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A B S T R A C T   

Tuning the structural and electronic properties of layered metal selenides is a highly feasible approach for 
developing high-performance asymmetric supercapacitors (ASCs). In this work, a ternary heterostructure of 
yttrium diselenide/molybdenum diselenide (YSe2/MoSe2) with amorphous nickel boride nanoparticles (NixB 
NPs) was prepared by a simple hydrothermal method followed by a liquid phase route. Interestingly, this ternary 
heterostructure consists of multiple layers of YSe2/MoSe2 nanosheets uniformly wrapped by NixB NPs over the 
entire surface. The characterization results by X-ray diffraction, Raman, and X-ray photoelectron spectroscopy 
showed that the strong synergism between YSe2/MoSe2 and NixB NPs indicates an obvious electron transfer from 
NixB to the YSe2/MoSe2 hybrid, which contributes to the enhancement of the electrical conductivity of the 
electrode. Due to its exclusive heterostructure network, the single YSe2/MoSe2/NixB electrode achieved a specific 
capacitance of 893.3 F/g at 1 A/g and a capacity retention of 128.17% over 5000 cycles. In addition, the 
asymmetric YSe2/MoSe2/NixB||rGO device with a working potential of 1.6 V showed an impressive energy 
density of 39.5 Wh kg− 1 with a power density of 800 W kg− 1 and excellent cycling stability with 85.60% capacity 
retention after 5000 cycles in aqueous electrolyte. This result of the designed ASC device encourages the 
development of a new platform for the design of electrode materials based on metal selenides and metal borides.   

1. Introduction 

Supercapacitors (SCs) are considered promising energy storage de
vices for addressing energy demand challenges due to their remarkable 
performance in terms of fast charge/discharge characteristics, high 
power density, long lifetime, and cost efficiency [1,2]. However, their 
practical application is limited due to their lower energy density 
compared to batteries. To solve this problem, the development of a 
highly active positive electrode material with high energy density is 
urgently needed to meet the energy demand criteria [3]. As a well- 
known cathodic material, transition metal selenides have emerged as 
potential candidates for SCs due to their high electrical conductivity and 
excellent electrochemical activity [3]. Due to its unique physicochem
ical properties and special sheet-like structure, 2D layered MoSe2 is one 
of the most active electrode materials for battery-type SCs [4]. MoSe2 
exhibits several remarkable properties, including mixed oxidation 

states, large surface area, electrochemically active unsaturated edge 
sites, high theoretical specific capacitance, excellent redox behavior, 
and high volumetric energy density [5]. On this basis, Pazhamalai et al. 
developed a 2H-MoSe2 nanosheet-based electrode for symmetric SC and 
achieved a specific cell capacitance of 16.25 F/g with an energy density 
of 20.31 Wh kg− 1 in an organic electrolyte medium [6]. Recently, Rahul 
and Kumar Arora et al. synthesized few-layer MoSe2 nanosheets and 
used them as electrodes for SCs, which showed a capacitance of 15 F/g 
and achieved an efficiency of 95% over 12 repeated cycles. This report 
concludes that the layered MoSe2 sheets provide good specific capaci
tance due to the maximum accessible surface area [7]. However, the 
studies on MoSe2 as a single active electrode material show that 
agglomeration can easily occur due to Van der Waals forces, which 
limits the charge transfer rate and leads to a decrease in specific 
capacitance and a capacitance fading during longer cycles [8,9]. 
Moreover, the inactive basal planes of layered MoSe2 reduce the 
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electrochemical activity due to insufficient active catalytic sites [10]. To 
this end, several strategies have been introduced, such as (i) the intro
duction of dopants or (ii) the creation of heterostructures with other 
composites. In previous reports, doping of transition metals such as Co 
and Ni at the MoSe2 basal plane showed improved electrochemical 
capacitive behavior by creating more active sites in the form of defects/ 
distortions [10,11]. However, recent studies have found that the for
mation of a semiconducting heterostructure with MoSe2 significantly 
improves the charge transfer process by modulating the electronic 
properties and creating a synergistic effect that enhances the exposed 

active sites and capacitive behavior. 
Several types of MoSe2 heterostructures based on transition metals 

selenides have already been reported [12,13]. In contrast, hetero
structures based on rare-earth metal selenides are still unknown. Rare- 
earth metal selenides such as Sm2Se3, CeSe2, and La2Se3 have been 
used as electrode materials for SC due to their 4f electron configuration 
[14–16]. In this series, yttrium selenide (YSe2) is rarely used as an 
electrode material for energy storage applications. Yttrium can increase 
electrical conductivity, support charge transfer, and stabilize the overall 
structure because the change of energy band structure can create a more 

Scheme 1. The overall synthesis procedure for MoSe2 (step 1), YSe2 (step 2), YSe2/MoSe2 hybrid (step 3), and YSe2/MoSe2/NixB heterostructure (step 4) and their 
electrochemical applications. 
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active site at the grain boundaries [17–19]. As a cation, it can have a 
maximum number of charge carriers and has a low activation energy, 
which enables easy electron transfer from the valence band to the con
duction band by decreasing the value of the band gap and thus 
increasing the specific capacitance [17]. This high valence of Y associ
ated with Se ions can increase the charge transport rate, which increases 
the redox properties that can affect the pseudocapacitive nature of the 
battery-type SC. For this reason, the creation of YSe2/MoSe2 hetero
structures is a positive approach for SC and can prevent aggregation and 
serve as an ion buffer reservoir to facilitate the charge/discharge process 
[3]. To prevent structural changes during the capacitive process, an 
alternative is to create a rational heterostructure by integrating YSe2/ 
MoSe2 with different components. 

One suitable component is transition metal borides (TMBs). Due to 
their metalloid nature, they have recently been considered as an alter
native energy storage material. The presence of insubstantial boron 
groups and a modified electronic structure lead to a low activation en
ergy during the charge/discharge process [20,21]. From this series, 
nickel boride (NixB) is used as an active material for constructing various 
heterostructures and as an electrode for SCs due to its reversible redox 
activity, high theoretical capacity, and selectivity [22]. In our recent 
studies (Karthik and Sukanya et al.), we introduced a combination of 
NixB/MnMoO4 hybrid electrodes and achieved a specific capacitance of 
587.4 F/g along with a high Coulombic efficiency of 99.8% [23]. Tian et 
al. also constructed a ternary heterostructure based on a NiSe2-Fe3S
e4@NiCoB electrode, which exhibited a specific capacity of 887.0C/g at 
1 A/g [24]. These reports showed that the combination with NixB 
resulted in a high capacitance rate and Columbic efficiency. 

Encouraged by these studies, we now propose a new ternary heter
ostructure that combines the advantages of the individual components 
to give a hybrid with large surface areas, highly active catalytic sites, 

and improved charge diffusion rates through strong synergistic effects. 
Herein, we have developed a heterostructure combination of yttrium 
diselenide/molybdenum diselenide hybrid with amorphous nickel 
boride nanoparticles (YSe2/MoSe2/NixB), using a simple hydrothermal 
synthesis followed by a liquid phase route. The fabricated hetero
structure combines the advantages of layered catalytic sites rich in YSe2/ 
MoSe2 and NixB with excellent electrochemical activity. It can form a 
coherent network with more exposed sites and provide a short ion 
diffusion pathway. As a result, the YSe2/MoSe2/NixB electrode exhibited 
a specific capacitance of 893.3 F/g at 1 A/g, and the capacitance 
remained at 128.17% of its original value over 5000 cycles. In addition, 
an aqueous asymmetric device was constructed using YSe2/MoSe2/NixB 
as the positive electrode and reduced graphene oxide (YSe2/MoSe2/ 
NixB//rGO) as the negative electrode. This device also showed desirable 
electrochemical performance in terms of a high energy density of 39.5 
Wh/kg and power density of 800 W/kg. 

2. Experimental section 

2.1. Synthesis of YSe2/MoSe2 hybrid 

The YSe2/MoSe2 hybrid was prepared according to a previously 
published article with slight modification [25]. In this method, 0.02 M 
Na2MoO4⋅2H2O and 0.02 M YCl3 were stirred in 30 mL double-distilled 
(DD) water for 20 min. About 0.05 M Se powder was added to this so
lution and stirred again for 30 min. Then 10 mL of hydrazine mono
hydrate solution was slowly poured into the above solution until a black 
precipitate was formed. The final solution was stirred for up to 1 h to 
obtain a uniform precipitate. Finally, the obtained black solution was 
transferred to a 100-mL autoclave containing Teflon and heated in a hot- 
air oven at 180 ◦C for 12 h for the hydrothermal reaction. After that, the 

Fig. 1. (a) XRD pattern of (a’) MoSe2, (b’) YSe2/MoSe2, and (c’) YSe2/MoSe2/NixB, (b, c) FE-SEM images of MoSe2, (d, e) YSe2, (f, g) YSe2/MoSe2 hybrid, and (h, i) 
YSe2/MoSe2/NixB heterostructure. 
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solution mixture was allowed to cool at room temperature. Then the 
obtained product was collected and cleaned several times with DD 
water/ethanol and finally dried at 45 ◦C for 12 h. 

For comparison, the pristine YSe2 and MoSe2 were prepared sepa
rately under the same temperature conditions. 

2.2. Synthesis of YSe2/MoSe2/NixB heterostructure 

For heterostructure synthesis, a solution (25 mL DD water) was 
dispersed with 50 mg YSe2/MoSe2 hybrid and stirred for up to 30 min to 
obtain a uniformly dispersed solution. To this aqueous mixture, 0.125 M 
Ni(NO3)2⋅6H2O was added and stirred to ensure that the YSe2/MoSe2 
hybrid completely adsorbed the Ni2+ ions. Then, 10 mL of NaBH4 (0.5 
M) containing 0.04 g of NaOH was added dropwise to the above solution 
and stirred for 30 min at a temperature of 0 ◦C under a nitrogen (N2) 
atmosphere. The product finally obtained was centrifuged and rinsed 
various times with DD water/ethanol to eliminate the unsupported ions. 
The obtained black powder of the YSe2/MoSe2/NixB heterostructure was 
used for the electrochemical tests and further characterization. 

For comparison, the NixB NPs were also prepared by the synthesis 
method proposed above without introducing a YSe2/MoSe2 hybrid. The 
overall synthesis procedure for MoSe2 (step 1), YSe2 (step 2), YSe2/ 
MoSe2 hybrid (step 3), and YSe2/MoSe2/NixB heterostructure (step 4) 
and their electrochemical applications are shown in Scheme 1. Char
acterization techniques and electrochemical testing of materials are 
listed in the supporting information (see S2.1 and S2.2 materials details, 
material characterization, and electrochemical testing). 

3. Results and discussion 

The formation mechanism of the YSe2/MoSe2/NixB heterostructure 
is shown in Scheme 1. The reaction proceeds in several steps, such as 
nucleation and growth, which include optimizing temperature and so
lution concentration. The YSe2/MoSe2 hybrid is first synthesized by a 
simple one-step hydrothermal approach, and its formation mechanism is 
based on a previously published article [25]. In the reaction, the pre
cursors YCl3 (Y-source) and Na2MoO4⋅2H2O (Mo-source) first react to 
form an yttrium molybdenum oxide combination during core formation, 
followed by the reduction of Se in the presence of hydrazine. During the 
hydrothermal reaction (high-temperature treatment), the growth of 
these nuclei takes place, which finally develops into two-phase single 
and bulk layers of YSe2/MoSe2 hybrid. The above heterostructures were 
constructed based on the following considerations: (i) YSe2 and MoSe2 
can be prepared simultaneously and grown in the same reaction system, 
which supports the development of a stable and integrated hetero
interface. (ii) The MoSe2 layers are grown and attached to the YSe2 
single layers to form the unique YSe2/MoSe2 hybrid. After the formation 
of the YSe2/MoSe2 hybrid, NixB NPs are decorated on the YSe2/MoSe2 
by a simple liquid phase route [23], resulting in the formation of the 
YSe2/MoSe2/NixB heterostructure. 

The formation of the YSe2/MoSe2/NixB heterostructure was initially 
investigated by p-XRD analysis. Fig. 1(a) shows the corresponding XRD 
of MoSe2, YSe2/MoSe2, and YSe2/MoSe2/NixB heterostructures. The 
XRD patterns confirm the successful stepwise formation of hybrid 
structures using simple synthesis procedures. The XRD pattern of pure 
MoSe2 in Fig. 1(a’) shows the presence of diffraction peaks at 33.71◦ and 
54.70◦ corresponding to planes (100) and (110), and it is consistent 
with the amorphous 2D layered phases of pristine MoSe2 (JCPDS No. 29- 
0914) [10]. However, the low intense plane (002) at 11.10◦ indicates 
the formation of multiple layers of MoSe2. Indeed, the low and broad 
intensity peaks are mainly due to the presence of MoSe2 multilayers. 
After the formation of the hybrid, the intensity of the XRD patterns of 
MoSe2 is slightly increased and exhibits several peaks related to the 
mixed phases of the MoSe2 and YSe2 materials (Fig. 1(b’)). Comparing 
the XRD pattern of YSe2 in Fig. S1 with the standard reference pattern, 
the main diffraction peaks at 20.53◦, 27.71◦, 29.63◦, and 42.64◦ can be 

assigned to the tetragonal space group P4/nmm [26]. In this structure, 
the Y3+ is bound to four equivalent and five equivalent Se2- atoms in a 9- 
coordinate geometry. The other diffraction peaks at angles of 11.13◦, 
14.18◦, 32.82, 46.32, and 54.30◦ corresponding to planes (002), (102), 
(100), (105), and (110), respectively, are associated with the bulk 
phase of MoSe2. The appearance of new diffraction peaks is closely 
related to the bulk shape of MoSe2, which could be due to the layer’s 
transformation into the bulk shape after integration with YSe2. In 
addition, a shift in peak positions was observed, suggesting that the 
formation of a hybrid may lead to a change in crystallinity and a 
decrease in the size of crystallites in different dimensions or orienta
tions. Moreover, this will affect the morphology of MoSe2 after combi
nation with YSe2. 

In addition, the variation of the diffraction angle indicates the strong 
synergy between YSe2 and MoSe2. The broadened full width at half 
maximum (FWHM) of MoSe2 peaks in the YSe2/MoSe2 hybrid indicates 
the successful integration of MoSe2 on the YSe2 surface. No additional 
impurities were found, confirming the formation of a mixed phase of 
YSe2 and MoSe2. Finally, the formation of the targeted YSe2/MoSe2/ 
NixB heterostructure was confirmed by the diffraction pattern in Fig. 1 
(c’), which shows the presence of a wide-ranging peak at 45.68◦ linked 
with the amorphous phase of NixB (consistent with Fig. S1) and also 
observed in the suppressed diffraction peaks of YSe2/MoSe2. This 
reduction in the diffraction patterns of the YSe2/MoSe2 hybrid in the 
final heterostructure indicates the complete coverage of the weakly 
crystalline NixB on the surface of the YSe2/MoSe2 [23]. In addition, the 
shift in the 2θ value of pure NixB (for NixB (2θ = 45.14◦)) and YSe2/ 
MoSe2 hybrid compared to the XRD pattern of YSe2/MoSe2/NixB in
dicates the successful formation of the heterostructure. The XRD anal
ysis of the YSe2/MoSe2/NixB heterostructure is consistent with the 
morphological results in Fig. 1(h, i). This crystallographic analysis 
clearly shows that the ternary YSe2/MoSe2/NixB heterostructure is 
formed. Following the XRD analysis, the formation of the ternary YSe2/ 
MoSe2/NixB heterostructure was further elucidated by predicting mo
lecular vibrations using Raman analysis. Fig. S2 shows the correspond
ing Raman spectra of the YSe2/MoSe2 hybrid, YSe2/MoSe2/NixB 
heterostructure, which indicates the presence of both vibrational modes 
of YSe2/MoSe2 and NixB by showing a broad peak in the range of 
200–1200 cm− 1 [23]. The Raman shifts at 366, 806.9, and 1020.4 cm− 1 

are among the corresponding features of the binding of YSe2/MoSe2 
[26,10]. Moreover, a broad peak at a higher Raman shift indicates the 
successful incorporation of amorphous NixB into the YSe2/MoSe2 hybrid 
[23]. 

The surface morphology and texture of the formed ternary YSe2/ 
MoSe2/NixB were systematically analyzed using FE-SEM (Fig. 1(b–i)) 
and FE-TEM. Fig. 1(b, c) shows the high and low magnification FE-SEM 
images of pristine MoSe2 with 2D multilayers. The multilayers are 
interconnected and appear as a flower-like structure. Fig. 1(d, e) shows 
the presence of unfolded sheet structured YSe2 interconnected in the 
form of arrays. The sheets’ surface is smoother, indicating enhanced 
crystallinity and the interconnected gaps are helpful for ion transport 
during the electrochemical process. In addition, the surface morphology 
of the YSe2/MoSe2 hybrid combination was demonstrated and shown in 
Fig. 1(f, g). It can be clearly seen that YSe2 is in the form of 2D layers 
with a thin surface (compared to untreated YSe2), which are anchored 
with several multi-layers of MoSe2. From the image, it can be inferred 
that the MoSe2 layers are arranged like a lamellar structure with inter
twined nanosheet subunits and are gently attached to both sides of the 
thin YSe2 sheets with a smooth surface (Fig. 1(f, g)), which are bent and 
folded. This covering largely prevents the aggregation of MoSe2 and its 
stacking in the hybrid structure. Moreover, Fig. 1(f, g) shows that the 
flower-like MoSe2 layers are irregularly embedded in the YSe2 layers. 
Furthermore, the MoSe2 units are positioned on the YSe2 with abun
dantly exposed edges, forming a coherent network structure. The ob
tained morphology indicates that the 2D-2D structure possesses 
numerous catalytically active sites that could enhance the 
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electrochemical response for energy storage applications. Followed by 
this, the pristine NixB appears as nanoparticles with a more agglomer
ated structure, as shown in Fig. S1(a–c) (FE-SEM and TEM images). After 
the introduction of NixB, the morphology in Fig. 1(h, i) shows that the 
2D/2D layers of the YSe2/MoSe2 hybrid are completely enveloped with 
NixB NPs (in agreement with XRD) and that these enveloping NixB 
prevent them (YSe2/MoSe2) from agglomerating during synthesis. In 
addition, the high-resolution image shows that the NixB is fully 
embedded in the YSe2/MoSe2 hybrid. MoSe2 is invisible in some areas 

(consistent with XPS) because the YSe2/MoSe2 hybrid is completely 
covered by NixB NP, showing the strong synergy of NixB with the 2D- 
structured YSe2/MoSe2 hybrid. 

In addition, structural features and morphological changes were 
assessed using FE-TEM analysis. Fig. 2(a–f) shows the corresponding FE- 
TEM images with different magnifications of the YSe2/MoSe2 hybrid and 
the YSe2/MoSe2/NixB heterostructure. They show the formation of the 
hybrid structure and also the complete decoration of the NixB NP on the 
thin layer surface of the YSe2/MoSe2 hybrid. Fig. 2(a) shows that the 

Fig. 2. Different magnifications (low/high) of FE-TEM images of (a) YSe2/MoSe2 and (b-f) YSe2/MoSe2/NixB heterostructures.  

Fig. 3. (a) STEM-HADDF resolved dark field image and area scan mapping images of YSe2/MoSe2/NixB heterostructure: (b) yttrium (Y), (c) selenium (Se), (d) 
molybdenum (Mo), (e) nickel (Ni), and (f) boron (B). 
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YSe2 is in the form of transparent and thin individual layers that are 
folded and bent like 2D materials. These thin layers are decorated and 
randomly connected with multiple layers of flower-like structured 
MoSe2 sheets. The high-resolution images of the YSe2/MoSe2 hybrid are 
shown in Fig. S4. Apart from the hybrid layer, the YSe2 appeared and 
retained a very thin layer of 2D nanosheets even after the introduction of 
NixB, as shown in Fig. 2(b–f), and it also has more active sites and serves 
as binding sites for both MoSe2 and NixB. These ultrathin surfaces of 
YSe2 sheets with numerous catalytic sites could support the rapid 
transport of ions through the electrolyte during the energy storage 
process. The high-resolution image in Fig. 2(c) clearly shows that the 
NixB NPs randomly adhere to the basal surface of the MoSe2 multilayer 
and are fully decorated on the YSe2 thin sheets. This may cause the 
MoSe2 multilayer planes to break and spread over the YSe2 sheets, as 
shown in Fig. 2(d, e), demonstrating the non-uniform coverage of the 
MoSe2 layers on the thin YSe2 edges and basal surfaces. This layer 
breakage and random arrangement of MoSe2 is mainly caused by 
introducing the reducing agent NaBH4, which can reduce the MoSe2 
again during heterostructure formation. More importantly, the complete 
coverage of NixB NPs on both MoSe2 and YSe2 layers was clearly indi
cated by the high-resolution image in Fig. 2(e, f), and this complete 
coverage by NixB also helps to prevent the agglomeration of the YSe2/ 
MoSe2 hybrid, which is consistent with the result of FE-SEM analysis. 
The high-resolution, magnified lattice image in Fig. S3 shows the com
binations of ultrathin YSe2 and hierarchically layered MoSe2 nanosheets 
covered with NixB NPs, forming a ternary heterostructure interface. 
More details about the lattice structure and SAED pattern of the YSe2/ 
MoSe2/NixB heterostructure can be found in the Supporting Information 

(Fig. S3). 
To confirm the decoration of NixB on the YSe2/MoSe2 hybrid, the 

high-angle annular dark-field images (HADDF-STEM) and area scan 
mapping were performed. The corresponding HADDF-STEM image in 
Fig. 3(a) confirms the presence of the YSe2/MoSe2/NixB heterostructure 
in the form of a dark-field-resolved image. In addition, the area mapping 
images of all elements are shown in Fig. 3(b–f). Elements such as Y, Mo, 
Se, Ni, and B were clearly detected on the mapping site. This result 
proves the formation of a ternary YSe2/MoSe2/NixB heterostructure 
with uniform distribution of all elements in a reasonable ratio. We also 
compared the elemental distribution and HR-TEM images (Fig. S4(a–c)) 
of each component (YSe2/MoSe2) using HADDF-STEM analysis to 
confirm the presence of pristine Y (e), Mo (f), and Se (g) in the 2D system 
(Fig. S4). 

The details about the chemical state and the components present in 
the synthesized YSe2/MoSe2 hybrid and ternary YSe2/MoSe2/NixB het
erostructure were investigated by XPS analysis. The XPS results show 
that the atomic weight percentage of elements Y, Mo, Se, Ni, and B in the 
heterostructure varies after introducing NixB compared to YSe2/MoSe2. 
The corresponding percentages are shown in Table S1. To confirm this 
phenomenon, the XPS survey and high-scan spectra are plotted to 
determine the differences in the elemental state. The survey spectra for 
YSe2/MoSe2 hybrid and YSe2/MoSe2/NixB heterostructure are shown in 
Fig. S5 and confirm the presence of Y, Mo, Se, Ni, and B in the hybrid. 
From the individual scan spectra of Y in YSe2/MoSe2 (Fig. 4(a)), it is 
evident that there are three well-defined deconvoluted peaks at binding 
energies of 157.3, 159.8, and 160.9 eV associated with the Y3+ oxidation 
state of the corresponding subshells 3d5/2 and 3d3/2, respectively [27]. 

Fig. 4. Individual scan spectra of the (a) Y 3d, (c) Mo 3d, (e) Se 3d in YSe2/MoSe2 hybrid and (b) Y 3d, (d) Mo 3d, (f) Se 3d, (g) Ni 2p and (h) B 1s in YSe2/MoSe2/ 
NixB heterostructure. 
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However, in the case of the ternary heterostructure (Fig. 4(b)), the peak 
intensity and area of Y 3d5/2 are reduced and slightly shifted to a binding 
energy of 0.1 eV with the absence of a peak at 160 eV, confirming the 
change in the chemical and physical state of Y after the incorporation of 
NixB. In the case of the Mo spectrum (Fig. 4(c)), the peaks of the Mo4+

3d5/2 and Mo4+ 3d3/2 levels, related to binding energies of 231.6 and 
228.4 eV, can be seen as doublets. Then, the Mo spectrum shows an 
additional peak at 235.6 and 228 eV, indicating the presence of Mo6+

3d5/2 in the hybrid structure [10]. Moreover, this result confirms the 
presence of multivalent Mo ions in the hybrid system, which obviously 
leads to high electrical conductivity. However, in the heterostructure, 
the Mo spectrum (Fig. 4(d)) contains only one singlet peak of Mo6+ 3d5/2 
and Mo4+ 3d5/2, indicating that the phase changes after the introduction 
of NixB. The Se spectra in (Fig. 4(e)) show the presence of doublet peaks 
at a binding energy of 54.4 and 53.6 eV, corresponding to the Se 3d5/2 
and Se 3d3/2 subshells of the metal selenide bonds in the YSe2/MoSe2 

hybrid [10]. However, a similar phenomenon of reduction of the Se peak 
with a broad area was observed in the ternary heterostructure (Fig. 4(f)), 
indicating the presence of a Se 3d5/2 subshell peak at a binding energy of 
54.7 eV. To confirm the presence of NixB in YSe2/MoSe2/NixB, the in
dividual scan spectra of Ni and B were fitted and are shown in Fig. 4(g, 
h). The Ni spectrum shows multiple peaks at binding energies of 873.5 
eV and 855.8 eV associated with the Ni2+ 2p1/2 and Ni2+ 2p3/2 oxidation 
states. The existence of a metallic nickel phase (Ni0) on the final het
erostructure was observed at a binding energy of 869.6 and 852.8 eV, 
respectively. Subsequently, additional peaks of Ni species (satellite) 
occurred at a binding energy of 879.3 eV and 860.4 eV related to Ni2+

states. The B species in the final hetero system shows two prominent 
peaks at a binding energy of 191.6 and 187.8 eV, respectively [23]. The 
shift in the binding energy of the element boron plays a vital role in 
electron transport to enhance the electrochemical activity and energy 
storage mechanism. In this case, the element boron has shifted to a 

Fig. 5. CVs recorded at varying scan rates from 1 to 100 mV s− 1 and GCDs recorded at current densities applied from 1 to 20 A/g in 3 M KOH for MoSe2 ((a) and (b)), 
YSe2 ((c) and (d)) and YSe2/MoSe2 hybrid ((e) and (f)). 
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higher value, which means the reverse transport of electrons from B to 
Ni and increases electron density around Ni, which may lead to a change 
in the electronic structure of the whole system. Moreover, the XPS re
sults confirm that the incorporation of NixB into YSe2/MoSe2 causes 
significant changes in the phase and electronic structure of the entire 
ternary heterostructure system. In addition to the XPS results, the per
centage of elements Y, Mo, and Se in the hybrid was also calculated by 
ICP-AES analysis. The results are shown in Table S1. From the result, the 
ratio of Y (0.17 %), Mo (0.16 %) and Se (2.96 %) is 1:1:2, which is 
related to the experimental error and counted as 1:1:2 ratio in the final 
YSe2/MoSe2. The ICP results are slightly different from the values 
calculated by XPS. Since XPS is a surface analysis, it does not provide 
depth results for the percent analysis of the sample. However, the result 
from ICP-AES confirms the combination of YSe2 and MoSe2 in the final 
hybrid. 

4. Electrochemical characterization and performance 

The electrochemical properties of MoSe2, YSe2, and YSe2/MoSe2 
were investigated using cyclic voltammetry (CV) and galvanostatic 
charge/discharge analysis (GCD), and these data are summarized in 
Fig. 5(a–f). For the CV measurements (Fig. 5(a), (c), and (e)), the scan 
rate was varied from 1 to 100 mV s− 1 between the potentials of 0.0 and 
0.5 V versus Ag/AgCl in 3 M KOH. The CV plots for MoSe2, YSe2, and 
YSe2/MoSe2 are similar and show quasi-reversible redox behavior. The 
peak-to-peak separation is high for MoSe2, reaching 0.14 V at 100 mV 
s− 1, which might be related to the resistance to internal diffusion of 
electrolyte OH− ions [28], and the insufficient access to MoSe2 at the 
higher scan rates limits its capacity. A slightly lower value of 0.13 V is 
obtained for YSe2, while the lowest value of 0.11 V (at 100 mV s− 1) is 
obtained with YSe2/MoSe2. These data indicate faster ion/electron 
transport and more efficient redox reactions for YSe2/MoSe2. In 

addition, the integrated charge associated with the redox peaks is 
significantly higher for YSe2/MoSe2, indicating a much higher specific 
capacitance of this hybrid than MoSe2 or YSe2. The presence of Y in
creases the electrical conductivity and helps to reduce the resistivity 
effect during the cycling process. 

Similar quasi-reversible redox behavior is seen in YSe2 and the YSe2/ 
MoSe2 hybrid, and this is consistent with the intercalation of ions across 
the nickel foam (NF) and YSe2 with an enhanced current density in the 
highly alkaline electrolyte medium. In general, the central metal cation 
(M+) in the hybrid (YSe2/MoSe2) or single material (MoSe2) and their 
related M/M− OH reaction confirms the presence of reversible faradic 
redox reaction and results in enhanced specific capacitance [29–31]. In 
particular, the redox peaks observed in MoSe2 can be attributed to the 
reversible conversion of Mo (IV) to Mo (VI) [32], and this process 
probably also occurs in YSe2/MoSe2, and is related to the faradic redox 
reaction as described in Eqs. (1) and (2). 

(1)  

(2) 

The corresponding GCD tests are summarized in Fig. 5(b), (d), and (f) 
for MoSe2, YSe2, and YSe2/MoSe2, respectively. These tests were done at 
various current densities from 1 to 20 A/g in the range of 0.0 to 0.45 V. 
The YSe2 and YSe2/MoSe2 curves show nonlinear responses with distinct 
potential plateau regions characteristic of the faradaic process and 
battery-like activity. The GCD curves are less symmetric for MoSe2, 
possibly due to less reversible OH− reaction kinetics during the elec
trochemical redox reaction. The specific capacitance was determined by 
applying Eq. (3), where I is the current response, ΔV is the potential 
window, Δt is the time for discharge, m is the mass, and Cs is the specific 
capacitance. The Cs values were calculated as 29.44 F/g, 35.67 F/g, and 

Fig. 6. (a) Logarithm of peak current as a function of the logarithm of scan rate, (b) contribution of diffusive and capacitive contributions as a function of scan rate, 
and (c) and (d) CVs with highlighted diffusive and capacitive contributions recorded at 5 and 10 mV s− 1. 
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102.67 F/g at 1 A/g and 15.56 F/g, 15.50 F/g, and 44.44 at 20 A/g for 
MoSe2, YSe2, and YSe2/MoSe2, respectively. 

In addition, the Cs values for other corresponding current densities 
are given in Fig. S6. It can be seen from this comparison that YSe2/ 
MoSe2 has the greatest potential for high capacitance. 

Cs =
IΔt

mΔV
(3) 

To further improve the ease of OH− ions access throughout the 
charge/discharge process, amorphous NixB was chosen as an additional 
component and combined with the YSe2/MoSe2 to form a YSe2/MoSe2/ 
NixB hybrid. The amorphous NixB was selected because it has more 
pores and a larger active surface area and is effective in fabricating an 
asymmetric supercapacitor [23]. Fig. 7(a, d) compares the performance 
of NixB and the YSe2/MoSe2/NixB hybrid. In Fig. 7(a), the CVs are 
plotted as a function of the scan rate for NixB (1–100 mV s− 1) and show a 
pair of well-defined redox peaks, again indicating a quasi-reversible 
response with the intercalation/deintercalation of OH− ions [23]. The 
redox events can be attributed to the oxidation of Ni2+ in NixB to Ni3+, 
while the reverse reduction wave is associated with the conversion of 
Ni3+ back to Ni2+ (Ni(OH)2 + OH− ⇌ NiOOH + H2O) [33]. Moreover, 
the current density was observed to increase linearly with an increase in 
the scan rate, indicating a fast faradic response. Similar data are shown 
for the YSe2/MoSe2/NixB hybrid (Fig. 7(d)), but in this case, better- 
resolved redox peaks are seen, and the charge associated with the 
peaks is higher than that observed for NixB and much higher than that 
observed for YSe2/MoSe2 (Fig. 5(f)). At the same time, a shift of the 
anodic and cathodic peak potentials towards more positive and negative 
values was observed at greater scan rates, which could be due to the 
increased interfacial resistance that could limit the diffusion of ions 
during fast cycling. However, no other significant changes in the sym
metry of the CV traces were observed, even at scan rates of high value, 
indicating the better reversible property of the electrode leading to 
improved capacitive performance of YSe2/MoSe2/NixB. This CV result 
suggests a diverse electrochemical behavior and reaction kinetics due to 
the strong synergism between YSe2/MoSe2 and NixB and the formation 
of intense heterointerfaces. 

To obtain information on the mechanism of the energy storage 

process for YSe2/MoSe2/NixB, the data from CV were further analyzed to 
gain insight into the role of diffusion-controlled and capacitive pro
cesses. To determine the contribution of these processes, the power law 
in equation (4) was used [34]. Here, i corresponds to the peak current 
density, v represents the scan rate, and a and b are variable parameters. 
The magnitude of b is related to the nature of charge storage, where a 
value of 0.5 designates a perfect diffusion-controlled process associated 
with electrolytic ion intercalation and deintercalation, while a value of 
1.0 indicates a surface-controlled capacitive process (double-layer 
capacitance and pseudocapacitance). Taking the logarithm of equation 
(4), b is obtained by plotting the logarithm of i as a function of the 
logarithm of v. A typical plot is shown in Fig. 6(a). The linear regression 
equations were determined as i = − 0.05 + 0.63 log v for the oxidation 
peaks and i = − 0.9 + 0.48 log v for the reduction waves. The calculated b 
values of 0.48 and 0.63 indicate that this is mainly a diffusion-controlled 
process. Nevertheless, some element of a capacitive process exists, 
suggesting a combination of a diffusion-controlled and a capacitive- 
dominated process. The capacitive and diffusion-controlled processes 
contribution was further analyzed using equation (5), where a1ν and 
a2ν1/2 correspond to the capacitive and diffusion-controlled processes, 
respectively. The values of a1 and a2 were obtained by plotting the peak 
currents as a function of ν and ν1/2, respectively. 

i = avb (4)  

i = a1v + a2ν1/2 (5) 

The CV was deconvoluted into the diffusive and capacitive contri
butions using equation (5) and the calculated a1 and a2 terms. These 
data are shown in Fig. 6(b) and Fig. S7 and clearly indicate that the 
capacitive contribution improves with a raising scan rate, reaching 41% 
at 100 mV s− 1. This is also evident in the representative voltammograms 
in Fig. 6(c) and (d), where the capacitive current makes a smaller 
contribution to the voltammogram. This analysis shows that the charge 
storage capacity is primarily dominated by a diffusion-controlled pro
cess, with the intercalation and deintercalation of OH− ions. 

Comparing the GCD curves in Fig. 7(b) and (e), it is clear that both 
the NixB and the YSe2/MoSe2/NixB exhibit high capacitance. In fact, the 
specific capacitance at a current density of 1 A/g was determined to be 

Fig. 7. CVs recorded between 0.0 and 0.5 V vs. Ag/AgCl at scan rates of 1 and 100 mV s− 1, GCDs recorded at current densities from 1 to 20 A/g, and electrochemical 
impedance data for NixB ((a), (b), and (c)) and the YSe2/MoSe2/NixB ((d), (e) and (f)). 
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723.33 F/g for NixB and 893.33 F/g for YSe2/MoSe2/NixB, showing the 
significant increase in specific capacitance by combining YSe2/MoSe2 
and NixB in a hybrid. Interestingly, there are two plateau regions in the 
YSe2/MoSe2/NixB heterostructure during discharge, which may indicate 
a multiphase transition where the rate of deintercalation and stripping 
of OH− on the YSe2/MoSe2 and NixB phases in the heterostructure may 
be different. The specific capacitance for other current densities 2, 3, 4, 
5, 10, 15, and 20 A/g was estimated to be 810.67, 706.67, 560.89, 
416.67, 151.11, 66.67, and 31.11 F/g, respectively (Fig. S6). This trend 
of decreasing the specific capacitance of the YSe2/MoSe2/NixB electrode 
is obviously due to the fact that the OH− ions do not have enough time to 
diffuse or migrate into the electrode materials. However, the obtained 
results prove that the proposed electrode based on the ternary material 
(YSe2/MoSe2/NixB) has much better electrochemical storage perfor
mance than the previously reported MoSe2 works, which include MoSe2- 
C composites (876 F/g) [35], Ni0.85Se-MoSe2 (774 F/g) [3], MnSe2@
MoSe2 (719 F/g) [36], and MoSe2-rGO (211 F/g) [37]. The results from 
GCD show that the NixB-decorated YSe2/MoSe2 hybrid exhibits signifi
cantly improved electrochemical behavior in terms of higher specific 
capacitance as well as high capability rate due to the strong synergistic 
effect between all components (YSe2, MoSe2, and NixB), which provides 
high electrical conductivity and redox properties that progresses the 
ease of electrolyte ions access during the electrochemical process. In 
addition, the improved specific capacitance and rate performance of the 
YSe2/MoSe2/NixB electrode is further explained by the following phe
nomena: (i) the coexistence of the electrochemically active species Ni 
and Mo can contribute to faradaic reversible reactions, which can be 
helpful for the improvement of the overall capacitance; (ii) the well- 
defined thin and multilayer arrays on the NF with the large surface 
area can expose extra catalytically active sites, reduce the ion diffusion 
paths and provide suitable networks for fast electron/ion transfer, 
resulting in improved rate capability; and finally, (iii) the presence of a 

YSe2/MoSe2 heterointerface between NixB modulates the electronic 
properties and increases the charge diffusion rate, leading to improved 
energy storage performance. 

Electrochemical impedance spectroscopy (EIS), widely used in en
ergy storage analysis, was employed to obtain additional information 
(conductivity and kinetic mechanism) about YSe2/MoSe2/NixB. The 
impedance data are shown in Fig. 7(c, f) for the NixB and YSe2/MoSe2/ 
NixB electrodes, respectively. These data were recorded between 0.01 
and 100 kHz with an AC perturbation of 10 mV. In both cases, semi
circles can be seen at high frequencies, followed by linear or near-linear 
regions at lower frequencies. The appearance of the semicircles may be 
associated with charge transfer events or faradaic reactions. The slope of 
the linear region is higher for the YSe2/MoSe2/NixB electrode, indi
cating that the phase angle (φ) is closer to an ideal capacitor with a 
phase angle of − 90◦. For the NixB electrode, the deviation is much 
larger due to frequency dispersion phenomena. In addition, the semi
circle diameter region, indicating the degree of the charge transfer 
resistance (Rct) is smaller for the YSe2/MoSe2/NixB electrode than for 
the NixB electrode, indicating higher conductivity and making the 
hybrid more suitable for redox reactions. The impedance data were 
fitted to an equivalent circuit with a solution resistor (Rs), and an RC pair 
consisting of Rct and capacitance (C). Using the fitted data, Rct was 
determined to be 7.53 Ω for NixB, while a lower value of 2.71 Ω was 
determined for the YSe2/MoSe2/NixB electrode. Similarly, a higher 
capacitance was calculated for the heterostructure, with values of 
723.33 F/g and 893.33 F/g for the NixB and YSe2/MoSe2/NixB elec
trodes, respectively. 

Impedance data were also recorded after 5000 charge/discharge 
cycles to evaluate stability. These data are shown in Fig. 7(c, f) and 
compared with the materials before the cycles. Good stability can be 
seen for NixB. However, the impedance values for the YSe2/MoSe2/NixB 
hybrid (Rct = 2.83 Ω) are nearly identical before and after 5000 cycles, 

Fig. 8. (a) GCD curves plotted at 1 A/g current density and (b) impedance data for MoSe2, YSe2, YSe2/MoSe2 hybrid, NixB and YSe2/MoSe2/NixB heterostructure and 
(c) capacity retention plotted as a function of cycle number for YSe2/MoSe2, NixB and YSe2/MoSe2/NixB. 
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indicating excellent stability. This highlights the remarkable properties 
of the heterostructure, including stability, high capacitance, conduc
tivity, and efficient redox activity. This is also evident in Fig. 8(a–c), 
which compares the GCD, impedance data, and capacitance retention 
for the different metal selenides and the YSe2/MoSe2/NixB hetero
structure. From the comparison of these data, it can be seen that the 
coupling of MoSe2 (Rct = 17.62 Ω) with YSe2 leads to a moderate in
crease in capacitance but causes an increase in charge transfer resistance 
due to the improvement in charge carrier transport after the introduc
tion of YSe2 (Rct = 13.5 Ω). The NixB exhibits an excellent specific 
capacitance (723.3 F/g) with a relatively low charge transport resistance 
(Rct = 8.01 Ω). This could be due to the small particle size, which can 
facilitate charge transport within short diffusion paths, increasing OH−

accessibility during the charge/discharge process. However, when NixB 
is coupled with YSe2/MoSe2, low charge transfer resistance and 
impressive capacitance (893.33 F/g) can be achieved, as shown by the 
GCD curves and impedance data (Fig. 8(a) and (b)). Another important 
parameter is the excellent stability associated with capacitance retention 
during prolonged charging and discharging. As mentioned earlier, the 
increase in specific capacitance of YSe2/MoSe2/NixB compared to other 
electrodes is due to the strong synergism between the YSe2/MoSe2 and 
NixB components. Fig. 8(c) shows that the YSe2/MoSe2/NixB exhibits a 
stable and nearly constant capacitance, extending from about 500 to 
over 5000 cycles at 10 A/g of applied current density. The initial slight 
increase during the first 500 cycles could be due to the formation of 
more active sites, such as NiOOH. The YSe2/MoSe2/NixB electrode 
retained a capacitance of 128.17% after 5000 cycles. On the other hand, 
a significant decrease in capacitance was observed for both YSe2/MoSe2 
and NixB, with a 78.42% decrease in capacitance after 2000 cycles for 
YSe2/MoSe2 and an 88.87% decrease for NixB. This indicates that the 
repeated intercalation and depletion of electrolytic OH− ions lead to 
stresses and changes in the structural integrity of the active sites in these 
individual materials. This is not the case for heterostructure, high
lighting its higher stability. These ideal results confirm that YSe2/ 
MoSe2/NixB is an excellent candidate for the fabrication of ASC devices. 

To better understand the electrochemical energy storage mechanism 
of the YSe2/MoSe2/NixB electrode after the cyclic stability test, an FE- 
SEM analysis was performed based on the previously published SCs 

articles [38–40]. The corresponding FE-SEM image after the 5000-cycle 
test is shown in Fig. S8. It shows that the electrodes retain their original 
structure even after a number of charge/discharge cycles in a strongly 
alkaline environment, which means that the NixB NPs are still firmly 
entrapped on the surface of the YSe2/MoSe2 films, and the films also 
retain their unique morphology like hybrids. Therefore, the improved 
electrochemical energy storage of the YSe2/MoSe2/NixB electrode could 
be mainly attributed to the ion buffer reservoirs of YSe2/MoSe2, which 
facilitated the fast and continuous charge/discharge process, followed 
by the improvement of structural integrity with amorphous NixB nano
particles, obviously leading to good cyclic performance and better rate 
capability in YSe2/MoSe2/NixB electrodes based on SCs. According to 
FE-SEM, XRD analysis was also performed after the cyclic stability test. 
The resulting XRD pattern after the 5000-cycle test is shown in Fig. S8. 
The presence of identical XRD peaks for YSe2/MoSe2/NixB with no 
change in valence was observed. Moreover, there is no obvious change 
in phase or crystal structure. This XRD result also shows that the YSe2/ 
MoSe2/NixB electrode is more stable under alkaline environmental 
conditions, even with repeated cyclic tests. The overall result of CV, 
GCD, and EIS analysis shows that the proposed YSe2/MoSe2/NixB elec
trode is perfectly suitable for the fabrication of ASC devices under 
aqueous electrolyte conditions. 

Given the encouraging results obtained with the YSe2/MoSe2/NixB 
hybrid, an asymmetric device was constructed using the hybrid as the 
positive electrode and rGO as the negative electrode to get a YSe2/ 
MoSe2/NixB||rGO device with two electrodes. An aqueous 3 M KOH 
solution was used as the electrolyte, and paper was kept as the separator. 
Using charge balance theory, the mass loading of the positive and 
negative electrodes on the NF substrate was calculated as 2.7 mg. Fig. S9 
demonstrates the corresponding CV of YSe2/MoSe2/NixB and rGO/NF 
recorded in 3 M KOH electrolyte using a three-electrode cell. First, the 
YSe2/MoSe2/NixB||rGO device was cycled from 0 V to various upper 
potential limits at 20 mV s− 1 to establish a suitable working potential 
window. These data are shown in Fig. 9(a) and clearly demonstrate that 
the YSe2/MoSe2/NixB||rGO device can be cycled to a relatively high 
potential of 1.6 V without distorting the shape of the CVs or triggering 
the oxygen evolution reaction (GCD comparison also shown in (Fig. S9). 
Fig. 9(b) shows the CV of the device in a potential region of 0–1.6 V at 

Fig. 9. (a) CVs recorded from 0.0 V to various upper potential limits. (b) CV traces were recorded at various sweep rates (1, 3, 5, 8, 10, 20, 40, 60, 80, and 100 mV/s). 
(c) GCD curves recorded at different current densities from 1 to 20 A/g, (d) capacity retention and Coulombic efficiency plotted as a function of cycle number for the 
YSe2/MoSe2/NixB||rGO device. (e) Electrochemical impedance spectroscopy and (f) Ragone plot with a power density as a function of energy density. 
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different applied sweep rates. The obtained CV curves are due to the 
combination of an electrical double-layer capacitance and battery-like 
behavior. Moreover, the ASC device maintained the same symmetry of 
the CV traces at higher scan rates, suggesting high capability rate and 
electron transfer rates. The GCD curves recorded at different current 
densities from 1 to 20 A/g are shown in Fig. 9(c). A small voltage drop 
can be seen at the beginning of the discharge curve, which can be 
attributed to the electrolyte solution resistance and/or the struggle to 
access the porous network of the YSe2/MoSe2/NixB||rGO device. 
Nevertheless, symmetrical curves with similar charge and discharge 
times are observed, indicating excellent reversibility. The specific 
capacitance was calculated as 111.34 F/g (178.15 C/g), 103.25 F/g 
(82.6 C/g), 96.94 F/g (51.7 C/g), 91.25 F/g (36.5 C/g), 85.63 F/g (27.4 
C/g), 63.75 F/g (10.2 C/g), 49.69 F/g (5.3 C/g), and 37.50 F/g (3 C/g) 
at current densities of 1, 2, 3, 4, 5, 10, 15, and 20 A/g, respectively. 
Fig. 9(d) shows the Coulombic efficiency and capacitance retention 
curves recorded at a current density of 10 A/g. The outstanding 
Coulombic efficiency of 100% is achieved over 5000 charge and 
discharge cycles, indicating the excellent reversibility of the proposed 
electrode. Moreover, good cyclic stability is shown with a capacitance 
retention of 85.60% after 5000 cycles, indicating the strong integrity 
and mixed heterointerface of YSe2/MoSe2 and NixB, which could facil
itate the wettability of the electrode in strong alkaline electrolytes. At 
the same time, the superior cyclic stability of the YSe2/MoSe2/NixB|| 
rGO device is due to the following aspects: (i) The presence of numerous 
active sites and the increase of the surface area of the YSe2 thin sheet and 
MoSe2 micro flower enables the rapid diffusion of ions over shorter 
paths and provide more space for volume adjustment during continuous 
charge/discharge cycles. (ii) In this exclusive hetero nanostructure, the 
YSe2/MoSe2 base acts as a conducting system for fast electron transfer, 
and the NixB particles act as additional active sites that can establish 
close contact between the three different components and compensate 
for the drawbacks of the single structure, resulting in improved me
chanical integrity and structural stability. (iii) and integrating the YSe2/ 
MoSe2/NixB heterostructure on a conductive NF substrate can prevent 
the aggregation of the material and improve its mechanical strength. 
From these aspects, it can be concluded that the YSe2/MoSe2/NixB||rGO 
device exhibits higher Coulombic efficiency and exceptional cyclic 
stability. 

To gain further insight into the stability of the YSe2/MoSe2/NixB|| 
rGO device, electrochemical impedance studies were performed before 
and after 5000 charge and discharge cycles. Representative Nyquist 
plots are shown in Fig. 9(e). As can be seen from the inset, the x-axis 
intercept of the Z’ axis, which corresponds to the contact and electrolyte 
resistance, remains essentially constant with a value of 1.56 Ω before 
and 1.4 Ω after 5000 cycles. The charge transfer resistance also changes 
only slightly, varying between 0.37 Ω before and 0.46 Ω after the cycles. 
This low resistance indicates that the fabricated device exhibits efficient 
charge transfer kinetics maintained after 5000 repeated charge and 

discharge cycles. In the near linear diffusion region, there is a larger 
change at the lower frequencies during the continuous cycles. This in
dicates small fluctuations related to the diffusion of the electrolytic OH−

ions at the electrode interface. Finally, the performance of the YSe2/ 
MoSe2/NixB||rGO device is summarized in the Ragone diagram shown 
in Fig. 9(f), where the power density is plotted as a function of the en
ergy density. Energy and power density were determined using Eqs. (6) 
and (7), where Cs is the gravimetric specific capacitance, V is the po
tential window, and Δt is the discharge duration. 

Energy Density = 1/2 CsV2 (6)  

Power Density = E/Δt (7) 

As the energy density increases, the power density decreases signif
icantly, which is typical for supercapacitors. At a power density of 800 
W kg− 1, the energy density reaches an impressive value of 39.5 Wh kg− 1, 
while at a higher power density of 16,000 W kg− 1, a somewhat lower 
energy density of 13.3 Wh kg− 1 is recorded. These data compare very 
well with some recently reported supercapacitors, as shown in Table 1. 
In this table, data from several recently published reports on various 
metal oxides, MXenes, NixB, and MoSe2-based supercapacitors are 
compared with the YSe2/MoSe2/NixB||rGO device fabricated in this 
work. It is clear that the YSe2/MoSe2/NixB||rGO device performs well, 
outperforms many of the metal boride and MXene-based capacitors, and 
matches well with the MoSe2-based devices. These results demonstrate 
that the YSe2/MoSe2/NixB||rGO electrode has significant performance 
for the development of next-generation energy storage systems. 

5. Conclusion 

In summary, we report a novel ternary YSe2/MoSe2/NixB hetero
structure based on an asymmetric supercapacitor electrode prepared by 
facile preparation methods, including hydrothermal and liquid phase 
routes. The material characterization results show that the strong syn
ergistic effect between YSe2/MoSe2 and NixB significantly improves the 
electrical conductivity and electrochemical performance due to the 
increased number of active sites after forming the interfaces of crystal
line YSe2/MoSe2 and amorphous NixB. Due to its superior electro
chemical performance, a novel YSe2/MoSe2/NixB||rGO-ASC device with 
a maximum functional potential of 1.6 V was developed, and a higher 
energy density of 39.5 Wh kg− 1 was achieved with a power density of 
800 W kg− 1. In addition, the ASC device demonstrated excellent cycling 
durability over 5000 cycles with retention of capacitance of 85.60%. 
These results indicate that they are favorable electrode materials for 
high-performance energy storage devices. Moreover, the proposed work 
demonstrates a new route to selecting active transition metal-based 
heterostructures that can be combined with affordable carbon mate
rials to form novel and promising ASC devices. 

Table 1 
Summary of some previously reported materials used to form supercapacitors, with measured power and energy densities.  

Electrode Substrate Electrolyte Operating Voltage/ (V) Power Density/ (W kg− 1) Energy Density/ (Wh kg− 1) Ref 

Ni3Al||AC-MWCNT Al foil 1 M Li2SO4 1.5 5 5.9 [41] 
RuO2/ECG cells Ti 0.5 M H2SO4 1 10 9.2 [42] 
Zn–Ni–Co-S||gC3N4/rGO NF 2 M KOH 1.6 419 88 [43] 
Bi3YO6||rGO NF 3 M Na2SO4 2.2 648 11 [44] 
MnF2||AC Carbon felt 3 M KOH 1.8 823 36 [45] 
Fe-Co-P@Ni(OH)2||carbon nanofiber NF 2 M KOH 1.6 536 65 [46] 
MnO2/Ni–Mn–S||N-rGO NF PVA-KOH 1.8 937 31 [47] 
MXene(TiV)3C2Tx (Symmetric) MXene film 3 M H2SO4 0.7 5210 5.6 [48] 
CoB-V-MXene||AC NF 0.5 M K2SO4 1.6 800 31 [49] 
NixB/MnMoO4||AC NF 3 M KOH 1.55 750 32 [23] 
1T-MoS2||ZnO/ZnS-C NF 1 M KOH 1.4 700 66 [50] 
MnCo2O4@MoS2||AC Graphite 6 M KOH-gel 1.9 19 36 [51] 
MoS2/BP||Cu foil NF PVA-Na2SO4 1.5 4031 34 [52] 
YSe2/MoSe2/NixB||rGO NF 3 M KOH 1.6 800 39.5 This work  
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