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ABSTRACT

Heavy metal ions in the environment are increasing geometrically, because the existing
conventional wastewater treatment techniques are grossly deficient in the treatment of these
toxic pollutants. Photocatalysis is the preferred method to eradicate the toxic effects of these
heavy metal ions in water by converting the heavy metals in the toxic oxidation states to less-
toxic and more useful oxidation states. Also, it is cost effective, environmentally friendly and
perform maximally without generating secondary waste. However, a photocatalytic process
requires photocatalysts that are thermally stable, insoluble and that can absorb in the visible
region of the electromagnetic spectrum. Therefore, the synthesis of novel photocatalysts for
the removal of toxic metal ions from water has inspired different studies. Bismuth-based
ternary metal sulphides of the form M-Bi-S (where M = Ni, Ag and Cu) are good
semiconductors with good structural and optical properties. Despite their good properties,
utilization of bismuth-based ternary metal sulphides as photocatalysts is still very limited due
to the fact that they are difficult to synthesize in their pure stoichiometry phase. In this study,
the synthesis of AgBiS2 and Ni>Bi>Ss were achieved through a one-pot synthetic route. The
synthesis of the non-stoichiometric phase of the copper bismuth sulphide (Cusz21Bis 79Sg) was
first carried out through heat-up method by using copper(l1)- and bismuth(l11)- complexes of
N-methyl-N-phenyldithiocarbamate complexes and oleylamine as the capping agent. The
suitability of the dithiocarbamate complex as single source precursors were examined by the
preparation of the respective binary sulphides from the complexes. Silver(l) sulphide (Ag.S)
was prepared as a model binary sulphide from N-methyl-N-phenyl dithiocarbamate complex.
The obtained ternary metal bismuth sulphides were incorporated into graphitic carbon nitride
to form nanocomposites. Graphitic carbon nitride was not only utilized as a support material
for these sulphides, but also as a semiconductor that is stable to heat with band gap energy of
2.70 eV. Apart from these bismuth-based ternary nanocomposites, metallic silver was also
composited into graphitic carbon nitride in-situ. Metallic silver was used due to its higher
surface plasmon resonance compared to other metals. The four functionalized graphitic carbon
nitrides (Cuz21Bis.79S9/gC3N4, AgBiS2/gC3Nas  Ni2Bi2S3/0-gC3Ns  and  Ag/gCaNa)  were
investigated for the photocatalytic reduction of heavy metal ions in water. As such, the
graphitic carbon nitride functionalized with silver and copper bismuth sulphides were
investigated for the photocatalytic reduction of Cr(VI). The graphitic carbon nitride

functionalized with nickel bismuth sulphide and silver bismuth sulphide were investigated for

viii



the photocatalytic reduction of Ag(l) and Pb(ll) respectively. The Ag(l), Pb(Il) and Cr(VI)

were chosen as a model for the monovalent, divalent and multivalent toxic metal ions.

About 92.77% reduction of Cr(VI) was achieved at pH 2 using 10 mg of the
Cuz21Bis.79Se/gC3N4 photocatalyst and 10 mg/L of the solution of Cr(\V1) under the visible light
irradiation. The pseudo-first order rate constant of photocatalysis was found to be 0.0393 min
! which was 1.37 and 5.17 folds higher than that of gCsN4and Cus21Bis.7sSg respectively. The
presence of bisphenol A and other heavy metal ions including Ag(l) and Pb(Il) (as secondary
pollutants) in the photocatalytic system reduced the rate of photocatalysis from 0.0393 min™
to 0.0019 mint and 0.0039 min™! respectively. The performance of photocatalytic reduction of
Cr(VI) was 66.87% even after 2 h of visible light irradiation in the presence of Ag/gCsN4
photocatalyst. This implies that functionalization of graphitic carbon nitride with metallic silver
is not as effective as functionalization with ternary copper bismuth sulphide. The use of 25 mg
of Ni2Bi,S3s/0-gCsN. reduced about 93.08% (pseudo-first order rate constant of 0.0460 min™)
of Ag(l) within 1 h under the visible light. Mixed organic pollutants and persulfate were found
to have inhibitory effects on the rate of photocatalytic reduction.

In a bid to better understand the influence of other additives on the rate of photocatalytic
reduction of Pb(Il) using functionalized graphitic carbon nitride, AgBiS2/gCsN4 was used as
photocatalyst for the reduction of Pb(I1) in the presence different additives. The results revealed
that the presence of easily-oxidizable organics has synergistic effects on the photocatalytic
reduction of Pb(Il), while persulfate displayed an inhibitive effect on Pb(ll) reduction. The
removal of Pb(ll) in dye’ s matrix was influenced by the type of dyes that were present in the
water. The rate of Pb(Il) reduction was reduced in the presence of methylene blue and methyl
orange, but crystal violet displayed synergistic effects. Finally, the rate of degradation of dyes
in the presence of Pb(Il) was also investigated. The rate of photocatalytic reduction of Pb(ll)
decreased from 0.0045 min to 0.0036 min and 0.0016 min™ in the matrix of methyl orange
and methylene blue respectively. On the contrary, there was an increase in the rate of
photocatalytic reduction of Pb(11) from 0.0045 to 0.0096 min! in the matrix of crystal violet.
In general, the use of functionalized graphitic carbon nitride as the photocatalyst is a promising

and sustainable alternative for the removal of toxic heavy metal ions from water.
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CHAPTER ONE
Introduction and general background
1.0 Problem statement

The applications of heavy metals in several industrial, domestic, agricultural, medical and for
technological purposes remain the major source of these toxic metals in water bodies and the
environment. This has raised concerns on their potential effects on human health and the
environment. Chromium and lead are ranked among the priority metals that are of great concern
to public health because of their high degree of toxicity (Wilbur et al., 2012). They are also
classified as human carcinogens (known or probable) according to the U.S. Environmental
Protection Agency (USEPA) and the International Agency for Research on Cancer (IARC)
(Chen and K. Ray, 2001). These elements exist in ionic forms in solution, and the following
oxidation states: Cr(VI) and Pb(ll) have been reported to be very toxic among the metal ions
present in the environment (Chen and K. Ray, 2001; Litter, 2009). Hence, their removal from

the environment is very important.

Several techniques, which include physical, chemical and biological routes have been
developed for the removal of these pollutants and the alleviation of their negative impact on
the environment. For example, coagulation/flocculation process is an age-long water treatment
technique, which has proven to be cost-effective and an efficient operating unit in separation
technology. However, generation of secondary waste that poses disposal problems through the

voluminous sludge produced remains the major drawback.

Heterogeneous photocatalysis is preferred for the removal of toxic metals because it offers the
advantage of destroying the pollutants, in contrast to conventional techniques such as
adsorption and ion exchange that only transfer the contaminants from one phase to another.
Several semiconductors such as TiOz, ZnS and ZnO have been investigated as potential
photocatalysts. However, they have some disadvantages: large band gap energy, require UV
light to achieve electron excitation, are unstable in an aqueous phase, and undergo rapid
recombination of photo-generated electron-hole pairs. Thus, photo-stable and effective
photocatalysts under visible light are highly required (Jing et al., 2001; Chen et al., 2012).
Graphitic carbon nitride (g-C3N4), a polymeric semiconductor, has recently attracted attention,
due to its unique properties, which include excellent chemical stability, tunable electronic
structure, and medium band gap (2.7 eV) (Yang et al., 2011). Therefore, this study focuses on



the remediation of toxic metal ions from water using heterojunction systems synthesized from

graphitic-CsNa4 incorporated with ternary nanoparticles as photocatalysts.

1.1 Motivation and rationale

The effectiveness of the photocatalytic process largely depends on the properties of the
photocatalysts utilized among other factors. The need to synthesize photocatalysts that can
absorb in the visible region of the solar system and arestable and easy to separate has inspired
a lot of interest in the synthesis of ternary bismuth-based sulphides. The bismuth-based
semiconductor has attracted interest resulting in several applications recently (Griffith et al.,
2021). This is due the fact that bismuth has low reactivity to biological species, high melting
point, high density, easy to functionalize, diamagnetic and able to resist magnetic field.
Although ternary bismuth sulphide, Particularly, possesses low band gap energy and high
absorption coefficient but the focus has been on binary bismuth sulphide (Fazal et al.,2022).
This is because the synthesis of pure phase ternary bismuth sulphide is difficult to achieve. The
utilization of these ternary bismuth materials as photocatalysts is therefore grossly inadequate.
There is need to combine these materials with graphitic carbon nitride to produce a better
nanocomposite photocatalyst. The combination is necessary because pure graphitic carbon
nitride displays fast hole and electron recombination, small surface area, and insufficient light
absorption. The utilization of these graphitic carbon nitride functionalized with ternary bismuth
sulphide as photocatalyst in water treatment has not been significantly explored. Specifically,
their usage as the photocatalysts for the photocatalytic reduction of heavy metal ions is lacking.
The need to explore them as photocatalysts for the reduction of heavy metal ions to non-toxic

species is therefore important.



1.2

Research aim and objectives

The aim of the proposed research is to remove toxic metal ions from water using novel

synthesized graphitic carbon nitride incorporated with ternary nanomaterials composed of ear

th abundant elements.

The objectives are to:

synthesize novel precursor complexes of dithiocarbamate,

synthesize bismuth based ternary nanoparticles,

synthesize graphitic carbon nitride decorated with bismuth based ternary nanoparticle

S

characterize the composite materials using FTIR, X Ray diffraction, scanning electron
microscopy, transmission electron microscopy, UV visible spectroscopy,

investigate the photocatalytic removal of selected heavy metal ions from aqueous
solution using prepared composite at different concentration, pH, and dosage of the
solution,

compare the removal efficiency of the composite with that of ordinary graphitic carbon
nitride,

investigate the effect of sacrificial and easily oxidizable organics on photocatalysis.
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CHAPTER TWO

2.0  Photocatalysis and photocatalyts

The continuous search for new strategies for the environmental and water remediation from
pollutants led to the emergence of heterogeneous catalysis as one of the preferred water
remediation techniques. Photocatalysis utilizes solar light which is abundantly available, and
it is efficient and cost effective compared to other existing water treatment techniques. In
addition, it can degrade pollutants at ambient pressure and temperature instead of transferring
them from one medium to another, which could lead to secondary pollution problem. It is one
of the advanced oxidation processes, which require the use of a suitable photocatalyst. As
shown in Fig. 2.1, an ideal photocatalyst should be chemically and biologically inert, stable to
photo corrosion, utilizable in the visible or near UV light region, cheap, non-toxic, and
photoactive (Bhatkhande, 2011). Examples of semiconductors that have been utilized as
photocatalysts are metal oxides, metal sulphides, noble metals, graphene oxide, graphitic

carbon nitride or their composites.

photoactive

Biologically
inert

Figure 2.1: Properties of ideal photocatalysts.



2.1  Graphitic carbon nitride as photocatalyst

The use of g-CsNa as visible-light-responsive photocatalysts has been well applauded in recent
times (Akhundi et al., 2019). The discovery of the compound was the result of the quest for
non-metal containing materials that could efficiently absorb within the solar spectrum and
maximally utilize the solar energy. A large part of about 46% solar spectrum falls in the visible
light region, while only 5% falls within the ultraviolet region (Lokhande et al., 2019). Due to
their very wide band gap energy, most photocatalysts absorb in the UV region. Therefore, solar
energy is not fully utilized. According to the studies conducted by Wang et. al., (2009), quite
a number of g-C3N4 based nanocomposites have been developed as photocatalysts, signalling
a new area of applications. Some of these applications have been reviewed by various groups
(Masih D, 2017; Chi Zhang, 2018; Mousavi et. al., 2018; Zhang et al., 2018; Akhundi et al.,
2019; Chan et al., 2019; Mishra et al., 2019; Prasad et al., 2019).

Historically, studies involving graphitic carbon nitride started in the 1830s, when Liebig and
Berzelius discovered “melon”. It contains tri-s-triazines monomer that is connected through
tertiary amine. The historical trend is summarized in Table 2.1 (Cao et al., 2015). However, g-
CsNs was introduced into heterogeneous catalysis in 2006 (Goettmann et al., 2006).
Particularly, the use of graphitic carbon nitride as photocatalyst for water splitting has been
reported (Masih D, 2017).

Table 2.1: Historical exploration and the evolutionary process of g-CsN4

Year Works on g-CsNa References

1834 Berzelius made synthetic polymer which was a derivative of (Liebig,
carbon nitride. Leibig named it as “melon” in 1834. 1834)

1835 Sulphur and potassium ferricyanide was heated together in a (Gmelin,
crucible to make potassium hydromelanote by Gmelin. 1835)

1922 The term “carbonic nitride” was introduced and it was found to (Franklin,

be formed as the last product of several ammonocarbonic acids 1922)

using melon as the starting material by Franklin



1937

1940

1982

1990

1996

2001

2003

2006

2007

2009

Tri-s-triazine was suggested as repeat monomer unit of graphitic

carbon nitride by Sturdivant and Pauling.

Resemblance between graphite and melon was pointed out by

Lucas and Redemann. They were both planar and very large.

Derivatives of cyameluric were obtained as the pioneer crystal

structure by Leonard et al.,

Sp3-bonded B-C3N4 was theoretically predicted to have hardness
and bulk modulus that is either equal or greater than that of

diamond.

Although by calculation methods, graphitic carbon nitride was

shown to have five structural types by Hemley and Teter.

Species having high crystallinity which was believed to be
melon possessing high molecular weight was reported by

Komatsu.

Melam and melem derivatives were isolated and identified as

the crystalline structure of heptazine by Schnick et al.,

g-CsN4 was discovered to be a heterogeneous photocatalyst

without containing metals.

Milan et al., converted dicyandiamide to imide phase carbon

nitride.

Semiconductor without metal-based hydrogen generation by
Wang using g-CsNa.

(Pauling
and Sturdivant,
1937)

(Redemann and
Lucas, 1940)

(Hosmane
etal., 1982)

(Cohen,
1985; Maya et
al., 1991)

(Chan,
2019)

(Komatsu,
2001)

(Jurgens et
al., 2003; Lotsch
and Schnick,
2007)

(Goettmann et
al., 2006)

(E.
Horvath-Bordon,
2007)

(Masih D,
2017)



2.1.1 Structure and properties of g-C3Na

Seven phases of carbon nitride have been identified, which include g-h-heptazine, g-o- triazine,
g-h-triazine, pseudo-cubic C3N4, cubic C3N4, B-C3N4 and a-C3N4 (Teter and Hemley, 1996).
Among these phases, g-C3N4 is unique due to its band gap, which is considered appropriate
(2.7 eV) for low energy activation, and it is also the phase with the least band gap energy among
all. The relatively low band gap allows it to absorb light in the visible range of the solar
spectrum (450—460 nm) (Dong et al., 2013). The low band gap of g-C3Na could be because of
nitrogen and sp?-hybridized carbon, which resulted in the electronic structures that contain 7-
conjugated systems (Maeda et al., 2009). The basic units of g-C3Nj4 are triazine(CsNzs) (shown
in Fig. 2.2a) and heptazine or tri-s-triazine(CsN7) rings (Fig. 2.2b). Tri-s-triazine- based g-CsNa
is not only the most stable phase, but it is also the most favoured under room conditions when
energy is put into consideration (Zheng et al., 2015). Consequently, tri-s-triazine, which is also

called melem, is being considered to be the unit on which graphitic carbon nitride was built.
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Figure 2.2: Graphitic carbon nitride structures: (a) Triazine and (b) heptazine also called tri-s-
triazine (Ong et al., 2016). Copyright (2016), with permission from American Chemical
Society.

Tri-s-triazine-based carbon nitride has the highest stability among the allotropes of carbon
nitride (Ou et al., 2017). It can also withstand heat without breaking down even at 600 °C in
air, as evidenced in the thermogravimetric analysis (TGA) (Wang et al., 2012a). At 750 °C,
graphitic carbon nitride decomposes completely in oxygen atmosphere to give oxides of
nitrogen and carbon without leaving any residue (Lin et al., 2015; Elshafie et al., 2020).
Graphitic carbon nitride also has good chemical stability, it is insoluble in common solvents
such as toluene, diethylether, tetrahydrofuran, dimethylformamide, alcohols and water (Martin

etal., 2014). It is easy to prepare because it contains two earth-abundant elements (carbon and

8



nitrogen) (Wang et al., 2012b). The surface of this interesting 2D-conjugated polymer can
easily be modulated at the molecular level by surface engineering without changing the
composition significantly (Ong et al., 2016; Prasad et al., 2019). It is the robust and visible-
light-active photocatalyst used in the fields of environmental remediation and conversion of

solar energy (Zhang et al., 2018).
2.1.2. The photocatalytic property of g-C3N4

g-CsNg, has displayed a very good photocatalytic activity due to its suitable band gap energy
and ability to absorb within the solar spectrum. The polymeric nature of the material is another
important factor, which contributes to its use as photocatalyst in either environmental
remediation from toxic inorganic and organic compounds, or in water splitting to generate
hydrogen. Other properties, which made g-C3N4 a better choice as photocatalyst, include its
non-toxic nature, availability, and low cost. In addition, g-C3Ns is stable under the light; it
cannot be easily degraded by heat, biological microbes cannot break it down and it cannot be
dissolved in most solvents (Bhatkhande, 2011). Apart from exfoliation that is necessary to get
the stack layer, it is equally important to boost the photocatalytic performance of g-CsN4 by

adopting various strategies.

The photocatalytic activities of g-C3aNs is inadequate because of low surface area, which alters
the creation of textured pores (Qamar et al., 2021). This could also be due to the high degree
of monomer condensation during synthesis. Fast photogenerated electron-hole pairs
recombination rate is another challenge. In addition, the particle boundary effect interrupts the
delocalization of electron and there is low effectiveness of electron-hole separation. Synthesis
of special structures and morphologies including mesoporous structures, ultra-thin two-
dimensional g-CsN4 nanosheet were adopted with the aim of enhancing the photocatalytic
performance (Dong et al., 2015; Lin et al., 2020). Another step forward is the adoption of
modified techniques (Prasad et al., 2019), which has been used to improve the photocatalytic
performance of graphitic carbon nitride. Examples of such techniques are coupling g-C3Ns to
another photocatalyst, joining carbon nanomaterials with g-C3Na, deposition of noble metal
and addition of heteroatoms, which may be metal or non-metal into the framework of graphitic

carbon nitride.



2.1.3 Photocatalytic improvement strategies for g-CsN4

Doping of metals such as noble metals, rare earth metals or alkali metals into g-C3N4 enhances
photocatalytic efficiency of g-C3Ns. This is advantageous because it leads to bandgap
narrowing and surface area improvement. There is also an improvement in the band structure
and the separation of charge is properly fine-tuned (Nemiwal et al.,2021). The problem with
this strategy is the formation of secondary pollutants as a result of leaching of metal ions Viet
et al., (2019) fabricated g-CsN4 doped with noble metal by using heat condensation method.
The noble metal used was silver, and a reduction in particle size as well as the energy of the
band gap was reported. In addition, there was a reduction in the recombination rate of electron
and hole. The separation of charge carriers was also significantly enhanced. The study further
examined the removal efficiency of oxytetracycline from water, and the highest removal was
reported with the use of graphitic carbon nitride loaded with 7% of silver. The photocatalyst

remained stable even after five times reuse, indicating good re-usability property.

The doping of g-C3N4 with non-metals is another strategy that has been employed to improve
the efficiency of g-C3N4 (Nemiwal et. al., 2021). Unlike metallic doping, this cannot lead to
secondary pollution. It also absorbs visible light better and there is an enhancement of charge
separation. Doping with non-metal elements is an important way of tunning g-CsNjs structure.
Non-metallic doping occurs by replacing either carbon or nitrogen atoms in graphitic carbon
nitride structure, this then affects both the valence bond and the conduction band. On the
contrary, doping with metal involves inserting metal into graphitic carbon nitride framework.
Most of the time, it leads to reduction in the bandgap which consequently elongates its ability
to absorb light. This strategy is flexible because the quantity of the elements can be varied, as
well as the identity of the elements based on the desired position of the band during bandgap
engineering (Cao et al., 2015). However, recombination centres may be formed when doped
with non-metals since non-metals cannot participate in the movement of charge. Chen et al
(2018Db) reported a cheap pathway for doping g-CsN4 with carbon, thereby giving a porous

structure with nitrogen vacancy.

The nano particulate forms of noble metals such as Pd, Au, Pt and Cu deposited on g-CaN4 is
also one of the explored methods. This strategy was applauded because the presence of the
metal has positive influence on the photocatalytic activity before reaching the optimum loading
(Mafa et al.,2022). The demerit of this strategy is that when the metal ions are more than

necessary, they could become a centre where holes and electrons pairs could recombine,
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especially after reaching the maximum metal carrying capacity. Gao et al., (2015) reported the
use of a precursor and a sacrificial template made from supramolecular network of 2D
melamine/copper to innovatively made graphitic carbon nitride doped with copper. The
specific surface area of the prepared sample (40.86 m? g~1) was found to be seven times more
than that of ordinary graphitic carbon nitride. It also showed better visible light absorption and

at near infrared region, and also exhibited high photocatalytic activity.

Another strategy involves the formation of hybrids of g-C3N4 and carbon-based nanomaterial
such as reduced graphene oxide (rGO), graphene oxide (GO), carbon nanosphere (CNS) and
carbon nanotubes (CNTSs). The resulting nanocomposite usually possesses high heat and high
electrical conductivity, and absorbs both inorganic and organic compounds better. The major
demerit is the reduction in the light penetration to the photocatalyst because excessive amount
of carbon nanomaterials, particularly reduced graphene oxide, and can absorb a lot of
molecules of dyes onto the surface of the catalyst (Chen et al., (2016). Wu et al.(2018)
combined graphene oxide with graphitic carbon nitride and molybdenum sulphide. An
improvement in photocatalytic removal of dyes was observed, in addition to being able to
effectively reduce Cr(V1) to Cr(l11) in the water sample. Finally, more than one semiconductors
could be coupled to form a heterojunction of semiconductors with a better stability and
enhanced utilization of visible light. Charge separation and transfer also becomes better and
formation of the oxidizing species becomes more efficient. The only challenge of this strategy
is that it is not easy to get a suitable semiconductor photocatalyst with appropriate position of
band edge. The common heterojunction systems are type I, Il, I1l and Z-scheme (Singh et al.,
2020). The Z-scheme is one of the commonly adopted heterojunction systems (Di et al., 2017b;
Jourshabani et al., 2017; Singh et al., 2020). This is because it is effective in surmounting the
challenges encountered when a single component heterogeneous photocatalyst is used (Di et
al., 2017b).

2.1.4 Analytical Identification of graphitic carbon nitride

Different techniques have been used to study the chemical identity of g-CaNs, including X-ray
diffraction (XRD) and X-ray photoelectron spectroscopy (XPS), which are very useful in
indexing peaks to particular features of the g-C3N4. The XRD pattern of graphitic carbon nitride
shows two noticeable peaks at ca. 13.0 and 27.4° (Fig. 2.3a). The second peak is indexed as
the 002 peak and it is the peak from the stacking of intralayer repeated aromatic units (Jin et
al., 2018), while the first peak is the 100 peak which is for the separation between the planes
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(Wang et al., 2009; Cao et al., 2015; Yan et al., 2020). The atomic status of the nitrogen (Figure
2.3c) and carbon (Fig. 2.3b) in graphitic carbon nitride could be determined by XPS. This
pattern showed that carbon-carbon peak for sp? hybridized carbon is around 284.6 eV whereas
the sp? bonded carbon attached to nitrogen, N-C=N, is around 288.1 eV. Also, the sp?-bonded
nitrogen, C-N=C, (i.e the nitrogen directly bonded to a sp? hybridized carbon ) is around 398.7
eV, amino group (which is a product of imperfect polymerization, C-N-H) is found around
401.4 eV. The XPS pattern also showed tertiary nitrogen groups, NRz whose peak appears
around 400.3 eV (Zhang et al., 2012; Cao et al., 2015). The percentage of carbon and nitrogen,
as well as the ratio of carbon to nitrogen are derived from the elemental analysis. To estimate
its band gap energy, UV- vis diffuse reflectance spectra is employed. The band gap energy
could be approximately calculated by dividing 1240 by the value of the absorption band edge
of a particular sample, A (nm) (Cao et al., 2015).
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Figure 2.3: (a) X-ray diffraction pattern of graphitic carbon nitride. High-resolution XPS
spectra of (b) C1s and (c) N1s of graphitic carbon nitride (Cao et al., 2015). Copyright (2015),

with permission from Wiley Interscience.

The optical characterization is carried out using photoluminescence (PL) and UV/Vis
absorption spectroscopic techniques. Depending on the atoms and variation in structure, g-
carbon nitride polymer could have a band gap as high as 5 eV, based on theoretical calculations.
At around 420 nm, common CsN4 has absorption pattern that is typical of semiconductors
(Wang et al., 2012b) as shown in Fig. 2.4. TGA is used to confirm the stability of graphitic
carbon nitride, and its thermal stability is useful in determining the suitability of the compound

as a catalyst.
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Figure 2.4: Diffuse reflectance absorption and photoluminescence spectra (insert) of g-C3Na at
420 nm excitation wavelength (Wang et al., 2012b). Black is bulk g-CsNs and red is
mesoporous g-CsNa. Copyright (2012), with permission from Wiley Interscience.

2.1.5 Methods of g-C3N4 preparation

The g-C3N4 can easily be prepared by heat treatment of precursors that are rich in nitrogen
including thiourea, urea, cyanamide, dicyanamide, and melamine (Ong et al., 2016). Thermal
polymerization of cyanamide, dicyanamide and urea can be carried out at 550 °C. The pyrolysis
temperature for thiourea is between 450-650 °C, while melamine is between 500-580 °C. Other
precursors are ammonium thiocyanate, guanidine thiocyanate, carbamide powder with
thiocyanate, sulphur-mixed melamine and sulphuric acid-mixed melamine (Cao et al., 2015;
Hao et al.,, 2020; Wang et al., 2020b). Some factors such as the process used for its
modification, preparation defects, packing, temperature used for condensation and the type of
precursor used during preparation can affect the adsorption edge of C3N4 (Ong et al., 2016).
Fig. 2.5A shows the effect of type of precursor used on the photoluminescence property of
obtained g-C3Na. When graphitic carbon nitride is excited at 365nm, it shows four peaks in the

visible regime as shown in Figure 2.5B (Wang et al., 2017).
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Figure 2.5: (A) PL spectra of synthesized graphitic carbon nitride by changing the precursors
used (Ong, 2015). Copyright (2015), with permission from Royal Society of Chemistry (RSC).
(B) PL spectrum of the g-CsNa/silica gels, excited at 365 nm displaying four peaks (430, 480,
580, and 627 nm) in the visible regime. Reprinted with permission from (Wang et al., 2017).
Copyright (2017) Springerlink.

It is important to note that synthesizing an ideal graphitic carbon nitride with exact theoretical
carbon-to-nitrogen ratio is quite tedious. Furthermore, the presence of amine group could
slightly lower the non-reactive nature of the surface of graphitic carbon nitride, which favors
its reaction with the desired reactants. However, when the carbon-to-nitrogen ratio is
stoichiometrically too low, charge migration and separation may be negatively impacted
because of condensation not being completed due to too many defects. This should be
prevented since it compromises its activity (Cao et al., 2015). Another important note is that
the condition used for the synthesis, as well as, the precursors used determines the specific
surface area of g-CsNa. For example, when melanine was used as precursor for a typical g-

C3Ny4, the surface area was reported to be small (ca. 8 m? g ') (Yan, 2009).
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2.1.6 Synthetic pathways

The synthesis route for urea self-polymerization is similar to that of thiourea precursor (Chen
et al.,2016). One of the similarities is the liberation of ammonia during the polymerization
process. The major difference is that thiourea condensation involves elimination of carbon
disulphide and hydrogen sulphide, but urea polymerization involves the elimination of carbon
dioxide and water (Fig. 2.6). The gasses generated during this heat treatment process (either
ammonia liberated at low temperature below 200 °C or carbon dioxide at high temperature) are
extremely important for good porous graphitic carbon nitride processing (Ong et al., 2016).

Another difference is that their polymerization involves different intermediates.
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Figure 2.6: High temperature self-polymerization of urea and thiourea in air to form graphitic
carbon nitride (Zhang et al., 2012). Copyright (1996), with permission from Royal Society of
Chemistry.

The use of cyanamide as precursor for g-CaN4 was pioneered by Wang et al., ( 2009). In their
report, both XRD and TGA were employed for intermediate species’ characterization.
Condensation reaction occurred at 203 and 234 °C, leading to the formation of dicyandiamide
and melamine respectively. This condensation later led to the removal of ammonia gas, and at
335 °C in all the products that were based on melamine. Increasing the temperature to 390 °C,
led to the tri-s-triazine units’ formation because of melamine rearrangement as shown in Fig.
2.7. Continuous heating and condensation at 520 °C led to the formation of polymeric form of
graphitic carbon nitride. However, the polymer became unstable when the temperature was

increased to 600 °C. Finally, at temperatures greater than 700 °C, the whole polymer of
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graphitic carbon nitride disappeared forming fragments of cyano and nitrogen without leaving

any residue.
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Figure 2.7: Graphitic carbon nitride synthesis pathway using cyanamide precursor (Ong et al.,
2016). Copyright (2016), with permission from American Chemical Society.

The search for a more novel precursor led to the discoveries of guanidinium-based precursors.
The wuse of heat condensation of guanidinium dicyanamide and guanidinium
tricyanomelaminate for the synthesis of graphitic carbon nitride was reported by Schnick et al.,
( 2005). It was confirmed that melamine was one of the important intermediates during the
synthesis. Hence, chemicals that are based on guanidinium could be changed to the building
block of graphitic carbon nitride and then subjected to heat treatment to undergo cross-linking.
In a similar work, Long et al.,( 2014) used heat induced desulphurization and subsequent
condensation to convert guanidinium thiocyanate to thiocyanic acid (as the first product) and
guanidine as shown in Figure 2.8a. Both products reacted at the same time to give a series of
products. Guanidinium thiocyanate is readily available and very cheap. Shi et al., ( 2014) also
used a different compound that is based on guanidine to make mesoporous graphitic carbon
nitride. The compound used was guanidine hydrochloride, and the synthesis was carried out at
650 °C while the polymerization reaction employed was initiated by heat. As shown in the
reaction pathway in Fig. 2.8b, the intermediates involved are melon, melem and melamine, and

the final product is polymeric graphitic carbon nitride.
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Figure 2.8: Thermal graphitic carbon nitride self-polymerization synthesis route for (a)
guanidine thiocyanate and (b) guanidine hydrochloride (Long, 2014; Shi, 2014). Copyright
(2014), with permission from Royal Society of Chemistry.

2.1.7 Exfoliation of bulk graphitic carbon nitride

Polymeric stacking of the bulk graphitic carbon nitride layer leads to low specific surface area,
low efficiency of charge separation and insufficient active site on its surface (Cui et al., 2018).
Therefore, it is extremely important to find means of separating the stack layers in order to get
high surface area (Cao et al., 2015), good ability to transport electrons, large exposed edges
number and narrow band gap for maximum use of g-CsNas, (Cui et al., 2018). In a bid to
achieving these, the use of sonication to achieve exfoliation in liquid phase has been proposed
by Yang et al., (2013). It was reported that bulk g-C3zNa4 can be converted to thin-layer using
this method. To improve the exfoliation, low boiling point solvent such as isopropyl alcohol
was proposed to be the best solvent, with the constant sonication assistance. Kumar et al.,
(2014) reported another study involving the use of sonication to convert melamine to graphitic
carbon nitride by using a mixture of water and ethanol as solvent. The surface area of the
resultant graphitic carbon nitride mesoporous (112 m?g™?) was far greater than that obtained in
bulk g-CsN4 (8 m?g ~1). Apart from using organic solvents for exfoliation, there are recent
reports on the use of solution of either base or acid. One of the reports involved the use of
sonication and addition of concentrated H.SO4 mixed with deionized water for the exfoliation
of graphitic carbon nitride derived from dicyandiamide (Xu et al., 2013). In a similar work,
Niu et al., (2012) carried out the exfoliation of bulk g-C3N4 using thermal oxidation method.

The g-CsN4 made from dicyandiamide exhibited improved surface area (2 nm) after the
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exfoliation. Summarily, thermal or liquid-type exfoliation is possible, and the utilized liquid
could be acid, base or organic solvents. Irrespective of the method used for the exfoliation, the
resultant g-CsNs will possess improved efficiency of charge separation, enhanced transport
ability of electrons and there will be an increase in specific surface area (Cao et al., 2015).

2.1.8 Different forms of g-C3N4 nanostructures

Different nanostructures of g-CsN4 now exist such as porous g-CsN4, hollow spheres and 1D
nanostructures (Cao et al., 2015). These forms are discussed below:

Porous g-C3Na4: The presence of high surface area and mass diffusion via several channels has
boosted the interest in the use of porous materials as photocatalysts. In addition to these very
good properties, the separation and migration of charges is uniquely interesting. They are
usually made by either soft or hard templating techniques. This is because the method gives
room for tuning, which implies that different templates could be chosen. Silica hard templates
such as KIT-6, KCC-1 and SBA-15 are usually employed in order to get nanostructures of
graphitic carbon nitride (Ong et al., 2016). Other methods employed the use of soft templates,
such as the bubble-forming templates (like urea and thiourea) and pluronic P123 (Yan, 2012).
Porous graphitic carbon nitride could also be hard template, and this has been used to prepare
nanoparticles such as TasNs, which were well arranged and with tunable sizes (Fukasawa et al.,
2011). The common precursors for this design were cyanamide, dicyanamide and melamine.
In a typical design, the first step was to infuse the silica template mesopore with precursors.
The product obtained was condensed after calcination to give graphitic carbon nitride inside a
silica template. HF or NHsHF> was then used to remove the template, and the final product was
nanostructured graphitic carbon nitride that was well ordered. The preparation of porous
graphitic carbon nitride without the use of templates has been reported. One of the works was
carried out by Gu et al., (2015) where post-heating handling of solvothermal techniques without
the use of templates was reported. The sample prepared was shown to have similar composition
as that of bulk g-C3Na4 but with nanoporous surface. The prepared sample also possessed lower
resistance and narrow bandgap. These properties favoured better separation and transport of

photogenerated charge carriers as well as efficient light harvesting in the visible region.

Hollow spheres: Hollow sphere photocatalysts are also a good form because the structure

allows better harvesting of incident light and it is a better carrier of photo induced charges. The
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major problem that is associated with them is the possibility of collapsing during preparation.
Initially, the hard template methods were being used for their preparation, where structured
silica core-shells were used as hard template. The preparation of hollow structured graphitic
carbon is currently carried out by utilizing the triazine molecules based on supramolecular
chemistry. This thus involves the gathering of the triazine molecules, leading to the formation
of a supramolecular network held together by hydrogen bonding. The precursor commonly
employed in this process is a complex made from both melamine and cyanuric acid. There are
different forms of hollow spheres, including hollow boxes, mesoporous hollow sphere and
hollow 3D assemblies, that all have good photocatalytic activity (Cao et al., 2015). From recent
studies, it is now possible to prepare hollow sphere through non-templating method. For
instance, one-step solvothermal techniques have been used for preparing hollow spheres g-
CsN4 without the use of template (Cui et al., 2015). Both Fourier transform infrared (FTIR)
and XRD results showed that heptazine-based structure and graphitic structure are present in

the sample at different temperatures.

1D nanostructures: This could be nanotubes, nanoribbon, nanobelts, nanowires and nanorods.
The nanostructures have attracted preference because of their outstanding electronic, optical
and chemical properties, which lead to the optimum activity of the catalyst. These properties
can be improved by tuning both diameter and length (Cao et al., 2015; Ong et al., 2016). In
addition, 1D nanostructures are associated with charge carrier mobility and specificity in the
surface area. One of the mostly used template for its synthesis is SBA-15. The non-templating
technique has been reported by Bai et al., (2020). The graphitic carbon nitride nanorods was
synthesized by heat treatment using graphitic carbon nitride nanoplates as precursors. This
synthesis was carried out in a mixture of water and methanol through a simple reflux process.

Other morphological forms of graphitic carbon nitrides are shown in Fig. 2.9.
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Figure 2.9: Different morphologies of g-C3N4 with dimension ranging from quantum dot to
bulk (Liu et al., 2016). Published by the Royal Society of Chemistry (under creative common
license).

2.2  Dithiocarbamates as precursors for material synthesis

Dithiocarbamates are amides formed from dithiocarbamic acid and have the ability to form
stable metal complexes because of their exceptional coordination properties (Adeyemi and
Onwudiwe, 2020). They could generally be classified as heterocyclic
dithiocarbamates, symmetric dithiocarbamates, unsymmetric dithiocarbamates, dialkyldithioc
arbamates and monoalkyldithiocarbamates (Cvek and Dvorak, 2007). Several methods have
been used to synthesize dithiocarbamate compounds. However, the synthesis is commonly
achieved by the reaction of carbon disulphide and amine (primary or secondary). The reaction
is usually carried out in the presence of electrophiles such as imines, transition metals,
epoxides, and alkyl halides (Shinde et al., 2020). The synthesis could be effected without a
catalyst or in the presence of an appropriate alkali as shown in Fig. 2.10 through (equation a-
n). Their ligands can form complexes with octahedral, square planar or tetrahedral geometry
depending on the type of metal ion and also the ratio of the metal-to-ligand (Cvek and Dvorak,
2007). Dimers of dithiocarbamate are also formed by using dilauroyl peroxide as the oxidizing

agent (Chen et al., 2015) (equation 0). Other polyfunctional ligands of dithiocarbamate exist
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but they are rare compared to other forms of dithiocarbamate compounds (Tan et al., 2021).
Both the dithiocarbamate ligands and complexes are useful in several applications. Although,
when both ligands and complexes found relevance in similar applications, the complexes
appear to be more potent than the ligands. For instance, dithiocarbamate complexes are more
active against microbes than the ligands from which the complexes are formed (Ejelonu et al.,
2018). The choice of dithiocarbamates compared to other related compounds is attributed to
their poor solubility in water, ease of preparation under laboratory conditions, and formation
of more stable compounds than several complexes made from other common analytical ligands
(Kanchi et al., 2014).
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Figure 2.10: Various routes for the synthesis of dithiocarbamates. Adapted from (Shinde et

al., 2020). Copyright (2020), with permission from Elsevier
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Different synthetic methods have been used to produce metal sulphide nanoparticles and one
of these methods involve the use of metal complexes as single source precursors (SSP). Among
the metal complexes used as SSP, dithiocarbamate complexes have been the most explored
complexes. Dithiocarbamate complexes are thermolysed to generate metal sulphides (Olatunde
and Onwudiwe, 2021b). Some of these nanoparticles especially the bismuth-based have been
reviewed by Ajiboye et al., (2021). The use of dithiocarbamate complexes for the synthesis of
these nanoparticles is preferred since dithiocarbamate is rich in sulphur, hence the use of a
separate sulphur-source will not be required (Srinivasan, 2019). Generally, the synthesis of
dithiocarbamate complexes using the solvothermal method requires the use of capping agents,
and the commonly used are oleylamine, octadecene, dodecane thiol, ethylene glycol, and
hexadecylamine. Their presence in the system controls the growth of the nanoparticles (Sarker
and Hogarth, 2021), while some of these capping agents (such as oleylamine) can also function
as reducing agents, solvents or surfactants in the material synthesis (Mourdikoudis and Liz-
Marzan, 2013). Table 2.2 highlights other examples of nanoparticles made from

dithiocarbamate.

Table 2.2: Application of dithiocarbamates in nanoparticle(s) synthesis

Dithiocarbamate precursor used Nanoparticle(s) Temp. Particle Ref.
obtained used size and
(band gap)
Bis(N-ethylphenyldithiocarbamato) | Palladium sulphide 160, 200 | 2.01-2.50 | (Paca
palladium(lT) and nm, 4.00- | and
240 °C |4.86 nm | Ajibade,
resp. and 2.53- | 2021)
412 nm
(4.90-
5.02 eV)
Bis(N,N-di(4- Cadmium sulphide | - -(3.29 eV) | (Eswari
fluorobenzyl)dithiocarbamato- (CdS) et al,
S,S)M(II) (M = Cd) 2021)
Cu(ll)  bis  N-methyl-N-phenyl | Copper sulphide (CuS | >240 °C | 34.7 + | (Olatund
Dithiocarbamate and CusSg) 133 nm|e and
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width Onwudi
size(1.85 | we,
eV) 2021a)
Dithiocarbamate complexes with | Quinary Ag-In-Ga-Zn- | 220 °C 2.0 = 0.4 | (Galiyev
varied Ag/In/Ga/Zn ratios S quantum dots nm a et al.,
2021)
Molybdenum dithiocarbamates Molybdenium - 40 nm (Tanabe
sulphide (MoS>) et al,
2021)
N-alkyldithiocarbamate copper(ll) | Copper sulphide | 180 °C -(3.0eV) | (Duran-
complexes with NaBH4 (CueSs and CuzS) Garcia et
al.,
2021)
copper(ii) bis-(2,2’- | Copper sulphide (CuS) | 90 °C 8x1nm | (Mannet
(dithiocarboxyazanediyl)diacetic al.,
acid) 2019)
bis(diethyldithiocarbamato)disulfid | chromium-doped 450 °C - (Murtaz
othioxo tungsten(V1) tungsten  disulphide a et al,
(WS») 2018)
tetrakis(N,N- Molybdenum 450 °C flake (Zeng et
diethyldithiocarbamato)molybdenu | sulphide(MoS>) thickness | al.,
m(1V) of ~10 nm | 2019)
[V2Sa(nBuzdtc)s](dtc=dithiocarbam | Vanadium 150 °C - (Fomen
ate) sulphide(VS») ko et al.,
2018)
Manganese diethyldithiocarbamate | Manganese 290 °C (3.3eV) (Peng et
trinydrate sulphide(MnS) al.,
2012)
Tris-(piperidinedithiocarbamato) Iron sulphide( Feo.g75S | 350— (0.95-2.0 | (Mlowe
iron(l11) and tris- | and FesS4 phases) 450 °C eV) et al,
(tetrahydroquinolinedithiocarbamat 2016)

o)iron(l1)
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morpholine dithiocarbamate 36.06 nm) | al.,
2021)

lead(I1) complexes of | Lead sulphide( (PbS) | 160 °C (13.86— (Dong et

2.3  Photocatalytic performance of bismuth-based ternary sulphide photocatalysts

Recently, bismuth-containing compounds have been a subject of investigation as a replacement
for commercial photocatalysts due to their unique properties. They possess highly efficient
photocatalytic capacity, good antibacterial action, non-toxic, have the ability to convert light
to heat, and can strongly absorb at near infra-red region. Bismuth can also be regarded as cost-
effective and stable chemical, easy to functionalize, able to resist magnetic field, good electrical
and diamagnetic properties with sufficient surface area (Shahbazi et al., 2020). It has low
reactivity to biological species, which makes it efficient as a constituent of some
pharmaceutical products such as Pepto-Bismo and Kaopectate (Miller and Bernechea, 2018).
Metallic bismuth has a rhombohedral crystal structure, melting point of 271 "C and density of
9.7 gcm™ (Karen et al., 2020; Shahbazi et al., 2020). Trivalent bismuth has been reported as
the most stable oxidation state of bismuth (Jiang et al., 2020) and it is mostly used in
photocatalysts development. It was discovered that the trivalent bismuth-containing catalysts
mostly displayed better photocatalytic performance compared to commercial titanium oxide

photocatalyst in the visible or UV light.

Several studies (William et al., 2018; Xu et al., 2019) have reported the performance of
bismuth-based chalcogenides and compared them with the photocatalytic activities of titanium
oxide in the removal of pollutants from environmental samples. Ternary bismuth-based
nanoparticles and their composites have been exploited as light responsive catalysts due to their
low cost and effectiveness (Wu et al., 2017). Some of these ternary sulphide photocatalysts and
various photocatalytic applications are discussed in this section.
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2.3.1 Copper bismuth sulphides (CusBisSe, CuBiS, and CusBiSs3)

Copper-bismuth sulphides has not been thoroughly investigated as a photocatalyst despite that
the elements are not only abundantly available world-wide but are also non-toxic. Ternary
copper bismuth sulphides can display different properties and different stoichiometries. There
are 13 known phases of copper bismuth sulphide. However, three phases including CusBiSg,
CuBiS2 (emplectite) and CusBiSz (wittichenite) are stable and viable phases (Todor
Serafimovski et al., 2015). They have coefficient of optical absorption (o)) with the band gap
energy of ~1.5 eV (Chakraborty et al., 2019). They are all crystalline with orthorhombic
structure and they possess p-type character and high absorption coefficients ranging from 104
—105 cm™. The reported bandgaps range from 1.2 to 1.84 eV for CusBiSs, 1.5 to 2.62 eV for
CuBiS2, and 0.88 to 1.14 eV for CusBisSe (Deshmukh S.G. and V.Kheraj, 2017; Bernechea,
2018; Miller and Bernechea, 2018). The most reported work on CusBisSe is on synthesis of

one-dimensional nanobelts or nanoribbon structure and its application as solar cells.

CuBiS; has an indirect bandgap that ranges from 1.4 to 1.7 eV as evidenced from the
theoretical calculation; the difference between the energies of direct and indirect bandgap is
just between 0.1 to 0.3eV, this could be attributed to flat lowest conduction band (CB) (Kumar
and Persson, 2013). CuBiS; possesses high absorption coefficients (0.93 to 1.5x10° cm™)
(Kumar and Persson, 2014). The CuBiS; density of states shows that the hole carriers’
formation will trigger the Cu* to Cu?* oxidation. This may impact the hole transport in CuBiS;
and it also implies that allowing a number of copper deficiencies may be of benefit to CuBiSa.
Theoretical studies have also revealed that CusBiSz shows a fundamental indirect bandgap
range of 1.5 to 1.7 eV (Miller and Bernechea, 2018), and its direct band gap energy ranges
between 1.6 and 1.8 eV (Kumar and Persson, 2013). The structural morphology of the copper
bismuth sulphide also influences the band gap energy. The appropriate band gap energy of
copper bismuth sulphide rendered it suitable for several photocatalytic applications. It was
reported that the photovoltaic was fabricated from heterojunction made from copper bismuth
sulphide heterojunction (Yanbo Yang, 2019).

25



2.3.2 Silver bismuth sulphide (AgBiSz)

AgBIS: crystallizes in symmetrical crystalline structures unlike Bi.Ss and the copper-bismuth
sulphide families and is temperature dependent (Miller and Bernechea, 2018; Ganguly et al.,
2019). These materials possess pseudo-cubic rock salt structure at high temperatures while they
have hexagonal structure at low temperatures. AgBiS: has been reported as an n-type material
with a direct bandgap ranging from 1.0 to 1.4 eV (Wang et al., 2007; Miller and Bernechea,
2018; Ganguly et al., 2019). The two known phases of silver bismuth sulphide are a-AgBiS:
which is a cubic structure obtained under high temperature conditions and p-AgBiS2 which has
a hexagonal structure and is obtained at low temperature (Bellal et al., 2017; Ganguly et al.,
2019). Some of the synthetic methods that were reported for synthesizing silver bismuth
sulphides are sonochemical techniques, polyol method, solvothermal route, hydrothermal
process, microwave-assisted method, flux techniques, solid solution method and solid state
reaction method (Wang et al., 2007; Thongtem et al., 2009; Zhong et al., 2013; Ganguly et al.,
2019).

The factors limiting the performance of AgBiS; are trap-assisted recombination processes, poor
carrier transport, recombination without complete extraction and low extraction of carriers’
efficiency at elevated intensities of light. Some of the remedies that could be utilized is to
introduce schemes that could trap light, efficient passivation of nanocrystal which could be via
the treatment of ligand or surface, improvements in the synthesis, or the active layer
nanostructuring. The solvothermal method has been used for the synthesis of AgBIS:
(Bernechea, 2018). Thereafter, the production of films of AgBiS2 was being carried out through
spray pyrolysis (Hu L. et al., 2018; Pai et al., 2018) and the slow cooling method has been used
to grow a single crystal of AgBiS, successfully as reported by Nakamura et al., (2015). The
stoichiometric composition of the AgBiS. was found to be equivalent to the congruent melt
composition as shown by XRD measurement and composition analysis. The pattern obtained
from Laue X-ray backscattering has proved that the grown AgBiS; crystal was a single crystal.
Analysis results from DTA indicated that AgBiS, melts at 805 °C. The grown crystal by this
group showed hole mobility of 1.1 cm?/V s, the electrical resistivity of 2.1 Q cm, a carrier
concentration of 2.6x10' cm™ and n-type conductivity at room temperature (Nakamura et al.,
2015).

AgBIS; fabricated at low temperature was used as light sensitive solar cells due to their good
photocatalytic efficiency and good absorption coefficient (10°) (van Embden and Della
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Gaspera, 2019). In a similar research, AgBiS; synthesized at 550°C from bismuth sulphide and
silver sulphide in an ampoule made from pyrex. Its photo electrochemical properties were
studied under illumination and in the dark (Bellal et al., 2017). Embden and Della (2019).,
prepared silver bismuth sulphide and investigated its photocatalytic performance by measuring
light-conducting ability of electrodes used for solar cell design. Silver bismuth sulphide-
titanium oxide composite was used for several photocatalytic applications by Ganguly et al., (
2019). This composite photocatalyst showed 95% doxycycline degradation within 3 h. It also
displayed 3-log removal of two bacteria strains (S. aureus and E.coli). Finally, the photocatalyst
was reported to be enhanced by 1000 times for hydrogen generation via water splitting
(Ganguly et al., 2019).

2.3.3 Indium bismuth sulphide (InBiS3)

One of the photocatalytic applications involving the use of indium bismuth sulphide is in the
fabrication of solar cells (Ali et al., 2018). In-BiSs was found to be suitable for this application
due to high optical coefficient of absorption (around 10° cm™) coupled with change in electrical
resistivity and band gap energy as the temperature varied under visible light (Ali et al., 2018).
In a similar investigation, Daraz et al., (2019), synthesized composite of InBiSs3-In,S3-Bi2S3
through the mixture of thiocyanate-based precursors of bismuth and indium dispersed in the
mixture of chloroform and toluene. The synthesized nanocomposite was investigated for
photocurrent generation, which is a light-based application.

2.3.4 Bismuth sulphur iodide (Bi13Sisl2)

This compound could be produced with the reaction of flux mixture of iodine/sulphur and
bismuth ion (Groom et al., 2017). Raman spectroscopy and thermal decomposition studies
showed the formation of this compound. The optical bandgap was later determined to be 0.3
eV by optical reflectance study and electronic structure calculation (Groom et al., 2017). Xu et
al., ( 2006) reported 1.8 eV as the bandgap obtained from UV-Vis-NIR spectra which was
clearly different from the band gap energy derived from the electronic structure calculation.
Typically, a hydrothermal process was used to synthesize iodine bismuth sulphide where I,
(NH2)2CS and BiCls, were reacted at high temperature and thereafter double washed with
deionized water (Su et al., 2006). Bismuth sulphur iodide has been used to boost the photo
voltage of the solar cells. The presence of iodide and sulphide in this material led to a spike in

the value of photocurrent (Kazyrevich et al., 2019). Thin film of Bi13Sisl> microrod was also
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investigated for photo-electrochemical solar cell applications and it was found to be appropriate
even over a wide temperature variation (Hahn et al., 2012). In addition, Bismuth sulphur iodide
and bismuth selenide iodide were investigated for photovoltaic application due to their good
solar absorbing capacities (Hahn et al., 2012). Bi13Sisl> has been loaded on nanotube along
with BiOl and used as visible light photocatalyst to degrade more than 90% of malachite green
dyes (Bargozideh et al., 2020). Bi13S1sl2/M0S. was used to destroy crystal violet dyes in the
presence of visible light with a better performance than when neat molybdenium sulphide and
neat bismuth sulphur iodide was used (Bargozideh and Tasviri, 2018).

2.3.5 Zinc bismuth sulphide (ZnxBi2Sz+x)

ZnyBi>Sz+x IS ternary nanoparticle composed of zinc, bismuth and Sulphur. It was used to form
a shell structure with WO3 photo electrode and thereafter utilized for the photocatalytic
generation of hydrogen gas. This photocatalyst was found to display high hydrogen evolution
efficiency during photo-electrochemical process, and its photo activity was better than the
material synthesized with WOz and Bi»Sz only (Liu et al., 2015).

2.3.6 Antimony bismuth sulphide

One of the phases of antimony bismuth sulphide that was reported for photocatalytic
application is Bi1.09Sbo.91Ss. Patra et al., ( 2017) reported Bi1.09Sho.91S3 nanotube synthesized
from trivalent antimony and trivalent bismuth precursors. The synthesized photocatalyst was
transformed to nanorod by a facile crystal growth mechanism known as chemical filling. The
resultant nanorod composite was utilized to photo-electrocatalytically split water. The rate of
water splitting was enhanced by doping Bi1.09Sbo.01Sz with gold (Patra et al., 2017). In a related
study, Bios3sSb1.464S3 nanorod was used under visible light radiation to destroy rhodamine B
dyes (Dashairya et al., 2020). Other phases that were fabricated were Bi16sSbho32Sz and
Bi1.090Shoo1Ss. Similar photocatalytic performance was reported for both catalysts in the
degradation of Rhodamine under the same operating condition. As confirmed by Differential
Reflectance Spectroscopy, they all have band gap energies around 2.3 eV (Dashairya et al.,
2020).
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2.3.7 Alkali metal bismuth sulphide (MBIiS; (M = Li, Na, K))

Based on experimental results, the lattice crystal structure of MBIS, was discovered to
resemble the lattice crystal structure of NaCl with M occupying sodium sub lattice in NaCl and
sulphur occupying chlorine sub-lattice. Different environments for each atom arise from ions
alternation in the sub lattice of the cation (Gabrel’yan et al., 2008). Apart from LiBiS, Nakhal
et al., ( 2016) reported LiBi3Ss as another phase of lithium bismuth sulphide. Lithium NMR
relaxometry and topological analyses of this other phase of lithium bismuth sulphide showed
that the diffusion of lithium ion takes place along the b direction channel with 0.662 eV

activation energy (Nakhal et al., 2016).
2.3.8  Sodium bismuth sulphide (NaBiSz)

One of the reported methods for the synthesis of NaBiS, is the alkaline-conditioned
hydrothermal method. Its nanosheet usually has atomic configuration on its surface, which may
also include nano-domain that is amorphous and amorphous clusters when analysed with high-
resolution transmission electron microscopy (Wang et al., 2020a). It has a direct band gap of
1.32 eV and an indirect band gap of 1.02 eV. Wang et al., (2020a) used this bismuth ternary to
destroy methyl blue dyes in the presence of UV light. About 99.6% of the dye was degraded
after 1 h 20 min of continuous light irradiation. In addition, NaBiS> has also found use as
photovoltaic and has been used to photocatalytically generate hydrogen through water splitting
(BaQais et al., 2019).

2.4  Heavy metal ions reduction using functionalized graphitic carbon nitride

Photoreduction of heavy metal ions have been carried out by using g-C3N4 —containing photocatalyst.
Approximately 90% rhodamine B and 85% Cr(VI) have been simultaneously removed from water
using photocatalysts made from g-CsNs and red phosphorus by Liu et al., (2019). This
photocatalyst remains active even after it has been utilized for four runs of reactions. Similarly,
photocatalyst made from the g-CsN4 nanosheet, BisO7 and Ag has been reported, and was used
to successfully reduced hexavalent chromium to trivalent chromium under visible light. The
good charge separation that resulted in better photocatalytic performance was attributed to the
presence of g-CsNs (Ye, 2019). Photocatalytic removal of Cr(VI) and As(lll) has been
successfully carried out using pyromellitic diimide-doped g-CsN4 as photocatalyst (Wang et
al., 2019). This was achieved with the use of visible light and addition of hydrogen peroxide.

Removal of hexavalent chromium took place by reduction while trivalent arsenic removal took
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place by oxidation to pentavalent arsenic. Photogenerated electrons, superoxide radical,
effected this synergistic removal and photogenerated holes (Wang et al., 2019). Formate anion
coupled with g-C3N4 has been used to photocatalytically reduce Cr(VI) to Cr(lll) (Dong and
Zhang, 2013). Also, oxidation of sulfisoxazole and photoreduction of hexavalent chromium
has been jointly achieved (Song et al., 2019). Finally, g-CsN4 synthesized from urea via solvent
treatment has been used to remove highly potent cancer-causing Cr(V1) from an agueous solution in
the presence of light (Hu et al., 2019). The most studied ion is hexavalent chromium, and some
reported studies involving the reduction of hexavalent chromium to trivalent species using g-CsNs as

photocatalyst are shown in Table 2.3.

Table 2.3: Photocatalytic reduction of chromium(V1) by using g-C3Ns-based photocatalysts.

Photocatalysts | Fabrication Heavy Light used Performance Ref.

method metal ions

reduced

CeO2/g- simple Cr(VI) infra-red and | 99% reduced | (Kumar et al.,
C3aN4/V20s hydrothermal visible light | within 1h 40 mins | 2020)
heterojunction
CoS2/g-C3N4- | one-pot Cr(VI) visible light | 99.8% reduction | (Wang et al.,
rGO solvothermal of Cr(VI)in 2h 2020c)
g-CaN4/UiO- | ball-milling | Cr(VI) white light | Better thanneatg- | (Maet al.,
66 irradiation CsNgand UiO-66 | 2019)
Nanosheets of | - Cr(VI) visible light | Better than pure | (Yeetal.,,
Ag/BisO7/g- 9-C3Na 2018)
CsNa
g- - Cr(VI) visible light | Complete (Huetal.,
CaNa/graphene removal in 1.5h 2018)

oxide sheets

2.5  Photocatalytic degradation of both organic and heavy metals pollutants from

water

Photocatalysts are light-sensitive semiconductors that possess band gap where no energy levels
are present. When the semiconductor absorbs photon (ultraviolet or visible light), an electron

(e) is excited from the valence band to the conduction band, provided that the energy of the
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photon is more than or equal to the bandgap energy of the photocatalyst (Cao et al., 2015).
Positively charged holes (h*) are also known as electron vacancies, and they are simultaneously
generated in the valence band. The pair of holes and the electron generated may recombine and
generate heat energy (Bhatkhande, 2011) or a redox reaction may occur with both heavy metals
and organic contaminants at once. The second phenomenon leads to the mineralization of the
organics and transformation of heavy metal ions to less harmful products. Furthermore,
hydroxyl radical could also be generated from the interaction of water with a hole (Kabra et
al., 2004). In a similar manner, superoxide may be formed as a result of interaction of oxygen
with the generated electron. These reactive oxygen species (hydroxyl radicals and superoxide
radicals) also destroy the organic pollutants (Kabra et al., 2004). The mechanism of the entire
process is illustrated in Figure 2.11. Some of the parameters that affect the photocatalytic
process are pH, size and structure of the photocatalysts, surface area of the photocatalysts,
reaction temperature, initial pollutants concentration, nature of pollutants, dopants used on
photocatalysts, light intensity, light source, irradiation time and the dose of photocatalysts used
(Topare and Patil, 2013; Kumar A and G., 2017; Danyliuk et al., 2020).
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Figure 2. 11: Mechanism of photocatalysis for joint organic and heavy metals removal.

Simultaneous removal of heavy metal ions in the presence of organic compounds has been
demonstrated to be better than the removal of the metal ions alone through the use of

photocatalysts. Reduction of chromium (VI) to Cr(lll) in the presence of humic acid using
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titanium oxide as a photocatalyst was reported by Yang et al., (2006b). The photocatalytic

efficiency of the titanium oxide was reported to increase with increase in the amount of humic

acid. An increase in the pH level enhanced the removal of the humic acid but reduced the

photoreduction of chromium(V1) to chromium(l1). The increase in photocatalyst dosage also

increased the removal efficiencies of both humic acid and the heavy metal ions (Yang and Lee,

2006a). The study suggests that simultaneous removal of toxic organic pollutants and heavy

metal ions is feasible. Several studies have reported the removal of hexavalent chromium along

with different organic contaminants. Some of the studies on the simultaneous removal of

organic and heavy metals pollutants using photocatalysts are shown in Table 2.4. The organics

mostly removed with heavy metals are pesticides, dyes, drugs and phenol.

Table 2.4: Photocatalytic removal of organic pollutants and heavy metals

Method Photocatalys | Organic Heavy | Light Organic Heavy Ref.

t used pollutant metal | used removal metals

technique | removal
technique
Photocataly | g-C3sNa 2,4,6- Cr(VI) | Visible | Oxidation Reduction (Hu et al.,
sis trichloroph 2014)
enol

Photocataly | TiOo-fly ash | Methylene | Cu(ll) | UV and | Oxidation Reduction (Visa et al.,
sis composite blue  and Visible 2016)
(assisted by surfactants
adsorption)
Photocataly | TiO2 Luranzol S | Cr(VI) | UV Oxidation Reduction (Schrank et
Sis Kong dye al., 2002)
Photocataly | TiO., doped | Benzoic Cr(VI) | Visible | Oxidation | Reduction Giannakas
Sis with both | acid et al., 2016)

nitrogen and

Fluorine
Photocataly | TiO, doped | Methylene | Cr(VI) | UV Oxidation Reduction (A.
sis with gold | blue Pandikuma

nanoparticles r and R.

Ramaraj,
2012)
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Photocataly | TiO; Methylene | Cr(VI) | UV Reduction | Reduction (Batool et
SIS functionalize | blue al., 2014b)
d with metal
deposits
Photocataly | TiO- Di-n-butyl | Cr(VI) | UV - Reduction (Batool et
sis phthalate al., 2014a)
Photocataly | TiO- Salicyclic Cr(Vl) | UV Oxidation | Reduction (Wang and
sis acid I. M. C. Lo,
2009)
Photocataly | TiO2 Phenol Cr(VI) | UV Oxidation Reduction (Batool et
SIS sensitized al., 2014a)
with polymer
Photocataly | TiO2 Acid Cr(VI) | UV Reduction | Reduction (Batool et
Sis Orange 20 al., 2014a)
Photocataly | TiO- Acid Cr(Vl) | UV Reduction | Reduction (H. Kyung
sis orange 7 et al., 2005)
Photocataly | Nanotube of | Acid Cr(VI1) | Visible | Oxidation | Reduction (H. Kyung
sis TiO; Orange 7 et al., 2005)
functionalize
d with gold

2.5.1 Photocatalytic reduction of pesticides and heavy metals from water using various

catalysts

Photocatalytic reduction of hexavalent chromium using g-CsNs photocatalyst with the
simultaneous destruction of toxic organochlorine (2, 4, 6-trichlorophenol) under visible light
has been reported (Swenson and Stadie, 2019). The effects of different kinetic parameters such
as the pH, dissolved oxygen and initial concentrations of pollutants were studied (Hu et al.,
2014). The presence of oxygen significantly enhanced the dual removal process of
organochlorine and heavy metals. In addition, there was a synergistic reduction-oxidation
reaction mechanism during the joint removal process (Hu et al., 2014). Nanosheet of ultrathin
graphitic carbon nitride doped with phosphorus displayed enhanced photoreduction for
hexavalent chromium and simultaneous degradation of toxic pesticides (2,4-dichlorophenol).
The phosphorus doping and the nanosheet pore structure extended the region of visible light
and affected the number of active sites respectively, which resulted in a better photocatalytic
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reaction process. In addition, dissolved oxygen and low pH promoted the oxidation of the

pesticide and at the same time reduced heavy metal ions (Deng et al., 2017).

2.5.2 Photocatalytic reduction of dyes and heavy metals from water using various catalysts

Titanium oxide incorporated into fly ash has been used as a photocatalyst for the reduction of
copper(Il) ions, dodecyl benzenesulfonate surfactants and methylene blue dye (Visa et al.,
2016). Shrank et al., ( 2002) treated tannery wastewater by photocatalytically degrading
Luranzol S Kong dye and at the same time photoreduced chromium(V1). The concentration of
both pollutants and the pH significantly influenced the rate of photocatalysis under UV light.
Synergistic effect was more noticed in the photocatalytic performance than the removal of a

single contaminant.

2.5.3 Photocatalytic reduction of pharmaceutical contaminants and heavy metals from water

using various catalysts

A z-scheme ternary heterojunction system of BiVO4/AgBr/Ag photocatalyst was used to
remove both ciprofloxacin and chromium(V1) under visible light. The electron spin resonance
measurement showed that hydroxyl radical, peroxyl ion radical and the hole influenced the
degradation of ciprofloxacin. However, peroxyl ion radicals and electrons are involved in the
photoreduction of chromium(V1) (Chen et al., 2018a). Both pentavalent and trivalent form of
arsenics were removed along with ibuprofen by Di et al.(2017a). The photocatalyst used was a
mixed metal oxide of zinc and iron. All the ibuprofen was completely degraded after 12 h and
the total concentration of arsenic dropped significantly from 1000 to 1.61 pug-L™' (Di et al.,
2017a). In a similar study, Ibuprofen was photocatalytic destroyed from polluted water using
titanate and zinc oxide under UV light and solar radiation. The degradation performance was

observed to be better under solar irradiation at pH of 7 (Tanveer et al., 2019).

2.5.4 Photocatalytic reduction of phenol and heavy metals from water using various catalysts

Phenol is a benzene-containing compound, and apart from glycosyl, the benzene ring is the
next expanded chemical species that naturally occurs (Bayat et al., 2019). The chemical and
physical stability of benzene compounds (including phenol) can be attributed to the properties
of the & orbitals in the benzene ring. The stability property can be utilized in the fabrication of
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chemical materials without considering its possible environmental impact when it finds its way
to the surface water. The quantity of phenol and other aromatics that are discharged into the
environment is increasing geometrically (Bayat et al., 2019). Photocatalysis was considered as

an option to remove phenol and heavy metals from wastewater.

Titanium oxide sensitized with polymer (poly (fluoro-co-thiophene)) has been utilized for the
oxidation of phenol and reduction of hexavalent chromium under visible light. The polymer
functioned as both sensitizer and electron donor for hexavalent chromium because the electrons
in the polymer migrated to the conduction band of titanium oxide. A synergistic effect exists
due to the combined removal of phenol and the heavy metal ions from the wastewater (Qiu et
al., 2012). These pollutants have also been removed from water using bismuth oxide, where
both phenol oxidation and chromium reduction occurred simultaneously on the different crystal

surfaces in the presence of light (Yu et al., 2018).
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CHAPTER THREE

Synthesis and characterization of Ag2S nanoparticles made by using silver(l) complex of

N-methyl-N-phenyl-dithiocarbamate as single-source precursor

3.0 Introduction

Silver sulphide nanoparticles have low toxicity, good chemical stability, and exist in three
phases: y-Ag2S, B-Ag2S (argentite) and monoclinic a-Ag2S (acanthite) (Ismail et al., 2020).
The monoclinic crystal phase is the most common, and has been applied in areas such as
electrochemical cells, photovoltaic cells, IR detectors and photocatalysis (Jadhav et al., 2013).
Due to the numerous applications of silver sulphide, several routes have been used for its
synthesis including techniques such as gamma irradiation, sol-gel, thermal evaporation,
molecular beam epitaxy, successive ionic layer adsorption and reaction, spray pyrolysis
deposition, chemical bath deposition and solvothermal processes (Sadovnikov et al., 2016).
Solvothermal approach is advantageous because it is simple and affords products with high
surface area and homogenous structure (Yang et al., 2012).

One of the factors that determine the quality of products obtained through solvothemal
technique is the type of solvent used for the synthesis (Stock, 2010). Oleylamine is a common
solvent and capping agents used in solvothermal synthesis. It is often used because of its ability
to form complex with metals and subsequent decomposition under controlled condition to
produce the nanoparticles. In addition to its cheapness, it is a liquid at room temperature with
high boiling point, which implies that complexes with high decomposition temperature could
be accommodated. It is able to modulate the important particles parameters such as shape, size
and the composition, thereby ultimately influence the properties of the
nanoparticles (Mourdikoudis and Liz-Marzan, 2013). The type and amount of precursor used
for the synthesis is also very important in determining the shape and size of the final product
in solvothermal synthesis (Jen-La Plante et al., 2010).

The use of single source precursors is particularly important in the synthesis of nanoparticles
due to the generation of a pure product, ease of handling and the fact that pre-reaction is
prevented unlike when other types of precursors are used in synthesis (Bochmann, 1996). Some
of the common single source precursors are xanthate (Bishop et al., 2019), oxalate (Chenakin
and Kruse, 2021), dithiophosphates (Kato et al., 2021) and dithiocarbamate (Shinde et al.,
2020) complexes. Among these complexes, dithiocarbamate precursors have been the most
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utilized because they are easy to prepare, and their decomposition properties could be altered
by changing the type of substituents on the nitrogen. Their ligands can form complexes with
all the transition metals and the physical properties of these complexes can be altered (Roffey
et al., 2019; Ajiboye et al., 2021; Ajiboye et al., 2022).

Ehsan et al., (2013) previously reported the synthesis of thin film acanthite (Ag»S) from silver
diethyldithiocarbamate cluster precursor. The synthesis was carried out between 350 and
400 °C through aerosol assisted chemical vapor deposition. However, the size of the particles
obtained was relatively large (>100 nm) and there was the presence of SnO; impurities.
Acanthite (Ag2S) has also been synthesized from bis(dibenzyl dithiocarbamato) Ag(l) complex
but the thermolysis was carried out at 220 °C (Ajibade et al., 2020). It was also prepared at a
temperature of 200 °C in air by using silver diethyldithiocarbamate as precursor without using
any capping agent (Wang et al., 2008). AgS is not stable at a temperature above 186 °C since
it experiences phase transition at this temperature (Cava et al., 1980; Wen et al., 2005). The
synthesis at a temperature below 186 °C is therefore desirable. Hence, the aim of the present
study is to synthesize pure acanthite using solvothermal method at a relatively lower
temperature (180 °C). Silver(l) complex of N-methyl-N-phenyl- dithiocarbamate was used as
single-source precursor for the synthesis of acanthite (Ag2S), while oleylamine was used as the
capping agent. Finally, the antioxidant activities of the as-prepared nanoparticles were
investigated and compared to the antioxidant activities of the metallic silver.

3.1 Experimental
3.1.1 Materials and physical measurements

Ammonium hydroxide solution, N-methyl aniline, toluene, methanol, ethanol, oleylamine,
silver nanoparticles, carbon disulphide and silver nitrate were procured from Merck, SA. All
solvents and materials used were analytical grade and no additional purification was required.
The FTIR spectrum was recorded on a Bruker IFS 66v/S between 4000-400 cm™ frequency
range. NMR analysis of both the *H and 3C environment of the complex was conducted using
600 MHz Bruker Avance 111 NMR spectrometers (dimethylsulfoxide was used as the solvent).
Thermogravimetric analysis/ differential scanning calorimetry was carried out on a Mettler-
Toledo GmbH, Giefen, Germany machine. The optical and crystalline phase of the
nanoparticles were studied using Spectroquant Prove 300 UV-vis spectrophotometer and
Bruker D8 Advance X-ray diffractometer with CuKa radiation (A = 1.5418 A), while the
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morphology of the particles was analysed using TECNAI G2 (ACI) transmission electron

microscope. The EDX analysis was carried out by using LYRA 3, TESCAN.

3.1.2 Synthesis of ammonium N-methyl-N-phenyl dithiocarbamate ligand

Ammonium N-methyl-N-phenyl dithiocarbamate ligand was prepared following the procedure
described previously, with slight modifications (Onwudiwe and Ajibade, 2010). Briefly,
concentrated aqueous ammonia (61.60 mL,1.60 mol) was mixed with N-methyl aniline (22.00
mL, 0.20 mol) in ice and stirred for about 10 min. To this solution was added ice-cold carbon
disulphide (12.00 ml, 0.20 mol) dropwise, followed by steady stirring for about 7 h, while the
low temperature (less than 4 °C) was maintained throughout the reaction process. The resulting
yellow solid was filtered via suction and washed with methanol that had been kept under ice.
The obtained ammonium N-methyl-N-phenyl dithiocarbamate ligand was kept in the

refrigerator to prevent decomposition.
3.1.3 Synthesis of Ag(l) complex of N-methyl-N-phenyl dithiocarbamate

An ethanol solution of the ammonium N-methyl-N—phenyl dithiocarbamate ligand (1.2 g, 6
mmol) was reacted with an aqueous solution of silver nitrate (1.02 g, 6 mmol) in a round bottom
flask charged with magnetic stirrer. The solution was stirred for 1 h, producing a deep brown
precipitate, which was filtered and rinsed with ethanol. Finally, the product was recrystallized

by using chloroform.

3.1.4 Synthesis of silver sulphide nanoparticles

About 0.10 g of the prepared silver dithiocarbamate complex was introduced into a 100 mL
three-necked flask containing 15 mL oleylamine. The mixture was degassed for 20 min by
allowing the flow of nitrogen through the reaction system, while the temperature was
maintained at 30 °C. The temperature of the reaction was gradually increased to 180 °C and
maintained for 70 min. Afterwards, the temperature was cooled to about 60 °C, and a large
volume of methanol was added to the solution to afford the immediate precipitation of the
nanoparticles. The nanoparticles were isolated by centrifuging and rinsing with a solution of
ethanol and toluene several times to obtain pure nanoparticles. The obtained product was air-
dried in the fume hood and stored for further characterization.
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3.1.5 Thermal studies of Ag(l) complex of N-methyl-N-phenyl dithiocarbamate

To obtain the thermogravimetry analysis/ differential scanning calorimetry (TGA/DSC) profile
of the complex, 2.466 mg of the sample was heated in the temperature ranging from 0 to 600
°C under argon atmosphere running at a flow rate of 75 mL/min.

3.2 Results and Discussion
3.2.1 NMR studies of Ag(l) complex of N-methyl-N-phenyl dithiocarbamate

The proton NMR spectrum of the complex showed a singlet peak at 1.48 ppm, which was
attributed to the methyl group (-CHas) attached to nitrogen of the dithiocarbamate, and a
multiplet between 6.51-7.38 ppm due to the phenyl group. A pronounced singlet peak at 2.50
ppm emanated from the solvent (dimethylsulfoxide) used for the analysis (Bitterling et al.,
2022).

In the carbon-13 NMR spectrum, the signal at 204.85 ppm was the resonant frequency of the
quaternary carbon. The presence of the heteroatoms around this characteristic signal was
responsible for greater deshielding, thereby resulting in the appearance of the peak significantly
downfield (Onajole et al., 2010). The resonant signals of the phenyl group were identified at
126.92, 128.72, 129.42, 130.09 and 146.31 ppm (Onwudiwe and Nkwe, 2020). The presence
of the nitrogen of tertiary amine was confirmed by signal at 46.13 ppm, while the signal at
79.45 ppm showed the presence of methyl group that is attached to nitrogen. The
dimethylsulfoxide peak was a pronounced peak at 39.50 ppm on the spectrum (Bitterling et al.,
2022).

3.2.2 Thermal studies of Ag(l) complex of N-methyl-N-phenyl dithiocarbamate

The thermogravimetric analysis (TGA), presented in Fig. 3.1, showed that there was no loss in
weight up to 100 °C, indicating that there was no entrapped water molecule in the structure of
the complex or any solvent (Singh et al., 2019). The curve showed a pronounced loss in weight
around 162 °C in a single step. This stage was due to the decomposition of the organic part of
the complex. A gradual loss in weight observed after 200 °C could be ascribed to a loss of
sulphur and formation of metal sulphides due to higher residual weight. The residual weight at

600 °C was 61.23%, indicating a large residual weight and this could be due to the percentage

58



of silver in the complex. High residual weight of silver sulphide (Ag.S) after decomposition of
the complex is also an indication that the synthesized nanoparticle is stable to heat (Abbasi et

al., 2018) and it is in agreement with previous report (Ehsan et al., 2013; Abbasi et al., 2018).

In the differential scanning calorimetry (DSC) thermogram, the first step of decomposition
around 164 °C was an endothermic peak associated with the decomposition of the complex and
the formation of the respective silver sulphide. There was no peak after 350 °C, indicating that
the final product (silver sulphide) is stable to thermal decomposition at a temperature that is

less or equal to 600 °C, which was the maximum temperature used for the analysis.
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Figure 3.1: TGA/DSC plot of Ag(l) complex of (N-methyl-N-phenyl dithiocarbamate). TGA

is shown in blue, while DSC is shown in orange color.

3.2.3 FTIR spectroscopic studies of Ag(l) complex of N-methyl-N-phenyl dithiocarbamate

and Ag>S nanoparticles

The FTIR spectrum of the complex (Fig. 3.2a) showed the characteristic stretching vibration
of the C-N and —CSS groups as two sharp peaks at 1116 cm ™ and 1057 cm™* respectively,
while the stretching vibration of C-N bond appeared as an intense peak around 1400 cm™
(Ahmad et al., 2020). The observed shift to higher wavelength of —CN stretching vibration was
due to enhanced double bond character of —CN, caused by the delocalization of electron toward
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the silver metal in the complex (Faraglia et al., 2005). The bands identified at 2647 cm™* and
765 cm™* were attributed to the aromatic ring stretching and bending vibrations of C-H bond
respectively (Ghaedi et al., 2017). The silver-sulphur characteristic peaks (Ag-S) appeared at
556 cm* and 2293 cm™ and the peak slightly above 1500 cm ™t is the characteristic peak for
aromatic C=C (Elbayomi et al., 2021). The peaks at 1487 cm™* and 1413 cm™* were due to the
C-C symmetric and asymmetric stretching vibration. All these values are consistent with the
values obtained from previously reported studies (Onwudiwe and Ajibade, 2011; Andrew and
Ajibade, 2019).

The FTIR analysis of the Ag.S nanoparticles (Fig. 3.2b) was carried out in order to explore the
functional groups present on the surface of the nanoparticle and therefore ascertain the capping
of the nanoparticles. The FTIR, measured in the range of 500-4000 cm™2, shows peaks at 522,
622, 2114 and 2317 cm™* which were due to the vibration of the oleylamine capped Ag-S bond
(Ismail et al., 2020). The characteristic peak for the stretching vibration of the sulphide group
in the AgS structure appeared at 1738 cm™. This was consistent with the results reported for
silver sulphide obtained through laser ablation (Ismail et al., 2020). There was a disappearance
of the two characteristic peaks for -C-N and -CSS of dithiocarbamate around 1100 cm™ and
this showed that the dithiocarbamate complex has been decomposed into the metal sulphide. It
was noted, however, that the peaks due to the capping agent are more pronounced. The peaks
at 3616 cm* were assigned to the symmetric stretching vibration of NH2, and peaks at 2908,
2830 and 2670 cm™* were due to the C-H bending vibration, asymmetric and symmetric
stretching vibration of —-CH, in oleylamine. The peaks around 1400 cm™ and 716 cm™ were
attributed to the stretching and bending vibrations of C-C bonds. The presence of the functional
groups attributed to oleylamine confirmed that oleylamine served as both solvent and capping
agents during the synthesis since it has the ability to bind to the nanoparticles (Mourdikoudis
and Liz-Marzan, 2013).
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Figure 3.2: FTIR spectra of (a) silver(l) complex of N-methyl-N-phenyl dithiocarbamate and
(b) oleylamine-capped Ag>S.
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3.2.4 X-ray diffraction (XRD) analysis of Ag>S nanoparticles

The X-ray diffraction pattern of the silver sulphide nanoparticles is shown in Fig. 3.3. The
peaks at 20 of 22.43° 25,90° 28.97°, 31.52°, 33.61°, 34.39° 36.56° 37.72° 40.74°43.41°,
46.21°, 47.76°, 48.76°, 53.28°, 61.21° and 63.74° could be indexed to the (-101), (-111), (111),
(-112), (120), (-121), (112), (-103), (031), (200), (-123), (-212), (014), (-213), (015) and (-134)
respectively. This perfectly conformed to the pattern of the monoclinic phase of acanthite
silver(l) sulphide (Ag2S) (JCPDS card No.14-0072; with the lattice constant a=4.22900 A, b =
6.93100 A, ¢ = 7.86200 A; space group P21/n (14) (Wang et al., 2012; Chen et al., 2021). The
most prominent peak was at 26 value of 34.39 °, which was indexed to the (-121) plane. The
absence of characteristic peaks for silver and silver oxide showed that all the silver in the
complex was converted to silver (1) sulphide (Chen et al., 2021) and pure phase of acanthite
silver(l) sulphide was successfully prepared (Wang et al., 2008). The thermal energy at 180 °C
was enough to cause the C-S bond in the dithiocarbamate complex to cleave, leading to the
generation of silver(l) sulphide fragment which joined together to form the pure crystallites.
The sulphide of silver was formed instead of the oxide of silver due to the inert environment
maintained in the reaction system and the greater stability of silver(l) sulphide compared to
that of silver(l) oxide (Wang et al., 2008; Wells, 2012). The unindexed peaks may be attributed
to the presence of negligible amount of metallic silver impurities in the as-synthesized
AQ>S.Visible between 20 = 45 and 50 are the (200) and (111) peaks of silver nanoparticles
(Temgire et. al.,2004).
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Figure 3.3: XRD pattern of Ag.S prepared from Ag(l) complex of N-methyl-N-phenyl
dithiocarbamate.

The crystallite size of the nanoparticles was estimated by using Debye—Scherrer’s equation
(Eg. 2) (Norouzzadeh et al., 2020):

kA
- Bcos6

where D is the crystallite size; g is the full width at half maximum (FWHM); K is a constant
and it is close to unity (1); A is X-ray’s wavelength (1.5406 A); 0 is the Bragg angle in degrees
which usually agrees with the maxima value of the diffraction peak. The crystallite size was
found to be 48.61 nm when (-121) peak was used for the estimation. This value of the particle
size was in the range of the similar size obtained when silver sulphide was prepared from

sodium sulphide and silver nitrate (Hamed et al., 2020).
3.2.5 UV-vis spectroscopic studies of the Ag2S nanoparticles

Figure 3 presents the UV-vis absorption spectrum of the Ag>S nanoparticles, which showed
the wavelength of maximum absorption at 220 nm (Fig. 3.4 (a). The optical bandgap energy
was estimated from Tauc plot by plotting (chv)™ against hv. Here, hv is the energy of the
incident photon, while n is the transition value and its value could be 3, 2, 3/2 or % if the
electron transition is indirect-forbidden, indirect, direct-forbidden or direct respectively (Heiba

et al., 2022). The direct bandgap energy obtained from the Tauc plot was 4.9 eV (Fig.3. 4 (b)).
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This value was very much higher than the values previously reported for the bulk Ag.S (1.0
eV). This may be due to significant size reduction occasioned by the use of capping agent,
which reduced the particle size of Ag.S. The band gap energy of nanoparticles has an indirect
relationship with the size (Javed et al., 2016). Hence, as the particle size decreases, the band

gap energy of the nanoparticle increases.
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Figure 3.4: (a) UV spectrum of the synthesized Ag.S, and (b) Tauc plot for obtaining direct
bandgap energy.

3.2.6 Morphological and EDX analysis of Ag»S

Fig. 3.5 (a) shows the TEM image of the Ag>S nanoparticles and the respective particle size
distribution histogram. The particles are of spherical morphology with observable degree of
agglomeration and the average particle size was 40.50 nm with a wide size distribution as
shown in histogram in Fig. 3.5 (b). The value of particle size obtained from the TEM analysis
was very close to the value obtained from the XRD data. Also, it was in the range of values of
the particle size obtained by Vijayan et al., (Vijayan and Vijayachamundeeswari, 2022) when
silver(l) sulphide was prepared via co-precipitation method. Fig. 3.5 (c) presents the EDX,
showing two main peaks of sulphur and silver. The percentage of silver and sulphur were 87.27
and 12.73% respectively. There were no impurities in the prepared sample as shown in the
EDX analysis. The ratio of silver-to-sulphur was estimated to be 2.03:1.00, which further

confirmed the formation of Ag»S.
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Figure 3.5: (a) TEM image of the synthesized Ag.S nanoparticles (b) Particle size distribution
obtained from the TEM image of Ag.S and (c) EDS spectrum of AgzS.

CONCLUSION

Acanthite phase of Ag.S was successfully prepared from Silver(l) complex of N-methyl-N —
phenyl dithiocarbamate at a relatively low temperature of 180 °C. The characterization
techniques (UV-vis spectrometry, EDS, FTIR and XRD) confirmed the formation of silver
sulphide. The particle size obtained from XRD and TEM results was estimated to be in the
range of 40-48 nm. The EDS analysis confirmed that the pure form of the nanoparticle was
synthesized. The technique devised for the synthesis is easy and cost effective, and shows
simple approach for the formation for Ag>S nanoparticles, which may find usefulness in

different applications.
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CHAPTER FOUR

Photocatalytic reduction of hexavalent chromium using Cus.21Bi4.79Se/g-C3Na composite

4.0 INTRODUCTION

Chromium is used in catalysis, leather tanning, electroplating, metal finishing, and also in the
manufacturing of electronic devices, pigments, and magnetic tapes (Tlrkmen et al., 2022). The
vast applications of chromium have raised concerns about their fate and impacts on the
environment (Zhao et al., 2019). It has the ability to accumulate in the food chain and enter
into the systems of humans and animals where it causes damage to vital organs (Ajiboye et al.,
2021a). Chromium exists in different oxidation states, and out these are the poisonous
hexavalent chromium and the trivalent chromium that is useful as micro-nutrients for the plants
(Viti and Giovannetti, 2007). The hexavalent chromium is stable and does not easily precipitate
out of environmental samples, while trivalent chromium easily precipitates out under alkaline
conditions (Dhal et al., 2013). Hence, the reduction of toxic hexavalent chromium to useful
trivalent chromium is a tenable approach for the removal of hexavalent chromium
(Koutavarapu et al., 2022). The reduction reaction could be inspired by different processes and
photocatalysis has emerged as a sustainable approach because it relies on the utilization of

naturally available light absorbed by the photocatalyst.

The efficiency of the photocatalytic process depends on the effectiveness of the photocatalyst
used (Kumar and Pandey, 2017; Ajiboye et al., 2020; Ajiboye et al., 2021b). Consequently,
several photocatalysts have been investigated for the process. For instance, metallic (Qiu et al.,
2019), binary or ternary metal chalcogenides (Rahman and Khan, 2021), doped materials (such
as Mn2* doped CusS (Sun et al., 2022) and Ag doped CoO (Okla et al., 2022)) nanoparticles,
and heterojunction systems including BaFe.O4/SnO. (Kenfoud et al., 2022); InySz-
ZnlnzS4(Chen et al., 2022); TiO2/MoS: (Shawky et al., 2022) and WO3/In,S3(Hua et al., 2022)
have been used for the photocatalytic Cr(V1) reduction. The incorporation of nanoparticles into
polymeric materials such as graphitic carbon nitride has also been explored. Graphitic carbon
nitride is a non-metallic photocatalyst, which has attracted attention due to its inertness,
stability, and its ability to absorb light in the visible region of the solar spectrum (Ajiboye et
al., 2020; Li et al., 2020). The performance of graphitic carbon nitride has been functionalized

with different materials in order to form composite photocatalysts. Examples of functionalized
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graphitic carbon nitride reported for the photocatalytic reduction of hexavalent chromium are
Znln2Sa/g-C3N4 (Wang et al., 2022a) and g-C3N4/BisNbO7(Ren et al., 2022).

Dithiocarbamate complexes are precursors for synthesizing chalcogenides because parameters
such as the time of reaction, temperature of reaction and solvent used could be tuned to obtain
different morphological phases of the nanoparticles (Sarker and Hogarth, 2021). The
compounds have been used for the synthesis of binary (Ajiboye et al., 2022a) and ternary
sulphides. Copper bismuth sulphide is one of the numerous ternary sulphides that have been
synthesized via the thermal decomposition of dithiocarbamate complexes (Deng et al., 2014;
Olatunde and Onwudiwe, 2022).

Several non-fractional phases of copper bismuth sulphide (CusBiSs, Cu24Bi26Ss1, CusBi7Si2,
CusBisSe, CuBiS; and CuBisSg have been reported (Sugaki and Shima, 1972; Yan et al., 2013;
Balasubramanian et al., 2017; Ajiboye et al., 2021b). The non-common fractional
stoichiometric phase (Cus21Bis.79So) also exists, and Barma et al. has reported its synthesis via
mechanical alloying (Barma et al., 2016). The synthesis of the non-fractional stoichiometric
phases has been reported by the solvothermal route (Ajiboye et al., 2021b; Olatunde and
Onwudiwe, 2022). However, to the authors best of knowledge, no report exists on the synthesis
of the fractional phase via solvothermal route. Hence, the present study reports the synthesis
of the fractional phase of copper bismuth sulphide (Cus21Bis.79Sg) through a solvothermal
method. The N-methyl-N-phenyl dithiocarbamate complexes of copper and bismuth were used
as the precursor compounds. The as-synthesized ternary nanoparticles was used to
functionalize graphitic carbon nitride to produce a novel composite photocatalyst
(Cus.21Bis.79Se /gC3sNa4). The nanocomposite was utilized for the photocatalytic reduction of

hexavalent chromium under visible light.

4.1 Experimental
4.1.1 Materials

Melamine (C3HsNe), oleylamine (C1gHs7N), hydrated bismuth(l11) nitrate (Bi(NOz)3*5H20)),
copper(ll) nitrate pentahydrate (Cu(NOs)2-5H20), absolute ethanol (CHsCH.OH), 2,4,6-
trichlorophenol and chloroform (CHCls), used in this study were all procured from Merck
chemicals company, were of analytical grade reagents. Phillips X'pert diffractometer (fixed
with single-wavelength Cu Ko radiation (A = 1.546060 A and operated at 40 kV/50 mA) was
used for obtaining the X-ray diffraction (XRD) results. Perkin Elmer A20 UV-vis—NIR
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spectrophotometer and PerkinElmer LS 45 fluorimeter were used to obtain the absorption and
emission properties respectively. Also, LYRA 3, TESCAN and JEM—2100 JEOL equipment
were used to obtain the scanning electron microscopy (SEM) and transmission electron
microscopy (TEM) respectively. Thermogravimetry analysis was conducted using SDTQ 600
V20.9 Build 20 Thermal analyser. Malvern Zetasizer Nanoseries was used for the Zeta

potential determination.
4.1.2 Synthesis of graphitic carbon nitride (gCsNa)

About 8.0 g of melamine was measured and transferred into an alumina crucible with a lid. The
covered crucible was placed in the muffle furnace and heated at 550 °C for 4 h. The white
melamine powder was observed to change to a yellow solid. The obtained solid was cooled to

room temperature and crushed with mortar and pestle

4.1.3 Synthesis of N-methyl-N-phenyl dithiocarbamate ligand and complexes

The N-methyl-N-phenyl dithiocarbamate ligand was prepared by following an already reported
procedure with slight modification (Onwudiwe and Ajibade, 2011). Briefly, N-methyl aniline
(0.05 mol) was introduced into a round-bottom flask and carbon disulphide (0.05 mol) was
added. The solution was placed inside ice to maintain a very low temperature and stirred for
about 15 min. This was followed by the addition of 15 mL of concentrated aqueous ammonia
and was further stirred for 5 h. Light yellow solid precipitate was obtained at the end of the
reaction and the obtained precipitate was filtered under suction and rinsed with 100 mL of ice-
cold absolute ethanol.

The copper(I1)-N-methyl-N-phenyl dithiocarbamate complex was prepared by reacting 20 mL
aqueous solution of the dithiocarbamate ligand (8.0 mmol) with 30 mL ethanol solution of
copper(Il) nitrate hemipentahydrate (4.0 mmol) in a round-bottomed flask. The reaction was
continued for 1 h at room temperature, forming deep brown precipitates. The obtained product
was filtered, rinsed with absolute ethanol and recrystallized in a solution of chloroform. Similar
procedure was used for the synthesis of the bismuth(lll)- tris(N-methyl-N-phenyl
dithiocarbamate) complex but 12.0 mmol of the N-methyl-N-phenyl dithiocarbamate ligand

was used against the 4.0 mmol of the bismuth salt.
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4.1.4 Synthesis of Cus.21Bis.79Se

The Cuz.21Bis.79Se nanoparticles were synthesized under nitrogen to prevent oxidation.
0.1069 g (0.25 mmol) of copper (I1) bis(N-methyl-N-phenyl dithiocarbamate) complex, 0.5663
g (0.75 mmol) of bismuth(lll)- bis(N-methyl-N-phenyl dithiocarbamate) and 30 mL of
oleylamine (capping agent) were introduced into three-necked round bottom flask. The mixture
was heated to 200 °C at a constant heating rate of 10 °C/min and stirred for 1 h. After the
reaction, the flask was allowed to cool to 40 °C and the addition of excess ethanol resulted into
the precipitation of the nanoparticles. The products were separated from the solution by
centrifuging at 4500 rpm for 5 min followed by decantation of the supernatant. The as-
synthesized nanoparticles were washed four times with absolute ethanol and dried. The entire

process is summarized in Scheme 1.

(b)

(a)
/ (c)
N+ NH,OH +CS,
H >—> Cu; ,;Bi4 70S
Oleylamine 3217747979
200 C

Scheme 1: Reaction process for the synthesis of (a) ligand, (b) complexes and (c) copper

bismuth sulphide (Cus21Bis.79Sg) nanoparticles.

4.1.5 Synthesis of Cuz21Bis.79Se/ gC3N4

The graphitic carbon nitride and the as-prepared copper bismuth sulphide were homogenised
in the ratio of 3:1 w/w respectively. The homogenized sample was ground and calcined at 300

°C for 2 h in a muffle furnace to obtain Cusz21Bis.79Se/ gC3Na.
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4.1.6 Photocatalytic investigations

Reduction of aqueous solution of hexavalent chromium was evaluated by using Cus 21Bis.79So/
gCsN4 photocatalyst. In a typical investigation, 40 mL of 10 mg/L K2Cr.O7 solution was
introduced into a 100 mL beaker. Dilute hydrochloric acid was used to adjust the pH of the
solution to 2. Afterwards, 10 mg of the photocatalyst was measured into the content in the
beaker and stirred for 20 min in the dark to attain the adsorption-desorption equilibrium. This
was immediately followed by the irradiation with 48 W visible LED light. During the reaction,
aliquots were taken at 15 min regular intervals. The concentration of each aliquot was
determined by using UV-visible spectrophotometer. The percentage of Cr(VI) that was
photocatalytically reduced was estimated by using Equation (i), while the rate of

photocatalytic reduction was obtained via pseudo- first order kinetics given in Equation (ii).

Co_Ct

Percentage photocatalytic reduction = —— X 100%....ccoiiiiiiiiiieree e Q)
SKE = D0 o (i)
Half —life =102/, =0.693/ @ (iii)

Where C, and C¢ represent the initial and concentration at time t of aqueous Cr(VI), t is the

reaction time and k is the pseudo- first order reaction rate constant.

4.2 Results and Discussion

4.2.1 X-ray diffraction (XRD) studies

The XRD pattern (Fig. 4.1) showed the formation of graphitic carbon nitride functionalized
with Cuz.21Bis.79Se without the appearance of peaks corresponding to metallic bismuth, copper
sulphides and bismuth sulphides. The two peaks at 2 theta values of 13.2° and 27.5°, which are
indexed as the (100) and (002) respectively, emanated from the graphitic carbon nitride. The
(100) peak is ascribed to the in-planar structural packing of tris-s-triazine, while the (002) peak
is because of the interlayer stacking of the aromatic conjugated systems (Ajiboye et al., 2020;
Ajiboye et al., 2022b; Hasanvandian et al., 2022; Zhong et al., 2022). Apart from the peaks
indexed for the graphitic carbon nitride, other major peaks in the pattern indexed to (202), (-
204), (-112), (-403), (-312), (311), (-514) and (-316) planes corresponded to the base-centered
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monoclinic structure (JCPDS card No_01-073-1202, space group C2/m (12). The existence of
these peaks confirmed the formation of graphitic carbon nitride functionalized with

Cuz21Bi4.79So.
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Figure 4.1: XRD pattern of Cus21Bis.70Se/gC3Na. The peaks of graphitic carbon nitride are

asterisked (*).

4.2.2 FTIR studies

Fig. S1 is the FTIR spectrum of pristine copper bismuth sulphide, the peaks due the NH>
bending mode (873 cm™), NH, scissor mode (1429 cm™), C-N stretch (1009 cm™), C-H
bending mode (1569 cm™) and C-H stretching mode (2920-2669 cm™) were all from the
oleylamine (used as the surfactant) (Salavati-Niasari et al., 2009). The FTIR of pristine
graphitic carbon nitride and Cus21Bis.790Se/gCsNs-are presented in Fig. 4.2. Both spectra showed
characteristic broad peak at 3128 cm™ due to the presence of N-H bonds. Also, the peaks
between 1225-1629 cm™ appeared in both spectra due to the presence of —CN bonds for the
heterocyclic ring. The last peak that is common to them appeared at 799 cm™, and this is
attributed to the heptazine rings in the structure of graphitic carbon nitride and the
nanocomposite (Xu et al., 2013; Zhong et al., 2022). In addition to these peaks, the peaks at

603 and 1104 cm™ were visible in the spectra of the nanocomposite but they were absent in the
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pristine graphitic carbon nitride. The peak at 603 cm™ can be attributed to the Cu-S bond (Riyaz
et al., 2016), while the peak at 1104 cm™ can be attributed to the Bi-S stretching vibration
(Veerakumar et al., 2022). This further showed that the ternary copper bismuth sulphide was
incorporated into the graphitic carbon nitride.

—gC,N,

Cu,,Bi, .S,/gC N,

3. 479 9

% Transmittance

T T T T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm'1)

Figure 4. 2: FTIR spectra of gCaNsand Cus.21Bis.79Se/gC3N4 nanocomposite.

4.2.3 Morphological properties of the Cuz21Bis.79Sg and Cuz 21Bi.79Se/gC3N4
The SEM images of Cusz21Bi4.79Se and Cus21Bis.70Se/gC3N4 shown in Fig. 4.3(a-b) showed

some agglomeration in their surface morphology. The level of agglomeration is higher in the
pristine Cuz21Bis.790Se compared to that of Cus21Bis.79Se/gCsN4. Similarly, there is more
uniformity in the particles obtained from the pristine copper bismuth sulphide compared to that
of the nanocomposite. Hence, there is noticeable change in the surface morphology after the
incorporation of graphitic carbon nitride to the pristine Cus21Bis.79S9. The EDX analysis (Fig.
4.3(c-d)) confirmed the presence of copper, bismuth and sulphur in the Cus 21Bia.79Se. Also, the
EDX analysis showed the presence of carbon, nitrogen, copper, bismuth and sulphur in

77



Cuz21Bis.79So/gC3Ns.  The oxygen and carbon impurities were visible in the EDX spectra of

Cus21Bis.79Se and while oxygen impurity was detected in the nanocomposite.

Figure 4.3: SEM images of (a) Cuz.21Bis.79S9, (b) Cus.21Bis.790S9/gC3N4; and their respective
EDX spectra (c and d).

The TEM images of the Cuz21Bis.79S9 nanoparticles and the Cuz21Bis.79Se/gC3N4
nanocomposite is shown in Fig. 4.4. The internal morphology and microstructure of the
nanocomposite showed a rod-like structure embedded within a sheet-like aggregate. The sheet-
like structure is due to the presence of graphitic carbon nitride in the nanocomposites (Esmati
et al., 2021). The rods have a length of 190.0 nm and breadth of 14.4 nm as presented in the
particle-size distribution histograms (Fig. 4.4(e-f)). As shown in the TEM image of pristine
Cuz21Bis.79Se (Fig. S1), the rod-like structures are the pristine Cus21Bis.79Se. The HRTEM
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image revealed that the d-spacing of the nanocomposite is 0.5206 nm along the (311) plane of
the Cusz 21Bis.79Sg in the nanocomposite. In the pristine Cus 21Bis.79Sg, the d-spacing was 0.3822
nm along the (311) plane (Fig. S2). These d-spacings were obtained from Bragg’s equation and
there was noticeable increase in the d-spacing of the nanocomposite compared with that of the
pristine Cuz21Bis.79Sg. The elemental mapping (Figure S3 and S4) further revealed that the
copper bismuth sulphide was well dispersed across the matrices of the graphitic carbon nitride

in the nanocomposite.

50 100 150 200 250 300 350 w0 6 8 1‘0 12 14 16 18 2’0 b e S e S S S S S A S T T S A
Length (nm) Breadth (nm)

Figure 4.4: (a)TEM, (b) HRTEM and (c)SAED images of Cuz21Bis.79Se; (d) TEM image of
Cusz.21Bis.790Se/gC3N4; particle size distribution histogram of Cus 21Bis.79Se; showing (e) length
and (f) breadth. (g) of the encapsulated nanoparticles showing no change in d spacing.

4.2.4 Optical properties

Fig. 4.5 presents the overlaid absorption spectra of the gCsNa, Cus21Bis.79Se and
Cuz.21Bi4.79Se/gC3N4. The spectrum of the gCsNs showed its characteristic absorption

maximum at 337 nm due to unsaturated n-z* transitions arising from the nitrogen atoms of the
terminal —NH, polyheptazine and polytriazine structural units. Another characteristic
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absorption maximum appeared at 394 nm and it is attributed to the = — =* transition of
conjugated heterocyclic aromatic components of graphitic carbon nitride (Fig. 4.5a). This
transition also accounts for the pale-yellow colouration of graphitic carbon nitride (Miller et
al., 2017; Ajiboye et al., 2022b). The maximum absorption for Cus21Bis.79Se was found at 218
nm, unlike in the non-fractional phase (CuzBiSs) whose absorption maximum was reported to
be at 468 nm (Yan et al., 2013). The absorption maximum of Cus21Bis.79Se shifted to 225 nm
after compositing with graphitic carbon nitride. The absorption peak of the graphitic carbon
nitrides also appeared in the nanocomposites, but with a reduction in the intensities of these
peaks. The indirect band gap energy of gCsN4, Cus21Bis.76Se and Cus.21Bi4.790Se/gC3N4 were
estimated by plotting (a/v)Y? against the energy of the photon (/v), and were obtained as 2.88,
0.55, and 1.25 eV respectively (Fig. 4.5b).

(a)

1,58
1,38
CBS
gCN
S 118 CBS/gCN
©
2
2
3 098
£
0,78
0,58

200 300 400 500 600 700 800 900 1000
Absorbance (nm)

80


https://www.sciencedirect.com/topics/chemistry/polyimide-macromolecule

(b) Tauc Plot

0,053

—CBS
0,048

——gCN

0,043 —— CBS/gCN

0,038

0,033

(ahv)¥2 (eV/cm)¥2

0,028

0,023

0,018

Energy (eV)

Figure 4.5: (a) Overlaid UV spectra of Cuz.21Bis.79Se, gC3N4 and Cus 21Bis.79Se/gC3N4; (b)
Tauc plot of Cus 21Bis.79Se, gC3N4 and Cusz21Bis.79Se/gCaN4

4.25 Thermal studies of Cuz21Bis.7eSe/gC3N4 composite

The TGA graph (Fig. 4.6a) of the nanocomposite showed a slight weight loss at 72 °C due to
the elimination of low-molecular weight molecules (such as water and methanol) (Wang et al.,
2015). A pronounced weight loss occurred between 439 °C to 507 °C, which indicated the
decomposition of graphitic carbon nitride. Complete volatilization of graphitic carbon nitride
was observed at 677 °C. The decomposition profile was in agreement with the results obtained
from the DSC graph (Fig. 4.6b), which showed endothermic peaks at 71.97 °C and 676.65 °C
respectively. The high melting point of graphitic carbon nitride could be attributed to the
presence of hydrogen bonding that exists between the strands of the polymeric melon units
containing NH and NH> groups (Guan et al., 2016). Even after the heating temperature reached
1000 °C, the complete decomposition of the nanocomposite was not achieved because
approximately 20% of the sample remained as residue and may be ascribed to the Cuz21Bis.79Sg
nanoparticles. This shows that the total volatilization of the nanocomposite is not feasible at
1000 °C due to the prsecence of the nanoparticles, which enhances the thermal stability of the

nanocomposite
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Figure 4.6: TGA and DSC of Cus21Bis.790Se/gC3N4 under nitrogen gas

4.3  Optimum conditions for the photocatalytic investigations

The zeta potential of the nanocomposite was found to be highly negative in the alkaline pH (-
33.73 mV) and under neutral pH (-18.70 mV) while it is positive under acidic condition (+12.95
mV) (Fig. 4.7). It has earlier been reported that hexavalent chromium exists as negatively-

charged CrO4?" under acidic condition. Since the surface of the photocatalyst has positive zeta
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potential, there will be better hexavalent chromium adsorption under acidic condition. This is
because of the electrostatic force of attraction between the species and the surface of the
photocatalyst. Consequently, the pH used for the photocatalytic reduction of chromium was
pH of 2. Based on previous reports, the concentration of Cr(VI) and the dosage of the
photocatalyst chosen for the investigations are 10 mg/L and 10 mg respectively (Yang and Lee,
2006; Abinaya et al., 2020; Gan et al., 2020).
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Figure 4.7: Zeta potential of Cus21Bis.79Se/gC3N4 at pH 2, 7 and 12.

4.4 Photocatalytic investigations

The rate of photocatalytic reduction of Cr(VI) was investigated by using the pristine
Cus21Bis.79Se nanoparticles, graphitic carbon nitride and their nanocomposite as the
photocatalyst under visible light irradiation. As shown in (Fig. 4.8(a and b)), the rate and
percentage of photocatalytic reduction of Cr(VI1) was found to be 0.0076 min** and 41.98%
respectively when the pristine Cuz21Bis.79S9 were used as the photocatalyst, while it was 0.0286
mint and 78.57% respectively when the graphitic carbon nitride and the Cusz21Bis.79Se
nanocomposites were used as the photocatalysts. The over three folds’ increase could be due
to the polymeric nature of graphitic carbon nitride and its ability to adsorb the Cr(VI) better
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than the Cus21Bis.7eSophotocatalyst (Ajiboye et al., 2020; Hasija et al., 2021; Ajiboye et al.,
2022b). Due to better adsorption property, the photocatalytic performance was higher when
graphitic carbon nitride was used as the photocatalyst (Qi et al., 2020; Saha et al., 2020). There
was a synergistic effect when the composite made from the two photocatalysts was used under
visible light. The pseudo first order rate constant and percentage photocatalytic reduction
increased to 0.0393 min and 92.77% respectively. This shows that there was improvement in
the photocatalytic rate of reduction of Cr(VI) by a factor of 1.37 and 5.17 compared to pristine
graphitic carbon nitride and Cus 21Bia.79Serespectively. Similar synergistic photocatalytic effect
was reported when graphitic carbon nitride was functionalized with other chalcogenides (Niu
et al.; Wang et al., 2020; Wu et al., 2022).
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(b) Percentage chromium reduction
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Figure 4.8: The (a) Pseudo-first order rate and (b) percentage of photocatalytic reduction of
Cr(VI) using pristine Cus 21Bia.79Se, graphitic carbon nitride and their composite.

4.4.1 Effect of initial temperature

The rate of photocatalytic reduction of Cr(VI1) was investigated at very low temperature in ice
(8 °C), at 25 and 50 °C, and the obtained results were compared. The rate was 0.0393 min™
under room temperature conditions, while it dropped to 0.0077 and 0.0041 min! respectively
in ice and at elevated temperature. The results showed that the rate of photocatalytic reduction
was comparatively higher under room temp. conditions than at higher and lower temperature
(Fig. 4.9). Based on the kinetic postulates and the fact that the excitation process could make
the change in Gibb’s free energy (AG) to be lower than zero; the increase in temperature is
expected to lead to increasing rate of photocatalytic process. However, higher temperature also
leads to a drop in photocurrent and higher rate of recombination of the photogenerated holes
and electrons (Meng et al., 2018). Furthermore, Gibb’s free energy AG of the photocatalysts
has been reported not to be affected by heat change (Liu et al., 2014). The decrease in the rate
of photocatalytic reduction of Cr(V1) at high temperature may be attributed to these reasons
highlighted. Temperature increase can lead to the rate of photocatalytic reduction of Cr(VI) if
there is enough thermodynamic driving force for electron transfer in the photocatalytic
interface (Meng et al., 2018) as shown in Equation (iv). Obviously, this cannot be attained at
a temperature that is as low as 8 °C, which also accounts for low photocatalytic reduction of
Cr(VI).
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KIT = V;,eﬁ ............................................................................. @iv)

Where T is the thermal temperature, k is Boltzmann constant, V, is a pre-exponential factor, Q

is apparent activation energy of the interfacial transfer and kit is the rate constant of interfacial

transfer.
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Figure 4.9: Photocatalytic reduction of Cr(V1) at varied temperature.

4.4.2 Effect of the presence of bisphenol A

The effects of the presence of bisphenol A on the photocatalytic reduction of Cr(VI) was
investigated. It was observed that the presence of bisphenol A reduced the rate of photocatalytic
reduction of Cr(VI) by more than 20 folds (from 0.0393 min* to 0.0019 min™) (Fig. 4.10). The
bisphenol A in the photocatalytic system degraded with the pseudo-first order rate constant of
0.0164 mint. The simultaneous degradation of bisphenol A with the photocatalytic reduction
of Cr(VI) is in agreement with the report of the studies by Kim et al.,(Kim et al., 2015). It
shows that the Cr(VI) could be the electron scavenger of Cus21Bis.79So/gCsN4-mediated
photocatalytic bisphenol A degradation (Xie et al., 2006). However, there was retarded
performance in the reduction of Cr(VI1) in the presence of bisphenol A contrary to the

synergistic performance reported by Kim et al.,(Kim et al., 2015). The observation could be
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because bisphenol A is an aromatic compound and could resists photocatalytic degradation
unlike the easily-oxidizable organics such as oxalic acid, which enhances the rate of
photocatalytic process (Peller et al., 2003; Wang et al., 2008). Due to the resistance to
degradation, the possibility of electron capture by Cr(VI) is reduced since the positively-
charged holes are not scavenged by the added organics (Yang et al., 2012).
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Figure 4.10: The photocatalytic reduction of Cr(VI) in the presence and absence of bisphenol
A.

4.4.3 Effects of the presence of other heavy metal ions

The photocatalytic reduction of Pb(Il) and Ag(l) was also investigated under similar
photocatalytic conditions used for the reduction of Cr(\V1) to Cr(l11). This was for the purpose
of studying how the presence of other ions affects the photoreduction process. The rate of
photocatalytic reduction of these heavy metal ions was found to be low compared to that of
Cr(VI). This could be because the surface of the photocatalyst is positively charged as well as
Pb(11) and Ag(l), unlike Cr(VI) that exists as negatively-charged CrO4?" under the operating
conditions. There was an electrostatic repulsion between the positively charged ions and the
positively charged surface of the photocatalyst, while electrostatic attraction exists between the
negatively charged CrO4% and the positively-charged photocatalyst surface. Therefore, the
adsorption of CrO4% to the surface of the photocatalyst is better than that of Pb(11) and Ag(l).
So, the rate of photocatalytic reduction is 0.0393, 0.0032 and 0.0004 min for Cr(V1), Ag(l)
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and Pb(ll) respectively (Fig. 4.11a). The rate of photocatalytic reduction of Ag(l) is higher
than that of Pb(ll) and this could be ascribed to the reduction of monovalent silver, which
requires one electron while the reduction of divalent lead requires two electrons. Also, the
standard reduction potential of Ag*/Ag is positive, while the standard reduction potential of
Pb?*/Pb is negative (as shown in Equations (v-vii)). The more positive the standard electrode
potential, the more feasible the reaction (Song et al., 2014). The high rate of photocatalytic
reduction of Cr(VI) can also be attributed to the high positive potential of Cré*/Cr3*.

Cro07% + 14H* + 66" — 2Cr3* + TH,0 EO=+1.36 Voo, (v)
Agt +e — Aggs E°=40.80V...cooviiiiiiiiii, (vi)
Pb%* + 26" — Pbys) EO= 013 Vieoeeoeeoeeeeee . (vii)

The rate of photocatalytic reduction of Cr(V1) dropped from 0.0393 to 0.0039 min (half-life
of 17.64 mins to 177.73 min) when the mixture of Ag(l) and Pb(Il) was introduced into the
photocatalytic system as shown in Fig. 4.11b. This clearly shows that the presence of other
heavy metal ions in the system containing Cr(VI1) has antagonistic effects on the rate of
photocatalytic reduction of Cr(\V1). It has been reported that cations such as Mg(l1), Ca(ll), K(I)
and Na(l) have little effects on the photocatalytic reduction of Cr(\V1) due to the high oxidation
state and stability of Cr(VI) (Wang et al., 2022b). On the contrary, the present results showed

that the presence of heavy metal ions such as Pb(ll) and Ag(l) has a significant impact.
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Figure 4.11: (a) Comparative studies of the photocatalytic reduction of Ag(l), Pb(Il) and
Cr(VI), (b) The photocatalytic reduction of Cr(VI) in the presence and absence of Ag(l) and

Pb(11).
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4.4.4 Radical scavenging experiment

The active species that participated in the photocatalytic reduction process were investigated
using sodium nitrate, ascorbic acid (ASC), tert-butanol (TBA) and triethanol amine (TEA) as
the scavenger for electrons (e”), hydroxyl radicals (‘OH), superoxide (-‘O2") and holes (h*)
respectively. Without adding these scavengers, 92.77% of Cr(VI) was photocatalytically
reduced over the Cus21Bis.70S9/gC3N4 under visible light. With the addition of ASC and TBA
into the photocatalytic system, the percentage of Cr(VI) that was photocatalytically reduced
decreased from 92.77% to 8.2% and 11.04% respectively (Fig. 4.12). This shows that both
hydroxyl radicals and holes were captured during the photocatalytic reduction process. This
was in agreement with the report that capturing of ‘O and -OH" could improve the
photocatalytic activities of e” in reducing Cr(VI) (Shen et al., 2020). The introduction of sodium
nitrate into the solution led to the drop in percentage photocatalytic reduction from 92.77% to
16.5%, which shows that e plays a prominent role in the photocatalytic reduction of Cr(VI).
Compared to other scavengers, the contribution of TEA is the lowest. Although, there was also
a significant decrease in the percentage reduction because once the h* has been captured, the
rate of photocatalytic recombination reduces which allows the free e to effect the reduction of

Cr(VI) to Cr(I11).
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Figure 4.12: The results of the radical scavenging experiment.
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CONCLUSION

In general, the graphitic carbon nitride functionalized with rod-like Cus 21Bis.79Sg photocatalyst
displayed a good photocatalytic reduction efficiency for Cr(\V1) under visible light irradiation.
The results revealed that over 90% of Cr(V1) was photocatalytically reduced within 1 h at a pH
of 2, photocatalyst dosage of 10 mg and Cr(VI) concentration of 10 mg/L. The presence of
bisphenol A, Ag(l) and Pb(Il) in the photocatalytic system had inhibitory effects on the
photocatalytic reduction of Cr(V1). The radical scavenging experiments revealed that electrons
(e"), hydroxyl radicals (OH") and superoxide (-O2’) played significant roles in the photocatalytic
reduction of Cr(V1) in the presence of as-prepared photocatalyst under visible light. A pseudo-
first order kinetic study indicated 0.0076 min™,0.0286 min™ and 0.0393 min rate constant for
the nanoparticles, pristine gCsNs and the nanocomposite respectively. This indicated an
enhancement in rate of reduction by the functionalized graphitic carbon nitride by 1.37 and

5.17 folds than the pristine gC3N4and Cus21Bia.79So respectively.
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CHAPTER FIVE

Visible light-driven photocatalytic reduction of monovalent silver using a composite of

NisBi2S2 incorporated into O-doped gCsNa

5.0 Introduction

Silver(l) ions are highly toxic to living organisms and they are able to persist in the environment
since they are not removable by natural phenomenon (Zhang et al., 2018). One of the toxic
effects of Ag(l) is noticeable in its actions against beneficial (and non-beneficial) bacteria. The
membranes of bacteria are negatively charged which enhances their affinity for positively
charged silver, but has no affinity for uncharged silver nanoparticles (Hsiao et al., 2015).
Therefore, Ag(l) causes undesirable toxicological responses. It specifically slows down the
signal transduction within the cell, thereby binding with DNA and/or protein that are present
in the body of living organisms. Their abundance in the environment can be likened to natural
mechanisms such as Trojan-horse mechanism that contributes to the conversion of zero-valent
Ag to Ag(l) (Hsiao et al., 2015). In fact, the observed toxicities associated with the metallic
silver nanoparticles have been linked to the formation of Ag(l) (Hou et al., 2013; Tan et al.,
2019).

Due to the toxicity of Ag(l), several strategies have been employed for their elimination. One
of these strategies is the reaction of Ag(l) with sulphide to form a more stable Ag.S. However,
this process is often hampered by the presence of dissolved oxygen (Liu et al., 2011). Hence,
a strategy involving the reduction of Ag(l) into metallic Ag (which is more useful) is being
considered as a good alternative. Although, direct reduction to metallic silver is not
thermodynamically spontaneous, and this is because the redox potential of Ag*/Ag is highly
negative (Ag* + e  — Ag®, E®=—1.80 V) (Peng et al., 2021). Consequently. substances such
as fulvic acid (Sal’nikov et al., 2009), sodium citrate (Sileikaitée et al., 2009), sodium
formaldehydesulfoxylate (Khanna and Subbarao, 2003), natural organic matter with sunlight
(Houetal., 2013), have been employed for the reduction of Ag(l) to metallic Ag. Photocatalytic
reduction has also been employed and photocatalysts such as TiO. (Chen and K. Ray, 2001;
Lopez-Mufioz et al., 2009), carbon dots-photosensitized polyoxometalates (Madonia et al.,
2022) and graphitic carbon nitride (Abdel Moneim et al., 2016) have been reported for the
removal of Ag*. As far as we know, this current study is the first report on the use of

nanocomposite composed of nickel bismuth sulphide and O-doped graphitic carbon nitride
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(Ni3Bi2S2/0O-gCsNs) for the reduction of Ag(l) to metallic Ag in the presence of LED visible
light. The effect of the presence of hexavalent chromium, persulfate and mixed organic
pollutants (comprising of pharmaceuticals and dyes) on the rate of photocatalytic reduction of
Ag(l) were also studied.

Nickel bismuth sulphide has some metallic behavior and Pauli paramagnetic properties which

makes them to have wide applications in several fields. Despite their usefulness, they are not
widely explored due to the difficulties in synthesis (Qian et al., 2005). High temperature and
other harsh conditions are usually required for their synthesis. For example, Baranov et al.,
(Baranov et al., 2001) synthesized nickel bismuth sulphide by reacting Bi, S and Ni inside an
evacuated quartz tube which was maintained for 168 h at 600 °C. As far as we know, this will
be the first time that nickel bismuth sulphide will be prepared at a temperature that is lower
than 180 °C in less than 21 h. EDTA (a chelating agent) was included in the synthesis of the
sulphide in order to improve the morphological properties of the nanomaterials (Qiu et al.,
2011).

Graphitic carbon nitride (gC3N4) was employed for the formation of composite because of its
semiconducting property with band gap energy of 2.7 eV (Ajiboye et al., 2020), hence also
possess photocatalytic property. It is also a base carrier for the ternary photocatalyst and has
been reported to enhance the removal of the photocatalyst from the aqueous solution after
usage, by reducing the aggregation of the ternary sulphide photocatalyst (Xu et al., 2018;
Ajiboye et al., 2020). The graphitic carbon nitride used was doped with oxygen prior to the
incorporation of the ternary sulphide because oxygen has been reported to be an effective
dopant that enhances the effectiveness of carbon-based materials for photocatalytic
applications since it initiates change in textural and electronic properties of graphitic carbon
nitride (Putri et al., 2020; Zhang et al., 2021).

5.1 Experimental
5.1.1 Materials

Dicyanamide, hydrated nickel chloride (NiCl..6H20), hydrated bismuth nitrate
(Bi(NO3)3.5H20)), ethylene glycol, ethylene diaminetetraacetic acid (EDTA), thioacetamide
and thiourea used in this study were all of analytical grade reagent sourced from Merck

chemicals company. The XRD analysis was carried out on a Phillips X'pert diffractometer with
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a Cu anticathode (CuKa radiation A = 1.54056 A). The emission property was obtained by
using PerkinElmer LS 45 fluorimeter while the absorption spectroscopy was obtained on a
PerkinElmer Lambda 365 double-beam UV-visible spectrophotometer. Transmission electron
microscopy (TEM) was obtained on a JEM—2100 JEOL equipment while LYRA 3, TESCAN

was used for obtaining scanning electron microscopy (SEM).

5.1.2 Synthesis of oxygen-doped graphitic carbon nitride (O-gC3sNa4)

The graphitic carbon nitride was prepared following the widely reported procedures (Ajiboye
et al., 2020; Ajiboye et al., 2021b; Rehman et al., 2021; Shaheen et al., 2022). Briefly, about
10g of dicyandiamide was placed inside a crucible, which was not completely covered in order
to allow air penetration. The partly-covered crucible was placed inside a muffle furnace
operated at 10 °C/min for 4 h at the temperature of 550 °C. After the reaction, yellow lump
was obtained and was allowed to cool to room temperature, after which it was ground into

powder.

5.1.3 Synthesis of nickel bismuth sulphide (NizBi2Sy)

2.0 g of Nickel chloride (NiCl2.6H20) and 2.0 g of bismuth nitrate (Bi(NO3)3.5H20) were
ground separately in a mortar so as to increase their surface area. From the ground stock, 0.7131
g of hydrated nickel chloride (3 mmol) and 0.9700 g of hydrated bismuth nitrate (2 mmol) were
introduced into a 100 mL beaker containing 60 mL of ethylene glycol. To this mixture, were
added 0.152 g of thiourea (2 mmol) and 0.1503 g of thioacetamide (2 mmol). Finally,0.3723 g
of ethylene diaminetetraacetic acid (EDTA) (1 mmol) was added and the entire mixture was
stirred for 30 minutes under room conditions. The content in the beaker was transferred into
the autoclave which was maintained at 175 °C for 20 h. The product was washed by
centrifugation at 5000 rpm for 5 minutes with ethanol and water sequentially. Finally, it was

dried in the muffle furnace at a temperature of 80 °C for 6 h.

101



5.1.4 Synthesis of Ni3Bi.S, /0-gC3N4 nanocomposite

The as-prepared oxygen-doped graphitic carbon nitride and nickel bismuth sulphide were
mixed in the ratio of 3:1 w/w respectively. The mixed reagents were ground together and

calcinated at 300 °C for 2 h using a muffle furnace to afford NisBi>S2/O-gC3N4 nanocomposite.

5.2.  Photocatalytic investigations

The photoreduction property of the nanocomposite (NizBi2S2/O-gCsN4) was evaluated on an
aqueous solution of monovalent silver. Typically, 50 mL of 10 mg/L AgNOs solution was
measured into a 100 mL beaker. The pH of the solution was adjusted to 4 by using dilute
hydrochloric acid. Then, 10 mg of NisBi2S2/O-gCsN4 was accurately measured into the solution
in the beaker and stirred for 20 min in the absence of light to achieve the adsorption-desorption
equilibrium. After the equilibrium had been attained, the solution was irradiated by a 28 W
visible LED light. During the reaction, aliquots of the AgNOs3 solution were taken at a regular
15 min interval. The concentration of the aqueous Ag(l) at a particular time was measured
using a UV-visible spectrophotometer. The percentage of Ag(l) reduction was estimated by
using Equation (i), while the data obtained was fitted into linearized form of the pseudo first
order kinetics (Equation (ii)). The half-life for the photocatalytic reduction process was

calculated by using Equation (iii).

Co—Ct

Percentage photocatalytic reduction = —— X 1000 i (i)
—KE = IN(EE) (if)
Half —life=1m2/, =0693/ e (iii)

Where C, and C; represent the initial and final concentration of aqueous Ag(l), t is the reaction

time and k is the pseudo- first order reaction rate constant.
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5.3  Results and Discussion
5.3.1 X-ray diffraction (XRD) studies of Ni3Bi»S2/O-gCsN4 hanocomposite

The PXRD of the studied compounds are presented in Fig. 5.1. A search in the PCPDF database
by using the X’pert High score software (Degen and van den Oever, 2009), showed that the
NisBi2S> crystallizes in the monoclinic system space group C2/m that matches with the PCPDF
number 01-080-2191 (Fig.5.1a). There are no peaks from the binary oxides, binary sulphides

or other impurities, indicating the purity of the sample.

The diffraction pattern of the oxygen-doped graphitic carbon nitride is shown (Fig.5.1b). The
oxygen-doped gCsNa4 crystallizes in the hexagonal system, space group P-6m2 (PCPDF
number 01-087-1526). The PXRD displayed a very prominent peak at 27.50°, which was
indexed to the (002) and it is the characteristic peak for graphitic carbon nitride. The peak arises
from the aromatic conjugation system of the interlayer stacking (Chidhambaram and
Ravichandran, 2017; Ajiboye et al., 2020). Fig.5.1c shows the PXRD of the nanocomposite of
the oxygen-doped gCsN4 and Ni2Bi>Ss. Appearance of the prominent (002) peak at 27.60°
confirmed the presence of graphitic carbon nitride. All other peaks were indexed to the

Ni2Bi3Ss crystal system.
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Figure 5.1: XRD plot of the (a) Nickel bismuth sulphide (Ni2Bi2S3) (b) oxygen-doped graphitic

carbon nitride, and (c) NisBi2S2/0-gCzN4 nanocomposites.

5.3.2 FTIR studies of NizBi2S2/O-gCsN4 nanocomposite

The FTIR spectrum of the oxygen-doped graphitic carbon nitride and the nanocomposite are
presented in Fig 5.2 (a and b) which show a broadband at 3075 cm that could be attributed to
the stretching vibration of N-H. The peak at 2308 cm™ due to the N—C—C or C=N group
present in the structure of the graphitic carbon nitride. The characteristic sharp peak of melon

and this peak appears due to the vibration of the nitrogen atom that is
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present in the aromatic ring (Pandey et al., 2020). Also, the band at 883 cm™ appeared as a
result of the deformation mode of the N-H present in amino groups (Dong et al., 2013), while
the peak at 800 cm™ is attributed to the characteristic breathing mode of the tri-s-triazine
cycles has a (Zhang et al., 2012; Lan et al., 2016). The peak at 626 cm™ indicated the presence
of S-S bond, while the peak at 723 cm™ was due to the presence of metal-sulphur bond
(Devamani et al., 2018). The sharp peaks at 1128 cm™ was as a result of the vibration from the
non-symmetric S-H bonds formed through the interaction of the ternary sulphide with the
solvent (Koh et al., 2003; Dashairya et al., 2020). The characteristic peaks of both the nickel
bismuth sulphide and oxygen-doped graphitic carbon nitride appeared in the nanocomposite.
The peak around 1540 cm™ is due to the bending vibration of the N-H, while the 1627 cm™

could be attributed O-H bending vibration as a result of the physically adsorbed water
molecules (Zhang et al., 2019).

~ T T
':\IJr (a) I‘ ‘I‘l ’r
| |
| {_—
| .‘“‘| /
o ‘I .‘" f/
- /
=3 ‘I fl ‘lf'\‘/
3 I‘ / |‘
& S I‘ / |
= \ |
£ | |
@ I‘f\I n I |
5 W/
= il |
¥ PV
L |
N
7
- U
v
g ez 28233 e o
=] O o 0 M~ o« K “
S e LRSS 2E4a 2
T - T T T T T I':r
3500 3000 2500 2000 1500 1000 500

Wavenumber cm-1

105



105
+-

(b) ’\ [

Transmittance [%]
90 95 100
L I
o

85
1

2111.86 —

3075.60
2308.52 —

T T T T T T T
3500 3000 2500 2000 1500 1000 500
Wavenumber cm-1

Figure 5.2: FTIR spectra of (a) O-gC3N4 and (b)Ni2Bi>S3/O-gCsN4 nanocomposite.

5.3.3 Morphological Properties studies of the Ni2Bi»S3/O-gC3N4 nanocomposite

The surface morphology of the nanocomposite explored using scanning electron microscopy
(SEM) image and presented in Figure 5.3a, revealed that the synthesized composite is
aggregated with particles of irregular shape. The TEM image in Figure 3b shows nanorods with
dissimilar orientations. As shown in the HRTEM image in the inset, the nanorods contains
distinct fringes characteristic of crystalline materials and the lattice spacing was approximately
0.296 nm that corresponds to the (022) planes of the nickel bismuth sulphide. This value of the
lattice spacing is in good agreement with previously reported value for the nickel bismuth
sulphide deposited on nickel foam (Yao et al., 2022). The EDS (Figure 5.3c) shows the
presence of carbon, nitrogen, oxygen, nickel, bismuth and sulphur with weight percentage of
45.13, 29.45, 9.81, 3.78, 9.94 and 1.89% respectively. The length and width of the nanorods
are presented in the size distribution histogram presented in Figures 5.3(d and e), which showed

132 and 29 nm as the average length and width respectively.
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Figure 5.3: (a) SEM image, (b) TEM image (inset is the HRTEM image), and (c) EDS of
Ni2Bi2S3/O-gCsNas. (d) and (e) Particle size distribution for the length and width of the nanorods
respectively.

The elemental mapping images (Fig. 5.4(a-g)) confirmed that the Ni2Bi.Ss particles were well
dispersed on the graphitic carbon nitride. It also confirmed that the elemental compositions C,
N, O, Ni, Bi and S were evenly distributed homogeneously and co-existed in the sample. This
further showed the formation of the nanocomposite.
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Figure 5.4: (a) Elemental mapping of Ni2Bi2Ss/O-gCsN4 (b) C, (c) N, (d) O, (e) Ni, (f) Bi, and
(9) S Ni2Bi2S3/0-gCsNs.

5.3.4 Optical properties of the Ni2Bi>Ss/O-gCsN4 nanocomposite

UV-visible absorption of the Ni2Bi.S3/O-gC3N4 nanocomposite is shown in Fig.5. 5a. There
are three absorption maxima in the UV spectrum. The two close intensities around 350 nm
were from the graphitic carbon nitride and were the results of unsaturated n-m* transitions
involving the nitrogen atoms and the poly conjugated heteroaromatic n— m* transition
(Mohanraj et al., 2021). The strong intensity around 220 nm could be attributed to absorption
due to the nickel bismuth sulphide nanoparticles present within the nanocomposite (as shown
in Figure 5c¢). Similar results were reported with the incorporation of ternary CusSnSs into
graphitic carbon nitride (Olatunde and Onwudiwe, 2022). The optical indirect bandgap energy
of the nanocomposite was estimated by using the Tauc plot, obtained from Equation (iv) by
plotting (av)Y? against the energy (hv) and extrapolating the linear portion of the curve to the
energy axis. The value obtained was 3.0 eV, which is significantly higher than 2.7 eV which is
the value that has been widely reported in several literature as the bandgap energy for pristine
graphitic carbon nitride (Oh et al., 2017; Ismael et al., 2019; Ajiboye et al., 2021b; Olatunde
and Onwudiwe, 2022).
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where Ej is the optical band gap, v is the photon frequency, h is the Planck constant and a is
the absorbance. The type of electronic transitions(n) and the value of electronic transitions: n=
3, 3/2, 2 or % for indirect-forbidden, direct-forbidden, indirect-allowed and direct-allowed

transitions respectively (L6pez and Gémez, 2012).
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Figure 5.5: (a) UV plot of Ni2Bi2Ss/O-gC3zN4 (b) Tauc plot of Ni>Bi2S3/O-gCsNa.

5.4 Photocatalytic investigations

The wavelength of maximum absorption for aqueous silver(l) was found at 215 nm and the
absorption maxima decreased with the increase in the irradiation time (Fig. 5.6a). Firstly, the
chemical reduction of Ag(l) was investigated without irradiation or addition of photocatalyst
to the system and the percentage degraded were found to be negligible. After a 60 min
irradiation, only about 0.5% of reduction was achieved for Ag(l) without any photocatalyst.
Also, the treatment of the solution with the nanocomposite photocatalyst in the absence of light
led to the Ag(l) reduction of less than 1.0%. Thereafter, the process was carried out with the
addition of oxygen-doped graphitic carbon nitride, nickel bismuth sulphide, and their
composite (Ni2Bi2Ss/O-gC3N4) as the photocatalyst under visible LED light. The results
showed that the photocatalytic reduction of Ag(l) was higher when oxygen-doped graphitic
carbon nitride was used as photocatalyst compared to the photocatalytic reduction when nickel
bismuth sulphide was used as the photocatalyst. This may be due to the polymeric nature of
oxygen-doped graphitic carbon nitride as a result of the layered structure, which contributed to
better adsorption of Ag(l) unlike in the pristine nickel bismuth sulphide (Cao et al., 2015;
Ajiboye et al., 2020).
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The pseudo-first order rate constant changed from 0.0035 min™* when pure nickel bismuth
sulphide was used as the photocatalyst to 0.0061 min™* when graphitic carbon nitride was
introduced into it to form a composite (as shown in Fig. 5.6 (b and c). This may be attributed
to better separation of holes/electrons, and a reduction in the rate of recombination of holes and
electrons due to the formation of heterojunction systems (Wang et al., 2014; Ajiboye et al.,
2021b).The enhanced photocatalytic performance has been reported for other graphitic carbon
nitride nanocomposite including gCsNa4/carbon dots (Li et al., 2022), g-C3N4/Bi2WOe (Zhou et
al.,, 2022), silver-functionalized graphitic carbon nitride (Ajiboye et al., 2022) and
BiOxCly/BiOmBrn/BiOplg/g-CsNs (Lin et al., 2022).
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Figure 5.6: (a) The UV plot for the photocatalytic reduction of Ag* using Ni2Bi>S3/O-gC3Na
as the photocatalyst at varied time of irradiation (b) The pseudo first order plot for pristine
NisBi2S2 and Ni2Bi2S3/O-gCsNa4 (c) The performance of oxygen-doped gCsN4, NizBi2S2 and
Ni2Bi2S3/O-gCsaNa. carried out at pH 6 with 25 mg of photocatalyst and 10 mg/L of silver(l)
ions.

111



5.4.1 Effectof pH

The pseudo-first order rate constant of Ag(l) photocatalytic reduction was 0.0053 min* at pH
4 which decreased to 0.0047 min™ at pH 12 under the same conditions. This shows that the
presence of hydrogen ions favours the rate of reduction of Ag* ions in the presence of light.
When the concentration of hydrogen ion was adjusted by changing the pH to 6, the pseudo-
first order rate constant increased from 0.0047 min* to 0.0070 min* (Fig. 5.7). This indicated
that there is an optimum value for the hydrogen ions that is required to obtain a maximum
photocatalytic reduction rate of Ag(l). The observed change in photocatalytic reduction rate
with change in pH could be linked to the modification of the surface charge of the photocatalyst
in the presence of hydrogen ions (Zhou et al., 2016). Although, the presence of hydrogen ions
is beneficial, but at a low pH, the concentration of hydrogen ions was too high and the hydrogen
ion began to influence the equilibrium between the photocatalyst and Ag(l) which reduced the
rate of photocatalytic Ag(l) reduction (Song et al., 2018).

The observed increase in the rate of photocatalytic reduction of Ag(l) from a more acidic pH
to a less acidic pH is consistent with earlier reported by Ohtani et al., (Ohtani et al., 1987).
Similar variation has also been reported for other heavy metal ions. For instance, the enhanced
photocatalytic oxidation of trivalent arsenic to pentavalent arsenic prior to adsorption of
pentavalent arsenic has also been reported to occur maximally at near neutral pH (Sun et al.,
2017). Contrarily, the photocatalytic reduction of hexavalent chromium has been reported to
be higher at a pH of 4 compared to the pH of 6, which is the opposite of the observed trend in
the current study for the photocatalytic reduction of Ag(l) (Nanda et al., 2017).
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Figure 5.7: Effect of pH on the photocatalytic reduction of silver(l) ions using Ni2Bi>Ss/O-
gCsNy as the photocatalyst. (experimental conditions: 10 mg/L Ag(l) concentration, 25 mg
Photocatalyst dosage and 28 W LED light)

5.4.2 Effect of initial Ag(l) ion concentration

The optimum photocatalytic reduction of Ag(l) was obtained when the initial concentration of
Ag(l) was 10 mg/L. As shown in Fig. 5.8, there was significant decrease in photocatalytic
reduction of Ag(l) when the initial concentration of Ag(l)was increased by a factor of 2 and 3
under the same conditions. At 10 mg/L, the pseudo-first order rate constant was 0.0045 min™
and this value dropped to 0.0041 min* and 0.0029 min when the concentration was increased
to 20 mg/L and 30 mg/L respectively. This might be due to the fast re-oxidation of the reduced
silver in the presence of excess Ag(l) (Troupis et al., 2003). In addition, the increase in the
silver ion photo-reduction with decrease in initial Ag(l) concentration could also be as a result
of insufficient photons reaching the surface of the photocatalyst (Sane et al., 2018).
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Figure 5.8: Influence of initial Ag(l) ion concentration on photocatalytic reduction of silver(l)

ions. (experimental conditions: pH 6, 25 mg Photocatalyst dosage and 28 W LED light).

5.4.3 Effect of photocatalyst dosage

An increase in the value of the pseudo-first order rate constant from 0.0066 min™* to 0.0070
min’t occurred when the quantity of the photocatalyst used was increased from 10 to 25 mg
(Fig.5. 9). The observed increase in the rate of photocatalytic reduction might be due to the
increase in the site of reaction, leading to the increase in the adsorption of Ag(l) to the
photocatalyst (Ajiboye et al., 2021a; Li et al., 2021). However, when the photocatalyst dosage
was further increased from 25 to 50 mg, the pseudo-first order rate constant dropped from
0.0070 to 0.0047 mint. The observed decrease in the photocatalytic reduction rate could be as
a result of the increased turbidity caused by excessive photocatalyst, thereby resulting in a
decrease in light transmittance and light intensity reaching the surface of the photocatalyst
(Abdel Moneim et al., 2016). Also, agglomeration of the photocatalyst as a result of particle-
particle interaction, which results in the loss in surface area must have contributed to the
decrease in the rate of photocatalytic reduction with high quantity of the photocatalyst (Kaneco
etal., 2004).

Hence, the photocatalyst dosage of 25 mg (500 mg/L) resulted into an enhanced photocatalytic
reduction of Ag(l) compared with the result obtained when 10 mg (200 mg/L) and 50 mg (1000
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mg/L) were used under similar conditions. This optimum value was clearly lower than the
optimum value of 2000 mg/L and 3000 mg/L that were previously reported when TiO2 and
SrWO. were respectively used for the photocatalytic reduction of Ag* (Chen and Ray, 2001,
Sharma et al., 2008).
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Figure 5.9: Effect of catalyst (Ni2Bi>S3/O-gC3N4) dosage on the photocatalytic reduction of
silver(l) ions. (experimental conditions: 10 mg/L Ag(l) concentration, 25 mg Photocatalyst
dosage and 28 W LED light).

5.4.4 Influence of Persulfate activation

Persulfate has been considered as an important additive used to enhance the photocatalytic
process because of its high oxidizing power due to high positive values of its electrode potential
(E®=+2.01 V). It produces a stronger oxidizing sulphate radical (Zhang et al., 2015) upon
activation. The generated sulphate radical is more stable than the hydroxyl radicals at room
temperature (Zhang et al., 2015). We investigated the effect of persulfate addition on the
photocatalytic reduction of Ag(l) by adding 10 mg/L of potassium persulfate into the system
and it was observed that it has inhibitory effects on the rate of photocatalytic Ag(l) reduction
(Fig. 5.10). The reason could be that the addition of persulfate into the system had significantly
increased the oxidant species in the system which result into re-oxidation of the zero-valent Ag
back to Ag(l) (Diao et al., 2016; Wang et al., 2022).
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Figure 5.10: Effect of the presence of persulfate on the photocatalytic reduction of silver(l)
ions using Ni2Bi2S3/O-gC3N4as Ni2Bi2S3/O-gCsNa. (experimental conditions: 10 mg/L Ag(l)
concentration, pH 6, 25 mg Photocatalyst dosage and 28 W LED light).

5.4.5 Effect of mixed organic pollutants on the photocatalytic efficiency of gCsN4/O-
NizBi2S2

The effects of the presence of different organic pollutants on the rate of photocatalytic
reduction of different metal ions have been previously investigated (Tan et al., 2003). The
photocatalytic reduction of metal ions had been earlier reported to be enhanced by the presence
of organics due to synergistic effects (Wang et al., 2008). However, when the mixture of 10
mg/L acyclovir and 10 mg/L methyl orange were introduced into the catalytic system
containing 10 mg/L of Ag(l) solution, a pronounced reduction in the photocatalytic reduction
rate was observed. The pseudo-first order rate constant changed from 0.0070 min to 0.0021
mint corresponding to the change in half-life from 99 min to 330 min. This accounts for over
three-fold decrease in phototocatalytic silver(l) reduction. When the single organic pollutant
was used (acyclovir only), there was slight improvement in the rate of photocatalytic reduction
at the end of 60-min LED irradiation as shown in Fig.5.11. The overall reduction in the rate of

photocatalytic reduction could be due to the poor oxidizability of the two organic pollutants.
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In previous reports, the presence of easily oxidizable organics such as oxalic acid boosted the
rate of photocatalytic reduction of metal ions, since the easily oxidizable organic scavenged

the positive holes in the photocatalysts (Yang et al., 2012).
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Figure 5.11: effect of the presence of mixed organic pollutants on the photocatalytic reduction
of silver(l) ions using Ni2Bi>S3/O-gCsNa. (experimental conditions: 10 mg/L Ag(l)
concentration, pH 6, 25 mg photocatalyst dosage and 28 W LED light).

5.4.6 Effect of the presence of Cr(VI) ions on the photocatalytic efficiency of Ni2Bi»Sz/O-
gCsNg4

The effect of other metal ions on the rate of photocatalytic reduction of Ag(l) has not been
properly studied. Chen et al., (Chen and K. Ray, 2001) demonstrated that the rate of
photocatalytic reduction of monovalent silver is higher than the rate at which hexavalent
chromium was reduced under similar conditions. Since the two ions are reduced in the presence
of light, it is necessary to study the effect of their joint existence in the photocatalytic system.
The effect of the presence of Cr(VI1) on the photocatalytic reduction of silver(l) was studied,
and the rate of Ag(l) reduction was found to be suppressed with the addition of equal mole of

hexavalent chromium (Figure 5. 12).
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Figure 5.12: Effect of the presence of hexavalent chromium on photocatalytic reduction of
silver(l) ions using Ni2Bi>S3/O-gC3N4 as photocatalyst. (experimental conditions: 10 mg/L
Ag(l) concentration, pH 6, 25 mg photocatalyst dosage and 28 W LED light).

The pseudo first order rate constant of the photocatalytic reduction of silver was 0.0070 min
in the absence of Cr(VI), but the rate constant was reduced to 0.0058 min* when Cr(V1) was
introduced into the system. This accounts for the reduction in photocatalytic performance by a
factor of 1.2. The reason for the inhibitory role played by Cr(VI) could be ascribed to the
competition between Ag*, Cr,07% and HCrO4 - (Wahyuni et al., 2015). The effect of the
presence of Cu(ll) on the photocatalytic reduction of ions of silver has been previously studied.
The studies showed that the presence of Cu(ll) has no effect on the rate of Ag(l) reduction in
the presence of light (Herrmann et al., 1988) unlike what was obtained when Cr(VI) was
introduced into the system. The inhibition observed was more pronounced than what was
observed when the mixture of organic pollutants was introduced into the system as shown in
Table 5.1.
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Table 5.1: The pseudo-first order rate constant data and half-life values obtained at varied

conditions but constant light intensity (28 W)

Initial ~ Ag(l) | Photocatalyst | Additives | Equation Pseudo R? Half-
Concentration+ | + dosage first order life
pH rate (min)
constant
(min?)
10 mg/L + pH 6 | NizBi>S3/O- - 0.0061x + 0.139 | 0.0061 0.6265 | 113.63
gCsNs+ 25 mg
10 mg/L + pH 6 | Ni3Bi2S: - 0.0035x + 0.088 | 0.0035 0.5850 | 198.04
+25 mg
30 mg/L + pH 4 | Ni;Bi,Ss/O- - 0.0029x + 1 0.0029 0.6431 | 239.02
gCsN4+50 mg 0.0637
20 mg/L + pH 4 | Ni2Bi,Ss/O- - 0.0041x + | 0.0041 0.7370 | 169.06
gCsN4+ 50 mg 0.7370
10 mg/L + pH 4 | Ni2Bi,S3/O- - 0.0045x + | 0.0045 0.7633 | 154.00
gCsNs+ 50 mg 0.0722
10 mg/L + pH 4 | Ni2Bi,S3/O- - 0.0053x 0.0053 0.5855 | 130.75
gCsNs+ 25 mg +0.1346
10 mg/L + pH | NizBi,S3/O- - 0.0047x + | 0.0047 0.8068 | 147.45
12 gCsNs+ 25 mg 0.0682
10 mg/L + pH 6 | NizBi»S3/O- - 0.0070x + 1 0.0070 0.5739 | 099.00
gCsNa+ 25 mg 0.1802
10 mg/L + pH 6 | Ni2Bi>S3/O- - 0.0066x + | 0.0066 0.7866 | 105.00
gCsNs+ 10 mg 0.1018
10 mg/L + pH 6 | Ni2Bi>S3/O- 10mg/L 0.0058x + | 0.0058 0.5586 | 119.48
gCsN4 +25mg | persulfate | 0.1550
10 mg/L + pH 6 | Ni2Bi>S3/O- 10 mg/L | 0.0021x-0.0143 | 0.0021 0.9260 | 330.00
gCsN. + 25 mg | diclofenac
+ 10 mg/L
methyl
orange
10 mg/L + pH 6 | NizBi»S3/O- 10 mg/L | 0.0010x + 1 0.0010 0.9808 | 693.00
gCsN4 + 25 mg | dichromate | 0.0026
solution
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The optimum conditions obtained for the photocatalytic reduction of monovalent silver using
NizBi2/O- gCsN4Sz was pH 6, 10 mg/L Ag(l) concentration and 25 mg of photo-catalyst’s
dosage with 28 W LED light. However, when the source of light was changed to 48 W LED
light, there was a significant increase in the rate of photocatalytic reduction. The pseudo-first
order rate constant changed from 0.0070 min to 0.0460 min (Fig.5.13), which was equivalent
to a change from 39.50 to 93.08%. This clearly shows that the intensity of light plays a
significant role in the photocatalytic reduction of Ag(l) ions. The excitation rate of holes and
electrons increased with the increase in light intensity and the rate of photocatalytic process
was enhanced (Ani et al., 2018).
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Figure 5.13: Pseudo-first order rate constant plot for 48 W LED light compared to 28 W LED

light under the same conditions.

5.4.7 Radical scavenging experiment

The mechanism of photocatalytic reduction of Ag(l) were studied via radical scavenging
experiments. Sodium nitrate was used as the electron scavengers while triethanol amine (TEA),
tert-butanol (TBA) and ascorbic acids (ASC) were used as the scavengers for hole, hydroxyl
and superoxide radicals respectively. The influence of these scavengers on the photocatalytic
reduction process was compared with the photocatalytic reduction without the presence of
these scavengers. The introduction of 0.01 M TBA into the photocatalytic system had lower
effect on the percentage of Ag(l) ions reduced compared to the other scavengers used for the

investigations. There was 63.9% photocatalytic reduction in the presence of TBA, which was
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a reduction of 22.7%. There were less than 3% photocatalytic silver(l) reduction when 0.01 M
TEA, 0.01 M ASC and 0.01 M NaNOs were separately used as the scavengers under similar
conditions (Fig.5.14). The observations show that the contribution of hydroxyl radical is low
compared to the contribution of electrons, holes and superoxide, although, they all contributed

to the photocatalytic reduction process.
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Figure 5.14: The result of the radical scavenging experiment for the photocatalytic reduction

of Ag(l) ion using Ni»Bi>S3/0-gC3N4 photocatalyst.

5.4.8 Reusability study of the photocatalytic reduction of Ag* using Ni2Bi>S3/O-gC3N4

The three consecutive recycling of the same photocatalyst for the photocatalytic reduction of
Ag(l) was carried out to understand the reusability of the photocatalyst. After each complete
cycle, the used photocatalyst was washed with distilled water, centrifuged at 6000 rpm for 5
min and dried at 50 °C for 2 h. As shown in Fig. 5.15, Ni2Bi2S3/O-gC3zN4 retained its
photocatalytic activities even after three consecutive cycles with an efficiency still above 85%.
This shows that the photocatalytic activity of the photocatalyst was sustainable and it is stable

as well as reusable under visible light.
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Figure 5.15: The reusability study of Ni2Bi>S3/O-gC3N4 photocatalyst for the photocatalytic
reduction of Ag(l) ion.

CONCLUSION

A nanocomposite of nickel bismuth sulphide and oxygen doped graphitic carbon nitride was
successfully synthesized. The performance of this nanocomposite on the visible light enhanced
reduction of Ag(l) was investigated. The addition of persulfate, Cr(\V1) solution and mixture of
organic pollutants (pharmaceutical and dyes) significantly reduced the rate of photocatalytic
reduction of silver(l). The optimum conditions obtained for the photocatalytic reduction
process was pH 6, using 10 mg/L Ag(l) concentration, 25 mg of photo-catalyst’s dosage, and
28 W LED lamp. There was an increase in the pseudo-first order rate constant by a factor of
6.5 when 48 W LED lamp was used under similar conditions. The photocatalyst was stable
even after it has been used for three consecutive runs. The results obtained showed that the use
of Ni2Bi2S3/O-gCsNa for the reduction of silver(l) is very promising.
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CHAPTER 6

Synthesis of AgBiS2/gCsN4 and its application in the photocatalytic reduction of Pb(l1)

in the matrix of methyl orange, crystal violet and methylene blue dyes

6.0 Introduction

Lead pollution occurs through the release of lead-containing waste that is generated during
chemical manufacturing, mining and from municipal waste. It is common in the environment
because of its presence in water pipes, batteries, gasoline additive, paint, ammunitions (as slugs
in bullets or lead shots) and insecticides (Clausen et al., 2011). Lead is also found in natural
form in the ground water (Murruni et al., 2007), and it has been reported to be toxic to internal
organs such as livers and kidneys (Ajiboye et al., 2021a). Also, it is carcinogenic (Leroyer et

al., 2022). Hence, their removal from water is a necessity.

Removal of lead from water is usually achieved through hydroxide or carbonate precipitation
(Li et al., 2019). The use of precipitating agents such as nitriloacetic acid and
ethylenediaminetetraacetic acid, followed by recovery via chemical oxidation, electrolysis or
precipitation has also been reported (Koehler et al., 2009; Li et al., 2019). However, these
methods are not cost effective as they also require the use of other methods in order to recover
the lead from water (Li et al., 2019; Zhu et al., 2019; Ajiboye et al., 2021a). The fact that
lead(I1) usually co-exists with other organic pollutants such as pharmaceuticals and dyes makes
their removal from polluted water more difficult (Ajiboye et al., 2021b). Therefore,
photocatalysis is considered as a viable alternative to its removal since it could simultaneously
oxidize the organic pollutants and deposit the lead via reduction reaction. Photocatalysts such
as metal chalcogenides (oxides and sulphides), and light are required for the photocatalytic
process. The synthesis of oxides is relatively easier compared to the synthesis of sulphides

which might not be possible without a good sulphur source and favourable reaction conditions.

Maltide (AgBiS2) has two known crystal phases: hexagonal S-AgBiS. and cubic a-AgBiSa.
The cubic phase exists at a low temperature, while the hexagonal phase exists at a high
temperature. At 195 °C, inter-conversion of one crystal phase to another takes place. Its crystal
structure in the trigonal stable state is shown in Fig. 6.1, in which BiSe octahedra are alternated
with AgSe tetrahedra in their unit cell (Zhong et al., 2013; Ganguly et al., 2019).
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A few studies have reported the removal of Pb ions within the matrix of dye pollutants. For
example, Wang et al., (Wang et al., 2019) simultaneously reduced Pb(ll) and oxidized new
coccine dyes by using a nanocomposite of TiO2 and graphene oxide. Pt-doped TiO has also
been utilized as a photocatalyst for the reduction of Pb(I1) (Murruni et al., 2007). Several metal
sulphide photocatalysts have also been used for the degradation of dyes (Li et al., 2012; Yang
and Hao, 2022) and removal of heavy metals (Ajiboye et al., 2021b; Cherifi et al., 2021).
AgInsSg/SnS; heterojunction system has also been used to photocatalytically reduce Pb(Il) to
metallic lead(Lin et al., 2021). However, an extensive search of the literatures showed that the
removal of divalent lead from the matrix of dyes using a nhanocomposite of graphitic carbon
nitride and silver bismuth sulphide has not been studied. Hence, the current study focussed on
the photocatalytic reduction of Pb(Il) using AgBiS2/gC3N4 composites as the photocatalysts.
Three different dyes chosen for the investigations are methyl orange, methylene blue and
crystal violet. This was due to their numerous application and their abundance in the
wastewater (Dhanalakshmi et al., 2020; R et al., 2021). Graphitic carbon nitride was
incorporated because the nitrogen atoms in its structure can form a coordinate bond with the
lead metal ions. In addition, it is highly stable and insoluble in water (Ajiboye et al., 2020;
Zheng et al., 2021).

Figure 6.1: Crystal structure of AgBiS,. Colour code: light pink=Bi, red=S grey=Ag
(Ganguly et al., 2019).
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6.1 Experimental
6.1.1 Materials and instruments

Melamine, silver nitrate (AgNOgs), bismuth nitrate pentahydrate (Bi(NO3)s-5SH20)),
thioacetamide (CH3CSNH>), sodium sulphide (Na.S), dyes (methylene blue, crystal violet and
methyl orange) and lead nitrate (Pb(NO3z)2) used in this study were all of analytical grade
supplied by Merck chemicals. The XRD analysis was carried out on a Bruker D8 Advance X-
ray diffractometer (Karlsruhe, Germany). The diffractometer has single-wavelength Cu Ko
radiation (A = 1.546060 A). JEOL 6400F field-emission SEM (Zeiss, Oberkochen Germany)
was used for obtaining scanning electron microscopy (SEM) while Transmission electron
microscopy (TEM) was obtained on a JEM—2100 JEOL equipment. Bruker alpha-P
FTIR spectrophotometer was used for FTIR measurement. SDTQ 600 VV20.9 Build 20 Thermal
analyser was used for the Thermogravimetric (TG) analysis. Perkin Elmer A20 UV-vis
spectrophotometer was used to obtain the absorption properties.

6.1.2 Synthesis of graphitic carbon nitride (gCzN4)

10.00 g of melamine was measured into a clean alumina crucible with a lid. It was heated in a
muffle furnace for 4 h at 550 °C (constant heating rate of 4 °C min™1) to obtain yellow solid
via thermal polymerization (Fig. 6.2). The yellow solid obtained was crushed with mortar and
pestle, after cooling, to obtain a yellow powder. The obtained yellow powder was kept in the

desiccator to prevent moisture.
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Figure 6.2: Thermal condensation of melamine for the formation of graphitic carbon nitride.
Adapted with permission from (Liu et al., 2016b). Copyright (2016), The Royal Society of
Chemistry.

6.1.3 Synthesis of silver bismuth sulphide (AgBiS>)

1.00 g of bismuth nitrate pentahydrate (Bi(NOz)3-5H20) and 1.00 g of silver nitrate (AgNOs)
were separately ground with mortar and pestle to increase their surface area. From the ground
portion, 0.243 g of bismuth nitrate pentahydrate (0.5 mmol) and 0.085 g of silver nitrate (0.5
mmol) were measured into a 100 mL beaker. A solution of 0.240 g of sodium sulphide (1.0
mmol) and 0.076 g of thioacetamide (1.0 mmol) in 50 mL of distilled water was added to the
mixture of bismuth nitrate and silver nitrate. The mixture was stirred at 40 °C for 1 h to form a
homogenous solution and was transferred into a mini autoclave operated at 180 °C for 40 h.
After the reaction, deep grey solids were collected from the autoclave. Then, the solid formed
was washed by centrifugation several times with absolute ethanol at 6000 rpm. Finally, the

pure sample was dried in a muffle furnace at 75 °C for 8 h.
6.1.4 Synthesis of AgBiS2/gC3N4 composite

The as-prepared silver bismuth sulphide and graphitic carbon nitride were homogenised
together in the ratio of 3:1 w/w respectively. The mixture was ground together and calcined at

350 °C for 2 h using a muffle furnace to obtain AgBiS2/gCsN4 nanocomposite.

6.2 Photocatalytic investigations

About 50 mL solution containing specific concentration of Pb(Il) and known mass of as-
prepared AgBiS2/gCsN4 nanocomposite were introduced into 100 mL glass beaker. The pH
was adjusted with NaOH and HCI to pH 12 and 2 respectively. The mixture was allowed to
equilibrate in the dark for 20 min. Thereafter, a 28 W visible LED light was switched on to
initiate the reaction. The solution was constantly stirred to ensure homogeneity in the system
while irradiated with visible light. As the reaction progressed, about 5 mL aliquot of Pb(ll)
solution was sampled at 15-min regular intervals. The concentration of Pb(11) in each irradiated
sample was obtained by using UV-visible spectrophotometer after filtration with 0.45 pm
cellulose acetate filters. The percentage of Pb(ll) reduced, the pseudo-first order rate constant
and the half-life of the reaction were obtained by using Equations (iv), (v) and (vi)

respectively.
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Percentage photocatalytic reduction = % X L00%0.....cooiiiiieieeee e (iv)

o

—Kt = 1n(g—z ........................................................................................ )

Half —life = 102/, =0.-693/ (vi)

Where Co and Ct represent the initial concentration and concentration at time t of aqueous
Pb(I1) respectively, t is the reaction time and k is the pseudo- first order reaction rate constant.

6.3 Theoretical Background
6.3.1 Estimation of crystallite size, lattice strain and dislocation density

The crystallite size of the ternary nanoparticles and the nanocomposites were estimated by
using Williamson-Hall plot (the deformation model). This model expresses the full width at
half maximum (FWHM) in terms of the lattice strain and crystallite size. The total broadening
of a peak is the summation of the effect of the micro strain (J3:) and crystallite size (Bp), which

can be expressed mathematically by Equation (vii).

The Scherrer equation (Equation (viii)) relates the crystallite size (D), the broadening effect
of the crystallite size (Bp), shape factor (k =0.9) and the wavelength of the X-ray source (A =
0.15406 nm). The value of the shape factor changes with the morphology of the material and
the wavelength of the source (Cu Ka radiation). Also, the strain (€), peak position in radian and

the broadening effect due to strain (Be) are connected by Equation (ix).

Bp = Dg)};B ........................................................................................... (viii)
Be = A8 () oo (ix)
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Incorporating Equations (viii) and (ix) into Equation (vii) with re-arrangement gives
Equation (x). To obtain Williamson-Hall plot from Equation (x), B cos 8 is plotted against
4 sin 8. The gradient of the plot is the strain (€), while the crystallite size is estimated from the

intercept (Equation (xi)).

ﬁcose=£(4sin0)+%/1 ......................................................................... (x)

Intercept = %’1 ....................................................................................... (xi)

The amount of dislocation that is present in a unit volume of the prepared material (dislocation
density) was determined by using Equation (xii).

1

Dislocation Density = ———
y (Crystallite size)?

6.3.2 Determination of valence band and conduction band edge

The conduction band potential (Ecg) and valence band potential (Evs) of the nanoparticles
were determined by using Equations (xiii) and (xiv) respectively.

ECB = frEe- 0.5 g i (XIII)
EVB T BB Egeneniiiiti i (xiv)

Where Ee is the energy of free electrons measured on the hydrogen scale (4.5 eV) (Mousavi et
al., 2016), and y is the electronegativity of the semiconductor nanoparticles. It is estimated
from the geometric mean of all the elements in the semiconductor nanoparticles. For instance,
for a semiconductor nanoparticle containing elements D, E, F and G with the number of atoms
of d, e, f and g respectively. The formula for obtaining the electronegativity for that

semiconductor nanoparticle is represented in Equation (xv).

Xapersrge = X (D) + x(E)° + x(F)f + x(G)9)@retf+o)™" ... (xv)

The Mulliken electronegativity of each atom in the semiconductor nanoparticles
(x(D), x(E), x(F)and x(G) are estimated from the first ionization energy and the electron

affinity of the atoms via Equation (xvi).
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(First ionization energy (eV) + Electron affinity (eV))

Xelement = S e (XVi)

Where X c1ement 18 the Mulliken’s electronegativity of element in eV.

6.4 Results and Discussion
6.4.1 Synthesis of the nanoparticles

Both sodium sulphide and thioacetamide are good sulphur sources for preparing metal sulphide
nanoparticles. In the synthesis reaction involving sodium sulphide, it reacts directly with
bismuth nitrate pentahydrate and silver nitrate to give the ternary silver bismuth sulphide under
favourable reaction conditions. On the contrary, thioacetamide hydrolyses into acetamide and
hydrogen sulphide (Wang et al., 2014). The hydrogen sulphide formed, then reacts with
bismuth nitrate pentahydrate and silver nitrate to give the ternary silver bismuth sulphide. The
proposed equations of reactions are shown in Equations (i-iii). Other sulphur sources have
been utilized in the synthesis of AgBiS> under different conditions to obtain different
morphological structures and they have been utilized for several applications as shown in Table
6.1.

Bi(NO3)3*5H20(aq) + AgNO3 (aq) + 2NazS(aq) — AgBIiSas) + 4NaNO3z@g)+ 5H2Oq ... (1)
CH3CSNH2(aq)+H20() — CH3CONH2@aq) + HaS(g). v ovvveeiiiiiiiiieiece e (i1)
2H2S(g) + Bi(NO3)3*5H20(aq) + AgNO3(ag) — AgBIiSais) + 4HNO3(g) + 5H20(]).......... (i11)
Table 6.1: Synthesis and applications of AgBiS;

Sulphur source Morphology Conditions Applications Ref.

Sodium sulphide Roughly round | 150 °C; air; 1 h Sensitized  solar | (Huang et al.,

cell 2013)

Thiourea - 180°C; 24 h Hydrogen (Ganguly et

generation al., 2019)
I-cysteine Spheroidal 150-230 °C; 12 h | - (Zhong et al.,
2013)
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Oleic acid Microspheres | 180 °C; 20 h; 20 | Catalytic (Wang et al.,
kHz agitation polymerization of | 2007)
alkylsilanes
Sulphur powder Cubic structure | 1020 °C; 15 min; | Infrared detector | (Mak et al.,
Ar/Hy;  pressure 2018)
of 25 mbar
Hexamethyldisilathiane | Spherical 100 °C; 2 h; Solar cell (Wang et al.)
Thiourea Hollow 130°C; 1h Tumor Therapy (Chen et al.,
Nanospheres 2020)
Hexamethyldisilathiane | Quantum dots | 100 °C;  argon; | Solar cells (Ming et al.,
6h 2020)
1-octanethiol Nanosphere - Photovoltaic (Pai et al,
applications 2018)
Thioacetamide Fingerprint- 180°C; 30 min; | Phototherapy (Cheng et al.,
like Tween-20; 2020)
Degassing
Thiosemicarbazide Nanostructured | 140-200 °C; 24— | - (Thongtem et
flowers 72h al., 2010)

6.4.2 X-ray diffraction (XRD) studies

The peaks obtained in the XRD pattern (Fig.63a) correspond to the cubic phase of the AgBiS;.
The (111), (200), (220), (311), (222), (400), (331) and (420) peaks appeared at 27.5°, 31.8°,
45.5°, 53.7°, 56.5°, 66.0°, 72.9° and 75.2° respectively, in good agreement with the JCPDS
card no. 89-3672. There were no peaks emanating from silver, bismuth, silver sulphide, silver
oxide, bismuth sulphide and bismuth oxide in the pattern. And this was an indication of the
high purity of the synthesized ternary nanoparticles (Zhong et al., 2013). The sharpness and
intensity of the peaks further showed that the material is highly crystalline in nature (Liu et al.,
2011).

The characteristic peak of graphitic carbon nitride is a pronounced peak at 20 =27.5°, which is
indexed to (002) pattern (Fig.6 3a). This peak corresponds to the stacking of the aromatics in
the structure of graphitic carbon nitride (Ben-Refael et al., 2020). All the ternary silver bismuth
sulphide peaks and those of graphitic carbon nitrides were evident in the as-synthesized

nanocomposites. The results obtained are in agreement with other previous reports (Zhong et
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al., 2013; Manimozhi et al., 2019; Shi et al., 2020). The lattice parameter (a) was obtained by

using Equation (xvii).
A=d(R2 4+ K2 412 (xvii)

where d is the spacing between the planes for miller indices (hkl). The miller indices used for
the calculation was the (200) plane. The obtained lattice parameter (a) was 5.610 A, which
agrees well with the JCPDS card no: 89-3672 (5.648 A) (Manimozhi et al., 2019). The peaks
obtained for the composites were the combination of peaks from the silver bismuth sulphide
and graphitic carbon nitride (Fig.6 3b). There was a 0.10 °C shift in the position of (002) peak
of graphitic carbon nitride after the formation of composite. The position of the peak changed
from 27.5° in the pristine graphitic carbon nitride to 27.4° in the composite. This shift in
position after incorporation also affected the (111) peak of the ternary silver bismuth sulphide.
The increase in the broadness of the peak at 27.4° of the composite showed the overlap of the
peak indexed as (111) of the ternary silver bismuth sulphide and the peak indexed as (002) of
the pristine graphitic carbon nitride (Sun et al., 2017).
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Figure 6.3: The XRD spectra of (a) graphitic carbon nitride, (b) silver bismuth sulphide and

(c) composite of graphitic carbon nitride and ternary silver bismuth sulphide.

Williamson-Hall plot was used to obtain the lattice strain of the graphitic carbon nitride (Fig.6
4), the ternary nanoparticles and the nanocomposite. The lattice strain of the graphitic carbon
nitride was obtained as 0.466, which was more than the lattice strain of the ternary silver
bismuth sulphide (0.0044) and their composite (0.2091). The particle size derived from
Scherrer’s equations are 32.86, 70.94, and 54.55 nm for AgBiS2, gC3N4 and AgBiS2/gCsN4
composites respectively. From their sizes, the respective dislocation densities were obtained as
9.26 x 104, 1.99 x 10™* and 3.36 x 10 nm respectively. The high dislocation density of the
composite compared to that of the graphitic carbon nitride was an indication that the ternary
silver bismuth functionalized graphitic carbon nitride was stronger than the pristine graphitic
carbon nitride (Morito et al., 2003; Niu et al., 2019).
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Figure 6.4: Williamson-Hall plot of graphitic carbon nitride.

6.4.3 FTIR studies

The FTIR spectrum of AgBiS; (Fig.6.5) showed the characteristic Ag-S peak around 492 cmt
and the peak at 597 cm™ showed that the Bi-S bond was present in the ternary material
(Sugarthi et al., 2020). The S-H stretching vibrational peak appeared at 2107 cm™ which may
be as a result of the interaction of sulphur atoms in the ternary sulphide with the hydrogen of
acetamide that was used as the sulphur source. The pattern obtained was consistent with the
report of Nakazawa et al., (Nakazawa et al., 2021). The FTIR spectrum of graphitic carbon
nitride (Fig.6. 5) shows several peaks within 1200-1750 cm™ and could be attributed to the
presence of aromatic heterocycles in the structure of graphitic carbon nitride. Specifically, the
vibration of s-triazine rings and the C=N group (Ben-Refael et al., 2020). A sharp peak at 799
cm® was as a result of the breathing mode of the s-triazine unit (Nabi et al., 2020). At 3123
cm, the broad peak was as a result of the uncondensed amino group (N-H), which might have
overlapped with the hydrogen-bonded —OH from the adsorbed water (Xu et al., 2013; Ben-
Refael et al., 2020). The result obtained is in tandem with previous reports on graphitic carbon
nitride (Xu et al., 2013; Ajiboye et al., 2020; Chamorro-Posada et al., 2022; Rahmati et al.,
2022). All the peaks in the graphitic carbon nitrides and silver bismuth sulphide appeared in
the FTIR peaks of the composite AgBiS2/gCsN4 (Figure 6.5).
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Figure 6.5: The FTIR spectra of graphitic carbon nitride (blue), silver bismuth sulphide (red)
and their nanocomposite. The peaks arising from silver bismuth sulphides are indicated with

red-arrows, while the peaks arising from graphitic carbon nitrides are shown with blue arrows.

6.4.4 Morphological properties of AgBiS, and AgBiS2/gC3N4 composite

The SEM image (Fig. 6.6a) showed that the ternary nanoparticles have spherical external
morphology, while the TEM image (Fig. 6.6b) revealed that the internal morphology of the
material is pseudo-spherical. The average diameter of the sphere obtained from the TEM result
of AgBiS: is shown in the particle size distribution histogram and it shows that the diameter of
the nanosphere was about 25.0 nm (Inset of Fig.6.6d) which was close to the value obtained
from the XRD pattern (32.9 nm). HRTEM image (Inset of Fig. 6.6b) showed the lattice spacing
of the ternary sulphide, which was found to be 0.140 nm and corresponded to the (200) plane
of AgBiSz. The EDX spectrum of AgBiS; (Fig. 6.6¢) shows the presence of silver, bismuth and
sulphur atoms. From the mean percentage composition by weight, the mole ratio of Ag: Bi: S
was estimated to be 1.00: 1.02: 2.12. This ratio confirms the formation of ternary silver bismuth

sulphide. The carbon and oxygen are impurities in the synthesized nanoparticles as shown in
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the EDX spectrum. The elemental mapping images (Fig. 6(e-h)) shows the uniform distribution

of silver, bismuth and sulphide in the ternary silver bismuth sulphide.
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Figure 6.6: (a) SEM image of silver bismuth sulphide (b) TEM image (insets are the particle
size distribution histogram and the high resolution TEM image showing the lattice spacing of
silver bismuth sulphide and (e-h) the elemental mapping of silver, bismuth and sulphur in silver

bismuth sulphide (c) The EDX spectrum of silver bismuth sulphide.
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The SEM result showed that graphitic carbon nitride has an aggregated nanospherical
morphology (Fig. 6.7a), while the TEM result showed that its internal morphology has an
irregular folded sheet (Fig.6 7b). The EDX spectrum of graphitic carbon nitride confirmed the
presence of carbon and nitrogen (Fig. 6.7c). The mean percentage composition by weight
showed that the mole ratio of carbon: nitrogen was 3.30: 4.06 (0.72). This further confirmed
the formation of gCsNa. The value of the carbon-to-nitrogen ratio which was lower than 0.75,
showed that the graphitic carbon nitride produced was a disordered phase and there were
uncondensed —NH: in its structures (Liu et al., 2016a; Wang et al., 2022). The elemental
mapping images (Fig.6 7(d-f)) confirmed the uniform distribution of carbon and nitrogen

across the sheet.

Figure 6.7: (a)The SEM image of graphitic carbon nitride (b) TEM image of graphitic carbon
nitride (c) EDX spectrum of graphitic carbon nitride and (d-f) the distribution of carbon and
nitrogen in graphitic carbon nitride.

The SEM image of the AgBiS2/gCsNa4 (Fig.6.8a) revealed a change in the surface morphology
of the material from spherical to irregular shape after the incorporation of the silver bismuth
sulphide into the graphitic carbon nitride. The EDS spectrum showed the presence of silver,
bismuth, sulphur, carbon and nitrogen with weight percentage of 6.97, 11.10, 1.92, 36.03 and
39.55% respectively. Oxygen has been reported to be a natural impurity in graphitic carbon
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nitride and is located at the defect of termination site, (Chen et al., 2019; Irfan et al., 2019;
Praus, 2021). The TEM micrograph showed a highly agglomerated image with lack of distinct
edges (Fig.6. 8b). The HRTEM image (Fig. 8c-d) showed an increase in the lattice spacing
from 0.14 nm in the pristine silver bismuth sulphide to 0.34 nm along (200) plane after

incorporation into graphitic carbon nitride to form composite AgBiS2/gCsN4 hanocomposites.

Figure 6.8: (a) The SEM image (inset is the EDS) of AgBiS2/gCsN4 (b) the TEM image of
AgBiS2/gCsN4 and (c) the HRTEM image of AgBiS2/gCsNa. (d) SAED of AgBiS,/gCsN..

6.4.5 Thermal studies of AgBiS2/gCsN4

Fig. 6.9 presents the thermogravimetric and differential scanning calorimetry of the
AgBiS2/gCsNa. The first loss in mass observed in the TGA plot (Fig.6. 9a) of the composite
AgBIS,/gCsN4 below 200 °C is attributed to the loss of the adsorbed water through
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volatilization (Antony et al., 2022). As the heating temperature increased, the graphitic carbon
nitride decomposed into gases containing nitrogen and carbon around 600 °C and a collapse of
the heterocyclic ring and complete decomposition occurred around 700 °C (Han et al., 2017;
Antony et al., 2022). This process was accompanied by an endothermic process with peaks
observed at 616 °C and 718 °C on the DSC thermogram (Fig.6 9b). The pronounced weight
loss around 800 °C could be due to the melting of the ternary bismuth sulphide (Nakamura et
al., 2015). An increase in the decomposition temperature of the graphitic carbon nitride
composite was noticeable compared to the values earlier reported in different studies (Fronczak
et al., 2022; Shcherban et al., 2022) for pristine graphitic carbon nitride. This observation
showed that the graphitic carbon nitride was functionalized with the silver bismuth sulphide
(Fronczak et al., 2022; taghi Bagherian Jamnani et al., 2022). As shown in the TGA and DSC
thermograms of pristine silver bismuth sulphide (Fig. S5 and S6), there was no pronounced
loss in weight until the temperature increased to 468 °C. The fact that approximately 20.0% by
weight residue was found in the TGA thermogram of both pristine ternary silver bismuth
sulphide and the composite after 1000 °C showed that total volatilization of AgBiS; is not
possible at 1000 °C.
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Figure 6.9: (a) Thermo gravimetric (TG) and (b) Differential scanning calometry (DSC)
graphs of AgBiS2/gC3Na.

The Muliken’s electronegativity of graphitic carbon nitride was obtained as 6.91 eV when the

electronegativity of carbon and nitrogen were 6.43 and 7.30 eV respectively. This value agrees
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well with the values reported by Praus (Praus, 2021) after the values obtained by several authors
for the Mulliken’s electronegativity of graphitic carbon nitride were corrected (Lu et al., 2011;
Fang et al., 2015). However, Praus estimated the average of all the values reported by all the
authors and considered factors such as presence of oxygen as natural impurities, defects, layers’
distortions, degree of exfoliation and polymerization, synthesis atmosphere, temperature and
precursors. The electronegativity value of graphitic carbon nitride was hence considered to be
4.22 eV since 6.91 eV has not been experimentally proven. From this value, the conduction
band of -1.63 eV and valence band potentials of +1.07 eV were obtained instead of +1.06 eV
and +3.76 eV for conduction band and valence band respectively, which were obtained when
the Mulliken’s electronegativity values of 6.91 eV was used for graphitic carbon nitride. The
band gap energy of 2.70 eV used for the graphitic carbon nitride has been widely reported
(Praus, 2021; Fronczak et al., 2022; Kumar et al., 2022; Xing et al., 2022; Lin et al., 2023).
Also, the Mulliken’s electronegativity values for the elements, AgBiS2 and AgBiS2/gCsN4

composites are shown in the Tables 6.2 (a and b).

Table 6.2a: Electron affinity, first ionization energy and Mulliken’s electronegativity value

for the elements in the composite.

Element Electron Affinity First lonization Energy Xelement
(ev) (eV)

Sulphur 2.07 10.36 6.215

Bismuth 0.95 7.29 4.120

Silver 1.30 7.58 4.440

Carbon 1.59 11.26 6.425

Nitrogen 0.07 14.53 7.300

Table 6.2b: Mulliken’s electronegativity, conduction band, valence band and the band gap
energy for the pristine nanoparticles and the nanocomposite.

Semiconductors Mulliken’s Bandgap energy | Conduction | Valence
electronegativity (eV) | (eV) band band
potential potential
(eV) (eV)
gCsNy 4.22 2.70 -1.63 +1.07
AgBIS; 5.15 3.00 -0.85 +2.15
AgBiS2/gC:N, 6.22 1.65 +0.90 +2.54
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6.4.6 Photocatalytic investigations

The wavelength of maximum absorption for Pb(ll) was found at 212 nm. As shown in Fig.6
10a, a sequential decrease in the intensity of absorption occurred as the time of irradiation
increased in the presence of AgBiS2/gCsNa4under visible light irradiation. This shows that the
composite is a good photocatalyst. The performance of the composite photocatalyst was
compared to that of pristine graphitic carbon nitride (Fig.6. 10b). About 58.2% of the Pb(lI)
was observed to be photocatalytically reduced when pristine graphitic carbon nitride alone was
utilized under visible light irradiation, but the performance was better when the as-synthesized
nanocomposite was used as photocatalyst under visible light irradiation. A photocatalytic
efficiency of 64.3% of Pb(Il) reduction was achieved with the nanocomposite. A control
experiment, conducted without the photocatalyst and under light irradiation, showed that there
was about 19.1% self-reduction of Pb(Il) ions when there was no catalyst. The observation was
in line with the previous reports for other functionalized graphitic carbon nitrides (Ajiboye et
al., 2020; Zhao et al., 2021). The enhanced photocatalytic performance of the composite could
be attributed to better charge separation and reduction in the rate of recombination (Sarkar et
al., 2021).

Photocatalytic reduction of Pb(ll)
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1.1+ —s—Light + AgBiS,/gC;N,
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Figure 6.10: (a) Photocatalytic reduction of Pb(l1) ions in aqueous system using AgBiS2/gCsN4
as photocatalyst. (b) Comparative studies of the photocatalytic reduction of Pb(Il) ions using

only light, graphitic carbon nitride and functionalized graphitic carbon nitride.

6.4.7 Conditions for the photocatalytic reduction of Pb(Il) in dyes using AgBiS2/gCsN4
photocatalyst

The optimum pH for the photocatalytic reduction of Pb(11) was found to be the neutral pH. The
pseudo-first order rate constant for the photocatalytic reduction were 0.0045, 0.0193 and
0.0019 mint for pH 3, pH 7 and pH 12 respectively, while the half-life were 154, 36 and 365
min respectively (Fig. 6.11). It shows that highly alkaline pH is not effective for the
photocatalytic reduction process. The result is consistent with the results obtained by Majidnia
and Idris (Majidnia and Idris, 2016). Acidic pH has been reported as the optimum pH for the
degradation of methylene blue and methyl orange (Dai et al., 2007; Nguyen et al., 2018; Isai
and Shrivastava, 2019), while the optimum pH could range from acidic to alkaline for crystal
violet (Senthilkumaar and Porkodi, 2005; Fahoul et al.,, 2022). Since the photocatalytic
reduction was carried out in the matrix of dyes, the acidic pH was used for the investigation to
favour both photodegradation of Pb(I1) and photodegradation of dyes. Based on the observed
trend in previous reports on the photocatalytic reduction of Pb(Il) (Murruni et al., 2007;
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Majidnia and Idris, 2016), the dosage of the photocatalyst and the initial concentration of the

dyes used throughout the investigations were 30 mg and 20 mg/L respectively at room

temperature.
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Figure 6.11: Influence of pH on the photocatalytic reduction of Pb(Il) ions by using
AgBIiS2/gCsN4 photocatalyst under visible light.

6.4.8 Effect of sacrificial easily-oxidizable organics and persulfate on the photocatalytic

reduction of Pb(I1) using AgBiS,/gCsN4 photocatalyst

Easily-oxidizable organics such as oxalic acid, formic acid, lactic acid, glucose, acetaldehyde,
methanol and ethanol are commonly used for photocatalytic investigations. Studies have shown
that ethanol has least effect on the rate of photocatalysis among these common easily-
oxidizable organics (Kmetyké et al., 2016). This implies that the performance of others in
photocatalytic applications is believed to be better than that of ethanol. Against this
background, the effect of the presence of ethanol in the photocatalytic reduction of Pb(ll) was
investigated. The study revealed that the pseudo-first order rate constant increased by more
than two folds with the addition of 10 mL of absolute ethanol compared to the results obtained
in the absence of ethanol. The rate of photocatalytic reduction changed from 0.0045 to 0.0096
min (the half-life changed from 154 to 72.2 min) (Fig. 6.12a). The observed difference in
performance could be ascribed to the action of photo-generated holes, electrons and peroxyl

radicals.
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The oxidation of the organic is initiated by the holes and peroxyl radicals, which reduce the
rate of holes and electrons recombination (Zou et al., 2020). The rate at which electrons cause
the reduction of Pb(I1) becomes faster as the easily oxidizable organic (ethanol) consumes the
electrons in the system. According to Muggli et al., (Muggli et al., 1998), ethanol is oxidized
into acetaldehyde on more than one site in the presence of the photocatalyst and light. In one
of the sites, it is difficult to desorb acetaldehyde while it could easily be desorbed in the other
sites. The adsorbed acetic acid can either form formaldehyde/formic acid mixture or acetic
acid. The a-carbon of acetic acid is oxidized into carbon dioxide, while its S-carbon is oxidized
into formaldehyde/formic acid mixture intermediates before the final oxidation into carbon

dioxide. The oxidation processes lead to better reduction of the metal ions in the solution.

The effect of the presence of persulfate on the photocatalytic reduction of Pb(ll) was also
investigated. The presence of persulfate was found to exhibit some inhibitory effects on the
rate of photocatalytic reduction of Pb(I1). The rate of photocatalytic reduction of Pb(Il) dropped
from 0.0045 min* (half-life 154 min) to 0.001 min* (half-life of 693 min) when 10 mL of 300
mg/L potassium persulfate was introduced into the system (Fig. 6.12a). The low photocatalytic
reduction could be due to the re-oxidation of the lead in the oxidation state of zero back to the
divalent state by the persulfate ions and sulfate radicals as shown in Equations (xviii-xxi). The
standard potential of sulfate radicals and persulfate ions are +2.60 V and +2.10 V respectively
vs. normal hydrogen electrode (Tsitonaki et al., 2010), while the standard potential of Pb?*/Pb
is -0.13 V vs. normal hydrogen electrode. Based on the requirement of the thermodynamics,
the high positive electrode potential values of the sulfate radicals and persulfate ions make
them a good oxidizing agents for lead that has a negative electrode potential. Also, persulfate
has been reported to be an electron scavenger (Zhao et al., 2021), which shows that electron

play crucial roles in the photocatalytic reduction of metal ions.

PD2 428" 5 PO, e (xviii)
K2S208 — 2Kt + S0008% ..., (xix)
S208% + PhO — SO4% "+ S04% + P2 oo (xX)
SO42 + Ph0 — SO4Z + P2t (xxi)

This observation of persulfate with Pb(Il) reduction was a direct opposite of what was reported
for different organic pollutants when functionalized graphitic carbon nitrides were used as the
photocatalyst. For instance, the presence of persulfate has led to the fast degradation of
antibiotics (Zhao et al., 2019), bisphenol A (Zhang et al., 2019), amaranth and benzoquinone
dye (Yang et al., 2019b), methylene blue, acetaminophen, phenol and caffeine (Yang et al.,
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2019a). Infact, persulfate has enhancement effects on the photocatalytic oxidation of organic

pollutants, although it has inhibitory effects on the photocatalytic reduction of toxic metals.

The effect of the combination of persulfate and easily oxidizable organics were also
investigated (Fig. 6. 12b). It was observed that the percentage of the Pb(ll) that was
photocatalytically reduced dropped from 48.4% to 47.8% within 1 h of visible light irradiation
when potassium persulfate was introduced into the system. This shows that the inhibitory effect
of the persulfate was countered by the presence of easily oxidizable organics. In fact, the
introduction of easily oxidizable organics (ethanol) to the system containing persulfate alone
boosted the percentage of Pb(ll) that was photocatalytically reduced from a very low value
(0.072%) to 47.8% within 1 h of visible light irradiation.
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(b)  Effect of additives on photocatalytic reduction
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Figure 6.12: (a) Pseudo-first order kinetics (b) the bar chart showing the effect of easily-

oxidizable organics and persulphate on the photocatalytic reduction of lead(ll).

6.4.9 Photocatalytic reduction of Pb(Il) in the matrix of methyl orange using
AgBiS2/gCsN4 photocatalyst

Methyl orange is used in leather, paper, pulp and textile industries. It has both quinoid and azo
functional groups (Nguyen et al., 2018). The wavelength of maximum absorption for methyl
orange is the characteristic flat peak around 479 nm as shown in the UV plot (Fig.6. 13a). When
Pb(I1) was photocatalytically reduced in the matrix of methyl orange, it was observed that the
rate of photocatalytic reduction reduced from 0.0045 min-* to 0.0036 min (half-life of 154 min
to 192.5 min) (Fig.6. 13b). This showed that the presence of methyl orange in the lead-
contaminated water had significant impact on the rate of photocatalytic reduction of Pb(ll)
unlike when ethanol, which is an easily-oxidizable organic, was in the photocatalytic system.
The observed impacts may also be related to higher molecular weight of methyl orange. The
molecular weight of methyl orange is 327.33 gmol™ while ethanol has a molecular weight of
just 46.00 gmol™. Another factor could be due to the higher stability of methyl orange, that is
associated with the presence of two benzene rings in its structure (Inset of Fig.6. 13a) which
are involved in canonical isomeric structures that are more than two (Dominikowska and

Palusiak, 2011; Zhang and Guo, 2022). Their resistance to oxidation reduces the rate at which
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holes are consumed. Hence, an increase in the rate of recombination of holes and electrons,

thereby leading to a decrease in the rate of photocatalysis (Devi et al., 2010).
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Figure 6.13: (a) The absorption spectrum of methyl orange (b) the pseudo-first order fittings
for the reduction of Pb(Il) in the matrix of methyl orange. Inset (a) is the structure of methyl
orange.
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6.4.10 Photocatalytic reduction of Pb(Il) using AgBiS2/gCzN4in the matrix of methylene
blue

Methylene blue is an aromatic cationic dye that is well known for dyeing silk, wool and cotton.
It is harmful in the wastewater because it causes diarrhoea, vomiting, nausea and eyes irritation.
In addition, it is poisonous to the skin and when inhaled (Isai and Shrivastava, 2019). Pb(ll) is
often found in the matrix of methylene blue dyes (Li et al., 2018; Zare et al., 2018). The
wavelength of maximum absorption of methylene blue is around 667 nm, with another smaller
sharp peak at 294 nm (Fig. 6. 14a). Methylene blue absorbs strongly at a longer wavelength
because the ground state electrons of methylene blue are excited to a stable state with the
emission of light and with minimal losses (Vardevanyan et al., 2013). In the matrix of
methylene blue, the rate of photocatalytic reduction of Pb(ll) reduced from 0.0045 to 0.0016
min? (half-life of 154 to 433.2 min respectively) (Fig. 6.14b). The pseudo-first order rate
constant for the photocatalytic reduction of Pb(Il) in methylene blue is lower than its value in
the matrix of methyl orange even though the molecular weight of methylene blue (319.85 gmol”
1y is lower than that of methyl orange (327.33 gmol™). This may be due to the is the presence
of tricyclic phenothiazine group in methylene blue dye (inset of Fig. 14a), while methyl orange
contains two benzene rings which may cause a difference in their ease of oxidation by holes

and hydroxyl radicals.
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(b) Pb(Il) reduction in methylene blue matrix
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Figure 6.14: (a) The UV spectrum of methylene blue (b) the pseudo-first order fittings for
the reduction of Pb(I1) in the matrix of methylene blue. Insert of (a) is the structure of

methylene blue

6.4.11 Photocatalytic reduction of Pb(l1) using AgBiS2/gCsN4 in the matrix of crystal violet

Hexamethyl-p-rosaniline chloride also known as Crystal violet is another common dye that is
used in analytical chemistry, cosmetics, foodstuffs, additives, leather, paper and textiles. They
often co-exist in wastewater with toxic metals such as Pb(ll) (Senthilkumaar and Porkodi,
2005). The wavelength of maximum absorption is around 589 nm as shown in Fig.6. 15a. The
wavelength of maximum absorption is at a longer wavelength than that of methyl orange and
the methylene blue. The rate of photocatalytic reduction of Pb(ll) increased from 0.0045 to
0.0096 mint (half-life of 154 min to 72.2 min) (Fig.6. 15b). This is contrary to the reduction
in the rate of photocatalytic reduction of lead observed in the presence of methyl orange and
methylene blue dyes. The observed increase in the rate of photocatalytic reduction of Pb(ll) in
the matrix of crystal violet might be attributed to strength of light absorption of crystal violet,
which absorbs light more strongly than methyl orange and methylene blue. From the structure
of crystal violet (Inset of Fig.6. 15a), there are ten conjugated pie-system while in the structures
of methyl orange and methylene blue there are seven and nine conjugated pie-system
respectively. Previous reports have shown that the number of pie-conjugated systems have
direct relationships with photon absorption (Ahn et al., 2006; Yamaguchi et al., 2008). Better
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light absorption enhances the rate of excitation of the photo-generated electrons, which leads
to improved photocatalytic reduction of the Pb(ll).
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Figure 6.15: (a) The Absorption spectrum of crystal violet (b) the pseudo-first order fittings
for the reduction of Pb(ll) in the matrix of crystal violet. Inset of (a) is the structure of crystal
violet.
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6.4.12 Comparative studies of the dyes degradation in the presence of Lead(I1)

The degradation of methyl orange, methylene blue and crystal violet in the presence of Pb(Il)
was also investigated. It was observed that the percentage degradation of methyl orange, crystal
violet and methylene blue were 94.85, 71.81 and 39.64% respectively (corresponding to
pseudo-first order rate constant of 0.0443, 0.0233 and 0.0104 min! respectively) (Figures 6.16
a and b). The pattern in the rate of degradation might be related to their structure. Both
methylene blue and crystal violet are tricyclic aromatic compounds, while methyl orange is
bicyclic aromatic compound. The aromatic rings are resistant to degradation and compounds
with high number of aromatic rings are likely to resist degradation than compounds with lower
number of aromatic rings (Demanéche et al., 2004; Haritash and Kaushik, 2009). The complete
degradation of cyclic aromatic compounds involves ring opening which requires high
activation energy (Fuchs, 2008). The degradation rate of crystal violet was higher than the
methylene blue despite the higher molecular weight of crystal violet than methylene blue. This
might be linked to the high photon absorption of crystal violet as a result of the higher number

of pie-conjugated system compared to that of methylene blue.
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(b) Dyes degradation in the presence of Pb(ll)
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Figure 6.16: (a) pseudo first order kinetics plot, and (b) histogram for the photodegradation of
dyes in the system containing Pb(Il) ions.

6.4.13 Radical Scavenging experiment

The photocatalytic Pb(I1) reduction was studied by carrying out radical trapping experiments.
Ascorbic acids (ASC), tert-butanol (TBA), triethanol amine (TEA) were used as scavengers
for superoxide radicals, hydroxyl radicals and holes respectively while sodium nitrate was used
as the scavenger of electrons. The effects of these scavengers for the reduction of divalent lead
were investigated in the presence of AgBiS2/gCsN4 photocatalyst under visible light. The
results were compared with the photocatalytic reduction obtained without the scavengers as
shown in Figure 6.17. Without scavenger, the rate of photocatalytic reduction was 0.0163 min-
! However, the rate of photocatalytic reduction dropped to 0.0057, 0.0047, 0.0016 and
0.000093 min? in the presence of NaNOs, TEA, TBA and ASC respectively. This result
revealed that superoxide radicals, hydroxyl radicals, electrons and holes contributed to the
photocatalytic reduction of Pb(ll) in the presence of dyes. Since the contribution of superoxide
is more than other scavengers, the reduction of divalent lead is effected by superoxide radicals.
The results obtained is in tandem with what was reported by Murunni et al.,(2007). It is also
possible that there is oxidation of water to oxygen and protons by holes. Based on these results,

the proposed mechanism is as shown in Equations (xxii-xxvii).
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AgBiS2/gCsNs  — AgBiS2/gCsNa (e +h™) (xxii)

h™ +2H0  — Op+4H" (xxiii)
0, +e — 02 (Xxiv)
‘02 + Pb(Il) — Pb(0) +O2 (Xxv)
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Figure 6.17: The radical scavenging experiment conducted in the presence of TEA, NaNOs,
ASC and TBA.

6.4.14 Investigation of divalent lead conversion to metallic lead

To investigate the deposition of lead on the photocatalyst , the solution containing photocatalyst
was filtered after the photocatalytic reduction experiments. The residue was left to dry under
room conditions and the XRD spectrum of the dried used photocatalyst was obtained. This

spectrum was compared with that of the unused photocatalyst. As shown in Figure 6.18, there
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were other peaks apart from the peaks emanating from the unused photocatalyst. These extra
peaks matched the peaks obtained for metallic lead nanoparticles that was synthesized by
Elango et al.,(2015). This shows that the divalent lead was converted into metallic lead and the

metallic lead was deposited on the photocatalyst during the photocatalytic investigations.

Used AgBiSzlgCSN4

i M SV T A

Offset Y values

Unused AgBiSzlgC3N4
L S .
T T T T T T T T T T 1
20 30 40 50 60 70

20 (Degree)

Figure 6.18 : The XRD spectra of AgBiS2/gCsN4 photocatalyst before and after photocatalysis.

CONCLUSION

In this study, divalent lead ions were photocatalytically removed from water containing
different matrix of dyes- methylene blue, methyl orange and crystal violet, using silver bismuth
sulphide incorporated into graphitic carbon nitride and under visible light irradiation. The
removal rate of Pb(11) was 0.0045 min"* when studied in the absence of other dye contaminants,
but changed to 0.0016, 0.0036 and 0.0096 min™ in the presence of methylene blue, methyl
orange and crystal violet. This showed that the existence of methylene blue and methyl orange
negatively impacted on the rate of photocatalytic Pb(Il) removal, while crystal violet exhibited
synergistic effects on the rate of photocatalytic Pb(I1) removal. A simultaneous degradation of
the dyes occurred with the removal of the Pb(11), and the highest efficiency of dyes degradation
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was observed in the matrix containing methyl orange. A study of the effect of the combination
of persulfate and ethanol (used as easily oxidizable organics) showed a slight reduction in the
percentage of the Pb(I1) from 48.4 to 47.8% within 1 h of visible light irradiation. There was
94.85, 71.81 and 39.64% degradation of methyl orange, crystal violet and methylene blue
respectively in the matrix containing Pb(ll) ions. The results of this study revealed that
functionalized graphitic carbon nitride is an effective photocatalyst for the collective removal

of Pb(Il) ions and dyes in aqueous solution compared to the pristine graphitic carbon nitride.

REFERENCES

Ahn, T.K., Kim, K.S,, Kim, D.Y., Noh, S.B., Aratani, N., Ikeda, C., Osuka, A., Kim, D., 2006.
Relationship between Two-Photon Absorption and the n-Conjugation Pathway in Porphyrin
Arrays through Dihedral Angle Control. Journal of the American Chemical Society 128, 1700-
1704.

Ajiboye, T.O., Kuvarega, A.T., Onwudiwe, D.C., 2020. Graphitic carbon nitride-based
catalysts and their applications: A review. Nano-Structures & Nano-Objects 24, 100577.

Ajiboye, T.0., Oyewo, O.A., Onwudiwe, D.C., 2021a. Conventional and Current Methods of
Toxic Metals Removal from Water Using g-C3aN4-Based Materials. Journal of Inorganic and

Organometallic Polymers and Materials 31, 1419-1442.

Ajiboye, T.0O., Oyewo, O.A., Onwudiwe, D.C., 2021b. Simultaneous removal of organics and

heavy metals from industrial wastewater: A review. Chemosphere 262, 128379.

Antony, A.M., Kandathil, V., Kempasiddaiah, M., Shwetharani, R., Balakrishna, R.G., El-
Bahy, S.M., Hessien, M.M., Mersal, G.A.M., Ibrahim, M.M., Patil, S.A., 2022. Graphitic
carbon nitride supported palladium nanocatalyst as an efficient and sustainable catalyst for
treating environmental contaminants and hydrogen evolution reaction. Colloids and Surfaces

A: Physicochemical and Engineering Aspects 647, 129116.

Ben-Refael, A., Benisti, I., Paz, Y., 2020. Transient photoinduced phenomena in graphitic
carbon nitride as measured at nanoseconds resolution by step-scan FTIR. Catalysis Today 340,
97-105.

162



Chamorro-Posada, P., Dante, R.C., Vazquez-Cabo, J., Dante, D.G., Martin-Ramos, P.,
Rubifios-Lopez, O., Sanchez-Arévalo, F.M., 2022. From urea to melamine cyanurate: Study of
a class of thermal condensation routes for the preparation of graphitic carbon nitride. Journal
of Solid State Chemistry 310, 123071.

Chen, B., Zhang, C., Wang, W., Chu, Z., Zha, Z., He, X., Zhou, W., Liu, T., Wang, H., Qian,
H., 2020. Ultrastable AgBiS2 Hollow Nanospheres with Cancer Cell-Specific Cytotoxicity for
Multimodal Tumor Therapy. ACS Nano 14, 14919-14928.

Chen, H.-R., Cai, C., Zhang, Z.-W., Zhang, L., Lu, H.-P., Xu, X., Van Bui, H., Qiu, K.-H., Yin,
L.-J., 2019. Enhancing the luminescent efficiency of Y3AlsO12:Ce®* by coating graphitic
carbon nitride: Toward white light-emitting diodes. Journal of Alloys and Compounds 801, 10-
18.

Cheng, J., Wang, W., Xu, X., Lin, Z., Xie, C., Zhang, Y., Zhang, T., Li, L., Lu, Y., Li, Q.
2020. AgBiS. nanoparticles with synergistic photodynamic and bioimaging properties for

enhanced malignant tumor phototherapy. Materials Science and Engineering: C 107, 110324.

Cherifi, Y., Barras, A., Addad, A., Ouddane, B., Roussel, P., Chaouchi, A., Szunerits, S.,
Boukherroub, R., 2021. Simultaneous photocatalytic Cr(\V1) reduction and phenol degradation
over copper sulphide-reduced graphene oxide nanocomposite under visible light irradiation:

Performance and reaction mechanism. Chemosphere 268, 128798.
Clausen, J.L., Bostick, B., Korte, N., 2011. Migration of Lead in Surface Water, Pore Water,
and Groundwater With a Focus on Firing Ranges. Critical Reviews in Environmental Science

and Technology 41, 1397-1448.

Dai, K., Chen, H., Peng, T., Ke, D., Yi, H., 2007. Photocatalytic degradation of methyl orange

in agqueous suspension of mesoporous titania nanoparticles. Chemosphere 69, 1361-1367.

Demanéche, S., Meyer, C., Micoud, J., Louwagie, M., Willison, J.C., Jouanneau, Y., 2004.

Identification and functional analysis of two aromatic-ring-hydroxylating dioxygenases from a

163



Sphingomonas strain that degrades various polycyclic aromatic hydrocarbons. Applied
Environmental Microbiology 70, 6714-6725.

Devi, L.G., Kottam, N., Kumar, S.G., Rajashekhar, K.E., 2010. Preparation, characterization
and enhanced photocatalytic activity of Ni?* doped titania under solar light. Open Chemistry
8, 142-148.

Dhanalakshmi, M., Lakshmi Prabavathi, S., Saravanakumar, K., Filip Jones, B., Muthuraj, V.,
2020. Iridium nanoparticles anchored WOz nanocubes as an efficient photocatalyst for removal
of refractory contaminants (crystal violet and methylene blue). Chemical Physics Letters 745,
137285.

Dominikowska, J., Palusiak, M., 2011. Does the concept of Clar's aromatic sextet work for
dicationic forms of polycyclic aromatic hydrocarbons?—testing the model against charged

systems in singlet and triplet states. Physical Chemistry Chemical Physics 13, 11976-11984.

Elango, G., Roopan, S.M., 2015. Green synthesis, spectroscopic investigation and
photocatalytic activity of lead nanoparticles. Spectrochimica Acta Part A: Molecular and

Biomolecular Spectroscopy 139, 367-373.

Fahoul, Y., Tanji, K., Zouheir, M., Mrabet, I.E., Naciri, Y., Hsini, A., Nahali, L., Kherbeche,
A., 2022. Novel River Sediment@ZnOCo nanocomposite for photocatalytic degradation and
COD reduction of crystal violet under visible light. Journal of Molecular Structure 1253,
132298.

Fang, J., Fan, H., Li, M., Long, C., 2015. Nitrogen self-doped graphitic carbon nitride as
efficient visible light photocatalyst for hydrogen evolution. Journal of Materials Chemistry A
3, 13819-13826.

Fronczak, M., Télas, E., Paszti, Z., Szijjarto, G.P., Mihaly, J., Tompos, A., Baranowski, P.,
Tiwari, S.K., Bystrzejewski, M., 2022. Photocatalytic performance of alkali metal doped
graphitic carbon nitrides and Pd-alkali metal doped graphitic carbon nitride composites.
Diamond and Related Materials 125, 109006.

164



Fuchs, G., 2008. Anaerobic Metabolism of Aromatic Compounds. 1125, 82-99.

Ganguly, P., Mathew, S., Clarizia, L., Kumar R, S., Akande, A., Hinder, S., Breen, A., Pillai,
S.C., 2019. Theoretical and experimental investigation of visible light responsive AgBiS,-TiO>
heterojunctions for enhanced photocatalytic applications. Applied Catalysis B: Environmental
253, 401-418.

Han, Z., Wang, N., Fan, H., Ai, S., 2017. Ag nanoparticles loaded on porous graphitic carbon
nitride with enhanced photocatalytic activity for degradation of phenol. Solid State Sciences
65.

Haritash, A.K., Kaushik, C.P., 2009. Biodegradation aspects of Polycyclic Aromatic
Hydrocarbons (PAHSs): A review. Journal of Hazardous Materials 169, 1-15.

Huang, P.-C., Yang, W.-C., Lee, M.-W., 2013. AgBiS. Semiconductor-Sensitized Solar Cells.
The Journal of Physical Chemistry C 117, 18308-18314.

Irfan, M., Sevim, M., Kocak, Y., Balci, M., Metin, O., Ozensoy, E., 2019. Enhanced
photocatalytic NOx oxidation and storage under visible-light irradiation by anchoring Fe3O4
nanoparticles on mesoporous graphitic carbon nitride (mpg-CsNs4). Applied Catalysis B:
Environmental 249, 126-137.

Isai, K.A., Shrivastava, V.S., 2019. Photocatalytic degradation of methylene blue using ZnO
and 2%Fe—ZnO semiconductor nanomaterials synthesized by sol-gel method: a comparative
study. SN Applied Sciences 1, 1247.

Kmetykd, A., Szaniel, A., Tsakiroglou, C., Dombi, A., Hernadi, K., 2016. Enhanced
photocatalytic H> generation on noble metal modified TiO; catalysts excited with visible light
irradiation. Reaction Kinetics, Mechanisms and Catalysis 117, 379-390.

Koehler, F.M., Rossier, M., Waelle, M., Athanassiou, E.K., Limbach, L.K., Grass, R.N.,
Gunther, D., Stark, W.J., 2009. Magnetic EDTA: coupling heavy metal chelators to metal
nanomagnets for rapid removal of cadmium, lead and copper from contaminated water.
Chemical Communications, 4862-4864.

165



Kumar, A., Kashyap, S., Sharma, M., Krishnan, V., 2022. Tuning the surface and optical
properties of graphitic carbon nitride by incorporation of alkali metals (Na, K, Cs and Rb):
Effect on photocatalytic removal of organic pollutants. Chemosphere 287, 131988.

Leroyer, A., Gomajee, H., Leroy, R., Mazzuca, M., Leleu, B., Nisse, C., 2022. Cancer mortality
and chemical exposure in a retrospective zinc and lead smelter cohort: A 48-year follow-up.
International Journal of Hygiene and Environmental Health 242, 113955.

Li, R., Liang, W., Wang, J.J., Gaston, L.A., Huang, D., Huang, H., Lei, S., Awasthi, M.K.,
Zhou, B., Xiao, R., Zhang, Z., 2018. Facilitative capture of As(V), Pb(Il) and methylene blue
from aqueous solutions with MgO hybrid sponge-like carbonaceous composite derived from

sugarcane leafy trash. Journal of Environmental Management 212, 77-87.

Li, X., Zhu, J., Li, H., 2012. Comparative study on the mechanism in photocatalytic
degradation of different-type organic dyes on SnS; and CdS. Applied Catalysis B:
Environmental 123-124, 174-181.

Li, Y., He, J., Zhang, K., Liu, T., Hu, Y., Chen, X., Wang, C., Huang, X., Kong, L., Liu, J.,
2019. Super rapid removal of copper, cadmium and lead ions from water by NTA-silica gel.
RSC Advances 9, 397-407.

Lin, H., Wu, J., Zhou, F., Zhao, X., Lu, P., Sun, G., Song, Y., Li, Y., Liu, X., Dai, H., 2023.
Graphitic carbon nitride-based photocatalysts in the applications of environmental catalysis.

Journal of Environmental Sciences 124, 570-590.

Lin, Z., Zheng, Y., Deng, F., Luo, X., Zou, J., Shao, P., Zhang, S., Tang, H., 2021. Target-
directed design of dual-functional Z-scheme AgInsSg/SnS; heterojunction for Pb(Il) capture
and photocatalytic reduction of Cr(\VI1): Performance and mechanism insight. Separation and
Purification Technology 277, 119430.

Liu, H., Zhong, J., Liang, X., Zhang, J., Xiang, W., 2011. A mild biomolecule-assisted route
for preparation of flower-like AgBiS; crystals. Journal of Alloys and Compounds 509, L267-
L272.

166



Liu, J., Wang, H., Antonietti, M., 2016a. Graphitic carbon nitride “reloaded”: emerging
applications beyond (photo)catalysis. Chemical Society Reviews 45, 2308-2326.

Liu, X., Hao, J.-W., Gaan, S., 2016b. Recent studies of decomposition and strategies of smoke

and toxicity suppression for polyurethane based materials. RSC Adv. 6.

Lu, J., Jin, H., Dai, Y., Yang, K., Huang, B., 2011. Effect of electronegativity and charge
balance on the visible-light-responsive photocatalytic activity of nonmetal doped anatase TiO..

International Journal of Photoenergy 2012.

Majidnia, Z., Idris, A., 2016. Synergistic Effect of Maghemite and Titania Nanoparticles in
PVA-Alginate Encapsulated Beads for Photocatalytic Reduction of Pb(ll). Chemical
Engineering Communications 203, 425-434.

Mak, C.H., Qian, J., Rogée, L., Lai, W.K,, Lau, S.P., 2018. Facile synthesis of AgBiS:
nanocrystals for high responsivity infrared detectors. RSC Advances 8, 39203-39207.

Manimozhi, T., Archana, J., Navaneethan, M., Ramamurthi, K., 2019. Shape-controlled
synthesis of AgBiS, nano-/microstructures using PEG-assisted facile solvothermal method and

their functional properties. Applied Surface Science 487, 664-673.

Ming, S., Liu, X., Zhang, W., Xie, Q., Wu, Y., Chen, L., Wang, H.-Q., 2020. Eco-friendly and
stable silver bismuth disulphide quantum dot solar cells via methyl acetate purification and

modified ligand exchange. Journal of Cleaner Production 246, 118966.

Morito, S., Nishikawa, J., Maki, T., 2003. Dislocation density within lath martensite in Fe-C
and Fe-Ni alloys. ISIJ international 43, 1475-1477.

Mousavi, M., Habibi-Yangjeh, A., Abitorabi, M., 2016. Fabrication of novel magnetically
separable nanocomposites using graphitic carbon nitride, silver phosphate and silver chloride
and their applications in photocatalytic removal of different pollutants using visible-light

irradiation. Journal of Colloid and Interface Science 480, 218-231.

167



Muggli, D.S., McCue, J.T., Falconer, J.L., 1998. Mechanism of the Photocatalytic Oxidation
of Ethanol on TiOz. Journal of Catalysis 173, 470-483.

Murruni, L., Leyva, G., Litter, M.1., 2007. Photocatalytic removal of Pb(I1) over TiO2 and Pt—
TiO2 powders. Catalysis Today 129, 127-135.

Nabi, G., Malik, N., Raza, W., 2020. Degradation effect of temperature variation and dye
loading g-C3N4 towards organic dyes. Inorganic Chemistry Communications 119, 108050.

Nakamura, M., Nakamura, H., Ohsawa, T., Imura, M., Shimamura, K., Ohashi, N., 2015.
AgBIS: single crystal grown using slow cooling method and its characterization. Journal of
Crystal Growth 411, 1-3.

Nakazawa, T., Kim, D., Oshima, Y., Sato, H., Park, J., Kim, H., 2021. Synthesis and
Application of AgBiS; and Ag>S Nanoinks for the Production of IR Photodetectors. ACS
Omega 6, 20710-20718.

Nguyen, V.N., Tran, D.T., Nguyen, M.T., Le, T.T.T., Ha, M.N., Nguyen, M.V., Pham, T.D.,
2018. Enhanced photocatalytic degradation of methyl orange using ZnO/graphene oxide
nanocomposites. Research on Chemical Intermediates 44, 3081-3095.

Niu, G., Tang, Q., Zurob, H.S., Wu, H., Xu, L., Gong, N., 2019. Strong and ductile steel via
high dislocation density and heterogeneous nano/ultrafine grains. Materials Science and
Engineering: A 759, 1-10.

Pai, N., Lu, J., Senevirathna, D.C., Chesman, A.S.R., Gengenbach, T., Chatti, M., Bach, U.,
Andrews, P.C., Spiccia, L., Cheng, Y.-B., Simonov, A.N., 2018. Spray deposition of AgBiS:
and CusBiSs thin films for photovoltaic applications. Journal of Materials Chemistry C 6, 2483-

2494.

Praus, P., 2021. On electronegativity of graphitic carbon nitride. Carbon 172, 729-732.

168



R, S., Jebasingh, J.A., S, M.V, Stanley, P.K., Ponmani, P., Shekinah, M.E., Vasanthi, J., 2021.
Excellent Photocatalytic degradation of Methylene Blue, Rhodamine B and Methyl Orange
dyes by Ag-ZnO nanocomposite under natural sunlight irradiation. Optik 231, 166518.

Rahmati, M., Ghafuri, H., Ghanbari, N., Tajik, Z., 2020. 1,4 Butanesultone Functionalized
Graphitic Carbon Nitride: Efficient Catalysts for the One-Pot Synthesis of 1,4-Dihydropyridine
and Polyhydroquinoline Derivative through Hantzsch Reaction. Polycyclic Aromatic

Compounds, 1-17.

Sarkar, R., Kar, M., Habib, M., Zhou, G., Frauenheim, T., Sarkar, P., Pal, S., Prezhdo, O.V.,
2021. Common Defects Accelerate Charge Separation and Reduce Recombination in
CNT/Molecule Composites: Atomistic Quantum Dynamics. Journal of the American Chemical
Society 143, 6649-6656.

Senthilkumaar, S., Porkodi, K., 2005. Heterogeneous photocatalytic decomposition of Crystal
Violet in UV-illuminated sol—gel derived nanocrystalline TiO2 suspensions. Journal of Colloid
and Interface Science 288, 184-189.

Shcherban, N.D., Shvalagin, V.V., Korzhak, G.V., Yaremov, P.S., Skoryk, M.A., Sergiienko,
S.A., Ya. Kuchmiy, S., 2022. Hard template synthesis and photocatalytic activity of graphitic
carbon nitride in the hydrogen evolution reaction using organic acids as electron donors.
Journal of Molecular Structure 1250, 131741.

Shi, X.-X,, Li, X.-Q., Wei, X.-P., Li, J.-P., 2020. Molecularly Imprinted Photoelectrochemical
Sensor Based on AgBiS2/Bi»S3 for Determination of Propoxur. Chinese Journal of Analytical
Chemistry 48, 396-404.

Sugarthi, S., Bakiyaraj, G., Abinaya, R., Navaneethan, M., Archana, J., Shimomura, M., 2020.
Effect of different growth temperature on the formation of ternary metal chalcogenides AgBiS:.

Materials Science in Semiconductor Processing 107, 104781.

Sun, B.-w., Yu, H.-y., Yang, Y.-j., Li, H.-j., Zhai, C.-y., Qian, D.-J., Chen, M., 2017. New

complete assignment of X-ray powder diffraction patterns in graphitic carbon nitride using

169



discrete Fourier transform and direct experimental evidence. Physical Chemistry Chemical
Physics 19, 26072-26084.

taghi Bagherian Jamnani, M., Hajinasiri, R., Ghafuri, H., Hossaini, Z., 2022. Synthesis and
characterization of graphitic carbon nitride supported Tris(hydroxymethyl)aminomethanes) g-
C3N4/THAM) as a novel catalyst for the synthesis of poly hydroquinoline and pyranopyrazole
derivatives. Polyhedron 221, 115878.

Thongtem, T., Tipcompor, N., Thongtem, S., 2010. Characterization of AgBiS2 nanostructured

flowers produced by solvothermal reaction. Materials Letters 64, 755-758.

Tsitonaki, A., Petri, B., Crimi, M., MosbZ&£K, H., Siegrist, R.L., Bjerg, P.L., 2010. In Situ
Chemical Oxidation of Contaminated Soil and Groundwater Using Persulfate: A Review.

Critical Reviews in Environmental Science and Technology 40, 55-91.

Vardevanyan, P.O., Antonyan, A.P., Parsadanyan, M.A., Shahinyan, M.A., Hambardzumyan,
L.A., 2013. Mechanisms for Binding between Methylene Blue and DNA. Journal of Applied
Spectroscopy 80, 595-599.

Wang, C.-Y., Maeda, K., Chang, L.-L., Tung, K.-L., Hu, C., 2022. Synthesis and applications
of carbon nitride (CNy) family with different carbon to nitrogen ratio. Carbon 188, 482-491.

Wang, G., Fan, W., Li, Q., Deng, N., 2019. Enhanced photocatalytic New Coccine degradation
and Pb(Il) reduction over graphene oxide-TiO2 composite in the presence of aspartic acid-f-
cyclodextrin. Chemosphere 216, 707-714.

Wang, J., Yang, X., Hu, W., Li, B., Yan, J., Hu, J., 2007. Synthesis of AgBiS. microspheres
by a templating method and their catalytic polymerization of alkylsilanes. Chemical

Communications, 4931-4933.

Wang, W., Shen, H., He, X., Li, J., 2014. Effects of sulfur sources on properties of Cu,ZnSnSs
nanoparticles. Journal of Nanoparticle Research 16, 2437.

170



Wang, Y., Peng, L., Wang, Z., Konstantatos, G., Environmentally Friendly AgBiS:
Nanocrystal Inks for Efficient Solar Cells Employing Green Solvent Processing. Advanced
Energy Materials n/a, 2200700.

Xing, W., Liu, C., Zhong, H., Zhang, Y., Zhang, T., Cheng, C., Han, J., Wu, G., Chen, G.,
2022. Phosphate group-mediated carriers transfer and energy band over carbon nitride for
efficient photocatalytic Hz production and removal of rhodamine B. Journal of Alloys and
Compounds 895, 162772.

Xu, M., Han, L., Dong, S., 2013. Facile Fabrication of Highly Efficient g-C3N4/Ag.O
Heterostructured Photocatalysts with Enhanced Visible-Light Photocatalytic Activity. ACS
Applied Materials & Interfaces 5, 12533-12540.

Yamaguchi, Y., Matsubara, Y., Ochi, T., Wakamiya, T., Yoshida, Z.-i., 2008. How the =
Conjugation Length Affects the Fluorescence Emission Efficiency. Journal of the American
Chemical Society 130, 13867-13869.

Yang, L., Bai, X., Shi, J., Du, X., Xu, L., Jin, P., 2019a. Quasi-full-visible-light absorption by
D35-Ti02/g-C3N4 for synergistic persulfate activation towards efficient photodegradation of
micropollutants. Applied Catalysis B: Environmental 256, 117759.

Yang, M.-T., Zhang, Z.-Y., Lin, K.-Y.A., 2019b. One-step fabrication of cobalt-embedded
carbon nitride as a magnetic and efficient heterogeneous catalyst for activating oxone to
degrade pollutants in water. Separation and Purification Technology 210, 1-9.

Yang, Q., Hao, J., 2022. Synthesis of metal sulfides via ionic liquid-mediated assembly strategy
and their photocatalytic degradation of dyes in water. Colloids and Surfaces A:
Physicochemical and Engineering Aspects 633, 127848.

Zare, E.N., Lakouraj, M.M., Kasirian, N., 2018. Development of effective nano-biosorbent

based on poly m-phenylenediamine grafted dextrin for removal of Pb (1) and methylene blue
from water. Carbohydrate Polymers 201, 539-548.

171



Zhang, S., Song, S., Gu, P., Ma, R., Wei, D., Zhao, G., Wen, T., Jehan, R., Hu, B., Wang, X.,
2019. Visible-light-driven activation of persulfate over cyano and hydroxyl group co-modified
mesoporous g-CsN4 for boosting bisphenol A degradation. Journal of Materials Chemistry A
7, 5552-5560

Zhang, X., Guo, J., 2022. Adsorption, stability and evolution path of benzene on graphene
surface: Size and edge effects. Applied Surface Science 571, 151376.

Zhao, G.-Q., Zou, J., Hu, J., Long, X., Jiao, F.-P., 2021. A critical review on graphitic carbon
nitride (g-CsN4)-based composites for environmental remediation. Separation and Purification
Technology 279, 119769.

Zhao, J., Liu, P., Ma, J., Li, D., Yang, H., Chen, W., Jiang, Y., 2019. Enhancement of
radiosensitization by silver nanoparticles functionalized with polyethylene glycol and aptamer

As1411 for glioma irradiation therapy. International Journal of Nanomedicine 14, 9483.

Zheng, C.-W., Niu, H.-Y., Liang, C., Niu, C.-G., Zhao, X.-F., Zhang, L., Li, J.-S., Guo, H.,
Liu, H.-Y., Liang, S., 2021. A study on advanced oxidation mechanism of MnCo0204/g-C3N4
degradation of nitrobenzene: Sacrificial oxidation and radical oxidation. Chemical Engineering
Journal 403, 126400.

Zhong, J., Xiang, W., Xie, C., Liang, X., Xu, X., 2013. Synthesis of spheroidal AgBiS:
microcrystals by I-cysteine assisted method. Materials Chemistry and Physics 138, 773-779.

Zhu, Y., Fan, W., Zhou, T., Li, X., 2019. Removal of chelated heavy metals from aqueous
solution: A review of current methods and mechanisms. Science of The Total Environment
678, 253-266.

Zou, Q., Zhang, Z., Li, H., Pei, W., Ding, M., Xie, Z., Huo, Y., Li, H., 2020. Synergistic

removal of organic pollutant and metal ions in photocatalysis-membrane distillation system.
Applied Catalysis B: Environmental 264, 118463.

172



CHAPTER SEVEN

Silver functionalized g-CsNa4: photocatalytic potency for chromium(V1) reduction

7.0 Introduction

Graphitic carbon nitride (g-C3aNa) is a semiconductor material with a bandgap energy of 2.7 eV
(Ajiboye et al., 2020; Ismael, 2020). It has recently been widely utilized as a photocatalyst in
water splitting, CO2 reduction, oxygen reduction, and degradation of organic pollutants due to
its low cost, non-toxicity, photo-activity, and stability (Ajiboye et al., 2020; Ajiboye et al.,
2021). Despite the desirable properties, a few limitations are associated with g-CsN4, such as
fast carrier charge recombination, low conductivity, and small surface area. One of the
strategies that have been employed to overcome these limitations is the formation of
functionalized nanocomposites of g-CsNas. Several semiconductors have been used to
functionalize g-C3N4 (Ismael, 2020; Kadi et al., 2020). The choice of nanomaterial used to form
nanocomposite with g-CsNg4 is determined by the desired application, such as removing toxic

materials from water.

The carcinogenicity, toxicity, and high mobility of heavy metals make them pollutants of great
concern, especially when they find their way into surface or underground water (Aggarwal et
al., 2022). Chromium is prominent in the environment among these heavy metal pollutants
because of its numerous applications. It is used in paint production, leather tanning, and
electroplating (Barnhart, 1997; Emadian et al., 2020). In all these various applications, toxic
hexavalent chromium is used as the main ingredient. However, the trivalent form of chromium
is beneficial to the plants as micronutrients (Emadian et al., 2020). The World Health
Organization (WHO) gave the permissible concentration of 0.05 mg/L for Cr(VI) in drinking
water (Wang et al., 2020). Hence, to ensure that humans and the environment are protected,
reducing the toxic hexavalent chromium in wastewater to environmentally friendly trivalent
chromium before its discharge is beneficial. Numerous photocatalysts have been investigated
for the photocatalytic reduction of hexavalent chromium, such as zero-valent iron (Samadi et
al., 2021), and silver nanoparticles (Lakra et al., 2021), titanium oxide, and its nanocomposite
(Zafar et al., 2021).

Silver nanoparticles are common among noble metals due to their numerous applications. They

are used in environmental pollution control, water purification, textile industries, food
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industries, and therapeutic/biomedical industries (Abass Sofi et al., 2022). In material
synthesis, it has been used to functionalize materials such as graphene oxide,
polyhexamethylene biguanide, 4-mercaptopyridine, glucosamine, fatty acids, cyclodextrins,
and synthetic polymers (Li et al., 2012b; Patel et al., 2015; Zhai et al., 2017; Anwar et al., 2019;
Zhao et al., 2019; Abass Sofi et al., 2022). The present studies involve the functionalization of
gCsNg4 with silver nanoparticles. The photocatalytic performance of this nanocomposite was

investigated for the reduction of hexavalent chromium to trivalent chromium.
7.1  Chemicals and instruments

Melamines, silver nitrate, sodium chromate and 2,2- diphenyl-1picrythydrazyl hydrate, and
ethanol were supplied by Sigma-Aldrich in analytical standard. d8 Advanced X-ray
diffractometer with Cu Ka radiation (A = 0.154 nm) was used for the measurement of XRD
patterns. TECNAI G2 (ACI) equipment (Hillsboro, OR, USA), with an accelerating voltage of
200 kV was used for Transmission electron microscopy (TEM) analysis and FEI Quanta FEG
250 was used for Scanning electron microscopy (SEM) analysis. Perkin Elmer LS 45
fluorimeter and PerkinElmer 220 UV-vis spectrophotometer was used to obtain the emission

and absorption spectra respectively.

7.2 Synthesis of gCsN4

The graphitic carbon nitride powder was synthesized using a previously reported method. In
brief, approximately 10.0 g of melamine powder (white color) was placed in a covered crucible.
It was put inside the muffle furnace, which was maintained at a heating rate of 10 °C/min and
550 °C for 4 h. The yellow lump produced at the end of the reaction was cooled and ground
into powder (Ajiboye et al., 2020; Das et al., 2020).

7.3 Synthesis of Ag/gCsN4

Silver nitrate was mixed and ground with the graphitic carbon nitride in the ratio of 1:2
(AgNOz3: gCsNg4) using a mortar and pestle. The product was calcinated at 350 °C for 2 h at a
heating rate of 10 °C/min. The obtained product was cooled, dispersed in distilled water and
stirred continuously for 6 h. This was followed by centrifugation at 4000 rpm for 5 min to
purify the product, which was dried at 80 °C for 8 h.
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7.4 Photocatalytic reduction of Cr(V1) using gCsN4 and Ag/gCsN4 nanocomposite

The photocatalytic activities of gCsN4 and Ag/gCsN4 were carried out using hexavalent
chromium as the model pollutant under visible light. The photoreactor fitted with a 28 W LED
light was used for the investigation. In a typical experiment, 50 mL of 100 mg/L Cr(V1) solution
was measured into a 100 mL beaker. To this solution, 50 mg of gCsN4 photocatalyst was
introduced at pH of 2, 4, 7 and 12. The solution was stirred for 30 min in the dark to attain
adsorption-desorption equilibrium. After this, the solution was irradiated with visible light
while stirring was maintained for 120 min. During the illumination, 5 mL aliquots of the heavy
metal solution were taken at 20 min intervals. The concentration of each aliquot was measured
at Amax = 350 nm with a UV-vis spectrophotometer. The percentage of hexavalent chromium

that has been photocatalytically reduced was obtained by using Equation (i).

Co—C
Co

% removal = x 100 0]

Where C, and C are the concentration of hexavalent chromium before and after the
photocatalytic process respectively. The rate of photocatalytic reduction was obtained by fixing
the data obtained from the photocatalytic process into the linear plot of pseudo-first order

kinetics following Equation (ii).
c ..
—In(>) = Kit (i)

Where Co and C are the concentration of hexavalent chromium before and after the

photocatalytic process respectively; Kz is the pseudo-first order rate constant and t is the time

75 RESULTS AND DISCUSSION
7.5.1 X-ray diffraction (XRD) studies of Ag/gCsN4 nanocomposite

The formation of graphitic carbon nitride was confirmed by the appearance of a prominent
peak at 20 =27.4°, which was indexed to the (002) plane. This peak appears due to the presence
of conjugated aromatic rings with interlayer stacking (Gogoi et al., 2021). The peaks at 77.5°,
64.4°, 44.3°, and 38.1° are indexed to (311), (220), (200) and (111) crystal planes respectively
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(JCP2 04-0783) (Fig. 7. 1) (Gogoi et al., 2021). A reduction in the intensity of the peak at 20
=27.4° occurred upon the formation of the nanocomposite, compared to the intensity of the
pristine graphitic carbon nitride, indicating that a rearrangement occurred by the incorporation
of silver into graphitic carbon nitride(Thorat et al., 2021). There was a shift in the position of
the (002) peak by about 0.2 °C after the incorporation of the silver which showed a change in
the interlayer distance compared to the pristine graphitic carbon nitride and the growth of the
gCsNg crystal structure was restricted (Ge et al., 2011; Thorat et al., 2021). The absence of any
un-indexed peak showed that the Ag/gCsNs synthesized was pure. The diameter of the
Ag/gCsNaestimated from the Scherrer equation was 37.19 nm, while the size of pristine gC3Na
was 65.58 nm. This confirmed a reduction in the size of the silver functionalized gCzN4 reduced

compared with the size of the pristine gCsNa.
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Figure 7.1: XRD patterns of graphitic carbon nitride and silver/graphitic carbon nitride

nanoparticles.
7.5.2 FTIR studies of Ag/gCsN4 nanocomposite

In the FTIR spectrum (Fig.7. 2), sharp peaks that appeared at 1617 and 794 cm, which are the
characteristic peak of the C=N bond and the vibrational peak of the triazine unit respectively
(Thang et al., 2021). The peaks in the range1317-1400 cm™ were due to the aromatic rings in
the structure of gCsN4.The peaks around 3071 cm™ are attributed to the vibration of the N-H

from the free amino group of the gCsN4and O-H group of the adsorbed water molecules on the
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surface of the nanocomposite (Elavarasan et al., 2021). The sharp peak at 794 cm™ could be
ascribed to the vibrational frequency of the bond between silver and non-metals (Gharibshahi
etal., 2017).
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Figure 7.2: FTIR spectrum of Ag/gCsNa

7.5.3 Optical study

The wavelength of maximum absorption for the gCsN4 appears at 337 nm and this is because
of unsaturated n-n* transitions with the atoms of nitrogen, and the second maximum at 396 nm
was a result of poly conjugated heteroaromatic 7— 7* transition (Mohanraj et al., 2021). The
wavelength of maximum absorption for the silver functionalized gCzN4 was found at 245 nm,
as shown in Fig.7.3 (a and b), indicating a blue shift in the absorption maxima upon the
incorporation of silver nanoparticles into gCsN4. Evaluation of the indirect bandgap energy was
achieved by plotting (a4v)Y? against the energy of the photon (kv) as shown in Figures 7.3 (a
and c), given the band gap energy of gCsNsand Ag/gCzNa4 as 2.60 eV and 3.60 eV respectively.
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Figure 7.3: UV spectra of gCsN4 and Ag/gCsNs4 (a and b respectively) and their Tauc plot (c
and d respectively).

The bandgap energy of the silver-functionalized and the pristine graphitic carbon nitride are
3.60 and 2.60 eV respectively. The band positions were estimated from Equations (iv) and (v)
(Dai et al., 2014) using these bandgap energies, and were obtained as -1.35 and +1.25 eV for
the conduction band (Ecg) and valence band (Evg) energies respectively. These band positions
respectively changed to -1.64 eV and +1.96 eV in the composite of Ag and gCzNa. This implies
that the incorporation of silver into the g-CsN4 increased the valence band but reduced the

conduction band.
Ece = X-0.5Eg-45 (iv)
Eve = X+ 0.5Eg—4.5 (V)

Where X = absolute electronegativity which is usually derived from the geometric mean of
the absolute electronegativities of all the elements in the semiconductor while Eg is the
bandgap energies.

178



7.5.4 Morphological study

Figure 7.4a presents the SEM micrograph of the Ag/gCsN4 nanocomposite, which showed an
aggregated surface structure, while the TEM image revealed the morphology of the Ag/gCaN4
is spherical (Fig. 7.4b). The particle size distribution histogram shows an average diameter of
34 nm (Fig.7. 4c) and the area distribution revealed an average area of approximately 700 nm?
(Fig.74d). The size obtained with Ag-functionalized gCsN4 was in the range of the value
obtained from the XRD image. Silver loaded on different carbon-based materials has been
reported to have a smaller diameter between 0 -100 nm (Wang et al., 2017; Mangalam et al.,
2019; Thorat et al., 2021). For instance, the diameter of silver nanoparticles loaded on
nanofibers was determined to be 6.1 nm (Thorat et al., 2021), while the diameter of silver
functionalized reduced graphene oxide and cyclodextrin were found to be approximately 80
nm (Wang et al., 2017; Mangalam et al., 2019). Therefore, the value obtained is within the

range of other values reported for silver functionalized nanocomposites.
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Figure 7.4: (a) SEM image (b) TEM image, (c) Particle size distribution histogram and (d)
Area distribution histogram of Ag/gCsNa4
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The EDX spectrum of the Ag/gCsN4 nanocomposite showed that it is mainly composed of
carbon and nitrogen without any impurities (Fig.7. 5a). In addition, the elements found in the
EDX of Ag/gCsN4 were silver, carbon and nitrogen without any impurities (Fig.7. 5b). The
absence of impurities in the EDX spectra shows that the materials were prepared without
contamination. From the atomic weight ratio of the element, presented as inset in the EDX
spectra, the ratio of carbon-to-nitrogen before and after incorporating the Ag into gCsNa4 were
0.68 and 0.70 respectively, which were lower than the ideal ratio of 0.75 (Wang et al., 2019).
This reduced ratio could be indicative that the melamine precursor was not completely
condensed in the presence of the thermal energy demonstrating that there are uncondensed —
NH- and —NH2 (Gogoi et al., 2021). The increase in the carbon-to-oxygen ratio from 0.68 to
0.70 when silver was introduced was an indication that the introduction of silver created some
nitrogen vacancies. These nitrogen vacancies slow down the electron-hole pair recombination
and extend the absorption of visible light (Li et al., 2012a; Putri et al., 2018; Shen et al., 2018;

Wang et al., 2019).
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composition | Nitrogen
w in Ag/gC;N, | ratio
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Figure 7.5: EDX spectra of (a) silver-functionalized graphitic carbon nitride (Ag/gCsNa) (b)

graphitic carbon nitride.
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7.5.5 Photocatalytic activity of g-CsN4 and Ag/gCsN4 nanocomposite

The plot of absorbance against wavelength for the photocatalytic reduction of hexavalent
chromium using pristine gCsNsand Ag/gCsNa is shown in Fig. 7.6(a-c). The plot showed that
the wavelength of maximum absorption of the prepared 100 mg/L of Cr(VI1) solution was at
350 nm. The percentage of Cr(VI) that was reduced when pristine gC3sN4 was used as the
photocatalyst was 13.41% within 120 min of visible LED light irradiation but a marked
increase occurred up to 35.3% when the Ag/gCsN4 was used as the photocatalyst under the
same condition. The maximum photocatalytic reduction of 66.87% was achieved within 120
min of visible LED light irradiation when the concentration of hexavalent chromium pollutant
was reduced from 100 mg/L to 20 mg/L as shown in Fig.7.6d.
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Figure 7. 6: Absorption spectra of the photocatalytic reduction of Cr(V1) ions using 50 mg
dosage of:(a) pristine gCaN4, (b) Ag/ gCsN4 (100mg/L of Cr(V1) at pH 2), (c) Ag/ gC3N4 and
20mg/L of Cr(V1) at pH 2 under LED light, (d) Histogram showing the percentage Cr(\V1)
reduction at constant pH of 2 under 28W LED light.

7.6 Effect of various parameters on photocatalytic activity
7.6.1 Effect of Cr(VI) concentration on the photocatalytic performance of Ag/gCsNa

The rate of photocatalytic reduction of pollutants varies with their initial concentration. Hence,
by using Cr(V1) with initial concentration of 100 mg/L, the rate of photocatalytic reduction was
found to be 0.0008 mint and there was no significant increase in the rate of photocatalysis
when the concentration of Cr(VI) was reduced to 50 mg/L. However, when the concentration
was reduced from 100 mg/L to 20 mg/L, the rate of photocatalytic reduction increased from
0.0008 mint to 0.0033 min (Fig.7. 7). The reduction in the removal rate with an increase in
the concentration of hexavalent chromium could be attributed to the accumulation of generated
excess trivalent chromium on the surface and pore of the composite photocatalyst, which
culminated into the reduction of the rate of separation of trivalent chromium from the electrons
and holes pairs (Li et al., 2019). Bankole et al., reported similar variation in photocatalytic

removal of Cr(V1) with change in the initial concentration of Cr(VI) (Bankole et al., 2021).
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Figure 7.7: Effect of initial concentration on hexavalent chromium reduction at 100 mg/L,
50 mg/L and 20 mg/L (constant pH of 2 and 50 mg photocatalyst dosage).

7.6.2 Effect of pH of Cr(VI) solution on the photocatalytic performance of Ag/gCsN4
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Hexavalent chromium exists in the form of CrO4% (at pH slightly above 6). It is an oxo
compound with a tetrahedral shape, while HCrO4 is the dominant species under alkaline
conditions. However, under high acidic conditions, trivalent chromium is the dominant species
because it is thermodynamically stable (Hasija et al., 2021). Using Ag/gCsNs4 as the
photocatalyst, there were 0.0033 min™® and 0.0029 min? removal rates at pH 2 and 4
respectively, which are the acidic conditions unlike 0.0009 min™ and 0.0011 min* removal
rates that were obtained at pH 7 (neutral) and pH 12 (alkaline) conditions respectively as shown
in Fig. 7.8.
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Figure 7.8: Comparative studies of hexavalent chromium reduction at pH 2, 4, 7 and 12 at a
constant Cr(V1) concentration (100mg/L and 50 mg photocatalyst dosage).

It has been previously reported that photogenerated electrons play significant roles in the
photocatalytic reduction of Cr(V1) to Cr(l11); and this happens when the reduction potential of
the chromium species is more positive than the position of the conduction band (Liang et al.,
2016). The E° of (CrO4 27/Cr¥") =-0.13 V, E° of (HCrO4/Cr®) = 1.35 V and E° of (Cr.07 =
/Cr¥*) =1.23 V vs. NHE (Liang et al., 2016). The observed hexavalent chromium removal was
due to the action of photogenerated electrons, which were promoted by the presence of
positively charged protons (H*) in the system as shown in Equation (vi). The existence of
electrostatic repulsion between the Ag/gCsN4 and the hexavalent chromium in an alkaline
solution subdued the reaction of photogenerated electrons, thereby leading to the low rate of
conversion of Cr(VI) to Cr(l11). However, the addition of dilute acid to the system causes the
participation of the proton in the reaction which results in the formation of Cr(111) as shown in

Equation (xii). In the neutral condition, the high electron density of oxygen atoms prevents
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the photogenerated electrons from reducing Cr(VI) to Cr(l1l) (Hasija et al., 2021) as shown in

Equation (xiii).

3ece+ THY +HCrOs — Cr¥* + 4HoO....ooooiiiiiiiiiiiiie (vi)
10H" + 2¢ + Cro0/% — 2Cr** + Oz + S5H2O....cooooiiiiinin, (xin)
4e” + 2Cr.0% — 302 FACTOZ L (xiii)

7.6.3 Effect of addition of easily oxidizable organic acid on the photocatalytic

performance of Ag/gCsN4

In previous studies, the introduction of hole scavengers such as different organic acids has been
reported (Zhng et al.,2019). These organic acids are easily oxidizable and they mediate the
photocatalytic reduction leading to enhanced reduction reaction (Litter, 2017). In this study,
oxalic acid was used as the hole scavenger and an enhanced photocatalytic reduction in the
presence of oxalic acid was observed compared with the rate of hexavalent chromium reduction
without oxalic acid as shown in Fig. 7.9. Within 20 min of visible light irradiation, the rate of
photocatalytic reduction changed from 0.01517 to 0.02896 min™ when oxalic acid was
introduced into the system. This could be ascribed to the reaction between the photogenerated
holes and the easily oxidizable organic, which is more feasible than when water was present as
the hole scavenger. The oxidation of water to oxygen by photogenerated holes involves the
transfer of four electrons in the rate-determining step (Litter, 2017; Hasija et al., 2021). Since
holes have been depleted by the photogenerated holes scavenger, as shown in Equation (ix),
photogenerated electrons are more available for the reduction of hexavalent chromium and the
rate of recombination of photogenerated holes and electrons is reduced (lliev et al., 2006;
Hasija et al., 2021).

RCOOH + hyp*(HO'ags.) — RCOO" + H*(H20) — CO2+ R, (ix)
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Figure 7.9: Comparative studies of hexavalent chromium reduction in the presence and
absence of easily oxidizable organics (oxalic acid) (Cr(VI1) concentration of 20mg/L, 50 mg

photocatalyst dosage and pH of 2).

7.6.4 Effect of catalyst dosage on the photocatalytic performance of Ag/gCzN4

The concentration of Ag/gCsNs photocatalyst was increased from 20 to 50 mg while
maintaining a constant pH of 2, the concentration and volume of Cr(VI) were also kept
constant. A change in the maximum rate of degradation from 0.0034 to 0.0056 min™* occurred
(as shown in Fig.7.10). This increase in the rate of photoreduction was due to an increase in
the number of surface-active sites with an increase in photocatalyst dosage and the route of
charge transfer which became more effective (Song et al., 2019). When the photocatalysis was
carried out in the absence of catalyst (light only) under the same condition, only minimal
photoreduction rate (0.0017 min™) occurred, which could be attributed to the self-

photoreduction of the hexavalent chromium (Hasija et al., 2021).
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Figure 7.10: Comparative studies of hexavalent chromium reduction in the presence of
visible light only and varied Ag/gCsN4 photocatalyst dosage (Cr(V1) concentration of
20mg/L and pH of 2).

The silver-functionalized graphitic carbon nitride displayed a better scavenging activity in
DPPH than the ascorbic acid, which was used as the positive control, indicating that the
nanocomposite is a better hydrogen donor to the radicals than the primary control (Adeyemi et
al., 2021). The adsorption of DPPH on the nanocomposite was enhanced by the presence of
silver nanoparticles. The adsorbed radicals of DPPH have ability to abstract atoms of hydrogen

from the hydrated surface of the silver metal to give DPPH-H molecules (Pu et al., 2019).

CONCLUSION

The silver-functionalized graphitic carbon nitride was successfully prepared through the
thermal condensation of melamine and silver salt. The obtained Ag/gCsNa displayed improved
photocatalytic activity towards the reduction of hexavalent chromium under visible light. The
percentage reduction improved with an increase in photocatalyst dosage, a decrease in the

concentration of hexavalent chromium under acidic conditions. The Ag/gCsN4 showed an
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improved photocatalytic performance better than that of pristine gCsN4. The enhanced
photocatalytic performance was due to reduction in the rate of recombination of

photogenerated holes and electron pairs.
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CHAPTER EIGHT
8.0 Conclusion and recommendations

Overall, the performance of the functionalized graphitic carbon nitride nanocomposites in the
elimination of Ag(l), Cr(\V1) and Pb(I1) through photocatalytic reduction were found to be more
efficient than using pristine graphitic carbon nitride as the photocatalyst. As shown in the
reusability studies of NisBi.S,/O-gCsNs, the functionalized graphitic carbon nitride
photocatalysts were found to retain over 80% of their efficiencies even after three cycles.
Finally, the scavenging experiments showed that the main active species for the photocatalytic
reduction of these metal ions are electrons (e’), hydroxyl radicals (OH") and superoxide (-O2).

In chapter three, the suitability of dithiocarbamate complexes for generating metal sulphides
under an inert atmosphere through the heat-up method in oleylamine as the capping agent was
acheived. The studies clearly showed that the Acanthite phase of Ag.S was successfully
prepared from the silver(l) complex of N-methyl-N—phenyl dithiocarbamate at a relatively low

temperature of 180 °C.

In chapter four, photocatalytic reduction of hexavalent chromium using graphitic carbon nitride
functionalized with rod-like Cus21Bis.79Se photocatalyst was acheived. The results revealed
that over 90% of Cr(VI) was photocatalytically reduced within 1 h at a pH of 2, using the
photocatalyst dosage of 10 mg and Cr(V1) concentration of 10 mg/L. The presence of bisphenol
A, Ag(l) and Pb(Il) in the photocatalytic system exhibited inhibitory effects on the
photocatalytic reduction of Cr(V1).

In chapter five, visible light-driven photocatalytic reduction of monovalent silver using a
composite of Ni3Bi2Sz incorporated into O-doped gCsN4 was investigated. The studies revealed
that the NisBi>S> composited with oxygen-doped functionalized graphitic carbon nitride was
effective for Ag(l) reduction under visible light. The addition of persulfate, Cr(\V1) solution and
a mixture of organic pollutants such as pharmaceuticals and dyes significantly reduced the rate
of the photocatalytic reduction of silver(l). The optimum conditions obtained for the
photocatalytic reduction process were pH 6, using 10 mg/L Ag* concentration, 25 mg of photo-

catalyst’s dosage, and a 28 W LED lamp.

In chapter six, the dye matrix effects on the photocatalytic reduction of heavy metals were
obtained. This was done via the synthesis of AgBiS2/gCsN4 and its application in the
photocatalytic reduction of Pb(ll) in the matrix of methyl orange, crystal violet and methylene

193



blue dyes. The removal rate of Pb(ll) was 0.0045 min in the absence of another dye
contaminant, but changed to 0.0016, 0.0036 and 0.0096 min™* in the presence of methylene

blue, methyl orange and crystal violet.

In chapter seven, photocatalytic potency for chromium(V1) reduction by silver functionalized
gCsN4 was investigated. The performance of the nanocomposite was better than that of pristine
graphitic carbon nitride. Although silver possesses high plasmonic resonance compared to most
metals, its performance in the reduction of Cr(VI) under visible light was lower than that of
Cusz21Bis.79Se—functionalized graphitic carbon nitride. However, the performance of Ag/gCsN4

was better than that of pristine gCsNa.

8.1 Future work

All the specific objectives stated in the study have been met, however, there are many issues,

which may require further investigation:

1. There should be further studies on the comparative performance of these functionalized
graphitic carbon nitrides in the degradation of each heavy metal ions investigated in
this study.

2. The identification of products obtained from the organic pollutants that co-existed
with the heavy metal ions in the contaminated water for better understanding.

3. The performance of these synthesized photocatalysts in real industrial water treatment
requires further research for the optimization on the commercial scale.

4. Simultaneous photocatalytic microbial inactivation along with photocatalytic
reduction of heavy metal ions using functionalized graphitic carbon nitride demands

further investigation.
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Appendix
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Figure S1: The FTIR spectrum of oleylamine-capped Cus21Bis.79S9
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Figure S2: d-spacing from the HRTEM micrograph of Cuz 21Bis.79S9
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Figure S3: Elemental mapping of Cus21Bis.79Se

Figure S4: Elemental mapping of Cus21Bis.79Se/g-C3N4 nanocomposite
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Figure S5: The thermal-gravimetry analysis (TGA) thermogram of pristine silver bismuth
sulphide carried out under inert atmosphere.
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Figure S6: The Differential scanning calorimetry (DSC) thermogram of pristine silver bismuth
sulphide carried out under inert atmosphere.
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