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Fig. S01. (a) Backscattered area of NCP-NS electrocatalyst, (b), (c), (d), (e) and (f) are elemental 

mapping of O, Ni, Cu, P and S elements.

Fig. S02. HRTEM analysis of the NCP-NS electrocatalyst, (a) HRTEM morphology image, (b) 

and (c) HRTEM with labeled d-spacing values. 

Fig.S03. XPS characterization (a) High resolution spectra (survey scan) of NCP-NS 

electrocatalysts, (b) Ni (2p) (c) Cu (2p), (d) S (2p), and (e) P (2p).

Fig. S04. Nyquist plot for NCP-NS electrocatalyst at different temperature.

Fig. S05. Polarization curve of 13 cm2 electrolyzer cell using benchmarked electrocatalyst pair 

(Pt/C || RuO2) at different temperature.

Fig.S06. SEM analysis of NCP-NS electrocatalyst (a) & (b) before and (c) & (d) after durability 

Fig.S07. XRD pattern for NCP-NS electrocatalyst before and after the durability test.

 

Table S01. Mass loading effects on electrolyzer cell using Sym. NCP-NS electrocatalyst.

Table S02. Effect of applied torque on electrochemical performance.

Table S03. Gasket thicknesses effects on electrochemical performance.

Table S04. ICR measurements of the cell components for various gasket thickness (at 0.1A).

Table S05. Flow rate effects on electrochemical impedance and performance. 
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Table S06. Temperature effects on electrochemical performance.

Table S07. Various non-platinum group metal-based bifunctional electrocatalyst performance 

comparison 
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Fig. S01. (a) Backscattered area of NCP-NS electrocatalyst, (b), (c), (d), (e) and (f) are 

elemental mapping of O, Ni, Cu, P and S elements.



S4

Fig. S02. HRTEM analysis of the NCP-NS electrocatalyst, (a) HRTEM morphology image, 

(b) and (c) HRTEM with labeled d-spacing values.
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Fig. S03. XPS characterization, (a) High resolution spectra (survey scan) of NCP-NS 

electrocatalysts, (b) Ni (2p) (c) Cu (2p), (d) S (2p), (e) P (2p).
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                   Fig. S04. Nyquist plot for NCP-NS electrocatalyst at different temperature.
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Fig. S05. Polarization curve of 13 cm2 electrolyzer cell using benchmarked electrocatalyst pair 

(Pt/C || RuO2) at different temperature.
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Fig. S06. FESEM images of NCP-NS electrocatalyst before and after the durability test: (a) 

and (b) Before durability, and (c) and (d) after durability. 
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Fig. S07. XRD pattern for NCP-NS electrocatalyst before and after the durability test.
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Table S01. Mass loading effects on electrolyzer cell using Sym. NCP-NS electrocatalyst.
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Table S02. Effect of applied torque on electrochemical performance.
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Table S03. Gasket thicknesses effects on electrochemical performance.
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Table S04. ICR measurements of the cell components for various gasket thickness (at 0.1A).
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Table S05. Flow rate effects on electrochemical impedance and performance
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Table S06. Temperature effects on electrochemical performance
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Table S07. Various non-platinum group metal-based bifunctional electrocatalyst 
performance comparison 
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Energy efficiency calculation:10 

Applied Current = 13.15 A (1012 mA cm-2) and corresponding voltage = 2.0 V

Power (W) = Current (A) × Cell voltage (V)

Power (W) = 13.15 A × 2 = 26. 3 W (0.0263 kW)

Hydrogen production = 106 mL/min @ 60 °C (333.15 K) and 1 atm pressure.

Volume to mass conversion based on Ideal gas law:  V = 27.32 L/mol @ 60 °C 

However,  = 0.0039 mol/min
𝑛 =  

0.106 𝐿/𝑚𝑖𝑛
27.32 𝐿/𝑚𝑜𝑙

Conversion into g/min:  Molar mass of hydrogen = 2.016 g/mol

Hydrogen production (g/min) = 0.0039 mol/min × 2.016 g/mol = 0.0078 g/min

Hydrogen production (g/h) = 0.469

Hydrogen production (kg/h) = 0.00047

𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑒𝑛𝑒𝑟𝑔𝑦 𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 (𝑘𝑊ℎ𝑘𝑔 ‒ 1) =
𝑃𝑜𝑤𝑒𝑟 𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑 (𝑘𝑊)

𝐻𝑦𝑑𝑟𝑜𝑔𝑒𝑛 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 (𝑘𝑔
ℎ) 

𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑒𝑛𝑒𝑟𝑔𝑦 𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 (𝑘𝑊ℎ𝑘𝑔 ‒ 1) =
0.0263 (𝑘𝑊)

0.00047 (𝑘𝑔
ℎ) 

𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑒𝑛𝑒𝑟𝑔𝑦 𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 (𝑘𝑊ℎ𝑘𝑔 ‒ 1) =  55.96 𝑘𝑊ℎ𝑘𝑔 ‒ 1

𝐸𝑛𝑒𝑟𝑔𝑦 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 (𝑘𝑊ℎ𝑘𝑔 ‒ 1)
=  

𝑇ℎ𝑒𝑜𝑟𝑎𝑡𝑖𝑐𝑎𝑙 𝑒𝑛𝑒𝑟𝑔𝑦 𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 𝑏𝑎𝑠𝑒𝑑 𝑜𝑛 𝐻𝐻𝑉 (39.4 𝑘𝑊ℎ/𝑘𝑔)

𝐸𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙 𝑒𝑛𝑒𝑟𝑔𝑦 𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 (
𝑘𝑊ℎ

𝑘𝑔
)

 × 100

𝐸𝑛𝑒𝑟𝑔𝑦 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 (𝑘𝑊ℎ𝑘𝑔 ‒ 1) =  
(39.4 𝑘𝑊ℎ𝑘𝑔 ‒ 1)

(55.96 𝑘𝑊ℎ𝑘𝑔 ‒ 1)
 × 100

𝐸𝑛𝑒𝑟𝑔𝑦 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 (𝑘𝑊ℎ𝑘𝑔 ‒ 1) = 70.41 %
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