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Table S1. Purity and particle size of elemental powders used for HEA synthesis.
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Table S2. Calculation of thermodynamic parameters of δ, ∆H, ∆S, Ω, ∆χ and VEC.

Parameters Fe Co Ni Mn Cu HEA
Ci (at.%) 5 20 20 35 20 100

Ci fraction 0.05 0.2 0.2 0.35 0.2 1
Radius-ri (pm) 126 125 124 127 128 -
Radius-r* (pm) - 126.15

δ (%) - 2.25
Χ 1.83 1.88 1.91 1.55 1.9 1.75
∆χ - 0.062

VEC 8 9 10 7 11 8.85
∆Smix (J/mol*K) 1.25 2.68 2.68 3.05 2.68 12.34

Tm (K) 1811 1768 1726 1519 1358
∆Hmix (kJ/mol) - -0.52

Ω - 2.81

Table S3. Calculation of thermodynamic parameter of ∆Hmix (kJ/mol).

Fe-Co F-Ni Fe-Mn Fe-Cu Co-Ni Co-Mn
-0.04 -0.08 0 0.52 0 -1.4

Co-Cu Ni-Mn Ni-Cu Mn-Cu Total = ΣHij
∆Hmix (kJ/mol)

0.96 -2.24 0.64 1.12 -0.52

Table S4. Summary of calculated thermodynamic parameters towards single phase HEA 
formation.

Parameter Equations For single-phase 
(criteria)

VEC
 

𝑉𝐸𝐶 =  
𝑛

∑
𝑖 = 1

𝑐𝑖 𝑉𝐸𝐶𝑖 ≥ 8 (FCC)

Atomic size 
difference

 , 
𝛿 =  

𝑛

∑
𝐼 = 1

𝑐𝑖(1 ‒
𝑟𝑖

𝑟 )2 × 100 𝑟 =
𝑛

∑
𝑖 = 1

𝑐𝑖𝑟𝑖
δ≤6.6%

(single phase)

Enthalpy of mixing
 

∆𝐻𝑚𝑖𝑥 = 4 
𝑛

∑
𝑖 = 1,  𝑖 ≠ 𝑗

∆𝐻𝑚𝑖𝑥
𝑖𝑗 𝑐𝑖𝑐𝑗          

Entropy of mixing
 

∆𝑆𝑚𝑖𝑥 =‒ 𝑅
𝑛

∑
𝑖 = 1

𝑐𝑖 𝑙𝑛 𝑐𝑖 
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Omega parameter 
(Interaction 
parameter)

 , 
Ω =  

𝑇𝑚 ∆𝑆𝑚𝑖𝑥

|∆𝐻𝑚𝑖𝑥|
=

𝑛

∑
𝑖 = 1

𝑐𝑖(𝑇𝑚)𝑖 ×  ∆𝑆𝑚𝑖𝑥

|∆𝐻𝑚𝑖𝑥|

 
𝑇𝑚 =

𝑛

∑
𝑖 = 1

𝑐𝑖(𝑇𝑚)𝑖

Ω ≥ 1.1
(single phase)

Electronegativity 
difference

 , 
∆𝜒 =

𝑛

∑
𝐼 = 1

𝑐𝑖(𝜒𝑖 ‒ 𝜒)2 𝜒 =
𝑛

∑
𝑖 = 1

𝑐𝑖𝜒𝑖

For 1%<δ<6%;
 ∆χ <0.118

(single phase)
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Table S5. Different metal contents in the HEA-60h electrode before and after stability tests 
analyzed with ICP-OES.
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Table S6. Comparison of stability (duration time) of bulk HEA with other reported HEA and 

non-HEA nanostructured electrocatalysts in acid (0.5 M H2SO4), neutral (1 M PBS) and 

alkaline electrolyte (1 M KOH). 
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Fig. S1. Morphology of HEA: Low and high magnification SEM images of (a,b) MMP-1h. 
(c,d) MPA-15h. (e,f) HEA-60h. 
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Fig. S2. Nanoscale elemental mapping of HEA: Distribution of elements at high 
magnification-scanning electron microscopy of (a) MMP-1 h. (b) MPA-15 h. (c) HEA-60 h. 
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Fig. S3. Elemental quantification (atomic%) of HEA: Energy dispersive spectra-scanning 
electron microscopy (EDS-SEM) of (a) MMP-1h. (b) MPA-15h. (c) HEA-60h. (d) Atomic 
percentage (at%) comparison of various elements.
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Fig. S4. Microstructural analysis of CuCoNiFeMn-HEA-60h: (a) TEM image. (b,c) 
HRTEM image. (d) TEM-elemental mapping images.
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Fig. S5. Surface chemical states of HEA: Comparison of high resolution XPS spectra of (a) 
Cu 2p. (b) Co 2p. (c) Ni 2p. (d) Fe 2p. (e) Mn 2p.
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Fig. S6. XPS analysis: High-resolution O1s spectrum of CuCoNiFeMn-HEA-60h electrode.
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Fig. S7. XPS: Survey spectra of MMP-1h, MPA-15h and HEA-60h.
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Fig. S8. SEM images: (a) MMP-1h, (b) MPA-15h and (c) HEA-60h with different grain size 
and boundary.
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Fig. S9. Comparison of HER and OER overpotential in 1 M PBS: (a) HER overpotential 
at -50 mA cm-2. (b) OER overpotential at 25 mA cm-2. The error bars are drawn as a standard 
deviation using three samples.  
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Fig. S10. Comparison of HER activity in 1 M KOH: HER-LSV (I-V curves) of equi-molar 
and non-equi-molar HEA systems. LSV scan rate: 10 mV s-1.
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Fig. S11. Dissolution of particles from MMP-1h electrode in 1 M PBS: Particles 
aggregation on magnetic bar after few hours of HER stability at -50 mA cm-2. Inset: electrode 
image.  
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Fig. S12. Morphology and elemental mapping of HEA-60h: SEM images and distribution 
of elements before and after electrochemical stability test (a) before stability. (b) After HER 
(20h). (c) After OER (15h).
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Fig. S13. Long-term HER and OER stability test of CuCoNiFeMn-HEA-60h in 1 M PBS: 
(a) HER stability test at a static current density of -50 mA cm-2. (b) OER stability test at a static 
current density of 10 mA cm-2.
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Fig. S14. Electrochemical impedance spectroscopy measurement of HEA in 1 M PBS: 
Nyquist plot (applied bias: OCV; frequency range: 7 MHz to 5 mHz). CPE –constant phase 
element.
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Fig. S15. Electrochemical active surface area (ESCA) in 1 M PBS: Cyclic voltammogram 
of (a) MMP-1h (b) MPA-15h (c) HEA-60h. 
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Fig. S16. Comparison of HER overpotential: (a) HER overpotential at -70 mA cm-2 in 1 M 
KOH. (b) HER overpotential at -20 mA cm-2 0.5 M H2SO4. The error bars are drawn as a 
standard deviation using three samples. 
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Fig. S17. Oxygen evolution activity of HEA in 1 M KOH: (a) OER-LSV (I-V curves). (b) 
Corresponding Tafel plot. (c) Chronoamperometry (CA, I-t curves) for 10 h at a static current 
density of 50 mA cm-2. LSV scan rate: 10 mV s-1.
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Fig. S18. Electrochemical impedance spectroscopy measurement of HEA in 1 M KOH: 
Nyquist plot (applied bias: OCV; frequency range: 7 MHz to 5 mHz). CPE –constant phase 
element.
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Fig. S19. Electrode digital images during HER stability in 0.5 M H2SO4: (a) MMP-1h. (b) 
MPA-15h. (c) HEA-60h at -20 mA cm-2 .  
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Fig. S20. Electrochemical impedance spectroscopy measurement of HEA in 0.5 M H2SO4: 
Nyquist plot (applied bias: OCV; frequency range: 7 MHz to 20 mHz). CPE –constant phase 
element.
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Fig. S21. Bubbles formation on electrode surface during EIS analysis in 0.5 M H2SO4: (a) 
MMP-1h. MPA-15h (c) HEA-60h.



28

Fig. S22. Cyclic voltammetry measurements of HEA: CV curves (scan rate: 50 mV s-1). of 
MMP-1h, MPA-15h and HEA-60h in (a) 1 MPBS. (b) 1 M KOH. (c) 0.5 M H2SO4. 
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Fig. S23. Overall water splitting (two electrode system) of HEA: (a) Schematic 
representation of overall water splitting. (b) LSV (I-V curves) with a scan rate of 10 mV s-1. 
(c) Chronopotentiometry (CP, I-t curves) for 20 h at a static applied current density of 10 mA 
cm-2 in 1 M KOH and PBS solution. 
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