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Abstract

:

Perovskite-type mixed-metal oxides are of particular interest as semiconductor gas sensors due to the variability in the material composition and the stability of sensing parameters. LaFeO3 is a p-type semiconductor with relatively high conductivity and gas sensitivity. However, less is known about the sensitivity and sensing mechanisms of LaFeO3 modified by catalytic noble metals. In this work, we used a microwave-assisted sol–gel method to synthesize perovskite LaFeO3 nanoparticles with an average size of 20–30 nm and a specific surface area of 6–8 m2/g. LaFeO3 was modified by 2–5 wt.% Ag and Pd nanoparticles via the impregnation route. Using X-ray photoelectron spectroscopy, the additives were observed in the partially oxidized states Ag2O/Ag and PdO/Pd, respectively. Electric conduction and sensitivity to noxious gases were characterized by electrophysical measurements. It was shown that LaFeO3 modified by Ag and Pd had improved sensitivity and selectivity to CO, and the sensing behavior persisted in a wide range of relative humidity. Pristine and Ag-modified LaFeO3 had the maximum sensitivity to CO at a temperature of 200 °C, while modification with Pd resulted in a decreased optimal operating temperature of 150 °C. In situ infrared spectroscopy revealed that supported Pd nanoparticles specifically catalyzed CO oxidation at the surface of LaFeO3 at room temperature, which was the likely reason for the improved sensitivity and decreased optimal operating temperature of LaFeO3/Pd sensors. On the other hand, Ag nanoparticles were deduced to activate CO oxidation by lattice oxygen at the surface of LaFeO3, providing enhanced CO sensitivity at a higher temperature.
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1. Introduction


Semiconductor gas sensors are of practical interest for air quality monitoring and detecting noxious gases such as CO, NH3, H2S, etc., at the ppm–ppb concentration level. The sensors’ operation principle is based on a reversible electric resistance change as a result of the chemisorption of target molecules and/or redox reactions with the surface oxygen of semiconductor oxides [1,2,3]. Mixed-metal oxides with the composition ABO3 (A—cations of alkali, alkaline-earth or rare-earth metals; B—cations of transition or post-transition metals) with the perovskite structure are distinguished as a specific family of semiconductor sensors, which have been extensively studied [4,5]. The perovskite structure consists of a three-dimensional framework of corner-shared BO6 octahedrons and A cations filling the cuboctahedral voids. The variability in the chemical composition of perovskites is due to the possibility of the partial or total substitution of A and B cations, provided that the ratios of the cation radii fit the Goldschmidt tolerance factor [6]. The perovskite structure undergoes distortions when the tolerance factor is not unity, but its behavior is also persistent for partially nonstoichiometric ABO3 compounds with respect to cations or oxygen [6,7]. The variability in the chemical composition, crystal structural distortion and point defects in perovskites makes it possible to control the electrophysical properties, surface reactivity and sensing behavior of the materials [8]. This is an advantage of ABO3 perovskites compared to simple semiconductor oxides.



Lanthanum ferrite (LaFeO3) is a perovskite-structured p-type semiconductor with a bandgap width of 2.1 eV [9,10]. It has been extensively researched as a material for photocatalysts, catalysts and gas sensors [9,10,11,12]. LaFeO3 has a relatively low resistance compared to other perovskite oxides (107–108 Ohm·cm−1 at room temperature), which is advantageous for semiconductor sensors [10,11]. LaFeO3 was shown to be sensitive to oxidizing and reducing gases [12,13,14,15,16,17,18]. Spectroscopic studies of LaFeO3 sensing mechanisms suggested that surface lattice oxygen anions and metal cations are the active sites responsible for the adsorption and redox conversion of target molecules [19]. La3+ cations stabilize Lewis base O2− anions, which act as adsorption sites for acidic molecules. Fe3+ cations can partially change the oxidation state, controlling the adsorption–desorption equilibrium between lattice oxygen anions, oxygen vacancies and gas-phase oxygen. It accounts for redox interactions with oxidizing and reducing target gases [19,20]. The modification of semiconductor perovskite oxides with catalytic nanoparticles of noble metals, for example, Ag and Pd, is an efficient approach for improving the sensitivity and selectivity to reducing gases [17,18,21]. The role of noble metal additives in improving the sensing behavior has conventionally been explained by electronic interactions with the semiconductor oxide or by the catalytic effect on oxygen adsorption and spillover at the noble metal nanoparticles [22]. However, the sensing mechanisms of composites based on noble-metal-loaded LaFeO3 have been less studied and understood.



The aim of the present work is to comparatively study the gas-sensing behavior and sensing mechanisms of nanocomposites based on LaFeO3 with catalytic nanoparticles of Pd and Ag. Nanocrystalline LaFeO3 was obtained via the microwave-assisted sol–gel method and modified by different concentrations of Ag and Pd via the impregnation route. Increased sensitivity and selectivity to CO at different operating temperatures were observed for the catalytically modified composites. In situ diffuse-reflectance infrared Fourier transform spectroscopy (DRIFT) was used to unveil the CO-sensing mechanism of Ag- and Pd-modified LaFeO3 materials. It was deduced that Pd selectively catalyzed CO conversion at about room temperature, improving the low-temperature sensitivity. Ag nanoparticles were efficient in the activation of the lattice oxygen reaction with target gas molecules at the surface of LaFeO3, thereby increasing the sensitivity of the composite to CO at a higher temperature.




2. Materials and Methods


2.1. Materials Synthesis


Nanocrystalline lanthanum ferrite LaFeO3 was synthesized by the sol–gel method, as was reported in [17]. Pure analytical-grade lanthanum nitrate hexahydrate La(NO3)3·6H2O and iron(III) nitrate nonahydrate Fe(NO3)3·9H2O (Reachem, Moscow, Russia) were used as precursors, and ethylenediamine (C2H8N2) was used as a complexing agent. Three solutions were prepared, 0.8 M La(NO3)3·6H2O, 0.8 M Fe(NO3)3·9H2O and 2.5 M C2H8N2, in absolute ethanol and stirred for 20 min. The solutions were mixed and the resultant mixture was stirred for 24 h at room temperature until pH = 7 was reached. The obtained sol was kept in a microwave oven (145 W) until a gel formed and the solvent partially evaporated. The residual gel was dried at 80 °C for 3 h until the solvent completely evaporated and at 200 °C for 8 h. The dried xerogel was annealed in air at 600 °C for 9 h.



Modification with silver (Ag) and palladium (Pd) (2–5 wt.%) was performed using the impregnation technique. First, 1 M aqueous solutions of silver nitrate AgNO3 (Reachem, Moscow, Russia) and palladium(II) acetylacetonate Pd(acac)2 (Sigma-Aldrich, St. Louis, MO, USA) were prepared and mixed with two parts of LaFeO3 powder. The obtained suspensions were dried at 90 °C and annealed in air for 3 h to decompose the noble metal precursors at 300 °C (LaFeO3/Pd(acac)2) and at 400 °C (LaFeO3/AgNO3).




2.2. Materials Characterization


X-ray diffraction was measured on a DRON-3M diffractometer (CoKα radiation; λ = 1.7903 Å; angles 2θ = 20–80°). Crystallite size was estimated by the Scherrer equation from the full-width-half-maxima of the 3 most intense peaks. The specific surface area was determined by the BET method using the Chemisorb 2750 setup (Micrometrics, Norcross, GA, USA). Before measurements, samples were pretreated at 300 °C for 30 min in He ambient and then cooled to room temperature. The morphology of the powders was studied by scanning electron microscopy (SEM) using a Carl Zeiss SUPRA 40 FE-SEM microscope (Carl Zeiss AG, Oberkochen, Germany) with an Inlens SE detector at an accelerating voltage of 5 kV and an aperture of 30 microns.



The elemental composition was determined by X-ray fluorescence (XRF) using the M1 MISTRAL device (Bruker, Billerica, MA, United States) (voltage 50 kV; current 800 μA). X-ray photoelectron spectra (XPS) were registered using the Axis Ultra DLD instrument (Kratos, Manchester, UK). The measurements were carried out with an Al Kα source, and the binding energy was calibrated to the C 1s signal (285.0 eV).



Fourier transform infrared spectra in transmission (FTIR) and diffuse-reflectance mode (DRIFT) were registered using a Frontier spectrometer with automatic CO2/H2O compensation and a resolution of 4 cm−1 (Perkin Elmer, Waltham, MA, USA). FTIR spectra were acquired using pellets of samples diluted with KBr in the wavenumber range of 4000–400 cm−1 with the accumulation of 4 scans. DRIFT spectra were collected using the DiffuseIR annex equipped with an HC900 chamber sealed by a KBr window (Pike, Fitchburg, WI, USA). Powders were put into a sapphire crucible (6 mm diameter, 4 mm height) and pretreated at 200 °C under a flow of dry air to desorb humidity. DRIFT spectra were measured with the accumulation of 30 scans during the in situ exposure of samples to the target gas (400 ppm CO) at room temperature and at 200 °C. Background spectra were preliminarily registered under a flow of dry air at the corresponding temperature.



To prepare the sensors, the samples (~5 mg) were ground in terpineol (20 mcL), and the obtained paste was deposited onto alumina substrates (size 0.3 × 0.2 mm2) with interdigitated platinum heaters and contacts. Microhotplates were assembled at the Moscow Engineering Physics Institute. The formed thick films (5–10 microns) were annealed at 300 °C for 10 h in air to remove the organic binder. Sensing tests were performed by taking in situ electrophysical measurements in a gas flow chamber assembled with an electrometer. Sensor responses were measured at temperatures of 50–500 °C for pristine LaFeO3, 50–400 °C for LaFeO3/Ag and 50–300 °C for LaFeO3/Pd, i.e., not exceeding the annealing temperature of the composites so as to prevent the undesired morphology failure of noble metal nanoparticles. Certified gas mixtures of CO:N2 (5120 ± 50 ppm), NH3:N2 (1100 ± 10 ppm), NO2:N2 (96 ± 6 ppm) and H2S:N2 (51 ± 5 ppm) were used as the sources of target gases. Purified dry air from the generator of pure air (GPA-1.2-3.5, Khimelectronica, Moscow, Russia) was used as a carrier and reference gas. Gas flows were controlled by EL-FLOW mass-flow controllers (Bronkhorst, Ruurlo, The Netherlands). The overall gas flow rate was kept constant (100 mL/min), and the target gases were diluted with pure air to prepare target gas mixtures with certain concentrations.





3. Results


3.1. Composition and Structure of Materials


According to X-ray diffraction (Figure 1), the obtained LaFeO3 consisted of a single phase with a perovskite-like orthorhombic Pbnm structure (ICDD# 74-2203). No palladium-related crystalline phases were observed in the LaFeO3/Pd composites. This may be due to the amorphous state or small nanoparticle size of the additive. In the Ag-modified composites, the phase of metallic Ag with a cubic structure (ICDD# 4-783) was observed along with the orthorhombic perovskite phase of LaFeO3 (Figure 1). The crystallites sizes estimated by the Scherrer equation were in the ranges of dXRD = 19–28 nm for LaFeO3 in all the samples and about dXRD = 27–43 nm for the Ag phase in the LaFeO3/Ag composites (Table 1). In the XRD patterns of LaFeO3/Ag and LaFeO3/Pd composites, no peak shifts of the perovskite phase were observed relative to pristine LaFeO3. This indicates that the cations of the additives (silver or palladium) were not incorporated into the crystal lattice of the host perovskite LaFeO3. The BET surface area was similar for all samples and in the range of 6–8 m2/g.



In the SEM images (Figure 2), nanoparticles with average sizes in the range of 20–50 nm were distinguished, which is in agreement with the crystallite sizes of LaFeO3 and Ag estimated by XRD. The morphologies of pristine and modified LaFeO3 samples were represented by isotropically shaped irregular nanoparticles. The nanoparticles were strongly agglomerated into loose three-dimensional aggregates (Figure 2a). The modifiers, which were presumably segregated at the surface of LaFeO3, could not be distinguished in the SEM images (Figure 2b–d), likely because of the close nanoparticle sizes of the perovskite support and of the additives. This agrees with the XRD data on the crystallite size of LaFeO3 and Ag (Table 1). Moreover, the close atomic numbers of Ag and Pd are intermediate between those of La and Fe, and the additives could not be distinguished by contrast from the background of LaFeO3.



Quantitative elemental analysis by XRF showed that the La/Fe ratio was 1.07 ± 0.13 in the samples, which corresponds to the stoichiometric composition of perovskite LaFeO3 (Supplementary Data). The estimated concentrations of Ag and Pd agree with the amounts used during the syntheses (Table 1).




3.2. Oxidation States of Elements and Surface Species in the Materials


X-ray photoelectron (XP) spectra displayed the spin-orbit split doublet signals of La 3d and Fe 2p, with binding energies (BE) corresponding to the oxidation states La3+ and Fe3+ in pristine and modified LaFeO3 samples (Figure 3a,b) [23,24]. No effects of Ag or Pd on the oxidation states of cations in the perovskite structure were observed. XP spectra of the Ag 3d level showed that silver was in two oxidation states in the LaFeO3/Ag composites (Figure 3c). One was Ag0 with BE(Ag 3d5/2) = 368.7–369.0 eV, which is consistent with the presence of metallic silver nanoparticles in the composites observed by XRD. The other state was Ag+ with BE(Ag 3d5/2) = 367.8–368.1 eV [25]. Likely, the oxidized Ag2O layer was formed at the surface of Ag nanoparticles as a result of the interaction with gas-phase oxygen. Similarly, palladium was found in two oxidation states in the LaFeO3/Pd composites: Pd0 with BE(Pd 3d5/2) = 335.0–335.3 eV and Pd2+ with BE(Pd 3d5/2) = 336.6–336.9 eV (Figure 3d). The relative atomic concentrations of the reduced and oxidized forms of noble metal additives estimated from the curve-fitted XP spectra are summarized in Table 2. In the Ag-modified samples, metallic silver was the predominant form (68–76 at.% of total Ag content). On the contrary, in the LaFeO3/Pd composites, the concentration of the oxidized form Pd2+ (63–66 at.% of total Pd content) exceeded that of the reduced form Pd0. With the increasing percentage of additives in LaFeO3, the fraction of M0 (M = Ag, Pd) increases.



The XP spectra of the O 1s level were contributed to by three components corresponding to oxygen anions in the structure of LaFeO3, labeled as O(I) with BE = 529.2–529.7 eV, and oxygen in adsorbed surface species (Figure 3e). According to FTIR data, the latter may be recognized as carbonate groups with the O(II) state (BE = 531.2–531.8 eV) and hydroxyl groups possessing the O(III) state (BE = 533.4–534.1 eV) [26]. The highest intensity was observed for the O(II) component, i.e., oxygen of the surface carbonate groups, which might originate from CO2 adsorption to the surface of LaFeO3. In the Ag-modified samples, the atomic ratio of different components in the O 1s spectrum did not change in comparison to pristine LaFeO3 (Table 2). However, when the Pd additive was introduced, the fraction of surface carbonate groups decreased, and the fraction of OH groups increased.



The FTIR spectra of samples are dominated by the Fe-O stretching vibration band at 565 cm−1 related to the perovskite phase of LaFeO3 (Figure 4) [27]. Minor bands of O-H stretching (3430 cm−1) and H2O bending vibrations (1630 cm−1) were observed due to adsorbed water. The peaks at 1490 cm−1, 1370 cm−1 and 860 cm−1 can be ascribed to monodentate carbonate species because of CO2 adsorption [28]. The relative intensities of carbonate peaks were a little stronger in the Ag-modified samples in comparison to LaFeO3 and LaFeO3/Pd (Supplementary Data, Figure S2).




3.3. Electrophysical and Gas-Sensing Properties


Figure 5 shows temperature plots of the DC resistance of pristine and modified LaFeO3. The materials behaved as semiconductors, and the resistance steadily dropped with rising temperature. Linear relations were observed in the coordinates lgR ~ 1/T, indicating the activation character of conductance. The estimated effective activation energies of conduction are summarized in Table 3. At a temperature of around 450 °C, an inclination was observed on the linear plot of LaFeO3, which can be associated with a change in magnetic ordering. This can be a transition from the antiferromagnetic to the paramagnetic state of LaFeO3, since the Neel temperature TN = 462 °C was reported for lanthanum ferrite [29,30]. This transition at temperature T > TN is accompanied by a decrease in the activation energy of conduction (Table 3).



When LaFeO3 was modified by Ag or Pd, the resistance increased with the concentration of the additive. This should be due to the formation of the hole-depleted Schottky barrier at the semiconductor/noble metal interface. The work functions of Ag, Ag2O, Pd, PdO and LaFeO3 are 4.7, 5.0, 4.8, 6.0 and 6.5 eV, respectively [31,32,33,34]. When the heterojunction is formed between the p-type LaFeO3 semiconductor and nanoparticles of Ag2O/Ag or PdO/Pd, an electronic transfer would be expected from introducing the additives to LaFeO3. This leads to a decrease in the concentration of holes, which are the charge carriers in lanthanum ferrite, and the formation of a potential barrier for hole conduction. For the sake of simplicity, we assumed metallic behavior for the partially oxidized noble metal additives, and the position of the Fermi energy level is described by the work function between the work function limits of completely oxidized and completely reduced noble metals. According to the Schottky–Mott model of the metal–semiconductor heterojunction, the potential energy barrier for hole conduction arises at the interface, and its height is characterized by the difference EF − Ev. Here, EF is the energy of the Fermi level, which is aligned between the contacting metal and semiconductor, and Ev is the energy of the valence band edge at the surface of LaFeO3, which is 6.8 eV below the vacuum level [9].



The sensing behavior was investigated using different reducing gases (CO, NH3, H2S and CH3COCH3) and an oxidizing gas (NO2). Figure 6a shows the dynamic response of LaFeO3 to CO (20 ppm) and NO2 (1 ppm). All sensors demonstrated p-type responses: i.e., resistance reversibly increased in the presence of reducing gases and decreased in the presence of the oxidizing gas. Sensor signals were calculated by determining the relative change in sensor resistance:


S = 100%·(Rgas − Rair)/Rair (to reducing gases);










S = 100%·(Rair − RNO2)/RNO2 (to oxidizing gas)



(1)




where Rair is sensors resistance in air, and Rgas is resistance in the presence of the target gas. The temperature dependences of sensor signals are shown in Figure 7. For pristine LaFeO3, the optimal operating temperature for detecting CO was T = 200 °C, for sensing H2S and NO2, it was T = 250 °C, and for detecting NH3, it was T = 300 °C.



Modification with Ag did not affect the temperature dependences of sensor signals, and the values of sensor signals only changed compared to LaFeO3 (Figure 7). For the Pd-modified sensors, the optimal operating temperatures for sensing all target gases were 50 °C lower relative to pristine LaFeO3. In all cases, the temperature corresponding to the maximum sensor signals of modified sensors was lower than the annealing temperature of LaFeO3/Ag and LaFeO3/Pd. This means that nanocomposites do not have to be continuously heated at high temperatures, which ensures stable and long-term sensor operation under optimal measurement conditions.



The selectivity of Ag- and Pd-modified LaFeO3 sensors can be estimated from Figure 8. When LaFeO3 was modified by Ag, an increased sensitivity to CO was observed, while the sensitivity to other gases did not exceed that of pristine LaFeO3 (Figure 8a). The improved sensitivity of LaFeO3/Ag to CO can be contributed to by the effect of electronic sensitization [2,3]. As shown by XPS, silver nanoparticles are partially oxidized to Ag2O in the composites (Figure 3c). The interaction with CO should increase the fraction of reduced Ag in the initially partially oxidized Ag2O/Ag additive. After the partial reduction by target gas molecules, the work function of reduced nanoparticles decreases, Fermi energy increases and, hence, the height of the energy barrier for hole conduction increases. This is schematically represented in Figure 9. As a result, the concentration of charge carriers decreases in p-type semiconductors, and the resistance increases to a larger extent relative to pristine LaFeO3. As the percentage of Ag increased from 2 wt.% to 5 wt.%, a further 2–3 increment in the sensitivity to CO was observed. This might be associated with the higher Ag+/Ag0 ratio in the Ag (5 wt.%)-modified sample (Table 2), implying more active Ag+ sites for the interaction with CO. However, the difference in the Ag+/Ag0 ratio between LaFeO3/Ag (2 wt.%) and LaFeO3/Ag (5 wt.%) was low, and comparable to the uncertainty in the curve fitting of XP spectra. Thus, the route of LaFeO3 sensitization by the Ag additive cannot be ascribed only to the electronic effect, and more insights were obtained by DRIFT spectroscopy.



The modification of LaFeO3 with Pd slightly improved the sensitivity to all tested reducing gases, but an exceptionally large increase in sensor signals in response to CO was observed (Figure 8b). With the increase in Pd percentage from 2 wt.% to 5 wt.%, the sensitivity to CO increased, but to a lesser extent than in the case of LaFeO3/Ag. The improved sensitivity to CO can be contributed to by the electronic effects at the additive/support interface (Figure 9). However, electronic sensitization does not explain the observed selectivity to CO and the lower optimal operating temperature of LaFeO3/Pd. The catalytic role of Pd in the conversion of CO (chemical sensitization) was deduced from a DRIFT spectroscopy study.



The dependences of sensor signals on CO concentration are shown in Figure 6b. The sensors based on Ag- and Pd-modified LaFeO3 are sensitive to as low as 2 ppm CO in air, which is below the threshold limit value (25 ppm 8-h TWA) [35]. The concentration dependences of sensor signals were linear in logarithmic coordinates, indicating the power law S ~ Cα (Figure 6c). The slope was close to unity at α = 1.01 ± 0.01 for all tested materials. The response (tres) and recovery (trec) times, determined as the periods required for sensors to reach 90% of stable resistance in the target gas and in pure air, were tres = 1–2 min and trec = 5–7 min for LaFeO3 and LaFeO3/Ag and tres = 3 min and trec = 10 min for LaFeO3/Pd in response to 20 ppm CO in dry air at optimal operating temperatures.



The effect of humidity on the sensitivity to CO was studied in the range of relative humidity RH = 0–95% (Figure 6d). In the presence of 95% RH, the sensor signals decreased by 1.3–1.5 times relative to dry air. The larger drop in the sensitivity of LaFeO3/Pd could be due to the lower operating temperature (150 °C). However, the Ag- and Pd-modified samples still possessed reliable sensor responses to CO in humid air. The drop in sensitivity to reducing gases in the presence of humidity is a common issue of metal oxide sensors. The competitive adsorption of water in the molecular (H2O) and/or dissociated forms (OH groups) blocks, to some extent, the active surface sites and prevents the redox interaction with CO target molecules.



In Table 4, the characteristics of perovskite-based sensors in response to CO are summarized. The sensors based on LaFeO3/Ag and LaFeO3/Pd in the present work exhibit high sensitivity to relatively low CO concentrations and at lower operating temperatures in comparison to literature data.




3.4. DRIFT Spectroscopy Study of Material Interaction with CO


The sensing mechanism was studied by DRIFT spectroscopy under in situ conditions simulating those of the sensing tests. Figure 10 shows the infrared absorbance spectra of materials exposed to 400 ppm CO referenced to pure air. At room temperature, minor spectral changes were observed for LaFeO3 and LaFeO3/Ag (Figure 10a). The positive band at 3400 cm−1 and peak at 1640 cm−1 correspond to the adsorption of H2O and/or OH groups. This may be due to the presence of humidity in the source of the CO target gas and the low measurement temperature being favorable for water adsorption to the oxide surface. As observed in the spectra of Pd-modified LaFeO3, exposure to CO resulted in decreased background absorbance and the appearance of a positive band at 3400 cm−1 (O-H stretching vibrations) due to adsorbed humidity, a peak at 2335 cm−1 and a strong doublet band at 1500–1400 cm−1. The decline in the IR background can be due to a decreasing charge carrier concentration (holes), which agrees with the increasing resistance in the presence of CO (Figure 6a). The peak at 2335 cm−1 should be due to asymmetric stretching vibrations of gas-phase CO2, while the doublet at 1500–1400 cm−1 can be ascribed to asymmetric and symmetric stretching vibrations of monodentate carbonate species. Thus, at room temperature, CO undergoes Pd-catalyzed conversion to CO2, and the latter is adsorbed to the surface of perovskite in the form of monodentate CO32− [28]:


CO + PdO = Pd + CO2;



(2)






CO + Pd = Pd-CO;



(3)






Pd-CO + ½ O2 = CO2 + Pd;



(4)






CO2 + O2− = CO32−(monodentate).



(5)







The minor peak at 2100 cm−1 observed in the DRIFT spectra of Pd-modified samples can be ascribed to the C-O stretching vibration of CO bound to Pd0 sites [28]. This agrees with our previous DRIFT observations that metal-oxide-supported Pd species specifically chemisorb CO at room temperature, which facilitates its oxidation by oxygen [39,40].



At a higher temperature (200 °C), the interaction with CO caused similar DRIFT spectral features for all samples (Figure 10b). The main one was the appearance of two positive peaks at 1580 cm−1 and 1290 cm−1 and a minor peak at 1000 cm−1. The set of these peaks and their positions suggest their attribution to C=O stretching and asymmetric and symmetric COO stretching vibrations of bidentate carbonate, respectively [28]. In the wavenumber region below 800 cm−1, a negative band can be observed. This implies the decreased intensity of metal–oxygen stretching vibrations in LaFeO3, perhaps because oxygen anions at the perovskite surface are involved in the reaction with CO with the formation of bidentate carbonates:


CO + 2 O2− = CO32−(bidentate) + 2 e−.



(6)







The intensities of the positive CO32- peaks and the negative M-O band in DRIFT spectra at higher temperatures were much larger for Ag-modified LaFeO3 and increased with the percentage of Ag (Figure 10b). This evidences that the Ag modifier promotes the reaction of CO oxidation (Equation (6)) via the activation of surface oxygen anions. This agrees with the improved high-temperature sensitivity of LaFeO3/Ag to CO and the growth in sensitivity with the percentage of Ag.





4. Discussion


In the present work, gas-sensitive nanocrystalline LaFeO3 with a perovskite-like structure, a crystallite size of 19–28 nm and a BET surface area of 6–8 m2/g was synthesized using the sol–gel method. The materials were modified by Ag and Pd at concentrations of 2–5 wt.%, and the additives were deduced to be in the form of nanoparticles segregated at the surface of LaFeO3. Noble metal additives were observed to be in mixed-valence partially oxidized states: Ag2O/Ag with the predominance of metallic silver in LaFeO3/Ag, and PdO/Pd with the prevalence of oxidized palladium in LaFeO3/Pd. The difference might be due to the lower Ag-O bond energy and, hence, the lower stability of silver oxide in comparison to the Pd-O system [41]. Additionally, the larger fraction of reduced Ag could be due to the higher annealing temperature of AgNO3-impregnated precursors (400 °C) than that of Pd(acac)2-impregnated ones (300 °C). No incorporation of Ag+ or Pd2+ cations into the lattice of LaFeO3 was deduced in the nanocomposites, since the positions of XRD peaks of LaFeO3 did not shift in the presence of different Ag or Pd concentrations (Figure 1). Moreover, a significant discrepancy in the cationic radii rules out the formation of solid solutions in LaFeO3/Ag or LaFeO3/Pd materials: r(Ag+) = 1.15 Å, r(Pd2+) = 0.86 Å, r(Fe3+) = 0.65 Å, (CN = 6), and r(La3+) = 1.32Å (CN = 12) [42].



Comparing the sensor signals of pristine LaFeO3 to different gases, a higher sensitivity to H2S was observed (Figure 7). This can be attributed to the surface basicity of lanthanum ferrite. The low charges of the La3+ and Fe3+ cations and the relatively large radius of La3+ stipulate the basicity of surface oxygen anions, which is favorable for the interaction with acidic H2S molecules. The sensitivity to other reducing gases (CO and NH3) and the oxidizing gas NO2 was comparable, showing the low, poor selectivity of LaFeO3. The modification of LaFeO3 with the additive Ag or Pd selectively improved the sensitivity to CO (Figure 8). Moreover, the temperature dependence of sensor signals of Pd-modified composites shifted to a lower temperature relative to LaFeO3 and LaFeO3/Ag (Figure 7). This can be utilized for the selective detection of CO by incorporating LaFeO3/Ag and LaFeO3/Pd sensors, operated at appropriate temperatures, into a multisensor device. The sensitivity to CO increased with the concentration of Ag and Pd in the composites, indicating that improved sensitivity and selectivity were induced by the noble metal additives. The values of sensor signals were not as high as can be reached by CO sensors based on binary oxides (SnO2, TiO2 or WO3) and composites with noble metals [43]. However, among the sensors of CO based on perovskite mixed-metal oxides (Table 4), the present materials LaFeO3/Ag and LaFeO3/Pd showed the advantages of moderate operating temperatures, sensitivity to as low as 2 ppm CO, selectivity, and resistance to humidity.



From the results of in situ DRIFT spectroscopy, we deduced that the selective enhancement of the sensitivity to CO was controlled by the catalytic effects of Ag and Pd additives in the reaction of target gas oxidation at the surface of LaFeO3. The difference in the optimal operating temperatures of Ag- and Pd-modified sensors was due to distinct sensing mechanisms inferred from DRIFT spectra of materials exposed to CO. It has often been stated in the literature that the sensing principle of semiconductor metal oxides relies on the ionosorption of oxygen in the form of O2−, O− or O2− and the interaction of ionosorbed species with target gas molecules [2,3]. However, the existence of adsorbed oxygen species had hardly been proved experimentally at the surface of mixed-metal oxides such as perovskites. On the other hand, an alternate sensing mechanism considers the interaction of target gas molecules with lattice O2- anions on the oxide surface, which results in the reversible formation and replenishment of oxygen vacancies. In certain cases, this model was found to be suitable for the description of gas sensing by certain metal oxides [44,45]. In the present work, we suggest that the mechanism of CO sensing is the interaction with lattice oxygen anions at the surface of LaFeO3 (Equation (6)). Indirect evidence for this is the appearance of bidentate carbonate species at a temperature of 200 °C (DRIFT spectra in Figure 10b), corresponding to the conditions of the maximum sensor signals of pristine and Ag-modified LaFeO3 (Figure 7). Furthermore, LaMO3 perovskites, with M being a trivalent cation, are known as efficient catalysts in oxygen evolution reactions, and LaFeO3 has a comparatively low energy of hole formation at oxygen anions [46]. This means that lattice O2- anions in LaFeO3 can be relatively easily transformed into reactive single charged and uncharged oxygen atoms, which is favorable for their reduction by reducing gas molecules such as CO.



In the presence of Ag2O/Ag nanoparticles, the reaction of CO with oxygen anions at the surface of LaFeO3 (Equation (6)) is enhanced but still requires a higher temperature (200 °C). This follows from the increased formation of bidentate CO32− species in DRIFT spectra (Figure 10b) and from the improved sensor signals of LaFeO3/Ag at the same operating temperature as for pristine LaFeO3 (Figure 7). The activation of surface oxygen anions of LaFeO3 by supported silver nanoparticles might proceed via the spillover effect, which has been assumed in the literature for noble-metal-modified sensors (the model of chemical sensitization) [2] and was experimentally established by oxygen isotopic exchange on oxide-supported clusters of platinum-group metals [47,48].



The role of the Pd additive in the improved sensitivity to CO is also the catalysis of target gas conversion at the surface of LaFeO3. However, in contrast to Ag-modified samples, Pd activates CO molecules for the oxidation reaction, rather than surface oxygen species. The specific chemisorption of CO on Pd sites, which takes place at as low as room temperature, loosens the C≡O triple bond due to π back-donation from Pd atoms and decreases the activation energy for CO conversion. This follows from the evolution of the characteristic peaks of CO2 and monodentate carbonates in the DRIFT spectra at room temperature (Figure 10a) and accounts for the lowering of the optimal operating temperature of Pd-modified sensors in the detection of CO (Figure 7a). Since the conversion of CO over the Pd catalyst (Equations (2–5)) does not directly involve electrons from the semiconductor, high sensitivity to CO was not observed at room temperature. The concentration of the charge carrier could be influenced by the reduction of PdO to Pd and by the variation in the Schottky barrier height at the interface with LaFeO3 (Figure 9), as was supported by the downward shift of baseline IR absorbance in DRIFT spectra (Figure 10a). However, no change in material resistance could be measured at low temperatures because of the relatively high activation energy of conduction of about 0.5–0.6 eV (Table 3). On the other hand, at a higher temperature (200 °C), the interaction of CO with LaFeO3/Pd proceeded similarly to that with pristine LaFeO3 (Equation (6)), since the observed peaks of bidentate carbonates had similar intensities in the DRIFT spectra (Figure 10b). Thus, the selectively improved sensitivity of LaFeO3/Pd to CO at a moderate temperature (150 °C) was likely a compromise between the specific catalytic conversion of CO on Pd sites, which dominates at room temperature (Equations (2–5)), and the oxidation of CO by oxygen anions at the surface of LaFeO3, which is predominant at higher temperatures (Equation (6)).




5. Conclusions


Nanocrystalline LaFeO3 with a perovskite-like structure, a crystallite size of 19–28 nm and a specific surface area of 6–8 m2/g was synthesized using the sol–gel method. Nanocomposites of LaFeO3 with different concentrations of Ag and Pd additives (2–5 wt.%) were obtained via impregnation. The additives were observed in the form of partially oxidized Ag2O/Ag and PdO/Pd segregations at the surface of LaFeO3. The electrical conduction and sensing behavior were studied. An increased activation energy of conduction was found in Ag- and Pd-modified samples due to the difference in work functions and the formation of Schottky barriers at the additive/perovskite interface. Selectively improved sensitivity to CO was observed for Ag- and Pd-modified LaFeO3, provided with sensitivity to as low as 2 ppm CO, moderate operating temperatures (150–200 °C) and resistance to humidity. Different CO-sensing mechanisms of LaFeO3/Ag and LaFeO3/Pd were revealed using in situ diffuse-reflectance infrared spectroscopy. Ag activates oxygen anions at the surface of LaFeO3 in the reaction of CO oxidation at a higher temperature (200 °C) and thus enhances the sensitivity. Pd catalyzes the oxidative conversion of CO via the specific chemisorption of target gas molecules, which results in improved sensitivity at a lower temperature (150 °C).
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Figure 1. XRD patterns of pristine and Ag- or Pd-modified LaFeO3. 
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Figure 2. SEM images of LaFeO3 (a), LaFeO3/Ag(5 wt.%) (b), LaFeO3/Pd(2 wt.%) (c) and LaFeO3/Pd(5 wt.%) (d). 
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Figure 3. XP spectra of pristine and Ag- or Pd-modified LaFeO3 in the analytical regions of La 3d (a), Fe 2p (b), Ag 3d (c), Pd 3d (d) and O 1s (e). 
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Figure 4. FTIR spectra of pristine and Ag- or Pd-modified LaFeO3. 
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Figure 5. Logarithm of resistance of pristine and Ag- or Pd-modified LaFeO3 in air in relation to inverse temperature. 
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Figure 6. Dynamic sensor response of LaFeO3 to 20 ppm CO and 1 ppm NO2 at 200 °C (a); dynamic response to increasing concentration of CO for LaFeO3 and LaFeO3/Ag(5 wt.%) at 200 °C and for LaFeO3/Pd(5 wt.%) at 150 °C (b); dependence of sensor signals on CO concentration for LaFeO3 and LaFeO3/Ag(5 wt.%) at 200 °C and for LaFeO3/Pd(5 wt.%) at 150 °C (c); sensor signals of LaFeO3 and LaFeO3/Ag(5 wt.%) at 200 °C and for LaFeO3/Pd(5 wt.%) at 150 °C to 20 ppm CO at different relative humidity levels (d). 
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Figure 7. Temperature plots of sensor signals of pristine and Ag- or Pd-modified LaFeO3 to 20 ppm CO (a), 20 ppm NH3 (b), 2 ppm H2S (c) and 1 ppm NO2 (d). 
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Figure 8. Ratio of maximum sensor signals of LaFeO3/Ag (a) and LaFeO3/Pd (b) to sensor signals of pristine LaFeO3 to CO (20 ppm), NH3 (20 ppm), H2S (2 ppm) and NO2 (1 ppm) at appropriate operating temperatures. 
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Figure 9. Scheme of electronic sensitization effect of LaFeO3 by partially oxidized noble metals, where MOx is Ag2O/Ag or PdO/Pd, M is one of the reduced noble metals, Evac is vacuum level, Ec is conduction band edge, Ea is acceptor level, Ev is valence band edge, and Φ is work function of oxidized and reduced noble metals. 
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Figure 10. DRIFT spectra of pristine and Ag- or Pd-modified LaFeO3 under exposure to 400 ppm CO for 1 h at room temperature (a) and at 200 °C (b). 
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Table 1. Composition and microstructural parameters of materials.
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	Sample
	Percentage of Additive, wt.%
	Crystallite Size (dXRD), nm
	BET Area, m2/g





	LaFeO3
	-
	23 ± 4
	8



	LaFeO3/Ag(2 wt.%)
	2.1 ± 0.2 Ag
	24 ± 4 LaFeO3; 37 ± 6 Ag
	6



	LaFeO3/Ag(5 wt.%)
	4.9 ± 0.3 Ag
	23 ± 4 LaFeO3; 32 ± 5 Ag
	6



	LaFeO3/Pd(2 wt.%)
	2.2 ± 0.2 Pd
	24 ± 5 LaFeO3
	7



	LaFeO3/Pd(5 wt.%)
	5.1 ± 0.4 Pd
	23 ± 4 LaFeO3
	6
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Table 2. Relative fractions of oxidized (Mn+) and reduced (M0) states of noble metals in Ag- and Pd-modified LaFeO3 and of different states of oxygen in the materials determined by XPS.
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Sample

	
Fraction from Total Content of the Element, at.%




	
Mn+

	
M0

	
O(I)

	
O(II)

	
O(III)






	
LaFeO3

	
-

	
-

	
18

	
52

	
30




	
LaFeO3/Ag(2 wt.%)

	
24 (Ag+)

	
76 (Ag0)

	
17

	
57

	
26




	
LaFeO3/Ag(5 wt.%)

	
32 (Ag+)

	
68 (Ag0)

	
12

	
60

	
29




	
LaFeO3/Pd(2 wt.%)

	
63 (Pd2+)

	
37 (Pd0)

	
15

	
43

	
42




	
LaFeO3/Pd(5 wt.%)

	
66 (Pd2+)

	
34 (Pd0)

	
16

	
38

	
46
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Table 3. Effective activation energy of conduction of LaFeO3 at lower (T = 50–450 °C) and higher (T = 450–500 °C) temperature ranges and of Ag- and Pd-modified LaFeO3 at tested temperatures (T = 50–400 °C and T = 50–300 °C, respectively).
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Sample

	
Activation Energy of Conduction, eV




	
Lower Temperature

	
Higher Temperature






	
LaFeO3

	
0.55 ± 0.02

	
0.13 ± 0.02




	
LaFeO3/Ag(2 wt.%)

	
0.61 ± 0.02

	




	
LaFeO3/Ag(5 wt.%)

	
0.66 ± 0.03

	




	
LaFeO3/Pd(2 wt.%)

	
0.61 ± 0.02

	




	
LaFeO3/Pd(5 wt.%)

	
0.63 ± 0.02
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Table 4. Comparison of resistive sensor parameters for perovskite-type mixed-metal oxides in the detection of CO gas.
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Material

	
Synthesis Method

	
Morphology

	
CO Concentration, ppm

	
Operating T, °C

	
Sensor Signal, %

	
Ref.






	
LaFeO3

	
Sol–gel

	
Nanowires

	
50

	
250–270

	
25

	
[36]




	
rGO/LaFeO3

	
Hydrothermal

	
Microspheres

	
5

	
250

	
17

	
[27]




	
La1-xMgxFeO3

	
Sol–gel

	
Nanofibers

	
2500

	
350

	
4000

	
[16]




	
La1-xSrxFeO3

	
Microspheres

	
50

	
400

	
2.5

	
[37]




	
LaFeO3

	
Coprecipitation

	
3D porous

	
1000

	
155

	
10

	
[14]




	
LaCoO3

	
PAD deposition

	
Thin films

	
100

	
150

	
55–80

	
[38]




	
LaCoO3/Pd

	
Electrospinning

	
Nanowires

	
100

	
250

	
113

	
[21]




	
LaFeO3/Ag

	
Sol–gel

	
Nanoparticles

	
20

	
200

	
130

	
This work




	
LaFeO3/Pd

	
150

	
210
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