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 In this research, TiO2 nanostructures were prepared using the hydrothermal method. The aerosol was 

regenerated from the precursor solution droplets by entering the non-thermal plasma and TiO2 

nanostructures were deposited on the surface of the substrate. XRD and SEM analyses have been used to 

investigate nanostructure morphology. Dye-sensitized solar cells were fabricated using TiO2 nanostructures 

as a photoanode. The results showed that the surface prepared with TiO2 nanostructures by the 

hydrothermal method has a higher specific surface area, more pigment absorption, and short circuit current 

density than the unmodified surface. In addition, the TiO2 photoanode-based pigment solar cell using the 

hydrothermal method showed a short circuit current density of 21.67 mA/cm2, an open-circuit voltage of 

0.67 V, and a photon-to-electricity conversion efficiency of 5.62%, which is about 17% more than the yield 

obtained. This comes from a solar cell without plasma modification with an efficiency of 5.11%. The increase 

in efficiency can be attributed to the increase in electrical conductivity in the photoanode, the tight 

connection of the conductive surface of the anode with the pigment molecules, and the greater contact 

surface of the photoanode with the electrolyte. 
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1. Introduction 

Porous photoanodes in Dye-Sensitized Solar cells are 
semiconducting metal oxides with a thickness of less than 
20 microns, such as TiO2, ZnO, SnO2, etc. Pigment molecules 
are placed on metal oxide nanoparticles to absorb sunlight 
and inject electrons into the photoanode structure [1]. The 
higher the specific surface area of metal oxide 
nanoparticles in the photoanode, the more pigment 
molecules are placed in the structure, and as a result, more 
electrons are produced in the cell. This phenomenon causes 
an increase in the production flow and as a result, increases 
the efficiency [2]. There are many chemical methods to 
increase the specific surface of metal oxide nanoparticles, 
which have their problems. Titanium dioxide (TiO2) has 
three crystal forms including anatase, rutile, and brookite. 
In terms of thermodynamics, rutile is the most stable TiO2 
phase at normal pressure, and the other two phases are 
semi-stable phases of this system. The basic crystal units in 
all three phases are TiO6 octahedral [3]. The difference 
between these three phases is in the arrangement of these 
octahedra. These structures are related to TiO2 masses. Due 
to the very high surface-to-volume ratio of TiO2 

nanoparticles, the surface arrangement may be completely 
different from the mass. In recent years, the synthesis of 
ceramic nanoparticles has received a lot of attention due to 
their optical and electronic properties and better 
condensability [4]. Meanwhile, titanium dioxide 
nanoparticles (TiO2) have shown good electrical, optical, 
and photocatalytic properties. The application and 
efficiency of TiO2 are strongly influenced by the crystal 
structure, shape, and size of its particles. Therefore, many 
efforts have been made to produce TiO2 nanoparticles with 
controlled size, shape, and porosity for use in thin layers, 
ceramics, composites, and catalysts [4]. TiO2 is a material 
that is used in various fields such as paints, plastics, 
cosmetics, inks, papers, and sensors. The increase in the 
use of TiO2 nanoparticles in catalytic, photocatalytic, and 
sensor fields has intensified the need to use precise 
equipment for their synthesis. In many cases, TiO2 is 
produced using the sulfate or chloride Anions, but the 
produced particles are relatively coarse (in the micron 
range) and have a low degree of purity. With the increasing 
need to use nanoparticles, TiO2, much research has been 
done in this field [5]. Of course, the expensiveness of TiO2 
nanoparticles, which is caused by the complex processes of 
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their synthesis, has limited the use of these materials to 
some extent. To solve this problem, simple processes 
should be developed that reduce the price of nanoparticles 
by increasing production efficiency [6]. 

So far, several methods have been used for the synthesis 
of TiO2 nanoparticles, among which the hydrothermal 
method can be mentioned. The hydrothermal method is 
used only for the synthesis of simple and mixed oxide 
powders with controlled morphology, at a relatively low 
temperature (100-350ºC). Generally, nanomaterials 
synthesized by hydrothermal methods are produced under 
high steam pressure conditions. They can lead to product 
production with minimal loss of raw materials. In 
hydrothermal synthesis, the nanomaterials to be 
synthesized can be well controlled through the liquid 
volume. Since many parameters are involved in the 
hydrothermal process, researchers have used different 
composite models in different hydrothermal methods for 
the synthesis of TiO2 nanoparticles [6]. Yang et.al., used 
pressure in the heating step and reduced the working 
temperature. In this method, TiO2 deposits were prepared 
by adding dropwise 0.5 M titanium butoxide isopropanol 
solution to deionized water. The white precipitates were 
washed with deionized water and with the help of 
centrifugal force, and after neutralization by HNO3, they 
were dried for 1 hour at 70ºC. It was observed that 
depending on the different amounts of neutralizing agent, 
prepared nanoparticles have different shapes and average 
size between 15-50nm and they are completely in the form 
of anatase or rutile phase [7]. 

In recent decades, plasma methods for the production 
and deposition of nanomaterials have received more 
attention due to the presence of active species such as ions, 
electrons, radicals, and energetic photons, the plasma 
environment has the necessary conditions [8]. The plasma 
environment provides the advancement of chemical and 
physical reactions to the deposition of nanomaterials at low 
temperatures. Plasma electrons play an effective role in 
reducing metal precursors to produce desired 
nanomaterials. In recent research, it was found for liquid 
phase precursors that plasma electrons can penetrate in 
contact with the liquid surface and directly reduce 
dissolved metal ions to finally produce desirable 
nanomaterials [9]. Plasma deposition methods have many 
advantages over other conventional methods. In these 
methods, the number of steps in the deposition process is 
small and these processes proceed at low temperatures. 
This allows the use of temperature-sensitive substrates. 
Among other advantages of plasma methods, we can 
mention the reduction of production cost, electricity 
consumption, and waste of raw materials [10]. It should 
also be noted that plasma deposition methods do not 
require initial modification of the substrate surface and 
final curing of the created layer [11]. Traditional plasma 
requires a vacuum to deposit nanomaterials, and in recent 
years, non-thermal plasma jets have been proposed to 
deposit copper oxide, titanium oxide, tin oxide, reduced 
graphene oxide, and silver nanostructures [11]. Hong and 
co-workers produced and deposited gold nanoparticles 

directly from chloroauric acid (HAuCl4) solution, which 
they used for surface Raman scattering [12].  

In the radio frequency thermal plasma method, the 
precursor used is vaporized by radio frequency thermal 
plasma and by performing a chemical reaction, 
nanoparticles are prepared from the vapor phase. This type 
of plasma can be used to synthesize nanoparticles from 
many minerals. The very high speed of cooling and the high 
concentration of reactive radicals in the plasma 
environment have made this method a unique process for 
the synthesis of nanoparticles [10]. Lee et al. used this 
method to synthesize TiO2 nanoparticles from an organic 
precursor. The XRD results showed that the nanoparticles 
are formed between 71-78% by weight of the anatase 
phase and their average size is about 50 nm. Oh et.al also 
used this method to synthesize TiO2 nanoparticles from an 
inorganic precursor. The XRD patterns showed that the 
nanoparticles have both anatase and rutile phases with an 
average size of 50 nm [13]. 

In this work, TiO2 nanostructures are produced and 
deposited directly with the help of a non-thermal plasma 
jet. The precursor solution is injected into the plasma as an 
aerosol. Finally, the properties of the plasma-coated 
surface and its performance are investigated by different 
analyses and compared with the sample without coating. 

2. Experimental Details 

2.1 Preparation of TiO2 nanostructure 

In this research, the microwave hydrothermal method 
was used for the synthesis of TiO2 nanostructures [14]. In 
this method, TiCL4 was diluted with distilled ice water to 
form TiO2 solution (0.2M). In the obtained solution, the 
specific amount of urea (the ratio of Ti to Urea is 1:5) was 
dissolved and the resulting mixture was placed in 
transparent containers to provide the possibility of 
microwave radiation. After microwave irradiation, the 
solid product was filtered and washed twice with distilled 
water. Then the crystalline powder was deposited, filtered, 
and dried in a dryer. Very high production speed and very 
fast heating up to operating temperature are among the 
advantages of this method. 

2.2 Construction of photoanode 

To make the photoanode, first, the FTO conductive 
glasses were subjected to ultrasonication with distilled 
water, acetone, isopropanol, and ethanol each for 20 
minutes. To prevent the recombination of electrons and 
holes with each other, the substrates were placed in 40 mM 
TiCl4 aqueous solution at 70 degrees for 30 minutes.  

Fig. 1 shows the non-thermal plasma jet for deposition. 
This jet works with a dielectric barrier discharge 
configuration that has two copper electrodes wrapped on 
the surface of the quartz tube at a distance of 1 cm from 
each other. This quartz tube with an inner diameter of 2 
mm and an outer diameter of 4 mm is used as a dielectric 
in this plasma jet. Plasma gas flows inside this quartz tube 
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along with aerosol carrier gas. To produce plasma, these 
electrodes are connected to a high-voltage power supply, 
between 5 to 10 kV and a working frequency of 20 kHz, and 
the voltage applied to the plasma is measured by a high-
voltage probe and an oscilloscope [15]. 

 

Fig. 1. Schematic view of the plasma device used in this research 

In this system, argon gas is used as plasma gas and 
aerosol carrier gas. The plasma gas flow rate is 2 SLPM and 
the carrier gas is 0.5 SLPM. After passing through the 
pneumatic nebulizer, the carrier gas creates an aerosol 
from drops of TiO2 which is added to the plasma gas and 
flows along with it into the plasma jet quartz tube. After 
passing through the gap between two electrodes, this gas 
becomes a plasma and is radiated to the surface of the glass 
substrate. The distance between the substrate and the 
plasma nozzle is 3 mm. The surface of the glass substrates 
is completely cleaned and free of any contamination with 
acetone, ethanol, and deionized water before the coating. 
The prepared solution is converted into small droplets with 
sizes of 2 to 10 micrometers by a nebulizer. These tiny 
droplets are suspended in the plasma for a very short time. 
Active plasma species, especially electrons, hit the surface 
of the droplets suspended in the plasma, and penetrate the 
surface of the droplets. 

The creation of TiO2 nanostructures in this research 
includes two steps. In the first step, powdery TiO2 crystal 
structures were obtained through microwave 
hydrothermal method and dissolved in water. In the second 
step, using a nebulizer, the solution containing TiO2 is 
broken into smaller particles to be uniformly distributed as 
suspended droplets in the Ar plasma gas. Finally, the 
studied surface was coated using a cold plasma jet. 
Together, these two gases (the gas containing TiO2 
nanostructures and the Ar gas) provided the necessary 
combined plasma for layering. After coating, the samples 
were dried in an oven at 120 degrees for 30 minutes. In the 
next step, the layers were placed in 0.5 mM of N719 
solution for 24 hours. 

2.3 The cathode and the cell fabrication 

To introduce the electrolyte-containing 𝐈−/𝐈𝟑
−, using a 

miniature drill, a single small hole was created on the FTO 
substrates, and the substrates were washed completely.  

Then a drop of 10 mM H2PtCl6 solution was dripped on 
the FTO substrates and after drying, they were heated at 

450 degrees for 30 minutes. The photoanode and cathode 
prepared in the previous steps were glued together. The 
electrolyte containing, I− / I3− entered the cell by creating a 
vacuum from the side of the hole installed on the counter 
electrode. Finally, using glass and glue, the hole was 
completely covered. 

 

3. Results and Discussion 

Fig. 2 shows the images obtained from SEM and TEM 
analyses. Using DigiMizer software, the average size of 
seeds, and using Origin software and the normal log 
function, standard deviation, and a column graph of seed 
abundance in different intervals have been drawn [16]. 
After obtaining the grain size randomly by the DigiMizer 
software, the data were fitted using the Origin software 
with the log-normal function, and the average grain size 
and standard deviation were obtained using the following 
formulas. 

𝐹(𝐷) = (2𝜋𝜎𝐷)−1/2 𝑒
(
𝐿𝑛(𝐷 𝐷0⁄ )2

2𝜎2 )
 

(1) 

 

< 𝐷 >= 𝐷0𝑒(𝜎2

2⁄ ) (2) 

 

𝜎𝐷 =< 𝐷 > √𝑒𝜎2
− 1 (3) 

 
𝐷0 and 𝜎 are constant parameters, 𝐷 is the average 

particle size and 𝜎𝐷 is the standard deviation (Fig. 2). 
 

 
 

Fig. 2. The SEM analysis results of the unmodified and plasma-modified 

FTO 

D0, the standard deviation and average diameter of the 
particles on the surface for the unmodified sample without 
plasma coating (Fig. 2c) are 71.45, 0.42, and 87.63 nm, 
respectively, and for the sample modified by plasma by 
TiO2 nanostructures (Fig. 2d). 103.76, 0.39, and 121.27 nm 
are estimated. Fig. 3 shows the SEM image of TiO2 powder 
obtained by the microwave hydrothermal method, which 
shows its crystallinity phase before it is dissolved in water 
and placed in the nebulizer. 
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Fig. 3. The SEM analysis results of the TiO2 powder in this research. 

Fig. 4 shows the X-ray diffraction pattern for the 
unmodified and the plasma-modified sample by TiO2 
nanostructures. It can be seen that the diffraction pattern 
has peaks that represent planes (101), (103), (004), (112), 
(002), (105), (211), (204), (116), (220), (215), and (224). 
These plates confirm the TiO2 crystallinity phase. Also, the 
diffraction pattern for the modified surface shows higher 
peaks, which are related to TiO2, while these peaks are also 
present in the unmodified sample surface with lower 
intensity [17]. 
 

 
Fig. 4. The XRD analysis results of the unmodified (down) and plasma-

modified DSSC (up) 

The optical spectroscopy method was used to 
investigate the specific surface of semiconductors. The 
photoanode layers were placed in 0.1M sodium hydroxide 
(NaOH) solution with ethanol solvent for one hour to 
separate the N719 pigment from the surface of the 
nanostructures [18]. The obtained pink solution was 
poured into a quartz cell and its absorption spectrum was 
measured (Fig. 5). Based on pigment absorption and 
solution concentration measurement using Beer-Lambert 
law (𝐴 = 𝜀𝑏𝑐), the amount of pigment loaded in the 
photoanode structure modified with plasma containing 
TiO2 nanostructures was estimated to be 9.78 mol/cm2 and 
8.01 mol/cm2 for the unmodified surface. In the Beer-
Lambert law, 𝐴 is the absorption coefficient, 𝜀 is the molar 
absorption coefficient of pigment N719, 𝑐 is the 
concentration, and 𝑏 is the length of the part of the solution 
that is placed in the light path. 

 

 
Fig. 5. The absorption spectrum of pigment N 719 in 0.1 M NaOH solution 

with ethanol solvent of the unmodified (down) and plasma-modified DSSC 

(up) 

Fig. 6 shows the current-voltage curve and the 

parameters obtained from the current-voltage curve for 

solar cells in two states modified with plasma containing 

TiO2 nanostructures and without modification. The short 

circuit current density (Jsc) for plasma-modified cells is 

increased compared to unmodified cells. The increase in 

specific surface area in plasma-modified semiconductors 

has absorbed more dyes and more photons have been 

converted into excitons. This factor has caused an increase 

in Jsc in solar cells modified by plasma-containing TiO2 

nanostructures [19, 20]. 

 

Fig. 6. The current-voltage curve of the solar cell of the unmodified sample 

(down) and plasma-modified sample by TiO2 nanostructures (up) 

Table 1. Parameters obtained from the current-voltage diagram 

Sample Voc 
(volt) 

Fill 
factor 

Jsc 
(mA/cm2) 

Efficiency 
(%) 

FTO without 
plasma 

treatment 
 

0.65 0.28 21.67 5.11 

FTO with 
plasma 

treatment by 
TiO2 

nanostructures 

0.67 0.28 19.16 5.62 
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Open circuit voltage (Voc) and fill factor (FF) did not 
show significant changes for both samples. The best 
efficiency was obtained for solar cells modified with 
plasma-containing TiO2 nanostructures. 

Electrochemical impedance spectroscopy (EIS) analysis 
was performed on cells based on different photoanodes 
[21]. Fig. 7 shows the Nyquist diagram of cells under 
exposure conditions. In each Nyquist diagram, two 
semicircles are observed. Rct1 and CPE1 (constant phase 
element) correspond to the charge transfer resistance and 
capacitance at the electrolyte/counter electrode boundary 
(small semicircle), Rct2 and CPE2 correspond to the 
resistance Charge transfer and capacitance at the 
electrolyte/photoanode interface (large semicircle) and Rs 
are resistances due to junctions. Electrochemical 
parameters are obtained from impedance spectrum fitting. 
Rct2 was 18.3 Ω for the unmodified cell and 14.2 Ω for the 
plasma-modified cell containing TiO2 nanostructures. It is 
known that the reduction of the resistance at the boundary 
between the electrolyte/photoanode has increased the ion 
transfer rate and led to an increase in the current in the cell. 
The results of this analysis confirm the data obtained from 
the current-voltage characteristic curve well. 
 

 
Fig. 7. Nyquist diagram (EIS) for DSSC of the unmodified sample (down) 
and plasma-modified sample by TiO2 nanostructures (up) 
 

4. Conclusions 

In this research, the microwave hydrothermal method 
was used to prepare TiO2 nanostructures for use in the 
plasma coating machine. After modifying the surface of the 
DSSC plasma brush, its performance was investigated with 
the unmodified sample. For comparison, coated TiO2 

nanostructures were used as anodes in dye-sensitized solar 
cells. DSSC surface modification by the plasma method led 
to the absorption of more pigment molecules and an 
increase in the closed-circuit current in the cells. Plasma 
modification by TiO2 nanostructures strengthened the 
connections between the semiconductors of these 
nanostructures and pigment molecules. In addition, the 
presence of these nanostructures on the surface of the 
DSSC increased the contact surface between the electrolyte 
and the anode and thus improved the performance of the 
photovoltaic cell. The results of the impedance spectrum 

also confirmed the data obtained from the current-voltage 
characteristic curve. 
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