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CoCrFeNiMn high entropy alloys are among the most well-studied high entropy alloys that exhibit reasonable
strength and outstanding ductility. In the present study, porous CoCrFeNiMn foams have been developed by the
addition of copper in the base high entropy alloy by arc melting followed by its removal through an electro-
chemical dealloying process. Microstructure characterization of the as-cast samples confirmed limited solubility
of copper in the matrix while the majority of the copper was found to segregate to interdendritic areas. Removal
of copper from the interdendritic areas was successfully carried out by an electrochemical dealloying process
which resulted in the development of foams with interconnected porosity. CoCrFeNiMn foams with different
levels of porosities were successfully developed by varying the amount of added copper in the base HEA and its
removal by a dealloying process. The electrochemical performance of the developed foams was assessed by cyclic
voltammetry (CV), galvanostatic charge-discharge (GCD), and electrochemical impedance spectroscopy (EIS).
One of the developed foams was found to exhibit an areal capacitance of 1.56 F cm ™2 at 2 mA cm ™2 which is
more than 2x times higher than the value reported for recently developed porous AlCoCrFeNi high entropy foam.
Developed foam, besides showing excellent values of areal capacitance, demonstrated capacitance retention of
114.6% after 5000 cycles at 8 mA cm 2. The excellent electrochemical performance of the developed high en-
tropy foams exhibits their potential to be used as electrode materials for supercapacitor applications and was
attributed to the insertion of interconnected porosity in the base HEA.

1. Introduction surface redox reactions and larger energy densities than EDLCs. The

development of electrode materials with excellent electrochemical

Significant efforts have been made to develop materials with
outstanding electrochemical performances in response to the increasing
demand for materials for energy storage applications [1-15]. Super-
capacitors have gained remarkable attention in this regard owing to
their high-power density, fast charging/discharging rates, and long cy-
clic life. Carbon materials, conducting polymers, transition metal/ metal
oxides, metal hydroxides, and nanocomposite materials have been
studied as materials for supercapacitor electrodes [16-29]. Among the
aforementioned materials, metal/metal oxides have been extensively
explored as supercapacitor electrodes mainly because of their fast
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performance is still an outstanding issue despite the advancements in
supercapacitor technology.

High entropy alloys (HEAs) are a relatively new class of metal alloys,
which, unlike the conventional alloys, are composed of five or more
principal elements in equal proportions [30]. HEAs have shown an
outstanding combination of mechanical properties as well as magnetic
properties and are being considered as an alternative to conventional
materials for demanding structural applications [31-44]. The potential
of high entropy alloys for energy storage and catalysis applications has
been explored in some of the recent studies [45-48]. As the charge

Received 12 June 2023; Received in revised form 19 October 2023; Accepted 22 October 2023

Available online 24 October 2023
0925-8388/© 2023 Elsevier B.V. All rights reserved.


mailto:khurram.yaqoob@scme.nust.edu.pk
www.sciencedirect.com/science/journal/09258388
https://www.elsevier.com/locate/jalcom
https://doi.org/10.1016/j.jallcom.2023.172633
https://doi.org/10.1016/j.jallcom.2023.172633
https://doi.org/10.1016/j.jallcom.2023.172633

T. Abid et al. Journal of Alloys and Compounds 970 (2024) 172633
Vacuum Arc EDM wire Electrochemical s
Melting . Cutting Dealloying N {, 7
s, —) — | N5
N rsin ;
Ar atmosphere ) tion 3 \'5"41
Alloy Porous
Button HEA
Fig. 1. Schematic illustration of experimental procedure.
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Table 1

Enthalpy of mixing (AHy,ix) for the atomic pairs of selected HEA system [62].

Co Cr Fe Ni Mn Cu
Co 0 -4 -1 0 +5 +6
Cr - 0 -1 -7 +2 +1
Fe - - 0 -2 0 +1
Ni - - 0 -8 +4
Mn - - - - 0 +4
Cu - - - - - 0
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Fig. 2. Pseudo binary phase diagram of CoCrFeNiMn-Cu.

storage capability of the electrode materials depends on the specific
surface area and electrical conductivity of the electrode material [25],
the capacitive performance of HEAs could be significantly improved by
the insertion of porosity [49-51] in high electrical conductivity high
entropy alloys. The present study is focused on the development of
porous HEA and exploring their potential for energy storage
applications.

A variety of synthesis routes have been reported for the development
of porous electrodes with high surface area [52-55]. The carbothermal
shock (CTS) method is used to develop multicomponent HEA nano-
particles (NPs). This method allows the fabrication of a range of multi-
component NPs with varying compositions and pore sizes by precisely
controlling the CTS parameters. However, the productivity of the HEA
NPs through the CTS method is low. Sol-gel technique has been used for
the fabrication of composite materials with mesoporous assembly and
high surface area. The post-heating temperature significantly affects the
pore sizes which influences the performance of the electrode material.
Selective phase dissolution is a facile synthesis technique applied for
preparing nano porous metals or alloys by selectively removing the less
stable components and retaining more stable phases or components. The
formation of the nano-porous structure increases the surface area and

nels, thus enhancing the electrochemical performance of the electrode.

Few attempts have been made to evaluate the electrochemical per-
formance of porous HEA systems. AlICoCrFeNi nano porous HEA was
fabricated by the selective phase dissolution of HEA precursors [45]. The
fabricated nano porous HEA electrode exhibited areal capacitance of
0.7 F cm™2 and demonstrated excellent cyclic stability, retaining ~97%
of the initial capacitance. (FeCoCrMnNi)C porous high entropy carbide
(HEC) was synthesized using the sol-gel synthesis route with a sintering
temperature under 1500°C [52]. The prepared HEC demonstrated a
specific capacity of 169.7 F g~! at a current density of 0.5 A g~! and
retained 81% of the initial capacity after 10,000 cycles. The developed
electrode material also exhibited an energy density of 15.08 Wh kg ™!
which has been reported to be greatly improved compared to other high
entropy materials. FeCrCoMnNiAlj ;5 HEA has been fabricated through
high-frequency induction melting followed by the selective phase
dissolution to obtain high entropy metallic frameworks (HEMFs). The
formation of metallic frameworks (MFs) because of selective phase
dissolution of the cubic fcc phases increased the surface area of the
HEMFs. The HEMFs were decorated with MnO;, layers for pseudocapa-
citor functionalization. The developed MnOy/MFs composite with a
large effective surface area showed a specific capacitance of 961 F g’1 at
5 A g~! current density [56]. High entropy pyrochlore oxide (LaY)
(Zry.5Tip.5Ce.5Hfy 5)07 (HEPO) was developed using the sol-gel method
combined with low-temperature sintering technology in order to explore
its electrochemical potential for energy storage [57]. The fabricated
materials exhibited the specific capacitance of 703.3 F g_1 in1M
NaySO4 electrolyte. In addition, the electrode demonstrated excellent
cyclic stability by retaining 97.9% of the initial capacitance after 10,000
cycles.

CoCrFeNiMn is one of the most popular and most well-studied high
entropy alloy that showed excellent ductility, excellent fracture tough-
ness, and good corrosion resistance. In the present study, we aim to
insert interconnected porosity in CoCrFeNiMn alloy to increase its sur-
face area and evaluate the effect of insertion of porosity on its electro-
chemical performance. A novel strategy has been adopted which is
based on the insertion of a partially soluble filler metal to the base HEA
by arc melting followed by its removal with the help of an electro-
chemical dealloying process for the development of interconnected
porosity. Foams with different porosity levels have been developed by
varying the amount of filler metal and the effect of insertion of porosity
on microstructure, crystal structure, and electrochemical performance
has been studied.

2. Experimental techniques

Cobalt (99.95% pure), chromium (99.95% pure), iron (99.95%
pure), nickel (99.95% pure), manganese (99.95% pure) and copper
(99.95% pure), in the form of elemental pellets, were used as raw ma-
terials for the development of high entropy alloys. Constituents of
envisaged high entropy alloys were placed in a hemispherical water-
cooled copper mold and the chamber of the furnace was initially evac-
uated to 3 x 10~° mbar. High-purity argon gas was then injected into the
furnace chamber for the melting of high entropy alloys under a
controlled atmosphere. The titanium getter was melted, before the
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Fig. 3. SEM images of (a,b) as-cast S1, (c,d) as-cast S2 and (e,f) as-cast S3.

melting of the desired HEA, to dissolve any traces of oxygen remaining
in the chamber. Each sample was melted for around 30 s, flipped over
after each melting, and melted again. This process was repeated five
times to ensure chemical homogeneity. Samples for microstructure,
crystal structure, and electrochemical characterization were taken out
from the alloy button with the help of an electrical discharge machine
(EDM) wire cutting. Microstructural characterization and elemental
analysis of the developed samples were carried out with the help of a
scanning electron microscope (JEOL-JSM-6490LA) equipped with en-
ergy dispersive X-ray spectroscopy (EDS) detector. Crystal structure
characterization of developed samples was carried out by performing X-
ray diffraction measurements on a Bruker D2 Phaser (equipped with Cu
K, radiation) in the 26° scan range of 20° - 90°. An electrochemical
dealloying process was used to remove copper from interdendritic areas
of as-cast high entropy alloys for the development of corresponding high
entropy foams. Samples were immersed in the 5% aqueous solution of
nitric acid (70%) for 24 h for electrochemical dealloying. A schematic
illustration of the foam-making process is shown in Fig. 1.
Electrochemical characterization of the developed as-cast high en-
tropy alloys and their respective foams was conducted in a three-
electrode cell configuration by using a potentiostat (Interface 1010E,
Gamry Instruments, USA). Cyclic voltammetry and galvanostatic

charge-discharge tests were carried out in 2 M KOH aqueous electrolyte
with HEA electrode, platinum (Pt) wire, and Hg/HgO serving as working
electrode, counter electrode, and reference electrode respectively. The
exposed surface area of HEA working electrodes for all electrochemical
measurements was around 3x3 mm. Areal capacitance from the GCD
curves was calculated by using Equation 1.

1 _t

Where I is the current (mA), t is the discharging time (sec), S is the
exposed geometric area, and AV is the discharging voltage (V). Elec-
trochemical impedance spectroscopy (EIS) was carried out in the fre-
quency range of 100 KHz-10mHz with 10 mV potential amplitude.

3. Results and discussion

CoCrFeNiMn is a well-studied composition that exhibits single-phase
fce microstructure [58-60]. The method proposed for the development
of porous CoCrFeNiMn HEA is an adoption of the method used for the
development of CoCrFeNi foams and is based on the addition of such a
filler metal to base HEA system that tends to segregate at the interden-
dritic regions during solidification [61]. Subsequent removal of the filler
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Fig. 5. SEM micrographs of (a,b) FS2 and (c,d) FS3.
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Fig. 6. EDS mapping of (a-g) FS2 & (h-n) FS3 HEA.

metal from interdendritic areas can help in the development of 3D
interconnected porosity. Copper possesses positive enthalpy of mixing
with all components of the selected HEA, it is therefore believed that it
will tend to segregate to interdendritic areas during solidification.
Subsequent removal of copper from interdendritic areas would help in
the development of interconnected porosity. Enthalpy of mixing of the
constituent elements of the selected HEA system with copper is given in
Table 1.

To verify aforementioned hypothesis, pseudobinary phase diagram
of CoCrFeNiMn-Cu HEA (shown in Fig. 2) was calculated with the help
of Thermocalc software using TCHEA database. The maximum solubility
of copper in CoCrFeNiMn HEA, as shown in Fig. 2, is around 6% at
1300 K. Any addition of Cu beyond its maximum solubility in CoCrFe-
NiMn HEA would lead to its segregation to the interdendritic areas.
CoCrFeNiMn high entropy alloy compositions with varying amounts of
copper (0 at%, 10 at%, 15 at%) were shortlisted for the present study
and were named as S1, S2, and S3 respectively. Shortlisted compositions
are also shown as dotted lines on the calculated pseudo-binary phase
diagram shown in Fig. 2.

3.1. Microstructural analysis

Microstructural investigation of the as-cast high entropy alloys and
their respective foams obtained after electrochemical dealloying was
carried out with the help of scanning electron microscope. SEM images
of the S1, S2, and S3 are shown in Fig. 3. The S1 sample, as shown in
Fig. 3(a,b), showed the presence of only light grey areas corresponding
to the HEA matrix. SEM images of S2 and S3 samples showed the
presence of HEA matrix and interdendritic areas. The amount of the
interdendritic areas was found to increase with the increase in the

amount of added copper. EDS mapping was carried out to investigate
elemental distribution in the studied samples. EDS maps of the S2 and S3
samples are shown in Fig. 4. As shown in Fig. 4, Co, Cr, and Fe, were
found to be uniformly distributed throughout the matrix. Nickel was
found to be uniformly distributed in both the matrix and interdendritic
areas while copper and manganese were found to be relatively more
concentrated in the interdendritic areas (Fig. 4(g) and Fig. 4(n)). Elec-
trochemical dealloying of S2 and S3 samples was carried out by
immersing them in 5% aqueous solution of nitric acid (70%) solution for
24 h. SEM, EDS, and XRD analysis was carried out to evaluate the effect
of dealloying on the microstructure and crystal structure of the studied
samples. Foams of the S2 and S3 samples obtained after the dealloying
process were named as FS2 and FS3 respectively. SEM images of FS2 and
FS3 samples are shown in Fig. 5. As shown in the Fig. 5, copper was
successfully removed from the interdendritic areas for the development
of interconnected porosity (1.5-3 um). Elemental distribution in the
dealloyed samples was studied with the help of EDS mapping. EDS maps
of the FS2 and FS3 samples, shown in Fig. 6, confirmed removal of
copper from interdendritic areas.

3.2. Phase analysis

Crystal structure characterization of the as-cast and dealloyed sam-
ples was carried out with the help of XRD measurements. XRD patterns
of as-cast samples, as shown in Fig. 7(a), clearly showed presence of two
FCC phases. By combining the SEM and XRD results, it was concluded
that FCC-1 corresponded to the matrix phase and FCC-2 corresponded to
the interdendritic areas. Relative intensity of the peaks corresponding to
the FCC-2 phase was comparatively higher in S3 than in S2. The higher
relative intensity of the FCC-2 in the sample S3 was attributed to a
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Table 2
Areal capacitance values of S1, FS2, and FS3 at different current densities
(calculated from GCD curves).

Current Density Areal Capacitance (F cm™2)

mA —2

(mA em™) s1 FS2 FS3
2 0.02 0.26 1.56
3 0.017 0.209 1.36
5 0.013 0.152 1.186
8 0.011 0.104 1.07
10 0.009 0.09 1.02

relatively higher percentage of interdendritic areas in this sample due to
the higher amount of added copper in it. Comparison of the XRD pat-
terns of as-cast and corresponding dealloyed samples is shown in the
Fig. 7(b,c). XRD patterns of the dealloyed samples confirmed absence of
the peaks corresponding to the FCC-2 phase thereby confirming removal
of copper from interdendritic areas and formation of high entropy foam.

3.3. Electrochemical testing

The effect of insertion of porosity on the electrochemical properties
of studied material was evaluated by carrying out cyclic voltammetry
(CV) at varying sweep rates (10 — 100 mVs ™). The CV curves of the base
HEA and developed foam samples (FS2 and FS3) are shown in Fig. 8. The
presence of distinct redox peaks revealed the characteristic pseudoca-
pacitive behavior of the developed material. Insertion of porosity in the
CoCrFeNiMn HEA has resulted in a significantly better current response.
The effect of scan rate on the cyclic voltammograms was found to be
quite significant. The area under the CV curve as well as the current
response was found to decrease significantly by decreasing the scan rate
from 100 mVs ' to 10 mVs~’. The capacitance values were found to be
higher at lower scan rates as diffusion of the electrolyte ions in the
electrode was higher which allowed the electrolyte to seep into the
whole electrode and store charge at the internal active sites.

The charging/ discharging behavior was analyzed within the po-
tential range — 0.1-0.5 V for FS2 and FS3 electrodes and 0.3-0.5 V for
as-cast S1 electrode at 2-10 mA cm ™2 current densities. The deviation of
the charge/discharge curves from the linearity (Fig. 9), mainly due to
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Comparison of the areal capacitance of various electrode materials from literature with the present study. (CNT: Carbon Nanotubes, NSA: Nanostructured Arrays, VN:
Vanadium Nitride, NF: Nickel Foam, ZNPCK: Zinc Gluconate derived activated Porous Carbon, PCG: Pollen derived Carbon/Graphene, CPC: Carbonized Polyimide/
Cellulose, NGHPC: Nitrogen doped honeycomb-like Porous Carbon, SSDP: Self-stabilized dispersion polymerization, HrGO: Hydrothermally reduced graphene oxide).

Sr No Electrode material Capacitance Current density / scan rate Electrolyte Refs
1 AlCoCrFeNi 0.7 Fem ™2 1 mA cm ™2 6 M KOH [45]
2 FeCoNiCuZn 325.17Fg! 1Ag! 3 M KOH [65]
3 PPy/RGO 1.545 F cm 2 0.5 mA cm 2 1 MKCl [66]
4 SSDP PANI 0.875 F cm™2 1 mA cm™2 [67]
5 HrGO/SiVW1; 0.377 F cm 2 1.5 mA cm 2 [68]
[3 ZnPCK-3 143Fg ! 20Ag! 6 M KOH [69]
7 a-Fe,O3 nanoparticles 603 F g’1 0.1Ag! [70]
8 MnO@CNPs 545F g} 05Ag! 6 M KOH [71]
9 NiCo,04 - NCW 1730 F g ! 1Ag! 1 M KOH [72]
10 ZnCl, / Flax based carbon fibers 105 F g’1 1A g’1 [73]
11 CPC-5 300Fg! 6 M KOH [74]
12 CoCrFeNiMnCu 1.563 F cm ™2 2 mA cm 2 2 M KOH This work
increasing the amount of porosity linearly decreased the impedance of
130 the electrode. It is believed that the porous structure of the electrode
100 with a short diffusion path provides access to electrolyte ions towards
2 0000 o0 - the inside of the electrode which results in lesser resistance. The straight
S 1204 ,00‘ i § line in the low-frequency region demonstrated the Warburg impedance
g I.’ M.M %20 implying that transportation and adsorption occurred rapidly at the
= i ° 5 electrode surface. A detailed comparison of areal capacitance values
o 1104 () B onmt . . . . .
< ...‘ k) reported in this study with various supercapacitor electrodes from the
& o o*° 80 3 literature is given in Table 3.
D . . .
S 1004 ..'W i E Table 3 illustrates that the areal capacitance of FS3 electrode is
8 significantly higher compared to previously reported values for pseu-
= £ 8 y hig p p y rep p
é —e— Capacitance Retention 0 —; docapacitive electrodes consisting of similar elements.
8 90 4 —e— Coulombic Efficiency | 8 The areal capacitance value of the developed FS3 HEA electrode is
- higher than that of the reported metal/metal oxide, thin films, and HEA-
’ based electrodes. For instance, AlCoCrFeNi nanoporous HEA was
80 T T T T fabricated via the selective phase dissolution method and exhibited areal
0 1000 2000 3000 4000 5000 capacitance of 0.7 F cm ™2 at the current density of 1 mA cm™2 [45].
Cycle Numbers Pristine PANI synthesized through the self-stabilized dispersion poly-
Y 8 p poly

Fig. 10. Cyclic stability of FS2 electrode at 8 mA cm ™2 current density.

redox reactions, confirmed the pseudocapacitive behavior of electrodes
and also corresponded to the redox peaks in CV curves. The longer
discharge time of FS3 electrode indicates its higher areal capacitance.
The areal capacitances for S1, FS2 and FS3, calculated using Equation 1,
was found to be 0.02, 0.260 and 1.56 F cm ™2 at 2 mA cm ™2 current
density. Values of areal capacitances of S1, FS2, and FS3 at different
current densities are given in Table 2. FS3 sample demonstrated areal
capacitance of 1.02 Fcm™2 at a relatively higher current density of
10 mA cm ™2, indicating excellent performance and rate capability of the
electrode. This high performance could be attributed to the higher
amount of porosity and synergistic effects of the elements involved in
the HEA electrode [45,63]. The comparison of the areal capacitance of
the developed electrode is also shown in Fig. 9(d).

Electrochemical impedance spectroscopy was carried out to further
investigate the performance of electrodes. Nyquist plots of electrodes are
shown in Fig. 9(e). The inset of the figure shows the equivalent circuit
used for fitting the EIS data. EIS was done at 5 mV amplitude and within
the frequency range 100 kHz — 10mHz. Nyquist plots for all the elec-
trodes consisted of high-frequency region and low-frequency region. The
real axis intercept in the high-frequency region represented the solution
resistance (Rg). The diameter of the semicircle in the high-frequency
region represented the charge transfer resistance (R.) at the electrode-
electrolyte interface. The R values of as-cast S1, FS2, and FS3 elec-
trodes were found to be 416.8 Q, 24.1 Q, and 13.17 Q respectively. The
smaller semicircle of FS3 indicated its negligible charge transfer resis-
tance at the electrode-electrolyte interface and high electrical conduc-
tivity [64]. This could be attributed to the highly porous structure of the
FS3 electrode compared to other electrodes. These results indicated that

merization (SSDP) method demonstrated areal capacitance of
0.875 F cm ™2 at the current density of 1 mA cm™2 [67]. PPy/rGO elec-
trodes were fabricated through electrodeposition in a three-electrode
system. The developed electrodes exhibited areal capacitance of
1.545F cm 2 at 0.5mA cm 2 current density [66]. The high areal
capacitance of the PPy/rGO electrode is attributed to the interconnected
structure and high packing density.

Cyclic stability is an important parameter to determine cyclic life and
the suitability of electrodes for supercapacitor application. The cyclic
stability of the FS3 electrode was evaluated by repeating 5000 charge-
discharge cycles at 8 mA cm™2 current density as shown in Fig. 10.
After 5000 cycles, the electrode retained 114.6% of the initial capaci-
tance indicating excellent cyclic stability of the HEA electrode [45,75].
The coulombic efficiency of 98.6% was exhibited by the electrode.

The outstanding performance of the developed foams can be attrib-
uted to the presence of interconnected porosity which allows the elec-
trolyte to access the inner part of the electrode material and have more
electroactive sites for the charge storage. Insertion of porosity can
improve the charge transfer process by shortening the ion diffusion path.
Secondly, theoretical capacitance values of individual components of
the selected HEA (Co, Cr, Fe, Ni & Mn) are significantly high. The syn-
ergistic effect of these high capacitance components in CoCrFeNiMn
foams and the addition of a small amount of copper in the HEA matrix
could have enhanced the electrical and ionic conductivity of the elec-
trode. In the present study, the novel electrochemical dealloying process
has been adopted for the development of the porous HEAs from as-cast
high entropy alloys. Moreover, the electrochemical dealloying process
hasn’t been previously reported for the development of porous CoCr-
FeNiMn HEAs. As compared to the reported porous AlCoCrFeNi HEA,
the developed porous HEA has demonstrated outstanding electro-
chemical performance which highlights its high potential as an excellent
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candidate for supercapacitors. The developed FS3 porous HEA has
exhibited areal capacitance (1.56 F cm_z) which is 2x times higher than
the one reported for porous AlICoCrFeNi HEA (0.7 F cm2) [45] at same
current density (2 mA cm’z).

4. Conclusions

CoCrFeNiMn foams have been successfully developed by insertion of
copper in the base HEA and its removal by electrochemical dealloying
process. Microstructure and crystal structure characterization confirmed
the removal of copper from interdendritic areas and the development of
interconnected porosity. CoCrFeNiMn foams, developed during the
present study, exhibited excellent electrochemical properties. The areal
capacitance of the FS3 sample was found to be 1.563 F cm ™2 at the
current density of 2 mA cm™2 which is 2x times higher than the one
reported for recently developed AlCoCrFeNi HEA foam (0.7 F cm™2) at
same current density (2 mA cm~2). FS3 electrode also demonstrated
high cyclic stability and exhibited capacitance retention of 114.6% after
5000 cycles at 8 mA cm ™2 current density. Outstanding electrochemical
properties of developed foams were attributed to the presence of inter-
connected porosity and high entropy effects.
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