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Abstract 

Batteries play a critical role in achieving zeroemission goals and in the transition 

toward a more circular economy. Ensuring battery safety is a top priority for 

manufacturers and consumers alike, and hence is an active topic of research. Metal-oxide 

nanostructures have unique properties that make them highly promising for gas sensing in 

battery safety applications. In this study, we investigate the gas-sensing capabilities of 

semiconducting metal oxides for detecting vapors produced by common battery 

components, such as solvents, salts, or their degassing products. Our main objective is to 

develop sensors capable of early detection of common vapors produced by malfunctioning 

batteries to prevent explosions and further safety hazards. Typical electrolyte components 

and degassing products for the Li-ion, Li−S, or solid-state batteries that were investigated 

in this study include 1,3-dioxololane (C3H6O2_DOL), 1,2-dimethoxyethane 

(C4H10O2_DME), ethylene carbonate (C3H4O3_EC), dimethyl carbonate (C4H10O2_DMC), 

lithium bis(trifluoromethanesulfonyl)imide (LiTFSI), lithium nitrate (LiNO3) salts in a 

mixture of DOL and DME, lithium hexafluorophosphate (LiPF6), nitrogen dioxide (NO2), 

and phosphorous pentafluoride (PF5). Our sensing platform was based on ternary and 

binary heterostructures consisting of TiO2(111)/CuO(1̅11)/Cu2O(111) and 

CuO(1̅11)/Cu2O(111), respectively, with various CuO layer thicknesses (10, 30, and 50 nm). 

We have analyzed these structures using scanning electron microscopy (SEM), energy-
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dispersive X-ray spectroscopy (EDX), micro-Raman spectroscopy, and ultraviolet−visible 

(UV−vis) spectroscopy. We found that the sensors reliably detected DME C4H10O2 vapors 

up to a concentration of 1000 ppm with a gas response of 136%, and concentrations as low 

as 1, 5, and 10 ppm with response values of approximately 7, 23, and 30%, respectively. 

Our devices can serve as 2-in-1 sensors, functioning as a temperature sensor at low 

operating temperatures and as a gas sensor at temperatures above 200 °C. Density 

functional theory calculations were also employed to study the adsorption of the vapors 

produced by battery solvents or their degassing products, as well as water, to investigate 

the impact of humidity. PF5 and C4H10O2 showed the most exothermic molecular 

interactions, which are consistent with our gas response investigations. Our results 

indicate that humidity does not impact the performance of the sensors, which is crucial for 

the early detection of thermal runaway under harsh conditions in Li-ion batteries. We 

show that our semiconducting metal-oxide sensors can detect the vapors produced by 

battery solvents and degassing products with high accuracy and can serve as high-

performance battery safety sensors to prevent explosions in malfunctioning Li-ion 

batteries. Despite the fact that the sensors work independently of the type of battery, the 

work presented here is of particular interest for the monitoring of solid-state batteries, 

since DOL is a solvent typically used in this type of batteries. 
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Adelung, R. Non-Planar Nanoscale p−p Heterojunctions Formation in ZnxCu1‑xOy Nanocrystals by 

Mixed Phases for Enhanced Sensors. Sens. Actuators, B 2016, 230, 832−843. 

49. Lupan, O.; Postica, V.; Ababii, N.; Reimer, T.; Shree, S.; Hoppe, M.; Polonskyi, O.; Sontea, V.; 

Chemnitz, S.; Faupel, F.; Adelung, R. Ultra-Thin TiO2 Films by Atomic Layer Deposition and Surface 

Functionalization with Au Nanodots for Sensing Applications. Mater. Sci. Semicond. Process. 2018, 87, 

44−53. 

50. Kresse, G.; Hafner, J. Ab Initio Molecular Dynamics for Liquid Metals. Phys. Rev. B 1993, 47, 

558−561. 

51. Kresse, G.; Hafner, J. Ab Initio Molecular-Dynamics Simulation of the Liquid-Metal−Amorphous-

Semiconductor Transition in Germanium. Phys. Rev. B 1994, 49, 14251−14269. 

52. Kresse, G.; Furthmüller, J. Efficiency of Ab-Initio Total Energy Calculations for Metals and 

Semiconductors Using a Plane-Wave Basis Set. Comput. Mater. Sci. 1996, 6, 15−50. 

53. Kresse, G.; Furthmüller, J. Efficient Iterative Schemes for Ab Initio Total-Energy Calculations Using 

a Plane-Wave Basis Set. Phys. Rev. B 1996, 54, 11169−11186. 

54. Perdew, J. P.; Burke, K.; Ernzerhof, M. Generalized Gradient Approximation Made Simple. Phys. 

Rev. Lett. 1996, 77, No. 3865. 

55. Perdew, J. P.; Burke, K.; Ernzerhof, M. Generalized Gradient Approximation Made Simple. Phys. 

Rev. Lett. 1996, 77, 3865−3868. 



 
ACS Applied Materials & Interfaces 2023, Vol.15, Iss. 22, pag. 27340–27356 

 
56. Hestenes, M. R.; Stiefel, E. Methods of Conjugate Gradients for Solving Linear Systems. J. Res. 

Natl. Bur. Stand. 1952, 49, 409−436. 

57. Sheppard, D.; Terrell, R.; Henkelman, G. Optimization Methods for Finding Minimum Energy 

Paths. J. Chem. Phys. 2008, 128, No. 134106. 

58. Henkelman, G.; Arnaldsson, A.; Jonsson, H. A Fast and Robust Algorithm for Bader Decomposition 

of Charge Density. Comput. Mater. Sci. 2006, 36, 354−360. 

59. Sanville, E.; Kenny, S. D.; Smith, R.; Henkelman, G. Improved Grid-Based Algorithm for Bader 

Charge Allocation. J. Comput. Chem. 2007, 28, 899−908. 

60. Tang, W.; Sanville, E.; Henkelman, G. A Grid-Based Bader Analysis Algorithm without Lattice 

Bias. J. Phys.: Condens. Matter 2009, 21, No. 084204. 

61. Momma, K.; Izumi, F. VESTA 3 for Three-Dimensional Visualization of Crystal, Volumetric and 

Morphology Data. J. Appl. Crystallogr. 2011, 44, 1272−1276. 

62. Wang, V.; Xu, N.; Liu, J.-C.; Tang, G.; Geng, W.-T. VASPKIT: A User-Friendly Interface 

Facilitating High-Throughput Computing and Analysis Using VASP Code. Comput. Phys. Commun. 2021, 

267, No. 108033. 

63. OriginPro, 2019b; OriginLab Corporation: Northampton, MA, USA, 2019. 

https://www.originlab.com/2019b (accessed Oct 27, 2022). 

64. Tasker, P. W. The Stability of Ionic Crystal Surfaces. J. Phys. C: Solid State Phys. 1979, 12, 

4977−4984. 

65. Vahl, A.; Lupan, O.; Santos-Carballal, D.; Postica, V.; Hansen, S.; Cavers, H.; Wolff, N.; Terasa, 

M.-I.; Hoppe, M.; Cadi-Essadek, A.; Dankwort, T.; Kienle, L.; de Leeuw, N. H.; Adelung, R.; Faupel, F. 

Surface Functionalization of ZnO:Ag Columnar Thin Films with AgAu and AgPt Bimetallic Alloy 

Nanoparticles as an Efficient Pathway for Highly Sensitive Gas Discrimination and Early Hazard Detection 

in Batteries. J. Mater. Chem. A 2020, 8, 16246−16264. 

66. Postica, V.; Vahl, A.; Santos-Carballal, D.; Dankwort, T.; Kienle, L.; Hoppe, M.; Cadi-Essadek, A.; 

de Leeuw, N. H.; Terasa, M.-I.; Adelung, R.; Faupel, F.; Lupan, O. Tuning ZnO Sensors Reactivity toward 

Volatile Organic Compounds via Ag Doping and Nanoparticle Functionalization. ACS Appl. Mater. 

Interfaces 2019, 11, 31452−31466. 

67. Postica, V.; Vahl, A.; Strobel, J.; Santos-Carballal, D.; Lupan, O.; Cadi-Essadek, A.; De Leeuw, N. 
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