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H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• Non-thermal plasma is a promising tool 
for creating oxygen vacancies on HEO 
surfaces.

• The creation of oxygen vacancies en
hances the OER and HER performance 
of HEO.

• HEO requires overpotential of 246 mV 
(OER) and 197 mV (HER) to reach 50 
mA cm− 2

• HEO needs 1.58V for overall water 
splitting to reach a current density of 10 
mA cm− 2
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A B S T R A C T

Oxygen vacancy engineering emerges as a pioneering and effective approach for accelerating electrocatalytic 
activity in conventional metal oxide electrocatalysts and is recognized as a viable alternative to noble materials. 
In this study, a DC non-transferred arc thermal plasma torch is used to synthesize high entropy oxides (HEOs) 
(Ni, Co, Cr, Mn, Mo)3O4 nanoparticles under optimal operating conditions, and oxygen vacancies are created on 
the surface of the as-synthesized nanoparticles by treating them with Ar-glow discharge plasma. The oxygen 
vacancy-induced HEOs nanoparticles are characterized using various microscopic and spectroscopic techniques. 
The results reveal that increasing the Ar-plasma treatment time (0, 5, 10, 15 min) increases the surface oxygen 
vacancy. The electrochemical water-splitting performance of oxygen vacancy-induced HEOs nanoparticles is 
examined in 1 M KOH electrolyte solution employing them as an electrocatalyst. Oxygen vacancy rich HEOs 
nanoparticles demonstrate exceptional performance in both the oxygen evolution reaction (OER) and the 
hydrogen evolution reaction (HER), achieving an overpotential of 246 and 197 mV to achieve a current density 
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of 50 mA cm− 2. Eventually, a two-electrode device is fabricated, which requires a cell voltage of 1.58 V to 
achieve a current density of 10 mA cm− 2. This work pioneers a revolutionary technique for surface engineering 
in metal oxides nanoparticles using plasma technology, achieving exceptional performance in water splitting.

1. Introduction

Hydrogen energy economy has garnered unprecedented attention as 
a next-generation clean energy source, and it has been portrayed as a 
sustainable, environmentally friendly energy source capable of serving 
as a principal replacement for fossil fuels [1]. Hydrogen can be produced 
in a variety of methods, including dry reforming of methane [2], partial 
oxidation of methane [3], stream reforming of methane [4], and elec
trochemical water splitting [5]. Among these, electrochemical water 
splitting is regarded as a potential approach for the production of clean 
and green hydrogen from aqueous solutions without emitting carbon 
dioxide. It is composed of two half reactions: an oxygen evolution re
action (OER) at the anode and a hydrogen evolution reaction (HER) at 
the cathode, respectively [6]. Thermodynamically, 1.23 V potential is 
required to break the water molecules; but, in practice a high potential 
of 1.8 V was required to overcome the reaction activation barrier. 
Platinum (Pt), Iridium (Ir), and Ruthenium (Ru)-based catalysts were 
known to be “state-of-art” catalyst that reduce overpotential and 
accelerate the kinetics of HER and OER for effective water splitting [7]. 
However, there are significant limitations to the practical implementa
tion of these catalysts, due to its high cost and scarcity on earth. Hence, 
the development of high-performance, long-lasting, and low cost elec
trocatalysts is crucial for effective water splitting [8]. Consequently, a 
transition metals with partially filled d-orbitals, such as molybdenum 
(Mo), tungsten (W), titanium (Ti), tantalam (Ta) and niobium (Nb) have 
enhanced catalytic activity because their M− H bond strengths fall 
within the optimal range indicated by the volcano plot. Their electronic 
configurations allow for efficient interaction with hydrogen, promoting 
better catalytic performance [9].

Sadhanala et al. [10] synthesized RuO2 nanoparticles supported by 
MoO3 nanosheets using a sonochemical method and evaluated their 
efficacy for water splitting. The material exhibited an outstanding ex
change current density of 0.57 mA cm− 2 and achieved a low over
potential of 110 mV at a current density of 10 mA cm− 2 for the hydrogen 
evolution reaction in a 0.5 M H2SO4 electrolyte. A multi-metal oxide 
modified by their electronic structure and defects outperform single and 
binary metal oxides in water splitting performance due to the synergistic 
effects of multiple metal species, increased active sites, and enhanced 
charge transfer processes. These factors collectively contribute to the 
superior catalytic activity of multi-metal oxides [11].

Recently, a new class of multi-metal oxides, so-called high entropy 
oxides (HEOs), consists of five or more principal metal cations with an 
equal or near equal molar concentration combined to form a single- 
phase crystal structure, which has attracted attention due to their 
exceptional structural characteristics and excellent properties [12]. So 
far, numerous types of HEOs have been investigated and have demon
strated promising performance in electrocatalysis, including water 
splitting [7], oxygen reduction [13], and supercapacitor [12]. So far, 
wide range of synthesis methods have been adapted for the synthesis of 
HEOs nanoparticles, including solid state reaction [14], hydrothermal 
[15], co-precipitation [16], and solvothermal method [17]. However, 
the synthesis techniques utilized to produce HEO electrocatalysts can be 
exceedingly difficult, requiring multiple steps as well as severe pressure 
and temperature limitations. To address these issues, it is imperative to 
develop modern technology for the production of HEOs nanoparticles 
with high yield and cost-effective catalytic materials.

Recently, our group demonstrated that thermal plasma is a prom
ising medium for synthesizing phase-pure HEOs nanoparticles in a 
single-step procedure. Plasma technology has been recognized as a novel 
and versatile technique for producing large quantities of pure 

nanoparticles [18]. This single-step process involves systematic evapo
ration, nucleation, and condensation. Thermal plasma has a high 
quenching rate, which promotes homogeneous nucleation and the for
mation of nanoparticles [19].

Numerous studies thoroughly investigate the remarkable water- 
splitting properties of various types of HEOs [16,20]. However, the in
fluence of defect engineering, such as oxygen vacancy, dislocations, and 
stacking faults, on the as-synthesized HEO’s water-splitting activity has 
yet to be thoroughly investigated. Oxygen vacancy engineering is a 
viable strategy for tuning the electronic structure of an electrocatalyst, 
surface adsorption/desorption of reactants, and increasing the electrical 
conductivity and charge transfer rate of materials. Oxygen vacancy is a 
type of point defect caused by the removal of an oxygen atom from a 
metal oxide lattice without facilitating a phase transformation. Different 
approaches can be used to create oxygen vacancies in metal oxides 
during synthesis or after synthesis, such as thermal treatment [21], 
reduction process [22], laser treatment [23], flame treatment [24], and 
plasma treatment [25]. Among them, plasma treatment is regarded as a 
powerful technique for the creation of oxygen vacancies, which shows 
good selectivity, high efficiency, relatively shorter treatment time 
(usually few minutes), chemical-free and environment friendly. Plasma 
treatment can be performed under various atmospheric conditions (Ar, 
O2, N2, NH3, etc.) to produce oxygen vacancies and heteroatoms. Ding 
et al. [25] used Ar plasma to produce oxygen vacancies on HEOs (Fe, Ni, 
Co, Mn, V)O nanoparticles which synthesized using the solvothermal 
method and studied their HER performance. The findings demonstrate 
that plasma-treated sample exhibits superior HER performance 
compared to their as-synthesized counterparts.

In this study, thermal plasma technology was employed to synthesize 
HEOs (Ni, Co, Cr, Mn, Mo)3O4 nanoparticles under optimized processing 
conditions. Subsequently, surface oxygen vacancies were created on the 
synthesized HEOs nanoparticles by subjecting them to argon glow 
discharge plasma. The glow discharge plasma was generated under 
conditions of 3 Pa pressure and 400 V, facilitating the bombardment of 
energetic Ar ions onto the nanoparticle surfaces to remove oxygen atoms 
from the metal surface. The influence of glow discharge plasma treat
ment time on the formation of surface oxygen vacancies, as well as the 
simultaneous effect on the oxygen and hydrogen evolution reactions, 
was systematically investigated.

2. Materials and methods

2.1. Materials

All the chemicals utilized in this work are analytical grade and were 
used without further purification. Chromium (III) nitrate nanohydrate 
(Cr(NO3)3.9H2O, Sigma Aldrich), cobalt (II) nitrate hexahydrate (Co 
(NO3)2.6H2O, Sigma Aldrich), manganese (II) nitrate (Mn(NO3)2.xH2O, 
Sigma Aldrich), nickel (II) nitrate hexahydrate [Ni(NO3)2⋅6H2O, Sigma 
Aldrich], and molybdenum (V) chloride (MoCl5, Sigma Aldrich) were 
purchased.

2.2. Experimental setup

The HEOs nanoparticles were synthesized by using DC thermal 
plasma reactor in vapour phase condensation technique. The experi
mental setup, plasma torch and plasma jet characterization were 
comprehensively described in our previous studies [18,26,27]. All the 
constituent precursor materials (Ni, Co, Cr, Mn and Mo) were taken in 
equimolar concentration and dissolved in 30 ml double distilled water. 
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After homogenous mixing of all the precursor solution, the mixture was 
atomized and injected into the thermal plasma jet through the liquid 
feeder which was positioned perpendicular to the plasma torch 
approximately 20 mm below the nozzle exit. Table 1 depicts the typical 
plasma torch operating parameters. Herein, Ar gas was used to ignite the 
pilot arc and a working gas CO2 was gradually introduced into the 
plasma torch, it produces highly stable and high enthalpy plasma jet. 
The presence of highly reactive species, higher thermal conductivity, 
and high temperature environment, provokes the thermal decomposi
tion and effectively evaporate the precursor material and forms as a 
metal vapour cloud. After attaining a supersaturation state of all the 
metal vapours, nucleation primarily begins, and subsequently 
condensed on the walls of the chamber. Deposited nanoparticles were 
carefully collected from the chamber and annealed at 100 ◦C for 4 h to 
remove the unwanted impurities and moisture present in the 
nanoparticles.

2.3. Creation of oxygen vacancies

The schematic representation of low-pressure glow discharge plasma 
used for the creation of oxygen vacancy on as-synthesized HEOs surface 
is shown in Fig. 1. A customized low-pressure glow discharge plasma 
reactor (Hydro Pneo Vac Technologies (HPVT), Bengaluru, India) made 
of a stainless-steel chamber (length: 0.3 m; width: 0.3 m) was used to 
generate glow discharge plasma. The as-synthesized powder sample 
(250 mg) to be treated was placed between the electrodes (cathode and 
anode) with the help of a sample holder made of Teflon, which had a 
thickness of 2 mm and a diameter of 9 mm. The chamber was evacuated 
using a rotary pump and flushed multiple times with argon gas to 
remove impurities. After establishing a base pressure of 3 Pa, a glow 
discharge was initiated with a high-voltage DC power source set to 400 
V, using argon as the plasma gas. At a total discharge power of 120 W, 
HEOs nanoparticles were treated with plasma for different durations (i. 
e.) 5, 10, and 15 min. These samples were labelled as HEO O5, HEO O10, 
and HEO O15, respectively. The as-synthesized nanoparticles without 
plasma treatment were labelled as HEO O0.

2.4. Material characterization

The crystal structure and crystalline size was investigated by X-ray 
diffraction (XRD) using Rigaku Smartlab diffractometer with a Cu-kα 
radiation (1.54056 Å) at 30 mA current and 40 kV accelerated voltage. 
The XRD pattern was recorded from 15 to 65◦ with a scan rate of 10◦/ 
min. Morphology and elemental distribution of the HEOs nanoparticles 
was characterized by field emission scanning electron microscopy and 
energy dispersive X-ray spectrometer (FE-SEM-EDX; SIGMA HV-Carl 
Zeiss with Bruker Quantax 200 and Z10 EDX detector). The micro
structural information was analysed by high resolution transmission 
electron microscopy (HR-TEM; Tecnai™ G2 TF20) with the selected 
area electron diffraction (SAED) pattern. The surface chemistry and 
oxidation state of HEOs nanoparticles was examined by X-ray photo
electron spectroscopy (XPS; Thermo Scientific, K-Alpha-KAN995413), 
using Al Kα radiation (1486.6 eV). The oxygen vacancy can be detected 
by the electron paramagnetic resonance spectroscopy (EPR; Bruker 
Biospin, EMX plus X Band). The UV–visible spectrophotometer (UV–Vis; 
Shimadzu, 3600) was used to record the diffused reflectance spectra of 

the HEO nanoparticles between 200 and 800 nm wavelength range.

2.5. Electrochemical measurements

The electrochemical properties were measured using a Metrohm 
AUTOLAB-M240 instrument with techniques like CV, and chro
nopotentiometry. All the electrochemical experiments were carried out 
by employing a conventional three-electrode set-up. The working elec
trodes were fabricated using 1 mg of Polyvinylidene fluoride (PVDF) as a 
binder and N-Methyl-2-pyrrolidone (NMP) as a slurry preparation agent. 
Typically, the ≈4:1 (with respect to overall catalyst loading over the 
electrode surface) ratio of powder catalyst and PVDF had taken into a 
mortar, followed by the addition of NMP solvent with continuous mixing 
by a pestle. Then a certain amount of catalyst ink was fabricated over the 
1 cm2 area of the nickel foam (NF) [28]. The amount of loaded catalyst 
was calculated by measuring the difference in weight of coated and 
uncoated NF.

For OER and HER in 1 M KOH solution, the commercial Hg/HgO, and 
Pt-ring (for OER)/graphite (for HER) [29] were used as a reference and 
counter electrodes, respectively.

3. Results and discussion

3.1. Physicochemical characterization

Fig. 1 insert image shows the optical emission spectrum (OES) of 
low-pressure glow discharge Ar-plasma used to treat the as-synthesized 
HEOs nanoparticles. The spectrum reveals distinct Ar (2 pH - 1sG) 
emission lines in the wavelength range of 650–850 nm. The presence of 
energetic Ar ions and neutral species in the low-pressure glow discharge 
plasma results in continuous bombardment of the HEO nanoparticle 
surface. This bombardment transfers kinetic energy to the surface atoms, 
displacing oxygen atoms from the lattice sites and creating oxygen va
cancies. The formation of oxygen vacancies is influenced by several 
factors, including plasma exposure time, pressure, and plasma power. 
Moreover, the interaction between the Ar species and the material sur
face generates localized heating, which increases the mobility of surface 
atoms. This enhanced mobility promotes the more efficient ejection of 
oxygen atoms from the HEO lattice sites. Consequently, the creation of 
oxygen vacancies is further amplified, leading to an increase in the 
number of surface-active sites. This process not only enhances charge 
transfer but also improves the adsorption-desorption kinetics, both of 
which are essential for improving the catalytic performance of HEO 
nanoparticles in reactions such as oxygen evolution and hydrogen 
evolution.

Fig. 2 shows the XRD pattern of as-synthesized and Ar-plasma treated 
HEOs nanoparticles with different treatment time. It shows that the 
seven diffraction peaks at 18.12◦, 29.87◦, 35.35◦, 36.81◦, 42.85◦, 
56.77◦, and 62.67◦ correspond to the (111), (220), (311), (222), (400), 
(511), and (440) planes of the spinel (Fd3m) structure, which were well 
matched with the crystal facets of MnCr2O4 (ICDD card No: 01-075- 
1614). Absence of additional peaks, implying that the synthesized 
HEOs nanoparticles have a phase pure spinel structure. After Ar-plasma 
treatment, the XRD patterns of HEOs nanoparticles retain their charac
teristic peaks, indicating that the crystal structure remains stable. 
Meanwhile, the intensity of the XRD pattern reduced as plasma exposure 
time increases. The plasma treatment often results in surface etching, 
roughness and defects in the surface of the material, which leads to 
reduce the crystallinity and lowers the intensity of the XRD pattern [30]. 
The crystalline size was determined using the Debye-Scherrer formula, 
and it was ranged from 10 to 19 nm [31].

The surface morphology of the HEOs nanoparticles can be investi
gated by FE-SEM analysis. Fig. 3a shows the FE-SEM image of HEO O15 
and Figure S1(a, c and e) shows the FE-SEM images of HEO O0, HEO O5 
and HEO O10, respectively. It is observed from the FE-SEM images, all 
the particles are close to spherical in shape with agglomeration and few 

Table 1 
Plasma torch operating parameters.

Parameter Value

Arc current (A) 75
Arc voltage (V) 147
Plasma power (kW) ~11
Plasma generating gas (Ar) flow rate (slpm) 15
Secondary working gas (CO2) flow rate (slpm) 20
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are quasi-spherical in nature [26]. Furthermore, the microstructural 
results reveals that the Ar-plasma treatment did not modify the surface 
morphology of the HEOs nanoparticles. EDX analysis was used to 
perform the elemental analysis of HEOs nanoparticles and shown in 
Fig. 3b and Figure S1(b, d and f). The acquired results confirm that all of 
the constituent elements (Ni, Mn, Mo, Cr, Co and O) are present in the 
HEOs nanoparticles, with larger oxygen atomic weight percentage than 
other elements based on spinel structure. It is observed that the oxygen 
content of the HEOs nanoparticles decreases as the plasma exposure 
time increases, implying an increase in oxygen vacancies with respect to 
Ar-plasma exposure time. According to the EDX results, oxygen va
cancies on the surface of the HEOs nanoparticles were identified in the 
following order: HEO O15 > HEO O10 > HEO O5 > HEO O0. To further 
understand the elemental distribution of HEOs nanoparticles, elemental 
mapping was performed and displayed in Fig. 3c-h. The elemental 
mapping observation reveals that all of the elements were uniformly 
disturbed in the HEOs nanoparticles. Based on the percentage of each 
element’s atomic weight, the elemental composition that was deter
mined as (Mo0.23Cr0.22Ni0.20Mn0.18Co0.17)3O4. High entropy materials 
typically exhibit a configurational entropy greater than 1.5R. For the 
as-synthesized HEOs, the actual configurational entropy was determined 
to be 1.6R. A detailed calculation of the configurational entropy is 

Fig. 1. Schematic representation of low-pressure glow discharge plasma for creation of oxygen vacancy on HEOs nanoparticles surface.

Fig. 2. XRD pattern of as-synthesized and Ar-plasma surface treated HEOs 
nanoparticles.

Fig. 3. (a) FE-SEM image, (b) EDX pattern, and (c–h) Elemental mapping of HEO O15 nanoparticles.
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provided in the supplementary data.
HR-TEM analysis has been conducted to further explore the 

morphology and microstructure of the HEO O15 nanoparticles. Fig. 4a 
and b depicts the TEM images of HEO O15 nanoparticles at different 
magnifications (100 and 50 nm), revealing a spherical morphology with 
agglomeration. The SAED pattern (Fig. 4c) of the HEO O15 nano
particles shows well defined continuous rings with bright spots, indi
cating that the synthesized HEOs nanoparticles are polycrystalline in 
nature. The SAED pattern’s four diffraction rings correspond to (111), 
(222), (400) and (440) planes, respectively. The particle size distribu
tion of the HEO O15 nanoparticles was assessed from the TEM image 
using image J software, and the average particle size was found to be 
approximately 15 nm (Fig. 4d). Furthermore, a clear lattice fringes were 
observed in the HR-TEM images (Fig. 4e and f), indicating the higher 
crystallinity of material. The distance between adjacent lattice planes 
obtained are 0.25, 0.28, 0.207 and 0.49 nm, corresponding to (311), 
(220), (400) and (111) planes, respectively. The agreement between the 
SAED pattern, HR-TEM analysis, and XRD pattern indicates that the 
synthesized HEOs nanoparticles exhibit a single-phase spinel structure.

The surface area is regarded as a key element influencing electro
catalytic performance. N2 adsorption/desorption isotherms have been 
performed to estimate the BET surface area, pore size and pore volume 
of the HEOs nanoparticles, as shown in Fig. S2. The adsorption/ 
desorption isotherms resemble typical type IV isotherms. The obtained 
BET surface area, pore size and pore volume of the HEOs nanoparticles 
were depicted in Table 2. According to BET model, the HEO O15 exhibits 
the higher BET surface area of 86.4 m2g-1 among other HEOs nano
particles. The obtained results demonstrate that the BET surface area 
increases with increasing the oxygen vacancy. The existence of oxygen 
vacancies indicates the emergence of structural or surface imperfections, 
which tends to increasing the surface roughness and pore formation in 
the material. As a result, increasing surface roughness and pore forma
tion provide more accessible surface area for gas adsorption, resulting in 
a larger BET surface area. Previous studies suggested that the electro
catalyst with large BET surface area would be a most efficient choice 
[32]. In this thermal plasma technique, high surface area HEO 

nanoparticles are produced, which improve the electron-electrolyte 
interaction and make them excellent for electrocatalytic activity.

The surface chemistry and oxidation states of the HEOs nanoparticles 
were investigated using surface-sensitive XPS analysis. As depicted in 
Fig. 5, it confirms the presence of all the constituent elements (Ni, Co, 
Mn, Mo, Cr) in the as-synthesized (HEO O0) and Ar-plasma treated HEOs 
nanoparticles (HEO O5, HEO O10, and HEO O15). Moreover, the ac
quired XPS data revealed differences in the binding energy of all ele
ments in the HEOs nanoparticles after Ar-plasma treatment. The Co 2p 
XPS spectrum (Fig. 5a) can be deconvoluted into four peaks. The peaks 
at 784.1 and 797.2 eV are attributed to Co2+ 2p3/2 and Co2+ 2p1/2, 
respectively, whereas the other two peaks are placed at 795.7 (Co3+

2p1/2) and 781.2 eV (Co3+ 2p3/2). The peaks centered at 787.6 and 
803.3 eV are the associated satellite peaks. The relative ratio of Co2+/ 
Co3+ was calculated by taking the area under the peak, which exhibits 
HEO O15 (1.01) have higher than that of HEO O0 (0.32), HEO O5 (0.52) 
and HEO O10 (0.69), respectively. The XPS spectra of Cr 2p are shown in 
Fig. 5b, with two peaks at 586.6 and 576.6 eV, corresponding to the 
spin-orbital coupling of Cr3+ 2p1/2 and Cr3+ 2p3/2, respectively, while 
the peaks of Cr4+ 2p1/2 and Cr4+ 2p3/2 are located at 588.6 and 578.06 
eV. The Cr3+/Cr4+ relative ratio of HEO O15 (1.6) was greater than HEO 
O0 (1.2), HEO O5 (1.29) and HEO O10 (1.33), which was well matched 
with the previously stated result [25].

As shown in Fig. 5c, two oxidation states of Mn 2p, that is, Mn2+

(641.8 eV) and Mn3+ (644.1 eV), were found in Mn 2p3/2, and the peaks 

Fig. 4. (a & b) Low and high magnification TEM images, (c) SAED pattern, (d) Particle size distribution, and (e & f) HR-TEM images of HEO O15 nanoparticles.

Table 2 
BET surface area, pore size and pore volume of the HEOs nanoparticles.

S. 
No

Sample Surface area (m2 

g− 1)
Pore size 
(nm)

Pore volume 
(cm3g− 1)

1 HEO O0 28.1 11.7 0.083
2 HEO O5 71.1 8.2 0.103
3 HEO 

O10
73.9 6.1 0.114

4 HEO 
O15

86.4 6.0 0.135
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at 653.3 (Mn2+) and 655.2 eV (Mn3+) correspond to Mn 2p1/2. In 
addition, a satellite peak at 647.02 eV is ascribed to Mn 2p3/2. Herein, 
Mn2+/Mn3+ relative ratio of HEO O0, HEO O5, HEO O10 and HEO O15 
was found to be 1.02, 1.22, 1.36 and 1.39, respectively. The fine-scan 
Mo 3d XPS spectra (Fig. 5d) were deconvoluted into four fitted peaks 
with the spin-orbit characteristic of Mo4+ and Mo6+. The peaks centered 
at 233.02 and 236.1 eV corresponds to Mo6+, and the peaks located at 
235.5 and 232.6 eV can be ascribed to Mo4+. The Ni 2p XPS spectra 
(Fig. 5e) was deconvoluted into Ni2+, Ni3+ and the satellite peak. The Ni 
2p peaks at binding energies of 873.1 and 855.05 eV with a satellite 
signal at 881.4 and 879.1 eV were characteristic of Ni2+. The peaks at 
874.2 and 856.6 eV with the satellite signal at 861.9 eV belongs to Ni3+. 
The HEO O15 (1.46) nanoparticles showed a greater Ni2+/Ni3+ ratio 
than HEO O0 (1.1), HEO O5 (1.25), and HEO O10 (1.3) [32]. The O 1s 
spectra (Fig. 5f) was deconvoluted into three distinct peaks O1, O2 and 
O3 located at 530.3, 531.5 and 533.1 eV, which were ascribed to lattice 
oxygen (M− O metal-oxygen bond), oxygen vacancies, and surface 
absorbed oxygen, respectively. Notably, the peak area of O2 (oxygen 
vacancies) varied significantly between the four HEO nanoparticles, 
with the area of the peak increasing as the Ar-plasma treatment period 
increased. This observation clearly demonstrates the effect of plasma 
treatment time on the development of oxygen vacancies over the HEO 
surface. This is most likely due to metastable Ar ions transferring 

internal energy to the surface of HEOs nanoparticles, causing the loss of 
oxygen atoms from the lattice surface [33]. The formation of oxygen 
vacancies during plasma treatment can cause lattice distortions and 
electronic density changes, resulting in a minor shift of this peak to
wards higher or lower binding energies, depending on the degree of 
vacancy generation and charge redistribution. Consequently, oxygen 
vacancies can alter the electronic structure, create more electrochemi
cally active sites and enhance the dynamics adsorption of adsorbates, 
thus significantly boosting the water splitting kinetics [34].

Since the presence of oxygen vacancies in the HEOs nanoparticles 
was firmly validated by XPS analysis, an additional EPR study was 
conducted to further assess the comprehensive information regarding 
the presence of oxygen vacancies in the HEOs nanoparticles. EPR 
spectroscopy can investigate unpaired electronic states in materials to 
validate the presence of defects, free radicals, etc., as well as qualita
tively characterise the concentration of oxygen vacancies in materials 
[35]. All the HEOs nanoparticles exhibit EPR peak at magnetic field 
around 3510 G, as displayed in Fig. S3, which are caused by unpaired 
electrons trapped on the surface of oxygen vacancies, and they corre
spond to the EPR signal detected at g = 2.004 [36]. Herein, the intensity 
gradually increases with increasing the Ar-plasma treatment time, 
which illustrates the increase in oxygen vacancies. HEO O15 exhibits the 
highest intensity than the other three HEOs nanoparticles, indicating 

Fig. 5. XPS spectra of HEOs nanoparticles, (a) Co 2p, (b) Cr 2p, (c) Mn 2p, (d) Mo 3d, (e) Ni 2p, and (f) O 1s.
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that it possesses more oxygen vacancies. The obtained EPR results are 
consistent with the XPS result.

The optical band gap of HEOs nanoparticle was estimated using 
diffuse reflectance spectroscopy (DRS). The Kubelka-Munk (K-M) plot 
was generated using the reflectance data by plotting (F(R∞)*E)n against 
the hν and displayed in Fig. S4. 

F(R∞)=

(
(1 − R∞)

2)

2R∞
(1) 

F(R∞)E=
(
hν - Eg

)n (2) 

where R∞ is the reflectance, E (=hν) is the energy, h is Planck’s constant, 
ν is the cut-off frequency, Eg is the band gap, and the value of n is 1/2. 
The obtained band gap values are 2.92, 2.75, 2.62 and 2.5 eV for HEO 
O0, HEO O5, HEO O10 and HEO O15, respectively. When an oxygen 
atom is removed from the surface of a metal oxide, it creates an electron- 
rich environment, causing the fermi level to shift closer to the conduc
tion band and the valence band to shift upward. Hence, the bandgap of 
HEO nanoparticles decreased with increasing the oxygen vacancy [37]. 
In this case, HEO O15 has a narrower bandgap than other HEOs nano
particles, resulting in improved electronic conductivity. Consequently, 
the higher electrical conductivity promotes the charge transfer between 
the electrode and electrolyte interface, which is beneficial for the water 
splitting reaction [38].

3.2. Electrocatalytic OER performance of HEOs in 1 M KOH electrolyte

The as-synthesized and Ar-plasma treated HEOs are subjected to 
electrocatalytic oxygen evolution reaction in 1 M KOH solution using a 
conventional three-electrode set-up. The modified NF (nickel foam), 

Hg/HgO and Pt-ring has been utilized as working, reference and counter 
electrode. Initially, all the HEOs are activated by performing the cyclic 
voltammetry (CV) cycles at a high scan rate of 100 mV/s for 10 cycles. 
Further, a 5 mV/s CV was performed on HEOs to assess their catalytic 
activity using the backward scan (to eliminated the anodic oxidation 
peak around 1.3 V (vs RHE) which belongs Ni3+ from the NF) and the 
obtained LSVs are provided in Fig. 6a. The LSV polarization results with 
60 % iR compensation demonstrates that HEO O15 showed superior 
OER performance by demanding a lesser overpotential of 246 mV to 
reach a current density of 50 mA cm− 2. The HEO O10, HEO O5, HEO O0 
and bare NF showed inferior catalytic activity than the HEO O15 with an 
overpotential of 255, 263, 274 and 420 mV to reach the same current 
density, respectively. Furthermore, HEO O15 exhibits remarkably high 
catalytic activity, surpassing that of commercial RuO2 (324 mV) with a 
high current density (600 mA cm− 2) essential for practical application. 
Furthermore, the radar plot in Fig. 6b, reinforces HEO O15’s exceptional 
OER activity at high current densities (200 and 400 mA cm− 2) compared 
to other HEOs. Table S1 provides a comparison of the OER performance 
of HEO O15 with other recently reported HEO catalysts with similar 
characteristics. The electrochemical impedance spectroscopic (EIS) 
analysis was carried out to examine the resistance of all the HEOs. 
Fig. 6c demonstrates that HEO O15 exhibits less resistance towards 
electron transfer at the electrode-electrolyte interface with a (Rct) charge 
transfer resistance value of 0.2 Ω. The other HEO O10, HEO O5 and HEO 
O0 showed high resistance compared to HEO O15 with a Rct of 0.21, 
0.224 and 0.23 Ω, respectively. The insight of Fig. 6c shows the corre
sponding equivalent circuit diagram utilized for fitting the EIS spectra 
[39]. Analysis of the Tafel slopes derived from the iR corrected LSV 
polarization outcomes in Fig. 6d reveals HEO O15’s superior catalytic 
activity.

Fig. 6. Electrocatalytic OER performance: (a) The geometrically normalized LSV results for HEO O0, HEO O5, HEO O10, HEO O15, commercial RuO2 and bare NF at 
50 mA cm− 2 current density, (b) The radar plot showed overpotential calculated at different current densities (50, 200 and 400 mA cm− 2), (c) Nyquist plot of HEO 
O0, HEO O5, HEO O10 and HEO O15 at 0.7 V (vs Hg/HgO), (d) Tafel slope values from the iR drop free LSV curves, (e) Chronopotentiometric analysis of HEO O15 at 
50 mA cm− 2 current density over 50 h, and (f) TOF values of HEO O0, HEO O5, HEO O10 and HEO O15 at 260 and 290 mV overpotential.
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This is attributed to its faster electron transfer kinetics, evidenced by 
a significantly lower Tafel slope of 38 mV/dec compared to HEO O10 
(39.8 mV/dec), HEO O5 (41 mV/dec), and HEO O0 (43 mV/dec). HEO 
O15 excelled in long-term stability, impressively maintaining its activity 
for 50 h at a current density of 50 mA cm− 2 in 1 M KOH (Fig. 6e). This 
exceptional stability may make it a promising candidate for practical 
applications. In addition to investigating the geometric properties of the 
catalysts, their intrinsic activities were also evaluated. Turnover fre
quency (TOF) was evaluated to emphasize the amount of oxygen mol
ecules liberated per active site per unit time. At two different 
overpotential 260 and 290 mV, the TOF has been assessed and portrayed 
as bar diagram in Fig. 6f. The TOF results showcases HEO O15 exhibits a 
TOF value of 0.1311 and 0.5353 × 10− 3 s− 1, respectively which is 
obviously higher compared to HEO O10 (0.0854 and 0.3370 × 10− 3 

s− 1), HEO O5 (0.0587 and 0.2379 × 10− 3 s− 1) and HEO O0 (0.0320 and 
0.1349 × 10− 3 s− 1). The electrochemically active surface area (ECSA) of 
the catalysts was determined by analyzing the double-layer capacitance 
(Cdl) derived from CV curves (Figs. S5a–d). These CVs were measured at 
various scan rates within a potential window of 0.1–0.3 V vs. Hg/HgO. 
Analysis of the CV curves yielded Cdl values of 0.0055, 0.005, 0.0047, 
and 0.0045 F for HEO O15, HEO O10, HEO O5, and HEO O0, respec
tively (Fig. S5e). These Cdl values were then used to calculate the elec
trochemically active surface area (ECSA) using the formula ECSA = Cdl/ 
Cs, where Cs is the specific capacitance of a flat electrode surface, 
assumed to be 0.04 mF cm− 2. The evaluated ECSA values of HEO O15, 
HEO O10, HEO O5, and HEO O0 are 137.5, 125, 117.5 and 112.5 cm2, 
respectively. The larger ECSA of HEO O15 underscores its advantage, 
indicating a greater number of exposed active sites accessible for the 
OER reaction. Notably, even after normalizing the LSV results based on 
ECSA (ECSA-normalized) (Fig. S6a), the activity trend remains consis
tent with the observed geometric activity trend. Further, normalizing 
the LSV results by catalyst mass (Fig. S6b) revealed a similar activity 
trend for all HEOs. The overpotentials required to achieve a current 
density of 50 mA cm− 2 were 249, 256, 265, and 274 mV for HEO O15, 
HEO O10, HEO O5, and HEO O0, respectively.

To delve deeper into HEO O15’s intrinsic activity, measurements at 
1.524 V vs RHE portrayed in Fig. S6c unveiled a superior specific and 
mass activity of 3.64 mA cm− 2 and 473.42 mA/mg, respectively with a 
loading of ~1.0 mg cm− 2. Further, to gain deeper insights into the 
electron transfer processes occurring at the electrode-electrolyte inter
face, operando-electrochemical impedance spectroscopy (EIS) was per
formed at various potentials for each HEOs (Figs. S7a–d). The resulting 
Nyquist plots offer a visualization of the distinct electrochemical be
haviours of the different materials. Additionally, the Bode plots were 
analysed for all HEOs, and the corresponding results are presented in 
Figs. S8a–d. The Bode plots offer insights into the adsorption/desorption 
of OH⁻ on the electrode surface at different frequencies. The high- 
frequency (HF) region likely reflects the oxidation of the electro
catalyst (HEOs) itself, while the low-frequency (LF) region might reveal 
the non-uniform distribution of oxidizing species at the electrode 
interface. Furthermore, the plot of Rct vs applied voltage in Fig. S7e
suggests that between 1.37 V and 1.44 V (vs. RHE), oxidation of the 
electrocatalyst (HEOs) happened at the HF phase angle. At voltage 
exceeding and beyond 1.44 V (vs. RHE), a significant drop in the LF 
phase angle could be attributed to the initiation of the OER on the 
electrode surface. To analyse the EIS data, a simple electrical circuit 
model consisting of two resistors (R1 and R2) connected in series 
(Fig. S7f). This model represents the interplay between electron transfer 
(electrooxidation) and mass transport processes occurring at the elec
trode surface during the reaction. The EIS analysis suggests that HEO 
O15 exhibits lower interfacial resistance compared to other catalysts. 
This suggests faster electron transfer kinetics at the electrode-electrolyte 
interface, making HEO O15 a more efficient OER catalyst. To assess the 
dynamic stability of HEO O15, an accelerated degradation (AD) study 
was conducted. The catalyst underwent 1000 CV cycles at a high scan 
rate of 150 mV s⁻1. Following the AD test, LSV polarization curves were 

recorded (Fig. S9a). These results showcase the remarkable stability of 
HEO O15. After 1000 CV cycles, the overpotential increased by only 8 
mV, indicating minimal performance degradation. The EIS analysis 
(Fig. S9b) aligns well with the findings from the LSV measurements, 
further supporting the exceptional stability of HEO O15. While a slight 
decrease in OER activity is observed after the 1000 CV cycles, could be 
attributed to the gradual accumulation of charge on the electrode sur
face during the OER process. This charge accumulation might hinder the 
adsorption of OH⁻ ions, a one of the crucial steps in the reaction. The 
Faradaic efficiency (FE) of the most promising catalyst, HEO O15, was 
further confirmed using a rotating ring-disk electrode (RRDE) experi
ment (Fig. S10). This technique revealed an impressive efficiency of 
95.15 % in an alkaline medium. During the experiment, oxygen bubbles 
produced at the disk electrode were efficiently captured and reduced by 
the surrounding Pt ring held at a constant potential of − 0.3 V. This 
remarkable Faradaic efficiency highlights the high selectivity of HEO 
O15 towards the OER, signifying minimal side reactions and efficient 
conversion of O2 molecules.

3.3. Electrocatalytic HER performance of HEOs in 1 M KOH electrolyte

Following the evaluation of their OER activity, all the HEO catalysts 
were further investigated for their ability to perform the HER in the 
same 1 M KOH electrolyte using a three-electrode system. After the 
activation of all the catalyst via CV cycling at high scan rate, a 5 mV/s 
LSV was recorded to evaluate the performance of the catalyst. The LSV 
polarization results with 60 % iR compensation of all the HEOs are 
depicted in Fig. 7a. As like OER, HEO O15 requires a low overpotential 
of only 197 mV to achieve a current density of 50 mA cm⁻2, out
performing HEO O10 (210 mV), HEO O5 (225 mV), HEO O0 (235 mV), 
and NF (307 mV). Notably, the commercially available Pt/C catalyst 
exhibits even better HER activity, reaching the same current density at a 
very low overpotential of 130 mV. Further, analysis of EIS in Fig. 7b, 
showed that HEO O15 possess less resistance towards the transfer of 
electron at the electrode-electrolyte interface with a low Rct of 0.68 Ω, 
than HEO O10 (1.19 Ω), HEO O5 (1.39 Ω) and HEO O0 (1.7 Ω). This 
efficient electron transfer is further corroborated by the Tafel slope 
analysis from the corrected LSV curves. HEO O15 displays the lowest 
Tafel slope (93 mV/dec), signifying faster reaction kinetics compared to 
the other HEO O10 (96 mV/dec), HEO O5 (101 mV/dec) and HEO O0 
(109 mV/dec). These combined factors lower electron transfer resis
tance and faster reaction kinetics, contribute to HEO O15’s superior HER 
performance. Additionally, the radar plot in Fig. 7d demonstrates that 
HEO O15 maintains superior performance at higher current densities 
(200 and 400 mA cm⁻2). Further, the HER performance was compared 
with the previously reported similar type of HEOs as given Table S2. The 
chronopotentiometry test in Fig. 7e showcases the exceptional long-term 
durability of HEO O15. At a current density of 50 mA cm− 2, it exhibits 
stable operation for 47 h in 1 M KOH with minimal degradation in the 
applied potential compared to the initial value. To quantify the catalytic 
activity for HER, turnover frequencies (TOF) were calculated for all 
catalysts at overpotential of 220 mV and 260 mV. As illustrated in the 
bar graph of Fig. 7f, HEO O15 exhibits significantly higher TOF values 
(0.2291 and 0.5715 x 10⁻³ s⁻1) compared to other HEOs (HEO O10 
(0.1624 and 0.4094 × 10− 3 s− 1), HEO O5 (0.1195 and 0.3094 × 10− 3 

s− 1) and HEO O0 (0.0861 and 0.2229 × 10− 3 s− 1)) at 220 and 260 mV 
overpotential, respectively. These higher TOF values indicate that HEO 
O15 has a greater capacity to generate hydrogen molecules per unit 
active site per unit time. These findings are further corroborated by the 
mass-normalized LSV curves in Fig. S11a. The overpotential required to 
achieve a specific current density again follow the trend: HEO O15 (199 
mV) < HEO O10 (214 mV) < HEO O5 (226 mV) < HEO O0 (236 mV). 
Additionally, HEO O15 demonstrates a remarkable mass activity of 
318.4 mA/mg at 0.275 V vs. RHE, highlighting its superior performance 
even when considering catalyst mass (Fig. S11b). Further, HEO O15’s 
dynamic stability was assessed by performing CV for 500 cycles at a high 
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scan rate of 100 mV/s. The LSV polarization curves (Fig. S12a) recorded 
after this CV cycling showed only a marginal increase in overpotential of 
10 mV compared to the initial HEO O15, indicating minimal perfor
mance degradation. This finding aligns well with the EIS analysis results 
in Fig. S12b, further supporting the exceptional stability of HEO O15.

3.4. Electrocatalytic overall water splitting performance of HEO O15 in 1 
M KOH electrolyte

Based on the impressive OER and HER performance of HEO O15 in 1 
M KOH, a two-electrode configuration was employed for overall water 
splitting. Notably, HEO O15 functioned as both the cathode and anode 
(HEO O15 || HEO O15) and achieved a remarkable cell voltage of 1.58 V 
to deliver a current density of 10 mA cm⁻2. The corresponding LSV re
sults are presented in Fig. 8a. Furthermore, a long-term stability test 

(chronopotentiometry analysis) at a current density of 10 mA cm− 2 

showcased the exceptional stability of HEO O15 || HEO O15 for 65 h in 
1 M KOH, as demonstrated in Fig. 8b. Table S3 compares the cell voltage 
achieved by HEO O15 || HEO O15 for overall water splitting with pre
viously reported electrocatalysts.

To acquire a greater understanding of catalyst stability, HEO O15 
underwent XPS analysis after the stability studies. The obtained result 
ensures that all the constituent materials are present in the HEO O15 
after the stability test. Figs. S13a–f depicts the XPS spectra of Ni, Co, Mn, 
Cr, Mo and O of HEO O15 before and after OER and HER cycling in
vestigations. The obtained XPS results illustrate that, compared to all 
elements, Mn and Co metal leashed out vigorously towards the elec
trolyte throughout the reaction, providing a higher surface area for OH−

adsorption. Meantime, the XPS spectra of Cr 2p, Mo 3d, and Ni 2p peaks 
shifting towards lower binding energies confirms that these metal 

Fig. 7. Electrocatalytic HER performance: (a) The geometrically normalized LSV results for HEO O0, HEO O5, HEO O10, HEO O15, commercial Pt/C and bare NF at 
50 mA cm− 2 current density, (b) Nyquist plot of HEO O0, HEO O5, HEO O10 and HEO O15 at − 1.25 V (vs Hg/HgO), (c) Tafel slope values from the iR drop free LSV 
curves, (d) The radar plot showed overpotential calculated at different current densities (50, 200 and 400 mA cm− 2), (e) Chronopotentiometric analysis of HEO O15 
at 50 mA cm− 2 current density over 47 h, and (f) TOF values of HEO O0, HEO O5, HEO O10 and HEO O15 at 220 and 260 mV overpotential.

Fig. 8. (a) LSV polarization curves of HEO O15 || HEO O15 toward overall water splitting, and (b) Long-term durability test of HEO O15 || HEO O15 for overall 
water splitting at an applied current density of 10 mA cm− 2 for 65 h in 1 M KOH solution.
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cations may play a direct or indirect role in the OER and HER processes. 
During electrochemical OER and HER reactions, the surface charge 
density changes corresponding to the applied potential. These changes 
can primarily influence the electronic environment of surface atoms, 
results in shifts of binding energy towards the lower energy level. The 
direction of shift in the binding energy was depending on the nature of 
the charge redistribution rather than the specific OER or HER reactions 
[40]. Concurrently, oxygen vacancy emerged dramatically after the 
electrochemical stability test. During electrochemical reactions, oxygen 
ions on the metal surface are removed, resulting in a large number of 
oxygen vacancies on the surface. In addition to boosting H2O adsorption, 
oxygen vacancy lowers the electrocatalyst’s (HEO O15) charge transfer 
resistance and increases its surface reactive sites. After the electro
chemical stability investigations, the electrocatalyst’s morphology was 
further examined using FE-SEM analysis and the outcomes are displayed 
in Figure S14 (a-d). The obtained FE-SEM images revealed a significant 
morphological change that occurred throughout the electrochemical 
process. After 1000 CV cycles of OER reaction, the spherical morphology 
was reconstructed into nano flakes, whereas, after 500 CV cycles of HER 
reaction, the spherical morphology of the electrocatalyst was converted 
into nano needle-like structure. Fig. S15 depicts the elemental mapping 
of HEO O15 after OER and HER reactions after CV cycles. The obtained 
results showcase that all the constituent metals were homogeneously 
distributed in the HEOs nanoparticles, ensuring that all that metal cat
ions remained in the HEOs electrodes after stability test.

4. Conclusion

This study efficiently produced HEOs (Ni, Co, Cr, Mn, Mo)3O4 
nanoparticles using a DC non-transferred arc thermal plasma reactor. 
Low pressure Ar-glow discharge plasma treatment was adopted to create 
oxygen vacancies over the HEOs surface systematically. The oxygen 
vacancy rises proportionally with the period of Ar-plasma exposure, 
affecting the surface area and electronic structure of HEOs nano
particles. The electrocatalytic activity of HEOs for OER and HER pro
cesses was primarily influenced by their surface area, oxygen vacancy, 
and the synergistic effect of the five metal cations. The oxygen vacancy- 
induced HEOs nanoparticles (HEO O15) demonstrate outstanding OER 
and HER activity, requiring a low overpotential of 246 and 197 mV to 
achieve a current density of 50 mA cm− 2. Based on the excellent OER 
and HER performance of HEO O15 led to the fabrication of two- 
electrode device with HEO O15 ‖ HEO O15 and it serves as both an 
anode and cathode. It demonstrates extraordinary activity at a low po
tential of 1.58 V to reach a current density of 10 mA cm− 2 and has an 
exceptional long-term stability of 65 h. Obtained results suggest that 
plasma-assisted generation of oxygen vacancies on metal oxide surfaces 
is a promising strategy for enhancing the performance of HEOs-based 
functional materials in electrochemical water splitting reactions.
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