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Abstract: It is a huge challenge for metal oxide semiconductor gas sensors to inspect volatile organic 
compounds (VOCs) at room temperature (RT). Herein, the effective utilization of cerium oxide (CeO2) 
nanowires for RT detection of VOCs was realized via regulating its surface chemical state. Oxygen 
vacancy engineering on CeO2 nanowires, synthesized via hydrothermal method, can be manipulated 
by annealing under various controlled atmospheres. The sample annealed under 5%H2+95%Ar 
condition exhibited outstanding RT sensing properties, displaying a high response of 16.7 towards 20 ppm 
linalool, a fast response and recovery time (16 and 121 s, respectively), and a low detection of limit of 
0.54 ppm. The enhanced sensing performance could be ascribed for the synergistic effects of its 
nanowire morphology, the large specific surface area (83.95 m2/g), and the formation of extensive 
oxygen vacancy accompanied by an increase in Ce3+. Additionally, the practicability of the sensor was 
verified via two varieties of rice (Indica and Japonica rice) stored in various periods (1, 3, 5, 7, 15, and 
30 d). The experimental results revealed that the sensor was able to distinguish Indica rice from 
Japonica rice. Accordingly, the as-developed sensor delivers a strategic material to develop 
high-performance RT electronic nose equipment for monitoring rice quality.  
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1  Introduction 

Linalool, one of the alcohols generated via the further 
breakdown of aldehydes, played a major contribution 
to the rice profile in the process of aging [1]. And its 
content change could be considered to be an index for 
the inspection of rice quality. Accordingly, monitoring 
and identifying the linalool concentration is an effective 
method for the evaluation of rice quality. Currently, 
various traditional methods (e.g., liquid chromatography– 
mass spectrometry [2], near-infrared spectroscopy [3],  
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and gas chromatography–mass spectrometry [4]) have 
been available for determining the linalool content in 
rice aging. Except for outstanding stability and high 
precision, they usually have limitations including 
complex procedures, poor qualitative ability, and a 
lengthy testing period [5]. Those disadvantages have 
significantly resisted their utilization in large-scale rice 
quality inspection. Therefore, it is essential to develop 
a non-destructive and real-time measurement for 
linalool evaluation with excellent sensing properties. 

There are various reports where researchers have 
employed commercially available gas sensors based on 
metal oxide semiconductors (e.g., tin oxide [6], zinc 
oxide [7], etc.) for the quantitative assessment of volatile  
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organic compounds (VOCs), including linalool. Among 
them, cerium oxide (CeO2), being one of the most 
important rare earth semiconductors, has been thought 
as a promising material for VOC detection because  
its abundant crystal defects, high electrical conductivity, 
and good chemical stability [8,9]. Lyu et al. [10] 
constructed a hollow-structured CeO2 for the detection 
of VOCs. And the sensor revealed a rapid response (6 s) 
and recovery time (11 s) towards 100 ppm acetone at 
260 ℃. Nevertheless, the CeO2 sensor operated at this 
optimal temperature, which was generally higher than 
the boiling point of VOCs, could result in the pyrolysis 
of the target gas. And this drawback hindered its further 
utilization in the inspection of rice quality. Therefore, 
to effectively identify the variations of linalool 
concentration in rice aging during storage, the operation 
of the as-developed sensor based on CeO2 should be 
performed at low working temperatures, so that the 
linalool molecules will not decompose [11]. 

At low working temperatures, the sensors based on 
CeO2 generally suffered from a low response and high 
limit of detection. To significantly improve the sensing 
properties of CeO2 at low working temperatures, several 
strategic methods have been adopted. Liu et al. [12] 
synthesized mesoporous CeO2 hollow tubules for the 
inspection of VOCs. And the sensing performance 
revealed that the response towards 100 ppm p-xylene 
was 12.4 at a relatively lower working temperature 
(133 ℃). The limit of detection of the optimal sensor 
was decreased to 100 ppb, which was the lowest value 
in the reported gas sensors based on CeO2. Motaung et 
al. [13] constructed the heterojunction between CeO2 
and SnO2 via a hydrothermal reaction. The sensor 
based on CeO2–SnO2 nano-composites exhibited an 
excellent response (~39.8) towards 20 ppm target gas 
at room temperature (RT). Unfortunately, CeO2, as an 
ionic conductor, has inadequate adsorption sites, low 
conductivity, and high electrical resistance (1–10 GΩ) 
at RT, which dramatically influenced the linalool 
concentration that could be measured by the sensor. 
Additionally, most metal oxide semiconductor gas sensors 
have low sensitivity towards linalool macromolecules 
due to the chemical inertness of linalool, especially at 
RT. 

Regulation of metal oxide semiconductors’ electronic 
structure and surface chemical state is a feasible 
solution to develop the high-performance RT metal 
oxide semiconductor gas sensor. Oxygen vacancy 
engineering has been proved to be a promising 

pathway to optimize the crystal structure and surface 
activity of metal oxides, significantly improving the 
RT sensing performance [14,15]. Xu et al. [16] 
constructed a series of gas sensors based on SnO2 thin 
films with different concentrations of oxygen vacancy 
via annealing under different temperatures in air for RT 
detection of VOCs. And the sensor revealed a high 
response of 150.5 towards 10 ppm trimethylamine. The 
excellent gas sensing performance could be ascribed 
for the formation of oxygen vacancy, which could 
dramatically enhance the carrier concentration in the 
conduction band and function as additional adsorption 
sites for the detection of VOCs. However, this method 
can only produce limited oxygen vacancy in metal 
oxide semiconductors only annealed under air 
atmosphere due to the lack of strong reducibility. 

In this study, CeO2 nanowires with various proportions 
of oxygen vacancy and Ce3+ ions were acquired via 
hydrothermal method combined with subsequent 
calcination under various controlled atmospheres (air, 
Ar, and 5%H2+95%Ar). The morphology of nanowire 
provides more adsorption sites for redox reaction, and 
the valance states between Ce4+ and Ce3+ were 
regulated in the crystal, increasing or decreasing the 
contents of oxygen species. Moreover, this work 
focuses on the sensing properties, and reveals the 
sensor’s RT sensing mechanism towards linalool. In 
the course of storage, with the changes of circumstances 
(e.g., period, temperature, humidity, etc.), the sensory 
quality of rice will deteriorate, displaying an unpleasant 
aroma profile. Consequently, the practicability of the 
as-developed gas sensor in rice quality inspection was 
verified by two varieties of rice (Indica and Japonica) 
stored at diverse periods (1, 3, 5, 7, 15, and 30 d). The 
results demonstrated that the work delivers a promising 
strategic material to develop high-performance RT 
electronic nose equipment to evaluate rice quality. 

2  Experimental 

2. 1  Synthesis procedure 

Oxygen vacancy engineering on CeO2 nanowires was 
synthesized via hydrothermal method combined with 
subsequent calcination, as schematically illustrated in 
Fig. 1. Typically, 0.5 g CeCl3·7H2O was mixed with 20 mL 
of NaOH aqueous solution (10 M) after being 
continuously stirred at least 40 min. Then the above 
solutions were sealed in a 50 mL Teflon-lined stainless  
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Fig. 1  Schematic illustrations of oxygen vacancy engineering on CeO2 nanowires. 
 

steel autoclave and maintained at 130 ℃ for 24 h. 
Naturally cooled down to RT, the solid precipitates 
were collected via centrifugation and rinsed alternately 
with deionized water (DI) and absolute ethanol to 
remove impurities, followed by drying in vacuum at 
70 ℃  for 24 h. Ultimately, the precursors were 
annealed at 400 ℃ for 2 h with a heating rate of 3 ℃/min 
under different controlled atmospheres (air, Ar, and  
5%H2+95%Ar). Correspondingly, the as-obtained 
samples were designated as S1 (air), S2 (Ar), and S3 
(5%H2+95%Ar). 

2. 2  Characterization 

The morphologies and crystal structures of the as- 
obtained precipitates were inspected via the field 
emission-scanning electron microscope (FE-SEM; S4800, 
Hitachi, Japan) and transmission electron microscope 
(TEM; Tecnai 12, Philips, the Netherlands), and the 
X-ray diffractometer (D8 Advance, Bruker, Germany), 
respectively. The existence and surface chemical states 
of relevant elements were inspected via the high-angle 
annular dark-scanning transmission electron microscope 
(HAADF-STEM; Tecnai 12, Philips, the Netherlands) 
combined with the energy dispersive spectroscope 
(EDS; Tecnai 12, Philips, the Netherlands) and X-ray 
photoelectron spectroscope (XPS; ESCALAB250Xi, 
Thermo Fisher Scientific, USA). The specific surface 
areas of all the samples were investigated via nitrogen 
adsorption–desorption measurement based on Brunauer– 
Emmett–Teller (BET; Autosorb IQ3, Quantachrome 
Instruments, USA) method. 

2. 3  Fabrication and measurement of sensors 

All sensors were fabricated via mixing the powders 

with DI and grinding to be a homogeneous paste. 
Subsequently, the slurry was dip-coated onto the 
electrode. The experimental equipment employed in 
this experiment was based on Ref. [11]. Purified air 
(21%O2+79%N2) was bubbled through the liquid 
linalool. Then the resulting gas molecules were further 
diluted prior to being exposed to the sensitive materials. 
Additionally, the concentration of linalool gas was 
calculated by Eq. (1) [17] and controlled via mass flow 
controllers (MFCs; FS-200CV, Bronkhorst, Germany). 
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where linaloolVapor pressure  represents the vapor pressure 

of liquid linalool, 0.17 mmHg at 25 ℃. 
The sensing performance of the fabricated sensors 

was performed via a home-made gas tester (HCRK- 
SD101, Huachuang Ruike, China) under laboratory 
conditions (25±1 ℃, 30%±5% relative humidity (RH)). 
And the response was defined as the ratio between Ra 
and Rg, where Ra and Rg were the electrical resistances 
when the sensor was exposed to air and air/linalool 
mixture after reaching a steady state. The response (τres) 
and recovery (τrec) time was calculated as the time 
required for achieving 90% of the electrical resistance 
change during the adsorption and desorption of linalool. 

3  Results and discussion 

3. 1  Characterization of CeO2 nanowires 

To observe the morphologies and crystal structures of 
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all the precursors annealed under different controlled 
conditions, the FE-SEM images and diameter distributions 
of S1, S2, and S3 are displayed in Figs. 2(a)–2(c). It is 
apparent that all the powders exhibited nanowire 
morphology with an average diameter of 50±10 nm. 
This unique nanostructure has a high length–diameter 
ratio, large contact area, and modified physical and 
chemical properties, resulting in a large surface-to- 
volume ratio [18,19]. Except for nanowires’ aggregation 
and partial fracture, the morphologies were not 
dramatically changed. And this fracture was chiefly 
because of the intense ultrasonic and agitation prior to 
the FE-SEM examination. To investigate the crystal 
structure of CeO2 nanowires, the TEM image of S1 is 
revealed in Fig. 2(d). Both the FE-SEM and TEM 
images displayed the uniform diameter distribution of 
CeO2 nanowires. As illustrated in Fig. 2(e), the spacing 
of lattice fringe, perpendicular to the growth direction, 
is 0.19 and 0.31 nm, corresponding to the (220) and 
(111) planes, respectively. Figure 2(f) depicts the 
selected area electron diffraction (SAED) image, 

indicating that the preferential growth direction was 
[110] [20]. Meanwhile, the HAADF-STEM image of 
S1 is demonstrated in Fig. 2(g). And the corresponding 
element mappings (Figs. 2(h) and 2(i)) display that the 
cerium (Ce) and oxygen (O) elements were uniformly 
distributed and co-existed. Hence, the CeO2 nanowires 
were successfully synthesized and maintained through 
hydrothermal method combined with subsequent 
calcination under diverse conditions. Furthermore, the 
formation mechanism of the cubic CeO2 nanowires is 
schematically demonstrated in Fig. 2(j). At high NaOH 
concentration (10 M), NaOH rapidly hydrolyzed to 
generate extensive OH− in hydrothermal method, 
resulting in fast thermal hydrolysis of cerium ions at 
130 ℃ . Meanwhile, the high NaOH concentration 
might have a great influence on the stereo configuration 
of cerium complex similar to the cubic structure [21]. 

To investigate the crystal structures of CeO2 nanowires 
annealed under different controlled conditions, the 
X-ray diffraction (XRD) analysis is depicted in Fig. 3(a). 
All the samples were monocrystalline, which was 

 

 

 

 
 

Fig. 2  (a–c) FE-SEM images of S1, S2, and S3; (d) TEM and (e) HRTEM images; (f) SAED image; (g) HAADF-STEM image; 
and (h, i) EDS mappings of S1. (j) Schematic diagram of formation mechanism of CeO2 nanowires. 
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Fig. 3  (a) XRD patterns; (b) UV–Vis absorption spectra (the inset shows the corresponding Tauc spectra); (c) Raman spectra of 
S1, S2, and S3; and XPS analysis of Ce 3d and O 1s spectra for (d, g) S1, (e, h) S2, and (f, i) S3. 

 
consistent with the TEM analysis, and the diffraction 
peaks were perfectly indexed to the fluorite-type CeO2, 
corresponding to the face-centered cubic phases (PDF 
34-0394). Besides, a prominent shift was not observed 
in the spectra, suggesting that the crystalline phase was 
maintained. Compared with the sample annealed under 
air, the peaks of S2 and S3 become sharper and 
stronger, which implies a higher crystallinity. The 
ultraviolet–visible (UV–Vis) absorption spectra of all 
the samples illustrated in Fig. 3(b) were analyzed to 
acquire the detailed information concerning the intrinsic 
performance. The spectra revealed that a large absorption 
tail was identified in the visible and near-infrared regions, 
which might be connected with the free electron and/or 
oxygen vacancy-induced polarons, indicating the existence 
of a larger number of oxygen vacancies [11,22]. As 
demonstrated in the inset in Fig. 3(b), the band gaps of 
the three samples calculated via Tauc equation were 
2.95, 2.81, and 2.73 eV. The introduction of oxygen 
vacancy dramatically reduced the band gap, which was 
primarily because of the reduction from Ce4+ to Ce3+, 
leading to the high conductivity of oxygen ions [23]. 
Raman spectra displayed in Fig. 3(c) indicated that the 

band of CeO2 nanowires located at around 460 cm−1 
could be generally ascribed for the Raman active 
vibrational mode of the fluorite-type structure. And 
compared with S1, the peaks of S2 and S3 slightly 
shifted towards a higher wavenumber, suggesting different 
oxygen vacancy contents because of the presence of 
lower oxidation state Ce3+ [24]. To effectively confirm 
the chemical compositions and oxidation states, the 
XPS analysis was also conducted. Figures 3(d)–3(f) 
reveal the Ce 3d spectra of all the as-synthesized 
samples. These spectra were deconvolved into eight 
peaks, corresponding to two kinds of oxidation states 
of Ce ions. The peaks (u'' and v'') were attributed to 
Ce3+ oxidation states, whereas the peaks (u, u', u''', v, v', 
and v''') were ascribed for Ce4+ [25,26]. Ce3+ oxidation 
states implied the existence of unsaturated chemical 
bonds and oxygen vacancy. According to Ref. [27], the 
integrated areas of Ce4+ and Ce3+ were calculated, as 
summarized in Table 1. And then, the concentrations of 
Ce3+ in S1, S2, and S3 were estimated to be around 
0.12, 0.17, and 0.19, respectively (Table 2). It is 
obvious that S3 exhibited a higher concentration of 
Ce3+ ions, which might be closely related to the positively-  
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Table 1  Integrated areas of individual XPS peaks of 
Ce 3d in S1, S2, and S3 

 
Ce 3d3/2 Ce 3d5/2 

u u' u" u''' v v' v" v''' 

S1 118,785 56,892 50,114 92,002 101,392192,503 43,524 115,440

S2 58,886 37,291 14,298 36,116 63,649102,068 68,182 83,519

S3 97,436 66,359 38,520104,897 119,308158,139 123,977 142,368

 
Table 2  Concentrations of Ce3+ and Ce4+ ions and 
stoichiometry ratios of CeO2 nanowires annealed under 
different controlled conditions 

 
Concentration Stoichiometry ratio

Ce3+ Ce4+ OL OC OV xa x' b 

S1 0.12 0.88 0.72 0.11 0.17 1.94 1.75 

S2 0.17 0.83 0.59 0.13 0.28 1.92 1.56 

S3 0.19 0.81 0.51 0.16 0.33 1.91 1.27 

Note: ax = [O]/[Ce] = 1.5Ce3+ + 2Ce4+, bx' = [O1s]/[Ce3d] = (AO/ACe) × 
(SCe/SO), where SCe = 7.399, and SO = 0.711. 

 
charged Ce ions with accompanying charge compensated 
electrons [28]. The generation of defective structures 
has been closely related to the interaction between 
metal oxides and hydrogen via losing the lattice 
oxygen (OL) bonded with Ce–O–Ce to form oxygen 
vacancy (OV) based on the following process (Reaction 
(2)) [29]. Accordingly, regulating the electronic structure 
and surface chemical states of CeO2 nanowires with 
different oxygen vacancy contents via a simple method, 
including annealing the precursor under different controlled 
atmospheres, made them become the promising strategic 
materials for sensing application. Additionally, the O 1s 
spectra demonstrated in Figs. 3(g)–3(i) can be divided 
well to three Gaussian–Lorenz peaks centered at around 
528.6, 529.8, and 530.9 eV, accounting for OL, surface 
chemisorbed oxygen (OC), and OV, respectively [30]. 
And the relative quantitative analysis of O 1s spectra is 
also illustrated in Table 2. The value of x' (x' = 
[O1s]/[Ce3d]) was smaller than that of x (x = [O]/[Ce]), 

confirming that the formation of oxygen vacancy was 
accompanied by an increase of Ce3+ ion. The existence 
of oxygen vacancy will generate adequate adsorption 
sites, improving the proportion of absorbed oxygen 
species participated in the redox reaction [14]. Additionally, 
as illustrated in Fig. 4, the specific surface areas of S1, 
S2, and S3 were 14.54, 32.91, and 83.95 m2/g, respectively, 
indicating that the surface chemical states were modified 
after annealing under different controlled conditions. 
Consequently, the sample with high specific surface 
area was beneficial to adsorbing target gas molecules, 
contributing to significantly enhancing the gas sensing 
performance of S3. 

 3Ce4+ + OL + H2(g) → 4Ce3+ + OV + H2O (2) 

3. 2  Gas sensing performance 

RT gas sensing performance of S1, S2, and S3 was 
comprehensively investigated. Figure 5(a) shows the 
variations of electrical resistance of the sensors towards 
various concentrations of linalool. The resistance increased 
when exposed to purified air and eventually displayed 
a high state ranging from 1 to 10 GΩ. Once linalool 
was introduced into the testing chamber, the resistance 
decreased. When the purified air was released again, 
the resistance returned to Ra, indicating that all sensors 
exhibited n-type characteristics. Besides, it can be seen 
that the Ra of S2 and S3 decreased, which could be 
ascribed for the influence of oxygen vacancy. Normally, 
electrons trapped in the donor level were directly 
excited into the conduction band of the sample, 
increasing the carrier concentration of conduction band, 
and eventually displaying lower electrical resistance 
(Ra) [31,32]. As seen from Fig. 5(b), it is obvious that 
controlling the annealing atmosphere significantly 
influences the gas response, and all the sensors 
demonstrated an excellent positive linear correlation 
with the ppm-level linalool concentration. The S3 

 

  
 

Fig. 4  N2 adsorption and desorption isotherms of S1, S2, and S3. 
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revealed the highest response towards linalool. 
Specifically, the gas response of S3 towards 20 ppm 
linalool is 16.7, which is approximately 3.2 and 2.4 
times higher than those of S1 and S2 (Fig. 5(c)), 
respectively. This enhancement was nearly similar to 
the sequence of increasing OV concentration measured 
by the XPS (Table 2), which was chiefly due to that the 
presence of oxygen vacancies efficiently increased the 
concentration of adsorbed oxygen, thus contributing to 
an increase in response. Besides, the specific surface 
area of S3 illustrated in Fig. 4 was 83.95 m2/g, which 
was much larger than those of S1 (14.54 m2/g) and S2 
(32.91 m2/g). And a higher specific surface area could 
provide adequate sites for the adsorption of linalool 
molecules, thus contributing to a higher sensor 
response. Meanwhile, it is worth noting that S3 was 
not inclined to be saturated even if the concentration of 
linalool achieved 20 ppm, displaying that the as-developed 
sensor could be able to inspect linalool at a wide range. 
Hence, it turns out that S3 shows excellent RT gas 
sensing performance and is also available for a wide 

range of linalool sensing. And based on Ref. [33], the 
detection limit for linalool in S3 was calculated to be 
approximately 0.54 ppm. The dynamic response– 
recovery curves towards 20 ppm linalool shown in Fig. 
5(d) are also analyzed to assess the sensing properties 
of the sensor. It can be calculated that the τres and τrec 
were 26 and 144 s (S1), 21 and 131 s (S2), and 16 and 
121 s (S3), respectively. The short response time might 
be due to the rapid diffusion of linalool among the 
CeO2 sensitive layers. While the τrec was long, primarily 
because the energy obtained from RT was much lower 
than the activation energy for linalool molecule 
desorption [34]. In view of practical application of the 
as-developed sensor, an outstanding capability is to 
distinguish linalool from various atmospheres [35]. We 
also investigated the selectivity of all the sensors 
towards 20 ppm of different kinds of target gases (NH3, 
NO2, CO2, C9H18O, and C5H5N), as illustrated in Fig. 
5(e). These results indicate that S3 has superior 
selectivity to linalool gas. This might be primarily 
accounted that the ethyl groups in linalool led to the  

  

 

 
 

Fig. 5  (a) Changes in electrical resistance towards different concentrations of ppm-level linalool at RT; (b) linear 
relationship between response and concentrations (4–20 ppm); (c) responses and (d) dynamic response–recovery curves of S1, 
S2, and S3 to 20 ppm linalool; (e) responses of S1, S2, and S3 to 20 ppm different target gases; (f) reproducibility of S3 to 20 
ppm linalool; (g) response and electrical resistance of S3 to 20 ppm linalool under various RH; (h) long-term stability of S3 
to 20 ppm linalool; and (i) gas-sensing performance in comparison with other state-of-the-art linalool sensors.  
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highest electron-donating ability among various 
atmospheres [16]. Besides, more oxygen vacancies in 
S3 could promote the adsorption of linalool molecules, 
which was due to the strong electron affinity interaction 
between linalool molecules with oxygen vacancy [38]. 
Consequently, linalool molecules were more easily 
adsorbed onto the CeO2 sensitive layer and reacted 
with its chemisorbed oxygen to reach a higher response. 
Moreover, the responses to 20 ppm linalool were 
measured within five cycles to verify the repeatability 
of S3 (Fig. 5(f)), and there are no major changes in Ra 
and gas response, indicating excellent repeatability. 
Additionally, it is well recognized that humidity will 
exert a substantial influence upon the application of 
sensor. Therefore, the responses and Ra towards 20 ppm 
linalool under various RH were calculated to 
investigate the effect of RH on S3. With the RH 
ranging from 0% to 30%, the response significantly 
decreased from 16.7 to 3.1. This is owing to the 
introduction of water, decreasing the number of active 
sites and impeding the adsorption of linalool molecules 
[39]. Meanwhile, the chemisorbed oxygen species 
reacted with H2O molecules decreased the Ra (the inset 
in Fig. 5(g)) and the sensor response [40]. Moreover, 
long-term stability was also a crucial factor for further 
evaluating the service life of sensor. As shown in Fig. 
5(h), there is no obvious attenuation and fluctuation on  
 

both response and Ra towards 20 ppm linalool within 
15 d, demonstrating good long-term stability. Additionally, 
the gas-sensing performance compared with other  
state-of-the-art linalool sensors operated at a low 
temperature (150 ℃) or RT (Fig. 5(i)) indicated that S3 
with extensive oxygen vacancies still displayed a good 
sensor response even at a lower concentration of 
linalool. Hence, it is a competitive linalool sensor, which 
could be employed to inspect rice aging. 

3. 3  Gas sensing mechanism 

According to the characteristic space charge model of 
n-type metal oxide semiconductors, the RT gas sensing 
mechanism of S3 towards ppm-level linalool was 
proposed, as illustrated in Fig. 6. Specifically, when 
exposed to purified air, oxygen molecules were adsorbed 
onto CeO2 sensing materials and captured free electron 
from the conduction band to generate the adsorbed oxygen 
species (O2

–) [41], simultaneously producing an electron 
depletion region and a potential barrier (Figs. 6(a)  
and 6(c)), contributing to a decrease in the electron 
concentration of CeO2, and displaying an increase in 
the resistance [42,43]. While linalool gas was 
introduced, C10H18O(g) was firstly transformed into 
C10H18O(ad) (Reaction (3)) [11]. And then the redox 
reaction between C10H18O(ad) and O2

– was performed.  

 
 

Fig. 6  Schematic illustration of RT sensing mechanism of S3 towards ppm-level linalool: (a, c) in air; (b, d) in linalool (Ec: 
conduction band bottom; Ef: Fermi level; Ev: valence band top). 
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The ultimate reaction could generate C10H16O(ad), 
H2O(g), and free electrons (Reaction (4)), decreasing 
the depletion region and potential barrier (Figs. 6(b) 
and 6(d)) [44]. Owing to the release of electrons onto 
the conduction band of the sensing material, the sensor 
subsequently showed a decrease in electrical resistance 
[45,46]. 

 C10H18O(g) → C10H18O(ad)  (3) 

2C10H18O(ad) + O2
–(ad) → 2C10H16O(ad) +2H2O(g) + e−  

                         (4) 
The enhanced RT sensing performance of S3 for 

linalool is generally owing to the following aspects: 
the nanowire morphology, high specific surface area, 
and increased percentage of OV and OC. The nanowire 
structure with a large surface-to-volume ratio could 
offer a feasible pathway for the transmission and 
diffusion of linalool. Secondly, the S3 manifested a 
larger specific surface area of 83.95 m2/g, which was 
beneficial to the adsorption of linalool gas, resulting in 
an excellent sensor response [47,48]. Thirdly, the 
percentage of OV and OC in S3 measured from the XPS 
analysis (Table 2) was larger than that of S1 and S2, 
providing adequate adsorption sites for the redox 
reaction. Additionally, Ce3+ would replace Ce4+, and 
oxygen vacancy would also produce to reach the 
balance of charge [49,50]. Hence, the proportion of OV  
 

was further increased, and the negative charge was 
released onto the conduction band, simultaneously 
increasing the carrier concentration [51–53]. 

3. 4  Practicability of gas sensor 

To effectively verify the practicability of the as-developed 
sensor in rice quality inspection during storage, the 
variations of electrical resistance of the sensor based 
on S3 exposed to the resulting VOCs, generated from 
two kinds of rice (Indica and Japonica rice) stored in 
various periods (1, 3, 5, 7, 15, and 30 d), were 
monitored (Fig. 7(a)). As shown in Fig. 7(b), the 
response towards the VOCs produced via aging of 
Indica rice was 80.2, which was around 2.2 times 
higher than that of Japonica rice (36.1), demonstrating 
that the S3 may be able to distinguish Indica rice from 
Japonica rice. Additionally, in Fig. 7(c), the response 
fluctuated slightly within different storage periods (3, 5, 
7, 15, and 30 d). This was chiefly because of the slow 
aging process of Indica rice [1,5,11], and the testing 
conditions, including temperature, air pressure, and 
humidity would also have a substantial influence upon 
the response obtained from this study. The experimental 
results illustrate that the sensor based on S3 may have 
a tremendous application prospect in inspecting rice 
quality during storage. 

 
 

Fig. 7  (a) Schematic diagram of the sensor testing system for detecting VOCs generated from 30 g Indica and Japonica rice;  
(b) response measured under exposure to VOCs generated from two rice aging; and (c) response towards VOCs generated from 
30 g Indica rice stored in various periods. 
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4  Conclusions 

In this study, oxygen vacancy engineering on CeO2 
nanowires was developed through simple hydrothermal 
method combined with calcination under different 
controlled atmospheres (air, Ar, and 5%H2+95%Ar). 
The results revealed that the S3 exhibited outstanding 
sensing properties towards ppm-level linalool at RT. 
This enhanced sensing performance can be ascribed for 
(1) the nanowire morphology with a high surface-to- 
volume ratio was advantageous to the transmission and 
diffusion of linalool; (2) S3 exhibited a larger specific 
surface area (83.95 m2/g), providing adequate adsorption 
sites for the adsorption of linalool; (3) an increase in 
OV and OC components was accompanied by an increase 
of Ce3+ ions through annealing under 5%H2+95%Ar 
atmosphere, increasing the oxygen species that reacted 
with linalool. Additionally, the practical experiment 
also manifested that the S3 sensor was able to 
distinguish Indica rice from Japonica rice and monitor 
rice quality changes during storage. Hence, this study 
anticipates providing a tremendous application prospect 
in the research and development of high-performance 
RT electronic nose equipment utilization for a large- 
scale inspection of rice quality during aging. 
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