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Abstract

The excessive utilization of traditional fossil fuels has led to severe environmental pollution and carbon
emissions, driving an urgent need to explore and develop novel green energy technologies. Hydrogen energy,
recognized as a sustainable alternative to fossil fuels, is distinguished by its high energy density, zero-
emission characteristics, renewability, and sustainability. Water electrolysis, as an eco-friendly and cost-
effective method for large-scale hydrogen production, has garnered significant attention. However, the
sluggish reaction kinetics of the hydrogen evolution reaction (HER) at the cathode and the oxygen evolution
reaction (OER) at the anode remain critical bottlenecks. Therefore, developing non-precious metal-based
catalysts with high catalytic activity and abundant resources has become a key focus in advancing water
electrolysis technology. Although cobalt-based materials exhibit excellent performance in both HER and
OER, their true active species and phase transition mechanisms require further exploration, leaving
substantial room for performance enhancement. This study proposes a series of modification strategies to
synthesize high-performance cobalt-based catalysts and systematically investigates their dynamic
reconstruction during reactions using in sifu Raman spectroscopy. The main contributions are summarized as
follows:

(1) Two interface engineering strategies were developed to modify Ni foam-supported CoMoO4
microrod (CMO) arrays, yielding efficient HER and OER electrocatalysts. For HER optimization, the P and
Se co-doped CoM0QO4 microrod array (PSe-CMO) achieved an ultralow overpotential of 211 mV at -300 mA
cm?, attributed to the dissolution of Mo, P, and Se, which facilitated the formation of PO4*- and SeOx*-
modified Co(OH), nanosheets. For OER, the Fe/C-hybridized PSe-CMO (PSe-Fe/C-CMO) synthesized via
ferrous gluconate coating exhibited exceptional OER kinetics with an overpotential of 258 mV at 150 mA
cm?, owing to rapid surface reconstruction that generated FeOOH intermediates to promote CoOOH
formation and subsequent transformation into CoO; species. Furthermore, an alkaline water-splitting device
assembled with PSe-Fe/C-CMO (anode) and PSe-CMO (cathode) demonstrated outstanding performance,
requiring only 1.677 V to drive a current density of 200 mA cm™.

(2) A ferrocene (Fc) ligand-modified and nitrogen-doped Co3O4 sea-urchin-like nanorod array (Fc-CoO-
N/NF) was fabricated, delivering superior OER activity (n = 251 mV at 200 mA cm) and stability (99%
durability retention after 32 h at 700 mA cm2). This performance surpasses undoped Fc-CoO/NF (276 mV)
and pristine CoO/NF (354 mV), attributed to the synergistic effects of Fc ligands and nitrogen doping, which



promoted the reconstruction of high-valent metal species.

(3) A novel synthesis method for Co-Fc MOF was developed and extended to Ni-Fc and Cu-Fc MOFs.
The Co-Fc MOF exhibited remarkable OER activity with overpotentials of 252 mV and 265 mV at 100 and
200 mA cm?, respectively, outperforming Ni-Fc and Cu-Fc MOFs. In situ Raman spectroscopy, XPS, and
XRD analyses revealed that under OER conditions, Fc ligands gradually leached out, disrupting the MOF’s
crystalline structure and oxidizing Co?" to CoOOH. Concurrently, partial Fc ligands transformed into Fe3”,
depositing as Fe>Os3 on the surface. This study elucidates the reconstruction dynamics of Fc-based MOFs,
providing critical insights for designing high-efficiency OER pre-catalysts.
Key words: water splitting; cobalt-based materials; oxygen evolution reaction; hydrogen evolution reaction;

surface modification
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Figure 1-2 Schematic representation of the electrochemical water-splitting cell®]
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Figure 1-3 Schematic diagram of HER mechanisms in acidic media (left) and in alkaline media (right)!°]
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Figure 1-4 Schematic diagram of different OER mechanisms. (a) Adsorbate evolution mechanism and (b)

lattice oxygen-mediated mechanism (one lattice oxygen atom involved) and (c) lattice oxygen-mediated

mechanism (two lattice oxygen atoms involved)[®!
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