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Abstract:



Nanocrystalline cobalt oxide Co3O4 has been prepared by precipitation and subsequent thermal decomposition of a carbonate precursor, and has been characterized in detail using XRD, transmission electron microscopy, and FTIR spectroscopy. The sensory characteristics of the material towards carbon monoxide in the concentration range 6.7–20 ppm have been examined in both dry and humid air. A sensor signal is achieved in dry air at sufficiently low temperatures T = 80–120 °C, but the increase in relative humidity results in the disappearance of sensor signal in this temperature range. At temperatures above 200 °C the inversion of the sensor signal in dry air was observed. In the temperature interval 180–200 °C the sensor signal toward CO is nearly the same at 0, 20 and 60% r.h. The obtained results are discussed in relation with the specific features of the adsorption of CO, oxygen, and water molecules on the surface of Co3O4. The independence of the sensor signal from the air humidity combined with a sufficiently short response time at a moderate operating temperature makes Co3O4 a very promising material for CO detection in conditions of variable humidity.
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1. Introduction


Resistive semiconductor gas sensors are widely used to control the quality of atmospheric air in industrial plants and in residential areas. They have many advantages: high sensitivity, small size, fast response, and low cost in mass production. n-Type metal oxides are widely used as sensitive materials [1], for example, SnO2 [2,3], ZnO [4,5,6], In2O3 [7,8], WO3 [9], TiO2 [10] and so on. One of the main disadvantages of these materials is their high sensitivity to humidity, which makes it difficult to use them in real outdoor conditions. The limitation of application of p-type semiconductor oxides CuO, NiO, Co3O4 etc. is mainly due to their high electrical resistance and lower sensitivity to gases in dry air in comparison with n-type oxides [11]. However, they are characterized by a higher concentration of chemisorbed oxygen [12], and exhibit high catalytic activity in oxidation reactions [13], which makes them promising materials for detecting gases in humid air.



Cobalt (II,III) oxide Co3O4 is a typical p-type semiconductor with a spinel structure. The Co2+ ions occupy one-eighth of the tetrahedral sites and Co3+ ions occupy a half of the octahedral sites [14]. The value of the band gap for cobalt oxide is 1.6–2.2 eV [11]. Among semiconductor oxides cobalt (II,III) oxide is one of the most active catalysts for the oxidation of carbon monoxide [15]. Its activity in CO oxidation is very close to that of noble metals [13]. The mechanism of interaction of carbon monoxide is considered in detail by the authors [13,14,16]. Briefly, the coexistence of Co2+/Co3+ ion pairs in the same material seems to be essential for this catalytic activity. In a simplified form, this was explained by the existence of the specific sites for O adsorption (Co2+-O-Co3+) and for CO adsorption (Co2+-CO), which requires a good balance between Co2+ and Co3+ species for an optimum activity in oxidation process [13].



There are a number of works devoted to the study of the sensor properties of Co3O4 to various gases in dry air—volatile organic compounds (VOCs): xylene [17], ethanol [18,19,20], methanol [20], acetone [17,21], as well as NH3 [22], NOx [23], H2S [24], CO [16], etc. At the same time, only few articles have been devoted to the study of the sensor properties to CO of pure cobalt oxide in humid air [14,25].



In this article, the sensor properties of nanocrystalline cobalt oxide in CO detection have been investigated in dry (0% r.h.) and humid (20 and 60% r.h.) air. The temperature dependences of the sensor signal, calibration curves, and the values of response and recovery time have been obtained.




2. Materials and Methods


2.1. Preparation of Co3O4 Powder


To prepare the Co3O4, NH4HCO3 (3.95 g) was dissolved in deionized water (30 mL) and then slowly added to 1 M cobalt (II) nitrate solution (25 mL). The resulting precipitate was washed several times with deionized water and dried at 100 °C for 3 h. Finally, the powder was heated in air up to 500 °C (heating rate 5 °C/min) and annealed at this temperature for 24 h.




2.2. Characterization


The calcination temperature of precipitate was determined by thermogravimetric analysis–mass spectrometry (TG-MS) with heating rate 10 °C/min in an air atmosphere using a STA 409 PC Luxx thermal analyzer (Netzsch-Gerätebau GmbH, Selb, Germany) equipped with a QMS 403 C Aëolos quadrupole mass spectrometer (Netzsch-Gerätebau GmbH, Selb, Germany). The obtained cobalt oxide was characterized by X-ray diffraction (XRD) analysis on a DRON-4-07 diffractometer (Burevestnik, Moscow, Russia, CuKα radiation, λ = 1.5406 Å), the crystallite size was calculated using the Scherrer formula. Measurement of the specific surface area and pore size analysis were carried out by the method of low-temperature nitrogen adsorption on the ASAP 2010 (Micromeritics, Norcross, GA, USA). Previously, the sample was evacuated at 300 °C to 0.4 Pa for 3 h. Based on the nitrogen adsorption isotherms obtained, the specific surface area, volume and average pore size were calculated by the Brunauer, Emmett and Teller (BET) and Barret, Johner and Halenda (BJH) methods.



The morphology, structure and chemical composition of the obtained cobalt oxide were studied at local scale by means of transmission electron microscopy (TEM). TEM and electron diffraction (ED) studies were carried out using a FEI Tecnai G2 30 UT microscope (FEI, Hillsboro, OR, USA) operated at 300 kV and having 0.17 nm point resolution and equipped with an EDAX EDX detector (EDAX, Mahwah, NJ, USA). High angle annular dark field scanning TEM (HAADF-STEM) images and EDX mapping were carried out using a JEM ARM 200F cold FEG double aberration corrected microscope (JEOL USA, Peabody, MA, USA) equipped with a CENTURIO EDX detector (JEOL USA, Peabody, MA, USA) and Quantum GIF (Gatan, Pleasanton, CA, USA).



The surface composition was investigated by Fourier transform infrared spectroscopy (FT-IR) in the wave number range of 4000–400 cm−1 region with a Frontier FT-IR spectrometer (PerkinElmer, Waltham, MA, USA) using the KBr pellet technique.



The type of conductivity of the cobalt oxide was determined using the Seebeck effect by applying a temperature gradient. The temperature gradient and the potential difference were measured by two thermocouples (copper/nickel-plated copper) and a digital voltmeter Expert 001 (Econics, Moscow, Russia) using the uniaxial 4-point geometry. The measurements were carried out on pressed Co3O4 pellets in the temperature range from room temperature to 80 °C in air.



To study the temperature dependence of the conductivity of cobalt oxide and for gas sensor measurements the sample was deposited as a paste onto a microelectronic chip consisting of Al2O3 insulator substrate with platinum heaters and contacts. The obtained thick films were dried in air at 50 °C for 48 h, heated to 200 °C (2 °C/min) and kept for 4 h to remove the organic binder. To investigate the CO gas sensing properties, the chip was placed in a test chamber with constant flux of 150 mL/min. The CO concentration (6.7, 10 and 20 ppm) in air was controlled by mass-flow controllers (Bronkhorst, Ruurlo, The Netherlands). The measurements were performed in the temperature range 60–300 °C. The required level of humidity (0, 20 and 60% r.h.) was provided by mixing two streams of dry air and humid air using a Cellkraft P-2 membrane humidifier (Cellkraft AB, Stockholm, Sweden). The background atmosphere was obtained from the pure air generation. The response S was calculated as [image: ], were [image: ] is the resistance of the film in the presence of CO, [image: ] is the resistance of the film in pure air.





3. Results


The thermogravimetric analysis–mass spectrometry (TG-MS) was performed to determine the conditions for the precursor decomposition. Figure 1a shows the TG-MS curves of the carbonate precipitate dried at 100 °C. With the temperature increase the decomposition occurs in several steps. The first one is observed from room temperature to around 150 °C and brings a weight loss of 12%. It could be due to the dehydration process:


[image: ]



(1)






Figure 1. (a) TG-MS curves for of the dried precipitate; (b) X-ray diffraction patterns of Co3O4 nanoparticles.
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Accordingly to the mass-spectral analysis of the gaseous products, the second step (25%, between 150 °C and 250 °C) is accompanied by the release of CO2 (m/z = 12, m/z = 44), NO (m/z = 30), NO2 (m/z = 46), and H2O (m/z = 18). So, this weight loss could be ascribed to the complex process including decomposition of un-reacted nitrate ions as well as reaction of the precipitate with oxygen:


[image: ]



(2)







The third small weight loss (<3%) takes place at 350–500 °C temperature range and can be explained by the evaporation of residual water. According to the TG-MS data, heating to 500 °C and annealing at this temperature provides complete decomposition.



Figure 1b depicts the XRD pattern of obtained cobalt oxide. All the peaks correspond to the cubic Co3O4 phase with the spinel structure (ICDD 42-1467). The average crystallite size Dcr of the Co3O4 phase was estimated using the Scherrer formula as 26 ± 3 nm.



The microstructure of cobalt oxide was investigated by TEM (Figure 2 and Figure 3). The selected area ED (SAED) patterns were taken from single nanoparticles along [image: ] and [011] zone axis (Figure 2a) confirmed cubic Co3O4 spinel structure (Fd3m, a = 8.083 Å) determined by XRD and show perfectly crystallized structure. Since the size of selected aperture is slightly larger of single nanoparticle, other nanoparticles at the edge of the selected area aperture can contribute to SAED pattern resulting in appearance of extra spots. Figure 2b demonstrates that the sample consists of aggregated spherical particles with the broad size distribution from 15 to 100 nm. A size distribution was obtained from several TEM images from more than 150 particles manually and using the Image Pro Plus 6.0 software (Media Cybernetics Inc., Rockville, MD, USA). The mean particle diameter is 40 ± 7 nm (Figure 2c), which is in a good agreement with the average crystallite size Dcr calculated from XRD data. According to the EDX-STEM elemental maps shown in Figure 2d, oxygen and cobalt are distributed homogeneously within single particles.


Figure 2. Characterization of Co3O4 nanoparticles by TEM: (a) typical ED patterns of the Co3O4 along main crystallographic zone axes [image: ] and [011]; (b) bright field low magnification TEM image; (c) particle size distribution calculated from TEM images; (d) energy-dispersive X-ray spectroscopy (EDX) elemental maps of Co (red), O (green) and their mixture.
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Figure 3. (a) Low-magnification and (b) high resolution HAADF-STEM images of Co3O4 nanoparticles viewing along the [011] zone axis. An enlarged image with overlapped structural model (Co—orange, O—blue) is given as inset.
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From the HAADF-STEM image presented in Figure 3a one can clearly see that the prepared Co3O4 particles have a porous structure, with the mean pore diameter of around 3–7 nm due to the gases escaping during the decomposition process. However, it was determined by BET and BJH methods that the main contribution to the total surface area is made by pores with a diameter of 30–60 nm (Figure 4). This contradiction can be explained by the fact of agglomeration of the nanoparticles. In this case the pores with diameter of 30–60 nm are formed as a result of the contact between the particles in the agglomerates. The formation of agglomerates results in a low specific surface area of 8–13 m2/g. High resolution HAADF-STEM image of Co3O4 particle (Figure 3b) confirmed a good crystallinity of the material.


Figure 4. Pore size distribution calculated by BJH method.
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The FT-IR spectra of nanocrystalline Co3O4 is shown in Figure 5. In the investigated region (4000–400 cm−1), the obtained spectra manifest the presence of two absorption bands at 568 and 665 cm−1 which originate from the stretching vibrations of the metal-oxygen bond (Co3+-O and Co2+-O) and confirm the formation of Co3O4 spinel oxide [24,26,27]. Peaks at 1034 and 1106 cm−1 are assigned to Co-O-H vibrations [28].


Figure 5. FT-IR spectra of Co3O4 nanoparticles.
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According to Seebeck effect measurements, the synthesized sample has a p-type conductivity. Figure 6 displays the variation of electrical conductivity of Co3O4 thick films (thickness 1.4 μm) with temperature, which demonstrates two different regions with activation energy of 0.35 eV (0–60 °C) and 0.15 eV (−100–0 °C). The energy 0.35 eV is consistent with the literature data obtained for pelleted powder samples [29,30] and can be attributed to the transition of an electron from the valence band to the level of the acceptor impurity. In the case of Co3O4 the presence of this level is caused by the cation vacancies, which are the main defects in the cobalt oxide structure at high oxygen pressure (in air) [31]:


[image: ]



(3)






Figure 6. Temperature dependence of the conductivity of nanocrystalline Co3O4 thick film. Inset: temperature dependence of the conductivity in the Mott VRH model coordinates.
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This process is dominating in high temperature region. The temperature dependence of the conductivity in the interval T < 0 °C is discussed in [32] for Co3O4 films obtained by the CVD method. The authors assume that in this temperature range the conductivity mechanism has to be attributed to variable range hopping of holes (Mott VRH model [33]). Obviously, the data replotted in inset on Figure 6 as σT1/2 vs. T−1/4 demonstrate a linear relationship in the temperature range −100–0 °C that indicates the VRH carrier transport.



Figure 7a illustrates the electrical response of Co3O4 to the periodical change of gas phase composition from dry air to gas mixtures containing CO (10 or 20 ppm in dry air) in the temperature range of 80–175 °C. An increase in the electrical resistance in the presence of carbon monoxide is explained by the redox reaction:


[image: ]



(4)




where [image: ] represent the reducing gas molecules in the gas phase, [image: ] is an atomic or molecular form of chemisorbed oxygen, [image: ] are the molecules of reaction products, e is an electron injected into the conduction band of the p-type semiconductor. With decreasing CO concentration, the temperature corresponding to the maximum sensor signal increases and is 80, 95, and 120 °C when detecting 20, 10, and 6.7 ppm CO, respectively (Figure 7b). Note, that at temperatures above 120 °C the sensor signal does not depend on the concentration of CO in dry air.


Figure 7. (a) Electrical response of Co3O4 to the periodic change of gas phase composition from dry air (30 min) to CO/air (15 min); (b) sensor response of the Co3O4 to CO (0% r.h.) as a function of temperature.
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An exceptionally interesting fact is the appearance of inversion of the sensor signal during CO detection in dry air in the temperature range T = 240–300 °C: the sensor’s resistance decreases in the presence of reducing gas in reversible increases in pure air (Figure 8a). The increase in air humidity leads to changes in the interaction of cobalt oxide with CO (Figure 8b). The most significant difference is the complete disappearance of the sensory signal at low temperatures. Thus, at a humidity of 20% r.h., the change in the sensor resistance in the presence of CO can be registered at a temperature of 150 °C, an increase in the relative humidity of up to 60% r.h. leads to an increase in this temperature to 180 °C. Another crucial point is that there is no signal inversion in humid air (Figure 8b). The comparison of temperature dependencies of Co3O4 sensor signal to 6.7 ppm CO at different humidity levels is presented in Figure 9.


Figure 8. (a) Electrical response of Co3O4 to the periodic change of gas phase composition from 6.7 ppm CO/air (15 min) to pure air (15 min) (0% r.h.) in dry (a) and humid (b) conditions. On part (a) the time periods when CO is introduced into sensor chamber are marked by gray color.
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Figure 9. Bar chart showing the 6.7 ppm CO response of the Co3O4 sensor as a function of temperature at 0% r.h. (a), 20% r.h. (b), and 60% r.h. (c). The area of “negative” values in the temperature range 240–300 °C in dry air (part (a)) corresponds to n-type sensor behavior.
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To discuss the results obtained, it is necessary to consider the specific features of the adsorption of CO, oxygen, and water molecules on the surface of Co3O4. Figure 10 presents the literature data of thermal programmed desorption (TPD) of oxygen from Co3O4 samples [34]. The TPD curves were obtained after procedures consisting in oxygen adsorption after pre-adsorbtion of different quantity of water (0, 21 or 69 µmol/g Co3O4). The TPD chromatogram obtained from the sample not treated by water vapor demonstrates two oxygen desorption peaks with the maxima at 90 and 227 °C and the ascent at T > 430 °C. Based on the spin unrestricted DFT+U calculations combined with the ab initio thermodynamic modeling and experimental data. Zasada et al. [35] revealed that in the oxygen pressure range of typical catalytic reactions, the most stable stoichiometric (100) surface accommodates the [image: ] and [image: ] adducts at temperatures below 250–300 °C, where [image: ] is cobalt cation in tetrahedral position, [image: ] is cobalt cation in octahedral oxygen environment. So, the low temperature peak is attributed to the desorption of atomic-type oxygen species adsorbed on Co3O4 surface forming [image: ] adduct (α oxygen). The pulse CO oxidation experiment effectuated in [35] demonstrated that low temperature CO oxidation occurs in the temperature range 40–180 °C with the maximum CO2 yield at 120 °C. Thus, it is α oxygen that is responsible for the formation of a sensory signal when detecting CO in dry air in low temperature interval 60–150 °C (Figure 9a).


Figure 10. TPD curves of oxygen obtained after procedures consisting in oxygen adsorption after pre-adsorption of different quantity of water (0, 21 or 69 µmol/g Co3O4). Adapted from [34].
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A small amount of pre-adsorbed water (that corresponds to humid air atmosphere) brought about a drastic change in the TPD curves of oxygen (Figure 10) [34]. By increasing water pre-adsorption, the peak of α oxygen declined gradually and finally disappeared. At the same time, a new peak (ε oxygen) appeared and grew in size to almost that of the original α oxygen. The authors [34] assume that the partially negatively charged atomic oxygen species interacted with surface hydroxyl groups on a cobalt ion located at nearest neighbor through a hydrogen bond. The FTIR investigations [36] also demonstrated that the presence of humidity decreases the conversion of CO to CO2 and facilitates the formation of carbonates, which do not desorb from Co3O4 surface even at high temperature (300 °C). One can suppose, that these processes (transformation of active α oxygen into inactive ε oxygen and formation of carbonates) lead to the disappearance of gas sensitivity of Co3O4 in CO detection in low temperature interval.



The second oxygen desorption peak (β oxygen) (Figure 10) can be associated with the decomposition of [image: ] suprafacial adducts [35]. These reactive oxygen species can be responsible for the Co3O4 sensitivity to CO in the temperature interval 150–300 °C. However, at the temperature T > 200 °C an additional mechanism can be involved in the CO oxidation process. As follows from the detailed review [13], most authors have proposed a Mars–van Krevelen mechanism for CO oxidation over cobalt oxides. This indicates the participation of lattice oxygen in the CO oxidation reaction. From in situ FTIR spectroscopy, Lin et al. [37] concluded that two kinds of oxygen species could be involved in CO oxidation; a binuclear species (most likely superoxide) adsorbed on CoOx and O anions of the Co3O4 spinel. Participation of lattice oxygen in the CO oxidation can lead to the formation of oxygen vacancies that can explain the inversion of the sensor signal in the high temperatures interval (T = 240–300 °C) in dry air (Figure 9a).



Formation of oxygen vacancies can be described as:


[image: ]



(5)







If in the surface layer of Co3O4 the electron concentration [n] begins to exceed the hole concentration [p], then the electrons become the main charge carriers ([n] > [p]) and the type of conductivity changes from p-type to n-type resulting in the inversion of sensor signal.



From TPD curves of oxygen (Figure 10) [34] one can see that, excluding the sample not treated by water vapor, β oxygen seems to be unchanged depending on the quantity of pre-adsorbed water. This correlate very well with the fact that the sensor signal to CO at 180–300 °C is nearly the same at 20 and 60% r.h. (Figure 9b,c). However, the absence of signal inversion in the humid air indicates that Mars–van Krevelen mechanism of CO oxidation does not realize in these conditions. Similar results, namely gas sensor response independent of relative humidity levels has been previously observed in H2S detection by p-type CuO nanowire sensor operated at 325 °C [38]. For CuO-based devices the mechanism of water and oxygen co-adsorption has been proposed in [39]. Considering this mechanism, the reaction with water vapor leads to the formation of terminal hydroxyl groups, and to the decrease in the concentration of chemisorbed oxygen species. This results in the growth of sensor baseline resistance, which was also observed in our experiments (Figure 8b).



The values of response and recovery time obtained in dry air as a function of temperature are shown in Figure 11. The response time was defined as the time it takes for 75% of the sensor response change after CO introducing into the gas phase and the recovery time was the time needed for 75% of the sensor response change after CO removal from the gas phase. The values of the response and recovery times in dry air (0% r.h.) decrease as the CO concentration and the measurement temperature increase. Comparison of the data obtained at different humidity (Figure 12) reveals an agreement with the mechanism of CO oxidation. Thus, the values of response and recovery time for the processes, in which the formation of the sensor signal is due to the CO interaction with adsorbed oxygen (α oxygen in dry air or β oxygen in humid conditions) are close to each other and only shifted on a temperature scale. A significant increase in the recovery time in the case of inversion of the sensory signal, observed at a high measurement temperature in dry air (0% r.h., n-type response), is certainly due to the participation of the oxygen of the Co3O4 crystal lattice during the oxidation of CO by Mars–van Krevelen mechanism. One of the stages of this process is the filling of the oxygen vacancy by the oxygen atom, which is the limiting stage of the process as a whole.


Figure 11. Values of response (a) and recovery (b) time as a function of temperature at 0% r.h.
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Figure 12. Values of response (a) and recovery (b) time as a function of temperature at 0, 20 and 60% r.h.
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4. Conclusions


Nanocrystalline p-type Co3O4 with a mean particle size of 30–40 nm and specific surface area of 8–13 m2/g has been prepared by the carbonate method and characterized in detail using XRD, ED, TEM and HAADF-STEM imaging and EDX analysis and FTIR spectroscopy.



The gas sensor properties of synthesized Co3O4 in CO detection were investigated in the temperature range 60–300 °C at different humidity levels 0, 20 and 60% r.h. In dry air the maximum sensor signal was observed in low temperature interval 80–120 °C. The increase in relative humidity results in the disappearance of sensor signal in this temperature range because of transformation of active oxygen species adsorbed on Co3O4 surface (α oxygen) into inactive ones (ε oxygen), and formation of thermally stable surface carbonates. The values of response and recovery time for the processes, in which the formation of the sensor signal is due to the CO interaction with adsorbed oxygen are close and do not depend on the humidity level.



In the temperature range T = 240–300 °C the inversion of the sensor signal was observed during CO detection in dry air. This fact is explained by the participation of the oxygen of the Co3O4 crystal lattice during the oxidation of CO by Mars–van Krevelen mechanism.



The sensor signal to CO at 180–200 °C is nearly the same at 0, 20 and 60% r.h. since CO molecules are oxidized by the reactive oxygen species (β oxygen) originated from [image: ] suprafacial adducts whose concentration is not greatly influenced by the quantity of pre-adsorbed water. This independence of the sensor signal from the air humidity combined with a sufficiently short response time at a moderate operating temperature makes Co3O4 a very promising material for outdoor and indoor CO detection.







Acknowledgments


The work was financially supported by Russian Science Foundation grant No. 17-73-10491.




Author Contributions


S.V. designed and performed the experiments and prepared the manuscript. V.K. participates in gas sensor measurements. M.R. helped with designing the experiments and prepared the manuscript. A.G. contributed to the conception of this work. N.M. and O.L. effectuated TEM and HREM experiments. M.M. and P.F. performed the low temperature conductivity measurements.




Conflicts of Interest


The authors declare no conflict of interest.




References


	1. 
Kim, H.J.; Lee, J.H. Highly sensitive and selective gas sensors using p-type oxide semiconductors: Overview. Sens. Actuators B Chem. 2014, 192, 607–627. [Google Scholar] [CrossRef]

	2. 
Das, S.; Jayaraman, V. SnO2: A comprehensive review on structures and gas sensors. Prog. Mater. Sci. 2014, 66, 112–255. [Google Scholar] [CrossRef]

	3. 
Krivetskiy, V.; Malkov, I.; Garshev, A.; Mordvinova, N.; Lebedev, O.I.; Dolenko, S.; Efitorov, A.; Grigoriev, T.; Rumyantseva, M.; Gaskov, A. Chemically modified nanocrystalline SnO2-based materials for nitrogen-containing gases detection using gas sensor array. J. Alloys Compd. 2017, 691, 514–523. [Google Scholar] [CrossRef]

	4. 
Sankar Ganesha, R.; Durgadevi, E.; Navaneethan, M.; Patil, V.L.; Ponnusamy, S.; Muthamizhchelvan, C.; Kawasaki, S.; Patil, P.S.; Hayakawa, Y. Low temperature ammonia gas sensor based on Mn- doped ZnO nanoparticle decorated microspheres. J. Alloys Compd. 2017, 721, 182–190. [Google Scholar] [CrossRef]

	5. 
Paliwal, A.; Sharma, A.; Tomar, M.; Gupta, V. Carbon monoxide (CO) optical gas sensor based on ZnO thin films. Sens. Actuators B Chem. 2017, 250, 679–685. [Google Scholar] [CrossRef]

	6. 
Vorobyeva, N.; Rumyantseva, M.; Filatova, D.; Spiridonov, F.; Zaytsev, V.; Zaytseva, A.; Gaskov, A. Highly sensitive ZnO (Ga, In) for sub-ppm level NO2 detection: Effect of indium content. Chemosensors 2017, 5, 18. [Google Scholar] [CrossRef]

	7. 
Waitz, T.; Wagner, T.; Sauerwald, T.; Kohl, C.-D.; Tiemann, M. Ordered Mesoporous In2O3: Synthesis by structure replication and application as a methane gas sensor. Adv. Funct. Mater. 2009, 19, 653–661. [Google Scholar] [CrossRef]

	8. 
Chizhov, A.; Rumyantseva, M.; Vasiliev, R.; Filatova, D.; Drozdov, K.; Krylov, I.; Marchevsky, A.; Karakulina, O.; Abakumov, A.; Gaskov, A. Visible light activation of room temperature NO2 gas sensors based on ZnO, SnO2 and In2O3 sensitized with CdSe quantum dots. Thin Solid Films 2016, 618, 253–262. [Google Scholar] [CrossRef]

	9. 
Urasinska-Wojcik, B.; Vincent, T.A.; Chowdhury, M.F.; Gardner, J.W. Ultrasensitive WO3 gas sensors for NO2 detection in air and low oxygen environment. Sens. Actuators B Chem. 2017, 239, 1051–1059. [Google Scholar] [CrossRef]

	10. 
Krško, O.; Plecenik, T.; Roch, T.; Grančič, B.; Satrapinskyy, L.; Truchlý, M.; Ďurina, P.; Gregor, M.; Kúš, P.; Plecenik, A. Flexible highly sensitive hydrogen gas sensor based on a TiO2 thin film on polyimide foil. Sens. Actuators B Chem. 2017, 240, 1058–1065. [Google Scholar] [CrossRef]

	11. 
Xu, J.M.; Cheng, J.P. The advances of Co3O4 as gas sensing materials: A review. J. Alloys Compd. 2016, 686, 753–768. [Google Scholar] [CrossRef]

	12. 
Iwamoto, M.; Yoda, Y.; Yamazoe, N.; Seiyama, T. Study of metal oxide catalysts by temperature programmed desorption. 4. Oxygen adsorption on various metal oxides. J. Phys. Chem. 1978, 82, 2564–2570. [Google Scholar] [CrossRef]

	13. 
Royer, S.; Duprez, D. Catalytic oxidation of carbon monoxide over transition metal oxides. ChemCatChem 2011, 3, 24–65. [Google Scholar] [CrossRef]

	14. 
Vetter, S.; Haffer, S.; Wagner, T.; Tiemann, M. Nanostructured Co3O4 as a CO gas sensor: Temperature-dependent behavior. Sens. Actuators B Chem. 2015, 206, 133–138. [Google Scholar] [CrossRef]

	15. 
Boreskov, J.K. Catalytic activation of dioxygen. In Catalysis: Science and Technology, 1st ed.; Anderson, J.R., Boudart, M., Eds.; Springer: Berlin, Germany, 1982; Volume 3, pp. 139–198. [Google Scholar]

	16. 
Patil, D.; Patil, P.; Subramanian, V.; Joy, P.A.; Potdar, H.S. Highly sensitive and fast responding CO sensor based on Co3O4 nanorods. Talanta 2010, 81, 37–43. [Google Scholar] [CrossRef] [PubMed]

	17. 
Sun, C.; Su, X.T.; Xiao, F.; Niu, C.G.; Wang, J.D. Synthesis of nearly monodisperse Co3O4 nanocubes via microwave-assisted solvothermal process and their gas sensing properties. Sens. Actuators B Chem. 2011, 157, 681–685. [Google Scholar] [CrossRef]

	18. 
Choi, K.-I.; Kim, H.-R.; Kim, K.-M.; Liu, D.; Cao, G.; Lee, J.-H. C2H5OH sensing characteristics of various Co3O4 nanostructures prepared by solvothermal reaction. Sens. Actuators B Chem. 2010, 146, 183–189. [Google Scholar] [CrossRef]

	19. 
Tan, J.; Dun, M.; Li, L.; Zhao, J.; Tan, W.; Lin, Z.; Huang, X. Synthesis of hollow and hollowed-out Co3O4 microspheres assembled by porous ultrathin nanosheets for ethanol gas sensors: Responding and recovering in one second. Sens. Actuators B Chem. 2017, 249, 44–52. [Google Scholar] [CrossRef]

	20. 
Tan, W.; Tan, J.; Li, L.; Dun, M.; Huang, X. Nanosheets-assembled hollowed-out hierarchical Co3O4 microrods for fast response/recovery gas sensor. Sens. Actuators B Chem. 2017, 249, 66–75. [Google Scholar] [CrossRef]

	21. 
Zhou, T.; Zhang, T.; Deng, J.; Wang, L. P-type Co3O4 nanomaterials-based gas sensor: Preparation and acetone sensing performance. Sens. Actuators B Chem. 2017, 242, 369–377. [Google Scholar] [CrossRef]

	22. 
Li, Z.; Lin, Z.; Wang, N.; Wang, J.; Liu, W.; Sun, K.; Fu, Y.Q.; Wang, Z. High precision NH3 sensing using network nano-sheet Co3O4 arrays based sensor at room temperature. Sens. Actuators B Chem. 2016, 235, 222–231. [Google Scholar] [CrossRef]

	23. 
Akamatsu, T.; Itoh, T.; Izu, N.; Shin, W. NO and NO2 Sensing Properties of WO3 and Co3O4. Sensors 2013, 13, 12467–12481. [Google Scholar] [CrossRef] [PubMed]

	24. 
Navale, S.T.; Liu, C.; Gaikar, P.; Patil, V.; Sagar, R.U.R.; Du, B.; Mane, R.S.; Stadler, F.J. Solution-processed rapid synthesis strategy of Co3O4 for the sensitive and selective detection of H2S. Sens. Actuators B Chem. 2017, 245, 524–532. [Google Scholar] [CrossRef]

	25. 
Wicker, S.; Großmann, K.; Bârsan, N.; Weimar, U. Co3O4—A systematic investigation of catalytic and gas sensing performance under variation of temperature, humidity, test gas and test gas concentration. Sens. Actuators B Chem. 2013, 185, 644–650. [Google Scholar] [CrossRef]

	26. 
Zhou, T.; Lu, P.; Zhang, Z.; Wang, Q.; Umar, A. Perforated Co3O4 nanoneedles assembled in chrysanthemum-like Co3O4 structures for ultra-high sensitive hydrazine chemical sensor. Sens. Actuators B Chem. 2016, 235, 457–465. [Google Scholar] [CrossRef]

	27. 
Makhlouf, M.T.; Abu-Zied, B.M.; Mansoure, T.H. Direct fabrication of cobalt oxide nanoparticles employing sucrose as a combustion fuel. J. Nanopart. 2013, 2013, 1–7. [Google Scholar] [CrossRef]

	28. 
Yan, D.; Zhang, Y.; Zhang, X.; Yu, Z.; Zhao, Y.; Zhu, G.; Chen, G.; Ma, C.; Xu, H.; Yu, A. Co3O4 microtubules derived from a biotemplated method for improved lithium storage performance. J. Ceram. Int. 2017, 43, 9235–9240. [Google Scholar] [CrossRef]

	29. 
Gopalakrishnan, J.; Appandairajan, N.K.; Viswanathan, B. Co3-xZnxO4 (0 ≤x ≤ 1) spinel oxides. Proc. Indian Acad. Sci. 1979, 88, 217–222. [Google Scholar] [CrossRef]

	30. 
Sparks, T.D. Oxide Thermoelectrics: The Role of Crystal Structure on Thermopower in Strongly Correlated Spinels. Ph.D. Thesis, Harvard University, Cambridge, MA, USA, 2012. [Google Scholar]

	31. 
Kaczmarska, A.; Grzesik, Z.; Mrowec, S. On the defect structure and transport properties of Co3O4 spinel oxide. High Temp. Proc. 2012, 31, 371–379. [Google Scholar] [CrossRef]

	32. 
Cheng, C.-S.; Serizawa, M.; Sakata, H.; Hirayama, T. Electrical conductivity of Co3O4 films prepared by chemical vapour deposition. Mater. Chem. Phys. 1998, 53, 225–230. [Google Scholar] [CrossRef]

	33. 
Mott, N.F. Conduction in glasses containing transition metal ions. J. Non-Cryst. Solids 1968, 1, 1–17. [Google Scholar] [CrossRef]

	34. 
Takita, Y.; Tashiro, T.; Saito, Y.; Hori, F. The effects of water coadsorption on the adsorption of oxygen over metal oxides: I. Temperature-programmed desorption study of Co3O4. J. Catal. 1986, 97, 25–35. [Google Scholar] [CrossRef]

	35. 
Zasada, F.; Piskorz, W.; Janas, J.; Gryboś, J.; Indyka, P.; Sojka, Z. Reactive Oxygen Species on the (100) Facet of Cobalt Spinel Nanocatalyst and their Relevance in 16O2/18O2 Isotopic Exchange, deN2O, and deCH4 Processes—A Theoretical and Experimental Account. ACS Catal. 2015, 5, 6879–6892. [Google Scholar] [CrossRef]

	36. 
Grillo, F.; Natile, M.M.; Glisenti, A. Low temperature oxidation of carbon monoxide: the influence of water and oxygen on the reactivity of a Co3O4 powder surface. Appl. Catal. B 2004, 48, 267–274. [Google Scholar] [CrossRef]

	37. 
Lin, H.-K.; Chiu, H.-C.; Tsai, H.-C.; Chien, S.-H.; Wang, C.-B. Synthesis, characterization and catalytic oxidation of carbon monoxide over cobalt oxide. Catal. Lett. 2003, 88, 169–174. [Google Scholar] [CrossRef]

	38. 
Steinhauer, S.; Brunet, E.; Maier, T.; Mutinati, G.C.; Köck, A. Suspended CuO nanowires for ppb level sensing in dry air and humid atmosphere. Sens. Actuators B Chem. 2013, 186, 550–556. [Google Scholar] [CrossRef]

	39. 
Hübner, M.; Simion, C.E.; Tomescu-Stănoiu, A.; Pokhrel, S.; Bârsan, N.; Weimar, U. Influence of humidity on CO sensing with p-type CuO thick film gas sensors. Sens. Actuators B Chem. 2011, 153, 347–353. [Google Scholar] [CrossRef]































© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).







media/file8.jpg
Transmittance (a.u.)

1034
1108

665-

566

T T T T T T
4000 3600 3200 2800 2400 2000 1600
wavenumber, cm’”

T T
1200 800

400





media/file13.png
1750C ‘ 142°C 112°C 95°C 80°C 14 4

——20 ppm CO i 1 —e— 20 ppm
— 10 ppm CO 12 — —eo— 10 ppm

Resistance R, Ohm

] %\ —e— 6.7 ppm
r-h. 0%

(
Sensor signal
[0} oo
| |
\
> &

a (]
] 4
. ] @
H u u u 2 - / ‘\
® =
R ] PR
T T T T T T T T 0 | ' | ! | ! | ! | ! | ! | ! |
200 400 600 800 60 80 100 120 140 160 180 200
Time, min Temperature, °C

(a) (b)





media/file12.jpg
i & a

Resistance R, Ohm

T | _wee | e [ we

—205mCo|
— 10omco|

=
LI LA N MR
(a) (b)





media/file18.jpg
Rate of desorption, pmol / (g*min)

15

1.0

05

0.0

¢ B —— OumolH,0
—— 21umol H,0
—— 69 umol H,0
€
100 200 300 400 500

Temperature, °C

600





media/file9.png
Transmittance (a.u.)

34
1106

10

665

1500

4000

|
3600

T
3200

T T | T
2800 2400 2000 1600

-1
wavenumber, cm

L)

|
1200

T
800

400





media/file14.jpg
mm
=
8

i oovrsson






media/file20.jpg
Response time, min

@ o 67pm . © <o
< Sdgm . S
< 2m i L
£ =
£. .
- oo . ‘ 5
Tomporsiurs, 'C





media/file23.png
Response time, min

09 e r.h.0% p-type (a)
] O r.h. 0% n-type
® r.h 20%
8 - ® r.h.60%
o ’
4
®
\\\ \\‘\\\ ®\
2 - * « ° .
] e N R o)
@ ® T __I— .‘___,_____:
0 L] l L) l L) I L) l L) l
50 100 150 200 250 300

Temperature, °C

Recovery time, min

10 - ® r.h. 0% p-type b
] O r.h. 0% n-type ( ) 5
® r.h.20%
8 - ® r.h 60%
6 -
J O
4 -
.,
2 4 )
o
0 T T T T v | | |
50 100 150 200 250 300

Temperature, °C





media/file5.png
i
’ ¢ -/
$ 5
o ek
Iy
Sr 5
2z, ’ p
AL
S
Ry
':!f,"ﬁ{'q
A,
i f2iri7 -4.
e e #
A A i
1555 'ff !;‘ﬁ;’
P j"’ /2
L,
TiAiz
A
.'n-'- v !2,.;f’ 2 °
” a,‘:’lf" > "J‘; L i f
z ,.‘r_’*lf!f 1 il S irE
)
T b f A r
A AL
’}gjﬁ - ALdr 7
L » L N o )
L] L TR ¥ » -
5 N R b el
i ML e
% -,‘»*,.“;"* S
; R R * e ‘
A3 R . Y *
'»"z'é."'{g%{&:ﬁ’ . * Ve v W e
L i e & e o ) s
A N . ¢
oy e s aat
Z6% " ik ., 4
£ R 'V,Q e
'S * Ld . ot ¥, N P
L . LR T \.),
A o ® ¥ o »






media/file15.png
6*10°

Resistance R, Ohm

3*104

-

o
)
1

200°C 180°C [150°C | 120°C | 90°C | 60°C

|

b

—~

=
i

300 °C : 270 °C 240 °C : 200°CI 180 °C 1300°C | 270°C | 240°C
I I 108_ r.h. 20%
| | r.h. 60%
| | \ .\
I | | = COout COin
| | 574N
| | o
| | 3
| | s
| | 3 10
| | a
| o
: 10°
|
|
I 4
) ) 1 ) 10 T |
100 200 300 400 500 600 200
Time, min

(a)

T
400

T T T
600 800 1000

Time, min

(b)





media/file19.png
Rate of desorption, umol / (g*min)

—
N
1

-—
o
]

=
()]
1

0.0

—— 0 umol H,O
—— 21 ymol H,0
—— 69 umol H,O

0

100

200

300

400 500

Temperature, °C

600





media/file2.jpg





nav.xhtml


  sensors-17-02216


  
    		
      sensors-17-02216
    


  




  





media/file11.png
c, S

106

107

108

10-°

10-10

-16 -
‘Qi_ 18
- b
£
-20 4
i 0.24 o.|25 o.'zs o.'27 o.lzs
T-1I4 K-1I4
O g
2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0

1000/T, K™





media/file6.jpg
25

Incremental pore area, mzlg

0.0

»
o

N
@«

-
°

o
o

0

20 40 60 80 100
Average pore diameter, nm

120

140





media/file1.png
TG (%) (a) lon current*10-"", A 0,0, 311
---- ICDD 42-1467
1.5
100 1 miz = 44(COy)
miz = 12 (COz) +1.0 R
90 | m/z = 30 (NO) 05 ;-/
m/z = 46 (NO2) -'?
80 - L0 é
£
70 - miz = 18 (H20) --0.5
--1.0
60 -
g X i ; d T : i d il 5 i v T v [ v T i i T i
50 100 150 200 250 300 350 400 450 25 30 35 40 45 50

Temperature, °C 2 theta (degree)





media/file10.jpg
c, S

10

107

10%

10°

1010

028

25

3.0

35

4.0 45
1000/T, K

5.0

55

6.0





media/file7.png
2.5

T T T T
S 10 o. 10
N - - o

6/,w ‘ease aiod [eyuswaloy]

0.0 -

40 60 80 100 120 140

20

Average pore diameter, nm





media/file16.jpg





media/file3.png
. .

4
100 nm

e ’
Yo 0.
. - . ' 5 10
bt | \
© . L [01] I |il|
e | [ |.|I!I 1
(),






media/file22.jpg
ST gy

ol ) b3t
s ef o cneon

qk u

: L S S

%
Tongaadion. &





media/file17.png
250 300

200

100 150

50

T, °C

| L B R L A R |
N - O

100 150 200 250 300

50

1 (b)

r
© wn

—
<t ®® N - O T

09 wdd 79 |eubis tosuag

1
o

100 150 200 250 300

50

I ! I N I ! I
N -~ o -

1'9 |eubis 1osuag

—
(3]

<
09 wdd

1
a

T, °C






media/file4.jpg





media/file0.jpg
o corenc107, A
s
o
o5
o

iy 001

TR T R
p—






media/file21.png
Response time, min

8 -
| (a) ® 6.7 ppm
7| e 10 ppm
| e 20 ppm
6 -
5 -
4
1 o
3 _ ok
- e..
.-
~~~~~ @
1 8- o ' ___________________ L e OO
__________________________ oo
- e @ e )
0 T J
50 100 150

Temperature, °C

|
200

Recovery time, min

(b) ® 6.7 ppm

10 ppm

e 20 ppm

50

T T !
100 150

Temperature, °C

1
200





