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Abstract
Global energy and clean water consumption is increasing with population growth and

technological advancement, which has resulted in serious concerns about scarcity. DSSC
energy conversion and photocatalytic water purification have emerged as the most promising
methods to address these issues. This work utilized natural dyes from economical and
ecologically friendly plant extracts of Impatiens rothii Hook.f. flower (IHF), Impatiens rothii
Hook.f. root (IHR), Thymus schimperi Ronniger flower (TRF), and Rumex nepalensis Spreng
Flower (RSF). Here, pristine TiO2, TiO2/CuO NCs, and TiO2/ZnO NCs were effectively
prepared by a green method using Impatiens rothii Hook f. leaf (IHL) extract as a reducing and
capping agent. The average crystallite size and particle size from XRD and TEM analysis were
11, 14, 13 nm and 27, 23, and 21 nm for TiO2 NPs, TiO2/CuQ, and TiO2/ZnO NCs, respectively.
XPS analysis showed the formation of TiO,, CuO, and ZnO. Based on BET analysis, the
specific surface areas were determined to be 65, 94, and 91 m?/g for TiO, NPs, TiO2/CuO, and
TiO2/ZnO NCs, respectively. PL analysis showed that TiO2/CuO NCs have the lowest electron-
hole recombination rate. The UV-vis-DRS showed the presence of a redshift for TiO,/CuO
(291 eV) and TiO2/ZnO (2.98 eV) NCs, compared to the TiO2 NPs (3.39 eV). SEM
morphological study revealed that all the synthesized nanostructures have spherical shapes.
The results of lattice fringes from HRTEM analysis supported the XRD crystal analysis results.
MB dye degradation optimized parameters were catalyst dosage (20 mg/L), initial MB dye
concentration (15 ppm), pH of the solution (9), and contact time of 80 min. The maximum
photodegradation of 99% was obtained at the optimized conditions in the presence of
TiO2/CuO NCs. The scavenger test showed that the reactive radicals OH’, O™, and h* for TiO-
NPs, TiO2/CuO (1:1) NCs, and TiO2/ZnO (1:1) NCs, respectively, play important roles in the
photodegradation of MB. The reusability test of photocatalysts showed good performance in
three cycles with degradation efficiencies of 71%, 95%, and 89% for pristine TiO2, TiO2/CuO
(1:1) NCs, and TiO2/ZnO (1:1) NCs, respectively, at the third cycle. The photovoltaic
parameters such as Jsc, Voc, FF, and overall conversion efficiencies for the fabricated DSSCs
were evaluated. Among the synthesized photoanodes and plant-extracted dyes, the one
fabricated with TiO2/CuO (1:1) NCs and IHR (mix) exhibited the highest power conversion
efficiency of 1.70%. The IPCE of this device was found to be 56.71 % at its absorption maxima
and showed the best stability compared to other synthesized nanomaterials.

Keywords: Green synthesis, transition of metal oxide nanomaterials, photocatalysis, natural

dyes, DSSC.
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1 INTRODUCTION
1.1 Background of the Study

Energy and environmental issues are quickly rising to the global agenda. An increase in
socioeconomic demand is related to the massive ecological repercussions of
industrialization, including water contamination, climate change, and the loss of natural
resources. The unregulated release of numerous hazardous materials, such as liquid, semi-
solid, and solid wastes, is seriously polluting the planet (Al-Musawi et al., 2022; Pavel et
al., 2023). Pollutants that can seep into aquatic systems include organic dyes (Ghazy et al.,
2022). The rising demand for modern technologies has resulted in a number of
contaminants, including these hazardous organic dyes, contaminating water (Alamier et al.,
2023). Several studies have connected the ingestion of organic dyes to a number of health
issues in humans, such as gastritis, vomiting, chest pain, irregular pulse, and excessive
perspiration (Das et al., 2023; lkram et al., 2023; Ismail et al., 2019; Martins et al., 2022;
Vieira et al., 2021).

Many of the cationic dyes are used in the dyeing industry, especially for the dyeing of
textiles such as cotton, wool, silk, and paper. Even though they are used extensively,
cationic dyes negatively impact the environment more than neutral and anionic dyes. Their
exceptionally high tinctorial value has a substantial effect on the visual worth of aquatic
ecosystems (Salleh et al., 2011; Tripathi, 2013). Moreover, their cationic characteristics
enable them to connect with the negative charges on the cell surface and give them entry,
which causes an accumulation in the cytoplasms of the cells in the aquatic ecosystems.
methylene blue (MB) is among a water-soluble cationic dye, which non-biodegradable,
poisonous, and cancerous derivative of phenothiazine utilized in textile dyeing (Hosseini et
al., 2022; Kalaycioglu et al., 2023). It also damages septic tanks during wastewater
treatment (Kang et al., 2018).

Several approaches, such as adsorption (Hosseini et al., 2022), membrane separation (Ayub
& Othman, 2023), ultrafiltration (Shoshaa et al., 2023), ion exchange, reverse 0smosis
(Ali et al., 2023), coagulation (Solano et al., 2023), and photocatalysis (Rostami et al.,
2022; Zhang et al., 2022) have been used to eliminate MB from contaminated water.
Among these, photocatalytic degradation using transition metal oxide-based
semiconductors is the most promising because it is simple and low-cost related to other
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methods mentioned above, which have expensive operation prices, and take an extensive
time to eliminate organic pollutants (Bakry et al., 2022).

In addition to the pure water access issue, energy supply is one of the challenges of our
globe. Recently, the transmission of energy has emerged as a critical scientific and
technological need. People in several nations and urban regions may not always have easy
access to alternative energy sources (Rahman et al., 2023). With continued economic
development, energy demand has risen significantly in recent years. Currently, global
power consumption is about 13 TW and is forecasted to reach about 23 TW in the year
2050 (Hatamvand et al., 2020; Mehmood et al., 2014). Fossil fuels, which used to meet
energy demands which provide more than 80% of global energy demands and are the main
cause for increased CO; concentration in the environment, which is a big problem in terms
of climate change and the warming of the planet (Mehmood et al., 2014; Valenzano et al.,
2010). The pollutants and greenhouse gas emissions caused by the combustion of these
fuels are a major source of concern in today's environmental policy (Ahmad et al., 2017).
These concerns have recently prompted scientists to focus their research on renewable
energy sources such as wind, solar, thermal, hydro-power, and biomass (Ahmad et al.,
2017; Ashok et al., 2024). Solar energy is the most efficient of these renewable energy
methods since it is obtained freely from the sun, is clean, and pollution-free (Cheng et al.,
2019). The sun's energy is converted into usable types of energy by these photovoltaic
systems (Sofyan et al., 2017).

Three different types of solar cell technologies have been developed. Solar cells of the first
types are made of silicon crystalline wafers, which supply 93% of the solar cell demand
(Mohamed & Selim, 2017). Solar cells of the second generation are made up of non-
crystalline silicon (amorphous silicon), cadmium telluride, and copper gallium indium di-
selenide. Dye-sensitized solar cells (DSSC), quantum dot (QDs), organic, and perovskite
solar cells (PSC) make up the third generation of photovoltaic cells (Bhattacharya & Datta,
2020; Tomar et al., 2020). Among them, the DSSC is one of the ecologically friendly and
inexpensive devices with a wide variety of possibilities (Bhattacharya & Datta, 2020).

A significant amount of research has been done in recent years on building high-
performance DSSCs with higher efficiency, lower costs, and improved reliability

(Zatirostami, 2020). DSSCs use broad bandgap semiconductor sensitization to convert
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photon energy into electricity and are part of the thin-film photovoltaic technology group
(Najm et al., 2023). Because of their relatively low cost, these devices offer amazing
alternatives to silicon-based solar cells. The dye sensitizer absorbs the incident of sunlight
energy to drive electron transport. Electron transport from dye to semiconductor occurs in
DSSC (Balachandran et al., 2021). During the electron transfer process in DSSC, the active
material of the photoanode is critical. Modification of photoanode material for improving
DSSC photovoltaic performance has recently been investigated (Hidayat et al., 2021).
Based on their physicochemical properties, nanomaterials have a wide range of applications
in domains such as energy conversion and storage (Anigol et al., 2017), medicine, pollution
remediation, cosmetics, and pharmaceuticals (Haleem et al., 2023; Verma et al., 2022). The
chemical, physical, electrical, and optical properties of nanomaterials are all influenced by
particle size, shape, and surface morphology (Annu & Ahmed, 2018).

Transition metal oxide (TMO) nanomaterials have a technologically wide range of
applications (Sahoo et al., 2024). TMO nanomaterials, such as ZnO (Y. Sun et al., 2023),
Nb2Os (Pawar et al., 2023), SnO> (Shabna et al., 2023), CuO (Baral et al., 2024), CeO-
(Kusmierek, 2020), BiVO4 (Kamble et al., 2023), WOs3 (Liu et al., 2023), Fe;O3 (Alp &
Borazan, 2023), TiO2 (Solymos et al., 2024), and In.O3 (Devia & Singh, 2020) are used in
different applications because of their fascinating thermal, optical, electrical, and magnetic
properties.

Due to its several important properties, such as photocatalytic ability, low toxicity, high
oxidizing power, biocompatibility, excellent chemical stability, and ease of accessibility,
TiO2 is one of the most effective in photocatalytic hydrogen production, photodegradation
of organic pollutants and dyes, as well as good antimicrobial activity (I. Ali et al., 2018;
Luthfiah et al., 2021). It is considered environmentally friendly and has been used in
numerous industrial applications, including gas sensors (Nunes et al., 2022), corrosion
protection (Das et al., 2021), white pigment (Wu, 2021), DSSCs (Jayachithra et al., 2022),
remediation of the environment (Arun et al., 2023), for hydrogen gas production (Naldoni
et al., 2018), high dielectric, high electrical resistance (Bonkerud et al., 2021), and the
reduction of CO2 (Rehman et al., 2022).

Among numerous semiconductor catalysts, ZnO stands out because of its exceptional

properties. It has more positive potential than the redox potential of water and more
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negative potential than the redox potential of oxygen (Ali et al., 2024). Applying ZnO in a
photocatalytic reaction can reduce oxygen. ZnO has high redox potential, better chemical
and thermal stability at high temperatures, good defect chemistry, and a considerable
excitonic binding energy of 60 meV (Song et al., 2023). Additionally, ZnO has the widest
variety of nano-morphological formations, which is advantageous for a variety of uses.
However, ZnQO's two primary disadvantages are insufficient absorption of visible light and
electron-hole recombination. (Debnath et al., 2024). CuO has a small bandgap (1.2-2 eV)
and is a naturally occurring p-type semiconductor, having a conductivity of 10™* S/cm
(Sakib et al., 2019). It is crucial in a variety of applications, including gas sensors, high-
temperature superconductors, wastewater treatment, and solar energy conversion (Dulta et
al., 2022). The monoclinic crystal structure of CuO exhibits excellent physical and
chemical properties such as large surface areas, good electrochemical activity, high redox
potential, good thermal conductivity, and outstanding stability in solutions (Raizada et al.,
2020).

Despite the outstanding advantages of TiO., it has limitations due to its wide bandgap and
high electron-hole recombination, which results in a low quantum efficiency (Yang et al.,
2022). A single metal oxide semiconductor photocatalyst could not accomplish the required
performance due to photon-induced electron-hole recombination and surface area
drawbacks. As a result, nanocomposites of materials will act as good photocatalysts, due to
their charge separation capacity, visible light harvesting tendency, and resistance against
photo corrosion (Raizada et al., 2021). The choice of photocatalytic components depends
on their valence/conduction band potentials and bandgap energy (Suresh et al., 2023).
Forming a heterojunction/interface between metal oxides increases the surface area to
volume ratio due to the synergistic effect and minimizes the photon-induced electron/hole
recombination due nto charge transfer through the interface and improved light harvesting
capabilities (Ortiz-Quifionez & Pal, 2024). One can use metal oxides with a similar
bandgap or different bandgap materials to generate heterojunction-structured (Abebe et al.,
2020; Araujo et al., 2023; Kubiak et al., 2019).

So far, there is no scientific report on photocatalytic and solar cell applications of TiOx,

Ti02/Cu0, and TiO2/ZnO nanomaterials synthesized by IHL extract. Thus, this work aims



to evaluate the photocatalytic removal of MB from an aqueous solution and DSSC energy
conversion performances of TiO., TiO2/CuO, and TiO2/ZnO nanomaterials synthesized
using IHL extracts. In addition, Impatiens rothii Hook. f. roots (IHR) and flowers (IHF),
Thymus schimperi Ronniger flowers (TRF), and Rumex nepalensis Spreng flowers (RSF)
were reported as the sensitizers of DSSC conversion devices for the first time. These plants
have a wide range of accessibility and are inexpensive and non-toxic. Impatiens rothii
Hook. f. (Gishilt) is a flora classified under the family of Balsaminaceae (Yohannis et al.,
2018). It is a tuberous species native to Ethiopia and is used as a local wound treatment,
especially for burnt skin. Additionally, because of its great adhesive qualities and vibrant
color, its root extract is utilized to beautify palms and nails. Rumex nepalensis Spreng
(Tult) has a wide range of therapeutic activities and has been extensively used as a
traditional medicine for centuries (Gonfa et al., 2021). Leaves and immature roots of R.
nepalensis are also reported to be used as a food supplement and dyeing agent. Rumex
nepalensis contains anthraquinones such as emodin glycoside, chrysophanol glycoside,
emodin, and chrysophanol (Sharma et al., 2021). Thymus schimperi Ronniger (Tosign) is
an endemic plant in Ethiopia. Traditionally it is used as a food additive and spice for
flavoring hot drinks like tea and coffee. It is a well-known medicinal plant used as an
antioxidant,  anti-inflammatory,  anticarcinogenic,  antidiabetic,  neuroprotective,
hypoglycemic cardioprotective, and antimicrobial properties due to the presence of
secondary metabolites consisting of alkaloids, flavonoids, Saponins, and terpenoids and
tannins (Afonso et al., 2020; Bisrat et al., 2022; Shewasinad et al., 2018; Yikna &
Yehualashet, 2021). Desta and his colleagues reported that the major components of
Thymus schimperi Ronniger include polyphenols like flavones and luteolin (Desta et al.,
2017).

1.2 Statement of the Problem

Water contamination is a result of the release of both organic and inorganic contaminants
caused by industrialization, which is gradually increasing to meet community demands
(Zhang et al., 2019). Nowadays, wastewater contaminated by dyes is one of the biggest
environmental issues. Special characteristics of dyes include their great solubility in water,
their resilience against light, which can disrupt the flow of sunlight into the water, and their
strong carcinogenic, mutagenic, and poisonous effects (Masoudian et al., 2019). Therefore,
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removing dyes from wastewater is a significant worldwide issue for protecting the
environment and public health. MB dye, one of the hazardous cationic dyes, is used to
color wool, silk, and cotton textiles. It can lead to convulsions, methemoglobinemia,
dyspnea, tachycardia, eye burn, cyanosis, and skin irritation. It may cause nausea, vomiting,
diarrhea, and gastrointestinal irritation (Boukoussa et al., 2018; Yaqoob et al., 2020).
Sustainable and affordable energy is essential to improve human welfare and living
conditions. The majority of these energy requirements are now met by carbon-based fuels,
which emit gases such as CO», which is the principal driver of global warming (S. Abrol et
al., 2021; Valenzano et al., 2010).

The DSSC systems use dyes as the light absorber (Hidayat et al., 2021) to produce energy.
Ruthenium-based compounds are the most effective sensitizers for DSSC due to their good
stability, increased absorption in the wide range of the solar spectrum, excellent electron
injection, and efficient metal-to-ligand charge transfer properties. Although ruthenium-
based dyes can have good energy conversion efficiency, their complexes are recognized to
be costly because of limited resources and their negative environmental effects
(Pramananda et al., 2021; Zatirostami, 2020).

Because of their harmless features, natural abundance, inexpensive production costs, and
environmental friendliness, natural dyes obtained from fruits, leaves, and roots of plants
have therefore gained the attention of researchers (Hidayat et al., 2021). The current study
used natural plants as sensitizers to fabricate DSSCs. The root extract of Impatiens rothii
Hook. f., a plant native to Ethiopia, traditionally used by girls for decorative purposes for
their palms and fingers, has good resistance to temperature and fading. Despite its cultural
importance, no study has been conducted on the potential of this plant as a natural dye for

solar energy applications.

1.3 Objectives of the Study
1.3.1 General Objective

The general objective of this work is to study the photocatalytic degradation of Methylene
blue and DSSC energy conversion efficiencies of TiOz, TiO2/CuO, and TiO2/ZnO
synthesized using Impatiens rothii Hook. f. leaf extract.



1.3.2 Specific Objectives

The specific objectives of this study are:
s Toextract IHL, IHF, IHR, TRF, and RSF and identify their phytochemicals.

% To synthesize pristine TiO2, TiO2/CuO, and TiO2/ZnO nanocomposites by green
synthesis method using IHL extract.

% To characterize the synthesized nanomaterials using TGA, XRD, UV-Vis-DRS, PL,
XPS, SEM-EDX, TEM/HRTEM, BET, and Raman analytical techniques.

% To evaluate the photocatalytic performance of pristine TiO2, and TiO2/CuO, and
TiO2/ZnO nanocomposites against MB dye.

% To study the DSSC energy conversion performance of pristine TiO2, TiO2/CuO,
and TiO2/ZnO nanocomposites.

1.4 Significance of the Study

Issues about the cleanup of hazardous waste and similar problems have become national
and international priorities. According to literary works, the advanced oxidation process
(AOP) is an alternative method of removing unwanted contaminants, including dyes. The
green method approach is considered a promising route to control the growth, morphology,
and properties of the nanocomposites. The aggregation/agglomeration of metal oxide
nanocomposites can be avoided by using Impatiens rothii Hook. f. leaves extract as a
capping agent, which is eco-friendly and non-toxic. The dye-sensitized solar cell is both
cost-effective and environmentally benign since the plants used for this work are readily
and abundantly available in Ethiopia. Because the DSSC energy conversion system does
not emit CO., one of the most common greenhouse gases, this energy source reduces the
greenhouse effect. As a result, this work will give starting information to the scientific
community to work in-depth on Impatiens rothii Hook. f. roots and flowers, Thymus
schimperi Ronniger flowers, and Rumex nepalensis Spreng flowers efficiency.
Furthermore, it offers an alternate wastewater treatment route for the dye-releasing
industries and governmental and non-governmental organizations dealing with

environmental protection.



1.5 Scope of the Study

This work was limited to the evaluation of MB photocatalytic degradation and DSSC
energy conversion performance using pristine TiO2, as well as TiO2/CuO and TiO2/ZnO
nanocomposites, which were synthesized using the extract of Impatiens rothii Hook. f.
leaves (IHL) as a reducing and capping agent. The prepared materials were characterized
using XRD, FTIR, UV-Vis-DRS, SEM-EDX, BET, Raman, XPS, TEM, HRETM, and PL
techniques. The photocatalytic performances of the green synthesized nanomaterials were
evaluated using methylene blue as a representative pollutant dye. The reusability of
synthesized nanomaterials was investigated. The JV, IPCE, and DSSC conversion

efficiency measurements were performed.



2 LITERATURE REVIEW

2.1 Methylene Blue Dye

Methylene Blue is a synthetic cationic dye that finds widespread application in biological
staining, the textile industry, and as a redox indicator. However, because of its extensive
use, there are concerns about how it may affect the environment, especially in aquatic
systems (Fito et al., 2023). There are serious environmental hazards when MB is released
into water bodies. For aquatic life, MB can be toxic, resulting in altered behavior, decreased
rates of reproduction, and death (Khan et al., 2022). Studies indicate that exposure to MB
can adversely affect fish, algae, and other aquatic organisms, disrupting ecosystems. MB is
resistant to biodegradation, leading to its accumulation in water bodies. Its stability and
solubility contribute to its persistence, necessitating effective removal methods to mitigate
environmental impact (Khan et al., 2022). To remove such contaminants using
photocatalytic techniques, photocatalyst materials like Transition metal oxides play a great

role.

2.2 Transition Metal Oxides

Transition metal oxides (TMOs) have emerged as significant materials in photocatalytic
and DSSC applications due to their unique properties, such as tunable band gaps, high
stability, and the ability to facilitate redox reactions under light irradiation. TMOs are
inorganic compounds that consist of transition metals and oxygen. They exhibit a variety of
electronic and optical properties, making them suitable for applications in photocatalysis
and DSSC systems. Their ability to absorb light and generate charge carriers (electrons and

holes) is crucial for driving chemical reactions (Sahoo et al., 2024).

2.2.1 Synthesis Methods of TMOs

Basic synthesis methods for TMOs nanomaterials include physical, chemical, and
biological/green approaches. These synthesis methods can be further divided into bottom-
up and top-down approaches. Nanoparticles are initially obtained at the atomic level and
then incorporated into the appropriate material via the bottom-up technique. This comprises
the creation of NPs from colloidal dispersion and powders from the sol-gel technique,
followed by integration (Saleh, 2020). The build-up of material from atoms to clusters to

nanoparticles is known as the bottom-up or constructive process. The most prevalent
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bottom-up processes for nanoparticle generation are sol-gel, spinning, chemical vapor
deposition (CVD), pyrolysis, and biosynthesis (Ealia & Saravanakumar, 2017). Some of

the synthesis methods are shown in Figure 1.
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Figure 1. Different nanoparticle synthesis approaches and methods (Alvarez-Chimal &
Arenas-Alatorre, 2023).

Microwave Heating

Irradiation with microwaves (MW) is a quick and easy way to produce energy for chemical
reactions. Microwave technology is a powerful energy source capable of completing
chemical changes in minutes rather than hours or days of high-temperature heating.
Microwaves are electromagnetic waves with frequencies ranging from 0.3 to 300 GHz and
wavelengths ranging from 1 mm to 1 m that are used in microwave-assisted procedures.
The two major methods of microwave heating are dipolar polarization and ionic conduction
(Nyamukamba et al., 2018). Microwave heating may have various advantages over

traditional heating, including faster reaction times, higher heating rates, and better product
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uniformity (Machut et al., 2020). Table 1 shows examples of nanomaterials synthesized

through the microwave method.

Table 1. Nanomaterials synthesized by microwave and their applications.

Nanomaterials application References

TiO,/CuO photocatalysis (Kubiak et al., 2020)
TiO2/CuO photocatalysis (Kannan et al., 2021)
TiO2/Au photocatalysis (May-Masnou et al., 2018)
CuO/Co0 photocatalysis (Gouasmia et al., 2022)

Sol-Gel Method

The sol-gel method of material synthesis is a straightforward, low-cost, and low-
temperature procedure. The early development of a gel ensures great homogeneity and
eliminates the requirement for atomic diffusion during solid-state calculations.
Furthermore, metal alkoxides are frequently used as precursors, as many of them are liquids
or volatile solids that may be easily filtered, resulting in exceptionally pure oxide
precursors. This component is crucial in the production of electroceramics. The
comparatively high costs of metal alkoxides, on the other hand, may be prohibitive for
some applications, and the release of considerable volumes of alcohol during the
calcination stage necessitates specific safety precautions. After forming a solution
containing the suitable precursors, hydrolysis and condensation are used to convert the
solution into homogenous oxide (gel). The oxide product is obtained by drying the gel and
then calcining it. Alkoxides are usually combined with alcohol to make multi-component
oxides. Acetates and other components for which no alkoxides are available are introduced
as salts. The temperature, pH, and concentration of alkoxides, as well as the addition of
water and alcohol, are all controlled during the hydrolysis process (Srivastava, 2012). Table

2 shows some examples of nanomaterials synthesized by sol-gel methods.
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Table 2. Nanomaterials synthesized by sol-gel methods.

Nanomaterial application References

TiO,/CuO photocatalysis (Khoroshko et al., 2023)
Ti0/Cu0 photocatalysis (Chi & Wang, 2022)
TiO2/CuO photocatalysis (YILDIRIM et al., 2010)
TiO2/CuO photocatalysis (Muzakki et al., 2016)
TiO2/CuO photocatalysis (Celik et al., 2006)
TiO2/CuO Photocatalysis (Roy, 2022)

Green Synthesis of TMOs

The use of physical and chemical processes to make nanoparticles produces hazardous
byproducts that are harmful to the environment. As a result, the green synthesis approach is
thought to be a promising alternative for producing biocompatible and stable nanoparticles
(Patra & Baek, 2014). Green synthesis methods are needed to avoid the formation of toxic
byproducts by developing dependable, long-lasting, and environmentally friendly synthesis
procedures. The synthesis of nanoparticles by fungi, bacteria, algae, and plants is a
common green synthesis approach (Singh et al., 2018). Plant-derived nanoparticles are
more long-lasting, cost-effective, and quite innovative. Plant extracts have the advantage of
being dual-purpose, working as both reducing and stabilizing agents to aid in the creation
of nanoparticles (El Shafey, 2020; Gnanasangeetha & Suresh, 2020). Examples of TMOs

synthesized by green methods using plant extract are listed in Table 3.
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Table 3. Examples of green synthesized TiO2/CuO nanocomposites and their photocatalytic

application.

Plant

References

Rubus ellipticus

(Bisht et al., 2023)

C. benghalensis

(Bopape et al., 2023)

A. carambola

(Etape et al., 2017)

Moringa Oleifera

(Solano et al., 2023)

Eichhornia crassipes

(Lu etal., 2019)

2.3 Photocatalysis for the Removal of Pollutants

The removal of contaminants is the main goal of several wastewater treatment techniques.
These consist of advanced oxidation techniques such as photocatalysis, biological
processes, adsorption processes, electrochemical oxidation, and physicochemical
procedures (Rezaei et al., 2023; Salem et al., 2023). When it comes to removing organic
contaminants from water, photocatalytic degradation is the most promising approach due to
its ease of use, speed, cleanliness, and affordability when compared to other methods that
require large running expenses and take a long time (Rezaei et al., 2023). The application
of photon energy to start a specific reaction process is known as photocatalysis.
Consequence to their ability to eliminate various organic contaminants present in water
through a sequence of redox processes, semiconductor materials have gained more attention
in the photocatalysis community. The stimulation of electrons from the valence band to the
conduction band brought on by the absorption of a photon at the right wavelength is linked
to semiconductors' capacity for photocatalysis.

Photocatalysis is a series of chemical reactions induced by electromagnetic irradiation. This
will cause the excitation of atoms of the irradiated materials, which results in radicals that
affect the surroundings. The photocatalysis process can be classified into reduction and

oxidation (Konstantinova et al., 2019). Exciton or electron/hole (e/h™) pairs emerge when
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the photocatalyst absorbs the necessary light energy, with holes in the valence band and
electrons in the conduction band. Each charge carrier may go in different directions
depending on the surroundings and band edge positions of the adsorbed species' redox
potential. In the valence band, holes cause oxidation, whereas in the conduction band,
electrons cause a reduction. Alternatively, both holes and electrons may combine again.
Reactive oxygen species (ROS) as superoxide anion radicals (O2¢—), hydroxyl radicals
(OH), singlet oxygen species (O2), and peroxide molecules (H203), are therefore produced
by the charge carriers. The redox reactions mentioned above are listed below in Equations
1-8 (Kermani et al., 2023; Kumari et al., 2023; Salem et al., 2023; Tahir et al., 2022).

Semiconductor + hv— Semiconductor(h{g + ecg) 1)
ecg + 0,—> 03~ (2)

05~ + H* > HO; (3)

2HO3; - H,0, + 0, 4)

2HO; —» H,0, + 05" —> OH* + 0, + OH™ (5)

h{g + OH" > OH" (6)

h{g + H,0—>OH* + H* (7)

OH®* + MB— €O, + H,0 + Minerals (8)

2.4 DSSC Energy Conversion

The various types of solar cells can be categorized into three generations. Silicon wafer-
based photovoltaics currently accounts for 93% of the solar cell market and have had a
significant edge over other device architectures and materials for many years. Because of
their great efficiency and stability, silicon-based solar cells have been employed for a long
time. They do, however, have several significant flaws (Bera et al., 2021). Because silicon-
based solar cells have some drawbacks, such as high fabrication costs and the production of
harmful gases during fabrication, researchers are looking for other options (Chougala et al.,
2017). Amorphous silicon is used in the second generation of thin-film technology to create
a homogenous thin layer. One of the most significant advantages of thin film technology is
that it consumes far less silicon. Other materials, such as copper indium sulfide (CIS),
copper indium gallium di-selenide (CIGS), and cadmium telluride (CdTe), are also utilized,

although silicon continues to be the market leader. Thin-film solar cells have lower
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efficiency (10-12%) than silicon solar cells (15-25%), but production costs are lower,
resulting in a lower cost per watt (D. K. Kumar et al., 2020; Mohamed & Selim, 2017;
Sharma et al., 2015).

DSSC with bio-mimics and artificial photosynthesis are the third-generation cells currently
employed in building integration. It's a promising technology that dramatically lowers the
initial costs of solar cells. Nanocrystal-based solar cells, polymer-based solar cells, dye-
sensitized solar cells, and concentrated solar cells are all examples of third-generation
photovoltaic cells (Aduloju et al., 2011; Kibria et al., 2014). Because of the low cost of
materials and the ease of manufacture, dye-sensitized solar cells are well-known as cost-
effective photovoltaic devices related to high-cost conventional silicon solar cells (Gong et
al., 2017).

Figure 2 depicts the general configuration of a typical dye-sensitized photochemical
conversion device. Two TCO layer of FTO; a mesoporous metal-oxide layer photoanode; a
dye; an electrolyte, and a CE are the major components (Bera et al., 2021; Omar et al.,
2020; Wu et al., 2015).

Many TCOs have been developed in the previous thirty years, but the best are ITO and
FTO. Due to its low electrical conductivity, low cost, and excellent heat resistance (stable
up to 550 °C), FTO is the most used substrate compared to ITO. However, FTO has lower
optical transparency and electrical conductivity than ITO (Aslam et al., 2020; Carella et al.,
2018).
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Figure 2. Simple structural components of a DSSC (Tomar et al., 2020).

2.4.1 Conductive Transparent Substrate

A conductive transparent substrate is employed to carry and transport the charges at both
ends of DSSCs. This transparent substance is layered on one side with a conductive surface
and can be made of glass or polymeric material. These substrates allow for complete
catalyst and semiconductor metallic oxide deposition. The overall efficiency of DSSC is
largely affected by the transparency and electrical conductivity of the substrate. The
resistance of the conducting substrate should be between 10 and 20 ©/cm?. Furthermore,
the substrate transparency should be greater than 80%. The major conductive substrates in
DSSCs are FTO and ITO. When assessing the total efficiency of DSSCs, a comparison of
ITO and FTO has shown that the FTO is the more appropriate (Aslam et al., 2020).

2.4.2 TMOs Photoanodes

Mesoporous metal oxide films have exceptional physicochemical properties, including a
high band gap, a large surface area, controlled pore size and morphology, strong thermal

and chemical stability, unique optical and electrical properties, non-toxicity, and
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inexpensive costs. The capacity to interact with molecules not only on their outer surface
but also on the massive internal surfaces of the material, giving more accessible active sites
for reactants, distinguishes porous metal oxides from non-porous metal oxides (Niu et al.,
2018; Topoglidis, 2020). The photoanode/working electrode of DSSCs is made from
mesoporous semiconductor metal oxide. It's a porous surface that creates permeable gaps
for dye to be adsorbed efficiently. Its job is to catch electrons from dyes and deliver them to
the conductive substrate. A thin layer of oxide semiconducting materials such as ZnO, NiO,
TiO2, Nb2Os, and SnO; is deposited on a transparent conducting glass plate to create metal
oxide working electrodes (Aslam et al., 2020; Bykkam et al., 2021; Sharma et al., 2018a;
Zhang et al., 2020).

Because of its enormous surface area, homogeneous pore size, structural homogeneity, and
integrity, mesoporous TiO; is a good candidate for dye-sensitized solar cell production
(Zhang et al., 2020). To date, TiO2 has been the most widely utilized photoanode material,
with a DSSC efficiency of roughly 14% (Gnida et al., 2021). In general, TiO; is the
material of choice due to superior properties such as the position of the conduction band
(the TiO2 conduction band is lower than the LUMO level of most commonly used organic
dyes, allowing for faster electron transfer), low toxicity, high chemical stability, and a high
refractive index (n = 2.5 for anatase) which allows for efficient diffuse scattering of light
inside three crystalline layers. TiO> comes in three different crystal structures. These are
anatase, rutile, and brookite with a bandgap of 3.2 eV, 3.0 eV, and 3.4 eV, respectively.
The porous photoelectrode, with its high dielectric constant (£ = 80 for anatase) and good
electrostatic shielding of the injected electrons from the oxidized dye molecule connected
to the TiO> surface, inhibits the quick recombination of the electrons at the TiO./dye
interface site. (Su’ait et al., 2015).

Photocatalysis, separations, sensor devices, paints, and dye-sensitized solar cells are just a
few of the applications for TiO> NPs. The material properties of TiO2 nanoparticles are
determined by the crystal structure, nanoparticle size, and shape, and are thus substantially
influenced by the synthesis procedure. Anatase, brookite, and rutile are the three primary
phases of TiO.. Although rutile is the most stable phase in bulk, most solution-phase
production procedures for TiO> favor the anatase structure. The surface energy of anatase

is lower than that of rutile and brookite at very small particle dimensions, and it has been
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discovered that the surface energy of anatase is lower than that of rutile and brookite. The
crystal structure stability has been explained using a molecular model, in which the
precursor chemistry, which is dependent on the reactants utilized, determines the nucleation
and development of the various polymorphs of TiO2 (Aslam et al., 2020; Nyamukamba et
al., 2018).

In comparison to rutile and brookite, the anatase phase possesses traits such as an indirect
band gap, which prevents the direct transfer of electrons from the conduction to the valence
band, resulting in an order of magnitude longer lifespan for photogenerated electrons. In
addition, the recombination of photogenerated carriers is significantly lower in anatase due
to a reduced photo carrier effective mass, which may aid their rapid migration (Aslam et
al., 2020). Rutile is the most frequent form, with a tetragonal structure, 6 oxygen atoms per
unit cell, and TiOe as an octahedron that is slightly deformed. Rutile is the most
thermodynamically stable phase of TiO2, with a low value of Gibbs free energy at
atmospheric pressure compared to anatase and brookite. Rutile transforms irreversibly from
anatase and brookite to rutile during calcination, beginning at 600 °C and ending at 900 °C.
Anatase has a tetragonal structure as well, even though the TiOs octahedron in the anatase
phase is more deformed than in the rutile phase. Anatase is more stable at low
temperatures, and rutile and anatase are widely utilized in photocatalysis processes.
Because the conductive band of anatase is closer to the negative position than that of rutile,
it is more photoactive. This increases the reducing power. Furthermore, the Fermi level is
somewhat higher, with strong electron mobility, low density, and lower surface energy, all
of which contribute to the production of anatase solar cells (Aslam et al., 2020; Rao et al.,
2016).

2.4.3 Photosensitizers (dyes)

Photosensitizers are the most important component of DSSC, and there are a variety of
photosensitizers based on their chemical and physical qualities. Metal-free sensitizers,
natural sensitizers, and metal complex sensitizers are among the many types of
photosensitizers (Conradie, 2024; Kumara et al., 2017; Tomar et al., 2020). The most
crucial component of dye selection is that the dye's redox potential is high, allowing it to

regenerate quickly by taking electrons from the electrolyte. For efficient operation in
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DSSCs, the dye should have electrochemical and photophysical properties (Sharma et al.,
2018b).
An ideal dye sensitizer should meet the following criteria:
I.  The absorption spectrum is broad; maximum photons are harvested from visible to
near-infrared wavelengths.
ii. It Possesses a high extinction coefficient.
iii. The dye should be luminescent;
iv. Production of photo-excited electrons upon absorption;
v. The ability of the mesoporous semiconductor layer to effectively infuse charge into
the conduction band,;
vi. Appropriate levels of LUMO and HOMO provide effective electrons injection;
vii. Dye regeneration; the oxidation potential of dye should be higher than the
oxidation potential of the redox couple contained in the electrolyte;
viii. Presence of chemical groups that are capable of permanent chemisorption of
photosensitizer onto photoanode surface, such as -COOH, —H2POs3, —~SO3H;
iX. Possess good thermal and chemical stability, and good solubility (Krawczak, 2019;
Rahman et al., 2023; Sharma et al., 2018a; Trihutomo et al., 2019).

Natural Dye Photosensitizers

Natural dyes extracted from plant resources are an alternative method of manufacturing
cost-effective colors on a wide scale. These dyes are derived from naturally occurring
colorful flowers, leaves, and fruits, among other sources. The hues come from the presence
of many pigments that are effective photosensitizers. Natural dyes also have several
advantages, including a simple preparation method, complete biodegradation, ease of
access, high availability, environmental friendliness, and, most notably, a large decrease in
the usage of precious metals and a low manufacturing cost (Ludin et al., 2014; Tomar et al.,
2020).

The electronic structure of these plant pigments interacts with sunlight, changing the
wavelengths that are either transmitted or reflected by the plant tissue. Plant pigmentation
results from this process, and each pigment is characterized by the wavelength of maximum

absorption (Amax) and the color observed by humans. Chlorophyll, carotenoid, flavonoid,
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and anthocyanin are natural color pigments that are comparatively easier to extract from
natural resources than manufactured dyes. Figure 3 depicts a flow chart illustrating the
various pigment classifications found in plants. Plant pigments are classified into four
categories, as depicted in the flow chart (Kumara et al., 2013).

Plant pigments

Flavonoids Carotenoids Chlorophvyll Anthocynins

Figure 3. Classification of plant pigments.

Carotenoids

Carotenoids are organic pigments that can be found in plants, as well as some fungi and
algae (Nabi et al., 2020). They are a vast family of isoprenoids with over 700 members that
produce a variety of red, orange, and yellow fruits and flowers. The presence of a Cao
hydrocarbon backbone distinguishes carotenoids, causing structural and oxygenic changes.
(Ashenafi et al., 2023; Mezzomo & Ferreira, 2016). The molecular structures of
zeaxanthin, lutein, beta-cryptoxanthin, and astaxanthin are shown in Figure 4 A-D,
respectively. The B-ionone ring of B-carotene and its derivatives, which act as vitamin
precursors, is the most abundant end group. By undergoing hydrogenation,
dehydrogenation, cyclization, oxygen insertion, double bond migration, methyl migration,
chain elongation, and chain shortening, all carotenoids can be classified as lycopene
(CaoHse) derivatives (Zhang et al., 2014).
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Figure 4. Carotenoids structure: (A) zeaxanthin, (B) lutein, (C) beta-cryptoxanthin, and (D)
astaxanthin(Mezzomo & Ferreira, 2016).

Chlorophyll

Chlorophyll is a green pigment that can be found in the leaves of green plants, algae, and
cyanobacteria. It can absorb red, blue, and violet wavelengths of light and obtain its color
from green reflection (Al-Alwani et al., 2017; Bera et al., 2021). Over 50 tetrapyrrolic
pigments have been discovered, comprising six main forms of chlorophyll pigments.
Chlorophyll-a and chlorophyll-b, however, are the most often used. Because of the
presence of phytyl and alkyl groups in the structure, chlorophyll-a has poor adsorption and
sensitization on photoanodes. As a result, steric hindrance occurs, preventing chlorophyll
molecules from binding efficiently to the photoanode. Chlorophyll-b differs from
chlorophyll-a in the presence of the aldehyde group (-CHO) instead of the methyl group (-
CHpa). In addition, as compared to chlorophyll-a, chlorophyll-b has a blue color spectrum
and a redshift (Arof & Ping, 2017). Figure 5 depicts the chemical structures of chlorophyll-
a and chlorophyll-b. Because of their propensity to absorb blue and red light, chlorophylls
are used as sensitizers in DSSCs. Furthermore, photosensitizers that have three carboxylate
groups in a molecule but no heavy metal ions have been considered environmentally
beneficial (Arulraj et al., 2019).
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Figure 5. Chemical structure of Chlorophyll, Chlorophyll-a (R=CHz) and Chlorophyll-b
(R=CHO) (Godibo et al., 2015).

Flavonoids

The family of naturally occurring polyphenolic substances known as flavonoids is receiving
attention. Their vast distribution and diverse biological activity make them attractive to a
wide range of scientific disciplines (Liga et al., 2023). Flavonoids are the most important
flower pigments, accounting for most visible spectrum hues. Furthermore, flavonoids are
responsible for attracting insects to plants, shielding plants from UV-B radiation, signaling
amongst microorganisms in plants, and regulating auxin transport (Kumara et al., 2017).
Flavonoids have a Ce-C3-Cs carbon framework with two phenyl rings joined by a three-
carbon bridge that usually produces a third ring or, more precisely, phenylbenzopyran
activity. The degree of oxidation of the C-ring determines the color of the flavonoid in most
cases (Rudrapal et al., 2022). The majority of naturally occurring flavonoid pigment
molecules include unbound or loosely bound electrons, lowering the amount of energy
required to excite such electrons to a higher energy level (Dias et al., 2021). As a result, the
charge transfer transitions from HOMO to LUMO require less energy, allowing visible
light to energize the pigment molecules, resulting in a broad absorption band in the visible

area (Shalini et al., 2016). Figure 6 depicts the common structure of flavonoids.
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Figure 6. Chemical structure of a commonly occurring flavonoid (Shalini et al., 2016).

Anthocyanins

Anthocyanins are naturally occurring pigments that are responsible for the color of many
plant organs, such as the stem, leaf, flower, fruit, root, and tuber (Nassour et al., 2020)
Figure 7 depicts the basic chemical structure of anthocyanin. Anthocyanins are the
pigments that give flowers, fruits, and leaves their appealing colors (orange, red, purple,
and blue) (Pervaiz et al., 2017). Anthocyanins are commonly used in dye-sensitized solar
cell research because their molecules can easily absorb light and become electrified (Shalini
et al., 2020). Carbonyl and hydroxyl groups on the surface of anthocyanin molecules help
with excitation and electron transfer from the anthocyanin molecules to the conduction

band of a porous semiconductor (Ludin et al., 2014; Shalini et al., 2020).
R4

OH ®)

/

OH

OH
Figure 7. Basic chemical structure of anthocyanin pigment in which ‘R’ could be replaced

with H, OH or OCH3 depending on the pigment (Krawczak, 2019).
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Table 4. DSSC from some natural photosensitizers.

Natural dye source Photoanode Electrolyte Efficiency Reference

(%)
Sweet pomegranate TiO2 I7/13 1.5 (Godibo et al., 2015)
Sumac/Rhus TiO2 I7/13 1.5 (Suhaimi et al., 2015)
solanum betaceum TiO2 /13 0.043 (Susanti et al., 2014)
Pterocarpus Indicus TiO2 /13 0.023 (Diantoro et al., 2019)
Mangosteen peel TiO2 I7/13 0.0071 (Subodro et al., 2017)
Ziziphus jujube TiO2 I7/13 1.077 (Taya et al., 2015)
Allium cepa TiO: I7/173 0.875 (El-Ghamri et al., 2014)
Allium cepa Zn0O I7/173 0.19 (El-Ghamri et al.,

2014)

Rapa ZnO I/13 0.035 (ElI-Ghamri et al., 2014)
Rapa TiO2 I7/173 0.86 (El-Ghamri et al., 2014)
Red cabbage TiO2 /13 0.024 (Pratiwi et al., 2017)
S. guineense fruits TiO2 I7/173 0.51 (Tadesse et al., 2012)
Malvaviscus TiO2/MnO2  I/13 0.88 (Datta et al., 2020)
penduliflorus bilayer
dragon fruit TiO2 I/13 0.22 (Ali & Nayan, 2010)
Kalanchoe TiO> /13 0.61 (George et al., 2020)
Mangosteen TiO2 I/13 0.067 (Sofyan et al., 2017)
Mangosteen TiO2 I/13 0.003 (Sofyan et al., 2017)
Pomegranate TiO2 I/13 2.0 (Ghann et al., 2017)
Hibiscus Sabdariffa TiO> /13 0.92 (Shalini et al., 2020)
calyx
Hibiscus Sabdariffa TiO, doped I/13 1.65 (Shalini et al., 2020)
calyx with 6% Na
Kniphofia ~ schimperi TiO> EMIM-I 1.3 (Bekele et al., 2021)
root
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The efficiencies of DSSCs are affected by different factors like photo anode material, the
type of dye, solvent type, and ratio and percentage of doping materials as shown in Table 4
El-Ghamri et al (2014), reported that TiO. photoanode resulted in better efficiency than that
of ZnO photo anode for all natural pants dyes which they have tested. The effect of
incorporation of the MnO> blocking layer into TiO2 photoelectrode increased the efficiency
of DSSC from 0.31% to 0.88% of Malvaviscus penduliflorus dye (Datta et al., 2020).
Sofyan et al. (2017) tested the effect of solvents on Mangosteen dye, and the efficiencies
were recorded as ranging from 3.914% (ethanol-water mixture) to 0.003% (ethanol-acetic
acid mixture). The effects of doping material to photo anode on the efficiencies of Hibiscus
sabdariffa calyx dye were found to be 0.92% ( bare TiO2), 1.65% (TiO2 + 6% Na), 2.17%
(TiO2 + 6% Na +4% yeast) and 2.4% (TiO. + 6% Na +6% yeast) (Shalini et al., 2020).

Metal Complex Sensitizers

Metal complex dyes produced from heavy transition metals like ruthenium, osmium, and
iridium complexes have been widely used as inorganic dyes in DSSCs due to their extended
excited lifetimes, very effective metal-to-ligand charge transfer spectra, and strong redox
properties (Sharma et al., 2018a). Fan and his coworkers have fabricated DSSC from
ruthenium dye with an efficiency of 14% (Fan et al., 2017). In most DSSC devices
Ruthenium metal complexes are effective due to the following properties (Bera et al.,
2021):

I.  Its octahedral geometric structure helps in the smooth addition of ligands.

Il.  The attractive photophysical, photochemical, and electrochemical properties of Ru

(11) complexes can be tuned to produce the requisite properties.

M. It possesses stable and affordable oxidation states from I to V.
IV. Itisstable in many solvents.
Due to these properties, it is the most preferable sensitizer in DSSC, and some of the
ruthenium dyes are shown in Figure 8. ML2(X)2 is the generic structure of the sensitizer
preferred as a dye, where M is a metal center, L is a ligand 2, 2'-bipyridyl-4,4'-dicarboxylic
acid (Figure 9), and X can be a halide, cyanide, thiocyanate, acetylacetonate, or

thiocarbamate substituent group.
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SIW-E1: X=H"; R=CgH,; 0
C103: X=Na"; R=C¢H3
N3: R=COOH N719: R = CO;N(n-Bu)y4 R

Figure 8. Structures of different ruthenium metal complex dyes (Tomar et al., 2020).

HO O

Figure 9. Chemical structure of ligand 2, 2"-bipyridyl-4, 4'-dicarboxylic acid.

Metal-free Organic Dyes

Metal-free dyes like carbazole/hexyl-functionalized oligothiophene/trimethoxysilyl-anchor
dye (ADEKA-1), Dibiphenylmonophenylamine dyes (LEG4), eosin Y, aniline blue,
bromophenol blue, alcian blue, methyl orange, crystal violet, and fast green have been
studied as sensitizers in DSSCs, and significant progress has been made (El-Agez et al.,
2014; Kakiage et al., 2015). Metal-free organic dyes have extremely high molar extinction
coefficients, readily tunable absorption energies, and are less expensive than Ru-, Os-, and
Ir-based complexes. Furthermore, they are free of the poisonous and costly Ru metal. To
generate a broad absorption spectrum, these materials can be utilized as both sensitizers and
co-sensitizers (Bera et al., 2021). The D-rn-A structure is a push-pull structure in which an
electron donor (D) group is coupled to an electron acceptor (A) through a © -n-conjugated
bridge. In most cases, the electron acceptor also serves as an anchoring group for the dye,
allowing it to adhere to the semiconductor surface. This configuration is advantageous in
terms of aiding the separation of photoinduced charge after photoexcitation. The electron
density shifts from the donor to the electron acceptor side of the molecule, aiding electron
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injection into the photoanode conduction band while also inhibiting charge recombination

between the semiconductor and the oxidized molecule (Carella et al., 2018). Table 5 shows

the effect of the sensitizer on DSSC performance.

Table 5. The Efficiencies of DSSCs of some synthetic photosensitizers using TiO>

Photoanode.
Dye Efficiency References
N719 6.87% (Colombo et al., 2019)
N719 14% (Fan et al., 2017)
N719 5.73% (Pujiarti et al., 2018)
ADEK-1+ LEG4 14.3% (Kakiage et al., 2015)
N719 8.95% (T. N. Kumar et al., 2020)
N719 10% (Ito et al., 2008)

2.4.4 Electrolytes

An electrolyte is one of the basic components in DSSC, which plays a great role in the

process of light-to-electricity conversion. Good electrolytes in DSSC should satisfy the

following conditions:

Vi.

Vii.

Produce good interfacial contact with the porous nano-crystalline layer and the
counter electrode.

For liquid electrolytes, it is necessary to prevent the loss of the liquid electrolyte by
leakage and/or evaporation of solvent.

The electrolyte must be non-corrosive concerning the other DSSC components.

The electrolyte should have the capacity to cause fast regeneration of the dye.

The potential of redox couple of the electrolyte must be more negative compared
with the HOMO of the dye.

The electrolyte must be stable over time, including chemical, thermal, optical,
electrochemical, and interfacial stability, so that the dye does not desorb and
degrade from the oxide surface.

The electrolyte should not exhibit a significant absorption in the range of visible
light (Bera et al., 2021; Wu et al., 2008).
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Solid-state electrolytes, liquid electrolytes (organic electrolytes and ionic electrolytes), and
quasi-solid-state electrolytes are the electrolytes used in DSSCs (Khan, Al-Mamun, Halder,
et al., 2017; Trihutomo et al., 2019; Venkatesan & Lee, 2017).

Solid-state electrolytes

The term solid-state electrolytes refers to a group of materials that transmit holes (HTM).
The carrier transport in HTM-based solid-state DSSC is typically electronic (Li et al.,
2009). Organic HTMs such as 2,2',7,7'-tetrakis (N, N-di-4-methoxyphenylamino)-9,9'-
spirobifluorene (spiro-OMeTAD) have been employed as solid electrolytes for DSSCs. The
oxidized dye can be replenished by injecting a hole into the HTM, which is subsequently
collected by the CE to complete an electronic circuit. These findings suggest that using
organic HTMs to make solid-state DSSCs has a lot of promise (Duan et al., 2015). Solid-
state electrolytes have gotten a lot of interest because of their thermal and long-term
stability, solvent independence, and environmental safety. However, high-crystalline solid-
state electrolytes have low ionic conductivity, high production costs, and limited mass
diffusion capabilities, prompting researchers to look for acceptable electrolytes for DSSCs
(Moon et al., 2019; Shaikh et al., 2018).

Liquid state electrolytes

Liquid electrolytes are preferred in DSSCs over solid and quasi-solid electrolytes because
of their low viscosity, high conductivity, good interfacial wetting, and ease of manufacture
(Thomas et al., 2021). At room temperature, liquid electrolytes are divided into organic
solvent-based electrolytes and ionic liquid electrolytes. Organic-based electrolytes are
composed of organic solvents, redox couples, and additives. Some of the commonly used
redox couples are Bri/Brz, 1713, SCN/SCN2, SISz, SeCN/(SeCN)s, and Co(ll)/Co(lll)
(Khan, Al-Mamun, Halder, et al., 2017; Thomas et al., 2021). Among these redox couples
I/13 is an ideal redox couple because of its good solubility, fast ion diffusion, high
efficiency, ease of fabrication, low absorbance of light in IR region, rapid dye regeneration,
suitable redox potential and very slow recombination kinetics between injected electrons
into the semiconductor and triiodide (Khan, Al-Mamun, Halder, et al., 2017). Organic
solvents such as acetonitrile, 3-methoxypropionitrile, N-methylpyrrolidone, propylene

carbonate, y-butyrolactone, N-methyl-2-pyrrolidone, ethylene carbonate, and counter ions
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of iodides are used in organic solvent-based electrolytes with high dielectric constant,
where solvents are the key component of a liquid electrolyte (Khan, Al-Mamun, Halder, et
al., 2017; Sharma et al., 2018a). 4-tert-butypyridine, guanidinium thiocyanate, and N-
methylbenzimidazole are the most effective additives. The additive's purpose is to absorb at
the photoelectrode/electrolyte interface, preventing injected electrons from recombining
with tri-iodide ions (Khan, Al-Mamun, Halder, et al., 2017).

Organic solvent-based electrolytes, in comparison to ionic electrolytes, have a fast rate of
evaporation due to their high volatility and permeability. To help with these difficulties,
ionic solutions have been utilized. Low-temperature molten salts having melting
temperatures below 100 degrees Celsius, or liquids consisting solely of ions, are known as
ionic liquids (ILs). The salts exhibit weak interactions due to the presence of a large cation
and a charge-delocalized anion (Lee et al., 2013). They are a class of organic salts that
comprise cations, such as imidazolium and pyridinium, as well as anions derived from
halides. They serve as both a solvent and an ionic liquid simultaneously. 1-butyl-3-
methylimidazolium chloride, 1-butyl-3-methylimidazolium iodide, and 1-butyl-3-
methylimidazolium tetrafluoroborate, 1-methyl-3-propyl imidazolium iodide, 1-butyl-3-
methylimidazolium, and 1-hexyl-3-methylimidazolium iodide are the most common ionic
liquids (Abu Talip et al., 2020; Khan, Al-Mamun, Halder, et al., 2017; Shi et al., 2013).

Quasi-solid State Electrolytes

This form of electrolyte solves the problem of inadequate contact between the
photoelectrode and the HTM in solid-state electrolytes. A quasi-solid-state electrolyte
combines a polymer and a liquid electrolyte that can penetrate the photoelectrode and make
good contact. The inclusion of an inert polymer, such as poly (methyl methacrylate)
(PMMA), results in increased stability, superior electrical conductivity, and particularly
good interfacial contact (Hu et al., 2017; Kumara et al., 2017). In DSSCs, quasi-solid state
electrolytes are used to avoid the problems of leakage, flammability, and electrochemical
stability that liquid electrolytes have. Furthermore, the presence of liquid electrolytes
causes desorption and photodegradation of the attached dyes in DSSCs, as well as corrosion
of the counter electrode and photodegradation of some components, all of which reduce the

cell's lifetime, performance, and practical utility (Su’ait et al., 2015).
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2.45 Counter Electrode

The counter electrode (CE) is a thin layer of catalyst on a conductive substrate that is one of
the most important components in DSSCs. The CE plays two important roles: (a) acting as
a catalyst by reducing redox species, which are mediators for regenerating the dye
following electron injection, and (b) collecting the hole from hole-transporting materials in
a solid-state DSSC (Carella et al., 2018; Tomar et al., 2020). Most of the research in DSSC
focused on boosting the short-circuit current density (Jsc), open-circuit voltage (Voc), and
fill factor (FF) to increase efficiency. Due to its appealing qualities such as high catalytic
activity, low charge transfer resistance, high exchange current density, and outstanding
stability towards the electrolyte redox species, platinum (Pt) is chosen as a standard
material for CE in DSSCs; however, Pt is a pricey material to commercialize. Different
materials, including graphite, activated carbon, platinum, carbon black, single-wall carbon
nanotubes, polypyrrole, polyaniline, and poly (3,4 ethylene dioxythiophene), can be used as
catalysts in DSSCs to reduce the redox coupling (Carella et al., 2018; Khan, Al-Mamun,
Al-Amin, et al., 2017; Shaikh et al., 2018).
In general, CE has to fulfill the following requirements:

e To regenerate the electrolyte rapidly and to avoid electron recombination, the

mobility of electrons must be high;

e Highly stable against the corrosive electrolyte;

e It does not react with the electrolyte, so it must be chemically inert;

e Electrocatalytic properties should be high and electrical resistance should be low

(Tomar et al., 2020).

Because of its high catalytic activity and conductivity, Pt-coated ITO or FTO substrate has
been employed as the counter electrode in DSSCs for a long time. However, because
platinum is a rare and expensive metal, researchers are looking at other materials that have
excellent conductivity, stability, and catalytic activity (Khan, Al-Mamun, Halder, et al.,
2017). Since the last decade, transition metal compounds including carbides, nitrides, and
oxides ( such as WO2, WO3, SnO2, Nb20s, TiO2, ZrO2, Cr0s3, MoOz) due to their
characteristics such as low cost, thermal stability, durability, high thermal and electrical
conductivity, and most crucially, catalytic activity similar to platinum, they have been
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identified as a prospective contender to replace Pt (Gnanasekar et al., 2019). Due to their
cost-effectiveness, environmental friendliness, availability, strong catalytic activity toward
redox species, and corrosion resilience, carbon-based materials are suitable counter
electrodes. Carbon black, activated carbon, mesoporous carbon, carbon nanotubes (CNTS),
graphene, and fullerenes, all belonging to the carbon family, have all been investigated as
possible replacements for Pt in the counter electrode, as well as composites (Khan, Al-
Mamun, Halder, et al., 2017; Thomas et al., 2014).

Working Principle of Dye-Sensitized Solar Cell Device

The working principle of DSSC is initiated as follows:

1. The dye molecules adsorbed on the semiconductor photoanode start to absorb the
solar light.

2. To generate an electric current, excited electrons are injected into the
semiconductors' conduction bands (CB). The current then flows via the external
wire before being collected by the CE's transparent conductive substrate.

3. The redox system regenerates the oxidized dye in the electrolyte solution.

4. The redox system is regenerated through a counter electrode.

If the energy levels of each component are appropriately aligned, an efficient electron
transfer mechanism may be obtained in DSSCs. The energy level of the dye's lowest
unoccupied molecular orbital (LUMO) must, for example, be higher than the CB of TiOo,
whilst the CB of the TiO2 photoanode must be higher than the electrolyte's redox potential.
Similarly, the electrolyte's redox potential must be greater than the dye's highest occupied
molecular orbital (HOMO) level. The electron transport processes and energy level diagram
for a complete DSSC-based Ru-complexes dye with TiO2 photoanode, iodide/tri-iodide
redox couple, and Pt counter electrode are depicted in Figure 10 (Karim et al., 2019). The
dye molecules move from the ground state, S, to the excited state, S*(1), or excite an
electron from the HOMO level to the LUMO level when the photon is absorbed by the dye
(Equation 9). The excited dye molecules will then inject electrons into the semiconductor's
conduction band (CB) (2), leaving the dye in an oxidized state, S+ (Equation 10). To
regenerate the dye (S), the oxidized dye (S+) obtains electrons from the reduced component
of the redox couple in the electrolyte (3), and the reduced component is oxidized into the
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oxidized component of the redox couple. This step is called dye regeneration (Equation 11).
The oxidized species in the redox couple migrates to the counter electrode (CE) to make up
for its missing electrons (4), allowing the reduced species to be regenerated by oxidized
species reduction at the CE, and the circuit to be completed by electron immigration
through the external load (Equation 12) (Sacco, 2017; Shaikh et al., 2018).

J
0.5 K’no ) Counter
FTO > ﬁ \\ // electrode
N e o -
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— 3)

Dye Sensitizer
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Figure 10. Electron transfer mechanisms and energy level diagram (y-axis in electron volt)
of atypical DSSC (Shaikh et al., 2018).

For the moment, there are other competitive reactions in the process. The electrons in TiO>
film are taken by the oxidized species (S*), follow-on in the recombination of oxidized
species with electrons (5) (Equation 13); the other is that the electrons in TiO2 film are
captured by oxidized species of the redox couple (6), also leading to the recombination of
electrons (Equation 14). In general, equations 13, 14, 16, and 17 are recombination
processes that reduce the device's efficiency. Equation 15 shows electron transportation to
the external circuit, and equation 18 represents redox couple regeneration (Sacco, 2017).

Photoexcitation:

Sadasorbea T V' = Saasorvea ©
Electron injection:
Saasorbed = Sadsorbed t imjected (10)
Dye regeneration:
3 1
Saasorvea + 51_—) Sadsorbed T 213_ (11)

Electrolyte regeneration:
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13_ + 2e(:_ounter electrode — 3 c_ounter electrode (12)

Recombination by S* dark reaction:

S;dsorbed + eTTiOZ - Sadsorbed (13)
Recombination by the oxidized state of electrolyte, dark reaction:
13_ + 28771'02 —- 3 c;node (14)

Electron transportation:

erio, + FTO — eppo +Ti0; (15)

Back reaction from FTO to dye:
erro +ST > FTO+ S (16)

Backreaction from FTO to electrolyte:
2epro +135 — FTO + 31 a7

Electrolyte reduction reaction:

I +e” — 31 (18)
The injected electrons go through the semiconductor before being delivered to the
conductive substrate, external circuit, and counter electrode, where the electrical energy is
converted to other forms of energy. The fundamental driving factor for electron transport in
the mesoporous film is diffusion, which occurs due to electron concentration. Furthermore,

incident light intensity is significant because higher light intensities result in faster electron

diffusion.
DSSC Performance Evaluation Parameters

Short circuit current density (Jsc), open circuit voltage (\Voc), energy conversion efficiency
(1), and fill factor (FF) are photovoltaic characteristics used to characterize the performance
of DSSCs. These values are derived from the photocurrent density-voltage (J-V) and
power-voltage (P-V) curves, as illustrated in Figure 11, in which current density is plotted
against voltage when the DSSC is exposed to standard AM 1.5 sunlight (100 mW cm?)
(Beraetal., 2021; Kumara et al., 2017).
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Figure 11. Current density-voltage characteristics of a silicon solar cell (Kumara et al.,
2017).

Open Circuit Voltage

The electrical potential difference between a cell's two terminals while the circuit is open
and illuminated is known as the open-circuit voltage. The measured cell voltage in the
absence of internal current flow is known as the VVoc. When the resistance between the
working and counter electrodes is infinite, it is the highest voltage that a solar cell can
produce. This is the difference between the semiconducting oxide's Fermi level and the
electrolyte's redox potential. Voc can be calculated by using Equation 19.

Ecg  kgT

n E dox
V. = l ( )— re 19
oc e + e Ncg e (19)

where e is the elementary charge, n is the number of the electrons in conduction band, kg is
the Boltzmann constant, T is the absolute temperature, Ncg is the density of accessible
states in the conduction band, Ecs is the energy of the conduction band of the electrode
(like TiO2) and Eredox is the redox potential of the redox mediator(electrolyte) (Okello et al.,
2021).

Thus, the maximum V. of a DSSC corresponds to the difference between the energy level
of the CB of TiO- and the redox potential of the electrolyte (I3/I). However, the actual Voc
is lower than the theoretical value because of the recombination of injected electrons with

dye cations and with I3 ions in the electrolyte (Thomas et al., 2021).
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Short-Circuit Current Density (Jsc).

The current per unit area (mAcm™) is indicated by Jsc, which is calculated for a DSSC
under a short-circuit irradiation. The Jsc depends on the interaction between the
semiconductor (TiO) and the dye sensitizer, as well as the absorption coefficient of the dye
sensitizer. Consequently, a high Js is associated with the following characteristics:
1) intense light-absorption capabilities of dyes over a wide range of sunlight.
2) high electron-injection efficiencies from photoexcited dyes to the CB of TiO», and
3) efficient reduction of the oxidized dye by I.
Jsc can be expressed as follows (Equation 20);

Jsc = Q- Mih-Minj- Neol- lo (20)

Where q is the elementary charge, 7,,is light harvesting efficiency, 7, is the electron

injection efficiency, n,, is the efficiency of light collection at the electrode and 1, is the

incidence of solar energy (Isah et al., 2017; Robledo et al., 2023; Wu et al., 2015; Zhu et
al., 2007).

Fill Factor (FF)

The fill factor is an important parameter to evaluate the performance of a solar cell, and it is

calculated as shown in Equation 21;

o = Fmax _ JmaxVhnax 21)
JscVoc  JscVoc

where, Pmax is the maximum power output and Jmax (MA/cm2) and Vmax (V) are the current

density and voltage at the point of maximum power output in the J-V curves, respectively,

as shown in Figure 11. Thus, the maximum value of FF is unity (Chatterjee, 2018; Isah et

al., 2017; Kumar et al., 2019; Kumara et al., 2017).

Solar Energy to Electrical Power Conversion Efficiency (PCE)

The overall power-conversion efficiency (r) measures the efficiency of converting incident
light into electrical energy. It is the ratio of the maximum electrical power and the energy
of incident sunlight (Pin) and is calculated according to Equation 22, using the parameters
obtained from the J-V plot (Figure 11).
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% = Pmax(mwcm_z) x100% =]sc(mAcm_2)-V;)c(V)'FF
7 P;,(mWcem=2) 0 Pi,(mWcem=2)

x100% (22)

Hence, to get the maximum value of n, Jsc, Voc, and FF of the cell needs to be optimized

(Kumar et al., 2019; Wu et al., 2015).
Incident Photon to Current Conversion Efficiency (IPCE)

The IPCE, also known as external quantum efficiency (EQE), is defined as the number of
electrons flowing through the external circuit, divided by the number of incident photons.

IPCE can be represented by Equation 23.

IPCEY% = Nelectrons _ ]ph/e _ ]phXhC _ 1240 (evnm)x]ph(mAcm_z)
0 Nphotons ~ 1/hv Ixel A(nm)xI(mAcm=2)

(23)

Where Jph is the short-circuit photocurrent density generated under monochromatic light
illumination, A and I are the wavelength and intensity of the incident light, respectively. e is
the elementary charge, h is Planck's constant (6.626 x103Js), v is the frequency of
monochromatic light, and c is the speed of light in vacuum (Kumara et al., 2017; Thomas et
al., 2021).
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3 MATERIALS AND METHODS

3.1 Chemicals and Reagents

The chemicals and reagents used in this work were deionized water, titanium tetra
isopropoxide (96%, Sigma Aldrich, Germany), carbon tetrachloride (99.9%, Alpha
Chemika, India), isopropanol (96%, Alpha Chemika, India), sodium hydroxide (98%, Luba,
India), sulphuric acid (98%, Loba Chemie, India), zinc (I1)acetate dihydrate (99%, UNI-
CHEM, India), copper(ll) nitrate trinydrate (96%, Alpha Chemika, India), silver nitrate
(99%, Nanjing, China ), acetone (99%, Alpha Chemika, India), lead acetate (99%, SLR,
India), hydrochloric acid (37%, Alpha Chemika, India), triton X-100 (99%, Sigma Aldrich,
USA), chloroform (97%, SLR, India), ethylenediaminetetraacetic acid disodium (99.5%,
SRL, India), sodium sulphate (97%, Sigma Aldrich, Germany), HI-30 iodolyte (Solaronix,
Switzerland), platinum coated counter electrode (Solaronix, Switzerland), ethanol (99.8%
Alpha Chemika, India), acetonitrile (99%, Alpha Chemika, India), transparent TiO> (Ti-
Nanoxide T/SP) paste, and reflective TiO2 (Ti-Nanoxide R/SP) paste (Solaronix,
Switzerland). All the chemicals and reagents are used as received without further

purification.

3.2  Instruments and Apparatus

Thermal analyzer (DTG-60H Shimadzu Co., South Korea), FTIR-6600 spectrophotometer
(JACO International Co., Ltd., Tokyo, Japan), X-ray diffractometer (Shimadzu 7000,
Japan), Raman spectrophotometer (JASCO, NRS-5000, Japan), ultraviolet-visible
spectrophotometer (JASCO V-750 UV-Vis, Tokyo, Japan), potentiostat (Autolab,
EcoChemie, Netherlands) electrochemical workstation, solar simulator (16S-Series 150-
300W, Germany), scanning electron microscope (400, FEG, USA), transmission electron
microscope (FEI, Titan, 80-300 kV, USA) were used in this work.

3.3 Sample Collection
The fresh part of the plants of Impatiens rothii Hook. f. leaf (IHL), flowers (IHF) and root
(IHR), Thymus schimperi Ronnige flowers (TRF), and Rumex nepalensis Spreng flowers

(RSF) (Figure 12) were collected from Menz Gera-midir Woreda, North Shewa Zone,
Ambhara Region, Ethiopia.
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Figure 12. Photo of (A) IHL, (B) IHR, (C) IHF, (D) TRF and (E) RSF.
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3.4 Experimental Procedures
3.4.1 Preparation and Extraction of Plant Parts

Preparation of plant parts for extraction

The natural dyes used in the DSSC as light absorbers (IHR, IHF, TRF, RSF) and the IHL to
synthesize metal oxide nanomaterials were collected from the garden and washed with
deionized water. The washed parts were dried in the dark for two weeks (Ortiz-Quifionez &
Pal, 2024). Then the dried plant parts were ground using an electrical grinding machine and

stored in plastic bags for further use.
Extraction of IHL for Nanomaterials Synthesis

The extraction was done following the method reported by Basit and his co-authors (Basit
et al., 2023). 20 g of IHL powder was placed into a 1000 mL Erlenmeyer flask containing
500 mL deionized water and boiled at 60 °C for 4 hr while stirring magnetically at 600 rpm.
The resulting extracted solution was allowed to cool to room temperature and was filtered
using Whatman filter paper No. 1 (Chatterjee, 2018; EI-Ghamri et al., 2015; Garcia-Salinas
& Ariza, 2019). The schematic representation of the extraction procedure is shown

in Figure 13.
), Eee™
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Figure 13. Schematic representation of plant leaf extraction procedure.

Extraction of dyes from plants’ roots and flowers for photosensitization

Natural dye solutions were extracted from TRF, IHR, IHF, and RSF using a mixture of
ethanol and deionized water (water: ethanol; 80:20) (Peev et al., 2011). 10 g of the ground
powder of TRF was placed into a 250 mL Erlenmeyer flask containing 100 mL of
deionized water (w) (Step 1). The mixture was stirred magnetically for 24 hr in the dark
(Ardeshirfard & Elhamifar, 2023), the extracted dye was filtered, and the filtrate was used
for photoanode sensitization. The same procedure was followed to prepare an extract of

TRF with a mixture of 20 mL ethanol and 80 mL DI water (mix) (Step 2). Similar steps
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were followed to prepare dye extracts of IHR, IHF, and RSF. Figure 14 shows a schematic

representation of the extraction of the natural dye sensitizer from TRF.
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Figure 14. Schematic representation of the extraction of dye solution from TRF.

3.4.2 Phytochemical Screening Test

The aqueous extracts of plants were used for phytochemical tests to identify the chemical
composition of IHL, TRF, IHR, IHF, and RSF using standard methods (Dahanayake et al.,
2019).

Test for Alkaloids

A 2 mL of the extract was treated with a few drops of Wagner reagent, and the formation of
a yellowish color is an indication of the presence of alkaloids (Dahanayake et al., 2019).

Test for Flavonoids
In a 2 mL concentrated extract 1 mL of 10% NaOH solution was added and the formation

of an intense yellow color indicates the presence of flavonoids (S. Ali et al., 2018).

Test for Proteins

In a dry test tube, 2 mL of the extract was taken and few drops of concentrated HNO3
solution was added drop wisely. The formation of a yellow color shows the presence of
proteins (Dubale et al., 2023).

Test for Phenols

About 2 mL of the plant extract was taken into a test tube, and 3 drops of 3% FeCls were
added. The formation of a dark green color confirms the presence of phenolic compounds
(Oloya et al., 2022).

Test for Saponins

Plant extract (2 mL) was treated with a few drops of 1% lead acetate solution. The

formation of white precipitates indicates the presence of Saponins (Saha et al., 2020).
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Test for Steroids

About 2 mL of extract was taken into a test tube, and 1 mL of chloroform was poured into
it. About 2 mL of acetic anhydride and 0.5 mL of concentrated H.SO4 was added to the test
tube dropwise. The solution was shaken slowly, and the formation of a red color in the
upper layer of the test tube indicated the presence of steroids (Agidew, 2022).

Test for Tannins

About 3 mL of aqueous plant extract solution was taken into a test tube, followed by 4
drops of 1% lead acetate solution. The formation of a yellowish precipitate indicates the

presence of tannins (Dahanayake et al., 2019).

Test for Terpenoids

A 2 mL of plant extract was taken into a test tube, and 1 mL of chloroform was added.
Then, 1 mL of concentrated H,SO4 was added dropwise into the test tube and shaken
slightly. The formation of ayellow color in the lower portion indicates the presence of
terpenoids (Mabadahanye et al., 2022).

3.4.3 Green Synthesis of Nanomaterials and Nanocomposites
3.4.3.1 Green Synthesis of TiO2NPs

To synthesize pure TiO2 NPs, 15 mL of titanium (IV) isopropoxide (TTIP) was used as the
precursor salt. To evaluate the effect of plant extract concentration, the volumes of plant
extracts added were 25 mL, 50 mL, and 75 mL. The TTIP was dissolved in 50 mL of
ethanol, then 25 mL of the plant extract was added to the precursor solution and left for
homogenization, and stirred for 12 hr. After the yellowish precipitate formation, the
mixture was further allowed to stand overnight for stabilization. The precipitate was filtered
by Whatman filter paper no. 1 and washed 3 times with deionized water and twice with
ethanol. The precipitate was dried at 80 °C for 3 hr in a hot air oven (Bopape et al., 2023).
The same steps were followed for the 50 mL and 75 mL extracts. The dried powder
samples were ground using a mortar and pestle, and the synthesized NMs were calcined at

500 °C for 3 hr in a muffle furnace with a heating rate of 10 °C/min as shown in Figure 15.
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Figure 15. Schematic representation of green synthesis of TiO2 NPs.

3.4.3.2 Green Synthesis of TiO2/CuO NCs

TiO2/CuO NCs were synthesized based on optimization in section 3.4.3.1. The IHL extract
was fixed to 50 mL and the TTIP to copper nitrate trinydrate solution ratio was varied as
1:2, 1:1, and 2:1, and the total volume of these precursors was fixed to 15 mL. To prepare
0.2 M of copper nitrate trihydrate solution, 4.8 g of its salt precursor was added to 100 mL
of DI water, and completely dissolved by mechanical shaking. Then 5 mL of 0.2 M copper
nitrate trihydrate solution was poured into a 250 mL Erlenmeyer flask containing 50 mL
ethanol, followed by the addition of 10 mL of TTIP. Then 50 mL of plant extract was
added while magnetically stirring the mixture, and the system was stirred for 12 hr. The
mixture was allowed to stand overnight for stabilization. The precipitate was filtered by
using Whatman filter paper no. 1, washed 3 times with deionized water, and twice with
ethanol, and dried at 80 °C for 3 hr in a hot air oven (Bopape et al., 2023). The same steps
were followed to synthesize the 1:1 and 2:1 ratio of precursors. The dried samples were
calcined at 500 °C for 3 hr (Ahmad et al., 2020; Aravind et al., 2021b; Muniz et al., 2011).

3.4.3.3 Green Synthesis of TiO2/ZnO Nanocomposites
To synthesize TiO2/ZnO NCs, a 0.2 M zinc solution was prepared by dissolving 4.4 g of

zinc acetate dihydrate salt in 100 mL of DI water. Then, the same procedure was followed

in Section 3.4.3.2, using a zinc acetate precursor in place of copper nitrate.

3.5 Characterization Techniques
3.5.1 TGA/DTA Study

The thermogravimetric analysis/differential thermal analysis (TGA/DTA) curve was

obtained on the thermal analyzer (DTG-60H Shimadzu Co., South Korea) instrument in a
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temperature range of 25 °C to 800 °C at a heating rate of 10 °C /min for TiO2 NPs. A sample
size of 10 mg was taken, and TGA/DTA analysis was performed (Lal et al., 1998).

3.5.2 X-ray Diffraction Study

The crystal structure and phase of the green synthesized nanomaterials were analyzed by
X-ray diffraction (XRD) technique using Shimadzu 7000 X-ray diffractometer (Japan)
equipped with Cu Kal radiation source (4 = 1.5406 A) with an accelerating voltage of 40
kV and a source current of 30 mA at a scanning rate of 4° min~! in 20 range of 10 ° to 80 °.
A 100 mg powder sample was taken for characterization. The crystallite size (D) of

synthesized NPs was determined by using the Scherrer equation (Equation 27).
KA
~ Bcos
where A is the wavelength of incidence X-ray, K is a constant taken from the x-ray

(27)

wavelength of radiation (0.9), B is the full-width at half-maximum intensity (FWHM), and
0 is the diffraction angle in radians (Tahir et al., 2018; Velazquez-Martinez et al., 2019).

3.5.3 Ultraviolet-Visible Diffuse Reflectance Spectroscopic study

The optical property and dye absorbance were recorded on a UV-Vis diffused reflectance
spectrophotometer (JASCO V-750 UV-Vis). An amount of 50 mg of each synthesized
powder was well-grounded with 1 g of BaSOs4, and spread onto the sampling plate
(Ramakrishnan et al., 2012). The background reflectance of BaSO4 was measured before

the sample measurement.

3.5.4 Fourier Transform-Infrared Spectroscopic Study

The samples for measurement were prepared by mixing the powder of the samples with
KBr in a 5 to 95 ratio, forming a homogeneous paste, and then the resulting paste was
molded into pellets (T. K. Shah et al., 2019). The functional groups found in the
synthesized materials were recorded using anFTIR-6600 spectrophotometer (JACO

International Co., Ltd., Tokyo, Japan) in the range of 4000-400 cm™.

3.5.5 Photoluminescence

The synthesized powder sample was prepared by dissolving 4 mg in 20 mL ethanol and

sonicated for 30 min to make a homogeneous suspension. Then, 4 mL of sample from the
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suspension solution was taken into the quartz cuvette, and the photoluminescence emission
spectra were recorded by a fluorescence spectrophotometer (Agilent Cary Eclipse
Fluorescence Spectrophotometer) using a 150 W xenon lamp as the excitation source. at the
excitation wavelength corresponding to the absorption wavelength of 390 nm (El-Awady et
al., 2022).

3.5.6 Scanning Electron Microscopy/Energy-Dispersive X-ray Spectroscopic Study

Energy dispersive spectroscopy attached to SEM was used to analyze the elemental
composition. The samples for SEM image measurement were prepared by dispersing about
3 mg of sample powder was dispersed in 15 mL of ethanol and sonicated for 20 min. A few
drops of the resulting suspension were placed on the glass slide with carbon tape and
allowed to air dry. Then the slides were used for the surface morphology and elemental
composition of TiO2 NPs, TiO2/CuO NCs, and TiO2/ZnO NCs study using by SEM/EDX
technique. (Nguyen et al., 2013).

3.5.7 Transmission Electron Microscopic (TEM) Studies

The samples were mounted on a copper grid using a drop of ethanol. Then the copper grids
were dried and loaded into the microscope holder for TEM micrograph analysis utilizing a
TEM operating voltage of 300 kV (FEI, Titan, 80-300 kV) (Kuei et al., 2020). The samples
underwent focused ion beam (FIB) milling to create thin sections to allow electron

transmission.

3.5.8 X-Ray Photoelectron Spectroscopic (XPS) Studies

To conduct XPS analysis, the powder of each synthesized nanomaterial sample (2 mg) was
mixed with 15 mL of DI water and sonicated for 20 min. Then a few drops of the resulting
suspension were placed on the glass slide and allowed to air-dry. Finally, the dried sample
on the slide was used for the XPS measurement using a Kratos Axis DLD x-ray
photoelectron spectrometer (Shimadzu, Canada), with Al Ka (hv = 1486.6 eV, 37 mA)
monochromatic incident radiation (Atis et al., 2024; Li et al., 2024).

3.5.9 Surface Area Analysis

To measure the surface area and pore size distribution, standard (Brunauer-Emmett-Teller
(BET) surface area analysis and Barrett-Joyner-Halenda (BJH) pore size and volume
analysis were employed using Quantachrome v11.02, USA instrument. The powder
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samples were dried at 110 °C to remove moisture adsorbed on sample surfaces. Then, the
samples were placed in the degassing chamber of the BET instrument and degassed at 300
°C under vacuum conditions to remove impurities, after which they were cooled to -196 °C
(77 K). After degassing, 0.40 g of the sample was taken into the sample holder of the BET
apparatus. Then the adsorption measurement was done by introducing Nitrogen gas
incrementally, and the pressure was measured at each step. Finally, the desorption
measurement was performed gradually by reducing the pressure and measuring the amount

of gas released (Matshitse, 2010).
3.5.10 Electrochemical Studies

The electrochemical measurements were conducted using a potentiostat (Autolab,
EcoChemie, Netherlands) electrochemical workstation, which was carried out with a three-
electrode electrochemical cell with Ag/AgClI reference electrode (saturated), platinum wire
counter electrode, and FTO coated with the catalyst sample as working electrode, while 0.1
M Na>SO4 was used as a supporting electrolyte. Mott-Schottky analyses were conducted
over the range of -1.0 V to 1.5 V at a frequency of 1000 Hz. Similarly, an electrochemical
impedance spectroscopic (EIS) study was carried out with an amplitude of 5 mV over the

frequency region ranging from 100 kHz to 0.01 Hz (Atis et al., 2024).

3.6 Photocatalytic performance test

The photocatalytic degradation activity of green synthesized TiO2 NPs, TiO2/CuQ,
and TiO2/ZnO NCs against MB dye was tested under a 150 W tungsten-halogen lamp (320-
2400 nm, Philips, China). An amount of 60 mL aqueous solution of MB (5-20 ppm) was
prepared in vessels, and an appropriate amount of the catalyst (10 — 40 mg) was added. The
solution was sonicated in the dark for 10 min and allowed to stand for 30 min before
irradiation for adequate adsorption-desorption equilibrium. In every 10 min interval, 4 mL
of MB solution was taken from the reaction mixture, and absorbance was measured by UV-
Vis spectrophotometer (Ali, 2022).

The point of zero charge (pHpzc) was determined using the salt addition method (Bakatula
et al., 2018). An amount of 50 mL of 0.01 M aqueous solution of KNO3z was added to ten
separate Erlenmeyer flasks. Then 10 mg of the photocatalyst was added to each solution,
and the initial pH was adjusted to 3-12 using 0.1 M NaOH and 0.1 M HCI. The same
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procedure was followed to determine the pHpzc for TiO2/CuO and TiO2/ZnO-(Al-Maliky et
al., 2021). Then, based on pHpzc value, photocatalytic activities were performed at
different pH levels (7-10). The pH values were adjusted by adding 0.1 M NaOH solution.
The trapping experiments were conducted to investigate the main active species involved in
the photocatalytic degradation of MB using TiO2 NPs, TiO2/CuQ, and TiO2/ZnO NCs. In
the experiment, the scavengers used were AgNOg3, ethylenediaminetetraacetic acid
disodium (EDTA) (Bakry et al., 2022), isopropanol (IPA) (Salesi & Nezamzadeh-Ejhieh,
2023) and acetonitrile (Saharudin et al., 2018) for e, h*, OH", and O2 ", respectively, to
quantify the relative contribution of reactive species. In the experiments, 1 mmol of
scavenger was added to the dye solution with an optimized dose of photocatalyst.

The photocatalytic performance of TiO2 NPs, TiO2/CuO, and TiO2/ZnO NCs was evaluated
in terms of removal efficiency and reaction kinetics. The percent removal of MB dye by the
synthesized nanomaterials was calculated using the formula in Equation 24 (Basit et al.,
2023).

x 100 = =2

o o

Where Co and Ao are dye concentration and absorbance, respectively, before irradiation.

o

%Degradation = x 100 (24)

The parameters C and A are the concentration of MB dye and its absorbance respectively, at
any time t after the irradiation started. The rate constant of the photocatalysis was
determined using the pseudo-first-order (In(Co/Ct) vs t) (Equation 25) and the pseudo-
second-order (1/C) vs t) kinetic models (Equation 26).

Co
In (C—t) — kt (25)
1 1
C_t - C_O == kt (26)

Co and Cq are initial concentrations of MB dye at the start of photocatalysis and after a
given time t, respectively. The rate constant k was obtained from the slope of the curve
In(Co/Ct) against t (Akerdi et al., 2020; Guo et al., 2023).

3.7 Optimization of Process Parameters

Multiple experiments were run to modify various parameters to move forward with

the finer outcomes. Experiments with varying volumes of plant extract added to TTIP
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precursor, ratios of precursors, catalyst doses, the concentration of pollutant dye, pH values,
and other factors were conducted at room temperature. The TTIP: extract volume ratio was
15 mL: 25, 50, 75 mL, and the photocatalytic performance of a 15:50 mL ratio showed
better performance, and 50 mL of plant extract was selected as the optimum volume for the
synthesis of TiO2/CuO, and TiO2/ZnO NCs. To optimize TTIP: CuO or ZnO precursor, the
total volume of precursor was fixed to 15 mL, and the ratios were prepared in such a way
that 1:2, 1:1, and 2:1 (TTIP: 0.2 M CuO or ZnO precursor). The photocatalytic performance
of the 1:1 TTIP: CUO precursor ratio was found to be optimum. Then, using this optimum

ratio, other parameters were optimized (Behera et al., 2023).

3.8 Reusability Test

The reusability tests were done after being used in the photocatalytic degradation of MB.
Catalyst recovery was performed at the end of each cycle by centrifuging the reactant
mixture at 5000 rpm for 15 min to separate the catalyst from the supernatant solution and
washed using deionized water and ethanol 3 times. Finally, the residue was dried at 70 °C
for 8 hr and used again in the next step of the experiment (Behera et al., 2023; Rusman et
al., 2021; Sundaram et al., 2019). This procedure was repeated for three consecutive cycles

of photocatalysis using fresh MB dye.

3.9 Preparation of photoanodes
3.9.1 Preparation of T/R photoanodes

FTO glass substrates were first cleaned in an ultrasonic bath using DI water, isopropanol,
and acetone for 5 minutes in each solvent. The transparent TiO2 nanoparticles paste (Ti-
Nanoxide T/SP) was coated over the conductive side of FTO glass substrates uniformly by
the doctor blade technique (S. A. Abrol et al., 2021). The coated FTO glass substrates were
heated at 120 °C for 30 minutes and cooled down. After cooling, the reflective TiO:
nanoparticles paste (Ti-Nanoxide R/SP) was coated over the transparent films, and again
the coated glass substrates were heated at 120 °C for 30 minutes. These doubly coated films
were calcined at 450 °C for 40 minutes at the rate of 10 °C min (Sullivan et al., 2022). The
detailed procedure is shown in Figure 16.
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Figure 16. Schematic representation of the T/SP-R/SP photoanode preparation.

3.9.2 Preparation of TiO2, TiO2 /CuO (1:1) and TiO2/Zn0O (1:1) NCs photoanodes

FTO glass substrates were first cleaned in an ultrasonic bath using DI water, isopropanol,
and acetone for 5 minutes in each solvent. An amount of 2 g of TiO, was taken into the
crucible. 2 mL of Triton X-100 and 0.5 mL of Nafion binders were added to the TiO> and
mixed well using the glass rod to produce a uniform paste. The prepared paste was coated
over the conductive side of FTO glass substrates by the doctor blade technique (S. A. Abrol
et al., 2021; Prakash et al., 2022). The coated FTO glass substrates were heated at 120 °C
for 30 minutes in an oven and cooled down. After cooling, the films were calcined at 450
°C for 40 min at a heating rate of 10 °C min’ (Sullivan et al., 2022; Zhang et al., 2024). The
steps were repeated for TiO2 /CuO and TiO2 /ZnO NCs.

3.10 Sensitization of photoanodes
The calcined photoanodes were immersed in the Petri dish containing filtered extracted dye

solution for 24 hrs. The immersed photoanodes were taken from the solution and rinsed

with the solvent from which the extract was prepared (Sowmya et al., 2021).

3.11 DSSC Device Fabrication and Performance Test

Using the dyed photoanodes and the platinum-coated counter electrodes, DSSCs were
assembled by sandwiching the two electrodes together in such a way that they faced the
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conductive faces by binder clips. The redox electrolyte (HI1-30 lodolyte) was injected into
the cell through the back-drilled counter electrode using a syringe (Sowmya et al., 2021).
The J-V measurements of fabricated cells were carried out under the illumination of
a Keithley 2450 source meter with AM 1.5 G spectrum and calibrated irradiance of 100

mW/cm?.

4 RESULTS AND DISCUSSION

4.1 Analysis of Extracts
4.1.1 Phytochemicals Screening Analysis

All selected plant extracts showed notable positive phytochemical screening results except

water extract flavonoids in TRF and RSF, saponins in TRF and RSF, and tannins in IHL
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and IHR (Table). Phytochemical screening helps identify bioactive compounds, such as
flavonoids, anthocyanins, carotenoids, and tannins, which can serve as effective sensitizers
in DSSCs (Aly et al., 2019) .

Table 6. Summary of phytochemicals screening results for IHL, TRF, IHL, IHR, and RSF

of crude extracts.

IHL IHR IHF TRF RSF

Phytochemicals ] ) ) )
W w mix w mix w mix Ww mix

Alkaloids + + + + + + 4+ + +
Flavonoids + + + + + - + - +
Proteins + + + + + + + + +
Phenols + + + + + + + + +
Saponnins + + + + + - + - +
Steroids + + + + + + 4+ + +
Tannins - - + + o+ + o+ + o+
Terpenoids + + + + + + o+ + +

‘-> absence, ‘+’ presence, ‘w’ Deionized water, ‘mix’ mixture of ethanol (20%) and

deionized water (80%) used for extraction.

4.1.2 UV-Vis Analysis of the Dye Extracts

The UV-Vis spectroscopic technique was used to evaluate the optical properties of
extracted dye solutions. The solutions showed different absorption peaks due to the
presence of various phytochemical constituents. The peaks at about 630 and 750 nm are
attributed to chlorophyll a and b, respectively. Other peaks at 340, 383,413, 466, and 536
nm are due to the presence of anthocyanins and flavonoids (Figure 17). (Alami et al.,
2019). Flavonoids, a diverse group of polyphenolic compounds, exhibit distinct UV-Vis
absorbance characteristics due to their chemical structure, which includes multiple aromatic
rings and conjugated double bonds. The UV-Vis absorbance range of flavonoids is 270-
520 nm (Taniguchi et al., 2023). Carotenoids typically exhibit strong UV-Vis absorption in
the range of 400 to 500 nm. The exact absorption maxima can vary based on the specific
type of carotenoid: Beta-Carotene (450-480 nm), Lutein ( 420—460 nm), Lycopene (470-
500 nm), reflecting its deep red color (Chazaux et al., 2022).
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Figure 17. The UV-Vis absorption spectra of dye extracts of IHF(w), IHF(mix), IHR(W),
IHR(mix), TRF(w), TRF(mix), RSF(w), and RSF(mix).
4.1.3 FTIR Analysis of Dye Extracts

The FTIR spectra of dye extracts were measured in the range of 4000400 cm™* (Figure 18).
The peaks in the range of 3400-3100 cm™ confirm the presence of hydroxyl group
stretching, which is a characteristic property of polyphenolic molecules (Wongsa et al.,
2022). The broad band absorption peaks between 3500 - 3000 cm™ indicate the presence of
more intermolecular hydrogen bonding in the case of IHF(mix), RSF(w), TRF(mix), and
RSF(mix) (Azmi & Fatmiyah, 2021). The peaks in the range of 2975-2940 cm™ indicate
the presence of -CH, -CHa, and -CHs stretching vibrations (Park et al., 2015). The presence
of one or more aromatic rings in the chemical structure of a compound is confirmed by the
vibrations associated with the C—H and C=C—C rings. The bands in the 1615-1580 cm™*
region confirm the presence of the C—H and C=C-C aromatic bonds stretching (Wittkamp
et al., 1997). Besides, at approximately 1200 cm™, the phenolic C—O bending vibration is
observed (Ninnes et al., 2024).
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Figure 18. FTIR absorption spectra of dye extracts of IHF(w), IHF(mix), IHR(W),
IHR(mix), TRF(w), TRF(mix), RSF(w), and RSF(mix).
4.2 Green Synthesized Nanomaterial Analysis

4.2.1 TGA/DTA Analysis

The thermal decomposition property of green synthesized TiO2 NPs, TiO2/CuO NCs, and
TiO2/ZnO NCs before calcination was evaluated between 25 °C and 800 °C. The TGA curve
shows three main mass loss steps. In the case of TiO2 NPs (Figure 19A), the first 6%
weight loss between 36 °C and 150 °C temperature range is associated with the
decomposition of adsorbed water (Abbasi et al., 2016). The second approximately 5% mass
loss observed between 180 and 420 °C is attributed to the volatilization of organic matters
from TTIP precursors and plant extract, the transformation of amorphous structure to
crystalline form, as well as the elimination of chemisorbed hydroxyl groups (Kucerik et al.,
2018). The third weight loss in the temperature range of 580-610 °C and exothermic peaks
at 590 °C can be attributed to the phase transformation of anatase to rutile polymorph (Zhu
et al., 2018). Similarly, the TGA curve for TiO2/CuO NCs (Figure 19B) shows about 4.5%
weight loss, which is attributed to the evaporation of surface adsorbed water in the
temperature range of 26-150 °C. The second weight loss from 180-340 °C is due to the

removal of chemically adsorbed water and some organic matter from the plant extract,
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which accounts for about 6% of weight loss. The TGA curve is almost constant from 400-
600 °C, which is used to determine the calcination temperature (Zhu et al., 2018). The
TGA curve for the thermal analysis of TiO2/ZnO NCs shows about 4% weight loss in the
temperature range of 25-180 °C (Figure 19C). It shows stability in the temperature range of
400-600 °C. From the TGA/TDA analysis of TiO2 NPs, TiO2/CuO NCs, and TiO2/ZnO
NCs, the calcination temperature was taken as 500 °C.
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Figure 19. The TGA/DTA graph of green synthesized (A) TiO2 NPs, (B) TiO2/CuO NCs,
and (C) TiO2/ZnO NCs before calcination.

4.2.2 XRD Analysis

The XRD pattern of TiO2 NPs was investigated by the profile-matching method using
Xpert High Score Plus software. The XRD pattern of TiO> NPs demonstrates the high
quality of fitting within the space group of I41/amd anatase (Figure 20A). The peaks
obtained at 20 values of 25.32 °, 37.07 °, 37.99 °, 38.58 °, 48.12 °, 53.97 °, 55.16 °, 62.79 °,
68.87 °, 70.42 °, and 75.07 ° with their corresponding crystal planes of (101), (103), (004),
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(112), (200), (105), (211), (204), (116), (220), and (215), respectively, correspond to the
TiO> crystal structure JCDPS card number of 78-2486 (Shimi et al., 2022). The respective
20, Miller indices, average crystallite size, and d-spacings values are presented in Tables 7
and 8.
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Figure 20. The XRD pattern of green synthesized (A) TiO2 NPs, CuO NPs, and TiO2/CuO
(1:1) NCs and (B) TiO2 NPs, ZnO NPs, and TiO2/Zn0O (1:1) NCs.

Table 7. The 26, d-spacing, miller indices, and average crystallite size of green synthesized
TiO2 NPs.

Sample 20 (deg) d-spacing (nm) Miller indices Ave. crystallite size(nm)

TiO. 2532  0.352 (101) 11.34
37.02 0243 (103)
37.99 0238 (004)
3858  0.233 (112)
4812 0.189 (200)
53.97  0.170 (105)
55.16  0.167 (211)
6279  0.148 (204)
68.87  0.137 (116)
7042  0.134 (220)
7507  0.127 (215)
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Table 8. The 20, d-spacing, miller indices, and average crystallite size of green synthesized
TiO2/CuO (1:1) NCs.

Sample 20 (deg) d-spacing (hnm) Miller indices Ave. crystallite size (nm)
TiO2/CuO (1:1) 25.28 0.352 (101) 13.91
32.96 0.274 (110)

35.65 0.252 (11-1)
36.78 0.243 (103)
37.81 0.238 (004)
38.89 0.233 (111)
48.2 0.189 (200)
53.92 0.171 (105)
55.12 0.167 (2112)
62.68 0.148 (204)
75.06  0.127 (215)

Additional peaks are observed at 20 of 32.52° 35.65°, 38.84° and corresponding
crystal plane values are (110), (11-1), and (111) in the XRD pattern of TiO2/CuO (1:1)
NCs, which are the characteristic diffraction peaks of CuO, confirming the formation of
an interface between TiO2 and CuO in TiO2/CuO (1:1) NCs. The CuO phase is
indexed to tenorite with the monoclinic structure and similar to the reported JCPDS
reference #48-1548 (Ramirez et al., 2020) (Figure 20A) (see the major peak data listed
in Table 8). Besides, characteristic diffraction peaks of ZnO are also observed in
TiO2/ZnO (1:1) NCs at 20 of 31.61°, 34.42°, 36.14°, 56.51°, 68.04° and corresponding
crystal plane values (100), (002), (101), (110), and (112), respectively (Figure 20B and
Table 9). The obtained diffraction angles and corresponding crystal planes are matched
with the P6smc space group and verify the formation of zincite with hexagonal structure
(JCPDS reference #36-1451) (Jayswal & Moirangthem, 2018; Mendes et al., 2022). In
general, the average crystallite sizes for all TiO2 NPs, TiO2/CuO NCs, and TiO2/ZnO NCs

are less than 100 nm, which indicates the formation of nanomaterials.
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Table 9. The 20, d-spacing, miller indices, and average crystallite size of green synthesized
TiO2/Zn0O (1:1) NCs.

Sample 20 (deg) d-spacing (nm) Miller indices Ave. crystallite size(nm)
TiO2/ZnO (1:1) NCs 2531  0.352 (101) 13.35

31.61 0.282 (100)

3442  0.261 (002)

36.14  0.248 (101)

37.83  0.238 (004)

48.12 0.189 (200)

53.94  0.171 (105)

55.13  0.167 (211)

5651  0.163 (110)

62.74  0.148 (204)

68.04 0.138 (112)

75.08  0.127 (215)

4.2.3 UV-Vis—DRS Analysis

The UV-Vis-diffused reflectance spectra of the green synthesized TiO2 NPs, TiO2/CuO
(2:1) NCs, and TiO2/Zn0O (1:1) NCs are shown in Figure 21A. The bandgap energy was
determined using the Kubelka—Munk plot, as shown in Equation 28 (Makuta et al., 2018;
Zhao et al., 2015).

(F(R). hv)% = A(hv — E,) (28)
Where F(R) represents the Kubelka—Munk function, which is expressed in Equation 29, h is
Planck’s constant, the power 1/n depends on the type of the electron transition (n = 2 and n
= 1/2 for direct and indirect transitions, respectively), A is a constant, v represents the
frequency of light, Eq is the band gap energy.
K (1-R)?

R, K, and S are reflectance, absorption, and scattering coefficients, respectively. The
Kubelka—Munk plot of the green synthesized TiO2 NPs, TiO2/CuO (1:1), and TiO2/ZnO
(2:1) NCs is shown in Figure 21B. The bandgap energies were estimated by the
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extrapolation of the linear region toward the horizontal axis. The bandgap energies of TiO>
NPs, TiO2/CuO (1:1) NCs, and TiO2/ZnO (1:1) NCs are found to be 3.39, 2.91, and 2.98
eV, respectively. The bandgap of the synthesized TiO2 NPs is greater (by 0.19 eV),
compared to the reported bulk anatase phase bandgap (3.2 eV) (Wach et al., 2023). This
increase in bandgap is due to the size reduction of the synthesized TiO2 NPs (Abbood &
Ali, 2023). The bandgaps of the composites showed redshifts, compared to the pristine
TiO2 NPs. This shift is attributed to the functional bandgap distinction of CuO and ZnO
with TiO; (Yan et al., 2012), and Fermi-level equalization arrangement (Kalanur et al.,
2017). A material with a lower bandgap is more efficient for photocatalytic dye degradation
application reactions because it can absorb light at longer wavelengths (Hassaan et al.,

2023). It may be due to sufficient charge carrier (electron-hole) separation.
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Figure 21. The UV-Vis DRS spectra (A) and Tauc's plot (B) of green synthesized TiO>
NPs, TiO2/CuO (1:1) NCs, and TiO2/Zn0O (1:1) NCs.
4.2.4 FTIR Spectra Analysis

The FTIR spectra of TiO2 NPs, TiO2/CuO (1:1) NCs, and TiO2/ZnO (1:1) NCs consist of
the characteristic peaks of the green synthesized metal oxide nanomaterials (Figure 22).
The broad band in the range of 3600 cm™* — 3200 cm™! is attributed to the hydroxyl group
of the water molecule's intermolecular interaction with the surface of NMs (Alamier et al.,
2023; Nandiyanto et al., 2019). The absorption peak at 1635cm™ is ascribed to the
stretching vibration of the O-H bond. The vibrational band at 2343 cm™ is related to
the adsorption of atmospheric CO> on the surface of NPs (Ali et al., 2022; Aravind et al.,
2021a; Farooq et al., 2019; Liao et al., 2023). The stretching band associated with the
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metal-oxygen bond is responsible for the significant absorption peaks in the 1000420 cm ™!
region (Aravind et al., 2021a; Mansour et al., 2019). The peak at about 451 cm™ is ascribed
to the bending vibration of Ti-O (Mathew et al., 2012; Sethy et al., 2020). The band
detected at about 876 cm™ is associated with the Zn-O bending vibration in the sample
(Abebe et al., 2021; Bashir et al., 2022; Sunaryono et al., 2021). Moreover, the peak
observed at 576 cm™ can be ascribed to Cu-O vibration, indicating the presence of CuO in
the synthesized NCs (Alhalili, 2022; Sayed et al., 2024; Shawky et al., 2024). The FTIR
spectrum of both TiO2/CuO (1:1) NCs and TiO2/ZnO (1:1) NCs shows peak shifts towards
high wavenumber, which is probably associated with ZnO and CuO interface formation on
the TiOz surface (Lan et al., 1993).
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Figure 22. The FTIR spectra of green synthesized TiO, NPs, TiO2/CuO NCs, and
TiO2/Zn0O NCs.

4.25 Raman Spectra Analysis

The Raman spectroscopic technique was used for structural identification of the green
synthesized TiO2 NPs, TiO2/CuO (1:1) NCs, and TiO2/Zn0O (1:1) NCs. The Raman spectral
analysis of the green synthesized TiO2 NPs showed tetragonal anatase Raman active modes
of vibrational spectrum centered at 3Eq 515 cm™ (A1g), 399 cm ™ (Big), 519 cm™ (Byg), 144
cmt (Eg), 197 cm (Eg), and 639 cm™ (Eg) (Figure 23A), and similar results are also
reported (Al-Taweel & Saud, 2016; El-Deen et al.,, 2018; Kundu & Mondal, 2019;
Raguram & Rajni, 2019; Wypych et al., 2014). In the Raman spectra of TiO2/CuO (1:1)
NCs, the peaks detected at 296 cm Y(A1g ), 345 cm *(B1g), and 631 cm™* (B1g) correspond
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to CuO modes of vibration (Figure 23B), which is in good agreement with the report by
Deny and Murthy and their coworkers (Dey et al., 2021; Murthy et al., 2011).

A B _
E, e TiO/Cu0
. - E
TiO, - a8
T =
= 3 L
2 g < _
: —_ o A
g il llz (58 g g
£ 5 = E € =
2 = g = e
= E ] ) ol (==] m—
—_ B ] iy /A )
& Ig Alg B'E L‘ﬂ | A
Ve !

T T T T T T
T T T T T T T T T
150 225 300 375 450 525 600 675 750 100 200 300 400 500 600 700
Ramann shift (cm™) Raman shift (cm'l)

C ——Ti0y/Zn0O

Intensity (a.u.)

100 200 300 400 500 600 700 800

Raman Shift (cm™)
Figure 23. The Raman spectra of (A) TiO2 NPs, (B) TiO2/CuO (1:1) NCs, and (C)
TiO2/Zn0O (1:1) NCs.

Moreover, 3Eq and 2B1gq Vibrational spectra centered at 144, 197, 639, 399, and 519 cm™?,
respectively, suggest the presence of an anatase phase in the TiO2/CuO (1:1) NCs
composites (Antony et al., 2015). In the Raman spectra of TiO2/ZnO (1:1) NCs, where
ZnO Raman modes that are located at 434 and 535 cm™! correspond to the two typical
vibrational modes E>g and Aig, confirming the hexagonal wurtzite structure of zinc oxide
crystals, respectively (Figure 23C) (Zhang & Li, 2019). Additional peaks at 144 cm™, 339
cm™t, 519 cm™?, and 638 cm™ are observed in the Raman spectrum of the TiO2/ZnO (1:1)
NCs, which are assigned to the Eig, 2B1g, and Eg modes of the anatase phase of TiOa,
respectively.
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4.2.6 PL Spectra Analysis

The optical properties of the TiO2 NPs, TiO2/CuO (1:1) NCs, and TiO2/CuO (1:1) NCs
were further characterized by PL techniques. The emission intensity of TiO2/CuO (1:1)
NCs and TiO2/ZnO (1:1) NCs decreases significantly compared to the pristine TiO2 NPs
(Figure 24). TiO2/CuO (1:1) NCs showed the weakest PL intensity, indicating the highest
charge separation efficiency. This intensity reduction with the addition of CuO and ZnO
corresponds to the increase in the lifetime of charge carriers, preventing the recombination
of photogenerated electrons and holes (Dutta et al., 2024; Li et al., 2023).
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Figure 24. The PL spectra of TiO2 NPs, TiO2/Zn0O (1:1) NCs, and TiO2/Zn0O (1:1) NCs.
4.2.7 BET Analysis

The N2 adsorption-desorption isotherm technique was used for textural properties of the as-
synthesized TiO2 NPs, TiO2/CuO (1:1) NCs, and TiO2/ZnO (1:1) NCs (Figure 25A-C,
respectively). The inset plots in Figure 25A-C correspond to the BJH pore size distribution
curve of TiO2 NPs, TiO2/CuO (1:1) NCs, and TiO2/ZnO (1:1) NCs. A typical isotherm plot
of the N2 adsorption-desorption plot seems a type 1V isotherm with an H3 hysteresis loop in
the relative pressure range of 0.57-0.9, indicating uniform surface areas with a mesoporous

nature (Toncén-Leal et al., 2021).
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Figure 25. Nitrogen adsorption-desorption plots of TiO2 NPs, TiO2/ZnO (1:1) NCs, and
TiO2/Zn0O (1:1) NCs.

The surface area, pore diameters, and pore volume of TiO2 NPs are 65 m?/g, 7.45 nm, and
0.026 cm?®/g, respectively, while for TiO2/CuO (1:1) NCS, the values are 94 m?/g, 0.032
cm®g, and 8.27 nm in that order. The respective specific surface area, pore volume, and
pore diameters for TiO2/ZnO (1:1) NCs are 91 m?/g, 0.028 cm®/g, and 7.85 nm (Table 10).
Among the samples, TiO2/CuO (1:1)
diameter, which is similar to the report by Lu (Lu et al., 2019). A higher surface area

showed the highest specific surface area and pore
provides more surface-active sites for the adsorption of more dyes, resulting in a more

efficient photocatalytic degradation process and DSSC application (Baudys et al., 2023;
Masood et al., 2023).
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Table 10. Summary of pore diameter, pore volume, and surface area of the synthesized

materials.
Surface area Pore diameter ~ Average Pore Volume
Photocatalyst
(m?/g) (nm) (cc/g)
TiO2NPs 65 7.45 0.026
TiO2/CuO (1:1) NCs 94 8.27 0.032
TiO2/ZnO (1:1) NCs 91 7.85 0.028

4.2.8 XPS analysis

X-ray photoelectron spectroscopy (XPS) analysis was done to identify the oxidation states
of the prepared samples. Figure 26A-C shows the survey spectra of TiO2 NPs, TiO2/CuO
(1:1) NCs, and TiO2/Zn0O (1:1) NCs, respectively. In Figure 26A, the major peaks indicate
the presence of the expected elements. Figure 26B displays the presence of Cu elements in
addition to Ti, O, and C. Similarly, Figure 26C shows the presence of Zn, Ti, O, and C

elements.
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Figure 26. The XPS spectra of (A)TiO2 NPs, (B)TiO2/CuO (1:1) NCs, and (C) TiO2/ZnO
(1:1) NCs.

Figure 27 shows the deconvoluted XPS spectra of the samples using a Gaussian fit method.
In the core-level XPS spectrum of Ti2p, the binding energy (BE) values for the Ti**2p1.
and Ti*"2ps;, were observed at 464.14 eV and 458.66 eV, and these two peaks correspond
to the Ti** of TiO2 NPs (Figure 27A). The difference in binding energy due to the spin-orbit
coupling was 5.7 eV, which is well-matched with the related literature report values (Azeez
et al., 2018; Bharti et al., 2016). The O1s spectra of TiO> showed two peaks: a major peak
at binding energies of 530.5 eV and a minor peak at 532.014 eV, which are attributed to
oxygen anions (O-Ti-O) and surface hydroxyl (-OH) species, respectively (Figure 27B)
(Matouk et al., 2022).

63



12000 - 25000 -
A B 2
-—0
10000 458.6
_ . [ —_
2 Ti2p AT 2p,, 2 20000 Ols
£ 8000 i o)
z I =
= i z
£ 6000 I Z
E :r -‘ 5 15000 \ -OH
4000 o 464.1 =
[ . \
! L Ti*" 2py, \
2000 / " . 10000
—— A
'.l' \ N =
U T == T T — I— B T T T T —
450 455 460 465 470 524 526 528 530 532 534
Binding energy (eV) Binding energy (eV)

Figure 27. Deconvoluted Ti2p XPS spectra (A), O1s spectra (B) of TiO2 NPs.

Figures 28A and 28B show the Ti2p and Cu2p core levels XPS spectra of TiO, and CuO,
respectively, in TiO2/CuO (1:1) NCs. The peaks corresponding to Cu?*2p1, and Cu?*2pss.
are observed at 952.7 and 933.1 eV, respectively, which confirms the formation of CuO in
the nanocomposites (Kumar et al., 2017). The binding energy difference between the two
peaks is about 20 eV. This value agrees with the previously reported values of CuO (Anand
et al., 2024; Boruban & Esenturk, 2018; Parhizkar et al., 2005). Spin-orbit splitting of
Zn?*2pa2 (1021.9 eV) and Zn?*2pu;, (1045.3 eV) is presented in Figure 28C, where the
distance between these peaks is about 23.4 eV, which coincides well with the reported
values of other researchers (Seles et al., 2024; Yildiz et al., 2012). The O1s spectra of TiO>
NPs showed two peaks: a major peak at binding energies of 530.5 eV and a minor peak at
532.02 eV (Figure 28D), which are attributed to oxygen anions of metal oxides and surface
hydroxyl (-OH) species, respectively (Anand et al., 2024; Matouk et al., 2022; Sahai &
Goswami, 2015). As shown in Figure 28E, the O1s spectra of TiO2/CuO (1:1) NCs showed
two peaks, a major peak at binding energies of 529.8 eV and a minor peak at 532.5 eV,

which are attributed to oxygen anions and surface hydroxyl (-OH) species, respectively

(Bharti et al.).
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Figure 28. Deconvoluted XPS spectra of Ti2p (A) and (B) Cu2p of TiO2/CuO (1:1) NCs,
(C) Ti2p and Zn2p (D) of TiO2/Zn0O (1:1) NCs, and O1s of TiO/CuO (1:1)
NCs, (E) and TiO2/ZnO (1:1) NCs (F).

429 SEM/EDX Analysis

The SEM analysis technique determined the morphology of green synthesized TiO2> NPs,
TiO2/CuO (1:1) NCs, and TiO2/ZnO (1:1) NCs. The results show porous morphology with
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a spherical shape for all TiO2 NPs, TiO2/CuO (1:1) NCs, and TiO2/ZnO (1:1) NCs (Figure
29A-C). This porous nature of the materials is good for dye adsorption during the
photocatalysis experiment (Purkait et al., 2020). The particles are almost uniformly
distributed with less aggregation. Reduced NP aggregation was a result of the plant extract's
unique phytochemicals, including flavonoids, polyphenols, terpenoids, and alkaloids. The
formation and development of nanoparticles during synthesis are impacted by the various

ways in which these phytochemicals interact and stabilize the metal oxide precursors.

(Atiek et al., 2024; Rani et al., 2023).
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Figure 29. The SEM micrograph of (A) TiO2 NPs, (B) TiO2/CuO (1:1) NCs, and (C)
TiO2/Zn0O (1:1) NCs.

The EDX analysis was done to reveal the elemental composition and percentages in TiO2

NPs, TiO2/CuO (1:1) NCs, and TiO2/Zn0O (1:1) NCs (Figure 30A-C). The EDX spectrum,
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shown in Figure 30A, indicates the existence of only Ti and O in the as-synthesized TiO>
NPs. The weight% of Ti and O are 54.33% and 45.67%, and their atomic% are 28.44 % and
71.56 %, respectively. The EDX spectrum, shown in Figure 30B, indicates the existence of
only Ti, Cu, and O elements in the as-synthesized TiO2/CuO (1:1) NCs. The weight%
(40.42%, 33.25%, and 27.33%) and atomic% (69.33%, 19.01%, and 11.76%) values of the
Ti, Cu, and O elements, respectively, are depicted in Figure 30B inset. The EDX spectrum,
presented in Figure 30C, shows the presence of only Ti, Zn, and O elements in the green
synthesized TiO2/Zn0O (1:1) NCs. The weight% (43.14% O, 32.54% Ti, and 24.32% Zn)
and atomic% (71.95% O, 18.12% Ti, and 9.93% Zn) of the elements are also illustrated
in Figure 30C inset.

Element | Weight% Atomic%

Element Weight% Atomic%

OK 4042  69.23
TiK 3325 19.01
CuK 2733 1176

100.00  100.00

OK 4567 71.56
TiK 5433 2844

Totals

05 1 15 2 25 3 35 {2 3 4 § 5 1 8 8 10
Energy (keV) Energy (keV)

Element Weight% Atomic%

0K 43.14 71.95
TiK 32.54 18.12
24.32 9.93
100.00  100.00

05 1 1.5 2 25 3 35 4 45 5
Energy (keV)

Figure 30. The EDX spectra of (A) TiO2 NPs, (B) TiO2/CuO (1:1) NCs, and (C) TiO2/ZnO
NCs.
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4.2.10 TEM/HRTEM Analysis

The TEM image analysis of green synthesized TiO> NPs, TiO2/CuO (1:1) NCs, and
TiO2/ZnO (1:1) NCs confirms the formation of nanostructures with less aggregation
(Figures 31A, C, and E). The average particle size from the TEM micrographs using
ImageJ software is depicted in Figures 31B, D, and F for TiO2 NPs, TiO2/CuO (1:1) NCs,
and TiO2/Zn0O (1:1) NCs, respectively. The average particle sizes were 27, 23, and 21 nm,
respectively.

Figure 32A revealed the HRTEM micrograph of green synthesized TiO2 nanoparticles. The
parallel lattice fringes of the NPs, as shown in Figure 32A insects, are visible. The d-
spacing of the crystallites, which is determined using the Inverse Fast Fourier
Transformation (IFFT) using Gatan software, confirms their single-crystallinity. The d-
spacing values of 0.352 nm, 0.245 nm, and 0.191 nm are matching with the (101), (004),
and (200) anatase phases, respectively, which are consistent with the XRD results.
Similarly, Figure 32B revealed the HRTEM micrograph of green synthesized TiO2/CuO
(1:1) NCs. The obtained d-spacing values are 0.352 nm (101) and 0.171 nm (105),
confirming the TiO, anatase phase, and 0.252 nm (11-1) and 0.233 nm (111), confirming
monoclinic CuO. Thus, the d-spacing analysis from the HRTEM image confirms the
formation of an interface between TiO;and CuO crystals (Thamaphat et al., 2008).
Likewise, the HRTEM micrograph of TiO2/ZnO (1:1) NCs (Figure 32C) showed the
formation of TiO2/ZnO (1:1) NCs. The d-spacing values of 0.352 nm and 0.189 nm with
Miller indices values of (101) and (200), respectively, indicate the formation of the anatase
phase of TiO2 in TiO2/Zn0O (1:1) NCs. In the same way, the d-spacing values of 0.248 nm
and 0.282 nm with Miller indices of (101) and (100), respectively, indicate the presence of
zincite phase in TiO2/Zn0O (1:1) NCs (Kumar et al., 2014). In general, the lattice fringes of
the synthesized nanomaterials from HRTEM analysis coincide with the values obtained

from XRD analysis.
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Figure 31. The TEM micrographs (A, C, and E) and the histograms of the particle size
distributions (B, D, and F) for TiOz, TiO2/CuO (1:1) NCs, and TiO2/ZnO (1:1)

NCs, respectively.
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Figure 32. High-resolution images of (A) TiO2 NPs, (B) TiO2/CuO (1:1) NCs, and (C)
TiO2/Zn0O (1:1) NCs.
4.2.11 Mott-Schottky Analysis

An energy barrier or band offset presented at an interface would have a large effect on
electron transfer (Shen et al., 2014). The Mott-Schottky plot analysis was used to
experimentally determine the approximate positions of the conduction and valence bands of
the semiconductors through the interpretation of impedance (Mott—Schottky) plots. The
Mott—Schottky plots of TiO, TiO2/CuO (1:1) NCs, and TiO2/ZnO (1:1) NCs are given in
Figure 33. The flat band potential was obtained by extrapolating the 1/C? vs potential plot
to the x-axis. As shown in Figure 33A, TiO2 and TiO2/Zn0O (1:1) showed a positive slope,
revealing an n-type semiconductor with a flat band potential of -0.33 V and -0.51 V vs
Ag/AQCI, respectively. The Mott-Schottky plot of TiO2/CuO (1:1) NCs shows both positive
and negative slopes (Figure 33B). The positive slope is due to n-type TiO> with a flat band
potential of -0.41 V vs Ag/AgCl, whereas a negative slope is associated with the p-type
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CuO, a semiconductor with a flat band potential of 0.69 Vvs Ag/AgCl. The Nernst equation
(Equation 30) can convert the potential measured with the Ag/AgClI reference electrode to
the potential relative to the reversible hydrogen reference electrode (RHE) (Wei et al.,
2018).

Erue = Eagjager + E °+ 0.059 pH (30)
where E°Ag/AgCl(sat) = 0.197 V and the pH of the electrolyte is 7, thus, the flat band

potentials relative to RHE could be 0.28 V for TiO2 NPs, and 0.10 V for TiO2/ZnO (1:1)
NCs. For TiO2/ZnO (1:1) NCs, the flat band potential is 0.2 V for TiO2 (n-type) and 1.2
V for CuO (p-type). The conduction band edge and the valence band edge are near the
flat band potentials of n-type and p-type semiconductors, respectively (F. Guo et al.,
2021). Thus, the CB of TiO2 NPs and TiO2/ZnO (1:1) NCs could be 0.28 V and 0.10 V
vs RHE, respectively. Similarly, the CB of TiO2 and the VB of CuO in TiO2/CuO NCs
could be 0.20 V and 1.20 V vs RHE, respectively. A combination of these values with
the bandgap energy obtained from the Kubelka—Munk plot is used to determine the band
edge position using Equation 31 (Tian et al., 2016; Wongsa et al., 2022).
Eyp = Ecp + E, (31)

The bandgap energies of TiO2 NPs, TiO2/CuO (1:1) NCs, and TiO2/ZnO (1:1) NCs
were found to be 3.39 eV, 2.91 eV, and 2.98 eV, respectively. Hence, the calculated VB

edge positions of TiO2, NPs and TiO2/ZnO (1:1) NCsare 3.67 eV and 3.08 eV,
respectively.
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Figure 33. Mott-Schottky plots of green synthesized (A) TiO2 NPs, TiO2/ZnO (1:1) NCs,and
(B) TiO2/CuO (1:1) NCs vs Ag/AgCl.
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The VB edge position of TiO, and the CB edge position of CuO for TiO2/CuO (1:1)
NCs are 3.11 and -1.71 eV, respectively. The bandgap diagram of these materials is
displayed in Figure 34.
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Figure 34. Energy diagram of green synthesized TiO2 NPs, TiO,/CuO (1:1) NCs, and
TiO2/Zn0O (1:1) NCs depicted from the Mott-Schottky analysis.

4.3 Photocatalytic Performance of Synthesized Nanomaterials
4.3.1 Determination of pHpzc

To conduct the photocatalytic performance experiment, it is important to know the surface
charge of the photocatalyst and the nature of the pollutant in the solution. Since the charge
of MB dye is cationic in an aqueous solution, it needs a negatively charged surface to be
adsorbed before catalysis. Thus, the pHpzc determination of the photocatalyst was done to
know the point at which the photocatalyst surface becomes negative (Rahmani et al., 2020;
Zyoud et al., 2023).

The pHpzc for the surface of green synthesized TiO2 NPs, TiO2/CuO NCs, and TiO2/ZnO
NCs were found to be 7.32, 6.80, and 6.40, respectively (Figure 35A-C). Below pHpzc, the
surface of the adsorbent is positive and attracts anions, whereas above pHpzc, the
adsorbent’s surface becomes negatively charged and attracts cationic species. An aqueous
solution of MB dye is dominantly cationic and attracted towards the surface of the
photocatalysts at the solution pH >pHpzc.
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Figure 35. Point of zero charge determination of green synthesized (A) TiO2 NPs, (B)
TiO2/CuO NCs, and (C) TiO2/ZnO NCs.

4.3.2 Effect of Plant Extract Volume

To evaluate the amount of plant extract concentration on the photocatalytic efficiency of
the synthesized nanomaterial, 25, 50, and 75 mL of IHL extracts were added separately to
15 mL of TTIP precursor. The photocatalytic performances of TiO2 NPs synthesized using
25, 50, and 75 mL were tested against MB dye at constant parameters (pH of the solution 8,
catalyst dose of 20 mg, dye concentration of 10 ppm, and 40 min contact time). The
degradation efficiencies for 25, 50, and 75 mL of plant extract were found to be 40, 51, and
43%. The degradation efficiency of TiO2 NPs synthesized using 50 mL plant extract was
highest compared to others (Figure 36). The TiO2 NPs synthesized using all volume ratios
of plant extract showed higher regression constants in the pseudo-first-order kinetics model,
indicating that the degradation of MB follows a pseudo-first-order reaction (Table 11).
Among the synthesized TiO2 NPs using the three ratios of plant extracts, TiO> NPs
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synthesized using 50 mL showed the highest rate constant (0.014 min™). The pseudo-first-
order kinetics model fitting indicates that the degradation of MB showed physisorption on

the surface of the photocatalyst (Liu et al., 2019).
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Figure 36. The UV-Vis absorption spectra of MB dye with TiO2 synthesized using (A) 25
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pseudo-second-order Kinetics.
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Table 11. Degradation efficiency and rate of 20 mg TiO2 NPs synthesized using 25, 50, and
75 mL of IHL extract against 10 ppm of MB at pH 8 and contact time of 40 min.

Pseudo first order Pseudo second order
Volume of Rate
plant extract, Degradation Regression constant Regression Rate constant (ppm-
mL (%) coefficient (min™) coefficient min?)
25 40.12 0.997 0.006 0.995 0.005
50 51.11 0.994 0.014 0.989 0.012
75 43.52 0.996 0.008 0.992 0.007

4.3.3 Effect of Photocatalyst Ratio

Based on the optimization of the effect of plant extract volume, 50 mL of plant extract was
selected for the synthesis of different ratios of NCs. The 2:1, 1:1, and 1:2 plant extract to
photocatalyst ratios for TiO2: CuO, and TiO2: ZnO were synthesized by fixing the total
volume of the precursor to 15 mL. The highest degradation efficiency values for TiO2: CuO
and TiO2: ZnO (Figure 37) were obtained in a 1:1 ratio. The highest degradation percentage
among all the ratios was 78.13% on a 1:1 ratio of TiO2: CuO NCs. The kinetics analysis of
the degradation of MB dye using TiO2:CuO (1:1) NCS showed a better fit with the
pseudo-first-order model ( R? = 0.999 and k = 0.035 min*) as compared to the pseudo-
second-order model ( R? = 0.967 and k = 0.033 ppm™min™) (Figure 37 E & F, Table 12).
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Table 12. Degradation efficiency and rate of 20 mg of different precursors, Volume ratios
(2:1, 1:1, and 1:2) TiO2: CuO and TiO2: ZnO synthesized using 50 mL of IHL
extract against 10 ppm of MB at pH 8 and contact time of 40 min.

Pseudo first order Pseudo second order
Rate

Degradation Regression constant Regression Rate constant
Nanocomposites (%) coefficient (mint)  coefficient (ppm™min?)
TiO2/CuO (1:2) 65.29 0.994 0.024 0.988 0.021
TiO2/CuO (1:1)  78.13 0.999 0.035 0.967 0.033
TiO2/CuO (2:1) 60.31 0.994 0.018 0.965 0.015
TiO2/ZnO (1:2) 63.34 0.996 0.021 0.989 0.020
TiO2/ZnO (1:1) 7471 0.999 0.029 0.984 0.027
TiO2/Zn0O (2:1)  55.62 0.996 0.015 0.988 0.013

4.3.4 Effect of TiO2/CuO (1:1) Dosage

Thus, the 1:1 ratio of TiO2/CuO NCs was selected as the most effective among the rest, it
was used to optimize other parameters. The photocatalyst dosage effect was performed
using 10, 20, 30, and 40 mg of TiO2/CuO (1:1) NCs at constant parameters of solution pH
8, dye concentration of 10 ppm, and 40 min contact time (Figure 38 and Table 13). The
percentage degradation was maximum at the catalyst dosage of TiO2/CuO (1:1) NCs 20 mg
(78.13%), and the percentage decreased slightly with increasing the dosage amount. As the
amount of TiO2/CuO (1:1) NCs increases, the total active sites on the catalyst surface
increase to some extent. However, a higher amount of catalyst dosage blocks the radiation
from reaching the photocatalyst surface due to aggregation (Mortazavian et al., 2019). The
kinetics investigation of MB dye degradation employing 20 mg of TiO2:CuO (1:1) NCs
revealed a better fit with the pseudo-first-order model ( R? = 0.999 and k = 0.034 min)
than with the pseudo-second-order model ( R? = 0.967 and k = 0.033 ppm™*min™) ( Figure
39 E & F, Table 13),
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Table 13. The degradation efficiency and rate of 10, 20, 30, and 40 mg TiO2/CuO (1:1)
NCs synthesized using 50 mL of IHL extract against 10 ppm of MB at pH 8 and

contact time of 40 min.

Pseudo first order

Pseudo second order

Rate Rate
Dosage  Degradation Regression constant Regression constant
(mg) (%) coefficient (mint)  coefficient (ppm™*min?)
10 68.89 0.999 0.026 0.985 0.007
20 78.13 0.999 0.033 0.993 0.014
30 74.49 0.997 0.028 0.983 0.009
40 72.98 0.996 0.026 0.987 0.011
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Figure 39. The UV-Vis absorption spectra of MB with (A) 10 mg, (B) 20 mg, (C) 30, (D)
40 mg of TiO2/CuO (1:1), (E) %degradation (F) pseudo-first-order kinetics.

80



4.3.5 Effect of Initial Dye Concentration

The removal of MB dye from the aqueous solution was evaluated by varying MB initial
concentration from 5 ppm to 20 ppm at a pre-optimized dose (20 mg), and constant solution
pH and contact time of 8 and 40 min, respectively. The rate of MB degradation was
evaluated when the concentration of MB dye was increased from 5 ppm to 20 ppm, and the
degradation percentage was found to be 80.13 %, 78.06 %, 76.15 %, and 58.87 % for 5, 10,
15, and 20 ppm, respectively (Figure 40E). The maximum degradation efficacy was
obtained at 15 ppm concentration. The kinetics investigation of MB dye degradation
employing 20 mg of TiO2/uO (1:1) NCs revealed a better fit with the pseudo-first-order
model ( R? = 0.991 and k = 0.034 min) than with the pseudo-second-order model ( R? =
0.989 and k = 0.016 ppm™min™) (Figure 40F and Table 14).
Table 14. The degradation efficiency and rate of 20 mg TiO2/CuO (1:1) NCs synthesized
using 50 mL of IHL extract against 5, 10, 15, and 20 ppm of MB at pH 8 and
contact time of 40 min.

Pseudo first order Pseudo second order
Dye Rate Rate
concentration Degradation Regression constant  Regression constant
(ppm) (%) coefficient (min)  coefficient (ppm™min?)
5 80.13 0.993 0.031 0.984 0.012
10 78.13 0.999 0.033 0.988 0.013
15 76.15 0.991 0.034 0.989 0.016
20 58.87 0.997 0.017 0.990 0.012

A sudden decrease in the photodegradation efficiency (Table 14) to 58.87% as the amount
of MB dye was increased to 20 ppm was ascribed to the accumulation of MB dye on the
photocatalyst surface, which prevents the direct contact of light irradiation to the catalyst
surface (Reza et al., 2017).
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Figure 40. The UV-Vis absorption spectra of (A) 5 ppm, (B) 10 ppm, (C) 15 ppm, (D) 20
ppm of MB, (E) %degradation, and (F) pseudo-first-order kinetics.

4.3.6 Effect of Initial pH of the Solution

Another crucial factor in the photocatalytic removal of contaminants is the solution's pH.
The pH of the solution has a substantial impact on the surface charge of the photocatalyst.

To change its pH, 1 M NaOH solution was added to the MB dye solution.
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Figure 41. The UV-Vis absorption spectra for the degradation of MB dye at pH (A) 7, (B) 8,
(C) 9, (D) 10, (E) %degradation, and (F) pseudo-first-order Kinetics.

Then the effect of solution pH on the photocatalytic degradation activity was studied within

the range of 7 — 10, based on the pHpzc value of the adsorbent, at optimized dye

concentration (15 ppm) and photocatalyst amount (20 mg/L) A greater photodegradation

83



efficiency was observed with increasing the pH of the solution from 7 to 9, then it
decreased slightly. This could be because the TiO2/CuO (1:1) NCs' surface strongly
negative charge was protonated, losing its negatively charged surface property and
decreasing in adsorbing cationic dye on the surface (Chaudhari et al., 2018; Reza et al.,
2017; Tahir et al., 2022). The maximum degradation efficacy was obtained at pH 9. The
kinetics investigation of MB dye degradation employing 20 mg of TiO2/CuO (1:1) NCs
revealed a better fit with the pseudo-first-order model ( R? = 0.994 and k = 0.042 min™)
than with the pseudo-second-order model ( R? = 0.991 and k = 0.021 ppm™min™(Figure 41
and Table 15).

Table 15. The degradation efficiency and rate of 20 mg TiO2/CuO (1:1) NCs synthesized
using 50 mL of IHL extract against 15 ppm of MB at pH 7, 8, 9, and 10 and a

contact time of 40 min.

Pseudo first order Pseudo second order
Rate Rate
Degradation Regression constant Regression constant
pH (%) coefficient (mint)  coefficient (ppm™2min?)
7 73.86 0.995 0.030 0.984 0.014
8 76.15 0.991 0.034 0.988 0.015
9 85.84 0.994 0.042 0.991 0.021
10 82.71 0.997 0.038 0.993 0.017

4.3.7 Effect of Contact Time

The results show the effect of contact time on the removal of MB at optimum conditions:
20 mg TiO2/CuO (1:1) NCs dose, 15 ppm initial MB concentration, and pH 9 of the
solution. The result shows that the rapid photodegradation of MB-was observed in the first
60 min (Figure 42). The removal efficiency of MB using TiO2/CuO (1:1) NCs was
approximately 99 % at an irradiation time of 80 min. It was found that as the irradiation
time increased, the percentage efficiency increased, and reached a maximum of 80 min. A
similar result was reported by Bassim and his co-workers with a percentage degradation
efficiency of 98.6% within 80 min of irradiation time on TiO2/CuO (1:1) NC (Bassim et
al., 2023).
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Figure 42. Effect of contact time on the degradation efficiency of 15 ppm of MB and
catalyst dose of 20 mg at pH 9.

4.3.8 Degradation Efficiencies of TiO2 NPs, TiO2/CuO (1:1) NCs and TiO2/ZnO (1:1)
NCs

The photocatalytic performance efficiencies of TiO2> NPs, TiO2/CuO (1:1) NCs, and
Ti02/Zn0O (1:1) NCs at the optimum initial MB dye concentration of 15 ppm, at pH 9 of the
solution, and 20 mg catalyst dose were found to be 82%, 99%, and 94%, respectively
(Figure 43). The result found that the TiO2/CuO (1:1) NCs have greater degradation
potential, compared to both TiO2 NPs and TiO2/ZnO (1:1) NCs. This could be attributed to
good band edge alignment between CuO and TiO2 in the nanocomposites. The degradation
efficiency obtained using TiO2/CuO (1:1) NCs agreed with the result reported by Kapoor &
Rajput (Kapoor & Rajput, 2022). The kinetics investigation of MB dye degradation of TiO>
NPs, TiO2/CuO (1:1) NCs, and TiO2/ZnO (1:1) NCs showed a better fit with the pseudo-
first-order model (Table 16).
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Table 16. Summary of rate constants and degradation efficiencies of TiO2 NPs, TiO2/CuO
(1:1) NCs, and TiO2/Zn0O (1:1) NCs at optimized conditions.

Pseudo first order

Pseudo second order

Rate Rate
Degradation Regression constant Regression constant
Nanomaterials (%) coefficient (mint)  coefficient (ppm~2min™?)
TiO2 82.19 0.989 0.018 0.981 0.014
TiO2/CuO (1:1) 99.24 0.997 0.059 0.992 0.0021
TiO2/ZnO (1:1) 94.32 0.999 0.033 0.991 0.0018

4.3.9 Scavenging Test

When organic pollutants are photodegraded, reactive species such as holes (h+), superoxide
radicals (O2—+), electrons (e"), and hydroxyl radicals (OHe) are essential (Mugumo et al.,
2023). Therefore, the photocatalytic activities of TiO2 NPs, TiO2/ZnO (1:1) NCs, and
Ti02/CuO (1:1) NCs on the degradation of MB dye were studied in the presence of AgNOs3,
EDTA-2Na (Bakry et al., 2022), isopropanol (IPA) (Salesi & Nezamzadeh-Ejhieh, 2023),
and acetonitrile (Saharudin et al., 2018) as scavengers for -, h*, OH"and O, respectively.

This experimental study was used to determine the relative contribution of reactive species.

86



Figure 44 displays the photocatalytic removal of MB dye using TiO2 NPs, TiO2/CuO (1:1)
NCs, and TiO2/ZnO (1:1) NCs in the presence of these radical scavengers at optimum
conditions.

In the case of TiO2 NPs, the results showed that OH" were the main reactive species
because of IPA decreased degradation efficiency by approximately 31%. Upon the addition
of acetonitrile, the degradation efficiency decreased to 38%, which indicates superoxide
radicals (O2) played a major role in the photodegradation of MB. The decrement of
degradation efficiency to 54% due to the addition of holes scavenger (EDTA-2Na) revealed
the greater contribution of holes (h*) in the degradation mechanism. In general, the
photocatalytic activity of TiO> on MB dye was driven by the reactive species in a sequence
of OH" > O, > h* > ¢, and similar results were reported by Saharudin et al (Saharudin et
al., 2018). The scavenger test for TiO/CuO NCs showed the contributions of active species
were in the order of O, > OH" > h* > ¢, indicating the superoxide radicals played the
major role. In another way, the radical scavengers revealed that the photocatalytic activity
of TiO2/ZnO NC was dominantly controlled by the holes in the order of h* > OH" > O, >
e ( Figure 44).
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Figure 44. The effect of radical scavengers on the photodegradation ability of TiO2 NPs,
TiO2/CuO (1:1) NCs, and TiO2/Zn0O (1:1) NCs.

4.3.10 Reusability Test

As presented in Figure 45, the reusability test of TiO2 NPs, TiO2/CuQ, and TiO2/ZnO NCs

showed good stability in three cycles. The percent removal efficiencies for TiO2 NPs in the

1%, 2" and 3 cycles were found to be 78%, 75%, and 71%, respectively. Similarly,
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TiO2/CuO NCs showed 98%, 97%, and 95% degradation efficiency for 1%, 2", and 3"
cycles, respectively. The reusability test for TiO2/ZnO NCs was recorded as 93%, 91%, and
89% for 1%, 2", and 3 cycles, respectively.
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Figure 45. Reusability test of TiO2 NPs, TiO2/CuO (1:1) NCs, and TiO2/CuO (1:1) NCs for
photodegradation of MB dye.

4.3.11 Mechanism of Photocatalysis in TiO2/CuO (1:1) NCs

Forming a heterojunction between metal oxide semiconductors can effectively aid charge
transfer and prolong electron-hole relaxation without recombination. During contact, first,
the Fermi level redistribution occurs until equilibration occurs due to differences in the
work function. Then, the development of an internal electric field, or accumulated layer,
between the two semiconductor interfaces, as well as band edge bending, occurred (G. Sun
et al., 2023). The proposed photocatalytic degradation mechanism for TiO2/CuO NCs
based on the Mott-Schottky and UV-vis-DRS analysis results is shown in Figure 46 and
Equations 32-40. Here, the holes migrate from the more positive VB potential of TiO; to
CuO's less positive VB potential. The electrons migrate from a more negative CB potential
of CuO to a less negative CB potential of TiO2, similar to the results reported by Solano
(Solano et al., 2024). Then, molecular oxygen reacts with the electron and is reduced to
‘Oz, while the holes from the valence band of TiO> react with water and produce OH
radicals. Consecutively, the water molecules react with photogenerated h* or superoxide
radicals (O2") at the surface of the photocatalyst and change to OH™. The holes react with

the produced OH™ on the photocatalyst surface and generate OH radicals. The O also

88



reacts with photoexcited electrons and converted to superoxide radicals, a highly oxidizing
agent. The generated ‘O™ radicals can directly react with MB dye or produce OH radicals
by reacting with photogenerated electrons and hydrogen ions. Since "OH is a strongly
oxidizing agent, it finally degrades the MB dye (Kermani et al., 2023; Kumari et al., 2023;
Salem et al., 2023; Tahir et al., 2022).
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Figure 46. Mechanism of the photoexcited e /h* separation process of TiO2/CuO NCs and

its photocatalysis mechanism against MB dye.
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4.4 DSSC Devices Performance

The efficiencies of DSSC devices depend on different factors, such as the types of dye,
counter electrode, electrolyte, and photoanode materials. In this work, the green
synthesized TiO2 NPs, TiO2/CuO (1:1) NCs, and TiO2/ZnO (1:1) NCs photoanodes were
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used to fabricate four selected plant dye DSSC devices. Also, the standard paste

photoanode was used for the comparison.

441 Performance of TiO2 NPs Photoanode

Table 17 and the J-V curves in Figure 47 show the results obtained using different natural
pigments. The DSSC performance of the dye extract of IHR (mix) showed the highest
efficiency of 1.03% with Voc, fill factor, and Js. of 0.44 V, 45.97%, and 5.09 mAcm?,
respectively, using synthesized TiO> NPs photoanode. In contrast, IHF(w) revealed the
lowest efficiency of 0.53% with Voc of 0.32 V, a fill factor of 48.47%, and Jsc of 3.39
mAcm2. However, both IHF(w) and IHR (mix) are extracted from the same flower and
root, respectively, the DSSC devices performance of IHR (mix) is almost double that of
IHF (w). This variation in efficiency is an implication of the variation of types and quantity
of phytochemicals in different parts of a given plant (Akullo et al., 2023; Okello et al.,
2021).

Table 17. The DSSC device performance of the TiO, photoanode.

Photoanode Dye extract Js Voc (V)  Jmax Vimax (V) FF n
(mAcm?) (mAcm?) (%) (%)
TiO, TRF(w) 3.81 0.29 2.61 0.11 44.88 0.60
TRF(mix) 3.95 0.33 2.71 0.22 45.74 0.61
IHF(w) 3.39 0.32 2.39 0.22 48.47 0.53
IHF(mix) 3.65 0.34 251 0.24 48.54 0.60
IHR(w) 4.95 0.30 3.45 0.29 4470 1.01
IHR(mix)  5.09 0.44 3.55 0.29 45.97 1.03
RSF(w) 4.28 0.35 2.97 0.24 4758 0.71
RSF(mix)  4.56 0.39 3.16 0.27 47.96 0.85
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Figure 47. The J-V curves of DSSC devices for TiO2> NPs photoanode sensitized with dye

extracts.

In general, the measured DSSC devices efficiencies of IHF(w), IHF(mix), TRF(w),
TRF(mix), RSF(w), RSF(mix) IHR(w), and IHR(mix) using the green synthesized TiO>
NPs photoanode were found to be 0.53, 0.60, 0.60, 0.61, 0.71, 0.85, 1.01, and 1.03,
respectively.

4.4.2 Performance of TiO2/CuO (1:1) NC Photoanode

The photo-electrochemical performance of the dye extract of IHR (mix) obtained from the
fabricated DSSC devices using green synthesized TiO2/CuO (1:1) NCs photoanode showed
the highest efficiency of 1.70% with Voc of 0.47 V, a fill factor of 47.51%, and Jsc of 7.61
mAcm (Figure 48, Table 18). When compared to the TiO2 NPs, the efficiency of
TiO2/CuO (1:1) NCs showed approximately 64% increment. This could be due to the larger

surface area of TiO2/CuO (1:1) NCs as discussed in the BET surface area analysis section.
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Table 18. The DSSC devices performance of the TiO2/CuO (1:1) photoanode.

Photoanode Dye extract Jse Voc  Jmax Vmax (V) FF n
(mAcm3) (V) (mAcm?) (%) (%)
TiO2/CuO (1:1) TRF(w) 6.56 0.29 4.56 0.19 45.54 0.87
TRF(mix) 6.73 0.35 4.70 0.23 45.89 1.08
IHF(W) 5.67 0.35 3.91 0.24 47.29 0.94
IHF(mix) 6.25 0.37 4.39 0.25 47.46 1.10
IHR(W) 7.55 0.46 5.22 0.31 46.59 1.62
IHR(mix) 7.61 047 731 0.32 4751 1.70
RSF(w) 6.83 0.38 4.68 0.26 46.88 1.22
RSF(mix) 7.22 0.42 4.98 0.29 47.63 1.44
0 .
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Figure 48. The J-V curves of DSSC devices of TiO2/CuO (1:1) NCs photoanode sensitized
dye extracts.
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4.4.3 Performance of TiO2/Zn0O (1:1) NCs Photoanode

In the same way, the highest efficiency was recorded for the device sensitized with the dye

extract of IHR (mix) having an efficiency of 1.43%. This value exceeds by 38% compared
to the efficiency of the TiO2 NPs photoanode (Figure 49, Table 19).

Table 19. The DSSC devices performance of the TiO2/ZnO (1:1) photoanode.

Photoanode Dye extract Jsc Voc Jmax Vmax FF n
(mMAcm?) (V)  (mAcm?) (V) (%) (%)
TiO2/ZnO (1:1) TRF(w) 5.79 0.29 3.91 0.20 46.57 0.78
TRF(mix)  5.93 035 4.03 0.24 46.60 0.97
IHF(W) 5.07 034 348 0.23 46.43 0.80
IHF(mix) 5.59 0.36 3.89 0.25 48.33 0.97
IHR(W) 6.70 0.43 4,72 0.29 4751 1.37
IHR(mix)  6.75 0.44 4.77 0.30 48.18 1.43
RSF(W)  6.07 0.37  4.20 025  46.75 1.05
RSF(mix) 6.41 0.40 4.48 0.27 4718 1.21

0 . . . .
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Figure 49. The J-V curves of DSSC devices of TiO2/Zn0O (1:1) NCs photoanode sensitized

with dye extracts.
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This performance improvement could be due to the deduced bandgap energy, compared to
individual metal oxides (TiO2 and ZnO ), increasing the lifetime of charge carriers, and
surface coverage of the sensitizing dye over TiO2/ZnO (1:1) NCs (Mahmoudabadi &
Eslami, 2019).

4.4.4 Performance of T/R Photoanode

The Voc and Jsc of the T/R devices are the highest compared to the device fabricated from
the green synthesized TiO2 NPs, TiO2/CuO (1:1) NCs, and TiO2/ZnO (1:1) NCs (Figure 50,
Table 20).
Table 20. The DSSC devices performance of the T/R photoanode.

Photoanode Dye extract Jsc Voc (V) Jmax Vmax (V)  FF n

(mAcm?) (mAcm?) (%) (%)

T/R TRF(w) 7.22 0.31 4.81 0.21 45.13 1.01
TRF(mix)  7.35 039  5.09 0.27 47.94 137

IHF(w)  4.56 036 434 025  66.06 1.09

IHF(mix) 5.13 0.37 4.40 0.26 60.27 1.14

IHR(w) 8.38 0.48 5.73 0.33 47.01 1.89

IHR (mix) 8.43 049 583 034  47.99 1.99

RSF(w)  7.96 039 571 027  49.66 154

RSF(mix)  7.98 0.41 5.48 0.28 46.90 1.55

The DSSC conversion efficiency of this device has the highest record of 1.99% sensitized
by IHR (mix) dye. This value exceeds 93%, 39%, and 23%, compared to TiO2> NPs,
TiO2/ZnO (1:1) NCs, and TiO2/CuO (1:1) NCs, respectively. This suggests that the
TiO2/CuO (1:1) NCs photoanode agreed well with the standard paste photoanode. The
performance of the DSSC devices is also significantly influenced by the photoanode
materials' surface area and porosity. The surface area and porosity of the charge transport
layers regulate the dye loading capacity of the DSSC device. These factors improve the
electrolyte injection and allow light trapping for a more effective charge transport process
(Ramanathan et al., 2022).
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Figure 50. The J-V curves of DSSC devices of T/R paste photoanode sensitized with dye
extracts.

4.4.5 Stability of DSSC Devices

The stability of the DSSC devices fabricated with a natural dye sensitizer is one of the most
significant challenges. Among all the devices fabricated using synthesized nanomaterials
and natural dye, IHR(mix) showed the highest stability. This could be attributed to the
sticky nature of the extract of IHR. The PCE efficiencies of these devices were 0.76, 1.08,
and 1.29 % after 72 hr for TiO2 NPs, TiO2 /ZnO (1:1) NCs, and TiO2/CuO (1:1) NCs,
respectively. In general, DSSC devices fabricated from TiO2/CuO (1:1) NCs and IHR(mix)
showed the highest stability as compared to TiO2 NPs and TiO2/ZnO (1:1) NCs. Tables 21-
24 show the photovoltaic performance of the fabricated DSSCs stability for 24, 48, and 72
hr.
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NPs photoanode.

Table 21. The efficiencies of fabricated DSSC devices after 24, 48, and 72 hr for the TiO>

Photoanode | Dye extract | Efficiency n (%) after
0 hr 24 hr 48 hr 72 hr
TiO2 NPs TRF(w) 0.60 0.37 0.15 0.09
TRF(mix) 0.61 0.38 0.21 0.12
IHF(w) 0.53 0.28 0.19 0.10
IHF(mix) | 0.60 0.33 0.24 0.20
IHR(w) 1.01 0.95 0.84 0.73
IHR(mix) 1.03 0.95 0.87 0.76
RSF(w) 0.71 0.43 024 |0.12
RSF(mix) 0.85 0.51 0.28 0.15

Table 22. The efficiencies of fabricated DSSC devices after 24, 48, and 72 hr for TiO>
/CuO (1:1) NCs photoanode.

Photoanode | Dye extract | Efficiency n (%) after
0 hr 24 hr 48 hr 72 hr
TiO2/CuO | TRF(w) 0.87 0.45 0.24 0.13
(1:1) NCs | TRF(mix) 1.08 0.56 0.32 0.18
IHF(W) 0.94 0.65 0.38 0.29
IHF(mix) 1.10 0.72 0.41 0.35
IHR(W) 1.62 1.44 1.31 1.24
IHR(mix) 1.70 1.53 1.42 1.29
RSF(w) 1.22 1.08 0.75 0.23
RSF(mix) 1.44 1.17 0.85 0.42
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Table 23. The efficiencies of fabricated DSSC devices after 24, 48, and 72 hr for TiO2/ZnO
(1:1) NCs photoanode.

Table 24. The efficiencies of fabricated DSSC devices after 24, 48,

4.4.6

Photoanode | Dye extract | Efficiency n (%) after
0 hr 24 hr 48 hr 72 hr
TiO2/ZnO | TRF(w) 0.78 0.42 0.21 0.11
(1:1) NCs | TRF(mix) 0.97 0.47 0.28 0.14
IHF(W) 0.80 0.51 0.37 0.25
IHF(mix) 0.97 0.53 0.41 0.31
IHR(W) 1.37 1.24 1.17 1.01
IHR(mix) 1.43 1.28 1.19 1.08
RSF(W) 1.05 0.73 0.32 0.15
RSF(mix) 1.21 0.78 0.37 0.21

and 72 hr for T/R

photoanode.
photoanode | Dye extract | Efficiency n (%) after
0 hr 24 hr 48 hr 72 hr

T/R TRF(w) 1.01 0.63 0.31 0.18
TRF(mix) 1.37 0.69 0.34 0.21
IHF(w) 1.07 0.54 0.37 0.19
IHF(mix) 1.09 0.56 0.41 0.23
IHR(w) 1.89 1.68 1.53 1.47
IHR (mix) | 1.99 1.79 1.67 1.58
RSF(w) 1.54 1.08 0.75 0.41
RSF(mix) 1.55 1.12 0.81 0.43

IPCE

The quality of the solar cell's charge transport and absorption at a specific wavelength are

measured by the incident monochromatic photon to current conversion efficiency, or IPCE

(Tadesse, 2019). IPCE measurements were done to realize the photocurrent generation of

97



the cells based on different photoanodes. The plots of IPCE versus wavelength of the DSSC
devices sensitized with IHR(mix) dye extract fabricated using TiO2 NPs, TiO2/CuO (1:1)
NCs, and TiO2/ZnO (1:1) NCs and T/R paste. IPCE measurements were done to realize the
photocurrent generation of the cells based on different photoanodes. The percentage of the
IPCE achieved by the cells showed an increment as the TiO2 NPs photoanode was replaced
by TiO2/ZnO (1:1) NCs, TiO2/CuO (1:1) NCs, and T/R paste, respectively (Figure 51 and
Table 25). Among the synthesized nanomaterials in this work, the most efficient DSSC
device with TiO2/CuO (1:1) NCs photoanode has an IPCE% value of 56.71% at a
wavelength of 453 nm. According to Shah et al.,, the enhancement of the DSSC
performance might be because of the improvement of charge injection and photocurrent.
Consequently, the electron recombination in the electrolyte is reduced, and efficiency
increases (S. Shah et al., 2019).

100 - TR
—— Ti0,/Cu0O
80 - ——Ti0/ZnO
—TiO;
60 -

IPCE (%)

40 IHR(mix)

20 1

300 400 500 600 700 800
Wavelength (nm)
Figure 51. Effect of different photoanodes on the IPCE performance of DSSC devices

sensitized with IHR(mix).
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Table 25. Effect of different photoanodes on the IPCE performance of DSSC devices

sensitized with IHR(mix).

Photoanode Dye extract Maximum IPCE (%) Wavelength (nm)
TiOz IHR(mix)  39.12 448
TiO2/CuO (1:1) IHR(mix) 56.71 453
TiO2/ZnO (1:1) IHR(mix)  49.82 451
TIR IHR(mix)  60.25 453

4.4.7 Mechanism of DSSC Devices

The possible mechanism of energy conversion in DSSC is shown in Figure 52A-C. The
process of energy conversion begins with light absorption, in which photons from the sun
are absorbed by a dye, which causes electronic excitation and generates an exciton
(Equation 41). This is then followed by electron injection, whereby excited electrons are
transported from the dye LUMO into the semiconductor's conduction band, assisting charge
separation (Equation 42). After injection, the dye is oxidized and requires dye regeneration,
which occurs when electrons from the electrolyte are transported back to the dye, restoring
its initial condition (Equation 43). Meanwhile, the electron transport process comprises the
passage of electrons via the semiconductor material towards the external circuit, providing
an electric current (Equation 44). Finally, electrolyte reduction occurs when the electrolyte,
a redox couple (iodide/triiodide), and accept electrons from the exterior circuit, in the
DSSC at the counter electrode (Equation 45).
Light absorption :
Dyey,q + hv — Dye,, (41)
Electron injection:
Dyegq — Dyegq + €injectea (42)
Dye regeneration:

3 1
Dyejq + 51— Dyeqq + 515 (43)
Electron transportation:
erio,/cuo + FTO — eprg + Ti0,/CuO (44)
Electrolyte reduction reaction:
I +e- — 3I° (45)
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Figure 52.  Proposed mechanism of DSSC energy conversion using (A)TiO2 NPs,
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5 CONCLUSIONS AND RECOMMENDATIONS
5.1 Conclusions

In this work, TiO2 NPs, TiO2/CuO (1:1) NCs, and TiO2/ZnO (1:1) NCs were synthesized
using IHL extract. The optical, crystallinity, textural, morphological, and compositional
properties of synthesized materials are also effectively characterized using advanced
characterization techniques such as UV-Vis-DRS, XRD, FTIR, BET, SEM/EDX,
HR/TEM, XPS, Raman, and electrochemical methods. The XRD pattern analysis revealed
TiO2 polymorphism with clear CuO and ZnO peaks, further confirmed by the Raman
spectroscopic results. The XPS analysis confirms the existence of TiO2, CuO, and ZnO
phases in the NCs with oxidation states of +4, +2, and +2 for Ti, Cu, and Zn, respectively.
The SEM and EDX mapping depicted some agglomerated spherical morphology, enhanced
porosity, and the presence of Cu, Ti, Zn, and O elements. The average particle sizes from
TEM analysis proved the formation of nanomaterials (<100 nm). From UV-Vis analysis,
the NCs showed a redshift compared to pristine TiO2 NPs. FTIR confirmed the presence of
the O—H group and C-O carbonyl group in the extracted dyes, so the dye molecules can
bond with synthesized nanostructures and transfer excited electrons from the sensitizer into
the conduction band of metal oxides.

The potentials of the synthesized materials were tested for methylene blue dye degradation
and DSSC applications. Under optimal conditions, the TiO2/CuO (1:1) NCs exhibited the
maximum degrading efficiency of 99% and showed better performance than the pristine
TiO2 NPs (82%) and TiO2/ZnO (1:1) NCs (94%). It was found that the photodegradation
activity of MB dye was better fitted with pseudo-first-order, and TiO2/CuO (1:1) NCs
showed the highest rate constant of 0.059 min compared to TiO,NPs (0.018 min™)
TiO2/ZnO (1:1) NCs (0.033 min™?). The reusability test of the photocatalysts revealed
promising stability in removing pollutants.

The increase in efficiency was observed when the DSSC devices were fabricated using the
green synthesized photoanodes in the order of TiO2 NPs < TiO2/ZnO (1:1) NC< TiO,/CuO
(1:1) NCs for all dye extracts as sensitizers used in this work. Among all fabricated DSSCs
using synthesized photoanodes, TiO2/CuO (1:1) NCs sensitized with IHR(mix) showed the
highest efficiency of 1.70% and IPCE of 56.71%. This result agrees with DSSC devices

regarding the commercial T/R paste photoanode (60.25%). The improved performance of
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DSSC devices in TiO2/ZnO (1:1) NCs and TiO2/CuO (1:1) NCs compared to the pristine
TiO2 NPs was also attributed to the formation of heterojunction structures and the good
energy level alignments between the formed nanocomposites. In general, in this work, the
green synthesized NCs using IHL extract showed good photocatalytic degradation of MB
dye. In addition to photocatalytic application, they showed good DSSC energy conversion

efficiency when used as photoanode materials.

5.2 Recommendations

The nanomaterials synthesized in this work should be tested for other applications like
antimicrobial activity, sensor, and supercapacitor applications. DFT calculation should be
performed to analyze the adsorption energy of dye on the nanostructure surface, binding
sites of different natural dyes on TiO2, TiO2/CuQO, and TiO2/ZnO surfaces, and optimal
orientation of nanostructure-dye. Understanding these interactions can lead to improved
dye loading and efficiency. It is recommended to isolate phytochemicals to know exactly
what structures are in each plant and draw the exact mechanism of interaction of each

component with the nanostructures.
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