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1. Faradic Efficiency Calculation 

Faradaic efficiency was determined by using the formula given below: 

Faradic Efficiency (F.E.) = n(experimental) / n(theoretical)  

where, n(experimental) is the amount of gas evolved during the water splitting reaction, measured 

by Gas chromatography (GC) (G3545A 8890A GC System, Agilent Technologies). 

n(theoretical) was calculated as follows: 

n(theoretical) = (I * t) / (n*F) 

where, I = Current (A); t = Time (in second); n = moles of H2 generated per mole of H2O 

molecule; F = Faraday’s constant (96485 C mol-1).  

2. Electrochemical Active Surface Area (ECSA) Calculation 

The ECSA was calculated using the formula given below: 

ECSA = (A x Cdl)/Cs where, 

A = geometric area (in cm2) = 0.5 cm2 

Cs = Specific capacitance = 40 µF cm-2 

ECSA = (A x Cdl)/40 

ECSA is proportional to double layer capacitance (Cdl). Cyclic voltammograms (CVs) with 

various scan rates (from 120 - 200 mV s-1 with a step of 20 mV s-1) in non-faradaic potential 

region (from 0.1 – 0.2 V vs RHE) was measured to find Cdl. All currents measured in this 

potential region are considered to be related with double-layer charging. Cdl was calculated by 

linear fitting of the plot obtained by plotting voltage measured at Δj0.13 against the scan rate. In 

this work, 40 µF cm-2 is used as the Cs for calculating ECSA.  

|Δj013| = anodic j0.13 – cathodic j0.13 
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Figure S1. (a) Zoom XRD patterns of Sn undoped (Co-P) and Sn-doped catalyst (Sn-Co-P-5); (b) XRD 

patterns of Sn-Co-P-2.5 and Sn-Co-P-7.5. 

 

 

 

 



S4 
 

Figure S2. (a) Top view SEM, (b) TEM, and (c) HRTEM images of Co-P. (d-f) HAADF-STEM and 

the corresponding EDS element colour mapping for (e) Co and (f) P. 
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Figure S3. Polarization curves for (a) HER, (b) OER, and (c) overall water splitting in 1 M KOH, 

comparing the best-performing designed catalysts at identical loadings with commercial catalysts (Pt/C 

and IrO2), along with commercial catalysts tested at their most used loading (2 mg/cm2). 
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Figure S4. Tafel plots for (a) HER and (b) OER in higher potential region using LSV; Tafel plots for 

HER using potentiostatic technique in (c) lower and (d) higher potential region; Tafel plots for OER 

using potentiostatic technique in (e) lower and (f) higher potential region.  
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Figure S5. CV curves in the non-faradaic potential range for (a) Co-P, (c) Sn-Co-P-2.5, (e) Sn-Co-P-5, 

(g) Sn-Co-P-7.5; and Zoom CV curves for (b) Co-P, (d) Sn-Co-P-2.5, (f) Sn-Co-P-5, and (h) Sn-Co-P-

7.5; (i) Current density versus scan rate plots for Co-P and Sn-doped Co-P. 
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Figure S6. Mass activity for (a) HER, (b) OER and (c) Zoom image of (b); BET-normalized LSV curves 

for (d) HER, (e) OER and (f) Zoom image of (e). 
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Figure S7. Cyclic stability assessment for Sn-Co-P-5 for overall water splitting at 25 °C in 1 M KOH. 
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Figure S8. XRD patterns of Sn-Co-P-5 after overall water splitting at the anode and cathode sides in 1 

M KOH.  

 



S11 
 

Figure S9. (a) Top view SEM, (b) HRTEM images of Sn-Co-P-5 after overall catalysis at the cathode 

side. (c-f) HAADF-STEM and the corresponding EDS element color mapping for (d) Co, (e) P, and (f) 

Sn of Sn-Co-P-5. 
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Figure S10. (a) Top view SEM, (b) HRTEM images of Sn-Co-P-5 after overall catalysis at the anode 

side. (c-f) HAADF-STEM and the corresponding EDS element color mapping for (d) Co, (e) P, and (f) 

Sn of Sn-Co-P-5. 
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Figure S11. High-resolution XPS spectra of Sn-Co-P-5 fresh and after overall water splitting at the 

cathode and anode (a) Co 2p, (b) Sn 3d and (c) P 2p in 1 M KOH. 
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Figure S12. (a) Digital photograph of H2 and O2 bubbles evolving from the electrodes during 

electrolysis via water displacement method; (b) Digital photography of gas measurement setup to 

calculate Faradic efficiency using H-cell. 
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Figure S13. Comparison of the polarization curve of Sn-Co-P-5 with and without 0.5 M EG in 1 M 

KOH. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S14. (a) Corresponding cell voltages at the current densities of 10, 50, and 100 mA cm−2 using 

0.5 M EG in 1 M KOH at 25 °C for commercial catalysts and designed catalysts; (b) Photograph of a 

device for EG oxidation along with HER driven by a single 1.5 V AA battery. 
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Figure S15. DOS plots of (a) Co-P and (b) Sn-Co-P. 

 

 

 

Figure S16. Bader charge distribution on the optimized surface of Sn-Co-P (comprising 77 Co, 3 Sn 

and 16 P atoms) and Co-P (comprising 8o Co and 16 P atoms) focusing on (a,b) the active site of H2O 

adsorption and (c,d) the active sites H adsorption. 
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Table S1. The compositions of the catalysts were obtained using EDAX and AAS techniques. 

Sample Name 
Expected Co: 

Sn Ratio 

Actual Co: Sn 

Ratio from AAS  

Co: Sn Ratio 

from EDAX 

(Co + Sn): P Ratio 

from EDAX 

Sn-Co-P-2.5 Co0.975: Sn0.025 Co0.98: Sn0.02 Co0.984: Sn0.016 (Co + Sn)1: P0.72 

Sn-Co-P-5 Co0.95: Sn0.05 Co0.94: Sn0.06 Co0.955: Sn0.045 (Co + Sn)1: P0.65 

Sn-Co-P-7.5 Co0.925: Sn0.075 Co0.922: Sn0.078 Co0.926: Sn0.074 (Co + Sn)1: P0.63 

 

Table S2. Fitting impedance parameters for the equivalent circuit of designed catalysts in HER 

condition. 

Catalyst Rs (Ω) Rct (Ω) 

Co-P 1.9 1.8 

Sn-Co-P-2.5 1.9 1.7 

Sn-Co-P-5 1.9 1.2 

Sn-Co-P-7.5 1.9 1.5 

 

Table S3. Calculated electrochemical double-layer capacitance (Cdl) and ECSA for the as-prepared 

catalysts. 

Catalyst Cdl (mF/cm2) ECSA (cm2) 

Co-P 7.54 94.25 

Sn-Co-P-2.5 9.21 115.125 

Sn-Co-P-5 32.25 403.125 

Sn-Co-P-7.5 9.85 123.125 

 

Table S4. Fitting impedance parameters for the equivalent circuit of designed catalysts in OER 

condition. 

Catalyst Rs (Ω) Rct (Ω) 

Co-P 1.9 3.7 

Sn-Co-P-2.5 1.9 3.1 

Sn-Co-P-5 1.9 1.7 

Sn-Co-P-7.5 1.9 2.8 

 

 



S18 
 

Table S5. The comparison of the HER performance of the Sn-Co-P-5 with previously reported 

electrocatalysts in 1 M KOH at 25ºC. 

Sl. 

No. 

Catalyst Substrate Synthesis η10 

(mV) 

Tafel slope 

(mV dec-1) 

Ref. 

1. Sn-Co-P-5 NF Electrodeposition 40 33.5 This Work 

2. CoP/NPC Ti foil 
Hydrothermal + 

phosphidation 
80 50 S1 

3. Co-Fe-P GCE 

Solvothermal + 

Calcination + 

Phosphidation 

86 66 S2 

4. B-CoP/CNT GC 

Self-assembly + 

Reduction + 

Calcination + 

Steam cooling 

phosphidation 

56 69 S3 

5. MoO2-FeP@C NF 
Hydrothermal + 

phosphorization 
103 38 S4 

6. Ru1CoP/CDs GC Pyrolysis 51 73.4 S5 

7. MoP/Mo2N NF 

PEG mediated + 

coordination 

assembly + 

controlled pyrolysis 

91 51 S6 

8. CoFeP/C CP 

Laser + 

hydrothermal + 

phosphorization 

42.1 59 S7 

9. 
NiP2-650 

(c/m) 
CC 

Hydrothermal + 

phosphidation 
134 67 S8 

10. CoP-CoxOy CC 
Electrodeposition + 

phosphorization 
43 64.7 S9 

11. 
Co0.6(VMnNiZ

n)0.4PS3 

Carbon 

fiber cloth 
Solid state reaction 65.9 65.5 S10 

12. LA -Ni CoP CP 
Hydrothermal + 

Phosphorization 
45 68 S11 

13. Ru-CoFeP NF 

Chemical 

precipitation + 

phosphorization 

112 63.3 S12 

14. CoP/MoS2 GCE 
Hydrothermal + 

Phosphorization 
88 87.5 S13 

15. p-FeP/CoP/CP CP 
Hydrothermal + 

Phosphorization 
49 60 S14 

16. CoP Ti foil 
Hydrothermal + 

Phosphorization 
78 94.05 S15 
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Table S6. The comparison of the OER performance of the Sn-Co-P-5 with previously reported 

electrocatalysts in 1 M KOH at 25ºC. 

Sl. 

No. 

Catalyst Substrate Synthesis η10 (mV) Tafel slope 

(mV dec-1) 

Ref. 

1. Sn-Co-P-5 NF Electrodeposition 220 118.1 
This 

Work 

2. Fe-Co-P CFP 

Prussian Blue 

analog + 

phosphorization 

269 31 S16 

3. CoFePx c-wood 
High temperature 

shock 
323 58 S17 

4. Ni-CoP @ C CFP 
Hydrothermal + 

Phosphorization 
279 54 S18 

5. Co2P/CoNPC GCE 
Stirring + 

Phosphidation 
326 72.6 S19 

6. NiCoPO/NC GC 

Precipitation and 

etching + 

phosphatization 

300 94 S20 

7. NiFe0.5Sn-A CC 
Electrodeposition + 

anodization 
260 50 S21 

8. 
Co2P2O7 @ 

N,P-C 
CFP ZIF + Annealing 270 49.1 S22 

9. CoP/TiOx GC 
ZIF + Annealing + 

Phosphorization 
337 72.1 S23 

10. CoP-B1 GC 

Hydrothermal + 

phosphorization + 

reduction 

297 58.1 S24 

11. CoP/BP-30 GC 

Electrochemical 

exfoliation + 

solvothermal 

300 56 S25 

12. CNP-CP-150 CF Hydrothermal 230 38 S26 

13. Ce-Ni-Co-LDH 
Glassy 

Carbon 
Coprecipitation 370 131 S27 

14. CoP3/CeO2/C-2 NF 

Hydrothermal + 

Pyrolysis + 

Phosphorization 

339 80 S28 

15. CoP20 NR CP 

Hydrothermal + 

Decomposition + 

Phosphorization 

266 46.77 S29 

16. 
CoP@Co3O4/N-

doped graphene 
GC Hydrothermal 320 78.9 S30 
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Table S7. The comparison of the overall water splitting performance of Sn-Co-P-5 (best-

performed catalyst) with other recently reported catalysts in 1 M KOH at 25ºC. 

Sl. 

No. 

Bifunction

al 

Catalyst// 

Substrate 

Synthesis HER OER Cell 

Voltage 

(V @ 10 

mA cm-2) 

Ref. 

η (mV) Tafel 

slope 

(mV 

dec-1) 

η (mV) Tafel 

slope 

(mV 

dec-1) 

1. 
Sn/Co-P-5 

//NF 

Electrodep

osition 

η10 = 40 

η100 = 164 
33.5 

η10 = 220 

η100 = 384 
118.1 1.51  

This 

Work 

2. S:CoP//NF 

Solvother

mal + 

thermal 

reduction 

η10 = 109 

η100 = 185 

 

54 

η10 = 300 

η100 = 360 

 

82 1.57  S31 

3. NCP // NF 

Calcinatio

n 

+Phosphor

ization 

η10 = 58 

η100 = 170 

 

57 
η10 = 280 

η100 = 370 
- 1.56 S32 

4. 

CoP/NCN

HP // GCE 

 

ZIF + 

Pyrolysis + 

Phosphoriz

ation 

η10 = 115 

- 

 

66 

η10 = 310 

- 

 

 

70 

1.64  

 
S33 

5. 
CoMoNiS 

// NF 

Hydrother

mal 

η10 = 113 

- 

 

 

85 

η10 = 166 

η100 = 380 

 

 

58 

 

1.54  
S34 

6. 
O-

CoP//GCE 

Precipitati

on + 

phosphoriz

ation 

η10 = 98 

η100 = 170 

 

59.9 

η10 = 310 

η100 = 365 

 

83.5 1.6  S35 

7. 
CoP 

NFs//CC 

Etching + 

phosphoriz

ation 

η10 = 122 54.8 η10 = 320 49.6 1.65  S36 

8. 

CoP-

InNC@CN

T // NF 

ZIF + 

Pyrolysis + 

Phosphoriz

ation 

η10 = 159 

η100 =300 
56 

η10 = 270 

η100 = 420 
84 1.58  S37 

9. 

O doped 

Co2P/CuO 

NWs // CF 

Adsorption 

+ 

Annealing 

+ 

phosphidat

ion 

η10 = 101 

η100 =250 
69.4 

η10 = 270 

 
74.4 1.54  S38 

10. CoP // NF 

MOF + 

Etching + 

Phosphidat

ion + 

Electrodep

osition 

η10 = 90  

η100 = 120 
65.3 η100 = 360 65.6 1.54 S39 



S21 
 

11. 
CoMnP/Ni2

P // NF 

Hydrother

mal + 

phosphoriz

ation 

η10 = 108 87 η10 = 209 49 1.54 S40 

12. 
Co-P-O // 

NF 

Hydrother

mal + 

phosphoriz

ation 

η10 = 113 

- 

 

67 
η10 = 256 

- 
97 1.67 S41 

13. 
Ce-

CoP//CC 

Hydrother

mal + 

phosphoriz

ation 

η10 = 81 

η100 = 145 

 

68.7 

η10 = 240 

η100 = 285 

 

50.39 1.57  S42 

14. 
CoP@Ni2P 

Fe2P // NF 

Hydrother

mal + 

Phosphoriz

ation 

η10 = 42 

η100 = 101 
64 η100 = 287 70 1.51 S43 

15. 
CoO/CoP – 

NC // NF 

High 

Temperatu

re + 

Phosphoriz

ation 

η10 = 178 

η100 = 300 
88 

η10 = 268 

η100 = 370 
90 1.53 S44 

16. 
Sn–Co–

P/NF 

Electrodep

osition 

η10 = 59 

η100 = ~195 

 

42 

η10 = 304 

η100 = ~420 

 

 

67 1.554 S45 
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Table S8. The comparison of the cell voltage of various small molecule oxidation boosted 

water electrolysis based on transition metal-based electrocatalysts. 

Sl. 

No. 

Catalyst // 

Substrate 
Synthesis Method Electrolyte 

Cell Voltage 

(10 mA/cm2) 
Ref. 

1. Sn-Co-P // NF Electrodeposition 
1 M KOH + 0.5 

M EG 
1.32 This Work 

2. Sn–Co–P/NF  Electrodeposition 
1.0 M C2H5OH 

+1.0 M KOH 
1.49 S45 

3. NiCoP // CC 
Hydrothermal + 

Phosphidation 

1 M KOH + 0.5 

M Urea 
1.42 S46 

4. NiSnS // CFP 
Hydrothermal + 

Etching 

1 M KOH + 

0.33 M Urea 
1.36 S47 

5. Ni2P // NF 
Cyanogel - 

Hydrolysis 

1 M KOH + 

0.125 M 

Benzylamine 

1.41 S48 

6. O-NiMoP // NF 
Hydrothermal + 

electrodeposition 

1 M KOH + 0.5 

M Urea 
1.33 S49 

7. RhSA-S-CO3O4 

Hydrothermal + 

High Temperature 

oxidation 

1 M KOH + 0.5 

M Urea 
1.33 S50 

8. Ni3S2−Ni3P // NF 

Hydrothermal + 

Sulfurization + 

Phosphorization 

1 M KOH + 0.5 

M Urea 
1.43 S51 

9. 
Co2Mo3O8 // Co 

foam 

Hydrothermal + 

Pyrolysis 

1 M KOH + 0.5 

M Urea 
1.33 S52 

10. Ni(OH)S 
Solution + 

Annealing 

1 M KOH + 

0.33 M Urea 
1.34 S53 

11. 

 

NiCo-BDC-S-6 

// NF 

Hydrothermal + 

Sulfurization 

1 M KOH + 

0.33 M Urea 
1.33 S54 

12. 
CuO NWs // Cu 

sheet 

Immersion + 

Annealing 

1M KOH + PET 

Hydrosylate 
1.38 S55 

13. 
(Ovac-V-

Ni(OH)2) //  NF 
Hydrothermal 

1 M KOH + 

0.33 M Urea 
1.37 S56 

14. 
(NiCo/N-TiO2 

@NaOH) // CP 

Stirring + 

Hydrothermal + 

Electrodeposition 

1 M KOH + 1 M 

Methanol 
1.35 S57 

15. 
NiOOH (LDH/α-

FeOOH) // NF 

Hydrothermal + 

Tailoring 

1 M KOH + 

0.33 M Urea 
1.35 S58 

16. 

Pt–Ni(OH)2@Ni-

CNFs-2 || 

Pt@Ni-CNFs-2 

Electrospinning + 

Carbonization 

1 M KOH + 

0.33 M Urea 
1.4 S59 
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