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Abstract

:

Recently, barium carbonate-based nanomaterials have been used for sensor and catalysis applications. The sensing performance can be improved with a suitable one-dimensional nanostructure. In this regard, novel nanosized BaCO3 materials were fabricated by a one-pot designed thermal evaporation system. Ten milligrams of Ba as raw material were used to deposit BaCO3 nanostructures at a pressure of 0.85 torr and a temperature of 850 °C in a partial oxygen atmosphere of the ambient. This simple method for fabricating novel BaCO3 nanostructures is presented here. X-ray diffraction was indexed on the orthorhombic polycrystalline structure of the prepared BaCO3. The nanostructures deposited here could be described as Datura-like structures linked with nanowires of 20–50 nm in diameter and 5 µm in length. The BaCO3 nanostructure prepared by the current method exhibited a semiconductor-like behavior with an activation energy of 0.68 eV. This behavior was ascribed to the nature of the morphology, which may possess large defective points. Thus, this nanostructure was subjected to gas sensing measurements, showing high activity toward NO2 gas. The proposed sensor also underwent deep investigation toward NO2 at various gas concentrations and working. The response and recovery time constants were recorded in the ranges of 6–20 s and 30–150 s, respectively. The sensor showed its reversibility toward NO2 when the sensor signal was repeated at various cycles of various concentrations. The sensor was exposed to different levels of humidity, showing high performance toward NO2 gas at 250 °C. The sensor exhibited fast response and recovery toward NO2 gas.
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1. Introduction


In these decades, much attention has been paid to nanomaterials and their use in many technological applications, especially nanomaterials for heavy metal oxides. To obtain these nanomaterials, technology has opened many spaces to develop ways to manufacture these materials in different nanostructures. The innovation of different methods of preparation has attracted the interest of researchers in various disciplines. These methods include chemical and physical ways such as chemical vapor deposition (CVD) and physical vapor deposition (PVD) and chemical route methods. Among these methods, PVD is used to produce various nanomaterials such as SnO2 [1,2] in various nanostructures. These nanomaterials have been used in applications such as gas sensing [1,2] and photocatalysis [3]. The oxides are among the most widely used materials in various applications because of their chemical and physical properties, such as electrical and optical properties, in addition to their stability in the most extreme conditions. Among these materials, BaCO3 is a substance with many industrial applications [4,5,6,7]. BaCO3 exists in three phases, cubic, hexagonal, and orthorhombic, and the orthorhombic phase can be synthesized under ambient conditions. BaCO3 is thermodynamically stable compared to other heavy carbonate materials.



The fabrication of BaCO3 at the nanometer scale made this compound of wide applications in many technological and scientific fields [8,9,10]. The BaCO3 nanomaterials have better catalytic activity than other heavy carbonate materials. An example is performed in the solid oxide in a fuel cell as a cathode electrode due to a support surface reaction process [11]. By controlling the structure of BaCO3 and its luminescence properties, it was possible to produce a material with unique optical properties used in photonic devices [5]. BaCO3 nanostructures were produced by various methods including precipitation [12], microwave-assisted [13], and facile composite-hydroxide-mediated route [8]. These nanomaterials were used in many applications [9,10,14,15,16,17].



One of the important applications for the environment and human and animal health is the gas sensing field [18,19,20]. The oxides have been used extensively in this application for various gases. Among these gases, nitrogen dioxide is spread indoors and outdoors and extends to fertilizers used in agriculture [21,22]. Many studies have focused on fabricating highly sensitive oxides and a carbon-based sensor for such gases [23,24]. One of the highly reactive gases is NO2, and its group is known as nitrogen oxides (NOx). Inhalation of air that contains high concentrations of NO2 can irritate the human respiratory system. Exposure for short periods to concentrations can exacerbate respiratory problems, causing asthma, coughing, and difficulty breathing. Respiratory problems may worsen when exposed for longer periods and cause diseases, whether in adults or children [25]. Exposure to 1.0 ppm of NO2 for a long time can lead to lung and respiratory health problems in humans [26,27,28]. Nitrogen dioxide also reacts with water, oxygen, and other chemicals in the atmosphere and causes acid rain, which damages sensitive ecosystems such as forests and lakes. Nitrite salts are widely used in industrial manufacturing processes such as fertilizer and food preservation. This may lead to the production of nitrogen dioxide in its ionized form,     NO  2 −   , which can contaminate foods, soil, and natural water. In addition, intaking of     NO  2 −    at concentrations higher than 8.7 ppm can cause a transformation of normal hemoglobin into methemoglobin, which causes methemoglobinemia, the well-known “blue baby syndrome” in children [29,30]. Thus, detection of such hazardous gases resulting from automotive emissions is very important for environmental protection and human and animal health.



In this paper, an innovative method for making a BaCO3 nanostructure based on PVD using thermal evaporation in a closed system at a low vacuum is described. Using this method, the nanostructure of BaCO3 is produced. A detailed explanation of how to manufacture this compound and the practical steps for it are presented. The morphology of the prepared nanomaterial was studied by FESEM, and the crystal structure and elemental composition were confirmed by XRD and EDX. The BaCO3 nanostructure prepared using the current method exhibited a semiconductor-like behavior. This behavior is described in terms of the nature of the morphology and defective points. The nanostructure was subjected to gas sensing measurements towards NO2 gas, which was studied at different gas concentrations and working temperatures. The electrical properties of BaCO3 were also studied while the compound was in air, as well as in air including gas.




2. Materials and Methods


Most of the methods for the preparation of BaCO3 are chemical-based methods. Here, a one-pot method for fabricating novel morphologies is proposed. The experiment was performed in a vacuum system made of a chamber with a diameter of 340 mm and a height of 400 mm. The material was deposited in a heating set designed with double crucibles bordered by a heating element, as shown in Figure 1. Pure Ba metal was stored in an oil-filled bottle to avoid the reaction with the ambient. A small piece of Ba, about 10 mg, was withdrawn from the bottle and placed in a glass dish in the air for 5 h; a drop of ethanol made the dark Ba convert to white color. The white materials were put in the double crucible covered by SiO2/Si substrate. The chamber was evacuated to targeting value. The double crucible was heated up to 850 °C within 4.0 min and maintained for 30 min under 0.85 torr of ambient, where the substrate temperature was 300 °C. Afterward, the crucible was left to cool down to RT, resulting in a white layer coating the substrate. The deposited layers were characterized by FESEM (Jeol model 6700F) attached to an EDX system. The crystal structure was analyzed by XRD powder diffraction (Shimadzu-6100) with Cu-Ka radiation of 1.5406 Å, 40 kV, 40 mA, and a diffraction angle range of 2θ = 15–65°.



To prepare the sensing device, the BaCO3 nanostructure was scratched and dispersed in ethanol and then was dropped on Si/SiO2 substrate equipped with Pt interdigitated electrodes with finger width and spacing of 35 µm, where 1.0 mg of the powder was dissolved in 10 mL of ethanol and then only 1.0 mL was dropped on pt-electrodes at 60 °C, and then the device was calcined at a temperature of 400 °C for 30 min. Pt interdigitated electrodes were fabricated in advance by DC-puttering followed by lithography processes. Then, the device was applied for the sensing measurement by inserting it into a chamber made of a quartz tube surrounded by a heating furnace, as shown in Figure 2. The gas sensing system consisted of Horiba mass flow controllers controlled for 100 and 200 SCCM, a temperature controller, and an Agilent multimeter for electrical measurements. The chamber temperature was varied from RT up to 350 °C. The total flow rate of air or air containing NO2 gas was kept at 200 SCCM for all measurements. The percentage of the sensor response is calculated by Equation (1):


  S % =   Δ R    R a    × 100  



(1)




where   Δ R   =  R g  −  R a      is the change in the resistance due to the exposure to gas,    R a    is the resistance in air, and    R g    is the resistance in the air including gas.




3. Results


3.1. BaCO3 Characterizations


The prepared sample was firstly characterized by FESEM to demonstrate the morphology of the synthesized products. Figure 3 shows SEM images observed for the sample prepared at a vacuum of 0.85 torr and a temperature of 850 °C. The morphology of the sample prepared at a lower vacuum of 0.85 torr is a Datura-like structure (like the natural plant). These Datura structures are linked by nanowires of 20–50 nm in diameter and 5 µm in length. The nanowires are straight in shape, as shown in Figure 3a,b. This observed morphology is interesting for further investigation in sensing applications. More elemental investigation for the prepared compound was carried out by EDX coupled with SEM-6700F. Figure 3c shows the EDX spectra of the prepared product. Ba element was detected at various X-ray energies. The most observed lines are Ba-Lα and Ba-Lβ at 4.5 and 4.8 keV. The EDX spectra confirmed that there is no impurity observed in the sample other than Ba, O, and C elements, where the Si peak is coming from the Si substrate. EDX showed that the weight percentages are 68%, 8%, and 24% corresponding to Ba, C, and O elements, respectively. This result confirms the relative weight percentage of Ba, C, and O for the bulk BaCO3 composition.



Figure 4 shows XRD patterns measured for the source and the synthesized samples. The source material refers to the powder described in Figure 1a. The obtained XRD charts are compared to the standard cards of BaO, BaCO3, and Ba(CO3)2. The source materials are indexed in two phases, which are close to the BaO and BaCO3 as well. The dual phases of the source materials may be due to the reaction of Ba with oxygen and C in air and ethanol. The source was subjected to thermal evaporation with airflow under 0.85 torr. The source material was subjected to thermal evaporation into the designed system at a vacuum of 0.85 torr and airflow. After deposition, the product was indexed on a BaCO3 orthorhombic structure with calculated lattice parameters of a = 5.319, b =8.918, and c = 6.501 Å, compared with standard values of a = 5.285, b =8.972, and c = 6.431 Å, matching with the standard card of JCPDs-45-1471 and data reported in [31].




3.2. Sensing Characteristics of NO2 Gas


The sample synthesized at 0.85 torr was prepared for gas sensing measurements. Figure 5 shows the sensor signal at various working temperatures of 150 °C up to 350 °C. The gas concentration is 2.0 ppm, and the total flow rate is 200 SCCM. The present device was not sensitive at temperatures less than 150 °C. However, it is well sensitive at higher temperatures. The sensor responds to the gas in a short time (a few seconds), but more time is taken to recover to its initial resistance. The response and recovery time constants are defined as the time or resistance taken to reach 90% of the steady value or base resistance. The recovery time decreased an increase in the working temperature. When the sensing layer was exposed to the gas, the resistance increased, suggesting that NO2 may react directly with the BaCO3 surface, capture the conduction electrons, and reduce the free carrier density of the bulk. The sensing parameters, namely the sensor response and the response and recovery time constants, are shown in Table 1. As seen in this table, the response time constant almost has same value at all temperatures, where the increment is about 2 times of others at 350 °C. This may be dependent on the type of chemical reaction or gas adsorption at this high temperature. The recovery time constant gradually decreased from 150 to 40 s as the temperature increased from 200 °C to 350 °C, and the molecule desorption is faster at high temperatures. The temperature dependence of the sensor response is an important curve for understanding the sensor performance toward the gas at various operating temperatures. Figure 6 shows the temperature dependence of the sensor response for 2 ppm of NO2 gas. The sensor response was about 6% at 150 °C, increased up to 315% at 250 °C, and then decreased again. Thus, the most active temperature of the sensing layer of 1D-BaCO3 was recorded at 250 °C.



The change in intrinsic resistance in air and air including gas with the temperature was studied, as shown in Figure 7. The resistance is observed to decrease from 1.5 × 106 Ω to 0.15 × 106 Ω when the temperature changes from 150 °C to 350 °C. The difference between the resistance in air and that in air containing gas at 150 °C is very low, indicating the low activity of the surface at this temperature, which may explain the fast response and recovery times at this temperature shown in Figure 5. A large difference in resistance was observed at 250 °C, indicating the most active temperature. Although the resistance was measured in air, semiconductor-like behavior is observed for BaCO3. The conductance is well represented by an exponential function [32,33], as follows:


        G =  G  0     exp   −   E a   2 K T             ln G = ln  G  0     −   E a   2 K T          



(2)




where Ea is the activation energy, K is the Boltzmann constant, and    G 0    is the exponential constant of the type associated with the Arrhenius equation. The inset shows the logarithm relationship of the conductance and the inverse of temperature. It was used to calculate the activation energy of BaCO3 in air and gas-containing air, using the data points shown in Figure 7.



The reversibility of the sensor with a repeating signal is very important for any sensing device. Figure 8 demonstrates the time dependence of the sensor signal at various gas concentrations of 1–10 ppm and the operating temperature of 300 °C. Firstly, the sensor was exposed to only air, then to air including gas for 200 s, and finally to only air to recover back to the baseline. This was repeated for various gas concentrations. The response and recovery times are reasonable, and the sensor shows a reversible behavior. The calibration curve of the sensor response is essential to understanding the capability of the device for detecting various gas concentrations. The change in the device conductance with the change in the gas concentration exhibits the ability of the device to distinguish the concentration of gas. However, this change can be well demonstrated by the calibration curve, as shown in Figure 9. The sensor response gradually improved with an increase in the gas concentration. The data points are fitted well with the power function (dotted line). The relation was   S % =   127 ± 13   ×  C  0.633    , where C is the gas concentration in ppm. The sensor is more sensitive toward gas at low concentrations than at higher concentrations.



Figure 10 shows the gas selectivity based on NO2 (2.0 ppm), NO (5.0 ppm), CO (50 ppm), and H2 (1000 ppm). The difference in selecting the concentration depends on the harmful level of these gases. The inset of the figure shows the sensor signals toward these gases. The sensing measurements were carried out under the same conditions, namely 200 SCCM and 250 °C. The sensor still showed a response toward these gases but showed a very low response compared to the NO2 response, which was measured at a lower concentration. The results confirmed that the current fabricated BaCO3 sensing layer is superior for detecting NO2 gas at low concentrations. In general, the selectivity of the sensor toward a specific gas is not well understood. Many processes in chemistry and physics occur at a surface; many such processes are complex. However, the NO2 molecules find their way directly to the interstitial and defective points of the BaCO3 surface, and they are the most reactive molecules in the NOx group. Thus, the direct interaction of the charge transfer was considered the main sensing mechanism for the NO2 reaction; however, most of the reducing gases such as CO, NO, and H2 prefer to react with atomic oxygen ions    O −   .



Figure 11 shows the effect of humidity on the sensor performance at the most sensitive operating temperature of 250 °C and gas concentration of 2.0 ppm. In this figure, the sensor was subjected to various humidity conditions starting from 20% RH and increasing up to 80% RH. It seems that the sensor is affected by the humidity levels, where the response decreased to a 15% lower value compared to the dry air condition. The humidity harms the sensor response. The inset figure may explain the effect that the resistance of the sensor decreased when the sensor was exposed to only humidified air and then returned to almost base value (needed more time to recover) when dry air was introduced. The resistance continued to decrease with an increase in the humidity level. This resistance behavior toward a humidified atmosphere is opposite to the resistance behavior toward the NO2 gas. Thus, the sensor response toward NO2 decreased with an increase in the humidity level. There are two processes of adsorption of water molecules on the surface: (1) chemical adsorption of a single layer of water with a proton transition between hydronium ions (H2O + H+ >> H3O+) and (2) multilayer adsorption of water with increasing humidity, in which both H+ and H3O+ work as charge carriers [4,34,35]. However, the sensor is still working well toward highly reactive NO2 in this harsh environment, although its response was reduced to 25%.





4. Discussion


In this section, an attempt is made to propose the growth mechanism of the nanostructure prepared using this method. It is known that the vapor pressure and the temperature of the substrate largely affect the growth of the nanomaterials produced by thermal evaporation [36,37]. The growth mechanism is shown in Figure 12. Figure 12a presents the increase in the temperature of source materials as a function of time. The temperature of the source increases with the time to a stationary temperature, T1, within ~5 min. If we consider that the deposition starts at a temperature, namely To, lower than the temperature of the stationary deposition, T1, this indicates that a small layer of nuclei forms before the beginning of the stationary deposition. The atoms or molecules evaporate inside the inner crucible. They land on the surface of the heated substrate, which controls the kinetics of the species on the surface due to the surface energy gained by thermal heating. The atom and molecule react with each other to form new bonds. The aggregation of the adsorbed molecules will be the nuclei of nanostructures, as shown in Figure 12b. At the beginning of heating, the energy is not sufficient to grow a 1D nanostructure, forming fine clusters grown from limited nucleation sites. At a high temperature, some clusters are condensed to form rods on the SiO2 surface and become roots for 1D nanostructures. Each root was a base connecting the species landing on the surface to form a single nanowire. The nanowires grow randomly due to the non-epitaxial relation of BaCO3 and SiO2 film. The growth of different nanostructures may depend on the substrate temperature, Ts, relative to the melting temperature of the prepared material, Tm, as shown in Figure 12b. The substrate temperature should range between Tm/2 and Tm/4, in an embodiment, to produce a resulting nanostructure growth. For example, when Ts/Tm = 0.28 > 0.25, the energy for growing the 1D is not sufficient, and small nanoparticles are grown from limited neighbor nucleant sites. Increasing the substrate temperature may slightly increase the mobility of nuclei, which combine to become larger nanoparticles. Since 0.25 < Ts/Tm = 0.34 or 0.39 < 0.5 at the temperatures tested, some particles condense for a short time to form droplets on the substrate and become nuclei for 1D growth. The melting point of BaCO3 is 811 °C. The substrate temperature tested here was 300 °C (where Tm/4 = 202 °C and Tm/2 = 505 °C). In the present case, the substrate temperature relative to the melting point is 0.39, which allows the 1D BaCO3 to grow, as shown in the SEM image in Figure 3.



Barium is a chemically reactive material and always exhibits the oxidation state of 2+. The reaction of Ba2+ with oxygen occurs at room temperature in ambient conditions [38]. Because of its high reactivity, barium is often stored under mineral oil or in an inert atmosphere. From the XRD analysis, the polycrystalline phase of the prepared samples of BaCO3 was observed. The growth direction is mostly dominated by the plane (111) and (200) for the nanowires. The crystallite size is estimated from XRD patterns using the Scherrer relation [39]:


  D =    K λ     β   cos  θ    



(3)




where D, K, and λ are the average crystallite size in nanometers, the Scherrer constant (0.9), and the XRD wavelength of CuKα (0.15046 nm). β is the full width at half maximum (radian) for the high-intensity peaks at diffraction angle θ (radian). The crystallite size of 22.0 was found for the nanostructures prepared at 0.85 torr. In addition, the obtained BaCO3 might be formed due to the reaction of Ba(OH)2 with CO2 in the atmosphere during the subsequent steps shown in Figure 1. The simplified expressions for chemical reactions are described by [8,40]:


    Ba   2 +   + 2   OH  −  → Ba     OH    2   



(4)






  Ba     OH    2  +   CO  2  →   BaCO  3  +  H 2   



(5)




or


  BaO +   CO  2    ↔   BaCO  3   



(6)




when barium cations (    Ba   2 +    ) exposed to air and ethanol react with hydroxide groups       OH  −     , forming   Ba     OH    2   , or otherwise partially forming   BaO  , as observed in XRD for the source. During the thermal evaporation, both these products can react with carbon dioxide     CO  2   , forming the last stable product of     BaCO  3  .   This result was confirmed by XRD and EDX.



Shahid et al. [8] have reported that the single-phase polycrystalline BaCO3 bulk with orthorhombic structure has an optical bandgap energy of 5.5 eV at room temperature, which indicates that BaCO3 at room temperature is an insulator. However, the electrical measurements revealed that the sample under study is a semiconductor-like compound. When the temperature was increased to 425 K (150 °C), the resistance was 1.5 × 106 Ω, as shown in Figure 7. Thus, the BaCO3 behaved like the semiconductors that do not conduct electric current well at lower temperatures but exhibit measurable conductivity at higher temperatures, as shown in Figure 7. This is due to the specific band structure of temperature-dependent electronic energy levels. In the current case, the activation energy separation is 0.68 ± 0.04 eV in air. This slightly decreased to 0.52 ± 0.04 eV in the presence of gas due to the chemical bonds between NO2 gas and BaCO3, and the NO2 reaction creates a depletion layer deeply into the surface and bulk [40]. A stronger thermal activation of the Arrhenius type was observed for BaCO3. It is known that the higher the activation energy, the smaller the energy gap [41]. The question arises of what mechanism is responsible for the electrical conductivity in the BaCO3 under study. Therefore, it is likely that the thermal energy kT was able to activate the electrons in these compounds. At high temperatures, more electrons are thermally activated into the conduction band, leaving positively charged particles (holes) in the valence band. Thus, the conductance increased with increasing temperatures. The semiconductor-like behavior observed for the current BaCO3 may come from the bandgap modification due to the fabrication of a highly defective nanostructure, which is highly suitable for sensing properties.



The reaction between the gas and sensing layer is considered a surface phenomenon, where the gas reacts directly with the oxide surface or through the oxygen species. The interaction of NO2 and the nonstoichiometric surface of BaCO3 results in the formation of NO2 adsorbed species. On the nonstoichiometric surface, the stable adsorption sites of nitrogen dioxide are bound to more than two barium ions due to the oxygen vacancies, where two oxygen atoms are coordinated with the barium cations. The reaction of NO2 on the oxide surface was found to exhibit a highly complex behavior [42,43,44,45,46]. It was found that the reaction of NO2 with the surface is dependent on the surface temperatures due to the availability of electrons and oxygen species. At surface temperatures lower than 200 °C, NO2 was found to reversely oxidize the surface [42]. At surface temperatures of 200 °C up to 400 °C, an oxidizing reaction by oxygen ions occurred, giving way to the normally observed oxidation behavior. At this high temperature, poisoning effects were observed. The poisoning effect was associated with the creation of higher molecular species containing at least two nitrogen atoms such as    N 2   O  4    surf    2 −    . Moreover, NO2 can react with the electron surface directly or through surface oxygen species. In addition, the oxygen molecules adsorb on the surface in different forms such as O2− at a temperature less than 200 °C, O− at 200–400 °C, and O2− at higher temperatures [42,47]. According to the results described above, a part of the adsorbed molecules of NO2 bonded with surface electrons to form nitrite (    NO  2 −  )   at the nonstoichiometric surface of BaCO3 at low temperatures (<200 °C), as a possible reaction:


    NO   2    gas      +  e −  →   NO  2 −   



(7)




where the formation of     NO  2 −    is thermally activated, indicating the increase in the sensor response with the increase in temperature up to 250 °C, as shown in Figure 6. The mechanism of such a reaction is shown in Figure 11. The increase in sensor response with the increase in the operating temperature up to the maximum of 250 °C can be ascribed to the nature of the sensing layer; the sensing layer has very low conduction carrier density at lower temperatures, and this density increases with the increase in the temperature. This nature is like the semiconductor nature, as shown in Figure 7. Thus, with an increase in the conduction electrons in BaCO3, NO2 molecules react with more electrons, increasing the sensor response. However, a further increase in the operating temperature (>250 °C) may result in low adsorption and low diffusion of the gas molecules into the sensing layer, resulting in a decrease in the sensor response. Thus, the amount of adsorbed NO2 molecules decreases with increase in temperature; in addition, the gas sensing properties are determined out at 1.0 atom (not pressured gas). Moreover, it is known that the adsorption of gas molecules is sensitive to the surface temperature [48,49]. At higher temperatures, NO2 molecules also may react with    O −   , forming unidentate nitrate (    NO  3 −   ), as observed by Raman spectroscopy [43]. This     NO  3 −    does not play a role in the sensing, since the carriers of the oxide will not change, and only the charge is transferred from surface species of    O −    to NO2, which form     NO  3 −   , as follows:


    NO   2    gas      +  O −  →   NO  3 −   



(8)







    NO  3 −    is also dissociated from the NO2 gas molecule and    O −    through the reverse reaction (8).     NO  2 −    may desorb through the reverse reaction (7) or the following reaction:


    NO  2 −  →   NO   gas   +  O −   



(9)







At moderating temperature, direct interaction of adsorbed NO2 molecules with the surface may be likely (Figure 13b):


   O  2    gas    +  e −  →   NO   gas   +  O  surf  −   



(10)







With an increase in the temperature, the adsorption of gas onto the surface may be reduced, causing a decrease in the charge exchange between NO2 molecules and the oxide surface. Furthermore, we can also propose another suitable mechanism based on the Coulomb interaction force. In its nature, NO2 is a reactive molecule, and the electronegativity of oxygen and nitrogen is 3.44 and 3.04, respectively. Due to the difference in electronegativity, the NO bond ensures some non-zero dipole moment in the direction of oxygen. The electronegativity of an atom is its strength to attract the bonded electrons towards it. Thus, the physical adsorption of the NO2 molecules is enough to create a Coulomb force (electric dipole) between the BaCO3 and NO2, creating a depletion layer, as shown in Figure 13c. This type of electric dipole causes an increase in the sensor resistance due to the freezing of the electrons in BaCO3.



In the last decade, one-dimensional (1D) semiconductor nanostructures have become the focus of intense research due to their distinctive application in the fabrication of electronic and optoelectronic devices and sensors at the nanometer scale [1]. They have new properties that are intrinsically linked to reduced dimension and size, which opens new applications that their predecessors did not have. When we use nanomaterials in the form of nanoparticles, we work with average grain size, but when using 1D materials, the sensor has a different geometry according to the dimensions of the nanowires. Some studies have been conducted recently on the dependence of the sensing properties of material oxides based on the geometric parameters of the nanomaterials that make up the sensing layer, such as nanoparticles, microwires, and nanowires. It was found that nanowires have high sensitivity toward nitrogen dioxide NO2 gas compared to microwires and nanoparticles. This may be attributed to the fact that in the case of nanowires, there is a decrease in the density of grain boundaries and an increase in the contributions of metal oxide and electrode contacts, which led to an increase in the contribution of the interaction of the spillover effect. In addition, the potential barrier for electronic conduction strongly depends on the ratio of the grain diameter to the thickness of the depletion layer (called Debye length) [25]. When the diameter of the nanowires is small compared to the Debye length layer, the conduction channel becomes very narrow, which makes the nanowires more sensitive to gas molecules adsorbed on their surface. The congruence of the carrier screening length with the lateral dimensions of the carrier makes nanowires highly sensitive and efficient transducers of surface chemical processes into electrical signals. These results may explain the sensitivity of BaCO3 nanowires observed here.




5. Conclusions


In summary, a novel one-dimensional BaCO3 nanostructure was synthesized by one-pot thermal deposition using Ba as a raw source. The nanostructures were indexed on the orthorhombic structure of BaCO3 with dominant growth directions of (111) and (200). The deposition was carried out at a low vacuum of 0.85 torr, temperature of 850 °C, and source weight of 10 mg of Ba. The morphology of the thick layer prepared at 0.85 torr was described as a Datura-like grain with an extension to nanowires. The diameter of the nanowire was 20–50 nm, and its length was 5.0 µm. The BaCO3 nanostructure prepared by the current method exhibited a semiconductor-like behavior with an activation energy of 0.68 eV. This behavior was ascribed to the nature of the morphology, which may possess large defective points. Thus, this nanostructure was subjected to gas sensing measurements, and it showed high activity toward NO2 gas. The morphology was promising for NO2 detection. It showed the ability to detect NO2 at a wide temperature range of 150 to 350 °C. The temperature and gas concentration dependence of the sensor response were examined. The maximum response of 313% was observed at a temperature of 250 °C. The sensor exhibits the capability of tracing the increase in NO2 gas concentration. Although the sensor was exposed to different levels of humidity, it still performed well against NO2 gas at 250 °C.
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Figure 1. (a) Steps of Ba transport from the storage bottle to the air and ethanol; (b) evaporation design includes double crucibles placed in a vacuum stainless-steel chamber. 
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Figure 2. Scheme of gas sensing apparatus used for the sensing measurements. 
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Figure 3. (a,b) FE-SEM micrographs and (c) EDX for deposited BaCO3 nanostructures prepared at 0.85 torr. 
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Figure 4. XRD patterns of calculated BaO, BaCO3 (orthorhombic), and synthesized BaCO3 at 0.85 torr. Note: Ba(CO3)2 (monoclinic) is only for comparison. 
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Figure 5. The change in sensor conductance for BaCO3 nanowires upon exposure to 2.0 ppm of NO2 gas at a working temperature range of 150–350 °C. 
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Figure 6. The sensor response of BaCO3 nanowires versus the temperature. 
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Figure 7. The resistance of BaCO3 nanowires versus the temperature in air and the air containing 2.0 ppm NO2 gas. The inset shows the logarithm of conductance of BaCO3 nanowires versus the inverse of temperature. 
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Figure 8. The signal at various gas concentrations for BaCO3 nanowires. 
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Figure 9. Calibration curve of the fabricated sensor with a fitting curve. 
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Figure 10. The sensor selectivity toward various gases (NO, H2, and CO) compared to NO2 measured at 250 °C. The inset shows sensor signals toward these gases. 
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Figure 11. The sensor response toward 2.0 ppm of NO2 at various relative humidity levels. The inset is the change in sensor resistance when exposed to 20–80% RH. 
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Figure 12. (a) Scheme illustrating the increase in source temperature as a function of time; (b) scheme illustrating the growth mechanism of BaCO3 nanostructures. 
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Figure 13. Various sensing mechanisms for NO2 reactions with BaCO3: (a) direct reaction of electrons captured by NO2 molecules; (b) dissociation of NO2 to NO and O species; (c) electric-dipole interaction. 
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Table 1. Sensing parameters for BaCO3 at various operating temperatures.
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Parameter

	
Operating Temp. (°C)




	
150

	
200

	
250

	
300

	
350






	
Sensor response%

	
6

	
157

	
313

	
200

	
100




	
Response time constant (s)

	
6

	
8

	
9

	
10

	
20




	
Recovery time constant (s)

	
30

	
150

	
100

	
60

	
40
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