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For more than 2 decades, extensive research has been done in the field of Dye-Sensitized
Solar Cells (DSSCs) due to their low cost, easy preparation methodology, less toxicity, and
ease of production. In this work, the performance of DSSCs containing different particle
sizes is studied. No-doped TiO, was prepared by the sol-gel method, controlling the
particle size through the addition of different H,O/Ti mole ratios R = 0, 20, 30, and 40. The
dried samples at 100°C were characterized by X-ray diffraction, Optical Properties, High-
Resolution Transmission Electron Microscope, Scanning Electron Microscope, Fourier-
Transform Infrared Spectroscopy, Ns-Adsorption-Desorption Isotherm, Raman
Spectroscopy, and Dynamic Light Scattering (DLS). DLS results show that the size of
TiO, decreases as the H,O/TiO, content increases from O to 40. It is found that TiO,
nanoparticles with smaller particle size distribution has the lowest conversion efficiency of
0.95% with H,O/Ti ratio = 40, and the photoelectrode with higher size has a conversion
efficiency of 1.59% for the water-free sample. This could be explained as the larger
particles have better dye adsorption, indicating that it has an effective surface area for
greater photon absorption and electron-hole generation. The results also indicate that
trimodal distribution with larger size also absorbs different wavelengths due to the broad
distribution of the particle size.

Keywords: TiO,, particle size distribution, conversion efficiency, RB dye, DSSCs

INTRODUCTION

Solar Energy Technology has recently emerged as a viable option for meeting our energy demands,
particularly in areas in which coal and natural resources are being depleted at a frightening rate
(Kamat, 2007; Gongalves et al., 2008). Because of the high manufacturing costs, silicon-based solar
cells are widely used (Moskowitz and Fthenakis, 1990; Moskowitz and Fthenakis, 1991). The next
stage is to use basic manufacturing techniques to create solar cells from low-cost components.
O’Regan and Gratzel designed dye-sensitized solar cells (DSSCs) in 1991, and they are an example of
this type (O’'Regan and Gritzel, 1991; Gritzel, 2001; Zhao et al., 2009; Park et al., 2012; Mir and
Salavati-Niasari, 2013; Ramasamy et al., 2013). In DSSCs, the “sensitizer” is a dye that is either
produced or derived from natural resources. The sensitizer dye produces electrons and holes when
exposed to light. The electrons are moved to the CB of the Aceptor Semiconductor Metallic Oxide
while the holes are transmitted to the electrolyte. The scientific community has worked hard to
promote more effective dyes, such as Ruthenium complexes (Aghazada and Nazeeruddin, 2018),
Porphyrin (Birel et al., 2017; Zeng et al., 2019), Carbazole (Carella et al., 2018; Lokhande et al., 2019),
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metal-free organic dyes (Blaszczyk, 2018; Lee et al., 2018; Wu
et al., 2019), natural colors (Ammar et al., 2019; Ananthi et al.,
2019; Sanjay et al., 2019; Trihutomo et al., 2019), and Rose Bengal
(Mahmoud and Fouad, 2015; Mahmoud and Mohamed, 2015;
Mahmoud et al., 2016; Mahmoud et al., 2017a; Mahmoud et al,,
2017b; Mahmoud et al., 2021).

The particle size of the TiO, film electrode, particularly in
its Amorphous form, is an essential issue that has received
little attention. The influence of particle size on the
implementation of DSSCs is clarified, and it may be
performed by running electrodes containing bigger or
smaller pure (without additives that affect the size) TiO,
particles (Gregg, 2003; Gracia et al., 2004; Gregg, 2004;
Hagfeldt et al, 2004). The catalytic performance of
important and valuable metal nanoparticles is primarily
determined by the effective atoms, which are proportional
to the nanoparticle’s specific surface area (Zhu et al., 2021).
The SBET of small nanoparticles is bigger. The high surface
energy of small particles, on the other hand, induces
nanoparticles to combine during catalysis and tend to
agglomerate, resulting in a drop in the number of active
surface atoms and a considerable loss in catalytic activity.
This issue greatly limits the use of precious nanoparticles as
catalysts in practical manufacturing.

As Photoactive semiconductor nanomaterials, TiO, can
successfully Engage Light and Display Effective Photon
Size, Interface, and Quantum Reservation Effects, and it
is widely used in Optical, Electrical, Magnetic, and Biological
Fields (Geng et al., 2021; Qian et al., 2021; Yin et al,, 2021).

Structural features have been offered to Anatase and Rutile,
which have been the most extensively considered, rendering them
extremely appealing for different purposes, such as solar cells
(Bach et al., 1999; Park et al., 2000); Photo-catalysis (Kaneko and
Okura, 2002; Anpo and Kamat, 2010); Electrodes in
semiconductor designs (Nogami et al, 1991); catalysis
(Topoglidis et al., 1998); catalyst supports (Zhang et al., 1994;
Geserick et al., 2011); in Coatings, Toothpaste, and Makeup
(Shubert et al, 2001); Adsorption of Proteins (Hsu et al,
1993); and others.

Materials with larger particle sizes possess larger contact
points, permitting easier dye access and superior dye
gathering. Smaller TiO, particles have a bigger surface area
and a greater number of joint sites between colloidal particles
at the particle—core substrate interface, allowing for better dye
adsorption. TiO, with bigger particles has a slenderer surface
area, which means there is less surface area available for
adsorption capacity, potentially lowering the amount of
light absorbed and the amount of the generated electrons
and holes. The smaller TiO, particles, on the other hand, have
a greater number of grain boundaries where electrons require
passing throughout, which results in a higher electron
trapping probability. The high surface energy of small
particles, on the other hand, induces nanoparticles to
combine during catalysis, resulting in a drop in the number
of active surface atoms and a considerable loss in catalytic
activity.

Amorphous TiO, has been synthesized through a wide range
of processes as detailed in the literature (Hong and Sattler, 2010;
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FIGURE 1 | XRD of N, doped TiO, with different molar ratios of HO/Ti.

Hong and Ganguli, 2012; Vargas and Rodriguez-Paez, 2017).
Wang et al. (Wang et al, 2003) produced amorphous TiO,
utilizing a dodecylamine as an organic template to produce a
wormhole-like framework mesostructure. Li et al. (Li et al,
2015a) used the sol-gel approach with further calcination to
synthesize TiO, nanoparticles using acetic acid to adjust the
size of the TiO,-ANPs while polyethylene glycol was used to
keep the dispersion of the particles. Pressure-induced
amorphization (Li et al., 2010; Li et al., 2015b) and impulse
plasma in dielectric liquid (Omurzak et al., 2009) approaches
stand out among the innovative synthesis strategies used to
prepare TiO,-ANPs.

In this paper, the DSSC photo-anode consists of TiO,
nanoparticle film with different particle sizes examined to
understand whether the overall light conversion efficiency was
affected by the variation in particle size. By using a sol-gel method
with varying the H,O/Ti mole ratio, the diameter of different
particle sizes of TiO, was changed. The J-V curves of the
manufactured TiO, powders were compared and observed
under light.

EXPERIMENT

Chemicals

The chemicals used were Titanium (IV) Isopropoxide (TIP)
(97%), rose Bengal dye (Sigma-Aldrich), and conductive
Indium-Tin-Oxide  (ITO)-coated glass slides (Aldrich,
Rs~8-10 ohm/sq). Urea and Ethanol were provided from Adwic.

Synthesis of TiO,

The sol was prepared through the hydrolysis of TIP in ethanol
with dropwise addition of urea dissolved in alcoholic solution,
and then the amounts of the added deionized water were adjusted
to obtain the supposed molar ratio of 0, 10, 20, 30, and 40 for
H,O/Ti, respectively. The solutions were stirred for about 2 h at
25°C after the prompt formation of white precipitate while
nitrogen gas was purged in the solution. The pH value of the
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gel was about 3.8, so a positively charged TiO, is formed. The
TiO, nanoparticles were centrifuged and dried at 60°C. The
produced powder was grounded using ball mail.

Characterization Techniques

The X’Pert Philips XRD Diffractometer was used to record the
X-ray diffraction (XRD). The operating voltage and effective
ampere of the diffractometer were set to 40 kV and 20 mA,
respectively. The scans were performed at a rate of 0.02 scans/s
from 20° to 80°. Optical characterization of TiO, samples were
carried out by JASCO-750 UV-Vis spectrophotometer. FTIR
was carried out using Nicolet Is50, Thermo Fisher Scientific
Spectrophotometer. Qualitative Chemical structure assessment
was done by Raman Spectroscopy analysis using SENTERRA
Bruker. The excitation laser wavelength was 532 nm. SEM was
performed using JEOL, JEM 3500 electron microscope. DLS was
used to determine particle size distribution using Malvern
Zetasizer ver. 6.32 equipment. HR-TEM images and EDX
spectrum were captured using a 120 KV JEOL JEM-1230
electron microscope. At -196°C, the nitrogen adsorption
desorption  isotherms were determined using the
Quantachrome NOVA automated gas sorption system.
Degassing the samples was done at 60°C and 10-5mmHg
for 4 h.

Cell Construction and Investigation of Solar

Cells

Manufacturing of Photo-Anode and Counter Electrode
ITO (8-12Q/sq) glass was ultrasonically washed with
isopropanol, ethanol, and deionized water using a bath for
30 min. The prepared TiO, was ground with a ball mill and
formed a colloidal blend paste through mixing with water,
ethanol, acetyl acetone, and Triton X-100, and then the film
was deposited on the conductive side of the ITO glass by the
doctor-blade approach to construct the photo-anode film. The
obtained film was heated at 450°C for 30 min using a hotplate.
The obtained photo-anodes were bathing in RB dye at 25°C,
and then the photoanodes were rinsed using ethanol. The
opposite electrode poised a film of salable carbon on the
ITO glass. The cells contain I-/I3- as electrolyte, which was
injected into the cell by capillary action. The active area of the
cells was 4.25 cm”.

Electrical Properties

To measure the J-V curves, a solar box was used equipped with
the photocell test device. To estimate the cell conversion
efficiency, the J-V curve and Eq. 1 were used to calculate the
Fill Factor (FF) using all cell outputs Voc and Jsc. The conversion
efficiency can be calculated from Eq. 2.

Vo X1
FF =2 ""P° (1)
VDC X ISC
Ve X Joc X FF
=—7 2)

Where jpp and vpp are maximum power output, and Is the
incident light intensity (mW/cm™).
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FIGURE 2 | UV-Vis spectra of N, doped TiO, prepared with different molar ratios of H,O/Ti.
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FIGURE 3 | Adsorption-desorption isotherms of N, doped TiO, with different molar ratios of HoO/Ti (A) and pore size distribution of the prepared samples (B).
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TABLE 1 | Surface area properties and bandgap energy of the prepared samples.

Catalyst Surface area [m?/g] Pore volume [cm®/g] Pore diameter [A%] Bandgap energy[ev]
TiO(R=0) 75.41 0.081 10.9 2.81
TiO, (R=20) 59.16 0.054 8.46 3.07
TiO, (R=30) 56.55 0.049 8.14 3.22

FIGURE 4 | HR-TEM of N, doped TiO, with different molar ratios of H,O/Ti and EDX spectrum.

RESULTS AND DISCUSSION

Crystal Structure and Optical Properties

Figure 1 shows the XRD patterns of the TiO, powders prepared
by the sol-gel method using different H,O/Ti molar ratios. The
graphs noticeably confirm that the prepared samples encompass
an amorphous phase among all the used molar ratios of H,O/Ti
perhaps owing to the presence of short-range crystalline order in
XRD amorphous TiO,. The absence of the long-range order is
reported by several authors (Tiron et al., 2016; Nair et al., 2013;
Grilli et al., 201844). This could be attributed to the lack of the

energy required for the crystal growth or the presence of urea
suppressing the crystallinity.

Figure 2 shows the UV-Vis absorption spectra of TiO, R=0,R =
20, and R = 30. The analysis was carried out using a sonicated solution
of barium sulfate in water containing TiO, for 30 min. The figure
shows the Amax of the prepared samples centered at 346 (R = 20 and
30) and at 348 nm for R = 0 samples. Bands between 205 and 215 nm,
according to the literature (Marchese et al, 1991a), (Raimondi et al,,
2000) can be ascribed to separated dissolved titania species coordinated
tetrahedrally, whereas bands around A >250 nm can be associated with
cores of Ti(IV) in Penta and Octahedral configurations.
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FIGURE 5 | SEM of N, doped TiO, R = 0 (A,B) and R = 40 (C,D) at
different magnifications.

By extrapolation of the absorption edge to zero, the bandgap
energy can be calculated by the following equation:

Eg =1239.8/A 3)

Where Eg is the band gap energy (eV) and A(nM) is the
wavelength of the absorption edge. The calculated bandgap
energy of the samples were 2.81, 3.07, and 3.22eV for R = 0,
R = 20, and R = 30, respectively. The bandgap energy increases
from 2.81 to 3.22 eV as the water content increases from 0 to
30 mol. This could be attributed to an increase in agglomerating
with the increase in water content.

Surface Properties

Figure 3A, B shows the N2 Adsorption-Desorption Isotherms
(Figure 3A) and the pore size distribution of the prepared
samples (Figure 3B). Figure 3A depicts a decrease in the
surface area as the water of hydrolysis increases. The samples

% Transmittance

T T T T T T T
400 200 1400 1900 2400 2900 3400 3900

Wavenumbers (cm?)

FIGURE 6 | FTIR spectra of N, doped TiO, at R=0, R =20, and R = 30.

represent type IV isotherm with an H4 hysteresis loop according
to IUPAC classifications. Figure 3B shows that the pores are
selective with the size in the mesoporous range. This effect
indicates the vital role of water of hydrolysis in the features
of T102

Table 1 shows the surface properties of the prepared TiO,. The
results reveal that the surface area slightly decreases as the H,O/Ti
ratio increases from R = 0 to R = 40. The pore volume and
diameter also increase as the water ratio increases. The pore
diameter ranges between 1.7 and 10.9 Ao and the pore volume
ranges from 0.04 to 0.08 cm/g.

Particle and Surface Morphology

Figure 4 shows the effect of H,O/Ti ratios on particle
morphology using HR-TEM. The prepared samples show a
cloud feature due to the presence of moisture in TiO,. The
figures disclose the ordering degree of the TiO, mesoporous
arrangement. A wormlike pore structure of mesoporous
material was observed. The existence of the crystalline phases
is not detected in the XRD pattern due to the little extent of
crystallization of the TiO, and the smaller size of the nuclei. The
pore morphology of the R = 40 catalyzed system was less marked
than that of R = 0, R = 30, and R = 40, i.e., as the molar ratio of the
water increased to R = 40, the order of the pore structure was
decreased.

Figure 5 shows the surface morphology of the prepared
samples R = 0 and R = 40 at different magnifications. The
figures show that the agglomeration increases as the water
content increases with the initial formation of spherical
crystals.

Fourier-Transform Infrared and Raman

Spectroscopy

Figure 6 depicts the FTIR of R = 0, R = 20, and R = 30. The figure
shows two vibrational bands at 3,385 and 3,314 cm™ due to the
presence of 2 Amine. A stretching band at 3,170 cm™ confirms
the complete hydrogen bonding between water molecules in
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tetrahedral coordination (the ice-like water structure) (Cheng
et al,, 2013). The shape of the peak changed as the water content
increase to become more sharp and intense for R = 30. A blue
shift was also observed as the molar ratio of water increases. The
OH bending appears at 1,432, 1,436, and 1,444 for R = 0, R = 20,
and R = 30, respectively. The peak becomes intense as the water
molar ratio increases and a blue shift was observed. The
vibrational band at 1,614 cm™ corresponds to C=0 stretching
and the Amide II band near 1,550 cm™" could be confirmed to
C-N stretch together with N-H bending. The asymmetric
stretching of Ti-O-Ti in the linear structure centered at
1,147 cm™. However, Ti-O-Ti increases with increasing water
content. C-H rocking (CH3 in TIP) at 980 cm! while the band at
749 cm™ shows the presence of Ti-O-Ti bending. The bands at
478 cm™ show O-Ti-O bending.

Figure 7A shows the Raman spectra of R = 0, R = 10, R = 20,
and R = 30. The samples show small Raman bands at 146 (Eg),
185 (Eg), 401 (Blg), 518 (Alg), and 634 (Eg) cm™! could be
attributed to the characteristics the anatase phase. On the other
hand, the Raman bands at 243, 431, and 590 cm™ could be
attributed to the rutile phase that corresponds to the
symmetries of Blg, Eg, and Alg, respectively (Tamilselvan

et al,, 2012). In addition, a distinctive broad vibrational peak
at 200-300 cm™' was clearly identified as a result of several
phonon scattering mechanisms.

To investigate the effect of Nitrogen doping on the
structure of Titanium Dioxide in the Raman Spectra, in
general, the vibrational characteristic band of Ti-N can be
clearly found in the Raman Spectra, which indicates the
substitution of Nitrogen for some Oxygen Atoms in the
Titania lattice. Ti-N could be observed at 209 for the
sample R = 0 and shifted to higher frequency as the water
content increase. This indicates the N, deficiencies increase
as the water content increase. A Raman peak at 1,452 cm™
(weak) is attributed to the asymmetric deformation mode of
Methyl group (Figure 7B). The strongest Raman peak at
1,005cm™" is attributed to the symmetric stretching CN
vibration. Another two weak peaks observed at 1,546 cm™
and 1,625 cm ™" are assigned to symmetric stretching CO and
NH+3 vibrations, respectively. In addition, the peaks found
at 1,593, 1,277, 1,161, and 904 cm™" corresponds to the CH;
symmetric deformation, C-O vibration band, bending OH
and stretching (C-C) + Methyl, respectively. Raman spectra
of TiO, containing R = 20 and R = 30 compared with R =0
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FIGURE 9 | J-V curve of N, doped TiO5 prepared through different H,O/
Ti molar ratios.

show that all function groups formed in the same position
with small shifts. From Raman results, we observe the
intensity of peaks attributed to C-N and C-O increase
with an increase in water content due to an increase in
hydrolysis of urea.
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FIGURE 10 | Stability of the fabricated cell with the ratio R = 0.

DLS

The physical and chemical features of materials are strongly
dependent on their size distribution (Barbe” et al, 1997
GraciaHolgado et al, 2004; Gritzel, 2001; Bohren and
Huffman, 1998). Figures 8A-D shows the particle size
distribution by number. It is clear that the TiO, sample
prepared at R = 0 has a bimodal size distribution with
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TABLE 2 | Photovoltaic performance ofN, -TiO, at different molars ratio of H,O/Ti.

Catalyst TiO,Blank 20%H,0 30%H,0
Voc(mV) 406 379 361
Jsc(mAcm™2) 7.68 717 6.837
n% 1.5% 1.2% 1.03%

Z-average 1,230 nm. The first unimodal has a symmetric particle size
distribution ranging from 164.2 to 458.7 nm with a maximum
intensity at 255 nm, and the second unimodal has a particle size
distribution ranging from 531 to 1718 nm with a maximum intensity
at ~1,000 nm. As the water ratio increases up to R = 20, the particle
size distribution shows the presence of symmetric unimodal size
distribution (z-average 1,422) with a size ranging from 531 to
1718 nm with a maximum intensity at 955nm. As the water
content decreases, a larger particle is formed due to the
aggregation of the initially formed cluster, which could occur
during the hydrolysis and condensation of the Alkoxy groups of
the Ti cluster (Chou et al,, 2007). This could be interpreting the
retardation of gel formation as the water content decreases. Because
the TiO, powders were all composed of the same sol material and
manufactured in the same way, the surface chemistry and particle
filling were all the same. The shift in short-circuit current density and
total light conversion efficiency, which is linked to particle size, is a
particularly noticeable trend.

J-V Characteristics

Figure 9 depicts the J-V Characteristics of each solar cell
consisting of TiO, film with different particle sizes. Table 2
shows the calculated values achieved from the J-V curves of
each solar cell. The most significant trend is the change in
Short-Circuit Current Density, Open Circuit Voltage, and
Conversion Efficiency, which correlates with the particle
size. This could be attributed to the increase in the amount
of dye adsorbed on the surface with increasing particle size
(Tammy et al,, 2007). DLS analysis shows that the larger
surface area particles have larger pores into which the redox
couple could diffuse more effectively than into the smaller
pores, which could be generated by the smaller particles;
consequently, the larger particles show maximum short
circuit current density. This style is acceptable because the
TiO, nanoparticle powders were all prepared from the same
TiO, sol and in the same approach, therefore resulting in the
same surface chemistry and particle packing. The most
prominent inclination is the change in short-circuit current
density and overall light conversion efficiency, which
correlates with the particle size only. Although it was
expected that small particles could adsorb more dye due to
their greater surface area, it was proved that particles among
larger diameters have better dye absorption due to the
successful diffusion of the electrolyte in the pores, resulting
in improvement in the overall light conversion efficiency.
Bigger particles displayed better dye adsorption, indicating
that TiO, films consisting of bigger particles possess greater
effective surface area for more photon absorption and
electron-hole generation (Chou et al., 2007). Moreover, the

Particle Size Distribution Effect on Photovoltaic

large particle size is greatly related to enhancing the optical
absorption of light in the photoelectrode. The larger particle
size acts as light scatters, which leads to an increase in the
possibility of adsorbed photons according to Mie scattering
theory (Kerker, 1969; van de Hulst, 1981; Bohren and
Huffman, 1998; Zhang et al., 2012). The potential increased
to 516, 565, 634, and 712 mv with a further increase in particle
size to 715.8, 715.8, 1,139, and 1,218 nm, respectively. In
addition, the overall light conversion efficiency increased to
0.95, 1.01, 1.2, and 1.59%, respectively. The improvement in
VOC could be correlated to the relaxed recombination and
superior electron collection efficiency. Hence, a promising
description for the increase in VOC is related to the better
electron mobility of the semiconductor used, which improves
the electron transfer and facilitates the charge carrier
separation. On the other hand, there are several factors that
influence the JSC: 1) the amount of RB dye adsorbed on the
TiO, surface, which results in efficient light harvesting; 2) the
electron injection efficiency; 3) the electron gathering efficacy;
and 4) RB dye regeneration efficiency.

More dye adsorption can also be influenced by the presence of
larger contact points for easier access of the dye, which would increase
the generation of electron-hole pairs. This increase in the generation
of electron-hole pairs with increasing pore size is evidenced by the
increase in short-circuit current density values as confirmed by our
results. It was found that the amount of dye adsorbed on the surface
increased with increasing pore size. One possible explanation for this
trend was brought up by Grant et al. (Mahmoud et al., 2016), where it
was reported that smaller particles resulted in smaller pore sizes, and
larger particles resulted in larger pore sizes after sintering at elevated
temperatures.

Several studies in DSSCs were reported using RB dye;Khadtare
andPathan (Khadtare and Pathan, 2014) studied the
performances of DSSCs ZnO photoanodes at different RB dye
sensitization times. An enhancement of power conversion
efficiency from 0.83 to 1.90% has been observed. Roy et al.
(Roy et al.,, 2008) report that the power conversion efficiency
of modified nanocrystalline TiO, sensitized with rose Bengal dye
is 2.09%. Sarode et al. (Sarode et al, 2016) used N2-
nanocrystalline TiO, powder prepared by simple hydrolysis
route sensitized with RB dye obtain n = 0.52%.

Stability of the Cell

The stability of the fabricated cell is studied in Figure 10. The
stability of the DSSCs was studied through measuring the
photovoltaic performance at various times. It is evident that
PCE of the device suffers a rapid downfall after a few hours
of 80h. This could be attributed to the usage of liquid
electrolyte.

CONCLUSION

According to the findings, larger particles resulted in an
increase in Short-Circuit Current Density, Open Circuit
Voltage, and Total Light Conversion Efficiency. The
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working electrode films, which were made up of TiO,
nanoparticles with a diameter of 516 nm, resulted in a
short-circuit current density of 9.33 mA/cm”® and a light
conversion efficiency of 0.95%. An increase in particle size
to 1,218 nm diameter resulted in a higher open circuit voltage
of 712 mV and a 1.59% overall light conversion efficiency. The
increased Short-Circuit Current Density, Short-Circuit Current
Density, and overall light conversion efficiency, which coincides
with particle size, could be due to the larger TiO, nanoparticles
better dye adsorption behavior by which larger particles allow
for more dye adsorption via the extremely easy dye access,
resulting in more electrification generation.
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