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A B S T R A C T   

Efficient photoanodes play a central role in the performance of dye-sensitized solar cells. Traditional methods for 
synthesizing TiO2 often involve chemical processes that can be expensive and environmentally harmful due to 
the use of toxic and hazardous substances. Therefore in this work, TiO2 nanoparticles (NPs) were synthesized 
using bio-inspired processing through a hydrothermal procedure using different concentrations of Aloe barba
densis miller leaves extract as the reducing and stabilizing agent. Scanning electron microscopy (SEM), UV–vis 
spectroscopy (UV), X-ray difraction (XRD), Raman Spectroscopy, transmission electron microscopy (TEM) and 
Brunauer–Emmett–Teller (BET) analysis were used to characterize as synthesized TiO2 NPs. DSSCs were fabri
cated employing the prepared TiO2 NPs as photoanodes, and their performance was assessed. DSSC generates JSC 
of 9.7 mA/cm2, VOC of 0.682 V and efficiency (η) of 4.3 % when 20 mL concentration of extract was used for the 
synthesis of TiO2 NPs and subsequently their photoanodes.   

1. Introduction 

Dye sensitized solar cells (DSSCs) have appeared as a promising 
alternative to traditional silicon-based photovoltaic solar cells in the 
global search for sustainable energy sources [1–6]. DSSCs have indeed 
garnered significant attention from researchers and the solar energy 
community due to several advantageous features that set them apart 
from traditional solar cell technologies such as; low-cost, flexible 
structure, ease of fabrication, lightweight etc. However, it’s important to 
note that DSSCs also faces challenges, such as lower efficiency compared 
to some other solar cell technologies, potential issues with long-term 
stability, and sensitivity to environmental factors. Despite that, re
searchers challenge to focus on the lacking aspects (enhance efficiency, 
stability, and scalability for practical applications) of DSSC with solemn 
attention because of its promising nature. The initial work on DSSCs is 
often attributed to the efforts of Hishiki and Gerischer in the 1960s, 
where they employed zinc oxide (ZnO) as a semiconductor and sensi
tizing dyes (rose Bengal & cyanine) to capture light energy [7,8]. In 
1977, the Spitler & Calvin [9] group replaced ZnO with titanium dioxide 
(TiO2) as the semiconductor material. This switch to TiO2 significantly 
improved the efficiency and stability of DSSCs. In 1991 by Michael 
Gratzel and Brian O′ Regan fabricated DSSC and achieved efficiency of 
7.1 % [10]. First, O’regan and Grätzel fabricated DSSCs using Ru-based 

dyes as sensitizers and mesoporous TiO2 NPs film as the photoanode. 
The other photo-anode of wide bandgap of metal oxides such as ZnO, 
ZrO2, CuO and SnO2 etc. are also commonly used. The photoanode is a 
critical component of DSSCs, and its material greatly influences the 
device’s performance. Several materials have been used as the photo
anode material for DSSC but TiO2 remains one of the most capable 
materials for the photoanode in DSSCs due to its combination of 
favourable properties. Its widespread use is indeed driven by factors 
such as cost-effectiveness, abundance, non-toxicity, and its ability to 
provide a large surface area for dye adsorption. Further, because of its 
small particle size, high surface area, low density, high electron mobility 
and high band gap energy, TiO2 play an important role [11–13]. The 
high surface area of TiO2 NPs enhances the interface between the 
semiconductor and the dye, promoting efficient light absorption and 
electron injection. This is essential for the overall performance of the 
DSSCs. The high electron mobility and excellent conductivity of TiO2 
facilitate the rapid transport of electrons from the dye molecules to the 
conductive substrate, contributing to the overall efficiency of electron 
transfer in DSSCs. TiO2 exists in different crystalline phases, with 
anatase being one of them. The anatase phase of TiO2 is highly active for 
electron transfer, making it favourable for DSSC applications. TiO2 NPs 
have been synthesized using various methods, each with its own set of 
advantages and limitations. The choice of synthesis method often 
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depends on the desired properties of the TiO2 NPs and the intended 
applications. Some methods are sol-gel, hydrothermal, emulsion pre
cipitation, solvothermal, flame combustion [14–19] etc. The majority of 
these methods are highly costly and required toxic chemicals. Therefore, 
recent research has highlighted the effectiveness of plant extracts in the 
synthesis of TiO2 NPs. Green synthesis methods utilizing plant extracts 
offer several advantages, including lower cost, sustainability, and 
reduced environmental impact. Several plant extracts have been used to 
synthesis TiO2 NPs, including Jatropha curcas Annona squamosa, Psi
dium guajava, Desmodium gangeticum, Solanum trilobatum, Mangifera 
indica, Carica papaya, Jatropha curcas L, Eclipta prostrata, Camellia 
sinensis [20–30]. In this work, TiO2 nanostructures were synthesized by 
the green synthesis method utilizing Aloe barbadensis miller leaves 
extract as reducing agents and showed its application in DSSC as pho
toanode. The plant extracts can act as a reducing and a stabilizing agent 
in the synthesis of TiO2 NP in addition to impart its intrinsic properties 
contributed by the polysaccharides, flavanones, terpenoids [31–33] etc. 
Synthesis of TiO2 NPs using Aloe barbadensis miller leaves extract have 
been performed by some researchers [34–44] but to the best of our 
knowledge no one shows its application in DSSCs after preparing NPs. 
Table 1 listed the application of Aloe barbadensis miller mediated TiO2 
NPs for its various applications. 

In our work, TiO2 NPs have been synthesised using different con
centration of Aloe barbadensis miller leaves extract as reducing agent. The 
as synthesised NPs were coated over FTO substrates and they were uti
lized as photoanode after sintering. DSSCs were fabricated, and its 
photovoltaic performance was investigated. In this work, for the sensi
tization of TiO2 commercial N719 dye was used as sensitizers. 

2. Materials and procedures 

2.1. Materials 

Fresh and fully-fledged leaves of Aloe barbadensis miller plant were 
plucked from the kitchen garden. Titanium isopropoxide (99.9 %) and 
Triton-X (Triton™ X-100, laboratory grade) were bought from Sigma 
Aldrich, India. Solvents Isopropyl alcohol (anhydrous, 99.5 %, ethanol 
(absolute, ≥99.5 % (GC)), acetlyacetone (Reagent Plus®, ≥ 99 %) 
polyethylene glycol, (PEG (average Mn 400)) and sodium hydroxide 
(NaOH) were bought from Merk India. Fluorine-doped tin oxide 
conductive glass (FTO, transmission ≥ 83 %, sheet resistance 15 Ω/sq), 
Pt solution, electrolyte (EL-HPE high performance electrolyte) solution, 
N719 dye, sealant (60 μm, Meltonix 1170-60) were bought from Bat-Sol 
equipment technology, India. 

2.2. Different constituents of Aloe barbadensis miller 

Aloe vera (Aloe barbadensis miller), a member of the Asphodelaceae 
family (formerly Liliaceae), is a perennial plant with turgid green leaves 

joined at the stem. The gel extracted from the leaves of Aloe barbadensis 
miller is about 98.5 %–99.5 % water and rich in a variety of compounds 
such as phenolic anthraquinones, flavonoids, flavonols, and enzymes. 
Aloe barbadensis miller contains various polyphenolic compounds, which 
are plant-derived compounds with antioxidant properties [45,46]. 
Different chemical constituents present in plan are shown in Fig. 1. 

2.3. Preparation of Aloe barbadensis miller leave extract mediated TiO2 
NPs 

A 150 g of washed and dried Aloe barbadensis miller leaves were 
peeled, finely cut and boiled in 500 mL of water (double distilled). The 
subsequent extract ready to use for the preparation of TiO2 NPs [47]. 
Four separate TiO2 precursor solution were prepared in four different 
flask by drop wise addition of 3 mL of TTIP (Titanium isopropoxide) in 
100 mL distilled water under continuous magnetic stirring and 20 mL, 
40 mL, 60 mL and 100 mL of above Aloe barbadensis miller leave extract 
was added separately in each precursor solution simultaneously. The 
mixture was retained under constant stirring on a magnetic stirrer for 4 h 
continuously at 100 ◦C and then cooled and filtered. Obtained materials 
were washed with water over and over again to remove the by-products 
and residual parts and subjected to centrifugation process and particles 
were washed again with distilled water and preserved in oven at 80◦C 
for 12 h. The dried powder was crushed into fine powder in mortar using 
mortar and subjected to anneal at 450 ◦C for 1.5 h in a tubular furnace. 
20 mL, 40 mL, 60 mL and 100 mL concentration of Aloe barbadensis 
miller leave extract based synthesized TiO2 NPs were coded as 
TiO2-av20, TiO2-av40, TiO2-av60, TiO2-av100 respectively in further 
studies. 

2.4. Assembly of DSSCs 

For fabricating photo anode the paste of each prepared NPs; TiO2- 
av20, TiO2-av40, TiO2-av60, TiO2-av100 were prepared individually by 
mixing 0.5 g of prepared TiO2 powder in and 0.2 mL Triton-X in a mortar 
and finely grinded. Further, 0.03 mL acetyl acetone and 0.3 mL of PEG 
(polyethylene glycol) was added to the mixture and grinded gradually to 
make smooth paste. The prepared four TiO2 pastes was spread homo
geneously over the four different cleaned FTO substrate using doctor 
blade technique and dried at moderate temperature and annealed for 1 h 
at 450◦C to obtain the photoanodes for sensitization. Photoanode using 
pure TiO2 powder (Aldrich) was also prepared following the same pro
cedure and used for comparison. Same thickness of all thin films were 
maintained using scotch tape. The prepared TiO2 thin films were 
immersed overnight in the N719 dye solution separately for complete 
dye adsorption and used as photo-anode in the DSSCs. The amount of 
adsorbed dye has been measured from the UV-Vis absorbance spectra of 
the dye desorbed into 1 N NaOH solution (ethanol–H2O (1:1, v/v)). 
Beer–Lambert law (A = ε.c.l) was used to calculate the dye molecules 

Table 1 
Summarizes the application of Aloe barbadensis miller mediated TiO2 NPs for its various uses.  

S. 
No 

NPs Precursor Method Shape of NPs Application of synthesized NPs Refs. 

1. TiO2 Titanium Chloride (TiCl4) Hydrothermal Spherical Size ~ 20 nm Valuation of its antibiofilm potential against Pseudomonas 
aeruginosa PAO1 

[37] 

2. TiO2 Titanium Chloride (TiCl4) Hydrothermal Irregular structure Size ~ 20 nm No application [35] 
3. TiO2 Titanium Chloride (TiCl4) Hydrothermal Spherical. Nano-drug delivery system for the anticancer drug, doxorubicin 

(Dox). 
[39] 

4. TiO2 Titanium (IV) 
tetrabutoxide 

Sol -gel Spherical with Agglomeration. Size ~ 
100 nm 

No application [40] 

5 TiO2 Titanium Chloride (TiCl4) Hydrothermal Spherical Size ~ 13-22 nm. No application [41] 
6 TiO2 Titanium isopropoxide Hydrothermal Spherical Size ~ 15-50 nm. Radio sensitization [38] 
7 TiO2 titanium 

tetraisopropoxide 
Hydrothermal Spherical Size ~ 5-6.9 nm. Therapeutic [42] 

8 TiO2 Titanium Chloride (TiCl4) Hydrothermal Spherical, Size ~ 25 nm. TiO2 – PANI nanocomposite [43] 
9 TiO2 Titanium isopropoxide Sol-gel Nanocoral No application [44]  
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adsorbed into the photoanode. Where, A is the absorbance, ε is the molar 
extinction coefficient of dye, c is the concentration of solution, and l is 
the length of optical pat. The Pt counter electrodes were prepared by 
doctor blade method by spreading commercial Pt paste on cleaned FTO 
glass and finally annealed for 1 h at 400◦C. Two electrodes were joined 
together through a sandwich type configuration for DSSC. Finally, the 
gap between the electrodes was filled with the electrolyte. The fabri
cated DSSCs were coded as DSSC/TiO2-av20, DSSC/TiO2-av40, DSSC/ 
TiO2-av60, and DSSC/TiO2-av100 for different concentration of Aloe 
barbadensis miller leave extract (20 mL, 40 mL, 60 mL and 100 mL) 
mediated TiO2 NPs based DSSCs respectively. DSSCs based on pure TiO2 
powder was coded as DSSC/TiO2. The J-V and EIS investigations of the 
prepared devices were carried out under 1 sun illumination. 

2.5. Instruments 

To analyse the crystalline state, X-ray diffraction (XRD) studies of 
synthesized TiO2 NPs were carried out at 2∨ in the range of 20-80 ◦C 
using X-ray diffractometer (D8 Advance (Eco) Bruker. Raman spec
troscopy studies were carried out using a laser confocal Raman micro
scope (LabRAM HR Evolution by Horiba Inc.).The UV-Vis absorption 
spectra was done using a UV/Vis spectrophotometer (UV-1900i, Shi
madzu Corporation, Japan). The surface morphology was analyzed 
using scanning electron microscope (JSM – 7500, JEOL, Tokyo, Japan). 
TiO2 NPs morphology were examined using a transmission electron 
microscope (TECNAI 20G^2 FEI, Thermofisher company). Brunauer- 
Emmett-Teller (BET) analysis was performed using (Quantachrome In
struments (USA), Autosorb (IQ2)). Electrochemical measurements (EIS) 

were recorded using Metrohm Autolab (Multi Autolab M204) module 
controlled by NOVA 2.10 software from 100 kHz to 0.1 Hz with 10 mV 
amplitude under open-circuit conditions. A class Solar Simulator of 
1000 W Xenon arc lamp with AM 1.5 G filters (SL-50A-WS, Sciencetech, 
Canada) was used as light source at 1 sun light intensity of 100 mW/cm2 

to carried out Current-potential (J-V) studies. An active cell area at 0.25 
cm2 was fixed for illumination by masking. 

3. Results and discussion 

3.1. Crystallographic analysis 

Debye-Scherer’s equation and the Williamson-Hall (W-H) plot are 
both important tools in the characterization of crystalline materials 
using X-ray diffraction techniques [48–50]. While both methods involve 
the measurement of diffraction peaks, they offer complementary ap
proaches to understanding different aspects of the crystalline material. 
Debye-Scherrer’s equation primarily focuses on estimating crystallite 
size, while the Williamson-Hall plot allows for the analysis of multiple 
factors contributing to peak broadening, including crystallite size and 
lattice strain. In Williamson-Hall plot, the width of diffraction peaks is 
plotted against the scattering angle, often represented as the sine of the 
angle (sin θ), where θ is the angle of incidence of the X-ray or neutron 
beam. The broadening of peaks in diffraction patterns can arise from 
various factors, including crystallite size, strain, and lattice defects. The 
Williamson-Hall plot helps to separate these contributions by providing 
a linear relationship between the peak broadening and the reciprocal of 
the crystallite size or lattice strain. The linear equation for the 

Fig. 1. Important chemical constituents of Aloe barbadensis miller.  
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Williamson-Hall plot is: β⋅cos (θ) =K⋅λ. Where, β is the full width at half 
maximum (FWHM) of the diffraction peak, θ is the Bragg angle, K is a 
constant that depends on the crystallite shape and strain distribution, 
and λ is the wavelength of the incident radiation. By analyzing the slope 
and intercept of the linear plot, one can extract information about the 
average crystallite size and the strain present in the material. A steeper 
slope might indicate a larger contribution from strain broadening, while 
a larger intercept might suggest smaller crystallite sizes. Debye-
Scherrer’s equation is derived from the Bragg’s law for diffraction, 
which states that for constructive interference to occur, the path dif
ference between two adjacent crystallographic planes must be an integer 
multiple of the wavelength of the incident X-rays. When applied to a 
powder sample with randomly oriented crystallites, the Debye-Scherrer 
equation provides a means to estimate the average crystallite size from 
the broadening of the diffraction peaks in the X-ray diffraction pattern. 
The equation is given by: D = K λ

β Cos θ. where, D is the average size of the 
crystalline particles in the direction perpendicular to the scattering 
plane (often referred to as the crystallite size or grain size), λ (λ = 1.5406 
Å for Cu-source) is the wavelength of the incident X-rays, K is a 
dimensionless shape factor constant, typically around 0.9 for spherical 
particles and varies for other shapes, β is the full width at half maximum 
(FWHM) of the diffraction peak, θ is the Bragg angle. The plane spacing 
d is related to the lattice constants a, c and the Miller indices by the 

equation 1
d2

(hkj)
= 4

3

(

h2+hk+k2

a2

)

+ l2
c2. . Where, dhkl is the plane spacing, 

and h, k, l are Miller indices.The XRD patterns of NPs (TiO2-av20, 
TiO2-av40 TiO2-av 60 and TiO2-av100) synthesized using different 
concentrations of Aloe barbadensis miller leave extract (20 mL, 40 mL, 60 
mL and 100 mL as reducing agents are shown in Fig. 2. The XRD peak 
intensity in Aloe barbadensis miller leave extract mediated TiO2 are 
slightly sharper, compare to pure TiO2 powder which indicates the 
formation of a highly crystalline NPs and this could be due to the 
effective stabilization of NPs by the phytomolecules of Aloe barbadensis 
miller. The XRD pattern of all the TiO2 NPs exhibit tetragonal crystal 

structure with diffraction peaks indexed matches with the anatase phase 
of TiO2 NPs (JCPDS card No.: 21-1272). The other peaks observed in the 
XRD patterns can be indexed to (004), (200), (105), and (204), (220), 
(215), (312) planes of the samples. The particle size of the green syn
thesized TiO2 NPs for the (101) peak is calculated using Debye- scher
rer’s equation and ranged from 8-12 nm. TiO2 NPs size decrease with the 
increase in concentration of reducing agent which may be probably due 
to the increase of reduction process with the increase of Aloe barbadensis 
miller leave extract concentration [51]. 

3.2. Raman analysis 

The structural phase transformation, crystalline behaviour and pu
rity of synthesized TiO2 NPs were further analysed by Raman spectros
copy technique, based on the vibrational modes detected in the 
spectrum. The Raman spectra of the synthetized TiO2 NPs with different 
concentrations of Aloe barbadensis miller leave extract are given in Fig. 3. 
Raman spectra of pure TiO2 NPs is also shown (black line). As seen from 
Fig. 3, there are four major vibration modes were observed in the 
spectrum, and these vibration modes were associated with the confir
mation of the crystalline anatase phase transformation of TiO2 NPs. The 
peak immersed at 640.3 cm− 1 (Eg) due to the Ti-O stretching mode. The 
peak situated at 518 cm− 1 (A1g + B1g) could be due to Ti-O stretching 
mode while the peak at 397 cm− 1 (Eg) could be due O-Ti-O bending 
mode [52]. The crystalline nature and peak intensity were greater for 
green synthesized TiO2 NPs (mainly TiO2-av 20 sample) compared to 
TiO2 pure NPs (TiO2). This could be due to the change of the crystal size 
in Aloe barbadensis miller leave extract synthetized TiO2 NPs with 
different concentrations [53]. 

3.3. Optical properties 

To investigate the effect of Aloe barbadensis miller extract concen
tration on the absorption spectra of TiO2 NPs, UV-Vis spectroscopy was 
used for spectral analysis and the same is shown in Fig. 4. All green 
synthesized TiO2 NPs samples have absorption spectra in the range of 
300-400 nm. Pure TiO2 NPs typically exhibit a characteristic absorption 
peak in the range of 320− 350 nm [54]. The concentration of the any 

Fig. 2. XRD pattern of TiO2 NPs (TiO2-av20, TiO2-av40 TiO2-av60 and TiO2- 
av100) prepared with 20 mL, 40 mL, 60 mL and 100 mL concentrations of Aloe 
barbadensis miller leaves extract respectively. XRD pattern of pure TiO2 NPs 
(black line). 

Fig. 3. Raman spectra of synthesized NPs (TiO2-av20, TiO2-av40 TiO2-av60 
and TiO2-av100) prepared with 20 mL, 40 mL, 60 mL and 100 mL concentra
tions of Aloe barbadensis miller leaves extract respectively. Raman spectra of 
pure TiO2 NPs is also shown (black line). 

A. Chaudhari et al.                                                                                                                                                                                                                             



Materials Research Bulletin 179 (2024) 112909

5

green extract used in the synthesis of NPs can significantly influence the 
characteristics and properties of the resulting NPs, such as; size, 
morphology, crystallinity, surface area, and photoelectrochemical 
properties including their absorption and scattering characteristics. 
Although, higher concentrations of the green extract typically lead to 
faster reduction rates due to increased availability of reducing agents. 
Higher concentrations may promote greater nanoparticle aggregation, 
leading to broadening or red-shifting of absorption peaks due to plas
monic coupling effects. However, there is typically an optimal concen
tration range beyond which further increases may not necessarily 
improve the efficiency and could even lead to adverse effects such as 

aggregation of molecules or increased charge recombination. Finding 
this optimal concentration often involves experimental optimization and 
may vary depending on the specific green extract and TiO2 NPs char
acteristics. Optimal concentrations may lead to enhanced photo
electrochemical properties by providing a balance between efficient 
reduction and proper surface functionalization. Here, in our studies 
using Aloe barbadensis miller extract for the synthesis of TiO2 NPs, the 
optimized concentration was when 20 mL concentration of Aloe barba
densis miller leaves extract was used (TiO2-av20). Although maximum 
absorbance was seen when 100 mL concentration of Aloe barbadensis 
miller leaves extract (TiO2-av100) was used this is often attributed to the 
increased presence of reducing agents or stabilizing agents from the 
green extract but due to aggregation of molecules and increased charge 
recombination, less Jsc and overall efficiency was achieved compared to 
20 mL concentrations. Since the photocurrent density depends on the 
amount of dye loaded on the TiO2 films, quantification was carried out 
by dye desorption followed by UV-visible analysis, as described in the 
experimental section. The amount of dye adsorbed on the TiO2-av20 
photoanode (44 nmoles/cm2) was higher than bare TiO2 photoanode 
(36 nmoles/cm2) and generate a higher photocurrent density (Table 3). 
Optimal concentrations may lead to enhanced photoelectrochemical 
properties by providing a balance between efficient reduction and 
proper surface functionalization. Further increase in the concentration 
of Aloe barbadensis miller leaves extract the dye loading amount de
creases which is probably because of aggregation of molecules and 
increased charge recombination and therefore less Jsc and overall effi
ciency (η) was achieved compared to 20 mL concentrations. 

3.4. SEM and TEM analysis 

Surface and the particle morphology of with and without Aloe 

Fig. 4. UV− vis spectra of synthesized NPs (TiO2-av20, TiO2-av40 TiO2-av60 
and TiO2-av100) prepared with 20 mL, 40 mL, 60 mL and 100 mL concentra
tions of Aloe barbadensis miller leaves extract respectively. UV− vis spectra of 
pure TiO2 NPs is also shown. 

Fig. 5. FE-SEM images of TiO2 NPs prepared with different concentrations of Aloe barbadensis miller leaves extract; (a)- TiO2-av20, (b)-TiO2-av40 and (c)-TiO2- 
av60, (d)-TiO2-av100. Corresponding the EDAX is also shown in inset. 
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barbadensis miller leaves extract mediated TiO2 NPs were investigated by 
SEM analysis (Fig. 5). It can be seen from the Fig. 5 (a–d) that Aloe 
barbadensis miller leaves extract has a significant impact on the control of 
agglomeration and reduction in the particle size of TiO2 NPs. thus, Aloe 
barbadensis miller leaves extract appears to have a positive impact on the 
control of agglomeration, reduction in particle size, and the formation of 
shaped controlled synthesis of TiO2 NPs. SEM images represent that 
there is a well-associated interaction between biomolecules and TiO2 
NPs during the synthesis process and indicates that during the synthesis 
process, spherical-shaped TiO2 NPs were formed, The elemental analysis 
of the chemical compounds was investigated through EDS spectra (en
ergy dispersive X-ray spectroscopy) and shown in Fig. 5 (inset). The 
presence of Ti and O peaks could be considered as a successful indication 
of the synthesis of TiO2 NPs and as expected in there are strong peaks of 
C, O, K and Mg etc. besides Ti and O, indicate that the extracellular 
organic moieties are adsorbed on the surface of the metallic nano
particles. Elements Mg, C, O and K mainly come from the composition of 
Aloe barbadensis miller leaves extracts. TiO2 NPs having the size ranged 
between 10-15 nm. The HRTEM images are shown in Fig. 6 and reveals 
that the TiO2 NPs are interconnected are composed of nanocrystallites 
with a width of ~13 nm. SAED patterns of the synthesized TiO2 NPs 
show a polycrystalline nature (Fig. 6). 

3.5. BET analysis 

The BET (Brunauer-Emmett-Teller) method is extensively used 
method for determining the specific surface area of materials based on 
N2 adsorption-desorption isotherms [55]. Fig. 7. Shows the 

characteristic plot of N2 adsorption-desorption isotherm and pore size 
distribution curves for Aloe barbadensis miller leaves extract mediated 
TiO2 NPs. The corresponding pore-size distribution (BHJ) of the 
as-prepared TiO2 NPs is presented in Fig. 7 (b). The as synthesized TiO2 
NPs displayed the isotherm of type-IV with hysteresis loops at relative 
higher pressure range of 0.55–1.0 which shows the absorption bevavior 
of the green synthesized NPs. The pore size distributions indicated that 
TiO2 presented a relatively wider distribution ranging from 40 to 60 nm. 

Fig. 6. FE-TEM images of synthesized TiO2 NPs prepared with various concentrations of Aloe barbadensis miller leaves extract; TiO2-av20 (a-c), TiO2-av40 (d-f) and 
TiO2-av60 (g-i). Corresponding the SAED pattern is also shown in inset. 

Fig. 7. N2 adsorption isotherms and pore size curves (inset) of the TiO2 NPs 
prepared with different concentrations of Aloe barbadensis miller leaves extract. 
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With increase in concentration of Aloe barbadensis miller leaves extract 
the peak at 60 Å is reduced, indicating that the average pore size de
creases as the concentration of reducing agent increases from 20 ml to 
100 ml (Fig. 7 inset). All prepared samples show very high surface areas 
(Table 2), which are substantially larger than that reported for 
commercially available P25 (50 m2 g− 1) [56]. The high BET surface area 
could ease the dye-loading capacity and might give the DSSCs higher 
short-circuit current density (Jsc). The specific surface areas of TiO2 NPs 
synthesized with different concentration of TiO2 are 76.361 m2g− 1, 
71.658 m2g− 1, 31.583 m2g− 1 and 53.699 m2g− 1. The decrease in the 
surface area with increase in concentration of reducing agent was ex
pected as the increase the surface area is probably due to presence of 
increase in capping agents on the NPs. The mesoporous nature, large 
surface area of the green-synthesized TiO2 NPs make them promising 
candidate for dye adsorption for DSSCs application. 

3.6. Measurement of photovoltaic performance and EIS spectra 

(a) J–V photovoltaic analysis 
To explore the photovoltaic properties of the Aloe barbadensis miller 

leaves extract mediated TiO2 NPs, we fabricated DSSCs and J-V plot is 
shown in Fig. 8[A]. For comparison DSSC was also fabricated using 
pure TiO2 based photoanode. The assembled different DSSCs were 
evaluated under the illumination of 100 mW/cm2 light intensity. 
Actual illuminated portion of the cell was 0.25 cm2. The fill factor (FF) 
and efficiency (ƞ) of the fabricated DSSCs were estimated using the 
equations given by; FF = Jmax X Vmax

Jsc X Voc
, η (%) = Voc × Jsc × FF

Iinc
x 100. 

Where Jmax and Vmax were obtained at the maximum power output in 
the J-V plot. JSC is short-circuit current density (mA cm− 2), and VOC 
stands for the open-circuit voltage, respectively. Iinc is the power of 
incident light. The current–voltage (J–V) characteristics are largely 
dependent on the series (Rs) and shunt (Rsh) resistance [57]. Rs arises 
from various factors including contact resistance at interfaces, bulk 
resistance, charge transfer resistance in semiconductor material, and 
sheet resistance of electrodes. Higher Rs diminishes the fill factor, 
thereby reducing the maximum power output of the solar cell. Opti
mizing Rs is crucial for enhancing solar cell performance. Rsh provides 
an alternative current path for photo-generated current and is linked to 
electron recombination at the semiconductor/dye/electrolyte inter
face, often due to crystal defects in semiconductor material. Low Rsh 
leads to significant power loss in the solar cell. Maintaining a suffi
ciently high Rsh is essential for minimizing power loss [57]. The values 
of series and shunt resistances was determined from the J–V curve 
(Fig. 8[A]). The values of Rs and Rsh can be determined from the J-V 
curve, typically depicted in Fig. 8(A), using specific relations. Rs is 

calculated as the slope of the J-V curve at zero voltage, Rs =

(
ΔV
ΔJ

)

V=0
, while Rsh is calculated as the slope of the J-V curve at zero 

current Rsh =

(
ΔV
ΔJ

)

j=0
. The photovoltaic parameters; open circuit 

voltage (VOC), short circuit current density (JSC), fill factor (FF) and 
conversion efficiency (η) are given in Table 3. The maximum Jsc = 9.7 
mA/cm2 and overall conversion efficiency (ղ) = 4.2 % was obtained 
for DSSC/TiO2- av20 followed by DSSC/TiO2–av40, which is higher 

than DSSC/TiO2. The higher photocurrent for DSSC/TiO2-av20 device 
might be because of well-dispersed nanoparticles with interconnected 
networks, which facilitate efficient electron transport and reduce 
resistive losses, contributing to higher DSSC efficiency. Secondly, 
higher specific surface area providing sufficient dye-loading to the 
surface of TiO2 for more light harvesting [58]. Thus, optimal concen
trations can promote efficient charge separation at the dye/TiO2 
interface, minimizing charge recombination and maximizing electron 
injection into the TiO2 conduction band, which are crucial for 
achieving high DSSC efficiency. The larger value of Rs in the case of 
DSSC/TiO2 and DSSC/TiO2-av20 device is responsible for its relatively 
more deviation from the ideal J–V characteristics. But, the higher value 
of Rsh in the case of /TiO2-av20 based DSSC may be responsible for its 
high performance then DSSC/TiO2. 

The obtained photoelectrochemical results were similar to those re
ported in previous works [59–66]. In our recent work we have obtained 
JSC = 9.72 mA/cm2, VOC = 660 mV and FF = 0.46 and efficiency of 3.0 
%, with the DSSC fabricated with green tea mediated TiO2 NPs based 
photo anode [59]. Shalini et al. [60] report synthesis of TiO2 NPs using 
Citrus limon juice extract which act as a green-capping agent to control 
the shape, size and agglomeration behaviour of the growing TiO2 NPs 
and obtained an efficiency of 4.55 % compared to uncapped TiO2 (1.31 
%). Raj Kumar et al. [61] prepared TiO2 nanostructures via green route 
using the fruit extracts derived from pineapple, orange, and grapes as 
reducing agents respectively and used as photoanode in DSSCs and ob
tained an efficiency of 3.89 % with orange extact. Maurya et al. [62] 
synthesized mesoporous anatase TiO2 NPs using Bixa orellana seed 
extract and further used it for making DSSC photoanode and achieved an 
efficiency of 2.97 %. Sharif et al. [63] used facile green modified sol
vothermal method to prepare pristine TiO2 and Ag-doped TiO2 with 1, 2, 
3, and 4 % of Ag and obtained an efficiency of 2.45 % when 4 % Ag-TiO2 
was used as phoroanode. Table 4 shows performances of DSSCs using 
different natural extract mediated TiO2 photoanodes by other research 
groups. 

(b) Transient photocurrent - time profile 
Analysing the transient photocurrent-time profile is a valuable 

approach to understanding the response of prepared photoanodes to 
a photon trigger and assessing the sustainability of the short-circuit 
current in a DSSC. When a photon triggers the absorption of light 
by the dye molecules in the photoanode, it initiates the generation of 
charge carriers (electrons and holes). The transient photocurrent- 
time profile reveals how quickly and effectively the photoanode re
sponds to this photon trigger. A rapid increase in photocurrent 
following the photon trigger indicates efficient light absorption, 
charge separation, and collection processes within the photoanode. 
The sustainability of Isc over time, as observed in the transient 
photocurrent-time profile, reflects the ability of the photoanode to 
continuously generate and transport charge carriers in response to 
incident light [67]. Thus to understand the response of prepared 
photoanodes to a photon trigger and assessing the sustainability of 
the short-circuit current the study was performed on all the fabri
cated DSSCs and same is shown in Fig. 8[B]. It can be seen that in all 
the fabricated DSSCs, a sudden and sharp rise in short-circuit 
photocurrent was seen when light was put ‘ON’ to illuminate the 
device. The maximum photocurrent conquered initially was slightly 
decayed during the illumination time of ~ 50 s. While, in the light 
‘OFF’ condition the photo current abruptly dropped down (as in dark 
current). Thus from transient photocurrent - time profile it can be 
concluded that the rate of dye regeneration is fast enough to keep up 
with the injection of charge carriers by excited dye molecules. This 
implies efficient utilization of the dye molecules and effective 
regeneration of the dye in the presence of the redox couple. 
(c) Electrochemical Impedance analysis 

Electrochemical Impedance Spectroscopy (EIS) is influential 

Table 2 
Surface area analysis of synthesized TiO2 NPs.  

Sample BET Surface area 
(m2g− 1) 

Pore Volume 
(cm3g− 1) 

Pore Size (nm) 

TiO2-av20 76.361 0.229 2.8174 
TiO2-av40 71.658 0.226 2.4514 
TiO2-av60 31.583 0.126 1.6999 
TiO2- 

av100 
53.699 0.156 1.5254  
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technique used to study the dynamics of electron transport and 
recombination in various electrochemical systems, including semi
conductor materials like TiO2 NPs used in DSSCs. EIS provides in
formation about the electrical properties of a system by measuring its 
impedance response to an applied AC voltage over a range of fre
quencies. Fig. 9 shows the electrochemical impedance spectra 
(Nyquist plot) of different DSSCs under open circuit voltage (VOC) 
illuminated with solar light intensity of 100 mW cm2 and a frequency 
range from 1 Hz to 10 kHz. An equivalent circuit is shown in the inset 
of Fig. 9 to represent EIS, which consists of electrical components of 
sheet resistance Rs, charge transfer resistance RCT1 and RCT2, and 

electrochemical capacitance CPE1 and CPE2 for first and second 
semicircle of the Nyquist plot respectively. Rs resistance is related to 
the sheet resistance on the FTO substrates and the contact resistance 
between TCO and TiO2. Usually, three semicircles are produced in 
the EIS of DSSCs. The semicircle in high frequency region signifies 
the charge transfer resistance (RCT) at the electrolyte/counter- 
electrode interface (RCT2), the second semicircle is due to electron 
transfer at the TiO2/dye/ electrolyte (RCT1), interface and the third 
semicircle seen in the low frequency region correspond to diffusion 
of the redox electrolyte [68,69]. Fig. 9 shows the Nyquist plot of the 
DSSCs fabricated with different photoanodes, which shows the 

Fig. 8. [A] J-V plot, [B] transient current-time (J-t) graph of different DSSCs based on TiO2 photoanode prepared with various concentrations of Aloe barbadensis 
miller leaves extract under. (Light intensity = 100 mW cm− 2). 

Table 3 
Summarizes the dye loading amount, photovoltaic parameters, (Rs) and (Rsh) values of DSSCs with different photoelectrodes.  

Devices Dye loading (nmoles/cm2) JSC (mA/cm2) VOC (V) FF η (%) RS/Ω cm2 RSh/Ω cm2 

DSSC/TiO2 36±3 6.7±0.003 0.616±0.002 0.62±0.018 2.5±0.15 50 863 
DSSC/TiO2-av20 44±3 9.7±0.002 0.682±0.003 0.60±0.016 4.3±0.13 47 1573 
DSSC/TiO2-av40 27±1 5.6±0.002 0.727±0.001 0.64±0.014 2.6±0.11 23 2120 
DSSC/TiO2-av60 24±2 4.0± 0.001 0.661±0.002 0.64±0.015 1.7±0.12 22 1944 
DSSC/TiO2-av100 22±1 3.3±0.001 0.735±0.002 0.63±0.013 1.5±0.14 16 2372  

Table 4 
Performances of DSSCs using different natural extract mediate TiO2 NPs and subsequently their photoandes.  

Plant/ natural /extract Synthesis technique Photoanode Counter Eletrode Jsc (mAcm− 2) Voc (V) FF η Refs. 

Citrus Limon Sol - gel TiO2 Pt 3.42 0.61 0.63 1.31 [60] 
C-TNP 7.00 0.691 0.82 3.87 
C’-TNP 9.10 0.776 0.65 4.55 
C’’-TNP 5.89 0.722 0.64 2.73 

Orange Sol - gel TiO2 + N719 Pt 8.80 0.569 0.57 3.35 [61] 
O- TiO2 + N719 9.00 0.649 0.66 3.89 

Bixa orellana Sol - gel TNP Pt 2.0 0.680 0.73 1.03 [62] 
G-TNP 9.0 0.506 0.65 2.97 

Fig Leaf Sol- gel 4% Ag- TiO2 Pt 8.33 0.698 0.422 2.45 [63] 
Phellinus linteus mushroom Sol-gel TiO2 Pt 8.18 0.69 0.67 3.80 [64] 
Halomonas sp. RAM2  NDSSC BIO(5) Pt 2.72 1.06 0.39 0.048 [65] 

NDSSC BIO(10) 1.24 2.13 0.47 0.44 
NDSSC BIO(15) 8.92 5.95 0.27 0.0088 
NDSSC P25(10) 1.78 1.84 0.28 0.55 

Saccharum officinarum Sol – gel Uncapped TiO2 (C1) Pt 2.03 0.46 0.73 0.69 [66] 
Capped TiO2 (C2) 2.94 0.61 0.72 1.29 
Capped TiO2 (C3) 7.65 0.68 0.68 3.65 

Aloe barbadensis miller Hydrothermal DSSC/TiO2 Pt 6.7 0.616 0.62 2.5 Our work 
DSSC/TiO2-av20 9.7 0.682 0.60 4.3 
DSSC/TiO2-av40 5.6 0.727 0.64 2.6 
DSSC/TiO2-av60 4.0 0.661 0.64 1.7 
DSSC/TiO2-av100 3.3 0.735 0.63 1.5  
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overlapping of first and second semicircles of high and middle fre
quencies and it could be associated with the low resistance of the 
counter electrode (Pt) [70]. The series resistance (Rs) value was 
obtained to be 68.40 Ω, 54.00 Ω, 57.60 51.10 Ω, 52.90 Ω for 
DSSC/TiO2, DSSC/TiO2-av20, DSSC/TiO2-av40, DSSC/TiO2-av60 
and DSSC/TiO2-av100 respectively. The series resistance (Rs) was 
observed to be increased for the DSSC/TiO2. Though, a small dif
ference in Rs values was noticed for the DSSC/TiO2-av20, 
DSSC/TiO2-av40, DSSC/TiO2-av60 and DSSC/TiO2-av100 which 
corresponds to the contact resistance. This reduction in Rs is prob
ably due to photoelectrode surface enhancement due Aloe barba
densis miller leaves extract. The charge transfer resistance at the 
counter electrode / electrolyte interface (RCT1) was varied, which 
could be associated with the different counter electrodes used to 
assemble the DSSCs [71]. The RCT1 value was obtained to be 48.70 Ω, 
19.70 Ω, 22.5, 28.5 Ω, 47.60 Ω for DSSC/TiO2, DSSC/TiO2-av20, 
DSSC/TiO2-av40, DSSC/TiO2-av60 and DSSC/TiO2-av100 respec
tively. On the other hand, the value of charge transfer resistance at 
the photoanode /electrolyte interface (RCT2) was found to be smaller 
for the DSSC/TiO2-av20 (64.70 Ω), then DSSC/TiO2 (64.70 Ω). The 
reduced values of RCT2 indicate the better electron transport on the 
surface of photoanodes which resulted in the enhancement of the Jsc 
and thus overall conversion efficiency (η). 

4. Conclusion 

The concentration of green extract on TiO2 NPs plays a crucial role in 
determining the efficiency of DSSCs, with an optimal concentration 
range that maximizes light absorption and electron injection while 
minimizing adverse effects.In summary, spherical TiO2 NPs were suc
cessfully prepared by the reduction of their precursors using different 
concentration of Aloe barbadensis miller leaves extract by hydrothermal 
process for efficient DSSCs. The variation in concentration of Aloe bar
badensis miller leaves extract massively changes TiO2 NPs size and thus 
leads to control the particle size but not changes morphology of TiO2 
NPs. The prepared Aloe barbadensis miller leaves extract mediated TiO2 
NPs displays enhanced crystalline nature compared to pure TiO2 NPs. 
The as synthesized TiO2 NPs were applied as photoanodes in the DSSCs 
after sensitizing with commercial N719 dye. The DSSC (DSSC/TiO2- 
av20) based on TiO2 photoanode prepared with 20 ml concentration of 
Aloe barbadensis miller leaves extract exhibit highest efficiency of 4.3 % 
and the DSSC (DSSC/TiO2-av40) based on TiO2 photoanode prepared 
with 40 ml concentration of Aloe barbadensis miller leaves extract ach
ieved efficiency of 2.6 %, compared to 2.5 % for DSSCs based on the pure 
TiO2 photoelectrodes (DSSC/TiO2). Generally, increasing the concen
tration of the green extract can enhance the light-harvesting capability 

of the DSSCs, leading to higher short-circuit current density (Jsc) and 
overall efficiency. However, there is typically an optimal concentration 
range beyond which further increases may not necessarily improve the 
efficiency and could even lead to adverse effects such as aggregation of 
molecules or increased charge recombination. Thus, finding this optimal 
concentration often involves experimental optimization and may vary 
depending on the specific green extract and TiO2 NPs characteristics. 
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