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INTRODUCTION

Continuous research and development is crucial to over-
come certain obstacles and optimize the use of photovoltaic
systems for entrapping the maximum energy sources [1]. The
focus of these efforts is on improving solar panel efficiency
and durability, reducing manufacturing costs, advancing energy
storage technologies, optimizing system design and addressing
environmental and social impacts linked to widespread solar
energy adoption [2]. It specifically discusses the possibilities
of photovoltaic systems in directly harnessing solar energy and
transforming it into electrical energy [3]. While the adoption
of photovoltaicsystems is increasing globally, there are still
significant issues and challenges that need to be addressed to
fully realize their potential in meeting global energy demands
[4]. These challenges may include issues related to efficiency,
cost-effectiveness, scalability, energy storage and integration
into existing energy infrastructures [5].

Research is ongoing to develop materials and technologies
that can enhance the efficiency of photovoltaic systems [6].
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A good catalytic material for the counter electrode is necessary for the dye sensitized solar cell (DSSC), which must have low cost and high |
power conversion efficiency. Hence, this study aims to develop an efficient graphene based yttrium doped NiS (Y-NiS/GO) nanocomposite |
as a counter electrode material which is an alternative material to replace platinum in DSSC. For this, NiS/GO and yttrium doped NiS/GO
composite were prepared by facile hydrothermal method. The structural, size, shape and physical properties of synthesized samples were |
characterized by XRD, FESEM-EDX, PL, UV-DRS techniques and to evaluate the properties of the oxidation state of nanocomposite, |
XPS technique were adopted. The XPS confirm the elements present in sample, further, series resistance (R;) of yttrium doped NiS/GO |
composite has been calculated by impedance measurement (EIS). The conversion efficiency of solar cell increases from 2.72% to 3.23%. |
The same material is used as a nanophoto catalytst for degrading malachite green dye under natural sunlight. The photocatalytic activities
of NiS, NiS/GO and Y-NiS/GO was examined and the photodegradation increases from 86% to 97% within 180 min at pH 8. :
|

Keywords: Yttrium, Graphene oxide, Nickel sulfide, DSSC counter electrode, Photodegradation, Malachite green.

Developing new materials with optimal bandgap properties to
better match the solar spectrum and maximize energy conver-
sion [7]. Tandem or multi-junction solar cells utilize various
layers of distinct materials with different band gaps, enabling
them to capture a broader range of sunlight spectra. This techni-
que can importantly increase efficiency by reducing energy
losses from the unused portions of the solar spectrum. Various
strategies are employed in the application of DSSC to enhance
efficiency. Nickel sulfide (NiS) is a commonly used material
in DSSCs due to its strength and moderate charge transport
capacity. Charge recombination is a significant issue in DSSCs,
as it directly impacts the device’s efficiency. Similarly, surface
modification can also influence the adsorption of dye mole-
cules onto the photoanode surface [8,9].

Rare earth elements possess distinctive characteristics that
make them valuable for various applications, including DSSCs,
where their unique electronic configurations and intermediate
energy states contribute to their versatility in functional materials
[10,11]. Their substitution improves electron injection from
the dye to the TiO, photoanode [12], while the NiS/GO counter
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electrode enhances the separation of photoelectron-hole pairs,
ultimately increasing cell efficiency and suggests that these
materials can effectively absorb light.

Uplane et al. [13] developed a straight forward method
for fabricating Ni/NiS electrodes by anodically oxidizing nickel
in an acidic sulfide solution. However, concerns remain regar-
ding the long-term capacity of the metallic nickel substrate in
the corrosive I/I; electrolyte used in DSSCs. The presence of
functional groups in GO nanocomposite further influences its
effectiveness in photodegradation processes. However, its elect-
rocatalytic activity for reduction of iodine is not satisfactory
because of its less active site. To improve the active sites and
light conversion efficiency, graphene oxide with metal sulfides
were chosen [ 14,15]. Whereas, nickel sulfide is selected in several
studies because of its low resistivity (10°-10*Q cm) to enhance
the efficiency of DSSC, conducting polymers with various
carbonaceous materials [16,17]. Moreover, in their electronic
configuration, a filled VB and an empty CB, makes them well-
suited for catalyzing the photodegradation reactions.
Nevertheless, NiS encounters a notable constraint due to its
wide band gap (3.12 eV), which diminishes its performance
in sunlight, affecting its photosensitivity. While there have been
several research on platinum free counter electrodes, their
improvement can be further enhanced by using redox active
and conducting materials [18,19].

To address these issues, researchers have focused on
creating hybrid structures of metal sulfides doped onto con-
ductive graphene oxide (GO) nanostructures. This approach
aims to enhance the photodegradation process by combining
the properties of both rare earth metal and NiS/GO. Sulfide
based semiconductor possessing broad band gap that has been
mentioned as an excellent photocatalyst in visible light region.
The band gap of NiS nanostructures is 2.3eV; the dye deg-
radation efficiency depends on the adsorption property of
photocatalysts and pollutant molecules. Recent studies have
focused on doping with transition metals and noble metal ions,
while there has been limited research on doping with rare earth
ions [20,21].

The presence of GO, along with yttrium, implies potential
for improved charge transfer at the cathode, thereby enhancing
overall DSSC performance. Studies indicate that defects like
nickel vacancies (Vi) and interstitial sulfur (V) affect the optical
and electrical conductivity of NiS material [22,23]. While some
defects exhibit localized moments, others are non-magnetic.
Despite its susceptibility to oxidation when heated, yttrium
remains highly stable in air. To date, there has been no prior
research on yttrium doping in NiS/GO as a counter electrode
for DSSCs. Consequently, we investigated the photo catalytic
effects of yttrium doping on NiS/GO by degrading malachite
green aqueous dye solution under natural sunlight irradiation
and assessed the mechanisms underlying the photocatalytic
performance of NiS/GO through rare earth ion doping, such
as yttrium. The objective of this research is to assess the poten-
tial of these materials, particularly yttrium substituted NiS/
GO nanocomposite, in improving the photovoltaic perfor-
mance of DSSC and degradation of organic pollutants when
exposed to natural sunlight conditions.

EXPERIMENTAL

The chemicals viz. nickel nitrate hexahydrate (Ni(NOs)-
6H,0), thiourea, hydrogen peroxide, potassium permanganate,
hydrochloric acid, yttrium nitrate hexahydrate (Y(NO3)-6H,0)
and graphite powder used for the synthesis were procured from
Sigma-Aldrich Company.

Synthesis of yttrium doped NiS/GO nanocomposite:
Graphene oxide (GO) was synthesized via a modified Hummer’s
method. Initially, 5 g of graphite powder was mixed with 50
mL of H,SO, and 30 mL of nitric acid and stirred for 2 h.
Then, 15 g of KMnO, was mixed to the suspension over 90 min
while maintaining the temperature between 0-4 °C using an
ice/water bath. After that 930 mL of H,O was slowly added
over 120 min. Finally, 50 mL of 35% H,O, was introduced and
the mixture was stirred and centrifuged. The resulting preci-
pitate was washed with 0.1 M HCI followed by demineralized
water and then dried in a hot air oven at 60 °C to obtain GO.

The yttrium-doped NiS/GO composite was prepared using
three different quantities of yttrium dopant, specifically 0.2,
0.4, and 0.8 g. of Y(NO;)-6H,0O. The three different dopant
concentrations were added into the three different conical flask
of NiS/GO as prepared. The above solution stirred for 0.5 h
and kept in an autoclave at 120 for 5 h. In that 0.8g of yttrium
do pant was identified as a best concentration for yttrium.

Fabrication of counter electrode (CE): Fluorine doped
tin oxide (FTO) sheets, measuring (1.5 cm x 1.5 cm x 0.22
cm) and with dried air resistance, were employed. A limited
area on the FTO was defined using polytetrafluoroethylene
(PTFE) tape, enabling film deposition and electrochemical
studies on a 1 cm? electrode.

Fabrication of DSSC: The synthesized yttrium doped
NiS/GO (Y-NiS/GO) samples were applied onto FTO glass subs-
trates as counter electrodes, while another FTO glass substrate
was coated with TiO, to serve as a photoanode. Afterwards, the
TiO,-coated substrate was submerged in N719 dye (ruthenium
dye) for a day, enabling the dye molecules to interact with the
TiO; photoanode under dark conditions. Once the dye molecules
were absorbed by the TiO, photoanode, the counter electrodes
and photoanodes were assembled together with an iodine elect-
rolyte, sandwiching them. This setup enabled electron flow
from the CE to the photoanode using the iodine solution under
a solar simulator light to obtain an I-V characteristic curve.

Photocatalytic measurement: The photocatalytic process
using yttrium-doped NiS/GO was conducted with malachite
green dye (MG) at a fixed concentration of 10~ M. The dye was
mixed in 400 mL of deionized water, after which 100 mL of
dye solution was taken and reduced to 50 mL. Then, 150 mg of
yttrium-doped NiS/GO catalyst was added to initiate the photo-
catalytic process. Samples were collected after every 0.5 h in
test tubes and the catalyst containing dye solutions in the test
tubes underwent degradation. The collected samples were anal-
yzed using UV-visible spectrometer analysis.

Characterization: The crystallite sizes of the samples
prepared were examined using XRD with a D§-Advance X-ray
diffractometer (Germany Bluker) at room temperature. CuKo.
radiation (A = 0.15406 nm) with an accelerating voltage of 40
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kV and an emission current of 20 mA were utilized. The morpho-
logical characteristics of the product were evaluated through
FESEM/EDX analysis using the CARL ZEISS-SIGMA model
300 instrument. The UV-vis diffuse reflectance spectra (DRS)
were recorded in the wavelength range of 300-800 nm using a
UV-vis spectrophotometer (Shimadzu UV-3600), with BaSO,
serving as a reference. The chemical composition and oxidation
state of the sample were investigated using a Thermo-Fisher
instrument (XPS). Cyclic voltammeter (CV) and impedance
(EIS) measurements were analyzed through an electrochemical
workstation (AUTOLAB). Hall Effect was performed using a
magnet kit (model # AMP55T) at various temperatures from
80 K to 350 K. The I-V characteristics were determined using
a solar simulator measurement system with a Class a lamp:
300 W and a target area of 50 mm x 50 mm. The photocatalytic
degradation studies were conducted using a UV-visible spectro-
photometer.

RESULTS AND DISCUSSION

Thermal studies: The thermal analysis (TG-DTA) was
analyzed at room temperature to identify the phase changes
of the synthesized nanocomposite [24]. The mass changes have
occurred when the temperature had been increased. The first
weight loss of the sample was observed at 109 °C, which shows
the evaporation of water in the prepared sample. The endoth-
ermic reaction during the process shows the dehydration of
the sample. The second weight loss was observed at 330 °C as
shown in Fig. 1.
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Fig. 1. TG-DTA curve of yttrium (Y**) doped NiS/GO nanocomposite

Structural studies (XRD): XRD was utilized to determine
the crystalline structure of the powdered sample. Fig. 2a-d illus-
trates the XRD analysis of graphene oxide (GO), nickel sulfide
(NiS), NiS/GO composite and yttrium-doped NiS/GO. (i) The
peaks of the synthesized GO are matched with the JCPDS card
no. 75-2078 and exhibited 20 values of 11.08° corresponding
to the peak position plane (002), as shown in Fig. 2a. (ii) Pure
NiS peak diffraction displayed 26 values of 20°, 29°, 34° and
36°, 42°, 45°, 53° with a crystallite size of approximately 36 nm
(Fig. 2b). (iii) For NiS/GO composite, the diffraction peaks

showed the 26 values varying between 20°, 24°, 30°, 34°, 38°,
45°, 53° with a crystallite size of about 40 nm (Fig. 2c) and
(iv) yttrium doped NiS/GO material exhibited the diffraction
peaks at 26 values varying between 30°, 34°, 43°, 45°, 53° with
a crystallite size of about 44 nm. The plane values for NiS,
NiS/GO and yttrium-doped NiS/GO were identified as (015),
(303), (306) and (330), matching the JCPDS card no. 76-2306,
as depicted in Fig. 2d.
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Fig. 2. X-ray diffraction analysis of (a) GO, (b) NiS, (c) NiS/GO, (d) yttrium
(Y**) doped NiS/GO nanocomposite

However, an increase in doping is observed to result in a
decrease in the intensity of diffraction peaks (and hence crysta-
lline). Moreover, the size of nanoparticles, as determined by
Scherrer’s formula, is seen to increase with yttrium doping.
These effects can be attributed to the larger ionic radii of Y**
ions (0.89 A), which either replace Ni** ions (0.74 ;\) are incor-
porated into the NiS structure. At a doping concentration of
0.8 g wt.%, two additional small peaks at 30° and 45° emerge
in the XRD spectrum, accompanied by a reduction in the average
grain size. This indicates a modification in the crystal structure.
It is possible that the larger size of incorporated yttrium ions
creates obstacles for the movement of grain boundaries and
restricts grain growth, thus change in the crystal size structure
[25]. This also suggests that further yttrium doping could lead
to additional disruption of hexagonal crystal structure, resulting
in the formation of new phases. Therefore, 0.8 g wt.% doping
concentration represents the upper limit for the extent of yttrium
doping in NiS nanoparticles.

FESEM with EDX: The morphological images of NiS,
NiS/GO and yttrium-doped NiS/GO were determined using a
field emission scanning electron microscope. (i) Fig. 3a displays
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the surface image of pure NiS, exhibiting a cornflake-like struc-
ture. (ii) Fig. 3b illustrates the surface image of NiS/GO, showing
a wrinkled shape resembling a cornflake-like structure with
graphene attached to its surface. (iii) Fig. 3¢ presents the yttrium-
doped NiS/GO composite characterized by smaller size and
aggregated-like structure. The incorporation of yttrium, a larger
element compared to nickel, results in the reduction of distinct
cornflake-like shape of the nanoparticles [26]. In Fig. 3a, it is
evident that the prepared GOs display a sheet-like structure,
providing a substantial surface area for surface modification
with yttrium-doped NiS nanostructures. Fig. 3b illustrates that
the synthesized yttrium-doped NiS nanoparticles adopt a flake-
like morphology with a particle size of 28 nm. The concentration
of Y** ions influences the abundance of Y-NiS nanoparticles
observed on the surface of the GO nanosheet. The intensity of
Y-NiS nanocomposite oxide increases, likely due to the larger
crystalline size of Y-NiS nanoparticles, as evident from the XRD
analysis. This characteristic is also beneficial in enhancing the
efficiency of Y-NiS nanocomposite in DSSCs.

Atomic weight percentages were calculated accordingly
and the EDX results for yttrium-doped NiS/GO (Y-NiS/GO)
nanocomposites are shown in Fig. 3c. Analysis of the synthe-
sized sample indicated the presence of yttrium (Y = 0.23%),
nickel (Ni=40.03%), sulfur (S =32.35%), carbon (C = 16.70%)
and oxygen (O = 10.69%), confirming the successful synthesis
of the composite. Therefore, the EDX analysis confirms the
presence of functional elements such as yttrium, nickel, sulfur
and carbon without any impurities. Fig. 3d further confirms

the mapping of the synthesized sample Y-NiS/GO, which reveals
information about the areas where characteristic X-ray peaks
for carbon (C), nickel (Ni), sulfur (S), oxygen (O) and yttrium
(Y) are emitted. This information can be crucial for under-
standing the elemental distribution and composition of the
Y-NiS/GO/FTO composite material. Analyzing the distribution
of these elements can provide insights into the material’s
structure, composition and possibly its functional properties,
especially if it’s used in applications such as catalysis, energy
storage, or electronics.

UV-DRS studies: The UV-DRS was performed on the
synthesized samples in order to investigate their optical prop-
erties and the results are depicted in Fig. 4a-f. The absorption
characteristics and optical bandgap energies of the samples
were determined.

(1) The absorption edge was broadened and moved towards
higher wavelengths with the increase of carbon material [27].
This resulted in an increase in the bandgap energy of the samples
when graphene oxide (GO) was composited with pure NiS, attri-
buted to the quantum confinement effect [28,29]. However,
after yttrium doping on NiS/GO, the bandgap decreased grad-
ually.

The bandgap energy of the samples was calculated using
the Kubelka-Munk (K-M) model relation. The bandgap energy
for pure NiS was approximately 2.3 eV, for NiS/GO composite
it was around 2.9 eV and after yttrium doping on NiS/GO com-
posite, the bandgap energy decreased to 2.6 eV. This indicates
that reducing the bandgap energy makes the sample suitable
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Fig. 3b. FE-SEM/EDX picture of NiS/GO nanocomposite
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Fig. 3d. Mapping of yttrium (Y**) doped NiS/GO hybrid nanocomposite
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composite, (¢) UV-DRS spectra of yttrium (Y**) doped of NiS/GO composite, (f) Kubelka-Munk model of yttrium (Y**) doped NiS/

GO composite

for the photovoltaic performance. The optical bandgap of NiS/
GO increased due to the decrease in particle size caused by the
quantum confinement effect [30]. Furthermore, when yttrium
was doped at a higher concentration of 0.9 g on NiS/GO, the
energy levels of the optical bandgap decreased. This decrease
in bandgap (2.6 V) was attributed to the production of impurity
atoms and the formation of vacancies between the valence band
(VB) and conduction band (CB) energy levels [31]. Some reasons
for the decrease in the optical bandgap include the incorpor-
ation of donor atoms such as yttrium into the conduction band

of the NiS/GO lattice, the straight line bandgap of spin-orbit
quantization coupling between yttrium and sulfur ions and the
potential increase in the density of NiS/GO.
Photoluminescence (PL): The photoluminescent spectra
of the synthesized sample Y-NiS/GO was observed at excitation
wavelength corresponding to emission bands at 479 nm (Fig.
Sa-c). Typically, the semiconductor nanocrystals exhibit two
emission peaks: the sharp and confined exciton interstitial
emission peak and the broad surface state emission peak. The
yttrium doped NiS/GO composite revealed the broad and asym-
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Fig. 5. Photoluminescence spectra of (a) NiS, (b) NiS/GO composite, (¢) yttrium (Y**) doped NiS/GO nanocomposite
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metric spectra [32]. Peaks around 479 nm were attributed to
the 5d and 4f orbital transitions of Y** ions. As the concentration
of yttrium increased the peak values, shifting them to higher
wavelength. Remarkably, after doping yttrium onto the NiS/
GO host lattice, the photoluminescence intensity slightly incre-
ases due to the higher doping concentration. Yttrium doping
led to a decrease in the emission intensity of NiS while enhan-
cing the green emission of yttrium-doped NiS/GO, which was
efficient for optical properties [33]. This phenomenon suggests
that an increase in yttrium concentration allows unwanted
electron flow into the NiS/GO composite, potentially affecting
recombination control of holes and electrons, leading to impaired
photoluminescent illumination. The increase in near-band
emission was attributed to straightforward recombination of
positive and negative ions.

This study revealed some new luminescent phenomena
in the photoluminescent spectra of Y-NiS/GO composite. The
bandgap recombination of Y-NiS/GO exhibited a broadened
peak around 479 nm, while the peak at 479 nm indicated some
surface defects of the nanoparticles due to bounded excitation
luminescence [34]. Decrease in emission peaks could affect
the suppression of recombination of light-formed carriers
and lead to longer charge carrier lifespans. Structural defects
such as vacancies of nickel, oxygen, carbon, sulfur, nitrogen
and yttrium indicate the presence of metal sulfide materials,
contributing to photoluminescent spectra in the visible light
region.

XPS analysis: The XPS technique was utilized to investi-
gate the chemical composition and oxidation states of the
synthesized nanoparticles [35]. The Y-NiS/GO nanocomposite

exhibited elements such as yttrium (Y), nickel (Ni), sulfur (S),
carbon (C) and oxygen (O), indicating the synthesis of yttrium-
doped NiS/GO. In the Y-NiS/GO, the binding energies for
yttrium (Y 3d), nickel (Ni 2p), sulfur (S 2p), carbon (C 1s) and
oxygen (O 1s) peaks were recorded at 160.21 eV, 854.87 eV,
532.45 eV, 285.85 eV and 162.04 eV, respectively.

Upon observation, it was observed that the peak position
of sulfur (S 1s) core level shifted to a higher energy level comp-
ared to pure NiS, NiS/GO composite and Y-NiS/GO [36]. Based
on Paul's exclusion principle, the electronegativity value of NiS
was determined to be 1.91, while for yttrium it was approxi-
mately 1.22. This suggests that electrons can potentially move
from yttrium to nickel sulfide. This electron transfer results in
a higher negative charge of nickel sulfide and reduces the
electron binding energy of nickel and sulfide peaks. With yttrium
doping on NiS/GO, the significant peak of yttrium at 285.85
eV indicates that yttrium is more relevantly a trivalent atom
(Fig. 6).

Electrochemical analysis

Counter electrodes performance: Fig. 7a-d illustrates
the chronoamperogram depicting the deposition process of Y-
NiS/GO onto the FTO substrate. Graphene oxide, carrying nega-
tive charges, can act as doping agents. The I-V curve demons-
trates the electrochemical deposition of NiS nanoparticles onto
Y-NiS/GO/FTO. The high concentration of nickel ions on the
surface of the counter electrode is responsible for the current
density in the cathodic surface, while the anodic current density
is increased by the dissolving of newly deposited nickel nano-
particles onto the Y-NiS/GO/FTO.
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Fig. 6. XPS spectra of yttrium (Y**) doped NiS/GO composite (a) survey, (b) Y3d, (¢) Ni2p, (d) S2p, (e) Cls, (f) Ols
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A three-electrode setup was employed, including a platinum
(Pt) working electrode, a silver chloride (AgCl) reference elect-
rode and yttrium-doped NiS/GO counter electrodes. The electr-
olyte solution employed contained KI salt and I, dissolved in
acetonitrile solvent. A concentration of 0.1 g of KI was selected,
likely to mitigate issues related to salt precipitation [37]. This
concentration remains constant throughout the experiment. A
fixed concentration of 50 mM iodine was used in electrolyte
solutions. This setup suggests an experimental procedure for
investigating the electrochemical properties of NiS and NiS/
GO under different concentrations of iodine species. The use
of acetonitrile as solvent and iodine concentrations indicates
the importance of controlling experimental conditions to ensure
reliable results [38].

According to the EIS data, the NiS/GO hybrid exhibits
enhanced the catalytic activity due to its combination of 2D/3D
electronically allowing channels provided by graphene and the
unique rod-on-sheet structure of the hybrid [39]. The enhanced
catalyst activity for the I'/I;” redox reaction, accelerated the
reaction rate, reduced diffusion resistance of I/I;” in the electr-
olyte and decreased electron transfer resistance at the iodine

electrolyte/counter electrode (CE) interface can be attributed
to the 2D/3D architecture of the catalyst. In catalytic contexts,
the term “2D/3D architecture” typically denotes a blend of
2D materials, such as graphene or graphene derivatives and
3D structures, such as porous materials or nanoparticles [40].
The 2D materials provide a large surface area and excellent
conductivity, facilitating efficient charge transfer and enhan-
cing the catalytic activity. They also offer a high density of
active sites for the redox reaction to occur. On the other hand,
the 3D structures provide structural stability and can enhance
mass transport properties. They can create pathways for the
efficient diffusion of reactants and products, reducing the diffu-
sion resistance and promoting faster reaction rates. This leads
to faster reaction rates, diffusion resistance of redox species
in the iodine electrolyte and reduced electron transfer resistance
at the iodine electrolyte/counter electrode (CE) interface.
The performance of counter electrodes (CEs) was assessed
using EIS technique. To accomplish this, two identical CE
electrodes were constructed. The iodine electrolyte was then
injected between the two FTO electrodes. Nyquist plots of the
symmetric Y-NiS/GO cells are shown in Fig. 7d. Two semi-
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circles are visible: the semicircle at high frequencies indicates
the presence of resistance in the charge transfer (R.;) process
at the electrode/electrolyte interface, which defines the electro-
catalytic performance of CEs. Conversely, GO improves the
material’s conductivity and assists in the formation of active
sites for the I37/I" redox reaction.

The study indicates that the NiS/GO hybrid shows lower
series resistance (R,) of 59 Q compared to the Y-NiS/GO series
resistance (R,) of 141 Q, indicating more facile electron transfer
kinetics and reduced charge recombination [41]. However,
excessive doping can lead to increase R, possibly due to inhi-
bited charge transfer processes, such that Y-NiS/GO has a charge
transport resistance (R.) of about 324 Q. The series resistance
initially decreases and then increases with doping, consistent
with the variation trends of short-circuit density (J) and pero-
vskite solar cells (PSC). Excessive yttrium doping can lead to
compromized interconnection of NiS network, hindering the
electron transfer and increasing charge recombination [42].

Cyclic voltammetry analysis shows better electrochemical
behaviour for Y-NiS/GO compared to pure NiS and NiS/GO
composite indicating the improved electron transfer reactions.
This improvement could be attributed to the presence of Y-NiS/
GO. In summary, the study highlights the importance of EIS
and CV techniques in understanding the electrochemical prop-
erties and catalytic activity of DSSCs particularly in the context
of composite materials like NiS/GO and the effects of yttrium
doping on their performance.

Cell performance: The study explores the photovoltaic
characteristics of prepared nanocomposites through the I-V
characterization [43]. These nanocomposites serve as counter
electrodes in DSSCs, employing N719 ruthenium dye as a sen-
sitizer. The DSSC’s effective area is 0.2 cm’ and the perfor-
mance assessment of the DSSC includes parameters such as J,
V.., FF and energy conversion efficiency (n), calculated using
eqns. 1 and 2. Eqn. 1 computes the fill factor (FF) using maxi-
mum output values of current (Im.) and voltage (Vma), along
with short-circuit current (I.) and open-circuit voltage (Vo).
Eqn. 2 determines the energy conversion efficiency (1), incorp-
orating J.., Vo, FF and input power (Pi,) [44]. Dye sensitizer
(N719) was also evaluated under an irradiance of 100 W/cm?.

I %XV
FF: max max
ISCXVOC (1)
J V FF
=%x100
P )

Graphene oxide, a two-dimensional (2D) carbonaceous
material, exhibits superior electrical conductivity and stability
compared to pure nickel sulfide (NiS) [45]. To further improve

the electrical conductivity, stability and efficiency of DSSCs,
anovel counter electrode (yttrium-doped NiS/GO) was synthe-
sized, offering ease of fabrication at a reduced cost. With a
doping of 0.3 g of yttrium, the efficiency increased from 2.72%
to 3.23%. The photovoltaic response parameters such as open-
circuit voltage (Voc), short-circuit current density (Ji), fill
factor (FF) and power conversion efficiency (PCE %) were
calculated and summarized in both the Fig. 8 and Table-1.
The larger ionic radius of yttrium (0.89 nm) compared to nickel
(0.069 nm) contributed to the efficiency increase from 2.72%
to 3.23%. The study illustrates the efficiency enhancement
for Y-NiS/GO and NiS/GO counter electrodes in DSSCs [46].
The enhanced absorption of N719 dye (ruthenium dye) on
TiO; in conjunction with the Y-NiS/GO counter electrode is
responsible for the enhancement of all I-V parameters.
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Fig. 8. Photovoltaic performance of platinum, pure NiS, NiS/GO

composite, yttrium doped NiS/GO composite

Hall effect: The carrier density, Hall mobility and resis-
tivity of NiS, NiS/GO and yttrium-doped NiS/GO composite
were measured using a four-probe van der Pauw augmented
Hall apparatus on an ITO glass substrate with a thickness of
approximately 1 wm. The electrical properties of thin films,
specifically NiS, NiS/GO (nickel sulfide/graphene oxide) and
Y-NiS/GO thin films. In this experiment, all the samples exhi-
bited p-type charge carrier conduction, which means they carried
the positive charges. The p-type conductivity is characteristic
of materials where positive charge carriers (holes) dominate
the electrical conduction [47]. It was observed that the carrier
concentration for all three samples increased (NiS > NiS/GO
>Y-NiS/GO), while the resistivity decreased, indicating a better
choice for photovoltaic properties. The decrease in resistivity

TABLE-1
I-V CHARACTERISTICS OF DIFFERENT COUNTER ELECTRODES

Parameters Platinum (Pt) NiS NiS/GO Yttrium doped NiS/GO
Short circuit current density, J.. (mA/cm?) 0.2867 0.5364 0.5586 0.7152
Open circuitvoltage, V. (mV) 6.6945 7.9426 8.3934 8.5901
Fill factor (FF) 34 63 59 53
Efficiency, n (%) 2.59% 2.64% 2.72% 3.23%
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automatically creates oxygen vacancies, leading to an increase
in the carrier mobility of the samples [48]. All three samples
exhibited positive-type (p-type) current charge carrier conduc-
tivity. The carrier density, Hall resistivity and mobility were
plotted against the samples and are shown in Fig. 9a-b. The
increase in conductivity values (Table-2) suggests that all three
samples are suitable for energy harvesting devices.

TABLE-2
HALL EFFECT PARAMETERS OF
VARIOUS COUNTER ELECTRODES

. . Yttrium doped
Parameters NiS NiS/GO NiS/ GOp
Carrier density 1.89 1.23 2.08
Hall resistivity 1.46 1.60 1.43
Hall mobility 2.28 4.60 4.66

Fig. 9 illustrates the correlation between the resistivity
and the carrier concentrations for three samples. The highest
resistivity was observed in the NiS, NiS/GO and Y-NiS/GO
samples. The introduction of Ni substitutions in the (001) layer
resulted in partial disorder, leading to increased carrier scatt-
ering and consequently reducing mobility. Additionally, the
phase transformation from kesterite to stannite impacted the
electrical properties. The XRD analysis also verifies the existence
of secondary phases, which subsequently impact the electrical
impedance of the samples.

Photocatalytic studies: The acceleration of the reaction
process signifies the photocatalytic mechanisms. When a semi-
conductor material reacts with specific wavelengths of light,
it initiates oxidation processes, leading to the photo catalytic
degradation of pollutants [49]. The two main factors respon-
sible for the photocatalytic dye degradation process under solar
illumination are the response to sunlight and the creation of
photo-induced electron-hole pairs. The possible photocatalytic
mechanism occurs on the surface of Y-NiS/GO, used as a catalyst
for malachite green (MG) dye [50]. When sunlight photons
are absorbed by the catalyst (Y- NiS/GO), the photo-induced
electrons move from the valence band (VB) to the conduction
band (CB) with an energy band gap of 2.1 eV. Subsequently, the
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electrons react with atmospheric oxygen (O,) and water (H,O)
to form hydrogen peroxide (H,O,) [51].

O; + H,O — H,0, (3)

Then, the generated hydrogen peroxide (H,O,) reacts and
combines with the electrons photocatalyst surface to produce
hydroxide (OH) molecules.

0, + H,O — H,0, —» OH (4)

In this study, the photocatalytic process for the degradation
of malachite dye using the synthesized catalyst was analyzed
under natural sunlight over a period of 180 min. After the addi-
tion of catalyst, the absorption peaks began to disappear and
samples were collected and analyzed for UV analysis after every
30 min. The yttrium-doped NiS/GO sample effectively degraded
the malachite green dye by 97%, compared to 94% for pure
NiS and 86% for the NiS/GO composite, respectively. Among
the pure NiS, NiS/GO and Y-NiS/GO, good visible photons of
light were observed for the photocatalytic process (Fig. 10).
Hence, the nanocomposite exhibited good photocatalytic
activity.

The ionic radius of Y** is 0.088 nm, which is larger than
that of Ni** (0.068 nm), posing a challenge for Y** to integrate
into the NiS lattice. It has been documented that rare earth
salts undergo a transformation into rare earth oxides during
the temperature changing calcinations process. These oxides
can be evenly absorbed onto the surface of NiS, helping in the
separation of charge carriers, thus their lifetimes and impeding
the recombination of electron-hole pairs. As a result, Ni** can
replace Y** in the lattice of rare earth oxides, forming tetrahe-
dral Ni sites due to the significant difference in ionic radii between
Ni** and Y**. This substitution creates a charge imbalance, lead-
ing to increased adsorption of “OH ions onto the NiS catalyst
surface for charge balance [52]. These surface *OH ions can
trap holes generated by sunlight irradiation, generating *OH
radicals. This process not only suppresses the recombination
of photogenerated electron-hole pairs but also oxidizes and
absorbs more reaction substrates, thereby effectively enhancing
photocatalytic performance. Moreover, the transition of 4f-
electrons of rare earth ions enhances the optical absorption
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Fig. 9. (a) Carrier concentration; (b) Hall resistivity of Y-NiS/GO from Hall effect
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Fig. 10. UV-visible spectra, kinetic analysis and degradation efficiency of yttrium (Y**) doped NiS/GO composite

capability of NiS. In order to improve the photocatalytic per-
formance under sunlight, doping lanthanide ions causes the
optical absorption of NiS edge to shift red, which extends the
photo-response range.

Conclusion

In summary, incorporation of modified GO and NiS ampli-
fied the efficiency of yttrium-doped NiS/GO as Pt-free counter
electrode material for DSSCs. The yttrium-doped NiS/GO nano-
composites were successfully synthesized using a simple hydro-
thermal method. The incorporation of yttrium doping in the
NiS/GO composite successfully adjusts the bandgap (from 2.9
to 2.6 eV) without causing significant alterations to its crystal
structure. Initially, the introduction of yttrium atoms into the
NiS structure begins with filling up Ni vacancies, leading to a
decrease in the emission of lower doping levels. However, at
increasing doping levels, the yttrium ions start occupying inter-
stitial sites, which in turn promotes defect emission from the
NiS structure, as confirmed by photoluminescence spectra. The
synthesis of pure NiS, incorporation of GO into NiS as a comp-
osite and the chemical valence states of yttrium-doped NiS/
GO were confirmed through XRD and XPS analysis. The method
outlined for preparing Y-doped NiS/GO holds significant
promise for creating intriguing hybrids aimed at fabricating
high-performance Pt-free DSSCs. The FE-SEM images with
EDX analysis revealed a cornflake-like shape with wrinkled
morphology and uniform distribution of yttrium on NiS/GO.
This study demonstrates that yttrium was successfully doped
onto the NiS/GO composite and utilized as a counter electrode
in DSSCs. As compared to the NiS/GO and yttrium-doped
NiS/GO nanocomposite, yttrium-doped NiS/GO (Y-NiS/GO)
exhibited the highest power conversion efficiency. Yttrium
doped NiS/GO exhibits the PCE increased from 2.72% to 3.23%,
indicating that yttrium enhances the efficiency of the solar cell
and could potentially replace the expensive metal platinum
counter electrode in DSSCs. Yttrium also enhanced the surface
area and lattice structure of the NiS/GO composite. The synthe-
sized Y-NiS/GO nanocomposite exhibited high charge separ-
ation and a large surface area, leading to better photocatalytic

activity compared to pure NiS and the NiS/GO composite.
Additionally, the degradation efficiency gradually increased
with the addition of yttrium (97%) compared to pure NiS (94%)
and the NiS/GO composite (86%) in terms of photocatalytic
activity. Electrochemical investigations revealed that the nano-
structured Y-doped NiS/GO exhibited superior electrocatalytic
performance compared to NiS and NiS/GO in the I;/I"electr-
olyte. The concurrent presence of GO nanosheets and NiS
nanoparticles in the nano-hybrid enhances film conductivity
and reduces R.. The Y-doped NiS/GO catalyst accelerates the
rate of the I5/I" redox reaction, leading to improved DSSC
PCE compared to NiS and Y-doped NiS/GO counter electrodes.
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