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Cross-sensitivity is a key problem in the practical application of gas selective detecting. Figure 4a,b
show the response of each sensor in the array to the mixture of NO and NO,, respectively. The collecting
current was reduced dramatically from 19.31 nA to 9.02 nA to 300 ppm NO with the NO, concentration
increasing from 70 ppm to 220 ppm (Figure 4a). The average variation of the collecting current for each
NO concentration was about 10 nA and as high as half of its response. In other words, the CNTs-based
ionization sensor with 80 m separations could detect the concentration of NO very well no matter
how the NO, concentration in the gas mixture changed. While for NO,, the minimum variation in
the collecting current was also nearly 400 pA and occurred at 220 ppm when the concentration of NO
in the gas mixture changed (Figure 4b). Accordingly, the ionization sensor with 100 m separations
still had the ability to detect NO, accurately in the gas mixture even though the effect of the NO
concentration on the NO, response was weaker (insert in Figure 4b).

Figure 4. Simultaneous detection of NO and NO, in a gas mixture using a sensor array with 80 m
and 100 m separations at 150 V Ue and 10 V Uy, respectively. The collecting currents decreased with
increasing (a) NO and (b) NO, concentrations in dry air.

In addition, all the NO response curves show almost the same shape at different NO,
concentrations (Figure 4a), and the same is true for NO; (Figure 4b). This indicates that each sensor
had intrinsic gas sensing properties. Moreover, the array was thought to show a good repeatability
without considering the variation of the collecting current caused by changes in the concentrations of
interference components. This was attributed to the good stability of the sensor due to the long life of
the CNTs.

4. Conclusions

The non-self-sustaining discharge of the triple-electrode CNTs-based sensor makes it possible
to measure gas concentration with the non-self-sustaining discharge current with good stability.
The array of these sensors shows a monotonically decreasing response to NOx. The NO sensor with
80 m separations and the NO; sensor with 100 m separations exhibited the highest sensitivity

0.11 nA/ppm to 300 ppm NO and  0.49 nA/ppm to 70 ppm NO,, respectively. The maximum
variation in the collecting current of the NO sensor is about 10 nA, when the concentration of
NO; in mixture is changed, while the minimum variation of the NO, sensor is also about 400 pA.
Although NO; had a stronger effect on NO than that of NO on NO,, the array of these two CNTs-based
ionization sensors still has the ability to simultaneously detect the concentrations of NO, and NO in
a gas mixture without component separation. In addition, the response shape of each sensor is almost
the same. This indicates that the array has intrinsic gas sensing properties and good stability.

245



Micromachines 2018, 9, 354

Author Contributions: H.S. wrote and revised the manuscript, K.L. organized and carried out experiments and
C.W. is responsible for CNTs growth and sensors fabrication.

Funding: This research received no external funding.

Acknowledgments: Metal sputtering and the growth of CNTs were done in the Institute of Vacuum
Microelectronics & microelectromechanical System, Xi‘an Jiaotong University, Xi’an, China. The authors
also thank Chang Wang for his help with the growth of CNTs and the senior lab manger, Kun Li, for his
experimental guidance.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.  Fine, G.F; Cavanagh, L.M.; Afonja, A.; Binions, R. Metal oxide semi-conductor gas sensors in environmental
monitoring. Sensors 2010, 10, 5469-5502. [CrossRef] [PubMed]

2. Rheaume, ].M.; Pisano, A.P. A review of recent progress in sensing of gas concentration by impedance
change. Ionics 2011, 17, 99-108. [CrossRef]

3. Afzal, A,; Cioffi, N.; Sabbatini, L.; Torsi, L. NO sensors based on semiconducting metal oxide nanostructures:
Progress and perspectives. Sens. Actuators B Chem. 2012, 171, 25-42. [CrossRef]

4. Privett, BJ; Shin, J.H.; Schoenfisch, M.H. Electrochemical nitric oxide sensors for physiological
measurements. Chem. Soc. Rev. 2010, 39, 1925-1935. [CrossRef] [PubMed]

5. Macam, E.R; Blackburn, B.M.; Wachsman, E.D. The effect of La,CuOy sensing electrode thickness on
a potentiometric NOy sensor response. Sens. Actuator B-Chem. 2011, 157, 353-360. [CrossRef]

6. Yao, E; Dinh, L.D,; Lim, S.C; Yang, S.B; Hwang, HR.,; Yu, WJ.; Lee, LH.; Gunes, F; Lee, Y.H.
Humidity-assisted selective reactivity between NO, and SO, gas on carbon nanotubes. |. Mater. Chem.
2011, 21, 4502-4508. [CrossRef]

7. Lu, RJ; Shi, K.Y.; Zhou, W,; Wang, L.; Tian, C.G.; Pan, K_; Sun, L.; Fu, H.G. Highly dispersed Ni-decorated
porous hollow carbon nanofibers: Fabrication, characterization, and NOy gas sensors at room temperature.
J. Mater. Chem. 2012, 22, 24814-24820. [CrossRef]

8. Igbal, N.; Afzal, A.; Cioffi, N.; Sabbatini, L.; Torsi, L. NOx sensing one- and two-dimensional carbon
nanostructures and nanohybrids: Progress and perspectives. Sens. Actuators B Chem. 2013, 181, 9-21.
[CrossRef]

9. Yun, ].H,;Kim, ].; Park, Y.C.; Song, ].W.; Shin, D.H.; Han, C.S. Highly sensitive carbon nanotube-embedding
gas sensors operating at atmospheric pressure. Nanotechnology 2009, 20, 055503. [CrossRef] [PubMed]

10. Penza, M.; Rossi, R.; Alvisi, M.; Serra, E. Metal-modified and vertically aligned carbon nanotube sensors
array for landfill gas monitoring applications. Nanotechnology 2010, 21, 105501. [CrossRef] [PubMed]

11. Mangu, R.; Rajaputra, S.; Singh, V.P. Mwcnt-polymer composites as highly sensitive and selective room
temperature gas sensors. Nanotechnology 2011, 22, 215502. [CrossRef] [PubMed]

12. Vuong, N.M.; Jung, H.; Kim, D.; Kim, H.; Hong, S.K. Realization of an open space ensemble for nanowires:
A strategy for the maximum response in resistive sensors. J. Mater. Chem. 2012, 22, 6716-6725. [CrossRef]

13. Llobet, E. Gas sensors using carbon nanomaterials: A review. Sens. Actuators B Chem. 2013, 179, 32-45.
[CrossRef]

14. Lucci, M.; Reale, A.; Di Carlo, A.; Orlanducci, S.; Tamburri, E.; Terranova, M.L.; Davoli, I.; Di Natale, C.;
D’Amico, A.; Paolesse, R. Optimization of a NOx gas sensor based on single walled carbon nanotubes.
Sens. Actuator B-Chem. 2006, 118, 226-231. [CrossRef]

15. Ueda, T.; Bhulyan, M.M.H.; Norimatsu, H.; Katsuki, S.; Ikegami, T.; Mitsugi, F. Development of carbon
nanotube-based gas sensors for NOx gas detection working at low temperature. Physica E-Low-Dimens.
Syst. Nanostruct. 2008, 40, 2272-2277. [CrossRef]

16. Jang, D.M.; Jung, H.; Hoa, N.D.; Kim, D.; Hong, S.K.; Kim, H. Tin oxide-carbon nanotube composite for NOx
sensing. |. Nanosci. Nanotechnol. 2012, 12, 1425-1428. [CrossRef] [PubMed]

17.  Yavari, F; Castillo, E.; Gullapalli, H.; Ajayan, PM.; Koratkar, N. High sensitivity detection of NO, and NHj3
in air using chemical vapor deposition grown graphene. Appl. Phys. Lett. 2012, 100, 203120. [CrossRef]

18. Boyd, A.; Dube, L; Fedorov, G.; Paranjape, M.; Barbara, P. Gas sensing mechanism of carbon nanotubes:

From single tubes to high-density networks. Carbon 2014, 69, 417-423. [CrossRef]

246



Micromachines 2018, 9, 354

19.

20.

21.

22.
23.

24.

25.

26.

27.

28.

Dube, I; Jiménez, D.; Fedorov, G.; Boyd, A.; Gayduchenko, I.; Paranjape, M.; Barbara, P. Understanding the
electrical response and sensing mechanism of carbon-nanotube-based gas sensors. Carbon 2015, 87, 330-337.
[CrossRef]

Shengbing, C.; Yong, Z.; Zhemin, D. Fabrication of gas sensor based on field ionization from SWCNTs with
tripolar microelectrode. . Micromech. Microeng. 2012, 22, 125017.

Zhang, Y.; Li, S.; Zhang, J.; Pan, Z.; Min, D.; Li, X.; Song, X.; Liu, J. High-performance gas sensors with
temperature measurement. Sci. Rep. 2013, 3, 1267. [CrossRef] [PubMed]

Raizer, Y.P. Gas Discharge Physics; Springer: Berlin/Heidelberg, Germany, 1991.

Li, X,; Zhao, D.; Pang, K; Pang, J.; Liu, W,; Liu, H.; Wang, X. Carbon nanotube cathode with capping carbon
nanosheet. Appl. Surf. Sci. 2013, 283, 740-743. [CrossRef]

Sadeghian, R.B.; Kahrizi, M. A novel gas sensor based on tunneling-field-ionization on whisker-covered
gold nanowires. IEEE Sens. ]. 2008, 8, 161-169. [CrossRef]

Sadeghian, R.B.; Kahrizi, M. A novel minjature gas ionization sensor based on freestanding gold nanowires.
Sens. Actuators A Phys. 2007, 137, 248-255. [CrossRef]

Nikfarjam, A.; Zad, A.L; Razi, F; Mortazavi, S.Z. Fabrication of gas ionization sensor using carbon nanotube
arrays grown on porous silicon substrate. Sens. Actuators A Phys. 2010, 162, 24-28. [CrossRef]

Huang, J.; Wang, J.; Gu, C.; Yu, K.; Meng, E; Liu, J. A novel highly sensitive gas ionization sensor for
ammonia detection. Sens. Actuators A Phys. 2009, 150, 218-223. [CrossRef]

Raizer, Y.P; Allen, ].E. Gas Discharge Physics; Springer: Berlin, Germany, 1997; Volume 2.

@ © 2018 by the authors. Licensee MDP]I, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution
BY

(CC BY) license (http://creativecommons.org/licenses /by /4.0/).

247






MDPI
St. Alban-Anlage 66
4052 Basel
Switzerland
Tel. +41 61 683 77 34
Fax +41 61 302 89 18

www.mdpi.com

Micromachines Editorial Office
E-mail: micromachines@mdpi.com

www.mdpi.com/journal /micromachines







MDPI

St. Alban-Anlage 66
4052 Basel
Switzerland

Tel: +41 61 683 77 34

/
Fax: +41 61 302 89 18 mI\D\Py
/

www.mdpi.com ISBN 978-3-03928-233-3



	Blank Page

