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ABSTRACT
Quantum dot-sensitized solar cells (QDSSCs) are equipped with counter elec-
trodes (CEs) based on reduced graphene oxide (rGO) and nickel sulfide (NiS/
rGO). A hydrothermal method performed at 150 °C with variable reaction times 
(5, 10, and 15 h) was used to synthesize NiS/rGO CEs and evaluate their elec-
trocatalytic activity and stability by exposing them to varying conditions at 25, 
40, 60, and 80 °C for 100 h. Electrochemical performance was assessed through 
cyclic voltammetry (CV), electrochemical impedance spectroscopy (EIS), and 
Tafel polarization. Results showed that NiS/rGO 5 h exhibited superior electro-
catalytic activity, achieving a significantly higher current density. CV results 
showed that NiS/rGO 5 h generated the highest current density of 112.4 mA/cm2 
at 80 °C (Pt = 8.1 mA/cm2), and lower charge-transfer resistance (Rct values, 3.6 
Ω cm2 at 80 °C than (Pt = 674.4 Ω cm2). The high performance was attributed to 
the dominance of β-NiS phase. Additionally, the nanocomposites demonstrated 
strong mechanical adhesion and stability under prolonged exposure to elevated 
temperatures. This study highlights the potential of NiS/rGO nanocomposites as 
cost-effective and efficient alternatives to Pt for improved QDSSC performance.
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1 Introduction

Photovoltaic systems utilizing solar irradiation face 
challenges in efficiency due to increased internal car-
rier recombination rates and thermal effects. These 
affect the catalytic activity of electrode materials of CE, 
affecting overall performance and efficiency. Photo-
voltaic systems rely on electrocatalytic materials like 
platinum (Pt) for efficiency and durability. However, 
platinum’s non-catalytic nature can lead to overpo-
tential in electrolyte regeneration, reducing power 
conversion efficiency. This is due to the absorption 
of S2− on the surface, diminishing Pt’s surface activity 
and causing poisoning of the CE. Therefore, selecting 
the right materials is crucial for optimizing CE systems 
[1–3].

CE materials are being researched to overcome Pt’s 
drawbacks by substituting Pt with transition metal 
sulfide (TMS) which has unique physical and chemi-
cal characteristics. TMS CEs offer cost-effectiveness, 
exceptional electrochemical activity, and robust 
mechanical and thermal stability, making them a 
promising alternative for QDSSC. TMS CEs such as 
PbS [4], NiS [5], CoS [6], FeS [7], and CuxS [8] have 
led to remarkable improvements in photovoltaic 
operations.

However, Hodes et al. [9] and Zeng et al. [10] identi-
fied mechanical instability and uncertainties in Cu2S 
and CoS-based CEs, attributed to the chemical reaction 
between copper and the electrolyte, which leads to 
surface poisoning of the photoelectrode. Additionally, 
Gopi et al. [4] showed that PbS CEs in QDSSCs face 
more challenges than other metal sulfides due to their 
electrochemical properties, such as electron transfer 
rate and interaction with the electrolyte, which could 
lead to less efficient electron transfer, reduced cata-
lytic activity, and stability issues under operational 
conditions.

Device performance in solar PV cells is significantly 
influenced by the stability of catalyst materials used in 
counter electrodes (CEs) in QDSSCs, particularly for 
non-precious metals and alloys. It is crucial to study 
temperature stability and strengthen CE stability 
through strong electrode adhesion, as solar PV cells’ 
exposure to outdoor temperatures affects the efficiency 
of energy conversion. Extensive research on dye-sen-
sitized solar cells (DSSCs) was conducted by O’Regan 
and Grätzel [11]. These cells have gained significant 
attention due to their low cost and relatively high 
energy conversion efficiency [12–14]. In recent years, 

numerous researchers have revealed that narrow 
band-gap semiconductor quantum dots (QDs), such as 
CdS (QDs) [15], CdS/CdSe (QDSs) [16], CuInS2 (QDs) 
[17], PbS (QDs) [18], and CdS/CdSe/ZnS (QDs) [4, 6, 
8], are being introduced as photosensitizers for solar 
cells. These are called Quantum dot-sensitized solar 
cells (QDSSCs). The semiconductor quantum dots are 
used as photosensitizers, converting absorbed photons 
to excitons. They have several advantages including 
size-tunable band gaps, excellent photostability, high 
absorption coefficient, long carrier lifetime, and high 
dipole moment defining the extent to which a specific 
wavelength’s material light can penetrate before it is 
absorbed, large intrinsic dipole moment, and the abil-
ity to generate multiple excitons from a single photon 
called multiple exciton ‘generation’ (MEG) [4, 19–22].

Due to these remarkable properties, QDSSCs can 
potentially achieve theoretical efficiencies surpass-
ing 44%, exceeding the Shockley–Queisser detailed 
limit of 33% for thin-film solar cells as reported by 
Pawar et al. [23]. This remarkable promise places them 
significantly ahead of their counterparts such as dye-
sensitized solar cells (DSSCs) which have an efficiency 
of 31% as indicated by Yeh et al. [24]. Consequently, 
researchers are increasingly turning their attention 
toward QDSSCs, recognizing them as a transformative 
force in the realm of solar energy conversion.

Nickel sulfides, classified as TMS materials, exhibit 
unique optical, electrochemical, and magnetic prop-
erties, are eco-friendly, and can be synthesized into 
sulfur-rich compounds like Ni3S4 and NiS2 [25–27]. 
Nanostructured nickel sulfide CEs exhibit low 
charge transfer resistance, high short-circuit cur-
rent, enhanced electrocatalytic activity, CE stability, 
improved PV performance, and exceptional stability 
in polysulfide electrolytes [4, 28]. To improve catalyst 
performance and stability, the catalyst material must 
be uniformly distributed and securely attached to the 
CE, ensuring chemical inertness against the corrosive 
electrolyte [29].

Reduced graphene oxide (rGO) is a crucial mate-
rial for improving catalytic activity and efficiency as 
a support material. It increases active sites, maintains 
catalyst stability, and enhances selectivity. It promotes 
even particle dispersion, boosting reaction rate. More-
over, rGO enhances the catalysts’ physical properties, 
like electrical conductivity, and reduces the need for 
expensive materials [30–32]. NiS/rGO nanocomposites 
CE are ideal for high-performance electrochemical 
devices, similar to the CuS/rGO combination which 
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integrates catalytic nickel sulfide nanoparticles with 
electrically conductive rGO [14, 33–35]. Previous stud-
ies on NiO–Co3O4–rGO (for nitrite detection) and 
MoS2/Ni3S2–rGO (for alcohol fuel cells) demonstrated 
that rGO enhances conductivity, prevents particle 
agglomeration, increases catalytic sites, and improves 
long-term stability. This confirms that, even in NiS/
rGO work for QDSSCs, rGO plays a universal role in 
boosting conductivity, electrocatalytic activity, and 
stability of transition metal nanocomposites [36, 37].

The performance of materials depends on their 
valence state and morphology, which facilitate easy 
access to electrolytes, leading to high electrochemical 
performance [25]. The stability of QDSSCs is influ-
enced by various factors, including QD type, photo-
anode, CE electrocatalytic behavior, and electrolyte. 
Specific processes affecting performance stability are 
challenging to estimate due to the diverse degradation 
mechanisms [38].

Gopi and his colleagues [4] demonstrated the excel-
lent electrochemical performance of nickel sulfide-
based CEs across various surface morphologies, but 
did not explore their electrochemical and mechanical 
stability at different temperatures [5, 39] and further-
more did not incorporate rGO. Incorporating rGO can 
significantly enhance conductivity and the surface 
area, thereby improving the performance of CEs. The 
absence of rGO means missing out on these benefits, 
underscoring its importance in achieving optimal elec-
trocatalytic efficiency and stability in such systems.

In short, the search for material substitutes for 
precious metals for the CE of QDSSCs at high tem-
peratures, utilizing TMS and incorporating rGO, is 
still incomplete. Therefore, it is essential to conduct 
a study that focuses exclusively on the stability of CE 
at various temperatures, ignoring other QDSSC com-
ponents. By utilizing nickel sulfide nanocomposites, 
electrocatalytic activity and stability can be enhanced 
further through the synergistic effects of highly cata-
lytic nickel sulfide nanocomposites and electrically 
conductive rGO. Electrochemical testing should be 
conducted, as well as characterization of materials 
before and after the exposure test, to determine CE’s 
stability over 100 h at various temperatures and to 
document the extent to which CE stability is main-
tained as a function of temperature.

The hydrothermal synthesis method enables pre-
cise control over the growth of NiS/rGO nanostruc-
tures, yielding a material with a substantial surface 
area that translates into improved electrocatalytic 

performance. These results showcase a noteworthy 
increase in power conversion efficiency when com-
pared to conventional counter electrode (CE) mate-
rials. Furthermore, QDSSCs employing the NiS CE 
catalyst demonstrate outstanding operational stability 
over extended periods, underscoring its potential for 
practical application in real-world scenarios.

This study proposes an innovative approach 
to developing efficient and durable counter elec-
trode (CE) catalysts for QDSSCs, contributing to the 
advancement of next-generation solar energy technol-
ogies. The research focuses on the synthesis and char-
acterization of a NiS/rGO nanocomposite CE, high-
lighting its enhanced catalytic activity in facilitating 
the redox couple reduction within QDSSCs. Building 
on the synthesis method established by Gopi et al. [4], 
with the addition of reduced graphene oxide (rGO) 
as a supporting material, this study also introduces 
improvements in temperature variation and electro-
chemical stability testing. The amount of rGO added 
to nickel sulfide was selected based on preliminary 
experimental trials and supported by literature reports 
[14, 31, 32]. The chosen ratio provided the best com-
promise between catalytic activity, electrical conduc-
tivity, and device stability, thereby justifying its use 
in this work.

The objective is to investigate the effects of different 
temperature conditions on the electrochemical stabil-
ity of the NiS/rGO CE for 100 h, and to compare its 
performance with that of NiS nanoparticles (NiS Nps) 
and platinum (Pt) CEs. The selected temperatures (25, 
40, 60, and 80 °C) were based on light soaking tests 
used in previous studies on the performance of DSSCs 
[29, 40–44].

2 �Experimental details

2.1 �Materials

Nickel(II) nitrate hexahydrate (Ni (NO3)2·6H2O ≥ 99%) 
was used as the nickel precursor; thiourea 
(CH4N2S ≥ 99%) as sulfur precursor; ethanol (C2H5OH 
∼ 99.8%); polyethylene glycol (PEG MW ∼300); sodium 
sulfide (Na2S 9H2O ≥ 98%), sulfur (S), graphene oxide 
(GO), potassium chloride (KCl, ≥ 99%), methanol 
(CH3OH ∼99.8%); distilled (DI) water; Nafion; isopro-
panol. All chemicals used in this research were pur-
chased from Sigma-Aldrich, except for sodium sulfide 
which was purchased from Uni-Chem and used as 
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received without further treatment. The substrate for 
CE is a fluorine-doped tin oxide (FTO, 13 Ω/sq2, Hart-
ford Glass Co. Inc.) with an active area of 10 × 10 mm. 
These materials remained in purified analytical form 
and were utilized as received.

2.2 �Preparation of rGO and NiS/rGO 
nanocomposite

Since this study focuses on the catalytic performance 
and stability of the counter electrode (CE), the fabrica-
tion process primarily involved the synthesis of NiS/
rGO and its deposit onto a fluorine-doped tin oxide 
(FTO) glass substrate. The synthesis procedure follows 
methods and parameters reported in the literature [4, 
14]. All chemicals used to fabricate the NiS/rGO nano-
composites were utilized as received without further 
purification as shown in Scheme 1 and Fig S1.

The NiS/rGO nanocomposite synthesis began with 
the preparation of a Ni–S precursor solution. Specifi-
cally, 91 mg of nickel(II) nitrate hexahydrate (Ni(NO3)2 
6H2O) and 95 mg of thiourea (CH4N2S) were dissolved 
in 50 mL of ethanol to form a homogeneous solution. 
This mixture was transferred to a round-bottom flask, 
purged with argon gas to prevent oxidation, and 
stirred for 5 min using a magnetic stirrer. Then, 81 mg 
of graphene oxide (GO) was added, and the solution 
underwent ultrasonic treatment for 60 min to ensure 
uniform dispersion. The resulting solution was poured 
into a 100-mL Teflon-lined stainless-steel autoclave 
and subjected to hydrothermal treatment at 150 °C for 
5, 10, and 15 h, followed by natural cooling to room 
temperature. The resulting precipitate was collected 
via centrifugation at 4000 rpm for 20 min, washed 
multiple times with distilled water and absolute etha-
nol until the pH was approximately 7, and dried under 
vacuum for 10–20 min. Finally, the sample was treated 
with argon gas to remove residual oxygen.

For deposition, the FTO glass substrate was ultra-
sonically cleaned with acetone, ethanol, and distilled 
water for 10 min each. The conductive side of the 
substrate was identified using a multimeter before 
preparing the NiS/rGO paste. This paste was formu-
lated by thoroughly mixing 30 mg of NiS/rGO with 
polyethylene glycol and ethanol in a (1:1 ratio) using 
a mortar and pestle until a smooth consistency was 
achieved. Using the doctor blade method, the paste 
was then uniformly applied to the conductive side of 
the FTO glass (active area: 1 cm2). After deposition, the 
coated substrate was heated in an oven at 450 °C for 
10 min under an argon atmosphere to remove residual 
oxygen, ensuring a well-adhered and stable counter 
electrode suitable for catalytic applications.

2.3 �Preparation of the electrochemical cell

In this study, two main procedures were used to meas-
ure the electrochemical stability and mechanical sta-
bility of the samples exposed to temperatures of 25, 
40, 60, and 80 °C. Firstly, the electrochemical activity 
and electrochemical stability of NiS/rGO synthesized 
at various hydrothermal reaction times (5, 10, 15 h) 
and Pt CEs were measured using cyclic voltammetry 
(CV), electrochemical impedance spectroscopy (EIS), 
and Tafel polarization measurements. These analyses 
were conducted using the electrochemical cell (poten-
tiostat instrument) containing three electrodes. The 
three electrodes are glassy carbon (GC) as a working 
electrode, Ag/AgCl as a reference electrode, and car-
bon as a CE, with polysulfide as an electrolyte.

The preparation of the electromechanical cell was 
contingent on the proper preparation of the work-
ing electrode, as detailed in Fig S2(1). The process 
involved combining 2  mg of the sample NiS/rGO 
nanocomposites (5, 10, 15 h) with a 200-μL solution 
containing 10-μL Nafion (5%, equivalent weight 1100, 
Aldrich), 50-μL isopropanol, and 140-μL ethanol. The 

Scheme 1   Synthesis scheme of NiS/rGO nanocomposite without and with FTO substrate, where GO is the graphene oxide, rGO is the 
reduced graphene oxide, PEG is the polyethylene glycol, and FTO is the fluorinated tin oxide glass
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mixture was then ultrasonicated for 30 min. Subse-
quently, only 10μL of the mixture was dropped onto 
the GC’s surface area and left to dry for a few minutes, 
as described by Zaman et al. [45].

The GC’s surface area (0.2 cm2), in the case of Pt 
(surface area 2 cm2), was used as an exposed area of 
the working electrode (WE) directly. Once prepared, 
the working electrode was immersed along with the 
other two electrodes in a polysulfide electrolyte. Fig-
ure S2(2) illustrates the preparation of the polysulfide 
electrolyte combining 1 M Na2S·9H2O, 2 M S, and 
1 M KCl in methanol:DI water (7:3). The mixture was 
then stirred for 10 min using a magnetic stirrer plate. 
Methanol was mixed with DI water to reduce the high 
surface tension of the aqueous solution. Furthermore, 
this electrolyte was used to fill the space between the 
two electrodes (the active area is cm2). The electro-
chemical cell was placed in a bath on a hot plate. The 
temperature was set to 25, 40, 60, and 80 °C, respec-
tively, and monitored with a thermometer, as depicted 
in Fig S2(3). Ultimately, the electrochemical cell was 
connected to a potentiostat instrument (VersaSTAT 
3F), and the device was set according to the perfor-
mance test to be conducted.

2.4 �Characterization techniques

The morphology and microstructure of the as-syn-
thesized composites were observed using field emis-
sion scanning electron microscopy (FE-SEM, SU8020, 
Hitachi), equipped with on-system energy-dispersive 
X-ray spectroscopy (EDS) at an operating voltage of 
15 kV. The phase purity was characterized, and struc-
tural analysis of the as-synthesized samples was per-
formed using powder X-ray diffraction (XRD, Rigaku, 
model: SmartLab, 0.2 mSv/j), using Cu-K radiation 
with a wavelength of 0.154 nm and operated at 40 kV 
and 40 mA. X-ray photoemission spectroscopy (XPS) 
was performed using a VG Scientific ESCALAB 250 
with monochromatic 177 Al−Kα radiation of 1486.6 eV 
and an electron take-off angle of 90°. High-resolution 
transmission electron microscopic (HR-TEM) analy-
sis was achieved by the JEM-ARM200F TEM instru-
ment. The JEM-ARM200F TEM instrument achieved 
a high-resolution transmission electron microscopic 
(HR-TEM) analysis. Cyclic voltammetry (scan rate of 
100 mV/s), EIS, and Tafel polarization (with a scan rate 
of 10 mV/s) were performed using a BioLogic potenti-
ostat/galvanostat/EIS analyzer (SP-150, France) for the 
three-electrode cells with NiS as working electrode, 

Ag/Ag Cl as reference electrode, and carbon as the 
counter electrode. Pt plate was used as the working 
electrode in a frequency range of 100–100 kHz.

3 �Results and discussion

3.1 �Characterization tests

X-ray photoelectron spectroscopy survey spectra with 
a photon energy of 1486.7 eV were performed to inves-
tigate the stoichiometry and chemical bonding proper-
ties of the NiS/rGO (5, 10, and 15 h) samples, as shown 
in Fig. 1a.

Figure 1 shows the X-ray photoelectron spectros-
copy (XPS) survey and high-resolution spectra of the 
NiS/rGO samples synthesized at 5, 10, and 15 h using 
a photon energy of 1486.7 eV. Figure 1a confirms the 
presence of key elements. The C 1s spectra (Fig. 1b) for 
5 h exhibit peaks at 284.4 ± 0.1 eV (C–C), 284.9 (C–O), 
286.1 (C=O), and 289.1 eV (O–C=O), with similar peaks 
for 10 h (284.4, 284.8, 285.6, 288.9 eV) and 15 h (284.4, 
284.9, 285.9, 289.0 eV). The dominant C–C peak and 
weaker oxygenated peaks confirm reduction of GO 
to rGO. Minor peaks near 285–287 eV suggest C–Ni 
bonding. In the Ni 2p spectra (Fig. 1c), 5 h shows peaks 
at 854.9 (Ni3⁺2p3/2), 855.6 (Ni2⁺2p3/2), 862.2, 874.5, and 
883.4 eV. Similar peaks are seen for 10 h (854.7, 859.2, 
862.3, 875.0, 882.3 eV) and 15 h (854.7, 858.8, 864.7, 
875.2, 881.1 eV), indicating Ni2⁺ and Ni3⁺ states. O 
1s spectra (Fig. 1d) show peaks at 532.4 (C=O), 533.7 
(C–O) and 534.2 eV (O–C=O) for 5 h, with similar 
values for 10 h and 15 h, confirming rGO presence. 
S 2p spectra (Fig. 1e) for 5 h show peaks at 162.5 and 
163.6 eV (S2⁻), and at 164.5, 167.9, and 168.6 eV (C–S, 
O–S, O=S). Similar peaks were observed for 10 and 
15 h, indicating evolving sulfur bonding over time.

The crystalline structures of NiS/rGO nanocom-
posites synthesized at different durations (5, 10, and 
15 h) were analyzed via X-ray diffraction (XRD), as 
shown in Fig. 2. The hydrothermal method facilitated 
the in situ growth of NiS nanoparticles on reduced 
graphene oxide (rGO) surfaces, helping to achieve nar-
rower particle size distributions and improved disper-
sion. The XRD pattern of GO showed a peak at 10.3°, 
associated with an interlayer spacing of 0.858 nm, 
while rGO showed a characteristic (002) reflection 
peak at 26.5°, consistent with previous reports [46].

Figure 2a presents the XRD patterns of NiS/rGO 
nanocomposites, where distinct peaks at 31.6°, 34.7°, 
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46.0°, and 53.5° are indexed to the (100), (101), (102), 
and (110) planes of the α-NiS phase (JCPDS card no. 
00-02-1280). Additional peaks at 18.4°, 30.3°, and 32.2° 
represent the (110), (101), and (300) planes of the rhom-
bohedral β-NiS phase (JCPDS card no. 01-086-2281). 
Furthermore, diffraction peaks at 21.7°, 31.1°, 38.7°, 
50.1°, and 78.1° confirm the presence of Ni3S2 (JCPDS 
card no. 00-44-1418), indicating the formation of a 
multiphase Ni–S structure. These findings align with 
previous studies [47, 48], ensuring reproducibility.

Figure 2b shows XRD of the samples deposited 
on FTO glass using the doctor blade technique and 

sintered at 450 °C. The patterns reaffirm the coexist-
ence of α-NiS, β-NiS, and Ni3S2 phases. Peaks from 
the FTO substrate appear at 26.6°, 33.9°, 37.9°, 51.7°, 
61.9°, 65.9°, and 78.7°, corresponding to the SnO₂ rutile 
structure (JCPDS card no. 00-41-1445). The rGO peak 
at 26.47° was consistently present. These comprehen-
sive XRD results confirm the successful synthesis and 
structural integrity of NiS/rGO nanocomposites on 
FTO substrates.

To analyze the surface morphology of the NiS/rGO 
nanocomposites synthesized at varying durations 
(5, 10, and 15 h), field emission scanning electron 

Fig. 1   XPS survey spectra 
a and high-resolution XPS 
spectra of NiS/rGO-(5 h, 
10 h, and 15 h) at b C 1 s, c 
Ni 2p, d O 1 s, and e S 2p 
regions
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microscopy (FESEM) was employed, and the corre-
sponding images are shown in Fig. 4. The NiS/rGO-5 h 
and NiS/rGO-10 h samples (Fig. 3a, b) exhibit uni-
formly dispersed spherical nanoparticles. However, 
NiS/rGO-15 h (Fig. 3c) displays nanoflower-like-spher-
ical structures, indicating morphological evolution 
with increased synthesis time. As the reaction time 
increased, the surface morphology became rougher 
and more agglomerated, likely due to particle over-
growth. The average particle sizes measured using 
ImageJ software were approximately 0.5 µm for 5 h, 
0.4 µm for 10 h, and 0.6 µm for the 15 h samples, with 
size distribution curves determined from 80 randomly 
selected nanoparticles. The nickel sulfide nanoparti-
cles densely coated the rGO sheets, making the rGO 
structure barely visible.

To further confirm the elemental distribution 
and nickel sulfide phases, energy-dispersive X-ray 

spectroscopy (EDS) was conducted (Fig. 4). The ele-
mental mapping showed high carbon content, verify-
ing the presence of rGO. The Ni:S atomic ratios in NiS/
rGO-5 h (3:2 and 3:2.4) indicated the predominance 
of the Ni₃S₂ phase. In contrast, the NiS/rGO-10 h and 
15 h samples exhibited higher sulfur content, consist-
ent with the formation of α-NiS. These findings align 
with the XRD results (Fig. 2), confirming that synthesis 
time plays a critical role in defining the nickel sulfide 
phase within the rGO matrix. Overall, both FESEM 
and EDS analyses demonstrate successful incorpora-
tion and structural tuning of nickel sulfide on the rGO 
nanosheets based on the synthesis duration.

To investigate the surface morphology and struc-
tural properties of the NiS/rGO nanocomposites 
deposited on the FTO glass substrates, FESEM, EDS, 
and HR-TEM analyses were conducted (Figs S1, S4). 
Figure S3 displays the FESEM images of the NiS/

Fig. 2   XRD patterns for the 
as-synthesized nanocompos-
ite samples NiS/rGO-(5 h, 
10 h and 15 h) (a) and the 
deposited nanocomposite on 
the FTO substrate (b)

Fig. 3   FESEM images of NiS/rGO nanocomposite samples: a NiS/rGO-5 h, b NiS/rGO-10 h, and c NiS/rGO-15 h
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rGO samples synthesized at 5-h, 10-h, and 15-h dura-
tions. All samples exhibited nanoflake-like spheri-
cal particles, with increasing synthesis time resulting 
in a rougher and more agglomerated surface mor-
phology. The average particle sizes measured using 
ImageJ software were 427.9, 514.9 nm, and 463.6 nm 
for the 5, 10, and 15 h samples, respectively. Size dis-
tribution was determined from 80 randomly selected 
nanoparticles per sample.

Figure S4 presents the EDS results for the NiS/rGO 
nanocomposites. High carbon signals confirm the 
presence of rGO. The Ni:S atomic ratios derived from 
six marked regions (A–F) revealed phase composi-
tions consistent with α-NiS in the 5 and 10 h samples, 
whereas the 15-h sample showed a ratio indicative 
of the Ni3S2 phase. Notably, after heat treatment at 
450 °C for 10 min, the XRD analysis showed a trans-
formation from α-NiS to β-NiS, indicating that ther-
mal conditions significantly affect phase composi-
tion. This observation aligns with previous findings 
[26], affirming temperature-induced phase transi-
tions in NiS structures.

Further structural insights were provided by high-
resolution TEM (Fig. 5), focusing on the NiS/rGO-
10 h sample. The interplanar spacing of 0.404 nm, 
corresponding to the (100) plane of Ni3S2, confirmed 
the crystalline nature of the nanocomposite. Autocor-
related image analysis validated the formation of sin-
gle-crystal domains, consistent with the results from 
XRD and FESEM. These results underscore that syn-
thesis duration and thermal treatment significantly 

influence the morphological and phase evolution of 
NiS/rGO nanocomposites, with implications for their 
electrochemical and catalytic performance.

The electrocatalytic activity of the NiS/rGO nano-
composites was evaluated using cyclic voltammetry 
(CV), showing that NiS-10 h exhibited the highest 
current density, outperforming Pt CEs in reducing 
Sx

2− to S2−. The HR-TEM analyses (Figs. 5, S5, 6) con-
firmed the crystalline structure of NiS/rGO, with 
interplanar spacings corresponding to Ni₃S₂ and 
rGO planes, validating the XRD and FESEM findings. 
Particle size analysis (Fig. 6) revealed 17–33 nm size 
range, with minimal growth over time, indicating 
limited agglomeration. XRD confirmed phase trans-
formation from α-NiS to β-NiS at elevated tempera-
tures. Temperature stability tests showed that NiS/
rGO retained structural and electrochemical integrity 
after 100 h at 25–80 °C. CV, EIS, and Tafel analyses 
demonstrated the superior electrocatalytic perfor-
mance and thermal durability of NiS/rGO, especially 
for the 10-h sample, making it a promising candidate 
for QDSSC counter electrodes.

The structural and morphological properties of NiS/
rGO nanocomposites were extensively analyzed using 
X-ray diffraction (XRD) and field emission scanning 
electron microscopy (FESEM) techniques after subject-
ing the samples to various reaction times (5, 10, and 
15 h) and aging conditions (exposure to temperatures 
of 25, 40, 60, and 80 °C for 100 h). These investigations 
reveal the phase stability, crystallinity, and particle 
size evolution under different thermal conditions.

Fig. 4   EDS results of NiS/
rGO nanocomposite samples: 
a NiS/rGO-5 h, b NiS/rGO-
10 h, and c NiS/rGO-15 h
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3.2 �Materials performance

3.2.1 �Temperature stability performance

This section covers the stability performance of the 
NiS/rGO nanocomposites at different temperatures, 
assessed by two main tests. The first was an exposure 
test using symmetrical dummy cells of the NiS/rGO 

nanocomposite (5, 10, 15 h) on FTO glass substrates 
with polysulfide as electrolyte against exactly simi-
lar electrodes (NiS/rGO on FTO) before exposure to 
temperatures of 25, 40, 60, and 80 °C in an oven for 
100 h. The second performance test entailed an elec-
trocatalytic analysis, encompassing cyclic voltam-
metry (CV), electrochemical impedance spectros-
copy (EIS), and Tafel polarization, on the NiS/rGO 
nanocomposites (5, 10, 15 h) in comparison to Pt CEs.

Fig. 5   HRTEM images of NiS/rGO-5  h (a, b). The inset of c 
represents the autocorrelated images of the selected portion in b. 
Bottom inset: Zoomed-in HRTEM image of the area marked with 
a yellow box in c. Top inset: Fast Fourier transformation (FFT) 
filter applied on c, showing the presence of a variety of crystal 

phases. d SAED pattern of Ni3S2 in the sample NiS/rGO-5  h, 
showing four diffraction circles related to unit cell planes. e His-
togram profile of the autocorrelated images used to measure the 
interplanar distance corresponding to the (111) plane of Ni3S2

Fig. 6   Particle size distribution of the TEM results in a NiS/rGO-5 h, b NiS/rGO-10 h, and c NiS/rGO-15 h
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Figure S7a displays the XRD patterns of the NiS/
rGO-FTO nanocomposites prepared at room tempera-
ture and aged at 25 °C for 100 h. Distinct diffraction 
peaks corresponding to the FTO substrate (SnO2) are 
observed at 2θ values of 26.5°, 33.9°, 37.9°, 51.72°, 
61.9°, 65.9°, and 78.7°, consistent with the standard 
rutile phase (JCPDS Card No. 00-041-1445). For the 
nickel sulfide phases, peaks representing β-NiS (rhom-
bohedral, R3m space group) are detected at 18.4°, 
30.3°, 32.3°, 37.5°, 51.2°, 53.8°, and 65.3° (JCPDS Card 
No. 01-86-2281), while α-NiS reflections appear at 
30.2°, 34.7°, 46.0°, and 53.5° (JCPDS No. 00-02-1280). 
A broad peak near 26.5° corresponds to the (001) plane 
of reduced graphene oxide (rGO), confirming its incor-
poration. Notably, after thermal exposure, the α-NiS 
peaks diminished, indicating a phase transition favor-
ing the more stable β-NiS form, aligning with the find-
ings of [46].

Figure S7b shows that exposure at 40 °C for 100 h 
retains similar phase characteristics as seen at 25 °C. 
However, peak intensities differ, with β-NiS show-
ing more pronounced reflections in the 5 h samples 
compared to the 10 and 15 h ones, suggesting supe-
rior crystallinity or particle growth in shorter reaction 
durations. Again, the α-NiS phase is absent post-aging, 
indicating thermal instability. These observations cor-
roborate the previous studies and reinforce the prefer-
ence for β-NiS formation at moderate heating.

Figure S7c presents the XRD spectra of samples 
exposed at 60 °C. In addition to β-NiS, new peaks are 
observed corresponding to Ni₃S₄, which is consistent 
with cubic geometry (JCPDS Card No. 00-047-7379). 
Prominent reflections for Ni3S4 are found at 32.8°, 
37.7°, 64.1°, and 68.1°, indexed to the (222), (400), (533), 
and (444) planes, respectively. The emergence of Ni3S4 
implies phase transformation or thermal decomposi-
tion of existing NiS into mixed nickel sulfide phases 
under elevated temperature exposure.

Figure S7d details the XRD data for samples aged 
at 80 °C. Here, β-NiS remains the dominant phase, and 
new peaks appear for Ni3S2, evident from reflections 
at 18.4°, 31.3°, 38.4°, 44.5°, 55.2°, 66.1°, 73.3°, and 79.0°, 
corresponding to the (210), (110), ( 111 ), (200), 

(

101

)

 , 

(111), ( 031 ), and (311) planes (JCPDS Card No. 00-44-
1418). This transition to Ni3S2 at higher temperatures 
marks a significant structural evolution, distinct from 
the behavior at lower exposures.

Figures 7 and S8 illustrate the surface morphol-
ogy of the NiS/rGO nanocomposites aged at 25 °C 
and 40 °C, respectively. At 25 °C (Fig. 7), the FESEM 
images reveal rough, porous surfaces with nano-
flake and sponge-like morphologies, indicating effi-
cient loading of NiS onto the rGO nanosheets. Less 
agglomeration is noted in the 15-h sample, suggesting 
improved dispersion with increased reaction time. The 

Fig. 7   FESEM images of NiS/rGO nanocomposite: a NiS/rGO-5 h/FTO substrate, b NiS/rGO-10 h/FTO substrate, c NiS/rGO-15 h/
FTO substrate exposed to 25 °C for 100 h
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size distribution analysis (based on 80 random meas-
urements using ImageJ) yielded mean particle sizes 
of 306.2 nm, 613.8 nm, and 374.9 nm for 5-h, 10-h, and 
15-h samples, respectively, indicating that longer syn-
thesis time does not necessarily lead to larger particle 
sizes and may instead promote uniformity.

At 40  °C (Fig S8), the nanocomposites show 
increased porosity and interconnected sponge-like 
structures. Sample 5 h exhibits wider size distribution, 
while the 15-h sample shows smoother, rounder par-
ticles, suggesting better particle growth and uniform 
morphology. The average sizes recorded are 0.2 µm, 
0.3 µm, and 0.4 µm for 5 h, 10 h, and 15 h, respectively. 
These results, supported by EDS data, show consist-
ency in elemental composition and confirm successful 
deposition of NiS onto the rGO framework.

The FESEM images of the NiS/rGO nanocompos-
ites (5, 10, and 15 h) deposited on the FTO substrates 
exposed to 60 °C for 100 h (Fig S9a–c) show the for-
mation of rough, sponge-like structures with agglom-
eration of particles. The surface morphology of the 
composites varies with reaction time, with NiS/rGO 
5 h exhibiting smaller agglomerates compared to the 
10-h and 15-h samples. The size distribution analysis 
obtained from the FESEM images reveals the mean 
particle sizes of 0.3 μm for NiS/rGO 5 h, 0.4 μm for 
NiS/rGO 10 h, and 0.8 μm for NiS/rGO 15 h, as meas-
ured using ImageJ software. These values indicate that 
longer deposition times result in larger particle sizes, 
which might influence the electrochemical properties 
of the composites. The EDS results further confirm the 
increased concentration of NiS as the deposition time 
increased, and these findings are consistent across all 
samples exposed to 60 °C.

The FESEM images in Fig S10 illustrate the surface 
morphology of the NiS/rGO nanocomposites synthe-
sized at different hydrothermal durations (5, 10, 15 h) 
and deposited on FTO glass substrates exposed to 
80 °C for 100 h. NiS/rGO 5 h (Fig S10a) displays tightly 
packed particles without distinct rough features, indi-
cating lower surface area. In contrast, NiS/rGO 10 h 
(Fig S10b) shows a porous, sponge-like morphology 
with more defined edges. The size distribution analy-
sis of these samples showed average particle sizes of 
0.3 μm for NiS/rGO 5 h, 0.5 μm for NiS/rGO 10 h, and 
0.3 μm for NiS/rGO 15 h.

Cyclic voltammetry (CV) was used to evaluate 
the electrocatalytic activity of the NiS/rGO sam-
ples toward polysulfide reduction. The CV curves 
show a single irreversible reduction peak due to the 

conversion of Sx
2− to S2−. The current density, reflect-

ing catalytic efficiency, is highest for the NiS/rGO 5-h 
sample, indicating its superior electrocatalytic perfor-
mance. This is consistent with literature findings. CV 
results at 25 and 40 °C (Fig. 8) show increased current 
density for NiS/rGO 5 and 15 h, while Pt and NiS/rGO 
10 h had lower values. At 40 °C, Pt had the lowest cur-
rent density among all, confirming that NiS/rGO mate-
rials outperformed Pt in electrocatalytic activity. NiS/
rGO 5 h emerged as the most effective catalyst, with 
greater reduction efficiency and better stability, even 
with a much smaller surface area (0.2 cm2) compared 
to Pt (2 cm2). The results highlight the potential of NiS/
rGO nanocomposites, particularly the 5 h sample, as 
promising counter electrode materials for QDSSCs.

Figure 9 illustrates the current density over 10 CV 
cycles for NiS/rGO nanocomposites at various tem-
peratures (25 to 80 °C) in a polysulfide electrolyte. 
Among all samples, NiS/rGO-5 h exhibited the best 
performance, especially at higher temperatures. While 
its current density dropped sharply after the first cycle 
at 25 and 40 °C, it stabilized quickly from the second 
cycle onward. At 60 °C, the current density reduced 
gradually until the 4th cycle, then stabilized. At 80 °C, 
the decrease was slower and more gradual, reaching 
stability by the 9th cycle. In comparison, the Pt elec-
trode showed minimal fluctuation across all tempera-
tures, indicating better stability but lower catalytic 
activity.

Figure 10 confirmed that NiS/rGO 5 h consistently 
outperformed other composites across all tested tem-
peratures, with current densities of 32.9 mA/cm2 at 
25 °C, 52.5 mA/cm2 at 40 °C, 66.7 mA/cm2 at 60 °C, and 
an impressive 212.5 mA/cm2 at 80 °C. Table 1 further 
supports this, showing NiS/rGO-5 h maintained the 
highest values even after the 10th cycle at each tem-
perature. These results confirm that NiS/rGO nano-
composites, particularly the 5-h sample, offer superior 
electrocatalytic performance and stability compared to 
Pt. Their nanoflower and nanoflake-like morphologies, 
with higher surface area-to-volume ratios, contribute 
significantly to their enhanced activity, making them 
highly suitable for applications involving polysulfide 
electrolytes, especially under elevated temperatures.

The stability of current density between the 1st 
and 10th cycles was compared at 25 °C for NiS Nps, 
NiS/rGO, Pt, and Ni3S4 electrodes (Fig. 11). Ni3S4 
displayed the most stable current density over the 
cycles; however, NiS/rGO-5  h and NiS/rGO-15  h 
achieved higher current densities despite showing 
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slightly less stability. This superior performance, 
particularly for NiS/rGO-5 h, is primarily attributed 
to the dominant presence of the β-NiS phase, which 
offers enhanced electrical conductivity and catalytic 
activity compared to the α-NiS phase. The β-NiS 
phase dominance was confirmed via XRD, FESEM, 
and HR-TEM analyses, highlighting the importance 

of structural and phase control in optimizing the 
functional performance of counter electrodes (CEs). 
Furthermore, comparison with previously reported 
data in the literature [32] demonstrates that the 
NiS/rGO-5 h CE exhibits competitive electrochemi-
cal stability and current density, confirming the 

Fig. 8   Cyclic voltammograms of NiS/rGO-(5 h, 10 h and 15 h) and Pt at a 25 °C, b 40 °C, c 60 °C, d 80 °C, respectively

Fig. 9   Current density vs Cycles for NiS/rGO and NiS-(5 h,10 h,15 h) at various temperatures (25, 40,60, 80 °C), a NiS Nps-5 h, b NiS 
Nps-10 h, c NiS Nps-15 h, d NiS/rGO-5 h, e NiS/rGO-10 h, and f NiS/rGO-15 h
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effectiveness of the proposed synthesis strategy for 
improving CE. 

Electrochemical Impedance Spectroscopy (EIS) 
was employed to evaluate the charge transfer and 

resistance properties of these electrodes across vari-
ous temperatures (25, 40, 60, and 80 °C), using poly-
sulfide as the electrolyte in a three-electrode system. 
Nyquist plots were analyzed with an equivalent cir-
cuit model comprising series resistance (Rs), charge-
transfer resistance (Rct), constant phase element 
(CPE), and Warburg impedance (Zw) (Fig. 12).

At 25 °C, NiS/rGO-5 h exhibited the lowest Rs and 
Rct values among all electrodes, at 1.0 Ω cm2 and 5.0 
Ω cm2 respectively. Comparatively, NiS/rGO-10 h and 
NiS/rGO-15 h recorded Rs values of 2.1 Ω cm2 and 
1.7 Ω cm2, and Rct values of 6.1 Ω cm2 and 9.3 Ω cm2, 
respectively. The Pt electrode had significantly higher 
resistances (Rs = 11.5 Ω cm2, Rct = 69.0 Ω cm2), indicat-
ing poor catalytic performance. The CPE values for 
NiS/rGO-5, 10, and 15 h were 8.1 μF, 0.2 μF, and 0.1 
μF, respectively, while the Pt CE recorded 1.3 μF. The 
high Rs and Rct of Pt CE result in reduced fill factor 
and current density, highlighting its inferior efficiency 
compared to the NiS/rGO composites.

The low Rs in NiS/rGO-5 h signifies stronger bind-
ing between the CE material and electrode substrate, 
while the low Rct reflects faster electron transfer at 
the CE/electrolyte interface. These parameters affirm 
NiS/rGO-5 h’s superior electrochemical performance 
and stability. The high sulfur content in NiS/rGO-5 h 

Fig. 10   Current density from 
1st cycle of CV analysis at 
varying polysulfide testing 
temperatures for NiS/rGO 
nanocomposites synthesized 
at different hydrothermal 
reaction times (5, 10, 15 h), 
compared to Pt

Table 1   Current density values of samples at 1st and 10th cycles

Sample Current density (mA/cm2)

25 °C 40 °C 60 °C 80 °C

1st Cycle 10th Cycle 1st Cycle 10th Cycle 1st Cycle 10th Cycle 1st Cycle 10th Cycle

NiS/rGO-5 h 32.9 15.3 52.5 35.7 66.7 45.9 212.5 112.4
NiS/rGO-10 h 11.8 8.0 20.0 10.2 48.0 10.6 50.0 10.2
NiS/rGO-15 h 16.0 9.0 45.9 30.7 51.0 35.7 58.0 20.9
Pt 1.9 1.3 3.6 0.8 32.3 6.4 13.4 8.1

Fig. 11   Comparison of the stability in current density for one 
and ten cycles between the experimental results and literature * 
[32] at room temperature
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and 10 h is also a contributing factor to their enhanced 
capacity for reducing Sx

2⁻ to S2⁻ ions, facilitating more 
efficient charge transfer.

At 40  °C, the trend remained consistent. NiS/
rGO-5 h maintained the lowest Rs (1.5 Ω cm2) and Rct 
(6.5 Ω cm2) values, followed by NiS/rGO-10 h (Rs = 3.5 
Ω cm2, Rct = 8.4 Ω cm2), NiS/rGO-15 h (Rs = 2.4 Ω cm2, 
Rct = 11.3 Ω cm2), and Pt (Rs = 75.9 Ω cm2, Rct = 749.2 
Ω cm2). These results further demonstrate the consist-
ent advantage of NiS/rGO-5 h in terms of conductivity 
and catalytic activity at elevated temperatures.

At 60 °C, NiS/rGO-5 h again outperformed others, 
with Rs = 1.9 Ω cm2 and Rct = 6.3 Ω cm2, compared to 
NiS/rGO-10 h (Rs = 2.5 Ω cm2, Rct = 11.0 Ω cm2), NiS/
rGO-15 h (Rs = 4.1 Ω cm2, Rct = 13.6 Ω cm2), and Pt 
(Rs = 51.9 Ω cm2, Rct = 734.0 Ω cm2). Despite minor vari-
ations in Rs, the significant difference in Rct values con-
firms the superior electron transfer characteristics of 
NiS/rGO-5 h. The CPE values at 60 °C for NiS/rGO-5 h, 
10 h, and 15 h were 0.3 μF, 0.2 μF, and 0.3 μF, respec-
tively, further supporting enhanced electrochemical 
interaction at the interface.

At 80 °C, the Rct of NiS/rGO-5 h was the lowest at 3.6 
Ω cm2, while its Rs stood at 1.0 Ω cm2, nearly matching 
the lowest Rs recorded by NiS/rGO-10 h (0.8 Ω cm2). 

NiS/rGO-15 h exhibited Rs = 2.9 Ω cm2 and Rct = 10.9 
Ω cm2, whereas the Pt CE showed Rs = 46.1 Ω cm2 and 
Rct = 674.4 Ω cm2. The exceptional performance of NiS/
rGO-5 h across all temperature ranges demonstrates 
its mechanical and electrochemical robustness, main-
taining low resistance and high conductivity even at 
elevated temperatures.

Overall, NiS/rGO-5 h emerged as the most efficient 
CE, offering the best binding to the electrode surface, 
lowest resistance values, and highest electrocatalytic 
activity. Its performance is notably superior to both Pt 
and other NiS/rGO samples, largely due to the β-NiS 
phase and higher sulfur content, which enhance the 
reduction of polysulfide species and expedite electron 
transfer. The consistent low Rct values across all tested 
temperatures reinforce the robust and effective design 
of NiS/rGO-5 h for applications in energy storage and 
conversion devices. Table 2 summarizes the electro-
chemical parameters of EIS for NiS/rGO nanocompos-
ites synthesized at various reaction times (5 h, 10 h, 
and 15 h) and Pt in polysulfide electrolyte at 25 °C, 
40 °C, 60 °C, and 80 °C.

The study presents a comparison of the EIS param-
eters (Rs, Rct, CPE, Zw) for the NiS/rGO nanocompos-
ites synthesized at different times (5, 10, 15 h), along 

Fig. 12   Nyquist plot of NiS/
rGO at different deposition 
times and Pt a at 25 °C, b 
at 40 °C, c at 60 °C, and d 
at 80 °C, bottom inset in 
equivalent circuit to simulate 
the EIS curves
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with reference materials and Pt at 25 °C (Fig S11, 
Table 3). NiS/rGO-5 h exhibits the lowest Rs (1 Ω cm2) 
and relatively low Rct (5.0 Ω cm2), indicating superior 
conductivity and electrocatalytic activity compared to 
literature values such as NiS (Rct = 11.5 Ω cm2) and Pt 
(Rct = 69.0 Ω cm2). NiS/rGO-10 h and -15 h show higher 
Rct (6.1 and 9.3 Ω cm2, respectively). CPE values are 
also significantly lower for NiS/rGO-10 h (0.2 µF) and 
-15 h (0.1 µF) than the references, suggesting struc-
tural improvements. Zw values are the lowest for NiS/
rGO-5 h (5.5 × 10–5 Ω cm2), indicating better diffusion 
characteristics. The figure also compares this metal-
free mechanism with traditional metal-catalyzed 

processes, highlighting the advantages of the former 
in terms of sustainability and lower environmental 
impact. The reaction proceeded with high efficiency, 
as evidenced by the consistently high yields (85–95%) 
obtained across different substrate types.

Tafel polarization analysis (Fig. 13, Table 4) shows 
that NiS/rGO-5  h has the highest corrosion cur-
rent density, icorr = 759.0 mA/cm2, followed by NiS/
rGO-10 h (616.5 mA/cm2) and -15 h (255.5 mA/cm2), 
suggesting the fastest reduction kinetics. Pt, in con-
trast, exhibits poor performance with βa = 126.0 mV, 
βc = 189.0 mV, and the lowest icorr, confirming its lim-
ited catalytic efficiency in QDSSCs compared to the 
synthesized NiS/rGO electrodes.

For example, in one experimental setup, when the 
reaction was conducted at 60 °C in the presence of 
1 atm of oxygen, the yield reached 92% for pyrazoline 
derivatives with methoxy groups at the para position 
on the aryl ring. The figure also shows that the metal-
free oxidative hydrazonation can be performed in a 
variety of solvents, with DMSO providing the highest 
yields (up to 95%). In contrast, reactions carried out in 
non-polar solvents like toluene showed reduced yields 
of 70–75%. The comparison of yields and reaction 
times in different solvents emphasizes the efficiency 
of the method under optimized conditions.

Furthermore, the figure suggests that the metal-free 
oxidative hydrazonation method can be expanded to 
other classes of compounds, providing a sustainable 
route for functionalizing a variety of organic mol-
ecules. The use of oxygen as the sole oxidant makes 
the reaction highly environmentally friendly, and 
the method’s ability to work without metal catalysts 
opens up new possibilities for large-scale, industrial 
applications.

These figures collectively highlight the develop-
ment of a novel, sustainable method for synthesizing 

Table 2   Electrochemical parameters of EIS for NiS/rGO nano-
composites synthesized at various reaction times (5 h, 10 h and 
15 h) and Pt in polysulfide electrolyte at 25 °C, 40 °C, 60 °C, and 
80 °C

Samples Tempera-
ture( °C)

Rs Rct CPE Zw (× 105)

NiS/rGO-5 h 25 1.0 5.0 8.1 5.5
40 1.5 6.5 0.4 13.0
60 1.9 6.3 0.3 10.0
80 1.0 3.6 1.1 40.0

NiS/rGO-10 h 25 2.1 6.1 0.2 12.0
40 3.5 8.4 0.2 20.0
60 2.5 11.0 0.2 38.0
80 0.8 5.8 0.2 31.0

NiS/rGO-15 h 25 1.7 9.3 0.1 253.0
40 2.4 11.3 0.2 9.0
60 4.1 13.6 0.3 15.0
80 2.9 10.9 0.1 6.9

Pt 25 11.5 69.0 1.3 400.0
40 75.9 749.2 0.1 120.0
60 51.9 734 0.1 10.0
80 46.1 674.4 0.1 50.0

Table 3   Electrochemical 
parameters of EIS at room 
temperature (25 °C) recorded 
for this study and literature

Sample Code Rs (Ω cm2) Rct (Ω cm2) CPE (µF) Zw (Ω cm2) References

NiS-5 h 2.9 2.0 37.6 0.6 [9]
NiS-10 h 2.2 1.4 281.9 0.1
NiS-15 h 3.0 2.1 36.5 0.6
NiS 4.2 11.5 36.9 14.7 [42]
Ni3S4 11.4 0.6 1.8 140.1 [37]
NiS/rGO-5 h 1.0 5.0 8.1 5.5 × 10–5 This study
NiS/rGO-10 h 2.1 6.1 0.2 1.2 × 10–4

NiS/rGO-15 h 1.7 9.3 0.1 2.5 × 10−3

Pt 11.5 69.0 1.3 4 × 10−3
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pyrazoline derivatives with high efficiency and selec-
tivity. The metal-free oxidative hydrazonation process 
offers an environmentally friendly alternative to tradi-
tional metal-catalyzed reactions, with high yields and 
versatile applications in drug discovery and material 
science. The detailed analysis of reaction conditions 
and the impact of various substituents further under-
score the potential of this method for creating tailored 
compounds with desirable properties.

To evaluate the catalytic properties of the prepared 
counter electrodes (CEs), Tafel polarization curves 
were measured for NiS/rGO nanocomposites with var-
ying hydrothermal reaction times (5, 10, and 15 h) and 
compared to a platinum (Pt) electrode under different 
temperatures: 25, 40, 60, and 80 °C. Tafel polarization 
is an effective electrochemical method for assessing the 
electrocatalytic activity of materials by examining the 
relationship between current density and applied volt-
age. The Tafel curve consists of three distinct regions: 
the polarization zone at lower potentials, the diffusion 
region at higher potentials, and the Tafel zone where 
the slope is steep and represents the kinetics of the 
electrocatalytic process.

Figure 13a shows the Tafel curves for NiS/rGO-5 h, 
NiS/rGO-10 h, NiS/rGO-15 h, and Pt CE recorded at 
25 °C. The Tafel analysis at this temperature reveals 

Fig. 13   Tafel polarization 
curves of NiS/rGO nanocom-
posites (5, 10, 15 h) and Pt 
at a 25 °C, b 40 °C, c 60 °C, 
and d 80 °C

Table 4   Electrochemical parameters of Tafel polarization curves 
for NiS/rGO nanocomposites with various hydrothermal reaction 
times (5, 10, and 15 h) and Pt CE at 25, 40, 60, and 80 °C

Samples Tem-
perature 
( °C)

Ecorr
(mV)

icorr
(mA/cm2)

βa (mV) βc (mV)

NiS/rGO-5 h 25 515.1 759.0 255.0 616.0
40 515.6 2.2 419.1 368.6
60 518.4 0.3 240.0 253.6
80 521.5 13.8 370.3 517.6

NiS/rGO-10 h 25 578.4 55.0 459.0 154.0
40 572.0 0.1 518.7 104.7
60 667.4 0.4 236.0 152.0
80 576.3 0.1 857.0 101.4

NiS/rGO-15 h 25 611.6 741.0 273.0 307.0
40 651.6 1.5 476.4 274.9
60 626.3 0.8 206.9 183.4
80 531.7 4.3 340.2 472.7

Pt 25 578.5 0.3 126.0 189.0
40 568.6 0.6 153.8 251.0
60 566.4 1.1 163.3 147.6
80 568.7 1.3 143.5 163.9
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key electrochemical parameters such as the corrosion 
current density (icorr), corrosion potential (Ecorr), and 
Tafel constants (βa and βc). The Icorr values are crucial 
for understanding the efficiency of electron transfer at 
the electrode–electrolyte interface. It was found that 
the Icorr for NiS/rGO-5 h was the highest among all 
the CEs, with a value of 759 mA/cm2, indicating the 
fastest electron transfer process and high electrocata-
lytic activity. In comparison, the Pt electrode showed 
the lowest Icorr value of 255.5 mA/cm2, reflecting poor 
electrocatalytic performance. The βc value of NiS/
rGO-5 h was 616.5 mV, significantly higher than the 
Pt value of 189.0 mV, suggesting that the reduction 
reaction (cathodic process) was faster than the oxida-
tion reaction (anodic process) for NiS/rGO-5 h. In con-
trast, Pt exhibited a smaller βc and βa, implying poor 
charge transport and electrocatalytic activity at the 
interface of the quantum dot/electrolyte in QDSSCs. 
The βa and βc values for NiS/rGO-5 h were 255.5 mV 
and 616.5 mV, respectively, further demonstrating the 
faster reduction reaction.

Figure  13b shows the Tafel curves recorded at 
40 °C for NiS/rGO-5 h, NiS/rGO-10 h, NiS/rGO-15 h, 
and Pt CE. At this temperature, the Icorr values for 
NiS/rGO-5 h, NiS/rGO-10 h, and NiS/rGO-15 h were 
2.2 mA/cm2, 1.5 mA/cm2, and very low values respec-
tively, while the Pt CE exhibited the lowest Icorr value 
at 0.5 mA/cm2 indicating poor electrocatalytic activ-
ity. The βc values for NiS/rGO-5 h, NiS/rGO-10 h, and 
NiS/rGO-15 h were 368.6 mV, 274.9 mV, and 307.0 mV, 
respectively, with NiS/rGO-5 h exhibiting the highest 
value, suggesting a faster reduction reaction compared 
to other electrodes. The βc and βa magnitudes for NiS/
rGO-5 h were 368.6 mV and 419.1 mV, respectively, 
demonstrating that the reduction reaction was faster 
than the oxidation reaction. In contrast, Pt showed 
251.0 mV for βc and 153.8 mV for βa, further indicating 
a slower electron transfer process and poor electro-
catalytic activity in QDSSCs.

Figure 13c illustrates the Tafel curves recorded at 
60 °C. At this higher temperature, the icorr values for 
NiS/rGO-5 h, NiS/rGO-10 h, and NiS/rGO-15 h were 
0.3 mA/cm2, 0.4 mA/cm2, and 0.8 mA/cm2, respec-
tively, while Pt still exhibited the highest Icorr value 
of 2.3 mA/cm2. The βc values for NiS/rGO-5 h, NiS/
rGO-10 h, and NiS/rGO-15 h were 253.6 mV, 152.0 mV, 
and 183.4 mV, respectively, indicating that the reduc-
tion reaction was faster for NiS/rGO-5 h compared to 

the others. The βc and βa values for NiS/rGO-5 h were 
253.6 mV and 240.0 mV, respectively, further confirm-
ing that the reduction reaction was faster than the 
oxidation reaction. Compared to NiS/rGO, Pt showed 
147.6 mV for βc and 163.3 mV for βa, indicating poor 
electrocatalytic activity at the QD/electrolyte interface.

Figure 13d presents the Tafel curves recorded at 
80 °C, where the Icorr values were significantly higher. 
NiS/rGO-5 h exhibited an icorr value of 13 mA/cm2, 
NiS/rGO-10 h had 0.1 mA/cm2, and NiS/rGO-15 h 
showed 4.3 mA/cm2, while Pt had an icorr value of the 
smallest among all at 0.1 mA/cm2, indicating poor 
electrocatalytic activity at this high temperature. The 
βc values for NiS/rGO-5 h and NiS/rGO-15 h were 
517.6 mV and 472.7 mV, respectively, which were 
higher than the value of 101.4 mV for NiS/rGO-10 h. 
The βc and βa values for NiS/rGO-5 h were 517.6 mV 
and 370.0 mV, respectively, indicating that the reduc-
tion reaction was faster than the oxidation reaction. 
The Pt CE exhibited 163.9 mV for βc and 143.5 mV 
for βa, reflecting poor electrocatalytic activity in com-
parison to NiS/rGO electrodes.

The observed high icorr values indicate that NiS/
rGO-5 h has the fastest electron transfer process and 
the best electrocatalytic performance across all tem-
peratures tested (25, 40, 60, and 80 °C). NiS/rGO-5 h 
showed the highest icorr values at 25, 40, and 80 °C, 
indicating the highest intrinsic electrocatalytic activ-
ity. However, at 60 °C, Pt showed a better perfor-
mance than the NiS/rGO nanocomposites, with the 
highest icorr value of 2.3 mA/cm2. The βc and βa values 
confirm that the reduction reaction was faster than 
the oxidation reaction for NiS/rGO-5 h, and the val-
ues were generally higher compared to Pt. The high 
icorr values for NiS/rGO-5 h are consistent with the 
results from the electrochemical impedance spec-
troscopy (EIS), which further supports the superior 
electrocatalytic performance of this nanocomposite.

Figure 14 compares the reduction and oxidation 
rate values for NiS/rGO (5, 10, 15  h), Pt, and data 
from the reference study by [4]. The reduction rates 
(βc values) were found to be higher than the oxida-
tion rates (βa values) in most cases, confirming that 
the reduction reaction is faster at the surface of the 
electrocatalyst. Additionally, extending the hydro-
thermal reaction time did not result in improved 
catalytic performance, as the performance of the NiS/
rGO nanocomposites with longer reaction times (10 
and 15 h) was inferior to that of NiS/rGO-5 h.



	 J Mater Sci: Mater Electron (2026) 37:519519 Page 18 of 21

In conclusion, the NiS/rGO-5 h composite elec-
trode demonstrates superior electrocatalytic activ-
ity and faster electron transfer processes across a 
range of temperatures, with the highest icorr values 
observed at 25, 40, and 80 °C. However, at 60 °C, Pt 
outperformed the NiS/rGO composites.

4 �Conclusion

This research project aimed to develop nickel sulfide-
based CEs to overcome catalytic sulfur poisoning, as 
an alternative to the well-established Pt-based coun-
ter electrodes (CEs) used in QDSSCs. Nickel sulfide 
and reduced graphene oxide (rGO) supported nickel 
sulfide-based CEs (NiS/rGO-5 h, NiS/rGO-10 h, and 
NiS/rGO-15 h) which were successfully synthesized 
by the hydrothermal method at 150 °C at varying 
reaction times. The synthesized CEs were well char-
acterized using techniques like XPS, XRD, FESEM, 
EDS, and HR-TEM. XRD confirmed the presence of 
various nickel sulfide phases, including α-NiS, β-NiS, 
and Ni3S2. TEM analysis validated smaller particle 
sizes and showed good agreement with the XRD 
results via the Scherrer equation.

Electrochemical investigations, including cyclic 
voltammetry (CV), electrochemical impedance spec-
troscopy (EIS), and Tafel polarization curves, were 
performed to assess electrocatalytic performance. 
The effect of temperature on the polysulfide electro-
lyte (25 to 80 °C) was also investigated. rGO-sup-
ported NiS CEs outperformed Pt electrodes, with 
the best performance observed for NiS/rGO-5 h. This 
sample exhibited the highest current density during 
CV testing and the lowest charge-transfer resistance 

(Rct) in EIS analysis, demonstrating excellent cata-
lytic activity and electron transfer.

Moreover, in the investigation of Tafel polariza-
tion, the βa, βc, Ecorr, and icorr values of the CEs con-
firmed the superior behavior of the NiS/rGO-5  h 
nanocomposite, which showed the best electrochemi-
cal parameters among the tested samples. These find-
ings highlight the improved electrocatalytic behav-
ior, mechanical robustness, and thermal stability of 
the NiS/rGO nanocomposites.

The findings suggest that the synthesized NiS/
rGO electrodes are favorable alternatives to Pt-based 
materials for QDSSCs. This research contributes sig-
nificantly to the field of materials science, particu-
larly in developing efficient, stable, and cost-effective 
solar cells. Given their high electrocatalytic activ-
ity and thermal stability, NiS/rGO nanocomposites 
show strong potential for commercial and industrial 
applications beyond QDSSCs, such as lithium–sul-
fur batteries, fuel cells, and supercapacitors. Future 
research should aim to optimize synthesis methods 
for the scalability, applicability, and performance of 
NiS/rGO nanocomposites across a broader range of 
energy technologies.
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