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h i g h l i g h t s g r a p h i c a l a b s t r a c t

� The presence of LiPF6 in PC signifi-
cantly affects the decomposition
pathways.

� CO2 production is doubled in irradi-
ated PC/LiPF6 1 M as compared to
irradiated PC.

� This effect is specific of LiPF6 and is
not observed in other salts such as
LiClO4.

� A high reaction rate constant be-
tween the electron and PF6� in PC is
measured.

� Radiolysis accelerates aging and en-
ables the description of reaction
mechanisms.
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a b s t r a c t

The behavior under irradiation of neat propylene carbonate (PC), a co-solvent usually used in Li-ion
batteries (LIB), and also of Li salt solutions is investigated. The decomposition of neat PC is studied us-
ing radiolysis in the pulse and steady state regime and is assigned to the ultrafast formation, in the
reducing channel, of the radical anion PC�� by electron attachment, followed by the ring cleavage, leading
to CO. In the oxidative channel, the PC(eH)� radical is formed, generating CO2. The CO2 and CO yields are
both close to the ionization yield of PC. The CO2 and CO productions in LiClO4, LiBF4 and LiN(CF3)2(SO2)2
solutions are similar as in neat PC. In contrast, in LiPF6/PC a strong impact on PC degradation is measured
with a doubling of the CO2 yield due to the high reactivity of the electron towards PF6� observed in the
picosecond range. A small number of oxide phosphine molecules are detected among the various
products of the irradiated solutions, suggesting that most of them, observed in carbonate mixtures used
in LIBs, arise from linear rather than from cyclical molecules. The similarity between the degradation by
radiolysis or electrolysis highlights the interest of radiolysis as an accelerated aging method.
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1. Introduction

In a world where the reserves of fossil fuels are limited, the
conversion and storage of energy is necessary. Electrochemical
batteries enable this storage [1]. Among them, lithium-ion batteries
(LIB) are increasingly used as they have very high energy densities
[2e4]. Nevertheless, they exhibit safety issues. Moreover, for a full
exploitation of them in electric and hybrid vehicles, a higher energy
density and a longer lifetime are required. It is therefore crucial to
have an in depth understanding of the aging phenomena occurring
in LIBs. Until now, many of the works trying to unravel degradation
mechanisms have focused on the electrolyte degradation with the
LIB functioning for long periods followed by final products analysis
using different techniques such as mass spectrometry (MS) [5e7],
nuclear magnetic resonance (NMR) [8,9], or calculations/simula-
tions [10e12]. Usually, these studies are lengthy, costly and most
often essentially qualitative [13].

We have recently demonstrated that radiolysis is an adequate
tool to accelerate and mimic the aging process in electrolytes
[14,15]. Instead of studying the electron transfer between the
electrodes and the electrolyte that involves predominantly the Liþ

ions and also other components in an aging process, electrons and
parent cations of the solvent produced in the radiolytical processes
are directly and efficiently created in the bulk. In the pulse radiol-
ysis regime, the primary transient species are observed using the
time-resolved optical absorption technique and the ionization yield
is quantitatively measured. Then, the analytical detection threshold
of the final products is reached in the steady state radiolysis regime
at high dose rate at much shorter time than using electrolysis. Such
decomposition processes, including the role of the LiPF6-containing
electrolyte, have been first studied in a linear carbonate, diethyl
carbonate (C2H5OCOOC2H5, labeled as DEC) [14,15]. The purpose of
the present work is to decipher now the degradation processes in
the cyclical propylene carbonate ([OCOOCH2CH]c(CH3) labeled as
PC), with a focus on the role of the lithium salts.

Indeed, cyclical carbonates, such as propylene carbonate or
ethylene carbonate (EC), are essential in LIBs because of their
physical properties such as their high melting point (242/248 �C) or
their high dielectric constant (εs ¼ 66/90) [16]. Moreover, it has
been reported that they play an important role in the solid elec-
trolyte interface (SEI) formation or in the decomposition processes
[17]. These processes are based on the formation of radical anions
[18,19], contrary to linear carbonates where are readily formed
radical cations [14,15]. Lastly, recent calculations pointed out that
the interaction between the salt and PC plays a critical role in the
decomposition pathways and that the nature of the anion can
change drastically the decomposition thermodynamics, then the
rates and the nature of the products [12]. This is in line with pre-
vious experimental and theoretical studies demonstrating that the
oxidation products of PC are independent of the nature of the salt,
but that their decomposition ratewill change depending on the salt
[20,21]. However, the influence of the salt on the oxidative elec-
trolyte degradation is still under debate. On one hand, it was shown
using graphite powder as a working electrode that the gas gener-
ation was enhanced in the PC/LiClO4 system compared to neat PC,
whereas a lower gas volume was measured in the presence of LiBF4
and even a still lower value for LiPF6 than for LiClO4 [22]. On the
other hand, the oxidation of PC was studied on a LiCoO2 thin
electrode [20]. In this case, the oxidation of PC with LiPF6 was
shown to be the most severe, whereas it was lower with LiBF4.

The aim of this work is to benefit of the advantages of the
radiolysis approach [15] to analyze, after hours (gamma source) or
half an hour (electron beam) of irradiation in the steady state
regime, the degradation products and to compare them with those
of the electrochemical degradation in LiBs, because it was

demonstrated that very similar products are found in both radio-
lytical and electrochemical processes (same molecules, though
more rapidly produced by radiolysis). In addition, the picosecond
pulse radiolysis regime and transient analysis provide new and
useful information to decipher the early stages of the electron
transfer mechanisms that are out of reach by either electrochem-
istry or steady state radiolysis. This short and long-time scale
strategy allows understanding the degradationmechanisms in neat
PC and the role of different lithium salts on very large timescales.

For this purpose, picosecond pulse radiolysis coupled with time-
resolved spectroscopy was performed to unravel the primary
phenomena at short time scales. At long time scales, the liquid and
gas phases were analyzed by using gas chromatography, mass
spectrometry and nuclearmagnetic resonance techniques. Lastly, in
the case of PC/LiPF6, the results obtained by radiolysis were also
compared with those obtained by electrochemical degradation. All
these experiments enable us to propose reaction mechanisms for
the degradation processes in PC as well as to investigate the effect
of the nature of the anion present in solution.

2. Experimental procedures

2.1. Chemicals and sample preparation

Battery grade solutions of 1 mol/L LiPF6 in PC (density 1.31 g/ml
at 25 �C), neat PC (anhydrous, 99.7%), LiClO4 (anhydrous, 99.99%),
LiBF4 (anhydrous, 99.99%) of the highest available purity were
purchased from Sigma Aldrich and used as received.
LiN(CF3)2(SO2)2 (extra dry, 99.99%) was obtained from Solvay.
Water concentration, measured by a coulometric-Karl Fischer
titration, was systematically measured and was never higher than
20 ppm. Solutions were prepared in an argon-filled glove
compartment without further purification. Preparation details
were described elsewhere [14,15].

2.2. Picosecond pulse radiolysis at ELYSE

The ultrafast kinetics in the solutions was accessed by pico-
second pulse radiolysis using the laser-driven electron accelerator
ELYSE. The pump-probe detection setup is extensively detailed
elsewhere [23]. The transient absorbance of the samples is probed
in a flow cell with 5 mm nominal optical path, collinear to the
electron pulse propagation. The electron pulses are deliveredwith a
pulse duration of about 10 ps and an electron energy of 7.6 MeV at a
repetition rate of 10 Hz. The system is operated in two different
configurations for continuum light generation. Single crystals of
CaF2 for the visible and of yttrium aluminum garnet (YAG) for the
NIR are used. More technical specifications about both configura-
tions are largely described elsewhere [24]. The dose per pulse
during the experiments is deduced from the absorbance of the
hydrated electron e�aq in water [25]. During these experiments the
dose in water Dw was typically around 50 Gy (1 Gy ¼ 1 J kg�1) per
pulse. The doses received, as expressed in Gy are the same in water
and in PC, or as expressed in J L�1 are 20% higher in PC than inwater.

2.3. Irradiation experiments using gerays and 10 MeV electrons

Similarly to our previous works [14,15], the irradiation experi-
ments to measure the gas-phase stable decomposition products
were currently performed by aMDS Nordion Gammacell 3000 137Cs
source. The dose rate, determined using the Fricke dosimeter, is
5 Gy/min [26]. Therefore, the 20 kGy maximum dose used in the
present work is reached within 67 h (i.e. 2e3 days). As to the liquid
decomposition products, they were obtained by using the repeti-
tive 10 ns electron pulses of a Titan Beta, Inc. accelerator, which was
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