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Abstract

NiMo-based materials are one of the most promising catalysts for hydrogen production by electrolysis
of water and have the potential for large-scale commercial applications. However, NiMo-based
electrocatalysts suffer from slow reaction kinetics and deactivation, which become the bottleneck for green
hydrogen energy acquisition. In recent years, the design idea of multi-component heterostructured catalysts
based on interface engineering has gradually emerged as an effective way to improve the catalytic activity of
NiMo-based electrocatalysts. However, the multi-phase heterostructured electrocatalysts still cannot satisfy
the requirements of practical applications due to their low catalytic activity and high power consumption at
high current density. Therefore, a series of modification methods, such as heteroatom doping, morphology
modulation, and semiconductor compounding, have been used to improve the high current density catalytic
activity of multi-phase heterostructures. In addition, the researchers found that energy-assisted strategies can
facilitate charge transfer in various electrocatalytic reactions to improve reaction kinetics and modulate
specific reaction steps and reaction selectivity. Energy-assisted strategies such as heat, light, magnetic fields,
and strain engineering have been used to enhance the activity of electrocatalytic water-splitting reactions. It
is worth noting that the photo-assisted strategy has become the best choice for energy assistance because of
its low cost, environmental protection, high efficiency, and wide application range. Therefore, the rational
design of NiMo-based catalysts is essential to achieve excellent photoelectrocatalytic activity. In this thesis,
a series of NiMo-based heterostructured photoelectrocatalysts with excellent catalytic activity are
synthesized using simultaneous phosphatization and sulfidation, rare earth metal doping, and alkali etching.
The structure characterization and photo-assisted electrochemical performance test are carried out. The
specific research contents are summarized as follows:

(1) The MoP4/Ni3S2/MoO3 heterostructures grown on NiMoOs nanorods are synthesized by
simultaneous phosphatization and sulfidation strategies (NiMo-PS@NF). Both experiments and theoretical
calculations show that the phosphorus-sulfide heterostructure not only effectively accelerates the electron
transfer in the catalytic process and greatly speeds up the reaction kinetics, but also optimizes the free energies
of hydrogen and oxygen intermediates in the catalytic process. Notably, the catalytic activity of the photo-
assisted hydrogen evolution reaction (HER) and oxygen evolution reaction (OER) is increased by 19% and
16%, respectively, compared to conventional electrocatalysis (100 mA ¢m2). This work provides a new
method for the rational design of one-dimensional high-efficiency multi-interface catalysts for photo-assisted
electrocatalysis of hydrogen production.

(2) A series of rare-earth-metal (RE) elements doped NiMoP2/NiMo3S4/NiMoOj4 heterostructure (RE-
NiMo-PS@NF (RE =, Er, La, and Sc)) have been obtained using a rare-earth-metal doping strategy for



photo-assisted electrolysis of water for hydrogen production at high current density. The doping of rare earth
metals greatly improves the photoelectrocatalytic activity of RE-NiMo-PS@NF. The experimental and
density-functional theory (DFT) results show that Y-NiMo-PS@NF has the best photo-assisted
electrocatalytic HER (n1000 = 211 mV) and OER (n1000 = 367 mV) activities. The present work proposes a
new approach to rationally develop multi-interface heterostructure catalysts with excellent large-current-
density catalytic activity through rare-earth modification.

(3) The novel Mo-doped NiS/NisP4 heterostructure (Mo-NiPS@NF) has been synthesized by alkali
etching and heat treatment. The synergistic effect of Mo doping and heterostructure enables Mo-NiPS@NF
to have abundant photoelectrocatalytic active sites and optimal physicochemical properties. Its photo-assisted
electrocatalytic overall water splitting (OWS) cell voltage is as low as 1.74 V at a current density of 1000
mA c¢cm. In addition, the photoelectrically coupled water splitting system assembled by Mo-NiPS@NF has
an STH efficiency as high as 20.07%. Therefore, Mo-NiPS@NF catalysts can achieve efficient green

hydrogen production through photo-assisted electrocatalytic water splitting.

Key words: NiMo-based; phosphorus-sulfide heterostructure; electrocatalytic water splitting; high

current density; photo-assisted
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Figure 1-1 Schematic fundamental mechanisms of photocatalytic water splitting
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Photoelectrocatalysis system
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Figure 1-3 A schematic illustration of photoelectrocatalysis water splitting
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Figure 1-5 (a) Schematic illustration of the fabrication procedure of the self-supported 3D Nia(1-yMoaP
electrode, and porous nanowire arrays for HER; (b) Schematic illustration of the fabrication procedure of
P-NiM0O4/MoO,
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Figure 1-6 (a) Schematic illustration of the preparation procedure of N-NiMoS; (b) Schematic of synthesis
of Chevrel-phase NiMo3S4, N-NiMo03S4, M/N-NiMo3Ss (M = Co, Fe, and Cu) nanosheets via a facile
hydrothermal approach
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Figure 1-7 (a) Schematic illustration of the preparation procedure of the NiMoO4-200/NF and NiMoOs-
300/NF electrodes; (b) Schematic illustration of the preparation procedure of NC/NiMo/NiMoOx nanowire
arrays
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