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Table 1

Experimental battery parameters

Height /mm Diameter /mm

Parameter

Nominal capacity /

(mA-h)

Charging
voltage /V

Discharge cut-off
voltage /V

Nominal
voltage /V

Value 65 18 3500

3.63 2.65 4.2
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Table 2 Hydrocarbon gas content (volume fraction, %)

No. CH, C,H, C, H; No. CH, C,H, C, Hq
1 1. 86 1.70 0.11 16 0. 88 0.19 1.58
2 0. 89 0.41 0.18 17 2.79 1. 90 1.67
3 2. 80 2.11 0. 26 18 0. 88 0.62 1.82
4 1. 84 0.83 0.41 19 0. 35 2.30 1. 89
5 0. 88 2.53 0.50 20 2.23 1. 00 2.02
6 2. 80 1.15 0.58 21 0.71 1.78 2.42
7 1. 84 2. 86 0.73 22 2.97 1.42 2.19
8 0. 35 1.62 0. 80 23 1.50 0.07 2.31
9 1. 85 0. 30 0. 89 24 0.71 1.78 2.42
10 0.90 2.03 0.98 25 2.26 0. 50 2.49
11 2.78 0.72 1.12 26 1.47 2.20 2.59
12 1.83 2.42 1. 19 27 0.47 0.90 2.70
13 0. 88 1. 14 1.27 28 2.24 2.63 2.79
14 2.82 2.78 1.37 29 1.47 1. 26 2.91
15 1.83 1.47 1.51 30 3.02 2.99 2.99
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# 3 ARRAEMBLE LSRR 2 DWT b 2%

Table 3 Raman characteristic peaks and DWT optimization parameters of target gases

Optimal wavelet parameter

G Characteristic
as wavenumber /cm ™! Scale Symmlet
CO, 1282, 1390 9 Sym 4
0, 1556 10 Sym 2
CcO 2140 5 Sym 10
H, 593 7 Sym 8
N, 2328 6 Sym 6
CH, 2920, 3019, 3073 4 Sym 2
C,H, 1344, 1625, 3019 8 Sym 9
C, H; 921.7, 1298, 2932, 3015 8 Sym 6
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Table 4 PLS modeling results for battery pyrolysis gas

Training set

Validation set

R? RMSEC /% R* RMSEP /%
CO, 0. 999 0. 340 0. 999 0. 452
0, 1.000 125 0. 999 0. 220
CcO 0. 994 0.221 0.988 0. 327
H, 0.998 0.115 0. 988 0. 337
N, 0. 999 0.276 0.998 0.430
CH, 0. 960 0.162 0. 937 0.184
C.H, 0.999 0. 040 0. 991 0.091
C, H, 0. 994 0.083 0.993 0.097
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Table 5 Gas volume fractions in container after thermal runaway of lithium ion batteries ends
Volume fraction /%
SOC /%
0, N, CO H, CO, C,H, C, H; CH,
25 0 56.0540. 14 18.4740. 29 9.424+0. 14 13.03+0.1 0.68+0.03 0.48+0.05 0.4340
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Abstract

Objective

Lithium-ion batteries are widely used in electronic equipment, electric vehicles, and other applications owing

to their advantages of high specific energy, high power, long cycle life, and little or no pollution. Using lithium-ion
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batteries is a good strategy to achieve the “double carbon” goal. However, abusing lithium-ion batteries may trigger a
thermal runaway event, and the burning of toxic and highly flammable gases emitted from thermal runaway can cause
severe fires or explosions. Analyzing the gas production behavior of lithium-ion batteries during thermal runaway is of
great significance. However, the traditional technology used for detecting pyrolysis gas from lithium-ion batteries
struggles to meet the needs of online detection because of many shortcomings, such as a long detection cycle, strong
cross-interference, easy saturation, and the inability to detect homonuclear diatomic molecules. The basic understanding
of the risk of gas release during the thermal abuse of batteries is still limited. Therefore, an effective technology that can
perform a high-resolution online in-situ analysis of battery pyrolysis gas is urgently needed.

Methods In this work, a laser Raman spectroscopy technique is used to rapidly detect the changes in the composition and
concentration of the main gases released from the thermal runaway of abused lithium-ion batteries . Hence, an online
analysis of the risk of pyrolysis gases of lithium-ion batteries is possible. The pretreatment methods by discrete wavelet
transform (DWT) and adaptive iterative re-weighted penalized least squares (airPLS) are used to denoise and deduct the
background of the spectral data, respectively. Partial least squares (PLS) is used to establish a quantitative model for the
target gas, which can accurately and stably analyze the information on pyrolysis gas from lithium-ion batteries.

Results and Discussions First, the Raman spectra of a battery with state of charge (SOC) of 100% during thermal
runaway is compared with those of standard reference gases (Fig. 3), and the main gases released by battery pyrolysis
are determined to be CO,, CO, H,, CH,, C,H,, and C;Hy;. CH,, C,H,, and C,;H; have the problems of intensive and
overlapping characteristic peaks, especially in the 2502—-3444 c¢cm ' range. Second, to eliminate the spectral noise and
baseline interference on the effective spectral information, this study uses DWT and the airPLS algorithm, respectively.
The grid search strategy is used to optimize the DWT parameters, which is determined by the root mean square error of
prediction (RMSEP) of the PLS model (Fig. 4). The different DWT parameters have great influence on the model, and
the optimal DWT parameters from different gases varies. In addition, to quantify the composition of the unknown
pyrolysis gas from the battery, the variables most relevant to the measured gas concentration are screened out in the
spectral library by the classical PLS method to establish a multiple regression model (Table 4). In the prediction results on
the validation set, the minimum value of predictive correlation coefficient ( R*) is 0.937, and the maximum value of
RMSEP is only 0.452%, indicating that the PLS model accurately extracts the concentration of the pyrolysis gas from the
battery. Finally, the laser Raman spectroscopy technology is used in the thermal abuse experiment of a lithium-ion
battery, and the surface temperature, voltage, internal pressure of the abused device, and gas data are recorded in real
time (Fig. 6). The thermal abuse process of the battery is divided into three stages. The gas composition and
concentration change significantly across the three stages. The gas composition and concentration remain unchanged after
the thermal runaway ends, and the maximum error of gas concentration change is no more than 0.29% (Table 5). The
gas concentration and its relationship with the SOC are consistent with the results obtained by different gas detection
technologies in previous literature. These results show that laser gas Raman spectroscopy technology can effectively and
stably analyze the pyrolysis gas from a battery.

Conclusions The main components of the pyrolysis gas from a lithium-ion battery are determined as CO,, CO, H,,
CH,, C,H,, and C;H, using Raman spectroscopy analysis. The above six gases and N, and O, from the air can accurately
reflect the temperature and stage of the thermal runaway of a lithium-ion battery, and effectively evaluate the risk of
thermal runaway of lithium-ion batteries. The thermal runaway gas components of a lithium-ion battery are analyzed
online using a Raman spectroscopy system, and the spectral data of the gas samples are quantitatively analyzed using a
spectral preprocessing algorithm and PLS model. The results show that the Raman spectroscopy can analyze the dynamic
changes of the main pyrolysis gases from a lithium-ion battery and air components in seconds. The maximum root mean
square error of the spectral model is no more than 0.45%, and the minimum root mean square error is only 0.04%,
which effectively meets the requirements of the online analysis of typical gas products in the thermal runaway process of a
lithium-ion battery. Therefore, the Raman spectroscopy is expected to become an effective technique for the online in-
situ study of thermal runaway release gases from lithium-ion batteries and accurately assess the explosion risk of lithium-
ion batteries.

Key words spectroscopy; Raman spectrum; lithium-ion battery; thermal runaway; characteristic gases; on-line analysis

2311001-9



