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S1. Experimental Section

Chemical and Reagents

Cobalt nitrate hexahydrate (Co(NO3)2.6H2O), ferric nitrate nonahydrate (Fe(NO3)3.9H2O), urea 

(CO(NH2)2), ammonium fluoride (NH4F), potassium hydroxide (KOH), sodium dihydrogen 

phosphate (NaH2PO4), and, sulfur powder (S) were purchased from CDH chemicals (central 

drug house) and used with further treatment. All solutions were prepared in the deionized water 

(D.I). 

Synthesis of CoFeLDH by Microwave Digestor Method

The appropriate amount of Co and Fe in salt form was dissolved into 30 mL D.I. followed by 

the addition of 10 mmol urea and 5 mmol NH4F. The mixture was stirred for a few minutes 

and then transferred into the sealed falcons. The program in the oven was set for 1 hour for 

heating at 160o C. The brown colour precipitates were collected after the oven gets cooled. The 

material was centrifuged and washed with ethanol several times. 

Synthesis of CoFePS

The 500 mg of CoFeLDH was put downstream and mixed S/P source were placed upstream, 

and the crucible boat was heated at 350o C for 100 min, in the inert atmosphere of N2. The 

black-coloured CoFePS was collected after phospho-vulcanization of CoFeLDH. The CoFeP 

was prepared with the same method by just avoiding the addition of an S source. 

Electrochemical Measurements

All the electrochemical measurements were performed in 1 M KOH (pH = 13.8) employing 

the conventional three-electrode setup. The working electrode was prepared by drop-casting 

catalyst ink on a graphitic sheet. The catalyst ink was prepared by the addition of 5 mg of 

resistance (RCT)
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catalyst into 250 µL of ethanol, 240 µL water, and 10 µL of Nafion binder followed by ultra-

sonication for 2 hours. The reference and counter electrode were used as Ag/AgCl (3M KCl) 

and graphite rod (2mm). The applied potential was converted into the reversible hydrogen 

electrode potential by formula:

ERHE = ECell + EAg/AgCl + 0.059*pH  ECell + 0.197 +0.826  ECell + 1.023

The linear sweep voltammetry was employed to assess the electrochemical activity towards 

water splitting catalysis at the possible lower scan rate to avoid side reactions. The Tafel slope 

was further calculated by equation to evaluate the reaction kinetics: η = a + b log|j|, where η, a, 

b, and j, represent overpotential, tafel constant, tafel slope, and current density. The double 

layer capacitance is also a vital factor in studying the intrinsic activity of the catalyst; thus, the 

CV was taken at multiple scan rates in the non-faradic regions and a graph was plotted between 

∆j (jcathodic – janodic) vs. scan rate to obtain a slope, which represents the double layer capacitance 

(Cdl). Electrochemical impedance spectroscopy was performed to calculate the charge transfer 

resistance, Warburg diffusion coefficient, and diffusion coefficient. The details are given in the 

manuscript. The stability experiment was performed via the chronoamperometric technique. 

Physical Characterization

The CoFePS and other supplementary materials were primarily characterized by PXRD by 

RIGAKU PXRD in the range of 10-70o, with the increment of 10o/min rate. To verify the 

morphology and claim the self-templating fact, FESEM (field emission scanning electron 

microscopy) was performed via JEOL (JSM 17-300) and TEM (Transmission electron 

microscopy) via JEOL-2100 at 200 kV. The XPS (XPS, ECSA:220-IXL) was further involved 

to understand the valence states and elements present on the surface of the catalyst. ICP-MS 

(Agilent 7850) was performed to examine the leached-off metal ions in electrolyte post-

stability in both no-gas and helium modes. UV-Vis-NIR (Agilent Cary) was employed to 
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record the absorbance of catalysts, which helped in calculating the band gap by Tauc plot.  The 

AFM images were recorded on an Oxford Instrument Scanning Probe Microscope and the 

images were analysed using the Gwydion software. The tip used was of Pt with a work function 

of ~5.1 eV.

S2. COMSOL Modelling

The finite element method (FEM) model was constructed with COMSOL Multiphysics as 

stationary. To simplify the model, we used 2D axisymmetric modeling with distinct electrical 

conductivity because the catalytic reaction occurred mainly on the surface. The model material 

was nanofelt like structure in a circular vicinity of bulk electrolyte with a geometric dimension 

of 1 μm ×3 μm (width × height) electrode’s surface. The "transient dilute species" and 

"electrostatics" module was used to examine the electric field when the electrode was under a 

0.5 V potential. The electric field (E) was computed as the negative gradient of the electric 

potential as follows: 

E = -∇V (1)

Additionally, Ohm’s law was used to correlate the electric field to current density (J), 

J = σE                       (2)

in which σ is the electrical conductivity. The electrical conductivity of the two electrode was 

measured by CAFM (conductive atomic force microscopy) found to be 0.2 and 0.004 S m–1, 

for CoFePS and CoFeLDH, respectively, while the electrolyte conductivity was assumed to be 

10 S m–1. 

In the diffuse layer, the cations and anions freely diffuse in the electrolyte, and form 

concentration gradients towards and away from the electrode surface. The "Transport of diluted 

species" module was used to analyze the hydroxide ion (OH-) density in the electrical double 
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layer. The diffusion coefficients of the K+, OH−, and H+ ions in H2O were taken to be 2.14 × 

10−9, 7.02 × 10−9, and 7.10 × 10−9 m2 s−1, respectively. Conventional triangular meshes were 

used for all simulations and the meshes were set to the densest grid around the electrode. 

       Fig. S1. a) Synthesis illustration of CoFePS, FESEM micrographs of b) CoFeLDH and c) CoFePS.

Fig. S2. TEM nanograph of CoFePS at 50 nm, indicating a width of 92 nm.
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Fig. S3. IFFT derived M-M distance and interlayer spacing of CoFePS.

Fig. S4. TEM analysis of CoFeLDH, a) HR-TEM and b) corresponding FFT pattern (strain calculated 
between marked planes).

Fig. S5. Elemental mapping of CoFePS for Co, Fe, P and S, respectively. 
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Fig. S6. FESEM micrographs of CoFeLDH (TOP) and CoFeP (BOTTOM) at different microscopic 
resolution.

Fig. S7. Physical characterization of CoFePS, a) PXRD, and XPS of b) Co 2p, c) Fe 2p, d) P 2p, e) S 2p, 
respectively.
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Fig. S8. Conductive Atomic Force Microscopy (CAFM) for electrical conductivity measurements at the 
surface of a) CoFePS, and b) CoFeLDH

CAFM was performed to obtain the I-V curve. The calculations for electrical conductivity evaluation 
is given below:

More specifically,

For CoFePS

Slope = 1.537 x 10-8 / ohm

R = 1/Slope = 1/1.537 x 10-8 (ohm)

Now we have,

σ = L/RA (Equation 1)

here, σ, L, R, and A, represents electrical conductivity, thickness, resistance, and effective cross-
sectional area, respectively.

For the AFM tip the radius is 35 nm, which resulted in the A (Area) of 3850 nm2.

Putting all values if equation 1.

σ = 0.2 S/m

Similarly, for CoFeLDH, the slope is 8.2 x 10-10 / ohm

Which led to the σ of 0.004 S/m.
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Fig. S9. Raman spectra for CoFePS and CoFeLDH for tracking M-OH formation
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Fig. S10 Tauc plot of CoFeP.

Fig. S11. Schematic representation of optimization and formation of S-L junction with different 
electronic properties of CoFeLDH, CoFeP, and CoFePS.

Fig. S12. Tafel Slope analysis for OER (left) and HER (right).
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Fig. S13. Cyclic voltammetry curve of a) CoFeLDH, b) CoFeP, and c) CoFePS, at different scan rates,
Respectively.

Fig. S14. Intrinsic activity evaluation with a) Cdl plot and b) EIS Bode’s plot for CoFePS, CoFeP, and 
CoFeLDH, respectively.
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Fig. S15. ECSA normalized LSV of CoFePS and CoFeLDH.

To distinguish between the effects of increased surface area and enhanced intrinsic activity, the ECSA-
normalized specific activity for both HER and OER was calculated. While CoFePS exhibits a higher ECSA 
of 397.5 cm2 compared to CoFeLDH (217.5 cm2), the ECSA-normalized polarization curves 
demonstrate that CoFePS still maintains a significantly better electrochemical activity. This confirms 
that the performance enhancement is not solely due to increased site exposure from the nanofelt 
morphology, but stems fundamentally from the improved intrinsic activity per site induced by 
microstrain-defect engineering.

Table S1: Comparison of recently reported transition metal based electrocatalysts for HER in 1 M 
KOH:

Catalyst η10 
(mV)

Stability 
(h)

References

This Work 56 40 -
Co3S4-MoS2 117 10 1
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Co0.5Fe0.5-LDH 365 8 2

Pt-NiCo LDO 92 105 3

RuSA-NiS2-FeS2 57 50 4

CoFeP/CoP-400 78 12 5

CoFe-LDH@CoP/NF 68 80 6

(NiCo16−xP6) 88 10 7

P−NiCuFe0.06−LDH 71 120 8

H-COSX@NiFe LDH/NF 95 100 9

NiFe LDH-Ni-S/NF 94 20 10

Fe-CoS2 217 25 11

P-CoNi2S4 135 40 12

Co9S8@Co3O4/NF 130 50 13

CoMoNiS-NF-31 103 24 14

Super-Co3S4/P-WS2/Co9S8 58 24 15

FeCo-FeCoP@C@NCCs 91 11 16

CoP@FeCoP/NC 141 20 17

CoFeP @ C 181 20 18

Table S2: Comparison of recently reported transition metal based electrocatalysts for OER in 1 M 
KOH:

Catalyst η10 (mV) Stability 
(h)

References

This Work 145 40 -
CoP/CoFeP 266 150 19

CoFe-250 230 30 20

CoFe-LDH@CoP/NF 238 80 6

NiFe-LDH/ Ni4Mo 192.5 60 21

O-Co2P/CuO NWs 270 30 22

Ni0.75V0.25 LDH 200 100 23

Co0.5Fe0.5-LDH 270 10 2

(NiFeCoMn)3S4 286 48 24

NiCoFe HO@NiCo-LDH 278 11 25

Fe-Co3O4 262 50 26

CoFeLDH@NiSe 127 24 27

CoFe-LDH@CoP/NF 238 80 6

NiFeCoP-1/CC 249 12 28

CoNi/NC-YS 292 24 29

NMO-30M 260 162 30

CoO@NiO 270 24 31

CoP-InNC@CNT 270 20 32

NiO-Ni3Se4/MXene 260 24 33
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Table S3: Comparison of overall cell potential of CoFePS||CoFePS with another Co-Fe based 
electrocatalyst.

Catalyst Cell 
Potential 

@10 
mA/cm2

Stability 
(h)

Reference

CoFePS 1.436 200 This work
J-CoFe-CFP 1.56 10 34

Fe0.5CoNi0.5P 1.52 70 35

Co7Fe3/Co 1.50 100 36

A-Co60Fe1.1V 1.54 40 37

Co2P-Fe2P 1.45 50 38

Fe0.4Co0.3Ni0.3-
1.8

1.62 50 39

m-CFO IO 1.55 50 40

Co(OH)2/Fe7Se8 1.62 20 41

Co3Fe/Ce0.025 1.70 25 42

CeCO3OH/Ce-
CoFe LDH

1.61 80 43

VP-Fe-CoP 1.63 100 44
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                            Fig. S16. Post-OER FESEM of CoFePS at different microscopic resolution.

During OER, the CoFePS shows no appreciable change in the morphology, as the nanofelts seems 
intact. However, the growth of tiny nanosheets over these nanofelts indicates the formation of active 
surface during OER. 

                           Fig. S17. Post-HER FESEM of CoFePS at different microscopic resolution.

Similar to post-OER morphology, the post-HER morphology indicates intact morphology for CoFePS.  

Fig.S18. Post HER/OER Raman Spectra of CoFePS.

400 500 600 700 800

In
te

ns
ity

 (a
.u

.)

Raman Shift (cm-1)

 OER
 Pre-Catalysis
 HER



15 | P a g e

Post-Electro Raman spectra indicate the intact structure post-HER, however, post-OER there is 
appreciable rise in peaks near between 420-530 cm-1 corresponding to the M-O and M-OH bond 
stretching. 

Fig.S19. Post -OER physical characterization of CoFePS, a) PXRD, and XPS of b) Co 2p, c) Fe 2p, d) P 
2p,

e) S 2p, and f) O1s elements.

Fig. S19a displays PXRD pattern for post-OER CoFePS electrode, where the peaks corresponding to * 
mark indicates M(O)OH surface (M= Co/Fe), with few intact peaks for CoFePS. Furthermore, the XPS 
spectra suggests the Low leaching percentage of Co and Fe, in both HER and OER, suggests efficient 
mechanical strength of CoFePS, making it suitable prolonged operations. 
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                     Fig.S20. Post HER/OER electrolyte analysis for metal ion leaching by ICP-MS.

The leaching amount of Co was found to be 0.28 and 0.03 ppm, post-OER and HER respectively. In 
addition, the leaching amount of Fe was determined as 0.19 and 0.17 ppm, respectively. The minimal 
leaching amount suggesting excellent mechanical strength.

Fig. S21. GPA Strain analysis of CoFePS post-stability experiment. 

GPA analysis revealed an intact microstrain in CoFePS lattice indicating robust mechanical strength 
of crystal structure. 

S3. Computational Details
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The electronic energy of the simulated crystal structure was calculated by optimized the 
geometry of the structures. Further the Gibbs free energy was evaluated via employing 
specific formulas for HER and OER, respectively. The supercell was transformed into a 
2x2x1 matrix with a vacuum of 15 Å in the c-axis direction to avoid periodic interaction.

The mechanism of OER in alkaline medium is given below:

• OH- + M*  M-OH* + e-

• OH* + OH-  M-O* + H2O(l) + e-

• OH- + M-O*  M-OOH * + e-

• OH- + M-OOH *  O2 (g) + H2O(l) + e-

Overall reaction is: 4 OH-  O2 + 2H2O + 4e-

The formula’s employed for the calculation of OER ∆G values are given below:

E[OH] = E(OH) - E* - (EH2O – ½ EH2)

E[O] = [E(O) – E* - (EH2O – ½ EH2)] 

E[OOH] = [E(OOH) – E* - ( 2EH2O – 3/2 EH2)

Now, 

G1 = E[OH]

G2 = E[O] - E[OH]

G3 = E[OOH] - E[O]

G4 = 4.92 – (G1 + G2 + G3) : At equilibrium potential

G4 = [4.92 – (G1 + G2 + G3)] – 1.23: At 1.23 V

Similarly, for HER,

The reaction mechanism in alkaline conditions is given below:

H2O + M + e− ⇆ M-Had + OH− (the Volmer step)

H2O + M-Had + e− ⇆ M + H2 + OH− (the Heyrovsky step)

Or

2M-Had ⇆ 2M + H2

Further the Gibbs free energy can be calculated by following equation, 

G[H] = E(H*) – E* + 0.24

In above equation the zero point energy, pH and other factors are neglected.

In all above equation E represents the electronic energy of the component which is given in 
the brackets, and G is the Gibbs free energy, and * represents the intermediates.
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Table below indicates the values of electronic energies and the Gibbs free energies of the 
crystal structures:
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Fig S22. a) Optimized CoFePS structure and Gibbs free energy profile for b) OER and 
c) HER, respectively.

In Fig. S22b, the ∆G profile for OER intermediate adsorption reveals that the metal 

surface at the Co-active site exhibits a lower hydroxylation energy in comparison to the 

Fe- site. During the second step of dehydrogenation, one can observe the spontaneous 

process characterised by the transition from M*-OH to M*-O formation, which follows 

a downhill pathway. In the third step, often regarded as the rate-determining step in 

various Co-based catalysts, the Co-active site within the system governs the reaction by 

lowering the energy barrier. The minimal energy difference observed in the fourth step 

of O2 release which indicates that Co serves as a more effective active site for catalysis. 

The potential limiting step is identified at 2.01 eV, where the M* active site experiences 

a hydroxylation process. This value is notably lower than the 5.08 eV observed for 

CoFeLDH, as discussed in our previous article.13 In Fig. S22c, the protonation occurring 

over the catalytic surface of CoFePS, along with their respective metal sites, was 

analysed for the HER process. Notably, the Co-active site in CoFePS exhibited a ∆G 

value of -0.56 eV, which is optimal for HER. Consequently, the Co-site in CoFePS 

demonstrates activity in the adsorption process for both HER and OER, while the Fe-

site contributes to the modulation of electronic arrangements within the catalyst. 
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Table S4: Electronic energy of simulated crystal structures and their respective Gibbs free 
              energy

Material HER
E (eV) G (eV)

CoFeLDH -101.67 -
CoFeLDH (On Co) -105.83 -3.92
CoFeLDH (On Fe) -103.83 -2.16

CoFePS -114.84
CoFePS (On Co) -115.65 -0.57
CoFePS (On Fe) -115.94 -0.86

OER on Co site
CoFePS-OH -123.04 2.05
CoFePS-O -120.91 -2.49

CoFePS-OOH -130.3 0.86
CoFePS + O2 - -0.41

OER on Fe site
CoFePS-OH -116.88 8.21
CoFePS-O -120.91 -8.65

CoFePS-OOH -128.25 2.91
CoFePS + O2 - -2.46

Fig. S23. a) Gibbs free energy of OH* adsorption comparison with strained and unstrained 
CoFePS. PDOS of b) CoFePS-Unstrained, c) 3% Strain, and d) 5% Strain, with inset charge 
density distribution.  
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