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A B S T R A C T

A novel strategy is required to address global concerns such as indoor air quality (IAQ) monitoring, outdoor 
pollution, battery monitoring, medical diagnosis, and industrial safety. Metal oxide semiconductor-based gas 
sensors are evolving by overcoming the associated challenges such as high operating temperature, poor selec
tivity, poor temporal, and chemical stability with the synergistic effect of Metal Organic Frameworks (MOFs). 
MOFs are ultra-high porous materials with appropriate morphology that help to improve the cross-sensitivity of 
the target analyte by tailoring the pore size and their ultra-high surface area. Noble metals with their catalytic 
effect create additional active sites by creating more oxygen vacancies on the surface. In this review, authors 
introduce novel high-performance gas sensor design and elaborate all possible sensing mechanisms for various 
structures including different factor dependence such as receptor factor, transducer factor, and utility factor. The 
effect of gas deployment methodology and preconcentrator choice on gas sensing measurement are demon
strated. The nature of signal processing and interfacing in smart sensor electronics is elucidated, highlighting 
their roles in analog-to-digital conversion, noise reduction, data transmission, and system integration for 
enhanced sensing accuracy and functionality. Ultrafast ultraviolet (UV) sensors and their sensing mechanisms are 
thoroughly elaborated, emphasizing their rapid response and high sensitivity. In nutshell, authors give a detailed 
insight to the gas sensing mechanism, technological development, and attempt to find an answer for the existing 
problems in the field of gas sensing by exploiting some new aiding tools.

* Corresponding authors.
E-mail addresses: rajr@tf.uni-kiel.de, rajat@doctorat.utm.md (R. Nagpal), ollu@tf.uni-kiel.de, oleg.lupan@mib.utm.md (O. Lupan).

Contents lists available at ScienceDirect

Materials Today Electronics

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

https://doi.org/10.1016/j.mtelec.2025.100192
Received 10 August 2025; Received in revised form 2 December 2025; Accepted 10 December 2025  

Materials Today Electronics 15 (2026) 100192 

Available online 13 December 2025 
2772-9494/© 2025 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ). 

https://orcid.org/0009-0007-1266-1892
https://orcid.org/0009-0007-1266-1892
https://orcid.org/0000-0001-5046-8611
https://orcid.org/0000-0001-5046-8611
mailto:rajr@tf.uni-kiel.de
mailto:rajat@doctorat.utm.md
mailto:ollu@tf.uni-kiel.de
mailto:oleg.lupan@mib.utm.md
www.sciencedirect.com/science/journal/27729494
https://www.elsevier.com/locate/mtelec
https://doi.org/10.1016/j.mtelec.2025.100192
https://doi.org/10.1016/j.mtelec.2025.100192
http://crossmark.crossref.org/dialog/?doi=10.1016/j.mtelec.2025.100192&domain=pdf
http://creativecommons.org/licenses/by/4.0/


References

[1] W.H. Brattain, J. Bardeen, Surface properties of germanium, Bell Syst. Tech. J. 32 
(1953) 1–41.

[2] M. Dimbat, P.E. Porter, F.H. Stross, Apparatus requirements for quantitative 
applications, Anal. Chem. 28 (1956) 290–297.

                                     Materials Today Electronics 15 (2026) 100192 

38 

http://refhub.elsevier.com/S2772-9494(25)00059-2/sbref0001
http://refhub.elsevier.com/S2772-9494(25)00059-2/sbref0001
http://refhub.elsevier.com/S2772-9494(25)00059-2/sbref0002
http://refhub.elsevier.com/S2772-9494(25)00059-2/sbref0002


[3] S. Dhall, B.R. Mehta, A.K. Tyagi, K. Sood, A review on environmental gas sensors: 
materials and technologies, Sens. Int. 2 (2021) 100116.
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[125] J. Wöllenstein, H. Böttner, M. Jaegle, W.J. Becker, E. Wagner, Material properties 
and the influence of metallic catalysts at the surface of highly dense SnO2 films, 
Sens. Actuators. B Chem. 70 (2000) 196–202.

[126] C.H. Kwon, D.H. Yun, H.-K. Hong, S.-R. Kim, K. Lee, H.Y. Lim, K.H. Yoon, Multi- 
layered thick-film gas sensor array for selective sensing by catalytic filtering 
technology, Sens. Actuators. B Chem. 65 (2000) 327–330.

[127] M.A. Portnoff, R. Grace, A.M. Guzman, P.D. Runco, L.N. Yannopoulos, 
Enhancement of MOS gas sensor selectivity by “on-chip” catalytic filtering, Sens. 
Actuators. B Chem. 5 (1991) 231–235.

[128] S.N. Oliaee, A. Khodadadi, Y. Mortazavi, S. Alipour, Highly selective Pt/SnO2 
sensor to propane or methane in presence of CO and ethanol, using gold 
nanoparticles on Fe2O3 catalytic filter, Sens. Actuators. B Chem. 147 (2010) 
400–405.

[129] M.H. Saberi, Y. Mortazavi, A.A. Khodadadi, Dual selective Pt/SnO2 sensor to CO 
and propane in exhaust gases of gasoline engines using Pt/LaFeO3 filter, Sens. 
Actuators. B Chem. 206 (2015) 617–623.

[130] N. Zhang, Y. Lu, Y. Fan, J. Zhou, X. Li, S. Adimi, C. Liu, S. Ruan, Metal–organic 
framework-derived ZnO/ZnCo2O4 microspheres modified by catalytic PdO 
nanoparticles for sub-ppm-level formaldehyde detection, Sens. Actuators. B 
Chem. 315 (2020) 128118.

[131] J.-S. Jang, W.-T. Koo, S.-J. Choi, I.-D. Kim, Metal organic framework-templated 
chemiresistor: sensing type transition from P-to-N using hollow metal oxide 
polyhedron via galvanic replacement, J. Am. Chem. Soc. 139 (2017) 
11868–11876.

[132] Q. Peng, Y. Zhang, W. Feng, X. Yang, J. Cheng, Humidity resistant room 
temperature H2S sensor via surface-adsorbed oxygen modulation of ReS2 nano- 
film, Physica B Condens. Matter. 720 (2026) 418000.

[133] X. Zhou, Y. Zou, J. Ma, X. Cheng, Y. Li, Y. Deng, D. Zhao, Cementing mesoporous 
ZnO with silica for controllable and switchable gas sensing selectivity, Chem. 
Mater. 31 (2019) 8112–8120.

[134] S.G. Surya, S. Bhanoth, S.M. Majhi, Y.D. More, V.M. Teja, K.N. Chappanda, 
A silver nanoparticle-anchored UiO-66(Zr) metal–organic framework (MOF)- 
based capacitive H 2 S gas sensor, CrystEngComm. 21 (2019) 7303–7312.

[135] Y.J. Kwon, H.G. Na, S.Y. Kang, S.-W. Choi, S.S. Kim, H.W. Kim, Selective 
detection of low concentration toluene gas using Pt-decorated carbon nanotubes 
sensors, Sens. Actuators. B Chem. 227 (2016) 157–168.

[136] B. Xie, B. Ding, P. Mao, Y. Wang, Y. Liu, M. Chen, C. Zhou, H. Wen, S. Xia, M. Han, 
R.E. Palmer, G. Wang, J. Hu, Metal nanocluster—metal organic 
framework—polymer hybrid nanomaterials for improved hydrogen detection, 
Small. 18 (2022) 2200634.

[137] W. Yang, X. Liu, T. Wang, H. Yu, F. Li, D. Li, X. Dong, Y. Yang, Hierarchical 
nanostructure functionalized flexible ceramic thin films to construct 
environmentally stable chemical sensors, Chem. Eng. J. 525 (2025) 170684.

[138] D. Wang, D. Zhang, Q. Mi, A high-performance room temperature benzene gas 
sensor based on CoTiO3 covered TiO2 nanospheres decorated with Pd 
nanoparticles, Sens. Actuators. B Chem. 350 (2022) 130830.

[139] D. Zhang, Z. Liu, C. Li, T. Tang, X. Liu, S. Han, B. Lei, C. Zhou, Detection of NO2 
down to ppb levels using individual and multiple In2O3 nanowire devices, Nano 
Lett. 4 (2004) 1919–1924.

[140] S. Kumar, S.D. Lawaniya, S. Agarwal, Y.-T. Yu, S.R. Nelamarri, M. Kumar, Y. 
K. Mishra, K. Awasthi, Optimization of Pt nanoparticles loading in ZnO for highly 

selective and stable hydrogen gas sensor at reduced working temperature, Sens. 
Actuators. B Chem. 375 (2023) 132943.

[141] J. Liu, X. Wang, Q. Peng, Y. Li, Vanadium pentoxide nanobelts: highly selective 
and stable ethanol sensor materials, Adv. Mater. 17 (2005) 764–767.

[142] N. Han, X. Wu, D. Zhang, G. Shen, H. Liu, Y. Chen, CdO activated Sn-doped ZnO 
for highly sensitive, selective and stable formaldehyde sensor, Sens. Actuators. B 
Chem. 152 (2011) 324–329.

[143] K. Hwang, J. Ahn, I. Cho, K. Kang, K. Kim, J. Choi, K. Polychronopoulou, I. Park, 
Microporous elastomer filter coated with metal organic frameworks for improved 
selectivity and stability of metal oxide gas sensors, ACS. Appl. Mater. Interfaces. 
12 (2020) 13338–13347.

[144] S. Elaraby, S.M. Abuelenin, A. Moussa, Y.M. Sabry, Deep learning on synthesized 
sensor characteristics and transmission spectra enabling MEMS-based 
spectroscopic gas analysis beyond the fourier transform limit, Foundations. 1 
(2021) 304–317.

[145] I. Cho, K. Lee, Y.C. Sim, J.S. Jeong, M. Cho, H. Jung, M. Kang, Y.H. Cho, S.C. Ha, 
K.J. Yoon and I. Park, Deep-learning-based gas identification by time-variant 
illumination of a single micro-LED-embedded gas sensor, Light. Sci. Appl., DOI:1 
0.1038/s41377-023-01120-7.

[146] M. Padilla, A. Perera, I. Montoliu, A. Chaudry, K. Persaud, S. Marco, Drift 
compensation of gas sensor array data by Orthogonal Signal Correction, 
Chemometrics Intell. Lab. Syst. 100 (2010) 28–35.

[147] X. Pan, J. Chen, X. Wen, J. Hao, W. Xu, W. Ye, X. Zhao, A comprehensive gas 
recognition algorithm with label-free drift compensation based on domain 
adversarial network, Sens. Actuators. B Chem. 387 (2023) 133709.

[148] H. Kim, C. Jin, S. Park, S. Kim, C. Lee, H2S gas sensing properties of bare and Pd- 
functionalized CuO nanorods, Sens. Actuators. B Chem. 161 (2012) 594–599.

[149] Q. Qi, T. Zhang, X. Zheng, H. Fan, L. Liu, R. Wang, Y. Zeng, Electrical response of 
Sm2O3-doped SnO2 to C2H2 and effect of humidity interference, Sens. Actuators. 
B Chem. 134 (2008) 36–42.

[150] E. McCafferty, A.C. Zettlemoyer, Adsorption of water vapour on α-Fe 2 O 3, 
Discuss. Faraday Soc. 52 (1971) 239–254.

[151] H. Liu, S.P. Gong, Y.X. Hu, J.Q. Liu, D.X. Zhou, Properties and mechanism study 
of SnO2 nanocrystals for H2S thick-film sensors, Sens. Actuators. B Chem. 140 
(2009) 190–195.

[152] Z. Jing, J. Zhan, Fabrication and gas-sensing properties of porous ZnO nanoplates, 
Adv. Mater. 20 (2008) 4547–4551.

[153] B.F. Abrahams, B.F. Hoskins, D.M. Michail, R. Robson, Assembly of porphyrin 
building blocks into network structures with large channels, Nature 369 (1994) 
727–729.

[154] Z. Chen, M.C. Wasson, R.J. Drout, L. Robison, K.B. Idrees, J.G. Knapp, F.A. Son, 
X. Zhang, W. Hierse, C. Kühn, S. Marx, B. Hernandez, O.K. Farha, The state of the 
field: from inception to commercialization of metal–organic frameworks, Faraday 
Discuss. 225 (2021) 9–69.

[155] H. Li, M. Eddaoudi, T.L. Groy, O.M. Yaghi, Establishing microporosity in open 
metal− organic frameworks: gas sorption isotherms for Zn(BDC) (BDC = 1,4- 
Benzenedicarboxylate), J. Am. Chem. Soc. 120 (1998) 8571–8572.

[156] S. Yuan, L. Feng, K. Wang, J. Pang, M. Bosch, C. Lollar, Y. Sun, J. Qin, X. Yang, 
P. Zhang, Q. Wang, L. Zou, Y. Zhang, L. Zhang, Y. Fang, J. Li, H.-C. Zhou, Stable 
metal–organic frameworks: design, synthesis, and applications, Adv. Mater. 30 
(2018) 1704303.

[157] T. Islamoglu, D. Ray, P. Li, M.B. Majewski, I. Akpinar, X. Zhang, C.J. Cramer, 
L. Gagliardi, O.K. Farha, From transition metals to lanthanides to actinides: metal- 
mediated tuning of electronic properties of isostructural metal–organic 
frameworks, Inorg. Chem. 57 (2018) 13246–13251.

[158] Y. An, X. Lv, W. Jiang, L. Wang, Y. Shi, X. Hang, H. Pang, The stability of MOFs in 
aqueous solutions—research progress and prospects, Green Chem. Eng. 5 (2024) 
187–204.

[159] Z. Yu, X. Cao, S. Wang, H. Cui, C. Li, G. Zhu, Research progress on the water 
stability of a metal-organic framework in advanced oxidation processes, Water. 
Air. Soil. Pollut. 232 (2021) 18.

[160] Y. Zhou, T. Zhou, Y. Zhang, L. Tang, Q. Guo, M. Wang, C. Xie, D. Zeng, Synthesis 
of core-shell flower-like WO3@ZIF-71 with enhanced response and selectivity to 
H2S gas, Solid. State Ion. 350 (2020) 115278.

[161] X. Wu, S. Xiong, Z. Mao, S. Hu, X. Long, A designed ZnO@ZIF-8 core-shell 
nanorod film as a gas sensor with excellent selectivity for H 2 over CO, Chemistry 
- Eur. J. 23 (2017) 7969–7975.

[162] W. Niu, K. Kang, J. Hao, X. Chen, Y. Dong, H. Ren, Y. Guo, Y. Wang, P. Zhang, 
W. Hu, Y. Wu, Y. He, Y. Guo, Metal–Organic framework-derived Ni-doped indium 
oxide nanorods for parts per billion-level nitrogen dioxide gas sensing at high 
humidity, ACS. Sens. 9 (2024) 6103–6112.

[163] S.S. Nair, N. Illyaskutty, B. Tam, A.O. Yazaydin, K. Emmerich, A. Steudel, 
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[210] A. Matavž, M.F.K. Verstreken, L. Boullart, M.L. Tietze, M. Sugihara, L. Heinke, 
R. Ameloot, Kinetic selectivity in metal-organic framework chemical sensors, Nat. 
Commun. 16 (2025) 8347.

[211] C. Corral-Casas, J. Li, M.K. Borg, L. Gibelli, Knudsen minimum disappearance in 
molecular-confined flows, J. Fluid. Mech. 945 (2022) A28.

[212] A. Schlaich, J.L. Barrat, B. Coasne, Theory and Modeling of Transport for Simple 
Fluids in Nanoporous Materials: From Microscopic to Coarse-Grained 
Descriptions, American Chemical Society, 2025, https://doi.org/10.1021/acs. 
chemrev.4c00406 preprint.

[213] C. Dong, R. Tian, Y. Zhang, K. Liu, G. Chen, H. Guan, Z. Yin, MOF-on-MOF 
nanoarchitecturing of Fe2O3@ZnFe2O4 radial-heterospindles towards 
multifaceted superiorities for acetone detection, Chem. Eng. J. 442 (2022) 
136094.

[214] A. Bag, M. Kumar, D.-B. Moon, A. Hanif, M.J. Sultan, D.H. Yoon, N.-E. Lee, 
A room-temperature operable and stretchable NO2 gas sensor composed of 
reduced graphene oxide anchored with MOF-derived ZnFe2O4 hollow 
octahedron, Sens. Actuators. B Chem. 346 (2021) 130463.

[215] S.K. Bhardwaj, G.C. Mohanta, A.L. Sharma, K.-H. Kim, A. Deep, A three-phase 
copper MOF-graphene-polyaniline composite for effective sensing of ammonia, 
Anal. Chim. Acta 1043 (2018) 89–97.

[216] Y. Lv, P. Xu, H. Yu, J. Xu, X. Li, Ni-MOF-74 as sensing material for resonant- 
gravimetric detection of ppb-level CO, Sens. Actuators. B Chem. 262 (2018) 
562–569.

[217] E. Stern, R. Wagner, F.J. Sigworth, R. Breaker, T.M. Fahmy, M.A. Reed, 
Importance of the debye screening length on nanowire field effect transistor 
sensors, Nano Lett. 7 (2007) 3405–3409.

[218] Y. Wang, T. Wu, Y. Zhou, C. Meng, W. Zhu, L. Liu, TiO2-Based 
nanoheterostructures for promoting gas sensitivity performance: designs, 
developments, and prospects, Sensors 17 (2017) 1971.

[219] Q. Xu, Z. Zhang, X. Song, S. Yuan, Z. Qiu, H. Xu, B. Cao, Improving the 
triethylamine sensing performance based on debye length: a case study on 
α-Fe2O3@NiO(CuO) core-shell nanorods sensor working at near room- 
temperature, Sens. Actuators. B Chem. 245 (2017) 375–385.

[220] J.-H. Kim, A. Katoch, S.S. Kim, Optimum shell thickness and underlying sensing 
mechanism in p–n CuO–ZnO core–shell nanowires, Sens. Actuators. B Chem. 222 
(2016) 249–256.

[221] Y.-J. Chen, G. Xiao, T.-S. Wang, F. Zhang, Y. Ma, P. Gao, C.-L. Zhu, E. Zhang, 
Z. Xu, Q. Li, Synthesis and enhanced gas sensing properties of crystalline CeO2/ 
TiO2 core/shell nanorods, Sens. Actuators. B Chem. 156 (2011) 867–874.

[222] A. Katoch, S.-W. Choi, G.-J. Sun, S.S. Kim, An approach to detecting a reducing 
gas by radial modulation of electron-depleted shells in core–shell nanofibers, 
J. Mater. Chem. a Mater. 1 (2013) 13588.

R. Nagpal et al.                                                                                                                                                                                                                                 Materials Today Electronics 15 (2026) 100192 

42 

http://refhub.elsevier.com/S2772-9494(25)00059-2/sbref0167
http://refhub.elsevier.com/S2772-9494(25)00059-2/sbref0167
http://refhub.elsevier.com/S2772-9494(25)00059-2/sbref0168
http://refhub.elsevier.com/S2772-9494(25)00059-2/sbref0168
http://refhub.elsevier.com/S2772-9494(25)00059-2/sbref0168
http://refhub.elsevier.com/S2772-9494(25)00059-2/sbref0169
http://refhub.elsevier.com/S2772-9494(25)00059-2/sbref0169
http://refhub.elsevier.com/S2772-9494(25)00059-2/sbref0169
http://refhub.elsevier.com/S2772-9494(25)00059-2/sbref0169
http://refhub.elsevier.com/S2772-9494(25)00059-2/sbref0170
http://refhub.elsevier.com/S2772-9494(25)00059-2/sbref0170
http://refhub.elsevier.com/S2772-9494(25)00059-2/sbref0170
http://refhub.elsevier.com/S2772-9494(25)00059-2/sbref0170
http://refhub.elsevier.com/S2772-9494(25)00059-2/sbref0171
http://refhub.elsevier.com/S2772-9494(25)00059-2/sbref0171
http://refhub.elsevier.com/S2772-9494(25)00059-2/sbref0171
http://refhub.elsevier.com/S2772-9494(25)00059-2/sbref0171
http://refhub.elsevier.com/S2772-9494(25)00059-2/sbref0172
http://refhub.elsevier.com/S2772-9494(25)00059-2/sbref0172
http://refhub.elsevier.com/S2772-9494(25)00059-2/sbref0172
http://refhub.elsevier.com/S2772-9494(25)00059-2/sbref0173
http://refhub.elsevier.com/S2772-9494(25)00059-2/sbref0173
http://refhub.elsevier.com/S2772-9494(25)00059-2/sbref0173
http://refhub.elsevier.com/S2772-9494(25)00059-2/sbref0174
http://refhub.elsevier.com/S2772-9494(25)00059-2/sbref0174
http://refhub.elsevier.com/S2772-9494(25)00059-2/sbref0175
http://refhub.elsevier.com/S2772-9494(25)00059-2/sbref0175
http://refhub.elsevier.com/S2772-9494(25)00059-2/sbref0175
https://doi.org/10.1007/s00339-023-07176-x
http://refhub.elsevier.com/S2772-9494(25)00059-2/sbref0177
http://refhub.elsevier.com/S2772-9494(25)00059-2/sbref0177
http://refhub.elsevier.com/S2772-9494(25)00059-2/sbref0177
http://refhub.elsevier.com/S2772-9494(25)00059-2/sbref0177
http://refhub.elsevier.com/S2772-9494(25)00059-2/sbref0178
http://refhub.elsevier.com/S2772-9494(25)00059-2/sbref0178
http://refhub.elsevier.com/S2772-9494(25)00059-2/sbref0179
http://refhub.elsevier.com/S2772-9494(25)00059-2/sbref0179
http://refhub.elsevier.com/S2772-9494(25)00059-2/sbref0180
http://refhub.elsevier.com/S2772-9494(25)00059-2/sbref0180
http://refhub.elsevier.com/S2772-9494(25)00059-2/sbref0180
http://refhub.elsevier.com/S2772-9494(25)00059-2/sbref0181
http://refhub.elsevier.com/S2772-9494(25)00059-2/sbref0181
http://refhub.elsevier.com/S2772-9494(25)00059-2/sbref0181
http://refhub.elsevier.com/S2772-9494(25)00059-2/sbref0182
http://refhub.elsevier.com/S2772-9494(25)00059-2/sbref0182
http://refhub.elsevier.com/S2772-9494(25)00059-2/sbref0182
http://refhub.elsevier.com/S2772-9494(25)00059-2/sbref0183
http://refhub.elsevier.com/S2772-9494(25)00059-2/sbref0183
http://refhub.elsevier.com/S2772-9494(25)00059-2/sbref0183
http://refhub.elsevier.com/S2772-9494(25)00059-2/sbref0183
http://refhub.elsevier.com/S2772-9494(25)00059-2/sbref0184
http://refhub.elsevier.com/S2772-9494(25)00059-2/sbref0184
http://refhub.elsevier.com/S2772-9494(25)00059-2/sbref0184
http://refhub.elsevier.com/S2772-9494(25)00059-2/sbref0185
http://refhub.elsevier.com/S2772-9494(25)00059-2/sbref0185
http://refhub.elsevier.com/S2772-9494(25)00059-2/sbref0185
http://refhub.elsevier.com/S2772-9494(25)00059-2/sbref0185
http://refhub.elsevier.com/S2772-9494(25)00059-2/sbref0186
http://refhub.elsevier.com/S2772-9494(25)00059-2/sbref0186
http://refhub.elsevier.com/S2772-9494(25)00059-2/sbref0186
http://refhub.elsevier.com/S2772-9494(25)00059-2/sbref0186
http://refhub.elsevier.com/S2772-9494(25)00059-2/sbref0187
http://refhub.elsevier.com/S2772-9494(25)00059-2/sbref0187
http://refhub.elsevier.com/S2772-9494(25)00059-2/sbref0187
http://refhub.elsevier.com/S2772-9494(25)00059-2/sbref0188
http://refhub.elsevier.com/S2772-9494(25)00059-2/sbref0188
http://refhub.elsevier.com/S2772-9494(25)00059-2/sbref0188
http://refhub.elsevier.com/S2772-9494(25)00059-2/sbref0189
http://refhub.elsevier.com/S2772-9494(25)00059-2/sbref0189
http://refhub.elsevier.com/S2772-9494(25)00059-2/sbref0190
http://refhub.elsevier.com/S2772-9494(25)00059-2/sbref0190
http://refhub.elsevier.com/S2772-9494(25)00059-2/sbref0190
http://refhub.elsevier.com/S2772-9494(25)00059-2/sbref0190
https://doi.org/10.3390/chemosensors11100514
https://doi.org/10.3390/chemosensors11100514
http://refhub.elsevier.com/S2772-9494(25)00059-2/sbref0192
http://refhub.elsevier.com/S2772-9494(25)00059-2/sbref0192
http://refhub.elsevier.com/S2772-9494(25)00059-2/sbref0192
http://refhub.elsevier.com/S2772-9494(25)00059-2/sbref0192
http://refhub.elsevier.com/S2772-9494(25)00059-2/sbref0194
http://refhub.elsevier.com/S2772-9494(25)00059-2/sbref0194
http://refhub.elsevier.com/S2772-9494(25)00059-2/sbref0195
http://refhub.elsevier.com/S2772-9494(25)00059-2/sbref0195
http://refhub.elsevier.com/S2772-9494(25)00059-2/sbref0196
http://refhub.elsevier.com/S2772-9494(25)00059-2/sbref0196
http://refhub.elsevier.com/S2772-9494(25)00059-2/sbref0196
http://refhub.elsevier.com/S2772-9494(25)00059-2/sbref0196
http://refhub.elsevier.com/S2772-9494(25)00059-2/sbref0197
http://refhub.elsevier.com/S2772-9494(25)00059-2/sbref0197
http://refhub.elsevier.com/S2772-9494(25)00059-2/sbref0198
http://refhub.elsevier.com/S2772-9494(25)00059-2/sbref0198
http://refhub.elsevier.com/S2772-9494(25)00059-2/sbref0199
http://refhub.elsevier.com/S2772-9494(25)00059-2/sbref0199
http://refhub.elsevier.com/S2772-9494(25)00059-2/sbref0199
https://doi.org/10.1002/advs.202405694
http://refhub.elsevier.com/S2772-9494(25)00059-2/sbref0201
http://refhub.elsevier.com/S2772-9494(25)00059-2/sbref0201
http://refhub.elsevier.com/S2772-9494(25)00059-2/sbref0201
http://refhub.elsevier.com/S2772-9494(25)00059-2/sbref0201
http://refhub.elsevier.com/S2772-9494(25)00059-2/sbref0203
http://refhub.elsevier.com/S2772-9494(25)00059-2/sbref0203
http://refhub.elsevier.com/S2772-9494(25)00059-2/sbref0203
http://refhub.elsevier.com/S2772-9494(25)00059-2/sbref0204
http://refhub.elsevier.com/S2772-9494(25)00059-2/sbref0204
http://refhub.elsevier.com/S2772-9494(25)00059-2/sbref0204
http://refhub.elsevier.com/S2772-9494(25)00059-2/sbref0205
http://refhub.elsevier.com/S2772-9494(25)00059-2/sbref0205
http://refhub.elsevier.com/S2772-9494(25)00059-2/sbref0205
http://refhub.elsevier.com/S2772-9494(25)00059-2/sbref0205
http://refhub.elsevier.com/S2772-9494(25)00059-2/sbref0206
http://refhub.elsevier.com/S2772-9494(25)00059-2/sbref0206
http://refhub.elsevier.com/S2772-9494(25)00059-2/sbref0207
http://refhub.elsevier.com/S2772-9494(25)00059-2/sbref0207
http://refhub.elsevier.com/S2772-9494(25)00059-2/sbref0207
http://refhub.elsevier.com/S2772-9494(25)00059-2/sbref0208
http://refhub.elsevier.com/S2772-9494(25)00059-2/sbref0208
http://refhub.elsevier.com/S2772-9494(25)00059-2/sbref0209
http://refhub.elsevier.com/S2772-9494(25)00059-2/sbref0209
http://refhub.elsevier.com/S2772-9494(25)00059-2/sbref0210
http://refhub.elsevier.com/S2772-9494(25)00059-2/sbref0210
http://refhub.elsevier.com/S2772-9494(25)00059-2/sbref0210
http://refhub.elsevier.com/S2772-9494(25)00059-2/sbref0211
http://refhub.elsevier.com/S2772-9494(25)00059-2/sbref0211
https://doi.org/10.1021/acs.chemrev.4c00406
https://doi.org/10.1021/acs.chemrev.4c00406
http://refhub.elsevier.com/S2772-9494(25)00059-2/sbref0213
http://refhub.elsevier.com/S2772-9494(25)00059-2/sbref0213
http://refhub.elsevier.com/S2772-9494(25)00059-2/sbref0213
http://refhub.elsevier.com/S2772-9494(25)00059-2/sbref0213
http://refhub.elsevier.com/S2772-9494(25)00059-2/sbref0214
http://refhub.elsevier.com/S2772-9494(25)00059-2/sbref0214
http://refhub.elsevier.com/S2772-9494(25)00059-2/sbref0214
http://refhub.elsevier.com/S2772-9494(25)00059-2/sbref0214
http://refhub.elsevier.com/S2772-9494(25)00059-2/sbref0215
http://refhub.elsevier.com/S2772-9494(25)00059-2/sbref0215
http://refhub.elsevier.com/S2772-9494(25)00059-2/sbref0215
http://refhub.elsevier.com/S2772-9494(25)00059-2/sbref0216
http://refhub.elsevier.com/S2772-9494(25)00059-2/sbref0216
http://refhub.elsevier.com/S2772-9494(25)00059-2/sbref0216
http://refhub.elsevier.com/S2772-9494(25)00059-2/sbref0217
http://refhub.elsevier.com/S2772-9494(25)00059-2/sbref0217
http://refhub.elsevier.com/S2772-9494(25)00059-2/sbref0217
http://refhub.elsevier.com/S2772-9494(25)00059-2/sbref0218
http://refhub.elsevier.com/S2772-9494(25)00059-2/sbref0218
http://refhub.elsevier.com/S2772-9494(25)00059-2/sbref0218
http://refhub.elsevier.com/S2772-9494(25)00059-2/sbref0219
http://refhub.elsevier.com/S2772-9494(25)00059-2/sbref0219
http://refhub.elsevier.com/S2772-9494(25)00059-2/sbref0219
http://refhub.elsevier.com/S2772-9494(25)00059-2/sbref0219
http://refhub.elsevier.com/S2772-9494(25)00059-2/sbref0220
http://refhub.elsevier.com/S2772-9494(25)00059-2/sbref0220
http://refhub.elsevier.com/S2772-9494(25)00059-2/sbref0220
http://refhub.elsevier.com/S2772-9494(25)00059-2/sbref0221
http://refhub.elsevier.com/S2772-9494(25)00059-2/sbref0221
http://refhub.elsevier.com/S2772-9494(25)00059-2/sbref0221
http://refhub.elsevier.com/S2772-9494(25)00059-2/sbref0222
http://refhub.elsevier.com/S2772-9494(25)00059-2/sbref0222
http://refhub.elsevier.com/S2772-9494(25)00059-2/sbref0222


[223] S.M. Majhi, P. Rai, Y.-T. Yu, Facile approach to synthesize Au@ZnO core–shell 
nanoparticles and their application for highly sensitive and selective gas sensors, 
ACS. Appl. Mater. Interfaces. 7 (2015) 9462–9468.

[224] N. Yamazoe, K. Shimanoe, Theory of power laws for semiconductor gas sensors, 
Sens. Actuators. B Chem. 128 (2008) 566–573.

[225] M. Batzill, U. Diebold, Surface studies of gas sensing metal oxides, Phys. Chem. 
Chem. Phys. 9 (2007) 2307.

[226] K. Zakrzewska, Mixed oxides as gas sensors, Thin. Solid. Films. 391 (2001) 
229–238.

[227] N. Zahmouli, M. Hjiri, L. El Mir, A. Bonavita, N. Donato, G. Neri, S.G. Leonardi, 
High performance acetone sensor based on γ-Fe2O3/Al–ZnO nanocomposites, 
Nanotechnology. 30 (2018) 55502.

[228] L. Zhao, C.L. Zhou, H.L. Li, H.W. Diao, W.J. Wang, Role of the work function of 
transparent conductive oxide on the performance of amorphous/crystalline 
silicon heterojunction solar cells studied by computer simulation, physica status 
solidi (a) 205 (2008) 1215–1221.

[229] C.-M. Apostol Nicoleta Georgiana, Teodorescu, Surface Science Tools for 
Nanomaterials Characterization, Springer Berlin Heidelberg, Berlin, Heidelberg, 
2015, pp. 405–461, ed. C. S. S. R. Kumar.

[230] S. Zhou, J. Ji, T. Qiu, L. Wang, W. Ni, S. Li, W. Yan, M. Ling, C. Liang, Boosting 
selective H 2 sensing of ZnO derived from ZIF-8 by rGO functionalization, Inorg. 
Chem. Front. 9 (2022) 599–606.

[231] B. Chakraborty, D. Litra, A.K. Mishra, C. Lupan, R. Nagpal, S. Mishra, H. Qiu, 
S. Railean, O. Lupan, N.H. de Leeuw, R. Adelung, L. Siebert, Ultra-selective 
hydrogen sensors based on CuO - ZnO hetero-structures grown by surface 
conversion, J. Alloys. Compd. 1002 (2024) 175385.

[232] D.R. Miller, S.A. Akbar, P.A. Morris, Nanoscale metal oxide-based heterojunctions 
for gas sensing: a review, Sens. Actuators. B Chem. 204 (2014) 250–272.

[233] H. Gatty, G. Stemme, N. Roxhed, A. Miniaturized, Amperometric hydrogen sulfide 
sensor applicable for bad breath monitoring, Micromachines. (Basel) 9 (2018) 
612.

[234] A. Macagnano, A. Bearzotti, F. DeCesare, E. Zampetti, Sensing asthma with 
portable devices equipped with ultrasensitive sensors based on electrospun 
nanomaterials, Electroanalysis. 26 (2014) 1419–1429.

[235] H. Gatty, G. Stemme, N. Roxhed, A. Miniaturized, Amperometric hydrogen sulfide 
sensor applicable for bad breath monitoring, Micromachines. (Basel) 9 (2018) 
612.

[236] A. Macagnano, A. Bearzotti, F. DeCesare, E. Zampetti, Sensing asthma with 
portable devices equipped with ultrasensitive sensors based on electrospun 
nanomaterials, Electroanalysis. 26 (2014) 1419–1429.

[237] K. Zayasu, K. Sekizawa, S. Okinaga, M. Yamaya, T. Ohrui, H. Sasaki, Increased 
carbon monoxide in exhaled air of asthmatic patients, Am. J. Respir. Crit. Care 
Med. 156 (1997) 1140–1143.

[238] R.P. Smith, R.E. Gosselin, Hydrogen sulfide poisoning, J. Occup. Environ. Med. 21 
(1979) 93–97.

[239] E. Zaorska, M. Konop, R. Ostaszewski, D. Koszelewski, M. Ufnal, Salivary 
hydrogen sulfide measured with a new highly sensitive self-immolative coumarin- 
based fluorescent probe, Molecules. 23 (2018) 2241.

[240] V. Saasa, T. Malwela, M. Beukes, M. Mokgotho, C.-P. Liu and B. Mwakikunga, 
Sensing technologies for detection of acetone in human breath for diabetes 
diagnosis and monitoring, Diagnostics, DOI:10.3390/diagnostics8010012.

[241] H. Kimura, Production and physiological effects of hydrogen sulfide, Antioxid. 
Redox. Signal. 20 (2014) 783–793.

[242] L.R. Goodwin, D. Francom, F.P. Dieken, J.D. Taylor, M.W. Warenycia, R. 
J. Reiffenstein, G. Dowling, Determination of sulfide in brain tissue by gas 
dialysis/ion chromatography: postmortem studies and two case reports, J. Anal. 
Toxicol. (13) (1989) 105–109.

[243] Y. Han, J. Qin, X. Chang, Z. Yang, J. Du, Hydrogen sulfide and carbon monoxide 
are in synergy with each other in the pathogenesis of recurrent febrile seizures, 
Cell. Mol. Neurobiol. 26 (2006) 101–107.

[244] T.W. Mitchell, J.C. Savage, D.H. Gould, High-performance liquid chromatography 
detection of sulfide in tissues from sulfide-treated mice, J. Appl. Toxicol. 13 
(1993) 389–394.

[245] J.C. Savage, D.H. Gould, Determination of sulfide in brain tissue and rumen fluid 
by ion-interaction reversed-phase high-performance liquid chromatography, 
J. Chromatogr. B Biomed. Sci. Appl. 526 (1990) 540–545.

[246] M.W. Warenycia, L.R. Goodwin, C.G. Benishin, R.J. Reiffenstein, D.M. Francom, 
J.D. Taylor, F.P. Dieken, Acute hydrogen sulfide poisoning. Demonstration of 
selective uptake of sulfide by the brainstem by measurement of brain sulfide 
levels, Biochem. Pharmacol. 38 (1989) 973–981.

[247] Y. Ogasawara, S. Isoda, S. Tanabe, Tissue and subcellular distribution of bound 
and acid-labile sulfur, and the enzymic capacity for sulfide production in the rat, 
Biol. Pharm. Bull. 17 (1994) 1535–1542.

[248] D.C. Dorman, F.J.-M. Moulin, B.E. McManus, K.C. Mahle, R.A. James, M. 
F. Struve, Cytochrome oxidase inhibition induced by acute hydrogen sulfide 
inhalation: correlation with tissue sulfide concentrations in the rat brain, liver, 
lung, and nasal epithelium, Toxicol. Sci. 65 (2002) 18–25.

[249] X. Wang, H. Qin, J. Pei, Y. Chen, L. Li, J. Xie, J. Hu, Sensing performances to low 
concentration acetone for palladium doped LaFeO3 sensors, J. Rare Earths 34 
(2016) 704–710.

[250] H. Wu, X. Li, G. Fu, P. Xu, C. Fan, L. Shen, G. Yang, C. Wen, W. Liu, Ultrasensitive 
detection of dimethylamine gas for early diagnosis of Parkinson’s disease using 
CeO2-coated Ti3C2Tx MXene/carbon nanofibers, ACS. Sens. 9 (2024) 
6400–6410.

[251] N. Ashammakhi, A.L. Hernandez, B.D. Unluturk, S.A. Quintero, N.R. de Barros, 
E. Hoque Apu, A. Bin Shams, S. Ostrovidov, J. Li, C. Contag, A.S. Gomes, 

M. Holgado, Biodegradable implantable sensors: materials design, fabrication, 
and applications, Adv. Funct. Mater. 31 (2021) 2104149.

[252] G. Liu, Z. Lv, S. Batool, M.-Z. Li, P. Zhao, L. Guo, Y. Wang, Y. Zhou, S.-T. Han, 
Biocompatible material-based flexible biosensors: from materials design to 
wearable/implantable devices and integrated sensing systems, Small. 19 (2023) 
2207879.

[253] P. Harris, J. Kaveh, A.M. Kemas, H. Mikaelsson, M. Fielden, V.M. Lauschke, R. 
Z Shafagh, Robust and seamless integration of thiol-ene-epoxy thermosets with 
thermoplastics and glass as hybrid microfluidic devices suitable for drug studies, 
Adv. Mater. Interfaces. 11 (2024) 2300972.

[254] A.J. Kulandaisamy, V. Elavalagan, P. Shankar, G.K. Mani, K.J. Babu, J.B. 
B. Rayappan, Nanostructured cerium-doped zno thin film – a breath sensor, 
Ceram. Int. 42 (2016) 18289–18295.

[255] L.F. da Silva, A.C. Catto, W. Avansi, L.S. Cavalcante, V.R. Mastelaro, J. Andrés, 
K. Aguir, E. Longo, Acetone gas sensor based on α-Ag2WO4 nanorods obtained via 
a microwave-assisted hydrothermal route, J. Alloys. Compd. 683 (2016) 
186–190.

[256] E. Mansour, R. Vishinkin, S. Rihet, W. Saliba, F. Fish, P. Sarfati, H. Haick, 
Measurement of temperature and relative humidity in exhaled breath, Sens. 
Actuators. B Chem. 304 (2020) 127371.

[257] W.T. Koo, S.J. Choi, J.S. Jang and I.D. Kim, Metal-organic framework templated 
synthesis of ultrasmall catalyst loaded ZnO/ZnCo2 O4 hollow spheres for 
enhanced gas sensing properties, Sci. Rep., DOI:10.1038/srep45074.

[258] S.M. Abernathy, K.R. Brown, Using the vapor pressure of pure volatile organic 
compounds to predict the enthalpy of vaporization and computing the entropy of 
vaporization, OAlib. 02 (2015) 1–7.

[259] C.H. Halios, C. Landeg-Cox, S.D. Lowther, A. Middleton, T. Marczylo, 
S. Dimitroulopoulou, Chemicals in European residences – Part I: a review of 
emissions, concentrations and health effects of volatile organic compounds 
(VOCs), Sci. Total Environ. 839 (2022) 156201.

[260] A.H. Johnstone, CRC Handbook of Chemistry and Physics-69th Edition Editor in 
Chief R. C. Weast (1988) 2400 price £57.50. ISBN 0-8493-0369-5, Journal of 
Chemical Technology & Biotechnology, 2007, 50.

[261] Z. Liu, T. Yang, Y. Dong and X. Wang, A room temperature VOCs gas sensor based 
on a layer by layer multi-walled carbon nanotubes/poly-ethylene glycol 
composite, Sensors, DOI:10.3390/s18093113.

[262] H. Nguyen, S.A. El-Safty, Meso- and macroporous Co3O4 nanorods for effective 
VOC gas sensors, J. Phys. Chem. C 115 (2011) 8466–8474.

[263] S. Acharyya, S. Nag, S. Kimbahune, A. Ghose, A. Pal, P.K. Guha, Selective 
discrimination of VOCs applying gas sensing kinetic analysis over a metal oxide- 
based chemiresistive gas sensor, ACS. Sens. 6 (2021) 2218–2224.

[264] K. Li, Y. Liang, Y. Liu, Y.-S. Lin, Tunable MEMS-based meta-absorbers for 
nondispersive infrared gas sensing applications, Microsyst. Nanoeng. 11 (2025) 2.

[265] V. Sharif, H. Saberi, H. Pakarzadeh, Designing a terahertz optical sensor based on 
helically twisted photonic crystal fiber for toxic gas sensing, Sci. Rep. 15 (2025) 
2268.

[266] Y. Jiang, L. Wu, Q. Chen, N. Li, J. Tian, High-performance capacitive humidity 
sensor based on flower-like SnS2/Ti3C2 MXene for respiration monitoring and 
non-contact sensing, Sens. Actuators. B Chem. 426 (2025) 137012.

[267] M. Singh, K. Won, Diols as a novel signal enhancer for electrochemical ammonia 
gas sensing in ionic liquid electrolytes, Microchem. J. 208 (2025) 112444.

[268] H. Zhang, H. Zhu, S. Nie, S. Wu, X. Liu, S. Yin, Room temperature potentiometric 
sensor for hydrogen sulfide and sulfur dioxide based on a Zn-doped 
Na3Zr2Si2PO12 electrolyte, Sens. Actuators. B Chem. 427 (2025) 137139.

[269] B. Cui, W. Wang, L. Cheng, J. Jin, A. Hu, Z. Ren, X. Xue, Y. Liang, Acoustic 
impedance-based surface acoustic wave chip for gas leak detection and 
respiratory monitoring, Commun. Eng. 4 (2025) 15.

[270] L. Katriani, R. Aflaha, C.N. Maharani, F. Naafi’ah Salsabila, A.H. As’ari, A. 
Rianjanu, P. Nurwantoro, R. Roto and K. Triyana, Quartz crystal microbalance 
coated with a polyvinylpyrrolidone microfiber active layer as a high-performance 
acetic acid gas sensor, Langmuir., DOI:10.1021/acs.langmuir.4c04474.

[271] L. Chen, S. Oishi, Terahertz time-domain spectroscopy of organic gases, Rev. 
Laser Eng. 34 (2006) 251–254.

[272] B. Graber, C. Kim, D.H. Wu, High SNR single measurements of trace gas phase 
spectra at THz frequencies, Appl. Phys. Lett. 111 (2017) 221107.

[273] H. Lin, W. Withayachumnankul, B.M. Fischer, S.P. Mickan, D. Abbott, Terahertz 
Photonics, SPIE, 2008 68400X eds. C. Zhang and X.-C. Zhangvol. 6840.

[274] R. Puers, Capacitive sensors: When and how to use them, Sens. Actuators. a Phys. 
37–38 (1993) 93–105.

[275] F.M.L. Van Der Goes, G.C.M. Meijer, A novel low-cost capacitive-sensor interface, 
IEEe Trans. Instrum. Meas. 45 (1996) 536–540.

[276] V. Tsouti, C. Boutopoulos, I. Zergioti, S. Chatzandroulis, Capacitive microsystems 
for biological sensing, Biosens. Bioelectron. 27 (2011) 1–11.

[277] G. Brasseur, B. Brandstatter and H. Zangl, in 1st International Workshop on 
Robotic Sensing,2003. ROSE’ 03., 2003, pp. 4 pp.-.

[278] A.H. Assen, O. Yassine, O. Shekhah, M. Eddaoudi, K.N. Salama, MOFs for the 
sensitive detection of ammonia: deployment of fcu-MOF thin films as effective 
chemical capacitive sensors, ACS. Sens. 2 (2017) 1294–1301.
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