Understanding the performance of Ni3S2/NiO Heterojunction as a Bifunctional Electrocatalysts for 3000-Hour Stable Splitting of Untreated River Water
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The high capital and operating costs of water electrolysis remain a major barrier to large-scale green hydrogen production. A persistent lab-to-industry gap limits the technology transfer of advanced electrode materials, as most proposed electrocatalysts fail the critical tests of durability and scalability under real operating conditions. Herein, we report the NiOS@ANF electrode — a Ni₃S₂/NiO heterojunction on activated nickel foam — synthesised via a rapid (< 2 h), scalable (16 cm²), and energy-efficient electrochemical route as a direct alternative to conventional Ni-foam electrodes.
The engineered Ni₃S₂/NiO interface enables in-situ phase reconstruction that substantially enhances bifunctional electrocatalytic performance. NiOS@ANF requires 434 mV and 224 mV lower overpotentials for the oxygen evolution reaction (OER) and hydrogen evolution reaction (HER), respectively, compared to bare Ni-foam. These improvements are attributable to reduced charge transfer resistance (Rₙₜₜ), faster electrode kinetics, and a significant increase in electrochemically active surface area. A conventional Ni-foam cell required 0.4–0.8 V higher operating bias and lost 34% of its activity within only 16 h of operation, whereas NiOS@ANF maintained its performance without measurable degradation over the same period.
Stability was evaluated under a designed consecutive stability cycling (CSC) protocol in 6 M KOH prepared in untreated river water, demonstrating 126 days of continuous operation with fully preserved electrode morphology. In river water electrolyte, the NiOS@ANF cell exhibited activity enhancements of 17% for HER and 6% for OER after 24 h of continuous operation, confirming robustness under chemically complex, real-world conditions including Cu impurity tolerance.
Mechanistic investigation combining post-catalytic and ex-situ potential-dependent Raman spectroscopy, X-ray photoelectron spectroscopy (XPS), and high-resolution transmission electron microscopy (HR-TEM) identifies the origin of the enhanced and durable performance. During HER, rapid Ni₃S₂ reconstruction generates NiO as the catalytically active phase, characterised by a new Raman mode near 800 cm⁻¹ at cathodic potentials and confirmed by Ni²⁺-dominant XPS signatures. During OER, controlled Ni₃S₂/NiO conversion produces NiOOH as the active phase, identified by the emergence of NiOOH Raman peaks at 480–560 cm⁻¹ and increasing Ni³⁺/Ni²⁺ ratio in XPS, with the NiOOH (105) crystal plane confirmed by HR-TEM after 18 weeks of operation. The distinct rates of reconstruction — rapid for Ni₃S₂ and controlled for NiO — are identified as the governing factors for both the superior catalytic activity and the long-term operational durability of the NiOS@ANF electrode.
