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Hydrogen is considered fuel for the future, but its properties make it dangerous to use without protection from leaks and explosions, meaning that hydrogen gas sensors are necessary for safe use and storage of this important gas. Gas sensors based on semiconducting material like ZnO have been studied intensively, especially multiple methods of improving their parameters with doping, functionalization, etc. In this work, ZnO was doped with Eu during electrodeposition (ranging from 2 µM to 22 µM) and functionalized with Pd nanoparticles on its surface. The effects of doping and functionalization were studied, observing an improvement in response value to 100 ppm hydrogen gas up to ~3965 at 150 °C of Pd-functionalized ZnO:Eu nanosensor compared ~150-200 to nonfunctionalized ZnO:Eu with similar doping concentration. The obtained results on a single Pdfunctionalized ZnO:Eu nanowire-based nanosensor can be used for further improvement of synthesis parameters that can lead to the production of low-cost and highly efficient ZnO:Eu Pd-functionalized miniaturized gas sensors, selective to H2 gas, even at room temperature, for personal, industrial, safety and environmental use.

INTRODUCTION

Nowadays there is an increased focus on smaller devices, energy efficiency, reliability, and other parameters. Miniaturized solid-state sensors are suitable devices that can tick all the requirements, because of their superior properties and portability [START_REF] Aliofkhazraei | Recent Developments in Miniaturization of Sensor Technologies and Their Applications[END_REF] . Finding perfect material that can have desirable properties is a challenge, because sometimes sensors based on a single material don't show desired results. Improving properties can be done by various methods, such as doping, metal Please cite this paper as : C. Lupan, O. Lupan, M.-I. Terasa, J. Drewes, O. Polonskyi, F. Faupel, R. Adelung, S. Hansen, B. Viana, Th. Pauporté, H2 gas sensing properties of a Pd/ZnO:Eu nanosensor. Proc. SPIE, 12422 (2023) 124220P. https://doi.org/10.1117/12.2651116 loading, functionalization, etc. Sensors based on semiconductor materials such as metal oxides are attractive due to low cost, simplicity and variety in application fields [START_REF] Wang | Metal Oxide Gas Sensors: Sensitivity and Influencing Factors[END_REF] . ZnO is one of the most widely used semiconductor material for gas sensors, and doping with Eu was reported before to improve its properties [START_REF] Lupan | Eu-Doped ZnO Nanowire Arrays Grown by Electrodeposition[END_REF][START_REF] Lupan | Pd-Functionalized ZnO:Eu Columnar Films for Room-Temperature Hydrogen Gas Sensing: A Combined Experimental and Computational Approach[END_REF][START_REF] Lupan | Nanosensors Based on a Single ZnO:Eu Nanowire for Hydrogen Gas Sensing[END_REF] , obtaining high response value, selectivity and lower operating temperature. But, there is also a need for improvement in device parameters, and functionalization with noble materials is one way to obtain that performance. Pd/ PdO are considered effective catalysts for gas sensing devices, in combination with other metal oxides, lowering operating temperature of devices and increasing response [START_REF] Lupan | Pd-Functionalized ZnO:Eu Columnar Films for Room-Temperature Hydrogen Gas Sensing: A Combined Experimental and Computational Approach[END_REF][START_REF] Veziroglu | Nanoparticles Decorated TiO2 Film with Enhanced Photocatalytic and Self-Cleaning Properties[END_REF] .

In this work, single ZnO:Eu nanowire were integrated in the devices and then functionalized with Pd nanodots/nanoparticles (Pd/ZnO:Eu, 4 μM) on its surface, thus possess an order higher response and selectivity to H2 gas at 150 C. The maximum gas response value was experimentally determined to be ~3965 for functionalized Pd/ZnO:Eu nanowires grown in an electrochemical bath containing 4 μM Eu ions, then functionalized with noble metals. Such nano-microscale devices can be used for detecting hydrogen leakage in hydrogen cars or else. Obtained results clarify the importance of noble metal nanoparticles on oxide surface due to functionalization of nanomaterial in the fabrication of higher-sensitive and selective gas sensors at room temperature with reduced power consumption. The developed materials and sensor structures would provide a particular advantage in the fields of applied physics studies, safety and industrial uses.

MATHERIAL SYNTHESIS AND DEVICE STRUCTURES FABRICATION

ZnO:Eu nanowire-networks were grown onto Fluor-Tin Oxide films on glass substrates using an electrochemical deposition method, with ZnCl2 and KCl as precursors and different quantities of EuCl3 for doping (noted as Eu4 for 4 µM EuCl3), as described in Ref. [START_REF] Lupan | Nanosensors Based on a Single ZnO:Eu Nanowire for Hydrogen Gas Sensing[END_REF] . Using focused electron/ion beam instrument (FEI, Helios Nanolab), single ZnO:Eu nanowire was integrated into a device with two prepatterned electrodes, Si/SiO2 and quartz with Cr/Au pads as contact electrodes, as previously reported in Refs [START_REF] Lupan | Nanosensors Based on a Single ZnO:Eu Nanowire for Hydrogen Gas Sensing[END_REF][START_REF] Lupan | Versatile Growth of Freestanding Orthorhombic α-Molybdenum Trioxide Nano-and Microstructures by Rapid Thermal Processing for Gas Nanosensors[END_REF] . Afterwards surface functionalization with Pd nanoparticles was done, using a method described in Ref. [START_REF] Veziroglu | Nanoparticles Decorated TiO2 Film with Enhanced Photocatalytic and Self-Cleaning Properties[END_REF] , where a gas aggregation source (GAS) based on magnetron sputtering was used to prepare Pd nanoparticles in a ultra-high vacuum chamber. In order to determine the chemical composition of europium doped ZnO (ZnO:Eu) with different Eu doping concentrations and Pd nanoparticles presence on surface were investigated by X-ray photoelectron spectroscopy (XPS, Omicron Nano-Technology GmbH, Al-anode, 240W). All recorded spectra were charged referenced by calibrating the C-1s line of advantageous carbon at 285.0 eV [START_REF] Moulder | Handbook of Photoelectron Spectroscopy[END_REF] . For the analysis of XPS spectra the software CasaXPS (version 2.3.16) was used. Gas sensing studies were performed as reported before in Ref. [START_REF] Lupan | Nanosensors Based on a Single ZnO:Eu Nanowire for Hydrogen Gas Sensing[END_REF] .

RESULTS AND DISCUSSIONS

In Figure 1a In Figure 3b the presented dynamic response to 100 ppm hydrogen gas at 125 °C is presented. To the test repeatability, hydrogen gas was applied two times, observing a similar response value of ~3250. The response time represents the time needed for the nanosensor to reach 90% of maximum current after applying hydrogen gas. The recovery time represents the time needed by the nanosensor to reach 10% of the initial current after stopping the gas exposure [START_REF] Lupan | Nanosensors Based on a Single ZnO:Eu Nanowire for Hydrogen Gas Sensing[END_REF] . Response and recovery times from dynamic response at 125 °C were determined, observing a response time of ~1.3 s and a recovery time of ~1.6 s. By comparing the response value of Pd-functionalized ZnO:Eu nanowire nanosensor and nonfunctionalized ones with similar doping concentration, it was observed that the response value is much higher for the Pd-functionalized one with 4 µm Eu, than the ones with 3 and 5 µm Eu. Higher response was observed only for non-functionalized ZnO:Eu with 10 µm Eu, showing that we can use Pd nanoparticles to improve gas response even for lower doping concentration of Eu [START_REF] Lupan | Pd-Functionalized ZnO:Eu Columnar Films for Room-Temperature Hydrogen Gas Sensing: A Combined Experimental and Computational Approach[END_REF][START_REF] Lupan | Nanosensors Based on a Single ZnO:Eu Nanowire for Hydrogen Gas Sensing[END_REF] .

Pd is known as a hydrogen sensitizer. The higher response at temperatures above 100 °C for Pdfunctionalized ZnO:Eu nanosensor under hydrogen gas exposure, can be explained by the reduction of PdO nanoparticles to Pd, as in the following reaction 4 : 𝑃𝑑𝑂 + 𝐻 2(𝑔) → 𝑃𝑑 + 𝐻 2 𝑂 (𝑔) (2) During hydrogen gas exposure at temperatures higher than 100 °C, hydrogen molecules dissolve into the octahedral sites of metallic Pd, leading to formation of hybrid form of Pd (PdHxx), which has lower function than ZnO:Eu nanomaterial [START_REF] Lupan | Pd-Functionalized ZnO:Eu Columnar Films for Room-Temperature Hydrogen Gas Sensing: A Combined Experimental and Computational Approach[END_REF] . 
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CONCLUSIONS

In this work, we studied the influence of surface functionalizing ZnO:Eu nanosensors with Pd nanoparticles on morphological, chemical, electronic and sensing properties. From SEM investigations it was found, that the Pd nanodots on the ZnO:Eu nanowire have a diameter of ~12 nm. The XPS scans of ZnO:Eu and Pd-functionalized ZnO:Eu, confirmed the presence of Pd on the surface of the functionalized sensor. By testing the functionalized nanosensor to a series of gases at different operating temperatures, a high selectivity to hydrogen gas and a high response of ~3965 at 150 °C for 100 ppm hydrogen gas was observed. The nanosensor showed very fast response and recovery times of ~1.3 s and ~1.6 s, respectively. By comparing single nanowire-based ZnO:Eu and Pd-functionalized ZnO:Eu nanosensors with similar doping concentration of Eu nanowire, it was observed that the Pd-functionalized nanosensor has a much higher response for a lower doping concentration. These results can be used for further improvement of single nanowire ZnO:Eu nanosensors by the control of the synthesis parameters such as optimal doping concentration and Pd functionalization for better sensing properties. Obtained results prove the importance of nanowire oxide for improvement of hydrogen sensing characteristics to fabricate higher-performance sensors.

  SEM images of ZnO:Eu nanosensor are presented, which show a nanowire, functionalized with Pd nanoparticles. A length of ~2.2 µm and radius of ~100 nm was measured for nanowire. In Figure 1b a SEM image with a higher magnification of the ZnO:Eu nanosensor is presented, where Pd nanodots are observed. The diameter of the dots is ~12 nm and they are Please cite this paper as : C. Lupan, O. Lupan, M.-I. Terasa, J. Drewes, O. Polonskyi, F. Faupel, R. Adelung, S. Hansen, B. Viana, Th. Pauporté, H2 gas sensing properties of a Pd/ZnO:Eu nanosensor. Proc. SPIE, 12422 (2023) 124220P. https://doi.org/10.1117/12.2651116 uniformly distributed on the surface. The density of nanodots was controlled by the working parameters of the GAS.

Figure 1 .Figure 2 .

 12 Figure 1. SEM images of Pd nanoparticles-functionalized ZnO:Eu nanosensor: (a) scale 200 nm; and (b) at lower scale of 20 nm showing palladium nanodots on nanowire surface.A high-resolution XPS scan of Pd was performed and is shown in Figure2. For metallic Pd typically peak positions between 335.1 eV and 335.6 eV are reported, in contrast for Pd 2+ in PdO the peak position of the Pd-3d5/2 line is commonly reported to lie in an interval between 335.6 eV and 337.1 eV[START_REF] Rumble | The NIST X-ray Photoelectron Spectroscopy Database[END_REF][START_REF] Lupan | PdO/PdO2 Functionalized ZnO:::Pd Films for Lower Operating Temperature H2 Gas Sensing[END_REF] . Accordingly, the peak position of the Pd-3d5/2 line around 336.8 eV as observed in the Pd NP decorated ZnO sample is a strong indication for the presence of PdO rather than metallic Pd 10 . These results confirm deposited Pd nanoparticles on the surface.
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 31 Figure 3. (a) Gas response to a series of gases of Pd nanoparticles-functionalized ZnO:Eu nanowire at different operating temperature. (b) Dynamic response to 100 ppm hydrogen gas for Pd nanoparticles-functionalized ZnO:Eu nanowire measured at 125 °C. Gas response (S) was determined using ratio of current measured during gas exposure (Igas) and in air (Iair): 𝑆 = Igas Iair (1)
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 4 Figure 4. Comparison of gas response values for 100 ppm hydrogen gas at 150 °C operating temperature for ZnO:Eu nanosensors with different doping concentrations and nanosensor with ZnO:Eu Pd-functionalized on surface
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