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Abstract

:

Nanocomposites, including nanoparticles of semiconductor metal oxide (MO) and reduced graphene oxide (rGO), are of exceptional interest for light-activated gas sensors functioning without thermal heating. In this paper, we discuss the sensor properties of electrospun ZnO nanofibers and ZnO/rGO composites. The materials were characterized by transmission and scanning electron microscopy (TEM, SEM), X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), and IR spectroscopy (FTIR). The sensor characteristics were studied when detecting reducing gases CO, H2, and NH3 and oxidizing gases NO and NO2 at 25–150 °C in dark conditions and under UV illumination. ZnO nanofibers and ZnO/rGO composites have no sensitivity when detecting CO, NH3, and H2 either in dark conditions or under UV illumination. At T = 25 °C, UV illumination is a necessary condition for the appearance of a sensor response when detecting both NO and NO2. The increased sensitivity of ZnO/rGO composites when detecting nitrogen oxides at T = 25 °C is discussed in terms of the heterojunction formation. Observed at T = 150 °C, opposite trends in the UV illumination influence on the sensor response toward NO and NO2 are due to the participation of chemisorbed oxygen in the processes responsible for the sensor response formation when detecting NO.
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1. Introduction


The unique electronic, optical, photoelectric, and mechanical properties of graphene, due to the peculiarities of its structure, stimulated the creation of new materials with a layered 2D structure and numerous studies of their functional properties aimed at the development of optoelectronic converters, field-effect transistors, photovoltaic devices, transparent electrodes, LEDs, catalysts, etc. [1,2]. Two-dimensional materials are of exceptional interest for gas sensors, since they combine, on the one hand, the maximum surface-to-volume ratio, which ensures high adsorption capacity and reactivity when interacting with gases, and, on the other hand, the presence of predominantly one crystallographic plane with high perfection of the crystal structure, which improves the dynamic properties of sensors, reducing time response and relaxation of the signal.



For graphene, the physical adsorption of gases occurs at carbon atoms, the C-C bond center, and the center of the carbon atom hexagon [3,4,5,6,7,8]. Chemical or thermal functionalization of graphene, the creation of graphene oxide (GO), and reduced graphene oxide (rGO) can significantly increase the reactivity of the material due to the formation of chemically bound oxygen, hydroxyl, carboxyl, and carbonyl groups on its surface [4,6].



More recently, research interests have turned to the development of 2D/MO nanocomposites, including nanoparticles of semiconductor metal oxide (MO) [9,10,11,12,13,14,15]. One of the features of such systems is the possibility of obtaining a sensor response at sufficiently low operating temperatures, down to room temperature [9,10]. At the same time, additional advantages in terms of increasing sensitivity can be obtained with UV photo-activation using low-power LEDs [16,17]. UV LEDs are able to produce exact wavelengths at a specific intensity with low energy consumption (about tens of mW) for optimum working conditions [18]. Thus, the creation of gas sensors operating under photoactivation conditions is a new, actively developing direction [18,19,20,21,22,23], associated with the development of highly sensitive sensors with low energy consumption (Table 1).



In this paper, nanocomposites based on electrospun ZnO nanofibers and ZnO/rGO composites with different rGO contents are discussed. We focused on a comparative study of sensor properties of obtained materials when detecting nitrogen oxides (NO2 and NO) at low temperatures of 25–150 °C in dark conditions and under UV illumination. The experimental results show that UV photoactivation provides the sensitivity of ZnO/rGO composites toward NO2 and NO at room temperature.




2. Materials and Methods


2.1. Materials Synthesis


Polyvinylpyrrolidone (PVP) (Mw = 1,300,000, Sigma-Aldrich, St. Louis, MO, USA), zinc acetate (Zn(CH3COO)2 × 2H2O, Sigma-Aldrich, 99%), 2-methoxyethanol (CH3OCH2CH2OH, Sigma-Aldrich, 99.8%), isopropyl alcohol (C3H7OH, Sigma-Aldrich, 99.9%) were used without additional purification. The reduced graphene oxide was synthesized by the modified Hammer’s method at Lition LLC (Dubna, Russia).



To obtain ZnO nanofibers by the electrospinning method, 1.25 g of zinc acetate was dissolved in 50 mL of a mixture of isopropyl alcohol and 2-methoxyethanol (1:1). Then, 4.5 g of PVP was added to this solution and mixed until the polymer was completely dissolved. The resulting polymer solution was transferred to a medical syringe with a 21G metal needle (inner diameter 510 μm). The solution was continuously pumped with a syringe pump at a rate of 1 mL/h. The voltage between the needle and the collector was 10 kV, the distance was 13 cm. Finally, the obtained fibers were annealed in air at 550 °C for 5 h, the heating rate of the furnace was 1 K/min.



Composites ZnO/rGO containing 0.5, 1, and 2 wt.% rGO were prepared by impregnation of synthesized ZnO nanofibers with rGO suspension in isopropyl alcohol, followed by drying at room temperature for 12 h. For uniform distribution of rGO over the surface of ZnO, impregnation was carried out in an ultrasonic bath, the duration of ultrasonic treatment was 15 min.




2.2. Materials Characterization


The phase composition of the samples was determined by powder X-ray diffraction (XRD) using a DRON-4-0.7 diffractometer (Burevestnik, St. Petersburg, Russia) with an X-ray wavelength λ = 1.54051 (CuKα radiation). The average size of the crystallites was calculated using the Scherrer formula:


    d   X R D   =   k · λ   β ·   cos  Θ    ,  



(1)




where dXRD is the average size of the coherent scattering region, β is the width of the corresponding diffraction peak at half the height, λ is the wavelength of the radiation used, θ is the diffraction angle, k is the shape coefficient for spherical particles (k = 0.9).



The composition of the surface was characterized by Infrared Fourier spectroscopy (FTIR) using a Perkin Elmer Frontier spectrometer (Perkin Elmer Inc., Beaconsfield, UK). The spectra were recorded in the transmission mode in the wavenumbers range of 4000–400 cm−1 with a step of 4 cm−1. During sample preparation, 0.5 mg of sample powder was ground with 50 mg KBr and pressed into tablets with a diameter of 7 mm.



The microstructure of the materials was studied by scanning electron microscopy (SEM) using a Carl Zeiss NVision 40 microscope (Carl Zeiss, Inc., Oberkochen, Germany). The experiments were carried out using an intralens secondary electron detector at an accelerating voltage of 10 kV with an aperture of 30 μm. The samples were applied to a conductive double-sided carbon adhesive tape glued to the microscope sample holder.



The charge state of zinc, oxygen, and carbon atoms in ZnO nanofibers and ZnO/rGO nanocomposites was determined by X-ray photoelectron spectroscopy (XPS) using an Axis Ultra DLD spectrometer (Kratos Analytical, Manchester, UK) with monochromatic Al Kα radiation (hν = 1486.7 eV, 150 W) in a vacuum not lower than 10−9 torr. The charge shift was compensated by the C1s ground state peak with a binding energy of 285 eV for ZnO samples and ZnO/rGO composites, and for the rGO sample by a peak with a binding energy of 284.5 eV. Survey spectra in the range of 600–0 eV with 0.5 eV increments were obtained for all samples. The spectra of the Zn2p, O1s, and C1s regions were recorded with increments of 0.05 eV. The background was described using the Shirley method, the spectra were approximated by mixed Gauss-Lorentz functions.




2.3. Measurements of the Gas Sensor Properties


The sensor properties of the ZnO nanofibers and ZnO/rGO nanocomposites were studied in situ by measuring the conductivity of thick films using a laboratory-developed installation with a flow chamber. Materials in the form of a paste with isopropanol were applied to a 2 × 2 × 0.5 mm aluminum oxide substrate with Pt electrodes (on the top side) and Pt microheaters (on the back side). After applying the paste, the substrates were dried for 5 h at room temperature in laboratory air, then heated to 150 °C (2 K/min) and kept for 5 h to completely remove the solvent. Despite the fact that graphene oxide begins to break down in air at temperatures above 400 °C [17], at 180 °C, the burnout of rGO from ZnO/rGO composites begins, which is accompanied by a change in the color (bleaching) of the sensitive layer and instability of the sensor’s resistance to air. For this reason, when preparing sensors and taking measurements, the temperature did not exceed 150 °C. The resistance of the sensors was measured at a constant voltage in a controlled gas flow of 100 ± 0.1 mL/min in the temperature range of 25–150 °C in dark conditions and under illumination by UV LED (λmax = 365 nm). The power consumption of UV LED illuminating 4 sensors was 125 mW. The power consumption of each sensor in thermal heated measurements was 82, 136, and 300 mW at a temperature of 100, 150 and 300 °C, respectively. Attested gas mixtures were used as sources of analyte gases. Gas mixtures with a preassigned concentration of CO (20 ppm), NH3 (20 ppm), H2 (100 ppm), NO (4 ppm), and NO2 (1 ppm) in dry air were created using electronic gas flow regulators RRG12 (Eltochpribor, Zelenograd, Russia). The concentrations of NO and NO2 in gas mixtures were additionally verified with a Teledyne API N500 CAPS NOX Analyzer. The sensor signal S when detecting reducing gases was calculated by the formula (2):


  S =     R   a i r   −   R   g a s       R   g a s     =     R   a i r       R   g a s     − 1 ,  



(2)




In the case of oxidizing gases, the formula (3) was used:


  S =     R   g a s   −   R   a i r       R   a i r     =     R   g a s       R   a i r     − 1 ,  



(3)




where     R   a i r    —resistance of the material in the background air;     R   g a s    —resistance of the material in the presence of an analyte gas.





3. Results


3.1. Structure, Morphology, and Surface Characterization


Diffractograms of rGO, ZnO nanofibers, and ZnO/rGO nanocomposites are shown in Figure 1. The rGO diffractogram has two characteristic peaks at 2θ = 24.10° and 42.60°. The first one is associated with the π-conjugate graphene structure which indicates the similarity of rGO and graphene [54,55]. The second one is explained by the disordered arrangement of graphene layers [56]. The diffractogram of ZnO nanofibers corresponds to zinc oxide with a wurtzite structure (ICDD [36–1451]). In the case of composites with different rGO content, the main phase is the zinc oxide phase with a wurtzite structure. For all samples, the average size of the ZnO crystal grains estimated by Equation (1) was dXRD = 15 ± 1 nm. No reflections corresponding to rGO were detected; however, there is a small new peak, which is apparently associated with the presence of disordered graphite layers (T-carbon, [57]). The wide peak at 20° present on the diffractograms of all samples corresponds to the cuvette material, as confirmed by the diffractogram of an empty cuvette.



Figure 2 and Figure 3 demonstrate SEM and TEM images of ZnO nanofibers, rGO, and a ZnO/rGO nanocomposite. ZnO nanofibers obtained by electrospinning have a three-dimensional spongy structure formed by fibers with an average diameter of 200 nm (Figure 2a). The fibers, in turn, consist of smaller crystalline particles with a size of 20–50 nm (Figure 3a). The reduced graphene oxide is micrometer-sized sheets (Figure 2b) with a thickness of about 10–100 nm (Figure 3b) that may indicate a multilayer rGO structure. SEM image of the ZnO/rGO composite (Figure 2c) indicates that the fibrous structure of ZnO was not preserved. The destruction of nanofibers could occur during ultrasonic processing used for impregnating the ZnO fibers with rGO suspension. The TEM image (Figure 3c) confirms the presence of the same “primary” components—ZnO nanoparticles and rGO sheets.



The FTIR spectrum of ZnO nanofibers (Figure 4) contains characteristic absorption bands corresponding to O–H bonds (3700–3150 cm−1) from physically and chemically adsorbed hydroxyl groups, C–H bonds (2920–2840 cm−1) from fragments of organic molecules, and C=O bonds (2340 cm−1) from adsorbed CO2 molecules. The band at 1630 cm−1 corresponds to deformation vibrations of adsorbed water molecules, the bands at 990–870 cm−1 can be associated with multi-phonon vibrations of the ZnO lattice, and finally, the 440 cm−1 band characterizes valence Zn–O vibrations in the zinc oxide crystal structure.



The absorption spectrum of rGO, in addition to the bands at 3700–3150 cm−1 and 2920–2840 cm−1 associated with O–H and C–H bonds, contains absorption bands characteristic for carbonyl C=O (1725 cm−1), carboxyl–COOH (1487 cm−1), epoxy C–O–C (1210 cm−1), and alkoxyl C–O (1100 cm−1) groups, as well as bands characteristic for vibrations of sp2-hybridized C–C bonds (1557 cm−1) and an OH-group bonded with graphene carbon (1422 cm−1). The presence of a large number of carboxyl and alkoxyl groups on the rGO surface indicates a weak reduction of graphene oxide, which will inevitably affect its electrical properties and, consequently, the gas-sensitive characteristics of ZnO/rGO composites.



In comparison with the spectrum of ZnO nanofibers, additional absorption bands were found in the FTIR spectra of ZnO/rGO composites at 1412 cm−1, corresponding to vibrations of tertiary C–OH bonds, and at 1487 cm−1, due to carboxyl groups. The appearance of these bands is obviously related to the presence of rGO in ZnO/rGO composites.



The X-ray photoelectron spectra confirm the presence of various oxygen-containing groups on the rGO surface. Figure 5a shows the C1s region of the rGO XP- spectrum, containing components with binding energies of 284.51, 285.68, 288.6, and 291.38 eV corresponding to carbon in sp2-hybridized C–C bonds, alkoxyl C–O, carbonyl C=O, and carboxyl COOH groups, respectively. The O1s region of the rGO spectrum (Figure 5d) contains two components with binding energies of 531.56 and 533.16 eV, which can be attributed to oxygen in the alkoxyl C–O and carbonyl C=O groups, and oxygen in the hydroxyl OH and carboxyl COOH groups, respectively. The fraction of hydroxyl OH and carboxyl COOH groups is 65%, and alkoxyl C–O and carbonyl C=O groups is 35%.



The spectra of ZnO nanofibers (Figure 5b) and the ZnO/rGO-1 composite (Figure 5c) in the C1s region contain three components with binding energies of 284.97, 286.34, 289.03 eV (ZnO) and 284.88, 268.44, 289.14 eV (ZnO/rGO-1), which can be attributed to amorphous carbon, alkoxyl C–O, and various ether groups, respectively. It is worth noting a significant increase in the integral intensities of the components responsible for carbon in the C–O and ether groups in the spectrum of the composite ZnO/rGO (33% and 14%) compared with the spectrum of ZnO nanofibers (15% and 7%).



The spectra of ZnO (Figure 5e) and ZnO/rGO-1 (Figure 5f) in the O1s region also contain three components: 530.32, 531.51, 532.44 eV (ZnO) and 530.29, 531.42, 532.64 eV (ZnO/rGO-1), corresponding to the oxygen of the ZnO crystal structure (Olat), different forms of chemisorbed oxygen (Osurf), and adsorbed OH groups (OHsurf), respectively. There is an increase in the integral intensity of the components corresponding to chemisorbed oxygen and OH groups in the spectrum of the ZnO/rGO-1 composite (([Osurf] + [OHsurf])/[Olat] = 1.9) compared with pure ZnO (([Osurf] + [OHsurf])/[Olat] = 1.0).




3.2. Gas Sensor Properties


The sensor properties of ZnO nanofibers and ZnO/rGO composites were studied toward reducing gases (CO 20 ppm, NH3 20 ppm, H2 100 ppm) and oxidizing gases (NO2 1 ppm, NO 4 ppm) in a temperature range of 25–150 °C in dry air in dark conditions and under constant UV illumination (365 nm). For all samples, a reversible change in resistance is observed when NO or NO2 is introduced into the measurement cell and its subsequent recovery when purged with clean air. The dynamic response of the sensor to 1 ppm NO2 under constant UV illumination is shown in Figure 6 as an example.



Figure 7 presents the values of the sensor signal of ZnO nanofibers and ZnO/rGO composites when detecting the gases under study at temperatures of 25 and 150 °C in dark conditions and under constant UV illumination. In dark conditions at a room temperature of 25 °C (Figure 7a), all the materials do not exhibit sensor sensitivity to all gases, both reducing and oxidizing. With an increase in the operating temperature to 150 °C (Figure 7b), the sensor sensitivity of materials to oxidizing gases, especially nitrogen dioxide, appears.



Under UV illumination, the situation is changing. Both at a room temperature of 25 °C (Figure 7c) and at T = 150 °C (Figure 7d), the sensor sensitivity of ZnO nanofibers and ZnO/rGO composites to oxidizing gases NO and NO2 is observed. To the reducing gases CO, NH3, and aH2, as in dark conditions, all materials do not show a sensor response. In particular, the materials exhibit selective sensor sensitivity to NO2 in the entire temperature range of 25–150 °C, and at T = 150 °C, a sensor based on ZnO nanofibers has the greatest response, while at T = 25 °C, the ZnO/rGO-1 composite provides the best characteristics.





4. Discussion


4.1. Electrical Properties of ZnO/rGO Interface


To explain the observed trends in the sensor properties of ZnO nanofibers and ZnO/rGO composites, it is necessary to discuss the electrical properties of the heterojunction formed between ZnO and rGO. Zinc oxide is a wide-band n-type semiconductor. The weak reduction of graphene oxide shown by the FTIR and XPS methods brings it closer to p-type doped graphene oxide GO [58]. Indirectly, this assumption is confirmed by the temperature dependences of the resistance of ZnO nanofibers and ZnO/rGO composites (Figure 8). On the temperature dependences of the resistance in lgR vs. 1/T coordinates, two regions can be distinguished. The linear region in the temperature range 75–150 °C reflects the activation character of the conductivity of ZnO and ZnO/rGO composites, and the activation energy of the conductivity of ZnO/rGO composites turns out to be greater than for ZnO. In the range of 25–75 °C, the resistance values are practically independent of temperature. With UV illumination, there is a significant decrease in the resistance of materials (Figure 8b). Under these conditions, the resistance of ZnO and ZnO/rGO composites practically does not depend on temperature.



It can be noted that the temperature dependences of the resistance of ZnO/rGO composites have the same form as the temperature dependences of the resistance of ZnO nanofibers both in dark conditions and under UV illumination. That is, the mechanism of electrical conductivity of ZnO/rGO composites is determined by the properties of ZnO. Under dark conditions in the temperature range of 150–75 °C, the activation character of ZnO conductivity indicates the presence of energy barriers at the boundaries of ZnO grains due to the localization of electrons by chemisorbed oxygen (Equation (4)) and the formation of a near-surface layer depleted in electrons compared to the bulk of the semiconductor.


    O   2   g a s     +   e   −   ↔   O   2   a d s     −    



(4)







The length of this electron-depleted layer L is determined by the Debye length in this material LD and the height of the Schottky surface barrier Vs [59].


  L =   L   D     q   V   s       k   B   T   ,  



(5)




where q is the electron charge, kB is the Boltzmann constant, T is the absolute temperature. The Debye length in the material is determined by the equation


    L   D   =    ε   ε   0     k   B   T     q   2     n   b      ,  



(6)




where ε is the dielectric constant of the material, nb is the bulk electron concentration.



The value of the surface barrier, in turn, is determined by the charge of the surface     Q   s   2    :


    V   s   =     Q   s   2     2 · ε   ε   0   q   n   b     .  



(7)







From Equation (6), it can be expected that the LD value should decrease with decreasing temperature (LD~T1/2). However, in the case of semiconductors, the bulk concentration of charge carriers nb also decreases significantly with a decrease in temperature which should lead to an increase in LD (LD~nb−1/2). For nanocrystalline SnO2, it is shown [60] that with a decrease in temperature, the LD value integrally increases. In combination with Equation (5), this allows us to expect an increase in the length of the electron-depleted layer L in the case of ZnO. Calculations carried out by the authors [61] show that at room temperature, the LD value in zinc oxide is 19 nm. Therefore, the ratio dXRD ≤ LD is implemented and the weak dependence of the ZnO resistance on the temperature in the range of 75–25 °C may be due to the spread of the electron-depleted layer over the entire ZnO crystalline grain and the transition of the band structure to the flat band situation [60]. In this case, the conductivity is determined by the electron concentration in the depleted layer, which is reflected by the Fermi level position, and intercrystalline barriers (providing the activation character of conductivity) do not significantly contribute to electrical conductivity (Figure 9).



Under dark conditions (Figure 8a), ZnO/rGO composites have resistance 1.5–2 orders of magnitude greater than pure ZnO which may be due to the formation of p-n heterojunctions at the n-ZnO/p-rGO interface. The ratio of the electron work functions φ for n-ZnO (φ = 4.6 eV [62]) and rGO (depending on functionalization and total oxygen content φ = 5.5–4.7 eV [63,64,65]) is such that when equilibrium is established on the n-ZnO/p-rGO interface, electron transfer from ZnO to rGO occurs. This leads to the formation of a depletion layer at the ZnO/rGO interface that makes the electron transport channel narrower and results in an increase in the resistance of ZnO/rGO composites compared with ZnO nanofibers.



UV illumination leads to the generation of electrons and holes and, consequently, to a significant increase in the bulk electron concentration for n-ZnO. As a result, the Debye length LD (Equation (6)) and the height of the surface barrier (Equation (7)) decrease simultaneously. Thus, the conductivity of ZnO and, consequently, ZnO/rGO composites becomes weakly dependent on temperature in the entire range of 25–150 °C (Figure 8b).



Figure 8c shows the temperature dependence of the UV illumination effect on the resistance of ZnO and ZnO/rGO composites. The ratio Rdark/RUV, where Rdark is the resistance in dark conditions and RUV is the resistance under illumination, is selected as an illustrative parameter. The value of Rdark/RUV increases significantly with a decrease in temperature from 150 to 75 °C, and then changes slightly. Obviously, ZnO and ZnO/rGO composites at room temperature demonstrate a large photo response, because they have very low dark conductivity. Therefore, even small in absolute magnitude photocurrents will give a large photoresponse. When the semiconductors are heated, the dark current increases. In addition, the photocurrent that is generated during illumination remains in approximately the same order. UV illumination obviously leads to a decrease in the work function of both ZnO (about 0.3 eV [66]) and rGO (about 0.05 eV [67]), but the ratio φ(ZnO) < φ(rGO) is maintained that provides a higher RUV resistance of ZnO/rGO composites compared to ZnO.



It is known [19] that the presence of oxygen in the gas phase significantly affects the photoconductivity of semiconductors, while in the environment of various inert gases and in a vacuum, photoconductivity behaves in a similar way. This indicates an interaction between photoexcited charge carriers and oxygen particles present on the surface of semiconductor oxides in ion-adsorbed forms. Thus, an increase in the concentration of photogenerated electrons eph should lead to chemisorption of an additional amount of oxygen on its surface, i.e., to photoadsorption:


    O   2 ( g a s )   +   e   p h   −   →   O   2 ( a d s )   −    



(8)







A photogenerated hole hph, on the contrary, can cause desorption of chemisorbed oxygen:


    O   2 ( a d s )   −   +   h   p h   +   →   O   2 ( g a s )    



(9)







As a result of this process, the oxygen molecule passes into a neutral physically adsorbed form, which can then be easily removed from the surface due to thermal fluctuations, and the electron captured by oxygen returns to the semiconductor. The peculiarity of this process is that the absorption of one photon actually leads to the formation of two electrons in the crystal. Thus, the steady-state conductivity of metal oxides in air under UV illumination, as well as their dark conductivity, is significantly controlled by the processes of chemisorption and desorption of oxygen [68,69]. The “photoadsorption–photodesorption” equilibrium is determined by the type and concentration of defects, as well as the metal-oxygen bond energy for the given semiconductor oxide [69]. The interaction of electron acceptor gases (O3, NO2) with semiconductor oxides under photoactivation conditions involves the same processes of photoadsorption and photodesorption [18,70,71]. The conductivity value in this case will depend on the electron affinity of a particular gas molecule, as well as the concentration of oxygen and the detected gas.




4.2. NO2 Detection


The results of earlier DRIFTS investigations [72,73] indicate that the interaction of NO2 with the surface of n-type semiconductors includes the following processes:


    N O   2   g a s     +   e   −   ↔   N O   2   a d s     −   ,  



(10)






    N O   2 ( g a s )   +   O   2 ( a d s )   −   ↔   N O   2 ( a d s )   −   +   O   2 ( g a s )   ,  



(11)






  2   N O   2 ( g a s )   +   1   2     O   2 ( g a s )   + 2   e   −   ↔   N O   2 ( a d s )   −   +   N O   3 ( a d s )   −   ,  



(12)






    N O   2 ( a d s )   −   +   1   2     O   2 ( g a s )   ↔   N O   3   a d s   .   −    



(13)







Since NO2 has a greater electron affinity (2.27 eV [74]) than oxygen (0.44 eV [75]), the equilibria (10)–(12) are shifted towards the formation of the chemisorbed form of NO2. Consequently, even in conditions of high oxygen concentration (about 20% in air), the NO2 presence at ppm level turns out to be a factor determining the conductivity of ZnO. The authors [76] have shown by the example of SnO2 that the conductivity of n-type semiconductor metal oxides in NO2-containing atmospheres correlates with the concentration of surface bidentate nitrites [76]. Compared to chemisorbed oxygen, these NO2− species form in the zinc oxide band gap deeper acceptor levels, the position of which can be estimated as 1.2–2.3 eV below the bottom of the ZnO conduction band [77].



Localization of electrons at NO2− acceptor level leads to an increase in the resistance of n-type semiconductor oxide. When detecting NO2 at 25 °C in the dark, the resistance of ZnO/rGO composites becomes higher than 1011 Ohms (the measurement limit of our device) which does not allow us to determine the sensor response for these materials (Figure 10a). Comparison of the position of the Fermi level for ZnO and ZnO/rGO composites at 25 °C in the dark with the position of NO2− acceptor level (Figure 9) suggests a lower signal towards NO2 in the case of ZnO/rGO composites. An increase in temperature up to 150 °C leads to a decrease in the resistance of ZnO and ZnO/rGO composites by about three orders of magnitude (Figure 8a) which makes it possible to reliably register a sensor response towards NO2. At the same time, the position of the Fermi level provides effective electron transfer to the NO2− acceptor level for both ZnO and ZnO/rGO composites. The maximum value of the sensor response is obtained in the case of the ZnO/rGO-1 composite (Figure 10b).



Under UV activation at 25 °C, the concentration of photogenerated electrons provides an easily measurable resistance (Figure 8b), and the corresponding position of the Fermi level makes it possible to transfer electrons to the NO2− acceptor level for both ZnO and ZnO/rGO composites (Figure 9). In these conditions, the maximum sensor response is observed for the ZnO/rGO-1 composite (Figure 10a). At 150 °C, UV activation leads to a decrease in sensor response compared to dark conditions (Figure 10b). This may be due to a combination of thermal and photodesorption of NO2 as a result of the interaction of adsorbed NO2− species with photogenerated holes (Equations (14) and (15)) [68] under photoactivated charge transfer [78]:


    N O   2   a d s     −   +   h   +   ↔   N O   2   g a s     ,  



(14)






    N O   2 ( a d s )   −   +   h   +   ↔   N O   ( g a s )   +   1 / 2 O   2 ( g a s )   .  



(15)








4.3. NO Detection


Usually, in the presence of NO, the resistance of n-type semiconductors increases [72,73], however, the sensor response is much less than when detecting NO2 at the same concentration [72,79]. The electron affinity of the NO molecule (0.03 eV [80]) is lower than that of oxygen. Since in a NO molecule, the unpaired electron is located on the antibonding 2π-orbital, it is difficult for this molecule to localize an additional electron from the conduction band of the semiconductor and replace the chemisorbed oxygen on the surface of the semiconductor oxide [79]. Based on the DRIFTS results, the authors of [72] suggested that the observed increase in the sensor’s resistance in a NO-containing atmosphere is due to the NO to NO2 conversion on the surface of semiconductor oxides during the NO interaction with gas phase oxygen or chemisorbed oxygen:


    N O   ( g a s )   +   1 / 2 O   2 ( g a s )   +   e   −   ↔   N O   2 ( a d s )   −    



(16)







G. Xu et al., calculated the characteristics of adsorption and oxidation of NO on various crystallographic surfaces of SnO2 using DFT [81]. It was concluded that NO molecules are mainly adsorbed on the (110) surface containing pre-adsorbed oxygen, and then oxidized to form NO2− species.



A comparison of the sensor response of ZnO and ZnO/rGO composites when detecting 4 ppm NO in dark conditions and under UV illumination at 25 and 150 °C is shown in Figure 11. When compared with the case of NO2 (Figure 10), the following differences should be noted: (i) at T = 25 °C, ZnO nanofibers do not show sensitivity when detecting NO in dark conditions; (ii) at T = 150 °C, the use of UV illumination does not lead to a decrease, but to an increase in the sensor response, and the maximum signal is demonstrated by the sensor based on ZnO/rGO-1 composite.



Since the oxidation of nitrogen monoxide with oxygen on the surface of a semiconductor oxide (reaction (16)) is a necessary stage of the process that causes a sensor response when NO is detected, one can assume that an increase in the concentration of oxygen-containing particles on the surface of ZnO/rGO composites compared to ZnO nanofibers (according to XPS) also leads to an increase in their signal to NO. The use of UV illumination can additionally increase the concentration of chemisorbed oxygen on the ZnO surface as a result of the photoadsorption process (Equation (8)) proved by recent mass spectral investigations [69]. The photoadsorption of oxygen on the ZnO surface was clearly detected at room temperature, and the slight increase in the photoadsorption rate was observed with the temperature rise up to 150 °C. This probably caused the increase in the sensor signal due to UV illumination at 150 °C.




4.4. Reducing Gases Detection


As is known, the formation of the sensor response of semiconductor oxides during the detection of reducing gases occurs due to the reaction of the analyte gas with previously chemisorbed oxygen, however, the required operating temperatures are quite high: 250–350 °C (CO), 300–350 °C (NH3), and 250–300 °C (H2). Thus, the lack of sensitivity of ZnO and ZnO/rGO composites to reducing gases in the temperature range of 25–150 °C in dark conditions can be explained by too low a detection temperature. The use of UV illumination can increase the concentration of chemisorbed oxygen on the ZnO surface as a result of the photoadsorption process (Equation (8)) proved by recent mass spectral investigations [69], however, it does not allow for the detection temperature of reducing gases CO, NH3, and H2 to be lowered. To obtain a reliable measurable response when detecting such gases at low temperatures, the introduction of an additional catalyst is required, which can be, for example, gold nanoparticles [82].





5. Conclusions


ZnO/rGO composites were successfully prepared by impregnation of electrospun ZnO nanofibers with rGO suspension. FTIR and XPS data revealed an increase in the concentration of oxygen-containing surface species for ZnO/rGO nanocomposites compared with ZnO nanofibers. The study of the sensor properties of ZnO and ZnO/rGO composites showed that in the temperature range of 25–150 °C, the obtained materials have no sensitivity when detecting reducing gases CO, NH3, and H2, either in dark conditions or under UV illumination. At the same time, the use of UV illumination makes it possible to detect nitrogen oxides NO and NO2 in this temperature range. At T = 25 °C, UV illumination is a necessary condition for the appearance of a sensor response when detecting both NO and NO2. The formation of a heterocontact at the ZnO/rGO interface provides an increase in the sensitivity of composites when detecting nitrogen oxides at T = 25 °C. At T = 150 °C, compared to dark conditions, the sensor response under UV illumination toward NO increases, and the sensor response to NO2, on the contrary, decreases. This difference is due to the participation of chemisorbed oxygen in the processes responsible for the formation of a sensor response when detecting NO.
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Figure 1. XRD patterns of rGO, ZnO, and ZnO/rGO nanocomposites with different rGO content. 
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Figure 2. SEM images of ZnO nanofibers (a), rGO (b) and ZnO/rGO nanocomposite (c). 
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Figure 3. TEM images of ZnO nanofibers (a), rGO (b) and ZnO/rGO nanocomposite (c). 
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Figure 4. FTIR spectra of rGO, ZnO nanofibers, and ZnO/rGO nanocomposites. 
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Figure 5. XP-spectra in C1s (a–c) and O1s (d–f) regions of rGO nanosheets (a,d), ZnO nanofibers (b,e) and ZnO/rGO-1 nanocomposite (c,f). 
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Figure 6. Dynamic change in sensors’ resistance with periodic changes in the gas phase composition when detecting 1 ppm NO2 in dry air in the temperature range of 150–25 °C under UV illumination. 
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Figure 7. Sensor signal of ZnO nanofibers and ZnO/rGO composites when detecting reducing gases CO, NH3, H2 and oxidizing gases NO and NO2 in dark conditions (a,b) and under constant UV illumination (c,d) at T = 25 °C (a,c) and T = 150 °C (b,d). 
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Figure 8. Temperature dependences of the resistance of ZnO nanofibers and ZnO/rGO composites: (a) In dark conditions; (b) Under constant UV illumination (365 nm). (c) Temperature dependences of Rdark/RUV ratio. 
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Figure 9. Scheme of ZnO band bending and ZnO/rGO heterojunction depending on temperature and UV illumination. 
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Figure 10. Sensor response of ZnO and ZnO/rGO composites when detecting 1 ppm NO2 in dark conditions and under UV illumination at 25 °C (a) and 150 °C (b). 
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Figure 11. Sensor response of ZnO and ZnO/rGO composites when detecting 4 ppm NO in dark conditions and under UV illumination at 25 °C (a) and 150 °C (b). 
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Table 1. Sensor response of various materials when detecting NO2 under UV photoactivation.
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	Material
	NO2 Concentration, ppm
	Sensor Response,

S = 100% × (Rgas − Rair)/Rair
	Ref.





	In2O3
	5
	900
	[24]



	In2O3
	8
	17,900
	[25]



	SnO2
	10
	1000
	[26]



	Pd/SnO2
	5
	180,000
	[27]



	Au/SnO2
	5
	6400
	[28]



	SnO2/rGO
	10
	120
	[29]



	WO3
	5
	11,300
	[30]



	ZnO
	1
	708
	[31]



	ZnO
	1
	610
	[32]



	ZnO
	1
	304
	[33]



	ZnO
	1
	8820
	[34]



	ZnO
	0.05
	157
	[35]



	ZnO(Mg)
	5
	100
	[36]



	ZnO(Dy)
	0.3
	65
	[37]



	Ag/ZnO
	5
	98
	[38]



	Au/ZnO
	5.0
	455
	[39]



	In2O3/ZnO
	0.5
	3170
	[40]



	ZnO/SnO2
	0.5
	126,600
	[41]



	ZnO/SnO2
	0.05
	220
	[42]



	ZnO/In2O3
	5
	221
	[43]



	ZnO/In2O3
	0.7
	11,600
	[44]



	ZnO/rGO
	50
	3431
	[16]



	ZnO/CMK-3
	5
	191
	[45]



	ZnO/MoS2
	0.2
	188
	[46]



	MoS2/ZnO
	0.5
	2310
	[47]



	ZnS/ZnO
	1.0
	339
	[48]



	Bi2O3/ZnO
	1.0
	227
	[49]



	Al/TiO2/Al2O3/p-Si
	20
	11.5
	[50]



	CuO/ZnS
	5.0
	955
	[51]



	Au/MoS2
	2.5
	30
	[52]



	Graphene
	100
	27.5
	[53]
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