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A B S T R A C T   

Pristine SnO2, Fe-doped SnO2 and Ni-doped SnO2 were synthesized using facile hydrothermal 
method. Analysis based on XRD, TEM and UV–Vis DRS measurements demonstrated the suc
cessful insertion of Fe and Ni dopants into SnO2 crystal. Formaldehyde-detection measurements 
revealed that transition metal-doped SnO2 exhibited improved formaldehyde-sensing properties 
compared with that of pristine SnO2. When the amount of incorporated dopant (Fe or Ni) was 4 
at.%, the most effective enhancement on sensing performance of SnO2 was obtained. At 160 ◦C, 
the 4 at.% Fe–SnO2 and 4 at.% Ni–SnO2 exhibited higher response values of 7.52 and 4.37 with 
exposure to low-concentration formaldehyde, respectively, which were 2.4 and 1.4 times higher 
than that of pristine SnO2. The change of electronic structure and crystal structure as well as 
catalytic effect of transition metals are chiefly responsible for the enhanced sensing properties.   

1. Introduction 

Formaldehyde as a toxic and polluted gas that is mainly released indoors from the widely-applied building and decorating materials 
[1–7]. Researches have demonstrated that long-term exposure to formaldehyde vapor may cause a series of health problems including 
lung damage, immune system disorders, allergic dermatitis, and cancer [8–10]. Many associations have issued formaldehyde warnings 
to people [9]. The World Health Organization (WHO) stipulates that a safe concentration of formaldehyde vapor for human exposure 
over a long time without exceeding approximately 0.08 ppm [3,11,12]. However, concentrations of gaseous formaldehyde are rela
tively low, and thus difficult to detect and highly challenging to quantify. As a consequence, developing techniques that enable to 
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detection of trace formaldehyde selectively and immediately is significantly urgent. 
Over the last few years, a series of metal oxide semiconductors (MOSs) for formaldehyde detection have been reported, such as 

SnO2 [13], ZnO, In2O3 [14], NiO [15] and Fe2O3 [16]. [3,17–19]. Although it has been proved that MOSs are competent in detecting 
formaldehyde, the high operating temperature, inferior selectivity, long-time response and recovery, as well as ineffective sensitivity 
towards tracing formaldehyde gravely obstruct their further widespread applications [8,20,21]. Therefore, how to effectively 
ameliorate their formaldehyde-sensing performance is heavily imperative. 

Considerable efforts have already been essayed to improve the gas sensing performance of MOSs. Surface modification with noble 
metals including aurum (Au), silver (Ag), platinum (Pt) and palladium (Pd) is regarded as an efficient-enhancing approach because of 
their remarkable catalytic effect in sensing processes [22–29]. However, the extremely expensive cost owing to their scarce reserve is 
specifically inappropriate for commercialization [30–34]. In addition, element doping is considered to be a favorable alternative 
method, which alters the electronic properties of MOSs and stimulates more gas molecule adsorption sites in turn leads to a positive 
influence on the gas sensing performances [35–37]. Wang et al. prepared Co-doped In2O3 and a lower operating temperature was 
obtained compared with that of pristine In2O3 [38]. Han et al. compared the pristine In2O3 and Ce-doped In2O3 and an enhanced 
sensing performance towards methanol were observed in Ce-doped In2O3 [39]. Wu’s group inserted Al dopant into SnO2 and 
ameliorated its ability to detect formaldehyde [40]. Lin et al. enhanced the sensing performance of SnO2 to formaldehyde by Ni doping 
[41]. The Ni-incorporated SnO2 exhibited an extremely high-speed response of 6 s at 100 ◦C towards 100 ppm formaldehyde. Hu et al. 
also verified that SnO2 with Ni dopant performed better in tracing formaldehyde in comparison with pure SnO2 [42]. Zhu and his 
co-workers introduced yttrium (Y) into SnO2 [43]. At the working temperature of 180 ◦C, the response and recovery time of Y-inserted 
SnO2 exposed to 25 ppm formaldehyde were 8 s and 10 s, respectively. In these studies, firstly, the existence of heteroatoms promotes 
the generation of defects such as oxygen vacancies which are beneficial to the formation of chemisorbed oxygen species, thus effec
tively improving the sensing performance of original oxides [44,45]. Secondly, the introduction of dopants can affect the size of the 
pristine-crystal structure, which may result in higher specific surface areas and thereby enhance the sensing properties [39,46]. 
Thirdly, expected as effective catalysts, transition metals such as Fe, Co and Ni enable to promote the chemical reactions occurring on 
the surface efficiently [46–48]. Yet, metal-doped MOSs are still suffering from high working temperatures, weak selectivity, and 
especially unsatisfying sensitivity to low-concentration formaldehyde. 

In this study, Fe-doped SnO2 and Ni-doped SnO2 were prepared via a simple hydrothermal method. By adjusting the quantity of 
dopant that adulterated into SnO2, we found that when the amount of Fe and Ni element was 4 at.%, the insertion of heteroatoms 
effectively enhance the formaldehyde-tracking ability of pristine SnO2, especially towards the low-concentration formaldehyde, which 
shows great potential in the future. In addition, the mechanism of improved sensing performances was discussed. 

2. Experimental section 

All chemical reagents supported by Sinopharm Chemical Reagent Co., Ltd were analytical grade without any further purification to 
utilize, including tin (IV) chloride pentahydrate (SnCl4⋅5H2O), ferric (III) nitrate nonahydrate (Fe(NO3)3⋅9H2O), nickel (II) chloride 
hexahydrate puratrem (NiCl2⋅6H2O), sodium hydroxide (NaOH) and ethanol (CH3CH2OH). 

2.1. Preparation of sensing materials 

2.1.1. Synthesis of SnO2 
The preparation of SnO2 was achieved concisely via the hydrothermal method. Firstly, SnCl4⋅5H2O and NaOH at a molar ratio of 1:7 

were dissolved into 30 mL of deionized water and the mixture was fiercely stirred for approximately 30 min. Subsequently, the ho
mogeneous solution sealed in Teflon-lined stainless steel autoclave was maintained at 180 ◦C for 16 h. Finally, the white sediment 
collected by centrifugation with deionized water washing was dried in the oven. 

2.1.2. Synthesis of Fe-doped SnO2 
The fabrication of Fe-doped SnO2 was similar to that of SnO2. In a specific procedure, SnCl4⋅5H2O and NaOH at a molar ratio of 1:7 

were dissolved into 30 mL of deionized water. Then a certain amount of Fe(NO3)3⋅9H2O was added and the mixture was stirred 
drastically for about 30 min. Afterward, the homogeneous solution was sealed in Teflon-lined stainless steel autoclave and kept at 
180 ◦C for 16 h. Ultimately, the product was collected via centrifuging sediment with deionized water washing followed by drying in 
the oven. Controlling the amount of Fe(NO3)3⋅9H2O added, a series of samples were obtained, which were marked as 2 at.% Fe–SnO2, 
4 at.% Fe–SnO2, 6 at.% Fe–SnO2 and 8 at.% Fe–SnO2. 

2.1.3. Synthesis of Ni-doped SnO2 
The fabrication of Ni-doped SnO2 was similar to that of SnO2. In a typical process, SnCl4⋅5H2O and NaOH at a molar ratio of 1:7 

were dissolved into 30 mL of deionized water. Then a certain amount of NiCl2⋅6H2O was added, after which the mixture was stirred 
vigorously for about 30 min. Then the homogeneous solution was transferred into Teflon-lined stainless steel autoclave and retained at 
180 ◦C for 16 h. Eventually, the sediment was collected via centrifugation with deionized water washing and then dried in the oven. 
The samples, named as 2 at.% Ni–SnO2, 4 at.% Ni–SnO2, 6 at.% Ni–SnO2 and 8 at.% Ni–SnO2, were gained via regulating the quantity 
of NiCl2⋅6H2O used. 
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2.2. Characterizations 

Analysis of the crystal structure of as-prepared samples was conducted with the help of X-ray diffraction (XRD, DMAX–2500PC) 
using Cu-Kα radiation (λ = 1.542 Å). The scanning rate was assigned as 10◦ min− 1 with the scanning scope from 10◦ to 90◦. Based on 
Scanning electron microscopy (SEM, SU–70) with an accelerating voltage of 15 kV, morphology and nanostructure of as-synthesized 
samples were verified. Detailed analysis of the surface structure of the as-synthesized samples was established on the transmission 
electron microscopy (TEM) operated on a JEM–1011 instrument and high-resolution transmission electron microscopy (HRTEM) 
manipulated on a JEM–2100 instrument, during which the accelerating voltage was maintained at 100 and 200 kV, respectively. X-ray 
photoelectron spectrometer (XPS) based on an AXIS Supra instrument with a monochromatic Al–Kα radiation (hυ = 1486.6 eV) was 
carried out to figure out the surface chemical states, after which the energy value of 284.6 eV was accepted as the indefinite C 1s line to 
rectify the binding energy. UV–visible diffuse reflectance spectrum (UV–Vis DRS) was manipulated on a UV–3600i Plus to affirm the 
electronic structure of the synthesized samples. 

2.3. Gas-sensing measurements 

The formaldehyde-sensing sensor was manufactured by coating a layer of thin film on the Al2O3-based substrate with the sensing- 
material slurry repeatedly smeared on it. The sensing performance of as-prepared samples towards formaldehyde was confirmed built 
on the gas-sensitivity experiment performed on a WS–30A instrument (Zhengzhou Winsen Electronics Co., Ltd., Henan, China) at the 
environmental temperature of 25 ◦C without air humidity surpassing 20%. A detailed description could be found in our previous work 
[2]. The response and recovery time is appointed as the time experienced for a sensor to reach 90% of the complete resistance change 
subsequent to gas input or emission [49,50]. 

3. Results and discussion 

3.1. Structural and morphological characteristics 

XRD patterns of Fe-incorporated SnO2 and Ni-incorporated SnO2 are illustrated in Fig. 1. It can be determined that all characteristic 
diffraction peaks of prepared samples are coincident with the tetragonal phase of SnO2 (JCPDS–77–0449). Characteristic peaks 
associated with other phases are inexistent, which signifies the ultra-low amount of iron oxides and nickel oxides. Besides, in com
parison with pristine SnO2, the right shift of characteristic diffraction peaks was observed in Fe-doped SnO2 (Fig. 1a) and Ni-doped 
SnO2 (Fig. 1b) and this indicates a shrinkage of SnO2 lattice, resulting from the insertion of dopants. To investigate changes of the 
crystal structures, Rietveld refinements of pristine SnO2, Fe-doped SnO2 and Ni-doped SnO2 were performed (Fig. S1), and the detailed 
structure refinement parameters are shown in Table S1. The results reveal that the lattice constants of SnO2 become smaller after Fe 
and Ni doping. It is highly believed that the change of lattice structure is conducive to strengthening the gas-detection capability of 
MOSs [51–53]. 

SEM images of pristine SnO2, 2 at.% Fe–SnO2, 4 at.% Fe–SnO2, 6 at.% Fe–SnO2, 8 at.% Fe–SnO2, 2 at.% Ni–SnO2, 4 at.% Ni–SnO2, 6 
at.% Ni–SnO2 and 8 at.% Ni–SnO2 are shown in Fig. S2. The hollow sphere-like morphology of pristine SnO2 particles less than 2 μm is 
verified. In addition, reduced size of SnO2 and damage on micromorphology due to the introduction of Fe and Ni dopants are also 
observed, in which an escalating tendency is manifested with increasing insertion of Fe and Ni elements. 

TEM images of 4 at.% Fe–SnO2 and 4 at.% Ni–SnO2 are illustrated in Fig. 2 to show the micromorphology and structure of transition 
metal-inserted SnO2. From Fig. 2a and c, it can be seen that both 4 at.% Fe–SnO2 and 4 at.% Ni–SnO2 are irregularly constructed by a 
raft of rods and their sizes are bigger than 500 nm but smaller than 2 μm. As illustrated in Fig. 2b and d, both of the lattice spacings of 4 
at.% Fe–SnO2 and 4 at.% Ni–SnO2 are measured at approximately 0.319 nm, which corresponds to the (110) spacing of SnO2. The 
lattice spacing of pristine SnO2 (0.335 nm) is larger than those of transition metal-incorporated SnO2, which is tightly connected with 
the shrinkage of SnO2 crystal originating from the insertion of transition metals. The observation of TEM is concordant with those of 
XRD and SEM. 

Fig. 1. XRD patterns of (a) Fe-doped SnO2 and (b) Ni-doped SnO2.  
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XPS spectra of involved elements are depicted in Fig. 3. Fig. 3a shows the Sn 3d orbital spectrum. The intense peaks located at 
486.56 eV and 494.93 eV in pristine SnO2, 486.54 eV and 494.95 eV in 4 at.% Fe–SnO2, as well as 486.59 eV and 494.86 eV in 4 at.% 
Ni–SnO2 distinctly conform to Sn4+ [13]. In the Fe 2p orbital spectrum illustrated in Fig. 3b, the characteristic peak at 712.22 eV is 
observed, which clearly corresponds to Fe3+ [54–56]. The binding energies of Ni located at 855.95 eV and 873.41 eV are ascribed to 
Ni2+ of Ni 2p3/2 and Ni 2p1/2, respectively (Fig. 3c) [57–59]. The O 1s orbital spectra of pristine SnO2, 4 at.% Fe–SnO2 and 4 at.% 
Ni–SnO2 are exhibited in Fig. 3d–f. It is observed that each of them enables to be deconvoluted into two intense peaks. The apparent 
peaks, situated at 530.42 eV and 531.35 eV in pristine SnO2, 530.39 eV and 531.27 eV in 4 at.% Fe–SnO2 as well as 530.36 eV and 
531.54 eV in 4 at.% Ni–SnO2, are due to lattice oxygen and adsorbed oxygen species [3,60–62]. The inexistence of peaks related to 
oxygen vacancies can be possibly ascribed to their trace quantity. 

To further verify the incorporation of heteroatoms into SnO2 lattice, Analysis of the electronic structure in prepared samples was 
conducted through UV–Vis DRS. UV–visible absorption spectrum of Fe-doped SnO2 illustrated in Fig. 4a demonstrates that the 
adsorption wavelength of Fe-incorporated SnO2 is red-shifted compared with that of pristine SnO2. A similar observation is also ob
tained in Ni-doped SnO2, as described in Fig. 4b. These suggest that the electrons in transition metal-inserted SnO2 need lower energy 
to cross the forbidden band in comparison with that of original SnO2. From UV–visible absorption spectra, the correlation between 

Fig. 2. TEM images of (a)–(b) 4 at.% Fe–SnO2 and (c)–(d) 4 at.% Ni–SnO2 at different magnification.  

Fig. 3. XPS spectra of the (a) Sn 3d orbital, (b) Fe 2p orbital and (c) Ni 2p orbital; O 1s orbital of (d) pristine SnO2, (e) 4 at.% Fe–SnO2 and (f) 4 at. 
% Ni–SnO2. 
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(αhν)2 and hν in Fe-doped SnO2 and Ni-doped SnO2 was also gained, which is shown in Fig. 4c and d. A clear reduction of gap band 
occurs in both Fe-doped SnO2 and Ni-doped SnO2, certifying the narrowing forbidden band. The shrinkage of forbidden band is 
conducive to electronic transition, which can enlarge the electronic concentration in conduction band and then increase the amount of 
adsorbed oxygen species, thereby enhancing the formaldehyde-sensing performance [51]. 

3.2. Sensing properties towards formaldehyde 

The optimal operating temperature of pristine SnO2, Fe-incorporated SnO2 and Ni-inserted SnO2 was confirmed by comparing their 
response values exposed to 1 ppm formaldehyde at different temperatures. As illustrated in Fig. 5a, an obviously volcano-like cor
relation between response value and working temperature is obtained. Except 8 at.% Fe–SnO2, the response values of all samples 
towards 1 ppm formaldehyde reach the maximum at 160 ◦C, among which 4 at.% Fe–SnO2 exhibits the largest response value of 
approximately 7.52. For 8 at.% Fe–SnO2, the temperature of 200 ◦C is the optimal operating temperature. However, due to the subtle 
differences in the response values observed at 160 ◦C and 200 ◦C, the optimal operating temperature of 8 at.% Fe–SnO2 is also obtained 
at 160 ◦C. Therefore, the temperature of 160 ◦C is adopted as the optimal operating temperature and all sensing tests were conducted at 
this temperature. Fig. 5b demonstrates that, the response of Fe-doped SnO2 and Ni-doped SnO2 exposed to 1 ppm formaldehyde at 

Fig. 4. UV–visible absorption spectra of (a) Fe-doped SnO2 and (b) Ni-doped SnO2; T-plots of (αhν)2 versus hν of (c) Fe-doped SnO2 and (d) Ni- 
doped SnO2. 

Fig. 5. (a) Response of pristine SnO2, Fe-doped SnO2 and Ni-doped SnO2 towards 1 ppm formaldehyde at different temperatures; (b) Response of Fe- 
doped SnO2 and Ni-doped SnO2 with different proportions of dopant incorporated towards 1 ppm formaldehyde at 160 ◦C. 
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160 ◦C is distinctly intensified with the incorporation increasing until the amount reaches to 4 at.%, and then curbed completely with 
the insertion exceeding 4 at.%. Thus, 4 at.% is the best doping rate for SnO2, at which Fe or Ni elements enable to ameliorate the 
formaldehyde-detection performance significantly. In addition, Table S2 briefly summarises the gas sensing performance of various 
MOSs based gas sensors toward formaldehyde. It is worth noting that the sensor fabricated in this work exhibits better sensing per
formance to 1 ppm formaldehyde at low working temperatures than those reported in the literature. 

The response curves of 4 at.% Fe–SnO2 and 4 at.% Ni–SnO2 towards 1 ppm formaldehyde at 160 ◦C are displayed in Fig. 6a and b. 
Both 4 at.% Fe–SnO2 and 4 at.% Ni–SnO2 exhibit an evident response immediately after the formaldehyde gas input, and the response 
time of 4 at.% Fe–SnO2 and 4 at.% Ni–SnO2 is 42 s and 7 s, respectively. Afterward, with formaldehyde removed, they can recover to 
the original state, and a high-speed recovery time of 20 s is gained in 4 at.% Ni–SnO2. Fig. 6c compares the response and recovery time 
of all Fe-doped SnO2 towards 1 ppm formaldehyde at 160 ◦C. The response time of 4 at.% Fe–SnO2 is the shortest among all involved 
samples, but its recovery time is a little long. 4 at.% Ni–SnO2 is the fastest in both response and recovery, as depicted in Fig. 6d. 

Fig. 7a suggests that, within 1 ppm formaldehyde, the ln[S] of 4 at.% Fe–SnO2 and 4 at.% Ni–SnO2 linearly correlates with the ln 
[C]. Fig. 7b and cFig. 7 exhibit four-time responses of 4 at.% Fe–SnO2 and 4 at.% Ni–SnO2 to 1 ppm formaldehyde at 160 ◦C, which 
proclaims excellent repeatability. 

Considering practical applications, the ability to resist interfering gases is an essential aspect for evaluating the sensing properties 
[27,63]. Thus, anti-interference measurements based on various gases including methanol, ethanol, sulfur dioxide, nitrogen dioxide, 
ammonia, carbon monoxide and formaldehyde were implemented, as illustrated in Fig. 8a. There is no response of pristine SnO2, 4 at. 
% Fe–SnO2 and 4 at.% Ni–SnO2 to sulfur dioxide, nitrogen dioxide, ammonia and carbon monoxide. Compared with pristine SnO2, the 
selectivity of 4 at.% Fe–SnO2 and 4 at.% Ni–SnO2 towards formaldehyde is greatly enhanced. Meantime, an outstanding 
anti-interference capability towards methanol and ethanol is achieved by 4 at.% Fe–SnO2. With a comprehensive comparison, 4 at.% 
Fe–SnO2 is expected to be more selective to formaldehyde and more appropriate for real-world use. The mechanisms of selectivity are 
extremely intricate [64]. Formaldehyde molecules with a lower bond dissociation energy compared with that of other gases may take 
part in redox reaction preferentially [65,66]. Additionally, there is also consideration on differences in reaction process, adsorption 
capability and dipole moment [67–69]. Ultimately, the measurement of response towards 1 ppm formaldehyde within one month was 
carried out to determine the stability of sensing materials, which is showed in Fig. 8b. It can be clearly observed that the response of all 
measured materials virtually remains stable without big waves, expressing decent long-term stability. Low operating temperature and 
steady construction is likely responsible for good stability [70]. 

3.3. Sensing mechanisms 

It is extensively acknowledged that the sensing performance of MOSs is heavily determined by the chemical reactions occurring on 

Fig. 6. Response curves of (a) 4 at.% Fe–SnO2 and (b) 4 at.% Ni–SnO2; Response and recovery time of (c) Fe-doped SnO2 and (d) Ni-doped SnO2 
towards 1 ppm formaldehyde at 160 ◦C. 
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the surface [71]. The entire process is depicted in Fig. 9. First, oxygen molecules in atmosphere can be adsorbed on the surface of SnO2 
due to physical interactions [72]. These oxygen molecules enable to capture the conduction-band electrons in SnO2 and form adsorbed 
oxygen species with high activity such as O2

− , O− , and O2− simultaneously, during which both of the thickness of electron depletion 
layer (EDL) and resistance of SnO2 enlarge [65,73,74]. Afterward, when the SnO2 is exposed to formaldehyde-surrounded ambience, 
redox reactions take place immediately between formaldehyde molecules and chemisorbed oxygen species (Fig. 9a). During this 
process, the generated electrons will be released back to the conduction band of SnO2, thereby observing reduced thickness of EDL as 
well as resistance of sensing material [29,75]. The above-mentioned processes can be synoptically summarized as follows equations 
(1–8) [5,71,72,76].  

O2 (gas) → O2 (ads),                                                                                                                                                                  (1)  

O2 (ads) + e− → O2
− (ads),                                                                                                                                                         (2)  

O2
− (ads) + e− → 2O− (ads),                                                                                                                                                       (3)  

O− (ads) + e− → O2− (ads),                                                                                                                                                       (4)  

HCHO (gas) →HCHO (ads),                                                                                                                                                       (5)  

HCHO (ads) + 2O− (ads) → CO2 (gas) + H2O (gas) + 2e− ,                                                                                                            (6)  

HCHO (ads) + O2
− (ads) → CO2 (gas) + H2O (gas) + e− ,                                                                                                               (7)  

HCHO (ads) + 2O2− (ads) → CO2 (gas) + H2O (gas) + 4e− .                                                                                                           (8) 

In this study, transition metal-incorporated SnO2 performed better than pristine SnO2 in tracing low-concentration formaldehyde. 
The enhancing mechanisms are illustrated in Fig. 9b. First, because of the differences between Sn and transition metal ions in elec
tronegativity and ionic radius, lattice defects will be produced after adulteration. Therefore, the gap band of SnO2 will narrow under 
the influence of Moss-Burstein effect [51], which has been verified by the observation from UV–Vis DRS. Obviously, this will make the 
electronic transition easier in comparison with pristine SnO2, which is beneficial to the electronic-concentration enlargement in 
conduction band, thereby conducive to the formation of chemisorbed oxygen species [77]. Increased oxygen species enable to react 

Fig. 7. (a) The linear fitting between ln[C] and ln[S] (C is the concentration of formaldehyde; S is the response value); The repeatability of (b) 4 at. 
% Fe–SnO2 and (c) 4 at.% Ni–SnO2 towards 1 ppm formaldehyde at 160 ◦C. 

Fig. 8. (a) Response of pristine SnO2, 4 at.% Fe–SnO2 and 4 at.% Ni–SnO2 towards 1 ppm interfering gases (The concentration of ethanol and 
methanol is 10 ppm, respectively); (b) The response of 4 at.% Fe–SnO2 and 4 at.% Ni–SnO2 towards 1 ppm formaldehyde in one month. 
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with more formaldehyde molecules. Second, the catalytic effect of Fe or Ni dopant contributes to the efficiency that formaldehyde 
molecules take part in the surface reaction, thus promoting sensitivity [47,51,78]. Third, in accordance with XRD spectra and SEM 
images, reduced size of crystal structure occurred, which may influence the adsorption of gas molecules [51]. 

4. Conclusion 

In this study, pristine SnO2, Fe-doped SnO2 and Ni-doped SnO2 were prepared through hydrothermal method. Analysis reveals that 
the incorporation of Fe or Ni results effectively-improved sensing properties of SnO2 towards formaldehyde. Especially, at 160 ◦C, the 
response value of 4 at.% Fe–SnO2 and 4 at.% Ni–SnO2 exposed to 1 ppm formaldehyde is 7.52 and 4.37, respectively, higher than that 
of pristine SnO2. Moreover, compared with the Ni-doped SnO2, the higher response value over Fe-doped SnO2 could be attributed to its 
narrower band gap, which more thermally excited carriers within it might be generated, and thus more adsorbed oxygen ions will be 
accumulated gathering in the surface of the materials. Meanwhile, the response time of 4 at.% Fe–SnO2 and 4 at.% Ni–SnO2 is only 42 s 
and 7 s, respectively. These observations demonstrate that insertion with transition metals such as Fe and Ni dopants is suitable for 
promoting the formaldehyde-sensing capability of original SnO2, which is expected as a competitive and cost-effective strategy for 
detecting low-concentration formaldehyde. The enhancement can be mainly attributed to the change of electronic structure and 
crystal structure as well as the catalytic effect of transition metal. 
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