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A B S T R A C T   

Porous NbTiVZr refractory high entropy alloys have been developed by a novel method that is based on the 
addition of yttrium to the base high entropy alloy and its subsequent removal by electrochemical dealloying 
process. Microstructure and crystal structure characterization of as-cast alloys confirmed the segregation of 
yttrium at interdendritic regions. Successful removal of yttrium from interdendritic region has been confirmed by 
microstructure and crystal structure characterization of dealloyed samples. NbTiVZr foams with varying levels of 
porosity were successfully developed and characterized. Electrochemical performance of the developed foams 
was investigated by cyclic voltammetry (CV), galvanostatic charge discharge (GCD), and electrochemical 
impedance spectroscopy (EIS). High areal capacitance of 82.66 mF cm− 2 at scan rate of 2 mV s− 1 was exhibited 
by one of the developed electrodes. The electrode displayed capacitance retention of 104 % after 5000 cycles at 
current density of 1 mA cm− 2. The excellent electrochemical performance demonstrated by the NbTiVZr re
fractory high entropy foams highlights their potential as suitable candidates for supercapacitor electrode.   

1. Introduction 

The need to develop renewable, reliable and environmental friendly 
sources of energy is increasing due to energy sustainability and envi
ronmental concerns [1,2]. Supercapacitors have gained substantial 
attention as alternate to conservative energy storage devices owing to 
their fast charge-discharge, longer stability, moderate energy density, 
[3] high-power density, long life cycle, fast power energy delivery [4] 
low weight, wide temperature range (− 40 ◦C to 70 ◦C), flexible pack
aging and low maintenance [5]. However, low capacitance, low energy 
density, high self-discharge, and low voltage per cell limits their prac
tical use. Development of new electrode materials for supercapacitors 
can help in this regard [6]. Carbon materials, conducting polymers, 
transition metal oxides and hydroxides have become promising mate
rials for supercapacitor electrodes [7–13]. Transition metal oxides 
(TMOs) are an attractive candidate for supercapacitor applications 
because of their multiple oxidation states [14]. Selection of appropriate 

electrode material is important as it influences the performance of 
supercapacitors [5]. Development of electrode materials with 
outstanding electrochemical performance, despite the advancements in 
supercapacitor technology, is still a challenge. 

High entropy alloys (HEA) are the new class of alloys that generally 
consist of 5 to 8 principal alloying elements and are known to preferably 
form one or more solid solution phases [4]. HEAs have shown an 
excellent combination of mechanical properties and are being consid
ered as alternatives to conventional materials for structural applications 
[15–17]. The potential of high entropy alloy for energy storage and 
catalysis applications has been explored in some of the recent studies 
[18–27]. The electrochemical performance of high entropy alloys can be 
further enhanced by increasing the specific surface area through the 
insertion of porosity. Porous electrode materials with relatively large 
specific surface areas can increase the surface area, shorten the path for 
transportation of ions/electrons, and also increases the accessibility of 
electrolyte ions to internal active sites thereby increasing the 

* Corresponding author. 
E-mail address: khurram.yaqoob@scme.nust.edu.pk (K. Yaqoob).  

Contents lists available at ScienceDirect 

Journal of Energy Storage 

journal homepage: www.elsevier.com/locate/est 

https://doi.org/10.1016/j.est.2023.109131 
Received 18 June 2023; Received in revised form 10 September 2023; Accepted 27 September 2023   

mailto:khurram.yaqoob@scme.nust.edu.pk
www.sciencedirect.com/science/journal/2352152X
https://www.elsevier.com/locate/est
https://doi.org/10.1016/j.est.2023.109131
https://doi.org/10.1016/j.est.2023.109131
https://doi.org/10.1016/j.est.2023.109131
http://crossmark.crossref.org/dialog/?doi=10.1016/j.est.2023.109131&domain=pdf


Journal of Energy Storage 73 (2023) 109131

2

capacitance value [28,29]. Method used for the insertion of porosity can 
greatly affect the microstructure and affect its electrochemical perfor
mance [1]. 

A variety of synthesizing routes have been reported in literature for 
developing porous electrode materials. Soft templating method is used 

to prepare various types of metal oxides and porous phosphates material 
with different morphologies and compositions. However porous struc
ture and crystallinity of electrode materials are affected at higher tem
peratures [30]. Nano casting is the versatile method for the synthesis of 
highly crystalline and more ordered porous structures [31]. Silica tem
plates used in this method should be removed completely as they are 
electronically insulating [32]. Colloidal crystal templating (CCT) 
method is used to obtain well-ordered, interconnected pores of large 
sizes. However large shrinkage is observed with polymeric templates 
and pore size will be smaller than the predicted due to shrinkage of 
porous structure [33]. Sol-gel method is used to synthesize aerogels 
through superficial drying or solvent exchange methods [34]. However, 
sintering step during thermal treatment can result in densification of 
material and reduce the pore volumes and surface areas [35]. Wood 
templating combined with sol-gel processes enables the development of 
open and interconnected pores that are beneficial for mass transport and 

Fig. 1. Schematic diagram of process of development of high entropy foams.  

Fig. 2. (a,b) SEM images and (c) XRD pattern of the base NbTiVZr HEA (S1).  

Table 1 
The values of ΔH{A,B} for atomic pairs of the selected high entropy alloy 
system.   

Nb Ti V Zr Y 

Nb – 2 − 1 4 30 
Ti  – − 2 − 0.2 15 
V   – − 4 17 
Zr    – 9 
Y     –  
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facilitate the diffusion of ions. Pyrolyzable performers are used as 
sacrificial templates to obtain different size and shapes of pores [36]. 
However, the pyrolysis at high temperature can decrease the porosity 
resulting in accumulation of gases. Also, the interconnected pores are 
tortuous and randomly distributed limiting the mass transfer in porous 
electrode [37]. Ice templating, also called freeze casting is the versatile 
method for producing 3D porous network but it is susceptible to solvent 
contamination [38]. 

Refractory metals exhibit high melting points, high strength, corro
sion resistance, high temperature softening resistance, and provide low 
resistance to electron flow because of their high electrical conductivity 
[39]. Refractory metals based porous high entropy alloys can therefore 
be a good candidate for supercapacitor applications because of their 
high electrical conductivity, high surface area, and better mechanical 
properties. The present study is focused on insertion of different levels of 
porosity in NbTiVZr high entropy alloy by a novel method proposed 
during the present study and on investigating the electrochemical per
formance of developed foams as an electrode material for supercapacitor 
applications. 

2. Experimental procedure 

High purity niobium, titanium, vanadium, zirconium, and yttrium 
(purity > 99.95 %) metals were used as raw materials for the develop
ment of high entropy foams. Development of high entropy alloys was 
carried out in two stages. In the first stage, the constituents of NbTiVZr 
high entropy alloy were placed in water cooled copper hearth and 
chamber of the furnace was initially evacuated to 3 × 10− 5 mbar fol
lowed by insertion of high purity argon to facilitate melting under 
controlled atmosphere. Titanium has strong affinity toward oxygen. 
Melting of pure titanium was carried out, prior to the melting of 
NbTiVZr HEA, to remove any traces of oxygen left in the chamber. Each 
NbTiVZr HEA sample was melted for around 40–45 s and remelted after 
turning it upside down. The process was repeated for five time to ensure 
chemical homogeneity. In the second stage, varying amount of yttrium 
(5, 10, 12 and 15 wt%) was added to the developed NbTiVZr high en
tropy alloy button by following the same procedure as was used for the 
development of NbTiVZr HEA. Weight loss of the samples was recorded 
and was found to be <0.5 % after melting. Dealloying was carried out for 
removal of yttrium from interdendritic areas, for the development of 
high entropy foams. Samples for electrochemical dealloying were 
immersed in 5 % aqueous solution of nitric acid for 24 h. Samples after 
electrochemical dealloying were thoroughly cleaned by ultrasonication 

in water and in ethanol, dried, and subjected to different characteriza
tion. Schematic illustration of development of high entropy foams is 
shown in the Fig. 1. 

Standard metallographic procedures were used for preparation of 
samples for microstructural investigation which was carried out by 
using scanning electron microscope (SEM; JEOL JSM-6490LA). Crystal 
structure characterization of the developed high entropy alloy and their 
respective foams was carried out by performing X-ray diffraction mea
surements on a Bruker D2 phaser (equipped with Cu Kα radiation). 

Electrochemical characterization of developed foam was conducted 
in a three-electrode cell configuration by using a potentiostat (21,084 
Interface 1010E, USA). Cyclic voltammetry and galvanostatic charge 
discharge tests were carried out in 1 M Na2SO4 solution with HEA 
electrode, platinum (Pt) wire, and Ag/AgCl serving as working elec
trode, counter electrode, and reference electrode respectively. The 
exposed surface area of HEA working electrodes for all electrochemical 
measurements was around 7 × 7 mm. Areal capacitance from the GCD 
curves was calculated by using Eq. (1). 

AC =
I
S
×

t
ΔV

(1)  

where, I is the current (mA), t is the discharging time (s), S is the exposed 
geometric area, and ΔV is the discharging voltage (V). Electrochemical 
impedance spectroscopy (EIS) measurements were performed at 10 mV 
amplitude in frequency range of 100 kHz–10 MHz to understand the 
kinetic properties. 

3. Results and discussions 

3.1. Characterization techniques 

The present study is aimed at the development of a method for the 
development of NbTiVZr foams and explore their potential for super
capacitor applications. SEM and XRD results of the base NbTiVZr HEA 
(named as S1) are shown in the Fig. 2. 

SEM images of the sample S1 (Fig. 2a, b) pointed out the presence of 
a single phase in the developed alloys which was identified as bcc with 
the help of XRD analysis (Fig. 2c). The method proposed during the 
present study has been adopted from the method proposed for the 
development of refractory metals based HEA [40]. It is based on the 
addition of such a filler metal to base HEA system that is completely or 
partially insoluble in the base HEA and tends to segregate to the inter
dendritic areas during solidification. As interdendritic area are inter
connected, subsequent removal of the filler metal from interdendritic 
areas can help in development of interconnected porosity. The enthalpy 
of mixing of filler element with the constituent of the base HEA should 
be positive enough to cause its segregation to the interdendritic areas 
but should not be so positive that it may cause liquid phase separation. 
Selection of filler element is of paramount significance. Yttrium was 
selected as filler element for the development of NbTiVZr foams because 
of its moderately positive enthalpy of mixing with the constituent of the 
selected HEA system and its density. Enthalpies of mixing data of binary 
combinations of the constituent of the selected HEA and filler elements 
is listed in Table 1. 

As shown in the Table 1, yttrium possessed positive enthalpy of 
mixing with constituent of the selected HEA system and is therefore 
expected to segregate to the interdendritic region during solidification. 
To verify the aforementioned hypothesis, pseudo-binary phase diagram 
of NbTiVZr-Y was calculated with the help of Thermocalc software using 
TCHEA database. The calculated NbTiVZr-Y pseudo binary phase dia
gram is shown in Fig. 3. 

High entropy alloys with varying amounts of yttrium (5 at.%, 10 at. 
%, 12 at.%, and 15 at.%) were shortlisted for the present study to 
evaluate the effect of addition of yttrium on the microstructure of the 
base HEA and possibility of development of high entropy foams with 

Fig. 3. Pseudo-binary phase diagram of NbTiVZr-Y HEA system.  
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Fig. 4. SEM images of (a, b) as-cast S2 (c, d) as-cast S3 (e, f) as-cast S4 and (g, h) as-cast S5.  
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varying levels of porosities. As-cast NbTiVZr samples containing 5 at.% 
Y, 10 at.% Y, 12 at.% Y, and 15 at.% Y were named as S2, S3, S4 and S5 
respectively. Microstructural analysis of the developed as-cast samples 
was carried out with the help of scanning electron microscope. SEM 
images of the as-cast samples are shown in the Fig. 4. 

SEM images of as-cast high entropy alloys (S2-S5) showed presence 
of a matrix phase and interdendritic areas. The percentage of inter
dendritic areas was found to increase as the amount of yttrium added in 
the NbTiVZr HEA increased. To study elemental distribution in the 
matrix and in the interdendritic areas, EDS mapping was carried out. 
Results of EDS mapping of the S5 sample are shown in the Fig. 5 as an 
example. 

As shown in the Fig. 5, niobium, titanium, and vanadium were found 
to be uniformly distributed throughout the matrix phase whereas pres
ence of zirconium was evidenced both in the matrix as well as in the 
interdendritic regions. The EDX analysis confirmed segregation of 
yttrium to the interdendritic areas. 

In order to remove yttrium from interdendritic areas for the devel
opment of porosity, samples were immersed in nitric acid solution for 
24 h for electrochemical dealloying process. Microstructural and crystal 
structure characterization of the de-alloyed sample was carried out with 

the help of SEM, EDS, and XRD analysis. Foams of S2, S3, S4 and S5 
compositions, obtained after electrochemical dealloying, were named as 
FS2, FS3, FS4 and FS5 respectively. SEM images of the dealloyed sam
ples (FS2–FS5) are shown in Fig. 6. 

SEM images of the dealloyed samples confirmed removal of yttrium 
from interdendritic areas resulting in the development of high entropy 
foams. To study the elemental distribution in the dealloyed samples, 
EDS mapping was carried out. The results of EDS mapping are shown in 
Fig. 7. 

As shown in the Fig. 7(f), EDS mapping confirmed dissolution of 
yttrium from the interdendritic areas for the development of high en
tropy foams. XRD analysis of the developed high entropy alloys before 
and after the electrochemical dealloying is shown in Fig. 8. 

XRD patterns of the as-cast samples showed presence of the peaks 
corresponding to the presence of bcc phase, and hcp phase. By 
combining the SEM and XRD results, it was concluded that the BCC 
phase corresponded to the matrix phase whereas HCP phase corre
sponded to the yttrium present in the interdendritic areas. Relative in
tensities of the peaks corresponding to HCP phase were found to increase 
with increase in the amount of added yttrium in the sample. XRD pat
terns of dealloyed samples (FS2-FS5) only showed presence of peaks 

Fig. 5. (a–f) EDS mapping of as-cast S5 (g) EDS spectrum of as-cast S5 sample and (h) percentages of elements in the as-cast S5.  
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Fig. 6. SEM images of (a, b) FS2 (c, d) FS3 (e, f) FS4 and (g, h) FS5.  

A. Siddique et al.                                                                                                                                                                                                                               



Journal of Energy Storage 73 (2023) 109131

7

Fig. 7. (a-f) EDS mapping of FS5, (g) EDS spectrum of FS5 sample and (h) Percentages of the elements in FS5.  
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corresponding to the presence of BCC phase. Presence of peaks corre
sponding to hcp phase was not evidenced in any of dealloyed samples; 
thereby confirming removal of yttrium from interdendritic regions. 
SEM, EDS and XRD analysis confirmed the successful removal of yttrium 
from interdendritic areas and development of NbTiVZr high entropy 
foams. 

3.2. Electrochemical testing 

Electrochemical testing of the developed electrodes was carried out 
to study the effect of insertion of porosity in NbTiVZr HEA on its elec
trochemical properties. The first step in this regard was selection of a 
suitable electrolyte for electrochemical testing of developed samples. 
Acidic (H2SO4), and alkaline (KOH) electrolytes exhibit higher ionic 
conductivity [41] but are highly corrosive which may lead to peeling off 
the electrode material from substrate. Neutral electrolytes (e.g., Li2SO4, 
Na2SO4) [42] show lower ionic conductivities, but they exhibit large 
working potential windows, and are less corrosive [43]. The maximum 
operating potential window in aqueous electrolytes (H2SO4, KOH, 
Na2SO4, Li2SO4) is determined by water decomposition limit (⁓1.23 V, 
evolution of H2/O2 at 1 atm pressure, at room temperature). However, 
there are reports showing the possibility to go beyond the limit using 
different configurations and certain type of aqueous electrolyte [43,44]. 

The foam sample FS5 was used as the test sample and its electro
chemical testing was performed in 1 M aqueous solution of KOH, H2SO4, 
and Na2SO4 respectively. Cyclic voltammetry of FS5 was performed in 1 
M KOH in various potential windows (Fig. 9(a)). However, sample was 
only stable in negative (anodic) region i.e. − 1 to 0 V (ΔV = 1 V). Gas 
evolution started at counter (platinum) electrode above 0 V making it 

impossible to test it in the positive voltage range. The sample FS5 was 
also tested in 1 M H2SO4 electrolyte (Fig. 9(b)). It showed some stability 
in − 0.5 to 0.5 V potential window with a small area under the curves. 
Sharp rise in reduction and oxidation currents was observed before − 0.5 
V and after 0.5 V. These findings indicated the inability of sample to 
perform in wide potential range in case of alkaline and acidic electro
lytes. Testing of the sample was also performed in 1 M Na2SO4 aqueous 
solution in various potential ranges of − 1–+1 V (ΔV = 2 V), 0.7–0.7 V 
(ΔV = 1.4 V), − 0.5–0.5 V (ΔV = 1 V), − 1–0 V (ΔV = 1 V), 0–1 V (ΔV = 1 
V), − 0.6–0.2 V (ΔV = 0.8 V), and − 0.2–0.6 V (ΔV = 0.8 V) respectively 
[CV graph in Fig. 9(c)]. Current response in case of − 1 V to +1 V (ΔV =
2 V) was found to be higher as compared to rest of potential ranges. In 
this region not only the area under the curve was significant but also 
oxidation (0.25 V) and reduction peaks (0.0 V) were found to be more 
significant in case of − 1 to +1 V. This suggested that intercalation/ 
deintercalation processes or reversible redox reactions were more 
favourable in higher potential window, while low current response in 
small potential windows could derive from double layer contribution. 
With neutral electrolyte i.e. Na2SO4, extended potential window can be 
stabilized [42]. The reasons for getting extended potential window are 
the following: (a) Na2SO4 neutral aqueous electrolyte results in an 
equilibrium between H+ and OH− ions which restricts the availability of 
OH− anions and H+ (i.e., H3O+) to the electrodes for O2 and H2 evolu
tion. (b) The electrolyte decomposition potential is higher than the 
thermodynamic decomposition of water (1.23 V) because of strongly 
solvated cations and sulphate anions [45]. Therefore, 1 M Na2SO4 was 
chosen as an electrolyte and electrochemical measurements of all the 
sample (S1-FS5) were performed in three-electrode setup with extended 
potential window of − 1–+1 V (ΔV = 2 V). 

Fig. 8. XRD patterns of (a) S2 & FS2 (b) S3 & FS3 (c) S4 & FS4 and (d) S5 & FS5.  
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3.2.1. Cyclic voltammetry analysis 
Electrochemical testing of developed HEA (S1) and foams (FS2-FS5) 

was carried out in 1 M Na2SO4 by using Ag/AgCl and platinum wire as 
reference and counter electrodes respectively. Cyclic voltammetry was 
performed in the potential window of − 1 V–+1 V at the scan rates 
ranging from 10 mVs− 1–100 mVs− 1. Results of cyclic voltammetry are 
shown in Fig. 10. 

All the samples showed quasi-rectangular features with oxidation 
peak at 0.25 V and reduction peak at 0.0 V which indicated that all the 
samples undergo successive redox reactions in the entire potential 
window. This could be attributed to the cumulative effect from 
adsorption of charges on sample surface and intercalation/dein
tercalation of cations (H+ and Na+) throughout the active porous 
structure [1]. The absence of clear redox peaks and quasi-rectangular 
features confirmed that charge storage was either because of the cat
ion's fast adsorption/desorption process on the surface or due to inter
calation/deintercalation process. The areal capacitance (Ca) of the 
samples were calculated from the CV curves using the following equa
tion [46] and are presented in Fig. 10. 

Ca =
I (V)dV

Av (V2 − V1)

Here v (V s− 1) is the scan rate, (V2-V1) is the potential window, A 

(cm2) is the area of working electrode. The values of areal capacitance of 
the developed samples at different scan rates (2 mV s− 1–100 mV s− 1) are 
given in Table 2. 

The successive increase in current values of porous samples as 
compared to sample S1, indicated the increase of ionic conductivity with 
increase in porosity. High surface area and directed channels in porous 
samples resulted in more intense peaks and higher capacitance values 
than S1 [38]. The decrease in capacitance values of all samples with the 
increase in scan rates was attributed to the diffusion limitations of the 
charge carriers and electrolyte ions into the inside of electrode at higher 
scan rates [47,48]. The current response of all the samples was found to 
increase with the increase in scan rate, which points toward the excel
lent kinetics and reversibility of the electrode [29]. The presence of 
redox peaks even at 100 mV s− 1 (Fig. 9), indicated that the developed 
materials have good rate capability. 

3.2.2. Galvanostatic charge-discharge analysis 
The galvanostatic charge-discharge (GCD) analysis of as-cast S1 and 

FS2-FS5 samples was performed to assess the charge discharge behavior 
and rate capability of the samples. GCD analysis of the studied samples 
was carried out over the same potential window (− 1 V–+1 V) with same 
three electrode electrochemical setup as used in CV measurements, at 
current densities of 100, 300, 500, and 700 μA cm− 2. The relatively 

Fig. 9. CV analysis of FS5 in 1 M aqueous solution of (a) KOH, (b) H2SO4, and (c) Na2SO4, in different potential windows.  
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Fig. 10. Cyclic voltammograms of (a) as-cast S1 (b) FS2 (c) FS3 (d) FS4 (e) FS5 and (f) comparison of the capacitance values of samples as a function of scan rates.  
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symmetrical potential–time curves can be observed (Fig. 11). Each curve 
has displayed distinct potential plateaus and the deviation of GCD 
curves from linearity reveals that the charge storage mechanism is due 
to both faradic pseudocapacitive reaction [49] and charge adsorption on 
sample surface and is also consistent with the redox peaks in CV curves 
[50]. Like CV results, the FS5 sample showed the best performance in the 
GCD analysis, which implies that the electrode performance is highly 
reproduceable and consistent. 

3.2.3. Electrochemical impedance spectroscopy analysis 
Electrochemical impedance spectroscopy (EIS) measurements were 

performed at 10 mV amplitude in frequency range of 100 kHz–10 MHz 
to understand the kinetic properties. The Nyquist plot of all the samples 
from low to high frequency regions is shown in Fig. 11(f). The high 
frequency intercept on the real axis (Z′) represented the series resistance 
(RΩ), which corresponded to the combination of electrolyte (ionic) 
resistance, internal resistance of active material, and the contact resis
tance at the electrode/electrolyte interface [51]. The EIS data was fitted 
with equivalent circuit according to the shape of Nyquist plot (shown as 
an inset of Fig. 11f) [52,53]. Samples S1, FS2, FS3, FS4, and FS5 showed 
the Rs (series resistance) values of 11.01 Ω, 7.03 Ω, 6.41 Ω, 4.37 Ω and 
2.19 Ω respectively. The Rs values indicated that the internal resistance 
of electrode material and the contact resistance at the electrode/elec
trolyte interface decreased with the increase in porosity (FS2–FS5) 
which boosted the ionic conductivity, and hence improved the rate 
capability for superior supercapacitor applications. 

The fitted EIS data is also consistent with the CV and GCD testing, 
where FS5 sample showed higher areal capacitances against other 
samples, indicating stable and highly reproduceable electrochemical 

Table 2 
Areal capacitance (Ca) values of all the samples calculated from CV data.  

Scan rate (mV s− 1) Capacitance (mF cm− 2) 

S1 FS2 FS3 FS4 FS5  

2  1.96  4.82  7.70  34.54  82.66  
10  1.76  3.66  6.06  21.73  69.06  
20  1.65  2.97  4.52  16.53  61.04  
30  1.47  2.61  3.70  13.70  54.78  
50  1.20  2.22  2.94  11.05  45.44  
80  0.98  2.22  2.33  10.76  36.40  
100  0.90  2.12  2.05  8.99  31.03  

Fig. 11. Galvanostatic charge-discharge curves of (a) as-cast S1 (b) FS2 (c) FS3 (d) FS4 (e) FS5 and (f) Nyquist plots of S1-FS5 samples.  
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characteristics of the sample. The reason for this superior electro
chemical property of the FS5 sample against others was attributed to its 
high porosity which provided higher active sites and hence higher uti
lization of active material. The capacitance value obtained for sample 
FS5 is considerably higher than the previously reported values of re
fractory metal oxides, nitrides and other carbon-based materials. 

Comparison of capacitance values obtained from present study with 
literature are shown in Fig. 12 and Table 3. 

As shown in Table 3 and Fig. 12, the value of aerial capacitance 
obtained for FS5 (82.66 mF cm− 2 at 2 mV s− 1) is considerably higher 
than the values reported for different binary refractory metal oxides and 
nitrides. 

Long cycling life with strong capacity retention is an important 
requirement for enhanced electrochemical performance of super
capacitor in practical applications. The capacity retention graph of FS5 
sample for 5000 cycles at a current density of 1 mA cm− 2 is shown in the 
Fig. 13 (a). FS5 was found to retain 104 % of its initial capacitance value 
after 5000 cycles, indicating its strong stability and rate capability of 
electrode which was attributed to the good structural stability of HEA 
that prevented the expansion and contraction of electrodes [6]. The 
electrode displayed coulombic efficiency of 96.35 %. Ragone plots for 
FS2-FS5 electrodes are presented in Fig. 13 (b), which represents the 
energy and power performances of these electrodes. Ragone plots are 
generally used for packaged device but with the advent of new electrode 
materials with novel morphologies it would be appropriate to isolate the 
energy/power performance of individual components of the half-cell 
(like electrolyte or electrode) to understand the effect of these compo
nents on the overall electrochemical performance [66]. Energy density 
(E.d = 1

2CV2) and power density (P.d = (E.d)/Δt) were calculated by 
using the GCD curves. FS5 has shown a better combination of energy 
density and power density compared to other electrodes which is 
consistent with the CV and GCD results. Developed high entropy foams 
in general and FS5 in particular showed superior electrochemical 
properties in comparison to the ones reported previously for transition 
metal oxides. It is believed that insertion of interconnected porosity by 

Fig. 12. Comparison of areal capacitance of FS5 with the data from litera
ture [54–65]. 

Table 3 
Comparison of areal capacitance of current study with various materials reported in literature.  

# Material Electrolyte Scan rate (mV s− 1) Capacitance (mF cm− 2) Refs 

1 Planar 
TBLI-RGO porous films 

PVA–H3PO4 10 3.97 [54] 

2 PVDF/graphene films 1 M H3PO4 100 0.0059 [55] 
3 VN thin films 1 M KOH 10 27 [56] 
4 VOxNy powder 

TiOxNy powder 
1 M KOH 
1 M KOH 

10 
10 

0.3 
0.05 

[67] 

5 TiO2/Nb2O5 NTs 1 M H2SO4 1 37 [58] 
6 Mn-decorated Zr-MOF-CNT nanocomposites 0.1 M Na2SO4 50 4.9 [59] 
7 Ti6Al4V electrode 1.0 M Li2SO4 20 57 [60] 
8 TiN porous films 1 M KCl 2 84.9 [61] 
9 TiN film 0.5 M K2SO4 2 12 [62] 
10 NbTiVZrY 1 M Na2SO4 2 82.66 This work 

Bold values in the table specify/highlight the findings of the current study when compared to those found in literature. 

Fig. 13. (a) Cyclic stability of FS5 sample at current density of 1 mA cm− 2 (b) Plots of power density versus energy density of all samples.  
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the adopted has shortened the electrons transmission path and provided 
higher active surface sites for better utilization of the active material 
[29] thereby allowing faster and more efficient charge/discharge abil
ity. The developed HEA electrodes have demonstrated better electro
chemical performance than metal oxides, nitrides and thin film-based 
electrodes primarily due to the synergistic effect of the components of 
HEA system and more electroactive sites available for charge storage. 

4. Conclusion 

NiTiVZr foams have been successfully developed by the insertion of 
yttrium in the base HEA and its removal by electrochemical dealloying 
process. Developed foams displayed excellent electrochemical proper
ties. FS5 exhibited the highest areal capacitance value of 85mF cm− 2 at 
the scan rate of 2 mV s− 1. FS5 electrode also demonstrated high cyclic 
stability and displayed capacitance retention of 104 % after 5000 cycles 
at 1 mA cm− 2 current density. The outstanding electrochemical prop
erties of developed foams was attributed to the presence of higher sur
face adsorption sites in the samples and porous network which 
facilitated higher ion diffusion and improved electrochemical in
teractions resulting in lower ESR values. 
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