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Abstract

:

There is an urgent need to develop a low-cost and high-performance gas sensor for industrial production and daily life. Perovskite-type oxides are appropriate materials for resistive gas sensors. In this paper, two gas-sensing materials of gadolinium orthoferrite (GdFeO3) with rod and butterfly morphologies were obtained by annealing the corresponding precursors at 800 °C in a muffle furnace for 3 h. The precursors of GdFe(CN)6·4H2O with novel morphologies were prepared by a co-precipitation method at room temperature. The materials were evaluated in terms of their structure, morphology, and gas-sensing performance. The gas sensor based on GdFeO3 rods showed a better sensing performance than the sensor based on GdFeO3 butterflies. It exhibited the largest response value of 58.113 to 100 ppm n-propanol at a relatively low operating temperature of 140 °C, and the detection limit was 1 ppm. The results show that the GdFeO3 rods-based sensor performed well in detecting low concentration n-propanol. The satisfactory gas-sensing performance of the GdFeO3 rods-based sensor may be due to the porous structure and the large percentages of defect oxygen and adsorbed oxygen (37.5% and 14.6%) on the surface. This study broadens the application of GdFeO3 in the gas sensor area.
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1. Introduction


With the development of industry, the type and quantity of raw materials are increasing day by day, generating toxic, harmful, and volatile substances in production. At the same time, new materials used in people’s daily lives will bring similar problems [1]. Some of the released gases have a risk of explosion when the concentration exceeds a certain amount, while some gases seriously endanger human health, causing a series of diseases, such as allergy, respiratory tract infection, organ canceration, etc. In addition, there is a demand for fast, sensitive, and reliable gas sensing for the fermentation process in the food industry, the detection of aroma quality in cosmetics production, the detection of dangerous goods by customs departments, and the diagnosis of patients’ breathing gas by medical departments [2,3]. Driven by the huge demand, many researchers are focusing on gas-sensing devices. Compared with infrared spectroscopy, chemiluminescence analysis, and ultraviolet absorption analysis, resistive gas sensors have the advantages of low cost, simple manufacture, and portability [3]. Among the gas-sensing materials for the resistive gas sensor, metal oxide semiconductors have great advantages, such as easy availability of raw materials, low cost, good stability, etc.



The properties of materials depend not only on the chemical composition, but also on their microstructure. Perovskite oxides, ABO3 (A = rare earth metal, B = transition metal, O = oxygen), have flexible design of composition and doping in A-/B- sites, which makes these materials popular in the fields of physics and chemistry [4]. If the A and B elements are different, the electrical properties and gas-sensing properties are very different. A variety of compositions have been used in the gas-sensing field. For example, LaFeO3, as a widely studied ABO3 material in the field of gas sensors, has excellent gas sensitivity to ethanol, n-propanol, n-butanol, CO, and formaldehyde gases [5,6,7,8,9,10]. Sheng et al. synthesized NdFeO3 nano-coral particles by a solvothermal method and a calcination treatment, and the prepared NdFeO3-based sensor showed good gas-sensing performance to ethanol [11]. Huang et al. synthesized SmFeO3 material with a hollow porous microsphere structure by a sol–gel method, and the sensor based on this material showed excellent gas-sensing performance for NO2 gas [12].



In particular, as an excellent luminescent and magnetic material [13,14], GdFeO3 has also been used in lithium-ion batteries [15], photocatalysis [13], and electrocatalysis [16]. However, there are only a few studies focused on GdFeO3-based sensors. Wang et al. synthesized Ca-doped GdFeO3 nanocrystalline by the sol–gel method to detect methanol gas [17]. Lee et al. investigated the gas-sensing performance of Co-doped GdFeO3 and the results demonstrated a stable response to NO2 gas [18]. Another work prepared a NO gas sensor based on porous GdFeO3 [19]. More research and exploration are needed to develop GdFeO3-based gas sensors with high performance.



Perovskite oxides are usually prepared by mechanical methods and treated at ultra-high temperatures. The obtained materials always exist agglomerations of large crystal particles without sufficient porosity for gas-sensing reactions [19]. For a gas-sensing material, larger specific surface area could expose more active sites for reacting with gas molecules. To decrease the agglomeration and enhance the porosity of perovskite oxide materials, various chemical methods are introduced, among which the sol–gel method is the most popular due to its low cost, chemical homogeneity, and ease of obtaining nanocrystals. However, the synthetic process always needs more than 10 h [20]. Inspired by the idea of metal–organic frameworks (MOFs), the use of them in preparing metal oxides are escalating [21,22,23,24,25], this work focuses on a method for preparing perovskite-type metal oxide semiconductors using a mild chemical co-precipitation method, which is environmentally friendly and has high product yield.



In this work, in order to obtain a good GdFeO3-based gas sensor, GdFeO3 rods and butterflies were synthesized via a convenient and eco-friendly co-precipitation method and annealing process. The alcohol–water ratio of the solution, the amount of PVP, and the standing time were changed to regulate and control the morphology of GdFe(CN)6·4H2O precursor and the resultant GdFeO3. Scanning electron microscopy (SEM), X-ray diffraction (XRD), and X-ray photoelectron spectroscopy (XPS) were used to characterize the structures, morphologies, and surface states of the obtained materials. The gas-sensing tests evaluated the performances of the two materials. The results showed that the GdFeO3 rods-based sensor exhibited higher response and better selectivity. Therefore, this morphologically controllable porous GdFeO3 can be a candidate with great potential for detecting n-propanol.




2. Experiment


2.1. Synthesis of Precursors


In this paper, the precursors were synthesized by a co-precipitation method. There were two different suitable synthesis conditions, the former obtained the butterflylike GdFe(CN)6·4H2O precursor, the latter obtained the rodlike GdFe(CN)6·4H2O precursor. The preparation of the butterflylike GdFe(CN)6·4H2O precursor: 90.2 mg Gd(NO3)3·6H2O, 12 mL absolute ethanol, and 3 mL deionized water were mixed and stirred to form a homogeneous solution. Then, 500 mg polyvinyl pyrrolidone (PVP) was added to the solution and stirring was maintained to ensure that PVP was completely dissolved in the solution. Solution A was obtained. Next, 65.8 mg K3[Fe(CN)6] and 15 mL deionized water were mixed to form transparent and homogeneous solution B with a green-yellow color. Finally, solution B was added to solution A drop by drop while stirring. Then, the mixed solution was left to stand for 12 h. (b) The preparation of the rodlike GdFe(CN)6·4H2O: 90.2 mg Gd(NO3)3·6H2O, 5 mL absolute ethanol, and 2.5 mL deionized water were mixed and stirred to form homogeneous solution A. Next, 65.8 mg K3[Fe(CN)6] and 7.5 mL of deionized water were mixed and stirred to form solution B. Finally, solution B was added to solution A drop by drop and left to stand for 36 h.




2.2. Synthesis of GdFeO3


After centrifugation, the dried precursor was slightly ground into powder and then annealed in muffle furnace at 800 °C for 3 h with a heating rate of 2 °C/min. GdFeO3 rods and GdFeO3 butterflies were obtained.




2.3. Characterization of GdFe(CN)6·4H2O and GdFeO3


Scanning electron microscopy (SEM) images were recorded on a FEI Nova NanoSEM 450 field emission scanning electron microscope. X-ray diffraction (XRD) patterns of as-prepared samples were collected by Cu Kα radiation (λ = 1.5406 Å, Shimadzu Corporation, Kyoto, Japan) with a scanning speed of 5 °/min. X-ray photoelectron spectroscopy (XPS) data were obtained by ESCALABTM 250Xi equipment with an Al Kα X-ray radiation source for excitation.




2.4. Fabrication and Measurement of Gas-Sensing Devices


The obtained GdFeO3 powder was mixed with deionized water and ground into paste, then the paste was coated onto a ceramic tube with a small brush. After drying in an oven at 60 °C for 8 h, the four Pt wires connected to the Au electrodes were welded to the base, and then the Ni/Cr alloy heating wire was passed through the hollow ceramic tube and welded to the base to make the heater-type gas-sensing device. After aging at 200 °C for 2 h, the device was ready for gas-sensing tests. The gas-sensing tests were performed on a CGS-8 system (Beijing Elite Technology Co., Ltd., Beijing, China) as shown in Scheme 1. The response of the sensor is generally defined as Rg/Ra, where Rg and Ra represent the sensor resistance in the target gas and air, respectively.



The gases to be measured were obtained from the volatile organic compounds (VOCs), which were liquids at room temperature. Their concentration was calculated according to the following equation:


  C =   22.4 × ρ × d ×   V   1       V   2   × M ×   10   − 9      








where C (ppm) denotes the concentration of the gas to be measured, ρ denotes the purity of the liquid, d (g/mL) denotes the density of the liquid, V1 (mL) denotes the volume of the liquid, V2 (mL) denotes the volume of the gas chamber, and M (g/mol) denotes the molecular weight of the gas to be measured.





3. Results and Discussion


Figure 1 shows the XRD results of the obtained rodlike GdFeO3 and butterflylike GdFeO3 materials. The samples were well crystallized into an orthorhombic phase, as the diffraction peaks were intensive, narrow, and matched well with the standard card (JCPDS No. 74-1476) with a perovskite structure.



Figure 2 shows the SEM images of GdFe(CN)6·4H2O precursors and GdFeO3 with the morphologies of rod and butterfly. The precursor with a rod structure had a diameter of 109.3 nm and a length of 1.536 μm, with smooth surface characteristics (Figure 2a). After calcination, the GdFe(CN)6·4H2O rods changed into GdFeO3. Figure 2b shows that the GdFeO3 was still a rod-shaped structure. Its diameter and length underwent no significant change compared with the precursor. However, the surface of GdFeO3 was rougher, due to the gaps and cavities between GdFeO3 nanoparticles caused by the annealing process. This form of GdFeO3 can provide abundant active sites, enhance gas-adsorption capacity, and improve the gas-sensing performance of the material. Figure 2c presents the butterflylike GdFe(CN)6·4H2O precursor, with a length of about 6.208 μm and a thickness of 359.9 nm. The butterflies have a multi-level structure, so the surfaces around them are not very smooth. The GdFeO3 synthesized from the butterfly-shaped precursor was the shape and size as the precursor. However, the surface of the particles became rougher (Figure 2d). The GdFeO3 butterfly did not exhibit obvious porosity, which is unfavorable for gas-sensing performance.



For detecting gas-sensing performances of the synthesized GdFeO3 rods and GdFeO3 butterflies, the materials were made into gas-sensing devices. The responses of the devices are defined as Rg/Ra, as the GdFeO3 rods and GdFeO3 butterflies are p-type semiconductors, and their resistances increase when they encounter reducing gases.



It is known that the corresponding response value of the gas sensor usually depends on the working temperature, because the temperature has a great impact on the reaction kinetics of the gas on the surface of the sensing material. At the same time, the working temperature also has a direct impact on the safety and energy consumption of the sensor. A higher temperature means higher energy consumption and danger in testing flammable and explosive gases. Therefore, in order to determine the optimal operating temperature of the sensor, the responses to five different reducing gases with a concentration of 100 ppm were measured at a temperature range of 100–200 °C. For the sensor based on the GdFeO3 rods, it can be seen from Figure 3a that the responses to all the target gases with the same concentration present a curve form of “rise–peak–fall” in response to temperature. The explanation of this phenomenon is as follows: when the sensor is at a relatively low temperature, the target gas molecule does not have enough thermal energy to overcome the activation energy barrier, so that it cannot fully react with a small amount of O− and O2− adsorbed on the material surface, resulting in a low corresponding value of the gas sensor. With the increase of working temperature, not only do the target gas molecules have more energy to overcome the activation energy barrier, but there are also more reactive oxygen species on the surface of gas-sensing materials. These two factors lead to the increase in the response value of the sensor. When the operating temperature of the sensor is higher than the optimal operating temperature, the gas molecules adsorbed escape before reacting, thus the response value of the sensor may be reduced [26,27]. The sensor based on GdFeO3 rods had no response value when the temperature is lower than 100 °C, and reached its maximum at 140 °C towards 100 ppm acetone (C3H6O), n-propanol (C3H7OH), isopropanol (C3H8O), methanol (CH3OH), and ethanol (C2H5OH), respectively. Therefore, we can determine that 140 °C is the optimal operating temperature of the sensor, and take this temperature as the actual working temperature for the further study of gas-sensing performance. For the sensor based on the GdFeO3 butterflies, it can be seen from Figure 3b that the responses to all target gases show curves form of “decrease” with respect to temperature. The explanation of this phenomenon is as follows: the optimal operating temperature of the gas-sensing material is likely to be lower than 120 °C, but the performance cannot be detected at temperatures below 120 °C as the resistance of the sensor exceeds the range of the instrument. Therefore, the temperature always exceeded the optimal operating temperature, and the response value of gas sensor always decreased with the increase of temperature. The response values of the gas sensor based on GdFeO3 butterflies to acetone, n-propanol, isopropanol, methanol, and ethanol with a concentration of 100 ppm reached the maximum at 120 °C. The working temperatures of the two sensors are relatively low, which can reduce energy consumption and ensure the safety of the gas sensor when it is used for detecting flammable and explosive gas. Although the optimal working temperature of the sensor based on GdFeO3 rods is a little higher than that of GdFeO3 butterflies, the largest response of the sensor based on GdFeO3 rods (58.113 to 100 ppm n-propanol) was about three times larger than that of GdFeO3 butterflies (19.515 to 100 ppm n-propanol). The higher response of the GdFeO3 rods-based sensor than the GdFeO3 butterflies can be attributed to the porous structure of the GdFeO3 rods.



The selectivity of a sensor is also considered to be one of the important factors in its practical application. When the sensor is exposed to an environment containing a variety of gases, it is necessary to detect specific gas accurately. Under the same circumstances, the responses of the gas sensor based on GdFeO3 rods to acetone, n-propanol, ethanol, methanol, and isopropanol with a concentration of 100 ppm at 140 °C were 19.912, 58.113, 27.227, 12.922, and 19.440, respectively, which can be clearly seen from Figure 3c. The gas sensor based on GdFeO3 rods showed the highest sensitivity to n-propanol, more than twice than the responses to the other four gases, indicating that the sensor is a better candidate for detecting n-propanol. However, the selectivity of the sensor based on GdFeO3 butterflies was not so good as that of the sensor based on GdFeO3 rods. The responses to acetone, n-propanol, ethanol, methanol, and isopropanol with a concentration of 100 ppm at 120 °C were 14.552, 19.515, 12.912, 5.26, and 13.663 respectively, which can be clearly seen from Figure 3d. The sensor also exhibited a selectivity to n-propanol gas, but it was not easy to distinguish the responses to n-propanol and the other four gases, except methanol.



Therefore, the rod-like GdFeO3 exhibited much higher responses than the butterfly-like GdFeO3 to all five gases, and better selectivity than the butterfly-like GdFeO3. We mainly discuss the properties of the rod-like GdFeO3 in the following.



The gas sensor based on GdFeO3 rods measured n-propanol gas with a concentration range from 1 to 100 ppm at its optimal operating temperature of 140 °C, and the results are shown in Figure 4a. The results show that the response increased with the increase of gas concentration, with a detection limit of 1 ppm. The linear characteristic is important in the application of electronic devices. Then, the linear relationship of the response and concentrations from 1 ppm to 100 ppm was fitted, with R2 = 0.99833 (as shown in Figure 4b). The data are well fitted in a line, demonstrating a good ability for quantitative detection of n-propanol.



In practical application, the stability of a sensor is important for repeated and long-term use. Therefore, the cycling stability was studied by cycling 100 ppm n-propanol and air 5 times at 140 °C (Figure 4c), and the long-term stability of the sensor based on GdFeO3 rods was evaluated for the response to 100 ppm n-propanol at 140 °C for 7 days (Figure 4d). The results show that the sensor based on GdFeO3 rods had almost the same response and recovery characteristics, with roughly equal responses and recovery to the initial status every time, which demonstrated that the sensor based on GdFeO3 rods has good repeatability. In addition, the response varied slightly during the 7 days, indicating good long-term stability of the sensor.



Real-time monitoring requires fast response and recovery. However, for semiconductor material, the working temperature exerts a tremendous influence on the adsorption, desorption, and reaction of gas molecules, in addition to the activity and number of active sites on the material surface. In this study, the operating temperature was 140 °C, which is relatively lower than the conventional rare-earth perovskite oxide semiconductors. The adsorption, desorption, and reaction processes on the material surface will take longer. Response time     τ   r e s     and recovery time     τ   r e c     are defined as the time taken by the sensor to reach 90% of the total resistance change under the presence and absence of target gas, respectively. After calculation in Figure 5, the response and recovery time of the gas sensor based on GdFeO3 rods to n-propanol were 28 s and 28 s, respectively. These times are acceptable for actual monitoring.



In short, the sensor based on GdFeO3 rods exhibits good gas sensing performance below 100 ppm, which shows that the GdFeO3 rods-based sensor performs well in detecting low-concentration n-propanol.



The gas-sensing mechanism of the sensor based on GdFeO3 is mainly the change of resistance caused by the adsorption and desorption of target gas molecules on the material surface [28,29]. For the GdFeO3 material prepared in this experiment, when the material is in contact with reducing gas, the resistance increases, and when it is in contact with oxidizing gas, the resistance decreases, which is a typical p-type conductive mechanism.



When the GdFeO3 surface is exposed to air, the grain surface adsorbs O2 in the air in the form of physically adsorbed oxygen and chemically adsorbed oxygen. At low temperatures, the adsorbed oxygen on the surface is O2−. When the temperature increases gradually, the adsorbed oxygen changes to O−, and the formation process is shown in the following reaction formula [30]. Due to the large electronegativity of oxygen, it can capture electrons in GdFeO3 and form an adsorbed oxygen state. Thus, the hole concentration in the valence band increases and the effective carrier concentration increases, thickening the “holes accumulation layer” (as shown in Figure 6), so the resistance decreases.


O2 (gas) + e− → O2− (ads)



(1)






O2 (gas) + 2e− → 2O− (ads)



(2)







When the reducing gas n-propanol is in contact with the surface of GdFeO3 material, it is not only adsorbed on the surface, but also reacts with the adsorbed oxygen species with high reaction activity:


C3H8O (ads) + 9O− (ads) → 3CO2 + 4H2O + 9e−



(3)






2C3H8O (ads) + 9O2− (ads) → 6CO2 + 8H2O + 9e−



(4)







Electrons are released and combined with holes:


    h   ′   +   e   ′   → 0  



(5)







At this time, the “holes accumulation layer” is thinned, the resistance of the material increases, and the conductivity decreases, so as to detect the reducing gas n-propanol.



Comparing the two kinds of GdFeO3, we obtain the following information: from the SEM results, the size of the GdFeO3 rod is much smaller than that of the GdFeO3 butterfly, and the rod is more porous and looser than the butterfly. In other words, there are more active sites of GdFeO3 rod than butterfly. This makes the device have a higher response to the target gas under the same conditions, which corresponds with the results of the gas-sensing test.



Regarding the good gas-sensing performance of GdFeO3 rods, the results of XPS analysis may give a reasonable explanation. XPS was applied to investigate the chemical composition and valence states of elements in the samples. The survey spectrum indicated the elemental composition of Gd 4d, Fe 2p, and O 1s in GdFeO3 in addition to the reference charge correction carbon peak, C 1s, at 284.6 eV (as shown in Figure 7a). Figure 7b shows the high-resolution spectrum of the Gd 4d peak. Gd 4d has three peaks at 141.6 eV, 143.64 eV, and 147.69 eV, representing Gd 4d5/2 and Gd 4d3/2 [31]. The high-resolution XPS spectrum of the Fe is shown in Figure 7c. The peaks at 710.49 eV and 712.55 eV of the Fe 2p spectrum correspond to Fe3+ and Fe4+ respectively [8]. For defect-free GdFeO3 crystal, all Fe ions should be Fe3+. However, in the real structure, some Fe3+ will be transformed into Fe4+ to keep the whole material electricity-neutral, due to the anion vacancy as well as adsorbed oxygen species. Furthermore, the oxygen status plays a key role in gas-sensing processes. Figure 7d presents the XPS spectrum of O 1s in GdFeO3 rods and the coherent fitting of three components. The lattice oxygen (OL) component of O 1s spectra centered at ca. 528.78 eV is attributed to the lattice oxygen in the GdFeO3 phase, the defect oxygen (OV) component at ca. 530.84 eV is associated with O2− ions in oxygen-deficient regions of GdFeO3, and the adsorbed oxygen component at ca. 532.62 eV is attributed to chemisorbed and dissociated oxygen species (O2−, O− or O2−) and OH− [32]. The percentages of lattice oxygen, defect oxygen, and adsorbed oxygen are calculated to be 47.9%, 37.5%, and 14.6%, respectively. The good gas-sensing performance of GdFeO3 rods may be due to the high content of defect oxygen and adsorbed oxygen [33]. Herein, the adsorbed oxygen species on the surface of GdFeO3 rods reacts with the target gas of reducing molecules, increasing the concentration of hole carriers, thus contributing to the response value of the sensor. In addition, the defect oxygen can act as active sites for molecule adsorption, boosting the gas-sensing performance of the sensor based on GdFeO3 rods [34].




4. Conclusions


In summary, precursors of GdFe(CN)6·4H2O rods and butterflies were synthesized by a convenient and eco-friendly co-precipitation methodology via morphological regulation and control. After annealing at 800 °C for 3 h, the GdFeO3 rods and butterflies were obtained. Characterization of GdFeO3 and GdFe(CN)6·4H2O was confirmed through XRD, SEM, and XPS. Gas-sensing tests showed that the optimum operating temperatures of sensors based on GdFeO3 rods and butterflies are 140 °C and 120 °C, respectively. Each of the sensors based on the two materials exhibited higher response to n-propanol than to other four gases, and the sensor based on GdFeO3 rods possessed better selectivity. The sensor based on GdFeO3 rods also showed a good linear relationship between the response and the concentration of n-propanol from 1 ppm to 100 ppm. In addition, it also has good repeatability and short response/recovery time. Therefore, GdFeO3 rods may play an important role in the actual application of n-propanol detection. The strategy of material synthesis and morphology control provides an approach to prepare high-performance gas-sensing materials.
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Scheme 1. Schematic illustration of the analysis system. 
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Figure 1. XRD results of rodlike GdFeO3 and butterflylike GdFeO3 materials. 
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Figure 2. SEM images of GdFe(CN)6·4H2O rods precursors (a), butterflies (c) precursors; SEM images of GdFeO3 rods (b) and butterflies (d). 
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Figure 3. The relationship between temperature and response to 100 ppm different gases of the sensors based on GdFeO3 rods (a) and GdFeO3 butterflies (b). The selectivity of the sensors based on GdFeO3 rods (c) and GdFeO3 butterflies (d). 
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Figure 4. (a) Dynamic response–recovery transients of sensor based on GdFeO3 rods to increasing concentration of n-propanol from 1 ppm to 100 ppm at 140 °C. (b) Linear fitting curves for the response value to n-propanol concentration in the range 1–100 ppm. (c) Cycling stability and (d) long-term stability of the sensor based on GdFeO3 rods to 100 ppm n-propanol at 140 °C. 
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Figure 5. The response and recovery times of the sensor based on GdFeO3 rods to 100 ppm n-propanol at 140 °C. 
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Figure 6. A schematic diagram of the n-propanol response mechanism of the sensor based on GdFeO3. 
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Figure 7. XPS survey (a) and high-resolution scan of Gd (b), Fe (c) and O (d) elements of GdFeO3 rods. 
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