figure and Figure [£.22] shows the bulk ZnS and relaxed surface
ZnS respectively. In order for the dopant to be introduced to the surface
of the bulk ZnS, the surface had to be relaxed. Relax functionality of the
PW module keeps the initial optimized lattice parameters constant and sim-
ulates the forces between the surface and the molecule. Hence, these allowed
investigation on the behavior of molecule being adsorbed on the surface. Re-
lax functionality also performed the atomic coordination, optimization and
force calculations applied to each atom by changing the atom location and
cell size. The following were the PDOS calculations results obtained from

each dopant under investigation.
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Figure 4.22: PDOS ZnS RELAXED
2. Manganese PDOS Relaxed surface

e PDOS of ZnS-1% Mn relazed surface

The Figure [4.23] showed the PDOS of ZnS doped with 1% Manganese
dopant. The 1% Mn defect introduces the defect states located at the
Fermi energy line which can be attributed to creation of new energy

levels between the VBM and CBM within the ZnS band gap. This
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may cause electronic structure modification by reducing the energy gap
hence could allow visible light absorption which may be ideal for PEC
water splitting. The PDOS around the Fermi level originated mainly

from the 3d band contributions of Mn.
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Figure 4.23: 1Mn PDOS

e PDOS of ZnS-2% Mn relazed surface

The Figure 4.24] shows the PDOS of ZnS doped with 2% Manganese
dopant. With an E-Fermi =1.19. The 2% Mn defect introduces the
defect states located at the Fermi energy line which can be attributed
to creation of new energy levels between the VBM and CBM within
the ZnS band gap which may cause electronic structure modification
by reducing the energy gap hence allow visible light absorption which
can be ideal for PEC water splitting. The 3d band of Mn dopant

contributes to the PDOS around the Fermi level.
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Figure 4.24: 2Mn PDOS

e PDOS of ZnS-4% Mn relazed surface

The projected density of states (PDOS) of ZnS doped with 4% man-
ganese dopant is displayed in Figure [£.25 having E-Fermi = 1.1423
value. Defect states at the Fermi energy line were introduced by the
4% Mn defect, which was explained by the formation of new energy
levels in the ZnS band gap between the VBM and CBM. By closing
the energy gap, this may modify the electronic structure and make it
possible for visible light to be absorbed, which may be perfect for PEC
water splitting. The 3d band contributions of Mn may be the principal
source of the PDOS near the Fermi level. Compared to 2% Mn, 4% Mn
has more energy levels within the Fermi line hence more absorption for

more hydrogen production.
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Figure 4.25: 4Mn PDOS

3. Copper PDOS Relaxed surface

Copper has high electronic conductivity and can effectively reduce the wide
band gap of ZnS by creating defects and d band states of Cu in ZnS and
also act as active trap centers of electrons to reduce carrier recombination.
The defect states very near to the valence band also smear the valence band
edge deep inside the gap. Therefore, on both sides of the VBM and CBM,
an energy tail may be formed hence more UV light absorption which can

enhance more hydrogen production.

e PDOS of ZnS-1% Cu relazed surface

The projected density of states of ZnS doped with 1% Copper dopant
at E-Fermi=4.3278 is shown in Figure [4.26] The 1% Cu defect intro-
duces the defect states located at the Fermi energy line which can be
attributed to creation of new energy levels between the VBM and CBM
within the ZnS band gap. This may cause electronic structure modifi-
cation by reducing the energy gap hence allow visible light absorption

which is ideal for PEC water splitting. The PDOS around the Fermi
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level originates mainly from the 3d band contributions of Cu.
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Figure 4.26: 1Cu PDOS

e PDOS of ZnS-2% Cu relaxed surface

As seen in Figure the PDOS of ZnS doped with 2% Copper dopant

at E-Fermi=2.7024 eV was recorded. Defect states at the Fermi energy

line have been introduced by the 2% Cu defects and this is well ex-

plained by the formation of new energy levels in the ZnS band gap be-

tween the VBM and CBM. By closing the energy gap, this may modify

the electronic structure and could make it possible for visible light to

be absorbed, which will be perfect for PEC water splitting. Cu’s 3 d

band contribution could be the principal source of the PDOS near the

Fermi level.
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Figure 4.27: 2Cu PDOS

e PDOS of ZnS 4% Cu relaxed surface

At E-Fermi=1.6373 eV, the PDOS of ZnS doped with 4% Copper
dopant is shown in Figure [£.28] The development of new energy levels
in the ZnS band gap between the VBM and CBM may explain why the
4% Cu defect may introduce defect states at the Fermi energy line. This
may alter the electronic structure and permit visible light absorption
by closing the energy gap, which may be ideal for PEC water splitting.
Near the Fermi level, the main source of the PDOS could be Cu’s three

d band contribution.
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Figure 4.28: 4Cu PDOS

The d states of Cu?t and Sulphur defects may be responsible for the nar-
rowing of the band gap of ZnS. As the band gap decreases, the magnitude
of defect energy increases. These defects may increase the magnitude of Ur-
bach energy and the magnitude of this energy may increase as Cu loading
increases. Absorption edge shifting and band gap reduction may be con-
trolled by the surface of the ZnS 2D layers, lattice strain and vacancies.
Doping can induce smearing of the valence and conduction band edges in
Cu. This can effectively reduce the wide band gap of ZnS by creating de-
fects and d band states of Cu in ZnS 2D layer and can also act as active

trap centers of electrons to reduce carrier recombination.
4. Cobalt PDOS Relaxed surface

e PDOS of ZnS-1% Co relazed surface

Figure illustrates the 1% Co relax surface defect states of the Co
doped ZnS 2D layer, which has an E-Fermi energy of = 0.2271 eV
with additional energy bands within the E-Fermi line. Cobalt doping
may have created grain boundary defects along the E-Fermi line, which

could lead to valence and conduction band bending. These defects limit
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electron mobility to the interface and halt charge carrier recombination.
Sub-band states that form between the valence and conduction bands
may cause the band gap to narrow. Because there may be more defects
below the conduction band, which pushes the band edge more into the

forbidden gap, ZnS’s effective band gap may reduce as doping increases.
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Figure 4.29: 1Co PDOS

e PDOS of ZnS-2% Co relazed surface

Figure [4.30] displays additional energy bands within the E-Fermi of the
Co doped ZnS 2D layer with a 2% Co relax surface defect states and
an E-Fermi energy of = 2.44 eV. The Co doping may have generated
grain boundary defects around the E-Fermi line, which may lead to
bending of the valence and conduction bands. Electron mobility may be
limited to the interface of these imperfections, which may also prevent
charge carrier recombination. Sub-band states that form between the
conduction and valence bands are what may have caused the band gap
to narrow. When the doping level increases, more defects are present

below the conduction band, which may push the band edge farther into
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the forbidden gap and may reduce the effective band gap of ZnS 2D
layers.

A Graph of ZnS_2Co_Relax_Surface
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Figure 4.30: 2Co PDOS
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e PDOS of ZnS-4% Co relazed surface
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Figure 4.31: 4Co PDOS

Figure displays the 4% Co relax surface defect states of the Co

doped ZnS 2D layer with an E-Fermi energy of = 2.23 eV, revealing
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additional energy bands within the E-Fermi. Co doping may produce
grain boundary defects around the E-Fermi line, which can bend the va-
lence and conduction bands. These imperfections limit electron mobil-
ity to the contact and prevent charge carrier recombination. Sub-band
states between the valence and conduction bands may cause the band
gap to narrow. Because more defects are present below the conduction
band, which pushes the band edge deeper into the forbidden gap, ZnS’s

effective band gap may fall as the doping level grows.

PDOS of ZnS-6% Co relaxed surface

The defect states of the 6% Co relax surface of the Co doped ZnS 2D
layer with an E-Fermi energy = 2.7063 €V is represented by the Figure
As the amount of Co content rises, the Co doping may cause
more grain boundary defects to form and may cause the valence and
conduction bands to bend. Compared to 4% Co amount, the energy
levels may be higher and as a result charge carrier recombination may
be inhibited and electron mobility could be restricted to the interface

by these imperfections.

On the other hand, complex defects and defect clusters within the struc-
ture may have been created by severe doping and these may be unde-
sirable side effects. Consequently, 6% Co doping may limit the optical
adsorption of the NSs at the surface by causing complicated defects
and clustering around the E-Fermi line, which may not be desirable
and may induce a recombination effect. In the case of cobalt, the band
gap becomes 0.1 at 6 atm.%, making the system metallic due to upward

shift of the Fermi level.
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Figure 4.32: 6Co PDOS

5. Iron PDOS Relaxed surface

Fe doping may lead to the creation of grain boundary defects and could
result in the bending of the valence and conduction bands. These defects
may limit the electron mobility to the interface and prevent charge carrier
recombination. Sub-band states formed in between the valence and conduc-
tion bands may result in the narrowing of the band gap with doping level,
the number of defect levels below the conduction band may increase to such
an extent that the band edge could be shifted deep into the forbidden gap,

thereby reducing the effective band gap of ZnS.

e PDOS of ZnS-1% Fe relazed surface

The Figure represents the defect states of 1% Fe relax surface of
the Fe doped ZnS 2D layer with an E-Fermi energy = 4.544 eV. The
Fe doping may lead to the creation of grain boundary defects around
the E-Fermi line and this may result in the bending of the valence and
conduction bands. These defects may limit the electron mobility to the

interface and prevent charge carrier recombination. Sub-band states
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formed in between the valence and conduction bands may result in the
narrowing of the band gap. With doping level, the number of defect
levels below the conduction band may increase to an extent that the
band edge may be shifted deep into the forbidden gap, thereby reducing

the effective band gap of ZnS.
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Figure 4.33: 1Fe PDOS

PDOS of ZnS-2% Fe relaxed surface

The defect states of the 1% Fe relax surface of the Fe doped ZnS 2D
layer with an E-Fermi energy = 1.1709 eV is represented by the Figure
4.34. The valence and conduction bands may bend as a result of the
Fe doping, which may produce grain boundary defects around the E-
Fermi line. Charge carrier recombination may be inhibited and electron
mobility could be restricted to the interface by these imperfections. The
band gap may narrow as a result of sub-band states that arise between
the valence and conduction bands. The effective band gap of ZnS may
be lowered as a result of the doping level thus increase the number of
defect levels below the conduction band to the point where the band

edge may be moved far into the forbidden gap.
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Figure 4.34: 2Fe PDOS

e PDOS of ZnS-4% Fe relazed surface

The 4% Fe relax surface defect states of the Fe doped ZnS 2D layer with
an E-Fermi energy of = 1.7512 €V is shown in Figure [4.35/showing more
energy bands within the E-Fermi. Grain boundary defects surrounding
the E-Fermi line are created by the Fe doping and this may cause the
valence and conduction bands to bend. These defects may stop charge
carrier recombination and restrict electron mobility to the interface.
The narrowing of the band gap may be caused by sub-band states that
arise between the valence and conduction bands. The effective band
gap of ZnS may decrease as the doping level rises because more defects
could be present below the conduction band, shifting the band edge

further into the forbidden gap.
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Figure 4.35: 4Fe PDOS

e PDOS of ZnS-6% Fe relazed surface

The Figure represents the defect states of 6% Fe relax surface of
the Fe doped ZnS 2D layer with an E-Fermi energy = 0.8012 eV. The
Fe doping may lead to the creation of more grain boundary defects as
the number of Fe content increases and it may result in the bending of
the valence and conduction bands. Comparing to 4% Fe amt., there are
more energy levels and therefore more defect states. These defects may
limit the electron mobility to the interface and prevent charge carrier

recombination.

However, heavy doping induce the formation of complex defects and
defect clustering within the structure, which are in general not desirable
side effects. Therefore 6% Fe doping may cause complex defects and
clustering around the E-Fermi line which may not be desirable and may
cause recombination effect therefore limit the optical adsorption of the

nanowires at the surface.
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Figure 4.36: 6Fe PDOS

6. Projected Density of States (PDOS) Hybridization

PDOS was simulated to understand the role that different orbitals play in
the band structure. Additionally, the valance band’s S-p and Zn-p orbitals
hybridize with one another. Comparable findings from the electron differ-
ence density investigation showed that the Zn and S atoms share charges.
Higher conduction band energy states were attributed to the Zn-p orbitals,
while lower conduction band states were attributed to the Zn-s orbitals. The
presence of mid-gap states between VBM and CBM may shift the absorp-
tion spectral spectrum of wide band-gap semiconductors from the UV to
the visible light range. The findings demonstrate that mid-gap states were
induced by ZnS 2D layers doped with Cu and Co at 4% and 2% dopant con-
centrations. This was well demonstrated by the hybridization of S-2p and
Cu/Co-3d orbitals, as depicted in Figure and Figure respectively.

o 2C0-2Cu-ZnS PDOS Hybridization
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Figure 4.37: PDoS of ZnS NSs doped with (a)2%Co and (b)2%Cu.The Fermi level
is indicated with the dotted line

Wide band gap semiconductors’ absorption spectral range can be ex-
panded from UV to visible light spectrum by the existence of mid-gap
states between VBM and CBM. By bringing the catalyst level close to

the Hy,O/O; redox level, shallow mid-gap states may affect the transfer

of holes in the oxidation of water [J. Li & Wu (2015)). Therefore, both

Cu and Co can produce a staggered band-structure arrangement with
the right amount of dopant, which may be perfect for PEC and related

applications.

o /Co-4Cu-ZnS PDOS Hybridization
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Figure 4.38: PDOS of ZnS NSs doped with 4% Co and 4%Cu. The Fermi level is
indicated with dotted line

Thus controlled introduction of dopant can result in the creation of superior cat-

alyst for PEC water splitting.

4.2.3 Analysis on the optical properties of Cu and Co doped

ZnS 2D layer

Transitional metal dopants are anticipated to modify the optical response of ZnS
2D layered system. In particular, Cu and Co at 4% dopant concentration were
explored because of their staggered configuration. The optical response were as-
sessed using the dielectric response of the modified ZnS as expressed in Equation
[3.6] The optical absorption response (a,bs) was determined using dielectric re-

sponse function Equation [3.7] .
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Figure 4.39: Dielectric constant verses photon energy plots for ZnS layer doped
with (a) 2%Co and (b) 4%Cu.
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Figure [£.39) shows the real and imaginary part contribution to dielectric func-
tion with peaks showing different energy transition with the sharps peaks being
attributed to €2. Indeed, ZnS doped with Co (2%) shows €2 peaks at 0.4-2.7 eV
energy range as shown in Figure [4.39(a). In the case of ZnS doped with Cu (4%),
€2 were observed to be from 0.2-3.4 eV energy range as plotted in Figure M(b)
The optical absorption response (a,bs) was determined using dielectric response

function |Gajdos et al.| (2006)) as shown below,

N

Qabs = V 2w(\/e%w + 3w — qw)?. (4.1)
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Figure 4.40:  Absorption spectra for ZnS layer doped with (a) 2 %Co and (b)
4 %Cu. Red and blue shaded regions represent real and imaginary contribution,
respectively.

Pristine 2D ZnS has the highest absorption peak located at a wavelength of
444.52 nm, which is within the visible part of electromagnetic spectrum consistent
with previous work [Lashgari et al.| (2016]). In the case of ZnS doped with Co (2%)
absorption range was observed between 0.4 - 1.8 eV with highest peak at 405.01 nm
(see Figure[1.40|(a)), while in ZnS doped with Cu (4%) the absorption starts at 0.2-
1.7 eV with the highest peak at 371.94 nm, as shown in Figure[£.40[b). Overally, a
blue shift in the absorption response of the modified ZnS was noted, in particular,
ZnS doped with Cu (2%) and Cu (4%) showed a reduction in wavelength by 8.89
% and 16.33%, respectively. Thus, the doped ZnS system is anticipated to offer

superior performance in opto-electronic and related application owing improved
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optical response to visible range known to posses high energy density compared to

infrared or near infrared spectrum that the pristine system is known to operate.

4.2.4 Photocatalysis activity of TM doped ZnS 2D layer

Production and transfer of photo-induced electron-hole is critical for PEC water
splitting and assessment of such process is essential in optimization |S. Chen et
al.| (2020); Ghorai et al.| (2019); [Poornaprakash et al| (2020). The effect of TM
dopants on ZnS catalytic activity were analysed by plotting band-edge alignment
of pristine and doped ZnS for the various dopant concentrations compared with

the water reduction and oxidation potential as shown in Figure £.41] The CBM
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Figure 4.41: Band edge alignment for 3d transition metal doped ZnS 2D surface
layers with varying dopant concentrations in relation to water’s redox potential

(1%, 2%, 4%, 6%).

of the intrinsic ZnS 2D surface layer was greater by ~ 0.75¢V than the reduc-
tion potential of H"/H, and the VBM was more positive (by 1.64 €V) than the
oxidation potential of Oy/H-0, as illustrated in Figure 4.41] It can be inferred

that the pure ZnS 2D Layer has strong oxidation and reduction capabilities; yet,
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its 3.66 eV band gap necessitates UV light irradiation. Band gap engineering
was necessary to enable water splitting at visible light frequencies. The ideal TM
dopant is the one that narrows the ZnS 2D Layer’s band gap while preserving its
semi-conductor character by shifting the CBM and VBM relative to pure ZnS 2D
surface layer, making it a candidate for visual light illumination as opposed to
UV light. As these characteristics have a substantial impact on the overall PEC
activity of the photocatalyst, they must be taken into consideration in addition to
band gap engineering. These considerations include levels of CBM /VBM relative
to redox potentials of water and any defect levels in the band gap. All 3d TMD’s
have oxygen evolution as preferred by the VBM of the doped ZnS 2D Layer with
3d TM remaining significantly positive above the Oy/H>0O oxidation potential.
Yet, depending on the dopant concentration, the reduction potential of ZnS 2D
layers doped with Mn, Cu, Co and Fe stays negative below the reduction potential
of H*/H,. This finding suggests that ZnS 2D surface layers doped with transition
metals dopants such as; Mn, Cu, Co and Fe could be used as a photocatalyst
for the simultaneous evolution of oxygen and hydrogen as demonstrated in Figure
[4.42] Thus, adjusting the dopant concentration offers a chance to enhance the

driving power for photocatalysis.

Ev, NHE (v)
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W@ 0.00 < Reduction
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Figure 4.42: Theoretical mechanism
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4.3 Experimental analysis of cobalt doped ZnS nanos-
tructure surface layers on the structural, elec-

tronic and optical characteristics

4.3.1 Structural analysis of cobalt doped ZnS nanostruc-

tures surface layers

Ideal crystal is an infinitely large and perfectly ordered array. Inter planar spacing
is related to Miller indices and the lattice constant by;
1 h? kK02

[ T B 4.2
dz,, a? + b2 + c2 (4.2)

for specific kind of crystal. The Bragg’s Law of diffraction;
2dsined = n\ (4.3)

where d is the dpi;. n is the diffraction order for the 1% order n—=1; Cu ka = \ is
the X-ray wavelength which is equal to 1.506 A from the experimental set up. d is
the inter-planar spacing in A; 6 is the Braggs angle which is measured in degrees.
The inter planar spacing and 2 sine 6 is the path difference between the two rays
of X-rays. For simple cubic lattice then (Source; JCPD software database) three
sides are equal i.e. a = b = ¢ hence replace h, k, | with a as shown in Figure 4.43|
This will give an expression such as;
1 n? k02

[ T T 4.4
dz,,  a? + b2 + c2 (44)
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CRYSTAL LATTICE
simple cubic

[i\ b,

ry

a
ga=b=c
— -— —_— 'ﬂ‘
a=p=y=90
Figure 4.43: Simple cubic lattice Source; JCPD software database
Where a = f = v = 90°. Therefore

1L R+
iy a’

(4.5)

a

dpp = ——o— 4.6
N YR (4.6)

dpr 1s found from the XRD graph while the (hkl) values are taken from the JCPD

cards |Omurzak et al. (2011).

1. Crystallinity (crystal size and disorder) analysis

Origin software was used to determine the values of all the doped ZnS,

undoped ZnS and cobalt doped ZnS decorated with and without graphene.

e Crystal size and disorder analysis without graphene

The experimental patterns obtained from XRD analysis were compared

to the simulated pattern obtained from the Crystallographic Informa-
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tion File (CIF) and the results obtained were further analyzed.

(a) The crystalline structure of the synthesized ZnS

Intensity (a.u.)

The Figure [£.44] shows powder XRD patterns of the synthesized
7ZnS. This indicated that both structures share a similar degree
of symmetry with the modelled structures of the ZnS database.
The Bragg’s peak at 20 = 28.25°,47.84°,56.93°, 69.68°, 77.08° were
assigned to the crystallographic planes (111), (220), (311), (300)
and (110) for hexagonal system respectively. The diffraction pat-
tern and inter-planar spacing’s matched well with the face centred

cubic (fcc) cubic phase of ZnS.

| —— pure Zn$|
[——Sim_ZnS]
l l l o 2 [ 1
20 40 60 80

26 (degree)

Figure 4.44: Pure ZnS

(b) XRD 1Co-ZnS

The Figure shows powder XRD patterns of the synthesized
ZnS and 1% cobalt doped ZnS. This indicated that both structures
share a similar degree of symmetry with the modelled structures
of the ZnO and CoO database. The Bragg’s peak recorded at
20 = 28.25°, 47.84°, 56.93°, 69.68° and 77.08° were assigned to
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the crystallographic planes (111), (220), (311), (300), and (110) for
hexagonal system respectively. There was an asymmetric broaden-
ing on the high angle side of the ZnS (111) diffraction peaks due to
the addition of 1% cobalt. The diffraction pattern and inter-planar

spacing’s matched well with the fcc phase of ZnS.

— 1Co0-ZnS

B L l L # |
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sim. ZnS
l . |
—=sim. Co
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20 (degree)

Figure 4.45: Pure-ZnS-1Co-ZnS

(¢c) XRD 2Co-ZnS
The Figure[4.46|illustrates powder XRD patterns of the synthesized
ZnS and 2% cobalt doped ZnS. This showed that both structures
share a similar degree of symmetry with the modelled structures
of the ZnO and CoO database. The Bragg’s peak at 20 = 28.25°,
47.84°, 56.93°, 69.68° and 77.08° were assigned to the crystallo-
graphic planes (111), (220), (311), (300) and (110) for hexagonal
system respectively. There was an asymmetric broadening on the

high angle side of the ZnS (111) diffraction peaks due to the addi-
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tion of 2% cobalt. The diffraction pattern and inter-planar spac-

ing’s matched well with the fcc phase of ZnS.
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ﬂ ZnsS

-
=
] J sim. ZnS
S
.‘é\ l l l 1 1 L
2 sim. Co
2 ul
c I |- |
sim. CoO
M 1 1_1 lll i i
sim. ZnO
| 1 | 1 | !
20 40 60 80

206(Degree)

Figure 4.46: Pure ZnS-2Co-ZnS

(d) XRD 4Co-ZnS
The Figure [4.47] depicts powder XRD patterns of the synthesized
ZnS and 4% cobalt doped ZnS. This indicated that both structures
shared a similar degree of symmetry with the modelled structures
of the ZnO and CoO database. The Bragg’s peak at 20 = 28.25°,
47.84°, 56.93°, 69.68° and 77.08° were assigned to the crystallo-
graphic planes (111), (220), (311), (300), and (110) for hexago-
nal system respectively. There was an asymmetric broadening on
the high angle side of the ZnS (111) diffraction peaks due to the

addition of 4% cobalt. The diffraction pattern and inter planar



172

spacing’s matched well with the fcec phase of ZnS.

4Co-ZnS
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Figure 4.47: Pure-ZnS-4Co-ZnS

(e) XRD 6Co-ZnS
The Figure describes powder XRD patterns of the synthesized
ZnS and 6% cobalt doped ZnS. It indicated that both structures
shared a similar degree of symmetry with the modelled structures
of the ZnO and CoO database. The Bragg’s peak at 20 = 28.25°,
47.84°, 56.93°, 69.68° and 77.08° were assigned to the crystallo-
graphic planes (111), (220), (311), (300), and (110) for hexago-
nal system respectively. There was an asymmetric broadening on
the high angle side of the ZnS (111) diffraction peaks due to the
addition of 6% cobalt. The diffraction pattern and inter planar

spacing’s matched well with the fcec phase of ZnS.
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Figure 4.48: Pure-ZnS-6Co-ZnS

e Crystal size and disorder analysis with graphene

(a) Graphite oxide analysis
The XRD pattern of pure graphite as shown in Figure [£.49] exhibits
the distinctively strong diffraction peak of graphite at 26 = 26.4°,
which corresponds to the graphite oxide inter-layer of (002) with
the d spacing of 0.34 nm. During the chemical oxidation process,
hydroxyl, carbonyl and epoxide groups may have intercalated in
the graphite inter-layer, as evidenced by the loss of the distinctive
graphite peak at 26.4° and the emergence of a wide peak at 10.6°
(d= 0.83 nm) in the dried GO from the formulae; Bragg’s law [4.3]
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Figure 4.49: Pure GO

(b) Graphite ozxide analysis and reduced graphene data analysis
The XRD pattern in Figure[4.50|shows the crystalline structure and
phase of the GO and rGO nanostructures. Sharp diffraction peaks
with no extra signal confirmed the formation of crystalline phase
nanocomposite material. Functional groups were removed from
the surface of GO during the thermal treatment to obtain reduced
graphene. The absence of significant diffraction peak in the XRD
pattern of rGO indicates the exfoliated feature of rGO after the
thermal reduction of GO. Notably, no graphene diffraction peaks
could be seen in the nanostructures of ZnS/graphene. This may
be because graphene has a poor crystallinity and a low diffraction

intensity in these materials.
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Figure 4.50: Pure GO-rGO
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Figure 4.51: XRD patterns of pure Co-ZnS-rGO nanostructures with simulated
ZnS, 7Zn0O, Co and CoO database structures
(¢) ZnS-rGO data analysis
The Figure describes powder XRD patterns of the synthesized

GO with rGO and ZnS NSs. The aforementioned patterns exhib-
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ited a comparable level of symmetry to the modelled ZnS, ZnO,
Co, and CoO database structures as seen in Figure [4.51] The crys-
tallographic planes (111), (220) and (311) for the hexagonal system
were given to the Bragg’s peak at 20 = 28.71°,47.59°, 56.46°. The
absence of the typical rGO signal in the XRD pattern for ZnS-rGO
and Co-ZnS-rGO NSs could possibly be caused by the formation of
7ZnS NSs between rGO layers, which would damage the rGO’s reg-
ular layered structure and so the graphene was incorporated into

the ZnS lattice.
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Figure 4.52: Pure ZnS-rGO

(d) 1Co-ZnS-rGO
The Figure[4.53|shows powderXRD patterns of the synthesized GO,
rGO and 1% reduced cobalt doped ZnS NSs. The aforementioned
patterns exhibit a comparable level of symmetry to the modelled
7ZmS, ZnO, Co, and CoO database structures. The crystallographic

planes (111), (220) and (311) for the hexagonal system were given
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to the Bragg’s peak at 260 = 28.65°,47.73°,56.66°. The ZnS matrix
was successfully filled with Co** ions, which occupied the Zn?*
sites. The absence of the typical rGO signal in the XRD pattern
for ZnS-rGO and Co-ZnS-rGO NSs could possibly be caused by
the formation of zinc sulfide NSs between rGO layers, which would
damage the rGO’s regular layered structure and so the graphene is

incorporated into the cobalt doped ZnS lattice.
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Figure 4.53: Pure ZnS-1Co-ZnS-rGO XRD analysis

2C0-ZnS-rGO

The Figure shows powder XRD patterns of the synthesized
GO, rGO and 1, 2% of cobalt doped ZnS-rGO NSs. The aforemen-
tioned patterns exhibited a comparable level of symmetry to the
modelled ZnS, ZnO, Co, and CoO database structures. The crys-
tallographic planes (111), (220), and (311) for the hexagonal sys-
tem were given to the Bragg’s peak at 20 = 28.79° /47.77°,56.68°
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for 2% respectively. The ZnS matrix was successfully filled with
C'o*" ions, which occupied the Zn?* sites. The absence of the typ-
ical rGO signal in the XRD pattern for ZnS-rGO and Co-ZnS-rGO
NSs could possibly be caused by the formation of ZnS NSs between
rGO layers, which might have damaged the rGO’s regular layered
structure and so the graphene was incorporated into the cobalt

doped ZnS lattice.
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Figure 4.54: Pure ZnS-2Co-ZnS-rGO

(f) 4Co-ZnS-rGO
The Figure [4.55 describes the powder XRD patterns of the synthe-
sized GO, rGO and 1, 2 and 4% cobalt doped ZnS-rGO NSs. The
aforementioned patterns exhibited a comparable level of symmetry
to the modelled ZnS, ZnO, Co, and CoO database structures. The
crystallographic planes (111), (220) and (311) for the hexagonal

system were given to the Bragg’s peak at 20 = 28.89°,47.56°, 56.79°



179

respectively. The ZnS matrix was successfully filled with C'o** ions,
which occupied the Zn?* sites. The absence of the typical rGO sig-
nal in the XRD pattern for ZnS-rGO and Co-ZnS-rGO NSs could
possibly be caused by the formation of ZnS NSs between rGO lay-
ers, which would have damaged the rGO’s regular layered structure
and so the graphene was incorporated into the cobalt doped ZnS
lattice. The XRD investigation suggested that the doping elements
of cobalt were properly substituted into Zn-S lattice, as there were
no secondary or impurity phases identified this was evident since
there was absence of peaks due to cobalt, cobalt sulfide, or any
other contaminant indicating that cobalt may have been substi-

tuted into the ZnS lattice.
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Figure 4.55: Pure ZnS-4Co-ZnS-rGO

(g) 6Co-ZnS-rGO

The Figure [£.50] describes the powder XRD patterns of the syn-
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thesized GO, rGO and 1, 2, 4 and 6% cobalt doped ZnS-rGO NSs.
These patterns exhibited a comparable level of symmetry to the
modelled ZnS, ZnO, Co, and CoO database structures. The crys-
tallographic planes (111), (220), and (311) for the hexagonal sys-
tem were given to the Bragg’s peak at 20 = 28.96°,47.97°, 56.84°
respectively. The ZnS matrix was successfully filled with Co?*
ions, which occupied the Zn?T sites. The absence of the typical
rGO signal in the XRD pattern for ZnS-rGO and Co,Zn;_,S rGO
nanostructures could possibly be caused by the formation of ZnS
NSs between rGO layers, which would damage the reduced GO reg-
ular layered structure and so the graphene was incorporated into

the cobalt-doped ZnS lattice.
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Figure 4.56: Pure ZnS-6Co-ZnS-rGO
The peak positions of the cobalt doped samples significantly shift

upward in the 26 values indicates that C'o®* (0.58 A) has a smaller

ionic radius compared to that of Zn?* (0.74A) in the ZnS [Zaware
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et al. (2017); L. Wang et al. (2017); Gurugubelli et al.|(2022)). Due

to the ionic radius of cobalt being slightly smaller (0.58) than that
of Zn, the peak positions of samples that contain cobalt exhibit
a little shift towards lower 26 values as depicted in Figure [4.57]
The results mentioned above show that C'o*" ions were successfully
incorporated into the ZnS matrix and occupied the Zn** sites. On
the other hand, it is observed that the replacement of Zn?* ions by
C'o®T ions result in decrease in intensity of the XRD peaks, which
implies that the degree of crystallinity of the samples decreases.
Dopant addition causes changes in the peak intensity and position.
Peak broadening indicates nanocrystal formation in the samples
and broadening increases with the substitution of Zn?* ions by
Co** ions. The broad diffraction peaks may have been obtained
due to the small particle effect. At a low angle, peak broadening

is critical for particle size calculation.
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Figure 4.57: XRD patterns of as-prepared pure Co-ZnS-rGO NSs as a function of
dopant concentration

The preferred orientation was along (111) plane due to its high-
est peak intensity throughout the entire samples. The attained
three XRD peaks are matched well with simulated data files (CIF)
which reflected that all the synthesized samples possessed the cubic

structure of ZnS.
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(h) Crystallite Sizes
The average crystalline size was calculated using Debye-Scherrer
formula [Viswanath et al| (2014) as shown in Equation [4.7 where
D is the crystal size of the catalyst, k the X-ray wavelength, (8
the Full Width at Half Maximum (FWHM) of the diffraction peak
(radian), K is a constant (0.89) and 6 is the diffraction angle at
the maximum. The incorporation of Co elevates the FWHM which
reflects the shrinkage of crystallite size. As a result, the current
XRD patterns validates the phase singularity of the manufactured
samples without the need for further phases. In Ni added ZnS
nanostructures, the same shift along higher diffraction angles was

reported by Kaur et al.| (2016).

_ Ka
~ Bcosh

(4.7)

The size was confirmed with SEM which also revealed the spherical
structure of particles. Substitution of cobalt into the ZnS lattice is
evident by the absence of any peaks corresponding to either cobalt,
cobalt sulfide or any other impurity. The FWHM of XRD peaks
for all the samples have almost the same value revealing that the
deposited NSs are comprised of crystallites with almost equal sizes
as shown in Table[B.I} The following Equations; [4.§] and Equation
[4.9| were used to calculate the lattice d spacing and lattice constant

respectively.

A
2sined

dhkl = (48)

dpeVh? + k2 + 12 (4.9)
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FWHM of the XRD peaks for each sample was roughly the same,
indicating that the crystallites in the formed NSs were of almost
comparable size. The Scherrer equation yields a crystallite size of
23.5, 18.5, 16.7, 16.2 and 11.1 nm on average for the Co,Zn;_,5

rGO nanostructures at x = 0, 1, 2, 4, 6 respectively as described

in Table B2

(i) Lattice Parameters After doping, it was discovered that the lat-
tice parameter a value was lower at values of 5.394, 5.387, 5.377,
5.75, and 5.354 Aatx = 0, 1, 2, 4, 6 than it was in pure ZnS which
was a standard value of 5.406 A. With the exception of the antici-
pated change in the structure of ZnS caused by cobalt doping, the
observed decrease in lattice constant was sufficiently close to the

stated values.
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Figure 4.58: Lattice parameter and crystalline size versus Cobalt concentration
obtained by Scherrer

All of the samples’” FWHM of XRD peak values are nearly identical,
demonstrating that the crystallite sizes in the deposited thin films are

nearly comparable. The fluctuation in lattice constant as a function of
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dopant concentration is as a result of the decrease of size due to the
generation of lattice disorder by the Co addition as shown in Figure
4.58]  This is a typical alloying behaviour, which arises due to the
difference in the lattice constant as well as the atomic radii of Co and
Zn. This is also well discussed by Reddy et al.| (2014); M. S. Akhtar et
al.| (2015)); W. Wang et al.| (2021)).

XRD data confirmed single phase nature of polycrystalline samples and
revealed that complete solid solution was formed between cobalt and
zinc. Origin software was used to determine detail structural analysis of
the samples and lattice parameters of polycrystalline C'o,Zn,_,S rGO
NSs. Lattice parameter and unit cell volume decreased monotonically
with increased cobalt atomic content. FWHM of all the synthesized
Co,Zni_,S rGO NSs at x = 0, 1, 2, 4, 6 for the most intense peaks
of 111, 220 and 311 were determined. The Scherrer method was used
to analyze X-ray patterns in order to calculate the crystallite size and
the lattice parameters. The presence of crystalline cubic ZnS NSs with
average crystallite sizes in the range of (11-23) nm was confirmed by

the XRD pattern.

The calculated lattice parameters were also in the range of (5.35-5.39)
A which were less than that of the standard lattice parameter of 5.406
A from the JCPD software database. Discussions on the physical quali-
ties, determining the phase composition, structure and particle size was
crucial because the structure and XRD pattern of CoS and Co are so
dissimilar from those of ZnS, this means that, there isn’t any CoS or
Co in the precipitates. When the matching concentration ratio was low
in Co,Znyi_,S rGO nanostructures, as shown by XRD, there was no
discernible Co or CoS signal, otherwise the concentration of Co** was
quite low. This was explained due to the fact that there were fewer

lattice planes in these nanocrystals than in the bulk, the peaks in the



185

diffraction pattern were broader.

The expansion of the peak may also have resulted from the crystal struc-
ture’s micro-straining caused by defects like dislocation and twinning
among other things. Because nanocrystals form spontaneously dur-
ing chemical reactions, it was thought that these defects were related
to materials that were chemically produced and the chemical ligands
consequently have very little time to disperse to an energetically advan-
tageous location. It might also happen if an atom doesn’t have enough
energy to migrate to the right location during the crystallite’s forma-
tion. After 4 mole percent Co?* ions doped ZnS samples, the XRD
peaks becomes larger (wide) with the increase of the C'o** ions dopant
which may largely depends on to the alloy fluctuation, amorphous state

and increased lattice stress and string in samples.

2. Chemical vibrations analysis of cobalt doped ZnS decorated with

graphene

FTIR was used to identify certain chemical vibrations present in the material
Griffiths (1983); |[Berthomieu & Hienerwadel (2009); /A. Dutta (2017). This
characterisation analysis was fairly sensitive, accurate and quick [B. C. Smith
(2011). The FTIR analysis process involved exposing materials to infrared
(IR) radiation. The atomic vibrations of a molecule in the sample were then
affected by the IR radiations, leading to a specific energy absorption and/or
transmission. As a result, the spectrum resulted to “absorption versus wave
number” data. The IR spectrum was divided into three wave number regions:
far-IR spectrum < 400cm ™!, mid-IR spectrum 400 — 4000cm ! and near-IR
spectrum 4000 — 13000cm™t. The mid-IR spectrum was the most widely
used in the sample analysis, but far and near IR spectrum also contributed

in providing information about the samples analyzed.

(a) ZnS-rGO FTIR data analysis
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Figure describes the FTIR analyses of pure ZnS-rGO in various
ratio combinations. The reduced graphene oxide IR spectra show large
peaks at 3401em~!. Alcohols may be an O-H functional group, ac-
cording to this. At 1735e¢m ™!, the C=0 functional group is observed
at its highest. For the C-O stretching vibration, AA strongly de-
creased GO, resulting in several peaks shifting dramatically between
(1644 — 820)em™!. This suggests that AA has a good reduction abil-
ity. However, other peaks that corresponded to the oxygen functionali-
ties of graphene oxide, such as carbonyl, hydroxyl, carboxyl and epoxy
groups, may have almost disappeared upon reduction |[Chudziak et al.
(2023); [CHEN  (2016)). The GO spectrum’s large and high absorption
peak at 3401em ™! was ascribed to the O-H stretching vibrations. The
characteristic stretching vibrations of carboxyl -C=0 and -C-O were
attributed to the spectral bands at 1735cm ™! and 1222ecm ™!, respec-
tively. b ~ 1269cm~! was the peak that corresponded to the aromatic

-C=C.

ZnS-rGo
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Figure 4.59: FTIR spectra of ZnS decorated with graphene (ZnS-rGO)
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(b) 1C0-ZnS-rGO FTIR data analysis

Figure[4.60] displayed the FTIR analysis of pure C'og 91 Zn0.99S rGO NSs
in different ratios. Reduced level graphene oxide infrared spectra show

prominent peaks at approximately 3422cm ™!

Alcohols are shown as
the O-H functional group. However, at 1735¢m ™!, the C=0 functional
group was most noticeable. As the graphene oxide was drastically re-
duced by AA, some of the peaks reflecting the oxygen functionalities of
GO, such as the carbonyl, hydroxyl, carboxyl, and epoxy groups, may
have essentially disappeared. Conversely, additional peaks at 1644cm™*
and 820cm 1! shifted significantly for the C-O stretching vibration, sug-
gesting that it may be successfully reduced (CHEN| (2016). The large
and elevated absorption peak observed at 3422ecm~! in the GO spec-
trum may have been caused by the O-H stretching vibrations. Carboxyl

-C=0 and -C-O have characteristic stretching vibrations, which may

be responsible for the spectral bands at 1735cm ™! and 1222cm ™!, re-

spectively.
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Figure 4.60: FTIR spectra of 1Co doped ZnS decorated with Graphene
(C00.01Z1¢.995 rGO) NSs



188

(¢) 2Co0-ZnS-rGO FTIR data analysis

The FTIR analysis of pure Cogg2Zn993S rGO NSs in various ratios
is shown in Figure 4.61 Large peaks can be seen in the reduced
graphene oxide IR spectra at 3430cm™! indicating that alcohols are

1

an O-H functional group. Even at 1735¢m™", the maximum value,

the C=0 functional group was still visible. Some peaks for the C-O
stretching vibration saw a considerable shift between 1644 — 820cm 1,
suggesting their good reduction capacity, as a result of the strong re-
duction of the graphene oxide by AA. On the other hand, it’s plausible
that the peaks that represent the oxygen functions of GO—such as the
epoxy, carboxyl, hydroxyl, and carbonyl groups—nearly disappeared
during reduction. The O-H stretching vibrations were identified as the
cause of the massive and high absorption peak in the GO spectra at
3430cm 1. The characteristic carboxyl stretching vibrations of -C=0
and -C-O were ascribed to the spectral bands located at 1735cm ™! and

1222c¢m ™! respectively.
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Figure 4.61: FTIR spectra of 2Co doped 7ZnS decorated with graphene
(C00.02Z1.985 rGO) NSs
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(d) 4Co-ZnS-rGO FTIR data analysis

The FTIR tests in its purest form of C'og 94219965 GO NSs in a range
of ratios is shown in Figure The reduced graphene oxide IR spec-
tra show strong peaks at 3295¢m ™! and the O-H functional group of
the alcohols were illustrated. At 1735e¢m ™!, its maximum, the C=0
functional group was still discernible. Some peaks for the C-O stretch-
ing vibration showed a large shift between (1644 —820)cm ™!, indicating
that the GO had a good ability to reduce, since AA may have strongly
reduced graphene oxide. These peaks corresponded to the oxygen func-
tionalities of GO, such as carbonyl, hydroxyl, carboxyl, and epoxy
groups, and may have almost vanished upon reduction CHEN] (2016);
Baye et al.| (2020)). The origin of the huge and high absorption peak in
the GO spectrum at 3295cm~! was the O-H stretching vibrations. The
stretching vibrations of carboxyl -C=0 and -C-O were identified with

the spectral bands at 1735cm ™! and 1222cm ™!, respectively.
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Figure 4.62: FTIR spectra of 4Co doped ZnS decorated with graphene
(C0p.04Zny.96S rGO) NSs

(e) 6Co-ZnS-rGO FTIR data analysis
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The FTIR analysis of a combination of C'o,Zn;_,S rGO NSs in a vari-
ety of ratios and reduced graphene in its purest form is shown in Figure
[4.63] Large peaks may be observed in the reduced graphene oxide IR
spectra at 3376cm !, This suggests that alcohols are an O-H functional
group. Nonetheless, the C=0 functional group was clearly visible at its

maximum value of 1735¢m ™!

. The strong reduction of graphene oxide
by ascorbic acid resulted in a significant shift of some peaks for the
C-O stretching vibration between (1644 — 820)cm ™!, indicating that
AA had a good ability to reduce graphene oxide. However, other peaks
that corresponded to the oxygen functionalities of GO, such as carbonyl,
hydroxyl, carboxyl, and epoxy groups, may have almost completely dis-
appeared upon reduction Baye et al.| (2020)); CHEN| (2016). The O-H
stretching vibrations were responsible for the enormous and strong ab-

1

sorption peak observed in the GO spectra at 3376¢m ™. The spectral

bands located at 1735cm ™! and 1222cm ™!, were attributed to the dis-
tinctive stretching vibrations of carboxyl -C=0 and -C-O respectively.

The peak corresponding to the aromatic —C = C was b ~ 1269cm !,

——6G6C0-ZnSrG0O
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Figure 4.63: FTIR spectra of 6Co doped ZnS decorated with graphene
(C00.06210.94S rGO) NSs

(f) Combined Co-ZnS-rGO FTIR data analysis
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FTIR was the best technique to examine the chemical bonding in the
samples and to identify the organic group of the as prepared Cobalt
doped ZnS decorated with graphene NSs. The graphene sheets were
crucial in helping ZnS NSs to develop and distribute on their sur-
face preventing the sheet’s agglomeration [Thakre et al. (2021)); |Qin
et al.| (2017). FTIR spectra confirmed the presence of Co,Zn;_,S rGO
nanostructures as displayed in Figure[4.64] An IR spectrum of reduced
graphene oxide revealed large peaks at 3401em ™1, 3422em =1, 3295¢m 1
and 3376ecm ! confirming C-H bonding. However, the C=0 functional

1in all samples. The peaks

group was evident at its highest of 1735cm™
corresponding to the oxygen functionalities of GO, such as carbonyl,
hydroxyl, carboxyl and epoxy groups may have disappeared upon re-
duction, whereas some other peaks underwent a substantial shift be-
tween 1644cm ™! to 820cm ™! for the C-O stretching vibration due to

the strong reduction of the graphene oxide by ascorbic acid indicating

its good reduction ability Reddy et al.| (2014)).
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Figure 4.64: FTIR spectra of Co-ZnS-rGO nanostructures

The broad absorption bands for all samples between 1856 to 2790cm ™! were
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attributed to OH stretching vibration, which denoted the persistence of wa-
ter absorbed on nanostructures surface Kuppayee et al. (2012). The feeble
and weak absorption band centered around 875¢m ™! corresponds to the de-
fect states induced by Co substitution in ZnS lattice |Coates (1996); Qadri
et al| (1999). Zn-S stretching vibrations were caused by the strong bands at
1039 to 1584cm ™! [Rema Devi et al.| (2007). The bands that correlated to Zn-
S exhibited the best degree of concordance with previous research|Y. Tong et
al.| (2008)). O-H stretching vibrations accounted for the broad and strong ab-
sorption peak located at (3401, 3422,3430, 3295 and 3376)cm ™! in the GO
spectrum. The characteristic stretching vibrations of carboxyl -C=0 and
-C-O were attributed to the spectral bands at 1735cm~! and 1222cm ™!, re-
spectively. The aromatic —C = C was linked to the peak at b ~ 1269cm~!.
Functional groups containing oxygen were present on the GO nanosheets,

as indicated by the peaks at 1039cm ™! (alkoxy -C-O) and 1222cm ™! (epoxy

-C-0). This results were also consistent with that of Sujiono et al.| (2020).

. Chemical and physical characteristics analysis of cobalt doped ZnS

decorated with graphene

RS was an effective non-destructive method for characterizing Co,Znq_,S
rGO NSs, identifying their phases and transitions thus provided some in-
sights about the interactions at the nanoscale Roy et al.| (2021). Raman
scattering phenomenon has been widely used to study the doping, morphol-
ogy, size, shape, and orientation of nanomaterials as well as their amor-
phous or crystalline areas Popovié et al.| (2011)); Drescher & Kneipp| (2012).
The research of conductivity, structural characteristics and composition of
nanostructured materials based on carbon was facilitated by the application
of Raman bands Bokobza et al.| (2014); |Y. Wang et al.| (1990). Experimen-
tally, the method was easily accessible and done both at room temperature
and ambient pressure. RS depends on a wide range of experimental factors,

including light polarization, photon energy, temperature, pressure and en-
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vironmental changes |Jones et al. (2019). One important metric that could
be acquired from RS that explains about the defects and structural disorder
was the %l ratio, which is sometimes referred to as the D band to G band
intensity ratio. The disorder induced peak is represented by the D band,
while the first-order scattering from sp? carbon atoms is represented by the
G band. Depending on the fitting approach, the intensities of the bands was
found by utilizing peak height. Important details regarding the structural
disorder and defects in the cobalt doped ZnS decorated with graphene were
provided by the Equation ratio. Whereas a lower ratio denoted fewer
faults and a more ordered structure, a greater ratio implied a higher amount

of structural disorder and defects.

(a) ZnS-rGO RS data analysis

The ZnS-rGO Raman shift is shown in the spectra Figure[d.65] The two
primary, noticeable bands of GO, are situated at ~ 1331 and 1586¢m ™!,
respectively, reflecting the D and G bands of graphene. While high
frequency carbon-hydrogen (C-H) vibrations were observed at roughly
1233 — 1500ecm ™!, low frequency carbon-carbon (C-C) vibrations were
found at roughly 650 — 1233cm~!. There was an additional C=C, C=0
double bond at 1500 — 2000cm~!. Primary bands were centered at
stretching vibrations since hydrogen was lighter than carbon and its
vibrations occurs more frequently. At a frequency of roughly 1705¢m ™!,
the spectra also displayed vibrations of two carbon atoms joined by
a strong double bond (C=C). The strength of the bond also affects
bond vibration rates. The bands at 200 — 650cm ™! region appeared to
be created by the same chemicals, with the exception of the band at
429e¢m =, which was caused by ZnS spectra light. The D peak formed
as a result of intrinsic structural faults, dangling bonds and disruptions

to the symmetric hexagonal graphitic lattice. The G band of phonon

vibrations in sp? bonded carbon materials was linked to the Ey, mode.
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The D band at 1331em~! became prominent, suggesting that the sheets
may have undergone extensive oxidation and that the sp? character may
have been obliterated. Equation[2.4] gave a value of 0.839 intensity ratio
which was used to assess the average size and degree of disorder of the

sp? domains of graphite materials.
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Figure 4.65: Raman spectra of ZnS-rGO nanostructures

1C0-ZnS-rGO RS data analysis

The Raman shift of C0g.0121n¢.995 rGO NSs was identified in the
spectra shown in Figure [4.66f The two primary, noticeable bands
of GO, were situated at approximately 1334cm ™! and 1582cm ™!, re-
spectively, reflecting the D and G bands of graphene. Low frequency
carbon-carbon (C-C) vibrations were discovered at &~ 650 — 1233cm ™!,
while high frequency carbon-hydrogen (C-H) vibrations were recorded
at roughly 1233 — 1500cm~t. A second C=C, C=0 double bond was
present at 1500 — 2000cm ! main bands concentrated at stretching vi-

brations and the vibrations of hydrogen were more frequent than those

of carbon because of its smaller weight. The spectra showed the vibra-
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tions of two carbon atoms connected by a strong double bond (C=C)
at a frequency of about 1705¢m™t. This occurred at a higher frequency
of C-C at 650 —1233cm ™1, in contrast to a weaker single bond between
two carbon atoms. Bond vibration rates were also influenced by the
bond strength. With the exception of the band at 430cm™!, which
was induced by ZnS spectra light, the bands in the 200 — 650cm ! area
seem to have been produced by the same chemicals. Intrinsic structural
defects, dangling bonds, and disruptions to the symmetric hexagonal
graphitic lattice are responsible for the formation of the D peak. The
G band in sp? bonded carbon materials was linked to the Eyg mode of
phonon vibrations. The D band at 1334cm ™! became prominent, sug-
gesting that the sheets may have undergone extensive oxidation and
that the sp? character may have been exterminated. The intensity ra-
tio of the D and G bands, yielded an estimate of the average size and

degree of disorder of 0.843 for the sp? domains of graphite materials.
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Figure 4.66: Raman spectra of 1Co-ZnS-rGO nanostructures

(¢) 2Co0-ZnS-rGO RS data analysis

The Raman shift of Cog 02210985 rGO NSs was identified in the spec-
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tra shown in Figure The two prominent, primary bands of GO,

1

are situated at approximately 1338 and 1576cm ™", respectively, repre-

senting the D and G bands of graphene. While high frequency carbon-
hydrogen (C-H) vibrations were observed at roughly 1233 — 1500cm ™!,
low frequency carbon-carbon (C-C) vibrations were found at roughly
650 —1233cm ™!, There was also an additional C=C, C=0 double bond
at 1500 —2000cm !, Hydrogen vibrates at a higher frequency than car-
bon because it is lighter than carbon. The vibrations of two carbon
atoms connected by a strong double bond (C=C) were visible in the

spectra with a frequency of about 1706cm 1.

Compared to two car-
bon atoms connected by a weaker single bond, this occured at a larger
frequency of C-C of 650 — 1233c¢m~!. Bond vibration rates were im-
pacted by bond strength as well. The emergence of the D peak was
caused by internal structural defects, dangling bonds and edge defects
that disturb the symmetric hexagonal graphitic lattice. The E5;, mode
of phonon vibrations was linked to the G band in sp? bonded carbon

! which sug-

materials. There was a pronounced D band at 1338cm™
gested that there were defects in the sheets due to substantial oxidation
and the destruction of the sp? character. The intensity ratio of the D
and G bands Equation [2.4] yielded a value of 0.849 when used to assess

the average size and degree of disorder of the sp? domains of graphite

materials at large.
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Figure 4.67: Raman spectra of 2Co-ZnS-rGO nanostructures

(d) 4Co-ZnS-rGO RS data analysis

The Raman shift at C'og 4210965 TGO NSs was observed in the spec-
tra shown in Figure The two visible, primary bands of GO, are
located in between 1343cm ™t and 1578c¢m ™!, respectively, representing
the D and G bands of graphene. Low frequency carbon-carbon (C-

C) vibrations were seen at ~ 650 — 1233cm ™!

, while high frequency
carbon-hydrogen (C-H) vibrations were observed at roughly 1233 —
1500cm~!. An additional C=C, C=0 double bond was observed at
1500 — 2000ecm~!t. The spectra additionally displayed the vibrations
of two carbon atoms joined by a strong double bond, (C=C), at a
frequency of ~ 1706cm~!. This occurred at a higher frequency of
650 —1233cm ™! as opposed to two carbon atoms connected by a weaker
single bond. The D peak developed as a result of suspending bonds,
symmetric hexagonal graphitic lattice changes and intrinsic structural
imperfections. The G band in sp? bonded carbon materials was linked

to the Fs, mode of phonon vibrations. When the D band at 1343cm™*

developed, it was apparent that the sp? character had been eliminated
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and that the sheets may have undergone severe oxidation-induced im-
perfections development. Equation[2.4] yielded an estimate of the aver-
age size and degree of disorder of the sp? domains of graphite materials

at approximately 0.851.
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Figure 4.68: Raman spectra of 4Co-ZnS-rGO nanostructures

(e) 6Co-ZnS-rGO RS data analysis
Cop.064n0.92S TGO NSs Raman shift was identified in the spectra as
shown in Figure The two prominent major bands of GO are po-
sitioned at 1354 and 1579cm ™!, respectively representing the D and G
bands of graphene. At approximately 650 — 1233cm ™!, Low frequency
carbon-carbon (C-C) vibrations were recorded at about 650—1233cm ™!,
while high frequency carbon-hydrogen (C-H) vibrations were observed
at about 1233 — 1500cm~!. Extra C=C, C=0 double bonds were
present at 1500 — 2000cm 1. In addition, the spectra showed vibra-
tions at a frequency of roughly 1706cm ™! corresponding to two carbon
atoms joined by a strong double bond (C=C). This was more frequent
at 650 —1233cm ™! than it was for two carbon atoms joined by a weaker

single bond. The Zn$ spectra light appeared to form a band at 600cm ~*
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and this band was created by the same chemicals as the bands in the
200 — 650cm ™! area. The D peak formed as a result of dangling bonds,
symmetric hexagonal graphitic lattice disturbances and intrinsic struc-
tural faults. The D band at 1354cm ™! became prominent, suggesting
that the sheets may have undergone extensive oxidation and that the
sp? character may have been eliminated. Generally speaking, the Equa-
tion[2.4] which yielded a value of 0.857, can be used to assess the average

size and degree of disorder of the sp* domains of graphite materials.
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Figure 4.69: Raman spectra of 6Co-ZnS-rGO nanostructures

(f) Combined Co-ZnS-rGO RS data analysis

The spectra Figure [£.70] demonstrated that strong bonds and light
atoms exhibit substantial Raman shifts. The four curves show the
variation in the spectra as well as the similarities in the cobalt doped
ZnS decorated with graphene matrix from samples with concentrations
of 1, 2, 4 and 6% amt. of cobalt content. The D and G bands of
graphene are represented by the two main, conspicuous bands of GO,
which are located at ~ 1341 and 1573cm—1 respectively. Low frequency

carbon-carbon (C-C) vibrations were at approximately 650 —1233cm ™!,
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while high frequency carbon-hydrogen (C-H) vibrations were found at
about 1233 — 1500cm ! in the 1, 2, 4 and 6% Co,Zn;_,S rGO spectra.
At 1500 — 2000cm ™!, there was additionally a C=C, C=0 double bond
given that hydrogen is lighter than carbon, its vibrations have a greater
frequency than carbon’s. The spectra also showed the vibrations of two
carbon atoms connected by a strong double bond C=C at a frequency
of about 1706cm ! compared to the two carbon atoms connected by a

weaker single bond.

With the exception of the band at 429¢m~!, which may have been
caused by ZnS spectra light, the bands in the 200 — 650cm ™! region
appear to be caused by the same compounds. The D peak formed as
a result of intrinsic structural faults, dangling bonds and disruptions
to the symmetric hexagonal graphitic lattice. The G band of phonon
vibrations in sp? bonded carbon materials was linked to the E», mode.
The D band at 1353c¢m~! became prominent, suggesting that the sheets
may have undergone extensive oxidation and that the sp? character had

been wiped out.

Generally, the intensity ratio of the D and G bands Equation was
used to assess the average size and degree of disorder of the sp? domains
of graphite materials at (x = 0, 1, 2, 4, 6). It was observed that the
Equation ratios of Co,Zn; —xS rGO NSs increased somewhat from
0.84-0.86. This finding suggests that the Co,Zn; — x5 rGO NSs were
doped with additional defects as opposed to fewer GO. This result
implies that more impurities were doped and GO was reduced in the

CoyZny — xS rGO NSs.
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Figure 4.70: Raman spectra of Co-ZnS-rGO nanostructures

RS was able to identify the Co,Zn; — xS rGO NSs by the Raman shifts
and relative intensities of all the Raman bands of the material respectively
E. Smith & Dent| (2019)); [Vandenabeele| (2013)). The frequencies of vibra-
tion depended on the masses of the atoms involved and the strength of the
bonds between them. Heavy atoms and weak bonds had low Raman shifts
McCreery| (2005)). Due to this, RS equipment proved to be a crucial charac-
terization tool for researching the interfacial properties at the length scale,
which was necessary for designing and creating the multi functional material

systems and technologies for the NSs.

. Binding energy analysis of cobalt doped ZnS nanostructures dec-

orated with graphene

The electron spectroscopy for chemical analysis (ESCA) provided crucial
information on the elemental and binding energies of C'o, Zn; — xS rGO NSs
surfaces and interfaces |Stevie & Donley| (2020). The surface composition

and chemical state of the Co,Zn;_,5 rGO NSs were further confirmed by
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XPS measurements. In XPS, an X-ray beam accelerated the surface atoms
of the samples, leading to the release of photo-electrons and was able to
calculate the amount and kinetic energy of electrons that escaped from the
top from 0 to 10 nm of the sample. Each atom in the sample had its core
electrons, hence the NSs core electrons absorbed the energy of the X-ray
beam as it stroked the surface of the sample. Each element required different
amount of energy to liberate the core electron and then identified Krishna)
& Philip| (2022). The investigated materials possessed distinctive properties
that made it possible to identify the components of its surface using binding

energy.

The elemental signals from the sample’s surface were substantially more
visible than those from deeper within since XPS only catches electrons that
escape from the sample surface and reach the detector Korin et al. (2017)).
The element’s chemical surroundings also resulted in a "chemical shift" in
the binding energy. Layer thickness, homogeneity and surface chemistry of
the surface coatings and films were all assessed. The core of XPS analysis
was knowing where and how big the peaks were on the survey scans and the

high-resolution spectra data. Shard (2020).
The peak position (The X-Axis)

The location of a peak on the x-axis provides the chemical and elemental
composition in a XPS analysis. The "Binding Energy" axis is commonly
displayed in electron volts (eV), which are determined by the energy dif-
ferential between the x-ray source and the photoelectron being detected.

Van der Heide (2011]).
The peak intensity axis (The Y-Axis)

On the y-axis of an XPS examination, the intensity of the surface mate-
rial is recorded. This much of a specific element is visible on the surface.

Frequently, this axis displays the total number of photoelectrons counts per
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second [Venezia (2003). A survey scan is the term used to describe the mea-
surement of photoelectron intensity vs binding energy between 1,200 eV and

zero ev.

2% cobalt doped ZnS decorated with graphene

(C00.022m0.98S 1GO) NSs surface compositions and its elemental studies were

carried out using the XPS technique.

(a) 2C0-ZnS-rGO survey data analysis

The Figure shows the overall XPS for C'og g2 2n9.935 rGO spectra.
The binding energies for con% and coné are centered at around 812
eV and 771 eV, Zn2p at 1052-1023.17e¢V, Ols at 545-527.32 ¢V, Cls be-
tween 298 eV and 280 eV, S2p at 174.87-157 eV respectively, according
to the XPS survey spectra at 2% cobalt doping. Peak width was broad
to show the presence of more than one Co species such as Co2p (C=0),
Co2p (OH) and Co2p metal which showed the presence of cobalt atoms
at C'o?*" state in the ZnS lattice. Figure displayed signal peaks for
7Zn, S, C, Co and O at their standard binding energies, which were asso-
ciated with a ZnS environment. Strong evidence for the production of
the C'og. 92210985 TGO NSs was provided by the aforementioned data.
Moreover, three distinct peaks centered at 288.64, 286.19, and 286.19
eV corresponded to the C-C, C-OH and O=C-OH groups, respectively

and were visible in the Cls deconvolution spectrum.
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Figure 4.71: General high-resolution XPS spectra of 2% cobalt doped ZnS deco-
rated with graphene.

(b)

2C0-ZnS-rGO 2cls data analysis

Three peaks may be seen in the Figure [£.72] representing carbon atoms
in various functional groups. Largely delocalized sp? hybridized carbon
atoms may have been responsible for the major peak at 284.4 eV and
the separate peaks at 288.64 eV (C=0) and 286.19 ¢V (C-O), which
have different binding energies at 2% cobalt doped ZnS decorated with
graphene. This may be caused by largely delocalized sp? hybridized
carbon atoms. Figure [4.72] displayed the Cls peak of GO’s narrow
scan XPS spectrum. With their centers at 288.64, 286.19 and 286.19

eV, three Gaussian peaks could be separated from this peak.
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Figure 4.72: High resolution XPS spectra of ¢1s in 2% cobalt doped ZnS decorated
with graphene (Cogg2Zn0.98S rGO) NSs

(c¢) 2C0-ZnS-rGO Co2p data analysis
The existence of strong satellite features for Co2p rules out the possibil-
ity of the presence of CoO phase as seen in Figure[d.73] The Co2p XPS
spectrum at 2% cobalt doping indicates binding energies for Co?p% and
CoZp% that were centered at roughly 781.9 eV and 801.92 eV, respec-

tively indicating cobalt atoms in ZnS lattice.
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Figure 4.73: High resolution XPS spectra of Co2p in 2% cobalt doped ZnS deco-
rated with graphene (Cog2Zn0.9s5 rGO) NSs

(d) 2Co-ZnS-rGO 201s data analysis

The broad and asymmetric XPS spectra of Ols, Figure indicates
the presence of several oxygen species. Curve fitting has been used to
solve this, with one location at 531.7 eV and the other at 533.4 eV. The
former was composed of intrinsic O atoms bound to metals ( Co and

Zn), whereas the later was associated with adsorbed oxygen.
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Figure 4.74: High resolution XPS spectra of ols in 2% cobalt doped ZnS decorated
with graphene (Cogg2Zn0.98S rGO) NSs

(e) 2C0-ZnS-rGO s2p data analysis

The S2p XPS spectrum at 2% cobalt doping indicates binding ener-
gies at S2p% and 927 that are centered at roughly 163.7 eV and 162
eV, respectively as shown in the Figure [£.75] As a result, the surface
production of SZp% and 52])3 indicated sulfur atoms in ZnS lattice.
The XPS spectra of S2p at 2% cobalt doping shows binding energies
attributed to S2p% and S22 and the bindings, are generally centered
at 163.73 eV and 161.97 eV, respectively. This is consistent with a
prior result on CogSg crystals P.-K. Chen et al| (2012). In summary,
the aforementioned findings was demonstrated by [S.-H. Chang et al.
(2013). Consequently, oxides of SQp% and 522 develop near the sur-
face. This suggested that the more the cobalt doping present, the more

binding energy is needed for the synthesis of S2p oxides at the surface
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of the nanostructures. As a result, the XPS spectra indicated a signifi-
cant interaction between the two phases and further demonstrated the

effective synthesis of C'o,Zn;_,S rGO NSs [Fang et al.| (2011).
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Figure 4.75: High resolution XPS spectra of s2p in 2% cobalt doped ZnS decorated
with graphene (Cogg22Zn0.98S rGO) NSs

(f) 2C0-ZnS-rGO zn2p data analysis

The Zn2p XPS spectrum in Figure after the 2% cobalt doping
demonstrates that the binding energies of Z n2p% and 7 n2p% are local-
ized at the surface at roughly 1023.3 eV and 1046.6 eV, respectively. On
the other hand, Zn2p hydroxide (OH) (1035.7 eV) and oxide (1040.7

eV) may be produced at an a noticeable amount.
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Figure 4.76: High resolution XPS spectra of zn2p in 2% cobalt doped ZnS deco-
rated with graphene (Cogg22n0.085 1GO) NSs

4% cobalt doped ZnS decorated with graphene

The oxidation states of the elements were further supported by XPS analysis
as shown in Figure[4.77 In the core level of XPS spectra, the binding energy

of Co,Znq_,S rGO nanostructures are described.

(a) 4Co-ZnS-rGO survey data analysis

The binding energies for Co?p% and Con% are centered at around 812
eV and 771 eV, Zn2p at 1052-1016.48 eV, Ols at 541.45-525.45 eV,
Cls between 298 eV and 279eV, S2p at 174.87-157 eV respectively, ac-
cording to the XPS survey spectra at 4% cobalt doping. Peak width
was broad to show the presence of more than one Co species such as
Co2p (C=0), Co2p (OH) and Co2p metal which showed the presence

of cobalt atoms at Co*T state in ZnS lattice. Zinc sulfide environ-
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ments were represented by the Zn, S, C, Co and O signal peaks in
sample Figure [L.77] at their corresponding standard binding energies.
The creation of the C'oggsZn9.96S rGO NSs was strongly supported by
the aforementioned data. Also, the Cls deconvolution spectrum dis-
played three distinct peaks that were located at 284.8 eV, 290.19 eV
and 287.73 eV, respectively and this corresponded to the C-C, C-OH
and O=C-OH groups.
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Figure 4.77: General high resolution XPS spectra of 4% cobalt doped ZnS deco-
rated with graphene (Cog 04210965 1GO) NSs

(b) 4Co-ZnS-rGO zn2p data analysis
From the Figure [£.78] the XPS spectrum of Zn2p showed only a small
binding energy shift in the Zn2p% region of 1021-1024 eV, modal value.
However, ZnQp% centered at 1046 eV shows a binding energy region
1044-1047 eV due to more than one Zn species hence preserving the
spin-orbit split. The Figure [4.78|displays the Cls peak of C'og 4210965

rGO NSs scan XPS spectrum. Three Gaussian peaks with centers at
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284.8 eV, 290.19 eV and 287.73 eV could be separated from this peak.
The peak located at 290.19.5 eV was attributed to C from the C-OH
and C=0 groups, whereas the peak at 284.8 ¢V was due to the sp?
carbon atom. Closely linked to the O = C' — OH carboxylic group was
the peak at 287.73 eV.
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Figure 4.78: High resolution XPS spectra of c1s in 4% cobalt doped ZnS decorated
with graphene (Cog04Zn0.96S rGO) NSs

(¢) 4C0-ZnS-rGO 4co2p data analysis

The Co2p XPS spectra at 4% cobalt doping in Figure [4.79showed that
the binding energies for Co2ps and Co2pz were centered at around
799.56 eV and 782 eV, respectively. Peak width was broad to indicate
the existence of many Co species, including Co2p C=0, Co2p (OH) and
Co2p metal, describing the presence of cobalt atoms in the ZnS lattice in
the Co** state. The core level of the Co2p spectrum was deconstructed

into two shakeup satellites referred to as "Sats" and two spin—orbit
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doublets. 6’02])% and C’02p% were responsible for the first doublet,
which occurred at 799.56 €V and 782 eV and the second, which occurred
at 787.63 and 794.79 eV |S.-H. Chang et al.| (2013). The attribution of
the doublets to Con% and 002])% is in consistence with Fang et al.
(2011) findings. At 787.63 eV and 794.79 eV, the binding energies of
Co2p were observed. There was a significant interaction between the
(Cop.0aZn0.96S TGO) NSs and the surrounding ZnS-rGO shell when
compared to the XPS spectra of pure C'ogSg nanocrystals, which were

at 787.63eV and 794.79 eV.
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Figure 4.79: High resolution XPS spectra of Co2p in 4% cobalt doped ZnS deco-
rated with graphene (Co0g.04Zn0.965 rGO) NSs

(d) 4Co-ZnS-rGO 4ols data analysis

Figure [4.80] illustrates the wide and asymmetric XPS spectra of Ols,
which indicates the presence of many oxygen species. The initial Ols,

which is located at 531.64 eV, might consist of intrinsic oxygen atoms
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bound to metals (Zn and Co). In order to generate metal hydroxides
at the surface, the second Ols at 533.4 €V may be linked to a carbon

double bond, while the third Ols is at 533.8 eV.
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Figure 4.80: High resolution XPS spectra of ols in 4% cobalt doped ZnS decorated
with graphene (Cog04Zn0.965 rGO) NSs

(e) 4C0-ZnS-rGO 4s2p data analysis

The binding energies assigned to the S2p% and S2p% bindings at 4%
cobalt doping are shown in Figure |4.81] These are roughly centered at
164.64 eV and 162.27 eV, respectively. This is in good agreement with
a previous report on CogSs crystalsS.-H. Chang et al| (2013). S2p2 and
SQp% oxides are consequently generated at the surface. This suggests
that the more cobalt doping there is, the more binding energy is needed
for the nanostructures’ surface to produce S2p oxides. The synthesized
Co,Zny_,S 1GO NSs was further demonstrated by the XPS spectra,

which also indicated a strong interaction between the two phases.
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Figure 4.81: High resolution XPS spectra of S2p in 4% cobalt doped ZnS decorated
with graphene (Cog 4210965 rGO) NSs

(f) 4Co-ZnS-rGO 4zn2p data analysis

From the Figurd4.82] the XPS spectrum of Zn2p showed only a small
binding energy shift in the Z n2p% region. Peak width was broad to show
the presence of more than one Zn species. The Zn2p XPS spectrum, as
shown in Figure [4.82] only exhibited a little binding energy shift in the
Zn2p% area of 1021 eV to 1024 eV modal value. The broad peak width
indicated the presence of many Zn species. On the other hand, Z an%,
which was centered at 1046 eV, exhibited a binding energy region of
(1044-1047) eV because it contained several Zn species, maintaining the
spin—orbit split. Two shakeup satellites and three spin—orbit doublets
comprised the core level of the Zn2p spectrum. Z nQp% and Z n2p% were
responsible for the first doublet at 1021.96 eV, 1042.22 eV, 1024.69 eV

and the second at 1044.89 eV, 1047.81 eV, 1046.35 €V, respectively as
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also explained by |Chan & Ceder (2010)).
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Figure 4.82: High resolution XPS spectra of Zn2p in 4% cobalt doped ZnS deco-
rated with graphene (C0g.04Zn0.965 rGO) NSs

Transition metals can have multiple oxidation states, depending on the sur-
rounding environment (gas atmosphere, pressure and temperature) and the
ionic species they are bonded to |Zhong et al.|(2019). Understanding the re-
lationship between catalytic surfaces and their performance was crucial for
the design of new transition metal catalysts and the optimization of those al-
ready in use. XPS provided powerful spectroscopic toolsJ. Hou et al.| (2020))
to obtain the chemical information of solid surfaces of the cobalt doped ZnS
decorated with graphene NSs. The ability of TM to have multiple oxidation
states and potentially exchange them during reaction makes them a suit-
able platform to explore many oxidation and reduction catalytic processes
Y. Zhou et al|(2018). It is known that catalysts are not static but dynamic

Zafeiratos et al.|(2010) and the interaction with the gasses involved in the re-
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action (both reactants and products) can dramatically affect their chemical

composition and consequently their catalytic properties Pugal (2018])

. Morphological analysis of cobalt doped ZnS nanostructures deco-

rated with graphene

SEM was an effective tool for studying surface morphology of Co,Zn;_,5
rGO NSs and electron beams in a raster scan pattern were used to get
an image of it. The signals produced by the electrons’ interactions with the
sample’s atoms revealed details about the sample’s surface topography, com-
position and other characteristics like electrical conductivity and the near-
surface or surface Lieber & Wang) (2007)). The sample and the electron beam
came into contact and signals were produced as a result of these interactions.
The secondary electron emission signal (SE) and the back-dispersed electron
emission (BSE) were the most significant. The signals were processed, trans-
lated into an analytical spectrum and displayed as X-ray pictures |Y. Chen

et al.| (2004); J. Liu et al.| (2005).

The scanner’s microscope was an appropriate tool for comprehending, ana-
lyzing and describing the morphology of micro-structures and determining
the chemical composition of the cobalt doped ZnS nanostructures decorated
with graphene. The graphene sheets weren’t completely flat; instead, they
showed minute inherent roughening and out of plane deformations (wrin-
kles). Typical SEM micrographs of reduced graphene cobalt doped ZnS: at

(1,2, 4 and 6 at.%) nanostructures are discussed.

(a) 1C0-ZnS-rGO SEM data analysis

Figure shows SEM image of C'og g1 Zn0.995 GO NSs revealing that
7ZnS NSs were completely covered on the surface of graphene as seen
in Figure [£.83[(f, b andc). The electronic connection between ZnS and
graphene sheets was made possible by the close contact between the two

materials. This might enhance the photocatalytic activity and charge
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separation of the composite photocatalysts as shown in Figure m(d
ande). SEM images revealed graphene sheets emerged and the ZnS
nanostructures were dispersed and coated by graphene sheets. Figure
(a) showed the SEM images of rGO with wrinkles which were prob-
ably caused by the oxygen functionalization and the resultant defects

during its preparation.

Figure 4.83: SEM micrographs for 1Co-ZnS decorated with graphene.

(b) 2C0-ZnS-rGO SEM data analysis

ZnS doped with cobalt has been tightly and consistently deposited on
the surface of the graphene layers as seen in Figure m Figure M(a
and b) shows a well spread CoggaZng93S rGO NSs anchored on the
graphene surface. This may enhance the electrons transfer hence re-

duce recombination of electrons. This means that graphene will be
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able to increase the surface area for UV absorption thus continuous
photocatalytsis process for hydrogen production. From Figure m (c
and e) Co doped ZnS is uniformly and firmly fixed on the surface of
graphene sheets. The figure further demonstrates that, in the absence
of graphene, no normal ZnS aggregates could have been produced as
compared as to ZnS/graphene composites created. This finding clearly
suggests that the development of homogeneous ZnS aggregates depends
on the presence of graphene. Figure (d) shows how the cobalt
doped ZnS is poised on the surface of graphene. Figure (f) shows
a homogeneous distribution of C'oggoZn¢.98S rGO NSs also attached on

to the surface of the graphene sheets with a high density of aggregates.

Figure 4.84: SEM micrographs for 2Co-ZnS decorated with graphene.

(c) 4Co-ZnS-rGO SEM data analysis
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ZnS doped with cobalt has been tightly and consistently deposited on
the surface of the graphene layers as seen in figure This demon-
strates that under the same conditions used to prepare ZnS/graphene
composites, no regular ZnS aggregates would have grown without the
presence of graphene. This finding clearly suggests that graphene was
essential for the creation of homogeneous ZnS aggregates and that
graphene plays a crucial role in this process. The images in Figure
demonstrated that when dopant concentration increases, the size
of agglomerations gradually decreases. Co doped ZnS NSs completely
covered the surface of graphene as shown in Figure m (a). The elec-
tronic connection between cobalt doped ZnS and graphene sheets was
made possible by the close contact between the two materials as seen
in Figure m (b and f). This might enhance the photocatalytic ac-
tivity and charge separation of the photocatalysts. Indicating a strong
contact between aggregates and graphene sheets, the aggregates were
firmly fixed on the surface of graphene sheets with a high density as
shown in Figure m (c and d). Such a relationship, in conjunction
with the excellent mechanical flexibility of graphene sheets, precludes
the aggregation of Zn§S aggregates, as demonstrated also in Figure [4.85
(e). In order to effectively prevent the closely stacking of graphene
sheets, the aggregates on their surface can function as spacers, pre-

venting or at least lessening the loss of their high active surface area.
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Figure 4.85: SEM micrographs for 4Co-ZnS decorated with graphene.

(d) 6Co-ZnS-rGO SEM data analysis

Figure [4.86]illustrates that Cobalt doped ZnS has been tightly and con-
sistently deposited on the surface of the graphene layers. CoggsZn0.945
NSs shown in Figure m (a and b) are firmly adhered to the graphene
surface. According to Figure (c and d) the first nuclei of cobalt

doped ZnS were supported by rGO sheets, which also inhibited the

growth and aggregation of the nanostructures Xie et al| (2013). The

Co,Zn;_,S maybe found scattered throughout the surface of rGO as
seen in Figure [1.86] (d), providing sufficient contacting surface for GO
and ZnS NSs as well as likely good carrier transport potential as also

shown in Figure [1.86|e and f). The SEM images shows a possible
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tiny aggregation of NSs, which may jave been caused by a higher cobalt
content of 6%Co. The likelihood of aggregate formation increases with
doping level. To mitigate the recombination effect, graphene might
have helped to separate the cobalt doped ZnS. Because of the higher
cobalt content at 6%, there could be a slight aggregation of the NSs in

6 amt.% compared to 1, 2, and 4 amt.%.

Figure 4.86: SEM micrographs for 6Co-ZnS decorated with graphene.

This research unequivocally established that graphene was essential for the
creation of homogeneous cobalt doped ZnS aggregates which led to an ef-
fective interaction between NSs and graphene sheets. This interaction in
conjunction with the mechanical flexibility of graphene sheets was expected
to hinder the aggregation of ZnS nanoparticles. The enhancement was due to
the adaptive structure of the 2D graphene sheets and the Co-ZnS/graphene

composites’ strong contact to successfully avoid volume expansion, contrac-
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tion and Co-ZnS agglomeration during the charge/discharge process. The
phenomenon known as surface Plasmon allowed reduced graphene oxide to
absorb light |Zou et al.| (2020)); Sajeev et al.| (2023). In order to slow down
photons and create more active sites for photocatalytic reactions on nanos-
tructures, the optical absorption at the resonance frequency could have been
effectively boosted by light surface Plasmon resonances. The strength of
these peaks reduced as rGO was added to Co-ZnS because recombination of
e~ and (h'1) occurs at a slower pace. The properties of reduced graphene
include a high electrical conductivity and an adequate capacity for elec-
tron storage. The amount of e~ and A" recombination was minimized since
it could take in and transport excited electrons from Co-ZnS Mahvelati-
Shamsabadi & Goharshadi| (2018));'Y. Hu et al.| (2021)); L. Zheng et al.| (2020));
J. Zhang et al.|(2012)). Therefore, compared to Co,Zn;_,S nanostructures,
the Co,Zn,_,S rGO has higher photocatalytic activity as it was proved in

photocatalytic activity experiment.

4.3.2 Optical analysis of Cobalt doped ZnS nanostructures

surface layers
Absorption and Transmittance analysis

In spectroscopy, transmittance and absorbance are two related but distinct pa-
rameters. The primary distinction between absorbance and transmittance is that
the former gauges how much incident light is absorbed as it passes through a
substance, whereas the latter gauges how much light is transmitted. Absorbance
can be identified as the amount of light which is absorbed by a given sample.
Transmittance can be recognized as the amount of light passed through that
sample. Both of these concepts are very important in fields such as analytical
chemistry, spectrometry, quantitative and qualitative analysis, physics and vari-

ous other fields. The intensity of incident and transmitted light can be used to
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measure the transmittance through a sample solution. The sample’s absorbance
can then be determined using the value for transmittance. When ZnS is in bulk
form, the band gap is large (3.5-3.9 e€V) Bhargava et al| (1994); Y. Yang et al.
(1996) but when ZnS is in nano form, the band gap widens. The UV-vis absorp-
tion spectra of the cobalt doped ZnS-rGO NS samples were measured in order to

examine their optical characteristicsSud & Sharmal (2016|) as discussed.

1. ZnS-rGO UV-vis data analysis

Figure depicts the UV absorption spectrum of ZnS-rGO. The ZnS char-
acteristic peak corresponding to 3.65 eV band gap was shifted to shorter
wavelengths as the size of particle decreased. This blue shift was attributed
to the quantum confinement effect at nano scale. The absorption edge of
the sample was well below the visible wavelength i.e., below 400 nm ap-
proximately (320-400 nm) [Ebrahimi et al.| (2020). The two band absorption
spectra of the ZnS- rGO NSs were discovered to have maxima at 240 and
364 nm, respectively. The bands may match the m — 7* transition of the
aromatic (C-C) and (C=C) bonds as well as the n — 7* transition of the
carbonyl functional group. The observation of the shift of the NSs absorp-
tion peak to a longer wavelength (364 nm) in correlation with the aromatic
(C-C) bond’s m — 7* transition implies that GO may have been reduced and

the (C-C) bonds restored in the graphene sheets|Y. Zhang, Ma, et al.| (2012).

The UV emission peak position gradually shifted from 365 nm to 364 nm.
The blue shift of the UV emission peak originated from the interaction be-
tween the cobalt doped ZnS NSs and the graphene sheets. The physical
mechanism might be attributed to the Burstein Moss effect Burstein| (1954);
Moss| (1954). Some graphene sheet electrons may have diffused towards the
ZnS during the formation of (ZnS-rGO) combinations and collected at the
interface between the two materials to form potential barriers. The diffusion
of the electrons into ZnS may have been hampered by the obstacles. These

electrons might reside in the states at the base of ZnS conduction band.
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After thermal relaxation, the conduction band’s low energy levels may have

a sizable population.
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Figure 4.87: UV absorption spectra of ZnS with graphene decoration.

. 1C0-ZnS-rGO UV-vis data analysis

The rise in optical transmittance with wavelength was also noted. The
transmittance values show that thin films of cobalt doped ZnS decorated with
graphene were a good material for collecting solar energy, especially when
utilized as a good photocatalyst. Figure [4.88|illustrates the UV absorption
spectrum of (Cogg1Zng99S rGO) NSs. As the particle size decreases, the
ZnS characteristic peak, which corresponds to the 3.66 ¢V band gap, shifts
to shorter wavelengths. This blue shift is due to the phenomena of nanoscale
quantum confinement. The two band absorption spectra of the GO solution

were discovered to have maxima at 238 and 348 nm, respectively.

The bands match the @ — 7* transition of the aromatic C—C and C=C bonds
as well as the n — 7* transition of the carbonyl functional group. The obser-
vation of the shift of the absorption peak to a longer wavelength 364 nm in

correlation with the aromatic C—C bond’s m — 7 transition implies that GO
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may have been reduced and the C—C bonds restored in the graphene sheets
Y. Zhang, Ma, et al. (2012)). The absorbance of pure ZnS was significantly
lower than the intensity of the absorbance of the (C0.012n4.995 rGO NSs.
This greater absorbance could be attributed to the absorption contribution
from the graphene sheets and a modification of the fundamental mechanism
of excitation output adhering to irradiation. Furthermore, a discernible de-
crease in the band gap was observed by the slight shift (red shift) of the
absorption maxima towards the higher wavelength region. These obser-
vations imply a strong coupling between cobalt doped ZnS and graphene
sheets. These interactions might be crucial for improving the separation of

the photogenerated electron-hole pairs, which would raise the photocatalytic

activity.
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Figure 4.88: UV absorption spectra of 1% cobalt doped ZnS decorated with
graphene (Cog g1 Zn0.99S 1GO NSs

3. 2C0-ZnS-rGO UV-vis data analysis

The ultraviolet absorption spectra of (Cogg2Zn093S rGO NSs is described
in Figure The ZnS characteristic peak lies at shorter wavelengths
and shifts with decreasing particle size, corresponding to the 3.66 eV band

gap. Nano-scale quantum confinement might be the cause of this blue shift.
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Maximums were found at 238 and 350 nm, respectively, in the two band
absorption spectra of the GO solution. The n — 7* transition of the carbonyl
functional group and the m — 7* transition of the aromatic C-C and C=C
bonds were matched by the bands. When the GA absorption peak was
observed to shift to a longer wavelength 350 nm, it was suggested that GO
may have been reduced and the C-C bonds repaired in the aromatic C-C

bond during the m — 7 transition.

In comparison to the intensity of the absorbance of the (Cogg2Zn¢.935 rGO)
NSs, the absorbance of pure ZnS was much lower. This increased absorbance
may be explained by the absorption effect of the graphene sheets as well as
a change in the basic mechanism of the excitation output that adheres to
radiation. Moreover, a minor movement of the absorption maxima towards
the higher wavelength region indicated a noticeable decrease in the band gap.
These findings suggest a significant connection between graphene sheets and
Co-ZnS NSs. Enhancing the separation of the electron-hole pairs produced
by photocatalysts may depend on these interactions, hence increasing the

photocatalytic activity.
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Figure 4.89: UV absorption spectra of 2% cobalt doped ZnS decorated with
graphene (OOO'OQZTLO.QSS I‘GO) NSs



227

4. 4Co-ZnS-rGO UV-vis data analysis

Figure demonstrates the UV absorption spectra of (Cog 04210965 rGO)
NSs. As the particle size decreases, the ZnS characteristic peak, which cor-
responds to the 3.66 eV band gap, shifts to shorter wavelengths. When
compared to ZnS-rGO’s absorption threshold at about 365 nm, the doping
ions significantly shifted absorption shifts into the visible area. This blue
shift is due to nanoscale quantum confinement. Maximums in the two band
absorption spectra of the GO solution were discovered at 239 and 338 nm,
respectively. The bands match the m — 7* transition of the aromatic C-C

and C=C bonds and the n — 7* transition of the carbonyl functional group.

It is hypothesized that during the m — 7 transition, GO may have been
lowered and the C-C bonds in the aromatic C-C bond repaired when the
(Co00.04Zm0.96S rGO) NSs absorption peak shifts to a longer wavelength 338
nm. The absorption effect of the graphene sheets and a modification in the
fundamental mechanism of the excitation output that clings to radiation can
both account for this higher absorbance. Additionally, a little shift of the
absorption maxima in the direction of the higher wavelength area suggested
that the band gap was decreasing somewhat. These results imply a strong
relationship between ZnS and graphene sheets. These interactions may be
necessary to improve the separation of the electron hole pairs created by

photocatalysis, hence raising the photocatalytic activity.
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Figure 4.90: UV absorption spectra of 4% cobalt doped ZnS decorated with
graphene (C'0g04Z1n0.96S TGO) NSs

5. 6Co-ZnS-rGO UV-vis data analysis

UV absorption spectrum of (C'og gsZn0.94S rGO) NSs” UV absorption spectra
is illustrated in Figure [£.91] The ZnS characteristic peak lies at shorter
wavelengths and shifts with decreasing particle size, corresponding to the
3.66 eV band gap. The doping ions considerably shifted absorption shifts
into the visible area in comparison to ZnS-rGO’s absorption threshold at
roughly 365 nm. An effect known as nanoscale quantum confinement could
be the cause of this blue shift. At 236 and 319 nm, respectively, maximums

were found in the two band absorption spectra of the GO solution.

The aromatic C-C and C=C bonds’ 7 — 7* transition and the carbonyl func-
tional group’s n — m* transition were matched by the bands. logically, when
the (C'og.06Z10.945 TGO) NSs absorption peak shifted to a longer wavelength
319 nm, GO may have been decreased and the C-C bonds in the aromatic
C-C bond may have been repaired during the 7 — 7 transition. This greater
absorbance can be explained by the absorption effect of the graphene sheets
as well as a change in the basic mechanism of the excitation output that

clings to radiation. Furthermore, a little movement of the absorption max-



229

ima toward the higher wavelength region indicated a possible gradual de-
crease in the band gap. These findings suggest a close connection between
Co-ZnS NSs and graphene sheets. To increase the spacing of the electron-
hole pairs produced by photocatalysis and hence the photocatalytic activity,

certain interactions might be required.
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Figure 4.91: UV absorption spectra of 6% cobalt doped ZnS decorated with
graphene (Cog o524 10945 rGO) NSs

6. Combined Co-ZnS-rGO UV-vis data analysis

The UV absorption spectrum of C'o, Zn,—xS rGO at x =0, 1, 2, 4, 6 was ob-
served as shown in Figure [£.92] The ZnS characteristic peak corresponding
to 3.66 eV band gap was shifted to shorter wavelengths as the size of parti-
cles decreased. Figure presents the transmittance spectra of pure of cobalt
doped ZnS rGO in a range of 320 to 560nm with an excitation wavelength
of 340nm at a step size of Inm. This blue shift is attributed to the quantum
confinement effect at nano scale. The absorption edge of all the samples was

well below the visible wavelength i.e., below 400 nm approximately (320 nm

to 400 nm) Ebrahimi et al.| (2020)).

The two band absorption spectra of the GO solution were discovered to have

maxima at 240 and 365 nm, respectively. The bands match the 7 — 7* tran-
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sition of the aromatic C—C and C=C bonds as well as the n — 7* transition
of the carbonyl functional group. The observation of the shift of the NSs
absorption peak to a longer wavelength (365 nm) in correlation with the
aromatic C—C bond’s m — 7 transition implies that GO may have been re-
duced and the C-C bonds restored in the graphene sheets [Y. Zhang, Ma,
et al| (2012). The UV emission peak position gradually shifted from 366
nm to 341 nm. The blue-shift of the UV emission peak originated from the
interaction between the Co-ZnS nanostructures and the graphene sheets.
The physical mechanism might be attributed to the Burstein—-Moss effect
Burstein| (1954)); [Moss| (1954). Some graphene sheet electrons may diffuse
towards the ZnS during the formation of ZnS/GR combinations and collect

at the interface between the two materials to form potential barriers.

The diffusion of the electron into ZnS might be hampered by the obstacles.
These electrons might reside in the states at the base of ZnS’s conduction
band. After thermal relaxation, the conduction band’s low energy levels may
have a sizable population. Both the increase of absorption intensity as well
as shift of absorption edge along long wavelength region may be noticed by
the substitution of Co into (Zn-S) lattice. The reduced absorption intensity
by cobalt addition may be due to the decrease of size and also the proper
incorporation of C'o*" ions in the position of Zn?* ions where the ionic radius
of Co*" ions is lower than that of Zn?T ions as described by XRD results.
The existing shift of absorption edge may have been supported by the size

reduction which promote the energy gap to higher value.
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Figure 4.92: UV absorption spectra of combined (0, 1, 2, 4 and 6% cobalt doped

ZnS decorated with graphene.
In addition, the cobalt doping may have stimulated more defects hence cre-
ated the irregularity or imperfections through (Zn-S) lattice owing to the
ionic radius variation which may be a probable reason for the reduction in
absorption intensity as explained by |J. Zhu et al|(2017)). The light scatter-
ing by grain boundaries and the reflection of incident light by cobalt clusters
in lattice (Zn-S) may have also reduced the absorption intensity Reddy et
al.| (2014). An extra possibilities for the charge carriers to vanish may have
been created by the interaction of the excited ZnS particles and the graphene

sheets.

These interfacial charge transfer events are represented by emission quench-
ing Kamat et al. (2002)); Subramanian et al. (2003)) excited ZnS NSs to the
GO to form reduced graphene in the current investigations. Such reductive
radicals cannot be formed without ZnS. In heterogeneous photocatalysis us-
ing semiconductor materials (Ti02, ZnO, ZnS, etc.), charge recombination
in semiconductor particulates is frequently a concern[Y. Zhang, Zhang, et al.
(2012); X. Huang et al. (2012); Qian et al. (2011); Lv et al.| (2011)); |G. Wang
et al| (2011); Shen et al. (2010); [Y. Liu et al.| (2015). The performance of
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photocatalysis should be enhanced if semiconductor particles are anchored
on a graphene scaffold, which should also enhance photoinduced charge sep-

aration.

4.3.3 Electronic analysis of cobalt doped ZnS nanostruc-

tures surface layers
Optical band gap energy estimation

The energy required to excite an electron from the valence band to the conduction
band is known as the band gap energy of a semiconductor. For the purpose of fore-
casting semiconductor photophysical and photochemical properties, an accurate
estimate of the band gap energy is essential Makutla et al.| (2018]). Tauc formulae
Equation Theyvaraju & Muthukumaran| (2015) was used to calculate the ab-
sorption edges of Co,Zn;_,S rGO NSs from their absorption data, where £, was
energy gap and the exponent n was taken as 0.5 or 2, the correlation between the
absorption coefficient and the photon energy was explored.

This allowed to evaluate the influence of cobalt through band structure as well
as electronic transition. The samples’ direct band gap was indicated by the linear
portion of the symbol hv. Tauc plot was used to determine the band gap and UV
absorption spectra by graphing hv versus (ahv)?. Calculating the energy band
gap of a semiconductor material using UV-Vis absorption data was done with the

help of Origin software.

(ahv)" = A(hv — E,) (4.10)

In this equation, « is the absorption coefficient expressed as

a=— (4.11)

Where h is Planck’s constant (6.6 % 10734J — s), v is the frequency of the incident
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photon, A is a proportionality constant (which is determined by the index of
refraction, electron, and hole effective masses; however, it is usually taken as 1 for
amorphous materials), and E, is the optical band gap energy expressed as £, = %
where c is the velocity of light (3% 10%m /s and \ is the absorbed wavelength. The
important term is the exponent n, which denotes the nature of the electronic

transition, that is, when n = 2 it is a direct allowed transition and when it is

1

5, it is an indirect allowed transition. For n = % it is a direct forbidden

equal to
transition and for n = % an indirect forbidden transition. Typically, the allowed
transitions dominate the basic absorption processes, giving either direct or indirect
transitions. Thus, the basic procedure for a Tauc analysis was to acquire optical
absorbance data for a sample in question that spans a range of energies from below
the band gap transition to above it. Plotting the (ahv)n versus hv was a matter of
testingn =2 orn = % to compare which provides the better fit and thus identify
the correct transition type. Then by extrapolating linear part of the curve, a line
was drawn where @ = 0. The point where it touched the x axis, was the optical
band gap energy of the NSs. First the material was checked for direct band gap
at n = 2. Using Tauc equation for direct band gap Equation to calculate the

band gap energy.

(ahv)? = A(hv — E,) (4.12)

The indirect band gap was also checked at n = 0.5 and its Tauc equation was

written as;

(ahv)?® = A(hv — E,) (4.13)

Absorbance data was used and Tauc equation n = 2 was used to check for direct

band gap for all the five samples using Equation and

1240
hy = —— (4.14)
wavelength
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on the x axis.
(2.303 * Absorbance * Energy)? (4.15)

on the y axis. The defect states in optical band gap region were represented
by an optical parameter called the Urbach energy. These localized defect states
in the band gap region was responsible for the formation of absorption tail in
the absorption spectra which was termed as Urbach tail and the energy associated
with it hence Urbach energy. The Urbach energy can be extracted from absorption

spectra and can be calculated using the following Equation [4.16]

E
—a, = 4.1
o ozeacpo(Eu> (4.16)

where « is the absorption coefficient, «, is the incident photon energy which is
equal to hv and FE,, is the Urbarch energy. The Urbarch energy is estimated from
In o versus photon energy plot. The reciprocal of the obtained slope by fitting
linear part of the curve which gives the value of the Urbach energy F, which is

given by Equation [£.17}

1
E, =
Slope

(4.17)

The fundamental band gap energies of the Co,Zn,_,S rGO NSs samples were
measured and examined using optical absorption. These energies were related to
both direct and indirect transitions. Energy gap analysis Wasim et al.| (2001} 1998))
suggests that the Urbach effect seen in the absorption spectra of the Co,Zn;_,S
rGO NSs may be caused by the combined influence of impurities, structural dis-
orders and interactions between the exciton and lattice in the system. Defects
with intrinsic charge alter the structure of the chemical bond, affecting the charge
distribution and therefore the band gap, index of refraction, optical absorption

and other properties.
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Electronic transition was necessary for inter-band transitions in Co,Zn;_,S
rGO NSs crystals. Cobalt ion defects may induce band tail states that lead to
band narrowing. In semiconductors and insulators, the basic absorption edge,
sometimes called the Urbach tail, rises exponentially below the energy band gap
Urbach| (1953). In the literature, phonons, impurities, excitons, and structural
disorders in the materials have been associated with the observed exponential
tails |Dow & Redfield (1972); |Cody et al. (1981); Wasim et al.| (1998).

ZnS photo excitation electrons consequently need Eg+ A Ej energy. A Ej is
the additional energy needed to transfer the free electrons to the open electronic
sub levels toward the bottom of the conduction band. This adjustment of A E,
is refereed as the Burstein Moss shift. The ZnS lattice would absorb more II
electrons as the ZnS to graphene mass ratio increased. As a result, the barrier
between ZnS and graphene would increase. Additionally, this would result in a
rise in the A Ej, Burstein Moss shift. The result could be an optical band gap that
gradually widens. As the optical band gap grows, there would be a gradual drop

in optical intensity because there would be less photogenerated electrons in ZnS.

1. Bandgap of ZnS-rGO

Using a Tauc plot, the band gap for the UV absorption spectra of ZnS-rGO
was also determined. The direct band gap of 4.86 eV was recorded as shown
in Figure [4.93] It was evident that every ZnS-rGO NSs sample had a strong
band of absorption edges at the UV region, which spanned at 180-340 nm
and a weak band of absorption at the visible area. It was evident that the
blue shift phenomena happened and that all of the ZnS-rGO NSs sample’s
direct band gap value was higher than bulk ZnS’s (3.67 ¢V). The blue shift
phenomenon may have resulted from changes in the electronic transition
caused by the quantum size effect. When the size of the NSs decreases, the
energy gap widens and the optical absorption band shifts to the short wave

direction.
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Figure 4.93: Direct band gap of ZnS decorated with graphene.

The band gap of the synthesized ZnS-rGO materials was acquired from the

plot between (ahv)? and hv was revealed in Figure 4.94 A 0 €V indirect

band gap was found for pure ZnS-rGO. The observed lower band gap (red

shift) at low doping concentration could be attributed to the s-p-d spin

exchange interactions. These interactions may enhance the correction prob-

ability of the positive and negative potential to the valence band edge and

the conduction band, respectively and cause band gap narrowing K. J. Kim

& Park| (2004)).

(ehu)*?

—m— Indirect band -
T
-
{
a

T T T T T T
2 3 4 a -

Energy (eV)

Figure 4.94: Indirect band gap of ZnS decorated with Graphene.

The ZnS-rGO NSs absorption spectra were checked for the Urbach effect
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using the UV-vis data calculations, as illustrated in Figure £.95 In the
sub-band gap region of the ZnS-rGO NSs, the fundamental absorption edge
(i.e., Urbach tails) developed exponentially, suggesting that impurities, ther-
mal and structural disorders and exciton lattice interactions may have had
a significant impact on the optical properties. The steepness parameter,
the exciton peak and the measured temperature dependence of the Urbach
energy in the ZnS-rGO NSs showed how important these parameters were
in the absorption edge. The ZnS-rGO NSs’ absorption coefficients, or "Ur-
bach tails," demonstrated an exponential growth immediately below the free

exciton peak.
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Figure 4.95: Natural logarithm Alpha of ZnS decorated with graphene.

2. Bandgap of 1Co-ZnS-rGO

The band gap of the synthesized Cog g1 2n0.995 rGO NSs was illustrated
by the plot between (ahv)? and hv in Figure m The direct band gap of
pure C'o12410.995 rGO NSs was found to be 4.62 eV. The E, value was
obtained by extrapolating the linear portion to the photon energy axis in
the figure [£.96] The structural bonding of ZnS, which was made by the
3d electrons in Co?** atoms, may have become imperfect when Co?*t ions
were substituted because they may have produced a dislocated or irregular

atoms. The stimulated s, p, d exchange interaction by cobalt between the s
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and p electrons from ZnS and 3d electrons from C'o** ions may have been
responsible for the reduction in energy gap P. Ghosh et al.| (2007). The
addition of Co** may have regenerated the newer energy levels closer to
the valence band of ZnS which could be another possible reason for current

shrinkage in energy gap [Mote & Dole| (2021)).

By Co-doping, where C'o?* ions with smaller ionic radius can substitute Zn2+
ions at substitutional sites, the energy gap would be increased. The inclusion
of C'o** causes the Zn-Co-S lattice to release additional free charge carriers,
changing the Fermi level and causing them to travel closer to the conduction
band and reduce the energy gap Malek et al., (2015). The Burstein-Moss
shift, or blue shift of energy gap, is the current improvement brought on by
Co** doping|J. Yang et al.| (2013). The presence of poor crystallinity caused
by Co?* addition also significantly contributes to the widening of the energy
gap [Tan et al.| (2005). When Co is added to ZnS, the energy gap decreases
and at the same time, the size of the NSs increases slightly, obeying the size

effect |Yoon et al.| (2008).
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Figure 4.96: Direct band gap of 1% cobalt doped ZnS decorated with graphene.

As shown in Figurd4.97] the band gap of the synthesized C'og 91 Z2n0.995 rGO
NSs was obtained from the plot between (ahv)?® and hv. 1.94 €V is found to

be the indirect band gap of pure 1Co-ZnS-rGO. Spin d exchange interactions
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may be responsible for the red shift, or reduced band gap, that is seen at
low doping concentrations. Band gap narrowing may result from an increase
in the correction probabilities of the positive and negative potentials to the
valence band edge and the conduction band, respectively, under the s-d and

p-d exchange interactions.
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Figure 4.97: Indirect band gap of 1% cobalt doped ZnS decorated with graphene.

The exponential equation [£.16] defines the empirical Urbach rule, which gov-
erns the relationship between the optical absorption coefficient and photon
energy. Figure showed how Urbach energy was estimated by plotting
Ina against photon energy, where the reciprocal gradient of the straight line
fitted to the curve yields the value of Urbach energy [Melsheimer & Ziegler
(1985). This allowed the examination of the impact of Co*" ions on the tran-
sitions between the extended band tails of DOS in the valence and conduction
bands. It is clear that an increase in Co** concentration progressively relies
on an exponential rise in Urbach energy. Urbach energy behavior varies with
Co®* content and this can be attributed to defects in the structural bonding
and expanding disordered atoms as a result of the introduction of 3d inter
band states of Co®" ions. According to [Rail (2013)), these findings have also
been shown for other comparable doped semiconductors, such as pure ZnO.

Urbach energy and optical band gap changes show that an increase in C'o**
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content broadens the Urbach energy while decreasing the optical band gap

energy, in the opposite direction (Chandrasekar et al.| (2015)).
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Figure 4.98: Natural logarithm Alpha of 1% cobalt doped ZnS decorated with
graphene.

3. Bandgap of 2Co-ZnS-rGO

The band gap of the synthesized Cog 2219935 rGO NSs were acquired from
the plot between (ahv)? and hv as revealed in Figure [£.99] The direct band
gap of pure Cogg2Zng9sS rGO NSs was found to be 5.46 eV. It was clear
that Cogg2Znp.98S TGO NSs samples exhibited a strong absorption edges
band at UV region in the range of 180-340 nm and poor absorption at visi-
ble region. It was clearly that the direct band gap values of all C'og g2 2109985
rGO NSs samples were greater than that of bulk ZnS (3.67 V) and blue shift
phenomenon occurred. The structural bonding of ZnS made by the 3d elec-
trons in C'o2+ atoms, became imperfect when C02+ ions were substituted
because they produced dislocations or irregular atoms. The stimulated s, p,
d exchange interaction by cobalt between the s and p electrons from ZnS
and 3d electrons from Co*" ions may be responsible for the reduction in
energy gap [P. Ghosh et al.| (2007). The addition of C'o*" re-generated the

newer energy levels closer to the valence band of ZnS Mote & Dole| (2021)).
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Figure 4.99: Direct Band Gap of 2Cobalt doped ZnS decorated with Graphene.

The plot between (ahv)®5 and hv provided the band gap of the synthesized
Co0.02210.93S TGO NSs, as shown in Figure [£.97 For pure Cog2Zn0.9sS
rGO NSs, the indirect band gap was measured and found to be 1.60 eV.
At low doping concentration, the observed decreased band gap (red shift)
might be explained by spin-d exchange interactions between s, p and d.
The positive and negative potentials’ correction probabilities to the valence
band edge and the conduction band, respectively, are increased by exchange

interactions between s and p, which might result in a reduction of the band

gap.
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Figure 4.100: Indirect band gap of 2% cobalt doped ZnS decorated with graphene.



242

Figure [4.101] described how Urbach energy was estimated by plotting Ina
against photon energy, where the reciprocal gradient of the straight line
fitted to the curve yields the value of Urbach energy Melsheimer & Ziegler
(1985). This allowed the examination of the impact of Co®" ions on the
transitions between the extended band tails of density of states in the valence
and conduction bands. It is clear that more increase of C'o** concentration
progressively relied on an exponential rise in Urbach energy. Urbach energy
behavior varies with C'o®*" content and this can be attributed to defects in
the structural bonding and expanding disordered atoms as a result of the

introduction of 3d inter band states of C'0** ions.

In Apha

Figure 4.101: Natural logarithm Alpha of 2% cobalt doped ZnS decorated with
graphene.

4. Bandgap of 4Co-ZnS-rGO

As shown in Figurd4.102] the band gap of the fabricated C'ogsZng.96S 1GO
NSs was obtained from the curve between (whv)? and hv. It was discovered
that pure 4Co-ZnS-rGO NSs had a direct band gap of 4.99 eV. The results
demonstrated that Cog 4219965 GO NSs samples may have had a weak
absorption in the visible region and a high absorption edges band in UV
range of 180-340 nm. The CoggsZng9eS GO NSs had a direct band gap
value that was evidently higher than bulk ZnS’s (3.67 €V) with the blue

shift phenomenon present. When Co?* ions are substituted, dislocated or
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irregular atoms are produced, which compromises the structural bonding of
ZnS formed by the 3d electrons in Co?* atoms. The lowering of energy gap
is caused by the enhanced s, p and d exchange interaction of cobalt between
the 3d electrons from Co?*t ions and the s, p electrons from ZnS |P. Ghosh

et al.| (2007).

The energy gap may have enlarged by cobalt doping, where 4% of C'o®T ions
with smaller ionic radius substituted Zn?* ions at substitutional sites. The
Zn-Co-S lattice may have been altered by the addition of Co, releasing more
free charge carriers that move towards the conduction band and widen the
energy gap by altering the Fermi level. The present improvement caused by
Co doping is known as the Burstein-Moss shift, or blue shift of energy gap
J. Yang et al. (2013)).
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Figure 4.102: Direct band gap of 4% cobalt doped ZnS decorated with graphene.

As seen in Figure the band gap of the developed Cog 94410965 1GO
NSs was displayed from the plot between (ahv)®® and hv. The indirect
band gap of 1.48 eV for pure 4Co-ZnS-rGO NSs was found to exist. The s, p
and d spin exchange interactions might represent the cause of the observed
lowered band gap (red shift) at low doping concentration. The s, d and
p d exchange interactions may contribute to band gap narrowing through

improving the correction probability of the positive and negative potential
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to the valence band edge and the conduction band respectively |P. Ghosh et
al.| (2007)); |A. Sharma et al. (2021). It was clear that the direct band gap
value of C'og 01Zn0.96S TGO NSs were greater than that of bulk ZnS (3.67 V)
and blue shift phenomenon may have occurred. The structural bonding of
ZnS, which may have been made by the 3d electrons in Co®" atoms, might
have been imperfect when C'o?* ions were substituted because they produced
dislocated or irregular atoms. The addition of Co** may have regenerated
the newer energy levels closer to the valence band of ZnS which could be
a possible reason for current decrease in energy gap |[Mote & Dole| (2021)).
The inclusion of 4% Co causes the Zn-Co-S lattice to release additional free
charge carriers, changing the Fermi level and causing them to travel closer

to the conduction band and widen the energy gap.
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Figure 4.103: Indirect band gap of 4% cobalt doped ZnS decorated with graphene.

Urbach energy was determined by plotting Ina against photon energy, as
illustrated in Figure £.104 The value of Urbach energy was determined
by taking the reciprocal gradient of the straight line fitted to the curve
Melsheimer & Ziegler| (1985)). This was made possible in order to investigate
the effect of Co?" ions on the transitions between the valence and conduction
bands’ extended band tails of density of states. It was evident that an

exponential increase in Urbach energy was necessary for a further increase
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in C'o** concentration. As a result of defects in the structural bonding and
the expansion of disordered atoms due to the introduction of 3d inter band

states of C'o** ions, Urbach energy behavior varies with C'o** concentration.
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Figure 4.104: Natural logarithm Alpha of 4% cobalt doped ZnS decorated with
graphene.

5. Bandgap of 6Co-ZnS-rGO

As demonstrated by Figure[£.105] the band gap of the synthesized C'og 06 Z10.94S
rGO NSs was obtained from the plot between (ahv)? and hv. The direct
band gap of pure CoggsZng9sS GO NSs was found to be 5.23 eV. The
findings show that all C'o,Zn;_,S rGO NSs samples exhibited a significant
absorption edges band in the UV range of 180-340 nm and modest absorp-
tion in the visible region. With the blue shift phenomena present, the direct
band gap value of C'og g6Z1n0.945 TGO NSs was clearly larger than that of bulk
ZnS 3.67 eV. Dislocated or irregular atoms are created when C'o** ions are
substituted, endangering the structural bonding of ZnS, which was formed

by the 3d electrons in C'o** atoms.

The improved s, p and d exchange interaction by cobalt between the s and
p electrons from ZnS and the 3d electrons from Co** ions may have low-
ered the energy gap [P. Ghosh et al.| (2007). The addition of C'o®", which
regenerated the newer energy levels closer to ZnS’s valence band, may have

provided another logical explanation for the current reduction of the energy
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gap Mote & Dole (2021). Cobalt doping may have widened the energy gap
by allowing C'o** ions with a lower ionic radius to replace Zn2* ions at
substitutional sites. The inclusion of cobalt may have modified the Zn-Co-S
lattice, releasing more free charge carriers that migrate into the conduction
band and change the Fermi level, so widening the energy gap. The blue shift
of the energy gap, sometimes referred to as the Burstein-Moss shift |J. Yang

et al| (2013) may have been the cause of improvement brought about by Co

doping.
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Figure 4.105: Direct band gap of 6% cobalt doped ZnS decorated with graphene.

The plot between (ahv)®5 and hv provided the band gap of the synthesized
C00.06Zn0.945 TGO NSs, as shown in Figure [£.106] It turns out that pure
C09.062410.945 TGO NSs, had an indirect band gap of 1.30 eV. The s-d and p
spin exchange interactions could be the cause of the observed reduced band
gap at low doping concentration. The s-d and s-p exchange interactions may
have led to band gap narrowing by increasing the correction probability
of the positive and negative potential to the valence band edge and the
conduction band respectively. It was clear that the direct band gap values
of Cog.064n0.94S TGO NSs were greater than that of bulk ZnS 3.67 eV. The
structural bonding of ZnS, which was made by the 3d electrons in Co?*"

atoms, became imperfect when Co** ions were substituted because they
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may have produced dislocated or irregular atoms.

The stimulated s, d and p exchange interaction by cobalt between the s
and p electrons from ZnS and 3d electrons from Co?" ions may have been
responsible for the reduction in energy gap P. Ghosh et al.| (2007). The
addition of C'o** regenerated the newer energy levels closer to the valence
band of ZnS which could be a possible reason for current decrease in energy
gap Mote & Dole (2021). By Cobalt doping, where 6% Co*" ions with
smaller ionic radius could substitute Zn?* ions at substitutional sites, which
may cause the energy gap to increase. The inclusion of Co may have caused
the Zn-Co-S lattice to release additional free charge carriers, changing the
Fermi level and causing them to travel closer to the conduction band and
widen the energy gap. When Co is added to ZnS, the energy gap decreases
and at the same time, the size of the NSs increases slightly, obeying the size

effect [Yoon et al.| (2008)); Kiptarus et al.| (2023).

r
|

—m— Indirect band

(ahu'

Figure 4.106: Indirect Band Gap of 6% Cobalt doped ZnS decorated with
Graphene.

Plotting Ina against photon energy allowed for the determination of Urbach
energy, as shown in Figure[4.107] The reciprocal gradient of the straight line
fitted to the curve was used to calculate the Urbach energy value Melsheimer

& Ziegler| (1985). This was made possible in order to study the impact
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of C'o®* ions on the extended band tails of density of states transitioning
between the valence and conduction bands. It is clear that a further increase
in Co?* concentration required an exponential increase in Urbach energy.
Urbach energy behavior fluctuates with Co?T concentration due to defects
in the structural bonding and the expansion of disordered atoms caused by

the introduction of 3d inter band states of C'0** ions.
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Figure 4.107: Natural logarithm Alpha of 6% cobalt doped ZnS decorated with
graphene.

The band gap of ZnS NSs can be changed to modify their electronic charac-
teristics. The massive band gap that doping creates, or the blue shift, can be
connected to the confinement effect in nanostructure. The wavelength shift makes
the material viable now in the UV spectrum. The optical band gap values were
computed using a Tauc plot after experimental observations of Co,Zn,_,S rGO
NSs. The band gap of pure Co,Zn; .S rGO NSs at x = 0, 1, 2, 4 and 6 was found
to be 4.86 eV, 4.62 eV, 5.46 ¢V, 4.99 eV, and 5.23 eV, respectively, when measured
experimentally. The values of 0 eV, 1.94 eV, 1.60 eV, 1.48 ¢V and 1.30 eV were
discovered for the indirect band gap at x = 0, 1, 2, 4 and 6 respectively. The band
gap of graphene decorated cobalt doped ZnS changed with doping concentration.
An energy blue shift was brought about by the expansion of the band gap brought
on by increased doping.

The variation in the sample’s absorption coefficient and the position of the
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absorption peak may have been caused by the progressive doping substitution of
the Co,Zn1_,S rGO NSs lattice. It is evident that all of the C'o,Zn;_,S rGO
NSs samples showed low absorption in the visible area and a high absorption
edges band at the UV region, which ranges from 180 to 340 nm. The blue shift
phenomenon was brought about by changes in the electronic transition’s quantum
size effect when NSs decreased, the energy gap widened and the optical absorption
band shifted in the direction of short waves.

However, when surface tension is high and particle size is small, the lattice
becomes distorted, lattice constants decrease, the bond length shortens due to in-
ternal distortion, and the infrared absorption band shifts to a higher wave number.
This interface effect is what causes the spectral blue shift of nanomaterials and
variations in the C'o** content expand the Urbach energy and decrease the optical
band gap energy in the opposite direction, as demonstrated by variations in the

Urbach energy and optical band gap |(Chandrasekar et al.| (2015)

4.4 Photo-activity evaluation of cobalt doped ZnS
nanostructures surface layers decorated with
graphene for photocatalytic hydrogen produc-
tion

Photocatalytic hydrogen production performances of C'o,Zn,_,S photocatalysts
prepared with different (Co/Zn) precursor concentration ratios at (x= 0, 0.01, 0.02,
0.04, 0.06) with and without graphene decoration for water splitting recorded in
Table and Table are demonstrated in Figure (a) and Figure (a)
respectively. The results showed that hydrogen production rates of Co,Zn,_,S
with and without rGO at (x=0.04) cobalt loading recorded the highest photo-
catalytic hydrogen production mean value after 720 minutes under UV light ir-

radiation. According to the data presented in Figure [4.108| (a), the hydrogen
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yield attained at the optimal cobalt loading at (x = 0.04) was 3201.562umolh™!,
whereas at (x = 0.06), the lowest hydrogen yield was 987.432umolh~'. Addition-
ally, as seen in Figure (a), the hydrogen generation rates of Co,Zn;_,S
rGO at (x = 0.04) recorded a maximum yield of 7648.9umolh™" and the lowest
being 6% at 2398.7umolh™'. This demonstrated that, under UV light irradiation,
the photocatalytic reaction reached equilibrium after 720 minutes. Photo-catalyst
with the largest surface area showed the highest hydrogen production efficiency.
All the Co,Zn,_,S rGO samples showed the highest mean value than for
Co,Zni_,S as demonstrated in Figure [£.108(b) and Figure [4.109(b) which de-
scribes the error bars for cobalt doped ZnS without and with graphene. The
data mean error bars are presented in the column in Figure b) and Figure
4.109(b) respectively, which also depict the data distribution. It is conclusively
shown statistically that the maximum mean value of the hydrogen evolution rate
occurs at a concentration of 4%. As can be seen in Figure [4.108|(b), there are
no appreciable differences across the data sets since the mean hydrogen evolution

response for each sample group overlaps.
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Figure 4.108: Variation of hydrogen production from pure cobalt doped ZnS NSs
without graphene (a) treatment time, (b) concentration of cobalt; The error bars
represent plus or minus one standard error of the mean.

The height of each column in the Figure |4.109| (b) represents the mean hydro-
gen generation of cobalt doped ZnS decorated with graphene. According to the

graph, the concentration of 4% contributes the largest amount to the evolution
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of hydrogen, while the concentration of 6% contributes the least. This could be

explained by an overabundance of dopant, which results in lower absorption at the

visible spectrum hence less evolution of hydrogen |S. Cao & Piao (2020)); |S. Chen|

(2017).

The current overlapping of error bars in these two figures indicates that concen-

tration didn’t cause any significant difference in hydrogen evolution and variability

in the data can be attributed to systemic and random errors.
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Figure 4.109: Variation of hydrogen production from pure cobalt doped ZnS NSs
decorated with graphene (a) treatment time, (b) concentration of cobalt; The
error bars represent plus or minus one standard error of the mean.

4.5 Optimization of cobalt doped ZnS decorated
with graphene for hydrogen production

As indicated in Table the highest order polynomial was chosen, where the
extra terms were significant and the model was not aliased. The model that max-
imized the Adjusted R? and the Predicted R2, as shown in Table [B.7, was the
main focus. After factor coding, Type III - Partial sum of squares was obtained.
According to Table B.8| the model’s F-value of 309.01 indicates that it was signifi-
cant. The probability of an F-value this large occurring owing to noise was merely

0.01%. The model terms were significant if the P-value was less than 0.0500. Sig-
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nificant model terms in this instance included A, B, B2?, A?2B, A%, A2B?, and A*.
The model terms were not significant if the values were higher than 0.1000.

The Adjusted R? of 0.9933 and the Predicted R? of 0.9712 agreed reasonably
well; that is, Table shows that the difference was less than 0.2. The ratio
of signal to noise was assessed by Adeq Precision. The model can be utilized to
navigate the design space because a ratio of larger than 4 is preferred and 60.915
suggested an appropriate signal. As seen in Table the coefficient estimate
indicated the expected change in response per unit change in factor value while
all other factors were held constant. The total average response of all the runs in
an orthogonal design was the intercept.

To predict the response for specific amounts of each element, the equation in
terms of coded factors, as shown in Table [B.11], was employed. To predict the
response for specific amounts of each element, Table provided an equation in
terms of the actual factors. In this case, the levels for each element were given in

the original units.

4.5.1 Diagnostics

The Figure (a) shows that the data points are approximately linear hence
normality in the error term. Residuals vs. Predicted checked for consistent varia-
tion across the prediction range and showed a random scatter of predicted residuals
centred on zero as seen in Figure [1.110b) hence no transformation was needed.
There was really no cause for alarm since all the runs that differed from the pre-
dicted value were all within the red control limits as seen in the Figure (c
and d).

A closer look into Box-Cox Plot Figure [£.111|(a) provided further information
about whether or not the data needed to be transformed. Plotting the log of the
residual variation showed that the optimal transform was attained at the location
where the log residual (y axis) was lowest. There was no need for a transform

because the best transform (green line) was in relation to the transformation that
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in Figure [4.112)(a)—the other values remained under control. The following runs
in the DFBETAS plot, as shown in Figure b), showed an outlier for few
runs in which their levels fell below the threshold to start the reaction: 4, 9, 19
for A, 5 and 9 for B, and 4, 5, 9 and 26 for AB. As a result, this diagnostic was

highly useful in identifying the areas of the experiment where things went wrong.
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Figure 4.112: A plot of DFITS and DFBETAS diagnosis’s
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The use of perturbation plots makes it easier to see every factor at a given
location in the design space on a single plot. The impacts of one, all or interacting
factors were displayed, respectively, in the one factor, all factors and interactions
plots. The plot of perturbations with all other factors held constant at the ref-
erence value. Figure [4.113[(a and b ) illustrates how the response varies as each
factor travels away from the selected reference point. The middle of the design
space, or the coded zero level of each factor was the reference point.

For response surface designs, the contour and 3D surface plot, which visualized
the reaction over the two parameters, were especially helpful. As can be observed
in Figure (c), the surface became ’hot’ at higher response levels, turning
yellow in the ’6000s and red over 7000 for hydrogen evolution.

For an enhanced comprehension of how the response varied in relation to the
two components, consider the response surface shown in Figure (d) This

offered an incredibly strong impression of how to optimize the response.

4.5.3 Numerical optimization

Numerical optimization determined the maximum, minimum, in range or target
for the hydrogen evolution model and also provided the greatest overall desirability

as depicted.

Table 4.1: Constraints

Name Goal Lower Limit Upper Limit Lower Weight Upper Weight Importance
A:Concentration is in range 0 6 1 1 3
B:Time maximize 2 12 1 1 3
Hydrogen evolution maximize 1421.35 7648.89 1 1 3

The constraints in Table were optimized and 13 solutions were found as
demonstrated in Table for maximum hydrogen evolution yields. The criteria
for the optimized factors (concentration and time) were selected at 4.11 atm.%
and 12 hours respectively as shown in Table [£.3] The interaction between time
and concentration showed that hydrogen production was maximum at 4.11 atm.%

and 12 hours respectively as depicted in Figure [{.114] and Figure [£.115] The
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Table 4.2: Solutions

Number Concentration Time Hydrogen evolution Desirability
1 4.112 12.000 7644.336 1.000 Selected
2 4.136 12.000 7643.915 1.000

3 4.075 12.000 7643.275 1.000

4 4.166 12.000 7642.147 0.999

5 4.030 12.000 7639.359 0.999

6 4.213 12.000 7636.322 0.999

7 4.000 12.000 7635.227 0.999

8 3.857 12.000 7599.868 0.996

9 4.351 12.000 7597.183 0.996

10 4415 12.000 7567.064 0.993

11 3.698 12.000 7535.234 0.991

12 4.537 12.000 7484.474 0.987

13 3.550 12.000 7455.606 0.984
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Figure 4.114: Interactions of desirability
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showed the effects of one, all, or interacting factors.
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Table 4.3: Factors

Factor Name Level Low Level High Level Std. Dev. Coding
A Concentration 4.11 0.0000 6.00 0.0000 Actual
B Time 12.00 2.00 12.00 0.0000 Actual
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4.5.4 Point Prediction

Table [£.4]illustrates the point of prediction, showing the lower bound , Confidence

= 95% and population = 99%.

Table 4.4: Point of prediction

Predicted Median Observed Std Dev SE Mean 95% CI low for Mean 95% CI high for Mean 95% TI low for 99% Pop 95% TI high for 99% Pop
7644.34 146.388 126.666 7422.28 7016.23

It was simpler to show every factor at a specific point in the design space on
a single plot following optimization when perturbation plots were used. Figure
and Figure showed how the response changed while keeping all other
factors constant at the reference value.
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Figure 4.115: A plot of the desirability of time and concentration for hydrogen
evolution
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Figure 4.116: A plot of desirable perturbations for hydrogen evolution

Following optimization, as seen in Figures [£.117] and [£.118] respectively, the

contour and 3D surface plot response over two factors became "hot" at higher
response levels, yellow in the '6000’s, and red above 7000 with a desirability of
0.999 with hydrogen evolution at 7644.34 pumolh™! as the maximum yield which
demonstrates a reliable prediction model with stable variances within a broad
range of the independent variables. It is clear that to maximise yield it is necessary
to have the high settings of concentration (X;) and time (X5) as shown in the
overlay plot to get maximum hydrogen evolution as demonstrated in Figure

with a maximum yield at 7644.34 pumolh™".
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Figure 4.117: Contour desirability of hydrogen evolution as a function of time and
concentration
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4.6 Proposed mechanism of cobalt doped ZnS dec-
orated with graphene for hydrogen production

To further understanding of how photo-generated charge carriers separate in Co,
band structure computational study was performed|Y. Zhu et al.| (2020, 2024)). The
improved ZnS’s photocatalytic activity was revealed by the use of cobalt doped
ZnS band edge alignment computations. Normal hydrogen electrode (NHE), va-
lence band maximal potential (VBM), and conduction band maximum (CBM)
have been presented as a result of these analyses |Z. Wang et al.| (2023)); Xi et al.
(2021). According to density functional theory (DFT) calculations, the maximum
position of cobalt conduction band at various concentrations is more negative than
the reduction potential of H*/H, (0.0 V vs. normal hydrogen electrode (NHE) at
pH=0), suggesting that Co can be used for photocatalytic water splitting for H,

evolution.
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Figure 4.120: A schematic representation of the photo-generated charge carriers
transfer channels and photocatalytic Hy development for cobalt doped ZnS deco-
rated with graphene
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A charge transfer channel was predicted at the interface between Co and ZnS
under visible light irradiation since, as Figure demonstrates that the Co NSs
have more negative conduction bands than ZnS, which permits efficient electron
migration from cobalt to ZnS.

With the suggested mechanism referring to Figure electrons (e”) may
be triggered from the valence band to the conduction band and migrate to the
graphene sheets whenever the ZnS graphene photo-catalyst is subjected to light.
Graphene electronic conductivity makes it a useful medium for transporting elec-
trons generated by photons from ZnS’s surface to graphene. Hydrogen can be

created via the combination of the adsorbed (H*) ions and electrons.

Tu Co-doped ZnS

Red

Figure 4.121: The proposed photocatalytic mechanism for cobalt doped ZnS dec-
orated with graphene

Notably photocatalysts can exhibit a high degree of activity because photocat-

alytic hydrogen generating processes may occur over a larger reaction area, such

as the Zn§ surfaces and graphene layer |S. Kumar et al.| (2020). A similar process

that enables charge transfer, separation, and photocatalytic hydrogen production

in the reduced graphene oxide Zn,Cd;,_,S system was proposed by
Zhang, et al. (2012); Q. Li et al. (2014).
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While |Paulson et al.| (2023) investigated the effects of interfacial contact on the
characteristics of a« — Fe203@Q rGO nanocomposite and their enhanced solar light
photocatalysis, |C.-J. Chang et al. (2015 proposed nickel doped ZnS festooned
graphene composites. Furthermore, an improved visible light photocatalytic ac-
tivity of ZnS/S-graphene quantum dots reinforced with Ag,S nanoparticles for
optical degradation was reported by |[Nekooei et al.| (2022). A three-dimensional
graphene-based photocatalyst was also proposed by N. R. A. M. Shah et al.| (2021));
this catalyst’s structure may improve charge transfer, increase light adsorption,
and broaden the accessible active surface, all of which could raise photocatalytic

efficiency.
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Chapter 5

Conclusion and Recommendation

5.1 Conclusion

The desire for hydrogen energy is sparked by the search for a clean energy that
can replace conventional fossil fuels in an environmentally responsible manner.
The creation of cost-effective and efficient catalysts for PEC water splitting is
crucial for the production of hydrogen. Water and solar energy are abundant on
earth and producing hydrogen using photocatalyst, water and solar simulated light
is a sought technique since it is both environmentally and commercially viable.
The current research has stepped up huge efforts in establishing and designing a
photocatalytic material via a facile hydrothermal technique that can be used to
produce hydrogen gas through the use of cheaply, non toxic and abundant cobalt
doped ZnS NSs decorated with graphene, utilizing sunlight. From this work the
following conclusions can be drawn;

Theoretical simulations showed that, the stability of TM dopants in 2D ZnS
was critically dependent on the d character of the dopant, their concentration
and dopant site. Incorporation of Mn, Fe, Co and Cu dopants in to 2D ZnS NSs
surface layers induces band edge states which is ideal for PEC water splitting
and other applications. From the results obtained it is evident that, TM dopants

that produce little lattice strain, such as Co, Mn, Cu and Fe, can be readily
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incorporated in to ZnS due to their low formation energies and appropriate band
energies. The d states of Cu, Mn, Fe and Co and sulphur defects were responsible
for the narrowing of the band gap of ZnS 2D layers.

In addition, Zn-rich synthesis conditions were found to be favorable for intro-
duction of TM dopants compared to S-rich conditions with Cu and Co exhibiting
the highest stability, whereas, Mn and Fe showing decreasing levels of stability.
Mn and Fe (for dopant concentration between 1-6% ) were found to induce re-
duction of band gap energy by 15-60% and 19-51%, respectively, while Cu and
Co dopants of similar concentrations induced a more significant reduction of band
gap energy by 37-78% and 26-75% respectively. Additionally, band edge alignment
analysis showed that 2D ZnS doped with 4% and 2% Cu and Co falls below the
redox potential of water (H™/Hs), thus are projected to induce significant blue
shift leading to improved PEC activity. Therefore, these finding can assist in the
optimization of 2D ZnS for enhanced PEC water splitting.

Different C'o,Zn;_,S rGO photocatalysts and visible light active nano-crystalline
ZnS-rGO were fabricated utilizing a simple hydrothermal method. The influence
of cobalt doping (0. 1, 2, 4 and 6 atm% ) on the structure, morphology, opti-
cal characteristics and PEC performance of the hydrothermally synthesized TM
doped ZnS NSs decorated with graphene were examined. The production of the
Co doped ZnS NSs decorated with graphene revealed a crystalline cubic phase
with crystallite sizes in the range of 11.1-23.5 nm and the lattice parameter (a) af-
ter doping were at lower levels of (5.394, 5.387, 5.377, 5.75, and 5.354) Acompared
to a standard value of 5.406 A, this was validated by XRD, FTIR and RS.

GO was successfully converted into graphene sheets. Microscopy analysis re-
vealed that the cobalt doped ZnS NSs decorated with graphene sheets had a
spheroidal, cuboidal and paper like structure. XPS revealed the chemical infor-
mation of solid surfaces of the cobalt doped ZnS decorated with graphene and
the ability of cobalt dopant to have multiple oxidation states and potentially ex-

change them during reaction. In the UV wavelength region, UV-vis revealed a
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highly transparent nanostructure in the wavelength range of 180-800 nm, as well
as a discernible and quick increment in transmittance and band gaps were greatly
reduced, as demonstrated by the blue shift that appeared at the ZnS absorption
edge which may have resulted from rGO and Co doping.

The photocatalytic activity findings demonstrated that, after 720 minutes of
UV light irradiation, the hydrogen production rates of Co,Zn;_,S with and with-
out rGO at (x=0.04) cobalt loading recorded the greatest photocatalytic hydrogen
production mean value. The results of Co,Zn;_,S show that the lowest hydro-
gen yield was 987.432umolh™" at (x = 0.06), while the maximum hydrogen yield
reached at the optimal cobalt loading at (x = 0.04) was 3201.562umolh~!. Further-
more, for Co,Zn;_,S rGO at (x = 0.04), the hydrogen generation rates showed a
maximum yield of 7648.9umolh~! and a minimum yield of 6% at 2398.7umolh=?.
This showed that the photocatalytic reaction reached equilibrium after 720 min-
utes of UV light irradiation. The photocatalyst with the largest surface area
had the highest efficiency of hydrogen production. Following optimization, thir-
teen solutions for the highest hydrogen evolution yields were obtained after the
constraints were optimized. The criteria for the optimized factors, namely concen-
tration and time, were determined to be 4.11 atm.% and 12 hours, respectively.

In this work, enhanced photocatalytic performances of graphene and cobalt
doped ZnS may have resulted from good contact between ZnS NSs and graphene.
The decoration of graphene sheets with Co-ZnS NSs may have potentially helped
to prevent the agglomeration and restacking of the (Co,Zn;_,S rGO) NSs’. A
distinctive design, which has a wide surface area, a more active sites, good electron
transport characteristics and effective light harvesting and localizing capabilities.
Graphene may have improved the transit of electrons photo-generated in ZnS NSs,
increasing the photo conversion efficiency of the system because of the quantity of
delocalized electrons from the conjugated sp? bonded carbon network. It is clear
that the combination of graphene and cobalt doped ZnS NSs simultaneously solved

almost all key thermodynamic and kinetic scientific problems in every step during
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the photocatalysis. Consequently, the photocatalytic activities of the cobalt doped
ZnS decorated with graphene were significantly increased, providing an intriguing
possibility to create highly effective photocatalysts.

All elements of the theoretical research agreed with the experimental findings.
The results showed how important it was to regulate Co doping and how the
nanostructures’ inclusion of graphene substantially reduced the rate of electron-
hole recombination. Improved solar energy utilization came from the narrowing
of band gaps brought on by the mutually beneficial interaction of rGO and Co
in the nanostructures. Extensive analysis of its development, characterisation
and hydrogen assessment methods demonstrated that cobalt doped ZnS decorated
with graphene is an excellent photocatalyst for hydrogen synthesis. Furthermore,
the results obtained showed that improved transfer of photo-generated electrons,
increased surface area and better dispersion-absorption properties all contributed
to higher photocatalytic hydrogen generation activity.

Based on the results obtained from the current research, I recommend the adop-
tion of the present designed material system (cobalt doped ZnS decorated with
graphene) because it provides the novel points in precise synthesis, mechanism
exploration and application. This study adopts a facile hydrothermal and anneal-
ing reaction methods in the synthesis of pure cobalt doped ZnS decorated with
graphene NSs. Indeed, hydrothermal method produced homogeneous, crystalline
nanostructures as confirmed by XRD and SEM characterization techniques con-
sistent with previous studies, thus provide validation. In addition, the mechanism
for photo-electrochemical water splitting has been developed based on experimen-
tal measurements complemented with density functional analysis which showed
the role of dopant in tuning the electronic band edge thus moderating its optical

response. The main findings of this study were;

e DFT calculations with regards to the band alignment relative to the redox
potential of water revealed that the valence band maximum of the different

concentration of cobalt doped ZnS NSs remained strongly positive above the
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oxidation potential of Oy/H>0O, favouring oxygen evolution with the reduc-
tion potential remaining negative below the reduction potential of H*/Hy,

thus maybe applicable in PEC.

e Extensive analysis of its development (simple hydrothermal technique) where
noticeable improved solar energy utilization came from the narrowing of band
gaps brought on by the mutually beneficial interaction of rGO and Co in the

nanostructures.

e Characterization techniques such as XRD, XPS, RS, FTIR, UV-vis and SEM
were conducted to investigate the structural, electronic and optical proper-

ties of the cobalt doped ZnS NSs surface layers decorated with graphene.

e Hydrogen assessment demonstrated that cobalt doped ZnS decorated with

graphene was an excellent photo-catalyst for hydrogen synthesis.

5.2 Recommendation

The following are the areas of further studies which might improve the quality of

the current work;

e It is strongly recommended that in situ and /or operando techniques be used
in the future to enable exact control of characteristic parameters and real
time monitoring, which may provide exceptional insights into the hydro-
gen production process. By improving the associated ex situ procedures,
this methodology can help expose specifics about the properties, such as
structural, chemical, morphological and other changes which can be further

improved to fulfill commercial requirements

e Future work on synthesis optimization is necessary to build commercially

viable technology

e To investigate the studied photocatalytic materials, a functioning prototype

that can be integrated into commercial reactors should be established.
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Appendix A

Methodology

A.1 Theoeretical simulations

Example of input file; https://drive.google.com/file/d/1mORF8ng_GDDABQdRcUJ2awERTmP j
viewfusp=drive_link

Table A.1: Lattice data for Ecutwic

Ecutwfc Energy
15 -321.7022
20 -334.2331
25 -337.4269
30 -338.1801
35 -338.3216
40 -338.3373
45 -338.3394

20 -338.3433


https://drive.google.com/file/d/1m0RF8ng_GDDABQdRcUJ2awERTmPjw1sY/view?usp=drive_link
https://drive.google.com/file/d/1m0RF8ng_GDDABQdRcUJ2awERTmPjw1sY/view?usp=drive_link
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Table A.2: Lattice data for Cell dm (1

Cell dm (1) Energy
6.1 -337.8551
6.2 -337.9803
6.3 -338.086
6.4 -338.1745
6.5 -338.2473
6.6 -338.3076
6.7 -338.3563
6.8 -338.394
6.9 -338.4217
7.0 -338.4436
7.2 -338.4644
7.4 -338.4672
7.6 -338.4523
7.8 -338.4275
8.0 -338.3945
8.2 -338.3555
8.4 -338.312
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Table A.3: Lattice data for Cell dm (3)

Cell dm (3) Energy
1.11 -336.4619
1.31 -337.4105
1.51 -337.8396
1.71 -338.1353
1.91 -338.2915
2.11 -338.333
2.31 -338.3009
2.51 -338.2545
2.81 -338.2142
3.01 -338.2009
3.21 -338.1936
3.41 -338.1887
3.61 -338.1857
3.81 -338.1833
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A.1.1 Calculation methods and models for ZnS doped with
manganese, copper, cobalt and iron

Table A.4: Total energies for Mn, Cu, Co and Fe

Conc.(atm%) Mmn Cu Co Fe

BulkZnS -7063.82141949 (Ry),-8129.00386964 (Ry)

1 -7145.69883085 -8103.62002919 -7229.55646273 -7185.75450229
2 -7228.11565941 -8077.81556984 -7396.41060585 -7308.18915583
4 -7393.00186136 -8026.88542906 -7729.60014316 -7553.05404194
6 -7557.96639395 -7974.79097169 -8062.62348994 -7798.02461958

Table A.5: Chemical potential

TM dopant Energy
Zn -126.50073336
Mn -208.57850009
S -20.17827188, -20.63957360
Cu -122.47343117
Co -292.69135648
Fe -248.65195442

Table A.6: Formation energies for Mn, Cu, Co and Fe

Conc.(atm%) Mmn Cu Co Fe
1% 10.29 9.92 10.54 10.31
2% 9.95 9.95 9.88 10.03
4% 9.22 9.32 9.07 9.46
6% 8.41 9.86 8.09 8.79
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Table A.7: Formation Energies for Mn, Cu, Co and Fe

Conc.(atm%) Mmn Cu Co Fe
1% 2.4 -5.2 4.2 3
2% -1.8 -5.6 -2.8 -0.8
4% -2.4 -5.8 -4.2 -2.4
6% -4.6 -6.2 -6.4 -4.4
Table A.8: Fermi energy for Mn, Cu, Co and Fe
Conc. (atm%) Mmn Cu Co Fe
BulkZnS 1.7066eV
1% 4.6021 4.3278 0.2271 4.5440
2% 1.19 2.7024 2.4403 1.1709
4% 1.1423 1.6373 2.2295 1.7509
6% 1.2761 2.7063 0.8012
Table A.9: Manganese
Conc.atm% Zn-rich S-rich
1 2.4 10.3
2 -1.8 10
4 -2.4 9.2
6 -4.6 8.4
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Table A.10: Copper

Conc.atm% Zn-rich S-rich
1 -5.2 9.9
2 -5.6 10
4 -5.8 9.3
6 -6.2 9.9

Table A.11: Cobalt

Conc.atm% Zn-rich S-rich
1 4.2 10.5
2 -2.8 9.9
4 -4.2 9.1
6 -6.4 8.1

Table A.12: Iron

Conc.atm% Zn-rich S-rich
1 3.0 10.3
2 -0.8 10.0
4 -24 9.5
6 -4.4 8.8

Table A.13: 1 amt.% Zn-S-Rich

TM dopant Zn-rich S-rich
Mn 2.4 10.3
Cu -5.2 9.9
Co 4.2 10.6
Fe 3 10.3




Table A.14: 2 amt.% Zn-S-Rich

TM dopant Zn-rich S-rich
Mn -1.8 9.95
Cu -5.6 9.95
Co -2.8 9.88
Fe -0.8 10.03

Table A.15: 4 amt.% Zn-S-rich

TM dopant Zn-rich S-rich
Mn -2.4 9.22
Cu -5.8 9.32
Co -4.2 9.07
Fe -24 9.46

Table A.16: 6 amt.% Zn-S-rich

TM dopant Zn-rich S-rich
Mn -4.6 8.41
Cu -6.2 9.86
Co -6.4 8.09
Fe -4.4 8.79

Table A.17: Formation energies under the Zn-rich for all the 3d TM dopants as a

function of dopant concentration
TM Dopants n=1% n=2% n=4% n=6%
Mn 2.4 -1.8 -2.4 -4.6
Cu -5.2 -5.6 -5.8 -6.2
Co 4.2 -2.8 -4.2 -6.4
Fe 3 -0.8 -2.4 -4.4




313

Table A.18: Formation energies under the S-rich for all the 3d TM dopants as a
function of dopant concentration

TM Dopants n=1% n=2% n=4% n=6%
Mn 10.3 10 9.2 8.4
Cu 9.9 10 9.3 9.9
Co 10.5 9.9 9.1 8.1
Fe 10.3 10 9.5 8.8

Table A.19: Formation energy profile of 3d transition metal defects in ZnS 2D
surface layers under the Z-rich and S-rich condition

TM dopant Zn-rich S-rich
Mn 24 10.3
-1.8 10.0
-24 9.2
-4.6 8.4
Cu -5.2 9.9
-5.6 10.0
-5.8 9.3
-6.2 9.9
Co 4.2 10.5
-2.8 9.9
-4.2 9.1
-6.4 8.1
Fe 3.0 10.3
-0.8 10.0
-2.4 9.5
-4.4 8.8
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Table A.20: Bandgapl energy of 3d transition metal doped ZnS 2D surface layers
at the Zn substitutional as a function of dopant concentrations

Conc.(atm%) Mn Cu Co Fe
1% 1.8 0.6 0.9 1.5
2% 14 0.5 0.6 1.0
4% 1.0 0.3 0.3 0.6
6% 0.8 0.2 0.1 0.3

Table A.21: Band edge alignment of the 3d transition metal doped ZnS 2D surface
layers relative to the redox potential of water for different dopant concentrations

(1%, 2%, 4%, 6%)

Sample 0 1 2 4 6

ZnS -0.75 2.91
Mn:ZnS -0.55 -0.51 -0.45 -0.39
Cu:ZnS -0.09 0.009 0.09 0.14
Co:ZnS -0.04 0.04 0.1 0.15
Fe:ZnS -0.48 -0.45 -0.4 -0.37
O/ HO, 1.23 1.23 1.23 1.23 1.23
Mn:ZnS 2.55 2.51 2.49 2.44
Cu:ZnS 2.15 2.09 2.03 1.98
Co:ZnS 1.95 1.91 1.86 1.81
Fe:ZnS 2.44 2.39 2.33 2.27

A.2 Development and characterization

https://photos.app.goo.gl/4GcCFRLTeDqY6e9KAPhotocatalysis reaction process
https://photos.app.goo.gl/e1D7sDf 1GdtkAzhp8Raman Characterization
https://photos.app.goo.gl/MIHIsbUAtNXwEb8YEXRD Characterization
https://photos.app.goo.gl/AeqFg2A2JkvYsgJp8rGO Synthesis
https://photos.app.goo.gl/SagYTKYjUTrvdyVadFurnace/oven heat treatment
process



https://photos.app.goo.gl/4GcCFRLTeDqY6e9KA
https://photos.app.goo.gl/e1D7sDf1GdtkAzhp8
https://photos.app.goo.gl/MJHJsbUAtNXw5b8Y6
https://photos.app.goo.gl/AeqFg2A2JkvYsgJp8
https://photos.app.goo.gl/SagYTKYjUTrv4yVa9
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Table A.22: DOE of cobalt doped ZnS decorated with graphene for hydrogen

production
Run Std Conc. (atm.%) Time (hrs) Hy evolution (umolh™!)
1 16 0
2 10 1 2
3 18 2 2
4 26 4 2
) 1 6 2
6 ) 0 4
7 9 1 4
8 13 2 4
9 25 4 4
10 30 6 4
11 19 0 6
12 22 1 6
13 28 2 6
14 7 4 6
15 4 6 6
16 27 0 8
17 11 1 8
18 15 2 8
19 23 4 8
20 17 6 8
21 21 0 10
22 29 1 10
23 2 2 10
24 3 4 10
25 6 6 10
26 14 0 12
27 12 1 12
28 24 2 12
29 8 4 12
30 20 6 12
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Figure A.1: Agilent 8890 GC Calibration
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Table A.23: Hydrogen evolution for cobalt doped ZnS without graphene

Sample Peak Area =R factor y=(H space=50ml) Z= Vol. of media =20ml STP Hydrogen evolution (umolh™")
2976.863082 0.004174093 0.417409306 20.87046528 0.9317172 776.431
3711.157331 0.005203705 0.520370458 26.01852288 1.1615412 967.951
InS 4116.836499 0.005772539 0.577253914 28.86269568 1.2885132 1073.761
4562.128911 0.006396919 0.639691853 31.98459264 1.4278836 1189.903
4990.156665 0.00699709 0.699708979 34.98544896 1.5618504 1301.542
5147.244719 0.007217355 0.721735526 36.08677632 1.6110168 1342.514
4285.534392 0.006009084 0.600908367 30.04541837 1.34131332 1117.761
5208.301715 0.007302968 0.730296806 36.51484032 1.6301268 1358.439
1Co-7nS 5444.255853 0.007633818 0.763381786 38.16908928 1.7039772 1419.981
6105.435068 0.008560909 0.856090906 42.80454528 1.9109172 1592.431
6726.475777 0.009431719 0.943171891 47.15859456 2.1052944 1754.412
7186.563726 0.010076844 1.007684429 50.38422144 2.2492956 1874.413
6429.548991 0.009015375 0.901537459 45.07687296 2.0123604 1676.967
6546.352846 0.009179154 0.917915443 45.89577216 2.0489184 1707.432
9C0-2n8 7238.392202 0.010149517 1.014951706 50.74758528 2.2655172 1887.931
7579.506233 0.01062782 1.062781978 53.13909888 2.3722812 1976.901
8557.08146 0.011998555 1.199855462 59.99277312 2.6782488 2231.874
10169.85648 0.014259953 1.42599529 71.29976448 3.1830252 2652.521
7081.20063 0.009929106 0.992910643 49.64553216 2.2163184 1846.932
8273.773164 0.011601306 1.160130586 58.00652928 2.5895772 2157.981
4Co-7n§ 9973.553928 0.013984702 1.39847017 69.92350848 3.1215852 2601.321
10647.0634 0.014929082 1.492908211 74.64541056 3.3323844 2776.987
11109.27157 0.01557718 1.557718042 77.88590208 3.4770492 2897.541
12274.89851 0.017211597 1.721159731 86.05798656 3.8418744 3201.562
2261.179236 0.003170577 0.317057664 15.8528832 0.707718 589.765
2307.268163 0.003235202 0.323520154 16.17600768 0.7221432 601.786
6Co-7nS 2844.803605 0.003988922 0.398892211 19.94461056 0.8903844 741.987
3185.587909 0.004466762 0.44667625 22.33381248 0.9970452 830.871
3356.854221 0.004706908 0.470690842 23.53454208 1.0506492 875.541
3785.848153 0.005308434 0.530843443 26.54217216 1.1849184 987.432

Table A.24: Hydrogen evolution for cobalt doped ZnS with graphene

Sample Peak Area z=R factor y=(H space=50ml) Z= Vol. of media =20ml STP Hydrogen evolution (umolh™')
9971.847783 0.013982309 1.398230938 69.91154688 3.1210512 2600.876
10695.13068 0.014996481 1.499648102 74.98240512 3.3474288 2789.524
13253.34023 0.018583547 1.858354714 9291773568 4.1481132 3456.761
Co-ZnS-rGo
14875.67733 0.020858353 2.085835315 104.2917658 4.6558824 3879.902
15721.71451 0.022044648 2.204464819 110.223241 4.9206804 4100.567
16491.41223 0.023123902 2.31239017 115.6195085 5.1615852 4301.321
12988.39312 0.018212044 1.821204403 91.06022016 4.0651884 3387.657
14529.64807 0.020373158 2.03731584 101.865792 4.54758 3789.65
17938.53397 0.025153025 2.515302451 125.7651226 5.6145144 4678.762
1Co-ZnS-rGO
19555.18904 0.027419863 2.74198633 137.0993165 6.1205052 5100.421
20829.93259 0.029207281 2920728115 146.0364058 6.5194824 5432.902
22405.13792 0.031416 3.1416 157.08 7.0125 5843.75
13007.61697 0.018238999 1.82389993 91.19499648 4.0712052 3392.671
16657.64446 0.023356989 2.335698893 116.7849446 5.2136136 4344.678
20403.92154 0.028609938 2.860993766 143.0496883 6.3861468 5321.789
2Co-ZnS-rGO
22939.84384 0.032165753 3.216575309 160.8287654 7.1798556 5983.213
23006.71323 0.032259516 3.22595159 161.2975795 7.2007848 6000.654
23981.58547 0.033626461 3.362646067 168.1323034 7.5059064 6254.922
16354.23815 0.022931559 2.293155917 114.6577958 5.1186516 4265.543
22196.41692 0.031123336 3.112333594 155.6166797 6.9471732 5789.311
25179.75952 0.035306514 3.530651443 176.5325722 7.8809184 6567.432
4Co-ZnS-rGO
26030.9113 0.036499981 3.649998106 182.4999053 8.1473172 6789.431
28146.07134 0.039465813 3.946581274 197.3290637 8.8093332 7341.111
29326.11809 0.041120449 4.112044877 205.6022438 9.1786716 7648.893
5449.500812 0.007641172 0.764117222 3820586112 17056188 1421.349
5884.886079 0.00825166 0.825166003 41.25830016 1.8418884 1534.907
7232.644985 0.010141458 1.014145843 50.70729216 2.2637184 1886.432
6Co-ZnS-rGO
7620.814119 0.010685741 1.06857408 53.428704 2.38521 1987.675
7671.001628 0.010756113 1.075611264 53.7805632 2.400918 2000.765
9196.533202 0.01289518 1.289518003 64.47590016 2.8783884 2398.657
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Appendix B

Results

Table B.1: Crystallite sizes (nm)

of cobalt doped ZnS decorated with graphene

SAMPLE Peak pos. Peak (Radians) FWHM FWHM in Radians C.size D (nm) AV.C.size(nm)

28.61191 0.499372035 0.34065 0.005945464 24.06729729

ZnS-rGO 47.58822 0.830571124 0.3883 0.006777113 22.35970174 23.47150219
56.46289 0.985463336 0.3759 0.006560693 23.98750754
28.7476 0.501740272 0.45812 0.007995702 17.90143835

1Co-ZnSrGO 47.72907 0.83302942 0.48678 0.008495914 17.84581703 18.50384169
56.60183 0.987888296 0.45652 0.007967777 19.76426968
28.5715 0.498666747 0.49993 0.008725425 16.39787196

2Co-ZnS-rGO 47.55354 0.829965844 0.53476 0.009333323 16.23366398 16.72537994
56.42062 0.984725585 0.51384 0.0089682 17.54460387
28.57171 0.498670412 0.47771 0.008337612 17.16060362

4Co-ZnS-rGO 47.55449 0.829982425 0.55863 0.009749933 15.54006383 16.1521611
56.42165 0.984743562 0.57218 0.009986425 15.75581586

28.95978 0.505443512 0.71855 0.012541063 11.41871037 11.14340536
6Co-ZnS-rGO 47.97139 0.837258702 0.81731 0.014264751 10.63873032
56.83531 0.991963291 0.79424 0.013862103 11.37277538

Table B.2: Lattice constants for cobalt doped ZnS decorated with graphene

M Indi Bragg(0
Sample AA) neiees rage(©) Radi d spacing(A) Latt. Const.(A) Av. (A) S.JCPD(A) Error
b K 1 2% 0
1 1 1 28.71 14.36 0.2505 3.1069 53814 5304 5.406 0.012
ZnS1GO 15406 2 2 0 14759 2380 04153 1.9092 54001
3 1 1 56.46 28.23 0.4927 1.6285 5.4011
1 1 1 2865 1433 0.2500 31133 53024
1Co-ZnS1GO 15406 2 2 0 773 287 0.4165 19039 5.3851 5.387 5.406 0.019
3 1 1 56.66 2833 04945 16232 53836
1 1 1 28.79 1440 0.2512 3.0085 5.3667
2C0-Zn$1GO 15406 2 2 0 a7 2389 0.4169 19024 53800 5.377 5.406 0.029
3 1 1 56.68 2834 0.4946 16227 5.3819
1 1 1 2889 14.45 0.2521 3.0880 53486
1Co-ZnS1GO 15406 2 2 0 1756 278 0.4150 19103 5.4033 5.375 5.406 0.031
3 1 1 56.79 2840 0.4956 16198 53723
1 1 1 28.96 14.48 0.2527 3.0807 5.3350
6Co-ZnS1GO 15406 2 2 0 17.97 2399 0.4186 18949 5.3506 5.354 5.406 0.052
3 1 1 56.84 2842 0.4960 16185 5.3680
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Table B.3: Hydrogen evolution for cobalt doped ZnS decorated with graphene

Run T(hrs) Hydrogen evolution (umolh™'g™!)
ZnS-rGO 1C0-ZnS-rGO 2Co-ZnS-rGO 4Co-ZnS-rGO 6Co-ZnS-rGO
1 2 2600.876 3387.657 3392.671 4265.543 1421.349
2 4 2789.524 3789.65 4344.678 5789.311 1534.907
3 6 3456.761 4678.762 5321.789 6567.432 1886.432
4 8 3879.902 5100.421 5983.213 6789.431 1987.675
5 10 4100.567 5432.902 6000.654 7341.111 2000.765
6 12 4301.321 5843.75 6254.922 7648.893 2398.657

Table B.4: Hydrogen evolution for cobalt doped ZnS without graphene

Run T(hrs) Hydrogen evolution (umolh™!)
ZnS 1Co-ZnS 2Co-ZnS 4Co-ZnS 6Co-ZnS
1 2 776.431 1117.7611 1676.967 1846.932 589.765
2 4 967.951 1358.439 1707.432 2157.981 601.786
3 6 1073.761 1419.981 1887.931 2601.321 741.987
4 8 1189.903 1592.431 1976.901 2776.987 830.871
5 10 1301.542 1754.412 2231.874 2897.541 875.541
[ 12 1342.514 1874.413 2652.521 3201.562 987.432
Table B.5: Fit summary
Source Sequential p-value Lack of Fit p-value Adjusted R? Predicted R?
Linear 0.0222 0.1900 0.0562
2F1 0.7487 0.1622 -0.0647
Quadratic < 0.0001 0.8523 0.8041
Cubic < 0.0001 0.9678 0.9403
Quartic < 0.0001 0.9933 0.9712 Suggested
Fifth 0.3983 0.9936 0.9473 Aliased
Table B.6: Sequential Model Sum of Squares |Type I]
Source Sum of Squares df Mean Square F-value p-value
Mean vs Total 5.659E-+08 1 5.659E-+08
Linear vs Mean 2.287TE+07 2 1.144E+4-07 4.40 0.0222
2F1 vs Linear 2.816E+05 1 2.816E+05 0.1048 0.7487
Quadratic vs 2F1 5.851E+07 2 2.925E+07 61.76 < 0.0001
Cubic vs Quadratic 9.305E+06 4 2.326E+06 22.55 < 0.0001
Quartic vs Cubic 1.741E+06 5 3.483E-+05 16.25 < 0.0001 Suggested
Fifth vs Quartic 1.170E+05 5 23409.09 1.15 0.3983 Aliased
Residual 2.044E+05 10 20439.84
Total 6.589E+08 30 2.196E+07
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Table B.7: Model summary statistics

Source Std. Dev. R? Adjusted R? Predicted R? PRESS

Linear 1611.95 0.2459 0.1900 0.0562 8.780E+07

2F1 1639.36 0.2489 0.1622 -0.0647 9.905E+407

Quadratic 688.23 0.8778 0.8523 0.8041 1.822E+07

Cubic 321.16 0.9778 0.9678 0.9403 5.551E+4-06

Quartic 146.39 0.9965 0.9933 0.9712 2.677TE+06 Suggested
Fifth 142.97 0.9978 0.9936 0.9473 4.906E+06 Aliased

Table B.8: ANOVA for Quartic model

Source Sum of Squares df Mean Square F-value p-value
Model 9.271E+07 14 6.622E+-06 309.01 < 0.0001 significant
A-Concentration 4.205E4-06 1 4.205E+06 196.21 < 0.0001
B-Time 3.101E+06 1 3.101E+06 144.69 < 0.0001
AB 7539.60 1 7539.60 0.3518 0.5619
A? 5438.21 1 5438.21 0.2538 0.6217
B? 4.043E+05 1 4.043E+05 18.87 0.0006
A’B 1.846E+406 1 1.846E+06 86.16 < 0.0001
AB? 1335.43 1 1335.43 0.0623 0.8063
A3 8.117E+06 1 8.117E+06 378.80 < 0.0001
B3 24925.94 1 24925.94 1.16 0.2979
A%B? 4.415E4-05 1 4.415E+05 20.60 0.0004
A*B 97115.91 1 97115.91 4.53 0.0502
AB? 85977.91 1 85977.91 4.01 0.0636
A 1.032E+06 1 1.032E+406 48.16 < 0.0001
B* 84873.41 1 84873.41 3.96 0.0651
Residual 3.214E+05 15 21429.59

Cor Total 9.303E-+07 29

Table B.9: Fit statistics

Std. Dev. 146.39 R2 0.9965

Mean 4343.05 Adjusted R2 0.9933

CV. % 3.37 Predicted R? 0.9712
Adeq Precision 60.9155
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Table B.10: Coefficients in Terms of Coded Factors

Factor Coefficient Estimate df Standard Error 95% CI Low 95% CI High VIF
Intercept 6288.19 1 102.33 6070.08 6506.29

A-Concentration 2090.18 1 149.22 1772.13 2408.24 16.07
B-Time 1493.31 1 124.15 1228.70 1757.93 10.07
AB -129.89 1 218.98 -596.63 336.85 16.71
A? -268.39 1 532.79 -1404.00 867.21 63.58
B? -1416.83 1 326.19 -2112.10 -721.57 23.73
A’B -910.09 1 98.05 -1119.07 -701.10 2.79
AB? 23.30 1 93.34 -175.66 222.26 241
A3 -2925.99 1 150.34 -3246.43 -2605.55 13.12
B3 139.39 1 129.25 -136.09 414.87 8.16
A2p? 760.50 1 167.56 403.36 1117.64 4.15
AB -393.44 1 184.82 -787.37 0.4866 9.33
AB? 354.49 1 176.98 -22.73 731.71 8.16
At -3228.49 1 465.22 -4220.09 -2236.89 63.73
B* 561.05 1 281.92 -39.84 1161.94 21.89

Table B.11: Final Equation in Terms of Coded Factors

R1 =
+6288.19

+2090.18

+1493.31 B
-129.89 AB
-268.39 A?
-1416.83 B?
-910.09 A’B
+23.30 AB?
-2925.99 A2
+139.39 B3
+760.50 A?B?
-393.44 A3B
+354.49 AB?3
-3228.49 Al
+561.05 B*
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Table B.12: Final Equation in Terms of actual Factors

R1

+3491.38015

+713.61237 Concentration
-882.65647 Time

+452.52667 Concentration * Time
-1083.23808 Concentration?
+272.86722 Time?

-41.31460 Concentration? * Time
-39.82066 Concentration * Time?
+390.32594 Concentration?
-26.85566 Time>

+3.37999 Concentration? * Time?
-2.91438 Concentration® * Time
+0.945305 Concentration * Time?
-39.85794 Concentration?
+0.897674 Time!
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B.1 Data sets and images using Origin and CASAXPS
software

https://drive.google.com/file/d/1EUOKg1FAyfI5wuEWE4ADZcm9aPNO1PukO/view
7usp=drive_link/ FTTIR Analysis

https://drive.google.com/file/d/1wppG53aflgfwBgbWmZVqZ_Bx-bFHmp6E/view
7usp=drive_link UV-vis Characterization

https://drive.google.com/file/d/13xf5Gz_oJJHnASf8p7cXyR_mY6q-TTNn/view
7usp=drive_link/ Raman Shift Analysis

https://drive.google.com/file/d/1dJGrIfT11wdUrtGOm6jQzJZ2uEwDWqV5/view
7usp=drive_link XRD-Without rGO

https://docs.google.com/spreadsheets/d/1hPNb3tUCZ1FHrqkYZjHWacHREOCp
-EaJ/edit?usp=drive_link&ouid=101795013904677565451&rtpof=true&sd=true
XPS-2 Analysis

https://drive.google.com/file/d/1usDD5saUDf70mKDOgB24_i20YEcGfTeW/view
7usp=drive_link XRD-With rGO

https://docs.google.com/spreadsheets/d/1k25FVTKAZ jn3gVvpOauvEDD7 IMy5dbL9/

edit?usp=drive_link&ouid=101795013904677565451&rtpof=true&sd=true XPS-
4 Analysis

https://docs.google.com/spreadsheets/d/1LRB5rV0y6q_rA02qulf34RP8mIm57eJE/

edit?usp=drive_link&ouid=101795013904677565451&rtpof=true&sd=truelattice
Parameters. https://photos.app.goo.gl/Lzhgyhh1f2qwpoSX6GC Data

B.2 Plagiarism Certificate

Appendix


https://drive.google.com/file/d/1EU0Kg1FAyfI5wuEWE4DZcm9aPNOlPuk0/view?usp=drive_link
https://drive.google.com/file/d/1EU0Kg1FAyfI5wuEWE4DZcm9aPNOlPuk0/view?usp=drive_link
https://drive.google.com/file/d/1wppG53aflgfwBg5WmZVqZ_Bx-bFHmp6E/view?usp=drive_link
https://drive.google.com/file/d/1wppG53aflgfwBg5WmZVqZ_Bx-bFHmp6E/view?usp=drive_link
https://drive.google.com/file/d/13xf5Gz_oJJHnASf8p7cXyR_mY6q-TTNn/view?usp=drive_link
https://drive.google.com/file/d/13xf5Gz_oJJHnASf8p7cXyR_mY6q-TTNn/view?usp=drive_link
https://drive.google.com/file/d/1dJGrIfT11wdUrtG9m6jQzJZ2uEwDWqV5/view?usp=drive_link
https://drive.google.com/file/d/1dJGrIfT11wdUrtG9m6jQzJZ2uEwDWqV5/view?usp=drive_link
https://docs.google.com/spreadsheets/d/1hPNb3tUCZ1FHrqkYZjHWacHREOCp-EaJ/edit?usp=drive_link&ouid=101795013904677565451&rtpof=true&sd=true
https://docs.google.com/spreadsheets/d/1hPNb3tUCZ1FHrqkYZjHWacHREOCp-EaJ/edit?usp=drive_link&ouid=101795013904677565451&rtpof=true&sd=true
https://drive.google.com/file/d/1usDD5saUDf7OmKDOqB24_i2oYEcGfTeW/view?usp=drive_link
https://drive.google.com/file/d/1usDD5saUDf7OmKDOqB24_i2oYEcGfTeW/view?usp=drive_link
https://docs.google.com/spreadsheets/d/1k25FVTKAZjn3gVvpOauvEDD7IMy5dbL9/edit?usp=drive_link&ouid=101795013904677565451&rtpof=true&sd=true
https://docs.google.com/spreadsheets/d/1k25FVTKAZjn3gVvpOauvEDD7IMy5dbL9/edit?usp=drive_link&ouid=101795013904677565451&rtpof=true&sd=true
https://docs.google.com/spreadsheets/d/1LRB5rV0y6q_rA02qulf34RP8m9m57eJE/edit?usp=drive_link&ouid=101795013904677565451&rtpof=true&sd=true
https://docs.google.com/spreadsheets/d/1LRB5rV0y6q_rA02qulf34RP8m9m57eJE/edit?usp=drive_link&ouid=101795013904677565451&rtpof=true&sd=true
https://photos.app.goo.gl/Lzhgyhh1f2qwpoSX6
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