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Abstract

Exploiting cost-effective Pt-free counter-electrode materials with low-cost synthesis and high catalytic activity is crucial for dye-sensitized
solar cells. This paper introduces the sol-gel drop casting approach for preparing cobalt sulfide-doped graphene oxide (CoS/rGO). The cobalt
sulfide-doped graphene nanocomposite exhibits electrocatalytic properties comparable to conventional Pt electrodes as the counter electrode
(CE) in DSSCs. Cobalt sulfide-doped graphene nanocomposites were synthesized via a direct sol-gel approach as a low-cost substitute for Pt.
Characterization using X-ray diffraction, scanning electron microscopy/energy-dispersive/transmission electron microscopy, and UV-Vis
spectroscopy shows the successful formation of cobalt sulfide-doped graphene nanocomposites. The band gap energy of cobalt sulfide-doped
graphene is 3.05 eV, which is lower than rGO (3.252 eV), due to enhanced light absorption in the visible range imparted by rGO. The open
circuit voltage is 0.75 V, the short circuit current density is 17.88 mA/cm?, and the fill factor is 0.527. Under the illumination of AM 1.5
simulated solar light (100 mW c¢m™), the DSSC based on the proposed CoS/rGO CE achieved an efficiency of 7.0759 %.
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1. Introduction

Dye-sensitized solar cells (DSSCs) have attracted significant research interest as an alternative to silicon solar cell. DSSCs
have low cost and relatively high power conversion efficiency (PCE) [1]. Traditionally, a DSSC uses a nanocrystalline
titanium dioxide film coated with dye as the photoanode (PA), a Pt conductive glass as the counter electrode (CE), and an
electrolyte containing an iodide/triiodide (I~/I13~) redox couple placed between the PA and CE. As a result, developing a
novel customized material for the PA, CE, electrolyte, and dye to improve the DSSC's efficiency is important. The different
parts of the DSSC each serve an important purpose in how it functions. The CE significantly impacts the overall performance
of the DSSC as it collects electrons from the external circuit and passes them to the electrolyte by reducing triiodide 13~

Pt sufficiently fulfills the criteria for being a good CE material due to its very good electrical conductivity and electrocatalytic
properties. However, Pt's high expense presents a concern for the commercial viability of DSSCs that could be mass
produced, as the cost may be prohibitive [2].

Graphene (G) shows potential for various electronic [3] and optoelectronic applications [4] due to its high stability, flexibility,
electrical conductivity, and specific surface area. Among carbonaceous materials, G is an attractive option. Its catalytic
activity increases significantly when oxidized to form reduced graphene oxide (rGO) through oxidation and reduction
processes, without vastly decreasing conductivity [5, 6]. A DSSC using a functionalized G-based CE achieved an efficiency of
around 90% of a DSSC with a Pt-based CE [7]. Additionally, it was found that the FTO G Nano-platelet electrode was more
catalytic than a Pt electrode for regenerating a Co-based redox couple [8]. Recent research from multiple groups has reported
on rGO-based CE produced through thermal [9], chemical [10], electrochemical [11], and photo-thermal [12, 13] reduction of
GO, which could be used for costly Pt CE free [14].

DSSCs are a significant technology in renewable energy due to their cost-effectiveness [15]. They use low-cost materials and
simpler manufacturing processes, making them accessible for widespread use, especially in developing regions. Their
flexibility allows for integration into various surfaces, including textiles and building materials [16]. Additionally, their
lightweight nature makes them suitable for applications where traditional solar panels are impractical. DSSCs that incorporate
graphene oxide (GO) and titanium dioxide (TiO,) offer several advantages. GO improves the electrical conductivity of the
photoanode and increases light absorption due to its high surface area. This facilitates better charge transport and reduces
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electron recombination, boosting efficiency [1, 17-19]. Moreover, a combination of TiO, and GO leverages their strengths,
with TiO, providing excellent light-harvesting capabilities and GO enhancing charge transfer, resulting in improved power.

In [2], the authors described the synthesis of a novel Nano-hybrid material composed of nickel sulfide (NiS) on rGO CE by
hydrothermal method, the obtained PCE was 9.5% and 78% FF.

In [20], a composite CE of GR Nano-sheets grafted with CoS was fabricated through a facile synthetic method where CoS
Nano-particles were successfully grafted onto the surface of GR Nano-sheets. When used as the CE in a DSSC, a 7.28%
power conversion efficiency (PCE) was reached.

In [21], the authors provided an overview of research examining the electrochemical and photovoltaic characteristics of GR-
based CE materials, including GR, GR/Pt, GR combined with carbon materials, GR combined with conducting polymers, and
GR combined with inorganic compounds. They summarized the design and advantages of each GR-based material
configuration. The authors also suggested potential directions for developing new GR-based catalysts in future work further to
enhance the performance and lower the cost of DSSCs.

The addition of rGO improves key aspects of the DSSC function. It decreases electron recombination by enhancing electrical
conductivity, thus improving the PCE. The modified material also shows greater attraction to potential electron donors,
making it more appealing. Transition metal sulfides like cobalt sulfide (Co;S4), cobalt mono-sulfide (CoS), molybdenum
disulfide (MoS,), and tin sulfide (SnS) demonstrate remarkable catalytic properties compared to platinum, along with ease of
synthesis. This has driven significant interest in their application as CE materials [22].

The authors of [14] explored an alternative CE for DSSCs. The researchers fabricated a rGO electrode by applying a thick
rGO paste onto an FTO substrate using the doctor-blade technique. This was followed by heat treatment at S00°C in an argon
atmosphere.

While the rGO film's catalytic activity for (I37) reduction was lower than that of conventional Pt electrodes prepared by
thermal decomposition, and the overall series resistance of the rGO-based cell was comparable to its Pt CE. In DSSC
performance tests, the rGO electrode showed similar results to the Pt one. This suggested that rGO, a metal-free carbon
material, could potentially replace Pt as a CE in DSSCs.

The work of [23] reported the preparation of GR and GR/SiO, films via drop-casting an FTO at room temperature without
heat treatment as CE. The PCE of the DSSC achieved was 6.82% for a 2.5 pm thickness of GR/SiO.,.

Materials based on carbon, conducting polymers, transition metal oxides, nitrides, and sulfides have been investigated and
shown promise as alternatives to Pt for CEs in DSSCs. Some of the options studied include composites of graphene or carbon
with metal oxides, nitrides, or sulfides to leverage their synergistic effects on electrocatalytic activity and stability.

In [24] the authors aimed to synthesize GO using the Hummer method and rGO doped with CoS and CoMoS synthesized via
a solvothermal method followed by heating to 200°C. The proposed thin film of rGO-CoMoS as a CE for DSSCs, achieving a
Voc of 0.39 V, FF of 34.32%, and 1 of 1.54%.

In [25], flower-like cobalt molybdenum sulfide Nano-sheets intermixed with rGO (CoxMo(1-x)S,/rGO) Nano-composite
electrocatalysts were prepared using a facile one-step hydrothermal method and employed as the counter electrode in high-
performance DSSCs.

The DSSC with CoS/rGO CE achieved a 7.08% PCE compared to the cell with Pt CE and much higher than the DSSC with
CoS and GR CEs as in [26].

In DSSCs, the CEs play a crucial character in simplifying the electrochemical reactions, which are necessary for energy
conversion. The performance of these electrodes significantly impacts the efficiency of DSSCs, as they directly influence the
regeneration of the redox couple and the charge transfer. Developing effective counter and cost-effective electrodes remains a
key focus in advancing DSSC technology.

G’s 2-D single-atom-thick sheet structure gives graphene a high surface area-to-volume ratio and outstanding transport
properties. G also generates little electrical noise and has uniquely superior electron transport efficiency due to its 2-D
structure. In addition to these structural qualities, G displays outstanding chemical properties like very high electrical and
thermal conductivity as well as strong optical absorption and mechanical strength. Overall, G's unique configuration results in
unrivaled electrical, optical, and mechanical performance stemming from its unique chemical behaviors. These qualities
indicate G's significant potential for a variety of technological applications. The exceptional properties of G make it an
excellent material [27, 28].

G is the basic building block for all graphitic forms of carbon. It has a crystalline honeycomb lattice structure with carbon
atoms arranged in a hexagonal sheet that is only one atom thick [29]. Its crystalline honeycomb lattice of sp2 hybridized
carbon atoms provides outstanding electrical and thermal conductivity, strong optical absorption, and mechanical strength,
making it ideal for various technological applications. However, graphene is hydrophobic due to the absence of oxygen
groups [30].

Graphene oxide (GO) retains the 2-D structure of graphene but is oxidized, incorporating oxygen functional groups that
improve its solubility in water and enable biomedical applications through further functionalization. Reduced graphene oxide
(rGO) is an intermediate between graphene and GO, featuring a stable sp2 hybridized carbon structure with enhanced
conductivity and chemically active sites, making it suitable for biomedical uses [28, 31, 32].

GO reduction can be achieved through thermal, chemical, and electrochemical methods, each resulting in different
morphologies and electrical properties. Key design factors in GO reduction include the final C/O ratio, selectively removing
specific oxygen group types (e.g. hydroxyl vs carboxyl vs epoxy), repairing surface defects from oxidation, using green
reducing agents, and maintaining or improving desired physical and chemical properties of GO (mechanical strength,
conductivity, optical properties, solubility/ dispersibility of nanosheets) [33, 34][35].
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This work purposes to yield and analyze reduced graphene oxide (rGO) and its composite with cobalt sulfide (CoS) to
improve their structural, optical, and electrical properties. The combination of rGO and Cobalt sulfide as a counter electrode
material is an innovative method that utilizes the exclusive properties of these materials. This combination has the potential to
knowingly recover the efficacy of DSSCs. Various characterization techniques, such as XRD and SEM analysis, as well as
electrical property measurements, have been employed to gain a better understanding of the structural and functional attributes
of the rGO and CoS composites.

This work aims to explore and improve the properties of graphene, graphene oxide (GO), and reduced sulfide-doped graphene
(CoS/tGO) for various electronic technological applications. This involves researching methods to effectively reduce GO to
achieve characteristics similar to pristine graphene, optimizing the carbon-to-oxygen ratio, selectively removing specific
oxygen functional groups, and maintaining or enhancing the desired physical and chemical properties. Ultimately, the goal is
to use the unique structural and functional characteristics of these materials to develop advanced applications in fields such as
electronics, energy storage, and solar cells.

The paper is organized as follows: Section 2 provides the details of the experimental work, including the materials,
preparation, and characterization of the CE and PA, as well as the measurement devices used. Section 3 discusses the results,
focusing on the CE's structure, morphology, optical, and electrical properties. Finally, Section 4 presents the conclusion of the
study.

2. Experimental work
The materials and solvents used in CE and PA preparation are presented in Table 1.

Table 1: The material used in the experimental work

No. Materials Chemical formula Company
1 Cobalt nitrate hexahydrate Co(NO3),.6H,O Sigma Aldrich
2 Natural graphite flakes C Sigma-Aldrich
3 Sodium nitrate NaNO; Kemiou Chemical Reagent Ltd.,
Tianjin
4 Potassium permanganate KMnO, Merck
5 Sodium molybdate dehydrate Na,Mo00,.2H,0 Sigma Aldrich
6 Thiourea CS(NH,), Sigma Aldrich
7 Sulfuric acid, hydrochloric acid, H,SO,, HCI, Merck
ethylenediamine, hydrogen peroxide , and  C,HgN,, H,0,, C,H;OH
ethanol
8 Titanium isopropoxide Ti[OCH(CHj3),]4 Solaronix
9 Zirconium nitrate ZrO(NOs),.xH,0 Solaronix
10 Electrolyte (iodide/triiodide) 1713 ElNasr Pharmaceutical Chemical
11 N719 dye Ruthenizer 535-bisTBA Solaronix

The crystal structure of the promising sensitized thin films was analysed using an X-ray diffractometer (Bruker D8, Germany)
with CuKa (A = 1.54 A) radiation in the 26 range of 10-80°, operated at 40 kV and 40 mA. A scanning electron microscope
(SEM, Hitachi S4800, Japan) was employed to examine the surface morphology of the synthesized thin films. Energy
dispersive X-ray fluorescence spectrometry (EDXRF, Shimadzu EDX-7000) was used to determine the elemental composition
and potential contaminants within the films. The optical properties of the films were assessed using a UV-VIS-NIR
spectrophotometer (Shimadzu-2540) in the wavelength range of 300-1000 nm. A Keithley 4200 source-measure unit was
utilized to measure the electrical resistance of the prepared thin films and to obtain the current density-voltage (J-V)
characteristics of the DSSC.

2.1. Counter electrode preparation

Graphene oxide (GO) was created using the Hummers method [36, 37]. 5 grams of graphite and 2.5 grams of sodium nitrate
were combined with sulfuric acid while stirring in an ice bath to keep the temperature below 20°C. Potassium permanganate
was then slowly added to the mixture (Fig. 1).

Then, potassium permanganate is added gradually to the mixture. This step is crucial as it oxidizes the graphite, introducing
oxygen-containing functional groups and converting it into graphene oxide. After removing the ice bath, the mixture was
stirred at 40°C for 30 minutes. Deionized water was then slowly added to stop the reaction. An additional quantity of 30%
hydrogen peroxide (H,0,) was slowly dropped into the solution using a dropper to terminate the reaction further. Hydrogen
peroxide helps as a reducing agent that stops the oxidation reaction and transforms any leftover potassium permanganate into
manganese sulfate. Extra deionized water was pipetted into the solution. Various techniques can be utilized for rGO, such as
thermal annealing using microwave irradiation or photo-irradiation, as well as chemical reduction methods like solvothermal
reduction, multi-step reduction, electrochemical reduction, and photochemical reduction [36, 38, 39].

This work uses thermal annealing to form a thin film of reduced graphene oxide (rGO) by heat-treating it to reduce the oxygen
content. Glass substrates measuring 4 cm® were initially cleaned ultrasonic probe with soap solution, distilled water, and
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acetone for 10 minutes each, then dried in air. The rGO film thickness was varied by drop casting different volumes (100, 200,
300, and 400 pL) of the graphene oxide suspension onto the substrates, which were then sintered at 400°C for 45 minutes in a
muffle furnace. For the synthesis of the CoS/rGO composite, 50 mg of the GO suspension was sonicated in 100 mL of
deionized water to form a stable suspension. Subsequently, 8.5 mmol of cobalt nitrate hexahydrate (Co (NO;),.6H,0) and 17
mmol of thiourea were dissolved into the graphene oxide suspension. This mixture is stirred for 2 hours, allowing the cobalt
and sulfur to interact with the rGO. CoS/rGO films were synthesized by drop casting with 300 pL of CoS/rGO suspension
onto a 4 cm’ glass substrate. After drying, the films were annealed at 400 °C for 45 minutes in the furnace to obtain CoS/rGO
CE. While the study proves the effectiveness of these materials under operational conditions remains uncertain. Future, the
long-term stability of CoS/rGO composites, needs more studies to investigate the durability and performance degradation.
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5 gm Graphite NaNO, ~ ®)
Powder
Stirring
For 1 hr + Ice bath
GO/NrGO Annealing Drop Coating
Counter Electrode 400C, 45 min  4um Drying 50 C
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50 mg GO Drop Coatin Annealing G/CoS
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Figure 1: Experimental flowchart of the CoS/rGO counter electrode

2.2. Photo-anode preparation

We created Titinum-zirconiate (TZ) thin films using the sol-gel spin coating method on a glass substrate. To prepare the
chemical solution of TiO,, we dissolved Titanium Isopropoxide (Ti (OC;H;)) in methanol (CH3;0H) and isopropanol (2-
propanol) ((CH3),CHOH) as a solvent, and added citric acid (CH3;COOH) as a catalyst.

We obtained the TZ precursor by adding 2% Zirconia nitrate (ZrO(NOs),.xH,0) dissolved in citric acid and stirring the
mixture at room temperature for 2 hrs. We coated all the films at 3000 rpm for 30 sec to form the TZ thin film. We repeated
this step four times to achieve the desired thickness. After the deposition of each layer, the film was dried at 70°C for 5
minutes. Finally, the obtained films were annealed at 400°C for 1 hr.

2.3. Fabrication of DSSC

FTO is used as substrate instead of ordinary glass in coating of both photo-anode and CE. The photo-anode was sensitized by
immersing it in a 29.7 mg dye solution (N719) containing 5 mL ethanol and 5 mL distilled water for 24 hrs at room
temperature in the dark. Excess dye molecules were rinsed off with ethanol, and the electrode was dried in air. The dye-
anchored photo-anode and CoS/rGO CE were assembled into a sealed sandwich-type cell. An iodide/triiodide redox
electrolyte was prepared by dissolving 127 mg of iodine crystals and 830 mg of potassium iodate in 10 mL of ethanol under
vigorous stirring for 30 minutes. The prepared electrolyte, being volatile, was covered with foil to prevent evaporation and left
to equilibrate. The electrolyte was presented between the electrodes to fill the cell, and the device was sealed on two sides
with tape.

3. Results and discussion

3.1. Structural characterization of the counter electrode

The crystal structures of the proposed samples, including 100 pL GO, 100 uL rGO, and 300 pL rGO, as well as 300 pL CoS/
rGO, were determined by XRD, as illustrated in Fig. 2.
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The XRD patterns were recorded in the 20 range of 5-80°. At 20 equal to 11° a sharp peak with high intensity confirms the
formation of GO from natural graphite successfully. GO was then thermally reduced at 400 °C for 45 min to reduce GO and
form rGO. The broad peak at 20°-30° in the three GO samples shown in Fig. 2 is slightly different. Whereby the 300 pL rGO
sample exhibits a higher intensity, which indicates an increase in interlayer spacing.

A new broad peak (002) at ~20 = 26° corresponding to an interlayer spacing of about 0.33 nm provides evidence for the
reduction of GO and complete transformation to rGO. The XRD pattern of the CoS/rGO composite exhibits a (002) peak at 20
= 25.2° with no additional peaks. The average crystallite size for the main peak was equal to 23.2 nm. The crystallite size was
calculated using Scherrer's Equation [40]:
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Figure 2: XRD characterizations of 100 pL GO, 100 uL rGO, 300 pL rGO, and 300 uL CoS,/ rGO samples

3.2. Morphological Properties

The surface morphologies of the synthesized rGO and CoS/rGO were dissected using SEM as illustrated in Fig 3(a, b). The
two sample images exhibited a wrinkled structure due to the rapid removal of O,-containing functional groups in rGO.
Typical SEM images of 300 uL rGO and 300 pL CoS/ rGO appear as 2D nanosheet morphologies with folded textures with
rough surfaces and irregular edges. The two samples give grain sizes 193 nm and 270 nm.

The elemental compositions of the rGO and CoS/rGO samples were obtained from the samples' EDX. Figure 3 (c, d) displays
the EDX patterns of GO and CoS/rGO thin films. The rGO and CoS/rGO primarily consist of carbon and oxygen, with other
elements on the glass substrate in addition to Co and S elements in CoS/rGO sample. Table 2 summarizes the chemical
compositions of rGO and CoS/rGO. Figure 3(d) gives the EDX spectrum of the CoS/rGO sample, confirming the presence of
Co, S, C, and O elements.
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Figure 3: Morphology of CE thin film (a) SEM images of 300 uL rGO, (b) SEM images of 300 uL CoS/ rGO, (c) EDX of 300 uL rGO, (d)
EDX of 300 uL. CoS/rGO

3.3. Transmission electron microscopy results

More detailed morphological and structural information on GO is obtained using TEM analysis. Figure 4 demonstrates the
TEM analysis of GO and CoS/rGO. The samples possess a spherical nanoparticle structure. The prepared samples showed
free voids, cracks, slight particle aggregation, and non-uniform distribution on the substrate surface. The TEM image shows
the GO nanoparticles are scattered irregularly, with diameters ranging from 14.3-60.4 nm and an average of 30.46 nm. The
TEM image of the CoS/rGO composite shows the nanoparticles are also scattered irregularly, with diameters ranging from
15.5-103 nm and an average of 32.28 nm.

Table 2: The EDX elemental analysis of rGO and CoS/rGO

Elements atomic (%) Carbon C Oxygen O Co S (7[0]
100 uL rGO 62.88 37.12 - - 1.69
300 pL. rGO 69.19 30.81 - - 2.24
300 uL. CoS/rGO 36.75 52.89 6.98 3.41 0.69
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a -

Figure 4: TEM image of (a) GO, (b) CoS/GO at 20000x direct magnification, and (c) CoS/GO at 10000x direct magnification

3.4. Optical properties

Figure 5 (a) displays the transmittance of rGO and CoS/rGO samples as a function of photon energy. It illustrates that the
films have low transmittance over the photon energy range due to the high thickness of the prepared films and CoS/rGO
Nano-composite transmittance is higher than that of rGO.

The absorption coefficient (o) of rGO and CoS/rGO could be determined by the following equation [40] :

_In(Y/p)
= T (2)

Where T and d are the layer transmission and thickness, respectively. The absorbance in the range of 1.25 eV to 4.25 eV
proposes that these structures have a broad absorption spectrum, permitting them to efficiently absorb a wide range of photon
energies (Fig. 5 (b)). The absorbance range in the graph indicates two distinct peaks: one for reduced graphene oxide (rGO) at
around 280 nm and another for the CoS/rGO composite at 286 nm (Fig. 5(b)). The peak at 280 nm for rGO is owing to its
electronic transitions, which are inclined by its assembly and the existence of functional groups. The peak at 286 nm
corresponds to the CoS/rGO composite and may arise from the combined effects of both the rGO and the cobalt sulfide (CoS)
components [41].

This distinctive is mainly advantageous for many applications such as photodetectors, solar cells, and other optoelectronic
devices.

Figure 5 (c) represents the dependency of the extinction coefficient (K) on the photon energy of rGO and CoS/rGO samples.
The K has decreased with photon energy increment. The weedy interaction between the photons and electrons in the proposed
films led to small value of the k. The k of the rGO and CoS/rGO samples have been calculated by using the following
relationship [42][43]:

_a
K—4n 3)

The light speed in the films represents the refractive index (n). The n can be calculated by [42][43]:

_14R 4R

_ K2
n=ipt (1-R)? K 4

Figure 5 (d) shows the decrement of refractive index (n) with photon energy. By adjusting the photon energy, it's possible to
create a specific material for producing electro-optic and optoelectronic devices. The Tauc relation was used to evaluate the
energy band gap of rGO and CoS/rGO film as [44] [45]:

(ah9)? = A(h9 — E) (5)
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Where a is the absorption coefficient, 9 is the frequency of light radiation, h is Planck's constant, A is a constant, and Ej is
band gap energy. Figure 5 (e) represented the tangent loss variation. Figure 5 (f) presents the corresponding Tauc plot, (ahd9)?
with ht, of the rGO and CoS/rGO thin film. The E; was estimated by determining the x-intercept of an extrapolated Tauc
plot. The E; of rGO is approximately 3.252 eV and decreased to 3.05 eV for CoS/rGO thin film. The reduced E; for the
CoS/rGO thin film expands its absorption range into the visible region of the electromagnetic spectrum, thereby enhancing its
light harvesting efficiency. The diminished E; in CoS/rGO compared to rGO may increase conductivity and improve optical
properties. The optical conductivity was calculated using the absorption coefficient (o) in the following equation [42]:

anc

Gape = 2 ©
2A0opt

Oclect = — o ™

In Figure 5 (g and h), the electrical conductivity (0,ec¢) and the optical conductivity (d,p¢) change with the photon energy for
both rGO and CoS/rGO films. These samples show a high photon response in the rGO and CoS/rGO samples. This issue is
due to the carriers' transformation to conduction from the valance band in the rGO and CoS/rGO.
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Figure 5: The rGO and CoS/rGO thin films' optical properties
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3.5. Electrical properties

The rGO thin film also exhibits a low sheet resistance (Ry,) compared to GO due to more O, functional groups in graphene
oxide. The Ry, of the rGO sample with different volumes (100, 200, 300, and 400 uL) was carried out using a four-point prob.

Table 3 shows the variation of the Ry, with the GO amount used to prepare rGO films. Here, for the optimization of the GO
amount, the sintering temperature and time were kept fixed at 400 C and 45 min. The sample 300 uL GO showed the lowest
value of Ry, The Ry, of rGO thin film was 3.6 kQ/cm2 for 100 uL, 0.7 kQ/cm? for 300 uL, and 1.5 kQ/cm? for 400 pL. The
result obtained is of the same order of magnitude as that reported in the literature. Thick rGO films often consist of multiple
rGO domains. Grain boundaries can scatter charge carriers, leading to increased resistance. Thicker rGO films can lead to
interlayer coupling and changes in electronic band structure, which can impede carrier mobility. Defects introduced during the
growth process can trap charge carriers, increasing resistance. At higher thicknesses, there may be more scattering events due
to phonons and impurities, which can reduce mobility and increase resistance. Heating can alter the electronic properties of
rGO; higher temperatures can lead to increased scattering, thus raising resistance. These factors combined can lead to higher
sheet resistance in thick rGO films compared to thinner films or monolayer rGO.

Finally, the Ry, of the selected thickness doped with CoS; 300 uL CoS/rGO was measured to be 37.5Q which showed a
decreasing R, due to adding CoS in the GO.

Table 3: Sheet resistance of CE thin film

Solution volume (uL) Sheet Resistance
100 pL GO 3.6 kQ/cm?

100 uL rGO 2.2kQ/cm?

300 uL. rGO 0.7kQ/cm?

400 uL rGO 1.5kQ/cm?

300 uL CoS/rGO 37.5 Q/ecm’

3.6. Photovoltaic performance

The CoS/rGO electrode served as the CE to achieve high-efficiency DSSC. Figure 6 compares the J-V curves of DSSC based
on the CoS/rGO proposed CE and Pt reference electrode. The corresponding PV parameters, such as V., /5., FF and n are
0.75 V, 17.88 mA/cm?, 0.527, and 7.0759%, respectively. The detailed electrical parameters of the proposed DSSC are
summarized in Table 4.

As a reference solar cell, the Pt-based DSSC has a high V. of 0.78 V, J. of 12.8445 mA/cm?, FF of 0.5164, and a PCE of
5.1744% under 100 mW/cm?®. The high performance of the DSSC with the CoS/rGO CE has been attributed to the high
conductivity of the material. The high conductivity accelerates the electron transfer process from the CE to the electrolyte. It
also increases the regeneration of electrons within the electrolyte and dye, thereby improving the performance of the DSSC.
Several factors can affect the FF of DSSC, High series resistance can occur due to poor contact between layers, The
absorption spectrum and stability of the dye can impact the amount of light absorbed and subsequently influence FF. The ionic
conductivity and viscosity of the electrolyte can affect the speed of charge transport. High rates of electron-hole
recombination occurred. Poor surface morphology of the thin films can lead to defects and increased recombination. The fill
factor can vary with different light intensities; under low light, FF may decrease due to increased relative impact of resistive
losses. The design and layering of the DSSC can influence charge transport and collection, affecting the fill factor.
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Figure 6: The CoS/rGO and Pt CE-based DSSC J-V characteristics
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Table 4: DSSC electrical parameters at 100 mW/cm?

CE Jsc (mA/cm?) Voe(mV) FF n (%)
Pt 12.8445 0.78 0.516 5.1744
CoS/ rGO 17.8886 0.75 0.527 7.0759

4. Conclusion

This study aimed to propose an effective and low-cost combination of counter electrode (CE) for dye-sensitized solar cells
(DSSCs). The modified Hummers method was employed to prepare graphene oxide (GO). Our results showed that thicker
reduced graphene oxide (rGO) films exhibited higher sheet resistance compared to thinner films. This was primarily due to
increased scattering events from phonons and impurities, as well as thermal effects at elevated temperatures. A nanocomposite
film of cobalt sulfide (CoS) and rGO as the CE for a DSSC was prepared using a simple one-pot and low-temperature drop-
casting method. The CoS/rGO-based DSSC demonstrated an acceptable efficiency of 7.0759% under 1000 W/m>. The
synergistic effects of CoS and graphene show great promise as a viable alternative for Pt-free DSSC devices, representing a
significant advance in efficient and sustainable solar energy conversion. The incorporation of CoS into the GO matrix
significantly reduced the sheet resistance (Ry,), with a measured value of 37.5 for the 300 uL. CoS/rGO sample, indicating
enhanced conductivity and improved performance as a counter electrode in dye-sensitized solar cells. In-situ prepared
CoS/rGO CEs were suitable for high-efficiency Pt-free DSSCs, resulting in an economic impact and simplicity of the
preparation process. For future research, we will focus on assessing the strength of cobalt sulfide/reduced graphene oxide
composites in practical conditions. Also, works on evolving the synthesis method and testing the performance of the
composite in different environmental conditions to guarantee scalability.
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