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1. Introduction

In the context of the energy transition, 
lithium-ion batteries (LIBs) are of great 
interest due to their efficiency as energy 
storage devices.[1–5] They exhibit very high 
gravimetric and volumetric energy densi-
ties and are used for various applications, 
such as in mobile microelectronics (e.g., 
mobile phones, laptop computers). More 
recently, high-energy density LIBs have 
also been considered as a power source for 
electric vehicles.[6,7] All batteries, however, 
show a decrease in their performance with 
increasing use.[8] The long-term stability 
of batteries is thus critical for the develop-
ment of safe and reliable storage systems. 
In this context, the knowledge of aging 
phenomena during cycling, which are 
numerous, complex, and interrelated,[8] is 
essential.

Recent studies have shown that the 
performance and the reliability of bat-

teries are strongly dependent on the choice of the electrolyte 
and can be improved by adapting its formulation.[9–17] The most 
commonly used electrolyte is presently composed of a mixture 
of cyclic and linear liquid carbonates containing a dissolved 
lithium salt, typically lithium hexafluorophosphate. This com-
bination enables optimizing both the viscosity, which should be 
low and the dielectric constant, which should be high enough 
for ion transport.[9,18] However, since the electrolytes used in 
LIBs are not stable at the working potential of Li-ion anode 
materials, the electrolyte decomposes at the anode surface. This 
produces a solid-electrolyte interphase (SEI), which is of crucial 
importance to device performance and safety.[19–22]

In order to fulfill all requirements (e.g., good ion transport 
properties, good quality SEI, safety, performance), additives are 
typically introduced into the electrolyte solution in amounts 
lower than 10% by mass,[23] and many molecules can be used 
as additives.[23] This number of parameters and potential addi-
tive combinations leads to a high number of possible electrolyte 
formulations, and thus, there is a need for screening to identify 
the most efficient ones. However, screening so many formula-
tions is a time-consuming task that requires many independent 
experiments and the construction and cycling of numerous elec-
trochemical cells. For this reason, the comparison of electrolytes 
has mostly been assessed through computational studies[24–27] 

Understanding aging phenomena in batteries is crucial to the design of effi-
cient, safe, and reliable energy storage devices as a part of the current green 
energy transition. Among the different aspects of a battery, the behavior of the 
electrolyte is a key parameter. Therefore, screening the aging characteristics of 
different electrolytes is of major interest. However, few screening studies exist 
because these are time-consuming and require the monitoring of numerous 
charge and discharge cycles. It has been demonstrated here that radiation 
chemistry, i.e., the interaction between ionizing radiation and matter, is a 
valuable tool to screen the behavior of various electrolytes within a few hours. 
Indeed, the rapid radiolysis of electrolytes leads to the production of the same 
gases as produced by electrochemical cycling (i.e., H2, CO2), and the ranking 
of electrolytes by their H2 production yields similar performance ratings to 
those reported in the literature. Therefore, this direct comparison of electrolytes 
alone, lasting a few hours without any manufacturing operations such as the 
fabrication of electrochemical cells, demonstrates that controlled irradiation 
makes it possible to predict battery cycling behavior. Additionally, mechanisms 
involved in the degradation processes of different electrolytes are proposed.
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and very few experimental screening studies of electrolytes are 
found in the literature,[28,29] despite their major interest and 
significance. A recent study by Hildenbrand  et  al.[30] used a 
Bayesian-optimization algorithm but had to limit itself to mix-
tures of two carbonates probably because of extensive statistics 
involving long term cycling. In fact, the pioneering and com-
prehensive experimental work performed by J. R. Dahn’s group 
(Figure S1, Supporting Information) is still the gold-standard 
for screening electrolytes for Li-ion batteries.[28] Over the years, 
the same group has continuously been adding more data on 
other systems till recently and based on similar protocols to 
that developed in 2014.[31] In the work performed in 2014,[28] the 
relationship between the nature and amount of several addi-
tives and the electrochemical performance of the formulation 
was determined by high precision coulometry and impedance 
spectroscopy in LiCoO2/graphite pouch cells. The authors 
ranked additives and identified the best ones based on a marker 
representing the degradation of the battery, i.e., the charge slip-
page. The charge slippage is related to the production of gases, 
the degradation or evolution of the SEI, and its resistance, and 
is a good indicator of battery degradation since the main deg-
radation phenomena were related to reduction processes that 
occured on graphite electrodes (silicon electrodes could also be 
considered).[28] Therefore, for comparison, reduction processes 
are targeted in our work.

It was recently demonstrated by our group that radiolysis, 
i.e., reactivity induced by the interaction between matter and
ionizing radiation, is a powerful tool for the rapid identification 
of degradation products formed during battery cycling.[32,33] In 
other words, the reactive species formed in the irradiated solu-
tion are the same as those obtained during the charging of a bat-
tery.[33,34] This technique, therefore, makes it possible to mimic 
aging under electrolysis, but on much shorter time scales 
(of the order of a few minutes to a few hours) as compared to 
the much longer time scales of the electrochemical aging of bat-
teries (ranging from a few weeks to several months). Moreover, 
pulsed radiolysis enables the performance of time-resolved 
experiments and is a very convenient tool to measure chemical 
rate constants and propose reaction mechanisms.[33–37]

The purpose of the present work is to i) demonstrate the use 
of radiolysis as an efficient technique to screen very quickly 
(in a few hours) various electrolytes; ii) check if the trends 
observed during battery cycling can be reproduced without the 
delicate protocol developed by Dahn’s group and the necessity 
of reproducible electrochemical cell manufacturing. The search 
of a parameter able to achieve fast conclusions without battery 
cycling is a novel approach developed in the present paper. 
Lastly, iii) we propose degradation reaction mechanisms and 
discuss the effect of the presence of various additives in the 
mixtures.

2. Results and Discussion

Radiolysis experiments on different electrolytes and additives 
were carried out with a commercial gamma irradiator. The 
dose rate (4.7 ± 0.2  Gy min–1, with 1 Gray, denoted Gy, equal 
to 1 J kg–1) was measured using the Fricke dosimeter.[38] After 
each irradiation, gas measurements were performed by micro-
gas chromatography (µ-GC) in order to identify and quantify 

the various gases produced. The reference electrolyte, i.e., con-
taining no additives, used for these experiments was the same 
mixture used in the study by Dahn and coworkers,[28] namely 
1  M LiPF6 in ethylene carbonate (EC)/ethyl methyl carbonate 
(EMC) (3/7 v/v). The solvents and additives used in this study 
are displayed in Figure 1. Unless otherwise specified, the water 
content was never higher than 30 ppm.

2.1. Quantification of H2, CO, CO2, and CH4 Gas Production 
upon Irradiation

It is well-known that when using DEC or DEC/1 M LiPF6, the 
production of H2, CO, CO2, and CH4 is dominant compared to 
other gases (≈60%–65% of the total gas production).[32,33] The 
contribution of these four gases to the total gas production is 
expected to be even higher in the case of a cyclic carbonate.[34] 
Therefore, the present study based on EC and EMC electrolytes 
mainly concentrated on the production of these gases. The gas 
production under irradiation is presented in terms of radiolytic 
yield (i.e., the amount of gas produced per amount of energy 
deposited in the matter) in Table 1 and Figures S2 and S3, 
Supporting Information. Typical data obtained with different 
additives are presented in Figure S2, Supporting Information. 
The amount of each gas increased linearly with the dose. The 
radiolytic yield was then obtained from the slope of the corre-
sponding line (Figure S2, Supporting Information).

These measurements were systematically performed for the 
four gases and for each electrolyte under study. All experiments 
were performed in duplicate (or higher replication) to ensure 
reproducibility and to provide accurate radiolytic yield values. 
Importantly, the gases measured here (H2, CO, CO2, and CH4) 
were already shown to form during the charging step of bat-
teries using EC/EMC (1/1)/LiPF6 1 M as the electrolyte.[39] Both 

Figure 1.  Chemical formulas of the a) solvents and b) additives used in 
the present work. The solvents are ethylene carbonate (EC), ethyl methyl 
carbonate (EMC), and diethyl carbonate (DEC). The additives are vinylene 
carbonate (VC), fluoroethylene carbonate (FEC), vinyl ethylene carbonate 
(VEC), ethyl acetate (EA), lithium bis(oxalate)borate (LiBOB), and tri-
methoxyboroxine (TMOBX). Salt is always lithium hexafluorophosphate 
at one molar concentration.
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Table 1 and Figure S3, Supporting Information, show that the 
total amount of the four gases measured is not very sensitive 
to the nature of the additive. The total radiolytic yield was quite 
stable in the 4 × 10−7 to 6 × 10−7 mol J−1 range. It is also clear that 
among the four gases investigated, CO2 was the most produced, 
with a radiolytic yield generally in the 3 × 10−7 to 4 × 10−7 mol J−1 
range. H2 and CO were formed in similar amounts, and CH4 
was generated to a lower extent.

Previous studies have shown that CO2 is the most abundant 
gas produced after irradiation of DEC/LiPF6 (1 M)[33] (linear car-
bonate) and PC (propylene carbonate, a cyclic carbonate)/LiPF6 
(1  M).[34] In fact, the differences between irradiated linear car-
bonates and cyclic carbonates were found in CO and H2 pro-
duction: cyclic carbonates produce clearly more CO than H2, 
while it is the opposite for linear carbonates.[33–34] Our mixture 
of linear (EMC) and cyclic (EC) carbonates (as in the study of 
Dahn and coworkers) leads quite expectedly to compensation 
of these effects, i.e., CO and H2 productions are rather similar 
(Table 1).

Conversely, one may wonder if one gas in particular could 
be correlated to the observed aging phenomena in cycling bat-
teries and thus serve as a good indicator. From Table  1, we 
extracted the H2 radiolytic yield as a function of the nature and 
the amount of the additive (Figure 2). For the sake of clarity and 
easier comparison, we used in Figure  2 the same color code 
as in the study by Dahn and coworkers (Figure S1, Supporting 
Information).[28] The behavior of the electrolyte containing an 
additive (EA) not studied by Dahn and coworkers[28] is repre-
sented in Figure 2 with an orange color.

Quite clearly, a large variation of the H2 radiolytic yields as a 
function of the nature and the amount of the additive is obtained 
in Figure 2. While TMOBX and EA lead to H2 yields similar to 
the control experiment, in all other cases, the presence of an 
additive tends to decrease the H2 radiolytic yield. This trend 

becomes even clearer as the concentration of additive increases 
(see for example VC and VEC cases in Figure 2). Interestingly, 
VC is known to decrease the H2 production in lithium-ion bat-
teries.[40,41] Indeed, the study by Bernhard et al. revealed that a 
cell made with a pre-formed VC-derived SEI on the graphite 
electrode leads to lower H2 production.[40] Metzger  et  al. con-
firmed that the addition of VC allows the formation of a stable 
SEI and leads to lower H2 production.[41]

Figure  2 shows clearly that VC and VEC are the most effi-
cient additives for decreasing the H2 radiolytic yield even when 
they are present in low amounts. Both compounds possess a 
carbon-carbon double bond (see Scheme 1). This suggests that 
this double bond reacts with a precursor of dihydrogen, such as 
the hydrogen atom, and forms a radical species, thus lowering 
the H2 production.[42]

The H2 radiolytic yields provides a way to classify the dif-
ferent additives. The following order is obtained from the radi-
olysis experiments (Figure 2): a mixture of two additives among 
FEC, VC and VEC < LiBOB with VC, VEC ≈ (similar to) VC < 
LiBOB < FEC < Control < TMOBX.

In the case of electrochemical experiments, the charge 
slippage, i.e., the decreasing performance of the battery due 
to unbalanced electrochemical reactions of positive versus 
negative materials, is correlated to several aging mechanisms 
including gas production, the SEI degradation or evolution, 
and its impedance. In the experiments performed by Dahn and 
coworkers (Figure S1, Supporting Information), the following 
order, according to charge slippage, was obtained:[28] mixture of 
two additives among FEC, VC and VEC < LiBOB with VC ≈ VC 
< LiBOB ∼ FEC < Control < TMOBX.

We excluded here the results obtained with VEC by Dahn
and coworkers from this order, as the experiment performed 
with 6% VEC exhibited a particularly large error bar, attributed 
to a large amount of gas formed during the cycling.[28]

Therefore, the comparison of the H2 production measured 
under radiolysis with the data obtained according to charge slip-
page[28] leads to the same ranking of electrochemical systems. 

Table 1.  Radiolytic yields G [µmol J–1] of the four main decomposition 
gases determined by µ-GC. The uncertainty is estimated to be 7%. The 
control electrolyte is EC/EMC (3/7 v/v) with 1 M LiPF6.

H2 CH4 CO CO2 Total

Control 0.079 0.039 0.074 0.312 0.504

+ 6% FEC 0.069 0.033 0.080 0.320 0.502

+ 4% FEC 0.070 0.035 0.073 0.449 0.627

+ 6% VC 0.048 0.023 0.093 0.327 0.491

+ 4% VC 0.049 0.021 0.102 0.302 0.474

+ 1% VC 0.051 0.027 0.076 0.307 0.461

+ 6% VEC 0.038 <0.01 0.065 0.399 0.512

+ 4% VEC 0.043 0.010 0.072 0.386 0.511

+ 6% LiBOB 0.062 0.024 0.083 0.258 0.427

+ 2% FEC + 2% VC 0.048 0.019 0.061 0.297 0.425

+ 2% FEC + 2% VEC 0.041 0.012 0.068 0.417 0.538

+ 2% VC + 2% VEC 0.041 0.011 0.086 0.422 0.560

+ 0.53% TMOBX 0.077 0.042 0.082 0.370 0.571

+ 0.3% TMOBX 0.082 0.047 0.089 0.338 0.556

+ 1% LiBOB + 6% VC 0.044 0.018 0.095 0.311 0.468

+ 6% EA 0.074 0.041 0.073 0.304 0.492

Figure 2.  Evolution of the H2 radiolytic yield, expressed in µmol J–1, as a 
function of the amount (by mass) and the nature of the additive in the 
electrolyte. The reference electrolyte consists of EC/EMC (3/7 v/v) with 
1 M of LiPF6. For the purpose of comparison, the color code is the same 
as that used in Dahn and coworkers.[28] Another additive (not studied 
in reference[28]) was also investigated in the present work (EA). It is dis-
played on the right-hand side part of the figure with an orange color.
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This result also indicates that the charge slippage of the bat-
teries studied in detail by Dahn’s group is strongly correlated to 
the stability of the considered electrolyte. Moreover, the produc-
tion of H2 appears as a good means to investigate the degrada-
tion of electrolyte in a cell when reduction processes are the 
major ones, such as on graphite and silicon electrodes.

It is known from previous studies that the H2 production is 
strongly influenced by the water amount in the electrolyte.[40] 
Bernhard et  al. have shown that for an 1 M LiTFSI in an EC/
EMC electrolyte containing 4000  ppm of deliberately added 
water, the H2 production increases during the first three 
cycles of a pristine graphite working-electrode and a metallic 
counter electrode. It increased to 4.7 µmolH2 from 0.1 µmolH2 
with a similar cell and electrolyte containing less than 20 ppm 
of water.[40] In the study by Dahn and coworkers, the water 
amount corresponded to 1100 ppm of water by mass in the elec-
trolyte.[28] At this water amount, H2 is expected to be the main 
gas formed. Again, this accounts for the similar order obtained 
from radiolytic H2 production and charge slippage data.[40] 
Noteworthily, our results were obtained within a few hours 
while Dahn and coworkers determined the average value of 
charge slippage from cycle 11 to 15 of a LiCoO2/graphite pouch 
cell (Figure S1, Supporting Information). Lastly, an electrolyte 
that reduces the H2 formation, as deduced from radiolysis 
experiments, will have a very positive impact on cycling in the 
presence of a high water amount.

All the previous observations tend then to prove that irradia-
tion can be used as a predictive tool to screen the stability of 
batteries by a simple study of electrolyte behavior, and in par-
ticular, of H2 production.

In addition to the additives studied by Dahn and 
coworkers,[28] we also investigated the behavior of another addi-
tive, namely EA. In LIBs, the high melting points of carbonates 
used in electrolytes lead to a strong decrease in battery perfor-
mance at low temperatures. The presence of EA allows oper-
ating the batteries at very low temperatures (below −20 °C).[43] 
Such improvement in performance motivates our study of 
the behavior of the electrolyte in the presence of this additive 
under irradiation. With this additive, the H2 radiolytic yield is 
very similar, although a little bit lower, to the value measured 
in the reference electrolyte (containing no additive) (Figure 2). 
Interestingly, experiments performed in Li[Ni1-x-yCoxAly]O2/
graphite-SiO pouch cells containing EC:EMC:DMC (dimethyl 
carbonate), without and with EA (5%) and in presence of LiPF6, 

evidence that the gas after the cell formation is very similar 
in presence or absence of EA.[44] Another study performed on 
Nickel-Manganese-Cobalt NMC(111)/graphite pouch cells and 
LCO/graphite pouch cells has also shown that, in the presence 
of VC as an additive, the exchange of EC:EMC for EA signifi-
cantly increases the gas production during the cell formation.[45] 
All these data imply that EA leads to a significant gas produc-
tion, in perfect agreement with our results. While these results 
demonstrate that EA is not an effective additive for reducing 
electrolyte aging, they provide additional evidence of the power 
of our method for evaluating and classifying additives.

Despite the fact that the results obtained above clearly show 
that the H2 radiolytic yield is an important criterion, the influ-
ence of other experimental parameters (such as the nature 
of the linear carbonate and the amount of water) should also 
be checked. In the following paragraphs we show that these 
parameters in fact do not change the ranking of the various 
electrolytes.

2.2. Influence of Different Parameters on the H2 Production

2.2.1. Influence of the Nature of the Linear Carbonate on the H2 
Radiolytic Yield

In order to investigate the influence of the nature of the car-
bonate on the H2 radiolytic yields, both ethyl methyl carbonate 
and diethyl carbonate (DEC) were studied in the presence of 
some additives (VC, FEC, VEC, or EA). It appears clearly from 
Figure 3 that the trends observed for the evolution of the H2 
radiolytic yield were very similar for both linear carbonates con-
sidered. Of course, the dihydrogen yields were slightly increased 
when DEC was used instead of EMC, due to the presence of an 
additional -CH2- group. The obtained results thus prove that the 
H2 radiolytic yield evolution is due to the nature of the addi-
tive and not to that of the linear carbonate. Therefore, regard-
less of the nature of the linear carbonate, the H2 radiolytic yield 
appears to be a good marker of the electrolyte degradation.

2.2.2. Influence of the Water Amount on the H2 Radiolytic Yield

As mentioned before, in the study by Dahn and coworkers, the 
battery ranking determined by charge slippage was dominated by 

Figure 3.  Evolution of the H2 radiolytic yield for electrolytes containing a) EC/EMC (3/7 v/v) and b) EC/DEC (3/7 v/v) with 1 M LiPF6 and various addi-
tives. The same color code as in Figure 2 is used. The uncertainty is estimated to be 7%.
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H2 gas production for electrolytes containing ≈1100 ppm of water 
by mass.[28] Therefore, in order to study the influence of the water 
amount on the H2 radiolytic yield, water was deliberately added 
to the electrolyte to increase from 20–30 ppm to a value similar 
to 1100 (1200, here) ppm in the presence of the same additives 
as those studied above. It is clear from Figure 4 that the trends 
observed for the evolution of the H2 radiolytic yield as a function 
of the additive were similar at low or high water amounts, except 
for FEC. Indeed, when FEC was used, the H2 radiolytic yield 
increased and even exceeded that of the reference sample. In 
fact, in this case, HF was produced in significant amounts due to 
the presence of a fluorine atom on the molecule (Figure 1).[37,46] It 
then reacted with the walls of the Pyrex glass ampoule. This reac-
tion led in turn to the formation of water:

+ → +SiO 4HF SiF 2H O2 4 2 (1)

Of course, this water formation will favor H2 production. 
Thus, the higher H2 radiolytic yield seen for FEC can be viewed 
as being partly due to the use of glass ampoules favoring water 
production. This was also experimentally confirmed. Indeed, 
after a dose of 25 kGy and for an initial water content of 
1200 ppm, the water amount increased slightly to 1230 ppm in 
the reference sample while it went up to 1300  ppm when 6% 
of FEC was added in the electrolyte. The uncertainty of these 
titrations, based on 6 measurements, was estimated to be ≈2%. 
This can also account for the relatively high H2 radiolytic yield 
measured previously in the sample containing FEC (Figure 2).

Therefore, the electrolyte ranking method proposed here 
is globally very robust, regardless of the water content in the 
electrolyte (from 20 to 1200 ppm). Furthermore, the above tests 
on the nature of the linear carbonate and the amount of water 
were performed quite rapidly and with minimal experimental 
uncertainty. This is in sharp contrast with electrochemical-
based studies that could be envisaged.

2.3. Influence of the Presence of the Salt on the Gaseous 
Radiolytic Yields (total, H2, and CO2)

In order to obtain insights into reaction mechanisms, experiments 
were performed with and without the LiPF6 salt and the radiolytic 
yields were compared in both cases (see Figure 5). The production 
of the total of the four gases of interest increased when the salt was 

added except in the case of FEC (Figure 5a). This global enhance-
ment is clearly related to the strong CO2 (Figure 5b) increase in 
the samples containing LiPF6. By contrast, the CO and H2 radio-
lytic yields decreased in the presence of the salt (see Figures S4a 
and S4b, Supporting Information), while the evolution of the 
methane radiolytic yield depended on the additive. Therefore, no 
trend appears clearly for this gas (Figure S4b, Supporting Informa-
tion). Additionally, the order of the different electrolytes according 
to their H2 radiolytic yield (Figure 5c) was similar in the presence 
or absence of LiPF6 (with the exception of the sample containing 
FEC, see the comments in the preceding section).

For the purpose of comparison, the same gas measure-
ments were performed in pure EMC and EC, respectively, with 
and without 1 M of LiPF6 added. The corresponding radiolytic 
yield values are displayed in Table S1, Supporting Informa-
tion. Clearly, LiPF6 enhanced the total radiolytic yield, which is 
mainly due to a strong increase of the CO2 yield. Similar to the 
observations performed on the reference electrolyte EC/EMC, 
the CO and H2 radiolytic yields decreased in EMC and EC with 
1  M LiPF6 as compared to neat EMC and EC, while the CH4 
radiolytic yield increased. These effects will be discussed in 
detail in the “reaction mechanisms” section below.

2.4. Identification of Other Gases Produced upon Irradiation by 
Gas Chromatography coupled to Mass Spectrometry (GC-MS)

The knowledge of the various gases produced upon irradia-
tion, in addition to H2, CO, CO2, and CH4, is also important. 
Indeed, in LIBs, gas generation occurs simultaneously with 
SEI formation and arises from the decomposition of the elec-
trolyte. Therefore, one way to check this decomposition is to 
identify the various gases produced to help determine the reac-
tion mechanisms. In order to reach these goals, we firstly per-
formed GC/MS experiments to identify the gas decomposition 
products formed upon irradiation.

An example of chromatogram presenting the peaks and their 
attribution obtained in the reference EC/EMC (3:7 v/v)/1 M LiPF6 
electrolyte irradiated at 6 kGy is shown in Figure 6. Besides the 
major gases already detected by µ-GC, alkanes (C2H6 and C3H8), 
a fluorinated alkane (C2H5F), an alkene (C2H4), dimethylether 
(CH3)2O, an acid (CH3COOH) and an ester (HCOOCH3) were 
also detected. In addition, we detected HF by means of nuclear 
magnetic resonance (NMR).

Figure 4.  Evolution of the H2 radiolytic yield for electrolytes EC/EMC (3/7 v/v) with 1 M LiPF6 and various additives containing a) <20 ppm of water 
and b) 1200 ppm of water. The same color code as in Figure 2 is used. The uncertainty is estimated to be 7%.
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The same experiments were performed for the various 
additives and at different irradiation doses. These measure-
ments evidenced that the dose does not affect the nature of the 
formed gaseous products (see a typical example in Figure  S5, 
Supporting Information). Conversely, the nature of the addi-
tive influenced the presence of the different gaseous species 
as summarized in Table S2, Supporting Information. In all 
cases, the following species were detected: CO2, CO, H2, CH4, 

HF, C2H4, C2H5F, C2H6 and C3H8 (Figure  6 and Table S2, 
Supporting Information). Interestingly, all these gaseous spe-
cies are generally observed in LIBs during the first charge or 
during cycling.[47,48] It should be noted that the origin of C2H4, 
CO, CH4, and C2H6 produced during SEI formation is analyzed 
in details by isotope labeling in reference.[49] Table S2, Sup-
porting Information, also shows that the nature of the addi-
tive has an impact on the formation of oxygenated molecules 
such as ethers, carboxylic acids, and esters. This suggests that 
the nature of the additive has an impact on reaction channels. 
Some species such as dimethyl ether, even methyl and ethyl 
ether, and methyl formate (HCOOCH₃) were identified in most 
samples after irradiation (Table S2, Supporting Information). 
Other species such as HCOOH, HO2CCO2H, CH3COOC2H5, 
and CH3COOH are more specific of the additive, which indi-
cates that the presence of the additives induces preferential 
cleavages of some chemical bonds. Notably, the formation of 
ethers and of esters was also reported in GC/MS experiments 
performed on a EC/DMC/LiPF6 electrolyte present in a cycled 
stainless steel/Li cell at 55 °C.[14]

Other GC/MS experiments were performed on electrolytes 
irradiated at 100 kGy in order to obtain information about 
liquid phase degradation products. No clear feature of such 
degradation products was found, except in the case of the elec-
trolyte containing 1  M LiPF6 in EC/EMC (3/7 v/v) + 6% FEC 
(see Figure S6a, Supporting Information). An enlarged view 
of the chromatogram (Figures S6b,c, Supporting Information) 
shows that the amount of FEC decreased after a 100 kGy irra-
diation (see Figure S6b, Supporting Information) while VC is 
produced (Figure S6c, Supporting Information). This behavior 
was already observed after irradiation of neat FEC.[37] The for-
mation of VC from FEC was also reported in the case of LIBs. 

Figure 5.  Evolution of radiolytic yields of a) the total of the four gases (CO2, CO, H2 and CH4), b) CO2, and c) H2 gases produced after irradiation of 
electrolytes without or with LiPF6 at 1 M. The uncertainty is estimated to be 7%.

Figure 6.  Gas decomposition products of the reference electrolyte 
(EC:EMC/1 M LiPF6) were measured by GC/MS after a 6 kGy irradiation. 
The (H2, CH4, CO, CO2) molecules written on the top, were identified 
and quantified by µ-GC experiments. HF was detected by NMR. CO2 was 
identified by both µ-GC and GC/MS techniques. Other gases were identi-
fied by the GC/MS experiment only.
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Thus, the reduction reaction of FEC to form LiF and VC, fol-
lowed by subsequent VC reduction, was proposed.[50]

A full discussion on the effect of the presence an additive on 
the reaction channels is beyond the scope of the present work, 
but the production of the species common to all electrolytes 
and those found in the reference electrolyte is discussed below, 
with a focus on the H2 production.

2.5. Reaction Mechanisms

The determination of reaction mechanisms is important to be 
able to control as much as possible the degradation of the elec-
trolyte. For the sake of clarity, this section is focused on the ref-
erence electrolyte (1 M LiPF6 in EC/EMC (3/7 v/v)) and on H2 
production due to its importance when reduction processes are 
considered. Additionally, since VC and VEC species decrease 
the H2 radiolytic yield the most efficiently (Figure 7), a special 
focus will be made on these additives.

Upon irradiation, the primary effects of the ionizing radia-
tion consist of the excitation and ionization of the molecule M:

M M*,M ,e→ + −i (2)

This is true also for a mixture where the fraction of the total 
absorbed energy transferred to each compound is proportional 
to the weight fraction of the compound and to the average 
mass collision stopping power of the compound for the various 
ionizing particles present in the medium. The latter term is 
generally assumed to be proportional to the Z/A ratios of the 
compounds, in which Z is the atomic number and A is the 
atomic mass number of the compound.[51]

Notably, linear (EMC) and cyclic (EC) carbonates behave 
markedly differently. While the electron gets solvated in the 
linear carbonate,[33,52] it attaches to the cyclic carbonate, leading 
to the formation of a radical anion (EC∙–).[34–37] These very dif-
ferent behaviors can be rationalized thanks to DFT calculations, 

which show that in the gas phase, the first electron reduction 
for linear and cyclic carbonates is endothermic and exothermic, 
respectively.[53] In the EC:EMC mixture, the formed electron 
is surrounded both by EMC and EC molecules. In a previous 
picosecond pulse radiolysis experimental work performed on an 
EC/DEC (1/1) mixture, it was evidenced that once formed, the 
electron is very quickly trapped by EC molecules, which leads 
to the formation of EC∙- radical anions.[36] The signature of the 
solvated electron in DEC was not detected. This means that a 
formed electron can be very quickly trapped by EC molecules in 
contact of DEC molecules to form EC∙–. The major channel for 
the formation of radical anions is thought to be the pre-solvated 
electron.[35,37] Of course, the same behavior can be expected in our 
reference electrolyte containing EC and EMC molecules.

Therefore, the EC∙- and EC∙+ species are formed upon 
interaction between ionizing radiation and EC molecules. In 
previous work, we showed that CO and CO2 could both be 
produced from the reductive and oxidative pathways gener-
ated from EC∙- and EC∙+, respectively, in agreement with elec-
trochemistry experiments.[36] In a very recent work, quantum 
chemistry calculations evidenced that EC molecules exist in 
solution as dimers and that radical cations are formed from 
these dimers, and not from a single molecule, implying that 
EC∙+ should be more properly labeled as EC2

∙+.[54] For the sake 
of clarity, we will rather write EC∙+ below, even if the writing 
with the dimers should be more accurate. The ring of this rad-
ical cations opens, and the ∙OCH2CH2OC∙+O species is then 
formed. It leads to CO2 production, and to a lesser extent, to 
CO.[55,56] This is consistent with DFT calculations which have 
evidenced that CO formation is more difficult than that of 
CO2.[57,58] Concerning the fate of EC∙–, it will mainly lead to CO, 
but also to CO2 to a lesser extent.[56,59,60] In the case of EMC, 
only the fate of the EMC∙+ radical cation has to be considered, 
as the electron has mostly attached to the EC molecule, as 
explained above. A reaction involving this radical cation is pro-
posed in Figure 7. It is written consistently with that suggested 
in the case of irradiated DEC.[32]

Figure 7.  Proposed reactions taking place in the irradiated EC/EMC/1 M LiPF6. Among the possible reaction pathways, oxidation of the carbonates 
is indicated in the red box and reduction is given in the blue box. The gases measured by gas chromatography µ-GC are indicated with a green color.
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In irradiated neat solvents, the formation of H2 was described 
as: i) arising from excited states and from the reaction of the 
solvated electron, yielding a H∙ atom in both cases, that can 
dimerize to form H2, when linear carbonates are considered[33]; 
ii) arising from species formed both from the reduction and
oxidation channels in the case of cyclic carbonates.[34] Indeed,
contrary to phenomena occurring in LIBs, both channels take
place in the bulk of the irradiated solution. In the present case,
as explained above, the formation of the electron solvated by
EMC molecules is expected to be negligible as compared to
the formation of an EC∙- radical anion. Therefore, processes
leading to the formation of an H2 molecule are mainly due to 
species arising both from the oxidation and reduction chan-
nels, as depicted by reactions (R5–R6) in Figure  7. Even if the 
reaction mechanisms are then different in radiolysis or in elec-
trolysis, the effect of the additive, by scavenging more or fewer 
(or not) precursors of H2, will lead to a similar ranking for both 
techniques. Of course, the values of H2 production should be 
different in both techniques, but the evolution of this produc-
tion remains the same.

Small molecules such as H2 and CH4 can be formed to a 
lower extent from the excited states, with H2 arising from both 
EC* and EMC*, while methane can only be produced from 
EMC*.[36] However, the role of the EMC* excited states should 
be less important than in pure EMC due to an increased dielec-
tric constant in the reference electrolyte as compared to pure 
EMC. Moreover, the reaction between the electron and the 
EMC∙+ radical cation, giving rise to EMC*, will be less favored 
in the mixture than in neat EMC, due to very efficient electron 
attachment to the EC molecule. Homolytic bond cleavages also 
occur from excited states, leading to the release of radicals in 
the medium such as the H∙ atom. Noteworthily, the H∙ atom 
may also be produced by reactions channels such as after the 
reaction of the electron with protonated solvent molecules 
(ECH+, EMCH+). Once produced, the fate of these hydrogen 
atoms, and hence, of the H2 molecule, will be affected by the 
presence of species that can scavenge them.

LiPF6 also plays a crucial role in the reactions at stake, as 
increased CO2 production is observed in the presence of the 
salt (Figure 5b). An emphasis on the role played by this salt is 
depicted in Figure S7, Supporting Information. It represents 
12% of the mass of the reference electrolyte. The fraction of the 
total energy absorbed by the lithium hexafluorophosphate salt 
is also very close to 0.12. This direct interaction leads to reac-
tions accounting for the formation of the PF5 species, as well 
as of the fluorine atom and the fluoride anion (reactions R7-R10 
in Figure S7, Supporting Information). In turn, PF5 is respon-
sible for the increased CO2 production when the salt is added 
in the various electrolytes (Figure  5b). In EMC and EC, the 
CO2 radiolytic yield increases from 0.18 and 0.29 to 0.25 and  
0.43 µmol J-1, respectively, when the LiPF6 1 M is added (Table S1, 
Supporting Information). This global increase in the presence  
of the salt can be rationalized as follows. PF5 reacts readily with 
trace water molecules (reaction R11 in Figure S7, Supporting 
Information) and forms POF3. This species reacts then with 
linear and cyclic carbonates to produce CO2 in an autocata-
lytic manner (Figure S7, Supporting Information).[61] Moreover, 
recent 13C-labeling of electrolytes have proposed a formation 
scheme for oligo-phosphate species which are produced in the 

liquid phase during the decomposition of the electrolyte.[17] 
Another work has also emphasized the role of the solvent cross-
reactivity between linear and cyclic carbonates.[62] Of course, as 
LiPF6 is present in the system and absorbs ionizing radiation, 
the CO and H2 production arising from the carbonates present 
will logically decrease, as observed in Figures  5 and S4, Sup-
porting Information.

The main reactions at stake in the reference electrolyte are 
depicted in Figures  7 and S7, Supporting Information. The 
reaction mechanism accounts for the various products detected 
in the gas phase. In Figure  7, besides the products detected 
by µ-GC (indicated with a green color) and C2H4, which was 
detected by GC/MS, formation of ∙CH3 and ∙OCH3 radicals will 
lead to the production of various compounds, such as C2H6, 
C3H8, and CH3OCH3, as detected by GC/MS (Figure  6). Note 
that ∙CH3 radicals can also abstract H∙ atoms from surrounding 
molecules to form CH4.

Concerning the effect of additives, it is clear from Figure 2 
that VC and VEC play an important role in decreasing the H2 
radiolytic yield, even if they are added at low amounts. We focus 
here on these two additives, as they exhibit the most contrasted 
behavior with respect to the reference electrolyte. In both cases, 
this lowest H2 production can be attributed to the role of the 
double bond in the additive. It is indeed able to capture H2 pre-
cursors, such as the hydrogen atom (Figure  7). The reaction 
of VC or VEC with the hydrogen atom leads to the formation 
of radical species that can then initiate the formation of poly-
mers, among other compounds. The correlation between our 
results and those of Dahn and coworkers[28] suggests that the 
role of additives consists not only in improving the quality of 
the SEI, but also in decreasing the gas formation that leads to 
the formation of bubbles, which can for instance damage the 
contact between the electrodes and the SEI, or even the elec-
trodes themselves.[63]

Thus, the various radiolysis experiments have enabled us not 
only to find a relevant criterion, based on the study by Dahn 
and coworkers,[28] for an efficient screening of LIB electrolytes, 
but also to propose reaction mechanisms taking place under 
irradiation. This enabled us to capture most of the behavior of 
the sample under aging. The study of Dahn and coworkers[28] 
was focused on reduction processes. Under other conditions, 
oxidation reactions with the formation of CO2 may be the 
proper benchmark. For instance, a similar study to that pre-
sented here could be worth doing based on the recent publica-
tion on a battery using a positive electrode (NMC811), which 
is prone to intense reaction.[31] They are known to lead to CO2 
production.[64] Therefore, depending on the experimental condi-
tions, the choice of the marker of the degradation in the radia-
tion chemistry experiments, may be different.

Noteworthily, radiation chemistry can also be used to screen 
electrolytes in other systems of interest for energy storage, for 
examples post Li-ion devices such as sodium-ion batteries,[65,66] 
solid-state batteries[67] as well as supercapacitors.[68,69]

3. Conclusion

Radiolysis was shown to be an efficient tool for the fast 
screening of various electrolytes used in LIBs. The electrolytes 
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studied here were based on ethylene carbonate/ethyl methyl 
carbonate mixtures in the presence of a molar concentration of 
lithium hexafluorophosphate and various additives in different 
amounts. By analyzing the gaseous radiolytic products of these 
electrolytes, we obtained similar results to the work of J.R. Dahn 
and coworkers[28] after only a few hours of irradiation and with 
no manufacturing of or operating electrochemical cells. We 
evidenced that the measurement of the H2 radiolytic yield is a 
relevant criterion to rank electrolytes and to compare with the 
foundational results of J.R. Dahn and coworkers.[28] Among 
all the systems studied, those containing vinylene carbonate 
or vinyl ethylene carbonate were shown to lead to the lowest 
dihydrogen radiolytic yields. This behavior was attributed to the 
presence of the carbon-carbon double bond able to scavenge 
precursors of the dihydrogen molecule. The conclusion of our 
work is that additives play an important role in LIBs, not only 
to improve the initial quality of the SEI, but also to decrease 
gas formation that can damage it over time. Our results were 
also found to be very robust towards various experimental con-
ditions, such as the amount of water molecules and the nature 
of the linear carbonate. Reaction mechanisms, accounting for 
the formation of the major molecules in the electrolytes under 
irradiation, were also proposed.

Our results pave then the way to the use of radiation 
chemistry as a very efficient and robust technique for a first 
and quick screening of various electrolytes, in order to iden-
tify those which are potentially the most interesting ones. Of 
course, depending on the experimental conditions, i.e., whether 
oxidation or reduction processes are targeted, the nature of the 
gas used as a marker of the degradation processes will be dif-
ferent. Radiation chemistry is also applicable for the screening 
of systems other than LIBs, and will certainly be of great 
interest in the future to identify not only the best and most effi-
cient electrolytes required for post-lithium-ion batteries, such 
as sodium-ion batteries, but also for supercapacitors and solid-
state batteries.

4. Experimental Section
Chemicals and Sample Preparation: Anhydrous grade solutions of

EC/EMC (3/7 v/v) mixed with 1 M LiPF6 (>99.9%) were purchased from 
Mu Ionic solutions. Anhydrous grade EC, EMC, and DEC (purity of all 
> 99%) were obtained from Sigma-Aldrich. LiPF6 was purchased from
Solvionic (purity  >  99.9%). The different additives used in this study
are presented in Table S3, Supporting Information, together with the
supplier and their purity. The corresponding chemical formulae are
given in Figure 1.

The electrolytes were prepared in an argon-filled glove box 
(O2 <  3 ppm and H2O < 1 ppm). Water concentration, measured by a 
coulometric Karl-Fischer titration, was never higher than 30  ppm. For 
some experiments requiring more water, a very small quantity of high 
purity distilled water had been added to electrolytes (containing a small 
amount of water) to reach 1200 ppm of water and the final concentration 
was also checked by Karl Fischer titration.

The compounds were used without any further purification. A 
molecular sieve (3Å) was used to achieve less than 30 ppm of water in 
electrolytes when it was necessary. It was used before adding the lithium 
salt in the solvent.

The reference electrolyte used for these experiments was 1 M LiPF6 in 
EC/EMC (3/7 v/v). The dielectric constant of this mixture was measured 
to be 18.5 at 298 K.[70]

For the radiolysis experiments, electrolytes were placed in a Pyrex glass 
ampoule. The samples were degassed during 30 min by argon bubbling. 
Afterward, they were outgassed at ≈1  mbar and subsequently filled with 
1.5 bar of argon 6.0 (99.9999%). This operation was repeated three times.

Irradiation Experiments: A gamma irradiator Gammacell 3000 with 
a 137Cs source was used. The dose rate (4.7 ± 0.2  Gy min–1, with 1 
Gray, denoted by Gy, equal to 1 J kg–1) was measured using the Fricke 
dosimeter.[38] Each irradiation takes a few hours. Generally, a sample 
was irradiated four times successively. After each irradiation, gas 
measurements described above are carried out. Thus, it is possible 
to obtain results in just a few hours, after each irradiation step. In all 
irradiation experiments, and according to the stopping powers in the 
carbonates and in water, the dose received by the various electrolytes 
and by water was considered to be the same.

Gas Phase Analytical Methods: The degradation gases produced by 
irradiation were identified and quantified. The amount of H2, CH4, CO, 
and CO2 gases was quantified by gas chromatography (µ-GC-R3000, SRA 
instrument) using ultra-high purity argon and helium as carrier gases.[71]

Moreover, in order to fully identify the degradation products formed in 
the gas phase, a Gas Chromatograph Agilent 6890 coupled with a mass 
spectrometer Agilent 5973 MS (GC/MS) was used. The mass spectrometer 
is equipped with an electron impact (EI) source, and a quadrupole mass 
analyzer. The mass range was 4–160. Helium was used as the vector 
gas with a flow rate of 2  mL min–1. Separation was carried out by two 
distinct separation modes: on one hand, with a CP-PorabondQ (25 m, 
∅ 0.32 mm) column (Varian), and on the other hand, with a two columns
system connected in parallel, a molecular sieve Rt-MSieve 5 Å PLOT
(30 m, ∅ 0.53 mm) column (Restek) and a Rt-Q-PLOT (30 m, ∅ 0.32 mm)
column (Restek). The injector was set at 110 °C in splitless mode.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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