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A B S T R A C T   

Hydrogen energy is a sustainable and clean source that can meet global energy demands without adverse 
environmental impacts. High-entropy oxides (HEOs), multielement (5 or more) oxides with an equiatomic or 
near-equatomic elemental composition, offer a novel approach to designing bifunctional electrocatalysts. This 
work explores (ZnNiCoFeY)xOy over MoS2 as a bifunctional electrocatalyst (HEO–MoS2) in an alkaline medium. 
The HEO was synthesized using a combustion process and loaded over MoS2 using an ultrasonic method. The 
synthesized HEO over MoS2 exhibits excellent performance, including long-term stability for over 24 h, an 
overpotential of 214 mV vs the reversible hydrogen electrode (RHE) for the hydrogen evolution reaction (HER), 
and 308 mV for the oxygen evolution reaction (OER) at 10 mA cm− 2. This bifunctional electrocatalyst exhibits 
low overpotential for both the HER and the OER at high current densities. Additionally, HEO–MoS2 demonstrates 
smaller solution and charge transfer resistance values. The electrolyzer was assembled using bifunctional 
HEO–MoS2 electrodes for overall water splitting. These electrodes exhibited a low cell voltage of 1.65 V at 10 mA 
cm− 2. The novel electrocatalyst was fabricated using a facile and scalable method that appeals to industrial 
applications.   

1. Introduction 

Recent advancements have been achieved in the pursuit of creating 
readily available materials such as transition metal-based chalcogenides 
(e.g., MoS2) (Zhu et al., 2019; Anjum et al., 2018), carbides (Lori et al., 
2021; Lu et al., 2019), and phosphides (Shi and Zhang, 2016; El-Refaei 
et al., 2021) for the hydrogen evolution reaction (HER) and catalysis 
field (Pawar et al., 2023; Pawar et al., 2021; Charles et al., 2023; Pol 
et al., 2023; J.S. Shaikh et al., 2023; N.S. Shaikh et al., 2023; Shaikh 

et al., 2022). Additionally, researchers have explored perovskites (Beall 
et al., 2021; Pan et al., 2020), oxides (Burke et al., 2015), hydroxides 
(Burke et al., 2015), and metal sulfides (Cui et al., 2021; Wu et al., 2023) 
for the oxygen evolution reaction (OER). In water splitting, much of the 
research community tends to investigate the electrocatalytic capabilities 
of either the HER or OER, frequently overlooking the development of 
bifunctional electrocatalytic materials endowed with high catalytic ef
ficiency (Liang et al., 2016; Sun et al., 2021). 

Integrating efficient OER and HER electrocatalysts into a single 
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active nanostructure has emerged as a prominent topic in overall water- 
splitting processes (Sun et al., 2021). Heterogeneous materials 
comprising multiple metal components are being explored to harness 
the synergistic effects of electrocatalysts, resulting in superior electro
catalytic performance compared to their single-component or 
single-metal-based counterparts (J. Wang et al., 2021; An et al., 2019; 
Xiong et al., 2019). Recent advancements in this field have shown that 
earth-abundant electrocatalysts for the OER exhibit intrinsic activity in 
alkaline electrolytes compared to electrocatalysts based on Ru/Ir-based 
oxides/hydroxides (Han et al., 2016; Ma et al., 2015). Currently, various 
techniques, including heteroatom doping (Chu et al., 2020; Ma et al., 
2022), nanosizing (C. Wang et al., 2021), surface engineering (Yu et al., 
2023), carbon materials composites (Wu et al., 2016; Noor et al., 2021), 
and vacancy engineering (Yan et al., 2022; Wu et al., 2021), have been 
explored to improve OER catalytic performance (Suryanto et al., 2019). 
This is because earth-abundant transition metals (M = Co, Fe, Ni, Mo, 
etc.) can bind H+ ions either strongly or weakly, leading to poor HER 
activity. As a result, Pt-based electrocatalysts (e.g., Pt/C) are the 
preferred choice for fabricating cathode electrodes to achieve low 
overpotentials at high current densities (Suryanto et al., 2019). 

Presently, high-entropy materials (HEMs) have gained prominence 
as exceptionally effective catalysts for the OER (You et al., 2022; Li et al., 
2021; Sha et al., 2023). This efficacy stems from the intrinsic synergy 
and high-entropy properties of mixed electro-catalytically active metals. 
Furthermore, the capacity to fine-tune their composition and surface 
electronic structure by incorporating various metals leads to an exten
sive range of potential atomic configurations on the surface of HEMs, 
enhancing their electrocatalytic potential. The high entropy oxides 
(HEOs) are constituted by at least five metals in equimolar ratios, 
forming a single-phase structure combined with oxygen (Rost et al., 
2015). The first exploration of HEOs dates back to 2015, and since then, 
these materials have found applications across various domains due to 
their multi-faceted properties, encompassing attributes like thermal 
conductivity, electrochemical reactivity, and magnetic behavior (Rost 
et al., 2015). From a thermodynamic perspective, HEOs exhibit elevated 
configurational entropy due to the diverse array of elements they 
contain. This entropy plays a pivotal role in determining the thermo
dynamic stability of these materials. 

Nonetheless, when compared to their counterpart, high-entropy al
loys (HEAs), HEOs have received relatively limited attention within the 
field of high-entropy materials (HEMs), particularly concerning their 
application in the OER and HER. The HEO has multiple active sites. 
These are important because different pathways (steps) of the OER re
action have different preferred active sites for adsorption (the binding of 
reactant molecules/intermittents to the catalyst surface) (Kante et al., 
2023). The presence of multiple active sites close together leads to a 
potential OER reaction without compromising other desirable properties 
of the electrocatalyst. For earth-abundant transition metals, 
high-entropy oxide leads to low overpotentials and Tafel slopes, indi
cating improved performance compared to standard materials such as 
IrOx or/and Ni/Fe layered hydroxides. 

Svane et al. conducted a theoretical study on applying HEOs in the 
OER. In HEOs, various local environments around the active sites result 
in distributed adsorbed energies for intermediates, leading to lower 
overpotential than pure oxides (Svane and Rossmeisl, 2022). The 
investigation focused on a high-entropy spinel oxide with the chemical 
composition (Co, Cu, Fe, Mn, Ni)3O4. This composition exhibited limited 
performance, dependent on adding multi-walled carbon nanotubes 
(MWCNTs) (Wang et al., 2019). The high-entropy rock oxide with the 
composition (CoNiMnZnFe)3O3.2 has been reported to exhibit low 
overpotential (336 mV at 10 mA cm− 2), a low Tafel slope (47.5 mV 
dec− 1), and highly stable OER activity (for 20 h) in 1 M KOH (Nguyen 
et al., 2021). This high performance is attributed to the synergistic effect 
of different metal cations and the formation of a core-shell structure 
during activation. In this investigation, the influence of mixing perov
skite halide with perovskite oxide is studied, and the enhancement in 

OER performance results from adding Ba–Sr–Co–Fe oxide. The 
high-entropy spinel oxide (CoCrFeMnNi)3O4 was prepared using a 
simple soft chemical process (Talluri et al., 2022). This electrocatalyst 
exhibited a low onset potential of 1.45 V vs. RHE, a low overpotential 
(220 mV at 10 mA cm− 2), and a small Tafel slope (~100 mV dec− 1), 
demonstrating its high electrocatalytic performance. However, there has 
been limited research on the influence of composition variations on 
high-entropy oxides (HEOs). 

Pt-based electrocatalysts are known as HER electrocatalysts mostly 
because of their excellent catalytic activities; however, their high costs 
and limited availability limit their pragmatic application. Recently, 
transition metal-based HEOs have been investigated for the application 
of HER to overcome this problem. In the HER process, three main steps 
typically occur: mass diffusion, interface/surface reaction, and electron 
transportation. The HER process of electrocatalysts is mainly attributed 
to the electron transportation behavior and abilities of active metal sites. 
For facile electron transportation, Ding et al. reported a facile sol
vothermal procedure for preparing 2D HEO arrays (Ding et al., 2022). 
This well-aligned array of 2D structures overcomes the problem of 
restacking materials and facilitates the facile transportation of gas 
bubbles. DFT study revealed that the vacancies in HEO architectures 
lead to high electron densities of nearby electrocatalytic metal active 
sites, which enhance the electrocatalytic performance for HER. 

Also, in this report, HEOs are modulated by Ar plasma post-treatment 
for generating oxygen vacancies on the surface of the electrocatalyst. 
This electrocatalyst showed low overpotential (89 mV at 10 mA cm− 2), 
small Tafel slopes (88 mV dec− 1), and good durability (100 h). This 
research showed a new strategy for engineering HEOs for the application 
of HER. Fan et al. reported a Pt/ (FeCoNiCrAl)3O (Pt nanoparticles-HEO 
nanohybrid) for HER (Fan et al., 2024). The nanohybrid exhibited high 
HER performance with a low overpotential (22 mV at 10 mA cm− 2) with 
long-term stability (60 h) for an electrocatalytic water-splitting device. 

2D transition-metal chalcogenides such as WS2, MoSe2, and MoS2 
have garnered significant attention in catalysis due to their small di
mensions, unique morphologies, and chemical properties (Yin et al., 
2020; Jin, 2017). The electrocatalytic activity of the transition metal 
chalcogenides, particularly MoS2, has been extensively investigated for 
both the OER and the HER. In MoS2 flakes, the sulfur-attached edges 
exhibit high electrocatalytic activity. However, despite their good cat
alytic activity, these metal chalcogenides face stability issues that must 
be addressed. Among the various approaches, forming an active inter
face between the sulfide matrix and co-catalyst has proven to be an 
effective method for improving stability. Zhang et al. reported MoS2/
Ni3S2 heterostructures as an electrocatalyst for fabricating an alkali 
electrolyzer (Zhang et al., 2016). This device showed a low cell voltage 
of 1.56 V for a current density of 10 mA cm− 2. DFT study demonstrated 
that the interfaces of MoS2 and Ni3S2 electrocatalysts favor the chemi
sorption of oxygen and hydrogen-containing intermediates, accelerating 
the overall water-splitting process. The MoS2-Ni3S2 hetero-nanorods 
loaded on Ni foam were used as bifunctional electrocatalysts, which 
showed low overpotentials of 98 and 249 mV to reach 10 mA cm− 2 in 1 
M KOH for HER and OER, respectively (Yang et al., 2017). The 
hetero-nanorod electrolyser showed a low cell voltage of 1.50 V at 10 
mA cm− 2 and remarkable durability (48 h). 

This research introduces a novel HEO enriched with heteroatoms 
(Zn, Ni, Co, Fe, and Y) that exhibits exceptional electrocatalytic capa
bilities for both OER and HER, thereby facilitating the overall water- 
splitting process. The HEO was synthesized through a straightforward 
combustion method and subsequently integrated with commercial MoS2 
to craft the HEO–MoS2 nanocomposite via ultrasonication. Our inves
tigation encompassed the OER and HER performance assessment for 
bare HEO, HEO–MoS2, and MoS2. The superior performance of 
HEO–MoS2 is attributed to the synergistic effects stemming from the 
amalgamation of diverse metal active sites. This study introduces a 
rational approach to producing bifunctional catalysts through a facile 
and scalable approach. 
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2. Experimental section 

2.1. Chemicals 

For experiments, analytical-grade metal precursors and MoS2 were 
obtained from Sigma-Aldrich. Metal precursors such as zinc nitrate 
hexahydrate (Zn (NO3)2 ⋅6 H2O), nickel (II) nitrate hexahydrate (Ni 
(NO3)2 ⋅ 6 H2O), cobalt(II) nitrate hexahydrate (Co(NO3)2 ⋅ 6 H2O), iron 
(III) nitrate nonahydrate (Fe(NO3)3 ⋅ 9H2O) and yttrium(III) nitrate 
hexahydrate (Y(NO3)3 ⋅ 6 H2O) 

2.2. Synthesis of HEO 

The novel HEO nanostructured powder was synthesized using the 

citrate gel-assisted auto-combustion technique, as depicted in Fig. 1. For 
this process, metal nitrates were used as precursors, and citric acid was 
used as a fuel and a complexing agent. 

Here’s a step-by-step breakdown of the procedure:  

1. The metal precursors (Zn, Ni, Co, Fe, and Y nitrates, each at 10 
mmol) were mixed in 140 ml of distilled water to obtain equimolar 
metal-nitrate solutions. 

2. The citric acid powder (45 mmol) was mixed with the metal pre
cursor solution to form a xerogel.  

3. The pH of the resulting solution was maintained at 8 using an 
ammonium hydroxide solution.  

4. The solution was stirred at 100 ◦C for 4 h on a hot plate. 

Fig. 1. The schematic representation of the synthesis of HEO by auto-combustion technique.  

Fig. 2. (a) XRD pattern of HEO, MoS2 and HEO–MoS2, (b) XRD of HEO, and (c) survey spectrum of HEO and HEO–MoS2 powders.  
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5. After the gelation process, the temperature was increased to 250 ◦C 
until the soft powdery solid formed.  

6. Finally, the resulting powder was pulverized using a mortar and 
pestle. 

2.3. Synthesis of HEO–MoS2 

We mixed HEO and MoS2 in a 1:1 wt ratio (0. 120 g of HEO: 0.120 g 
of MoS2) and added them to 10 ml of distilled water. The mixture was 
then sonicated for 30 min to achieve uniform dispersion. Subsequently, 
the resulting solution was left at room temperature for 5 days to allow 
the water to evaporate. The resulting powder is the HEO–MoS2 
nanocomposite. 

2.4. Material characterizations 

We conducted XRD characterizations using a D/MAX Ultima III XRD 
spectrometer (Rigaku, Japan) with a Cu Kα line (1.5410 Å). The 
elemental compositions of the catalysts were analyzed using XPS (VG 

Multilab 2000-Thermo Scientific USA, K-Alpha) with photon energies 
ranging from 0.1 to 3 keV. Surface morphology studies were performed 
with a scanning electron microscope (SEM; S4700, Hitachi). Electron 
mapping of the catalysts was performed using energy-dispersive X-ray 
(EDX) in scanning transmission electron microscopy (STEM) mode. 

2.5. Electrochemical measurements 

To prepare the electrocatalyst ink, 40 mg was uniformly dispersed in 
160 µL of deionized water, mixed with 80 µL of Nafion (5 wt%) solution, 
and sonicated to achieve a homogeneous mixture. After ink formation, 
30 µL of the electrocatalyst ink was deposited onto the Ni foam and then 
dried at 80 ◦C for half an hour for subsequent electrochemical 
measurements. 

All electrochemical characterizations were conducted using a 
PGSTAT Autolab electrochemical workstation at room temperature in a 
three-electrode system with 1 M KOH. Before testing, the KOH solution 
was exposed to N2 bubbles for half an hour. The working electrode was a 
Ni foam coated with the electrocatalyst, while a Hg/HgO electrode 

Fig. 3. The high-resolution XPS spectra of HEO powder for (a) Zn 2p, (b) Ni 2p, (c) Co 2p, (d) Fe 2p, (e) Y 3d, (f) O 1s and HEO–MoS2 powder for (g) Zn 2p, (h) Ni 2p, 
(i) Co 2p, (j) Fe 2p, (k) O 1s, (l) Mo 3d, and (m) S 2p and Y 3d. 
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served as the reference electrode, and a graphite bar was used as the 
counter electrode. Current density measurements were normalized to a 
geometrical area of 1 cm2. We used the Nernst equation to convert 
electrode potentials to the reversible hydrogen electrode (RHE). The 
potential, denoted as EHg/HgO, was converted to the RHE potential, 
denoted as ERHE, using the following equation (Zhang et al., 2023). 

E(V vs RHE) = Eo
Hg/HgO + EHg/HgO + 0.0591 X pH (1) 

Where, EHg/HgO referred to as measured potential vs. the Hg/HgO 
reference electrode Eo

Hg/HgO = 0.098 V. The common method used to 
benchmark value determination is the overpotential value to deliver a 
10 mA cm− 2 current density, the resultant value of a solar water splitting 
cell with 10 % conversion efficiency. 

The overpotential (η) of OER electrode was measured at 10 mA cm− 2 

via the following relation (Shaikh et al., 2022), 

η = ERHE − 1.23 (2) 

The working electrode was pre-activated by subjecting it to 250 
cycles of cyclic voltammetry (CV) at 100 mV/s before the electro
chemical experiments. 

3. Results and discussion 

3.1. Structural characterization 

In Fig. 2a, the XRD patterns of the HEO, MoS2 and HEO–MoS2 are 
presented. The XRD peaks of MoS2 at 2θ = 14.3◦, 29.0, 33.0, 33.5, 36.0, 
40.0,44.2, 50.0, 56.1, 58.3, 60.2, 70.2, 72.9, and 76.0 correspond to the 
reflections of planes (002), (004), (100), (101), (102), (103), (006), 
(105), (106), (110), (008), (108), (203) and (116) respectively, indi
cating the presence of the of MoS2 (JCPDS card no. 06-0097) (Nagarajan 
et al., 2022). The XRD peaks at 2θ = 14.3, 29.0, 33.0, 34.0, 36.0, 39.5, 
44.2, 50.0, 56.1, 58.4, 60.3, 70.1, 73.0, and 76.0 correspond to the 
planes (002), (004), (100), (101), (102), (103), (006), (105), (106), 
(110), (008), (108), (203), and (116), respectively, indicating the 
presence of MoS2 in HEO–MoS2 sample (JCPDS card no. 06–0097). 
Here, HEO–MoS2 lacks HEO peaks due to the amorphous-like structure 
of HEO and has a less intense peak than MoS2 peaks. The XRD pattern of 
bare HEO ((ZnNiCoFeY)xOy) reveals broad peaks at 2θ values of 35.2◦, 
42.5◦, and 61.2◦, corresponding to the (220), (400), and (511) planes, 
respectively (JCPDS no. 23-1237 and PDF no. 9,002,321) (Talluri et al., 
2022). This result confirms the formation of a single-phase spinel HEO 
(Fig. 2b). 

3.2. X-ray photoelectron spectroscopy studies 

X-ray Photoelectron Spectroscopy (XPS) was employed to charac
terize HEO and HEO–MoS2, allowing us to study the surface composition 

and elemental valences. Fig. 3c shows the survey spectra of HEO and 
HEO–MoS2 and reveals the presence of Zn, Ni, Co, Fe, Y, and O in HEO 
and Zn, Ni, Co, Fe, Y, O, Mo, and S in HEO–MoS2. The Zn 2p XPS 
spectrum is deconvoluted and obtained two peaks at 1021.2 eV (Zn 2p3/ 

2) and 1044.3 eV (Zn 2p1/2) revealed that the presence of Zn2+ in HEO 
(Fig. 3a) (Claros et al., 2020). The Ni 2p XPS spectrum is deconvoluted 
and obtained peaks consist of Ni 2p3/2, Ni 2p1/2, and satellite peaks 
(Fig. 3b). The two peaks observed at 855.6 eV and 873.0 eV reveal the 
presence of Ni2+. Also, two satellite peaks are observed at 864.0 eV and 
880.8 eV. The satellite peaks confirm the presence of Ni2+. In addition, 
two more peaks are observed at 860.7 eV and 877.3 eV, revealing the 
presence of Ni3+ (Wang et al., 2020). The XPS spectrum of Co 2p consists 
of two peaks: Co 2p3/2 and Co 2p1/2 (Fig. 3c). The Co 2p3/2 spectrum can 
be deconvoluted and observed with two peaks at 781.0 eV and 784.4 eV. 
The Co 2p1/2 spectrum can be deconvoluted and found with two peaks at 
795.7 eV and 798.0 eV. The peaks 781.0 eV and 795.7 eV are attributed 
to the Co2+, while two other peaks at 784.4 eV and 798.0 eV reveal the 
presence of Co3+. In addition, two satellite peaks are observed at 788.8 
eV and 802.5 eV (Wang et al., 2020). The Fe 2p XPS spectrum consists of 
two peaks, Fe 2p3/2 and Fe 2p1/2 (Fig. 3d). The Fe 2p3/2 spectrum can be 
deconvoluted into two peaks centered at 711.6 eV and 715.0 eV. The Fe 
2p1/2 has two peaks centered at 723.7 eV and 727.4 eV. The two peaks 
mentioned above at 711.6 eV and 723.7 eV correspond to Fe2+, and 
those at 715.0 eV and 727.4 eV correspond to Fe3+ (Wang et al., 2020). 
The XPS spectrum of Y 3d consists of two prominent peaks: (1) at 157.6 
eV (Y 3d5/2) and (2) at 159.8 eV (Y 3d3/2) (Fig. 3e) (Suturin et al., 2018). 

According to various works, oxygen vacancies in metal oxides benefit 
both OER and HER reactions and can be useful in HEO–MoS2. Oxygen 
vacancies promote the adsorption/desorption of oxygen species and the 
mass transportation process. Therefore, the O1s XPS spectrum of 
HEO–MoS2 is further investigated (Fig. 3f). The O1s high-resolution 
spectrum of HEO–MoS2 exhibits three peaks centered at 533.4 (O1), 
531.7 (O2), and 529.9 eV (O3), respectively, which are attributed to 
lattice oxygen (O1), defect sites having low oxygen coordination (O2) 
and chemisorption or physically adsorption of water molecules on the 
surface of catalyst (O3) (Danyang et al., 2022). The following equation 
estimates the peak areal percentage that calculates oxygen vacancies in 
HEO–MoS2. 

Percentage % =
O2

O1 + O2 + O3
× 100 % (3) 

In HEO, the 52.25 % oxygen vacancies are present. Similarly, the 
high resolution of (Fig. 3g) Zn 2p, (Fig. 3h) Ni 2p, (Fig. 3i) Co 2p, 
(Fig. 3j) Fe 2p, (Fig. 3k) O1s revealed the presence of elements 
mentioned above in HEO–MoS2. The high-resolution spectrum of Mo 3d 
shows two prominent peaks centered at 229.4 eV (Mo 3d5/2) and 232.6 
eV (Mo 3d3/2) that occurred for Mo4+ in HEO–MoS2 nanocomposites 
(Fig. 3l) (Amin et al., 2018). The high-resolution spectrum of S 2p 
consists of two peaks centered at 162.2 eV (S 2p3/2) and 163.3 eV (S 

Table 1 
The binding energy of deconvoluted peaks of HEO and HEO–MoS2.    

HEO (eV) HEO–MoS2 (eV)   

2p3/2 2p1/2 3d 5/2 3d 3/2 1s 2p3/2 2p1/2 3d5/2 3d3/2 1s 

Zn 2+ 1021.2 1044.3    1021.4 1044.5    
Ni 2+ 855.6 873.0    855.9 873.4     

3+ 860.7 877.3    861.0 878.0    
Co 2+ 781.0 795.7    781.1 796.1     

3+ 784.4 798.0    784.7 799.1    
Fe 2+ 711.6 723.7    711.7 724.6     

3+ 715.0 727.4    715.8 728.8    
Y    157.6 159.8    158.1 160.2  
O O1     533.4     533.0  

O2     531.7     531.5  
O3     529.9     529.7 

Mo 4+ 229.4 232.6  
S 2-      162.2 163.4     
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2p1/2), revealing the presence of S2- and the XPS spectrum of Y 3d 
consists of two prominent peaks: (1) at 158.1 eV (Y 3d5/2) and (2) at 
160.2 eV (Y 3d3/2) in HEO–MoS2 (Fig. 3m) (Li et al., 2017). In 
HEO–MoS2, 61.0 % oxygen vacancies are present, which is higher than 
that of HEO. In summary, Ni, Co, and Fe elements showed a mixed 
valence state, while other elements of HEO and HEO–MoS2 showed a 
single valence state. Table 1 consists of the binding energy of decon
voluted peaks of the elements mentioned above in HEO and HEO–MoS2. 
The XPS atomic ratios of M2+/M3+ in HEO and HEO–MoS2 are included 
(see Table 2). The ratios of the oxidation state for HEO–MoS2 are 
different from HEO. When the MoS2 is included, the Fe+3 ratio is 
increased. This could be caused by the increased electron affinity of the S 
from the MoS2, causing an oxidation of the Iron. The S atom can draw 

more electrons than the O atom, while the Fe atom gives them electrons 
transitioning from Fe+2 to Fe+3, distorting the spinel structure (Mayhall 
et al., 2011). The presence of metal ions having higher valence states is 
highly conducive to the adsorption process of intermediates (e.g.,*OH, 
*OOH), which can improve the OER kinetics (He et al., 2024). Table 3 
consists of the atomic weight percentage of HEO and HEO–MoS2, which 
are illustrated in Figure S1a and Figure S1b, respectively. 

3.3. Surface morphology study 

Fig. 4a and b show SEM images of the HEO–MoS2, revealing the 
presence of a porous surface. Fig. 4c displays the EDS spectrum of 
HEO–MoS2, indicating the presence of Zn, Ni, Co, Fe, Y, O, Mo, and S 
elements. The inset table in Fig. 4c shows the weight and atomic per
centages of all elements in HEO–MoS2. Based on the elemental atomic 
percentages of HEO–MoS2, XRD study (spinel crystal structure), and the 
presence of oxygen vacancies (from XPS studies), we calculated the 
stoichiometry which consists of (Fe0.20, Co0.22, Ni0.20, Zn0.22, Y0.14)3O4- 

y− MoS2. Fig. 5a shows the dark-field STEM image (HAADF STEM image) 
of HEO–MoS2 and corresponding EDS mapping reveals the presence of 
uniform elemental distribution of (Fig. 5b) Zn, (Fig. 5c) Ni, (Fig. 5d) Co, 
(Fig. 5e) Fe, (Fig. 5f) Y, (Fig. 5g) O, (Fig. 5h) Mo, (Fig. 5i) S in the 
HEO–MoS2 catalyst powder reveals the formation of HEO and its 
nanocomposite with MoS2. 

3.4. HER electrocatalysis of HEO, HEO–MOS2, and MoS2 

The electrocatalytic performance of HEO, HEO–MoS2, and MoS2 
were evaluated. Before the electrochemical tests, stable state electro
catalysts (HEO–MoS2, HEO, and MoS2) were achieved by 250 cycles of 
CV at a 100 mV s− 1 between 0 and 0.6 V vs. Hg/HgO in the 1 M KOH 
electrolyte. 

The electrochemical active surface area (ECSA) measures active site 
density. It was estimated by the electrochemical double-layer capaci
tance (Cdl). The Cdl of the HEO–MoS2 electrode was estimated by car
rying out CV (non-Faradaic region) from 0.2 to 0.4 V (vs. Hg/HgO) 

Table 2 
The XPS atomic ratios of M2+/M3+ in HEO and HEO–MoS2.  

Sample name (Ni2+/Ni3+) of 2p3/ 

2 

(Co2+/Co3+) of 
2p3/2 

(Fe2+/Fe3+) of 2p3/ 

2 

Sample 
Name 

(Ni2þ/Ni3þ) (Co2þ/Co3þ) (Fe2þ/Fe3þ) 

HEO 49.28/18.45  
= (2.67:1) ≈ 2:1 

54.09/30.38  
= (1.78:1) ≈ 2:1 

52.8/23.51  
= (2.24:1) ≈ 2:1 

HEO–MoS2 48.98/28.29  
= (1.73:1) ≈ 2:1 

54.64/26.63  
= (2.05:1) ≈ 2:1 

48.86/30.07  
= (1.62:1) ≈ 2:1  

Table 3 
The atomic percentage of elements in HEO and HEO–MoS2.  

Elements Atomic percentage of HEO Atomic percentage of HEO–MoS2 

O 1s 24.17 17.71 
Fe 2p 16.06 16.4 
Co 2p 13.70 17.36 
Ni 2p 16.38 13.37 
Zn 2p 25.41 22.09 
Y 3d 4.28 4.74 
Mo 3d NA 1.25 
S 2p NA 2.1  

Fig. 4. (a and b) FE-SEM images of the HEO–MoS2 powder. (c) EDS spectrum of the HEO–MoS2 powder.  
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under distinct scan rates (Fig. 6a). The plot of (Ja–Jc) (mA cm− 2) vs. scan 
rate (mV s− 1) for HEO–MoS2 is shown in Fig. 6b. The slope of this plot is 
used to calculate Cdl. The relation between slope and Cdl is Cdl = slope/ 
2. The ECSA was estimated by dividing the Cdl by a specific capacitance 
(Scp) of a flat surface (440 μF cm− 2). ECSA is estimated via the following 
relation (Shaikh et al., 2022), 

ECSA =
Cdl

40 μF cm− 2 (4) 

In the case of HEO–MoS2, the Cdl value stands at 1.73 mF cm− 2, and 
the ECSA measures 43 cm2. To estimate the Cdl of the HEO electrode, we 
conducted cyclic voltammetry (CV) in the non-Faradaic region within 
the voltage range of 0.2–0.4 V (vs. Hg/HgO) at various scan rates, as 

Fig. 5. (a) HAADF STEM image of powder HEO–MoS2 powder and corresponding EDS mapping of (b) Zn, (c) Ni, (d) Co, (e) Fe, (f) Y, (g) O, (h) Mo, (i) S in the powder 
HEO–MoS2 catalyst. 

Fig. 6. (a) CVs of HEO–MoS2 measured at a non-Faradic region (0.20–0.40 V vs. Hg/HgO) at different scan rates for the calculation of ESCA, (b) The plot of 
capacitive current density vs. scan rate is plotted for HEO–MoS2, (c) LSVs of HEO–MoS2, MoS2, and HEO for HER characteristics (d) Tafel plot HEO–MoS2, (e) Nyquist 
plots for HEO–MoS2, MoS2, and HEO recorded at overpotential for − 10 mA cm− 2 of LSVs. 
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shown in Figure S2a. Furthermore, the ECSA was determined for HEO, 
yielding a value of 104 cm2, as depicted in Figure S2b. The Cdl of the 
MoS2 electrode was estimated by carrying out CV (non-Faradaic region) 
from − 0.20 to 0 V (vs. Hg/HgO) and under distinct scan rates (Figur
e S2c). The ECSA was calculated for MoS2, and its value is 5.65 cm2 

(Figure S2d). The LSVs with 90 % iR correction (by using open circuit 
potential-based EIS) of the materials mentioned above are shown in 
(Fig. 6c). The HEO–MoS2 exhibits the approximately 214 mV over
potential for − 10 mA cm− 2 current density, which is higher than that of 
MoS2 (174 mV) and HEO (185 mV). However, at a high current density 
of − 80 mA cm− 2, the overpotential of 293 mV is required for 
HEO–MoS2, which is substantially smaller than those of HEO (360 mV) 
and MoS2 (321 mV). The high performance of HEO–MoS2 at high current 
density confirms its pragmatic application. The Tafel plots were calcu
lated by using LSVs of the materials mentioned above. The Tafel slopes 
of the HEO–MoS2 (Fig. 6d), HEO (Figure S3a), and MoS2 (Figure S3b) 
are 69, 130, and 215 mV per decade, respectively. The Tafel slope shows 
the inherent characteristic of the catalyst that is estimated by the rate- 
limiting step. The Tafel plots are used to explore the kinetics of the 
HER, and a smaller Tafel slope of HEO–MoS2 confirms a favorable ki
netics of the HER reaction. The low Tafel slope of HEO–MoS2 signifies a 
Volmer–Heyrovsky mechanism and a rate-determining step for the 
desorption process of the discharged proton. The HEO–MoS2 material 

exhibits a smaller overpotential at high current density and low Tafel 
slope, suggesting high performance compared to HEO and MoS2. We 
also examined EIS measurements at overpotential (η10) to get insight 
into electrode-electrolyte kinetics during the HER reaction. Nyquist 
plots of the materials mentioned above are shown in Fig. 6e, the 
HEO–MoS2 material has the smallest Rct (4.4 Ω) than that of HEO (6.9 
Ω) and MoS2 (6.3 Ω), confirming a faster and facile HER kinetics. 

3.5. OER electrocatalysis of HEO, HEO–MoS2, and MoS2 

The OER process at the anode electrode is a sluggish half-reaction in 
water splitting. The OER reaction occurs via a complex four-step proton- 
coupled electron transportation reaction and is the thermodynamically 
and kinetically rate-limiting process. The high OER performance of the 
electrocatalyst is strongly dependent on the architecture of the current 
collector. The electrocatalyst performs significantly better when put on a 
3D porous structural current collector. Hence, nickel foam was 
employed to load the catalyst. The OER process is tested using a three- 
electrode setup (graphite cathode electrode, Hg/HgO reference elec
trode, and working electrode (catalyst)) with an N2-saturated KOH 
electrolyte. The OER (electrocatalytic) performance of HEO–MoS2 was 
compared to HEO and commercial MoS2 in 1 M KOH. The intention was 
to enhance the catalyst activity and remove unstable particles of metal 

Fig. 7. (a) LSVs of HEO–MoS2, MoS2, and HEO for OER characteristics (b) corresponding Tafel plot HEO–MoS2, (c) CVs of the HEO–MoS2 at different scan rates. (d) 
The plot of peak current density (mA cm− 2) of oxidation region of CV vs. scan rates (mV s− 1) of HEO–MoS2. The linear slope of HEO–MoS2 is used to estimate active 
species (m) and corresponding TOF values. (e) Nyquist plots for HEO–MoS2, MoS2, and HEO were recorded at overpotential for 10 mA cm− 2 LSVs. (f) The schematic 
representation of the OER mechanism of HEO–MoS2. 
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species. LSVs were measured at 5 mVs− 1 from 1.0 to 1.8 V vs RHE in 
alkaline media (KOH electrolyte), respectively, with 90 % iR correction. 
The current density was normalized over the geometric surface area of 
the electrode (1 cm2). The OER performance of the HEO, HEO–MoS2, 
and MoS2 were investigated in the electrochemical parameters. The 
overpotential of HEO–MoS2 and MoS2 are 308 and 356 mV, respectively, 
reaching 10 mA cm− 2 (Fig. 7a). HEO does not have overpotential at 10 
mA cm− 2 due to a broad redox peak. HEO–MoS2, HEO, and MoS2 
overpotentials are 352, 380, and 454 mV for a high current density of 50 
mA cm− 2, respectively. The high performance of HEO–MoS2 is attrib
uted to increased active sites and improved conductivity by adding 
MoS2. The OER performance of commercial MoS2 is poor. 

The Tafel slope is commonly employed to determine the electro
chemical reaction mechanism and evaluate the OER kinetics. Tafel 
slopes around 21–120 mV dec− 1 can be reached by the rate-determining 
step and intermediate coverage degree, which changes to the over
potential. Due to this, the low-overpotential and high overpotential 
could produce distinct Tafel slopes even for the identical rate- 
determination step. Hence, it is very challenging to determine the 
rate-determination step based alone on the Tafel slope. However, it can 
be safe to say that a lesser Tafel slope reflects the presence of the rate- 
determination step at the ending part of the OER. A lesser Tafel slope 
is more beneficial for water oxidation since it produces a radical 
enlarged OER current concerning overpotential. The good catalytic ki
netic of HEO–MoS2 was confirmed by the small Tafel slope 115 mV 

dec− 1 (Fig. 7b) as compared to MoS2 (119 mV dec− 1) (Figure S3). 
To assess the intrinsic OER activity of HEO–MoS2, we calculate the 

turnover frequency (TOF), which quantifies the number of moles of O2 
generated per unit of time at a specific overpotential. Calculating TOF 
requires determining the concentration of active sites via electro
chemical means. We conducted cyclic voltammetry (CV) experiments on 
HEO–MoS2 in the potential range of 0–0.6 V vs. Hg/HgO, as illustrated 
in Fig. 7c. To estimate the number of active sites (denoted as “m”) within 
HEO–MoS2, we plotted the peak current density (oxidation peak) mA 
cm− 2 against the scan rate (mV/s), revealing a linear relationship, as 
shown in Fig. 7d. This plot was linearly fitted and got Pearson’s corre
lation coefficient = 0.99781, and the R-square was 0.99463. The m 
evaluation is done by the relation in Eq. (5) (Shaikh et al., 2022): 

Slope =
n2F2m
4RT

(5) 

Where n is the number of electrons transported (here, one electron 
process is assumed), F is the Faradic constant (96,485 C.mol), R is the 
ideal gas constant, and T is the absolute temperature. The TOF of the 
HEO–MoS2 electrode is estimated via the following relation (Shaikh 
et al., 2022): 

TOF =
JA

4Fm
(6) 

Where J is a current density at an overpotential of 350 mV, and A is 

Fig. 8. (a) The overall water splitting device (two-electrode system) of HEO–MoS2 electrodes. (b) LSV of the device mentioned above. (c) Chrono-potentiometric 
analysis of HEO–MoS2 based device. 
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the geometrical area of the electrode. The 4 constant numbers represent 
the electrons required for 1 mole of O2 molecule evolution. The esti
mated TOF value is higher for HEO–MoS2 (0.589 mol O2 per S) as 
compared to HEO (0.529 mol O2 per S) (Figure S5 a and b) and MoS2 
(0.212 mol O2 per S) (Figure S 5c and d). This result confirmed the high 
intrinsic catalytic property of HEO–MoS2. 

The impedance was conducted at 1.538 V vs RHE, and the Nyquist 
plot of HEO–MoS2 exhibited a low charge-transfer resistance (4.39 Ω) 
(Fig. 7e). This result confirmed that HEO–MoS2 exhibited good catalytic 
kinetics for water dissociation and the OER. In OER reaction, a four- 
electron transport process occurs, resulting in the required high over
potential for water splitting and a large energy loss. As per the above- 
discussed results, the OER performance of HEO–MoS2 can occur 
following the proposed mechanism in 1 M KOH. In this OER process, 
(HEO–MoS2)–O, (HEO–MoS2)–OOH type (here HEO–MoS2 is the active 
surface site) intermittent are contributed to the charge-transporting 
process. The proposed mechanism of the HEO–MoS2 catalyst under 1 
M KOH is demonstrated in Fig. 7f, and the proposed reactions can occur 
as follows (He et al., 2023). 

[HEO − MoS2] + OH− →[HEO − MoS2]OH + e− (7)  

[HEO − MoS2]OH + OH− →[HEO − MoS2]O + H2O + e− (8)  

2[HEO − MoS2]O →2[HEO − MoS2] + O2 (9)  

[HEO − MoS2]O + OH− →[HEO − MoS2]OOH + e− (10)  

[HEO − MoS2]OOH + OH− → [HEO − MoS2] + O2 + H2O + e− (11) 

Taking inspiration from the remarkable electrocatalytic performance 
of HEO–MoS2 for both the OER and the HER in alkaline conditions, we 
extended the application of this bifunctional catalyst to electrochemical 
overall water splitting using a single two-electrode electrolyzer in an 
alkaline environment (1 M KOH), as depicted in Fig. 8a. Fig. 8b illus
trates the LSV analyzed at a scan rate of 5 mV s− 1. Notably, this catalyst 
demonstrates a current density of 10 mA cm− 2 at an impressively low 
cell voltage of 1.65 V while achieving current densities of 50, 80, and 
100 mA cm− 2 at 1.96, 2.16, and 2.25 V, respectively. This exceptional 
performance in the electrolyzer can be attributed to the catalyst’s ability 
to integrate the OER and HER properties seamlessly, leveraging the 
synergistic effects of its elemental composition. To assess its durability 
for overall water splitting, a chronopotentiometric stability study was 
conducted over 23 h at 10 mA cm− 2 (Fig. 8c). The results demonstrated a 
minimal loss in voltage, indicating a high degree of stability for sus
tained overall water-splitting performance. 

4. Conclusions 

In summary, we have successfully synthesized the high-entropy 
oxide-MoS2 nanocomposite via a straightforward wet chemical route. 
The resultant HEO–MoS2 showcased remarkable performance in the 
HER and the OER under alkaline conditions. Moreover, it exhibited 
exceptional overall water-splitting capabilities, achieving a voltage of 
1.65 V at a current density of 10 mA cm− 2. These significant findings 
have the potential to pave the way for advancements in the field of 
heterogeneous electrocatalysis. The advantages of HEO–MoS2 hetero
structures for the high-performance electrolyzer for overall water 
splitting will open new possibilities to develop novel HEMs and rational 
engineering of nanostructures and interfaces. 
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