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A B S T R A C T   

The palatability of cooked rice is susceptible to the flavor and effective detection of volatile organic compounds 
(VOCs) can avoid deterioration and improve the taste quality. Herein, hierarchical antimony tungstate (Sb2WO6) 
microspheres are synthesized through a solvothermal process and the effect of solvothermal temperature on the 
room temperature gas-sensing properties of gas sensors is investigated. Outstanding sensitivity towards VOC 
biomarkers (nonanal, 1-octanol, geranyl acetone and 2-pentylfuran) in cooked rice is achieved and the sensors 
exhibit remarkable stability and reproducibility, which are contributed to the formation of the hierarchical 
microsphere structure, larger specific surface area, narrower band gap and increased oxygen vacancy content. 
The kinetic parameters combined with principal component analysis (PCA) effectively distinguish the four VOCs 
while the enhanced sensing mechanism was substantiated through density functional theory (DFT) calculation. 
This work provides a strategy for fabricating high performance Sb2WO6 gas sensors which can be practically 
applied to food industry.   

1. Introduction 

As one of the three major grain crops, rice (Oryza sativa L.) is planted 
on 150 million hectares around the world, with a total yield of 600 
million tons each year, amounting to 25% of the whole grains (Liu, 
Zhang, Xu, & Liu, 2021). Using proper cooking methods, rice can be 
made into different types of staple foods, among which cooked rice is 
rich in protein, carbohydrates, various minerals and vitamins, etc., 
making it an essential food on people’s tables (Yu, Turner, Fitzgerald, 
Stokes, & Witt, 2017; Zheng, Zhang, Liu, & Liu, 2022). With the 
improvement of people’s life quality, the taste quality of cooked rice has 
attracted much more attention. Specifically, taste quality refers to the 
comprehensive characteristics (appearance, smell, taste, hardness and 
viscosity) of cooked rice, as the variety of rice, cooking methods and 
storage conditions will affect the taste quality simultaneously and syn-
ergistically. Among numerous evaluation criteria, the flavor of cooked 
rice has received extensive attention from many researchers, as it exerts 
a crucial impact on the acceptability of cooked rice for consumers (Yau, 

& Liu, 1999; Shen, Jin, Xiao, Lu, & Bao, 2009). For more than 300 VOCs 
generated through Maillard-derived and thermal reactions from cooked 
rice (Bösl, Dunkel, & Hofmann, 2021), aldehydes, alcohols, ketones, 
lipids and heterocyclic compounds are the most abundant (Dias, Hacke, 
Bergara, Villela, Mariutti, & Bragagnolo, 2021), while these various 
VOCs endow the cooked rice with distinct flavors. In general, aldehydes 
and lipids give cooked rice a fruity aroma while alcohols release a floral 
fragrance mostly, while the odor description of four distinct flavors 
(nonanal, 1-octanol, geranyl acetone and 2-pentylfuran) in cooked rice 
are listed in Table S1. Moderate concentrations of nonanal and 1-octanol 
in cooked rice will give off a subtle fragrance whereas higher concen-
trations will release an unpleasant fatty flavor. As a product of the 
oxidation of linoleic acid, 2-pentylfuran owns a characteristic nutty 
flavor at low concentrations and an unpleasant fishy bean odor at high 
concentrations in cooked rice. Geranyl acetone with fruit and rose 
aroma will enhance the cooked rice flavor. Therefore, we expected the 
higher concentration of geranyl acetone in cooked rice (Zheng, Zhang, 
Liu, & Liu, 2022; Yu, Turner, Fitzgerald, Stokes, & Witt, 2017). In 

* Corresponding author. 
E-mail address: zhangc@yzu.edu.cn (C. Zhang).  

Contents lists available at ScienceDirect 

Food Chemistry 

journal homepage: www.elsevier.com/locate/foodchem 

https://doi.org/10.1016/j.foodchem.2023.136323 
Received 18 December 2022; Received in revised form 2 May 2023; Accepted 4 May 2023   

mailto:zhangc@yzu.edu.cn
www.sciencedirect.com/science/journal/03088146
https://www.elsevier.com/locate/foodchem
https://doi.org/10.1016/j.foodchem.2023.136323
https://doi.org/10.1016/j.foodchem.2023.136323
https://doi.org/10.1016/j.foodchem.2023.136323
http://crossmark.crossref.org/dialog/?doi=10.1016/j.foodchem.2023.136323&domain=pdf


Food Chemistry 424 (2023) 136323

2

addition, since the sensory evaluation of cooked rice odor is highly 
subjective and the olfactory sensitivity of the evaluators is quite 
different, many new evaluating technologies have been developed (Dias, 
Hacke, Bergara, Villela, Mariutti, & Bragagnolo, 2021; Utz et al., 2022). 
Therefore, as the VOCs volatilized from cooked rice are affected by 
multiple factors, studying the changes in VOCs content in cooked rice 
systematically is crucial for food security and taste quality improvement. 

Based on low cost, real-time operability, high response, fine stability 
and ease of use, semiconductor metal oxides (SMOX), such as CuO, SnO2 
and ZnSnO3, are exploited for VOCs detection in various domestic and 
industrial applications (Qiao et al., 2018; Choi et al., 2019). Among the 
many kinds of SMOX, Sb2WO6 is the simplest form of the Aurivillius 
family (Sb2O2)(Am-1BmO3m+1) with m = 1 (Zhang, & Chen, 2016), and 
as a n-type semiconductor material with appropriate band gap structure, 
it is extensively applied in photocatalysis field due to its mighty visible- 
light acquisition capability (Zhang et al., 2022; Rafiq, Mehraj, Lone, 
Wahid, & Majid, 2020; Wang et al., 2020), but not much in gas sensors. 
In detail, Ren et al. prepared Sb2WO6/g-C3N4 nanocomposite using an 
ultrasound-assisted method for low-concentration NO removal (Ren, Li, 
Wu, Wang, & Zhang, 2021). 3D graphene aerogel Sb2WO6 hybrid was 
synthesized by Ding et al. with a facile solvothermal process, as the 
change of methyl orange concentration under different wavelengths of 
light irradiation was monitored and the photocatalytic activity of the 3D 
graphene aerogels Sb2WO6 (3DGA/Sb2WO6) hybrid was deliberated in 
detail. Chen et al synthesized Ag-loaded Sb2WO6 microspheres through 
a solvothermal method, and the corresponding photocatalysts were 
evaluated in degradations of Methyl orange, Rhodamine B and other dye 
aqueous solution under UV light and visible light irradiation (Ding et al., 
2018). In brief, most researchers adopt doping and loading to change the 
properties of Sb2WO6 for improving photocatalytic performance. 
Table S2 summarizes the current preparation methods and applications 
for Sb2WO6-based materials. 

In our previous study, Sb2WO6 gas sensors based on pH control were 
fabricated, which possessed a certain potential for nonanal detection 
and evaluation of the freshness of cooked rice (Zheng, Liu, Xu, & Zhang, 
2022). Specifically, one problem of Sb2WO6 gas sensor is to detect 
macromolecular VOCs under overhigh working temperatures, which 
may lead to the decomposition of VOC molecules and affect the service 
life of the gas-sensing material, further weakening the gas sensing per-
formance. Therefore, our present work remains the testing condition at 
room temperature (25 ± 2 ◦C). Furthermore, due to the characteristics 
of a large variety and low concentration of VOCs volatilized from cooked 
rice, the reported SMOX-based gas sensors suffer from the cross- 
selectivity and low sensitivity to analytes. To our best knowledge, no 
studies were implemented for the preparation of Sb2WO6 crystals at 
different reaction temperatures. 

Herein, the three-dimensional (3D) hierarchical Sb2WO6 micro-
spheres constituted of {Sb2O2}2n+and {WO4}2n– with broad specific 
surface area, numerous active adsorption sites and superior modified 
crystal structures are prepared by a facile, one-step solvothermal syn-
thesis. From field emission scanning electron microscopy (FESEM) 
studies, Atomic Force Microscope (AFM) analysis and high-resolution 
transmission electron microscopy (HRTEM) consequences, all the sam-
ples possess controlled size and shaped particles. Moreover, the relations 
between the material properties (phase composition, chemical states of 
elements, thermal stability and optical properties) and composing con-
ditions were anatomized employing X-ray diffraction (XRD), Fourier 
transform infrared (FTIR) spectroscopy, ultraviolet (UV) spectrum, 
Raman, photoluminescence (PL), X-ray photoelectron spectroscopy 
(XPS), thermogravimetric analysis (TGA), specific surface determination 
(BET) and electron paramagnetic resonance (EPR), which is the first to 
deliberate the influences of the critical solvothermal synthesis parame-
ters, owning a great deal of significance. The as-prepared optimal 
Sb2WO6 gas sensors had a maximum response of 31.25, 57.75, 11.44 and 
12.76 toward 15 ppm nonanal, 1-octanol, geranyl acetone and 2-pentyl-
furan at room temperature, respectively. In addition, by analyzing the 

kinetic parameters in the sensing process, the gas sensors combined with 
PCA are employed for distinguishing the four VOCs in a dataset. More-
over, density functional theory (DFT) calculations were implemented to 
elaborate the strengthened sensing mechanism. This facile strategy with 
high efficiency will help the design of SMOX room-temperature gas 
sensors. 

2. Material and methods 

All chemicals applied in this work were analytical grade (AR) and 
directly used without any further purification. Na2WO4⋅2H2O (99.5%) 
was acquired from Sinopharm Chemical Reagent Co., Ltd. SbCl3 (99%), 
NaOH (96%) and anhydrous alcohol was obtained from Aladdin 
Biochemical Technology Co., Ltd. of China. 

2.1. Synthesis of hierarchical Sb2WO6 microspheres 

The hierarchical Sb2WO6 microspheres were obtained via a facile 
one-step solvothermal manner which was modified from our previous 
studies (Fig. S1) (Zheng, Liu, Xu, & Zhang, 2022). In the concrete syn-
thesis, 16 mmol SbCl3 was dissolved in 32 mL ethanol as an antimony 
source to form solution A and solution B was formed by dissolving 8 
mmol Na2WO4⋅2H2O as tungsten source in 32 mL deionized water. After 
sufficient stirring, the transparent solutions A and B were mixed to form 
solution C which contained light yellow flocculent precipitation. 3 mL 
NaOH solution (20 wt%) was added to solution C drop by drop to form a 
uniform suspension. In the next step, to obtain the microspheres, the 
final solution (65 mL) was transferred into a Teflon (Poly tetra fluoro-
ethylene, PTFE) lined solvothermal unit (100 mL) after fully stirring and 
sonicating for 10 min, on which was subsequently kept at 120 ◦C to 
200 ◦C with the interval of 10 ◦C centigrade during 24 h, respectively. 
Since naturally cooled down to ambient temperature, the sediments 
were washed with deionized water and absolute ethanol several times in 
turn, and then dried at 70 ◦C for 20 h. The as-prepared samples sol-
vothermal treated at120◦C, 130 ◦C, 140 ◦C, 150 ◦C, 160 ◦C, 170 ◦C, 
180 ◦C, 190 ◦C and 200 ◦C were named as SW12, SW13, SW14 SW15, 
SW16, SW17, SW18, SW19 and SW20, respectively. 

2.2. Characterization 

The phase structure of nine powders was investigated by XRD (D8 
Advance Bruker) using Cu-Kα radiation and micro-Raman spectroscopy 
(MRS, In via, Renishaw). The morphological characteristics and nano-
structure details were determined via FESEM (S4800II Hitachi), HRTEM 
(Tecnai G2 F30 S-TWIN) and AFM (SPM-9700HT). The surface elements 
states were analyzed using XPS (Thermo Fisher Scientific ESCALAB 
250Xi) while the BET results and the corresponding pore size distribu-
tions were calculated (Autosorb IQ3, Quantachrome Instruments). For 
improving the gas sorption kinetics, 0.15 g of the as-precipitated sam-
ples was degassed under vacuum at 200 ◦C for 10 h before the testing. 
TGA was carried out under an N2 atmosphere with a heating rate of 
10 ◦C/min to measure the thermal stability of the as-prepared samples 
(Pyris 1, Perkin-Elmer, USA). The UV–Vis absorption spectra (200–800 
nm) were obtained by the Cary 5000 spectrometer. FTIR spectra were 
performed on an Agilent 660-IR spectrometer, using the top mount 
diffuse attachment (gem attachment). The oxygen vacancies on the 
sample surface were investigated via EPR (A300-10/12, Bruker) and a 
laser confocal Raman spectrometer (Renishaw inVia). 

2.3. Gas sensing setup 

To manufacture the gas sensors, the target solutions were obtained 
by mixing Sb2WO6 powders (~3 mg) with deionized water (~1 mL) 
uniformly, then drop coated onto the Al2O3 substrate equipped with 
interdigital Pt electrodes which adopt coplanar design and passivated, 
thus obtaining highly thermal stability. After being aged at 120 ◦C for 
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24 h for stability enhancement, the Sb2WO6 sensors were obtained. The 
room temperature (25 ± 2 ◦C) gas sensors testing system is displayed in 
Fig. S2 and more testing information has been added in Supplement 
materials. Through the homemade testing equipment, resistance signals 
are obtained for further analysis. In detail, the response (n-type) is 
defined as Ra/Rg (Ra and Rg represent the steady resistance values in 
pure air and target VOC, respectively) and response/recovery time 
represents the duration required to reach a 90% change of resistance in a 
full sensing behavior of response/recovery processing. 

3. Results and discussion 

3.1. Structural and morphological characteristics 

The results of the phase and crystal structure of synthesized Sb2WO6 
samples were taken with XRD studies (Fig. S3a). The phase of the 
samples altered slightly while the XRD patterns were in good accordance 
with Sb2WO6 in the triclinic phase (JCPDS # 47–1680) approximately 
(Yang, Yang, Li, Li, & Cao, 2016) and each characteristic peak is sharp, 
indicating the good crystallinity and high purity. The typical peaks of 
Sb2WO6 were calculated using gaussian fitting occurred at 20.389◦, 
26.825◦, 29.290◦, 32.753◦, 36.327◦, 40.169◦, 47.360◦, 49.788◦, 53.209◦

and 55.410◦, corresponding to (01–1), (1–11), (003), (20–1), (020), 
(202), (023), (-2–21), (310) and (311) planes (Ding et al., 2018). With 
the increase of solvothermal temperature, the peak position does not 
shift obviously, but the peak shape slightly changes from a diffuse long 
peak to a blunt peak with a smaller half-height and width, which in-
dicates that the overall structure of Sb2WO6 microspheres becomes more 
compact with the increase of solvothermal temperature (Zhang, Li, 
Chen, Xiang, Hu, & Li, 2021). 

In order to further explore the Sb2WO6, some physical properties (d- 
spacing value (Å), crystallite size, lattice parameter, FWHM and lattice 
strain) of the synthesized Sb2WO6 microspheres obtained by XRD 
pattern are represented in Table S3. Specifically, the crystallite sizes, d- 
spacing value and the lattice strain of samples can be calculated by 
Scherrer formula (Equation (1), Bragg formula (Equation (2) (Meng, Li, 
Fu, & Fu, 2015) and Equation (3) (Zhang, Li, Chen, Xiang, Hu, & Li, 
2021), respectively. In detail, the most intense peak at 26.824◦ was 
selected to obtain the crystallite size of all samples. 

D =
kλ

βcosv
(1)  

2dsinθ = nλ (2)  

Lattice strain =
βcosv
λ

(3) 

Where v is Bragg angle of the strongest peak corresponding to (1–11) 
plane in degrees and β is its corresponding FWHM (in radians) while the 
degree forms can be obtained by multi-peaks Gaussian fitting. k repre-
sents the shape factor of 0.9 and λ is the wavelength of X-ray source 
(CuKα = 0.15406 nm). n is the diffraction order, for the first-order n = 1, 
while d is the interplanar spacing in Å. As synthesized Sb2WO6 pertains 
to the triclinic system, the lattice constant (a, b and c) can be obtained by 
homologous calculation formula (Equation (4)–(6) (Vermeulen, Kube, & 
Norberg, 2019). 

1
d2 =

1
a2b2c2(1 − cos2α − cos2β − cos2γ + 2cosαcosβcosγ)

(S1 + S2) (4)  

S1 = b2c2sin2αh2 + a2c2sin2βk2 + a2b2sin2γl2 (5)  

S2 =2abc2(cosαcosβ − cosγ)hk+ 2ab2c(cosγcosα − cosβ)lh
+ 2a2bc(cosβcosγ − cosα)kl

(6) 

The chemical composition and valence state was evaluated via in situ 
XPS as depicted in Fig. S3b and Fig. S4. As revealed in Fig. S3b, all the as- 

prepared samples contained the corresponding elements including Sb, 
W, O and C with no other elements. As the use of carbon tape for energy 
calibration, the C 1s peak is shown at 284.8 eV. As shown in Fig. S3b, the 
overlapped low-resolution XPS spectrum of Sb 3d5/2 and O 1s can be 
observed. Two binding energies at 539.91, 539.89, 539.85, 539.76, 
539.54, 539. 74, 539.44, 539.83, 539.57 eV and 530.58, 530.59, 
530.54, 530.47, 530.23, 530.43, 530.18, 530.48, 530.23 eV in SW12- 
SW20 spectra assigned to Sb 3d3/2 and Sb 3d5/2 with the oxidation 
state of Sb3+ apart (Ding et al., 2018) are shown in Fig. S4a. Take SW16 
and SW18 as examples in Fig. S4b, the W 4f spectra of Sb2WO6 can be 
divided into four peaks locating at 37.65 eV, 35.77 eV, 35.33 eV, 34.13 
eV and 37.48 eV, 35.62 eV, 35.21 eV, 34.11 eV, respectively, delegating 
W6+ 4f5/2, W5+ 4f5/2, W6+ 4f7/2 and W5+ 4f7/2 separately. Fig. S4c re-
veals the detailed spectra of O 1s in all samples. The peaks of SW18 
situated at 530.86, 530.16 and 529.81 eV corresponded to chemisorbed 
oxygen species (OC), oxygen vacancy (OV) and lattice oxygen (OL), 
respectively. As the oxygen content (OC and OV) in SW18 applied the 
biggest proportion, which was beneficial to the VOCs sensing perfor-
mance (Liu, Zheng, Debliquy, & Zhang, 2022). The detailed information 
on oxygen peaks for all as-prepared samples was shown in Table S4. It is 
worth noting that, as the solvothermal temperature rises, the peaks of 
Sb, O, and W of SW12 to SW17 samples show blueshifts, which is due to 
the chemical bond between Sb with O and the lower electronegativity of 
Sb. As the solvothermal temperature still rises, the peaks of SW18-SW20 
show redshifts specifically, as the binding energy gets smaller and the 
electron cloud density increases, enhancing the Sb2WO6 to lose electrons 
and generate more oxygen species (O2

− , O− and O2− ) (Wang et al., 2021). 
In the actual gas sensing process, when VOCs molecules contact with 
more oxygen molecules, more quantity of electrons will transfer back to 
Sb2WO6, thus the resistance signals will decline swiftly, improving the 
sensitivity to the target gas. 

The morphology and microstructure of the nine samples were 
investigated via FESEM, HRTEM and AFM. Fig. S5 and Fig. S6 depicted 
the typical FESEM images of all samples and EDS results of SW18. All 
samples consist of a large amount of thin interconnected nanosheets and 
nanowires which assemble the corresponding microspheres with a 
diameter of 3–5 μm. In detail, from the morphology of SW12 to SW15, 
the self-assembled Sb2WO6 microspheres can be observed, on which a 
great number of nanosheets and nanowires aggregated are dispersed 
separately, which can also be described as sea urchin-like microspheres. 
As the solvothermal temperature continues to rise, the microspheres of 
SW16 to SW20 are relatively compact, while the nanosheets and nano-
wires are closely embedded together, indicating that the rise of sol-
vothermal temperature intensifies the rate and degree of nucleation. 
From the low-magnification SEM photos as shown in Fig. S5a-S5b, some 
of the SW16 and SW18 microspheres are single-dispersed, while others 
are glued together to form some aggregations. As shown in Fig. S5c-S5f, 
it can also be confirmed that the rise of solvothermal temperature would 
increase the tightness of the Sb2WO6 microsphere from the high- 
magnification SEM images of the two representative morphologies 
(SW16 and SW18). From the EDS results of SW18, the primary elements 
are Sb, W, O, and their proportions are in line with the stoichiometric 
ratio of Sb2WO6 materials (Fig. S6o). The nanowires and nanosheets 
over SW18 hierarchical microspheres are more distinct and with 
consistent order, which can provide more sites for oxygen species and 
VOC adsorption. Appropriate morphology conduces to the broadening 
of interface contact area between VOCs and sensing material, which may 
benefit the separation of space charges and more charge carriers are 
capable to migrate to the material surface for participating gas sensing 
process. In addition, according to the AFM images (Fig. S7), the thick-
ness of the SW18 microspheres deposited on the gas sensors is about 400 
nm, of which the nanosheet is around 20–40 nm. 

Fig. S5g illustrates the growth mechanism of Sb2WO6 microspheres, 
which comprised five steps including the nucleation process, anisotropic 
growth, self-assembling, directional attachment growth, and ulteriorly 
crystallization (Yang, Yang, Li, Li, & Cao, 2016). Firstly, the tiny crystal 
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nuclei grow along the plane direction of the crystal in the saturated 
solution. Due to the anisotropy of the crystal, the nanosheet structure of 
Sb2WO6 is formed. Since the existence of energy differences among 
particles, the larger Sb2WO6 particles will engulf the smaller Sb2WO6 
particles to further grow. From the perspective of thermodynamics, in-
dividual nanosheets tend to grow vertically on the surface of micro-
spheres for reducing surface energy. As a result, the nanosheets and 
nanowires of precursor incline to stick to each other and self-assemble to 
take shape of the spherical crystals. Specifically, the hydrogen and 
electrostatic bonds in the ethanol and water mixed solution allow the 
nanosheets and nanowires to grow along the common crystal orienta-
tion. Finally, as the solvothermal time increases, regular hierarchical 
Sb2WO6 microspheres eventually form after further crystallization. 

Fig. 1a-1c shows the TEM images of SW18, which further confirms 
the formation of the hierarchical microspheres. The selected area 

electron diffraction (SAED) pattern of SW18 in Fig. 1d displays that the 
interplanar spacing of the four diffraction rings indexed to the (1–11), 
(003), (020) and (023) lattice plane of the triclinic Sb2WO6 micro-
spheres, respectively. In Fig. 1e-1f, an HRTEM image obtained from a 
portion of a single Sb2WO6 polycrystalline nanocrystal is shown, which 
indicates the polycrystalline nature of as-synthesized Sb2WO6 samples. 
The image shows a clear lattice fringe domain with an interplanar 
spacing of about 0.32 nm, 0.28 nm and 0.26 nm, consistent with the 
(1–11), (123) and (023) plane from triclinic Sb2WO6 structure 
accordingly, which is also identical with the XRD calculation results in 
Table S3. Fig. 1g-1j demonstrates the EDS element maps of the single 
hierarchical Sb2WO6 microspheres. The relative uniform distribution of 
Sb, W and O on the whole microsphere can be observed, while there are 
some dark shadows at the bottom of the O mapping, which is due to the 
solid microsphere with too large particle size. 

Fig. 1. Microstructure details of SW18: (a, b, c) HR-TEM images; (d) SAED pattern; (e-f) lattice distance of various crystal planes (inset: intensity profiles of Sb2WO6 
in the marked area 1, 2 and 3 in panel f); (g) HAADF image and (h-j) the corresponding elemental mapping of Sb, W, O, and their overlapping images, respectively. 
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Firstly, the FT-IR and UV–vis analysis were given in Supplementary 
materials. Then, to probe into the increasing oxygen vacancies gener-
ated during the solvothermal process, EPR technique was utilized to 
characterize the unpaired electrons in the Sb2WO6. From the spectra of 
SW14 and SW18 (Fig. 2d), signals occurred at g = 2.003 corresponding 
to the point where electrons were seized by the oxygen vacancies. Both 
two samples possessed certain amounts of oxygen vacancies and a 
stronger signal was detected in SW18. Numerous oxygen vacancies 
appear on the surface or inside of the crystal structure of SW18 sample, 
which can act as active sites during the gas catalysis process, signifi-
cantly shortening the response time and strengthen the VOC response 
(Qin, Yuan, Shen, Zhang, & Meng, 2022). 

Fig. 2e shows the PL spectra of SW14 and SW18 and the peaks appear 
in both samples. The emission peak at 500 nm to 650 nm is mainly 
caused by the presence of oxygen vacancy. When more contents of ox-
ygen vacancies exist in Sb2WO6, the energy required for electron tran-
sition decreases, thus the energy released when photogenerated 
electrons and holes recombined is relatively low. The visible light with a 
wavelength between 500 nm and 650 nm can trigger the photo-
luminescence phenomenon of Sb2WO6, while the intensity of SW18 
luminescence peak is the largest, indicating the existence of oxygen 
vacancies (Rafiq, Mehraj, Lone, Wahid, & Majid, 2020). Thus, the 
appropriate solvothermal temperature (180 ◦C) should be selected to 
obtain the sample with the oxygen vacancy of the highest concentration. 
The BET and TGA analysis were given in Supplementary materials. 

3.2. Gas sensing performance 

To study the impact of solvothermal temperature regulating on the 
VOCs sensing performance of Sb2WO6, the gas sensing test was carried 
out based on the sensors manufactured with Sb2WO6 samples, in which 
1-octanol, 2-pentylfuran geranyl acetone and nonanal were selected as 
target VOCs. All the operating temperatures in the sensing testing are set 
at room temperature (25 ± 2 ◦C). 

The sensors’ dynamic responses to different concentrations (3 ~ 15 
ppm) of 1-octanol, 2-pentylfuran geranyl acetone and nonanal are 
depicted in Fig. 3. The response of all gas sensors is viewed as a 
reversible transient of its resistance when it comes in contact with or 
leaves the VOCs. For all the sensors, the response increased with 
injecting more VOCs. With the lowest concentration of VOCs, SW14 gas 
sensor exhibited responses of 2.28 and 32.96 for 3 and 15 ppm 1-octa-
nol, respectively, whereas the SW18 gas sensor demonstrated signifi-
cant improvements, reaching values of 3.44 and 57.75 for 3 and 15 ppm, 
respectively. As for other VOCs, the response values of the SW12 to 
SW20 gas sensors when exposed to different concentrations of VOCs at 
room temperature are listed in Table S6. 

The gas response value of each sensor is presented in the configu-
ration of dot plot with error bar (n = 3) (Fig. S10), and the SW18 sensor 
showed higher responses than other sensors for nonanal, 1-octanol, 
geranyl acetone and 2-pentylfuran. In addition, the response of the 
sensor versus the concentration of VOCs vapor was used for linearity 
evaluation. The details were given in the Supplementary materials. The 
correlation factor (R2) of SW18 sensor to 1-octanol, 2-pentylfuran, 
geranyl acetone and nonanal reaches 0.98685, 0.99699, 0.99003 and 
0.99408, respectively, indicating the excellent linear fitting and high 
reliability in practical applications (Fig. S11). Furthermore, the LOD of 
the SW18 sensor for 1-octanol, 2-pentylfuran, geranyl acetone and 
nonanal can be estimated to be 943 ppb, 843 ppb, 821 ppb and 1042 
ppb, individually. The results indicated the Sb2WO6 based gas sensors 
own an excellent capacity for detecting ultralow concentration VOCs 
vapor. 

As humidity exerts an important impact on the sensing performance 
of SMOX gas sensors (Yan et al., 2021), the sensing tests on VOCs under 
different humidity conditions were carried out. The coefficient of vari-
ation (CV) is applied for evaluating the impact of RH on the sensitivity of 
sensors, which can be obtained from Equation (7) listed in Table S7. 

CV = SSD/Sa × 100% (7)  

where SSD and Sa are the standard deviation of response values and 
average response values under different humidity environments, 
respectively (Yao, Tang, Wang, Nath, & Xu, 2016). A higher CV value 
means worse anti-interference performance. At 12 ppm nonanal, the CV 
values of the SW14 and SW18 are 65.58% and 77.89% when changing 
RH from 20% to 80% as shown in Fig. 4a-4b, indicating the better anti- 
humidity property of SW14 gas sensor (Fig. 4c). 

Fig. 4d shows 14 continuous response-recovery cycles for sensing 9 
ppm geranyl acetone, SW18 gas sensor owns the ability to supply almost 
equal response amplitudes and the response values are maintained at 
about 6.907, which demonstrates favorable repeatability. As shown in 
Fig. 4e, the SW18-based sensor towards 15 ppm geranyl acetone dem-
onstrates less than 7% fluctuation in response after 15 days, exhibiting 
the excellent long-term stability of the as-prepared sensor. 

3.3. Gas sensing mechanism and working principle 

Triclinic-type Sb2WO6 has a n-type semiconducting property while 
the gas-sensing mechanism can be illuminated via the oxygen adsorp-
tion theory (Wang et al., 2018). In detail, the fundamental sensing 
mechanism of Sb2WO6 gas sensors can be described by a course of ox-
ygen adsorption in the oxygenated anionic species (O2

–, O-, O2–) onto the 
surface of Sb2WO6 and the interaction between adsorbed oxygens with 
VOCs molecules (Grossmann, Pavelko, Barsan, & Weimar, 2012; Fort, 
Mugnaini, Pasquini, Rocchi, & Vignoli, 2011). As shown in Fig. 5d, when 
the as-prepared sensor is exposed to pure air at around 25 ◦C, chem-
isorbed oxygen species (O2

–) will generate from absorbed oxygen on the 
surface of Sb2WO6, as shown with Equations (8)–(11) (Zhou, Zeng, 
Chen, Xu, Kumar, & Umar, 2019; Li, Zhou, Peng, & Liao, 2020). When 
VOCs vapor was injected into the chamber and reacted with the O2

–, the 
electrons will migrate and be transferred to the conduction band of 
Sb2WO6. Then the electron depletion layer will shrink and with the in-
crease in resistivity (Equation (12)–(15)). Besides oxygen, water mole-
cules could also cause chemisorption, leading to competition with the 
target gas for adsorption sites in most cases, further reducing the 
sensitivity of gas sensors (Wang et al., 2022). 

O2(gas)↔ O2(ads) (8)  

O2(ads) + e− ↔ O−
2 (ads)(T < 150◦C) (9)  

O−
2 (ads) + e− ↔ 2O− (ads)(150◦C < T < 400◦C) (10)  

O− (ads) + e− ↔ O2− (ads)(T > 400◦C) (11)  

C9H18O(gas) + 13O−
2 →9CO2(gas) + 9H2O+ 13e− (12)  

C8H18O(gas) + 12O−
2 →8CO2(gas) + 9H2O+ 12e− (13)  

C13H22O(gas) + 18O−
2 →13CO2(gas) + 11H2O+ 18e− (14)  

C9H14O(gas) + 12O−
2 →9CO2(gas) + 7H2O+ 12e− (15) 

To explore the enhanced sensing mechanism further, the conduction 
band potential (ECB) of the samples is calculated below and the valence 
band potential can be obtained by VB-XPS technique (Fig. 5a). The EVB, 

XPS of SW14 and SW18 is measured to be 1.67 and 1.48 eV, respectively. 

EVB, NHE = φ+EVB, XPS − 4.44 (16)  

where φ is the work function of the instrument (4.52 eV) and EVB, XPS 
refers to the valence band potential. Therefore, the standard hydrogen 
electrode for the valence band potential (EVB, NHE) of SW14 and SW18 is 
calculated to be 1.75 and 1.56 eV by Equation (17). Furthermore, the 
work function in actual VOCs detection (Φ) and the contact potential 
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Fig. 2. (a) FTIR spectra of all Sb2WO6 samples; (b) UV–Vis diffuse absorbance spectra of all Sb2WO6 samples; (c) The calculated band gap energies of all Sb2WO6 
samples; (d) EPR spectra of SW14 and SW18; (e) Raman spectra of SW14 and SW18; (f) N2 adsorption–desorption isotherms (inset: pore-size distribution) of SW18. 
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difference (ΔV) own the relationship below (Li et al., 2021): 

ΔV = Φ − φ (17) 

The distance between the two inflection points (IP) of the plot is 
defined as ΔV (Fig. 5b-5c). Thus, the Φ of SW14 and SW18 is 6.21 eV and 
6.84 eV, respectively, then the band structure can be obtained (Fig. 5f). 
Combined with all characterization assays and gas sensitivity tests, by 
adjusting the solvothermal temperature during the preparation of 
Sb2WO6, oxygen vacancies are regulated and the band structure of metal 
oxide materials is changed. Compared SW18 with SW14, as the oxygen 
vacancy concentration is increased, the resulting free electrons will form 
a new donor energy level in the forbidden band. Then hybridization 
occurs when the new donor level is in contact with the valence band, and 
the top of the valence band expands and shifts upward, narrowing the 
band gap (Wang et al., 2012). Furthermore, the increase of solvothermal 
temperature magnifies the Fermi level by 0.63 eV, indicating the 
enhancement of charge carrier compensation from the formation of the 
nanosheets heterojunction, which results in better VOCs sensing 
performance. 

Combining the characterization results of FETEM and HRTEM, as a 
hierarchical nanostructure, Sb2WO6 microspheres are spontaneously 
assembled from nanowires and nanosheets into higher-dimensional 
matrix structures (micron level) with periodic pores, which maximize 
gas accessibility without sacrificing electron depletion near the surface 
of nano-building units. For some specific materials with distinct pore 

radius (less than100 nm), as a molecule is more susceptible to collide 
with pore walls than with other gas/vapor molecules, the free passage of 
vapor molecules is primarily dominated by pore walls rather than the 
molecules nearby. Therefore, the Knudsen diffusion phenomenon can be 
used to describe the VOC’s transport without external pressure. The 
corresponding diffusion coefficient (DK) is displayed in Equation (18). 

DK =
4r
3

̅̅̅̅̅̅̅̅̅
2RT
πM

√

(18)  

where M refers to the molecular weight, r is the pore radius, T is the 
operation temperature (25 ◦C) and R is the universal gas constant (8.314 
J/(mol*K)) (Nandi, Nag, Saha, & Majumdar, 2018). In detail, the mo-
lecular weight of 1-octanol, 2-pentylfuran, geranyl acetone and nonanal 
is 130.23, 138.21, 194.32 and 142.24, respectively and the average pore 
radius of as-prepared samples can be obtained from BET results 
(Table S5). The diffusion coefficients of 4 VOCs molecules for all samples 
were listed in Table S8, while the SW18 possessed the highest diffusion 
coefficient value, which is consistent with the best gas sensing perfor-
mance of SW18 sensors. 

As 300 VOCs released in cooked rice, the Eley-Rideal model is used to 
explore the kinetic characteristics in the process of VOCs sensing, while 
the calculated parameters can be further used to distinguish different 
VOCs (Šetkus, 2002). The specific calculations were given in the Sup-
plementary materials. To distinguish the four detected VOCs intuitively, 
the above information in Table S11 was employed as a dataset (4 × 4 

Fig. 3. Dynamic response curves of the nine as-prepared gas sensors (SW12-SW20) exposed to different concentrations of (a) 1-octanol; (b) 2-pentylfuran; (c) geranyl 
acetone and (d) nonanal at room temperature. 
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matrix) to acquire a scatter plot by dimensionality reduction (Murthy 
et al., 2015). Specifically, the four kinetic parameters (sensitivity, ki-
netic reaction rate, β value, and activation energy) were set as input 
characteristics, while the in-depth differentiation among the VOCs can 
be achieved by PCA. Herein, the PCA analysis is to display detected 
VOCs in the common coordinate plane by focusing on the kinetic 
properties. The target points (1-octanol, 2-pentylfuran, geranyl acetone 
and nonanal) displayed the isolated location in Fig. 6 distinctly, which 
supply a facile way for identifying the tested VOCs selectively. Dis-
tinguishing the volatile components in cooked rice effectively can 
modify the data analysis, improve the selectivity of gas sensor and 
possess a more accurate control of the quality of cooked rice. 

To further explore the gas sensing mechanism for the selectivity of 
four VOCs to Sb2WO6, the adsorption behaviors between sensing ma-
terial surface and VOC molecules (1-octanol, 2-pentylfuran, geranyl 
acetone and nonanal) were simulated by the CASTEP modules (Material 
Studio) and other setting details of the DFT calculation are given in the 
supplementary materials. After surface cleaving of optimal Sb2WO6 
crystal, the adsorption energy of VOC molecules on Sb2WO6 (001) can 
be calculated by Equation (19): 

Eads = Etotal − (E(001) + EVOC) (19)  

where Etotal refers as total energy of VOC molecules absorbed on the 
certain crystal facet of Sb2WO6 surface system, E(0 0 1) is the energy to-
wards (001) Sb2WO6 surface, and EVOC refers to the energy of the iso-
lated VOC molecules. The crystal structure of Sb2WO6 after geometric 
optimization and the band structure of Sb2WO6 in TRI1a lattice was 
shown Fig. S13 and Fig. S14, respectively. To obtain the absorption 
energy, the geometry structure for 1-octanol, 2-pentylfuran, geranyl 
acetone and nonanal adsorption systems of Sb2WO6 are built and 
depicted in Fig. S15. It follows that the distance between 1-octanol, 2- 
pentylfuran, geranyl acetone, nonanal molecule and the substrates are 
2.707 Å, 3.238 Å, 2.347 Å and 2.405 Å and their adsorption energies on 
the surface are − 2.65 eV, − 1.2 eV, − 0.95 eV and − 2.14 eV, respectively, 
which are shown at Fig. S16a. The adsorption energy indicating the 
strongest binding of 1-octanol molecule to Sb2WO6 surface among four 
VOCs, while the stronger adsorption energy reveals the longer recovery 
time in the sensing test (Geng et al., 2021). In addition, the charge 
transfer between the adsorbed VOCs and the Sb2WO6 gel sensor is 
proportional to the sensor response value or the sensitivity, which is in 
coordination with the experimental results (Fig. S16b) (Barsan, Koziej, 
& Weimar, 2007). 

Furthermore, based on the optimized structures of the Sb2WO6 (001) 

Fig. 4. (a-b) The responses of SW14 and SW18 gas sensors to 12 ppm nonanal under different relative humidity (0%-80%); (c) CV of the sensors by varying RH from 
0% to 80% (nonanal 12 ppm, 25 ◦C); (d) The characterization of short-term stability of SW18-based sensor under 9 ppm geranyl acetone for 14 cycles; (e) The 
characterization of long-term stability for SW18-based sensor under 15 ppm geranyl acetone testing condition. 
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model (Fig. S16a), the density of states (DOS) of Sb2WO6 can be calcu-
lated as shown in Fig S16(c-f). The valence band maximum of Sb2WO6 
primarily consists of O 2p orbital and the conduction band minimum of 
Sb2WO6 is the formation of hybrid orbitals of W 5d and O 2s. Therefore, 
the physicochemical-induced charge carriers are generated from the O 
2p orbital of Sb2WO6 and can be stimulated via the hybrid orbitals of W 
5d and O 2p. 

4. Conclusions 

In summary, a novel self-assembled hierarchical Sb2WO6 micro-
spheres were prepared. Sb2WO6 gas sensor fabricated by samples syn-
thesized at 180 ◦C owns the remarkable sensing performance towards 4 
predominant VOCs released from cooked rice, while the average 
response can reach 57.75, 12.76, 11.44 and 31.25 towards 15 ppm 1- 
octanol, 2-pentylfuran, geranyl acetone and nonanal, respectively. The 
enhanced gas sensing performance of the hierarchical Sb2WO6 micro-
spheres is mainly contributed to its multi-stage morphology, high spe-
cific surface area, abundant oxygen vacancy and narrower band gap, 
which can provide enough adsorption sites for oxygen and VOCs mol-
ecules and accelerate the movement of charge carriers. The above results 
verified that synthesis temperature controlling can regulate the physi-
cochemical properties of Sb2WO6, and further improve the sensing 
performance of VOCs detection. 
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Šetkus, A. (2002). Heterogeneous reaction rate based description of the response kinetics 
in metal oxide gas sensors. Sensors and Actuators B: Chemical, 87, 346–357. https:// 
doi.org/10.1016/S0925-4005(02)00269-1 

Shen, Y., Jin, L., Xiao, P., Lu, Y., & Bao, J. (2009). Total phenolics, flavonoids, 
antioxidant capacity in rice grain and their relations to grain color, size and weight. 
Journal of Cereal Science, 49, 106–111. https://doi.org/10.1016/j.jcs.2008.07.010 

Utz, F., Spaccasassi, A., Kreissl, J., Stark, T. D., Tanger, C., Kulozik, U., et al. (2022). 
Sensomics-Assisted Aroma Decoding of Pea Protein Isolates (Pisum sativum L.). 
Foods, 11. https://doi.org/10.3390/foods11030412 

Vermeulen, A. C., Kube, C. M., & Norberg, N. (2019). Implementation of the self- 
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