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Article’s Information Abstract

Dye-sensitized solar cells (DSSC) have garnered significant interest in
recent years because of their comparatively affordable production
expenses and the potential to utilize flexible and transparent substrates.
A widely used approach to enhance the efficiency of DSSCs is the
optimization of the photoanode components by the introduction of metal
or metal oxide doping in TiO2 nanostructures. In this work, the exclusive
gel technique is used to produce nanoparticles of TiOs2, ZnO, and ZnS.
Additionally, we prepared a ZnO/ZnS nanocomposite by mixing these
materials in specific weights in an ethanolic solution. All prepared
materials were characterized using scanning electron microscopy (SEM),

Received: 23.06.2024
Accepted: 29.07.2024
Published: 15.03.2025

Keywords: energy-dispersive X-ray spectroscopy (EDX), and high-resolution X-ray
Dye-sensitized solar cells, diffraction (XRD). The doctor blade approach was used to prepare three
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metal oxide, nanoparticles. The 6% wt of ZnO/ZnS doped TiO2 resulted in an
nanocomposite enhancement in power conversion efficiency (PCE), reaching 4.92 %. This

may be attributed to an increase in the short-circuit current density (Jsc)
to 9.60 mA/cm2 and the open-circuit voltage (Voc) to 0.81 V, which
represents a 20% enhancement compared to the undoped photoanode.
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1. Introduction that is an alternative to the conventional types of

Energy is one of the most important requirements for
development as well as a key source of economic
growth. Many promising technologies are being
reported in the direction of harnessing energy from
renewable sources [1]. Solar cells are important and
have become quite popular for their worldwide
applications [2]. However, the commercial success of
any solar-cell technology depends on the
manufactured cost per unit watt. The cost is very
high for the preparation and purification of
commercial solar cells, such as monocrystalline Si,
polycrystalline Si, and amorphous Si, [3, 4], which
leads to an increase in the cost of the individual solar-
cell units. Therfore, Dye-sensitized solar cell (DSSC)
is a third-generation photovoltaic (PV) technology

solar cells [5, 6]. The main advantages of the DSSC
represent the best utilization of incident photons and
the possibility of fabricating large-area, lightweight,
flexible, and lower-cost ultrathin devices using a fast,
low-temperature fabrication process [7,8]. The
structure of a typical DSSC consists of a number of
components such as transparent conducting oxide
(TCO) coated glass slide that serves as the conducting
and collecting electrode, a layer of highly porous
metal oxide coated on TCO slide for the electron
transportation, a sensitizer such as organic or
organometallic dye adsorbed in the metal oxide layer
for the light-absorption, a layer of solid electrolyte
covering the metal oxide layer, a counter electrode
opposing to the nanoparticle layer to complete the
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circuit and a thin polymer spacer separating the two
electrodes to prevent a short contact. The high dyed
absorption, efficient charging across the nanoporous
metal oxide layer, and catalytic electrode reaction of
each component are vital to achieving high
photoconversion efficiency. The electrical energy is
actually generated by the flow of photogenerated
electrons via an external load. The efficiency and
stability of each component determine the
performance and reliability of the DSSC [9-12]. In
DSSCs, mesoporous semiconductor photoanodes are
crucial in light adsorption, electron transport and
collection [13]. However, the development of an
effective nanomaterial photoanode is very important
for DSSCs in converting sunlight into photo-excited
electrons [14]. Titanium dioxide (Ti02) has been paid
special attention due to its high charge separation
efficiency, both electron and hole mobility network,
large surface area, and the advantage of easy
fabrication of large-area and thin films [15-17].
Especially the high chemical stability and the
capability of inserting various metal complexes,
noble metals, or other oxides in nanoporous TiO2 thin
film make it the most employed photoanode for
DSSCs. Additionally, inorganic semiconductors such
as ZnS [18], CdS _[19], SnO2 [20], and WO3[21] have
been studied as the photoanodes of DSSC. Out of the
various inorganic materials, ZnS has gained much
attention both from experimental and theoretical
perspectives. ZnS is a wide band gap (3.7 €V), n-type
direct semiconductor with a large exciton energy (26-
60 mV), which has opened up a whole new area for
creating nanoscale devices such as blue- and green-
emitting electroluminescent diodes, field-emission
displays, photoconductors, and solar cells [22-24].
Varieties of metal oxide nanoparticles such as
ZnO0[25], Fes04[26], and Fe203 [27] are also used as
photoanodes, and each showed a significant effect on
photon-to-electron conversion efficiency based on
their sizes and surface areas. In this paper, we
prepared bimetal oxide ZnO/ZnS and co-doped it in a
different ratio (2%, 4%, and 6%) in TiO2 to improve
the performance of the photoanode in DSSC.

1. Materials and Methods.

1.1. General information

All starting materials and solvents were supplied by
TCI and Alfa Aesar, and all chemicals were used
without any purification. The structures, components
of the materials, and morphologies of all prepared
nanoparticles were recorded using a scanning
electron microscope (SEM) and energy-dispersive X-
ray spectroscopy (EDS) JOEL JSM-6460LV. The
high-resolution X-ray diffraction XRD was obtained
by Lab X- XRD 6000,Shimadzu, Japan

1.2. Synthesis method

a. Synthesis of TiO2 nanoparticles: Synthesis of
TiOz NPs were described in previous work
[28], with some modifications. 10 mL of
Ti(OBu)s was dissolved in 10 mL of absolute
ethanol, and the mixture was left to stir for
15 min. Meanwhile, 2 mL of (65%) HNO3 and
10 mL of deionized water were added to
another 40 mL of absolute ethanol, then the
mixture of Ti(OBu)s was added dropwise to
the acidic mixture and stirred for 20 min at
room temperature. The clear transparent sol-
gel appeared after 2 h; the obtained residue
was then separated by centrifuge. The solid
residue was dried at 75 °C for 10 h in air and
then calcined at 400 °C for 3 h.
Synthesis of ZnO nanoparticles: Synthesis of
ZnO NPs were described in previous work
[29]. 4.16 g of Zn(Ac)2.2H20 was dissolved in
100 mL deionized water and stirred for 15
min. 3.5 g of NaOH was dissolved in 100 mL
of deionized water and then dropped above
the prepared zinc acetate solution. The
mixture was left to stir for 1 h until the
precipitate appeared. The precipitate was
separated and collected by centrifuge, then
washed several times with deionized water.
The prepared ZnO nanoparticles were heated
at 70 °C for 10 h in an air and then calcined
at 400 °C for 3 h.
Synthesis of ZnS nanoparticles: Synthesis of
ZnS NPs were described in previous work
[30]. The co-precipitation technique was used
to prepare ZnS nanoparticles. 3.87 g of
NazS.9H20 was dissolved in 100 ml of
distilled water with a stir in the solution for
15 min. Then 2.83 g of ZnCl: was dissolved in
100 ml of distilled water with a stir at room
temperature for 15 min. The two prepared
solutions were mixed with each other, and
then a few drops of NaOH were added with a
stir for 30 min; after that, the white color
precipitate appeared due to the formation of
7ZnS. The precipitate was washed several
times in distilled water. The prepared ZnO
nanoparticles were heated at 70 C for 10 h in
an air and then calcined at 400 C for 3 h
Synthesis of ZnO/ZnS nanocomposite,
0.01mole of ZnO NPs was mixed with 0.01
mole of ZnS NPs in 50 mL of acetone. The
mixture was vigorously stirred for 30 min,
dried under vacuum, and heated at 100 °C in
an oven [24].
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1.3. Modification of DSSCs

DSSCs were modified by different working electrodes
using a ZnO/ZnS as a co-doped in different wight (2
wt%, 4 % wt, and 6 wt%) in mesoporous TiO2 NPs
film, as shown in Figure 1. Photoanodes were made
by grinding the TiO2 powder into a mortar and pestle
to improve its homogeneity. A paste was then made
by adding ethylene glycol to the powder at a 1:2 ratio
and grinding for 5 minutes. A different quantity of
Zn0/ZnS (2 wt%, 4 % wt, and 6 wt%) was added to
this paste and mixed until homogeneity was
improved. The paste was then coated onto an indium
tin oxide (ITO) glass sheet using the doctor blade

e f

method [6] with a thickness of approximately 4 mm.
The coated substrate was then sintered in a hotplate
at 250 °C for half an hour. After the ZnO/ZnS co-
doped TiO2 layer was cooled, the electrode was
immersed in a diluted solution of dye N912 (1 x 10-3
M) for about 24 h to allow adsorption of the dye
molecules onto the TiOz surface. The Au counter
electrode of the DSSCs was prepared by thermal
evaporating. The working electrode was clamped
with the counter electrode after adding redox
electrolyte solution (I3-/31-) . Finally, the prepared
DSSCs were tested in photovoltaics measurement
devices.

g h

Figure 1. Modification of DSSCs: a. paste coated in ITO glass sheet, b. aneling of paste at 250 °C. c., d., and
e. the photoanode coated in dye (N790), f. gold counter electrode, g. modified DSSC and h. DSSCs tested.

2. Results and Discussion

2.1. Nanoparticals characterization

Figure 2 illustrates the XRD of all prepared
compounds. All the peaks are intense and sharp,
which indicates that all the synthesized materials
have an excellent crystalline phase. TiO2 pattern
(Figure (2a)) shows a tetragonal anatase phase with
a clear diffraction form at the (101), (004), (200),
(105), (211), (204), (110), (220), and (215), which
agreement with standard data (JCPDS card no. 21-
1272). The XRD pattern of ZnO (Figure. 2(b))
illustrates the hexagonal wurtzite phase with

corresponding Miller indices (hkl) of (100), (002),
(101), (102), (110), (103), (200), (112), and (201)
respectively, and that was an agreement with
standard data (JCPDS card no. 00-036-1451) [24].
The pure cubic phase of ZnS was presented in an
XRD pattern (Figure (2c)) with a clear diffraction
form at the (111), (220), and (311), and that was in
agreement with the standard data (JCPDS card
No0.80-0020). The XRD of mixing nanocomposite
Zn0O/ZnS illustrates all diffraction peaks for ZnO
(hexagonal wurtzite phase) and ZnS (cubic phase).
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Figure 2. XRD pattern of a) TiO2, b) ZnO, ¢) ZnS, d) ZnO/ZnS

An SEM study was conducted to examine the
morphology of the thin film and determine its
homogeneity, crystallite size, and the presence of any
secondary phases in the ZnO/ZnS nanocomposite.
Figure 3 displays scanning electron microscope
(SEM) images of pure TiOs, ZnO, ZnS, and a ZnO/ZnS
composite at various magnifications. The scanning
electron microscope (SEM) picture of TiO:2 reveals
that the film has a granular and rough texture. This
characteristic makes it an ideal material for the
photoanode of a dye-sensitized solar cell (DSSC). The
roughness of the film indicates that it has a high
capacity to scatter light, which in turn enhances its
potential to collect light effectively from the cell.
While the film's porosity nature is beneficial for
facilitating the diffusion and adherence of dye to the

film, it poses a significant drawback for charge
transmission owing to the resistive hopping mode
between particles. The TiO: has a grain size of
around 12 nm. The higher magnification picture
reveals that the ZnS grains have a somewhat
consistent and homogeneous structure, with an
average dimension of roughly 30 nm. The ZnO/ZnS
nanocomposite exhibits distinct features when seen
at various levels of magnification. The photos clearly
show that the two metal oxides are well blended, with
no indication of any metal oxide forming on top of the
other. This conclusion is significant because if one
oxide is placed on top of the other, it will lead to the
trapping of charges at the dye/sensitizer, which
would prevent the injection of electrons into the
conductive substrate.
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Figure 3. SEM images of preparing nanoparticles a) TiO2, b) ZnO, ¢) ZnS, d) ZnO/ZnS
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An EDX test was conducted to determine the
elemental composition and chemical analysis of the
produced nanoparticles. Figure 4 displays the
outcome of the EDX study. Overall, it was
determined that all of the samples contained just the
original constituents, and no additional elements
were discovered. Furthermore, it is noteworthy to
demonstrate that the atomic percentages of 100%

N

indicate that the observed amounts of Zn, S, and O in
the nanocomposite are almost in a stoichiometric
ratio. The absence of data measurement from the
precipitated impurities may be attributed to the fact
that the EDX measurement region was limited to the
Zn0O and ZnS crystals. The EDX-mapping analysis
has shown that the ZnO/ZnS sample exhibits a high
degree of uniformity [18].

d) ZnO/ZnS

B

e) EDX mapping of Zn/S5/0

Figure 4. EDX analysis of a) TiOz, b) ZnO, ¢) ZnS, d) ZnO/ZnS e) mapping of Zn/S/O

2.2. Device Testing and Photovoltaic Performance

An ideal nanostructured electrode should combine a
large surface area with high adsorption of
chromophores such as N719 and N3 dyes and
speediness in the electron transfer processes of the
TiO:z film. This is particularly important once the
nanostructured photoelectrode employed in such

photovoltaic materials is light absorption since
multiple electron-hole pair generation becomes
relevant [20]. Thus speediness and efficiency of
photoelectrons generation are also keywords to
evaluate the TiO2 completion. It is clear that the
importance of nanostructured electrodes for
enhancing the performance of DSSC is a direct
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expression of factors that determine photovoltaic
efficiency. Such factors do not only include maximum
power generation but also the energy conversion rate
at the different processes in the photovoltaic device
[12, 31]. The extent to which the performance of
DSSC has beneficial from the development of
nanostructured thin films by doping TiO2 with
different metal oxide, which is derived from a high
density of photon absorption, which could equally
gain from using the same type of electrodes [12, 31].
The modified DSSCs Performance of the undoped
TiO2 and ZnO/ZnS doped TiO: (2%, 4%, and 6% wt.)
were investigated from current-voltage (I-V) testing
under standard test conditions (25 °C, 1 sun,
AM1.5G) (shown in Figure 5). I-V characteristics
provide information on the performance of the
DSSCs, and the results are illustrated in Table 1. The
following equation can calculate the power
conversion efficiency of DSSCs [6, 33]:

FF
(]SC X ‘/OC)

(D)

(ISC X I/OC X FF)
2 - (2)

The key parameters obtained from the IV curve are
the short-circuit maximum voltage (Vm), the
maximum current density (Jm), the short circuit
current (Jsc), the open circuit voltage (Voc), the fill
factor (FF), the incident light (Pin), and finally, the
power conversion efficiency (PEC) of the solar cell.
The Jsc of fabricated DSSC are directly affected by
the amount of ZnO/ZnS dopant in TiO2. When the
amount of doping increased, initially, the Jsc was
increased from (8.74 mA/cm2) for undoped TiO: to
(9.60 mA/cm?) for ZnO/ZnS 6%. According to the
results of Jsc, The ZnO/ZnS 6% photoanode has a
high electron diffusion coefficient and good electron
injection between the dye and the surface of the
photoanode. The surface properties and size of
nanoparticles of the modified photoanode could be
affected by the variation of Jsc. The best efficiency
(4.92%) was presented in ZnO/ZnS 6% doped TiOg,
and that improvement of around 20% in solar cell
devices compared to un-doped photoanode.

PCE = x 100

Table 1. The I-V curve characteristic of the three prepared nanocomposite

Types of photoanode Jse (mA/em?) | Voo (V) | FF (%) | PCE (%)

Undoped TiO2 8.74 0.63 62.58 3.71

Zn0/ZnS (2% wt) doped TiO2 8.77 0.69 62.68 3.93

7n0/ZnS (4% wt) doped TiO2 9.18 0.72 | 66.13 | 4.34

7n0/ZnS (6% wt) doped TiO2 9.60 0.81 | 66.91 4.92
10 4

" e TiO,
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g o
F
= 4
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Figure 5. I-V curve of TiO2, ZnO/ZnS (2%), ZnO/ZnS (4%), ZnO/ZnS (6%)
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3. Conclusions
The ethanolic mixing method achieved the synthesis

of a ZnO/ZnS nanocomposite, followed by
characterization by SEM, XRD, and EDX. The SEM
displays the two compounds at different

magnification levels, revealing a high degree of
mixing between them. The XRD of ZnO/ZnS analysis
reveals that the ZnO/ZnS mixture exhibits a
hexagonal wurtzite phase for ZnO and a cubic phase
for ZnS. The ZnO/ZnS nanocomposite, which had
been synthesized, was used as a dopant in various
proportions (2%, 4%, and 6%) with TiO2.
Subsequently, it was employed as a photoanode in
DSSCs. the results showed that adding 6% weight of
Zn0/ZnS doped TiO2 enhanced photovoltaic
performance, reaching 4.92%. which has a high Jsc of
9.60 mA/cms and Voc of 0.81 V suggests the presence
of a high electron diffusion coefficient and effective
electron injection between the dye and the surface of
the photoanode.
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