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Abstract

:

This study synthesizes Ni-doped perovskite-structured LaFeO3 composite materials via a one-step hydrothermal method, characterizes the morphology and structure of the materials, and tests their gas sensing performance. The test results show that compared to pure LaFeO3 material, the gas sensing performance of Ni-doped LaFeO3 material is improved in all aspects. Specifically, LFO-Ni2% exhibits a response as high as 102 towards 100 ppm of triethylamine at 190 °C, along with better selectivity and stability. Furthermore, the gas sensing mechanism is investigated. On one hand, doping with an appropriate proportion of Ni can lead to the formation of more-complete and smaller-sized microsphere structures with pores. This is beneficial for the adsorption of oxygen from the air onto the material surface, as well as for the diffusion of the target gas to the surface of the material, thereby enhancing gas sensitivity performance. On the other hand, the doped Ni enters the interior of the LaFeO3 crystal, replacing some of the cations in LaFeO3, increasing the concentration of charge carriers in the material, and reducing the material’s resistance. The sample can adsorb more oxygen, promoting the reaction between adsorbed oxygen and the target gas, and thereby improving the gas sensitivity performance of the sample.
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1. Introduction


Triethylamine (TEA) is a common volatile organic compound of the amine class and an important industrial raw material. Due to its low production cost, ease of preparation, and wide range of applications, it is used in various industrial scenarios [1,2,3]. Additionally, TEA is a volatile and toxic substance to the human body. Prolonged exposure to TEA can cause corneal edema, headaches, and other injuries, and in severe cases, it can lead to pulmonary edema and even death [4,5]. The National Institute of Occupational Safety and Health (NIOSH) recommends that the concentration limit of indoor TEA be 10 ppm [6,7]. Therefore, developing a sensor that can effectively detect TEA is necessary.



Common gas detection methods such as chromatography and fluorescence have been applied to the detection of TEA gas [6,7,8,9]. However, factors such as the expensive and complex nature of the detection equipment have greatly limited their application scenarios. Since the 1970s, metal oxide semiconductor gas sensors have been recognized for their significant promise in detecting volatile organic compounds (VOCs) because of their uncomplicated fabrication process, cost-effectiveness, distinctive structure, and chemical characteristics [10,11,12]. Liu et al. [4] synthesized in-modified sheet-like ZnO/NiO gas-sensitive materials using a solvothermal and thermal treatment method. Gas sensitivity testing showed that the material had a response of 33 to 100 ppm of TEA at the optimal operating temperature of 200 °C. Sun et al. [13] synthesized spherical ZnO nanomaterials via a hydrothermal method, and the material exhibited a response of 133 to 100 ppm of TEA at 370 °C. From the above examples, it is evident that traditional single-metal oxide semiconductor materials exhibit shortcomings in the gas sensitivity performance for TEA, such as high operating temperatures, low response, and poor selectivity [14,15]. Therefore, it is necessary to search for more-efficient metal oxide semiconductor gas-sensitive materials.



In recent years, LaFeO3 has been considered as a typical p-type perovskite-type oxide due to its relatively simple preparation, highly stable structure, and excellent thermal stability [16,17]. Previous studies have shown that LaFeO3 exhibits good gas sensitivity towards gases such as ethanol, acetone, and formaldehyde [18]. Jing et al. [19] prepared a Co-doped gas-sensitive material in LaFeO3 using the sol–gel method. The response to 100 ppm acetone at 140 °C was 35.89, with a response recovery time of 14/9 s. However, there have been fewer studies on the detection of TEA using lanthanum ferrite materials, and there are obvious deficiencies in their gas sensitivity performance. Hao et al. [20] synthesized porous spherical LaFeO3 gas-sensitive material modified with RuO2 using a hydrothermal method. The testing showed that this material had the best gas sensitivity performance towards TEA, with a response of 60 to 100 ppm at 260 °C. From the above examples, it is evident that LaFeO3 has shortcomings in terms of high operating temperatures and low response towards TEA. Hence, it is essential to investigate efficient approaches to improving the gas sensitivity performance of LaFeO3 towards TEA.



Doping is one of the common methods used to improve the performance of gas-sensitive materials. Existing studies have shown that impurity doping can not only increase the types of adsorbed oxygen but also alter the microstructure of sensitive elements [21,22]. Perovskite has a molecular formula of ABO3, where both the A-site and B-site elements are easily replaced by other doping elements, resulting in strong adaptability and tunability of perovskite oxides’ structures [23,24]. In this study, spherical LaFeO3 composite gas-sensitive materials doped with Ni were synthesized using a hydrothermal method. The microstructure was studied through various characterizations, and the gas sensitivity performance towards TEA was also tested. This research found that the composite material doped with an appropriate amount of Ni significantly improved its gas sensitivity performance towards TEA and explained its gas sensing mechanism.




2. Experimental Section


2.1. Materials


La(NO3)3·6H2O, Fe(NO3)3·9H2O, Ni(NO3)3·6H2O, anhydrous citric acid, absolute ethanol, deionized water, TEA, and other testing gases are all of analytical grade and can be used directly without the need for further purification.




2.2. Nanocomposite Synthesis


The preparation process of Ni-doped LaFeO3 spherical nanograins: Take five portions of 40 mL of deionized water and place them into five beakers. Add 0.433 g of La(NO3)3·6H2O, 0.404 g of Fe(NO3)3·9H2O, and 5 mmol of citric acid to each beaker and stir until the solution is clear. Then, add 0, 0.01, 0.02, 0.03, and 0.05 mmol of Ni(NO3)3·6H2O to the five beakers, respectively, and stir for half 1 h. Transfer the solutions to a 50 mL explosion-proof reactor and hydrothermally treat at 180 °C for 9 h. After the reaction, wash, centrifuge, dry, and grind the obtained liquid; then, place it in a muffle furnace and calcine at 600 °C for 3 h with a heating rate of 5 °C/min. The materials obtained after calcination are labeled as LFO, LFO-Ni1%, LFO-Ni2%, LFO-Ni3%, and LFO-Ni5% according to the different Ni doping levels.




2.3. Characterizations


The material’s morphology was assessed through SEM, while the elemental composition was analyzed using EDS. Moreover, XRD was employed to determine the internal crystal structure and composition of the material, utilizing a 2θ range spanning from 10° to 80° and a scanning speed of 5 °/min. XPS was employed to characterize the perovskite LaFeO3 sensitive device, providing precise information regarding the surface composition and chemical states of the perovskite LaFeO3 sensitive device.




2.4. Test System and Test Procedure


Figure 1 illustrates the structure of the testing system and the gas sensor [25]. The testing system consists of several components, including a computer, a DC power supply, a digital source meter, synthetic air, a gas chamber, and gas sensors. The gas chamber has three ports, each used for injecting synthetic air, purging, and injecting the gas to be tested, respectively. The gas sensor is composed of a base, a resistance wire, a ceramic tube, and several other parts. The base contains six pins, with the upper halves of two pins connected to the resistance wire and the lower halves connected to the DC power supply. The DC power supply heats the resistance wire to adjust the operating temperature of the gas sensor. The upper halves of the remaining four pins are connected to the ceramic tube, which is coated with a gas-sensitive material on top to convert chemical signals into electrical signals. The lower halves are connected to the digital source meter to acquire relevant data from the sensor [26,27].



Before conducting the test, it is necessary to solder the sensor, i.e., to weld the ceramic tube and resistance wire onto the sensor base. After welding, the synthesized material is evenly applied to the ceramic tube and aged at 150 °C for 24 h in an aging station. Then, the aged sensor is inserted into the base of the gas chamber. After adjusting the operating temperature of the sensor, before injecting the test gas, it is necessary to introduce a certain amount of synthesized air (composed of 21% oxygen and 79% nitrogen) into the gas chamber for a certain period of time to exhaust the original gas in the chamber and prevent it from affecting the test process. Then, slowly inject the desired amount of target gas [28]. When the reaction is complete, i.e., the resistance of the sensor no longer changes or changes very little, introduce the same length of synthesized air into the gas chamber to remove the residual test gas in the chamber. In addition, the LaFeO3 material involved in this experiment is a p-type gas sensor, whose response (S) is defined as [29,30]:


  S =    R a     R g    .  



(1)







Rg represents the resistance value of the gas sensor when exposed to the test gas, while Ra signifies the resistance value of the sensor in an air environment. Furthermore, the response recovery time is characterized as the duration necessary for the sensor’s resistance alteration to achieve 90% of its peak value following the introduction or removal of the test gas from the sensor.





3. Result and Discussion


3.1. Materials Characterization


Figure 2 shows the SEM images of different samples. It can be observed from the images that the pure LaFeO3 sample and the lanthanum ferrite sample doped with Ni have similar morphologies, both exhibiting a microsphere structure. However, with an increase in the Ni doping concentration, there are certain differences in the completeness, quantity, and size of the microspheres. The SEM image of the sample doped with 2% Ni, as shown in Figure 2f, indicates good completeness of the generated microspheres, fewer aggregation phenomena, larger porosity, and a higher quantity. Previous research indicates that spherical structures possess a greater specific surface area, and smaller microspheres can augment the contact area between the target gas and the material, thus facilitating the adsorption or desorption of the gas and significantly improving the gas sensing capabilities of the sensor. Additionally, the microsphere structure contains some pore structures, which can also enlarge the specific surface area. These pores facilitate the diffusion and adsorption of triethylamine molecules into the gas-sensitive material, enabling more triethylamine molecules to react with adsorbed oxygen ions, thereby achieving a higher response. The influence of Ni doping on the morphology of the material may be attributed to the distortion of the LaFeO3 crystal structure caused by Ni doping, thereby altering the physicochemical properties of the crystal surface, which, in turn, leads to changes in the growth direction of nanoparticles, thereby affecting the microstructure. When the Ni doping concentration is low, as indicated in Figure 2d, it can be observed that the spherical structure in the sample is incomplete and relatively large in size. Conversely, when the Ni doping concentration is high, as shown in Figure 2g,j, some microspheres in the sample exhibit structural damage or begin to aggregate. These factors can lead to a decrease in the performance of the sensor. Figure 3 shows the EDS map of LFO-Ni2%, revealing the presence of elements such as La, Fe, Ni, and O in the sample, evenly distributed within the nanospheres.



In Figure 4, the crystal structures of five prepared samples are analyzed using XRD. According to Figure 4a, by comparing the diffraction peaks of the samples with the standard card for LaFeO3 (PDF#88-0641), it is evident that the diffraction peaks of all the samples match those of the standard card, indicating the formation of the perovskite structure of LaFeO3 in the prepared samples. For the LaFeO3 samples doped with Ni, no characteristic peaks related to Ni monomers or their compounds were found, indicating that the doped Ni has entered the crystal structure of LaFeO3 without altering the purity of the samples. To further observe the changes in the diffraction peaks of the samples, the maximum peak at 2θ = 32.1° corresponding to the (121) plane was selected and magnified for comparison, as shown in Figure 4b. It is clear that with an increase in the Ni doping concentration, the diffraction peaks shift significantly towards higher 2θ angles, with increased intensity and broadening [31]. This is attributed to the successful doping of Ni into the LaFeO3 lattice, which suppresses the growth of large-sized LaFeO3 sensitive element crystals. To confirm this, the average crystal sizes of the LFO, LFO-Ni1%, LFO-N2%, LFO-Ni3%, and LFO-Ni5% samples were calculated using the Scherer equation, resulting in sizes of 13.076, 12.883, 12.433, 12.112, and 11.728 nm, respectively. The gradual reduction in crystal size for the five samples demonstrates that the Ni doping suppresses the crystal growth of lanthanum ferrite materials [32].



In order to obtain precise information about the surface composition and chemical states of the perovskite LaFeO3 sensitive device, XPS was used to characterize the perovskite LaFeO3 sensitive device. A typical XPS survey spectrum is shown in Figure 5a. It can be noted that the LFO-Ni2% sample mainly contains the elements La, Fe, Ni, O, and C. The presence of carbon is primarily for calibrating the binding energies of elements. Figure 5b clearly depicts the main peaks of La 3d3/2 and La 3d5/2, with binding energies of 834.5 eV and 851.2 eV, respectively, indicating the presence of La in the LFO-Ni2% microspheres in the La3+ state [20,33]. Figure 5c shows the XPS spectra of Fe 2p in LFO and LFO-Ni2%. The Fe peak is divided into two main peaks: Fe 2p3/2 (710.3 eV) and Fe 2p1/2 (723.9 eV). However, a slight shift towards lower binding energy is observed in the Fe 2p peak in LFO-Ni2%. This can be attributed to the influence of doped Ni on the Fe-O bond [34,35]. As shown in Figure 5d, the Ni 2p3/2 orbitals at around 855.3 eV and 851.7 eV correspond to Ni3+ and Ni2+, respectively. This is because some Ni2+ ions are oxidized to Ni3+ ions under high-temperature calcination [36,37]. In the LaFeO3 crystal of LFO-Ni2%, both Ni2+ and Ni3+ replace Fe ions. Extensive and asymmetric O 1s XPS spectra correspond to three different O chemical states within the binding energy range (526.0 eV–538.0 eV). OL (528.9 eV), OV (531.3 eV), and OC (532.5 ± 0.5 eV) represent lattice oxygen, oxygen vacancies, and chemisorbed oxygen, respectively [20,38]. According to Figure 5e,f, the content of OL, OV, and OC in LFO is 42.54%, 41.52%, and 14.93%, respectively, while in LFO-Ni2%, it is 46.18%, 32.90%, and 20.92%. It can be seen that after doping with Ni, the content of OC in the sample has increased, indicating an increase in the surface adsorbed oxygen, which can improve the gas sensitivity of the material. In the air, electrons on the surface of LaFeO3 microspheres are captured by oxygen molecules, forming chemisorbed oxygen. When LaFeO3 microspheres are exposed to target gases, these adsorbed oxygen molecules rapidly capture gas molecules and undergo redox reactions. Due to the increase in the OC component (chemisorbed oxygen), the rate of the above reaction is significantly increased. Therefore, the response of LFO-Ni2% samples to target gases can be effectively improved. The increase in the OC component for gas adsorption actually provides more active sites.




3.2. Gas Sensitive Properties of Materials


Figure 6a shows the optimal operating temperature curves for the detection of TEA at 100 ppm for the five different samples. The temperature range is from 150 °C to 250 °C, with a heating rate of 10 °C per test. From the graph, it can be observed that the response values of the sensors to 100 ppm TEA increase with increasing temperature and reach a maximum value at a certain temperature, which is the optimal operating temperature. Beyond this temperature, the response values decrease with a further increase in temperature. When the sensor operates at the optimal temperature, oxygen in the air adsorbs on the surface of the material, forming adsorbed oxygen. When the target gas is injected, it also adsorbs on the material surface and undergoes redox reactions with the adsorbed oxygen, causing a change in sensor resistance and generating a response. Both the adsorption of oxygen and the adsorption of the target gas require energy. At lower working temperatures, the sensor provides less energy, resulting in lower energy acquisition by the gas molecules and lower reactivity. As a result, the TEA molecules involved in the redox reaction with the adsorbed oxygen are limited, leading to less significant changes in material resistance and lower response values. As the temperature increases, more adsorbed oxygen is formed due to higher energy levels, and the TEA molecules become more active, allowing for more-efficient redox reactions with the adsorbed oxygen, resulting in increased response values. However, at excessively high temperatures, the molecular motion becomes too vigorous, causing the desorption rate of TEA molecules to exceed the adsorption rate, leading to lower sensor response values [39]. Figure 6a reveals that the optimal operating temperature of LFO-Ni2% doped with Ni (190 °C) is 20 °C lower than that of pure LaFeO3 (210 °C). Additionally, the response value of LFO-Ni2% at the optimal operating temperature (102.84) is 4.5 times higher than that of pure LaFeO3 (23.015). This indicates that appropriate doping of Ni in LaFeO3 not only lowers the optimal operating temperature but also effectively enhances its response value. Figure 6b displays the selectivity curves obtained for the five samples at their respective optimal operating temperatures. Regarding the selection of target gases, one to two types were chosen from common VOCs categories. Moreover, the gas concentration during the testing process was set at 100 ppm. From the graph, it can be observed that the response values of the five samples to TEA are much higher than those to other gases, with LFO-Ni2% exhibiting the most prominent phenomenon.



Figure 7a,c show the concentration gradient curves of triethylamine response for LFO at 210 °C to concentrations ranging from 20 ppm to 100 ppm, and LFO-Ni2% at 190 °C to concentrations ranging from 5 ppm to 100 ppm, respectively. From the graphs, it can be observed that for both material samples, as the concentration of TEA increases, more TEA molecules can adsorb on the material surface and undergo redox reactions with the adsorbed oxygen, resulting in larger changes in material resistance and higher response values. Figure 7b,d show the linear fitting curves for concentration and response. It can be seen that there is a good linear relationship between the concentration and response for both LFO and LFO-Ni2% materials, indicating that the prepared sensors have a well-defined linear detection range.



Repeatability and stability are two important indicators for evaluating the excellent performance of sensors. Figure 8a,b show the repeatability curves for LFO and LFO-Ni2% at their respective optimal operating temperatures in response to 100 ppm of TEA. From Figure 8b, it can be observed that the stable response values obtained from multiple measurements of 100 ppm TEA with LFO-Ni2% are consistently around 98, indicating minimal fluctuations. This suggests that the material exhibits good reproducibility, and LFO-Ni2% demonstrates good repeatability for TEA. The results from the repeatability test curves indicate that the LFO-Ni2% sensor is suitable for detecting TEA. Figure 9 illustrates the stability curves of the LFO-Ni2% sensor, showing the gas testing conducted every 5 days within a month. The test results reveal minimal fluctuations in the response for each test conducted over the course of a month, maintaining an overall balance around a relatively fixed value. This indicates the good stability of the LFO-Ni2% sensor.



LaFeO3 is a typical P-type perovskite oxide with a highly stable structure and excellent thermal stability. Substituting low-valence cations (such as Ni2+) for A-site or B-site ions in LaFeO3 can significantly reduce resistance and enhance response. Additionally, the microsphere structure with smaller size and pores increases the specific surface area, facilitating the reaction between triethylamine molecules and adsorbed oxygen, thereby achieving a higher response [18]. Furthermore, this study compared the developed sensor with other TEA sensors (as shown in Table 1). The gas sensor doped with 2% LaFeO3 exhibited a lower optimal operating temperature and a higher response compared to other TEA sensors.




3.3. Gas-Sensitive Mechanism


The gas sensing mechanism of the Ni-doped LaFeO3 gas sensor detecting TEA is depicted in Figure 10. As shown in the figure, when the gas sensing material is placed in air, on the one hand, oxygen molecules in the air will adsorb on the material surface and gain electrons from the material, thereby forming adsorbed oxygen ions; on the other hand, LaFeO3 is a p-type semiconductor material, with the majority of carriers being holes [46]. When oxygen molecules obtain electrons from the material, the concentration of holes in the material increases, leading to an increase in the thickness of the hole accumulation layer and a decrease in the material’s resistance [47]. When the gas sensing material comes into contact with the target gas, the reducing target gas molecules will undergo redox reactions with the adsorbed oxygen ions on the surface of the gas sensing material, causing the electrons to transfer back to the material and undergo charge neutralization with the holes, resulting in a decrease in the thickness of the hole accumulation layer and an increase in the material’s resistance. When the sensor operates at different working temperatures, the adsorbed oxygen formed on the material surface in the air will also form different types of adsorbed oxygen due to the different temperatures. From Equations (2)–(5) and Figure 6a, it can be inferred that the five types of samples all form adsorbed oxygen of a certain type when exposed to air. However, when the material comes into contact with TEA, the TEA molecules will undergo the redox reaction, as shown in Equation (6), with the adsorbed oxygen ions, generating N2, CO2, and H2O [4]. Simultaneously, electrons are released back into the material and undergo charge neutralization with the existing holes, resulting in a reduction in the thickness of the hole accumulation layer and an increase in resistance [48].


   O 2  ( g a s ) →  O 2  ( a d s )  



(2)






   O 2  ( a d s ) +  e −  →  O 2 −  ( a d s ) ( T < 100   ° C )  
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   O 2 −  ( a d s ) +  e −  → 2  O −  ( a d s ) ( 100   ° C < T < 300   ° C )  
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   O −  ( a d s ) +  e −  →  O  2 −   ( a d s ) ( T > 300   ° C )  
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  2   (  C 2   H 5  )  3  ( gas ) + 39  O −  ( a d s ) →  N 2  ( g a s ) + 12 C  O 2  ( gas ) + 15  H 2  O ( g a s ) + 39  e −   



(6)







Figure 11 illustrates the variation in resistance during a complete testing cycle for LFO, LFO-Ni1%, LFO-Ni2%, LFO-Ni3%, and LFO-Ni5% when detecting 100 ppm of triethylamine. It can be observed from the graph that the doping of Ni has a significant impact on the material’s resistance. The initial resistances of LFO, LFO-Ni1%, LFO-Ni2%, LFO-Ni3%, and LFO-Ni5% are 306, 15.6, 3.9, 37.4, and 32.44 MΩ, respectively. The initial resistance of samples doped with Ni is much lower than that of pure LaFeO3 samples, with LFO-Ni2% exhibiting the lowest resistance. Combining the analysis above, it can be inferred that the resistance of LFO-Ni2% is significantly lower than that of LFO, indicating that the carrier concentration of LFO-Ni2% is much higher than that of LFO. In other words, the concentration of holes in the hole accumulation layer of LFO-Ni2% is high, and the generation of holes is due to the capture of electrons by oxygen in the air. This implies that LFO-Ni2% adsorbs more adsorbed oxygen ions, which plays a crucial role in enhancing sensor response. When LFO-Ni2% comes into contact with TEA, more thorough oxidation-reduction reactions occur, leading to a more significant change in resistance and, consequently, a higher response.



In summary, the reasons why doping with Ni can improve sensor performance are as follows. On one hand, doping Ni induces structural deformation in the LaFeO3 crystal, thereby altering the physicochemical properties of the crystal surface, leading to a change in the growth direction of nanocrystals and consequently impacting the microstructure [49,50]. As depicted in Figure 2, Ni-doped samples not only exhibit improved integrity and reduced aggregation of microspheres but also feature voids on the surface of the microsphere structure. Additionally, according to the Scherer equation calculations, the crystal size of Ni-doped LaFeO3 samples is smaller than that of pure LaFeO3, resulting in a larger specific surface area for Ni-doped samples, facilitating the adsorption and desorption of the target gas and thereby significantly enhancing the gas sensing performance of the gas sensor [51,52]. On the other hand, as shown in Figure 4, diffraction peaks of LaFeO3 samples exhibit peak shifts, indicating the incorporation of Ni into the interior of the LaFeO3 crystal, where Ni atoms replace some of the elements in LaFeO3, thereby increasing the carrier concentration in the material. Figure 5 demonstrates that the proportion of adsorbed oxygen in Ni-doped samples increases, contributing to the improvement of the material’s gas sensitivity. Furthermore, according to Figure 11, the resistance of Ni-doped samples is significantly lower than that of pure LaFeO3, indicating an increase in carrier concentration, which promotes the reaction between adsorbed oxygen and triethylamine, consequently enhancing its gas sensing performance.





4. Conclusions


According to the requirements of the journal, this study synthesized microsphere-shaped Ni-doped LaFeO3 composite materials using a one-step hydrothermal method. The morphology, crystal structure, and elemental composition of the materials were analyzed using SEM, EDS, XRD, XPS, and other techniques. Based on the gas sensing performance analysis, it was found that LFO-Ni2% exhibited a lower optimum operating temperature and higher response, demonstrating excellent overall gas sensing performance. On one hand, doping Ni induces structural deformation in the LaFeO3 crystal, thereby altering the physicochemical properties of the crystal surface, leading to a change in the growth direction of nanocrystals and consequently impacting the microstructure. On the other hand, the incorporation of Ni into the crystal structure of LaFeO3 increases the concentration of carriers and adsorbed oxygen ions, promoting the reaction between adsorbed oxygen and triethylamine, and thereby enhancing its gas sensing performance.
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Figure 1. Structure diagram of test system and gas sensor. 
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Figure 2. SEM of (a,b) LFO, (c,d) LFO-Ni1%, (e,f) LFO-Ni2%, (g,h) LFO-Ni3%, and (i,j) LFO-Ni5%. 
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Figure 3. EDS spectrums of LFO-Ni2% composites. 
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Figure 4. XRD spectra of LFO, LFO-Ni1%, LFO-Ni2%, LFO-Ni3%, and LFO-Ni5%: (a) full spectrum; (b) magnified spectrum. 
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Figure 5. This Figure presents the XPS spectra of LFO and LFO-Ni2% for (a) the full scan, (b) La 3d of LFO-Ni2%, (c) Fe 2p, (d) Ni 2p of LFO-Ni2%, and (e,f) O 1s of LFO and LFO-Ni2%. 
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Figure 6. (a) The optimal operating temperature diagram for 100 ppm of TEA at temperatures ranging from 150 °C to 250 °C for the five samples; (b) selectivity diagrams for six different gases at their respective optimal operating temperatures for each of the five samples. 
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Figure 7. (a) Concentration gradient curve of LFO in response to 20 ppm to 100 ppm triethylamine at 210 °C; (b) linear fitting curve of concentration gradient response for LFO; (c) concentration gradient curve of LFO-Ni2% in response to 5 ppm to 100 ppm triethylamine at 190 °C; (d) Linear fitting curve of concentration gradient response for LFO-Ni2%. 
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Figure 8. (a) Reproducibility graph of LFO; (b) reproducibility graph of LFO-Ni2%. 
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Figure 9. Stability test result curve graph of LFO-Ni2%. 
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Figure 10. Gas sensing mechanism diagram of Ni-doped LaFeO3 material for TEA. 
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Figure 11. The resistance change process of LFO (a), LFO-Ni1% (b), LFO-Ni2% (c), LFO-Ni3% (d), and LFO-Ni5% (e) detecting 100 ppm of TEA. 
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Table 1. Sensing performance of some TEA gas sensors reported.
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	Materials
	Temperature (°C)
	Concentration (ppm)
	Response
	Reference





	ZnFe2O4/ZnO
	240
	100
	31.5
	[40]



	2wt% Au/Nd-In2O3
	250
	100
	61
	[41]



	BiOBr/ZnO
	200
	100
	20.57
	[42]



	In2O3/Mn2O3
	180
	100
	44.3
	[43]



	RuO2/LaFeO3
	260
	100
	60.4
	[20]



	ZC/ZnO-2
	280
	100
	78.684
	[44]



	ZnO/ZnFe2O4
	200
	100
	40.15
	[45]



	LFO-Ni2%
	190
	100
	102
	This work
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