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Abstract: Gas sensors play a crucial role in ensuring safety across environmental, industrial, and 

healthcare sectors, thereby driving demand for cost-effective materials with high sensing 

performance. In this study, spinel-type SnFe₂O₄ nanomaterials were successfully synthesized via a 

hydrothermal method at different temperatures (180 °C, 200 °C, and 220 °C), followed by 

calcination at 500 °C, to investigate the effects of synthesis conditions on their microstructural 

characteristics and gas sensing behavior. X-ray diffraction (XRD) analysis confirmed the formation 

of single-phase spinel SnFe₂O₄ with high crystallinity, while SEM images revealed a clear evolution 

of morphology from irregular agglomerates at 180 °C to uniform spherical nanoparticles at 200 °C, 

and well-defined cubic structures at 220 °C. Gas sensors fabricated from these nanomaterials 

exhibited high sensitivity and stable performance toward the target gases, demonstrating the 

potential of SnFe₂O₄ for practical sensing applications. The results highlight the critical role of 

hydrothermal temperature in tailoring particle morphology and optimizing the functional properties 

of SnFe₂O₄. These findings suggest that SnFe₂O₄ is a promising candidate for next-generation gas 

sensors, particularly in industrial monitoring and environmental protection. 
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1. Introduction  

Gas sensors are indispensable in diverse applications such as environmental monitoring, industrial 

process control, and the early detection of toxic or flammable gases [1]. Among various sensing 

technologies, metal oxide semiconductor (MOS) sensors have gained considerable attention due to their 

cost-effectiveness, simple fabrication processes, and high sensitivity [2, 3]. Nevertheless, conventional 

MOS-based sensors suffer from critical drawbacks, including poor selectivity, high operating 

temperatures, and performance degradation under humid conditions, which hinder their widespread 

deployment in real-world environments [4, 5]. 

Recent advances in nanotechnology have enabled the development of nanostructured materials with 

tailored morphologies and compositions to address these limitations. Ternary metal oxides—such as 

Zn₂SnO₄, SnFe₂O₄, and ZnCo₂O₄—have emerged as promising candidates for gas sensing applications 

due to their excellent thermal and chemical stability, abundant redox-active sites, and tunable electronic 

properties [6, 7]. Within this category, spinel-type metal oxides, particularly ferrites with the general 

formula MFe₂O₄ or MCo₂O₄ (where M is a divalent metal ion), offer attractive features such as structural 

robustness, modifiable electronic behavior, and enhanced surface catalytic activity [8, 9]. 

Despite extensive research on ferrites such as ZnFe₂O₄, CoFe₂O₄, and NiFe₂O₄, the gas sensing 

potential of tin ferrite (SnFe₂O₄) has been relatively underexplored [9]. SnFe₂O₄ presents a unique 

combination of Sn and Fe cations with variable oxidation states, potentially enhancing surface reactivity 

and gas adsorption. Various synthesis techniques-such as co-precipitation, sol-gel, combustion, and 

solid-state reactions-have been employed to fabricate SnFe₂O₄ nanomaterials [10, 11]. Among these, the 

hydrothermal method offers significant advantages, including better control over particle size, 

morphology, and crystallinity under relatively mild conditions [12], making it a highly suitable approach 

for preparing functional metal oxide nanostructures for gas sensing. 

In this work, we report the hydrothermal synthesis of SnFe₂O₄ nanomaterials and a systematic 

investigation of their H₂ gas sensing properties. A series of samples were prepared at varying 

hydrothermal temperatures to examine the impact of synthesis conditions on their microstructural 

characteristics and sensing performance. The sample synthesized at 200°C exhibited the most favorable 

response behavior, highlighting the crucial role of synthesis temperature in optimizing sensor 

functionality. These results offer valuable insights into the structure–property relationships of SnFe₂O₄ 

and provide a solid foundation for further development of high-performance gas sensors based on spinel-

type nanomaterials. 

2. Experimental  

Synthesis of SnFe2O4 - All chemical reagents were of analytical grade and used without further 

purification. The starting materials included tin (II) chloride dihydrate (SnCl₂·2H₂O), iron (III) chloride 

hexahydrate (FeCl₃·6H₂O), sodium hydroxide (NaOH), ethanol (C₂H₅OH), and acetone (C₃H₆O). 

SnFe₂O₄ (SFO) nanomaterials were prepared via a hydrothermal process, as illustrated in Figure 1A. 

Briefly, 0.722 g of SnCl₂·2H₂O (3.2 mmol) and 1.728 g of FeCl₃·6H₂O (6.4 mmol) were dissolved in 60 

mL of deionized water under continuous magnetic stirring for 30 min, yielding a reddish solution due 

to the presence of Fe³⁺ ions. Separately, 2.72 g of NaOH was dissolved in 20 mL of deionized water and 

then added dropwise to the precursor solution under vigorous stirring for an additional 30 min. During 

this process, the solution gradually turned black, indicating precipitate formation. The resulting 

suspension was transferred into a 100 mL Teflon-lined stainless-steel autoclave and subjected to 

hydrothermal treatment at different temperatures (180°C, 200°C, and 220°C) for 24 h. After naturally 

cooling to room temperature, the precipitates were collected by filtration and washed repeatedly (5–6 
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cycles) with deionized water until the filtrate reached a pH of approximately 7. The products were then 

dried in an oven at 80°C for 24 h. Finally, the dried powders were calcined in air at 500°C for 2 h to 

transform the intermediate hydroxide phase SnFeO(OH)₅ into crystalline spinel SnFe₂O₄. 

Characterization – The phase composition was examined by X-ray diffraction (XRD, D2 Phaser, 

Bruker), while the morphology and particle size were observed using Scanning Electron Microscopy 

(SEM, JCM-7000). 

Fabrication of gas sensors – Gas sensors were fabricated using a thick-film deposition method, as 

shown in Figure 1B. The SnFe₂O₄ powders were dispersed in N-vinylpyrrolidone (NVP) via 

ultrasonication to form a homogeneous suspension. A controlled volume of the suspension was drop-

cast onto a pre-cleaned electrode substrate, followed by drying and heat treatment at 500°C for 2 h to 

form a uniform sensing layer. This method ensured good adhesion and uniform coverage, both essential 

for stable and reproducible gas sensing performance. 

Gas sensing measurements – The sensing characteristics were evaluated using a measurement 

system at ITIMS–HUST. The sensor resistance was monitored in real time while alternating between 

air and the target gas at various concentrations and operating temperatures. Details of the gas sensing 

setup are provided in Ref. [13]. 

 

Figure 1. (A) Diagram of the hydrothermal synthesis of SFO, and (B) the gas sensor fabrication process. 

3. Results and Discussion  

The influence of hydrothermal temperature on the morphological evolution of SnFe₂O₄ particles is 

evident from the SEM observations. Figure 2 presents SEM images of SnFe₂O₄  materials synthesized 

via the hydrothermal method at temperatures of 180 °C, 200 °C, and 220 °C. At 180 °C, the insufficient 

thermal energy leads to incomplete nucleation, resulting in irregular agglomerates and poorly defined 

particle boundaries. Increasing the temperature to 200 °C enhances both nucleation and growth 

processes, producing uniform spherical nanoparticles with an average size of approximately 100 nm. 

This indicates a balanced competition between nucleation and particle growth, favoring the formation 
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of monodisperse structures. At the higher temperature of 220 °C, the system provides enough energy to 

promote oriented attachment and crystallographic alignment, giving rise to well-defined cubic 

morphologies. Such a transformation suggests that elevated temperatures facilitate the reorganization of 

primary nanoparticles into more thermodynamically stable spinel structures. Therefore, the 

hydrothermal temperature acts as a critical parameter in tuning particle shape and size, enabling 

controlled design of nanomaterials with tailored properties for gas-sensing applications. 

 

Figure 2. SEM images of the SFO samples synthesized at hydrothermal temperatures  

of (A) 180 °C, (B) 200 °C, and (C) 220 °C. 

The XRD patterns of the SFO samples before and after calcination at 500 °C are presented in Figure 

3. As shown in Figure 3(A), the XRD pattern of the as-hydrothermally synthesized sample exhibits 

distinct diffraction peaks at 2θ values of 20.16°, 23.34°, 33.24°, 35.18°, 37.30°, 39.19°, and 41.04°, 

corresponding to the (111), (200), (211), (220), (222), (310), and (400) planes, respectively. These peaks 

match well with the standard diffraction data for orthorhombic SnFeO(OH)₅ (JCPDS #96-100-1745), 

indicating that the hydrothermal synthesis at 200 °C leads to the formation of well-crystallized 

SnFeO(OH)₅. The sharp and intense peaks confirm a high degree of crystallinity and the absence of 

additional peaks suggests high phase purity of the as-prepared material. These results demonstrate that 

hydrothermal treatment at 200 °C is sufficient to promote nucleation and growth of SnFeO(OH)₅ 

crystals, but not yet high enough to induce transformation into the spinel SnFe₂O₄ phase. This confirms 

SnFeO(OH)₅ as an intermediate phase before calcination, providing a favorable starting point for the 

controlled formation of spinel SnFe₂O₄. 

Figure 3(B) shows the XRD patterns after calcination at 500 °C, where a clear phase transformation 

from SnFeO(OH)₅ to spinel SnFe₂O₄ is observed. The calcined samples exhibit well-defined diffraction 

peaks at 2θ values of 18.28°, 30.11°, 35.48°, 37.09°, 43.13°, 53.45°, 57.03°, 62.62°, and 74.09°, 

corresponding to the (111), (202), (131), (222), (040), (242), (151), (404), and (353) planes of the spinel 

structure, respectively. These peaks are in excellent agreement with the standard pattern for spinel 

SnFe₂O₄ (JCPDS #96-100-1050), confirming the successful transformation of SnFeO(OH)₅ into phase-

pure SnFe₂O₄ upon calcination. The sharpness and intensity of the peaks indicate high crystallinity, and 

the absence of residual peaks from SnFeO(OH)₅ or any secondary phases confirms the phase purity of 

the final product. The formation of crystalline, phase-pure SnFe₂O₄ with a spinel structure is critical for 

enhancing gas sensing performance due to its high density of active sites and improved structural 

stability. 
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Figure 3. (A) XRD pattens of as-hydrothermal products, (B) XRD patterns of the SFO samples synthesized 

at hydrothermal temperatures of (a) 180 °C, (b) 200 °C, and (c) 220 °C. 

Moreover, the XRD patterns of SnFe₂O₄ samples synthesized via hydrothermal treatment at  

180 °C, 200 °C, and 220 °C show no significant differences in peak positions or relative intensities. All 

samples display diffraction peaks consistent with the spinel SnFe₂O₄ phase, indicating successful phase 

formation across the studied hydrothermal temperature range. The similarity in XRD patterns suggests 

that hydrothermal temperatures between 180–220 °C do not notably influence the crystallographic phase 

of SnFe₂O₄, although variations in morphology and particle size, as observed by SEM, may still occur. 

  

Figure 4. Gas sensing  properties of the synthesized SFO samples: (A) Variation in resistance with H₂ 

concentration for samples synthesized at 180 °C, 200 °C, and 220 °C, measured at 400 °C;  

(B) Corresponding H₂ response of the samples. 

Figures 4(A) and (B) illustrate the dynamic resistance response and corresponding sensitivity 

profiles of the SnFe₂O₄ sensors synthesized at 180 °C, 200 °C, and 220 °C, evaluated toward H₂ at an 

operating temperature of 400 °C. As observed in Figure (A), all sensors exhibit rapid, reversible, and 

stable changes in resistance upon exposure to H₂, reflecting their robust sensing capability. The decrease 

in resistance with increasing H₂ concentration unequivocally confirms the n-type semiconducting nature 

of SnFe₂O₄, wherein adsorption of reducing H₂ molecules enhances electron density in the conduction 

band, thereby lowering the resistance. Crucially, Figure (B) demonstrates that the sensor synthesized at 
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200 °C achieves markedly superior response values compared to those prepared at 180 °C and 220 °C, 

especially at higher H₂ concentrations. This pronounced enhancement in sensing performance can be 

ascribed to the optimized microstructural features of the 200 °C sample, which likely balances high 

crystallinity with a favorable specific surface area, leading to an increased density of accessible and 

active adsorption sites for H₂ interaction. In contrast, the inferior response of the 180 °C sensor suggests 

incomplete crystallization and the presence of structural defects that can impede effective charge carrier 

modulation. Meanwhile, the moderate response of the 220 °C sample may stem from grain coarsening 

at higher hydrothermal temperatures, which reduces the surface-to-volume ratio and consequently limits 

the number of reactive sites. These results unequivocally underscore the critical role of hydrothermal 

synthesis temperature in tailoring the gas sensing properties of SnFe₂O₄ nanomaterials. The optimized 

synthesis at 200 °C yields a sensor with outstanding sensitivity and consistent response characteristics, 

positioning it as a promising candidate for high-performance hydrogen detection applications. 

 

Figure 5. Electron depletion layer formation on SnFe₂O₄ surface in air and its modulation upon H₂ exposure. 

The excellent H₂ sensing performance of SnFe₂O₄ can be rationalized by the classic depletion layer 

theory for n-type metal oxide semiconductors [14]. When the sensor is exposed to air at elevated 

temperatures (400 oC), oxygen molecules (O₂) are adsorbed onto the SnFe₂O₄ surface and capture 

electrons from the conduction band, forming chemisorbed oxygen species such as O⁻, O₂⁻, and O²⁻. This 

process induces the formation of an electron depletion layer near the surface of SnFe₂O₄ particles, 

leading to a significant increase in the material’s electrical resistance due to band bending and the 

formation of potential barriers at the grain boundaries (Figure 5). Upon exposure to reducing gas H₂, the 

adsorbed H₂ molecules react with these chemisorbed oxygen species according to the reactions: 

H2+𝑂(ads)
−→H2O(gas)+𝑒− (2) 

This reaction releases electrons back into the conduction band, effectively narrowing the depletion 

layer and lowering the potential barrier. Consequently, the electrical resistance of the sensor decreases 

sharply. The magnitude of resistance change is directly correlated with the concentration of H₂, as higher 

H₂ levels lead to more extensive reduction of chemisorbed oxygen and greater restoration of free carriers 

[15]. The sensitivity of the sensor is thus highly dependent on the width and dynamics of the depletion 

layer: materials with higher surface area and appropriate crystallite size (as in the 200 °C sample) offer 

more active sites for oxygen adsorption and H₂ reaction, enhancing modulation of the depletion region 

and maximizing sensor response. Conversely, excessively large grains (as in the 220 °C sample) or 

poorly crystallized structures (as in the 180 °C sample) reduce the density or accessibility of active sites, 

leading to diminished sensing performance.  Moreover, the spinel structure of SnFe₂O₄ provides 

abundant surface defect sites and promotes efficient adsorption–desorption kinetics, facilitating 
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rapid and reversible sensor responses. This depletion layer-controlled mechanism underpins the 

high sensitivity, fast response, and reliable repeatability of SnFe₂O₄-based sensors for H₂ detection. 

4. Conclusion 

In this study, SnFe₂O₄ nanomaterials were successfully synthesized via a hydrothermal approach at 

varying temperatures (180 °C, 200 °C, and 220 °C), and their structural, morphological, and gas sensing 

characteristics were systematically evaluated. The results clearly demonstrate that hydrothermal 

temperature plays a pivotal role in dictating both the morphological evolution and gas sensing 

performance of the resulting materials. Among the investigated samples, the sensor synthesized at 

200 °C exhibited the highest response toward H₂ (25 to 500 ppm) gas at an operating temperature of 

400 °C, attributed to its highly uniform spherical nanoparticles (~100 nm) and optimized microstructural 

features. Microstructure analysis revealed that lower synthesis temperature (180 °C) led to irregular, 

poorly defined particles due to incomplete nucleation, while higher temperature (220 °C) facilitated the 

formation of cubic morphologies with signs of particle agglomeration, likely resulting in a reduced 

surface-to-volume ratio. The 200 °C-synthesized SnFe₂O₄ material thus achieves an ideal balance 

between crystallinity, particle size, and surface area, resulting in enhanced electron transport and gas-

solid interactions. This work underscores the critical influence of synthesis parameters on the 

physicochemical and functional properties of spinel-type metal oxides and provides a rational design 

strategy for engineering high-performance hydrogen sensors based on SnFe₂O₄ nanostructures. 
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