

  coatings-12-01355




coatings-12-01355







Coatings 2022, 12(9), 1355; doi:10.3390/coatings12091355




Article



Fabrication and Characterization of W-Substituted ZnFe2O4 for Gas Sensing Applications



Abdullah M. Al-Enizi 1[image: Orcid], Omar H. Abd-Elkader 2,*, Shoyebmohamad F. Shaikh 1[image: Orcid], Mohd Ubaidullah 1[image: Orcid], Mohamed O. Abdelkader 3[image: Orcid] and Nasser Y. Mostafa 4,*





1



Department of Chemistry, College of Science, King Saud University, P.O. Box 2455, Riyadh 11451, Saudi Arabia






2



Department of Physics and Astronomy, College of Science, King Saud University, P.O. Box 2455, Riyadh 11451, Saudi Arabia






3



Department of Biochemistry, College of Science, King Saud University, P.O. Box 2455, Riyadh 11451, Saudi Arabia






4



Department of Chemistry, Faculty of Science, Suez Canal University, Ismailia 41522, Egypt









*



Correspondence: omabdellkader7@ksu.edu.sa (O.H.A.-E.); n.mostafa@science.suez.edu.eg (N.Y.M.)







Academic Editor: Choongik Kim



Received: 16 August 2022 / Accepted: 15 September 2022 / Published: 17 September 2022



Abstract

:

A sol–gel technique was successfully employed in creating pure and W-substituted zinc ferrite, with nominal compositions of ZnFe2−2xWxO4 (0.0 ≤ x ≤ 0.15). For the purposes of investigating the physical and chemical properties of the generated powders, several analytical techniques were used. In TEM images of all the compositions, mixed-shaped particles (cubic, spherical, and hexagonal) were observed. The crystallite size decreases from 82 nm (x = 0.0) to 32 nm (x = 0.15) with an increase in the W doping contents in the ZnFe2O4 lattice. The microstrain increases with increasing W doping content. Furthermore, the surface area of pure ZnFe2O4, 0.05 W-ZnFe2O4, 0.10 W-ZnFe2O4, and 0.15 W-ZnFe2O4 NPs were calculated as being 121.5, 129.1, 134.4 and 143.2 m2 g−1, respectively, with a mesoporous pore structure for all ferrite samples. The calculated BJH pore size distribution was within the range of 160 to 205 Å. All W-doped ZnFe2O4 samples show H-M loops with paramagnetic characteristics. The magnetization (M) directly increases by increasing the applied field (H) without achieving saturation up to 20 kA/m. For comparison, the magnetization at 20 kA/m gradually decreases with increasing W doping content. Among all the synthesized samples, the 0.15 W-ZnFe2O4 NPs demonstrated the highest sensitivity towards acetone gas at 350 °C.
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1. Introduction


Magnetic spinel ferrites have received a lot of interest from academics because of their vast technological importance in many fields, such as magnetic recording, biomedicine, luminescent media, and gas sensors [1,2,3]. The oxygen anions are arranged in a cubic closed-packed lattice within the spinel’s face-centered cubic structure. The cubic spinel structure is characteristic of the ferrites that have the general chemical formula MFe2O4 (M = divalent metal ion, which can stand for Co, Mn, Ni, Zn, or Fe) [4]. The structure of spinels consist of one primary unit cell that is composed of eight sub-unit cells with a cubic (face-centered) structure. Each unit cell contains two different types of sites, which are designated as the tetrahedral (A) site, which accommodates divalent metal ions, and the octahedral (B) site, which accommodates trivalent Fe ions [5]. There is a total of 96 interstitial sites, with 64 of them being tetrahedral and 32 of them being octahedral. The oxygen atoms form a close-packed configuration in the spinel structure, and each unit cell is composed of 32 oxygen atoms. As seen, the closest neighbors for the tetrahedral (A) sites are four oxygen atoms, while the closest neighbors for the octahedral (B) sites are six oxygen atoms. Normal or inversed spinel types are based on the distribution of metals amongst these sites. A normal spinel occurs when the divalent metal ions completely sit on the A-site of the crystal, whereas inverse spinel is the term used when they occupy the B-site of the crystal [6]. On the contrary, a mixed or random spinel describes a situation in which metals are moderately present at both sites. It is possible, at least in theory, to utilize the crystal field stabilization energy and the ionic radius to make a prediction about the spinel ferrites’ favored distribution of different cations within the spinel’s [7]. Fe2+, Co2+, and Ni2+ have a potential to form inverse spinel structures at B sites, whereas Zn2+ and Mn2+ have a potential to form normal spinel structures at A sites [8].



A classic example of a normal spinel ferrite structure is that of zinc ferrite (ZnFe2O4). In this structure, all the nonmagnetic Zn2+ cations are located in the A sites, while all the magnetic Fe3+ cations are positioned in the B sites [9]. Thus, bulk ZnFe2O4 is frequently paramagnetic at ambient temperature. However, in cases of nanosized ZnFe2O4, ferrimagnetism has been observed at certain particle sizes, where Zn atoms are redistributed to both A and B sites [10]. This redistribution is strongly impacted by the preparation method of the materials. The physical properties of chemically synthesized ZnFe2O4 vary depending on the synthesis method, size, microstructure, and incorporation of foreign ions as doping. Synthesis of ferrites as nanomaterials may enhance some characteristics and reduce others [11,12]. In previous works [13,14,15], we found that doping ferrites affects the octahedral and tetrahedral sites’ preferences. The doped ions’ radii and contents, in addition to the processing methods, are important factors in controlling the sites’ preference. Additionally, the structural, electrical, and magnetic characteristics of ferrites are greatly impacted by the redistribution of foreign doped cations between the tetrahedral and octahedral sites [16,17,18].



Researchers from various institutions have synthesized metal-substituted zinc ferrite and investigated its gas sensor and magnetic properties. The composition of the ferrites as well as their structural and morphological properties are extremely important factors in determining the pragmatic industrial applications of ferrites [19]. Both the method of synthesis and the preparative parameters can influence the magnetic properties of toxic gas sensors. Additionally, the method of synthesis has an effect on the gas sensor’s ability to detect gases. Various investigations have given consideration to the fact that the practical properties of ferrites might be greatly altered by changes in site occupancies in ferrite lattices [20,21]. Multicomponent ferrites display a wide range of occupancies, which is one factor that contributes to their adaptability in many technological applications. Many investigators have tried to improve the sensing sensitivity of ferrites with cation doping. For example, Fu et al. [22] reported a one-step synthesis of W-doped Ni–Zn ferrites and investigated their magnetic, dielectric and gas sensing properties. Rani et al. used a simple co-precipitation method to manufacture pure and cobalt-substituted zinc ferrites and investigated their physical and gas sensing properties [23]. Madake et al. compared the crystalline and gas sensing characteristics of NixZn1-xFe2O4 (x = 0 to 0.5) thin films prepared via spray pyrolysis [24]. Xing et al. investigated the influence of tungsten as a foreign ion on the structure and magnetic characteristics of Mn–Zn mixed ferrites [25]. Srinivas et al. investigated the magnetic behavior of co-precipitated Ni–Zn ferrite nanoparticles and their potential use as gas sensors [26].



Several physical and chemical techniques, such as spray pyrolysis, combustion synthesis, chemical co-precipitation, traditional ceramic processes, and hydrothermal methods are used to create these nanomorphologies. These processes employ costlier equipment or time-consuming chemical synthesis stages with potentially harmful effects [27]. Among these, the sol–gel synthesis method possesses a number of advantages, including higher homogeneity, high purity, a low processing temperature, reproducibility, ease, low cost, and uniqueness in generating nanostructures with various dimensions [28]. ZnFe2O4 is useful in various technological applications, such as catalysts, imaging, actuators, pigments, and sensors. Moreover, insertion of doping agents may be an effective processing step in attempts to improve the technical properties of ferrite.



In the present investigation, we synthesized pure and W-substituted zinc ferrite. W-substituted zinc ferrite composites with different W (VI) ion compositions of the form ZnFe2-2xWxO4 (0.0 ≤ x ≤ 0.15) have been synthesized by using the sol–gel method. XRD, SEM, EDXA, VSM and FTIR were applied as the main tools to study the impact of tungsten insertion in the zinc ferrite lattice. Herein, the systematically studied parameters are the structure and the magnetic and gas sensing responses.




2. Materials and Methods


2.1. Synthesis Methods


The starting precursors for ferrite synthesis were zinc nitrate hexahydrate (Sigma Aldrich, St. Louis, MO, USA, 98%), iron (III) nitrate nonahydrate (Sigma Aldrich, 98%), citric acid (HOC (CO2H) (CH2CO2H)2, 99.5%), and ethylene glycol (SD fine-chem Ltd., Mumbai, Maharashtra, India). All the chemicals were used without any further purification. Single-phase ZnFe2O4 powder was formed via a globally accepted and laboratory-grade sol–gel method. During the synthesis, the W-doped ZnFe2O4 was (0.0 ≤ x ≤ 0.15) and citric acid was the chelating agent. Aqueous solutions of 0.1 M zinc nitrate hexahydrate and iron (III) nitrate nonahydrate were made using double-distilled water in a flask. Then, ethylene glycol (1.4 mL) was added to the solution. Afterward, 25 mL of 0.1 M iron (III) nitrate nonahydrate was added to the solution under constant stirring. After the solution became transparent, citric acid (0.11 mol) was added; after 3.5 h of stirring at room temperature, minor turbidity was noticed. After that, the solution has been stirred at 55 (± 5 °C) for 2 h to create a homogenous and viscous reaction mixture of metal ions. The resulting mixture was heated to 135 (± 5 °C) for 20 h to produce a viscous resin (i.e., polymeric gel), which was then burned at 300 °C in a muffle furnace for 2 h to aid in the poly-condensation reaction. As a result, the black powder was collected and utilized as a precursor to synthesize ZnFe2O4 nanoparticles as shown as in Figure 1.




2.2. Characterization Techniques


The powder was characterized with X-ray diffraction spectra (XRD, BRUKER D8 diffractometer, Billerica, MA, USA) to confirm the pure and W-substituted zinc ferrite phases. Fourier-transform infrared (FTIR) spectra were measured with a PerkinElmer (type 1430) spectrophotometer (Unit a Llantrisant CF72 United Kingdom) in the range from 400 to 4000 cm−1. The microstructure analysis was done by both SEM and TEM (JEOL JAX-840A, Tokyo, Japan) at 25,100 Kev. The elemental chemical compositions of the samples were examined with energy dispersive X-ray analysis (EDXA with element mapping capability, JEOL, Tokyo, Japan). The Delta kevex device attached to a JED-2200 Series SEM (JEOL, Tokyo, Japan) was used. Using the Micrometrics Gemini VII 2390 V1.03 (Microtrac, Alpharetta, GA, USA), a series of Brunauer–Emmett–Teller (BET) nitrogen adsorption isotherms at 77 K were used to measure the specific surface areas and pore size distributions of various ferrites. Utilizing a monochromatic Al Kα X-ray source and an Omicron E125 concentric hemispherical analyzer (Quantum Design, San Diego, CA, USA) in pulse count mode (1486.6 eV), X-ray photoelectron spectroscopy (XPS) spectra were recorded. Using a vibrating sample magnetometer (VSM) at room temperature and a maximum field of 20 kA/m, the materials’ magnetic properties were investigated (9600-1 LDJ, Weistron Co., Ltd., West Hollywood, CA, USA).




2.3. Gas Sensor Set-Up


The sensor response was measured using a laboratory-grade static gas sensing analyzer. The Keithley 6514 electrometer equipment was used to verify the variation in sensor resistance when exposed to specified gas molecules. A KUSB-488B cable was used to connect the Keithley instrument to the CPU. Pure and WSZF samples were crushed into ethanol. Before each measurement, they were pressed into discs 15 × 2.5 mm in diameter. The discs were then put on electrodes manufactured from stainless steel meshes and copper sheets. The sensor was heated by a heat supply inside a sealed environment. In air (RA), the sensor resistance was measured, and the gas was also tested (RG). The following formula is used to compute the sensor performance: Response (%) = (RA − RG) ÷ RA × 100, where RA is the sensor resistance in the absence of test gas and RG is the sensor resistance in the presence of the gas at the same temperature [29]. The sensor’s optimum working temperature was determined by measuring the sensor’s response vs. the temperature at 2000 ppm of various gases/vapors.





3. Results and Discussions


3.1. Structural Elucidation (SEM and TEM)


The microstructure of W-substituted ZnFe2O4 has been analyzed with the scanning electron microscopic technique for ZnFe2−2xWxO4 (0.0 ≤ x ≤ 0.15), as depicted in Figure 2. Energy-dispersive X-ray spectroscopy was also performed to analyze the elements present in ZnFe2−2xWxO4 (0.0 ≤ x ≤ 0.15), as exhibited in Figure 2.



SEM micrographs (Figure 2a,c,e,g) of ZnFe2O4 and W-substituted ZnFe2−2xWxO4 (0.0 ≤ x ≤ 0.15) showed an agglomerated morphology containing embedded nanoparticles of non-uniform size. Moreover, ZnFe2O4 exhibits a flower-like morphology, whereas W-substituted ZnFe2O4 showed an aggregated cotton-like morphology. The elemental detection by EDS is shown in Figure 2b,d,f,h. The EDS micrograph of ZnFe2O4 shows O, Zn and Fe elements, while the micrograph of W-substituted ZnFe2O4 exhibits O, W, Fe and Zn elements, as shown in Figure 2d,f,h. As the W substitution increases from 0.05 to 0.15, the intensity of the W peak increases in the EDS spectrum, which is a direct indication of the W-substitution in ZnFe2O4. The agglomeration of the nanoparticles seen in the SEM micrographs is due to their magnetic behavior and to the Vander Waals’ dipole–dipole interactions between the nanoparticles [30].



Elemental Mapping


Elemental mapping of ZnFe2O4 and W-substituted (0.0 ≤ x ≤ 0.15) ZnFe2O4 was exhibited in Figure 3a–d. The mapping micrograph of pure ZnFe2O4 showed Zn, Fe and O elements, which indicated the formation of zinc ferrite (ZnFe2O4) nanoparticles. Moreover, the mapping micrographs of W-substituted zinc ferrite are exhibited in Figure 3b–d, which clearly show the presence of tungsten homogeneously distributed in the zinc ferrite matrix.



The TEM micrographs show the agglomerated nanoparticles of the prepared zinc ferrite and W-substituted ZnFe2O4, as depicted in Figure 4a–d. Mixed-shape particles (cubic, spherical and hexagonal) were observed in TEM micrographs for all compositions. The average particle sizes were calculated as being 87, 75, 62 and 40 nm for ZnFe2O4, ZnW0.05Fe1.95O4, ZnW0.1Fe1.90O4, and ZnW0.15Fe1.85O4, respectively. The strongly agglomerated ferrite nanoparticles result from the cohesive force between magnetic nanoparticles during crystallization, which occurs when crystallites grow close to each other.





3.2. Powder X-ray Diffraction and Fourier-Transform Infrared Spectroscopy


The powder X-ray diffraction method was used to determine the phase and purity of the as-prepared pure and the W-substituted samples, as shown in Figure 5a. The XRD patterns of ZnFe2O4 and W-substituted ZnFe2−2xWxO4 were perfectly matched with the PDF No. 01-082-1042 of cubic spinel zinc ferrite; no secondary phase(s) and impurity peak(s) were detected in the XRD patterns. The ZnFe2O4 sample shows two minute peaks at around 2θ = 35°, which cannot be identified as any Zn or Fe oxides. The current ferrite samples were processed at 300 °C for 2 h and there is an absence of any hump in the XRD patterns, thus we do not expect the presence of any amorphous phases. It was noted that on increasing the substitution of W in the ZnFe2O4 lattice site, there was a broadening in diffraction patterns which resulted from the reduction in particle size. The variation in the lattice constant a (Å) with W doping was examined and patterns were fitted using the X’Pert High Score Plus software (Table 1). The lattice constant slightly increases with insertion of W in the ZnFe2O4 lattice up to x = 0.1, due to replacement of Fe+3 (small ionic radii; 0.55 Å) with W+6 (large ionic radii; 0.60 Å) in the octahedral position; see Table 2. Upon doping with x = 0.15, the decreases in the lattice constant may be due to replacement of both Zn+2 (ionic radii; 0.60 Å) and Fe+3 (ionic radii; 0.49 Å) with W+6 (ionic radii; 0.42) in the tetrahedral positions. The average crystallite size (nm) and microstrain (ε) for all samples were obtained by fitting the FWHM of each peak to the Williamson-Hall Equation (1)


  β cos θ =   0.98 λ  D  + 4 ε sin θ    



(1)




where D denotes the size of the crystallite, λ is the X-ray wavelength, and θ is the Bragg angle. The W–H technique details were provided in our most recent article [11]. Table 1 also contains the results of the average crystallite size and microstrain. The crystallite size decreases from 82 nm (x = 0.0) to 32 nm (x = 0.15) with an increase of the W-doping contents of the ZnFe2O4 lattice. The microstrain increases with increasing W doping.



FTIR spectra of the pure ZnFe2O4 and W-substituted ZnFe2−2xWxO4 (0.0 ≤ x ≤ 0.15) NPs were exhibited in Figure 5b. All samples demonstrate a broad band centered at 3495 cm−1, which is present due to the -OH group in adsorbed water [11]. This water band is due to surface moisture being absorbed during the samples’ processing and handling. The stretching vibration of metal–oxygen bonds in a tetrahedral coordination appears at 510–620 cm−1, and it relates to metal ions in the A-site sublattice. This band exists at 585 cm−1 in pure ZnFe2O4 and shows a red shift upon W insertion in the ferrite lattice, reaching 614 cm−1 in the sample with 0.15% doping. The octahedral M–O stretching appears at low frequencies between 400–500 cm−1 [32]. The main bands of the WO4−2 group appear in the 980–680 cm−1 spectral region. The tungstate vibration bands O–W–O appear at 875 and 833 cm−1, and increase in intensity with increasing tungsten insertion in the ferrite lattice [33].




3.3. Surface Area and Porosity Analysis


The surface area and pore size of the pure ZnFe2O4 and W-substituted ZnFe2−2xWxO4 (0.0 ≤ x ≤ 0.15) NPs were assessed by a BET surface analyzer at 77 K. The relative pressure (P/P0) was in the range of 0.05 to 0.35. The surface area of the ZnFe2O4, ZnW0.05Fe1.95O4, ZnW0.1Fe1.90O4, and ZnW0.15Fe1.85O4 NPs were calculated as being 121.5, 129.1, 134.4 and 143.2 m2 g−1, respectively. The nitrogen adsorption–desorption hysteresis displays typical type IV isotherms with H3 loops for all ferrite samples. This demonstrated that all samples have a mesoporous microstructure system, as shown in Figure 6a. The computed BJH pore size distribution is shown in Figure 6b, showing that the pore size distributions fall between 160 and 205 Å.




3.4. X-ray Photoelectron Spectroscopy


The chemical state and various species present in the pure ZnFe2O4 and W-substituted ZnFe2−2xWxO4 (0.0 ≤ x ≤ 0.15) NPs were analyzed by XPS techniques through binding energy estimation as shown in Figure 7a–f. The survey spectrum (Figure 7a) shows the presence of different elements (C, Zn, Fe, W and O) in the pure ZnFe2O4 and W-substituted ZnFe2−2xWxO4 (0.0 ≤ x ≤ 0.15) NPs. Moreover, in the pure ZnFe2O4, only Zn, Fe and O were recorded. The binding energies of the ZnFe2O4 and W-substituted ZnFe2O4 NPs were calibrated to the C1s (Figure 7b) peak as a reference (~286 eV) [34]. The deconvolution of Zn2p showed two split peaks at binding energies of 1045.1 and 1022.3 eV, which belong to Zn2p3/2 and Zn2p1/2, respectively, as shown in Figure 7c [35]. Figure 7d depicts the average binding energy values of Fe2p marked at the peaks originating at 723.1 and 711.5 eV, which could be indicative of the presence of Fe 2p1/2 and Fe 2p3/2 doublets [36]. The XPS spectra of W-doped ferrites (Figure 7e) demonstrated two W-4f split peaks at binding energies of 37.6 and 35.7 eV, which correspond to 4f5/2 and 4f7/2 [37]. The XPS spectrum explains the origin of oxygen vacancies, with the primary peak being at the high-resolution O1s peak, which have binding energies of 530.3 and 530.3 eV, respectively, as shown in Figure 7f [38]. The XPS results coincide well with the XRD studies of ZnFe2O4 and W-substituted ZnFe2O4 nanoparticles, which confirm the formation of pure ZnFe2O4 and W-substituted ZnFe2O4 structures free from any type of impurities and a mixed phase.




3.5. Magnetic Properties (VSM)


The impact of tungsten insertion on the magnetic properties of the zinc ferrite host lattice was investigated. The recordings of the H-M hysteresis loops using VSM at room temperature are displayed in Figure 8a–d. The H-M loops do not show any hysteresis, remanence or coercivity, and all samples do not achieve any saturation even at the highest applied magnetic field (20 kA/m). This is the behavior of typical superparamagnetic materials, indicating that the ZnFe2O4 present is normal spinel-type ferrite [39]. All W-doped ZnFe2O4 samples show H-M loops with paramagnetic characteristics. The magnetization (M) directly increases as the applied field (H) increases, without achieving saturation up to 20 kA/m. For comparison, the magnetization at 20 kA/m (Table 3) decreases gradually with increasing W doping; 1.9921, 1.8901, 1.7535 and 1.4308 Am2/kg for ZnFe2O4 samples with x = 0.00, 0.05, 0.10 and 0.15, respectively. The decrease in magnetization at a constant field with increasing doping level can be justified by both a reduction in particle size and the cations’ redistribution among the tetrahedral and octahedral positions. The latter effect is induced by W doping. Cobos et.al. [40] found that ZnFe2O4 prepared at high temperatures consists of mainly normal spinel with minimum cation inversion and shows paramagnetic behavior at room temperature.





4. Gas Sensor


4.1. Sensor Mechanism


Spinel ferrites such as zinc ferrite are potential candidates for use in the production of new sensing materials. The Oــ2 ion is one of the surface components of zinc ferrite in the cube (face-centered) orientation. The most evident deep-level and surface defects are the oxygen vacancies, which play a central role in sensing toxic gases. Similarly, the Zn2+ interstitials in the crystalline structure of Zn2+Fe3+O4 are also vital for gas sensor applications. Despite there being various gas sensing mechanisms, all of them involve the interactions of the target gas with the solid sensor interface. In the air, the oxygen from the atmosphere adsorbs on the sensor surface and captures an electron from the sensor bulk. These can be represented according to the following equations:


   O 2     (  gas  )  ↔  O 2     (  ads  )   



(2)






   O 2     (  ads  )  +  e −  ↔  O 2 −     (  ads  )   



(3)







This creates an electron-deficient region under the surface. The depth of the electron-deficient region is controlled by the density of the adsorbed oxygen molecules. When the sensed gas interacts with O2− on the surface it may reduce or oxidize oxygen species and affect the electron depletion layer, and the conductivity changes. Similarly, the oxygen anions are adsorbed on the ZnFe2O4 surface in ambient air, forming a depletion region on the surface. Temperature plays a significant role in determining the forms that oxygen anions take. The oxygen anions primarily consist of O2−. When the operating temperature is less than 147 °C, as the temperature continues to rise O2− will undergo a transformation that results in O− according to the following equation:


   O 2 −     (  ads  )  + 2  e −  ↔   2  O  2 −    (  ads  )   



(4)







At temperatures higher than 397 °C, the oxygen anions undergo a chemical change that results in the formation of O2−. This reduces the number of electrons in the depletion layer of the semiconductor sensor and if the sensor is n-type, the sensor’s resistance will increase. When a reducing gas is adsorbed on the sensor surface, it interacts with the surface oxygen ions according to the following equations:


   G     (  gas  )  ↔  G     (  ads  )   



(5)






   G     (  ads  )  +  O −  ↔ GO +  e −   



(6)







The electron depletion layer will increase, and the sensor resistance will decrease. For example, the acetone sensing mechanism involves reduction of the surface oxygen ion according to the following equation:


   C  3      H 6     O    + 8  O −  →   3   CO  2  + 3  H 2  O + 8  e −   



(7)







Hence, the gas sensing mechanism depends on the oxygen and gas adsorption/desorption activity on the surface, which is in turn greatly affected by the surface area and defects. Thus, we expected that zinc ferrite with high amounts of surface defects due to high-valent cation doping would be an excellent material for reducing gas sensors [41]. Zinc ferrite’s low oxygen adsorption energy facilitates reactions with reducing gases, resulting in a very good sensor response.




4.2. Gas Sensor Measurement


The fabricated nanostructures were exposed to ethanol, acetone, and ammonia at a concentration of 2000 ppm, at temperatures ranging from 200 to 450 °C. The channel resistance of the sensors was measured before and after the exposure to the test gas. Figure 9a–d exhibit the sensor responses of pure ZnFe2O4, 0.05 W-ZnFe2O4, 0.10 W-ZnFe2O4, and 0.15 W-ZnFe2O4 with the different tested gases—acetone, ethanol, and ammonia—at the optimum operating temperature of 350 °C. Acetone shows the highest sensitivity response as compared with other gases. Among all the synthesized samples, 0.15 W-ZnFe2O4 NPs demonstrated the highest sensitivity towards acetone gas at 350 °C. The high sensitivity of this sample is due to it having the highest amount of defects and the highest surface area. These defects are created because every W (VI) ion replaces two Fe (III) ions in the host lattice, creating one empty site. The high surface area and the high amount of defects enhance the gas adsorption by offering more active sites, thus boosting the sensitivity. Sutka and Doebelin found that non-stoichiometry in ZnFe2O4 increases gas responsiveness and sensitivity [42].



Figure 10a–d reveal the sensitivity of pure ZnFe2O4, ZnW0.05Fe1.95O4, ZnW0.1Fe1.90O4, and ZnW0.15Fe1.85O4 to ammonia, ethanol, and acetone at different concentrations. The sensor responses improve when the gas concentrations are raised. For each of the ZnFe2O4 compositions, the highest sensitivity was to acetone. Moreover, ZnW0.15Fe1.85O4 samples show maximum sensitivity towards acetone in comparison with ethanol and ammonia.





5. Conclusions


Pure and W-substituted zinc ferrite with a nominal composition of ZnFe2−2xWxO4 (0.0 ≤ x ≤ 0.15) were synthesized via a sol–gel method. ZnFe2O4 and W-substituted ZnFe2−2xWxO4 (0.0 ≤ x ≤ 0.15) showed the agglomerated morphology with embedded nanoparticles and non-uniform size. Mixed-shape particles (cubic, spherical and hexagonal) were observed in TEM micrographs for all compositions. The crystallite size decreases from 82 nm (x = 0.0) to 32 nm (x = 0.15) with an increase in the W doping contents of the ZnFe2O4 lattice. The microstrain increases with increasing W doping content. Moreover, the BET surface areas of ZnFe2O4, ZnW0.05Fe1.95O4, ZnW0.1Fe1.90O4, and ZnW0.15Fe1.85O4 NPs were calculated as being 121.5, 129.1, 134.4 and 143.2 m2 g−1, respectively, whereas the BJH pore size distribution ranged from 160 to 205 Å, which also confirms the meso-porosity.



Among all the synthesized samples, ZnW0.15Fe1.85O4 NPs demonstrated the highest sensitivity towards acetone gas at 350 °C.
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Figure 1. Synthesis of pure ZnFe2O4 and W-substituted ZnFe2-2xWxO4 (0.0 ≤ x ≤ 0.15) nanoparticles via a sol–gel method. 
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Figure 2. SEM and EDS micrographs of (a,b) ZnFe2O4, (c,d) ZnW0.05Fe1.95O4, (e,f) ZnW0.1Fe1.90O4, and (g,h) ZnW0.15Fe1.85O4. 
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Figure 3. EDS mapping micrographs of (a) ZnFe2O4, (b) ZnW0.05Fe1.95O4, (c) ZnW0.1Fe1.90O4, and (d) ZnW0.15Fe1.85O4. 
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Figure 4. TEM micrographs of (a) ZnFe2O4, (b) ZnW0.05Fe1.95O4, (c) ZnW0.1Fe1.90O4, and (d) ZnW0.15Fe1.85O4. 
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Figure 5. X-ray diffraction patterns (a) and FTIR (b) of ZnFe2O4, ZnW0.05Fe1.95O4, ZnW0.1Fe1.90O4, and ZnW0.15Fe1.85O4. 
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Figure 6. Nitrogen adsorption–desorption isotherm (a) and BJH pore size distribution (b), graphs of ZnFe2O4, ZnW0.05Fe1.95O4, ZnW0.1Fe1.90O4, and ZnW0.15Fe1.85O4. 
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Figure 7. High resolution XPS spectra of ZnFe2O4, ZnW0.05Fe1.95O4, ZnW0.1Fe1.90O4, and ZnW0.15Fe1.85O4. (a) survey spectrum, (b) C1s, (c) Zn2p, (d) Fe2p, (e) W4f, and (f) O1s. 
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Figure 8. H-M hysteresis loops of (a) ZnFe2O4, (b) ZnW0.05Fe1.95O4, (c) ZnW0.1Fe1.90O4, and (d) ZnW0.15Fe1.85O4. 
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Figure 9. Ferrite sensor sensitivity to ammonia, ethanol, and acetone at different temperatures (gas concentration of 2000 ppm); (a) ZnFe2O4, (b) ZnW0.05Fe1.95O4, (c) ZnW0.1Fe1.90O4, and (d) ZnW0.15Fe1.85O4. 
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Figure 10. Gas sensitivity % at different gas concentrations (ppm) of (a) ZnFe2O4, (b) ZnW0.05Fe1.95O4, (c) ZnW0.1Fe1.90O4, and (d) ZnW0.15Fe1.85O4. 
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Table 1. Cell dimension a (Å), crystallite size (nm) and microstrain (ε) of the ZnWxFe2−2xO4 system.
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	Parameter
	x = 0.0
	x = 0.05
	x = 0.1
	x = 0.15





	a (Å)
	8.437(2)
	8.438(4)
	8.443(3)
	8.435(4)



	Size (nm)
	82.39
	73.05
	58.31
	32.56



	Strain (ε) ×10−3
	2.32
	2.89
	4.53
	6.78
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Table 2. Ionic radii (Å) of cations in tetrahedral and octahedral positions [31].
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	Metal Cation
	A-Sites (Tetrahedral)
	B-Sites (Octahedral)





	Zn2+
	0.60
	0.74



	Fe3+
	0.49
	0.55



	W6+
	0.42
	0.60
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Table 3. The magnetization of the ZnWxFe2−2xO4 samples at 20 kA/m.
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	Samples
	ZnFe2O4
	0.05 W
	0.10 W
	0.15 W





	Ms (Am2/kg)
	1.9921
	1.8901
	1.7535
	1.4308
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