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Abstract: Photovoltaic systems, such as dye-sensitized solar cells (DSSCs), are one of the useful tools
for generating renewable and green energy. To develop this technology, obstacles such as cost and
the use of expensive compounds must be overcome. Here, we employed a new MoSz/graphene hy-
brid or composite instead of platinum in the DSSCs. Furthermore, the correctness of the preparation
of the MoSz/graphene hybrid or composite was evaluated by field emission scanning electron mi-
croscope (FESEM), and the results showed that the desired compound was synthesized correctly.
Inexpensive organic dyes were used to prepare the DSSCs, and their chemical structure was inves-
tigated by density functional theory (DFT) and cyclic voltammetry (CV). Finally, the DSSCs were
fabricated using MoSz/graphene composite or hybrid, and to compare the results, the DSSCs were
also prepared using platinum. Under the same conditions, the DSSCs with MoSz/graphene compo-
site illustrated better efficiency than MoS:/graphene hybrid or/and graphene.
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1. Introduction

Population growth leads to an increase in energy demand in the areas of household
consumption, industry, and technology. Therefore, it is necessary to develop new sources
of energy [1,2]. Solar radiation is one of the energy sources that has the mentioned char-
acteristics. Many studies have been conducted to harness this energy and effectively con-
vert it into other energies, such as electrical energy [3,4]. One of the emerging energy gen-
eration technologies that uses sunlight is dye-sensitized solar cells (DSSCs) [5,6]. DSSCs
are a very promising alternative to classical inorganic p—n junction solar cells as they com-
bine molecular systems and nanoparticles to create a device that mimics photosynthesis,
with the objective of turning sunlight into a renewable, reliable, and low-cost source of
energy closer to existence [7]. The components of a DSSC are: photoanode, photosensitiz-
ers (dyes), electrolyte, and counter electrode. Two important challenges to the widespread
development of this technology are the low efficiency and the high price of some of its
components [8].
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An important component that affects the cost of this technology is the counter elec-
trode. Platinum is used to prepare the counter electrode, which is not only expensive but
also an end-to-end resource [9]. Baskaran et al. considered the possibility of replacing plat-
inum on the counter electrode with Cu2ZnSnSs/MoSas. The solar cell constructed with plat-
inum had an efficiency of about 4.4%, while the efficiency with CZMOs was 4.07%. The
proximity of the results indicates the confirmation of the replacement of platinum with
the prepared nanocomposite [10]. Sarkar et al. investigated the performance of DSSCs
based on a new nanohybrid of CoNi:S: graphene oxide as a counter electrode. The results
showed that the DSSCs fabricated using RGO and CoNi2Ss have an efficiency of 3.44% and
5.78%, respectively. However, the use of the composite increases the efficiency up to
9.22%, which is in good agreement with the efficiency of platinum (9.51%) [11]. Research
shows that different derivatives of graphene oxide can be a suitable option to replace plat-
inum in the counter electrode.

In this paper, our aim was to investigate the replacement of platinum counter elec-
trodes with new graphene-based compounds. For this purpose, a composite and a hybrid
of graphene oxide (GO), MoSz, MoS2/GO nanohybrid, and MoS52/GO nano-composite were
fabricated and used in a DSSC. To investigate the effect of the prepared compounds, solar
cells containing both a Pt-free and a Pt counter electrode were fabricated. Organic dyes
(Figure 1) and N719 were used as photosensitizers in the prepared cells. The process of
synthesis of the organic dyes used as photosensitizers in this study has already been re-
ported in ref. [12].
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Figure 1. Chemical structure of photosensitizers.

2. Experimental
2.1. Materials

The J-V curves were studied using the Bunko-Keiki CEP-2000 system and flower-like
MoS: was synthesized through the hydrothermal method following our previous work
[13]. However, in the hybrid particles, the GO sheets were placed in a suspension of am-
monium heptamolybdate and thiourea before the hydrothermal process. In this case, the
MoS: sheets formed on the graphene sheets.

2.2. X-ray Diffraction

The phase series was confirmed by X-ray diffraction (XRD) and a Philips XRD dif-
fractometer using Cuy radiation at 40 KV, 30 mA, a step size of 0.05° (20), and a scan rate
of 1°/min. X'Pert software was used for qualitative analysis and the report of the diffrac-
tion peak width (rad, ) at full width half maximum (FWHM) for different 20 values ac-
cording to the location of the peaks (version 4.9.0).
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2.3. FESEM Analysis

FESEM is a magnification technique that allows magnification between x10 and
x300,000, making the information about the elements present and their topographic data
on the surface practically visible through an unlimited field depth. In this study, the
MIRA3TESCAN-XMU FESEM was inserted into the high vacuum portion of the micro-
scope through an exchange chamber and anchored to a moving stage. In the virtual
FESEM, the object can be moved in the horizontal and vertical directions on the screen by
pressing the arrows in the POSITION box. The detector types offered are the standard
lens detector SE, the high-efficiency Everhart-Thornley detector (ETD) SE, and the angle-
selective BSE detector. The in-lens detector SE is used to detect SE signals directly from
the sample surface.

2.4. Electrochemical and Density Functional Theory (DFT) and Cyclic Voltammetry Study

The cyclic voltammetry (CV) technique was used to study the electrochemical prop-
erties of the synthesized dyes. The three electrodes were used to study the oxidation po-
tential (Eox) in solution media. The counter and a Pt wire were chosen as counter and ref-
erence electrodes, respectively. The calibration routine in this technique was performed
with the redox pair Fc and Fc* [14,15]. Furthermore, the Gaussian software was utilized
for density functional theory (DFT) calculations [16].

CV measurements of the organic dyes were carried out in acetonitrile. The oxidation
potential (Eox) was measured using three small electrodes. A Ag quasi-reference electrode
(QRE) was used as the reference. Platinum wires were used as the working and the coun-
ter electrodes. All electrode potentials were calibrated with respect to the ferrocene
(Fc)/ferrocenium (Fc*) redox couplet. An acetonitrile solution (2 mL) of dyes containing
tetrabutylammonium perchlorate (0.1 mol dm-) and ferrocene (ca. 1 mmol dm-) was pre-
pared. The electrochemical measurements were performed at a scan rate of 100 mV s
[17].

2.5. Solar Cell Assembly

Nanocrystalline TiO: paste was coated onto an FTO coated glass substrate. The dye
was absorbed by dipping the coated glass for 18 h in an ethanolic solution of the organic
dyes. Finally, the film was washed with an acetonitrile-ethanol 1:1 mixed solvent.
Acenonitrile-ethylenecarbonate (v/v = 1:4) containing tetrabutyl ammonium iodide (0.5
mol dm=3) was used as electrolyte. Spray coating technique was employed to form GO,
MoSz, GO/MoS: nanohybrid, and GO/MoS: nanocomposite thin films as the counter elec-
trode. The dye-adsorbed photoelectrode, counter electrode, and the electrolyte solution
were assembled into a sealed sandwich type solar cell. An action spectrum was measured
under monochromatic light with a constant photon number (5 x 10'5 photon cm2 s71) [18].
J-V characteristics were measured under illumination with AM 1.5 simulated sunlight
(100 mW cm™?) through a shading mask (5.0 mm x 4 mm) by a Bunko-Keiki CEP-2000
system.

3. Results and Discussion
In the Modified-Scherrer method [19,20], when Ln f3 is plotted versus Ln (ﬁ) and

the least squares method is performed, the intercept gives Ln KT;‘, from which a single

Uka1

value for L can be obtained. K)LCT = elintercept); in the equation, K is the shape factor (K

=0.89), 7‘Cuka =(.15405 nm, L is the crystal size, and the intercept is related to the linear
equation. According to the XRD spectra (Figure 2), no amorphous phases were observed
and the sharp crystallite peaks belonged to 20 ~ 12.40°, except for dyes 7 and 8, which
were due to substitutions of the R1, R2, and phenothiazine derivative. Furthermore, the
crystallite size values ranged from 99 to 101 nm (Figure 3).



Micromachines 2023, 14, 2161

4 of 14

Intensity, count
e
+{—
-
-
F =N

T g T T T Y T T g T g T
5 10 15 20 25 30 35 40 45 50
20, Degree

Figure 2. X-ray diffraction spectra of dyes 1-8.
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Figure 3. Linear fit plots of the Modified-Scherrer equation and the obtained intercepts to calculate
crystallite size of dyes 1-8.

The morphology of graphene was studied using FESEM. All graphene shows wrin-
kled and flexible nanosheets with a thickness below 20 nm. As shown in Figure 4, gra-
phene exhibits a multilayered structure. Graphene flakes have a relatively large surface
area and interconnected three-dimensional graphene sheets [21]. Figure 5 shows an over-
view of MoS2/GO composites and the hybrid morphology prepared by simple mixing and
the hydrothermal method using surfactants, respectively. As shown in Figure 5, no iso-
lated MoS: particles or flakes can be seen in the MoS2/GO composites. In contrast, in the
hybrid sample, the MoS: layers are well distributed on the graphene surface [22]. Figure
6 shows microflowers of aggregated MoS: nanosheets in monolayer form. It shows spher-
ical particles composed of many layers of MoS: nanosheets below 20 nm [23].
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Figure 4. FESEM of the graphene flake.

Figure 6. (a) FESEM micrographs of flower-shaped MoS: nanoflakes on different scales and (b)
Zoom area.

In contrast to thick graphitic material, atomically thin 2D materials such as grapheme
have attracted much research interest as a possible platform for atomic diffusion barriers
and ionic tunneling layers [24]. Recently, there have been rapid theoretical and experi-
mental developments of elemental 2D materials in electrocatalytic reactions, including the
hydrogen evolution reaction (HER), oxygen evolution reaction (OER), oxygen reduction
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reaction (ORR), carbon dioxide reduction (CO2 RR), and N2 reduction reaction (NRR). The
most recent development in nanomaterials, especially 2D materials, provides enormous
opportunities for high-performance solar cells beyond conventional bulk materials. Nota-
bly, some elemental 2D materials with high carrier mobility and tunable band gaps are
considered to be promising candidates for solar cells. Many theoretical studies have in-
vestigated the potential of elemental 2D materials in solar cells [25]. Nikam et al. synthe-
sized MoS:z nanosheets on three-dimensional (3D) conductive MoO:2 via a two-step chem-
ical vapor deposition (CVD) reaction. The 3D MoO:z structure can create structural disor-
ders in MoS: nanosheets (3D M052/M0Qz2). The MoS: nanosheets could protect the inner
MoQ: core from the acidic electrolyte in the HER. The high activity of the as-synthesized
3D Mo0S2/MoQ: hybrid material in HER is attributed to the small onset overpotential of
142 mV and a large cathodic current density of 85 mA cm-2 [26]. In this article, a series of
novel compounds based on graphene have been used to prepare the counter electrode in
the DSSCs.

The CV method is used to measure the energy level of organic dyes on a laboratory
scale. The information obtained by this method can be used to predict the behavior of dyes
in the solar device [27,28]. The oxidation potential of peal in acetonitrile for dyes 1-8 was
estimated to be +0.83, +0.85, +0.85, +0.82, +0.86, +0.85, +0.83, and +0.86 V vs. a normal hy-
drogen electrode (NHE), respectively. The LUMO level of the photosensitizers was ob-
tained at -1.29, —-1.33, -1.32, -1.30, -1.33, -1.34, -1.32, and -1.36 V versus NHE, respec-
tively. The results confirm our ability to use dyes in DSSCs as photosensitizers (Figure 7).
Silva et al. investigated the CV behavior of photosensitizers based on the tetrazole group.
The results showed that the presence of strong donor electron groups concentrates the
electron density of HOMO in addition to the effects of good adsorption on the semicon-
ductor when di methyl formamide (DMF) solvent was used for this test [29]. The com-
pounds used in this study dissolved well in acetonitrile, so this solvent was used for the
CV test. However, the results showed that the compounds used were capable of transfer-
ring electrons to the semiconductor layer and accepting electrons from the electrolyte.
Subsequently, the laboratory results were compared with the theoretical studies.

E[V] vs NHE 136 L o
s # d -1.34
Excited electron transfer iy -1.32 Lss -1.32
-1.29 -1.30
BB_J I I I I Electron injection
3.2 1.0 — 0.83 0.85 0.85 0.82 0.86 0.85 0.83 0.86
ev [
D1 D2 D3 D4 D5 D6 D7 D8 HOMO
2.0
} VB ‘ 3.0
TiO2
4.0

Figure 7. CV results of photosensitizers.

The catalytic activity of the electrode materials was examined by cyclic voltammetry
(CV) measurements. The results showed that two pairs of redox peaks can be observed,
with the negative pair belonging to redox reaction (1) and the positive pair belonging to
redox reaction (2):

I5 4+ 2e~ - 31~ 1)

3L, +2e” - 2[5 (2)
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The shape of the measured CV curves is similar to those observed in Pt CE, indicating
a similar electrochemical behavior to Pt CEs. For new materials, the current density of the
CV curve increased significantly, indicating higher catalytic activity. The improvement of
the electrocatalytic activity can be partially ascribed to the overall surface area that leads
to more diffusion pathways for the electrolyte species [30,31].

All calculations of the derivatives were performed using the Gaussian 09 program
package [32]. Quantum chemical calculations were performed and complete optimization
of all structures was done using a DFT method coupled to the TD-DFT/Becke-three-Lee-
Yang-Parr (B3LYP) hybrid/6-31g(d,p) level of theory [33]. No symmetry constraints were
used in the optimizations. To verify the nature of the stationary geometries, a harmonic
vibration frequency calculation was carried out to ensure that no imaginary frequencies
were located. Taking into account DFT calculations, the distributions of the highest occu-
pied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO), as
well as the orbitals of the transitions, were performed when the carbazole and/or pheno-
thiazine derivatives were coupled to the phenyl ring. Figure 8 illustrates the HOMO,
LUMO, and So of the organic photosensitizers. The amounts of HOMO ranged from -5.22
to —6.11 eV for the dyes in tandem. Dye 4 showed the highest value of the HOMO distri-
bution (6.11 eV), and, in comparison, it is due to the chemical structure that the simulta-
neous substitution of 2-cyanoacrylic acid (CsHsNO2) and iodide (I) in the carbazole deriv-
ative increases the HOMO value. Moreover, HOMO shows that the introduction of groups
at these sites has a remarkable effect on the orbital properties of the molecule, affecting
both the energy band gap and the photovoltaic properties. In addition, LUMO values of
-1.95, -2.56, -2.06, —2.67, -2.09, -2.68, —2.18, and —2.78 eV were calculated for dyes 1-8,
respectively. The special substitution was performed in the LUMO region, and the simul-
taneous use of C4HsNO:z and I on the phenothiazine derivative showed that the LUMO
shifted to a higher energy level of 2.78 eV. To study and predict the interactions with the
solid surface, conceptual density function theory (CDFT), i.e., electronic chemical poten-
tial pu (Equation (3)), chemical hardness n (Equation (4)), and global electrophilicity w
(Equation (5)), has been widely used to study and explain the reactivity of organic dyes
[33,34].

W= EHOMO'Z"ELUMO 3)

N = Erymo — Enomo 4)
_»

® = ®)

The calculated values of |, 1, and w are listed in Table 1. According to the results in
Table 1, the p of dye 5 (-3.65 eV) is higher than that of the other dyes. Therefore, through-
out the adsorption process, the electron transfer ratio is higher for dye 5 and has the ability
to evade the orientation of the electrons. Consequently, dye 5 behaves as a nucleophile,
while dye 4 reacts as an electrophile, as is confirmed by the higher HOMO value of dye 4.
In terms of the w index, dye 8 exhibits high electrophilicity values and therefore has a high
reactivity of nucleophiles [35]. According to the 1) values, dye 8 is the softest among the
dyes, while dyes 1 and 3 are the hardest. Therefore, dye 8 has a low excitation energy and
the electron density is easy to change, while the large excitation energy or electron density
of dyes 1 and 3 is very difficult to change [36].
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Figure 8. The optimized molecules @ So and HOMO-LUMO distribution of the dyes.

Table 1. Calculated quantum chemical parameters of dyes.

Dye 1 2 3 4 5 6 7

8

n (eV) -3.87 -4.30 -3.98 —4.39 -3.65 -4.17 -3.78
n (eV) 3.85 3.49 3.85 3.44 3.13 2.99 3.21
w (eV) 1.95 2.65 2.06 2.80 2.13 291 2.23

—4.28
3.01
3.05
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Furthermore, the EnL values were recorded as 3.85, 3.49, 3.85, 3.44, 3.13, 2.99, 3.21,
and 3.01 eV for dyes 1-8, respectively. It is obvious that C4HsNO: and I as substituents
simultaneously on the phenothiazine derivative decrease the EnLvalue. TD-DFT results
were carried out with optimized So geometries and considering the solvation effects of
dichloromethane using the C-PCM model [33,37]. TD-DFT uses different functions for the
interpretation of absorption molecule spectra [38,39]. Moreover, DFT functions were used
to measure the absorption behavior and compare it with experimental data. Taking the
transitions into account, the theoretical UV-Vis spectrum was determined at the relativ-
istic level using Gaussian software (Figure 9). The maximum wavelength values extracted
from the calculations of DFT agreed well with the experimental maximum wavelengths
of the dyes. It is clear that dyes 6 and 8 showed visible spectra in the range from 400 to
600 nm, because the LUMO values of these dyes were higher due to the lowest optical

bandgap energy (evaluated from the edges of the theoretical UV-Vis of the dyes, E
1240

Sopt =

). In an overall comparison of these groups, it was noticed that the HOMO values
onset

were higher when the carbazole derivative was chosen as the HOMO part rather than the
phenothiazine derivative. It was interesting to note that using the phenothiazine deriva-
tive as the HOMO part of the absorption spectrum showed a better visible range as dyes
5, 6, 7, and 8 showed maximum wavelength values of 457, 466, 440, and 466 nm in the
visible range.
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Figure 9. Simulated absorption spectra at TD-DFT/B3LYP/6-31g(d,p) of dyes.

We overlay with the CIE photopic spectral luminous efficiency function, which rep-
resents the average spectral sensitivity of human visual perception to light. The average
visible light transmission (AVT) through the photoanode was calculated based on the fol-
lowing equation (Equation (6)) [40]:

e TOXV@A)XS(A)dA
AVT (%) = Sy xS dA ©)
where T(A) is the transmission of the sample, V(A) is the photopic spectral luminous effi-
ciency function, and S(A) is the AM 1.5 g solar spectrum [34]. AVTs (%) of dyes 1-8 are
83.7,82.5, 82.6, 88.1, 81.6, 85.6, 88.6, and 87.9%, respectively. Thus, all dyes are very prom-
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ising candidates as photosensitizers for highly transparent DSSCs. This trend in AVT val-
ues could be in contrast with the fact all dyes have a good molar attenuation coefficient
(¢) in solution [40,41].

In this study, titanium dioxide was used as the semiconductor in the photoanode.
Titanium dioxide is one of the best metal oxides for use in DSSCs, and its optimization
and restructuring have been the subject of numerous studies [42]. However, one of the
most important and influential components of the cost of a DSSC is the counter electrode.
In this research, new compounds were used as the counter electrode and their perfor-
mance was investigated in comparison with platinum. The organic dyes used as photo-
sensitizers in DSSCs are based on indoline (dyes 1-8). Platinum was used as a counter
electrode in the fabrication of solar cells with these compounds. The efficiencies obtained
for dyes 1 to 8 and N719 in the structure of the platinum DSSCs are: 2.98, 3.69, 4.31, 5.87,
2.11,2.95,3.71, 3.98, and 9.48%. To remove the expensive platinum, graphene oxide (GO),
MoSz, GO-MoS: nanohybrid, and GO-MoS: nanocomposite were investigated. The photo-
voltaic performance of each DSSC device with TiOz is summarized in Tables 2-5. Further-
more, the results show that the performance of the photosensitizers containing cy-
anoarylic acid is better than that of the compounds lacking this substitution. The level of
photocurrent depends on the chemical structure of the dye and the ability to bind effec-
tively with the semiconductor [43,44]. Consequently, a decrease in photocurrent indicates
poor bonding between the dye and the nanosheet [45].

Table 2. Photovoltaic data of DSSCs containing GO as counter electrode.

Dye Jsc (mA-cm2) Voc (V) FF n (%)
1 5.12 0.45 0.46 1.06
2 6.16 0.51 0.42 1.32
3 7.59 0.53 0.44 1.77
4 9.09 0.52 0.44 2.08
5 3.08 0.54 0.44 0.73
6 4.81 0.51 0.44 1.08
7 3.86 0.51 0.66 1.30
8 5.92 0.54 0.45 1.44
N719 12.92 0.68 0.42 3.69

Table 3. Photovoltaic data of DSSCs containing MoS2 as counter electrode.

Dye Jsc (mA-cm™?) Voc (V) FF (%) n (%)
1 7.29 0.57 0.63 2.62
2 9.04 0.64 0.60 3.47
3 10.28 0.62 0.64 4.08
4 12.62 0.64 0.64 5.17
5 4.39 0.65 0.64 1.83
6 9.01 0.55 0.45 2.23
7 7.73 0.65 0.65 3.27
8 8.16 0.66 0.65 3.50
N719 16.68 0.84 0.62 8.68

Table 4. Photovoltaic data of DSSCs containing GO-MoS:2 nano-composite as counter electrode.

Dye Jsc (mA-cm™) Voc (V) FF (%) 1 (%)
1 8.17 0.55 0.63 2.83
2 9.52 0.62 0.61 3.60
3 10.30 0.63 0.65 422
4 14.39 0.62 0.64 5.71
5 4.90 0.63 0.65 2.01
6 7.13 0.62 0.64 2.83
7 8.73 0.62 0.65 3.52
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8 8.87 0.64 0.66 3.75
N719 18.65 0.81 0.62 9.37

Table 5. Photovoltaic data of DSSCs containing GO-MoS: nano-hybrid as counter electrode.

Dye Jsc (mA-cm™) Voc (V) FF (%) 1 (%)
1 7.71 0.57 0.63 2.77
2 9.40 0.62 0.61 3.558
3 9.98 0.65 0.64 415
1 13.67 0.64 0.64 5.60
5 471 0.65 0.64 1.96
6 6.69 0.64 0.64 0.74
7 8.32 0.64 0.65 3.46
8 8.64 0.66 0.65 3.71

N719 17.40 0.85 0.62 9.17

Graphene oxide has poor electrocatalytic properties that reduce the efficiency and FF
values of DSSCs. For example, the efficiency of a dye 6 in a DSSC with a platinum counter
electrode is about 5.87%, but this value is reduced to 64% by changing the counter elec-
trode to graphene oxide, which is about 3.93%. Suriani et al. used graphene oxide and its
hybrid with platinum to fabricate a solar cell. They used the spray coating technique to
fabricate a thin film. Moreover, the efficiency of the DSSCs with graphene oxide as the
counter electrode is about 23% of that of DSSCs with platinum as the counter electrode. It
is important to note that the use of a hybrid of graphene oxide and platinum improves the
efficiency of the DSSCs by 5% compared to the platinum-individual DSSCs [46,47]. In an-
other study, Tamilselvi et al. investigated the effects of using graphene oxide and its hy-
brid with NiSez. The results showed that the performance of the DSSCs was improved by
about 57% in the presence of the graphene oxide-NiSe2 hybrid [48]. Due to the significant
reduction of efficiency in the presence of graphene oxide as a counter electrode of DSSCs
found in this and other studies, the use of a hybrid or composite of graphene oxide seems
necessary. One of the proposed components to optimize the performance of graphene ox-
ide in DSSCs is MoS:. Francis et al. fabricated a new configuration of MoS: using a hydro-
thermal process. The morphological structure of the desired composition was confirmed
by XRD and FESEM methods. Further, a spin coating method was used to fabricate the
counter electrode of MoS:. The efficiency of the DSSCs fabricated with this counter elec-
trode was about 4.50% [49]. Silambarasan et al. prepared a composite using a combination
of graphene oxide and MoS: as a counter electrode for DSSCs. The efficiencies of DSSCs
containing platinum, MoSz, and the fabricated composite were 5.17, 2.01, and 4.65%, re-
spectively. As can be seen, the efficiency of composite-based DSSCs is very close to that
of platinum [50]. The use of MoS: to fabricate a suitable hybrid or composite of graphene
oxide is a new approach to reducing the cost of DSSC technology. In this study, a hybrid
or composite of graphene oxide and MoS: was prepared as a counter electrode for use in
DSSCs. The results showed that the efficiency of DSSCs using hybrids and composites is
similar to platinum up to 95%. In other words, these compounds can replace platinum.

Although PCE and AVT are often inversely related, as discussed, all photovoltaic
technologies have potential applications. Progressive development warrants new com-
pound figures of merit beyond PCE and AVT that allow for improvements to be refer-
enced across various technologies. Light utilization efficiency (LUE) metric was calculated
by Equation (7) [41].

LUE =PCE x AVT (7)

This metric enables comparison between technologies against theoretical limits and
also represents an overall system efficiency: for example, in a window or display applica-

tion, this would be the combination of generated power efficiency and overall lighting
efficiency (that is, the transmitted light per incident lighting power). A device with a high
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LUE could be applied over a window to provide power without blocking natural light
from entering the room to reduce the need for artificial lighting during daylight hours
[40]. The LUE value obtained for DSSCs was in the range of 41-44%.

4. Conclusions

In this research, two types of hybrids and composites were prepared from the com-
bination of graphene oxide and MoS: for use in the counter electrode of DSSCs by the
hydrothermal method. All graphene shows wrinkled and flexible nanosheets with thick-
ness below 20 nm. No isolated MoS: particles or flakes can be seen in the M0S2/GO com-
posites. In contrast, in the hybrid sample, the MoS: layers are well distributed on the gra-
phene surface. The LUMO level of the photosensitizers was obtained at -1.29, -1.33, -1.32,
-1.30, -1.33, -1.34, -1.32, and -1.36 V versus NHE, respectively. However, the results
showed that the compounds used were capable of transferring electrons to the semicon-
ductor layer and accepting electrons from the electrolyte. The results show that the con-
ductivity characteristics of hybrid and composite GO/MoS: prepared from their compo-
nents (GO and MoSz) are higher and can be a suitable option to replace platinum in DSSCs.
Graphene oxide has poor electrocatalytic properties that reduce the efficiency and FF val-
ues of DSSCs. Eight dyes based on indoline and N719 as a standard dye were used as
sensitizers in the DSSCs containing crystallite size values ranging from 99 to 101 nm. The
AVTs (%) of dyes 1-8 are 83.7, 82.5, 82.6, 88.1, 81.6, 85.6, 88.6, and 87.9%, respectively.
Thus, all dyes are very promising candidates as photosensitizers for highly transparent
DSSCs. Finally, the DSSCs were prepared and evaluated using organic dye, a titanium
dioxide photoelectrode, and five different counter electrodes (GO, MoSz, GO-MoS: nano-
hybrid, and GO-MoS: nano-composite, Pt). The results showed that the efficiency of
DSSCs using hybrids and composites is similar to platinum up to 95%. In other words,
these compounds can replace platinum. The LUE value obtained for DSSCs was in the
range of 41-44%.
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