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S1. Characterization of Pd-Bi2O3 Nanomaterials: 
The phase structure and crystallinity of the synthesised Pd-Bi2O3 nanomaterials were analysed using X-ray powder diffraction (XRD). The diffraction patterns were recorded on a Rigaku D/max-γB X-ray diffractometer equipped with Cu-Kα radiation (λ = 0.15418 nm), operated at an accelerating voltage of 40 kV and a tube current of 80 mA. The surface morphology and microstructural features of the samples were examined using field-emission scanning electron microscopy (FE-SEM), and digital micrographs were acquired at various magnifications. Raman spectroscopy was employed to investigate the vibrational characteristics and to confirm the structural phases present in the Pd-Bi2O3 nanomaterials. The thermal stability and decomposition behavior of the samples were evaluated using thermogravimetric analysis (TGA) and differential thermal analysis (DTA). The elemental composition and spatial distribution of the constituent elements were determined by energy-dispersive X-ray spectroscopy (EDX) coupled with elemental mapping. The surface chemical states and elemental composition of Pd-Bi2O3 nanomaterials were investigated using X-ray photoelectron spectroscopy (XPS), providing insights into the oxidation states of Pd, Bi, and oxygen, as well as surface defect characteristics relevant to gas-sensing performance. The specific surface area and pore size distribution were obtained from N2 adsorption-desorption isotherms measured at 77 K, using the Brunauer-Emmett-Teller (BET) method for surface area estimation and the Barrett-Joyner-Halenda (BJH) model for pore size analysis. Detailed nanoscale structural and morphological characterization was further performed using field-emission transmission electron microscopy (FE-TEM, FEI Tecnai G2 F30). 
S2. Additional Information 
Response transients of Pd-Bi2O3 under actual sensor resistance conditions in the presence of 100 ppm NO2 (120 °C), H2 (140 °C), CO (160 °C), and LPG (170 °C), measured at their respective optimum operating temperatures, as shown in Fig. 1, are due to the modulation of the surface hole accumulation layer in n-type Pd-Bi2O3 nanostructures. In these n-type nanostructures, the electrical conduction is dominated by holes, and the total resistance is a function of the concentration and mobility of holes, which are the majority carriers, in the surface region. Under ambient air conditions at higher operating temperatures, oxygen molecules are adsorbed on the surface and accept electrons from the semiconductor material. As a result of the reduction in the concentration of minority carriers (electrons) in n-type Bi2O3, the hole concentration increases to compensate for the excess charge, resulting in the formation of a surface hole accumulation layer and a corresponding lower resistance level. The dynamic resistance response, characterized by a fast transition followed by a saturation process, is a function of the adsorption rates and diffusion of gas molecules to the active sites. The removal of gas molecules is controlled by desorption rates and the re-establishment of the equilibrium oxygen adsorption state. The presence of Pd accelerates this resistance-modulation process through enhanced surface charge transfer and catalytic activation. Pd facilitates efficient electron transfer at the interface and modulates the band structure through Schottky barrier formation, thereby amplifying the modulation of carrier concentration. Hence, even small modulations in the surface chemistry result in large changes in resistance. Thus, the opposite resistance modulation behaviour between oxidising and reducing gases provides direct evidence of n-type conduction in Pd-Bi2O3 NSs, as further explained in the mechanism section, where the sensing mechanism is fundamentally based on the surface-induced modulation of hole concentration and interfacial potential barriers.
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Fig. S1. Response transients of the Pd-Bi2O3 by using measured sensor resistance in the presence of 100 ppm of NO2 (120 °C), H2 (140 °C), CO (160 °C), and LPG (170 °C) measured at their respective optimum operating temperatures.
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