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A B S T R A C T   

Currently, development of efficient binary composite electrode materials is a dire need to overcome the energy 
crises globally. Determent to increase the capacitance of supercapacitor, TiS2, MoS2 and TiS2/MoS2 composites 
are synthesized by hydrothermal technique and their growth mechanism is also proposed. The structural and 
morphological properties of the grown materials were examined by employing SEM, EDS, XRD and TEM tech
niques. In synthesized hierarchal micro-flowers composite the nano-sheets are evenly distributed on the spherical 
surface improving the surface porosity and surface area resulting enhancement in the electrons and ions transfer 
on the TiS2/MoS2 surface. The TiS2/MoS2 composite based electrode exhibited significantly improved specific 
capacitance (709 F/g) in contrast to individual TiS2 (480 F/g) and MoS2 (402 F/g) owing to their fast ion 
transfer, numerous active sites on their high surface area and robust synergistic effect. Additionally, after 4000 
cycles, more than 91 % capacitance was sustained for TiS2/MoS2 composite indicating their excellent stability. 
Consequently, TiS2/MoS2 binary metal sulfide composites with enhanced specific capacitance and significantly 
extended cycle life validating their potential applications in high-performance energy storage devices.   

1. Introduction 

Research scientists are working on the development of efficient, 
reliable, cost effective, light weight and adaptable energy storage de
vices to meet the growing energy demand globally [1,2]. Considering 
these aspects, researchers are conducting extensive research on batteries 
and electrochemical capacitors which are recognized as important en
ergy storage devices. [3,4]. Batteries have less power density but higher 
energy density. The key objective is to approach superior power density 
and energy density to boost the capabilities of supercapacitors and 
batteries [5,6]. Therefore to improve the proficiency of energy storage 
systems, the world is shifting toward emerging supercapacitor owing to 
significantly high energy and power densities, comprehensive cyclic 
stability, light weight and thermal stability at to extremely high tem
peratures [7–10]. 

Supercapacitors are consistently termed as ultra-capacitors and 
electric double layer capacitors (EDLCs) having significantly higher 

power and energy densities in comparison with conventional capacitors 
[11–13]. The ultra-capacitors have surprisingly less internal resistance 
and longer cycle life [13]. Supercapacitors are commonly employed in a 
variety of fields such as electric vehicles, consumer electronics, low 
power devices, photovoltaic systems, microcomputers and to stabilize 
the power supply [11–14]. Supercapacitors are categorized into various 
types depending upon their charge storing methods [15,16]. Whenever 
an electrical high voltage is applied to an EDLC, it uses non-faradic 
processes to form a Helmholtz layer [16–18]. The second type is pseu
docapacitors that operates on faradic reactions and chemical absorbance 
on their electrode surface. Finally, there is a hybrid capacitor that can 
operate on both anodic and non-faradic processes. [19–21]. 

The most advanced sort of supercapacitor is the hybrid super
capacitor [22–24]. Carbon electrodes are utilized in double layer ca
pacitors, which shows a less energy density problems [25–27]. 
Pseudocapacitors, on the other hand, used metal oxide or conducting 
polymers as the electrode, which has comparatively lower power density 
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but greater energy density [23,28,29]. Careful literature review depicts 
that numerous materials including metal oxide, semi metal sulfides 
(MoS2 and VS2), semi-conductors (TiS2 and WS2), transition metal 
dichalcogenides, and superconductors (niobium selinide) have been 
used for supercapacitor applications [30,31]. Researchers are working 
on newly developed metal dichalcogenides based 2D semiconductor 
materials such as molybdenum sulfide nano-sheets as electrodes for 
supercapacitor applications, [32,33]. Sulfide compounds exhibit two or 
more valence states which leads to the high specific capacitance 
[34–36]. Many sulfide and oxide nanomaterials have recently been 
employed as electrode materials in supercapacitor applications such as 
ZnS [37], CuS [38], CuO [39] and NiS [40] due to their reasonable 
specific capacitance. 

Recent research on TiS2 exposes that it has a specific capacitance 
near 4.60 F/g without use of binder and conductive carbon black. Af
terwards by mixing binder and conductive carbon black its capacitance 
enhances to 195 F/g having working potential window up to 3 V. This 
proves that carbon may be utilized to enhance the conduction of metal 
sulfides and transition metal oxides for prospective uses in super
capacitors [41–43]. Furthermore, various doped materials have been 
synthesized to enhance the efficiency of supercapacitors including Ti- 
doped Na4Mn9O18 [44], Ti-Doped Fe2O3 [45], Ti-doped V2O5 [46], 
Mo-doped ZnO [47] and S-doped CoP [48]. Presently, significant 
enhancement in the efficiency of supercapacitors have been attained by 
various hybrid composite material containing g-C3N4/MnO2 [49], 
NiS2@MoS2, TiS2/g-C3N4 [50], AC/TiS2 [51], NTs/MoS2 [52], AC/MoS2 
[53], MoS2/TiO2 [54], NTs/MoS2 [54] and MoS2/PPy-2 [54]. 

Previous literature review depicts that various effective methods are 
being used in order to improve the performance of supercapacitors 
including (i) tuning of morphology (ii) addition of carbon black (iii) 
transition metal doping and (iv) composites assembling are most sig
nificant. Among these methods composites are frequently employed in 
energy storage systems owing to outstanding characteristics covering 
easy ion transfer, low resistance, low erosion, high electrical conduc
tivity and high cyclic stability along with high thermal stability [55–57]. 
Composite materials consist of various secondary phases which play 
significant role in improving its electrochemical performance synergis
tically contrary to the dopant material wherein various doped element 
are presented in the crystal structure of the host substance lattices pre
serving its basic structure [58–61]. Titanium disulfide (TiS2) is an 
inorganic substance with hexagonal structure. Similarly, MoS2 is also an 
inorganic substance having identical hexagonal structures. So, these 

symmetrically identical structures and having crucial properties maybe 
a decent choice for the hybrid composites TiS2/MoS2 [62]. 

Motivated by their superior characteristics, identical structures and 
composites synergistic performance, here, TiS2, MoS2 and their com
posite (TiS2\MoS2) has been synthesized for the first time for their 
enhanced electrochemical performance. With the composition of TiS2/ 
MoS2 based electrode exhibited significantly improved specific capaci
tance (709 F/g) as compared to individual TiS2 (480 F/g) and MoS2 
(402 F/g) owing to their uniform hierarchical micro-structures growth, 
fast ion transfer, numerous active sites on their high surface area and 
robust synergistic effect. Reported composite TiS2\MoS2 exhibited 32 % 
improvement w.r.t. TiS2 and 43.3 % improvement w.r.t. MoS2. Addi
tionally, after 4000 cycles, more than 91 % capacitance was sustained by 
TiS2/MoS2, composite indicating their excellent stability. So, the as 
synthesized TiS2/MoS2 binary metal sulfides composite with consider
ably improved specific capacitance and extended cycle life validating 
their potential utilization as electrode materials for sophisticated energy 
storage devices. 

2. Experimental 

2.1. Materials 

Analytical grade precursors, titanium isopropoxide (C12H28O4Ti-97 
%), ethylene glycol (C2H6O2− 99.8 %), ethanol (C2H6O-99.8 %), Cetyl 
Trimethyl Ammonium Bromide (C19H42BrN-98 %), thio-urea and 
(Na2MoO4.2H2O-97 %) were bought from the Sigma-Aldrich. 

2.2. Pristine titanium disulfide (TiS2) synthesis 

Firstly, a thio-urea solution was prepared in 20 ml of de-ionized H2O. 
Room temperature stirring was done for 2 h. Another solution was made 
by combining 10 ml C12H28O4Ti and 1 ml C2H6O2 which used as a binder 
include and then vigorously stirred it for 2 h. Later on, both prepared 
solutions were blended to form a homogeneous solution and put it into 
autoclave. Then the autoclave was placed into the muffle furnace and 
heated at 180 ◦C for 18 h. After reaction completion, the autoclave was 
naturally cooled to room temperature. Finally, the obtain precipitates 
were washed with ethanol. After drying the precipitate for 7 h at 280 ◦C, 
undoped titanium disulfide (TiS2) powder form was achieved. 

Fig. 1. Schematic diagram of TiS2/MoS2 hierarchal micro-flowers composite synthesis.  
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2.3. Pristine molybdenum disulfide (MoS2) synthesis 

The MoS2 structures were synthesized by using hydrothermal 
method. In in 80 ml water, 2.14 g Na2MoO4.2H2O and 2.06 g H2NCSNH2 
were added and continuously stirred for 1 h. The pH was maintained less 
than 10 with 11.12 M HCl. The prepared mixture was put into the 100 ml 
stainless teflon autoclave and temperature was adjusted at 160 ◦C for 18 
h. Laterally, the completion of reaction, the black-brown MoS2 pre
cipitates were collected through filtration. The product was washed a 
number of times with ethanol and H2O numerous times. 

2.4. Hybrid composite (TiS2/MoS2) synthesis 

The synergetic combinations of hexagonal titanium disulfide (TiS2) 
and hexagonal plane molybdenum disulfide (MoS2) has been obtained 
by simple facile hydrothermal technique. Firstly, prepared the homo
geneous solution of TiS2 in 20 ml of distilled water and then precisely 
added molybdenum disulfide (MoS2). After this addition it was stirred 
continuously for 3 h at the room temperature and during stirring added 
CTAB to ensure slow hydrolysis process. Then this prepared liquid so
lution was added in stainless autoclave and placed in heating furnace 
whose temperature was adjusted at the temperature 180 ◦C for 24 h. 
Subsequently to reaction completion, teflon autoclave was self-cooled to 
room temperature. After cooling, the attained product was washed 
numerous times with ethanol and H2O then calcined it at 550 ◦C for 2 h. 
The schematic illustrations of the controlled synthesis process of hier
archal micro-flowers is revealed in the Fig. 1. 

2.5. Materials characterization 

The obtained products were studied by X-ray diffractometer (XRD) 

using its parameters such as radiation source of Cu-Kα (λ = 1.54056 Å). 
The scanning electron microscopy (SEM) was done by using Hitachi S- 
4800. Hitachi S-4800 was also fitted with energy dispersive x-rays 
spectroscopy for the elemental analysis. The JEOL JEM-2100 (Japan) 
has been used for transmission electron microscopy (TEM). Gamry- 
5000E, (Made in USA) potentiostat was used to analyze the electro
chemical performance of pristine and composites material. 

2.6. Electrochemical measurements 

The electrochemical performance has been tested in a 2 M KOH 
electrolyte by applying the three electrode setup. The composition of the 
electrode preparation was ordered as 80 % (0.25 mg) synthesized ma
terials TiS2/MoS2, 15 % (0.3 mg) carbon black (weight percentage) as a 
conduction substantial, and in last 5 % (0.2 mg) binder Polytetra
fluoroethylene (PTFE). This slurry solution was applied to nickel foam 
(1 cm × 1 cm) area. Finally, the prepared electrode was dried at 85 oC 
for almost 12 h in the muffle furnace. Then cyclic voltammetry (CV), 
galvanometric charge discharge (GCD) and electrochemical impedance 
spectroscopy (EIS) were evaluated at various parameters by using the 
Gamry 5000E electrochemical workstation as illustrated in the Fig. 2. 

Specific capacitance (Cs) of synthesized electrode were estimated by 
employing cyclic voltammetry equations in Eqs. (1) and (2) [50,63]: 

Cs =
∫

Idv
MvΔV

(1)  

Whereas ΔV denotes the scan rate (mVs− 1), M belongs to active mass in 
(mg), I refer the current in (mA) and Vi and Vf is potential window which 
is also called initial and final voltages respectively. 

Fig. 2. Systematic schematic diagram of prepared electrode.  

G. Nabi et al.                                                                                                                                                                                                                                    



Journal of Energy Storage 58 (2023) 106316

4

Cs =
I × Δt

ΔV × M
(2)  

Whereas M refers to the active mass (mg), which is pasted on nickel foam 
(1 cm × 1 cm) area, I refer to applied current (mA), ΔV belongs potential 
window and Δt belongs to discharging time. 

3. Results and discussion 

By using XRD approach the size, crystallographic structure and phase 

structures of synthesized materials were analyzed. As it can be seen in 
the Fig. 3, the diffraction peaks at 2θ = 12.1◦, 25.7, 35◦ and 58.3◦ cor
responding to the hkl planes (002) (100) (103) and (110) consistent with 
MoS2 (JCPDS no. 37–1492). Their crystal structure is hexagonal having 
space group hP6, P63/mmc, No. 194 and density (ρ) 5.06 g/cm3. The 
lattice parameters of MoS2 are as, a = 3.161 Å, b = 3.161 Å and c =
12.295 Å. 

The XRD analysis of TiS2 shows that the intensity peaks are at 2θ =
16.3◦, 44.7◦, 53.5◦, 60.2◦, 68.9◦ and 75.4◦ respectively match well with 
hkl diffraction planes (001), (011), (012) (1100), (004) and (002). These 
diffraction planes of TiS2 are consistent with the JCPDS no. 15–083 of 
TiS2. The TiS2 has hexagonal structure with space group P-3 m1 No. 164 
and density (ρ) 3.22 g/cm3. The lattice parameters if TiS2 are, a = 3.42 
Å, b = 3.42 Å and c = 5.72 Å with, α = 90◦, β = 90◦, γ = 120◦. MoS2 
diffraction peaks are comparatively weak and narrow, in contrast to TiS2 
weak but both are showing crystalline nature. The XRD pattern of the 
TiS2/MoS2 composite samples was also characterize which revealed the 
successful synthesis and crystalline nature of the product. Furthermore, 
the crystalline peak formation of the composites is almost identical, 
indicating that the molar ratio of Ti and Mo has minimal influence on the 
crystal structure as depicted in the Fig. 3. All the XRD peaks show the 
successful growth of the samples which were further characterized and 
utilized for electrode materials. 

SEM and TEM have been employed to examine the morphological 
structures, size and shape of prepared materials as displayed in the 
Figs. 4 and 5. The SEM of pristine TiS2 clearly showing the nanorods 
having width in 100–200 nm whereas their length is in the range of 
400–600 nm as depicted in the Fig. 4 (a). The shape of the these nano
rods is resembling with each other and apparently no much difference 
have been found between these rods. The pattern of these nanorods is 
smooth and regular. Energy dispersive X-rays spectroscopy was used for 
the elemental analysis. The elemental analysis showing that the syn
thesized material consists of Ti and S without any impurity as depicted 

Fig. 3. XRD Pattern of TiS2, MoS2 and TiS2 / MoS2 hierarchal micro- 
flowers composite. 

Fig. 4. (a) SEM of TiS2 (b) EDX of TiS2 (c) SEM of MoS2 (d) EDX of MoS2.  
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in Fig. 4 (b). Elemental analysis showing the controlled growth of TiS2. 
The SEM image of synthesized MoS2 have been shown in Fig. 4 (c) which 
are like micro spheres. The size of the individual microsphere is ranging 
from 3 to 5 μm and several nano-sheets like structures are observed on 
their surface. The size of the nanosheets is in nanometer range. Such 
microspheres with numerous sheets increases the roughness and finally 
the surface area which is crucial for the enhancement of the electrode 
performance. The EDS of MoS2 is depicted in the Fig. 4 (d) showing that 
it consists of only Mo and S without any impurity. Smooth and pure 
materials are essential for the better performance. 

The SEM of TiS2/MoS2 composite materials have been shown in the 

Fig. 5. The Fig. 5 (a) shows the low magnification image whereas Fig. 5 
(b) shows the high magnification images. The Fig. 5 (a) clearly shows 
that the TiS2/MoS2 composite materials exhibit a relatively uniform size 
distribution of hierarchal micro-flowers with no agglomeration. In this 
TiS2/MoS2 composite materials apparently the TiS2 micro rods are 
uniformly developed and distributed on MoS2 spherical structure with 
sheets, which resultantly increases the ratio of the nano-sheets. The 
combination of sphere and nano-sheets form hierarchal micro-flowers as 
shown Fig. 5 (a, b). The size of these hierarchal micro-flowers is ranging 
from 2 to 4 μm which can be clearly seen in the Fig. 5 (a, b). This clearly 
reveals that the composite materials have smaller size as compared to 

Fig. 5. (a) Low magnification TiS2/MoS2 composite SEM image (b) High magnification TiS2/MoS2 composite SEM image (c) EDS of TiS2/MoS2 composite (d) TEM of 
TiS2/MoS2 composite. 

Fig. 6. Proposed growth mechanism of TiS2/MoS2 composite.  
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individual materials confirming the high surface area of the composite 
materials. Such composites presumably combination of two materials 
enhance the rough and surface area of the materials. Researchers have 
already demonstrated that a reduce size and higher diffusion will 
improve the surface area, that is extremely critical for improving 
capacitive properties and their stability. Furthermore, TiS2/MoS2 com
posite consisting of hierarchal micro-flowers structure, expanded 
porousness and high surface area delivers additional ways for ions 
transportation and direct interaction with active materials to enhance 
the capacitance performance. So, possibly with enhanced surface area 
these materials will improve the active regions and redox reaction 
reliability for better electrode performance. The EDS spectra of this 
composite was also analyzed and depicted in the Fig. 5 (c). The EDS 
spectra confirms the presence of Ti, M, and S, as well as the absence of 
any other peak demonstrating that the prepared samples are well syn
thesized. The peaks intensity also shows the systematic combination of 
TiS2 and MoS2. 

Transmission electron microscopy is a sophisticated technique to 
analyze the dimensions and nature of the samples. The TEM of the TiS2/ 
MoS2 composite materials is shown in the Fig. 5 (d). The TEM images 
clearly showing the nanosheets/rods like structures are present on the 
surface of the microspheres. In the TEM image, the size of nanosheets 
under observation can be seen clearly ranging from 85 to 120 nm. The 
TEM results are consistent with the SEM images as shown in Fig. 5 (b). 
Such smaller size and regular pattern/ regular structures are crucial for 
electrode materials. 

Having intentions to investigate the possible growth progression of 
TiS2/MoS2 hierarchal micro-flowers, a number of experiments were 
performed and the resultant brief growth mechanism is depicted in 
Fig. 6. Under the suitable hydrothermal conditions and effective con
centration gradient the ions and molecules are stimulated and carried to 
the growing area Fig. 6 (a, b, and c). in this process, MoS2OH were 
dissolve in distilled water which further separate hydroxyl ion (OH− ) as 
shown in Eq. (3). 

MoS2OH+ e − →MoS2 +OH − (3) 

The source of sulfur (H2NCSNH2) is very responsive to coordinate the 
molybdate as (− NH2) is reductive functional group in source of sulfur 
which can easily react with the atomic molybdate. In continuation, the 
nuclei of MoS2 are formed as a result of the reaction between sulfur and 
residual molybdenum. The lately grown MoS2 nuclei have tendency to 
accumulate forming bigger particles which will definitely decrease their 
surface free energy, following the principle of Ostwald ripening as 
depicted in Fig. 6 (d, e, f, g, h) [32–34]. 

As preliminarily growth of MoS2/TiS2 hierarchal micro-flowers, the 
nano-sheets were fashioned with the evolution of the sheet planes and 
then stacking of layers on surface as in Fig. 6 (g, h). Some hierarchal 
flower-like MoS2/TiS2 microspheres appeared at prolonged (2 h) reac
tion time. The evolution process of hierarchal micro-flowers of MoS2/ 
TiS2 initiates by nuclei which later developed into mature hierarchal 
micro-flowers like structures with sheets like structure which are clearly 
seen in Fig. 6 (f, g and h). In other possible growth mechanism, it has 
been proposed that with suitable concentration, time and temperature 
the dissolution of irregular nanorods/particles occur as a result the 
emerging petal-like (sheet-like) layer on the surface of the larger sphere 
are seemed carried out synchronously. The irregular growth of the 
sheets on the surface is attributed to the stress, Van der Waals interlayer 
interactions and local stacking along highest growth rate of the plane. 
The growth process activates with the initial nucleus growth process, 
then growth of nano-sheets and self-assembly growth process followed 
by a complete growth of hierarchical micro-spheres consistent with the 
Ostwald ripening process [64,65]. 

The other possible growth of such structures is attributed to the self- 
assembling directed by their intrinsic crystal orientation growth as 
larger structures will have large specific surface area. In the solution the 
ions can selectively absorb on their surface and their surface edges tends 

to vanish attributed to electron shielding effect [39]. So, numerous 
combinations of edges and surfaces will result hierarchal micro-flowers 
like microspheres having sheets on their surface which definitely in
crease their surface area tending high supercapacitor performance [65]. 

Brunauer–Emmett–Teller (BET) theory is a sophisticated analysis 
technique used to measure the specific surface area of porous and solid 
materials. It gives crucial details about their physical structure. The 
surface areas of prepared samples were measured through BET tech
nique by means of nitrogen (N2) adsorption–desorption and the corre
sponding isotherms are shown in Fig. 7. The calculated surface areas of 
the pure MoS2, TiS2 and TiS2/MoS2 samples are 7.56, 9.6, and 13.1 m2/ 
g. It can be observed that surface area increased from 7.56 m2/g to 13.1 
13.1 m2/g. TiS2/MoS2 large surface area (13.1 m2/g) led to more redox 
reaction and active sites resulting in enhanced electrochemical 
characteristics. 

3.1. Electrochemical measurements 

The electrochemical capacities of synthesized electrodes such as 
TiS2, MoS2 and TiS2/MoS2 electrodes were examined through CV and 
each graph were presented in Fig. 8 (a), (b) and (c) respectively. The CV 
shapes of undoped TiS2 and TiS2 / MoS2 composites were depicted at 
scan rates 5, 10, 25, 50 and 75 mvs− 1 within the actual potential range of 
(0–0.7) V in 2 M KOH electrolyte see Fig. 8 (a, b, c). Oxidation / 
reduction peaks were found in the CV graphs owing to pseudo capacitive 
behavior of prepared electrodes, and it were deduced that the charge on 
the surface of prepared electrodes is attributable to the redox process. In 
the CV curves, the TiS2/MoS2 composite electrode had greater inte
grated areas than the TiS2 electrode, suggesting a significantly increased 
specific capacitance due to the integrated area. It has been observed that 
once scan rates rise, all CV curves take on a similar form, indicating the 
presence of pseudo capacitive characteristics. 

Recently various composites have been studied and their different 
specific capacitance have been carried out, resulting AC/MoS2 (261 F/g) 
[66], MoS2@TiO2 (210 F/g) [54], TiS2/g-C3N4 (546 F/g) [50] and 
MoS2/g-C3N4 (240.85 F/g) [30]. Specific capacitance of prepared 
electrodes MoS2, TiS2, and TiS2/MoS2 hierarchal micro-flowers com
posites have been measured at various scan rate (5, 10,25,50,75) by 
using Eq. (1). A higher specific capacitance 780 F/g as in Fig. 8 (d) was 
calculated from hybrid composites TiS2/MoS2 hierarchal micro-flowers 
combinations at the scan rate of 10 mV/s as compared to pristine TiS2 
have 480 F/g and MoS2 has 402 F/g. The oxidation and reduction 

Fig. 7. N2 adsorption–desorption isotherms of pure MoS2, TiS2, and TiS2/ 
MoS2 samples. 
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Fig. 8. (a) CV graph of TiS2 (b) CV graph of MoS2 (c) CV graph of TiS2 / MoS2 (d) Specific capacitance of TiS2, MoS2 and TiS2 / MoS2.  

Fig. 9. (a) GCD curves of MoS2 (b) GCD curves of TiS2 (c) GCD curves of TiS2/MoS2 (d) Specific capacitance of TiS2, MoS2 and TiS2/MoS2 at 1 A/g.  
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reactions of TiS2 and MoS2 in 2 M KOH electrolyte is given by Eqs. (4) 
and (5): 

MoS2 +OH− →MoS2OH+ e− (4)  

TiS2 +OH− →TiS2OH+ e− (5) 

Due to the limitation of charge transfer rates and diffusion of the 
alkaline electrolyte throughout the quick reaction phase, the redox 
peaks frequently broadened. 

For TiS2, MoS2 and TiS2 / MoS2 GCD graphs conceded at various 1, 5 
and 10 A/g current densities which is shown in Fig. 9 (a, b, c). GCD 
curves shows the regular patterns and indicate a rather symmetric na
ture over the hypothetical span of 0 to 0.7 V. The generated electrode is 
said to have a better long-term behavior and redox reaction within the 

certain potential range. The specific capacitance of TiS2, MoS2 and TiS2/ 
MoS2 at 1 A/g is 391, 462 and 701 F/g respectively as shown in Fig. 9 
(d). Consistent with the CV findings, the graph shows an estimated 
mirror-like potential-time reaction characteristic, indicating that the 
charge/discharge mechanism of prepared electrodes is cyclic. Discharge 
curves are nonlinear which further confirms the prepared electrode is 
pseudo capacitor in nature. This potency related to the electrochemical 
adsorbent reaction at the electrode–electrolyte contact. 

The speed of alkali ions spreading in and out by the electrolyte 
interface controls the discharge time of the prepared electrodes. The 
TiS2/MoS2 micro flower-composite electrode has a much higher 
discharge time than the TiS2 and MoS2 electrode. Higher redox reactions 
owing to much further adsorption sites and homogenous structure are 
ascribed to extended discharge period of TiS2/MoS2 hierarchal micro- 

Fig. 10. (a) CV cyclic stability of TiS2/MoS2 (b) Cyclic stability retention (c) GCD cyclic stability of TiS2/MoS2 (d) GCD cyclic stability retention.  

Fig. 11. (a) EIS of TiS2, MoS2 and TiS2 / MoS2 (b) log(V) vs log(ip).  
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flowers electrode which is intensely approved with the structural and 
surface morphological description as in SEM images (Fig. 6 b). 

Moreover, cycling stability of synthesized samples TiS2/MoS2 hier
archal micro-flowers composite nickel foam electrode (Fig. 10a) 
revealed that after 4000 cycles, 91 % (Fig. 10b) of the original capaci
tance was preserved, confirming the excellent cycle lifetime. 

According to the results of the following electrochemical tests, the 
TiS2/MoS2 hierarchal micro-flowers composite demonstrated good 
capacitance and cycling stability performance at greater charging and 
discharge currents. There were primarily two explanations for this: (i) 
There were aggregation of TiS2 with MoS2 might improve the effective 
surface area, reducing atom size and providing additional active lattice 
sites in the hierarchal micro-flowers combinations, which is greatest 
suited for oxidation and reduction. (ii) TiS2 provides additional chan
nels for electron and ion transportation, improving the TiS2/MoS2 
composite electrode electric conductivity. The TiS2/MoS2 composite 
electrode capacitance and cycle performance were improved synergis
tically by its reduced size, good electrical conductivity, and remarkable 
diffusing mode. As a result, TiS2/MoS2 electrode composite is a prom
ising applicant for supercapacitor applications. Interestingly, after 4000 
GCD cycles (Fig. 10c), this electrode material retained 91 % (Fig. 10d) 
percent of its charge, suggesting long-term cycling. 

Regardless of reasonable stability and excellent capacitance reten
tion, the electrode material should retain decent electrochemical ki
netics. Electrochemical impedance spectroscopy (EIS) is a 
comprehensive tool for studying electrochemical kinetics phenomena in 
more detail. The EIS results of prepared samples of TiS2, MoS2 and TiS2/ 
MoS2 composites electrodes are mentioned in Fig. 11 (a) as a Nyquist 
graph. TiS2 exhibits a broad and depressed semicircle at the higher 
frequency zone and a nearly linear in the lower frequency area, indi
cating a significant charge transmission resistance as shown in Fig. 11 
(a). Here in the Nyquist plots the real and imaginary component of EIS 
are depicted in Fig. 11 (a). The semicircle is crucial parameter associated 
with the electron transfer at the electrolyte / electrode boundary 
(resistance) interface, that is suitable to improves the conductivity. In 
the Nyquist plot the semicircle is associated with the electrical con
ductivity whereas it's slop (linear part) is related to the charge transfer 
resistance. Usually the equivalent series resistance (ESR) is estimated 
through the intersection of the curve at x-axis [71]. 

As compared to pristine samples, the smaller semicircle of TiS2/MoS2 
composite exhibited the lower charge transfer resistance. This will 
provide good conductivity following excellent activity and charges 
transfer resulting high capacitance. The vertical line behavior of TiS2/ 
MoS2 composite at lower frequency also confirmed the specified rapid 
ion diffusion in the electrode surface [72]. 

Inset of the Fig. 11(a) is the EIS equivalent circuit diagram. 
In addition, the “b” value calculated in Fig. 11 (b) using power law, 

and its parameter that provides evidence on electrochemical perfor
mance, was evaluated to be “b = 0.736”. This “b” value, which is higher 
than 0.5 and closer to near 1, once again confirming that as synthesized 
electrode TiS2/MoS2 material has capacitive nature. The electro
chemical study of the synthesized samples and their comparison based 

on specific capacitance (Table 1) and stability, revealed that the com
bination TiS2/MoS2 hierarchal micro-flowers displayed excellent 
capacitive and cycling properties, suggesting that it's a great choice for 
potential applications for supercapacitor electrodes. 

4. Conclusion 

The TiS2/MoS2 composite has been successfully synthesized by facile 
hydrothermal technique that effectively prevented aggregation. The 
incorporation of TiS2 to MoS2 shows a vital role in separating and 
reducing the composite material size. TiS2/MoS2 composites reveals a 
higher specific capacitance of 709 F/g at the scan rate of 10 mV/s, that is 
considerably much higher than TiS2 and MoS2 separately as well as 
other reported materials. The synergetic effect of declining charge 
transmission resistance and improving charge diffusion rate has been 
ascribed to the substantial improvement in ionic conductivity. The TiS2/ 
MoS2 composite also retained 91 % of its strength after 4000 cycles, 
demonstrating its exceptional stability. As a result, the prepared elec
trode materialTiS2/MoS2 is a feasible for supercapacitor electrode ma
terials applications. 
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