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The low- and high-temperature oxidation of dimethyl carbonate (DMC), a key electrolyte component in lithium-
ion batteries (LIBs), was carried out with ozone (O3) addition by using an atmospheric pressure Jet Stirred
Reactor (JSR) from 400 to 1200 K. Kinetic analysis of DMC oxidation was conducted using the coupled Plug Flow
Reactor-Perfectly Stirred Reactor (PFR-PSR) module. Without O3 addition, the oxidation of DMC initiated at 950
K with no low-temperature reactivity. However, the low-temperature chemistry of DMC was observed from 450
K with O3 addition, and Os significantly enhanced the low-temperature reactivity of DMC. Two kinetic models
with incorporating the O3 sub-model were employed and predicted the experimental data reasonably well, even
though slightly overpredicted DMC oxidation above 550 K under the fuel-lean condition. Furthermore, a
temperature-independent coefficient (TIC) behavior of DMC with O3 addition was observed between 600 and
950 K both in experiments and simulations, which was associated with the pyrolysis of DMC radicals to CH,O
and CO,, and then to CO, while the low-temperature oxidation pathway through 1% and ond 0, addition and CO
oxidation to CO5 was negligible. The fast pyrolysis reaction rates of O3 and DMC radicals, such as CH30C(=0)
OCH; and CH30C(=0), explain the TIC behavior in the pathway and sensitivity analyses. This work used O3 to
mimic the oxidizing environment in LIBs by providing active atomic oxygen, and implied that the early
degradation of LIBs could be attributed to the low-temperature oxidation of DMC with reactive oxygen species. It
provides kinetic evidence for a higher level of CO, and a lower level of CO in the initial stage of the thermal
runaway in LIBs.

1. Introduction However, most of the previous studies focused on DMC as a diesel ad-

ditive [6-14] rather than an electrolyte component. Therefore, further

Lithium-ion batteries (LIBs) are widely applied in electronic devices
and new energy vehicles for their light weight and high energy density
[1]. Abusive operating conditions, including mechanical (deforma-
tion/penetration), thermal (external heating), and electrical (short cir-
cuit/overcharge) [2-5], can trigger thermal runaway in LIBs, which is a
significant safety concern for LIBs applications. Additionally, the flam-
mability and decomposition of the electrolyte are closely related to the
early initiation of thermal runaway [4], and a thorough understanding
of the oxidative behavior of the electrolyte components, especially at
low temperature, is crucial for improving the thermal safety of LIBs.

Dimethyl carbonate (DMC) is a major component in electrolytes of
LIBs, enabling lithium salt ion transport between the cathode and anode
[6]. Previous studies have carried out extensive work on the funda-
mental combustion characteristics of DMC, such as ignition delay time
[7,8], laminar flame speed [6], and high-temperature oxidation [9,10].
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studies are needed on DMC as an electrolyte component. Recent studies
indicate that reactive oxygen species (e.g., singlet oxygen 10, or atomic
oxygen O) are associated with early oxidation of electrolytes [15,16].
Wandt et al. [16] first discovered the release of excited singlet oxygen
(*0,) in LIBs, and proposed the assumption that the oxidation of the
electrolyte was probably related to the '0,. Jung et al. [17] inferred that
the early CO- originated from some kind of reactive oxygen (reactive O
or 10y) released from the positive electrode reacting rapidly with the
electrolyte instead of electro-chemical oxidation. Rinkel et al. [15]
investigated the decomposition and gas generation mechanisms of NMC
(LiNixMnyCo;.5.yO2) and LCO (LiCoOy) cathode surfaces using in situ gas
measurements and NMR techniques. It was found that 0, was released
from the transition metal oxides to participate in the oxidation of the
electrolyte at high potentials, producing CO,, CO, and H50. Further,
common electrolyte components including dimethyl carbonate (DMC),
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diethyl carbonate (DEC), and ethylene carbonate (EC) do not react
directly with oxygen in the gas phase at temperature below 650 K [18].
Nevertheless, thermal runaway in LIBs typically occurs between 400 and
500 K [19], which further supports the possibility that strong oxidizers
foster the oxidation of the electrolyte, accelerating thermal runaway at
low temperature. However, the interaction mechanisms between elec-
trolyte components and reactive oxygen remain unclear, and the effect
of reactive oxygen on the thermal runaway of LIBs is still not well
comprehended.

Ozone (0O3), as a strong oxidizer, can decompose rapidly to generate
reactive O and oxygen O, (including 10, [20]) at the temperature above
400 K [21]. This study aims to use O3 to mimic the oxidizing environ-
ment in LIBs by providing active atomic oxygen, sensitizing the
low-temperature oxidation of DMC, and enhancing the understanding of
the thermal runaway in LIBs involved in the electrolyte oxidation at low
temperature. In previous work, we explored the effect of O3 on DEC
oxidation using a laminar flow reactor [18]. However, DMC, as a more
widely used electrolyte solvent representative, differs from DEC in
thermophysical properties and reactivity. In this work, we investigate
the ozone-sensitized low- and high-temperature oxidation mechanisms
of DMC through experiments and kinetic simulations.

2. Methods
2.1. Experimental setups

The experiments were performed in an atmospheric pressure jet
stirred reactor (JSR). The schematic of JSR configuration is shown in
Fig. 1. The JSR with an internal volume of 30.5 cm® was made of fused
quartz to avoid wall reactions. In analogy to the JSR design of Dagaut
et al. in [22], it had four nozzles of 1 mm inner diameter in the center of
JSR to generate intense turbulence and homogeneous mixing. A sec-
ondary nitrogen stream carried vaporized DMC gas from the evaporator
tank, and then mixed with oxidizer stream (O,/03) before entering the
JSR. Finally, the mixed gas and mainstream nitrogen were merged at the
JSR inlet. To avoid over-preheating, the mixed gas was introduced into
the reactor through an aperture in the side wall of the heating oven. As a
result, the tube, which was 5.5 cm in length and 2 mm inner diameter
(approximately 0.17 cm®, 0.57 % of the JSR internal volume), was
located inside the heating oven. Nevertheless, the preheating was found
to be non-negligible in the present study. The volumetric flow rates were
regulated by mass flow controllers (MKS, 0.5 % uncertainty), which
were calibrated by a gas calibrator (Drycal 530+, accuracy +1 %). The
purity of the gases was greater than 99.999 %. Liquid fuel was infused
into the preheated evaporator through a high-precision and
high-pressure liquid syringe pump (CHEMYX FUSION 6000-X). Mean-
while, the temperature at the inlet, center, and outlet of JSR were
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Fig. 1. Experimental setups.
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measured by inserting a K-type thermocouple from the exit, and the
accuracy of temperature control within the JSR was within +2.5 K. A
sonic probe with an inner diameter of 100 pm was located at the outlet of
JSR, simultaneously, a vacuum chamber was utilized for sampling with
the purpose of reducing the influence of sampling on the internal flow in
the JSR, as well as decreasing the residence time of the reaction gas in
the sampling tube. A gas chromatography (GC, Agilent 8890) equipped
with two Flame Ionization Detectors (FID) and a Thermal Conductivity
Detector (TCD) was used to analyze the product concentration. The
species measurements were repeated two times under every experi-
mental condition with a repeatability uncertainty less than 5 %.

An ozone generator was employed to generate Oz at room temper-
ature using dielectric barrier discharge (DBD). In this work, O3 was
generated by discharging in a pure oxygen stream, instead of air, to
avoids the nitrogen-related reactions. O3 can be absorbed in the UV-NIR
band (200 ~ 1100 nm) [23] making it well-suited for quantification by
the absorption spectroscopy technique. The O3 mole fraction was
measured using UV light at 253.7 nm, where Os is strongly absorbed, as
is shown in Fig. 2. The UV light at 253.7 nm was emitted by a mercury
lamp (BHK Analamp), and then passed through a quartz UV absorption
cell of 10 cm in length. The absorbed light was received by a photodiode
with a filter, and the O3 mole fraction was obtained by amplifying and
processing the voltage signal.

A brief description of the O3 mole fraction calculations is as follows.
Under the condition that the absorption cross-section coefficient (¢) and
the optical range (L) are known, the O3 mole fraction can be inverted
according to the Beer-Lambert Law by monitoring the intensity of the
initial and absorbed light:

Lowe = inexp(_aO'C'L) (1)

where Iy, Iin, @0, C, and L are the outgoing light intensity, the incident
light intensity, the absorption coefficient, the mole fraction of absorbing
medium, and the optical range, respectively. Then, Eq. (1) can be
combined with the ideal gas equation of state:

—In (;”t)_aOCL_CNooL_C% oL 2

where C is the gas volume concentration to be measured in ppm; Ny is
the number of molecules per unit volume in molecules/cm?; ¢ is the
absorption cross-section of the component to be measured in cm?
/molecules; L is the optical range in cm; P is the pressure in Pa; T is the
temperature in K; N, is Avogadro constant; R is the gas constant.

2.2. Kinetic simulations

In this work, Chemkin-pro [24] was employed for the kinetic simu-
lations. We found that a single Perfectly Stirred Reactor (PSR) module
was not able to predict the experimental results well, even after
replacing multiple mechanism models. Although the size of fuel/oxid-
izer tube in the heating oven was quite small (0.57 % of the JSR internal
volume), it needed to be considered for a more accurate prediction of the
experimental trend. Therefore, we added two Plug Flow Reactor (PFR)
modules coupled with the PSR module to simulate the preheating sec-
tion. In detail, the fuel injection line was modeled using a PFR module,
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Fig. 2. Measurement of ozone concentration.
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featuring an inner diameter of 2 mm and length of 55 mm, specifically
designed to deliver DMC, Oz, N (600 ml/min), and O3 mixtures. The
remaining Ny was modeled using another PSR module with an inner
diameter of 20 mm and length of 120 mm. The detailed DMC mecha-
nisms proposed by Sun et al. [9] and Alzueta et al. [7] were coupled with
Princeton O3 sub-mechanism [18], in which the O3 decomposition re-
action and reactions with O, H, OH, HO,, H,0, CO, HCO, and CH3 were
considered.

2.3. Experimental conditions

The experimental conditions in this study are listed in Table 1. The
inlet volumetric flow rate is fixed at 2500 ml/min at 298 K, while the
residence time (7) can be calculated by:

Vo To
T=—"

0T 3

where Vy, u, Ty, and T represent the internal volume of JSR, the total
volumetric flow rate of the JSR inlet at room temperature, room tem-
perature at 298 K, and the temperature in JSR, respectively.

3. Results and discussion
3.1. The mole fraction of main species

Mole fractions of the main species with temperature in the oxidation
of DMC with and without O3 addition at ¢y = 0.5 are depicted in Fig. 3,
including DMC, O3, O3, CO,, CO, and CoHy4. For DMC, we differentiate
the low- and high-temperature oxidation regions in green between 450
and 950 K and in orange between 950 and 1150 K, respectively. Without
O3 addition, DMC is almost not consumed below 950 K, while its low-
temperature oxidation starts from 450 K with O3 addition, where O3
decomposes at this temperature in Fig. 3(c), simultaneously. The
observation above corresponds to our previous findings in [18,25].
Therefore, it shows that a low-temperature oxidation of DMC has been
observed in experiments with O3 by reducing the onset temperature of
oxidation from 950 to 450 K. It is noted that a temperature-independent
coefficient (TIC) behavior of DMC oxidation with O3 addition is first
observed in a broad low temperature range of 600 - 900 K in Fig. 3(a),
where the fuel concentration has a weak temperature dependence in this
“frozen” region. The similar behaviors in the mole fraction curves of Oy,
COgy, and CO in Fig. 3(b), 3(d), and 3(e), confirmed the TIC phenomenon
of DMC with O3 addition. When the temperature is above 900 K, the high
temperature oxidation of DMC with O3 addition starts and produces
major intermediates and products promptly. As to the model simulation,
it captures the DMC oxidation without O3 addition well, while slightly
overpredicts the consumption of DMC in the TIC region in Fig. 3(a). It
implies that uncertainty may exist in the coupling reactions between
DMC and Os, and the fuel consumption pathways in the TIC region.

The mole fraction of CHy, CoHg, CoHo, and dimethyl ether (DME) are
depicted in Fig. S1. Both models generally overestimate the formation of
these species in the TIC region, especially for C;Hg and CHy4, and possess
high uncertainties in predicting the DME profile. Furthermore, the
regeneration of small hydrocarbons, such as CH4, CoHg, and CyHy, is
observed above 1100 K, which may be related to the rapid pyrolysis of
DMC in this temperature range, while this phenomenon has not been

Table 1
Experimental conditions.
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captured in the present models.

As to the fuel-rich condition (¢ = 2.0), the temperature evolutions of
major intermediates and products are plotted in Fig. 4 and Fig. S2. Even
though the O3 mole fraction in the fuel-rich case is only 203 ppm, similar
promoting effect of O3 addition on DMC oxidation and TIC behavior
have been observed in Fig. 4(a).

3.2. Reaction flux analysis

To explain the TIC behavior in the oxidation of DMC in experiments,
we perform the pathway analysis of DMC with 911 ppm O3 addition at
low (550 K) and high (1050 K) temperature, respectively, at ¢ = 0.5 in
Fig. 5. There are three main pathways for the consumption of DMC,
including two pyrolysis channels and one oxidation channel. At a low
temperature of 550 K, the consumption of DMC mainly follows the
oxidation pathway with O and OH, which are mainly produced from O3
decomposition [18,25]. Then, the DMC radical, CH30C(=0)OCH,,
produces CH0, CO2, and CHj3 through two pyrolysis steps, which
exhibit weak temperature dependence due to their fast reaction rates.
On the other hand, it is known from our previous study that Os
decomposition is the dominant and most sensitive reaction for the
low-temperature oxidation of fuel in [18,25], which will also been
shown in the sensitivity analysis later. O3 is almost fully decomposed at
550 K in Fig 3(c), therefore, this reaction is also
temperature-independent above 550 K. These two aspects above explain
the TIC behavior of DMC in Fig. 3(a). Moreover, it is noted in Fig. 5 that
the early formation of CO2 from the pyrolysis of DMC radicals, such as
CH30C(=0)OCH; and CH30C(=0), instead of from CO in the typical
pathways, and CO is mainly produced from CH5O at 550 K. This finding
is very crucial and provides kinetic support for higher level of CO2 and
lower level of CO in the initial stage of the thermal runaway in LIBs [26].
At high temperature of 1050 K, the pyrolysis channels of DMC appear.
The formations of CHs, CO, CO2, CyHs, etc. follow the typical high
temperature pathways.

The reaction pathways of DMC under the fuel-rich condition at ¢ =
2.0, are depicted in Fig. 6. Compared to fuel-rich pathway, the pyrolysis
channels become more important due to the low concentrations of Oq
and Os.

3.3. Sensitivity analysis

The sensitivity analyses of DMC with and without O3 addition are
conducted by using Sun’s model at ¢y = 0.5, at 550 and 1050 K in Fig. 7
(a) and (b), respectively. The sensitivity analyses under fuel-rich con-
dition at ¢y = 0.5 with and without O3 addition are depicted in Fig. S3 of
the supplementary material.

The sensitivity coefficient S; for DMC is defined as:

(AXDMC / XDMC )

Si= Ak;/k;

4

where Xpyc is the mole concentration of DMC and k; is the rate constant
of i reaction.

At 550 K with O3 addition in Fig. 7(a), the most sensitive reaction for
DMC consumption is Oz + (M) = Oz + O + M, where O is formed and
then oxidizes DMC to its radicals promptly. It corresponds to the low

Case Residence time (s) Fuels Equivalent ratio, ¢ Percentage of components (%) Temperature range (K) Flow rate (ml/min)
DMC 0, O3 N

1 0.55-0.18 DMC 0.5 0.3000 1.8000 0 97.9000 400 - 1200 2500

2 2.0 0.3000 0.4500 0 99.2500

3 0.5 0.3000 1.6634 0.0911 97.9455

4 2.0 0.3000 0.4196 0.0203 99.2601
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Fig. 3. Mole fractions of main species as a function of temperature at ¢ = 0.5 with and without O3 addition. The symbols represent the experimental data and the
curves represent predictions of models, where the solid and dotted lines represent the predictions of Sun’s model and Alzueta’s model, respectively. (a) DMC; (b) O»;
(c) O3; (d) CO; (&) CO; (f) CoHa.
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Fig. 4. Mole fractions of main species as a function of temperature at ¢ = 2.0 with and without O3 addition. The symbols represent the experimental data and the
curves represent predictions of models, where the solid and dotted lines represent the predictions of Sun’s model and Alzueta’s model, respectively. (a) DMC; (b) Oa;
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temperature oxidation of DMC. The H-abstraction reaction of DMC with pyrolysis reactions of DMC radicals, such as CH30C(=0)OCH, and
O and OH are, as expected, very sensitive. The reactions of CH3O3 + O CH30C(=0), are not sensitive here. That is because these pyrolysis re-
and CH20 + OH from small molecular chemistry are competing with the actions are very fast to form CO3 and CHs with nearly 100 % conversions
H-abstraction reaction of DMC. It has to be highly noted that the in the pathway analysis in Fig. 5. As such, perturbations in their
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the percentage at 550 K and 1050 K, respectively.
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Fig. 6. The main consumption channels of DMC under low and high temperature at ¢y = 2.0 with 203 ppm O3 addition using Sun’s model. Red and black fonts

represent the percentage at 550 K and 1050 K, respectively.

reactions rates, for example from temperature increase, affect the DMC
concentration negligibly. It also confirms the TIC behavior of DMC with
O3 addition. At 1050 K in Fig. 7(b), it is seen that the reaction of O3
decomposition is not sensitive as O3 almost disappears above 550 K in
Fig. 3(c). The pyrolysis reaction of DMC is dominant for the DMC
consumption.

4. Conclusions

The ozone-sensitized low- and high-temperature oxidation of DMC
was carried out using an atmospheric pressure JSR from 400 to 1200 K.
Kinetic analysis of the oxidation of DMC under different conditions was
performed using the coupled PFR-PSR module.

The O3 addition enhances the low-temperature reactivity of DMC

significantly. Experimental results show that, without O3 addition, the
oxidation of DMC begins from 950 K with no low-temperature reactivity,
while with Og addition, low-temperature chemistry of DMC is observed
from 450 K. Two kinetic models with the addition of the O3 sub-model
were employed and predicted the experimental data reasonably well,
even though slightly overpredicted DMC oxidation above 550 K under
the fuel-lean condition. Furthermore, both experimental and simulation
results revealed a temperature-independent coefficient (TIC) behavior of
DMC with O3 addition between 600 and 950 K. This behavior was
associated with the pyrolysis of DMC radicals into CH,O and CO». The
low-temperature oxidation pathway involving O addition and CO
oxidation to CO, was negligible. The rapid pyrolysis of O3 and DMC
radicals, such as CH30C(=0)OCH; and CH30C(=0), accounted for the
observed TIC behavior in pathway and sensitivity analyses.
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R20: H+0,=0+OH

15 -1.0 05 00 05 1.0

Fig. 7. Sensitivity analysis of DMC using Sun’s model. (a) 550 K, ¢ = 0.5, with and without O3 addition; (b) 1050 K, ¢ = 0.5, with and without O3 addition.

In conclusion, this study used O3 to mimic the oxidizing environment
in LIBs by providing active atomic oxygen, and implied that the early
degradation of LIBs could be attributed to the low-temperature oxida-
tion of DMC with reactive oxygen species. Additionally, it provides ki-
netic evidence for a higher level of CO; and a lower level of CO in the
initial stage of thermal runaway in LIBs.

Novelty and significance statement

The novelty of this research is the investigation of ozone-sensitized
oxidation of dimethyl carbonate (DMC) under both low- and high-
temperature conditions using an atmospheric pressure jet stirred
reactor (JSR). This study uncovers a unique temperature-independent
coefficient (TIC) behavior in DMC oxidation, demonstrating the
enhanced reactivity of DMC at low temperature with ozone addition,
and the predominant role of the pyrolysis of DMC radicals in CO5 for-
mation. It is significant because these findings provide new insights into
the mechanisms of thermal runaway in lithium-ion batteries (LIBs),
particularly in relation to gas generation and heat buildup. These find-
ings could contribute to developing improved safety strategies for LIBs
under abusive conditions, such as overcharging or thermal stress.
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