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Abstract

:

Currently, devices for environmental gas analyses are required in many areas of application. Among such devices, semiconductor-resistive gas sensors differ advantageously. However, their characteristics need further improvement. The development of methods for controlling the surface properties of nanostructured metal oxides for their use as gas sensors is of great interest. In this paper, a method involving the sacrificial doping of ZnO nanowires to control the content of their surface defects (oxygen vacancies) was proposed. Zinc oxide nanowires were synthesized using the hydrothermal method with sodium iodide or bromide as an additional precursor. The surface composition was studied using X-ray photoelectron spectroscopy. The sensor properties of the isopropyl alcohol vapors at 150 °C were studied. It was shown that a higher concentration of oxygen vacancies/hydroxyl groups was observed on the surfaces of the samples synthesized with the addition of iodine and bromine precursors compared to the pure zinc oxide nanowires. It was also found out that these samples were more sensitive to isopropyl alcohol vapors. A model was proposed to explain the appearance of additional oxygen vacancies in the subsurface layer of the zinc oxide nanowires when sodium iodide or sodium bromide was added to the initial solution. The roles of oxygen vacancies and surface hydroxyl groups in providing the samples with an increased sensitivity were explained. Thus, a method involving the sacrificial doping of zinc oxide nanowires has been developed, which led to an improvement in their gas sensor characteristics due to an increase in the concentration of oxygen vacancies on their surface. The results are promising for percolation gas sensors equipped with additional water vapor traps that work stably in a high humidity.
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1. Introduction


Gas sensors are of great interest indifferent application areas, such as environmental monitoring, biomedical devices, and the pharmaceutical industry, etc. Common gas-sensitive materials include polymers [1], semiconductor materials based on metal oxides [2,3], and porous silicon [4,5], etc. The characteristics of gas sensors are sensitivity, a detection limit, response time, recovery time, selectivity, operating temperature, resolution, and stability.



Sensors based on nanostructured metal oxides have many advantages, such as a low cost, the possibility of an environmentally friendly synthesis, and a high sensitivity [6,7]. Different approaches can be used to improve the sensitivity and selectivity of metal oxides [8]. The most advantageous way to do this is to develop new nanomaterials and new methods for the synthesis of nanostructured active layers. This includes the formation of heterostructures to improve the catalytic activity and adsorption capacity [9] and an improvement in the characteristics of the sensor using an atomic-molecular design and the control of the surface defect structure [10,11].



Zinc oxide is widely used as a gas-sensitive material [12,13,14]. It is a wide-bandgap n-type semiconductor with advantages such as biocompatibility, chemical stability, environmental safety, and a low cost. Zinc oxide nanostructures of different sizes and shapes can be synthesized, for example, into nanoparticles, one-dimensional (1D), two-dimensional (2D), and three-dimensional (3D) structures [15]. Different doping approaches for improving their gas sensitivity have been developed, for example, doping with metal elements, hetero-atomic doping, and co-doping [16]. The design of composites based on zinc oxide is also a promising way to achieve a high sensitivity [17].



An important factor in achieving enhanced sensor properties is the presence of point defects [18,19], mainly oxygen vacancies, on the surface of the gas-sensitive layer, which are adsorption sites for oxidizing gases, in particular oxygen [20]. For example, in [21], it was shown that oxygen vacancies affected the oxygen absorption on the surface of WO3−x nanostructures and facilitated the adsorption of negatively charged oxygen ions, leading to an improvement in the sensor characteristics and a decrease in the operating temperature. Negatively charged chemisorbed oxygen ions take part in chemical reactions and the formation of sensor signals. The content of the oxygen vacancies in zinc oxide can be increased mechanically, as well as during synthesis or post-treatment in a reducing or oxygen-deficient atmosphere, in both the gas and liquid phases, using special precursors [22].



Sensors with percolation structures have been developed to increase sensitivity [23]. In such sensors, the current flows through nanowires localized on the substrate surface using nanolithography techniques. The nanowires located separately are not connected with the conducting channels and can perform other functions, for example, adsorb water vapor. It is known that the cross-adsorption of water vapor on the sensor layer surface leads to a degradation of the sensor characteristics. Thus, a crucial issue is the development methods for modifying the hydrophilic properties the nanowires’ surfaces, including sacrificial doping.



Recently, X-ray photoelectron spectroscopy (XPS) has been widely used in material chemistry and physics to assess surface chemistry, the features of chemical bonding, and the compositions of surface layers and phase boundaries. XPS is based on the effect of the chemical environment of an atom on the binding energy of electrons (chemical shift). Thus, the structure of chemical bonds and their changes depending on the synthesis conditions or post-treatment can be revealed. Due to its high accuracy, XPS is suitable for studying the defect states on the surfaces of materials. It has been shown that, with an increase in the annealing temperature, the content of oxygen vacancies increases on the surface of a thin zinc oxide film [24]. The redistribution of surface active sites at the formation of ZnFe2O4 and ZnSnO3, as well as the dependence of their sensor and structural properties on the surface functional composition, were studied in [25,26,27]. It was found that the adsorption properties of metal oxides depend on their surface contents of hydroxyl groups, ionosorbed oxygen, and defect states, especially vacancies in O sublattice [23].



In this paper, a method for designing defect structures on the surfaces of atomic and molecular structures is proposed for the first time. The issues of a defect structure analysis and its influence on the sensor properties of metal oxide nanostructures are studied. Defect design methods may include adding sacrificial dopants at the formation of atomic-molecular oxide layers, with a subsequent modification of the surface layers. This work is aimed at the development of sacrificial doping techniques for the controlled formation of defect surface structures on zinc oxide nanowires, the analysis of changes in the surface’s chemical composition as a result of this doping, and the effect of the defect structure on the sensor properties of the zinc oxide nanowires.




2. Materials and Methods


To synthesize the gas-sensitive layers, the following raw materials of a high-purity grade were used: zinc acetate, hexamethylenetetramine, zinc nitrate hexahydrate, sodium iodide, and sodium bromide (LenReactiv, Russia). A sensor platform with gold interdigitated electrodes (BI2, Tesla Blatna, Czech Republic) was used as a substrate.



The zinc oxide nanowires’ layers were produced using hydrothermal synthesis. Initially, seeds of zinc oxide nanoparticles were synthesized on a sensor platform with aspin-coating of an aqueous solution of zinc acetate (5 mM) and annealed at 350 °C. The zinc oxide nanowires were formed on the seed layers. The hydrothermal synthesis was carried out in an equimolar (100 mM) aqueous solution of hexamethylenetetramine (C6H12N4) and zinc nitrate hexahydrate (Zn(NO3)2·6H2O). The iodine- and bromine-doped samples were synthesized with an addition of sodium iodide or sodium bromide (10 mM) to the solution, respectively. The ZnO nanowires layers were grown for one hour at 86 °C. The following step was the annealing at 350 °C for 30 min. The scheme of the sensor is shown in Figure 1.



The surface morphology was studied using scanning electron microscopy, SEM (Zeiss Supra25, Carl Zeiss, Germany).



The surface chemical composition of the layers consisting of the ZnO nanowires was investigated via X-ray photoelectron spectroscopy using the Thermo Scientific X-ray photoelectron spectrometer K-Alpha (USA). Monochromatic Al-Ka radiation (hν = 1486.7 eV) was used to excite the photoemission. Survey spectra were obtained in the range of the binding energies from 0 to 1350 eV. The spectra of the elements with a width of 20 eV were taken in order to more accurately identify the position of the peaks. The decomposition of the core-level spectra was carried out to determine the contents of the elements in different bound states.



The sensor properties were analyzed when the sample was exposed to vapors of isopropyl alcohol with a concentration of 1000 ppm at 150 °C. This temperature was chosen because of the peculiarities of the oxygen chemisorption on the zinc oxide surfaces. The maximum response was observed in the temperature range of 300–400 °C. However, such temperatures restrict the practical application of the sensors, limiting their integration with portable devices. Therefore, the study of these sensor properties at lower temperatures is of interest. The sample was placed in a chamber alternately purged with dried air and a mixture of air with isopropyl alcohol vapors (Figure 2). The sample was fixed on the heating element inside the chamber with clamping contacts. The isopropyl alcohol vapor concentration was set with rotameters by mixing the diluent air stream and isopropyl alcohol vapor stream obtained by passing the air stream through a bubbler tank. The air mixture with the isopropyl alcohol vapor was supplied to the sample surface. The final concentration of isopropyl alcohol was obtained by:


  C =    P  g a s    F  g a s      P  a t m   (  F  g a s   +  F  a i r   )   ,  








where Pgas is the saturation vapor pressure of the bubbled fluid, Fgas is the air flow rate through the bubbler tank, Patm is the atmospheric pressure (taken as 760 mm Hg), and Fair is the diluent air flow rate. The saturation vapor pressure was calculated using the Antoine equation:


   P  g a s   =   10   A −  B  C + T     ,  








where A, B, and C are the approximation table parameters and T is the fluid temperature. The current was measured using a KEITHLEY 6485 picoammeter. The bias voltage was 5 V. The sensitivity of the sample (S) was calculated as:


  S =    R  a i r      R  g a s     ,  








where Rair is the resistance of the sample in the air and Rgas is the resistance of the sample in the presence of the target gas.




3. Results


Figure 3 shows the typical microstructure of a zinc oxide nanowire layer synthesized under the conditions described above. It was found that the diameter of the nanowires was 20–120 nm and the average length was about 200 nm.



Peaks corresponding to zinc, oxygen, and carbon were observed on the survey spectra of the pure and doped ZnO nanowires (Figure 4). The positions of these peaks matched with the results reported by other authors [28]. The presence of carbon peaks on the surface of the samples was attributed to the adsorption of hydrocarbons from the environment [29].



The spectra of the Zn2p levels (Figure 5) consisted of Zn2p3/2 and Zn2p1/2 peaks with maximums at 1021.3 eV and 1044.4 eV, correspondingly. The binding energies corresponded to the Zn2+ atoms (Zn–O) in a zinc oxide crystal lattice. The difference between the peak positions was ~23.1 eV, which agreed well with the spin-orbit splitting of the Zn2p level in zinc oxide [30].



Figure 6 shows the spectra of the O1s levels of all the samples. The spectra exhibit asymmetry, which can be attributed to the several types of oxygen bonds in the zinc oxide subsurface area. The spectra can be deconvoluted into at least two peaks. This deconvolution was performed by using the Gauss fitting. Table 1 shows the position, FWHM, and relative contributions of the component peaks. The Olat peaks at 529.8 eV for ZnO and 530.1 eV for ZnO(I) and ZnO(Br) corresponded to the O2− ions in a zinc oxide lattice [31]. The Ovac components, with higher binding energies of 531.3 eV for ZnO and ~531.8 eV for ZnO(I) and ZnO(Br), corresponded to O2− ions with a lower valence electron density and could be ascribed to hydroxyls bonds, i.e., HO–ZnO, or O2− ions in the oxygen-deficient regions of a zinc oxide crystal lattice [32]. It was found that the addition of precursors for the sacrificial doping to the growth solution resulted in a significant increase in the oxygen contents corresponding to the oxygen vacancies or surface hydroxyl groups. It was also found that, for the samples synthesized with an addition of sodium iodide or bromide to the solution for the hydrothermal synthesis, the peaks of Olat were shifted by 0.3 eV and the peaks of Ovac were shifted by 0.5 eV towards high binding energies.



Iodine and bromine were not observed on the surfaces of the zinc oxide layers after the annealing at 350 °C in air (Figure 4). At the same time, there were significant changes in the spectra of the oxygen core levels after the sacrificial doping (Figure 6).



The study of the sensor properties showed that the sensitivity of the non-doped zinc oxide to the isopropyl alcohol vapors was 2.51, the sensitivity of the ZnO doped with iodine was 2.97, and the sensitivity of the ZnO doped with bromine was 4.03. The response and recovery times for each sample were calculated. The results are shown in Table 2. It was found that the response time of the doped samples decreased. The recovery time of the iodine-doped samples was reduced by almost two times and that of the bromine-doped samples was slightly increased in comparison with the pure zinc oxide nanowires.



Figure 7 shows a comparison between the time dependencies of the responses of the non-doped samples, with the bromine-doped samples having the highest sensitivity. Exposure to isopropyl alcohol vapors led to reversible changes in the resistance of the gas-sensitive layers. The decrease in the resistance was due to the adsorption of isopropyl alcohol vapors on the surface of the nanowires, followed by redox reactions between the organic vapors and oxygen on the surface [25]. The electrons returned to the material volume, so the conductivity increased. The potential barriers between the zinc oxide nanowires were reduced.




4. Discussion


In the solution used for the hydrothermal synthesis of the zinc oxide nanowires, zinc nitrate was a source of Zn2+ ions and HMTA ensured the alkaline medium and OH–ions during a slow decomposition. The occurring chemical reactions are described by the following equations:


C6H12N4 + 6H2O→ 6HCHO + 4NH3,










NH3 + H2O→NH4+ + OH−,










2OH− + Zn2+→Zn(OH)2,










2Zn(OH)2→ [ZnO]b + [ZnO]s + 2H2O,










[ZnO]s + 2NaI + H2O → ZnI2 + 2NaOH,










[ZnO]s + 2NaBr + H2O → ZnBr2 + 2NaOH.











In these equations, [ZnO]b is a zinc oxide molecule formed in the volume of the sensor layer and [ZnO]s is a zinc oxide molecule on the surface of the sensor layer.



The impact of the iodine on the reorganization of the surface composition can be explained by the model of modification of the subsurface structure of the ZnO described below. It is known that anionic and cationic sublattices exist in oxide nanocrystals. The iodine or bromine left the surface layer during the annealing. This was confirmed experimentally, since no iodine or bromine was observed on the surface of the doped ZnO nanowires in the XPS studies. Iodine could escape from the surface as I2 or as ZnI2, and bromine as Br2 or ZnBr2. The most significant change in the hydrophilic properties was caused by the removal of ZnI2 or ZnBr2 from the surface in a neutral form, which was accompanied by the appearance of vacancies (one in the zinc sublattice and two in the iodine or bromine sublattice). Thus, the localized negative iodine or bromine charges and a positively charged zinc vacancy should have remained in the crystal lattice. H2O molecules could adsorb on the zinc vacancy. Along with this, a bond between a lone electron pair of an oxygen atom and a zinc vacancy was formed. A negative charge existed in the crystal lattice; therefore, the probability of oxygen ionosorption increased. Thus, H2O molecules and oxygen ions were adsorbed on the zinc oxide surface. A reaction between them could lead to the formation of negatively charged and neutral OH-groups.



For gas sensors, an important parameter is the specific surface area required for the adsorption of molecules. Due to the fact that not the entire surface of the material is used for sensing, an important criterion is the ratio of the surface to the volume. Nanostructures can significantly improve this parameter by playing the role of active layers. Therefore, nanostructures such as nanofibers and nanowires can significantly increase the active area and arouse interest among researchers [33]. Vacancies in the oxygen sublattice serve as adsorption sites, so their presence increases the reactivity of the surface. However, at the same time, gas sensors based on zinc oxide show a response to all gases. When a sensor is exposed to reducing gases, its resistance decreases, and when sensor is exposed to oxidizing gases, it increases. An effective way of ensuring selectivity is to design multisensors, the signal in which is measured from an array of sensors [33,34].



The reaction of the zinc oxide with the isopropyl alcohol (reducing gas) could be divided into two stages. At the first stage, oxygen molecules were adsorbed on the surface of the zinc oxide, with the subsequent filling of the oxygen vacancies. In this case, the electrons moved from the conduction band of the zinc oxide to the adsorbed oxygen, which resulted in an increase in resistance. Thus, oxygen vacancies stimulated the oxygen chemisorption. The higher the concentration of the oxygen vacancies, the more oxygen molecules were adsorbed, and more electrons left the conduction band of the oxide. At the second stage, when the sensor layer was placed in the atmosphere of an isopropyl alcohol vapor, an oxidizing–reducing reaction occurred. As a result, the electrons returned to the zinc oxide volume and the resistance decreased. The adsorbed oxygen molecules took part in the oxidation of isopropyl alcohol molecules, while oxygen vacancies reappeared in the zinc oxide lattice.



Another possible mechanism can be attributed to the reaction of the target gas molecules with the OH-groups adsorbed on the surface. At the same time, hydroxyl groups can perform several functions. Firstly, they can oxidize the desorbed gas molecules at low temperatures, as shown in [35]. Hydroxyl groups can also be the adsorption sites of target gas molecules [25]. The scheme of interaction between the isopropyl alcohol molecules, the surface of the zinc oxide, and the hydroxyl groups is shown in Figure 8.



The developed principles for the energy management of the adsorption sites are of interest for the development of percolation-type sensors with additional areas for water vapor traps [23]. An example of such a structure is shown in Figure 9.



In such sensors, a percolation element is located between the electrodes. A current flows through this element, which changes as a result of the reactions of the surface of the nanowires with the target gas molecules. On the sides of the percolation element, there are free-standing nanowires that do not have electrical contact with the electrodes. The design of the surface defect structure and the formation of additional oxygen vacancies provide the control of the hydrophilic properties of free-standing nanowires. This makes it possible to capture water vapors from the atmosphere. Thus, such a design is promising for enhancing the stability of gas sensors in a high humidity.




5. Conclusions


The analysis of the surface composition of the zinc oxide nanowires showed that, as a result of sacrificial doping with iodine and bromine, a considerable redistribution of the electron density and an increase in the concentration of the oxygen vacancies/hydroxyl groups was observed. A model for the reorganization of the surface bonds with iodine removal during the annealing was proposed. The influence of the oxygen vacancies in the zinc oxide on the chemisorption processes was analyzed. Experimental methods for increasing sensitivity were proposed. It was found that the ZnO layers modified with iodine and bromine had a higher gas sensitivity. This was due to the formation of additional oxygen vacancies or hydroxyl groups, which were sites for the adsorption of negatively charged oxygen ions participating in the reactions of reducing gas oxidation. The developed methods for controlling the surface properties, in particular the hydrophilic properties, are of interest for percolation sensors containing additional water vapor adsorption sites. Thus, this is one of the possible ways ofincreasing the stability of sensor characteristics in a humid atmosphere.
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Figure 1. Schematic of the sensor based on zinc oxide nanowire layer. 
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Figure 2. Schematic of gas-sensing measuring setup: 1—compressor, 2—dehumidifier, 3—bubbler tank, 4—rotameters, 5—electromechanical valve, 6—chamber, 7—sample, 8—controller, and 9—measuring equipment. 
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Figure 3. SEM image of zinc oxide nanowire layer. 
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Figure 4. Survey XPS spectra of zinc oxide nanowires. 
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Figure 5. XPS spectra of Zn2p levels. 






Figure 5. XPS spectra of Zn2p levels.



[image: Micro 03 00040 g005]







[image: Micro 03 00040 g006 550] 





Figure 6. XPS spectra of O1s levels: (a)—ZnO, (b)—ZnO(I), (c)—ZnO(Br). 
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Figure 7. Time dependence of sensitivity of zinc oxide nanowire samples to isopropyl alcohol vapors. 
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Figure 8. Scheme of isopropyl alcohol molecules and OH-groups interaction on the surface of metal oxide. 
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Figure 9. SEM image of gas-sensitive layer of percolation type with adsorption sites for water molecules. Adapted with permission from Ref. [23]. 2023, Springer Nature. 
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Table 1. Parameters of O1s spectra of zinc oxide nanowire samples.
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Element

	
ZnO

	
ZnO(I)

	
ZnO(Br)






	
Olat

	
Center, eV

	
529.8

	
530.1

	
530.1




	
FWHM, eV

	
1.13

	
1.13

	
0.98




	
Area, %

	
52

	
37

	
29




	
Ovac

	
Center, eV

	
531.3

	
531.8

	
531.8




	
FWHM, eV

	
2.04

	
1.76

	
2.12




	
Area, %

	
48

	
63

	
71
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Table 2. Sensor properties of zinc oxide nanowires samples.
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	Sample
	Operating Temperature, °C
	S (Ra/Rg)
	Response Time, s
	Recovery Time, s





	ZnO
	
	2.51
	124
	222



	ZnO(I)
	150
	2.97
	54
	114



	ZnO(Br)
	
	4.03
	76
	272
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