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Abstract: Plant extracts have been utilized as an ecofriendly natural reducing agent for the synthesis
of nanomaterials, including metal oxides. Prickly pear (opuntia) fruit extract (PPE) was used as
a reducing agent for the sol–gel synthesis of titanium dioxide nanoparticles (TiO2 NPs) and as
a sensitizer for the TiO2 NPs photoanode used in dye-sensitized solar cells (DSSCs). Ultraviolet-
visible and infrared spectra, X-ray diffraction patterns, and scanning electron microscopic images
were confirmed in the formation of semiconducting TiO2 NPs with the predominate size of ~300 nm.
The use of PPE rendered discrete TiO2 NPs, whereas the typical synthesis without PPE resulted TiO2

aggregates. TiO2 NPs had a tetragonal crystalline structure, and their grain size was varied with
respect to the concentration of PPE. The size of TiO2 crystallites was found to be 20, 19, 15, and 10 nm
when the volume percentage of PPE was 0.2, 0.4, 0.6, and 0.8%, respectively. TiO2 NPs obtained using
PPE were coated on indium-doped tin oxide substrates and sensitized with natural dye made up of
PPE and synthetic dyes, namely rose Bengal (RB) and eosin yellow (EY). The photoanode fabricated
with dye-sensitized TiO2 NPs was subjected to current–voltage response studies. The maximum
power-conversion efficiency, 1.4%, was recorded for photoanodes sensitized with PPE dye, which is
considerably higher than that for RB (1.16%) or EY (0.8%). Overall, the above findings proved that
PPE can be used as a potential reducing/capping agent and TiO2 sensitizer for DSSC applications.

Keywords: prickly pear fruit; plant extract; titanium dioxide nanoparticles; sol–gel synthesis;
dye-sensitized solar cell; photoanode

1. Introduction

A dye-sensitized solar cell (DSSC) is a vital power-generation device that has been
considered as potential alternative to traditional silicon and thin film solar cell technologies.
When compared with silicon and thin film solar cells, DSSC possesses advantages, such as
lower manufacturing costs, fabrication under ambient conditions, better performance under
diffused light conditions, and an ecofriendly nature [1,2]. Additionally, perovskite solar
cells have shown promising results in recent years, but DSSCs have several advantages
over them, including better stability, lower manufacturing costs, better performance under
low light conditions, and a lower environmental impact in that they do not contain toxic
lead–based materials that are commonly used in perovskite solar cells [3,4]. TiO2 is the most
common semiconductor being utilized in DSSC thanks to its nontoxic nature, availability
at a low cost, and chemical stability. A thin film of TiO2 nanoparticles (NPs) is used as
an anode and immobilization site for dye molecules capable of harvesting visible light.
TiO2 transports the electrons generated upon light absorption by using a dye molecule.
Though several methods are available, the sol–gel method has been considered as the ideal
method for the synthesis of TiO2 NPs. Sol–gel synthesis is simple, can be performed under
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ambient conditions, and allows the tuning of the morphology via controlling the processing
parameters. In the sol–gel synthesis, TiO2 precursors, usually titanium(IV) isopropoxide,
titanium(IV) butoxide, and titanium chloride, are subjected to acid hydrolysis. These
titanium (Ti) precursors are sensitive to water and highly prone to undergoing hydrolysis.
To control the rate of hydrolysis and the aggregation of TiO2, acid catalysts, such as
hydrochloric acid, nitric acid, and acetic acid, are used. These acid catalysts chelate with
the Ti precursors and decrease the rate of hydrolysis [2,5–7]. In the nanomaterial synthesis,
various plant extracts and microorganism are being used as either stabilizing/capping
agents or reducing agents [8]. In some cases, together with acid catalysts, the natural
extracts have been used as stabilizers, capping agents, or functional coatings [9].

In a green sol–gel synthesis, the acid catalysts have been completely replaced by
plant part extracts. These green synthesis methods have emerged as versatile, ecofriendly,
competent, and cost-effective for obtaining TiO2 NPs. In typical green synthesis, first,
an aqueous or ethanolic extract of plant parts is prepared, filtered, and added dropwise
to the mixture of Ti precursor in water or ethanol. The TiO2 NPs formed after stirring
for a designated amount of time was separated, dried, and calcined [8]. Rajendhiran
et al. synthesized homogenously distributed TiO2 NPs (10–21 nm) by using 10 g/10 mL
aqueous extract of the terminalia catappa (TC) and carissa carandas (CC) fruits. The
constituents in the TC (gallic acid, brevifolin carboxylic acid, and ellagic acid) and CC
(carissic acid, carisol, ascorbic acid, beta-sitosterol, ursolic acid, and lupeol) acted as capping
agents [10]. An aqueous extract of the aloe vera plant (25 g/100 mL), containing minerals,
vitamins, fatty acids, and amino acids, was also used for the sol–gel synthesis of TiO2
NPs. Irregular TiO2 NPs (60–80 nm) were obtained [11]. Fall et al. used an aqueous
orange peel extract (25 g/400 mL) for TiO2 synthesis; the addition of titanium (IV) bis
(ammonium lactate) dihydroxide to the orange extract resulted in TiO2 NPs with sizes in
the 50–100 nm range [12]. Rodríguez-Jiménez et al. used leaf extracts for Equisetum arvense,
Syzygium aromaticum, and Camellia sinensis for the sol–gel synthesis of TiO2. The phenolic
compounds in the plant extracts acted as surfactants and rendered discrete TiO2 NPs
(20–50 nm). These TiO2 NPs were useful in biomedical, cosmetic, photocatalysis, and
photovoltaic applications [13].

As far as the DSSC application is concerned, several plant extracts with natural
dye characteristics coated the TiO2 NPs, which were prepared by using a typical acid-
catalyzed sol–gel synthesis. In most of the cases, the natural dye was first extracted from
the plant; next, the extract was concentrated and coated on TiO2 NPs [14,15]. Betanin-rich
beetroot extract, brazilein pigment (containing a heartwood (Caesalpinia sappan) extract),
anthocyanin-rich flower (hibiscus)/fruits (basella alba, scutia myrtina) extracts, carotene,
anthocyanin (containing an extract of Peltophorum pterocarpum/Acalypha amentacea leaves),
and turmeric were used for sensitizing TiO2 NPs [16–21]. In multiple reports, prickly
pear fruit (opuntia) extract (PPE), containing betacyanin and indicaxanthin, was used
for sensitizing TiO2 NPs. Because of the presence of carboxylic acid groups, these dyes
can bind strongly on the surface of TiO2 NPs. The natural dye from PPE (PP dye) was
used to sensitize TiO2 photoanodes, and this resulted in a 0.5%–1% power-conversion
efficiency [21–26]. In addition to dye, PPE is also known to contain galacturonic acid [27].
Therefore, PPE extract is predicted as being capable of replacing acid catalysts in sol–gel
synthesis and as being a natural dye for sensitizing the resultant TiO2 NPs.

In the present investigation, first, an attempt is made to use PPE extract as an acid
catalyst-free sol–gel synthesis of discrete TiO2 NPs and as a natural dye sensitizer. The
sol–gel synthesis of TiO2 NPs was performed as a function of varying concentrations
of aqueous PPE extract. Green synthesized TiO2 NPs were heat treated, coated on the
electrode, and sensitized with PP dye. TiO2 NP samples were subjected to physicochemical
characterization. DSSC was fabricated by using PP dye-sensitized TiO2 NP photoanodes.
For comparison, the synthetic dyes, rose Bengal (RB) and eosin yellow (EY), were also used
for sensitizing green synthesized TiO2 NPs. Thanks to following advantages, RB and EY
were chosen for comparison over other commercially available dyes. RB and EY possess
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high molar extinction coefficients and broad absorption spectra. They are thereby capable
of absorbing large amounts of light compared with other dyes. These dyes are stable under
ambient conditions, commercially available at lower costs, and nontoxic in nature [28,29].

2. Materials and Methods
2.1. Materials

Prickly pear fruits were collected from the surroundings of agricultural lands in Gob-
ichettipalayam, Tami Nadu, India. Titanium tetra isopropoxide (TIP, Aldrich, St. Louis, MO,
USA), ethanol (Merck, Rahway, NJ, USA) 99.9%, rose Bengal (RB, Alfa, Montgomery, AL,
USA), eosin yellow (EY, Alfa), graphite plate (Alfa), chromic acid (H2CrO4), hydrochloric
acid (HCl 98%, Merck), indium-doped tin oxide (ITO)-coated conductive glass substrate,
glycerol (Sigma), sulfuric acid (H2SO4, Merck), potassium dichromate (K2Cr2O4, Merck),
acetone (C3H6O, Merck), ethylene glycol (C2H6O2, Merck), potassium iodide (KI, Merck),
and iodine (I, Merck) were used as purchased. Laboratory-created deionized water (DI
water) was used for green synthesis and relevant analysis.

2.2. Preparation of Prickly Pear Fruit Extract (PPE)

Freshly harvested prickly pear fruits (30 g) were taken, thoroughly washed with DI
water and cleaned by removing thorns and outer cover. The bright-red pulp was separated
by removing the seeds and then was crushed into small pieces. The separated pulp (10 g)
was mixed with 10 mL of DI water and allowed to remain at ambient temperature for 3 h.
Next, the contents were heated to 60 ◦C and kept for 10 min. After heat treatment, the solid
fruit pieces were removed by filtering through Whatman 41 filter paper. The resultant PPE
(the filtrate) was used for synthesizing TiO2 NPs.

2.3. Prickly Pear Dye Preparation

The freshly harvested prickly pear fruits (30 g) were cleaned with DI water as men-
tioned above and cut into small pieces. The pieces were subjected to manual crushing and
squeezing, using mortar and pestle. The solid fragments were then removed by filtration
and centrifugation (100 rpm, 15 min, twice). Afterward, 10 mL of extract (the supernatant)
was taken and dissolved in 30 mL of 2:1 volume/volume mixture of ethanol and water.
The pH value of the prepared PPE dye was found to be around 6.5–7. In order to use the
pear for the further sensitization of TiO2 NPs, the resultant PPE dye was stored in the dark.

2.4. Green Sol–Gel Synthesis of TiO2 NPs

First, 100 mL of ethanol was added dropwise into 6 mL of TIP, and the mixture
was continuously stirred for 2 h. Next, PPE was gradually added to this mixture while
continuously stirring. The volume percentage of PPE varied between 0.2 and 0.8 with
respect to the volume of TIP. After PPE addition, the contents were further stirred for
80 min and kept aside for 24 h. Afterward, the contents were filtered out, dried at 60 ◦C for
10 min, and heat treated using a muffle furnace set at 450 ◦C for 2 h. The resultant TiO2
NPs was collected and stored in a glass container. A set of TiO2 NP samples was prepared
by adding 0.2%, 0.4%, 0.6%, and 0.8% of PPE; these sample were coded as PP2, PP4, PP6,
and PP8, respectively.

2.5. Fabrication of DSSC Using Green Synthesized TiO2 NPs

Figure 1 shows the steps involved in the fabrication of DSSC. To the green synthesized
TiO2 NPs powder (0.5 g), 0.2 mL of glycerol was added, and after, it was well ground
into paste. This paste was coated on the ITO substrate (1 cm2), cleaned by sonicating it
with DI water and ethanol. The doctor blade coating method was followed. To control
the thickness, 0.5 mm thick Scotch tape was fixed on the ITO substrate. To evaporate out
the solvents, the TiO2 NPs coated with ITO substrate were kept in the muffle furnace at
200 ◦C for 2 h. After drying, the TiO2 NPs coated with ITO substrates were sensitized
by separately soaking them in the dye solutions (0.5 mM RB dye, 0.5 mM EY, and PP
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dye) for 12 h. The counter electrode construction contains a small volume of graphite
plate that has been gradually scrubbed on the top of the ITO plate till the layer is uniform
throughout the selected area. The dye-coated TiO2 NP photoanode and the graphite-coated
ITO cathode were kept opposite and bounded using binder clips. Electrolyte solution was
prepared using a mixture of C2H6O2 (10.5 mL), I (0.128 g), and KI (0.82 g), which was
allowed to diffuse in between the anode and the cathode, prior to taking the current–voltage
(I–V) measurement.
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2.6. Characterization

The crystalline structure of the TiO2 NPs was studied using X-ray diffraction (XRD)
patterns obtained with Rigaku XRD 600 X-ray diffractometer. The radiation source was
Cu-Kα (λ = 1.54 Å). The surface morphology and surface elemental composition of the TiO2
NP coating was assessed by using a scanning electron microscope (SEM, JEOL JSM6390)
equipped with the energy dispersive X-ray spectrometer (EDXS). Fourier-transform infrared
(FT−IR) spectra (400–4000 nm) were recorded with a Shimadzu (IR prestige21) FT−IR
spectrophotometer. Ultraviolet-visible (UV-Vis) spectra were recorded using Shimadzu
1800 UV-Vis spectrophotometer. The current–voltage (I–V) studies for the DSSC were
performed with a Keithley 2401 source meter under stimulated solar irradiation (Xenon arc
lamp, 100 mW/cm2).

3. Results and Discussion

XRD patterns of green synthesized TiO2 NP samples (PP2, PP4, PP6, and PP8) are
shown in Figure 2. The XRD patterns exhibited the characteristics diffraction peaks of TiO2
at 25.25◦, 37.88◦, 47.86◦, 54.78◦, 62.92◦, 70.25◦, and 74.94◦, corresponding to (101), (004),
(200), (211), (204), (116), and (215) planes, respectively. These peaks were attributed to the
tetragonal crystalline structure with lattice constants where a = 0.3784 and c = 0.9514; they
were in close agreement with the anatase crystalline phase of TiO2 [28–31]. The average
size of the crystalline grains calculated using the Debye–Scherrer formula, on the basis of
the most intense diffraction peak (101) [32], was 20, 19, 15, and 10 nm for PP2, PP4, PP6,
and PP8, respectively. An increase in the volume of PPE during synthesis decreased the
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average size of the crystalline grains from 20 to 10 nm. The reduction in the crystalline size
was attributed to the increase in the nucleation density of the TiO2 domains in response to
the increase in the volume of PPE.
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Figure 2. XRD pattern of green synthesized TiO2 NP samples obtained as a function of varying
volumes of PPE.

A similar trend was noticed in the earlier reports that dealt with the natural extract-
assisted synthesis of TiO2 NPs. In brief, the average size of the chemically synthesized
TiO2 crystallites was in the range of 20–22 nm, while the plant-extract-assisted synthesis
caused a decrease in the average size of the TiO2 crystallites to 9–15 nm. An increase in the
number of capping molecules, the PPE, led to the effective stabilization of tiny nucleated
TiO2 domains, restricted coalescence, and prevented their growth [9,10]. Thus, the size of
the crystallites declined in response to the increase in the volume of PPE.

Figure 3a–d shows the SEM image of green synthesized TiO2 NP samples prepared as
a function of varying volumes of PPE. All the green synthesized TiO2 NP samples appeared
to be spherical in shape. The size of particles remarkably decreased with an increase in
the volume of PPE. In PP2, TiO2 NPs were coalesced and had grown large in size. Though
aggregates were found, the overall sizes of the TiO2 NPs decreased when the volume of
PPE increased. In particular, discrete particles were found in PP8. The overall sizes of
the particles observed in these samples were 330 nm–1.66 µm in PP2, 306 nm–1.66 µm
in PP4, 322 nm–1.35 µm in PP4, and 270 nm–1.35 µm in PP8. The populations of NPs
increased with an increase in the volume of PPE used. Among all, a higher number of NPs
was found in PP8. In XRD (Figure 2), where the size of the crystallizes decreased with
an increase in the volume of PPE, similar sizes of TiO2 particles decreased and became



Coatings 2023, 13, 579 6 of 14

discrete. The changes in particle size as a function of PPE concentration (sample code) was
depicted in Figure 3e. The average particle size decreased from 841 to 675 nm when the
concentration of PPE (%) to TiO2 precursor (TIP) volume increased from 0.2% (PP2) to 0.8%
(PP8), respectively. This observation confirmed the role of PPE extract as a stabilizer that
largely prevented the agglomeration of TiO2 NPs.
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The EDX spectra of describing the surface chemical composition of TiO2 NPs are
shown in Figure 4. The composition of the weight percentage (wt%) of Ti was in a range
from 41.62% to 51.40%, and oxygen (O) was 48.60% to 52.14%. In all the samples, the
relative composition of O was higher than the actual composition of O (equal to 66.85% of
Ti content) in TiO2. The excessive O content was associated with the concomitant oxygen
species. Thus, the findings of EDX spectra also confirmed that PPE was useful for the green
synthesis of TiO2 NPs.
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Figure 5 shows the FT−IR spectra of the TiO2 NP samples. Invariably, all exhibited IR
peaks corresponding to the Ti–O stretching and O–Ti–O bridge stretching of TiO2 between
1000–500 cm–1. The peak in this region was Ti–O–Ti. The OH peaks associated with
TiO2 emerged at around 3400 cm–1. The IR transmittance peaks found at 2900 (–CH2
stretching), 1550 (C=C stretching), and 1400 cm–1 (–CH3 bending) were attributed to the
organic capping molecules present in PPE [9]. The peaks corresponding to the organic
molecules were less pronounced in that the large portion of the plant-derived organic
capping agents were highly prone to removal during the calcination process [13].

Figure 6a shows the UV-Vis spectra of the representative TiO2 NPs: PP2 and PP8.
These samples exhibited typical major electronic absorption of TiO2 below 350 nm. There
was weak absorption in the visible region between 350 and 600 nm, attributed to the
remanence of the organic capping molecules in PPE after calcination. This observation was
consistent with the UV-Vis spectrum of PPE reported in the literature. Figure 6b shows the
absorption spectra of neat EY, RB, and PPE dyes. The dye exhibited absorption maxima
at 537, 558, and 515 nm for EY, RB, and PPE dyes respectively. The absorption maxima
observed for PPE dye was attributed to the beta cyan present in the extract. Additionally,
it is seen that the PPE dye has broad absorption, compared with EY and RB indicates the
conversion of more photons into current as it covers most of the visible spectrum leading
to higher efficiency during the device formation [23].
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Figure 7 shows the Tauc plot meant for drawing optical band-gap energy (Eg) from
UV-Vis spectra. The following Tauc’s equation was used for evaluating Eg:

(αhυ) = A(hυ − Eg) n (1)

where A is a photonic energy independent constant; h is the Planck constant; υ is the
frequency of the photon; α is the absorption coefficient; and n depends on the type of
transition (n = 1/2 for indirect transition and n = 2 for direct transition) [33–35]. According
to this, the Eg values of PP2 and PP8 were 3.02 and 2.91 eV, respectively, slightly lower than
the actual Eg of typical TiO2 NPs, 3.14–3.24 eV [36,37].
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Figure 8 shows the J-V characteristics of DSSC sensitized with RB dye. The pho-
tovoltaic performances of DSSCs were calculated according to the fill factor (FF) and
power-conversion efficiency (
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= Voc × Jsc × FF/Pin (3)

where Vm is the voltage at the maximum power point in volts, Jm is the maximum current
density at maximum power point (mA cm–2), Voc is the open-circuit voltage in volts, Jsc is
the short-circuited current density (mA cm–2), and Pin is the incident light power radiation.
It can be noted that the efficiency and the fill factor for the RB-sensitized samples increase
with an increase in the concentration of PPE during synthesis. The obtained J-V parameters
for the fabricated DSSCs are shown in Table 1.
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Table 1. J−V characteristics of DSSC fabricated using the RB, EY, and PPE dyes.

Sample Codes Dye Voc (V) Jsc (mA cm–2) FF% η %

PP2 RB 0.61 2.64 0.47 0.75
PP4 RB 0.63 2.85 0.49 0.87
PP6 RB 0.66 2.99 0.53 1.04
PP8 RB 0.66 3.22 0.55 1.16
PP8 EY 0.64 2.85 0.48 0.80
PP8 PP 0.66 3.49 0.61 1.40

The maximum efficiency for the PP8 sample was observed thanks to sensitization of
discrete TiO2 NPs. The presence of discrete TiO2 NPs favored an increase in the effective
surface area and exerted a direct influence on the dye loading as well as on the efficiency of
DSSCs. The efficiency of DSSC made by sensitizing the PP8 sample with EY, RB, and PPE
dyes is shown in Table 1 and Figure 9.
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The reported power-conversion efficiencies of DSSC, where synthetic dyes RB, EY,
and bromophenol blue sensitized the TiO2 NP photoanodes used, are provided in Table 2.
These values were considerably lower than the power-conversion efficiency value observed
for DSSC fabricated with photoanodes made up of natural PP-dye-sensitized TiO2 NPs
that were obtained by using a PPE-assisted green sol–gel synthesis. The low efficiency
obtained for the EY- and RB-dye-sensitized DSSCs compared to PP dye due to the low
current density.

Moreover, the PP dye found to have the greatest ability to inject high electrons thereby
increased the maximum current density. The Jsc is directly proportional to the number
of dye molecules adsorbed into the working electrode because they produce electrons
by absorbing light radiation or photoinduced electrons. The maximum dye loading and
conversion efficiency exhibited by a PP-dye-sensitized DSSC was due to the firm anchoring
of the PP dye on the TiO2 NPs [37–40]. The presence of functional groups, such as hydroxyl
and carbonyl groups in PP dye, favored the firm anchoring of the PP dye on TiO2 NPs.
The robust anchoring of dye molecules on TiO2 NPs also minimized the charge carrier
recombination and rendered the maximum efficiency. However, the observed efficiency
was low compared to the N719 dye, owing to the minimum absorbance of sunlight [41–43].

Table 2. Comparison of efficiency of DSSC fabricated using PPE dye with the relevant literature.

Photo Anode Dye Efficiency (η%) Reference

TiO2 RB 0.89 [44]
TiO2 RB 0.14 [45]

TiO2 + ZnO EY 0.39 [46]
TiO2 EY 0.9 [29]
TiO2 EY 1.07 [47]
TiO2 EY 0.89 [48]
TiO2 Bromophenol blue 0.33 [48]
PP8 RB 1.16 This work
PP8 EY 0.80 This work
PP8 PPE 1.40 This work
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4. Conclusions

TiO2 NPs were obtained by PPE-mediated green sol–gel synthesis. XRD patterns
confirmed the green synthesis of TiO2 NPs in the anatase crystalline phase, and the average
crystallite size was in the range 20–10 nm. TiO2 NPs were spherical in shape, and the major
surface elemental constituents were Ti and O. The TiO2 NPs synthesized using 8 mL of
custom-made PPE rendered discrete TiO2 NPs thanks to the stabilizing/capping effect of
the organic molecules present in PPE. According to the UV-Vis spectra, the direct band
gap (Eg) of TiO2 NPs synthesized using 8 mL of PPE decreased from 3.2 to 2.91 eV. The
PP dye extracted from prickle pear fruit was used as a natural dye photosensitizer. The
DSSC fabricated by using PP-dye-sensitized TiO2 NP photoanodes exhibited the maximum
power-conversion efficiency (1.4%), higher than the DSSC fabricated by using TiO2 NPs
sensitized with synthetic dyes, specifically RB (1.16%) and EY (0.8%). Overall, PPE was
found to be advantageous because PPE proved to be a good replacement for an acid
catalyst as well as a synthetic capping agent used in the sol–gel synthesis of TiO2 NPs.
Additionally, when used as a sensitizer for TiO2 NP photoanodes in DSSC, the PPE dye
exhibited higher power-conversion efficiency compared with the low-cost synthetic dyes
(RB and EY). These findings suggest that PPE could be used as an environmentally benign
and low-cost functional resource for the sol–gel synthesis of metal oxide nanomaterials and
sensitization meant for imparting visible light absorption.
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