
Abstract:
The rational design of multifunctional materials for hydrogen energy requires a unified strategy that connects
nanoscale synthesis, bandgap engineering, and device-level performance. We first investigated the polyethylene
glycol (PEG)-assisted hydrothermal synthesis of ZnO nanoparticles using PEG molecular weights of 8000, 10000, and
20000. Among these, the PEG 20k-assisted sample exhibited the most uniform spherical morphology (≈ 40 nm), the
lowest bandgap (3.02 eV), and superior electrochemical performance, delivering a current density of 267.83 mA cm-2

under acidic conditions with a Volmer-step-limited hydrogen evolution reaction (HER, Tafel slope 147 mV dec-1).
Building on this, we explored bandgap tuning of transition metal oxides (Co3O4, CuO, ZnO) via PEGylation, showing
that solvation energy-driven lattice parameter modulation enables significant bandgap alteration independent of size
confinement. ZnO displayed the maximum tunability (7.33%), strongly correlated with orientation-dependent lattice
distortions, providing a fundamental framework for solvation-assisted band engineering. Finally, these insights were
applied to fabricate a ZnO-incorporated hybrid catalytic proton exchange membrane (PEM) by embedding pegylated
ZnO into a (diethyl methylamine)/(H₂PO₄⁻) matrix. The resulting p-type MOF-based PEM exhibited a bandgap of 3.67
eV, high proton conductivity (0.027 S cm-1 at 300 K, t+ > 0.99), excellent catalytic activity (Tafel slope ~36 mV dec-1),
and long-term stability (168 h at pH 7), achieving a current density of 1.52 mA cm-2
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