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Abstract

:

Using the first-principles theory, the geometric and electronic properties of the Ru-doped PtTe2 (Ru-PtTe2) monolayer, and its sensing performance for three VOCs biomarkers, namely, 2-propenal (C3H4O), acetone (C3H6O) and isoprene (C5H8), were analyzed, to expound its potential for exhaled breath analysis and diagnosis of lung cancer. It was found that the Ru-substitution on the surface of the pristine PtTe2 surface with a Te atom is energy-favorable, with the formation energy of −1.22 eV. Upon adsorption of the three VOC gas species, chemisorption was identified with the adsorption energies of −1.72, −1.12 and −1.80 eV for C3H4O, C3H6O and C5H8, respectively. The Ru-doping results in a strong magnetic property for the PtTe2 monolayer, whereas the gas adsorption eliminates this magnetic behavior. The electronic properties reveal the sensing mechanism of the Ru-PtTe2 monolayer for gas detection, and the bandgap change indicates its admirable positive sensing response for the three gas species. Therefore, we conclude that the Ru-PtTe2 monolayer is a promising sensing material to realize the diagnosis of lung cancer through exhaled gas detection, with a remarkable decrease in its electrical conductivity. This work paves the way for further exploration of the PtTe2-based gas sensor for early diagnosis of lung cancer, and we hope that more sensing materials can be investigated using the PtTe2 monolayer.
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1. Introduction


Lung cancer, the second most prevalent cancer, has the highest morbidity and mortality rates among adult people [1], posing a great threat to human health globally. However, the current technologies used to make a definite diagnosis of lung cancer, including bold proteomic patterns, nuclear magnetic resonance and chest tomography [2,3], are at an advanced stage, and thus provide no significant benefits to increase the survival rate for a lung cancer patient. Therefore, the early diagnosis of lung cancer is essential to increasing such prospects. It is reported that growing tumors in the human body can release several volatile organic compounds (VOCs) into the blood, which can then be exchanged in the lung [4]. Therefore, the exhaled VOCs of a lung cancer patient are remarkably higher in comparison with those of a healthy person [5]. Scholars in this field have thus proposed exhaled breath analysis to identify possible patients and related severity [6,7,8]. This has been regarded as a rapid and workable approach, which does not cause trauma, to address the issue of lung cancer [9,10]. Such VOCs, including hydrocarbons such as isoprene (C5H8), hydrocarbon derivatives such as acetone (C3H6O) and 2-propenal (C3H4O), and several aromatic hydrocarbons [11,12,13], are so-called biomarkers that show the dysfunction severity of human lungs. Given the low concentration of the biomarkers of lung cancer, which are within the ppm level, the gas-sensing technique should have the advantage of high sensitivity to gas species.



Regarding VOC detection, the nanosensing method has great potential, with the advantages of low cost, high sensitivity and rapid response [14,15]. In recent years, the transition-metal dichalcogenides (TMDs), discovered as novel two-dimension (2D) materials with a tunable semiconducting property [16,17,18], have been closely studied as novel sensing materials for gas detection [19,20,21]. Increasingly, the noble TMDs, such as PtS2 and PtSe2, have been theoretically and experimentally proven to have diverse electronic properties in comparison with the popular TMDs such as MoS2 and MoSe2 [22,23,24]. Specifically, PtS2 and PtSe2 monolayers have been demonstrated to have a high sensing response and short response time [25,26], and thus have high potential as gas sensors. In addition, metal-doping can significantly promote the adsorption and sensing behaviors of the sensing material for gas species [27,28,29], which allows their typical application in harsh environments, with good sensitivity [30]. By comparison, the PtTe2 monolayer and its TM-doped counterparts, to the best of our knowledge, have been less explored for gas sensing applications, although the geometric and electronic properties of TM-doping are well-predicted in previous studies [31,32,33]. In this regard, the TM-doped PtTe2 monolayer may be a promising candidate with admirable sensing performance for gas detection, which stimulated the focus of our attention on this field [34,35].



In this work, we simulated the adsorption and sensing performance of a Ru-doped PtTe2 (Ru-PtTe2) monolayer for three typical VOCs, namely, C3H4O, C3H6O and C5H8, to investigate its potential as a gas sensor for lung cancer diagnosis. The Ru atom, which has been proven to have good catalytic behavior for gas interactions [36,37,38], was selected and replaced with a Te atom of the PtTe2 monolayer to establish the Ru-PtTe2 structure, and we believed that this may result in favorable performance for VOC sensing. The adsorption of three VOC molecules on the Ru-PtTe2 monolayer without considering the existence of oxygen or humidity was conducted in order to directly analyze the adsorption and sensing mechanism of the Ru-doped surface, so as to explore its theoretical potential as a gas sensor. All the simulations were theoretical calculations based on the first-principles theory, which can provide a comprehensive understanding of the Ru-PtTe2 surface and the gas molecule. However, the gas concentration in the current work could not be considered. Through this work, in the future, we aim to uncover the gas-sensing mechanism of the Ru-PtTe2 monolayer for VOCs, and hope to facilitate further cutting-edge investigations, especially in terms of experimental insights into PtTe2-based gas sensors.




2. Computational Methods


We carried out all of the first-principles simulations in the DMol3 package [39], and selected the generalized gradient-approximation (GGA) within the Perdew Burke Ernzerhof (PBE) function to determine the electron correlations and exchange [40]. A k-point mesh of 10 × 10 × 1 was sampled for geometric optimizations and the electronic calculations [41]. The Van der Waals force and the long-term reaction were treated by the dispersion-corrected DFT-D2 method, as proposed by Tkatchenko and Scheffler [42]. The energy tolerance accuracy and the global orbital cut-off radius were defined as 10−5 Ha and 5.0 Å, respectively, to ensure good accuracy of the calculated total energies for the structures [43].



A 4 × 4 × 1 supercell was established for the PtTe2 monolayer, which includes 18 Te atoms and 9 Pt atoms, to carry out the simulations, and a 20 Å vacuum area along the z direction to eliminate the interface interactions [44]. Furthermore, the Hirshfeld method was used to analyze the charge transfer (QT) in the gas adsorption systems, by which the negative values indicated the electron-accepting property of the gas molecules. The charged value of the Ru dopant (QRu) was analyzed in the same way. Moreover, the adsorption processes were conducted at room temperature, to obtain the optimized geometric structures and related parameters.




3. Results and Discussion


3.1. Morphologies of Gas Species and Ru-PtTe2 Monolayer


Figure 1 plots the optimized structures of three specific exhaled VOCs of lung cancer patients. One can find from the aspect of the bond length that the C-H, C-C, C=O and C=C bonds have the same length, although in different molecules, and the C=C bond is longer than the C=O bond but is shorter than the C-C bond. These findings reveal the stronger binding force for two atoms in their double bond format, and are consistent with a previous reference [45].



In this work, a Te atom of the pristine PtTe2 monolayer was replaced by a Ru atom to model the Ru-PtTe2 monolayer, in which the Ru-doping concentration was obtained as 3.7%, which is large enough for a 4 × 4 × 1 supercell, as previously mentioned [46,47]. This process is plotted in Figure 2. Moreover, the formation energy (Ef) is defined in the current work to estimate the difficulty of such process, calculated by Equation (1) [48]:


   E f  =  E     Ru - PtTe   2    −  E       PtTe   2    −  μ  Ru   +  μ  Te    



(1)




where    E     Ru - PtTe   2      and    E       PtTe   2      are the total energies of the Ru-PtTe2 and intrinsic PtTe2, respectively, and    μ  Ru     and    μ  Te     represent the chemical potential per Ru and Te atom in their bulk structures, respectively. Moreover, we repeatedly conducted the adsorption process to verify the good accuracy and repeatability of the adsorption parameters, and found that the accuracy of the current results, namely, the difference in the results among multiple simulations, can be 99.6%.



Figure 2a depicts the morphology of the pristine PtTe2 monolayer. It can be seen that that the Pt-Te bond is measured to be 2.74 Å, and the length of its constant lattice, from our calculations, is 4.03 Å, which are in good agreement with previous reports of 2.76 and 4.02 Å, respectively [31]. The morphology of the Ru-PtTe2 monolayer is shown in Figure 2b. It can be seen that the Ru dopant, on the substituted Te atom, seems to be located within the upper Te layer, making the Ru-Pt bond lengths (equally as 2.59 Å) shorter than the original Pt-Te bond length (2.74 Å). This phenomenon can be ascribed to the larger atomic radii of the Te atom (1.26 Å) in comparison with the Ru dopant (1.20 Å) [49]. Based on Equation (1), the Ef for Ru-doping on the intrinsic PtTe2 monolayer is increased to −1.22 eV, which means the Ru-doping process can release 1.22 eV to the surroundings of the PtTe2 monolayer. In other words, the substitution of a Ru atom with a Te atom in the pristine PtTe2 monolayer is fully exothermic and energy-favorable, and can occur spontaneously at room temperature [50,51]. Furthermore, the vibrational analysis shows that the frequencies of the Ru-PtTe2 monolayer range from 51.4 to 504.48 cm−1; without the imaginary frequency, this indicates its good chemical stability. Therefore, the Rh-PtTe2 monolayer can stably exist at room temperature without being affected by the volatilization issue, which allows its packaging for exploration of gas-sensing devices in the field of healthcare. From Figure 2c, in which the charge–density–difference (CDD) of the Ru-PtTe2 monolayer is shown, it can be seen that the electron accumulations are mainly on the Ru-Pt bonds, whereas the electron depletion occurs predominantly on the Ru atom. These distributions suggest the electron hybridization on the Ru-Pt bonds, in addition to the charge-donating property of the Ru atom that releases 0.052 e to the PtTe2 surface [28].



Figure 3 exhibits the band structure (BS) of pristine and Ru-doped PtTe2, and the orbital density of state (DOS) of the Ru and Pt atoms, to further elucidate the electronic properties of the PtTe2 surface caused by Ru-doping. First, focusing on the BS of the pristine PtTe2 monolayer, one can see that the bandgap is calculated to be 0.617 eV, and the valence band maximum is located at the Γ point and the conduction band minimum is located at the K point. These suggest that the pure PtTe2 monolayer has an indirect semiconducting property, in agreement with a previous study [52]. From the BS of the Ru-PtTe2 monolayer, it is seen that the obtained bandgap is 0.169 eV, and the spin-up is not symmetric with the spin-down, indicating its magnetic property. This differs from the BS distribution of the pristine PtTe2 system, wherein the spin-up overlaps with the spin-down, indicating its non-magnetic property. From our calculations, the magnetic moment of the Ru-PtTe2 monolayer is obtained as 2.16, of which the magnetic moment of the Ru dopant is calculated as 2.04. This indicates the dominant magnetic property of the Ru dopant in this system. These findings reveal that Ru-doping results in a strong magnetic property for the PtTe2 monolayer. In addition, the bandgap is remarkably reduced by 0.448 eV (by 72.6%), which may result from the newly generated impurity states by Ru-doping within the bandgap of the PtTe2 system [53]. Furthermore, the valence-band maximum and conduction-band minimum are located at different points, which indicates that the Ru-doping exerts little impact on the indirect semiconducting property of the PtTe2 monolayer. In addition, the state density in the Ru-PtTe2 monolayer seems to be much denser compared with that of the pristine counterpart, revealing the more favorable chemical reactivity and carrier mobility of the Ru-doped system [54,55]. From the orbital DOS, it can be seen that the Ru 4d orbital is highly hybridized with the Pt 5d orbital from −5.6 to −0.5 eV and 0.3 to 1.0 eV, which implies strong orbital interactions exist between Ru and Pt atoms, agreeing with the CDD distribution in which the Ru-Pt bonds are surrounded by the electron accumulation [56]. Moreover, the asymmetric spin-up and spin-down in the Ru 4d orbital reveals its magnetic property in the Ru-PtTe2 monolayer, which to some extent also leads to the slight magnetic property for the Pt atom, in which the orbital states around the Fermi level are also symmetric.




3.2. Adsorption VOCs on Ru-PtTe2 Monolayer


We performed the adsorption of three VOCs on the obtained Ru-PtTe2 monolayer, on which the gas species kept the atomic distance of appropriate 2.5 Å with the Ru dopant to implement the interactions. Moreover, the adsorption energy (Ead) was employed to determine the adsorption performance of the Ru-PtTe2 monolayer upon VOC molecules, calculated by [57]:


   E  ad   =  E     Ru - PtTe   2  / gas   −  E       Ru - PtTe   2    −  E  gas    



(2)




where    E     Ru - PtTe   2   / gas      and    E  gas     signify the total energies of the Ru-PtTe2/gas system and free gas molecule, respectively. We identified the adsorption structure with the most negative Ead as the most stable configuration (MSC) and analyzed its structural and electronic properties, as presented in the following sections. The MSC and related CDD are displayed in Figure 4.



In the C3H4O-adsorbed system, it can be seen that the C and O atoms of the C=O bond in the C3H4O molecule are both trapped by the Ru dopant, and the formed Ru-C and Ru-O bonds are measured to be 2.11 and 1.98 Å, respectively. Three Ru-Pt bonds are measured to be 2.56, 2.59 and 2.67 Å, respectively, which indicates that the Ru atom suffers a slight displacement in C3H4O adsorption [47]. The Ead for the C3H4O system is calculated to be −1.72 eV, which can be classified as chemisorption here, since its absolute value is much larger than the critical value (0.80 eV) for this identification [58]. At the same time, the C3H4O molecule as a whole, based on the Hirshfeld analysis, is negatively charged by 0.240 e, whereas the Ru atom is positively charged by 0.095 e. From these results, we can infer that the accepted 0.240 e of the C3H4O is donated by the Ru dopant (0.043 e) and the PtTe2 monolayer (0.197 e), which reveals the desirable electron-donating property of the PtTe2 surface and the electron-withdrawing property of the C3H4O molecule [59]. In the CDD distribution, it can be seen that the Ru dopant is surrounded by electron depletions, while the Ru-C and Ru-O bonds are surrounded by the electron accumulations, which confirms the electron-releasing behavior of the Ru atom and the electron hybridization on the newly formed bonds.



Upon C3H6O adsorption on the Ru-PtTe2 monolayer, it is seen that the C3H6O molecule is basically vertical to the PtTe2 surface, and the O atom is bonded with the Ru dopant, with the bond length measured to be 1.97 Å. Three Ru-Pt bonds are measured to be 2.55, 2.59 and 2.59 Å, respectively; the deformations are not as dramatic as those in the C3H4O system, indicating the weaker interaction in the C3H6O system. From the Ead of −1.12 eV, whose absolute value is smaller than that in the C3H4O system, the assumption above can be verified. However, chemisorption can also be confirmed here, given its larger absolute value than the critical value [58]. Based on the Hirshfeld analysis, the C3H6O molecule is charged by 0.071 e and the Ru dopant is charged by 0.048 e. These findings indicate that the C3H6O molecule releases 0.071 e, which is separately accepted by the Ru dopant (0.004 e) and the PtTe2 surface (0.067 e). These phenomena are also different from those of the C3H4O system, in which the C3H6O has an electron-releasing property and the Ru-PtTe2 monolayer behaves as an electron acceptor. From the CDD, the electron depletion is mainly on the C3H6O molecule and the electron accumulation is mainly on the Ru-O bond, which confirms the above analysis of the electron-releasing property of the C3H6O, and the strong binding force between the Ru dopant and the O atom.



Regarding the C5H8 system, it can be seen that the C atom of the C-C bond in the C5H8 molecule, instead of the C=C bond, is trapped by the Ru dopant, with the formed Ru-C bond measured as 2.09 Å. Three Ru-Pt bonds are measured as 2.56, 2.63 and 2.67 Å, respectively. These values indicate that the Ru dopant suffers the largest deformations among the three systems, implying the strongest molecular interaction here, as verified by the Ead (−1.80 eV), which indicates the C5H8 system has the strongest chemisorption among the three VOC-adsorbed systems. The Hirshfeld analysis reveals that the C5H8 molecule accepts 0.227 e from the Ru-PtTe2 monolayer, in which the Ru atom donates 0.034 e while the PtTe2 surface donates 0.193 e. This phenomenon is similar to that in the C3H4O system, in which the gas species has a strong electron-accepting property, whereas the Ru-PtTe2 monolayer has a strong electron-donating property. From the CDD, it can be seen that the C5H8 molecule and the Ru-C bond are mainly surrounded by the electron accumulations, which supports the above analysis.



In summary, chemisorption was identified for all three Ru-PtTe2VOC-adsorbed systems, and the adsorption strength had the order of C5H8 > C3H4O > C3H6O. Given the desirable adsorption performance, to some extent the electronic and magnetic properties may also be impacted, which is analyzed in detail in the next section.




3.3. Electronic Properties of the Gas Systems


The electronic properties of the Ru-PtTe2 monolayer upon VOC adsorption were analyzed by the BS and orbital DOS, as exhibited in Figure 5. From the BS of C3H4O, C3H6O and C5H8 systems, it can be seen that the bandgaps of these three systems are calculated as 0.540, 0.618 and 0.654 eV, respectively. These reveal the dramatic deformations of the electronic property in the Ru-PtTe2 monolayer caused by VOC adsorptions, which can also bring about a remarkable change in the electrical conductivity of the Ru-PtTe2 monolayer. In addition, the spin-up is symmetrical with the spin-down in the three gas-adsorbed systems, which indicates the non-magnetic property of the Ru-PtTe2/gas systems, as verified by the calculated magnetic moment of 0 in three systems. In other words, the VOC gas adsorptions eliminate the magnetic property of the isolated Ru-PtTe2 monolayer.



From the orbital DOS of bonded atoms in the three systems, it can be seen that the states of the Ru 4d orbital are highly overlapped with the bonded O and C 2p orbitals of C3H4O, the O 2p orbital of C3H6O, and the C 2p orbital of C5H8. Specifically, the overlaps are located at −7.3, −7.0, −6.3, −5.8, −4.8 to −0.1, and 0.6 to 1.3 eV in the C3H4O system; at −5.5, −3.8 and 0.7 eV in the C3H6O system; and at −7.5, −7.0, −6.2, −5.6 to −0.9 and 0.6 to 1.3 eV in the C5H8 system. These orbital hybridizations reveal the strong orbital interactions between the Ru dopant and the bonded atoms, which facilitate their formations but also verify the strong binding force in the VOC adsorption systems that leads to the chemisorption. Moreover, it is these strong orbital interactions that modulate the electronic property of the Ru-PtTe2 monolayer in the gas adsorptions, which gives rise to the possible detection of these gas species through the change in electronic property.




3.4. Gas Sensing Explorations


The change in the electronic property in the Ru-PtTe2 monolayer in the VOC-adsorbed systems provides strong potential for its exploration as a resistance-type gas sensor. As mentioned in the bandgap results, the bandgap increased by 0.540 eV in the C3H4O system, by 0.449 eV in the C3H6O system, and by 0.485 eV in the C5H8 system. According to the relationship between the bandgap (Bg) and the electrical conductivity (σ), as illustrated in Equation (3), it can be inferred that the electrical conductivity of the Ru-PtTe2 monolayer would be reduced most significantly after C5H8 adsorption, followed by the adsorption of C3H6O, and, finally, the adsorption of C3H4O.


  σ = λ ⋅  e  ( −  B g  / 2 k T )    



(3)




where λ is the constant, k is the Boltzmann constant (8.318 × 10−3 kJ/(mol·K)) and T is temperature. In other words, the sensing response in these three systems can be ranked as C5H8 > C3H6O > C3H4O. Moreover, the sensing response (S), related to the electrical resistance of the nano-sensing material, can be formulated as [60]:


  S =   (  σ  gas      - 1   −  σ  pure      - 1   )  /   σ  pure      - 1      



(4)




in which    σ  gas     and    σ  pure     are, separately, the electrical conductivity of the Ru-PtTe2/gas system and isolated Ru-PtTe2 system. According to these two formulas, we can calculate that the sensing response (S) for sensing C5H8, C3H6O and C3H4O are 1.37 × 103, 6.26 × 103 and 1.26 × 104, respectively, at room temperature (298 K). In this regard, we can conclude that the Ru-PtTe2 monolayer has positive sensitivity for the three VOC gas species [61], and the sensing response of the Ru-PtTe2/gas systems in a real experiment are large enough to realize sensitive detection, given the good sensing property within the determined crystal, based on certain electrochemical workstations that enable resistance measurement [62,63]. That is, the Ru-PtTe2 monolayer is an outstanding VOC sensor for conducting C5H8, C3H6O and C3H4O sensing with desirable sensitivity.



In addition, it is well known that the existence of oxygen (O2) and humidity (H2O) can exert a dramatic impact on the gas adsorption and sensing properties of nanomaterials. To comprehend their effects in this work, we performed the co-adsorption of VOCs and O2 (or H2O) molecules and analyzed their BS configurations, with the results depicted in Figure 6. From this figure, one can see that the existence of the O2 molecule weakened the adsorption performance, whereas the existence of the H2O molecule largely enhanced the adsorption performance of the Ru-PtTe2 monolayer for the three VOCs, from the calculated values of Ead. However, it should be mentioned that, in the three systems having O2, the bandgaps are largely reduced, especially for the C3H6O system, in which there are several novel states crossing the Fermi level, giving the system a metallic property with a bandgap of 0.000 eV [64]. In other words, the existence of the O2 molecule can cause strong n-type doping for the VOC-adsorbed systems, therefore dramatically reducing the electrical conductivity of the Ru-PtTe2 monolayer, which is quite beneficial to promoting the sensing responses for gas detection [65]. Furthermore, along with the enhanced adsorption performance of the Ru-PtTe2 monolayer in the three systems having H2O, the bandgaps are also slightly reduced, which also promotes the electrical conductivity of the Ru-PtTe2 monolayer for VOC sensing in the presence of H2O to some extent. From all of the analyses above, one can presume that a Ru-PtTe2-based device is a promising candidate for diagnosing lung cancer by a tester using the sensing mechanism of the reduced electrical resistance of exhaled breath, especially in an atmosphere including oxygen and humidity.





4. Conclusions


In this work, we propose the Ru-PtTe2 monolayer as a promising sensing candidate for three typical VOCs, in order to perform exhaled breath analysis for a potential lung cancer patient. The main conclusions are as follows:




	(i)

	
the Ru-doping process on the pristine PtTe2 monolayer by Te-substitution is fully energy-favorable, with Ef of −1.22 eV;




	(ii)

	
the Ru-PtTe2 monolayer performs chemisorption on the three VOC gas species, and Ead is obtained as −1.72, −1.12 and −1.80 eV for C3H4O, C3H6O and C5H8, respectively;




	(iii)

	
Ru-doping results in a strong magnetic property for the PtTe2 monolayer, whereas the gas adsorption eliminates this magnetic behavior;




	(iv)

	
the change in the bandgap in the Ru-PtTe2 monolayer indicates its admirable sensing response for the three gas species, obtained as 1.37 × 103, 6.26 × 103 and 1.26 × 104 in C3H4O, C3H6O and C5H8 systems, respectively.









In summary, the Ru-PtTe2 monolayer is a promising sensing material for the detection of biomarkers in exhaled breath, and provides the potential to identify lung cancer through exhaled gas detection with a good sensing response.







Author Contributions


Conceptualization: X.C.; writing—original draft preparation: Q.W.; writing—review and editing: S.X. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Conflicts of Interest


The authors have no conflict of interest upon its submission.




References


	



Cui, H.; Yan, C.; Jia, P.; Cao, W. Adsorption and sensing behaviors of SF6 decomposed species on Ni-doped C3N monolayer: A first-principles study. Appl. Surf. Sci. 2020, 512, 145759. [Google Scholar] [CrossRef]

	



Tran, V.H.; Chan, H.P.; Thurston, M.; Jackson, P.; Lewis, C.; Yates, D.; Bell, G.; Thomas, P.S. Breath Analysis of Lung Cancer Patients Using an Electronic Nose Detection System. IEEE Sens. J. 2010, 10, 1514–1518. [Google Scholar] [CrossRef]

	



Varellagarcia, M.; Kittelson, J.; Schulte, A.P.; Vu, K.O.; Wolf, H.J.; Zeng, C.; Hirsch, F.R.; Byers, T.; Kennedy, T.; Miller, Y.E. Multi-target interphase fluorescence in situ hybridization assay increases sensitivity of sputum cytology as a predictor of lung cancer. Cancer Detect. Prev. 2004, 28, 244–251. [Google Scholar] [CrossRef]

	



Lu, N.; Zhuo, Z.; Guo, H.; Wu, P.; Fa, W.; Wu, X.; Zeng, X.C. CaP3: A new two-dimensional functional material with desirable band gap and ultrahigh carrier mobility. J. Phys. Chem. Lett. 2018, 9, 1728–1733. [Google Scholar] [CrossRef]

	



Liu, H.; Neal, A.T.; Zhu, Z.; Luo, Z.; Xu, X.; Tománek, D.; Ye, P.D. Phosphorene: An unexplored 2D semiconductor with a high hole mobility. ACS Nano 2014, 8, 4033–4041. [Google Scholar]

	



Marzorati, D.; Mainardi, L.; Sedda, G.; Gasparri, R.; Spaggiari, L.; Cerveri, P.J.C. MOS sensors array for the discrimination of lung cancer and at-risk subjects with exhaled breath analysis. Chemosensors 2021, 9, 209. [Google Scholar] [CrossRef]

	



Hekiem, N.L.L.; Ralib, A.A.M.; Ahmad, F.B.; Nordin, A.N.; Ab Rahim, R.; Za’bah, N.F.J.S.; Physical, A.A. Advanced vapour sensing materials: Existing and latent to acoustic wave sensors for VOCs detection as the potential exhaled breath biomarkers for lung cancer. Sens. Actuators A Phys. 2021, 329, 112792. [Google Scholar] [CrossRef]

	



Saidi, T.; Moufid, M.; de Jesus Beleño-Saenz, K.; Welearegay, T.G.; El Bari, N.; Jaimes-Mogollon, A.L.; Ionescu, R.; Bourkadi, J.E.; Benamor, J.; El Ftouh, M.J.S.; et al. Non-invasive prediction of lung cancer histological types through exhaled breath analysis by UV-irradiated electronic nose and GC/QTOF/MS. Sens. Actuators B Chem. 2020, 311, 127932. [Google Scholar] [CrossRef]

	



Itoh, T.; Nakashima, T.; Akamatsu, T.; Izu, N.; Shin, W. Nonanal gas sensing properties of platinum, palladium, and gold-loaded tin oxide VOCs sensors. Sens. Actuators B Chem. 2013, 187, 135–141. [Google Scholar] [CrossRef]

	



Altintas, Z.; Tothill, I. Biomarkers and biosensors for the early diagnosis of lung cancer. Sens. Actuators B Chem. 2013, 188, 988–998. [Google Scholar] [CrossRef]

	



Wan, Q.; Xu, Y.; Chen, X.; Xiao, H. Exhaled gas detection by a novel Rh-doped CNT biosensor for prediagnosis of lung cancer: A DFT study. Mol. Phys. 2018, 116, 2205–2212. [Google Scholar] [CrossRef]

	



Bogusław, B.; Tomasz, L.; Tadeusz, J.; Anna, W.-P.; Marta, W.; Joanna, R. Identification of volatile lung cancer markers by gas chromatography—Mass spectrometry: Comparison with discrimination by canines. Anal. Bioanal. Chem. 2012, 404, 141–146. [Google Scholar]

	



Hakim, M.; Broza, Y.Y.; Barash, O.; Peled, N.; Phillips, M.; Amann, A.; Haick, H. Volatile organic compounds of lung cancer and possible biochemical pathways. Chem. Rev. 2012, 112, 5949–5966. [Google Scholar] [CrossRef]

	



Phillips, M.; Altorki, N.; Austin, J.H.; Cameron, R.B.; Cataneo, R.N.; Greenberg, J.; Kloss, R.; Maxfield, R.A.; Munawar, M.I.; Pass, H.I. Prediction of lung cancer using volatile biomarkers in breath. Cancer Biomark. 2007, 3, 95. [Google Scholar] [CrossRef] [PubMed]

	



Zhao, G.; Li, M. Ni-doped MoS2 biosensor: A promising candidate for early diagnosis of lung cancer by exhaled breathe analysis. Appl. Phys. A 2018, 124, 751. [Google Scholar] [CrossRef]

	



Chhowalla, M.; Shin, H.S.; Eda, G.; Li, L.J.; Loh, K.P.; Zhang, H. The chemistry of two-dimensional layered transition metal dichalcogenide nanosheets. Nat. Chem. 2013, 5, 263–275. [Google Scholar] [CrossRef] [PubMed]

	



Panigrahi, P.; Hussain, T.; Karton, A.; Ahuja, R. Elemental Substitution of Two-Dimensional Transition Metal Dichalcogenides (MoSe2 and MoTe2): Implications for Enhanced Gas Sensing. ACS Sens. 2019, 4, 2646–2653. [Google Scholar] [CrossRef]

	



Su, Y.; Li, W.; Yuan, L.; Chen, C.; Pan, H.; Xie, G.; Conta, G.; Ferrier, S.; Zhao, X.; Chen, G.J.N.E. Piezoelectric fiber composites with polydopamine interfacial layer for self-powered wearable biomonitoring. Nano Energy 2021, 89, 106321. [Google Scholar] [CrossRef]

	



Kazemi, A.; Rodner, M.; Fadavieslam, M.R.; Kaushik, P.D.; Ivanov, I.G.; Eriksson, J.; Syväjärvi, M.; Yakimova, R.; Yazdi, G.R. The effect of Cl- and N-doped MoS2 and WS2 coated on epitaxial graphene in gas-sensing applications. Surf. Interfaces 2021, 25, 101200. [Google Scholar] [CrossRef]

	



Li, F.; Asadi, H. DFT study of the effect of platinum on the H2 gas sensing performance of ZnO nanotube: Explaining the experimental observations. J. Mol. Liq. 2020, 309, 113139. [Google Scholar] [CrossRef]

	



Sun, X.; Yang, Q.; Meng, R.; Tan, C.; Liang, Q.; Jiang, J.; Ye, H.; Chen, X. Adsorption of gas molecules on graphene-like InN monolayer: A first-principle study. Appl. Surf. Sci. 2017, 404, 291–299. [Google Scholar] [CrossRef]

	



Manchanda, P.; Enders, A.; Sellmyer, D.J.; Skomski, R. Hydrogen-induced ferromagnetism in two-dimensional Pt dichalcogenides. Phys. Rev. B 2016, 94, 104426. [Google Scholar] [CrossRef]

	



Wu, D.; Jia, C.; Shi, F.; Zeng, L.; Lin, P.; Dong, L.; Shi, Z.; Tian, Y.; Li, X.; Jie, J. Mixed-dimensional PdSe2/SiNWA heterostructure based photovoltaic detectors for self-driven, broadband photodetection, infrared imaging and humidity sensing. J. Mater. Chem. A 2020, 8, 3632–3642. [Google Scholar] [CrossRef]

	



Cui, H.; Zhang, G.; Zhang, X.; Tang, J. Rh-doped MoSe2 as toxic gas scavenger: A first-principles study. Nanoscale Adv. 2019, 2019, 772–780. [Google Scholar] [CrossRef] [PubMed]

	



Li, P.; Hong, Q.; Wu, T.; Cui, H. SOF2 sensing by Rh-doped PtS2 monolayer for early diagnosis of partial discharge in SF6 insulation device. Mol. Phys. 2021, 119, e1919774. [Google Scholar] [CrossRef]

	



Dachang, C.; Xiaoxing, Z.; Ju, T.; Zhaolun, C.; Hao, C.; Shoumiao, P. Theoretical study of monolayer PtSe2 as outstanding gas sensor to detect SF6 decompositions. IEEE Electron Device Lett. 2018, 39, 1405–1408. [Google Scholar]

	



Wei, H.; Gui, Y.; Kang, J.; Wang, W.; Tang, C. A DFT Study on the Adsorption of H2S and SO2 on Ni Doped MoS2 Monolayer. Nanomaterials 2018, 8, 646. [Google Scholar] [CrossRef]

	



Cui, H.; Liu, T.; Zhang, Y.; Zhang, X. Ru-InN Monolayer as a Gas Scavenger to Guard the Operation Status of SF6 Insulation Devices: A First-Principles Theory. IEEE Sens. J. 2019, 19, 5249–5255. [Google Scholar] [CrossRef]

	



Cui, H.; Jia, P. Doping effect of small Rhn (n = 1–4) clusters on the geometric and electronic behaviors of MoS2 monolayer: A first-principles study. Appl. Surf. Sci. 2020, 526, 146659. [Google Scholar] [CrossRef]

	



Wang, Y.; Li, L.; Yao, W.; Song, S.; Sun, J.T.; Pan, J.; Ren, X.; Li, C.; Okunishi, E.; Wang, Y.-Q.; et al. Monolayer PtSe2, a New Semiconducting Transition-Metal-Dichalcogenide, Epitaxially Grown by Direct Selenization of Pt. Nano Lett. 2015, 15, 4013–4018. [Google Scholar] [CrossRef]

	



Du, J.; Song, P.; Fang, L.; Wang, T.; Wei, Z.; Li, J.; Xia, C. Elastic, electronic and optical properties of the two-dimensional PtX2 (X=S, Se, and Te) monolayer. Appl. Surf. Sci. 2018, 435, 476–482. [Google Scholar] [CrossRef]

	



Wang, M.; Ko, T.-J.; Shawkat, M.S.; Han, S.S.; Okogbue, E.; Chung, H.-S.; Bae, T.-S.; Sattar, S.; Gil, J.; Noh, C.; et al. Wafer-scale growth of 2D PtTe2 with layer orientation tunable high electrical conductivity and superior hydrophobicity. ACS Appl. Mater. Interfaces 2020, 12, 10839–10851. [Google Scholar] [CrossRef] [PubMed]

	



Chen, W.; Zhang, J.-m.; Wang, X.-g.; Xia, Q.-l.; Nie, Y.-z.; Guo, G.-h.; Materials, M. Ferromagnetism in PtTe2 monolayer introduced by doping 3d transition metal atoms and group VA and VIIB atoms. J. Magn. Magn. Mater. 2021, 518, 167433. [Google Scholar] [CrossRef]

	



Zhang, G.; Wang, Z.; Zhang, X. Theoretical screening into Ru-doped MoS2 monolayer as a promising gas sensor upon SO2 and SOF2 in SF6 insulation devices. Mol. Phys. 2022, 120, e2018517. [Google Scholar] [CrossRef]

	



Wu, Y.; Ding, D.; Wang, Y.; Zhou, C.; Lu, H.; Zhang, X. Defect recognition and condition assessment of epoxy insulators in gas insulated switchgear based on multi-information fusion. Measurement 2022, 190, 110701. [Google Scholar] [CrossRef]

	



Chen, H.T. First-Principles Study of CO Adsorption and Oxidation on Ru-Doped CeO2(111) Surface. J. Phys. Chem. C 2012, 116, 6239–6246. [Google Scholar] [CrossRef]

	



Giovanni, M.; Poh, H.L.; Ambrosi, A.; Zhao, G.; Sofer, Z.; Šaněk, F.; Khezri, B.; Webster, R.D.; Pumera, M. Noble metal (Pd, Ru, Rh, Pt, Au, Ag) doped graphene hybrids for electrocatalysis. Nanoscale 2012, 4, 5002–5008. [Google Scholar] [CrossRef]

	



Li, D.; Rao, X.; Zhang, L.; Zhang, Y.; Ma, S.; Chen, L.; Yu, Z. First-Principle Insight into the Ru-Doped PtSe2 Monolayer for Detection of H2 and C2H2 in Transformer Oil. ACS Omega 2020, 5, 31872–31879. [Google Scholar] [CrossRef]

	



Cui, H.; Jia, P.; Peng, X.; Hu, X. Geometric, Electronic and Optical Properties of Pt-Doped C3N Monolayer Upon NOx Adsorption: A DFT Study. IEEE Sens. J. 2021, 21, 3602–3608. [Google Scholar] [CrossRef]

	



Cui, H.; Jia, P.; Peng, X. Adsorption of SO2 and NO2 molecule on intrinsic and Pd-doped HfSe2 monolayer: A first-principles study. Appl. Surf. Sci. 2020, 513, 145863. [Google Scholar] [CrossRef]

	



Zhang, D.; Li, Q.; Li, P.; Pang, M.; Luo, Y. Fabrication of Pd-decorated MoSe2 nanoflowers and density functional theory simulation toward ammonia sensing. IEEE Electron Device Lett. 2019, 40, 616–619. [Google Scholar] [CrossRef]

	



Tkatchenko, A.; DiStasio, R.A., Jr.; Head-Gordon, M.; Scheffler, M. Dispersion-corrected Møller-Plesset second-order perturbation theory. J. Chem. Phys. 2009, 131, 171. [Google Scholar]

	



Cui, H.; Zhang, X.; Li, Y.; Chen, D.; Zhang, Y. First-principles insight into Ni-doped InN monolayer as a noxious gases scavenger. Appl. Surf. Sci. 2019, 494, 859–866. [Google Scholar] [CrossRef]

	



Ma, D.; Wang, Y.; Liu, L.; Jia, Y. Electrocatalytic nitrogen reduction on the transition-metal dimer anchored N-doped graphene: Performance prediction and synergetic effect. Phys. Chem. Chem. Phys. 2021, 23, 4018–4029. [Google Scholar] [CrossRef]

	



Gao, R.; Gao, Y. Piezoelectricity in two-dimensional group III–V buckled honeycomb monolayers. Phys. Status Solidi (RRL) Rapid Res. Lett. 2017, 11, 1600412. [Google Scholar] [CrossRef]

	



Yao, W.; Guan, H.; Zhang, K.; Wang, G.; Wu, X.; Jia, Z. Nb-doped PtS2 monolayer for detection of C2H2 and C2H4 in on-load tap-changer of the oil-immersed transformers: A first-principles study. Chem. Phys. Lett. 2022, 802, 139755. [Google Scholar] [CrossRef]

	



Fan, Y.; Zhang, J.; Qiu, Y.; Zhu, J.; Zhang, Y.; Hu, G. A DFT study of transition metal (Fe, Co, Ni, Cu, Ag, Au, Rh, Pd, Pt and Ir)-embedded monolayer MoS2 for gas adsorption. Comput. Mater. Sci. 2017, 138, 255–266. [Google Scholar] [CrossRef]

	



Lin, S.; Ye, X.; Johnson, R.S.; Guo, H. First-Principles Investigations of Metal (Cu, Ag, Au, Pt, Rh, Pd, Fe, Co, and Ir) Doped Hexagonal Boron Nitride Nanosheets: Stability and Catalysis of CO Oxidation. J. Phys. Chem. C 2013, 117, 17319–17326. [Google Scholar] [CrossRef]

	



Pyykkö, P.; Atsumi, M. Molecular single-bond covalent radii for elements 1–118. Chemistry 2009, 15, 186–197. [Google Scholar] [CrossRef]

	



Ao, Z.M.; Yang, J.; Li, S.; Jiang, Q. Enhancement of CO detection in Al doped graphene. Chem. Phys. Lett. 2008, 461, 276–279. [Google Scholar] [CrossRef]

	



Jing, B.; Ao, Z.; Teng, Z.; Wang, C.; Yi, J.; An, T. Density functional theory study on the effects of oxygen groups on band gap tuning of graphitic carbon nitrides for possible photocatalytic applications. Sustain. Mater. Technol. 2018, 16, 12–22. [Google Scholar] [CrossRef]

	



Ren, J.-H.; Yang, Z.-H.; Huang, T.; Huang, W.-Q.; Hu, W.-Y.; Huang, G.-F. Monolayer PtTe2: A promising candidate for NO2 sensor with ultrahigh sensitivity and selectivity. Phys. E Low-Dimens. Syst. Nanostruct. 2021, 134, 114925. [Google Scholar] [CrossRef]

	



Wang, J.; Zhou, Q.; Lu, Z.; Wei, Z.; Zeng, W. Gas sensing performances and mechanism at atomic level of Au-MoS2 microspheres. Appl. Surf. Sci. 2019, 490, 124–136. [Google Scholar] [CrossRef]

	



Ma, D.; Ju, W.; Li, T.; Yang, G.; He, C.; Ma, B.; Tang, Y.; Lu, Z.; Yang, Z. Formaldehyde molecule adsorption on the doped monolayer MoS2: A first-principles study. Appl. Surf. Sci. 2016, 371, 180–188. [Google Scholar] [CrossRef]

	



Ma, D.; Zeng, Z.; Liu, L.; Huang, X.; Jia, Y. Computational Evaluation of Electrocatalytic Nitrogen Reduction on TM Single-, Double-, and Triple-Atom Catalysts (TM=Mn, Fe, Co, Ni) Based on Graphdiyne Monolayers. J. Phys. Chem. C 2019, 123, 19066–19076. [Google Scholar] [CrossRef]

	



Ma, D.; Ju, W.; Li, T.; Zhang, X.; He, C.; Ma, B.; Lu, Z.; Yang, Z. The adsorption of CO and NO on the MoS2 monolayer doped with Au, Pt, Pd, or Ni: A first-principles study. Appl. Surf. Sci. 2016, 383, 98–105. [Google Scholar] [CrossRef]

	



Kou, L.; Frauenheim, T.; Chen, C. Phosphorene as a Superior Gas Sensor: Selective Adsorption and Distinct I–V Response. J. Phys. Chem. Lett. 2014, 5, 2675–2681. [Google Scholar] [CrossRef] [PubMed]

	



Qi, L.; Wang, Y.; Shen, L.; Wu, Y. Chemisorption-induced n-doping of MoS2 by oxygen. Appl. Phys. Lett. 2016, 108, 3768. [Google Scholar] [CrossRef]

	



Cui, H.; Chen, D.; Zhang, Y.; Zhang, X. Dissolved gas analysis in transformer oil using Pd catalyst decorated MoSe2 monolayer: A first-principles theory. Sustain. Mater. Technol. 2019, 20, e00094. [Google Scholar] [CrossRef]

	



Verlag, S. Semiconductor Physical Electronics. Semicond. Phys. Electron. 2006, 28, 363–364. [Google Scholar]

	



Cui, H.; Zhang, X.; Zhang, J.; Zhang, Y. Nanomaterials-based gas sensors of SF6 decomposed species for evaluating the operation status of high-voltage insulation devices. High Volt. 2019, 4, 242–258. [Google Scholar] [CrossRef]

	



Zhang, D.; Wu, Z.; Zong, X.; Zhang, Y. Fabrication of polypyrrole/Zn2SnO4 nanofilm for ultra-highly sensitive ammonia sensing application. Sens. Actuators B Chem. 2018, 274, 575–586. [Google Scholar] [CrossRef]

	



Xiaoxing, Z.; Lei, Y.; Xiaoqing, W.; Weihua, H. Experimental Sensing and Density Functional Theory Study of H2S and SOF2 Adsorption on Au-Modified Graphene. Adv. Sci. 2015, 2, 612. [Google Scholar]

	



Rauch, C.; Tuomisto, F.; VilaltaClemente, A.; Lacroix, B.; Ruterana, P.; Kraeusel, S.; Hourahine, B.; Schaff, W.J. Defect evolution and interplay in n-type InN. Appl. Phys. Lett. 2012, 100, 045316. [Google Scholar] [CrossRef]

	



Kadioglu, Y.; Gökoğlu, G.; Üzengi Aktürk, O. Molecular adsorption properties of CO and H2O on Au-, Cu-, and AuxCuy-doped MoS2 monolayer. Appl. Surf. Sci. 2017, 425, 246–253. [Google Scholar] [CrossRef]








[image: Chemosensors 10 00428 g001 550] 





Figure 1. Morphologies of (a) C3H4O, (b) C3H6O and (c) C5H8. The black values are bond length, with unit in Å. 
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Figure 2. Ru-doping property on the PtTe2 surface: (a) morphology of intrinsic PtTe2 monolayer, (b,c) morphology and CDD of Ru-PtTe2. In CDD, the grey and purple areas are electron accumulation and electron depletion, and the isosurface is 0.01 eV/A3. 
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Figure 3. (a,b) BS of pristine and Ru-doped PtTe2 systems; (c) orbital DOS of Ru and Pt atoms. In the BS, the black values are bandgaps, the black lines are spin-up, and the red lines are spin-down; in the DOS, the dash line is the Fermi level. 
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Figure 4. MSC and CDD of C3H4O system (a1–a3), C3H4O system (b1–b3) and C5H8 system (c1–c3). In CDD, the set is the same as in Figure 1. 
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Figure 5. BS and orbital DOS of (a1,a2) C3H4O, (b1,b2) C3H6O and (c1,c2) C5H8 systems. 
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Figure 6. Gases’ co-adsorption configurations and BS of O2 (or H2O) and VOCs: (a) C3H4O/O2 system, (b) C3H6O/O2 system, (c) C5H8/O2 system, (d) C3H4O/H2O system, (e) C3H6O/H2O system and (f) C5H8/H2O system. 
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