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A B S T R A C T   

In this study, Moringa oleifera extract was used for the green synthesis of magnetic Iron Oxide (Fe3O4) nano
particle. Natural dye from air-dried Carica papaya leaves was used as sensitizer along with commercially 
obtainable N719 Ruthenium dye. The optical absorptions between 350 and 650 nm confirmed the formation of 
the nanoparticle. After adding the nanoparticle to the TiO2 and loading it with dye, the absorbance in the visible 
range dramatically increased. The formation and stabilization of the nanoparticle may have been aided by the 
functional groups, according to the FTIR results. With an average crystallite size of 35.13 nm, the XRD patterns 
demonstrated the nanoparticle’s crystalline nature. The morphologies of the nanoparticle demonstrated that it 
was well-formed and homogeneously dispersed. The presence of iron and other component elements was 
confirmed by the EDX spectra. The production of 40.83 nm-sized nanoparticles on average was further verified 
by the TEM micrograph, and the samples’ crystallographic planes were identified by the SAED patterns. The 
photo-electrochemical performance of the DSSCs showed that the efficiencies increased significantly with per
centage increase of 90.1% and 89.3% for Carica papaya and Ruthenium dyes, respectively. The green-synthesized 
Fe3O4 nanoparticle exhibited good properties for application in DSSC.   

1. Introduction 

Nanoparticles are particles based on structures with characteristic 
features on the nanometer scale. They usually have some resemblance to 
their bulk counterpart based on the same atoms, but they are modified to 
such an extent that they have acquired superior mechanical, thermal, 
electrical, magnetic and optical properties. Particle size, size distribu
tion, and morphology are examples of distinct uniqueness that give 
nanoparticles their novel or improved properties. Recent years have 
seen amazing advancements in the field of nanotechnology, with a va
riety of techniques being developed for the synthesis of nanoparticles 
with specific sizes and shapes based on needs and requirements [1]. For 
instance, Shanbhag et al., (2021) used SiO2 coated Calcium titanates 
(CaTiO3) to synthesize nanoparticles which led to controlled particles 
size resulting in the enhancement of their photocatalytic and electro
chemical properties [2–4]. Also, Yogananda et al., (2018) reported the 

synthesis of Sm3+ doped MoO3 nanostructures (NSs) effectively by hy
drothermal route using lysine as surfactant. The average quantum effi
ciency and color purity values of the prepared samples were found to be 
~79.61% and 97% respectively. The CIE color coordinates confirmed 
that the phosphor emits orange-red light, which were quite useful for the 
fabrication of white light emitting diodes [5]. In another work, Naik 
et al., (2019) reported Nd3+ (1–9 mol%) doped Mg2SiO4 nanophosphors 
by solution combustion method and the fingerprint detection and TL 
properties of the nanophosphors were studied in detail to understand the 
suitability of the prepared phosphors for solid state display devices, 
forensic and dosimetry applications. The optimized product was utilized 
for the visualization of Latent Finger print (LFP) on versatile surfaces 
[6]. In related research carried out by Shanbhag et al. (2019), Li+

(0.25–1.0 mol%) co-doped CaTiO3:Sm3+ (3 mol%) nanoparticles (NPs) 
and SiO2@CaTiO3:Sm3+ (3 mol%), Li+(0.25–1.0 mol%) core–shell NPs 
were synthesized via facile combustion technique using Oxalyl 
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Dihydrazide (ODH) as a fuel. All the obtained results suggested that the 
mentioned nanophosphors provided a platform for fabricating other 
new functional materials which can be applied in the field of W-LEDs, 
biological imaging and solid state display applications [7]. 

Recently, research groups in many areas of endeavor have been 
zealously concerned with magnetic Iron Oxide (Fe3O4) nanoparticles 
due to the fact that they have unique properties and extensive applica
tions [8]. The magnetic Fe3O4 nanoparticle is most commonly explored 
due to its well-crystalline nature, excellent thermodynamic stability, 
and, outstandingly, its superparamagnetic behavior [9]. When Fe3O4 
magnetic nanoparticles’ particle size drastically decreases at room 
temperature, they exhibit superparamagnetic behavior, which is similar 
to that of a magnetic dipole with a permanent magnetic moment that is 
easily affected by an external magnetic field. Both its enormous mag
netic susceptibility and smaller size make Fe3O4 nanoparticle a potential 
candidate for being integrated in photovoltaic devices [10]. 

But, synthesized Fe3O4 nanoparticles through physical and chemical 
routes tend to be extremely reactive and create aggregates that ulti
mately cause reactivity to disappear [11]. Also, the synthesized Fe3O4 
nanoparticles using traditional techniques are not applicable in areas 
where nonpolar organic solvents are utilized since their exposure to air 
will make them lose their magnetism and dispersibility [12]. Re
searchers now pay a lot of attention to green nanotechnology in order to 
reduce or get rid of harmful materials and revitalize the surroundings. 
Eco-friendly, harmless, and non-toxic ingredients are usually used when 
it comes to green nanoparticle synthesis [13] and the improvement of 
dependable, non-toxic, and environmentally friendly routes for the 
synthesis of magnetic Fe3O4 nanoparticles is crucial to expanding their 
range of uses [11]. It has been proposed that environmentally friendly 
alternatives to chemical and physical methods for the synthesis of 
nanoparticles include the use of microorganisms, enzymes, fungi, and 
plants or plant extracts [14]. Aside from energy efficiency, other factors 
to take into account when implementing a greener technique are 
availability, affordability, environmental friendliness, and pollution 
reduction [15]. When compared to nanoparticles made by physical and 
chemical means, biosynthesized ones frequently exhibit reduced toxicity 
and particle agglomeration, as well as improved stability because the 
bioactive components (mostly polyphenols) of those biological materials 
exhibit stabilizing and capping effects, particularly plants [16]. At times, 
it is highly beneficial to prepare nanoparticles using plants or plant parts 
as a way of the elimination of the complex labor required to maintain 
microbial cultures [14]. 

Currently, improvements are being made to the biosynthesis of 
magnetic Fe3O4 nanoparticles by plants, and their production from 
inactivated plant tissue, plant extracts, exudates, and other parts of 
living plants is being investigated. Plants are explored for biosynthesis 
because they are reported to contain reducing agents that may play 
significant roles in the biosynthesis of Fe3O4 nanoparticles [14]. Me
dicinal plants can easily be combined with magnetic Fe3O4-based 
nanoparticles for many uses because they provide good formulations 
that yield to multiple biological signaling processes [17]. One of the 
numerous plants with a green synthesis inspiration is Moringa oleifera, 
whose high concentration of bioactive and antioxidant substances have 
long been utilized to treat bacterial and viral infections, cancer, and 
inflammation. It is a fantastic synthesis instrument for the necessary 
nanoparticles because it is exceptionally rich in such polyphenols that 
could be used for synthesis [18]. 

As far as DSSC fabrication is concerned, one of the most effective 
photoanodes is the TiO2-based, but, it absorbs only ultraviolet (UV) 
radiation, a minuscule portion of the solar spectrum. Consequently, dye 
molecules work as sensitizers to absorb visible light [19]. 
Ruthenium-based dyes as sensitizers have strong visible absorption, but 
their costly synthesis and undesired environmental impacts have made 
researchers look for natural dyes as alternatives [20]. Chlorophyll, 
carotene and other pigments, are unreservedly available in plant ma
terials and fulfill the requirement as sensitizers [20]. But, the 

performance of natural dyes is very low compared with the 
Ruthenium-based dyes, which necessitates the use of nanoparticles [21]. 
Manikandan et al. (2015) used a one-pot low-temperature approach to 
create nanostructured α-Fe2O3-based DSSC with two morphologies: 
nanorods and nanoparticles. The ferromagnetic property of the 
as-prepared α-Fe2O3 samples was revealed by the magnetic measure
ment. Under 1000 W/m2 of light radiation, the DSSC produced with the 
optimized α-Fe2O3 nanorods array achieved a power conversion effi
ciency of 0.43%, which was superior to that obtained from α-Fe2O3 
nanoparticles (0.29%) [22]. The photovoltaic characteristics of DSSC 
based on Fe3O4–TiO2 photoelectrode were studied by Chou et al. (2016). 
The Fe3O4–TiO2 photoelectrode was created using the spin coating 
technique. The effects of adding Fe3O4 to the TiO2 photoanode of a 
dye-sensitized solar cell (DSSC) were examined using atomic force mi
croscopy, X-ray diffraction, UV–visible spectroscopy, and electro
chemical impedance spectroscopy. Compared to the efficiency of 2.35% 
of the DSSC based on TiO2 pure photoanode, a power conversion effi
ciency of 3.54% was achieved. The experiment’s results demonstrated 
that Fe3O4 acted as a catalyst to provide a new electron channel for 
DSSC, lowering the requirement for charge recombination [23]. In 
2021, Kamil and colleagues synthesized α-Fe2O3 nanoparticles through 
UV-irradiation, with the intention of using them in dye-sensitized solar 
cells. They demonstrated α-Fe2O3 nanoparticles produced by photolysis 
with UV lamb in their work. Through the use of TEM, XRD, EDX, PL, and 
FE-SEM, the nanopowder was examined. It was determined that the 
mean particle size of the α-Fe2O3 NPs was 25 nm. The X-ray diffraction 
analysis revealed no impurity peaks. The efficiency varied from 0.810% 
to 2.13%, and the energy gap was determined to be 2.49 eV. It has been 
demonstrated that adding iron oxide nanoparticles to DSSCs improves 
their performance [24]. Kannan et al. (2019) concluded after their 
investigation that Fe3+of Fe3O4 nanoparticle could enhance the ab
sorption of light from the ultraviolet to the visible spectrum [25]. Also, 
Liang Wang (2014) used the composite of carbon/Fe3O4 (bulk) as a 
counter electrode to enhance DSSC efficiency [26]. 

Green synthesized magnetic Fe3O4 nanoparticle has found wide
spread application in the photocatalyst and biomedical domains due to 
its exceptional dispersion, biocompatibility, and elevated specific sur
face area [25]. The results of this novel work revealed that, in DSSC also, 
the incorporation of the green-synthesized magnetic nanoparticles, 
which is readily available, into the TiO2 electrode had a significant 
impact in improving the photogenerated electron transfer ability of the 
natural dyes-based photoanode semiconducting material, and reduce 
charge recombination. In this study, fresh moringa leaf extract was used 
to synthesize the Fe3O4 nanoparticles and their UV–vis spectroscopy, 
FTIR, XRD, SEM, EDX, TEM and SAED data analyses were carried out. 
For the purpose of fabricating the DSSC, air-dried Carica papaya 
(Pawpaw) leaves were used to extract the natural dye and its photo
voltaic capability together with that of the N719 dye were assessed. 

2. Experimental techniques 

2.1. Materials 

We used Potassium Iodide, Iron Oxide (Fe3O4), and Sigma-Aldrich’s 
titanium dioxide (P25) without additional purification. Carica papaya 
(Pawpaw) and Moringa oleifera (Moringa) leaves were acquired from 
Ladoke Akintola University of Technology, Ogbomoso’s Teaching and 
Research Farm. The N719 dye and Indium-doped Tin Oxide (ITO) con
ducting substrates (50 × 50 × 1.1 mm, 10 Ω/sq) were acquired from 
Solaronix S.A. 

2.2. Green synthesis of Fe3O4 nanoparticles 

The leaves of Moringa oleifera were cleaned with distilled water, 
dried by air, and ground into a fine powder. After boiling the powder (20 
g) in 1 litre of distilled water for 30 min at 60 ◦C, the extract was filtered 
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through Whatman No. 1 filter paper. Fig. 1 illustrates the preparation 
and fabrication procedure. 200 ml of distilled water were combined with 
4.63 grams of Fe3O4 to create a Fe3O4 solution (0.1 M). The extract (2, 4, 
6, 8, and 10 ml each) was then added to 10 ml of the room temperature 
solution. The mixture was then stirred at 25 ◦C using a magnetic stirrer 
for about 15 min at 400 rpm [27,28]. The formation of intensely colored 
black solutions indicated that the iron oxide nanoparticles had been 
synthesized successfully [29]. The samples were changed to optimize 
the volume of extract required for the nanoparticle’s synthesis. 

2.3. Preparation of natural and ruthenium dyes 

After being cleaned with distilled water, the Carica papaya (Pawpaw) 
leaves were air-dried and ground into a powder. To create a homoge
neous suspension, 10 grams of powder were weighed, then put into a 
clean bottle with 100 millilitres of absolute ethanol and shaken at 150 
revolutions per minute for ten minutes. After a full day in the dark, the 
solution was filtered. Additionally, 0.594 g of Ruthenium (N719) pow
der and 100 ml of ethanol were mixed to create an ethanol solution 
containing 0.5 mM of N719 dye [30]. 

2.4. Fabrication of DSSC 

Using a glass cutter, indelible marker, and ruler, the conducting glass 
substrates (25 mm by 25 mm) and non-conducting glass substrates (75 
mm by 10 mm) were cut. After using a detergent solution to clean them, 
the substrates were ultrasonically rinsed in distilled water for fifteen 
minutes at 30 ◦C. Additionally, the substrates were scrubbed for 30 min 
at 30 ◦C using isopropanol acid (IPA) in an ultrasonic bath. One gram of 
TiO2 powder was weighed and then added to a sanitized beaker. To 
separate the aggregates into smaller pieces, 2.5 millilitres of distilled 
water was added. After being dissolved in 5 ml of ethanol, 0.5 g of ethyl 
cellulose was added to the sample. Additionally, 5 millilitres of terpe
neol were added, and a magnetic stirrer was used to mix the mixture. To 
create a homogenous paste, 50 ml of ethanol was then added gradually 
while the mixture was heated to 80 ◦C and stirred for an hour [31]. To 
further optimize the concentration required for cell fabrication, the 
pastes (1 ml each) were blended with various volume fractions of 0.5 ml, 
1.0 ml, 1.5 ml, and 2.0 ml of the optimized Fe3O4 nanoparticle. Initially, 
adhesive tape was used to cover the glass substrates on two identical 
edges in order to control the film areas and allow electrical contact to 
occur in the uncoated areas. Using the doctor-blade technique, the ob
tained pastes were applied to the free edges of the non-conducting glass 
substrates [30]. After allowing them to decompress for five minutes to 

lessen the irregularity on the surface, they were dried at 120 ◦C for 
fifteen minutes. Using the same process, an electrode was also created 
without any nanoparticles as a reference. In order to prepare pastes that 
were deposited on ITO plates as thin films for the fabrication of the cells, 
optical characterizations were performed and the optimized volume of 
the nanoparticle was utilized. After annealing for thirty minutes at 450 
◦C in a furnace, the slides were left to dry before being allowed to cool to 
room temperature. To avoid contamination, they were subsequently 
housed in petridishes with adequate covering [30]. Each of the TiO2 
coated specimens were soaked into the natural and ruthenium dyes, and 
they were then left for eighteen hours to become sensitized. The speci
mens were then taken out, given an ethanol wash, allowed to air dry, 
and stored in sealed petridishes. To shield the specimens from direct 
sunlight, aluminum foil was placed over the exterior surfaces of the 
dishes [30]. To prepare the electrolyte, 0.83 g of Potassium Iodide (KI) 
and 0.127 g of Iodine were dissolved in 20 millilitres of Acetonitrile 
solvent [32]. To get rid of any remaining organic contaminants, other 
ITO glass substrates that were utilized as the cathodes were heated to 
450 ◦C for 15 min. The conductive sides of the glass substrates were then 
coated with graphite nanoparticles and stored prior to use [30]. The dye 
sensitized solar cells were then assembled by connecting the prepared 
photoanodes to the counter electrodes and putting an electrolyte injec
tion between them [30]. The two electrodes were then held together 
with binder clips and stored for characterization. 

2.5. Characterizations 

X-ray diffraction and morphology were performed on the films using 
a Rigaku D/Max-llC X-ray diffractometer, Scanning Electron Microscope 
(SEM), FEI Singshine, Hongkong, and TEM and SAED analyses on a JEM- 
ARM200F-G TEM unit. NICOLET iS10 spectrometer and UV–Vis spec
trometer (ASUV-6300 PC and Avalight DH 5 BAL) were used to study 
FTIR spectrophotometry and optical absorptions, respectively. A solar 
simulator (Newport model No. 96000) operating at 100 mW/cm2 (1 sun 
AM1.5) and 25 ◦C was used to measure the J-V characteristics along with 
a source measure unit(Kethley Model 2400 Source Meter). 

3. Results and discussion 

3.1. Optical studies 

3.1.1. Optical absorbance of the synthesized Fe3O4 nanoparticle 
Fig. 2 displays the Fe3O4 nanoparticle’s UV–Vis optical absorptions 

that were synthesized using varying amounts of moringa leaf extract as a 

Fig. 1. Schematic figure showing the preparation and fabrication procedures.  Fig. 2. Optical absorbance of the synthesized nanoparticle.  
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reducing agent. The nanoparticle was synthesized at different concen
trations of leaves extract, ranging from 2 ml to 10 ml, at the intervals of 2 
ml, using 10 ml of 0.1 M of Fe3O4 solution. Colour change in precursor 
solution confirmed the formation of the nanoparticle [29]. As the leaves 
extract and the Fe3O4 solution were mixed together, the colour changed 
gradually from brown to black, as shown in the inset in Fig. 2. The black 
colour became intense as the volume of the extract increased. The 
resulting intense black colored solutions confirmed the synthesis of 
Fe3O4 nanoparticle [29]. The optical absorptions observed between 350 
nm and around 600 nm belong to Fe3O4 nanoparticle, as reported in 
literature [33–35]. The absorbance peaks increased gradually as the 
volume of the extract increased up to 6 ml. However, the absorbance 
peak decreased when the extract’s volume was increased to 8 ml, indi
cating that just 6 ml of the extract were required for the nanoparticle’s 
synthesis. As a result, the nanoparticle was successfully synthesized 
using 10 millilitres of 0.1 M Fe3O4 solution combined with 6 millilitres 
of the extract. In order to optimize the concentration required to be 
incorporated into the DSSC photoanode in order to fabricate the solar 
cells, the nanoparticle synthesized with 6 ml of the extract was later used 
for the fabrication of thin films. 

3.1.2. Optical absorbance of dyes 
Fig. 3(a) displays the optical absorbance spectra of the natural dye 

that was extracted from Carica papaya (Pawpaw) leaves. The goal of the 
absorption study was to identify the potentially useful pigments in the 
alcoholic extract. In the inset of Fig. 3(a), the extracted natural dye is 
also displayed. Fig. 3(a) illustrates the two primary strong absorption 
peaks of the natural dye, which are primarily concentrated at wave
lengths of 411 nm and 665 nm. Additionally, two faint bands are 
discernible at 536 nm and 608 nm. The comparable literature data for 
Pheophytin ’a’ is consistent with the observed strong Soret and Q bands 
as well as weak bands located in the spectral range between the Soret 
and Qy bands [20]. The soret band exhibits bathochromic shift, also 
known as red shift.The majority of the observed peaks match the re
ported band for pheophytin "a," indicating that pheophytin "a" is the 
most dominant pigment. Other accessory pigments of non-chlorophyll, 
such as caroteniods, also absorb light in addition to chlorophyll and 
its derivative [20]. Additionally, Fig. 3(b) displays the N719 Ruthenium 
dye’s UV–Vis optical absorption that was prepared using ethanol as the 
solvent. This dye has a maximum absorption wavelength of 533 nm and 
an absorption band that stretches from approximately 450 nm to 600 
nm. It is an impressive sensitizer for both homogeneous and heteroge
neous redox reactions due to its broad range of visible light absorption 
and relatively long excited state [36]. It follows that photon energy in 
the visible portion of the electromagnetic spectrum can be absorbed by 
both natural and Ruthenium dyes. 

3.1.3. TiO2 film samples’ optical absorbance combined with natural dye 
and nanoparticles 

Fig. 4(a) displays the TiO2 film samples’ UV–Vis optical absorption 
spectrum both with and without Fe3O4 nanoparticles synthesized with 
extract from moringa leaves. To further optimize the precise volume of 
the nanoparticles required for the construction of the solar cells, the 
nanoparticles synthesized with the optimized volume (6 ml) of the 
extract was also varied (0.5 ml, 1.0 ml, 1.5 ml, and 2.0 ml) using the 
same amount of TiO2 paste (1.0 ml). The TiO2 paste without nano
particles did not exhibit any absorbance in the visible region, as seen in 
Fig. 4(a). Because of the nanoparticle’s surface plasmon resonance band, 
mixing it with TiO2 paste increased its absorbance in the visible spec
trum [35]. Up to 1.5 millilitres, the absorbance rose as the nanoparticle 
concentration rose. The absorbance peak decreased when the nano
particle concentration was raised to 2 ml, indicating that only 1.5 ml of 
the optimized Fe3O4 nanoparticle was required for the creation of the 
DSSCs. Fig. 5(a) displays the TiO2 film samples’ UV–Vis optical ab
sorption that contains Fe3O4 nanoparticles and natural dye. The TiO2 
paste was loaded with the dye after incorporating the nanoparticle (1.5 
ml of the optimized volume). Following the loading of the natural dye, 
the absorbance peak of the TiO2 paste integrated with the nanoparticle 
greatly expanded in the wavelength range of 380–750 nm. It turns out 
that following the loading of the natural dye, the nanoparticle suffi
ciently increased the absorption in the visible region. This demonstrates 
an increase in the solar cell’s efficiency. 

3.1.4. Optical band gaps 
Curves of (αhʋ)2 versus hʋ were plotted for the thin-film optical band 

gaps computations. By extrapolating the line to the base line, the energy 
band gaps were obtained from a straight-line plot of (αhʋ)2 versus hʋ. 
Fig. 4(b) displays the optical band gaps for the TiO2 paste that was 
combined with the created nanoparticle. The calculated energy gap of 
the TiO2 thin film alone is 3.25 eV, as can be seen in Fig. 4(b). 3.10 eV is 
the estimated energy gap of the TiO2 thin film that contains 0.5 ml of the 
nanoparticle that was created using Moringa extract. The energy gap for 
the 1.0 ml TiO2 thin film was determined to be 3.05 eV. The TiO2 thin 
film incorporated with 1.5 ml of nanoparticle has an energy gap of 1.70 
eV, while the TiO2 thin film incorporated with 2.0 ml of nanoparticle has 
an energy gap of 2.05 eV. It was evident that as the nanoparticle con
centration increased up to 1.5 ml, the band gap shrank. The band gap 
increased when the nanoparticle concentration was raised to 2.0 ml, 
indicating that 1.5 ml of the optimized volume ratio needed to be added 
to TiO2 paste in order to fabricate the solar cells. Fig. 5(b) displays the 
TiO2 thin-film optical band gaps when combined with the nanoparticle 
and loaded with natural dye. It is evident from Fig. 5(b) that the TiO2 
film alone has a computed energy gap of 3.25 eV. 2.70 eV is that of the 

Fig. 3. Optical absorbance of the (a) natural dye(b) N719 dye.  
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TiO2 thin film that has the dye loaded in it. 1.90 eV is the energy gap of 
the TiO2 thin film that has been loaded with dye and combined with the 
synthesized nanoparticle. The findings, which are displayed in Tables 1 
and 2, suggest that as absorbance increases, the energy gap decreases. 
The conductivity of a material increases when the energy gap narrows 
because it takes less energy for electrons to reach the Fermi level of a 
semiconducting material [37]. Electrons in the dye molecules will be 
excited by the photon energy and will move from the Lowest Unoccu
pied Molecular Orbital (LUMO) state to the Highest Occupied Molecular 
Orbital (HOMO) state. The electrons will then be moved to the TiO2 
photoanode’s conduction band. Therefore, for improved electron 
transfer to the conduction band of TiO2 and increased fabricated DSSC 
efficiency, a decrease in the thin film’s bandgap will be beneficial [37]. 

3.2. FTIR spectroscopy 

3.2.1. FTIR spectroscopy of Fe3O4 nanoparticle 
Fig. 6(a) displays the FTIR spectra of the extracted moringa leaves as 

well as the synthesized nanoparticle made from the extract. Based on 
Fig. 6(a), the extract’s IR band at 1032 cm− 1 is ascribed to secondary 
alcohols’ C–OH stretching; carboxyl groups’ C–C stretching vibration 
at 1595 cm− 1, protein amide I bands, and O=C=O stretching of carbon 
dioxide at 2360.17 cm− 1 [38–40]. Stretching vibrations from C to H are 
represented by peaks at 2853.01 cm− 1 and 2918 cm− 1 [38]. The C=C of 
the naphthalene ring is responsible for the peaks at 1369 cm− 1, while the 
N− H group of proteins and free O− H stretching vibrations of alcohols 
are indicated by small, intense peaks at 3376 cm− 1 and 3778.1 cm− 1, 
respectively [41,42]. As a result of metal ions interacting with Moringa 

Fig. 4. (a) TiO2 film samples’ optical absorbance with the synthesized nanoparticle (b) Optical band gap of theTiO2thin films with the synthesized nanoparticle.  

Fig. 5. (a) Optical absorbance of theTiO2film samples with synthesized nanoparticle and natural dye (b) Optical band gap of the TiO2 thin films with the synthesized 
nanoparticle and natural dye. 

Table 1 
Optical band gaps of the TiO2 thin films with the synthesized nanoparticle.  

Sample Energy gap (eV) 

TiO2 Thin Film 3.25 
TiO2 Thin Film Incorporated with 0.5 ml Nanoparticle 3.10 
TiO2 Thin Film Incorporated with 1.0 ml Nanoparticle 3.05 
TiO2 Thin Film Incorporated with 1.5 ml Nanoparticle 1.70 
TiO2 Thin Film Incorporated with 2.0 ml Nanoparticle 2.05  

Table 2 
Optical band gaps of TiO2films with the synthesized nanoparticle and natural 
dye.  

Sample Energy gap 
(eV) 

TiO2 thin film 3.25 
TiO2 thin film loaded with dye 2.70 
TiO2 thin film with the synthesized nanoparticle and loaded with 

dye 
1.90  
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leaves biocompounds, the Fe3O4 nanoparticle was reduced and stabi
lized, as evidenced by the IR bands seen in the synthesized nanoparticle 
containing extract from Moringa leaves at 3407 cm, 2925.30 cm− 1–1, 
1602 cm− 1, 1377 cm− 1, 1029 cm− 1, and 597.6 cm–1 [43]. Furthermore, 
the transmittance located at 1029 cm− 1 indicates that C–O stretching is 
present in the 1300 cm–1 and 1000 cm–1 region, which may be the result 
of ether or ester groups covalently linking with the nanoparticle [44]. 
The iron oxide nanoparticle’s spectrum consists of the aromatic C–H 
stretching mode at 3407 cm− 1, the H–C-H bending vibration at 1377 
cm− 1, and the C–O and C–C stretching in the 1000 cm− 1–1245 cm− 1 

range [45,46]. IR band shifts occur: 1032 cm− 1 to 1029 cm− 1, 1369 
cm− 1 to 1377 cm− 1, 1595 cm− 1 to 1602 cm− 1, 2918 cm− 1 to 2925 cm− 1, 
and 3376 cm− 1 to 3407 cm− 1. Interestingly, the infrared bands at 
2360.17 cm− 1, 2853.01 cm− 1, and 3778.10 cm− 1 totally vanished, and a 
new band appeared at 597.6 cm− 1, which may indicate that various 
functional groups were involved in the nanoparticle formation [46]. A 
stretching vibration of Fe-O-Fe was detected at 597.6 cm− 1. The Fe-O 
stretching band of magnetite (Fe3O4) is represented by the peak at 
597.6 cm− 1 [47]. This distinctive peak verified the creation of Fe3O4 

nanoparticles, since the peaks located in the 400–600 cm− 1 range are 
indicative of Fe3O4 [48]. Therefore, the FTIR results indicate that plant 
bioactive metabolites are essential to the reduction and stabilization of 
Fe3O4 nanoparticles. 

3.2.2. FTIR spectroscopy of the natural dye 
The FTIR spectra of the dye extracted from Carica papaya (Pawpaw) 

leaves are displayed in Fig. 6(b). The majority of the distinctive peaks of 
chlorophyll derivatives are visible in the spectra. The N–H, C–H, C=O, 
C=C and O=C=O groups are represented in the distinctive infrared band 
of chlorophylls and their derivatives [49]. Fig. 6(b) shows that the 
protein’s N–H group is indicated by a small, intense peak at 3399 cm− 1, 
while the saturated C–H3 vibration was seen at 2910 cm− 1. The 
O=C=O stretching of carbon dioxide is located at 2354 cm− 1 [40] and 
pheophytin ’a’ C=C vibrations are detected at 1629 cm− 1. The bending 
vibration of H–C-H is represented by the band at 1386.2 cm− 1. Addi
tionally, stretching of C–O and C–C was also observed in the 1000 
cm− 1–1245 cm− 1 range [46]. The extracted dye’s presence of pheo
phytin "a" is confirmed by the FTIR results, which are in good agreement 

Fig. 6. FTIR spectra of the (a) moringa leaf extract and the synthesized nanoparticle (b) extracted dye.  

Fig. 7. XRD pattern of (a) Fe3O4 NPs (b) TiO2(c) TiO2+ Fe3O4 NPs.  
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with the UV–Vis spectral results. 

3.3. Structural studies of Fe/TiO2 nanoparticle 

To confirm phase formation on the samples, X-ray diffraction (XRD) 
patterns of the green-synthesized Fe3O4 nanoparticle, TiO2, and TiO2 
modified with the nanoparticle were obtained, as illustrated in Fig. 7. 
With the major peaks at (2θ degrees) 28.50, 32.45, 38.86, 46.94, 55.17, 
57.46, 65.62, 75.15, 77.55, and 86.72, which correspond to the (111), 
(200), (211), (331), (422), (511), (531), (622), and (332) planes, 
respectively, Fig. 7(a) clearly illustrates the spinal structured magnetite. 
Fe3O4 nanoparticle index formation was determined using the JCPDS 
card [file no.: #86–1341], and it was found to possess a face-centered 
cubic (FCC) structure [50]. By using the Debye-Scherrer equation, the 
synthesized nanoparticle’s average crystallite size —which was crys
talline in nature—was calculated to be 35.13 nm [51]. The TiO2 is made 
up of mixed anatase and rutile phases, as shown in Fig. 7(b), which 
correlates with the JCPDS reference pattern, card no. #83–2243. The 
anatase phase of TiO2 is represented by the peaks observed at 2θ (de
grees) values of 25.67, 38.92, 48.38, 68.72, 70.92, and 76.33, which are 
corresponding to the crystallographic planes (101, 112, 200, 116, 220), 
and (301), respectively. On the other hand, the rutile phase of TiO2 is 
represented by the peaks at 2θ values of 54.21 and 63.00, which are 
ascribed to the crystallographic planes (105) and (204). It was discov
ered that the pattern was crystalline in nature and had a body-centered 
tetragonal structure. An estimate of the average crystallite size was 
42.22 nm. Fig. 7(c) shows that the average crystallite size measured after 
the TiO2 was integrated with the nanoparticle was 34.64 nm. The TiO2 
integrated with the nanoparticle is crystalline with a face-centered cubic 
structure, as shown in Fig. 7(c), and it is consistent with the JCPDS 
reference patterns, card number #75–0402. The rutile phase of the TiO2 
and the peaks attributed to the Fe3O4 in the nanoparticle almost exactly 
overlap. As a result, the peaks in the TiO2 nanocomposite are identical, 
indicating that the Fe3O4 nanoparticle was successfully doped into the 
TiO2. Fe3O4 nanoparticle peaks are not clearly visible, which may be 
related to its low concentration in TiO2. 

3.4. Morphological studies of Fe/TiO2 nanoparticle 

Fig. 8 illustrates the TiO2 and Fe3O4 nanoparticles’ surface mor
phologies, as well as the TiO2 modified by the nanoparticles, as observed 
by SEM. The sample’s uniformity, high stability, surface modification, 
and sphericality are all evident in Fig. 8(a), which may be related to the 
extract’s stabilizing action. Iron and other component elements are 
confirmed to be present by the synthesized nanoparticle’s Energy 
Dispersive Spectral analysis (EDX). Elements like Si, P, O, C, Ca, Al, Na, 
Mg, Fe, and K are visible in the image. The creation of Fe3O4 nano
particles was confirmed by the presence of iron and oxygen. The nature 
of the extract used to create the nanoparticle may have contributed to 
the other elements’ presence in the nanoparticle. Previous research has 
demonstrated that the use of Moringa leaf extract led to the reduction 
and formation of highly stable, spherical Fe3O4 nanoparticles with 
modified surfaces. Remarkably, the magnetic properties of the nano
particle were unaffected by the plant biomolecules. Rather, they made 
the properties more stable against the environment and were shielded 
from intraparticle interactions [52]. Fig. 8(b)’s TiO2 nanoparticle SEM 
micrograph shows the development of a porous structure. As the 
nanoparticle was added, the sample’s surface morphology changed. As 
shown in Fig. 8(c), the TiO2 incorporated with the extract of moringa 
leaves had a smoother surface morphology. There were no significant 
domains of aggregated particles, and the morphology became clear, 
homogenous, and intense. The picture demonstrated the uniform 
dispersion and well-formedness of the nanoparticles. Titanium and ox
ygen make up the TiO2 nanoparticle, according to the EDX analysis of 
the particle. The presence of Ti, O, Al, Fe, Si, Mg, P, Ca, and C was 
confirmed by the EDX result for the TiO2 nanocomposite. The 

characteristic iron (Fe) peak that was seen served as confirmation of the 
nanoparticle’s existence. To support the structural characterizations, 
TEM characterizations of the nanoparticle, TiO2 and TiO2 nano
composite were also performed. According to the TEM micrograph 
shown in Fig. 9(a), the nanoparticles are spherical in shape and have an 
extensive size distribution with a range of 1 to 98 nm, with the majority 
of them falling between 1 nm and 50 nm. This verifies that the produced 
nanoparticle is superparamagnetic. According to reports, Fe3O4 mag
netic nanoparticles exhibit superparamagnetic behavior at room tem
perature, where they function like a permanent magnetic dipole that is 
easily affected by an external magnetic field when their particle size 
decreases significantly. Fe3O4 nanoparticles have a greater magnetic 
susceptibility and a smaller size, which makes them a viable option for 
integration in solar energy systems [10]. The TEM micrograph corrob
orates the size distribution histogram in Fig. 9(b), which displays an 
average particle size of 40.83 nm. Fig. 12(a)’s SAED pattern displays the 
nanoparticle’s (111) and (200) planes. The TiO2 nanoparticle’s TEM 
image, displayed in Fig. 10(a), indicates that it has a spherical shape and 
a broad size distribution, ranging from 18 nm to 94 nm. The micrograph 
further verifies the formation of 46.6 nm-sized nanoparticles on average, 

Fig. 8. SEM micrograph and EDX spectral of (a) Fe3O4 NPs (b) TiO2 (c) TiO2+

Fe3O4 NPs. 
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as seen by the size distribution histogram in Fig. 10(b). The TiO2 
nanoparticle’s planes (101) and (112) are depicted in the SAED pattern 
in Fig. 12(b). The TEM image of the synthesized nanoparticle integrated 
with TiO2 shown in Fig. 11(a) indicates that the nanoparticle has a 
spherical shape and a large number of nanoparticles within the range of 
20 nm to 50 nm, along with a wide size distribution in the range of 20 
nm to 80 nm. In addition, the TEM micrograph verifies the formation of 

37.37 nm-sized nanoparticles, as evidenced by the size distribution 
histogram in Fig. 11(b). The SAED pattern in Fig. 12(c) displays the 
nanocomposite’s (311) and (331) planes. 

3.5. Photovoltaic performance of the fabricated DSSCs 

The synthesized Fe3O4 nanoparticle was embedded in TiO2 

Fig. 9. (a) TEM micrograph of Fe3O4 nanoparticle (b) Size distribution histogram of Fe3O4 nanoparticle.  

Fig. 10. (a) TEM micrograph of TiO2 nanoparticle (b) Size distribution histogram of TiO2 nanoparticle.  

Fig. 11. (a) TEM micrograph (b) Size distribution histogram of TiO2 incorporated with Fe3O4 nanoparticle.  
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photoanode, while natural dye was used as sensitizer along with 
commercially available Ruthenium (N719) dye. The TiO2 and modified 
TiO2 photoanodes were used to successfully fabricate the DSSCs and 
their photo-electrochemical performances were examined. Fig. 13(a & 
b) displays current density versus voltage curves for DSSCs sensitized by 
natural and N719 dyes, both with and without nanoparticles. Addi
tionally, Table 3 lists the photo-electrochemical parameters for DSSCs 
without nanoparticles, while Table 4 lists the parameters for DSSCs with 
nanoparticles. These show the energy conversion efficiency (η), fill 
factor (FF), open-circuit voltage (Voc), and short-circuit photocurrent 
density (Jsc) of the DSSCs. As can be seen in Tables 3 and 4 as well as 
Fig. 13(a & b), the nanoparticle increased the TiO2 nanoparticle’s ability 
to absorb the dye. With the addition of the nanoparticle, both the (Voc) 
and the Fill Factor improved. The short-circuit photocurrent density 
(Jsc) of the Ruthenium and Pawpaw dyes change from 5.1 mA to 6.1 mA 
and 6.6 mA to 9.5 mA, respectively, while their open-circuit voltages 
(Voc) change from 0.49 V to 0.72 V and 0.72 V to 0.83 V, respectively. 
Additionally, the efficiencies rose by a percentage of 90.1% and 89.3%, 
from 1.72% to 3.28% and 5.16% to 9.77%, respectively. The faster 
charge transfer between Fe2+ and Fe3+, that results from Fe3O4 nano
particles on the TiO2 surface, which increase additional electron con
duction paths and limit the condition of electron recombination, may be 
the cause of the improved photovoltaic performance [26]. The 
photo-induced charge carriers’ electron sink was the nanoparticle 
embedded in TiO2 [53]. This led to a noticeable increase in photocurrent 
by somewhat increasing the dye molecules’ optical absorption. The 
incident photons were sufficiently absorbed by the TiO2 to reach or 
surpass the band-gap energy. Fe3O4 nanoparticle incorporation into 
TiO2led to increased Jsc and decreased charge transfer resistance 
because of improved charge transport. Higher Voc was the outcome of 
suppressed recombination, as evidenced by the longer charge carrier 
lifetime [54]. The incorporation of the Fe3O4 nanoparticle in the TiO2 

layer greatly improved the charge transfer in the devices and concur
rently declined the recombination of charge carriers, which also 
enhanced the electronic conversion efficiency, according to a compari
son of the Jsc and Voc values of the modified devices with those of the 
DSSCs with bare TiO2 photoanode [24]. Additionally, in comparison to 
the research conducted by J-C Chou et al. [23], who used 
ruthenium-based dye to investigate the photovoltaic properties of 
dye-sensitized solar cells based on Fe3O4-TiO2 composited photoanode, 
and who obtained the photovoltaic conversion efficiency of 3.54% based 
on Fe3O4-TiO2 composited photoelectrode and 2.35% of DSSC based on 
TiO2 pure photoelectrode, the green-synthesized Fe3O4 nanoparticle 
could be suggested as a promising and superior nanomaterial for use in 
DSSC. 

Fig. 12. SAED pattern of the (a) nanoparticle (b) TiO2 (c) TiO2 incorporated with Fe3O4 nanoparticle.  

Fig. 13. Current density versus voltage curves for DSSCs sensitized by natural and N719 dyes (a) without nanoparticle (b) with nanoparticle.  

Table 3 
Photo-electrochemical characteristics of DSSCs without nanoparticles sensitized 
by natural and N719 dyes.  

Sample Active Area 
(cm2) 

VOC 

(V) 
JSC (mA/ 
cm2) 

FF 
(%) 

Efficiency, Ƞ 
(%) 

Pawpaw 0.64 0.49 5.1 30.2 1.72 
Ruthenium 0.64 0.72 6.6 45.0 5.16  

Table 4 
Photo-electrochemical characteristics of DSSCs with nanoparticles sensitized by 
natural and N719 dyes.  

Sample Active Area 
(cm2) 

VOC 

(V) 
JSC (mA/ 
cm2) 

FF 
(%) 

Efficiency, Ƞ 
(%) 

Pawpaw 0.64 0.72 6.1 33.2 3.28 
Ruthenium 0.64 0.83 9.5 52.0 9.77  
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4. Conclusion 

It has been demonstrated that a novel green synthesis of magnetic 
Fe3O4 nanoparticles can be achieved by using extract from Moringa 
leaves. The absorbance in the visible range was enhanced by the nano
particle’s incorporation into TiO2. The natural dye that was extracted 
showed promising qualities for use as a sensitizer in DSSC. It was found 
that as absorbance rose, the energy gap shrank. FTIR analyses were 
performed, and the findings indicated the existence of various functional 
groups and their potential contribution to the nanoparticle’s formation. 
Additionally, XRD analyses were performed, and the patterns revealed 
that the synthesized nanoparticle had an average crystallite size of 35.13 
nm, indicating that it was crystalline in nature. The well-formed and 
uniformly distributed nature of the nanoparticle was indicated by its 
morphology. We saw smoother surface morphology in the TiO2 that was 
combined with the nanoparticle. The synthesized nanoparticle, TiO2 
nanoparticle, and TiO2 nanocomposite’s energy dispersive spectra 
(EDX) verified the presence of iron and other component elements. The 
formation of nanoparticles with an average size of 40.83 nm was also 
confirmed by the analysis of the TEM micrograph of the particle, and the 
SAED pattern revealed the crystallographic planes. After DSSCs were 
fabricated, their photo-electrochemical performances using natural and 
ruthenium dyes revealed that the addition of nanoparticles enhanced the 
efficiencies by 90.1% and 89.3%, respectively. This study demonstrated 
that the green-synthesized Fe3O4 nanoparticle integrated into the DSSC 
photoanode demonstrated favorable characteristics and might be sug
gested for use in DSSC because of its high specific surface area, 
biocompatibility, and good dispersion. 
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