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Degradation mechanisms of the ethylene carbonate/diethyl carbonate mixture studied by radiolysis

 

Introduction

Among power sources, Lithium-ion batteries (LIB) are efficient energy storage devices suitable for portable electronics applications. [1,2] Moreover, they are the most promising systems for fields such as electric vehicles or stationary energy storage as they display high energy density and low self-discharge. [3] LIBs are complex systems, hence the understanding of their behavior concerns different research areas such as material, surface and electrochemical science. Thus, their basic study is challenging and the studies of ultrafast and fast reactions to understand the mechanisms of the degradation are unavoidable.

LIBs generally consist in a carbonaceous anode and a transition meal oxide cathode.

Commercial electrolytes are usually composed of a conducting salt such as lithium hexafluorophosphate (LiPF 6 ) dissolved in a mixture of linear (low dielectric constant and low viscosity) and cyclical (high dielectric constant and high viscosity) carbonates. A separator soaked in the electrolyte is located between the electrodes for the charge transfer of Li + ions.

Mixing solvents of different nature allows providing electrolytes with low viscosity for ion transport and high dielectric constant in order to dissolve the salt. [4] Aging phenomena significantly reduce the cycle life of LIBs and lead to the production of hazardous compounds. Indeed, the formation of hydrofluoric acid [5] and dihydrogen has been reported in several works [6] . The stability of the electrolyte has been identified as one of the key points of aging phenomena. [7] That is why the understanding these phenomena is a crucial issue to provide highly durable and safe LIBs under normal and abusive conditions. The degradation of the electrolyte often cannot be investigated by usual thermally activated aging methods explaining that these studies may be costly, lengthy and usually qualitative. [8] Recently, we demonstrated that radiolysis (i.e., the chemical reactivity induced by the interaction between matter and ionizing radiation) provides an elegant solution to these issues, as it is a powerful tool for a short-time identification (minutes-days, so it strongly accelerates aging processes) of the products occurring from the degradation of a LIB electrolyte after several weeks-months of cycling. [9][10][11] Indeed, we have shown that the highly reactive species created in the irradiated solution are the same as the ones obtained during the charging of a LIB using similar solvents. Having worked on pure carbonate solvents (diethyl carbonate and propylene carbonate, with/without LiPF 6 ), [9][10][11] the purpose of the present work is to use radiolysis to investigate now the properties of a mixture of a linear (non-polar) and cyclical (polar) carbonate. Indeed, a mixture of ethylene carbonate and diethyl carbonate is more complex, more realistic and representative of the solvents used in LIBs. We will benefit here from the possibility of radiolysis to probe the reactivity on very large timescales, i.e. at the picosecond timescale to evidence the first stages of the matter/ionizing radiation interaction and at long times to identify, and when it is possible, quantify, the main species produced upon steady-state irradiation.

Material and methods

Chemicals

Ethylene carbonate (EC), diethyl carbonate (DEC) were provided by Sigma-Aldrich (anhydrous grade, purity > 99 %) and were used without further purification. Electrolytes were prepared under water-free pure argon atmosphere in a glove box. For the long time scale radiolysis experiments, around 1 mL of each electrolyte was introduced in a glass ampoule and degassed by argon bubbling for 30 min. Then, the ampoule was thrice degassed and filled with pure argon 6.0 at 1.5 bar.

Solid at ambient temperature, EC was slowly heated in a bath water set at 38°C before preparing electrolytes. After the long time scale irradiation, EC was heated again gently to allow any gas which may be trapped in the solid phase to be released in the gas phase and also to be able to perform analysis in the liquid phase. We checked carefully that heating nonirradiated EC under exactly the same conditions did not lead to the release of any gas. 

PC

The physicochemical properties of EC, DEC and the 50/50 (in volume) EC/DEC mixture are given in Table 1. In this mixture, the EC molar fraction is 0.57. Unless otherwise specified, EC/DEC refers to the 50/50 (in volume) mixture.

Table 1. Physicochemical properties of carbonates and their mixture. [4] (40°C) [12] 2.82 at 25°C [13] Concerning now various EC/DEC mixtures, the corresponding dielectric constants are not available in the literature, but insights can be gained by considering the dielectric constants measured in the EC/DMC (dimethyl carbonate) mixtures, as DMC is very similar to DEC (Table 2). [12] Table 2. Evolution of the dielectric constant in the EC/DMC mixture at 40°C as a function of the molar fraction (x) of EC. [12] xEC + ( 

Picosecond pulse radiolysis experiments

The ultrafast kinetics of the solutions was accessed by picosecond pulse radiolysis with the laser-driven electron accelerator ELYSE. [14,15] A pump-probe setup installed at the experimental area 1 was used whose basic optical configuration and data acquisition scheme are described in references [14,15] . The transient absorbance of the samples was probed in a flow cell with 5 mm nominal optical path collinear to the electron pulse propagation. The electron pulses were delivered with pulse duration of about 7 ps and electron energy of 7.6

MeV at a repetition rate of 10 Hz. The broadband pump-probe system was operated using a single crystal of yttrium aluminum garnet (YAG) for continuum light generation optimized in the NIR. [16] Both probe and reference beams were coupled into an optical fiber, transmitted to an adapted spectrometer, and dispersed onto the specific line scan detectors. For the measurements in the NIR, a customized broadband polychromator with an InGaAs photodiode array from Hamamatsu (G11608-512DA) was used. [16] The dose per pulse was deduced from the absorbance of the hydrated electron e - aq in water, measured just before a series of experiments. The dose was then derived from the yield at 15 ps: G(e - aq ) 15 ps = 4.25 × 10 -7 mol J -1 and from the molar absorption coefficient ε 800 nm = 1.53 × 10 4 L mol -1 cm -1 . [17] The dose per pulse in water was then around 47 Gy. In all irradiation experiments, and according to the stopping powers in the carbonates and in water, the dose received by the solution and by water was considered to be the same.

Irradiation experiments for the identification of formed stable products

Irradiation experiments to identify the products generated in the gas phase were performed with a Gammacell 3000 137 Cs source. The dose rate determined using the aqueous Fricke dosimeter [START_REF] Fricke | Chemical Dosimetry[END_REF] was 5.0 Gy.min -1 (1 Gy = 1 J.kg -1 ) and the highest dose achieved was around 20 kGy.

Products formed in the gas phase

The degradation products formed in the gas phase, after irradiation at a dose of 20 kGy, were identified by gas chromatography (Agilent, 6890 GC) hyphenated to a mass spectrometer equipped with an electron impact source (EI) and a quadrupole mass analyzer (Agilent, 5973 MS). The products were separated with a (25 m x 0.32 mm) CP-PorabondQ column provided by Varian. Helium was used as vector gas with a flow rate set at 2 mL min -1 . The temperature of the injector was fixed at 110°C in splitless mode. The separated products were fragmented at 70 eV and detected within mass range from 4 to 160 m/z. The identification of the products was performed by comparing the experimental spectra to the NIST mass spectra library. The main produced gases i.e. H 2 , CH 4 , CO and CO 2 were quantified by gas chromatography (µ-GC R3000, SRA Instruments) with helium as a carrier gas. More experimental details are given in [9] .

Results and discussion

Picosecond pulse radiolysis experiments of EC, DEC and of the EC/DEC mixture

With the requirement to renew the sample, all pulse radiolysis experiments were performed at 46°C well above the melting temperature of EC (36.4°C, see Table 1). The transient optical absorption spectra detected at 46°C after the electron pulse in neat DEC, neat EC and in the 50/50 EC/DEC mixture are given in Figure 1. The corresponding kinetics is given in the insets. In DEC, the absorption band increases monotonously until the detection limit (Figure 1a). The band observed for DEC solution at 46 °C (Figure 1a) is similar to the one detected in neat DEC at room temperature. [START_REF] Torche | [END_REF] It was assigned to the formation of the solvated electron. [START_REF] Torche | [END_REF] Usually, a red shift of the absorption band occurs when increasing the temperature, [20] but the maximum of the absorption band is out of our spectral window. The maximum of the transient absorption band is found at 1250 nm and at 1410 nm in the case of EC (Figure 1b) and EC/DEC mixture (Figure 1c), respectively. Due to the fact that EC and DEC are both carbonates, we assume that the mixture is homogeneous on a microscopic scale, i.e. that EC and DEC molecules are completely mixed together. In the case of PC, a cyclical carbonate similar to EC (see Scheme 1), a broad absorption band with a maximum at 1360 nm was detected just after the electron pulse. This band was attributed to the solvated electron. [21] In the present case, and similarly to the case of PC, the band with a maximum at 1250 nm is also attributed to the solvated electron. Considering now the mixture (Figure 1c), the broad band with a maximum at 1410 nm can be assigned to the solvated electron. Our observation is in agreement with the fact that in the case of a homogeneous mixture, the absorption band of the solvated electron is usually ranging between the two maxima of the absorption band of each solvent, as already observed in the case of the THF/H 2 O mixture which also contains a weakly polar and a strongly polar compound. [22,23] In this case, and for a molar fraction of THF lower than 0.49, the presence of THF only slightly changed the spectrum of the solvated electron, that was similar to the spectrum of the solvated electron in water, but at a higher temperature. [23] In our case, the transient spectrum we measure (for a molar fraction of DEC equal to 0.43) is similar to that obtained in EC, but red-shifted (Figure 2). Contrary to the measurements performed in THF/water mixtures where time-resolved spectra exhibited isosbestic points, and where the hydration dynamics was thus described by a two-state kinetics, implying that nanometer inhomogeneities exist in these mixtures, no such trend is evidenced here (Figure 1c), suggesting that the EC/DEC mixture is homogeneous, even at the molecular scale. [24] The band of the solvated electron in EC/DEC is broader than the one measured in neat EC as clearly evidenced on the spectrum measured 20 ps after the electron pulse (Fig. 2). This strongly suggests that solvated electrons surrounded by DEC and EC molecules are formed in the mixture. The kinetics given in the insets of Figure 1 illustrate also the different behaviors. Whereas the decay of the solvated electron is slow in DEC, it is ultrafast in EC and in the EC/DEC mixture. 

M  M*, M •+ , e - (1) 
The normalized absorbance decays at 46°C for various carbonates (DEC, PC, EC and 50/50 EC/DEC) is represented in Figure 3a.

Contrary to DEC, the decay of the solvated electron in PC is complete within 2 ns. This was previously attributed to reaction (2) corresponding to the attachment of the solvated electron on PC, leading to the formation of the radical anion:

e - PC + PC  PC •-(2)
k(e - PC + PC) = 1.9  10 8 L mol -1 s -1 at room temperature. [21] Indeed, the decay obeys a pseudo first-order law, and the fast decay of the solvated electrons cannot be due to reactions within the spurs. Moreover, in a neat solvent, the sole abundant species is the solvent itself. At 46°C, the density of propylene carbonate is 1.18 g cm -3 . [25] The concentration of PC being 11.6 mol L -1 , k(e - PC + PC) = 2.3  10 8 L mol -1 s -1 at 46°C. A slight acceleration between ambient temperature and 46°C is clearly observed.

In the case of EC, the same interpretation holds. The decay is ultrafast and obeys a pseudo first-order law (Figure 3a). Interestingly, it is significantly faster in EC than in PC. In ethylene carbonate, the density was measured to be 1.32 g cm -3 at 36°C and calculated to be 1.29 g cm - 3 at 52°C. [26] Assuming that the density of EC is 1.30 g cm -3 at 46°C, then we find, for an EC concentration of 14.8 mol dm -3 :

e - EC + EC  EC •-(3)
k(e - EC + EC) = 1.3  10 9 L mol -1 s -1 at 46°C. Hence, the presence of the methyl group slows down the rate constant of the electron attachment by a factor of 5.7. This can be attributed to steric hindrance by the methyl group as well as to its electron donating effect by induction.

Noteworthy, in the case of PC, a shift of the absorption band was observed during the first 50 ps. It was attributed to the solvation of the electron. In the present case, we did not observe any shift of the absorption band. This can be due to the higher temperature favoring faster solvation of the solvent and also to the very fast decay of the solvated electron. Let's also point out that the maxima of the bands (1310 nm after 50 ps in PC at room temperature and 1250 nm in EC at 46°C) are very close to each other, indicating that the structure of electrons solvated in PC and in EC are similar, as expected.

In polar solvents, the electron radiolytic yield at 10 ps (G t (e - EC )) is generally about 4 × 10 -7 mol J -1 . [27,28] Knowing that ε λ = A λ,t /(D × ρ × l × Gt(e - EC )), where ε λ is the molar absorption coefficient of the solvated electron expressed in L mol -1 cm -1 , A λ,t is the measured absorbance at 1250 nm, D is the dose (47 J kg -1 ), ρ is the density of the solution (1.30 kg L -1 ) and l is the optical path in cm,  1250 nm (e - EC )(10 ps) is calculated to be 1300 L mol -1 cm -1 . This value is too small to be possible, [START_REF] Dorfman | Optical Absorption Spectrum of the Solvated Electron in Ethers and in Binary Liquid Systems[END_REF] meaning that the electron radiolytic yield at 10 ps is much smaller than that postulated above (4 × 10 -7 mol J -1 ). As we showed in the case of PC, and even more striking for EC, the major part of pre-solvated electrons gives then radical anions EC •-, and only a small population of electrons leads to the formation of solvated electrons that will then form radical anions according to (3). The same calculation can be performed in the case of the EC/DEC mixture and leads to a too small value of the molar extinction coefficient at its maximum (4000 L mol -1 cm -1 ). This also implies that presolvated electrons preferentially react with EC, forming EC •-, in the EC/DEC mixture.

The decay kinetics measured in the DEC/EC mixture is similar, although slower, as the one measured in EC (Figure 3a). It also obeys a pseudo first-order law. This means that the decay in DEC/EC is attributed to the attachment of the solvated electron exclusively on the EC molecule. In fact, DEC is a non-polar solvent and the diffusion of the solvated electron in this kind of solvent is very fast. The solvation energy of the electron in nonpolar solvent is low and the electron can move from one cavity to another one very quickly. [START_REF] Martini | [END_REF][31][32] Therefore, the electron can be very quickly trapped by EC molecules which are in contact with DEC molecules to form EC •-. The slower decay of the solvated electron in EC/DEC solution compared to that in EC is due to the fact that the EC concentration is of course lower in the mixture than in the neat solvent. At 46°C, the density of DEC is equal to 0.95 g cm -3 . [33] The density of the mixture at 46°C is measured to be 1.14 g cm -3 . This implies that, in the EC/DEC mixture: e - EC/DEC + EC  EC •-(4) at 46°C, k(e - EC/DEC + EC) = 1.4  10 9 L mol -1 s -1 which is almost the same value as the one determined in neat EC (3).

At room temperature (Figure 3b), with a mixture density of 1.16 g cm -3 (Table 1), we find: e - EC/DEC + EC  EC •-(4) at room temperature, k(e - EC/DEC + EC) = 1.2  10 9 L mol -1 s -1 , which is 6.3 times higher than the value measured in PC at the same temperature. The effect of temperature on the rate constant is small and similar in PC and EC, in the studied temperature range (Figure 3b). 

Composition of the gas phase after irradiation

Products formed in the gas phase in the EC/DEC mixture upon γ-irradiation are presented in Figure 4. Different types of stable products are detected including alkanes and oxygenated molecules such as esters, ethers and aldehydes. Irradiation of the mixture shows the formation of molecules that are found in irradiated DEC (alkanes such as C 3 H 8 and C 4 H 10 , ether such as C 2 H 5 OC 2 H 5 ) [9] . Moreover, similar molecules were identified by GC-MS of the EC-DMC/LiPF 6 electrolyte recovered from the cycled stainless steel/Li cell at 55°C: [34] CH 3 OCH 3 (here C 2 H 5 OC 2 H 5 with DEC instead of DMC), CH 3 OCHO (here C 2 H 5 OCHO with DEC instead of DMC)…. Even though H 2 , CH 4 and CO molecules are not detected by GC-MS (Figure 4), they are indeed the main molecules produced upon irradiation, as evidenced by mass spectrometry with electron ionization (EI/MS). They are detected and quantified by µ-GC. The quantification by mass spectrometry (EI/MS) of all the compounds formed upon irradiation is difficult, as many species are formed and lead to the same fragmentation ions.

Therefore we quantified only the main gases (H 2 , CO, CO 2 , CH 4 ) that are measured directly by µ-GC. C 2 H 6 is also produced in significant amounts, but cannot be quantified by µ-GC. For each gas (H 2 , CH 4 , CO and CO 2 ), the amount produced increases linearly with the dose as shown in Figure 5. The corresponding radiolytic yields defined as the amount of gas produced per energy unit, expressed in µmol.J -1 , are deduced from the slope of the lines. The results are given in Table 3. For neat EC, the major gases produced are CO 2 and CO as compared to H 2 and CH 4 , which is negligible. In the case of DEC, the major gases produced upon irradiation are H 2 and CO 2 (Table 3). For the EC/DEC mixture, the major gas formed is CO 2 as compared to CO and H 2 . CH 4 is produced in lower amount than the other gases.

In the case of EC, the CO 2 radiolytic yield is twice the radiolytic yield of CO, contrary to the case of PC for which these two yields were equal. [11] In this latter case, PC •+ and PC -, both produced in the same amounts, lead respectively to the formation of CO 2 and CO. [11] This is obviously no longer the case for EC. Nevertheless, EC •+ and EC -are produced in the same amounts but the differences in the CO and CO 2 yields show that both gases can be produced thanks to the oxidative and reductive pathways. This is in agreement with electrochemistry experiments. Indeed, it was shown that in the oxidation pathway, the radical cation EC •+ leads, after ring opening, to the • OCH 2 CH 2 OC •+ O intermediate. It will then form mainly CO 2 , but also CO when working at high potential. [35] Let's point out that the nature of the oxidant (EC •+ ) in cyclical carbonates is still under debate. Very recently, Borovkov [36] proposed, in the case of PC, that the radical cation consists in fact of ionized complex molecules having opposite orientations of the carbonyl groups. Lastly, according to electrochemistry experiments, both molecules can be generated from the radical anion in the reductive channel, [37] but CO arises mainly from this pathway. Table 3. Radiolytic yields (in µmol J -1 ) of the main decomposition gases determined by µGC*. The results obtained for DEC comes from reference [9] .

Gas

EC EC/DEC DEC [9] H When a mixture of compounds is irradiated, then the fraction of the total absorbed energy transferred to each compound is proportional to the weight fraction of the compound and to the mean 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, with Z/A the ratio of the atomic number to the atomic mass number of the compound. [START_REF] Spinks | An Introduction to Radiation Chemistry[END_REF] From this, it follows that: 𝐺(𝑃) = ∑ 𝐺(𝑃) 𝑖 𝑓 𝑖 𝑖 (5) with G(P) the radiolytic yield of the product P formed in a mixture, 𝐺(𝑃) 𝑖 the radiolytic yields of P from the compound i in the mixture and 𝑓 𝑖 the electron fraction of i. This equation is generally referred as the "mixture law", although it is a simple approximation.

Moreover, 𝑓 𝑖 = 𝜔 𝑖 Let's point out that in all the mixtures studied, the radiolytic yields range between the values measured for pure DEC and pure EC.

In Figure 6, the straight lines represent the expected yields if Eq. ( 5) is obeyed. Noteworthy, in most cases, this mixture approximation, which assumes that the behavior of excited and ionized species produced and their reaction products are not changed by the presence of the other compounds, is not followed. This is obviously not the case for H 2 and CH 4 (Figures 6a and6b). Indeed, in this case, these two gases are mainly produced from the excited state of DEC. [9] In DEC, which is a solvent with a very low dielectric constant (2.82, see Table 1), the recombination of DEC + with the electron is highly favored, leading to the formation of DEC*. [9] This excited molecule will then lead to H 2 and CH 4 (Table 3). In the EC/DEC mixture, picosecond pulse radiolysis experiments suggest that the pre-solvated electron will preferentially attach to EC, than react with DEC + , decreasing then the amount of DEC*.

Therefore, the reaction pathways leading to H 2 and CH 4 are no longer so much favored.

Moreover, the mixture becomes more and more polar by increasing EC and the probability of excited state formation becomes less likely (Table 2).

The situation is clearly different for the CO and CO 2 gases (Figures 6c and6d). In these latter cases, the system roughly obeys the mixture law, but for different reasons. The CO formation is mainly due to EC, and to DEC in a lower extent (Table 3). Picosecond pulse radiolysis experiments evidence that, in the case of mixtures, the solvated electron will react with EC (Figure 3a), forming the radical anion (reaction 4) that will then generate CO and CO 2 .

Therefore, in the case of CO, a crude linear behavior of the radiolytic yield with the electron fraction in EC is expected, as the reaction pathway leading to its formation is not affected by the mixture.

The case of CO 2 is more complex, as it has different origins. Indeed, it arises from EC •+ , from EC •-, but also from DEC*, DEC •+ , [9] and, as suggested by EPR experiments, after reaction of the pre-solvated electron with DEC followed by dissociative electron attachment. [START_REF] Shkrob | [END_REF] Clearly, the DEC* and the dissociative electron attachment channels are affected by the mixture. We suppose here that the linear behavior we observe in the CO 2 case (Figure 6d) is rather due to the fact the CO 2 radiolytic yields measured in DEC and in EC are close to each other, making a weak linear dependency, which will be not affected by the mixture due to compensating factors. The uncertainty bars are estimated to 10 %.

Last, the products formed in the liquid phase in the irradiated 50/50 EC/DEC mixture and investigated by means of High Resolution Mass Spectrometry are given in Supporting

Information. These products are: i) typical of irradiated EC; ii) typical of irradiated DEC; iii) due to the presence of the two compounds in the mixture such as dicarbonate, carbonate with two ether functions, and carbonate with ether functions as already reported in the field of lithium-ion batteries. [34,40,41] 

Conclusion

The EC/DEC mixture, i.e. solvents often used in the field of lithium-ion batteries, was submitted to ionizing radiation that simulates an accelerated aging. Radiolysis provides the opportunity to study the reactivity of the mixture at very different time scales, ranging from picosecond to hours after irradiation. The decay of the electron in EC is ultrafast due to its attachment, leading to the formation of the radical anion. It is even faster than in PC, which can be attributed to less steric hindrance and to the absence of the methyl group that has an inductive electron donor effect. Nevertheless, the major channel for the formation of radical anions is thought to be the pre-solvated electron, which takes place on the femtosecond timescale. In the mixture, the formed electron is surrounded both by DEC and EC molecules.

Once formed, it is very quickly trapped by EC molecules, leading to the formation of radical anions. Minutes and hours after irradiation, this implies that the amount of CO arising mainly from EC •-will increase almost linearly with the EC electron fraction. Of course, this is not the case for H 2 and CH 4 whose origin is mainly DEC*. Lastly, the products detected both in the gas and liquid phases are consistent with the ones reported previously in electrochemistry experiments.

The present study evidences again the interest of using radiolysis to understand in details the behavior of solvents and electrolytes used in lithium-ion batteries.

Supporting Information: Products formed in the liquid phase after 100 kGy irradiation of the EC/DEC mixture and identified by High Resolution Mass Spectrometry (HRMS) experiments.

Figure 1 .

 1 Figure 1. Transient optical absorption spectra in (a) DEC; (b) EC and (c) 50/50 EC/DEC mixture after the picosecond electron pulse (dose per pulse: 47 Gy). Kinetics is given in the

Figure 2 .

 2 Figure 2. Normalized spectra, measured at 46°C, of the solvated electron in EC (black), DEC (blue) and 50/50 EC/DEC (red) measured 20 ps after the electron pulse. The circles are the experimental points and the lines are a guide for the eyes.

Figure 3 .

 3 Figure 3. (a) Normalized decay kinetics at 46°C of the solvated electron in DEC (red circles), PC (green squares), EC (black down triangles) and EC/DEC (blue up triangles); (b) comparison of the normalized decay kinetics at 46°C and at room temperature (22°C). The lines guide the eyes.

Scheme 2 .

 2 Scheme 2. Scheme illustrating the first reductive processes occurring in DEC (a linear carbonate), in two cyclical carbonates (PC and EC) and in the EC/DEC mixture.

Figure 4 .

 4 Figure 4. Gas decomposition products of EC/DEC identified by GC-EI/MS after γ-irradiation at 20 kGy. The formation of acetone can be due to washing and not to irradiation.

Figure 5 .

 5 Figure 5. Evolution of the main decomposition products formed in the gas phase and measured by µ-GC after γ-irradiation of EC (a) and EC/DEC (b) as a function of the dose.

  𝜔 𝑖 the weight percentage of compound i, and ( case, the Z values for DEC and EC are 64 and 46 respectively, whereas the A values are 118 and 88, respectively. The evolution of the H 2 , CH 4 , CO and CO 2 yields as a function of the electron yield in EC, for various EC/DEC mixtures is represented in Figure6.

Figure 6 .

 6 Figure 6. Effect of the EC electron fraction on the radiolytic yields of the main decomposition gases quantified by µGC. (a) H 2 ; (b) CH 4 ; (c) CO; (d) CO 2 .

  The main carbonate compounds cited in the present work are represented in Scheme 1.

Scheme 1. Chemical structures of diethyl carbonate (DEC), dimethyl carbonate (DMC), ethylene carbonate (EC) and propylene carbonate (PC).
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