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ABSTRACT: Detection of lung cancer biomarkers (LCBs) from exhaled breath in the early stage can lower the mortality of 
lung cancer. We report a highly sensitive Dealuminated Zeolite Y (DaY)/SnO2 nanoparticles (NPs) based sensor for the 
detection of LCBs at low concentrations. The sensing performances were tested with 200 ppb of propanol, formaldehyde, 
and toluene LCBs at different operating temperatures from 175 °C to 300 °C. The sensor was found to be highly efficient for 
propanol detection with a remarkable ~ 96 ± 2 % relative response and a fast response time ~10 ± 1 s at 275 °C. The sensor 
stability was evaluated with multiple loading-deloading cycles with concentrations from 70 to 200 ppb of propanol. The 
DaY/SnO2 NPs sensor was stable for multiple detection cycles of LCBs and exhibited a high relative response at 225 °C for 
concentrations as low as 70 ppb of propanol. The activation energy was calculated for all LCBs and the lowest was measured 
for propanol at 56.7 kJ/mol. The DaY zeolite plays the role of an excellent catalyst to the dehydration of propanol molecules 
into propene. A sensing mechanism was also proposed for the DaY/SnO2 NPs sensor based on the catalytic behavior of the 
zeolite DaY as well as the role of the activation energy of LCBs on SnO2 NPs surface.  

KEYWORDS: Lung cancer biomarker sensor, Exhaled breath volatile organic compounds, Propanol, DaY zeolite, SnO2 nano-
particles. 

1. INTRODUCTION 

Lung cancer is a leading cause of death worldwide, with 1.8 
million deaths reported in 2020 according to the most re-
cent World Health Organization (WHO) reports1,2. Several 
methods are used for the diagnosis of this respiratory dis-
ease, such as chest X-ray, low-dose computer tomography 
and sputum cytology etc.3–6. These methods are usually 
costly and are used to detect this disease in late-stage can-
cer patients which is ineffective in reducing the lung can-
cer mortality. In the study of Pauling et al7, they introduced 
the detection of Volatile organic compounds (VOCs) in hu-
man exhaled breathe and proposed the analysis of exhaled 
VOCs as a non-invasive method for the diagnosis of lung 
cancer. Recently, many studies explored the analysis of 
VOCs found in the exhaled breath for the early diagnosis 
of lung cancer8,9. In fact, the exhaled human breath con-
sists of hundreds of VOCs at very low concentrations (na-
nomolar/picomolar) along with O2, N2, CO2 and water va-
por. The presence of specific VOCs considered as lung can-
cer biomarkers (LCBs) can serve as an early diagnosis of 
lung cancer10,11. Clinical trial reports of A. Wehinger et al12, 
M. Koureas et al13 and others14–16 show among the many 
VOCs found in exhaled breath, propanol (up to 450 ppb), 
formaldehyde (up to 1582 ppb) and toluene (up to 30 ppb) 
were found in the exhaled breath of primary lung cancer 
patients. 

 

The development of a cost effective, highly sensitive, and 
reliable sensor that can detect trace level of LCBs (ppb 
level) from exhaled breath is needed to track early stage of 
lung cancer. SnO2 based gas sensors are an appealing 
choice owing to their high sensitivity, fast response and 
low cost, however, their lack of selectivity limits their use17–

19. In the last few years, adding a zeolite to SnO2 based sen-
sors enhanced the selective detection of VOC due to the 
zeolite’s limited aperture size and their strong catalytic 
properties20–22. The limited aperture size acts as a filter to 
VOCs with a larger molecular size. On the other hand, the 
cations give rise to a strong electrostatic field inside the 
pores and play an important role as a catalyst that helps in 
the selective adsorption of targeted VOCs23,24. Moreover, 
the dealumination of zeolites increases the cations density 
and the mesoporous volume without any change in the ze-
olite’s structure25,26. The dealumination also supports in 
the selective adsorption of VOCs on account of changes in 
the acid catalysis property of zeolite. 

   

S. Wu et al27 studied the dynamic adsorption of toluene, 
cyclohexane, butyl acetate, methyl ethyl ketone, and pro-
panol on different percentile of dealuminated zeolite Y 
(DaY) mixed with ZSM-5 (DaY-65%/ZSM-5 and DaY-
50%/ZSM-5) and compared the adsorption and desorption 



 

phenomena with pure ZSM-5. The breakthrough time of 
propanol with DaY-65%/ZSM-5 was found to be less than 
half of other VOCs as well as lower compared to DaY-
50%/ZSM-5 and pure ZSM-5 adsorbents. This can be ex-
plained by the fact that the fast transfer of propanol leads 
to a short local equilibrium time which can be favorable for 
the development of a fast response sensor. D. G. Lee et al28 
studied the adsorption and thermal regeneration (from 50 
to 300°C) of acetone and toluene vapors in DaY zeolite. 
They reported that the breakthrough time of toluene was 
shorter than acetone and was showing a strong adsorption 
affinity on the DaY. Moreover, the energy required for the 
regeneration of acetone increased drastically. While for 
toluene, the energy required is constant and no distinct re-
duction of the uptake occurs after several cycles. These ob-
servations support the use of DaY for a repeatable LCBs 
sensor development. Recently, G. Gregis et al29 successfully 
detected extremely low concentrations of LCBs: propanol 
(~20 ppb), toluene (~25 ppb) and o-xylene (~5 ppb) using 
a SnO2 sensor and a DaY filled micro-preconcentrator. In 
this work, the authors suggested that propanol can be cat-
alytically decomposed on DaY zeolite acid sites during the 
desorption at 250°C and leads to its dehydration into pro-
pene. This study shows that DaY is a catalytically reactive 
zeolite that can promote the detection of trace level LCBs. 
According to the reported literature, DaY represents a suit-
able adsorbent for the development of a selective LCBs sen-
sor with a fast response, thermally stable and with a good 
repeatability. 

  

In this work, we developed a low cost, highly sensitive with 
a fast response time DaY decorated SnO2 nanoparticles 
(DaY/SnO2 NPs) based LCBs sensor for the early diagnosis 
of lung cancer. Crystalline SnO2 NPs were synthesized us-
ing the sol-gel method and commercial DaY (99.5% pure) 
zeolite was added using a simple drop casting approach. 
The responses of the DaY/SnO2 NPs sensor were measured 
at different operating temperature ranging from 175 to 
300°C for propanol, formaldehyde and toluene LCBs. In ad-
dition, the activation energy for each LCB on DaY/SnO2 
NPs was calculated using Arrenius equation to understand 
the selective sensing behavior. Sensor’s repeatability and 
stability was evaluated in order to conduct a hysteresis 
study at 225°C for increasing and decreasing LCB concen-
trations. Gas sensing mechanism based on the zeolite’s ad-
sorption characteristics and activation energy is discussed 
to develop a low cost, portable and highly selective LCBs 
sensor. 

 

2. EXPERIMENTAL DETAILS 

2.1 Samples: SnO2 NPs: Tin oxide nanoparticles were pre-
pared using the sol-gel method. First, 5.13 g of SnCl4 was 
mixed in absolute ethanol and stirred for 24 hours. Then 
as-prepared solution (9.14 g triethylamine mixed in abso-
lute ethanol) was added in the SnCl4 solution very slowly 
drop by drop in 45 minutes. This mixture was then stirred 
for ~14 hours resulting in a precipitate named tin-sol.  Fi-
nally, tin-sol was mixed in 10 mL of ethanol and 10 mL of 

water and stirred for 4 hours followed by a thermal treat-
ment in the oven at 400°C for 40 hours in order to obtain 
crystalline SnO2 NPs. 

 

Zeolite DaY: A commercial hydrophobic dealuminated ze-
olite Y (DaY), with Na2(Al2Si190O384) as a chemical formula, 
was supplied by Degussa. Its particle size is in the range of 
1-5 µm. The textural properties were characterized using Ar 
adsorption-desorption isotherm in our previous work A. El 
Mohajir et al30. The BET area, total pore volume, micropore 
volume, mesopore volume and average pore diameter were 
estimated at 762 m2/g, 0.29 cm3/g, 0.27 cm3/g, 0.02 cm3/g 
and 10.1 Å, respectively. 

 

2.2 Characterizations: The crystalline analysis of SnO2 
NPs and DaY/SnO2 NPs was done using the X-ray diffrac-
tion (D-8 Advance Broker) technique, equipped with CuKα 
X-ray source and energy-dispersive 1D detector. The XRD 
patterns were obtained with a 2θ configuration ranging 
from 10° to 70° with a step of 0.02°. The crystalline phase 
was determined based on the Joint Committee on Powder 
Diffraction Standards (JCPDS) database. Functional 
groups identification and chemical signature analysis was 
done using FTIR (PIKE MIRacle single reflection ATR) 
spectroscopy. Each spectrum was recorded between 400 
and 4000 cm-1 with a 4 cm-1 spectral resolution. The surface 
morphology was studied using SEM (MEB/SEM Apreo S) 
characterization technique. 

 

2.3 Sensors and VOC sensing measurement: Schematic 
of the sensors fabrication steps from (i) to (v) are shown in 
Figure 1(a) along with the scheme and SEM images of 
SnO2, DaY and SEM image of DaY/SnO2 hybrid. As-pre-
pared SnO2 NPs (2 mg) were mixed in 5 ml ethanol and 
deposited on two commercial sensor platforms Heraeus 
MSP 632 of size 6.1 mm × 3.2 mm using the drop-cast 
method with a 3 µl drop. These platforms are equipped 
with interdigitated electrodes to measure the sensing 
layer’s resistance. A heating coil and a pt-1000 temperature 
sensor that allow the heating and measurement of the cor-
responding temperature of the sensing layer are also found 
on the MSP 632 platforms. After the deposition of SnO2 
NPs, the sensors were kept at room temperature (RT) for 
24 hours allowing the evaporation of ethanol and the for-
mation of the sensing film.  The DaY zeolite was decorated 
on one SnO2 NPs sensor with a 2 µl drop of the solution (10 
mg DaY in 5 ml ethanol) and was kept at RT for 15 hours. 
Thus, SnO2 NPs and DaY/SnO2 NPs sensors were prepared 
for LCBs sensing measurements. 

 

For the LCBs sensing measurements, each sensor was kept 
in a 500 ml chamber and aged under synthetic air (8% rel-
ative humidity at 25 °C) with a flow of 200 ml/min flow rate 
for 24 hours at 400°C to ensure the stabilization of the 
sensing film. Same synthetic air was used as carrier gas for 
the LCBs sensing measurements and their dilution. LCBs 



 

(propanol, formaldehyde, and toluene) vapors were ob-
tained using a permeation oven and the permeation rate 
was estimated to be 126 ng/min, 200 ng/min and 235 
ng/min for propanol, formaldehyde and toluene, respec-
tively. The sensing performances were evaluated at differ-
ent operating temperatures ranging from 175 to 300°C at 
different LCBs concentrations (200, 150, 100 and 70 ppb) 
that were obtained by the fraction of air and LCB. 

 

3. RESULTS AND DISCUSSION 

3.1 Structural and Morphological analysis: 

The XRD patterns of SnO2 NPs and DaY/SnO2 NPs are 
shown in Figure 1(b). The crystalline phase of SnO2 was ob-
tained with diffraction peaks at 31.3°, 39.7° and 61.4° corre-
sponding to (101), (200) and (310) lattice planes of rutile-
type SnO2 (JCPDS 41-1445)31. The average grain size was es-
timated at 3.3 ± 0.7 nm using Debye-Scherrer method. The 
standard phase of DaY-FAU zeolite peaks were identified 
at 22.4°, 24.4°, 28.3°, 30.8°, 32.4°, 36.8°, 37.5°, 38.8°, 39.6°, 
40.8° suggesting that the mixing of SnO2 NPs and DaY is 
well-ordered without any external impurity32. However, 
few peaks of DaY cannot be seen clearly due to overlaps 

with SnO2 peaks with no significant changes observed on 
the peaks of SnO2. This shows that adding DaY didn’t affect 
the crystallinity of the SnO2. Figure 1(c) shows the FTIR 
spectra of the SnO2 NPs and DaY/SnO2 NPs for further con-
firmation of their structural properties. In SnO2 spectrum, 
only O-Sn-O and Sn-O bands are observed at 614 and 825 
cm-1, respectively. Although along with O-Sn-O and Sn-O 
bands, additional bands of O-H stretching at 1268 and 1636 
cm-1, Brønsted acid sites band at 1455 cm-1, CO2 (from at-
mosphere) band at 2356 cm-1 and –OH stretching band at 
3430 cm-1 of Si-OH group were observed in DaY/SnO2. 
These additional bands correspond to the DaY and indicate 
a homogenous distribution of the zeolite over SnO2 NPs. 
The surface morphology was also studied using SEM tech-
nique. The SEM images of SnO2 NPs (top left) and 
DaY/SnO2 NPs hybrid (top right) and DaY (down right) are 
shown in Figure 1. The average size of SnO2 NPs is esti-
mated to be below 5 ± 1 nm and the typical size of identical 
grains of DaY is measured around hundreds of nm. DaY is 
well decorated over SnO2 and is regularly distributed 
throughout the sensing layer. 

 

  

 
Figure 1. (a) LCB sensor fabrication steps (i) to (iii) are devoted to SnO2 NPs deposition using the drop cast method on IDEs 
and heater integrated sensor platform and (iv) and (v) are devoted to DaY decoration on SnO2 NPs sensor along with the scheme 
and SEM images of SnO2 and DaY and SEM images of DaY/SnO2 hybrid sensing layer, (b) XRD patterns, and (c) FTIR spectra 
of SnO2 NPs and DaY/SnO2 NPs. 



 

  

3.2 LCBs Sensing Performance: DaY zeolite is an insula-
tor by nature and works as a size selective adsorbent. The 
sensing performances are attributed to SnO2 NPs distribu-
tion throughout the sensing layer of DaY/SnO2. It depends 
mainly on the reaction of LCBs with chemisorbed oxygen 
ions species (especially unstable 𝑂−) on the surface of SnO2 
NPs33,34. The density of oxygen ions species is highly de-
pendent on the operating temperature. The relative re-

sponse35 (∆𝑅 𝑅⁄ % = 
|𝑅𝑎𝑖𝑟 ~ 𝑅𝐿𝐶𝐵|

𝑅𝑎𝑖𝑟
 × 100, where 𝑅𝑎𝑖𝑟 is the re-

sistance of sensor in the air and 𝑅𝐿𝐶𝐵 is the saturated re-
sistance of the sensor after LCB loading in the gas cham-
ber) measurements on SnO2 NPs and DaY/SnO2 NPs sen-
sors were done from 175 to 300°C. Figure.2 shows the sen-
sor’s relative response curves in respect of time for 200 ppb 
of (a) propanol, (b) formaldehyde and (c) toluene at differ-
ent operating temperatures. The time-resistance curves for 
each LCB at different operating temperatures of both sen-
sors are detailed in the Figure.S1 of the supplementary file. 
Figure 2(d) summarizes the relative response variation 
with the operating temperature and Figure 2(e) showing 
the selectivity histogram for LCBs on SnO2 and DaY/SnO2 
hydride at 200 ppb and 275 °C operating temperature. The 
DaY/SnO2 NPs exhibit an enhanced response for 200 ppb 
of propanol compared to the SnO2 NPs sensor. The relative 
response increases drastically at high temperatures. A rel-
ative response of 96.4 ± 2.1 % was observed at 275°C indi-
cating that it’s the optimum working temperature. The rel-
ative response increases with the operating temperature 
due to the following reasons: (i) Adsorption of propanol on 

catalytically active acid sites of the DaY leading to the de-
hydration of propanol to propene29,36. The smaller mole-
cule of propene can then easily diffuse into the porous vol-
ume of DaY reacting with oxygen ions species on the sur-
face of SnO2. With increasing temperatures, the conversion 
of propanol into propene surges, whereas the dehydration 
into other products was ceased. (ii) At high temperatures 
(>150°C), the adsorption of unstable  𝑂− species on SnO2 
NPs surface is more dominating than stable 𝑂2

− and leading 
the creation of more unstable  𝑂− species37,38 and leads to 
an increase of the relative response of DaY/SnO2 sensor 
with the operating temperature (96.4 ± 2.1 % at 275°C). As 
shown in Figure.2 (d), the relative response for propanol is 
increasing linearly from 175 to 275°C and a slight decrease 
is observed at 300°C. A similar pattern was found for the 
SnO2 NPs sensor. The desorption rate on metal oxide based 
gas sensor can exceed the adsorption rate after a certain 
operating temperature39,40 which can explain the decrease 
of the relative response of DaY/SnO2 observed at 300°C. 
The relative response of the sensor was also recorded for 
other LCBs, formaldehyde and toluene. For 200 ppb of for-
maldehyde, it was measured at 18.6 ± 3.0 % at 175°C and 
increased with higher temperatures with the highest re-
sponse 37.5 ± 0.5 % recorded at 275°C. The relative re-
sponse for formaldehyde is lower than the one for propanol 
due to the conversion of formaldehyde to paraformalde-
hyde in the DaY cages41. The paraformaldehyde molecules 
are reside in nature inside the main mesopores or inside 
the secondary micropores of the DaY. The desorption from 
the zeolite is very slow at low temperatures (<400°C) and 

Figure 2. Sensor's relative response curve with time for 200 ppb LCBs (a) Propanol, (b) Formaldehyde and (c) Toluene at operating 
temperatures between 175 and 300°C, (d) relative response variation with operating temperatures and (e) selectivity histogram for 
LCBs on SnO2 and DaY/SnO2 hydride at 200 ppb and 275 °C operating temperature. 



 

higher temperatures are required for a quick desorption. 
Thus, a low amount of paraformaldehyde is accessible to 
react with the oxygen ions on the surface of SnO2 NPs at 
operating temperatures in the range of 175 to 275°C which 
leads to a relatively low response for formaldehyde. On the 
other hand, the relative response of the SnO2 NPs sensor is 
decreasing from 25.4 ± 2.3 %  at 175 °C to 6.8 ± 1.7 % at 300°C 
due to the high desorption rate of formaldehyde on SnO2 
NPs surface42. For 200 ppb of toluene, a low relative re-
sponse of the DaY/SnO2 NPs sensor (8.0 ± 0.6 %) was rec-
orded at 175°C. The operating tem perature had little to no 
effect on the sensitivity as 16.3 ± 0.9 % was recorded as a 
relative response at 250°C.  The SnO2 NPs showed similar 
performances despite the fact that toluene is strongly af-
fine to adsorb on the DaY and to desorb with short break-
through time form DaY28. In the study of K. Suematsu et 
al43, it was observed that toluene molecules were insuffi-
ciently combusted on the surface of SnO2 NPs even at 
550°C and toluene requires a high ac  tivation energy to 
react with the oxygen species. 

In addition to the relative response, the performances of 
gas sensors are also evaluated based on its response and 
recovery times. Figure. 3 shows (a) SnO2 and (b) DaY/SnO2 
sensor response time, and, (a) SnO2 and (b) DaY/SnO2 sen-
sor recovery time with varying temperatures of the 
DaY/SnO2 NPs sensor for LCBs. The response and recovery 
times were calculated as the required times to reach 90% 
of the saturation value after the exposure to a LBC, and to 
reach 10% of the saturation value after being exposed to air, 
respectively44–46. For DaY, the response time was found to 
be decreasing almost linearly with the operating tempera-
ture and measured at 0.40 ± 0.09 min. at 175°C, 0.16 ± 0.01 
min. (~ 10 s) at 300°C for propanol and found relatively low 
as compared to SnO2 sensor. A similar decrease was ob-
served for the other LCBs, from 1.62 ± 0.18 min. at 175°C to 
0.18 ± 0.02 min. at 300°C for formaldehyde and 3.62 ± 0.73 
min. at 175°C to 0.71 ± 0.19 min. at 300°C for toluene. But it 
was observed at significant high values as compared to 
SnO2 sensor. It is happen because addition of porous ma-
terial (DaY) creates extra disruption in the path of LCBs to 

reach at SnO2 surface in the sensor layer. The fast response 
at high temperatures is a result of the high number of avail-
able  𝑂− that are responsible of freeing electrons causing a 
fast decrease of the resistance of the SnO2. A similar behav-
ior was observed for the recovery time with increasing tem-
peratures. The recovery time decreased from 5.19 ± 0.77 
min. at 175°C to 1.48 ± 0.37 min. (~ 90 s) at 300°C for pro-
panol, from 5.63 ± 0.52 min. at 175°C to 1.98 ± 0.17 min. at 
300°C for formaldehyde, and from 5.91 ± 0.81 min. at 175°C 
to 3.88 ± 0.59 min. at 300°C for toluene. In the comparison 
of SnO2, the recovery time of DaY/SnO2 for all LCBs shows 
similar behavior as response time while in the case of tolu-
ene it did not change significantly. The relatively high re-
covery time at low temperatures can be attributed to the 
inefficient re-adsorption of oxygen ions species on SnO2 
NPs surface.  

Basically, a sensor’s performances are highly dependent on 
the reaction kinetics of LCBs with the oxygen ions species 
on the surface of SnO2 NPs that are dependent on the acti-
vation energy. The activation energy for each LCB was cal-
culated by applying the Arrhenius equation. Since dimen-
sions and phase of n-type SnO2 remain the same during the 
temperature variation, the Arrhenius equation gives the 
dependence of rate of change in resistance, K, on the abso-
lute temperature T (in kelvin)48,49: 

ln 𝐾 = 𝑙𝑛 𝐴0 −( ∆𝐸 𝑅𝑇⁄ )        (1) 

𝐴0 is the pre-exponential factors, ∆E is the activation en-
ergy, and R is the gas constant. The resistance’s rates of 
change (K ≈ dR⁄dt) were evaluated from the variation of the 
resistance change during a period of time after the exposi-
tion to 200 ppb of propanol, formaldehyde and toluene at 
different operating temperatures. The activation energy for 

Figure 3. (a) SnO2 and (b) DaY/SnO2 sensor response time, 
and, (a) SnO2 and (b) DaY/SnO2 sensor recovery time varia-
tion with different operating temperatures for 200 ppb LCBs. 

Figure 4. Arrhenius plots of rate of resistance change in re-
spect of temperature for (a), (c) and (d) SnO2 and (b), (d) and 
(f) DaY/SnO2 after 200 ppb exposure of propanol, formalde-
hyde and toluene, respectively. 



 

each LCB was calculated from the slope of Arrhenius plot 
which is basically a linear fitting of the logarithm of the re-
sistance rate dR⁄dt in respect to 1/T (K-1). Figure. 4 shows 
the Arrhenius plot for (a) propanol, (b) formaldehyde and 
(c) toluene and the calculated values of activation energy 
were 56.7 kJ/mol for propanol, 75.3 kJ/mol for formalde-
hyde, and 100.6 kJ/mol for toluene on the DaY/SnO2 NPs 
sensing layer. In the comparison of SnO2, the activation en-
ergy for propanol is low, for formaldehyde is high and 
found very similar for toluene. This observation is in the 
support of LCBs conversion over DaY zeolite (dehydration 
of propanol into propene, formaldehyde conversion into 
paraformaldehyde and, no conversion or no catalytically 
effect for toluene).  

The activation energy for propanol is lower than the other 
LCBs and our calculated activation energy of DaY/SnO2 is 
slightly more as compared to A. Vasile et al50 that reported 
an activation energy of 34 kJ/mol for propene on SnO2. This 
activation energy is very low compared to the activation 
energies reported by D. Kulkarni et al51 during propanol ox-

idation on SnO2 either for redox (96 kJ/mol) or acidic reac-
tions (310 kJ/mol). This implies that the DaY in the sensing 
layer is playing an active role as a catalyst for the conver-
sion of propanol to propene which leads to good perfor-
mances in the case of the DaY/SnO2 sensor. To evaluate the 
reliability of the DaY/SnO2 sensor, the stability and repeat-
ability were investigated and are shown in Figure.5. The ex-
periments were conducted at 225 °C with decreasing and 
increasing concentrations of propanol in order to test the 
reversibility and repeatability. The sensor showed good re-
peatability and as expected, the amplitude of the relative 
response decreases with decreasing concentration from 
63.2 ± 6.1 % at 200 ppb to 29.2 ± 5.5 % at 70 ppb (see Fig-
ure.5 (b)). Similarly, the response and recovery times (see 
Figure.5 (c)) of the sensor decreased with lower concentra-
tions. This shows that the DaY/SnO2 sensor is exhibiting 
an excellent stability and repeatability to different concen-
trations of propanol which makes it a reliable sensor for 
the detection of LCBs from lung cancer patients. 

 

  

Figure 5. (a) Hysteresis study for propanol, (b) relative response, and (c) response time and recovery time at 225 °C with 
decreasing and increasing propanol concentrations. 

 

3.3 LCBs-Sensing Mechanism: The LCBs sensing mecha-
nism on the DaY/SnO2 NPs is mainly influenced by (i) the 
catalytic conversion and diffusion of gas phase LCBs 
through the zeolite, and (ii) the activation energy required 
for LCBs to react with oxygen ions on SnO2 NPs surface. 
When propanol molecules interact with DaY at high tem-
peratures, these molecules are catalytically converted into 
propene through its dehydration over acidic sites of the ze-
olite according to the steps presented in figure 6 (a)29. On 
the other hand, formaldehyde molecules are trapped in the 
DaY cages as they form paraformaldehyde41 and are unable 

to desorb completely from the zeolite. Moreover, toluene 
molecules exhibit a high affinity towards DaY, but they re-
quire a high activation energy to react with the oxygen ions 
on SnO2 NPs surface. As reported in several studies, in the 
presence of synthetic air, the oxygen ions species (𝑂−, 𝑂2− 
and 𝑂2

−) are chemisorbed leading to the creation of a de-
pletion region at the surface of SnO2 NPs17–19,37,43,52. These 
oxygen ions are totally dependent on the operating tem-
perature and at high temperature (>150°C), unstable  𝑂− 
ions are the dominant oxygen species. When LCBs react 



 

with  𝑂− ions, the trapped electron is released into the con-
duction region causing a decrease of the width of the de-
pletion region of the SnO2 NPs. Figure.6 (b)-(e) shows a 
schematic of the relative change in the depletion region of 
SnO2 NPs in the presence of (b) synthetic air and of LBCs 
(c) propene (following the dehydration of propanol), (d) 
formaldehyde and (e) toluene with their combustion into 
CO2 and H2O. For n-type SnO2, propene molecules react 
with adsorbed  𝑂− ions and release electrons. These reac-
tions are the main cause of the decrease in the resistance 
of SnO2 while the sensor is exposed to LCBs. Due to the low 
activation energy required for propene to react with  𝑂− 
ions compared to formaldehyde and toluene, the 
DaY/SnO2 sensor exhibits a high response for propene with 
the maximum change in the depletion region. Another im-
portant factor governing the interaction of LCBs with the 
sensing material is the operating temperature. The density 
of chemisorbed  𝑂− ions on the surface of SnO2 NPs in-
creases with higher operating temperatures and leads to a 
large change in the depletion region causing an increase of 
the sensor’s resistance. A high sensitivity is then observed 
due to the higher density of  𝑂− ions interacting with the 
LCB molecules causing a decrease of the sensor’s 
resistance.  

 

4. CONCLUSIONS 

For the early diagnosis of lung cancer from exhaled human 
breath, a cost-effective DaY/SnO2 NPs sensor was able to 
detect extremely low concentrations of LCBs with a high 

response. Moreover, DaY/SnO2 NPs sensor showed re-
markable enhanced sensing response ~ 96 % for 200 ppb 
propanol at 275 °C with a record rapid detection time ~10 
s. This miniaturized sensor was found to be stable with re-
peatable detection cycles of LCBs at different concentra-
tions and temperatures. The LCBs sensing mechanism for 
DaY/SnO2 NPs sensor was also proposed and is mainly at-
tributed to the zeolite’s catalytic role and to the activation 
energy of reactive LBCs. Indeed, DaY/SnO2 NPS showed 
great sensitivity towards LCBs. In conclusion, this work in-
troduced a cheap, efficient, non-invasive and portable de-
vice for the diagnosis of early-stage lung cancer. 
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