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A single CuO/Cu2O/Cu micro-wire covered by a nano-wire network as gas sensor for the detection of battery hazards 
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ABSTRACT
[bookmark: _Hlk35774042][bookmark: _Hlk41751449]In this study, a strategy is developed to prepare CuO/Cu2O/Cu micro-wires which are fully covered by a nano-wire network, using a simple thermal oxidation process. The CuO/Cu2O/C micro-wires are fixed on Au/Cr pads with Cu micro-particles. After thermal annealing at 425 °C, these CuO/Cu2O/Cu micro-wires are used as room-temperature sensors for 2-propanol. These sensors show different dominant gas responses as operating temperatures vary, e.g. higher sensitivity to ethanol at 175 oC, higher sensitivity to 2-propanol at room temperature and 225 oC, and higher sensitivity to hydrogen gas at ~ 300 oC. In this context, we propose the sensing mechanism of this 3-in-1 sensor based on CuO/Cu2O/Cu. XRD studies reveal that the annealing time during oxidation affects the chemical appearance of the sensor, while the intensity of reflections proves that for samples oxidized at 425 ºC for 1 h the dominating phase is Cu2O, whereas upon further increasing the annealing time up to 5 h, the CuO phase becomes dominant. The crystal structure of the Cu2O-shell/Cu-core and the CuO-NWs networks on the surface were confirmed with TEM, HRTEM, and SAED, where (HR)TEM micrographs reveal the monoclinic CuO phase. DFT calculations provide valuable insight into the interactions of the different gas molecules with the most stable surface of CuO, revealing strong binding, electronic band gap changes and charge transfer due to the gas molecule interactions with the surface. This research shows the importance of the non-planar CuO/Cu2O layered hetero-structure as a bright nanomaterial for the detection of various gases, controlled by the working temperature, and the insight presented here will be of significant value in the fabrication of new p-type sensing devices through simple nanotechnology. 
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1. Introduction
In recent years, the demand for sensors for environmental monitoring and safety control has expanded significantly. There is an increasing requirement to detect low concentrations of highly flammable gases such as 2-propanol, ethanol and H2 gas, which are frequently encountered as bio-fuels in everyday life. Different approaches or techniques have been realized to measure atmospheric levels of such vapor/gas-loaded atmospheres at low concentrations. In this context, the development of p-type semiconducting oxide-based sensors by a simple technological approach, combined with a low power consumption and high gas response, is of huge importance for several gas detection applications, such as early hazard detection in portable batteries. Previous works have demonstrated the superior characteristics of p–type semiconducting oxides for versatile real utilization, namely for the volatile organic compounds (VOCs) detection.1–4 There is a significant requirement for reliable and sensitive gas detecting nanomaterials in versatile applications starting from daily life set-ups to real-life process control. Due to the better surface reactivity and catalytic characteristics, the p-type semiconducting oxides are very promising materials for the development of new sensors with improved functionalities.3,5 Moreover, p-n junctions between different oxides could be another approach to improve sensor characteristics.6 An efficient approach to enhance the sensor characteristics is to endorse sensing nanomaterials that possess a high surface-area-to-volume-ratio. CuO (cupric oxide) possesses a band gap of about 1.1–1.9 eV and is a p-type semiconducting oxide due to Cu vacancies.7 CuO nanowires (NWs) have been investigated widely for gas detection in the last decade.6,8–11 CuO NWs exhibit response to reducing gases and VOCs, and it is thus a promising candidate material to be integrated in an efficient gas sensor. Gu et al.12 obtained CuO-NWs-based sensors, which possess sensitivity to H2S. These CuO NWs were grown by electrodeposition in a template-assisted approach, whereas Liu et al.13 in 2002 published the formation of CuO nanorods obtained through a wet-chemical synthesis. Developing a selective VOC sensor is a priority for many research groups. Propanol is one of the targeted VOC to be detected safely, since, compared to ethanol and methanol, it has a series of exceptional characteristics as a possible fuel (i.e. higher boiling point, lower hygroscopicity, and larger energy density).14 Compared to butanol or pentanol, the propanol molecule has a higher percentage oxygen content.14,15 Based on the isomeric structure of propanol, its characteristics of combustion can be adapted without affecting its properties, which is highly important for its application;14,15 for example, 2-propanol is dehydrated to obtain propylene, and consequently a product appears that could be involved in the esterification of fats and oils to obtain bio-diesel.16 Thus, such VOCs as 2-propanol and ethanol are of significant interest as a bio-fuel, but serious accidents can take place in a repository and industrial processes with these chemicals, as well as in transport, as the flammable VOCs increase the risk of explosions due to the formation of clouds of VOCs. Thus, accidents may cause essential economic and even societal impact.14,17 The detection and identification of VOCs requires fine-tuning of selectivity and sensitivity. The selectivity towards a specific gas is considered an important factor in gas detection, and in our case the sensor is selective towards 3 types of gases at 3 different operating temperatures. This versatility is an advantage since it allows these sensors a wider implementation of applications in various industrial areas, pharmaceuticals, chemicals, agro-food and alcohol-based fuel industries,9,18,19 as well as monitoring lithium ion batteries (LIBs).20 Normally, batteries have a battery management system (BMS) to control the properties and charging parameters. BMS failure or electrolyte leaking might lead to a thermal event with a continuous reaction of the electrolyte decomposition, with the electrode and current collector materials increasing the temperature inside the battery.21,22 Already at 80 °C do first decomposition reactions start to happen, leading to gas evolution, including CO2, CH4, H2 and many other gases.21 

In this study, we present a novel non-planar hetero-structured cable morphology of copper oxide micro-wire (MW), contacted with microparticles (MPs) topped by CuO/Cu2O nanocrystals and fully surrounded with high aspect ratio CuO nano-wires (NW). Such structures form a network for detection with higher efficiency/selectivity toward VOC vapor at comparably low working temperatures. The proposed simple technology involves thermal oxidation to prepare CuO/Cu2O/Cu bi-layered composites for sensor devices. Based on this format, nano-devices composed of single CuO NWs have shown fast sensor responses to VOC with fast recovery times at room temperature (RT). An intensification in the gas detection was found to conform with the p-p junction formed within these two layers and the possibility of tunable reactivity. Calculations based on the density functional theory (DFT) were carried out to gain insight into the molecular level gas sensing mechanism. This strategy can establish hetero-structured nanomaterials for H2 gas detection, to avoid levels of VOC that are highly flammable, or hazardous to human health. Showing significant improvements in the response, selectivity and stability, the CuO/Cu2O MW-NW hetero-structure could form the basis of a 3-in-1 hand-held device for the atmospheric monitoring and identification of 2-propanol, ethanol and H2 gas.

2. Experimental Section
For the sensor fabrication based on CuO MW-NW networks, copper micro-particles-MPs (Aldrich, 99.9% purity) having a diameter of about 20 µm and Cu microwires with diameter of 30 µm were used as starting material. According to the technological flow in (Figure 1) a glass slide was used as substrate. Further information about the substrate preparation can be found in our previous works.10 The preparation route consists of the following steps: (Step 1) two external contacts of Au/Cr (180 nm/12 nm) are deposited on a substrate (mainly glass for economic reasons), by sputtering with a void in the middle of the Au/Cr pads of about 110 µm. (Step 2) Afterwards a copper microwire with a diameter of 30 µm is placed between these two contacts. (Step 3) A droplet (60 µL) of a Cu MPs containing ethanol suspension using a micro-pipette was added on the edges of Cu MW placed between the Au/Cr pads, compressed and then dried at 120 ºC on a hot plate, and afterwards (Step 4) thermally annealed in a furnace at 425 C for 1-5 h in an electrical furnace with a heating rate of 22 ºC/min. Finally, (Step 5) after the heat treatment, the structures remain inside the furnace under ambient conditions until room temperature (RT) is reached again and the nanowires of CuO are grown on the surface of the microwire and copper powder microparticles. The prepared hetero-structures demonstrate stability to steam of gas up to litres/minute. The structure and morphology of the as-prepared samples were investigated at different magnifications using a scanning electron microscope (SEM-ZeissSupra55VP) driven at 6.9 kV (9 µA). Electron diffraction and high-resolution micrographs were performed in two transmission electron microscopes (TEM), a Philips CM30 (300 kV, LaB6) and a Jeol JEM-2100 (200 kV, LaB6). To keep the morphology of the prepared structures during TEM measurements the samples were fixed between a folded titanium/ respectively copper grid. The crystalline structure was examined by X-ray diffraction (XRDSeifert 3000TT at 40 mA and 40 kV, theta-2theta powder diffractometer) with CuKα radiation (=1.540598 Å). Raman measurements were performed using a WITec Alpha300 RA spectrometer operated at RT. The excitation light of a 532 nm laser (~ 12 mW) coupled with a triplegrating spectrometer (600 gr/mm) was used for these measurements. To obtain additional observation into the stoichiometry and chemical composition, the CuO/Cu2O/Cu bi-layered composite was studied by X-ray photoelectron spectroscopy (XPS, OmicronNano-TechnologyGmbH, Al-anode, 240 W). After collecting the spectra, potential charging of the sample was corrected by using the C-1s line for aliphatic carbon at 284.5 eV as a reference.23,24 For evaluation the CasaaXPS (version 2.3.16) software was used. The experimental techniques and gas sensing measurements are detailed in the Supporting Information Text S1. For the gas detecting studies the developed hetero-devices were mounted in a measuring apparatus.10 
Computational Methodology: The calculations were realized with the Vienna Ab-initio Simulation Package (VASP), which is based on the density functional theory (DFT) and employs plane wave basis sets25–28. We have used the projector augmented wave (PAW) method to explain the interactions between electrons and ions29,30, whereas Perdew–Burke–Ernzerhof functionals31 were used to include the non-local exchange correlation energies. The formalism of Sutton et al.32 was used to incorporate the Hubbard model to describe strong correlations in CuO, where our previously determined Ueff value of 7eV was used for the localized 3d electrons of copper, where Ueff = U - J, i.e. the variation between the Coulomb U and exchange J parameters. This value was found to be effective in defining the correct structural, magnetic and electronic properties of copper oxides.33,34 Other details of the calculations are same as in the previous work33 and are shown in the Supporting Information Text S2.

3. Results and Discussion
3.1. Study of morphology 
A multi-annealing strategy to prepare a CuO/Cu2O/Cu micro-wire fully coated with Tenorite nano-wires (20-50 nm thick, Figure 2) was developed, as described in the experimental part. This strategy was achieved by multiple thermal annealing (see step 4, Figure 1), with repeated re-heating of a Cu micro-wire in air (step 6, Figure 1). Representative SEM images for different durations of annealing are presented in Figures 2 and S1 and reveal the surface morphology of the thermally grown copper oxides, hetero-structures on single micro-wire, nano-crystalline materials. The crystalline CuO-tenorite NW layers are covering CuO/Cu2O/Cu MW homogeneously and continuously after treatment at 425 C for 2 hours in the atmosphere (see Figure 2 and Figure S2).
The CuO/Cu2O micro-wire after annealing at 425 oC for 2 h are fully covered with CuO/Cu2O nano-wires (Figure 2b). Figures 2a and 2c show typical top-view SEM images of CuO/Cu2O NWs at higher magnification on both top and bottom sides, with agglomerated nano-wires grown vertically on the CuO/Cu2O/Cu MW with lengths of about 5-10 µm. 
For comparison, the copper micro-wire after annealing at the same temperature, but for a shorter time of only 1 h, is covered with shorter CuO nano-wires as presented in Figure S3b in the supplementary information. Figures S3a and S3c show SEM images of CuO/Cu2O nano-wires grown on Cu micro-wire from all sides at higher magnification TA at 425 oC for 1 h. The nano-wires are shorter (~5 µm) compared to samples annealed for 2 h. Figures S3d-f show SEM images of the contact between micro-wire and micro-particles of CuO/Cu2O samples TA at 425 oC for 1 h. The growth of nanowires and their interconnection can be seen at low magnification in Figure S3d, at medium magnification in Figure S3e and at higher magnification in Figure S3f.
The SEM images of CuO/Cu2O/Cu samples treatment at 425 oC for 3 h indicate that the micro-wire is completely covered with nanowires grown all over the surface (see Figure 3b). Figures 3a and 3c show SEM images of CuO/Cu2O nano-wires grown on the micro-wire surface of Cu-MWs annealed at 425 oC for 3 h, at higher magnification with an agglomeration of nano-wires having a length of about 7-12 µm. Figure 3d presents a SEM image of the Cu micro-wire covered with nano-wires of CuO/Cu2O annealed at 425 oC for 3 h, where growth of nano-wires and their interconnection can be seen. Figures 3e and 3f show SEM images of micro-particles of CuO/Cu2O samples after treatment at 425 oC for 3 h (e) at medium magnification and (f) at higher magnification. In the Supporting Information section, SEM images can be found for samples TA at 425 oC for 4 and 5 h, see Figures S4 and S5, respectively. The length of the tenorite NWs on the Cu2O/CuO/Cu composite changed progressively with the duration of TA. As the duration was increased from 1 h to 4 h, the lengths of the CuO NWs on top of MW increased from ~ 4-5 μm to ~ 15 μm, and the Cu2O inner layer decreased in thickness from ~1 μm to ~0.5 μm (Figure S1). After TA at 425 °C for 5 h, the layered hetero-structure disappeared, proving that the Cu2O layer had been completely oxidized to CuO (Figure S1). 

3.2. XRD results
X-ray diffraction (XRD) allowed investigation of the crystal structure of the MW+NWs and MPs on different substrate types and time of annealing. Figure 4, shows an overview of the diffraction pattern for these samples. In general, divalent Cu neighborhood are consistently distorted by a large Jahn–Teller effect which generally drive to square planar groups, that are quite reliable.35,36 
Figure 4 presents the diffraction from the Cu MWs TA in atmosphere at 425 C for 1 h up to 5 h, respectively. The results indicate that for all specimens a phase mixture of cuprite and tenorite can be observed, whereas the ratio between Cu2O and CuO depends on the thermal annealing time. It was found that pure Cu was detected, which decreases in intensity with the increase of annealing time from 1 h to 5 h. However, Cu reflections were not detected in the re-oxidized samples, so the specimens were completely oxidized (Figure 4b, curve 1). It is known that Cu transforms to Cu2O and gradually to the tenorite, according to the oxidation mechanism for metallic Cu.10,37–39 Furthermore, through analysis of the intensity of the XRD reflections, it was found that for samples oxidized at 425 ºC the dominant phase is Cu2O, and by following the rise in temperature, the tenorite shifts to become dominant. The individual intensities indicate that the quantity of the Cu2O phase decreases as the annealing time increases from 1 h to 5 h (see Figure 4a). All detected XRD reflections are indexed to the structures of cuprite (JCPDS No.05-0667) and tenorite phases (JCPDS No.89-2529).

The XRD reflection (black) in Figure 4 indicates that the cubic cuprite layer was converted into tenorite after TA for 5 h. Experimental data show that one may tune the ratio of cuprite/tenorite by controlling the TA duration in air.
Additionally, in Figure S6 XRD diffractograms of CuO/Cu2O on an alumina substrate after treatment at 425 °C (2 h) in ambient air are presented and described in the Supporting Information Text S3. 

3.3. HRTEM results
The overview TEM image in Figure 5a shows a Cu MW with CuO/Cu2O NWs. Parts of the Cu2O-shell are detached during the TEM-preparation revealing the core-shell structure of the MW. Figure 5b shows an image of the CuO-NWs with higher magnification. The crystal structures of the Cu2O-shell and the CuO-NWs were determined with selected area electron diffraction (SAED). The results of SAED and XRD are consistent with respect to the observed phases. Corresponding SAED patterns are shown in Figure 5c,d. High resolution (HRTEM) micrographs reveal that the NWs grow along different directions. In the HRTEM micrograph shown in Figure 5f the NW grows along the (3 1 - 1) planes. However, in Figure S7 HRTEM micrographs of NWs are shown growing along (-1 1 0), (0 1 -1) and (1 1 0) planes with different planes parallel to the surface..

3.4. Micro-Raman results
To confirm the observations from the XRD and TEM investigations, Raman spectra of the nano-wire CuO/Cu2O hetero-junctions were obtained. Micro-Raman has been used largely for investigations of various tenorite/cuprite surfaces.6,10,35 Figure 6a represents Raman spectra at RT between 100 and 1000 cm-1 of the tenorite/cuprite nano-wires TA at 425 °C in air for different durations (curves: 1 – 1 h; 2 – 2 h; 3 – 3 h; 4 – 4 h; 5 – 5 h). In these samples, mixed cuprite - tenorite phases were found that confirm the results obtained from XRD. For all samples Raman vibrations at: (i) 281, 326 and 612 cm-1, assigned to the CuO, and (ii) 132, 225 and 625 cm-1, assigned to the Cu2O phase, decrease which is in accordance with the XRD data. Cuprite is symmetrical, with space group  , having a unit cell with two formula units (Cu4O2),35 i.e. 6 atoms in the unit cell and 18 modes at the   point,40 given by:

 						(2)

where modes  are infrared active, linked to the relative motions of the Cu and O lattices and consisting of the Cu-O stretching mode, as well as an asymmetric O-Cu-O bending mode,41 and  are Raman active, with the remaining modes silent. Modes  are found close to the calculated frequencies.
Tenorite possesses 12 phonon branches, due to 4 atoms in the primitive cell and a zone-center mode:35,40

 							(3)

where  are three acoustic modes,  are nine optical modes which are Raman active, and  are six IR-active modes.35,42 The IR modes associate the motion of atoms Cu and O, as well as the induced dipole moment along the b-axis for  modes, but perpendicular for the  modes.35 Raman modes Ag and Bg associate the motion in the b-direction and perpendicular to the b-axis, respectively.35,42 Obtained data from Raman and XRD imply that the micro-particles/micro-wires are of a core-shell nature, consisting of a tenorite shell and a cuprite/copper core at the temperature and time (1 h) used for the thermal annealing. For longer durations of annealing (up to 5 h), the core-shell gains a thicker tenorite shell and a cuprite-core, which corresponds to prior reports.10,35 The mechanisms of oxidizing/growth of CuO NW/MW is reported elsewhere.10,43
In Figure 6b the mapping is shown of the Ag Raman mode (281 cm-1) for nano-wire CuO/Cu2O hetero-junctions, treated at 425 °C in air for 4 h. For comparison and to gain a better understanding of the Raman mapping in Figure 6b, the optical image of the respective area is represented in Figure S8. For further comparison, Figure S9 in the Supporting Information, the mapping of the Ag Raman mode (281 cm-1) for nano-wire tenorite/cuprite hetero-junctions is shown after annealing at 425 °C in air for 3 h.
The coexistence of Cu2O and tenorite crystal phases in oxidized MW/MPs was proven by micro-Raman investigations (Figure 6). Sensitivity of the micro-Raman is high and always involves the investigation of top regions. The tall modes assigned to the tenorite phase shows its formation on top of the Cu2O (Figure 6), implying that MW/MPs have real core/shell morphology with a tenorite shell and cuprite core. For longer TA time, the tenorite phase increases its thickness and intensities of the Cu2O modes vanish completely, as detected for specimens TA for 3 h (graph 3, Figure 6). 

3.5. XPS results
An XPS survey spectrum is presented in Figure 7a and several high-resolution spectra of the O-1s, C-1s, Cu-2p and Cu-LMM lines of the CuO/Cu2O micro-wires are presented in Figure 7b. Within the survey spectrum, the existence of Cu, O and C is identified. The major signals correspond to copper and partially oxidized CuO/Cu2O micro-wires, while some minor signals come from carbon or other minor oxides from adsorbates on surfaces, e.g. carbohydrates from the atmosphere. The peak position of the line C-1s of adventitious carbon at 284.5 eV was used to calibrate for potential charging of the sample. 
According to the HR spectrum of the Cu-2p lines, the peak position for the Cu-2p3/2 line is close to 934.1 eV. This proves the existence of Cu2+ in CuO (typically located between 933.2 eV and 934.4 eV) rather than Cu+ in Cu2O (commonly reported between 932.0 eV and 932.7 eV) or metallic Cu (between 932.2 eV and 933.0 eV).23,44–46 Another indicator for the existence of Cu2+ in CuO is the occurrence of satellite peaks in the high resolution spectrum of the Cu-2p lines, which are also clearly observed for the CuO/Cu2O micro-wires.23,44,45 As an additional verification for the oxidation state of copper, the position of the main Cu-LMM line was investigated. The peak position around 568.6 eV, as well as the overall shape of the Cu L3M4,5M4,5, agrees well with Cu2+ in CuO.46,47 Further evidence for the presence of CuO can be found in the HR spectra of the O-1s line. Here, the main peak lies at 529.5 eV, which correlates well with the literature value of 529.7 eV for CuO, rather than 530.2 eV for Cu2O.46,47 Accordingly, the XPS analysis indicates the occurrence of CuO on the CuO/Cu2O/Cu micro-wires. However, surface sensitive XPS technique cannot rule out the presence of copper in other oxidation states in the bulk of the sample.

3.6. Gas sensing properties
Having confirmed the exact morphology and composition of the CuO/Cu2O MW-NWs, these structures are applied as gas sensors, as reported in this section. 
Figure 8a shows the sensor response to various gases (hydrogen, n-butanol, 2-propanol, ethanol, acetone and ammonia) with 100 ppms gas at RT for CuO/Cu2O/Cu micro-wires fully covered with nano-wires and annealed at 425 oC for different thermal treatment durations from 1 h to 5 h. From Figure 8a it can be seen that for the treatment regimes of 1 and 2 hours the CuO/Cu2O samples are not selective towards certain gases or vapors. In contrast, for annealing regimes of 3, 4 and 5 hours, the CuO/Cu2O samples are selective to 2-Propanol vapors with the highest response of about 25% after 4 h annealing.
Figure S10 illustrates the voltage vs current (I/V) characteristics of the CuO/Cu2O/Cu micro-wire fully covered with nano-wires and annealed at 425 oC for different durations. From Figure S10 a non-linear I/V is observable, demonstrating the pre-eminence of an energy barrier-driven conductivity effect. Probable competitors for the RT conduction could be two effects, namely the Poole- Frenkel or Trap Assisted Tunneling effects.48,49 
Figure 8b presents the dynamic curves of the typical response for the CuO/Cu2O/Cu micro-wire TA at 425 oC (4 h) and operated at RT with an exposure to 100 ppm of 2-Propanol vapor in air. The response is around 25% and recovery versus decay periods are τr = 18.4 s versus τd = 16.2 s, respectively. From the figure it can be observed that the sample has a very good repeatability.
Figure 9a shows the sensor response to various gases (hydrogen, n-butanol, 2-propanol, ethanol, acetone, methane, carbon dioxide, nitrogen and ammonia) with 100 ppm gas concentration versus operating temperature for CuO/Cu2O/Cu MW treated at 425 oC for 2h. From Figure 9a the selectivity of the CuO/Cu2O samples indicate, that the highest response of 100 % is at the operating temperature between 175 oC and 275 oC. For a working temperature of 300 oC, the CuO/Cu2O/Cu MWs are more sensitive to 2-Propanol vapor with a response of 75%. At higher operating temperatures between 325 oC and 350 oC, the CuO/Cu2O/Cu MWs exhibit a higher response to hydrogen gas, with responses of ~75% and ~100%, respectively. The dynamics of the responses depend on the operating temperatures and on the type of gases, as can be seen in the supporting information (Figure S11). Comparison of sensor parameters with other sensors reported in the literature for the CuO/Cu2O MW-NW hetero-structure are represented in Table S1.
Since the sensor is also sensitive to CO2 and H2 (and other VOCs) at lower temperatures, it has an early and fast gas response in case the battery starts to degrade, without suffering further decomposition and spreading of the thermal event. Figure S12 in the supplementary information shows an example of a Si micro-wire anode exposed to high temperatures during discharge of the battery.50,51 This anode consists of many, individual Si micro-wires (~130 µm long) without the need of additional conducting materials as is common in battery anode fabrication. More details of the fabrication of these wires can be found in the literature.50,51 Compared to classical lithium ion batteries, silicon has the advantage of being a non-critical material with increasing temperature, and it can thus be operated at higher temperatures.20 Figure S12 shows a typical voltammogram of such a Si anode cycled in a half cell vs. metallic lithium at 65 oC. It is obvious that a reversible charging and discharging regime occurs even at higher temperatures, due to the evolvement of two peaks during charging and discharging. The corresponding Nquist-plots (Figures S12a and S12b) indicate the impact of the temperature on the cycling performance and the necessity of a good sensor at the same time. While Figure S12a shows still normal behavior with a large impedance during cycling under this temperature, the Nyquist plots and the corresponding impedance drastically change, showing only small semi-circles with a very high time constant of 4500 µs. Compared to RT operations,52,53 the time constants are much larger indicating a very slow charge transfer process of the Li into the Si. Suresh et al. investigated the impact of the temperature on the charge-transfer performances of standard lithium-ion batteries and also revealed the increase of the impedance already at lower temperatures.54 Temperature not only has an effect on the charge transfer process, it also influences the electrolyte and its composition on the silicon anodes, starting parasitic reactions near the silicon anode side which hinder the actual charge transfer process and thus the battery performance itself.
Figure 9b shows the current-voltage (I/V) characteristics for CuO/Cu2O/Cu MW annealed at 425 oC for 2 h measured at different operating temperatures. At RT (Figure S10 curve 2) and low operating temperatures of 150 oC and 175 oC (see inset Figure 9b), the current-voltage characteristics are non-linear, but when the operating temperature is raised from 200 oC to 350 oC, it can be seen from Figure 9b that current-voltage characteristics are Ohmic contact behavior; thus, they possess any effects on the gas-detection mechanism. The electrical current values are interpreted to be due to the non-oxidized Cu MW/MPs integrated in the sensor structure,9 which is confirmed by XRD measurements.
Figure 9c elucidates the response curves of the CuO/Cu2O/Cu MW annealed at 425 oC for 2 h, measured in a typical dynamic regime at different operating temperatures and exposed to 100 ppm of ethanol vapor in air. It can be seen from Figure 9c that the response of ~100 % is higher for the working temperature of 250 oC, where the time of response is τr = 12 s and recovery/decay time τd > 50 s. At all operating temperatures, the responses do not drop back to the baseline, possibly due to desorption effects that occur on the surface of the nano-wires during ethanol vapor exposure.
 	Figure 9d presents the curves for the CuO/Cu2O/Cu MW (treated at 425 oC for 2 h) measured at various working temperatures exposed to H2 gas-100 ppms in air through a typical dynamic procedure. Here we can see that the highest response of ~100% is for the working temperature of 350 oC with response and recovery/decay times of τr = 14.4 s and τd = 27.1 s, respectively. Several methods are available to improve the response and recovery times of the sensors, such as changing the heat treatment regime,19 doping with different impurities55 or functionalizing with nanoparticles of noble metals43 . The latter is used by ourselves and will be investigated thoroughly and reported in future work. 
The variation of the basic resistance values of the developed sensor, annealed at 425 oC for 2 h, towards 2-propanol, ethanol and hydrogen is presented in Figure S13 and the resistance variation for the CuO/Cu2O samples TA at 425 oC for 2 h measured at different work temperatures to 100 ppms of ethanol vapors and hydrogen gas is shown in Figure S14.
Figure 10a shows the sensor response to various gases (hydrogen, n-butanol, 2-propanol, ethanol, acetone, methane, carbon dioxide, nitrogen and ammonia) with 100 ppm gas concentration versus operating temperature for CuO/Cu2O specimens annealed at 425 oC for 4 h. It can be seen in Figure 10a that at low operating temperatures between 150 oC and 200 oC the CuO/Cu2O/Cu MW are selective to ethanol vapor and the highest response of 195% is at the operating temperature of 175 oC. At a working temperature of 225 oC, the sensors are selective to 2-Propanol vapor with a response of 90%, whereas at high operating temperatures from 250 oC up to 350 oC, the sensor selectivity is changed to hydrogen gas with the highest responses of 140% at a working temperature of 300 oC. The dynamics of the response depend on the operating temperatures to ethanol vapor, 2-propanol vapor and hydrogen, as can be seen in the support information section (Figure S15). 
Figure 10b shows the current-voltage (I–V) characteristics for CuO/Cu2O/Cu MW annealed at 425 oC for 4 h measured at different operating temperatures. At RT (Figure S10 curve 4) and low operating temperatures of 150 oC and 175 oC (see inset Figure 10b) the current-voltage characteristics are non-linear, but when the working temperature is raised from 200 oC up to 350 oC. It can be seen from Figure 10b that the curves indicate the formation of Ohmic contacts which does not affect the process of gas-sensing. The values of electrical current may be interpreted based on the non-oxidized Cu micro-wire and MPs in the center parts,9 as confirmed from the XRD and TEM data.
Figure 10c presents the typical dynamic response curves of the CuO/Cu2O specimens treated at 425 oC for 4 h, measured at a working temperature of 175 oC when exposed to 100 ppm of ethanol vapor in air. It can be seen from the figure that a response of ~195% with a time for response of τr = 21 s and recovery/decay time of τd = 34 s were obtained. It was also noted that the responses do not return to the baseline, possibly due to adsorption-desorption effects that occur on the top of the nano-wires during ethanol vapor exposure.
 Figure 10d shows the curves for the dynamic response of the CuO/Cu2O/Cu MW annealed at 425 oC for 4 h and measured at 300 oC when exposed to 100 ppms of hydrogen gas in air. It is noted from this graph that a sensor response of 140% was obtained, with response and recovery/decay times of τr = 21 s and τd = 14 s, respectively, and we can also see from the figure that the sample has a very good repeatability. 
According to the data shown in Figure 11, in which the long-term response stability measurement of the developed sensors is presented within 162 days and a decrease of the response of 10% maximum is observed, it can be stated that the shelf life of the as-fabricated sensor device is long. Sensor measurements by type for the studied 3 types of samples were prepared for each duration of treatment.
The effect of relative humidity on the response properties of the sensor is shown in Figure 12.

3.7. Gas Sensing Mechanism 
The proposed detection mechanism is explained by way of ionosorption, decomposition and/or oxidation of species, as suggested in previous work.9,10,19 Whereas in n-type semiconductors the response to gases in the network structure is explained by at least two mechanisms, that simultaneously contribute to the transduction function of the sensor,56 the p-type semiconducting behavior of oxides differs. Here, the proposed detection mechanism can be interpreted by modulating the hole accumulation layer (HAL) in the micro-wire.57,58
A schematic illustration of the sensing mechanism of the single CuO/Cu2O/Cu micro-wire with networked CuO nano-wires is represented in Figure 13. Upon exposure of the MW to air at room temperature (Figure 13b), the HAL region is formed on its top, due to the absorption of oxygen molecules on the nano-wire surfaces and on the micro-wire/micro-particles:9,19
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Upon exposure of the sensor to propanol vapor at room temperature (Figure 13c), which comes into contact with the CuO/Cu2O/Cu nano-wires, the HAL width will decrease due to the donated electrons after oxidation of the gas molecules:19,59–62
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Thus, CO2 and H2O are obtained and the electrical resistance of the top NWs and the shell of CuO/Cu2O/Cu MW-NW will increase considerably.
If operating temperatures rise to above ~149 °C, species from O2 gas are adsorbed on the surfaces of the tenorite NWs:9,19,62
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Where are the molecules, are the adsorbed species and are the holes in the tenorite NWs which cover the top of the MW.
Following the exposure of the MW-NWs to C2H5OH vapors (Figure 13d), the interaction of the ethanol molecules with the adsorbed oxygen takes place on the tenorite on top of NWs and on the shell of CuO/Cu2O/Cu MW-NW. Next, the C2H5OH are oxidized into CO2 and H2O according to the following:19,61,63
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C2H5OH are interacting with six O-, and six electrons are injected into the oxide, which recombines with the holes from HAL and reduces the thickness of this region, thereby increasing the electrical resistance of the NWs.
When exposed to hydrogen gas (Figure 13e), owing to the electron release-recombination with the h+ in the HAL, the thickness will be reduced and the conductance will decrease considerably, according to the reactions:5,64
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After a time of percolation (τpercol), metallic copper layers appear on top of the CuO nano-wires:65,66
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Based on XANES investigations by Orlandi et al.,65 different oxidations are possible depending on the work temperature, e.g. direct oxidation of copper to tenorite without intermediate phases (Equation 13) or fast conversion of copper to cuprite followed by oxidation to tenorite (Equation 14 and 15):65,66
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Tenorite reductions are more favourable than reduction of cuprite, since the activation energies are lower, and it can be achieved without the creation of sub-oxides.66
For further insight into the interaction of the gas molecules with the surfaces, the interaction of two highly interacting gases, namely ethanol and H2, with the most stable CuO surface is investigated by DFT calculations, as presented in the next section.

3.8. DFT calculations: Ethanol, 2-propanol and H2 gas molecule interaction with CuO(111) surface
As mentioned earlier in the Supporting Information, the (111) plane is the most stable CuO surface and in the present work, we have therefore performed DFT calculations to investigate the interaction of ethanol, 2-propanol and H2 gas molecules with the tenorite (111) surface. The top atomic layer of the CuO (111) surface consists of two 3- and two 4-coordinated copper and oxygen atoms (Figure S16). Of the oxygen atoms, OSUF are the most exposed 3-coordinated atoms, whereas the sub-surface oxygen atoms, OSUB, are 4-coordinated. Similarly, the top layer contains 3-coordinated CuCUS (coordinatively unsaturated) copper atoms, and 4-coordinated CuCSA (coordinatively saturated) copper atoms. We first relaxed the surface with the optimized geometry shown in Figure S16. 
In order to model the interactions of the ethanol molecule with the CuO (111) surface, a 2 2 supercell consisting of 64 Cu and 64 O atoms was chosen. The ethanol molecule was placed on the surface near a range of different surface sites and in various orientations with respect to the surface. It was found that the ethanol molecule adsorbs strongly to the surface, binding through its O and H atoms to surface Cu and O atoms, respectively, with an adsorption energy of -102.9 kJ/mol. The oxygen atom of the molecule attaches to a surface copper atom (CuCUS) with a bond length of 2.069 Å and the hydrogen atom binds to a surface OSUF atom with a bond length of 1.717 Å. This interaction of the ethanol molecule to a low-coordinated Cu atom (CuCUS) results in elongation of surface Cu-O bonds with two Cu-O bonds in the top layer stretching to 1.957 and 1.923 Å from their original values of 1.918 and 1.853 Å, respectively. This interaction also causes the Cu atom to move upwards out of the surface, thereby stretching the Cu-O bond with a second-layer oxygen from 1.927 to 1.954 Å. The ethanol molecule also interacts through its hydrogen atom, binding to the most exposed OSUF surface atom and forming a hydrogen-bond of 1.717 Å, where the OSUF atom moves upwards and its bonds with two surface CuCSA atoms become elongated to 2.023 and 1.939 Å from 1.968 and 1.926 Å, respectively. At the same time, its bond with one CuCUS atom stretches to 1.894 Å from 1.853 Å. Changes in the geometry of the ethanol molecule were also observed, with the C-O bond length increasing from its original value of 1.438 Å to 1.456 Å, whereas the O-H bond length also increases by 0.02 Å. 
Bader charge analysis shows that as a result of this interaction of ethanol with the CuO (111) surface, the hydrogen atom of the ethanol molecule loses electron density, as its charge increases from 0.669 to 0.678 e-, while the OSUF surface atom which binds the ethanol proton gains electrons to increase its negative charge by about 0.042 e- to a total charge of -1.0956 e-. The oxygen atom of the ethanol molecule that bonds to the surface copper atom loses 0.041 e- charge, while the surface copper atom loses 0.06 e- charge to become more positive, with an overall charge of 1.057 e-. This transfer of charge is also reflected in the charge density difference plot shown in Figure 14b. A shift in Fermi energy level was also observed, as the Fermi energy changes from -1.553 eV to -1.356 eV and the band gap changes from 0.88 eV to 0.868 eV (Figure S17 and S18).
Similarly, we placed the 2-propanol molecule in various orientations close to different potential surface adsorption sites on the CuO (111) surface. We found that the 2-propanol molecule binds in a similar way to ethanol, where the O atom of the molecule binds to the unsaturated surface copper atom, CuCUS (O-CuCUS bond length of 2.103 Å) and the H atom binds to a surface oxygen atom, OSUF (H-OSUF bond length of 1.56 Å), as shown in Figure 15a. We note that 2-propanol interacts more strongly with the CuO (111) surface, with a binding energy of -116.97 kJ/mol. As a result of the bond formations with the surface, the C-O bond length of the 2-propanol molecule increases from 1.44 Å to 1.47 Å.  The interaction of 2-propanol with the CuO (111) surface is also reflected in charge redistribution, as shown in the charge density difference plot in Figure 15b, where the 2-propanol molecule loses Bader charge of 0.057 e- to the CuO (111) surface. We analyzed the electronic density of states and found that the electronic band gap increases from 0.88 eV to 0.895 eV, as a result of the interaction of the 2-propanol molecule with the surface, and the Fermi energy shifts to -1.3179 eV from a value of -1.553 eV in the bare tenorite (111) top layer (Figure S19).
Next, the interaction of the hydrogen molecule with the tenorite (111) surface was studied by placing it initially near different surface sites in a variety of orientations. It was observed that the H2 molecule moves away from the surface in all starting configurations, except when it is placed near the most exposed surface oxygen atom OSUF. The OSUF atom, which was bonded to one 3-coordinated copper, CuCUS, and two 4-coordinated CuCSA atoms, breaks these bonds to bind the H2 molecule and form a surface-bound H2O molecule, retaining an OSUF-CuCUS bond of 2.053 Å, as shown in Figure 16a. It was found that the adsorption energy for this H2 interaction is -58.8 kJ/mol. As a result of the formation of a surface-bound water molecule following the interaction of the H2 molecule and the breaking of the OSUF-CuCSA bonds, these CuCSA copper atoms strengthen their bonds with other surface oxygen atoms. The copper atoms thereby become 3-coordinated, with the copper-oxygen bond lengths decreasing to 1.910 and 1.893 Å from their original values of 1.926 and 1.989 Å, respectively. The third CuCUS copper atom, which binds the H2O molecule, stretches its bond to a lower oxygen atom to 2.019 Å, from its former value of 1.927 Å. The water molecule formed on the surface has a ∠H1OH2 angle of 107.6°, with an O-H1 bond of 0.974 and an O-H2 bond of 1.005 Å (Figure 16a). The H1 atom is found to form a hydrogen-bond with another nearby surface oxygen atom at 1.91 Å, as shown in Figure 16a. 
Bader charge analysis indicates that the charges of the H atoms have become 0.621 and 0.646 e- for H2 and H1, respectively, while the O atom of the surface-bound water molecule formed in the process possesses a charge of -1.236 e-. The charge density difference plot of the hydrogen molecule interaction with the tenorite (111) surface is shown in Figure 16b, where charge re-distribution is observed. Again, the Fermi level further shifts to -1.283 eV, owing to the interaction of the H2 gas molecule with the surface.
Although the DFT calculations provide fundamental comparative data at 0 K, these are still relevant to provide insight into different properties at higher temperatures. Our calculations suggest that the 2-propanol molecule interacts strongly with the CuO (111) surface with a binding energy of -117 kJ/mol, which is a higher than the binding energy of the ethanol molecule (-103 kJ/mol) at the same CuO (111) surface. Moreover, this interaction is also reflected in significant charge transfer and changes to the band gap.

4. Conclusions 
[bookmark: _Hlk41751613]The non-planar hetero-structured cable morphology of a CuO/Cu2O/Cu micro-wire fixed with MPs converted to CuO/Cu2O crystals and fully surrounded with CuO NW-arrays was grown using a thermal-oxidation step assembly. As such, TA-oxidation of copper MW produced a shell-core Cu2O/Cu micro-wire fully covered with CuO NWs, thus forming an external shell on the MW surface. The conductometric-type detector using the CuO/Cu2O core/shell NWs/MW-hetero-structure presents a response to 2-propanol even at room temperature. This could be assigned to a better oxygen adsorption due to the p-p non-planar hetero-junction, whereas a response to H2 was also detected but suppressed, as the catalytic performance of the Cu2O core toward H2 was decreased by the decorated CuO NW array-based shell. Additionally, it was demonstrated that it is possible to fabricate a 2-propanol micro-sensor with a sufficiently high response and repeatability/reproducibility that can work at room temperature (only by thermal annealing at 425 oC for 4 h of a 30 µm Cu micro-wire), as well as control dominant gas responses to ethanol, 2-Propanol and hydrogen, namely to ethanol at OPT of 150 - 200 oC, to 2-propanol at OPT of 225 oC and to hydrogen at operating temperatures higher than 250 - 350 oC. This precise control is especially necessary to monitor gas evolution or electrolyte decompositions in a battery, as any temperature or environmental changes have a direct impact on the battery performance and long-term stability. With this simple and very reliable approach for the fabrication of a sensor, it is possible to integrate it into a classical battery pouch cell in order to monitor the health and remaining useful lifetime of a lithium-ion battery.
 Following the research of the CuO/Cu2O samples annealed at 425 oC for 2 h, it was demonstrated, that it is possible to obtain ethanol sensors for OPT of 175 - 275 oC; 2-propanol sensors for OPT of 300 oC; and hydrogen sensors for OPT around 325 - 350 oC. DFT calculations suggest that the 2-propanol molecule binds strongly to the CuO surface, whereas the adsorption of H2 molecules results in the reduction of the CuO surface to Cu2O/Cu through the formation of water molecules on the surface. The developed technological approach and experimental results clearly show the possibility to fabricate a 3-in-1 sensor from an individual Cu micro-wire with a diameter of 30 µm by a simple technological approach proposed here. The proposed cable hetero-structure and gas detector will ensure significant interest in the areas of applied physics and industrial utilization.
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Figure 1. Schematic representation of the technological flow for obtaining heterostructured microcable morphology CuO nanowire arrays with inset showing a SEM image of the final structure. Step 1 sputtering of contacts/pads, Step 2 placing Cu microwire, Step 3 dropping and pressing Cu micro-particles at the end of the contacts, Step 4 annealing the sensor, Step 5 growth of nanowires. 


[image: D:\Proiect\1 Raport Cu-Oxid-microfir\SEM\Fig_2.tif]
Figure 2. SEM images of a copper microwire and nanowires grown on top of the microwire as CuO/Cu2O specimens after treatment at 425 oC for 2 h: (a) top surface; (b) entire micro-wire view; and (c) bottom surface.
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Figure 3. SEM images of microwire and CuO nanowires grown on top of microwire from specimens after thermal treatment at 425 oC for 3 h (a-c), the edge of microwire covered completely with CuO NWs after treatment at 425 oC for 3 h (d); and microparticles of copper after treatment at 425 oC for 3 h (e) at low; and (f) at higher magnifications.
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Figure 4. XRD diffractograms of CuO/Cu2O microwires with nanowires on glass substrate annealed at 425 C at different durations from 1 h to 5 h in atmosphere (a); and re-heated at 600 C for 30 min (b). 
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Figure 5. (a) Bright field image indicating core-shell structure of the components as illustrated by dashed lines. (b) Bright field image of the CuO-nanowires on the Cu-microwire. . SAED patterns  of the Cu2O-shell in the [112] zone axis (c) and  of the CuO-NW in the [011] zone axis (d). (e) HRTEM micrograph recorded on a part of the CuO2-shell (same zone axis as SAED pattern in Figure 5 (c)), and (f) of a Cu2O-nanowire. The white arrow indicates the growing direction along the (31-1) planes. 
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Figure 6. (a) Raman spectrum of the cable with nanowires CuO/Cu2O/Cu heterostructure after treatment at 425 °C in air for different durations; (b) mapping of the Ag Raman mode (281 cm-1) for nanowires-CuO/Cu2O/Cu heterostructure and treatment at 425 °C in air for 4 h.
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Figure 7.  XPS spectra of CuO/Cu2O microwires - nanowires; (a) overal spectrum proving the existence of Cu, O and C; (b) spectra at higher resolutions of the C-1s line, the O-1s line, the Cu-2p lines (along with peak for satellites) and the Cu-LMM Auger lines. The positions of peaks are shown by dottedlines.
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Figure 8. (a) Gas response of CuO/Cu2O/Cu microwire fully covered with nanowires samples annealed at 425 oC to different gases (100 ppms) vs annealing time. (b) Dynamic response to 100 ppms of 2-Propanol vapor for CuO/Cu2O/Cu microwire fully covered with nanowires specimens thermal treatment at 425 oC for 4 h investigated at room temperature.
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Figure 9. (a) Gas response to 100 ppms compounds vs working temperature for the CuO/Cu2O/Cu heterostructure annealed at 425 oC, 2 h. (b) Current-voltage I/V-curves for various work temperatures for the CuO/Cu2O samples thermally oxidized at 425 oC for 2 h. Dynamic response for the CuO/Cu2O/Cu heterostructure thermally oxidized at 425 oC for 2 h measured at different work temperatures to 100 ppms of: (c) 2-Propanol vapors; and (d) hydrogen gas.
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Figure 10. (a) Sensor response to gases (100 ppms) vs work temperature for the CuO/Cu2O/Cu heterostructure thermally oxidized at 425 oC for 4 h. (b) I/V-curves for various work temperatures for the CuO/Cu2O-heterostructure thermally oxidized at 425 oC for 4 h. (c) Dynamic response for the CuO/Cu2O specimens thermally oxidized at 425 oC for 4 h investigated at working temperature of 175 oC to 100 ppms of ethanol vapors. (d) Dynamic response for the CuO/Cu2O-heterostructure thermally treated at 425 oC for 4 h at working temperature of 300 oC to 100 ppm of hydrogen gas.
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Figure 11. Long-term response stability for the CuO/Cu2O-heterostructure annealed at 425 oC for: (a) 2 h; and (b) 4h.
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Figure 12. Dynamic response at low and high relative humidity to 100 ppm of: (a) Ethanol vapors and (b) hydrogen gas for CuO/Cu2O/Cu-heterostructure thermally treated at 425 oC for    2 h; and (c) Ethanol vapors and (d) hydrogen gas for CuO/Cu2O-heterostructure thermally treated at 425 oC for 4 h.
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Figure 13. Schematic of the single CuO/Cu2O/Cu microwire with networked CuO nanowires (a), upon exposure in: (b) air; (c) 2-Propanol vapors ; (d) Ethanol vapors and (e) hydrogen gas.
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 Figure 14. (a) Ethanol molecule interaction with the Tenorite (111) surface. Red, blue, brown and salmon-pink colours indicate oxygen, copper, carbon and hydrogen atoms, respectively. (b) Charge density difference plot of the ethanol molecule interaction with the Tenorite (111) surface, where positive and negative changes in charge densities (in e/Bohr3) are indicated by yellow and blue colors.  A positive change in charge value (yellow) indicates depletion of the Bader charge, whereas a negative change in charge value (blue) indicates a gain in Bader charge.
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Figure 15. (a) 2-propanol molecule interaction with the Tenorite (111) surface. Red, blue, brown and salmon-pink colors indicate oxygen, copper, carbon and hydrogen atoms, respectively. (b) Charge density difference plot of the 2-propanol molecule interaction with the Tenorite (111) surface, where positive and negative changes in charge densities (in e/Bohr3) are indicated by yellow and blue colors.  A positive change in charge value (yellow) indicates depletion of the Bader charge, whereas a negative change in charge value (blue) indicates a gain in Bader charge.
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Figure 16. (a) H2 molecule interaction on the Tenorite (111) top. Red, blue and salmon=pink colors show oxygen, copper and hydrogen atoms respectively. (b) Charge density difference plot of the molecule H2 interaction with the Tenorite (111) surface, where yellow and blue colors indicate positive and negative changes in charge densities (in e/Bohr3). A positive change in charge value (yellow) indicates depletion of the Bader charge, whereas a negative change in charge value (blue) indicates a gain in Bader charge.
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