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 Abstract: Nanoparticles and nanocomposites prepared by the hydrothermal method 
(ZnO, ZnO/MnO2) were used to build dye-sensitized solar cells (DSSCs), which were used 
as photoelectrodes using two natural dyes as the absorbent media: red (Hibiscus 
sabdariffa) and green (Apium graveolens). The results showed the efficiency of the green 
dye in DSSCs is superior to the red dye in terms of conversion efficiency (η). The purpose 
of the study is to improve the performance of dye solar cells. The properties of 
nanomaterials were studied by X-ray diffraction (XRD), scanning electron microscopy 
(FE-SEM), and transmission electron microscopy (TEM) for the analysis of ZnO NPs and 
ZnO/MnO2, whereas the sizes of the prepared materials are within the size of 1–100 nm. 
The solar cell parameters were obtained from simple (I-V) measurements for 
nanomaterials prepared using two-dye DSSCs where Isc represents the short circuit 
current through the solar cell when the voltage across the solar cell is zero, and Voc 
represents the open circuit voltage across the solar cell and is the maximum voltage 
available from the solar cell. The photoelectrochemical properties of the two dye DSSCs 
in this study were calculated at 22.53 mW/cm2 of the light intensity. 

Keywords: semiconductors; nano chemical synthesis; photoelectrodes; establishment of 
DSSCs; conversion efficiency 

 
■ INTRODUCTION 

Concerns about greenhouse gas emissions and 
climate change have increased along with the 
corresponding energy demands as the world's population 
keeps growing [1-2]. Dye-sensitized solar cells (DSSCs) 
[3], organic solar cells (OSCs) [4], and perovskite solar 
cells (PSCs) [5-6] are examples of third-generation 
photovoltaic technologies that have been developed using 
inexpensive, simple, plentiful materials, and scalable 
fabrication techniques. Nonetheless, they are perfect for 
portable electronics [7] since they can be produced as 
small, light, and flexible solar modules [8-9]. 
Furthermore, they are potential for ambient energy 
harvesting for the wireless sensors used in internet of 
things (IoT) devices due to their excellent efficiency in low 
light, which beats other existing technologies under 
typical indoor conditions. [7,10-12]. In this article, new 

materials that can be used to create high-performance 
DSSC-based photovoltaic devices have recently made 
strides [13-22]. Together with the increased possibilities 
for their potential incorporation in portable electronics, 
wireless sensor networks, and IoT devices [12], 
innovative DSSC device designs that have emerged in 
recent years using alternate redox shuttles and catalyst 
materials are discussed. The development in the related 
materials is also compiled in this study, showing how 
each functional component of a DSSC has been 
enhanced using new materials and production 
techniques. Also, a method for creating a novel cell 
design is given, which might be accomplished soon with 
the use of scalable fabrication techniques. Hydrothermal 
was used to create nanomaterials in this study because of 
the ease and speed of the method as well as the formation 
of high-purity nanomaterials in a short time. 
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■ EXPERIMENTAL SECTION 

Materials 

Chemicals used in the preparation of zinc oxide 
nanoparticles included Zn(NO3)2·6H2O purchased from 
Thomas baker (India) with a purity of 98%, sodium 
hydroxide (NaOH) from Fluka with a purity of 97%, and 
ethanol (C2H5OH) Riedel-De-Haen AG, (Germany), 
100% pure. 

The ZnO/MnO2 nanocomposite was prepared using 
manganese chloride tetrahydrate (MnCl2·4H2O) from 
Thomas baker (India) with a purity of 98%, and the zinc 
chloride (ZnCl2) from Thomas baker (India) with a purity 
of 99%. In addition, urea (CH4N2O) from Thomas baker 
(India) with a purity of 98%, and ethylene glycol (C2H6O2) 
Merck, (Germany) with a purity of 99.9% were used as 
well. The materials used in the preparation and 
application of solar cells included iodine (I2) from Merck, 
(Germany) with a purity of 97%, potassium iodide (KI) 
from Thomas baker (India) with a purity of 97%, and 
acetic acid (CDH-INDIA) with a purity of 97%. 

Instrumentation 

A device autoclave (China), centrifuge Hettich 
EBA20 (Made in Germany), and field emission scanning 
electron microscopy (FESEM) TESCAN MIRA3 Hv 300 
Zeiss (Made in Germany) were used in this study. A 
magnetic-stirrer hot plate VS-130-SH(vision)/scientific 
co, LTD (Korea), programmable Keithley electrometer 
(2400)Tektronix Company, and pH-Meter HI 96107 
Water-Tester Reverse Osmosis/Hanna-Instrumentals 
(China) were used in this work. A sensitive balance 
electronic balance type ABS 120-4 Kern & Sohn GmbH, 
transmission electron microscopy (TEM): Zeiss EM 10 C, 
100 kV (Germany), and the electrical furnace 
(CARBOLITE) homemade were used in this study. A UV-
vis spectrophotometer single beam EMCLAB-11-U.V-
1100.Vis 200–1100 nm sinco (Made in Germany), UV-vis 
spectrophotometer double beam SCINCO Mega-2100 
(Korea), volt-meter DT-9205A CE Auto Power, and X-
ray diffraction (XRD) 2700 AB Haoyuan Co. (China) 
were used in this work. 

Procedure 

Synthesis ZnO of nanoparticles using the 
hydrothermal method 

ZnO nanoparticles are synthesized using 
hydrothermal technology. The materials used are 
Zn(NO3)2·6H2O and NaOH pellets. Throughout the 
experiment, all ingredients needed to make the ZnO 
nanoparticles were diluted in deionized water (DIW). 
Zinc nitrate solutions at a concentration of 0.5 M were 
prepared with continuous stirring for 30 min using a 
mild magnetic stirrer to completely dissolve 
Zn(NO3)2·6H2O in 30 mL of DIW. While this was 
happening, 30 mL of DIW was used to prepare a 5 M 
NaOH solution by agitating it for the same amount of 
time that the Zn(NO3)2 granules were dispersed. The 
NaOH solution is gradually added to the Zn(NO3)2 
solution with continuous stirring until the pH of the 
reactants reaches 12. This solution mixture is placed in a 
Teflon-lined autoclave made of stainless steel with a 
capacity of 70 mL and heated to 100 °C for 2 h in the 
electric oven. Then, we take out the autoclave and let it 
cool down gradually to room temperature. After 
washing the precipitate repeatedly with deionized water 
and ethanol, it was dried and collected [23-28]. 

Preparation of ZnO/MnO2 nanocomposites by the 
hydrothermal method 

A hydrothermal technique was used to produce the 
ZnO/MnO2 nanocomposite. The materials, 2.968 g of 
MnCl2·4H2O, 6.133 g of ZnCl2, and 2.342 g of CH4N2O, 
were mixed and dissolved in 150 mL of C2H6O2 under 
constant stirring for 30 min at 350 rpm under ambient 
conditions. Then the solution is transferred to an 
autoclave made of stainless steel and Teflon. The 
autoclave is closed and left in the oven for 24 h at a 
temperature of 200 °C. Then, the autoclave is taken out 
from the oven and left to cool at room temperature. 
Afterwards, the solution and the precipitate are 
separated by a centrifuge. Then, DIW mixed with 
ethanol is used to wash the sample several times until a 
precipitate is produced. The resulting material is then 
dried at 100 °C, crushed, and subjected to calcination at  
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600 °C for 6 h. After drying and cooling, the ZnO/MnO2 

nanocomposites appeared as a dark brownish-colored 
powder [29]. 

■ RESULTS AND DISCUSSION 

Characterization of Prepared Compounds 

XRD analysis 
The density and full breadth at half the maximum 

size and position were found through analysis of the XRD 
results. Peaks at 2θ, 31.67°, 34.34°, 36.20°, 47.46°, 56.54°, 
62.83°, and 67.91°, respectively, were observed in nine 
diffractions and corresponded to crystal levels of (100), 
(002), (101), (102), (110), (103), and (112). Broad 
neutrality and a sharper peak without any peak twisting 
were observed at (101) peaks. The analysis was that these 
many peaks showed crystals with irregular orientation. 
ZnO nanoparticles with an average crystal volume of D 

were created using the Debye-Scherer formula [30]. 
Hexagonal nanostructures are observed in ZnO. The 
XRD results obtained for the ZnO nanoparticles are 
consistent with previous literary studies (Fig. 1) because 
of their strong and narrow diffraction peaks, particularly 
in (100), (002), and (003). The XRD data breakdown 
demonstrates that the ZnO nanoparticles sample has a 
high degree of crystalline quality (101). Fig. 2 illustrates 
how XRD was used to describe the crystalline nature and 
crystal phases of the ZnO/MnO2. The diffraction peaks 
show that there are polycrystalline MnO2 and ZnO 
crystal planes present. According to sources, the 
composite consists of a cubic type MnO2 and a 
hexagonal phase of wurtzite type ZnO (JCPDS card 
number: 65-3411) and (JCPDS card number: 39-0375) 
[31] Using Scherrer's formula, the average crystal size 
ranges between 15.47 and 66.62 nm. 

 
Fig 1. X-ray diffraction pattern of ZnO nanostructures 

 
Fig 2. X-ray diffraction pattern of ZnO/MnO2 nanocomposite 
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FE-SEM analysis 
Fig. 3 displays FE-SEM images of ZnO 

nanostructures and ZnO/MnO2 nanocomposites created. 
The typical diameter is 23.63 nm, more proof that ZnO is 
formed as a tangle of nanoparticles may be found in Fig. 
3. The microstructural and textural properties of the 
prepared samples were decided by consulting the FESEM 
micrographs recorded at various scales. Fig. 4 shows the 
FESEM images of ZnO/MnO2 at different magnification 
values, which demonstrated that the nanocomposite 
particles are composed of highly fibrous, gritty, and 
porous microstructures of 13–65 nm diameters with 

vastly bumpy and uneven surfaces. Due to this, the 
surface area of the prepared is enhanced which has 
facilitated the adsorption and catalytic performance 
greatly. 

TEM analysis 
Analysis of TEM was employed to evaluate the 

created nanoparticles and nanocomposite materials. Fig. 
5 illustrates the spherical shape of ZnO nanoparticles 
with sizes between 17.99 and 77.40 nm. The nanoparticles 
of the ZnO/MnO2 nanocomposite are shown in Fig. (6) in 
terms of their shapes and sizes, and they range in size from 
62.48–68.99 nm. 

 
Fig 3. FE-SEM images of ZnO nanoparticles with a magnification of (a) 1 μm, (b) 2 μm, and (c) 4 μm 

 
Fig 4. FE-SEM images of ZnO/MnO2 nanocomposite with a magnification of (a) 100 nm, (b) 200 nm, and (c) 5 μm 

 
Fig 5. TEM images of ZnO nanoparticle with a magnification of (a) 250 nm, (b) 60 nm, and (c) 60 nm and an image 
of the oxide nanoparticles from another direction 
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Fabrication of Dye-Sensitized Solar Cells 

In order to prepare DSSCs, ZnO nanoparticles and 
ZnO/MnO2 nanocomposite were synthesized in the study 
and employed as a photoelectrode with two natural dyes 
as absorbent media: red dye from Hibiscus sabdarriffa and 
green dye from Apium graveolens. The I-V and 
characteristics of DSSCs made from nanosurfaces and 
natural dyes are shown in Fig. 7 and 8. As demonstrated 
in Table 1, the results indicated that the green dye 
improves the DSSCs conversion efficiency (η) over the red 
dye. There are various causes, one of which is the energy 
gap, which is different for the red and green dyes and is 

larger for the green dye. As a result, more ray wavelengths 
travel through the cells and are absorbed by the dye [32]. 
Second, since each of them has a unique surface area, 
there are differences between the surface areas of various 
nanomaterials. The effectiveness of the constructed 
DSSC rises as the green dye's adsorption on nanoscale 
surfaces increases. Moreover, due to the increased 
concentration of natural dye impurities, the current yield 
of DSSCs made with the natural red dye is lower than 
that of DSSCs rises as the green dye's adsorption on 
nanoscale surfaces increases. Moreover, due to the 
increased  concentration  of  natural dye  impurities,  the  

 
Fig 6. TEM images of ZnO/MnO2 nanocomposite with a magnification (a) 40 nm, (b) 40 nm and an image of the oxide 
nanoparticles from another direction, and (c) 150 nm 
 

 
Fig 7. I-V characteristics of prepared DSSCs nanoparticles 
and nanocomposite prepared with red dye 

 
Fig 8. I-V characteristics of prepared DSSCs nanoparticles 
and nanocomposite prepared with green dye 

Table 1. Photoelectrochemical characteristics of DSSCs (A = 5.4 cm2 red dye and 4.5 cm2 green dye) at 22.53 mW/cm2 
of light intensity 

Catalyst/dye ISC (mA) Voc (V) Imax (mA) Vmax (V) Pmax FF η % 

ZnO 
Red dye 0.980 430 0.974 368 358.43 0.8506 0.6640 
Green dye 1.000 435 0.980 380 372.40 0.8561 0.8276 

ZnO/MnO2 
Red dye 0.959 440 0.946 360 340.56 0.8071 0.6310 
Green dye 0.970 463 0.938 365 342.37 0.7623 0.7610 
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current yield of DSSCs made with the natural red dye is 
lower than that of DSSCs made with the green dye [33]. 
Also, the low intensity of 22.53 mW/cm2 of the light 
source used is another factor contributing to the low value 
found for the manufactured DSSCs and the use of carbon 
as the cathode electrode on the FTO solar cell's rear 
surface. Moreover, a conduction electrolyte composed of 
an I2/iodide solution is created. DSSCs produced using 
Keithley 2400 were used to measure the photovoltaic 
performance (Fig. 9). Most solar cell parameters can be 
obtained from simple I-V measurements. Table 1 shows 
the IV measurement of solar cells under forward 
prejudice and brightness. The short circuit current (Isc) is 
the current through the solar cell when the voltage across 
the solar cell is zero. The open circuit voltage (Voc) is the 
voltage across the solar cell when the current through the 
solar cell is zero and it is the maximum voltage available 
from the solar cell [34]. The maximum power point (Pmax) 
is the state under which the solar cell generates its 
maximum power. The current and voltage in this 
condition are defined as Imax and Vmax, respectively. The 
fill factor (FF) and the conversion efficiency (η) are 
metrics used to characterize the performance of the solar 
cell [35]. The fill factor is defined as the ratio of Pmax 
divided by the product of Voc and Isc. The conversion 
efficiency is defined as the ratio of Pmax to the product of 
the input light irradiance (E) and the solar cell surface area 
(Ac) (see Eq. (1–4)) [36]. 
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Preparation of the Anode Electrodes 

As mentioned earlier, the hydrothermal process is 
used to prepare the nanomaterials. A small amount of 
prepared nanomaterials is added and mixed with acetic 
acid and DIW (paste form) and spread on FTO glass 
plates as an anode electrode, one of the types of solar cells, 
leaving the  cell edges not  coated  with the  nanomaterial. 

 
Fig 9.  The measurement setup of the solar cells under the 
light effect using the Keithley device 

Then, the solar cell is placed in an oven at a temperature 
of 40–50 °C to dry sufficiently. The anode electrode 
prepared from the nanosurface and the FTO glass was 
immersed in the red dye solution (the first dye) in the 
vessel to allow it to adhere to the surface of the 
nanomaterial for 24 h in a dark place. Then, the solar 
cells were removed from the dye solution the next day 
and also dried in a dark place to obtain the anode 
electrode. The prepared binary nanocomposite 
(ZnO/MnO2) goes through the same steps to form the 
anode electrode in this way with the two dyes. 

In order to prepare the cathode electrode, carbon 
(craft) is applied to the solar cell's surface, leaving the edges 
unaffected. The cathode pole was therefore furnished. 

■ CONCLUSION 

ZnO nanoparticles and ZnO/MnO2 
nanocomposites were developed using a single-step 
hydrothermal process. ZnO nanoparticles and 
ZnO/MnO2 nanocomposites have been used as 
electrodynamic catalysts, and the effectiveness of 
nanomaterials (semiconductors) in the formation of 
DSSCs has been investigated. The use of solar cells in 
daily life applications was also performed because of 
their wide characteristics in terms of surface area and 
smallness, size and the power it provides. The study also 
shows the possibility of producing nanomaterials in 
several ways, including the simple chemical method. To 
know the effectiveness of the green dye on DSSCs 
compared to the red dye in terms of transduction 
efficiency (η). The effect of prepared ZnO nanoparticles 
and ZnO/MnO2 nanocomposites on the conversion 
efficiency (η) with the red (Hibiscus sabdariffa) and 
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green (Apium Gravolens) dyes was studied. One of the 
benefits of using different characterizations is to know the 
nature of the surfaces of nanomaterials and their 
effectiveness as photoelectrodes, in addition to their 
crystal structures and different shapes. We also conclude 
the possibility of developing solar cells using various 
nanomaterials to improve their work and electrical 
properties and use them in the future to provide energy 
and electricity at the lowest cost. The functionality 
improvement in solar cells is also affected by the size of 
the nanocrystals during the solid-to-solid phase 
transition. Therefore, phase control is a critical step. 
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