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Abstract

:

Novel optical gas-sensing materials for Au nanoparticle (NP)-modified ZnO nanorod (NR) arrays were fabricated using hydrothermal synthesis and magnetron sputtering on Si substrates. The optical performance of ZnO NR can be strongly modulated by the annealing temperature and Au sputtering time. With exposure to trace quantities of oxygen, the ultraviolet (UV) emission of the photoluminescence (PL) spectra of Au/ZnO samples at ~390 nm showed a large variation in intensity. Based on this mechanism, ZnO NR based oxygen gas sensing via PL spectra variation demonstrated a wide linear detection range of 10–100%, a high response value, and a 1% oxygen content sensitivity detection limit at 225 °C. This outstanding optical oxygen-sensing performance can be attributed to the large surface area to volume ratio, high crystal quality, and high UV emission efficiency of the Au NP-modified ZnO NR arrays. Density functional theory (DFT) simulation results confirmed that after the Au NPs modified the surface of the ZnO NR, the charge at the interface changed, and the structure of Au/ZnO had the lowest adsorption energy for oxygen molecules. These results suggest that Au NP-modified ZnO NR are promising for high-performance optical gas-sensing applications.
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1. Introduction


Oxygen monitoring and quantification in gas mixtures and/or specific environments are of great significance in many fields, including life science and environmental quality, food storage, vacuum techniques, the automotive industry, the chemical industry, aerospace technology, and diving operations [1,2,3,4,5,6,7,8]. Real-time dynamic monitoring and quantification of oxygen over a wide range of concentrations is crucial for practical application. In recent decades, many researchers have conducted in-depth research to develop oxygen sensors [9,10,11,12,13,14]. Compared with the traditional electrical gas-sensing method, the photoluminescence (PL)-based optical gas-sensing method offers several distinct advantages, including good precision and accuracy, high sensitivity, good reversibility, non invasive measurement, no electrical contacts, ease of miniaturization, simple device fabrication, use in the presence of strong electromagnetic radiation, and remote operation [15,16,17,18]. Typical semiconductor oxide nanomaterials such as WO3 [19], TiO2 [20,21], ZnO [22,23], and SnO2 [24] have been successfully applied as PL-based gas-sensing materials due to their unique structure-related characteristics. In general, their sensing mechanism depends on the adsorption of gas releasing or capturing electrons from oxides, resulting in enhancement or quenching of the PL emission [19,25,26]. Although typical semiconductor oxides have low cost, controllable morphology, dopants, and good surface properties, the reported sensing response mechanism of oxides is limited in practical application [27,28,29,30]. Thus, it is of great scientific significance and application value to identify new PL-based gas-sensing oxides with significantly improved sensing capabilities.



ZnO is an n-type semiconductor with a large bandgap energy (3.37 eV), large exciton binding energy (0.06 eV), high chemical stability, excellent optical properties, non-toxicity, a low dielectric constant, and it is suitable for gas detection [31,32,33]. As one of the most promising optical gas-sensing materials, ZnO nanomaterials have controllable morphology, excellent near-band edge ultraviolet (UV) emission properties, high oxygen-adsorption capacity, and low-cost preparation methods [22,23]. Recently, extensive efforts have been devoted to the design and fabrication of ZnO-based optical gas sensors to increase their sensitivity [10,22,23]. It has been reported that ZnO nanomaterials can improve the UV-emission-based sensing performance of target gasses such as H2, O2, CO, H2S, and NO2 by controlling the morphology, crystal defects, doping, and surface modification [10,22,34,35,36,37,38,39]. However, many sensing performance issues remain unsatisfactorily resolved, such as low specific surface area, poor crystal quality, easy aggregation of sensing materials, deficient exposed active sites for target gases, insufficient UV emission efficiency, and surface inhomogeneity of sensing layers induced by preparation techniques. Thus, there is a need for a morphology- and structure-controllable, high-yield production method for ZnO nanomaterials with high UV emission intensities, and high UV emission-based optical gas sensors.



The electrical gas-sensing performance of ZnO and other oxides/hydroxides, such as CuO, SnO2, TiO2, and MoO3, can be considerably enhanced by Au nanoparticle (NP) modification [40,41,42,43,44]. Mechanistically, Au NPs are assumed to facilitate oxygen chemisorption on the oxide surface, enhancing gas-sensing properties [40,41,42]. Additionally, Au NPs have been shown to influence the structure, morphology, and particularly, the light emission properties of ZnO [45]. These findings have encouraged the investigation of Au NP-modified ZnO nanomaterials for potential optical gas sensor applications. More efforts are required to adequately engineer the role of Au NPs in enhancing gas-sensing performance, and to clarify the interrelation between the content, morphology, and structure of Au NPs, as well as the gas-sensing performance, which may offer guidance for the design of novel sensing materials.



The present work reports the growth of unique Au nanoparticle-modified ZnO NRs and provides insights into their likely formation mechanism. The preparation process (a) of Au/ZnO nanorod (NR) arrays on a Si substrate is shown in Figure 1. The PL properties of ZnO-based NR arrays with different annealing temperatures and Au sputtering times are investigated. Additionally, we explore the utility of these Au/ZnO NRs as PL-based sensors and their selectivity and sensitivity to oxygen detection. The results show that the intensity of the UV emission can be sensitively changed by oxygen adsorption, showing a high response, excellent selectivity, and high recoverability. In addition, the oxygen sensing mechanisms are analyzed in detail and further verified by density functional theory (DFT) simulation results.




2. Materials and Methods


2.1. Preparation of Au/ZnO NR Array Substrate


In this experiment, a ZnO seed layer was prepared on a Si substrate by magnetron sputtering. The silicon substrate was cleaned with acetone, oxygen, and deionized water. We started the mechanical pump and molecular pump to pump the vacuum to 3.0 × 10−3 Pa. At the same time, the heating system was turned on to heat the substrate to 400 °C. High-purity Ar gas at a flow rate of 40 sccm was introduced when the temperature stabilized. When the pressure in the chamber reached 5 Pa, the substrate was covered with a baffle, and the surface of the ZnO target was reduced with a radio frequency power of 90 W. High-purity O2 gas with a flow rate of 10 sccm was introduced. The substrate holder rotated to deposit the ZnO seed layer for 10 min when the baffle was opened. The distance between the targets and the substrate was 7 cm.



The water-bath growth process of ZnO NR arrays on the seed layer is described as follows. First, 50 mL of zinc nitrate and hexamethylenetetramine solutions with equal molar concentrations (0.1 M) were sealed in a reaction flask with a capacity of 100 mL. We placed them into a thermostatic water bath for 20 min at 90 °C. The Si substrate with the ZnO seed layer was placed into the mixed solution, and the temperature was maintained at 90 °C for 3 h in a sealed reaction flask. The prepared substrate was placed on a slide and washed with oxygen and ultrapure water. The samples were dehydrated and dried under moderate nitrogen flow.



Au NPs were deposited on the ZnO NR array substrate by radio frequency magnetron sputtering. The target was replaced with an Au target, and the ZnO NR array substrate was fixed on the substrate frame. The ZnO NR array substrates were sputtered with Au nanoparticles on a rotated substrate frame for 10 s, 30 s, 50 s, 70 s, and 90 s at a certain angle.




2.2. Material Characterization and Optical Gas-Sensing Measurements


The morphology and structure of the Au/ZnO samples were performed by scanning electron microscopy (SEM, JEOL 6700F) equipped with X-ray energy dispersive spectroscopy (EDS). The microstructural characteristics of Au/ZnO samples were investigated by transmission electron microscopy (TEM, TECNAI G2 F30 S-Twin). The crystalline phase of the Au/ZnO samples were identified using X-ray diffraction (XRD), using Cu Kα radiation at 40 kV in the range of 20–60°. The radiation source was a 150 W ozone free Xe lamp equipped with a 325 nm narrow band filter, a 2 nm full-width at half-maximum, and a transmission that was greater than 75% at 325 nm. Under the excitation of 325-nm, PL spectra and the ‘kinetics’ mode of the UV emission intensity were measured using a spectrofluorometer (HORIBA, Fluoromax-4) equipped with a 2L vacuum chamber.



A temperature controller system was used to precisely tune the sample temperature. Oxygen and nitrogen were introduced into an air chamber through an air mixing system. A mechanical pump was used to discharge gas into the air chamber. On the one hand, the optical gas-sensing test system can collect the typical PL spectra of samples with different oxygen content. On the other hand, it can also use the “dynamics” mode of fluorescence spectrophotometer to provide real-time information of PL-based gas sensing by monitoring the intensity of UV emission at any wavelength, and the time resolution of spectrum collection is 0.1s. The oxygen-sensing response of the samples at any temperature was defined as R = (Ioxygen − Initrogen)/Initrogen, where Ioxygen and Initrogen are the maximum values of the UV emission intensity measured in oxygen and air atmospheres, respectively.




2.3. Material Models and DFT Simulation


We selected O2 molecules as the adsorption models and the (002) surface of ZnO and the (002) surface of Au/ZnO as the adsorption interface to study the adsorption mechanism. In the Au/ZnO model, the most stable configuration was that of Au on the surface of ZnO nanorods. A ZnO supercell (4 × 4 × 2) was used. Different adsorption sites and configurations of Au (111) and Au (200) were examined; the most stable Au/ZnO surface was derived from an orientation of Au that was approximately parallel to the surface.



We used density functional theory (DFT) to conduct the first principal calculation using VASP (Vienna Ab-initio Simulation Package) software. In this study, the interaction between the valence electrons and ion nuclei was projected as an extended wave. Perdew–Burk–Ernzerhof (PBE) under the general gradient approximation (GGA) was used to manage the exchange correlation energy between electrons. The plane-wave truncation energy was set to 400 eV, and point K in the Brillouin zone was set to 3 × 3 × 1. To avoid interaction between the layers, we set a vacuum layer of 15 Å. The van der Waals interaction in the calculation was approximated using the DFT–D3 method. When the structure is optimized, the lattice parameters and atomic positions of the structure are relaxed; the energy convergence accuracy is 1 × 10−5 eV, and the convergence precision of the force applied to each atom is 0.01 eV/Å. The adsorption energy is expressed as


   E  ads   =  E  total   −  E  slab   −  E   o 2     



(1)




where    E  total     is the total energy of the system;    E  slab     is the base energy, and    E   o 2      is the energy of adsorbed oxygen. The differential charge density is expressed as


   ρ  diff   =  ρ  total   −  ρ  slab   −  ρ   o 2     



(2)




where    ρ  total     is the total charge density of the system;    ρ  slab     is the base charge density, and    ρ   o 2      is the charge density of adsorbed oxygen.





3. Results and Discussion


3.1. Morphology and Structure of Au/ZnO NR Samples


The morphologies and structures of the Au/ZnO NR samples synthesized at different Au sputtering times were characterized by SEM. Figure 2a–c presents top-view SEM images of Au/ZnO NR with Au sputtering times of 0 s, 50 s, and 90 s, respectively. The ZnO NR array samples exhibited an obvious hexagonal prism morphology with an average diameter (d) of ~100 nm and excellent c-axis-preferred orientation. When the Au sputtering time was increased to 90 s, there were more Au NPs on the top and upper parts of the ZnO NR array. As shown in Figure 2d–f, the ZnO NR arrays grew perpendicular to the Si substrate and had an excellent c-axis-preferred orientation. The height of the ZnO NR array was approximately 1 µm. In contrast, an increasing number of Au NPs gathered on the top and profile of ZnO NR with increased Au sputtering time. As shown in Figure 2f, a large number of Au particles were stacked on top of the ZnO NR sample, which exhibited a hemispherical shape. After considering the Au sputtering time and morphology of the nanorods, ZnO NR array substrates were chosen for subsequent characterization experiments.



As shown in Figure 2g–i, the EDS spectra used to analyze the elemental composition of the Au/ZnO NR array substrates confirmed that Zn, O, Au, and Si were the main elements in these samples, and the Zn:O ratio was close to 1:1. Significantly, the atomic content of oxygen atoms was lower than that of zinc atoms, which indicates that there were many oxygen defects in these samples. The defects in oxygen species were mainly caused by the hydrothermal growth of ZnO NR. In addition, as the Au sputtering time increased, the content of Au atoms gradually increased, indicating that increasing the sputtering time could cause the nanorods to load more Au NPs and regulate their distribution on the surface of ZnO NR array samples.



To further understand the morphology and crystal structure of the Au/ZnO nanorods, TEM measurements revealed that the Au/ZnO NR samples comprised a shell core structure of Au-coated ZnO nanorods with an average size of ~100 nm (Figure 3a). The crystal structures of the ZnO NR and Au/ZnO NR samples were further characterized using XRD. As shown in Figure 3b, the XRD patterns of the ZnO NR and Au/ZnO NR samples with a 50-s Au sputtering time show diffraction peaks that can be indexed to the (002) planes corresponding to the ZnO hexagonal phase crystal structure, with no diffraction peaks of any impurity phases detected. When the Au sputtering time reached 90 s, diffraction peaks of the Au (111) and (200) planes appeared in the XRD patterns. The TEM and XRD data confirmed that the synthesized ZnO NR samples possessed good crystalline quality.




3.2. Optical Properties of Au/ZnO NR Samples


The PL spectra of the ZnO NR arrays and Au/ZnO NR array samples measured in air at room temperature are shown in Figure 4 and Figure 5. The intrinsic optical characteristics of the ZnO NR samples were analyzed by PL measurements to investigate the native structural defects of the ZnO NR and Au/ZnO NR nanostructures. The PL spectra peaks centered at ~390 nm in the UV emission region originate from the intrinsic band-to-band transition emission, and the visible-band emission of the ZnO NR sample is dominated by an oxygen-deficiency-related component [22,23]. The ZnO NR samples prepared by the hydrothermal method contained more hydroxyl, oxygen vacancies, oxygen enrichment, and other defects in the interior and on the surface, which increased the peak intensity of visible components in the PL spectrum [22,23]. The main objective of this work was to use the ultraviolet component in the PL spectrum of the ZnO NR samples as the monitoring object for gas-sensing measurements. The crystal quality of the gas-sensing material must be improved, with fewer structure-related defects for an excellent response. Thus, the original ZnO NR array prepared using the hydrothermal method was annealed. As shown in Figure 4 when ZnO NR samples with different annealing temperatures (300 °C, 500 °C, 700 °C in Ar atmosphere) were excited at 325 nm, the ratio of the peak intensities of the UV emission and visible band (IUV/Ivisible) from the high-temperature annealed ZnO sample was much larger than that of the unannealed ZnO sample, implying that the annealed ZnO sample had a higher crystalline quality, and thus, a higher UV emission efficiency luminescence peak intensity. It is worth noting that the ~570 nm peak at the unannealed PL spectrum will cause a blue shift to ~500 nm when the annealing temperature increases. This can be attributed to the oxygen-rich related bulk defects and surface-related defects (~570 nm peak) decreasing, while the defects related to oxygen vacancy (~500 nm peak) increase when the ZnO samples are annealed at a high temperature in Ar atmosphere.



To explore the effect of the PL characteristics of Au NPs, ZnO NR arrays were sputtered with Au for different times (0–90 s). As shown in Figure 5, the intensity of the UV emission peak first increases and then decreases with increasing Au sputtering time. The ZnO NR array sample annealed at 700 °C had the best luminous characteristics when the NR surfaces were modified Au NPs with a sputtering time of approximately 50 s (maximum UV peak intensity and maximum IUV/Ivisible). It can be understood that the defect-state electron concentration of the sample annealed at 700 °C is much lower than that of samples annealed in other conditions. If we continue to increase the sputtering time of Au NPs, the luminescence characteristics of the UV emission decrease, mainly because the exciton concentration can be increased by transferring the electron conduction band of the defective energy level through the surface plasma effect to improve the luminescence characteristics when the ZnO sample surfaces are modified by Au NPs. [46] In addition, a part of the ZnO NR surface is covered by Au NPs, which reduces the area of stimulated luminescence. The surface-attached Au NPs also reflected and absorbed the luminescence of the samples, which decreased their luminescence characteristics. These two mechanisms affect the luminescence characteristics of Au/ZnO NR samples.




3.3. Gas-Sensing Properties of Au/ZnO NR Sample


Temperature (T) affects the PL intensity of the Au/ZnO NRs and their gas-sensing characteristics. When the temperature rises, the target gas receives more energy; the surface defect activity of the sample is improved, and the concentration of the gas adsorption site is increased, which contributes to improving the reaction sensitivity of the sample to detect gas and effectively shortens its adsorption and desorption times [47,48,49]. PL spectra of the Au/ZnO NR samples were measured in a 20% oxygen atmosphere at different temperatures (T). Figure 6a shows the T-dependence of response (R) for Au/ZnO NR samples from T = 100 °C to T = 300 °C. The R increases up to ~225 °C, but decreases thereafter; the largest R value is approximately 36%. This behavior can be ascribed to the adsorption of water-related species and surface reactions. Considering IUV and R, 225 °C was selected as the optimal working temperature for subsequent gas-sensing experiments. The oxygen-sensing performance of the Au/ZnO NR samples was evaluated by measuring their PL in pure nitrogen, pure oxygen, and in atmospheres with different contents of nitrogen and oxygen. The PL measurements in Figure 6b at optimal working temperatures show that the IUV emission peak intensity of the Au/ZnO NR samples significantly decreased as pure oxygen was added to the detection cavity. The R value reached approximately 50% in a 100% oxygen atmosphere.



The dynamic IUV (~390 nm) response of the Au/ZnO NR samples to oxygen at T = 225 °C was investigated by varying the oxygen content mixed with nitrogen from 10% to 100%. As shown in Figure 6c, IUV decreases with increasing oxygen content and yields an easily measurable response at a low oxygen gas content of 10%. Figure 6d shows that the response of the oxygen content in the 10–100% range has a good linear relationship of y = 0.172x + 29.473, which can be reasonably used to measure a wide range of oxygen concentrations under normal pressure.



In order to evaluate the sensitivity, detection limit, and response time of the Au/ZnO NR sample, the dynamic I390 response of the Au/ZnO NR sample to oxygen at T = 225 °C and P = 1 bar was investigated by changing the oxygen gas content in nitrogen from 1 to 5%. As Figure 7 shows, I390 decreases with an oxygen gas content increase and yields a clearly measurable response even at a low oxygen gas content of 1%. The response values R of 1%, 2%, and 5% oxygen content are 5.8, 10.7, and 14.2, respectively. The measured response and recovery times of the Au/ZnO NR sample are 2 and 3 min with gas concentrations of 2% oxygen content, respectively. These experimental data confirm the good stability, sensitivity, recoverability, and reproducibility of oxygen sensing, and illustrate the potential of Au/ZnO NR samples as an optical oxygen sensor.



In addition, selectivity is very important for gas sensors in practical applications. The responses of 10% H2O, CH4, NO2, CO2, H2, NH3, and O2 gasses were investigated by the same test method, as shown in Figure 8a. Except for O2 gas (R = 31.1%), the responses of these gases were less than 5%, indicating that this O2 gas sensor has very good selectivity. The long-term stability of the Au/ZnO NRs sensor towards 10%, 20%, and 40% oxygen in nitrogen gas was studied at an optimal working temperature. As shown in Figure 8b, the response value of the Au/ZnO NRs sensor has no distinct changes in 30 days, revealing excellent stability. These data further confirm the good reproducibility and selectivity of the O2 gas sensing and illustrate the promise of the Au/ZnO NRs samples as an optical oxygen sensor.



In order to visually demonstrate the high response of our O2 sensor, in Table 1 we summarize the oxygen-sensing performance of different sensitive materials. Different oxygen-sensing methods and the obtained sensing performance are compared in detail. Optical gas sensing is the most effective and widely used method to detect oxygen at present. Nanostructures of ZnO possess a much wider detection range, a low detection limit, good long-term stability, and better gas-sensing performance. Therefore, we will further improve the performance of gas sensors through the doped and surface modification of ZnO NRs sample.




3.4. Gas-Sensing Mechanism of Au/ZnO Sensors


It can be seen from Figure 9 that the modification of Au NPs on the surface of ZnO NRs results in the formation of a typical metal semiconductor Schottky barrier between Au and ZnO. Since ZnO (4.4 eV) is significantly smaller than the work function of Au (5.1 eV), more electrons are transferred from ZnO NRs to Au NPs until the Fermi level reaches equilibrium [50,51,52]. In Figure 9a,b, the Au/ZnO NR sensor diagram illustrates a mechanism for the outstanding gas-sensing capability of Au/ZnO NR samples. Several groups have suggested that the formation of adsorbed oxygen species such as O2−, O−, and O2− leads to an electron depletion layer at the Au NPs, ZnO NR surface, and Au/ZnO NR interface [22,53,54]. Thus, the thickness of the electron depletion layer increases with increasing oxygen content. O− and O2− ions are the dominant adsorbed oxygen species on the material surface [50,51,52,53,54]; oxygen sensing by the Au/ZnO NR sample is illustrated in Figure 6b. Based on the research, the reaction mechanism can be depicted by the following equations:
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According to the literature, the expansion or contraction of the electron depletion layer on the surface of ZnO is attributed to the adsorption/desorption of oxygen species in the environment, which can capture or release electrons [47,48,49,50]. Since the depletion layer has a great influence on the visible emission of ZnO and has little contribution to the UV emission, the UV emission intensity mainly depends on the volume of the “non depletion” area below the depletion layer. Therefore, the response of the oxygen sensor based on I390 mainly depends on the surface and interface conditions of ZnO-based nanomaterials. Based on this sensing mechanism, possible reasons for the superior oxygen-sensing performance of Au/ZnO NR samples include: (1) Au/ZnO NR samples have a much larger surface area to volume (S/V) ratio (Figure 2); (2) the Au NPs and Au/ZnO NR interface introduce additional active sites on the sample surface that facilitate oxygen adsorption [49,50,51,52]; (3) under 325-nm UV light excitation, Au NPs provide an effective channel for electron transfer on the interface of Au/ZnO NRs and accelerate the reaction when the sample is exposed to an oxygen atmosphere. In addition, the appropriate coordination structure of Au NPs on the ZnO surface for oxygen gas molecules is a vital factor for enhancing the response and selectivity of composite sensors to oxygen [50,51,52]. The high-temperature annealed PL data indicate that the Au/ZnO NR samples have a higher crystalline quality, and thus, a higher UV emission efficiency. High UV emission efficiency and emission intensity are crucial for high-performance optical-based gas sensing because sensing depends on accurate measurement of emission intensity variation. Controlling the content and morphology of Au NPs can help improve the optical oxygen-sensing properties of ZnO NR samples.



To further confirm the gas-sensing mechanism, DFT calculations were performed using Material Studio software. The analysis and calculation of the model geometry and energy parameters theoretically verified the increase in the sensitivity of oxygen molecules after Au NP modification of ZnO NRs. In DFT simulations, the ZnO (002) surface is often studied as one of the most stable surfaces [55,56,57]. The optimized configurations before and after O2 molecule adsorption on the Au/ZnO surface are shown in Figure 10a,b. Figure 10b shows the optimized Au/ZnO configurations after adsorbing oxygen molecules. Green and yellow indicate the effective negative and positive charges, respectively. As shown in Figure 10b, the charge transfer occurs in the contact area. The increase in the green contact area near adsorbed oxygen molecules indicates that many electrons are transferred from ZnO and Au to oxygen molecules, which indicates that there is a strong interaction between them [56,57,58]. DFT simulation results showed that the atomic position at the surface and interface significantly changed after the adsorption of oxygen molecules, indicating that Au NPs successfully modified ZnO and changed the charge density on the material surface and interface.



The optimized configurations of O2 molecule adsorption on the Au (200), Au (111), ZnO (002), and Au/ZnO surfaces are shown in Figure 10 and Figure 11. The adsorption energies of the optimal configurations are presented in Table 2. It is observed that oxygen can be adsorbed on clean ZnO, Au, and Au/ZnO surfaces. ZnO, Au, and Au/ZnO materials easily adsorb oxygen; ZnO has the best adsorption effect on oxygen. It is known that a larger surface area implies a greater adsorption capacity, originating from high-density ZnO NR arrays with excellent c-axis orientation. In reality, the adsorption surface area decreases with increasing amounts of adsorbate. Thus, the Au/ZnO composite structure can easily adsorb oxygen molecules.



To conduct an in-depth and systematic study of the electronic structure characteristics of O2 molecules before and after adsorption on clean ZnO, Au, and Au/ZnO surfaces, the total state density (TDOS) and partial state density (PDOS) plots of the ZnO, Au, and Au/ZnO adsorption systems were investigated. The TDOS and PDOS images before and after adsorption of O2 molecules in the optimal configurations are shown in Figure 12a–d. Compared with the ZnO adsorption system, the TDOS diagram shows that the electron density of the Au/ZnO adsorption system is significantly enhanced at −4.5 eV, −4.17 eV, −3.0 eV, −1.5 eV, −1.27 eV, −0.36 eV, and 0.08 eV, mainly due to the influence of the Au-5d and Zn-3d orbitals (Figure 12a,b). As shown in Figure 12c,d, the TDOS of Au/ZnO significantly decreased near −4.5 eV and −3 eV after O2 molecule adsorption due to strong hybridization between oxygen and Au-ZnO. Interaction of the Au-5d, Zn-3d, and O-2p orbitals occurred via overlap near −4.5 eV, −4.17 eV, −3.0 eV, −1.5 eV, −1.27 eV, −0.36 eV, and 0.08 eV in PDOS. These results show that surface modification of Au NPs and adsorption of oxygen on the Au/ZnO surface can transfer the charge at the surface and interface, resulting in good gas-sensing properties. These DFT simulation results are consistent with our gas sensitivity test results.





4. Conclusions and Future Work


Novel optical gas-sensing materials for Au NP-modified ZnO NR arrays were fabricated by hydrothermal synthesis and magnetron sputtering. Such gas sensors have excellent optical oxygen-sensing properties at 225 °C, with a demonstrated response reaching ~55% and a wide linear detection range of oxygen content from 10% to 100%. The proposed oxygen-sensing strategy can be used in the promotion of life sciences and environmental quality, as well as automotive, chemical, and aerospace technology. Through DFT simulations, we verified that oxygen was adsorbed on the Au/ZnO surface and interface, which was the main cause of enhanced sensing properties. This study provides a demonstration of a dynamic PL-based oxygen gas sensor and suggests a method using PL spectroscopy to study the optical properties of Au NPs-modified ZnO NRs. This work provides a highly sensitive, very promising, low-cost approach for gas sensing. At the same time, this work also lays a foundation for the development of metal-sensitized semiconductor oxides in the research and development of gas sensor electronic devices.



Over time, the role of gas sensors has become more and more important. Experts from all fields, from engineering to materials science, are studying metal oxide gas sensors. In the future, the design and fabrication of a flexible substrate, complex gas environment detection, remote detection, and multi-target integrated gas sensor chips will become an increasingly key research direction for gas sensors. Room temperature, remote, fast response, multi-target real-time monitoring, and special test environments are still major challenges for gas sensors. Optical gas sensors have unique advantages in the field of remote detection. The construction of n-n, n-p, and metal-sensitized semiconductor heterostructures and complex multi-dimensional structure-sensing composites is crucial to solve the problem of highly sensitive gas monitoring under special environmental conditions. It is an important means to improve the sensitivity and selectivity of gas sensors to modify semiconductor oxides by precisely controlling the morphology and structure of noble metals. The combined geometry of Au, ZnO has offered more active sites for O2 adsorption, attributed to the formation of a Schottky contact between the Au–ZnO. The Au can act as an electron sink, which extracts electrons from the conduction band of the ZnO and facilitates the electron transfer. Therefore, designing and constructing reasonable band structure models and surface models of gas sensors is one of the most effective ways to improve gas-sensing performance.







Author Contributions


Conceptualization, J.Y.; methodology, D.W.; software, T.Z.; validation, J.H.; formal analysis, M.Z.; investigation, M.Z.; resources, M.Z.; data curation, J.Y.; writing—original draft preparation, B.D.; writing—review and editing, B.D.; visualization, D.W.; supervision, M.Z.; project administration, B.D.; funding acquisition, B.D. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the National Natural Science Foundation of China (Grant Nos. 52073074 and 51772066).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Acknowledgments


The authors would like to acknowledge Ye Sun for providing some of the equipment used during the experiments. The authors acknowledge the scientific assistance of Pan Gao (Size analysis and SEM images acquisition). The authors would like to thank Naikun Sun, School of Science, Shenyang Ligong University, for her helpful advice on the theoretical issues examined in this paper.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Kalantar-Zadeh, K.; Berean, K.J.; Ha, N.; Chrimes, A.F.; Xu, K.; Grando, D.; Zhen, J.; Pillai, N.; Campbell, J.L.; Brkljača, R.; et al. A human pilot trial of ingestible electronic capsules capable of sensing different gases in the gut. Nat. Electron. 2018, 1, 79–87. [Google Scholar] [CrossRef]

	



Liu, H.C.; Pan, G.C.; Yang, Z.Q.; Wen, Y.T.; Zhang, X.Y.; Zhang, S.T.; Li, W.J.; Yang, B. Dual-emission of fluorescence and room-temperature phosphorescence for ratiometric and colorimetric oxygen sensing and detection based on dispersion of pure organic thianthrene dimer in polymer host. Adv. Optical Mater. 2022, 10, 2102814. [Google Scholar] [CrossRef]

	



Dong, X.Y.; Si, Y.B.; Yang, J.S.; Zhang, C.; Han, Z.; Luo, P.; Wang, Z.Y.; Zang, S.Q.; Mak, T.C.W. Ligand engineering to achieve enhanced ratiometric oxygen sensing in a silver cluster-based metal-organic framework. Nat. Commun. 2020, 11, 3678. [Google Scholar] [CrossRef]

	



Roussakis, E.; Li, Z.X.; Nichols, A.J.; Evans, C.L. Oxygen-sensing methods in biomedicine from the macroscale to the microscale. Angew. Chem. Int. Ed. 2015, 54, 8340–8362. [Google Scholar] [CrossRef]

	



Chakraborty, A.A.; Laukka, T.; Myllykoski, M.; Ringel, A.E.; Booker, M.A.; Tolstorukov, M.Y.; Meng, Y.J.; Meier, S.R.; Jennings, R.B.; Creech, A.L.; et al. Histone demethylase KDM6A directly senses oxygen to control chromatin and cell fate. Science 2019, 363, 1217–1222. [Google Scholar] [CrossRef]

	



Liang, Y.N.; Wu, Z.X.; Wei, Y.M.; Ding, Q.L.; Zilberman, M.; Tao, K.; Xie, X.; Wu, J. Self-healing; self-adhesive and stable organohydrogel-based stretchable oxygen sensor with high performance at room temperature. Nano-Micro Lett. 2022, 14, 52–71. [Google Scholar] [CrossRef]

	



Papkovsky, D.B.; Dmitriev, R.I. Biological detection by optical oxygen sensing. Chem. Soc. Rev. 2013, 42, 8700–8732. [Google Scholar] [CrossRef]

	



Arunraja, L.; Thirumoorthy, P.; Karthik, A.; Rajendran, V.; Edwinpaul, L. EDTA-decorated nanostructured ZnO/CdS thin films for oxygen gas sensing applications. J. Electron. Mater. 2016, 45, 4100–4107. [Google Scholar] [CrossRef]

	



Zheng, X.C.; Wang, X.; Mao, H.; Wu, W.; Liu, B.R.; Jiang, X.Q. Hypoxia-specific ultrasensitive detection of tumours and cancer cells in vivo. Nat. Commun. 2015, 6, 5834–5846. [Google Scholar] [CrossRef]

	



Yadav, K.; Gahlaut, S.K.; Mehta, B.R.; Singh, J.P. Photoluminescence based H2 and O2 gas sensing by ZnO nanowires. Appl. Phys. Lett. 2016, 108, 071602. [Google Scholar] [CrossRef]

	



Kraker, E.; Haase, A.; Lamprecht, B.; Jakopic, G. Integrated organic electronic based optochemical sensors using polarization filters. Appl. Phys. Lett. 2008, 92, 033302. [Google Scholar] [CrossRef]

	



Xu, R.Y.; Wang, Y.F.; Duan, X.P.; Lu, K.D.; Micheroni, D.; Hu, A.; Lin, W.B. Nanoscale metal–organic frameworks for ratiometric oxygen sensing in live cells. J. Am. Chem. Soc. 2016, 138, 2158–2161. [Google Scholar] [CrossRef]

	



Kalyuzhner, Z.; Agdarov, S.; Bennett, A.; Beiderman, Y.; Zalevsky, Z. Remote photonic sensing of blood oxygen saturation via tracking of anomalies in micro-saccades patterns. Opt. Express 2021, 29, 3386–3394. [Google Scholar] [CrossRef]

	



Lim, C.J.; Park, J.W. Wearable transcutaneous oxygen sensor for health monitoring. Sensor. Actuat. A Phys. 2019, 298, 111607. [Google Scholar] [CrossRef]

	



Wang, X.D.; Wolfbeis, O.S. Optical methods for sensing and imaging oxygen: Materials; spectroscopies and applications. Chem. Soc. Rev. 2014, 43, 3666. [Google Scholar] [CrossRef]

	



Lin, R.B.; Liu, S.Y.; Ye, J.W.; Li, X.Y.; Zhang, J.P. Photoluminescent metal–organic frameworks for gas sensing. Adv. Sci. 2016, 3, 1500434. [Google Scholar] [CrossRef]

	



Lew, T.T.S.; Koman, V.B.; Silmore, K.S.; Seo, J.S.; Gordiichuk, P.; Kwak, S.Y.; Park, M.; Ang, M.C.Y.; Khong, D.T.; Lee, M.A.; et al. Real-time detection of wound-induced H2O2 signalling waves in plants with optical nanosensors. Nat. Plants 2020, 6, 404–415. [Google Scholar] [CrossRef]

	



Tang, W.; Sun, Y.; Wang, S.C.; Du, B.S.; Yin, Y.Q.; Liu, X.; Yang, B.; Cao, W.W.; Yu, M. Pr3+-Doped (K0.5Na0.5)NbO3 as a high response optical oxygen sensing agent. J. Mater. Chem. C 2016, 4, 11508. [Google Scholar] [CrossRef]

	



Du, B.S.; Zheng, Y.Z.; Ye, J.F.; Wang, D.K.; Mao, C.T.; Sun, N.K. Photoluminescence-based sensing of ethanol gas with ultrafine WO3 nanorods. Opt. Lett. 2022, 47, 1145–1148. [Google Scholar] [CrossRef]

	



Bai, J.; Zhou, B.X. Titanium dioxide nanomaterials for sensor applications. Chem. Rev. 2014, 114, 10131–10176. [Google Scholar] [CrossRef]

	



Alfè, M.; Gargiulo, V.; Amati, M.; Maraloiu, V.A.; Maddalena, P.; Lettieri, S. Mesoporous TiO2 from metal-organic frameworks for photoluminescence-based optical sensing of oxygen. Catalysts 2021, 11, 795. [Google Scholar] [CrossRef]

	



Jiang, T.T.; Du, B.S.; Zhang, H.; Yu, D.F.; Sun, L.; Zhao, G.Y.; Yang, C.H.; Sun, Y.; Yu, M.; Ashfold, M.N.R. High-performance photoluminescence-based oxygen sensing with Pr-modified ZnO nanofibers. Appl. Surf. Sci. 2019, 483, 922–928. [Google Scholar] [CrossRef]

	



Liu, X.; Du, B.S.; Sun, Y.; Yu, M.; Yin, Y.Q.; Tang, W.; Chen, C.; Sun, L.; Yang, B.; Cao, W.W.; et al. Sensitive room temperature photoluminescence-based sensing of H2S with novel CuO-ZnO nanorods. ACS Appl. Mater. Interfaces 2016, 8, 16379–16385. [Google Scholar] [CrossRef]

	



Lettieri, S.; Setaro, A.; Baratto, C.; Comini, E.; Faglia, G.; Sberveglieri, G.; Maddalena, P. On the mechanism of photoluminescence quenching in tin dioxide nanowires by NO2 adsorption. New J. Phys. 2008, 10, 043013. [Google Scholar] [CrossRef]

	



Sailor, M.J.; Wu, E.C. Photoluminescence-based sensing with porous silicon films, microparticles, and nanoparticles. Adv. Funct. Mater. 2009, 19, 3195–3280. [Google Scholar] [CrossRef]

	



Nalwa, K.S.; Cai, Y.K.; Thoeming, A.L.; Shinar, J.; Shinar, R.; Chaudhary, S. Polythiophene-fullerene based photodetectors: Tuning of spectral response and application in photoluminescence based (Bio)chemical sensors. Adv. Mater. 2010, 22, 4157–4161. [Google Scholar] [CrossRef]

	



Alenezi, M.R.; Henley, S.J.; Emerson, N.G.; Silva, S.R.P. From 1D and 2D ZnO nanostructures to 3D hierarchical structures with enhanced gas sensing properties. Nanoscale 2014, 6, 235–247. [Google Scholar] [CrossRef]

	



Agarwal, S.; Rai, P.; Gatell, E.N.; Llobet, E.; Güell, F.; Kumar, M.; Awasthi, K. Gas sensing properties of ZnO nanostructures (flowers/rods) synthesized by hydrothermal method. Sens. Actuators B Chem. 2019, 292, 24–31. [Google Scholar] [CrossRef]

	



Xu, Y.S.; Zheng, L.L.; Yang, C.; Zheng, W.; Liu, X.H.; Zhang, J. Oxygen vacancies enabled porous SnO2 thin films for highly sensitive detection of triethylamine at room temperature. ACS Appl. Mater. Interfaces 2020, 12, 20707–20713. [Google Scholar] [CrossRef]

	



Wang, X.; Wang, T.K.; Si, G.K.; Li, Y.; Zhang, S.W.; Deng, X.L.; Xu, X.J. Oxygen vacancy defects engineering on Ce-doped α-Fe2O3 gas sensor for reducing gases. Sens. Actuators B Chem. 2020, 302, 127165. [Google Scholar] [CrossRef]

	



Qu, X.; Yang, R.; Tong, F.; Zhao, Y.; Wang, M.H. Hierarchical ZnO microstructures decorated with Au nanoparticles for enhanced gas sensing and photocatalytic properties. Powder Technol. 2018, 330, 259–265. [Google Scholar] [CrossRef]

	



Liu, R.C.; Xie, D.C.; Adedokun, G.; Xue, F.; Xu, L.; Wu, F. A low power bridge-type gas sensor with enhanced sensitivity to oxygen by sandwiched ZnO/Au/ZnO film sputtered in O2 atmosphere. IEEE Sens. J. 2021, 21, 18578–18587. [Google Scholar] [CrossRef]

	



Du, B.S.; Tang, C.C.; Zhao, D.; Zhang, H.; Yu, D.F.; Yu, M.; Balram, K.C.; Gersen, H.; Yang, B.; Cao, W.W.; et al. Diameter-optimized high-order waveguide nanorods for fluorescence enhancement applied in ultrasensitive bioassays. Nanoscale 2019, 11, 14322–14329. [Google Scholar] [CrossRef]

	



Tan, S.T.; Tan, C.H.; Chong, W.Y.; Chi, C.Y.; Umar, A.A.; Ginting, R.T.; Lee, H.B.; Lim, K.S.M.Y.; Salleh, M.M. Microwave-assisted hydrolysis preparation of highly crystalline ZnO nanorod array for room temperature photoluminescence-based CO gas sensor. Sens. Actuators B 2016, 227, 304–312. [Google Scholar]

	



Liu, X.; Sun, Y.; Yu, M.; Yin, Y.; Yang, B.; Cao, W.W.; Ashfold, M.N.R. Incident fluence dependent morphologies; photoluminescence and optical oxygen sensing properties of ZnO nanorods grown by pulsed laser deposition. J. Mater. Chem. C 2015, 3, 2557–2562. [Google Scholar] [CrossRef]

	



Valerini, D.; Cretì, A.; Caricato, A.P.; Lomascolo, M.; Rella, R.; Martino, M. Optical gas sensing through nanostructured ZnO films with different morphologies. Sens. Actuators B 2010, 145, 167–173. [Google Scholar] [CrossRef]

	



Madel, M.; Jakob, J.; Huber, F.; Neuschl, B.; Bauer, S.; Xie, Y.; Tischer, I.; Thonke, K. Optical gas sensing by micro-photoluminescence on multiple and single ZnO nanowires. Phys. Status Solidi 2015, 212, 1810–1816. [Google Scholar] [CrossRef]

	



Cretì, A.; Valerini, D.; Taurino, A.; Quaranta, F.; Lomascolo, M.; Rella, R. Photoluminescence quenching processes by NO2 adsorption in ZnO nanostructured films. J. Appl. Phys. 2012, 111, 073520. [Google Scholar] [CrossRef]

	



Aad, R.; Simic, V.; Le, C.L.; Rocha, L.; Sallet, V.; Sartel, C.; Lusson, A.; Couteaua, C.; Lerondel, G. ZnO nanowires as effective luminescent sensing materials for nitroaromatic derivatives. Nanoscale 2013, 5, 9176–9180. [Google Scholar] [CrossRef]

	



Lei, M.L.; Gao, M.Q.; Yang, X.Y.; Zou, Y.D.; Alghamdi, A.; Ren, Y.; Deng, Y.H. Size-controlled Au nanoparticles incorporating mesoporous ZnO for sensitive oxygen sensing. ACS Appl. Mater. Interfaces 2021, 13, 51933–51944. [Google Scholar] [CrossRef]

	



Xue, D.P.; Zhang, Z.Y.; Wang, Y. Enhanced methane sensing performance of SnO2 nanoflowers based sensors decorated with Au nanoparticles. Mater. Chem. Phys. 2019, 237, 121864. [Google Scholar] [CrossRef]

	



Liu, H.Y.; Yang, W.; Wang, M.X.; Xiao, L.; Liu, S.T. Fabrication of lotus-like Au@TiO2 nanocomposites with enhanced gas-sensing properties. Sens. Actuators B Chem. 2016, 236, 490–498. [Google Scholar] [CrossRef]

	



Yan, H.H.; Song, P.; Zhang, S.; Zhang, J.; Yang, Z.X.; Wang, Q. Au nanoparticles modified MoO3 nanosheets with their enhanced properties for gas sensing. Sens. Actuators B Chem. 2016, 236, 201–207. [Google Scholar] [CrossRef]

	



Lee, J.S.; Katoch, A.; Kim, J.H.; Kim, S.S. Effect of Au nanoparticle size on the gas-sensing performance of p-CuO nanowires. Sens. Actuators B Chem. 2016, 222, 307–314. [Google Scholar] [CrossRef]

	



Zhang, Y.J.; Yan, Y.Z.; Yang, L.X.; Xing, C.; Zeng, Y.; Zhao, Y.; Jiang, Y.J. Ultraviolet luminescence enhancement of planar wide bandgap semiconductor film by a hybrid microsphere cavity/dual metallic nanoparticles sandwich structure. Opt. Express 2019, 27, 15399–15412. [Google Scholar] [CrossRef]

	



Li, X.H.; Zhang, Y.; Ren, X.J. Effects of localized surface plasmons on the photoluminescence properties of Au-coated ZnO films. Opt. Express 2009, 17, 8735–8740. [Google Scholar]

	



Chen, Y.Z.; Wang, Z.H.; Fu, H.F.; Han, D.M.; Gu, F.B. Insights into the effect of Au particle size on triethylamine sensing properties based on a Au–ZnO nanoflower sensor. J. Mater. Chem. C 2022, 10, 3318–3328. [Google Scholar] [CrossRef]

	



Xia, J.; Diao, K.D.; Zheng, Z.; Cui, X.D. Porous Au/ZnO nanoparticles synthesised through a metal organic framework (MOF) route for enhanced acetone gas-sensing. RSC Adv. 2017, 7, 38444. [Google Scholar] [CrossRef]

	



Chen, Y.Q.; Li, Y.X.; Feng, B.X.; Wu, Y.; Zhu, Y.H.; Wei, J. Self-templated synthesis of mesoporous Au-ZnO nanospheres for seafood freshness detection. Sens. Actuators B Chem. 2022, 360, 131662. [Google Scholar] [CrossRef]

	



Cao, P.J.; Huang, Q.G.; Navale, S.T.; Fang, M.; Liu, X.K.; Zeng, Y.X.; Liu, W.J.; Stadler, F.J.; Lu, Y.M. Integration of mesoporous ZnO and Au@ZnO nanospheres into sensing device for the ultrasensitive CH3COCH3 detection down to ppb levels. Appl. Surf. Sci. 2020, 518, 146223. [Google Scholar] [CrossRef]

	



Li, X.W.; Zhou, X.; Guo, H.; Wang, C.; Liu, J.Y.; Sun, P.; Liu, F.M.; Lu, G. Design of Au@ZnO yolk–shell nanospheres with enhanced gas sensing properties. ACS Appl. Mater. Interfaces 2014, 6, 18661–18667. [Google Scholar] [CrossRef]

	



Cao, P.J.; Cai, Y.Z.; Pawar, D.; Han, S.; Xu, W.Y.; Fang, M.; Liu, X.K.; Zeng, Y.X.; Liu, W.J.; Lu, Y.M.; et al. Au@ZnO/rGO nanocomposite-based ultra-low detection limit highly sensitive and selective NO2 gas sensor. J. Mater. Chem. C 2022, 10, 4295–4305. [Google Scholar] [CrossRef]

	



Gogurla, N.; Sinha, A.K.; Santra, S.; Manna, S.; Ray, S.K. Multifunctional Au-ZnO plasmonic nanostructures for enhanced UV photodetector and room temperature NO sensing devices. Sci. Rep. 2014, 4, 6483–6492. [Google Scholar] [CrossRef]

	



Zhang, H.; Wu, S.L.; Liu, J.; Cai, Y.Y.; Liang, C.H. Laser irradiation-induced Au-ZnO nanospheres with enhanced sensitivity and stability in ethanol sensing. Phys. Chem. Chem. Phys. 2016, 18, 22503–22508. [Google Scholar] [CrossRef]

	



Yu, S.G.; Zhang, H.Y.; Chen, C.; Lin, C.C. Investigation of humidity sensor based on Au modified ZnO nanosheets via hydrothermal method and first principle. Sens. Actuators B Chem. 2019, 287, 526–534. [Google Scholar] [CrossRef]

	



Liang, X.; Zhang, J.; Zhang, K.W.; Yang, X.D.; Zhang, M.Z. The modification effect of Fe2O3 nanoparticles on ZnO nanorods improves the adsorption and detection capabilities of TEA. Inorg. Chem. Front. 2022, 9, 259–266. [Google Scholar] [CrossRef]

	



Song, X.P.; Li, L.; Chen, X.; Xu, Q.; Song, B.; Pan, Z.Y.; Liu, Y.N.; Juan, F.Y.; Xu, F.; Cao, B.Q. Enhanced triethylamine sensing performance of α-Fe2O3 nanoparticle/ZnO nanorod heterostructures. Sens. Actuators B Chem. 2019, 298, 126917. [Google Scholar] [CrossRef]

	



Zhang, D.Z.; Pan, W.J.; Zhou, L.J.; Yu, S.J. Room-temperature benzene sensing with Au-doped ZnO nanorods/exfoliated WSe2 nanosheets and density functional theory simulations. ACS Appl. Mater. Interfaces 2021, 13, 33392–33403. [Google Scholar] [CrossRef]








[image: Sensors 23 02886 g001 550] 





Figure 1. Preparation process of Au/ZnO NRs array substrate. 
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Figure 2. (a–f) Top and profile view SEM images of ZnO NR with different Au sputtering times. (g–i) EDS spectra of ZnO NR with different Au sputtering times. 
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Figure 3. (a) TEM image of Au nanoparticles modified with single ZnO nanorod and (b) XRD patterns of ZnO NRs with different Au sputtering times. 
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Figure 4. PL spectra of ZnO NRs at different annealing temperatures. 
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Figure 5. PL spectra of ZnO NRs with different Au sputtering times. 
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Figure 6. (a) Responses of Au/ZnO NRs with exposure to 20% oxygen atmosphere at temperatures ranging from 100–300 °C. (b) PL spectra of Au/ZnO NRs measured in pure nitrogen and oxygen atmospheres. (c) Dynamic response of Au/ZnO NRs with exposure to 10–100% oxygen atmospheres at 225 °C. (d) Fitting line of responses of Au/ZnO NRs with exposure to 10–100% oxygen atmospheres. 
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Figure 7. Dynamic response of Au/ZnO NRs with exposure to 1–5% oxygen atmospheres. 
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Figure 8. (a) Selectivity of Au/ZnO NRs sample upon exposure to different gasses in nitrogen. (b) Long-term stability of Au/ZnO NRs sensor upon exposure to 10%, 20%, and 40% oxygen in nitrogen gas. 
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Figure 9. (a) Energy band and (b) fluorescence detection illustration of oxygen-sensing mechanism of Au/ZnO NRs. 
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Figure 10. (a) Optimized configurations before O2 molecule adsorption on Au/ZnO surface. (b) Optimized configurations after O2 molecule adsorption on Au/ZnO surface and surface charge density change. 
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Figure 11. Optimized configurations of O2 molecule adsorption on (a) Au (200), (b) Au (111), and (c) ZnO (002) surface. 
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Figure 12. (a) TDOS and (b) PDOS before minor O2 molecule adsorption of ZnO, Au, and Au/ZnO. (c) TDOS and (d) PDOS after minor O2 molecule adsorption of ZnO, Au, and Au/ZnO. 
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Table 1. Summary of the Sensing Properties of the O2 Sensor.
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	Sensitive

Materials
	Method
	Detection

Range
	Detection Limit
	Stability
	Reference





	PAM-CS DN
	Electrochemical
	1–100% O2
	1% O2
	Temperature and humidity
	[6], 2022



	ZnO/CdS-EDTA
	Electrical
	10–50 ppm
	10 ppm
	Long-term
	[8], 2016



	ZnO nanowires
	Photoluminescence
	9% O2 (10–50 sccm)
	9% O2
	Flow
	[10], 2016



	Dye
	Optochemical
	5–100% O2
	5% O2
	
	[11], 2008



	PVDC
	Photoluminescence
	2–30% O2
	2% O2
	Temperature
	[14], 2019



	Pr3+/(K0.5 Na0.5)Nb3
	Photoluminescence
	2–100% O2
	2% O2
	
	[18], 2016



	Pd/TiO2
	Electrical
	100–1000 ppm
	100 ppm
	Flow
	[20], 2007



	Mesoporous TiO2
	Photoluminescence
	2–20% O2
	2% O2
	
	[21], 2021



	Pr/ZnO nanofibers
	Photoluminescence
	3–20% O2
	3% O2
	
	[22], 2019



	Au/ZnO nanorods
	Photoluminescence
	1–100% O2
	1% O2
	Long-term
	This work
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Table 2. The calculated adsorption energies of O2 on various surfaces.
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	Structure
	Etotal
	EO2
	Ebase
	Eadsorption





	Au (200)
	−103
	−9.85
	−92.209
	−0.941



	Au (111)
	−107
	−9.85
	−96.191
	−0.959



	ZnO (002)
	−574
	−9.85
	−559.87
	−4.28



	Au/ZnO
	−585
	−9.85
	−573.62
	−1.53
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