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Fig. S1. SEM images of (a) HEACB 500, (b) HEACB 750, and (c) HEACB 1000, (d) 

Selected SEM image of HEACB 1000 for elemental portioning along with (e) C, (f) O, (g) 

Cr, (h) Mn, (i) Fe, (j) Co, and (k) Ni, elemental maps respectively.



Fig. S2. (a) Wide XPS spectrum of HEACB 1000, (b) Elemental ratios extracted from XPS data 

for HEACB 1000, HEACB 750, and HEACB 500. The overall total atomic concentrations of the 

metals (Cr, Mn, Fe, Co, and Ni) are 0.24% for HEACB 500, 1.39% for HEACB 750, and 0.74% 

for HEACB 1000. (c) Variation of relative atomic percentages of Cr, Mn, Fe, Co, and Ni only, 

across HEACBs, deduced from Fig. S2b. 

Text associated with Fig. S2

Fig. S2b shows the compositional details of HEACBs, deduced from XPS study. The total metallic 

content for HEACB500, HEACB750, and HEACB1000 are 0.24, 1.39, and 0.74 % respectively, 

indicating the effect of synthesis temperature on total metallic content in composites. Fig. S2c 

shows the variation of individual metallic concentrations in HEACBs. The internal metal 

composition (Fe:Co:Ni:Mn:Cr) of HEA, as deduced from XPS, in HEACBs composites is found 

to be 21:21:4:37:17 (for HEACB500), 40:16:11:7:26 (for HEACB 750) and 38:31:5:11:15 (for 

HEACB1000).



Fig. S3. XPS survey spectrum of HEACB 750 (a). HRXPS spectra of (b) C 1s, (c) O 1s, (d) Cr 2p, 

(e) Mn 2p, (f) Fe 2p, (g) Co 2p, and (h) Ni 2p.



Fig. S4. XPS survey spectrum of HEACB 500 (a). HRXPS spectra of (b) C 1s, (c) O 1s, (d) Cr 2p, 

(e) Mn 2p, (f) Fe 2p, (g) Co 2p, and (h) Ni 2p.



Fig. S5. High-resolution XPS spectra of O1s for HEACBs samples.



Fig. S6. (a) Comparison of onset and overpotential of all samples in the OER polarization 

region in 1M KOH, (b) CVs curves on HEACB 1000 in the non-faradaic region in 1M KOH 

medium. (c) Charged double layer capacitance comparison for HEACB 1000, HEACB 750, and 

HEACB 500, and (d) chronoamperometry test for HEACB 1000 in 1M KOH at room temperature 

in the OER polarization potential (inset: H cell setup for bulk water electrolysis).



Fig. S7. CV curves at (a, c) HEACB 750 and (b, d) HEACB 500 in acidic and basic electrolytic 

solutions respectively. 



Fig. S8. (a) Comparison of onset and overpotential of all samples in the HER polarization 

region in 0.5M H2SO4, (b) CV at HEACB 1000 in the non-faradaic region in 0.5 M H2SO4 

medium. (c) Charged double layer capacitance comparison for HEACB 1000, 750, and 500 in 0.5 

M H2SO4, and (d) LSV of the fresh, poisoned, and washed HEACB 1000 in the HER polarization 

region.



Fig. S9. (a) Tafel plots for the respective polarization curves in the CER polarization region in 1M 

H2SO4 and 4M NaCl, (b) LSV of the fresh, poisoned, and washed HEACB 1000 in the CER 

polarization region in 0.5M H2SO4 and 4M NaCl.



Post studied samples characterization

Along with performance, stability is crucial for the practical implementation of a catalyst on a real-

time system. To improve our catalyst's stability and understand its deteriorative factors, we 

conducted a detailed chemical and structural analysis of our best-performing sample, HEACB 

1000. This analysis aims to evaluate whether the catalyst can withstand the harsh reaction 

conditions of seawater splitting and to gain insights into any chemical changes at an atomic scale.

For the post-characterization studies, we used a HEACB 1000-modified electrode on a three-

electrode configuration setup where potentials were induced with respect to the Ag/AgCl reference 

electrode. The catalyst was then tested to sustain a current of approximately 10 mA/cm2 under the 

HER, OER, and CER polarization regions. Each reaction was executed continuously for 

approximately 5 hours to assess the catalyst's ability to withstand the harsh conditions of overall 

seawater splitting. After completion of the reactions, the post-HEACB 1000 samples carefully 

extracted from the electrode surface to avoid contamination, dried thoroughly and kept under 

vacuum, and subjected to detailed chemical and structural characterization.

 In the first phase of analysis, we performed X-ray diffraction (XRD) studies on the post-HEACB 

1000 sample. Our primary focus is to determine whether the catalyst crystal structure remains 

intact or undergoes deformation and phase segregation due to oxidative degradation and leaching 

in the harsh oxidative potentials of OER and CER reactions. Chlorine water, which is highly 

corrosive, can accelerate the degradation process. Fig. S10 shows the XRD pattern of the post-

HEACB 1000 sample. From the XRD data, it is confirmed that the prominent peaks at 44.1°, 51.4°, 

and 75.5° correspond to the major plane reflection from the face-centered cubic (FCC) high 

entropy alloy system, like what we observe in the fresh sample of HEACB 1000. Any other 

prominent peaks corresponding to possible oxide formation and phase segregations are not 

observed, indicating the material’s chemical and structural integrity remains intact even after 

exposure to a simulated seawater environment with considerable total water splitting performance. 

Therefore, XRD analysis indicates that the material shows decent stability with the least indication 

of leaching and chemical oxidation-induced phase segregations. This considerable stability can be 

attributed to the protective and conductive carbon coating provided by the supporting matrix CB, 

which prevents particle agglomeration, leaching, and possible phase segregation, along with 

improved electrical conductivity and mass transport rates. This finding underscores the importance 

of decorating our quintuple high entropy systems on conductive substructures.



To obtain visual images of the post-studied sample and evaluate morphological and chemical 

conditions, SEM observation was performed along with EDS mapping to obtain a quantitative 

estimation of the elements after the reactions. Fig. S11 shows the representative SEM images of 

HEACB 1000 post-studied sample and the corresponding elemental maps. We did not observe any 

noticeable agglomeration which can be seen in the SEM images, even though HEACB1000 was 

exposed for the long time in the harsh chloride ion-containing seawater electrolytes. This clearly 

underlines the fact that the uniform distribution of alloys largely remains intact even after the long-

term continuous operation of about 15 hours, indicating its strong chemical stability. It is 

interesting to note that the source of extra elements like K+ and Cl- are from the 4M chloride-

containing electrolyte, and the S and F come directly from the Nafion binder used for preparing 

the modified electrode surfaces. To obtain more high-resolved images of the post-sample, the 

sample was subjected again to detailed TEM elemental analysis (Fig. S12 and Table S9). The 

HRTEM images, and the elemental maps are also in line with the SEM analysis. All five elements 

of the alloy are found to be still uniformly distributed on the observed particles (Table S9).

Fig. S10. XRD pattern of post-studied HEACB 1000 after subjecting it to the HER, OER and CER 

polarization regions consecutively in 0.5 H2SO4, 1 M KOH and 1M KOH-4M NaCl respectively.



Fig. S11. (a-b) SEM images of post-studied HEACB 1000, (c-n) elemental mapping of the sample 

in the order Cl, S, K, Co, C, O, F, Ni, Fe, Cr, Mn and combined elemental map respectively.



Fig. S12. Post-study HEACB 1000 (a) bright field and (b-c) dark field TEM images, (d-h) 

elemental mapping (Cr, Fe, Mn, Co, and Ni respectively) over the representative TEM image (c).



Kinetic parameter calculation

The Faradic efficiency, Exchange current density, and Turnover frequency were determined 

through standard experimental procedures and mathematical formulations reported in the 

literature.2,3 The calculations were done using equations included in the appendix of the main text. 

Calculation of Faradaic efficiency of OER reaction

F.E = (0.009 L × 4 × 96485 C) / (24.5 L × 162.4 C)

= 87.3 %

Calculation of Faradaic efficiency of HER reaction

F.E = (0.0072 L × 2 × 96485 C) / (24.5 L × 62 C)

= 91.5 %

Calculation of exchange current density (J0)

Calculation for OER

J0 = 8.3314 × 298 / (4 × 96485 × 12 × 0.07)

=7.5 mA/cm2

Calculation for HER

J0 = 8.3314 × 298 / (2 × 96485 × 13 × 0.07)

=14 mA/cm2

Calculation for CER

J0 = 8.3314 × 298 / (2 × 96485 × 12 × 0.07)

=15.2 mA/cm2



Fig. S13. (a,b) BET surface area measurement of HEACB samples with their pore size distribution 

plot.



Fig. S14. Tafel slope versus flat band for (a) HER and for (b) CER.



Fig. S15. (a-c) CV curves of HEACB 500, HEACB 750 and HEACB 1000 respectively, (d-e) 

chrono response of HEACB 1000 under OER and HER polarization region, (f-h) TOF comparison 

of all the catalysts for HER, CER and OER reactions at different potential.



Fig. S16. Relative activity and catalyst characteristic percentages for HEACB samples. (a) 

Combined plot and (b-d) individual plots.



Fig. S17. (a-c) Relative activity and catalyst characteristic percentages for HEACB samples 

compared to each other in pairs.



Table S1. ID/IG and I2D/ID ratios estimated from the Raman spectra of HEACB 500, HEACB 750, 
and HEACB 1000.

Annealing temperature (℃) ID/IG I2D/ID

500 0.65 0.96

750 0.76 0.31

1000 1.10 0.29

Table S2. Relative atomic percentages of metals in HEACB 1000 deduced from SEM elemental 

analysis.

Element Relative atomic concentration (%)

Cr 23.7

Mn 32.6

Fe 16.6

Co 13.3

Ni 13.8



Table S3. Binding energy and atomic percentage of carbon deduced from XPS study. 

Table S4. Locations of typical oxygen and their corresponding binding energies deduced from 
XPS study. 

Bonds Position  Relative atomic Concentration (%)

C ─ C/C ═ C 284.78 eV 49.32

C ─ N 285.53 eV 24

C ─ O 287.09 eV 5.32

C ═ O 288.5 eV 8.93

-* satellite peak 291.19 eV 12.43

Oxygen location HEA 500 HEA 750 HEA 1000

Oxygen in lattice (OL) 530.08 eV 530.49 eV 530.6 eV

Oxygen in vacancy (OV) 531.52 eV 531.57 eV 531.54 eV

Oxygen at outer surface (OS) 532.35 eV 532.44 eV 532.42 eV

Adsorbed oxygen (Oads) 533.02 eV 533.04 eV 533.33 eV





Table S5. Binding energy and atomic percentage of oxygen in three samples deduced from XPS 
studies.

HEACB 500
Name B.E (eV) Relative atomic concentration (%)

OV 531.52 17.29
OL 530.08 4.36
OS 532.35 53.36

Oads 533.02 24.99

HEACB 750
Name B.E (eV) Relative atomic concentration (%)

OV 531.57 20.31
OL 530.49 7.22
OS 532.44 52.16

Oads 533.04 20.31

HEACB 1000
Name B.E (eV) Relative atomic concentration (%)

OV 531.54 14.02
OL 530.06 4.23
OS 532.42 64.14

Oads 533.33 17.61



Table S6. Calculation of TOF for HER for HEACB 1000 

Potential vs RHE S N J (mA) TOF

-0.25 2.97 x 10-4 3.6 x 10-8 22.75 0.274

-0.30 2.97 x 10-4 3.6 x 10-8 35.31 0.426

-0.35 2.97 x 10-4 3.6 x 10-8 58.74 0.708

-0.40 2.97 x 10-4 3.6 x 10-8 106.93 1.291

Table S7. Calculation of TOF for HER for HEACB 750

Potential vs RHE S N J (mA) TOF

-0.25 3.01 x 10-4 4.8 x 10-8 10.47 0.121

-0.30 3.01 x 10-4 4.8 x 10-8 13.17 0.152

-0.35 3.01 x 10-4 4.8 x 10-8 16.81 0.194

-0.40 3.01 x 10-4 4.8 x 10-8 22.62 0.262

Table S8. Calculation of TOF for HER for HEACB 500

Potential vs RHE S N J (mA) TOF

-0.25 1.98 x 10-4 3.16 x 10-8 2.88 0.051

-0.30 1.98 x 10-4 3.16 x 10-8 5.52 0.097

-0.35 1.98 x 10-4 3.16 x 10-8 6.51 0.114

-0.40 1.98 x 10-4 3.16 x 10-8 11.25 0.198



Table S9. Elemental ratios of Cr, Mn Fe, Co and Ni in weight and atomic percentages extracted 
using TEM EDS analysis for HEACB1000 post study.

Elements Relative weight (%) Relative atomic concentration (%)

Cr K 22.13 23.34

Mn K 22.87 22.83

Fe K 51.54 50.61

Co K 1.74 1.62

Ni K 1.72 1.60



Table S10. Comparison of activity to other OER, HER, and CER electrocatalysts reported in 
literature.

Catalyst Reaction Electrolyte Potential at
10 mA cm-2 (mV)

Tafel slope 
(mV dec-1) Ref

A-HEA OER 1M KOH 277 85 4

FeNi3@GCDs-10 OER 1M KOH 238 48.7 5

SSNC1 OER 0.1M KOH - 70 6

Ni6Co94 NWs OER 1M KOH 271 88 7

CFGNZ OER 1M KOH 370 71 8

Fe1Co1Ni1@N-CNTs-
600 OER 1M KOH 249 43.47 9

Ni-Fe-Mn OER 1M KOH 230 79 10

NiCoP OER 1M KOH 295 45 11

(MnFeCoNiCu)S2 OER 1M KOH 221 54 12

CNF/CoS2-CNT OER 1M KOH 303 75 13

FeZrRu OER 1M KOH 250 60 14

FeCo2Mo5 LDH OER 1M KOH 128 72.5 15

Mn-NiCo HNS/CNT OER 1M KOH 239 92 16

MoNi4-MX10 OER 1M KOH 122 56 17

MoN-Co2N OER 1M KOH 267 35.6 18

Ca2–xSrxScRuO6 OER 1M KOH 323 61 19

CoCrFeMnNiP OER 1M KOH 320 60.8 20

(La0.8Sr0.2)1+xMnO3 OER 0.1M KOH - 109 21

CoFeNiMnMoPi OER 1M KOH 270 74 20

SrFe0.9Si0.1O3−δ OER 0.1M KOH - 58 6

mailto:Fe1Co1N1i@n-cnt-800


Sr2Fe2O6@d OER 0.1M KOH 600 60 22

La0.8 Sr0.2 MnO3 OER 0.1M KOH 256 42.8 23

Co/NCNT-25 HER 1M KOH 20 28 24

Ni6Co94 NWs HER 1M KOH 231 105 7

Ni-Fe-Mn HER 1M KOH 64 68 10

CuAlNiMoFe HER 1M KOH 9.7 60 25

Mo0.5Nb0.5Se2 HER 0.5 M H2SO4 140 46 26

Ni/np-Ir HER 0.5 M H2SO4 17.1 24 27

CN/CNL/MoS2/CP HER 0.5 M H2SO4 112 77 28

NiIrRuAl-3/1 HER 0.1 M HClO4 14 23 29

TiZrNbVTa(Hf) HEAs HER 1M KOH - 67 20

Al82Ni6Co3Mn3Y3Au3 HER 0.5 M H2SO4 24 43 30

Co@Zn-N-NCNT HER 0.5 M H2SO4 67 52.1 31

MoS2@Gr HER 0.5 M H2SO4 120 72 32

(MoWReMnCr)S2 HER 0.5M H2SO4 229 111 33

CoCrFeMnNiP HER 1M KOH 136 85.5 34

PdPtCuNiP HER 0.5 M H2SO4 35.4 34.2 35

Rh@PPy HER 0.5 M H2SO4 16 32.5 36

MoSSe@f-
CNT//VSe2/rGO/CNT HER 0.5 M H2SO4 249 63 37

NiCoFeMnCrP NPs HER 1M KOH 220 94.5 33

Co1-S4/NC HER 0.5 M H2SO4 114 60 38

Co(VMnNiZn)PS3 HER 1M KOH 66 65.5 39

Co1-S4/NC HER 0.5 M H2SO4 120 91 40

Ni2P–Co2P HER 0.5 M H2SO4 94 53.1 41



La2CoMnO6 CER 5.0 M NaCl 280 @100 mA 
cm-2 44 42

Ti/Ir0.8Nd0.2Ox CER 5.0 M NaCl 160 @100 mA 
cm-2 45 43

Se_NiFe_LDH CER 5.0 M NaCl 1.54 V @50 mA  
cm-2 37.4 44

RuO2/IrO2 CER 5.0 M NaCl 1.115 V vs SCE 33.5 45

CoSb2Ox CER 4.0 M NaCl 444 - 46

Ir-2 CER 0.5 M NaCl 258 26 47

IrO2/TiO2 CER Sat. NaCl 44

40

48

RuO2 NPs/CC CER 5.0 M NaCl 1.05 V vs SCE 38 49

RuO2@TiO2-5 CER Sat. NaCl 80 @50 mA cm-2 39 50

Ru1−TiOx/Ti CER 4 M NaCl 46 35 51

Pt1/CNT CER 1 M NaCl 50 38 52

RuO2/IrO2-TiO2 NTAs CER 5.0 M NaCl 1.115 V (vs. SCE)
50 mA cm-2 33.5 45

Ti/Ir0.8Nd0.2Ox CER 5.0 M NaCl 1.52 V at
100 mA cm-2 45.9 43

Co3O4 nanobelt CER 5.0 M NaCl 200 66 53

IrO2-Ta2O5-TiO2 CER 4.0 M NaCl 70 40 54

HEACB 1000 OER 1 M KOH 350 95 This 
work

HEACB 1000 HER 0.5 M H2SO4 190 64 This 
work

HEACB 1000 CER 4 M NaCl and
1 M HCl 30 63 This 

work

HEACB 1000 CER 4 M NaCl and
1 M HCl

79 @ 50  mA/cm-

2 
163 @ 100 
mA/cm-2

63 This 
work



Table S11. Calculation of TOF for OER for HEACB 1000

Potential vs RHE S N J (mA) TOF

1.65 2.97 x 10-4 3.6 x 10-8 45.18 0.545

1.70 2.97 x 10-4 3.6 x 10-8 74.13 0.893

1.75 2.97 x 10-4 3.6 x 10-8 109.11 1.315

1.80 2.97 x 10-4 3.6 x 10-8 144.25 1.737

Table S12. Calculation of TOF for OER for HEACB 750

Potential vs RHE S N J (mA) TOF

1.65 3.01 x 10-4 4.8 x 10-8 41.75 0.484
1.70 3.01 x 10-4 4.8 x 10-8 67.63 0.783
1.75 3.01 x 10-4 4.8 x 10-8 97.16 1.126
1.80 3.01 x 10-4 4.8 x 10-8 126.21 1.146

Table S13. Calculation of TOF for OER for HEACB 500

Potential vs RHE S N J (mA) TOF
1.65 1.98 x 10-4 3.16 x 10-8 19.38 0.342
1.70 1.98 x 10-4 3.16 x 10-8 38.82 0.685
1.75 1.98 x 10-4 3.16 x 10-8 62.83 1.113
1.80 1.98 x 10-4 3.16 x 10-8 85.16 1.504

Table S14. Calculation of TOF for CER for HEACB 1000

Potential vs RHE S N J (mA) TOF

1.30 2.97 x 10-4 3.6 x 10-8 13.52 0.159

1.35 2.97 x 10-4 3.6 x 10-8 29.84 0.351

1.40 2.97 x 10-4 3.6 x 10-8 59.25 0.698

1.45 2.97 x 10-4 3.6 x 10-8 100.06 1.178



Table S15. Calculation of TOF for CER for HEACB 750

Potential vs RHE S N J (mA) TOF

1.30 3.01 x 10-4 4.8 x 10-8 5.92 0.068

1.35 3.01 x 10-4 4.8 x 10-8 11.91 0.138

1.40 3.01 x 10-4 4.8 x 10-8 24.43 0.282

1.45 3.01 x 10-4 4.8 x 10-8 41.07 0.475

Table S16. Calculation of TOF for CER for HEACB 500

Potential vs RHE S N J (mA) TOF

1.30 3.01 x 10-4 4.8 x 10-8 1.022 0.018

1.35 3.01 x 10-4 4.8 x 10-8 4.29 0.075

1.40 3.01 x 10-4 4.8 x 10-8 10.28 0.181

1.45 3.01 x 10-4 4.8 x 10-8 23.22 0.406
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