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S1. Materials

Iron(II) chloride tetrahydrate (FeCl2·6H2O, ≥99%), potassium tetrachloroplatinate(II) 

(K2PtCl4, ≥98%), potassium palladinum(II) chloride (K2PdCl4, ≥98%), ruthenium(III) chloride 

hydrate (RuCl3·xH2O, ≥98%), and Nafion (5 wt.%) solution were purchased from Sigma 

Aldrich, USA. Nickel(II) chloride hexahydrate (NiCl2·6H2O, ≥96%), cobalt(II) chloride 

hexahydrate (CoCl2·6H2O, ≥98%), iron(III) chloride hexahydrate (FeCl3·6H2O, ≥98%), N,N-

dimethylformamide (HCON(CH3)2, ≥99.8%), ethanol (C2H5OH, HPLC grade), GO solution in 

water (1 wt.%, standard graphene), potassium hydroxide (KOH flake, ≥93%), and sulfuric acid 

(H2SO4, ≥98%) were obtained from Daejung Chemicals, South Korea.



6

S2. Characterization techniques

The crystalline structure and phase of the prepared materials were analyzed using X-ray 

diffraction analysis (XRD, Bruker D8 Advance A25 diffractometer, Germany). Raman spectra 

were recorded in a Raman imaging microscope with a 532-nm continuous laser (DXR2xi, 

Thermo Scientific). The surface structure and elemental composition were examined using 

field-emission scanning electron microscopy (FESEM, TESCAN, CLARA, Czech Republic) 

equipped with energy-dispersive spectroscopy (EDS, Ultim Max by Oxford) and high-

resolution transmission electron microscopy (HRTEM, JEM-2100F, JEOL) with an 

acceleration voltage of 200 kV. High-angle annular dark-field scanning transmission electron 

microscopy (HAADF-STEM) and the corresponding EDS mapping were obtained with an 

ultrahigh-resolution double Cs probe-corrected transmission electron microscope (Spectra 

Ultra S/TEM, Thermo Fisher) operated at 300 kV. The chemical state of the prepared materials 

was studied via X-ray photoelectron spectroscopy (XPS, Nexsa G2, Thermo Scientific). The 

precise metal ratio in composites was determined using an inductively coupled plasma optical 

emission spectrometer (ICP-OES, PerkinElmer, Optima 8300DV).

S3. Electrochemical analyses

Electrochemical assessments were performed across three distinct pH environments: 1.0 M 

KOH, 0.5 M H2SO4, and 0.1 M KClO4, utilizing a half-cell configuration on a CHI708E 

electrochemical analyzer. The experimental setup involved the employment of reference 

electrodes, Ag/AgCl for acidic and neutral solutions, and Hg/HgO for basic solutions, along 

with a Pt-wire counter electrode and the synthesized catalyst loaded on to the carbon cloth (CC) 

as the working electrode. To prepare the catalyst ink for 1.0 mg of the synthesized sample, 100 

μL of water, 100 μL of ethanol, and 20 μL of Nafion were added, followed by sonication for 
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30 min. Subsequently, the resulting catalyst ink was dropped onto a 1 cm × 1 cm-sized CC 

substrate and dried at 50C for a few hours. The CC was immersed in 0.5 M H2SO4 for 24 h 

prior to the experiment to increase wettability of CC, followed by thorough rinses with water 

and absolute ethanol, and finally dried in a hot-air oven overnight. This systematic approach 

allowed for the systematic exploration of electrochemical properties across diverse pH levels, 

enabling a comprehensive evaluation of the catalytic performance of the synthesized sample 

under various environmental conditions.

Prior to conducting electrochemical examination, the assembled working electrode was 

activated by carrying out 200 consecutive CV scans at a scan rate of 50 mV s−1 in the respective 

electrolyte solution (Figures SI.1 and SI.2). Linear sweep voltammetry (LSV) polarization 

data were measured at a scan rate of 5 mV/s. All measured potentials were converted to the 

reversible hydrogen electrode (RHE) scale, unless specified otherwise. Tafel slope values were 

determined using the Tafel equation η = b × log(j/j0), where η is overpotential, j0 and j denote 

exchange current density and current density, respectively, and b represents the Tafel slope. 

Electrochemical impedance spectroscopy (EIS) data were obtained over a frequency range of 

10−1–105 Hz at a fixed potential. The double-layer capacitance (Cdl) value, extracted from 

cyclic voltammetry (CV) profiles measured in the non-Faradaic area at different scan rates, 

was utilized to evaluate the electrochemical active surface area (ECSA) of fabricated catalysts. 

Furthermore, their turnover frequency (TOF) values were measured using TOF = j × A/(n × F 

× Sa), where A is the area of the electrode, n refers to the number of electrons participated in 

reactions (two for HER and four for OER), F is the Faraday constant (~96,485.33 C/mol), and 

Sa represents the active surface sites of electrode materials. Sa was determined using the 

following formula: Sa = Qs/F, where Qs represents the surface charge density obtained by 

integrating the total charge from full CV profiles.
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OWS electrolyzer tests were conducted in a membrane-less two-electrode compartment 

using three different electrolytes with a universal pH. For comparative analysis, tests were 

performed with a state-of-the-art electrolyzer employing the Pt/C||IrO2 pair.

S4. In situ/operando electrochemical Raman probe studies

In situ electrochemical Raman spectroscopy was conducted utilizing a Raman electrochemical 

flow reactor connected to a CHI708E electrochemical analyzer. The flow reactor featured a 

three-electrode setup with Ag/AgCl, graphite rod, and catalyst-loaded CC as the reference, 

counter, and working electrodes, respectively. A Raman microscope (DXR3, Thermo Fisher 

Scientific) was used to analyze samples, providing comprehensive insights into reaction 

mechanisms and the presence of reactive intermediate species during HER in 0.5 H2SO4. 

Equipped with an Nd:YAG laser and a high-resolution objective lens, the microscope could 

record Raman spectra in the range of 200–2500 cm−1. These spectra were collected at different 

applied potentials using a chronoamperometric technique.

S5. X-ray absorption (XAS) studies

The XAS studies was carry out at BL8, (Synchrotron Light Research Institute, SLRI, Thailand). 

All XAS spectra were recorded in fluorescence mode using a Vortex ME4 13-element silicon 

drift detector. The photon energy calibration was performed using derivative of foil Fe (at 7112 

eV), Co (at 7709 eV) and Ni (at 8333 eV) for K-edge and Pd (at 3173 eV), Pt (at 11564 eV) 

for L3-edge. The Ru was calibrated using KCl standard compound at peak position at 2822.3eV 

for L3-edge.
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All XAS data were averaged and normalized using the Demeter software package (version 

0.9.18.2). The k2-weight spectra were Fourier transformed between 3 and 10 for all elements, 

where k represents the wave vector.

S6. Computational study

All calculations in this work were performed using the DFT method as implemented in the 

SIESTA package [1-3], employing Troullier–Martins norm-conserving pseudopotentials in the 

Kleinman–Bylander form, along with the gradient-corrected Perdew, Burke, and Ernzerhof 

(PBE) exchange-correlation functional. The Coulombic interaction was accounted for by 

considering the Hubbard U potential for all transition metal atoms. A localized molecular 

orbital basis set with double-zeta polarization (DZP) and a real mesh cutoff of 300 Ry were 

used to represent all atoms. Long-range dispersions were handled using the Grimme D2 

dispersion correction term. Initial structures were optimized without constraints under three-

dimensional periodic boundary conditions, using convergence criteria of 0.05 eV for energy 

and 0.05 Å for displacement. The Brillouin zone sampling was conducted using a cell with 50 

k-point grids.

The optimized structures were validated as minima based on computed real vibrational 

frequencies through phonon calculations at the Γ-point, using the SIESTA package, with 

central finite differencing of the analytical first derivatives and a displacement of 0.04 Bohr. A 

cubic structure was used as input in the SIESTA code with two possible compositions for 

CoFeNiPtPdRu HEA, [Co8Fe8Ni8Pt2Pd4Ru2] k1, and [Co9Fe7Ni8Pt2Pd4Ru2] k1a. Various 

configurations were generated and optimized without constraints, and the lowest energy 

configurations were used for adsorption studies. The unit cell size is 6.4 Å X 6.4 Å X 12. 8 Å 
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considered for this work. Subsequently, H+, OH-, and H2O were introduced into the cell, which 

is extended to 13 Å in c-direction one at a time at various metal sites, and the relative energy 

barriers were calculated for both configurations. 

Figure S1. (a and b) Pictorial representation of PLIL rotating system-assisted synthesis of 

FeRuPtNiCoPd HEA–coordinated GO support (HESAC–HEA/GO) sample. 

Table S1. ICP-OES elemental ratio for HESAC-HEA/GO-Fe2+, and HESAC-HEA/GO-Fe3+.

Atomic % Co Fe Ni Pt Pd Ru

HESAC-HEA/GO-Fe2+ 23.87 27.51 22.99 7.40 12.22 6.01

HESAC-HEA/GO-Fe3+ 33.99 21.41 14.49 8.92 13.71 7.48
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Figure S2. UV-vis spectra of pure GO and HESAC-HEA–Fe2+/GO. 
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Figure S3. FTIR spectra of pure GO and HESAC-HEA–Fe2+/GO. 
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Figure S4. STEM-EDS mapping images of FeRuPtNiCoPd HESAC-HEA/GO-Fe2+ sample. 

Figure S5. High-magnified HRTEM image of the HESAC–HEA/GO–Fe2+ sample with 

indexed lattice plane.
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Figure S6. FESEM and EDS mapping of (a) HESAC-HEA/GO-Fe2+ and (b) HESAC-

HEA/GO-Fe3+.
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Figure S7. XRD pattern for the control experimental synthesis using the reaction mixture of 

metal salts with GO without applying laser irradiation.

Figure S8. FESEM-EDS mapping for the control synthesis using the reaction mixture of metal 

salts with GO without applying laser irradiation.
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Figure S9. (a) XPS survey scan spectra of pure GO, (b) high resolution core-level C 1s, and 

(c) O 1s.
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Figure S10. XPS spectra of the HESAC-HEA/GO-Fe3+ sample; (a) Full-survey, (b) C 1s, and 

(c) O 1s, (d) Co 2p, (e) Fe 2p, (f) Ni 2p, (g) Pt 4f, (h) Pd 3d, and (i) Ru 3p.

Figure S11. (a) HER polarization graphs of HESAC–HEA/GO–Fe2+ and commercial Pt/C in 

0.5 M H2SO4 and 1.0 M KOH solutions at 5 mV/s, and (b) η at 10 mA/cm2.
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Figure S12. Comparison of HER activity with overpotential and Tafel slope of HESAC–

HEA/GO–Fe2+ and HESAC–HEA/GO–Fe3+ electrocatalysts in different electrolyte media. 

Figure S13. The CV profiles for the synthesized HESAC-HEA/GO-Fe2+ and HESAC-

HEA/GO-Fe3+ catalysts obtained in the potential window of -0.1 to 1.2 V vs. RHE at 50 mV/s 

in different electrolytes. 
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Figure S14. The evaluated TOF value at wide HER potential for the synthesized HESAC-

HEA/GO-Fe2+ and HESAC-HEA/GO-Fe3+ in different electrolytes.
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Figure S15. The evaluated mass activity at wide HER potential for the synthesized HESAC-

HEA/GO-Fe2+ and HESAC-HEA/GO-Fe3+ in different electrolytes.

Figure S16. The fitted Nyquist impedance plot of HESAC-HEA/GO-Fe2+ and HESAC-

HEA/GO-Fe3+ in different electrolytes measured at −0.136 V vs. RHE (Inset show fitted 

Randles equivalent circuit).
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Figure S17. The extracted charge-transfer resistance (Rct) value from the Nyquist impedance 

plot of HESAC-HEA/GO-Fe2+ and HESAC-HEA/GO-Fe3+ in different electrolytes measured 

at −0.136 V vs. RHE.
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Figure S18. CV profiles of HESAC-HEA/GO-Fe2+ and HESAC-HEA/GO-Fe3+ catalysts 

measured in the non-Faradic portion in 0.5 M H2SO4, 1.0 M KOH, and 0.1 M KClO4 

electrolytes at different scan rate from 20-100 mV/s.
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Figure S19. (a) OER polarization graphs of HESAC–HEA/GO–Fe2+ and commercial RuO2 in 

1.0 M KOH solution at 5 mV/s, and (b) η at 10 mA/cm2.

Figure S20. Comparison of OER activity with overpotential and Tafel slope of HESAC–

HEA/GO–Fe2+ and HESAC–HEA/GO–Fe3+ electrocatalysts in different electrolyte media. 
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Figure S21. The evaluated TOF value at wide OER potential for the synthesized HESAC-

HEA/GO-Fe2+ and HESAC-HEA/GO-Fe3+ in different electrolytes.
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Figure S22. The fitted Nyquist impedance plot of HESAC-HEA/GO-Fe2+ and HESAC-

HEA/GO-Fe3+ in different electrolytes measured at −0.136 V vs. RHE (Inset show fitted 

Randles equivalent circuit).

Figure S23. The extracted charge-transfer resistance (Rct) value from the Nyquist impedance 

plot of HESAC-HEA/GO-Fe2+ and HESAC-HEA/GO-Fe3+ in different electrolytes measured 

at −0.136 V vs. RHE.
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Figure S24. The evaluated mass activity at wide OER potential for the synthesized HESAC-

HEA/GO-Fe2+ and HESAC-HEA/GO-Fe3+ in different electrolytes.
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Figure S25. The cell voltage required to deliver various current density for the fabricated 

HESAC–HEA/GO–Fe2+∥HESAC–HEA/GO–Fe2+ electrolyzer in 1.0 M KOH and 0.5 M 

H2SO4 electrolytes.

Figure S26. Polarization curves of the fabricated IrO2 ∥ Pt/C, IrO2 ∥ HESAC-HEA/GO-Fe2+, 

and IrO2 ∥ HESAC-HEA/GO-Fe3+ in 0.5 M H2SO4 and 1.0 M KOH electrolytes.



27

Figure S27. Pictorial representation of the fabricated two-electrode membrane-less 

electrolyzer.

Figure S28. (a) FESEM image and (b) EDS mapping of analysis of HESAC–HEA/GO–Fe2+ 

anode electrode fabricated on CC substrate after long-term OWS test.
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Figure S29. XPS spectra of the HESAC–HEA/GO–Fe2+ anode electrode fabricated on CC 

substrate after long-term OWS test: (a) full-survey, (b) C 1s, (c) O 1s, (d) Co 2p, (e) Fe 2p, (f) 

Ni 2p, (g) Pt 4f, (h) Pd 3d, and (i) Ru 3p.

Table S2. HER of the fabricated HESAC–HEA/GO–Fe2+ sample compared with the earlier 

reported HEA-based electrocatalysts.

No. Catalysts Synthesis

routes

Over

pote

ntial

(mV) 

Tafel 

slope

(mV dec-

1)

Electrolyte Ref.
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@ 10 

mA 

cm-2

1 PtRhNiFeCu/C Chemical 

reduction

13 29.8 1.0 M KOH [4]

2 PdFeCoNiCu/C Chemical 

reduction

18 39 1.0 M KOH [5]

3 IrPdPtRhRu One-pot polyol 

process

35.5 - 1.0 M KOH [6]

4 CoCrFeNi Arc-melted 60 62 0.5 M H2SO4 [7]

5 NiCoFePtRh Thermal 

reduction

27 30.1 0.5 M H2SO4 [8]

6 CoCrFeNiAl Mechanical 

alloying and spark 

plasma sintering

73 39.7 0.5 M H2SO4 [9]

7 PdPtCuNiP Thermal 

reduction

32 37.4 1.0 M KOH [10]

8 PdPtCuNiP Thermal 

reduction

62 44.6 0.5 M H2SO4 [10]

9 CoCuFeNiMnMo1.5 Mechanical 

alloying

275 125 1.0 M KOH [11]

10  Pt34Fe5Ni20Cu31Mo9

Ru

Chemical 

reduction

20 27 1.0 M KOH [12]

11 NiFeCoCuTi Dealloying 48.7 57.0 1.0 M KOH [13]

12 FeCoNiCuMoB/NF Pulsed DC 
reactive 

magnetron 
sputtering

26 53.1 1.0 M KOH [14]

13 CrFeNiCopZnS Thermal reaction 
with CS2

49 235 1.0 M KOH [15]

14
FeCoCrMnNi

Pulsed 
electrodeposition

168 180 1.0 M KOH [16]

15 RuPdIrPtAu/CNT PLIL 30.7 71.07 1.0 M KOH [17]

16 PtRu2.9Fe0.15Co1.5Ni1.3 NaBH4 chemical 
reduction

11.8 41.0 1.0 M KOH [18]

17 Pt26Ir7Fe13Co22Ni32 Oleylamine 
chemical 
reduction

26 44.5 1.0 M KOH [19]

18 PdCeMoCuRu N-oleyl-1,3- 12.8 30.4 0.5 M H2SO4 [20]
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propanediamine 
chemical 
reduction

19 FeCoNiMnRuLa/CN
T

Thermal 
reduction

50 116.9 1.0 M KOH [21]

20 Pt-
NiFeCoCuCr double 
hydroxide (Pt/HE-
LDH)

Hydrothermal 42 42 0.5 M H2SO4 [22]

21 HESAC–HEA/GO–

Fe2+

PLIL 49 54 0.5 M H2SO4 This 

work

Table S3. OER of the fabricated HESAC–HEA/GO–Fe2+ sample compared with the earlier 

reported HEA-based electrocatalysts.

No. Catalysts Synthesis
routes

Overpo
tential

(mV) @ 
10 mA 
cm-2

Tafel slope
(mV dec-1)

Electrolyte Ref.

1 Np-
AlNiCoFeMo

Induction-
melting under 

the Ar 
protection

240 46 1.0 M KOH [23]

2 IrFeCoNiCu Microwave-
assisted shock 

synthesis

302 58 0.1 M HClO4 [24]

3 FeNiMoCrAl Sputter-
deposited

220 27.3 1.0 M KOH [25]

4 Porous 
CoCrFeNiMo-

20

Microwave 
sintering.

220 59.0 1.0 M KOH [26]

5 FeCoNiCrMn 
thin films

Magnetron 
sputtering

282 100 1.0 M KOH [27]

6 Al-Ni-Co-Ir-Mo Induction-
melting under 

the Ar 
protection

233 55.2 0.5 M 
H2SO4

[28]

7 CrMnFeCoNi Low-
temperature 

solution-based 
approach

265 37.9 1.0 M KOH [29]

8 FeCoNiMo 
HEA/C

Solvothermal 
and high 

250 48.02 1.0 M KOH [30]
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temperature 
reaction

9 CoCuFeNiMnM
o

Mechanical 
alloying

375 ± 
15

61 1.0 M KOH [11]

10 FeCoNiCiMn-
NP(HEA-950)

Solvothermal – 
high 

temperature 
reaction

197 55 1.0 M KOH [31]

11 NiFeCoCuTi Dealloying 264.2 67.7 1.0 M KOH [13]

12 FeCoNiCuMoB/
NF

Pulsed DC 
reactive 

magnetron 
sputtering

201 41.3 1.0 M KOH [14]

13 CrFeNiCopZnS Thermal 
reaction with 

CS2

370 63 1.0 M KOH [15]

14
FeCoCrMnNi

Pulsed 
electrodepositio

n

231 66 1.0 M KOH [16]

15 RuPdIrPtAu/CN
T

PLIL 330 91.11 1.0 M KOH [17]

16 Pt26Ir7Fe13Co22N
i32

Oleylamine 
chemical 
reduction

197 37.7 1.0 M KOH [19]

17 FeCoNiCuCr Ultrafast CTS 
method

272 84.9 1.0 M KOH [32]

18 PtNiCuMnMo Vacuum arc 
melting

250 124 1.0 M KOH [33]

19 Ir2RuCoCuNi SD-TDR 
method

264 47 1.0 M KOH [34]

20 FeCoNiMnRuL
a/CNT

Thermal 
reduction

281 47.5 1.0 M KOH [21]

21 HESAC–

HEA/GO–Fe2+

PLIL 398 87 1.0 M KOH This 

work
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Figure S30. Various configuration of CoFeNiPtPdRu HEA optimized in this work. From this 

lowest energy k1 and k1a configuration used for catalytic adsorption studies.

Figure S31. (a) Reaction energy profile for water dissociation, (b) H-adsorption on various 

catalytic sites of CoFeNiPtPdRu, k1a HEA surface, and (c) the k1a atomic configuration of 

HEA.
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Figure S32. Optimized atomic configuration of all catalytic sites for k1 model. 
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Figure S33. Optimized atomic configuration of all catalytic sites for k1a model. 
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Figure SI.1. Pre-electrochemical activation of the fabricated HESAC–HEA/GO–Fe2+ 

electrode on carbon cloth substrate through 200 continuous CV sweeps for HER and OER at a 

50 mV s−1 in 1.0-M KOH

Figure SI.2. Pre-electrochemical activation of the fabricated HESAC–HEA/GO–Fe2+ 

electrode on carbon cloth substrate through 200 continuous CV sweeps for HER and OER at a 

50 mV s−1 in 0.5-M H2SO4.
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