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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  

• CO2 gas analysis as a very sensitive tool 
to study electrolyte thermal 
degradation. 

• N-containing additives are effective for 
PF5-complexing in electrolyte alone. 

• PF5 adsorbs onto the NMC surface, pre-
venting electrolyte solvents 
degradation. 

• LiFSI hydrolysis leads to LiODFB 
decomposition, generating gas.  
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A B S T R A C T   

One of the weaknesses of the LiPF6-based electrolyte is its poor thermal stability. It can result in an accelerated 
battery capacity fading and CO2 gas generation due to the formation of PF5 which are highly reactive towards the 
electrolyte solvents. As the formation of PF5 is inevitable, efforts are dedicated to inhibiting its deleterious impact 
by adding a Lewis base to form a complex. However, no study investigates the PF5-complexation efficiency 
through gas analysis. Here, gas analysis shows that N-containing additives are effective in reducing gas gener-
ation upon electrolyte storage at 55 ◦C. Out of our expectations, the trend is reversed when it comes to thermal 
storage of NMC-graphite batteries, involving competitive chemisorption processes on the NMC acid and basic 
sites. It turned out that, NMC surface can be more effective than additives in mitigating the thermal degradation 
of the electrolyte. Furthermore, the gas level thermally generated does not decrease while replacing the culprit 
LiPF6 salt by mixtures of LiFSI + LiPF6 or LiFSI + LiODFB. Especially in presence of LiODFB, water triggers 
hydrolysis reactions that also lead to gas evolution.   
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1. Introduction 

Commercial lithium-ion batteries often contain an electrolyte 
composed of [1] a cyclic (ethylene (EC), sometimes with propylene 
(PC)) and linear (dimethyl (DMC), diethyl (DEC), ethyl methyl (EMC)) 
carbonate solvents blend, the lithium hexafluorophosphate (LiPF6) salt 
sometimes mixed with lithium bis (trifluoromethanesulfonyl)imide 
(LiFSI), and several additives (protective electrode/electrolyte film 
reinforcement, proton scavengers, flame retardants, etc.) [2]. This 
electrolyte has long been taken for granted by virtue of its reasonable 
electrochemical characteristics over a wide range of battery operating 
temperatures:  

- an ionic transport facilitated by i) the dissociation of the salt favored 
by the high dielectric constant of EC leading to a high ionic con-
ductivity, ii) the ability of the cation to be desolvated in a liquid 
medium, thus preventing exfoliation of the graphite, 

- a wide electrochemical stability window (0–4.3V) owing to the for-
mation of i) an effective passivation layer (AlF3) on the positive 
electrode collector surface to prevent aluminum corrosion, thanks to 
the presence of LiPF6 [3], ii) a passivating layer called solid elec-
trolyte interphase (SEI), on the negative electrode material surface to 
protect against prolonged carbonate solvent reduction reactions. 
However, it does not prevent the formation of gas during aging for 
commercial batteries [4–6]. 

One of the weaknesses of the LiPF6-based electrolyte is its poor 
thermal stability. In the literature, the thermally-driven chemical 
degradation is frequently studied and observed at elevated temperatures 
as high as 85 ◦C [7–11], but reactions start well below (<40 ◦C), obvi-
ously in a moderate way [12,13]. This degradation stems from the 
decomposition of the LiPF6 salt producing PF5 gas according to reaction 
(E1). Note that the presence of protons can also generate PF5 [14], ac-
cording to reaction (E2). This Lewis acid PF5 (PF5>BF3>HF) [15] is 
likely to react with trace of water in batteries releasing POF3 according 
to reaction (E3).  

LiPF6(sol) → LiF(s) + PF5(g)                                                            (E1)  

PF6
−
(sol) + H+

(sol) → PF5(g) + HF(sol)                                                   (E2)  

PF5(g) + H2O(sol) → POF3(g) + 2HF(sol)                                           (E3) 

Both PF5 and POF3 gases are highly reactive towards the electrolyte 
solvents. POF3 reacts directly with cyclic [11] or linear [10] carbonates 
giving fluorophosphates and CO2, while PF5 acts as a catalyst of linear 
carbonates transesterification reactions or of cyclic carbonates 
ring-opening polymerization [9] to form ether carbonate oligomers; 
both processes ending in a decarboxylation process releasing CO2 gas 
[8]. We can therefore consider that CO2 is a good marker of the thermal 
degradation during battery storage. 

Furthermore, PF5 is likely to react with the basic components of the 
SEI present on the negative electrode material and with the surface 
species of the CEI (cathode electrolyte interphase) on the positive elec-
trode material, causing further electrolyte degradation [16] and a loss of 
Li+ inventory. These reactions modify the interphase layers composition 
[17] and yield CO2 gas release [18]. These temperature-driven reactions 
can be associated with the HF-induced dissolution of transition metals 
from cathode materials [19–21], resulting in an accelerated battery 
capacity fading. E.V. Thomas et al. [22] thus observed a loss of 40 % of 
the available power and energy for a 18650 lithium-ion cell, after 
storage at only 50 ◦C and 100 % SOC for 3 months. 

As the formation of PF5 is inevitable with increasing temperature, a 
great deal of effort has been dedicated to inhibit its deleterious impact 
on electrolyte solvents and interphase layers by adding a Lewis base to 
form a complex. Various bases have been proposed in the literature. A 
non-exhaustive list is presented in Table 1 (only articles mentioning the 
formation of a complex with PF5 were retained). 

Typically, three methods are implemented to prove directly or 
indirectly the formation of a complex between PF5 and the chosen 
molecules: 

i) A visual inspection. In the literature, some PF5-complexing addi-
tives were reported to prevent the electrolyte from turning brown 
when stored at elevated temperatures [10,23–26], this color being 
associated with the electrolyte degradation. However, color inspec-
tion is insufficient in our opinion as an absence of coloring does not 
mean an absence of degradation.  

ii) A fluorine or phosphorus NMR analysis. The formation of three 
different difluorophosphate or difluorophosphoric acids is detected 

Table 1 
PF5-complexing molecules - only articles mentioning a complex with PF5 are presented here.  

Molecule Ref Proof of complexation Improvement of the capacity retention at elevated 
temperature 

Modifying SEI/CEI composition 

Tris(2,2,2-trifluoroethyl) phosphite 
(TFEPi) 

[24] Visual inspection Not tested SEI 

Trimethyl phosphite (TMPi) [27] Sn–Ni anode XPS analysis – less LiF Not tested SEI 
Hexamethoxycyclo-triphosphazene 

(HMOPA) 
[10, 
26] 

19F NMR 
31P NMR 
Visual inspection 

LiNi0.8Co0.2O2/Gr cell 
No improvement of charge/discharge capacity 
after storage for 7 days at 85 ◦C with 3 wt% of 
HMOPA. 

Not studied 

Hexakis(2,2,2-trifluoroethoxy)cyclo- 
triphosphazene (HFEPN) 

[28] 19F NMR 
LiN0.5M1.5O4 XPS analysis 
– less LiF 

LiN0.5M1.5O4/Li cell 
After 100 cycles at 60 ◦C, the capacity retention 
with 5 wt% HFEPN is 83 %, instead of 58 % 

SEI 
CEI 

8-Hydroxyquinoline (8-HDQN) [23] Visual inspection 
LiN0.5M1.5O4 XPS analysis less LiF 

LiN0.5M1.5O4/Li cell 
After 100 cycles at 55 ◦C, the capacity retention 
with 0.02 wt% 8-HDQN is 93 %, instead of 61 % 

CEI 

Pyridine [26] 19F NMR 
31P NMR 

Not tested Not studied 

Hexamethyl-phosphoramide (HMPA) [30] 19F NMR 
31P NMR 

Not tested Not studied 

Dimethylacetamide [29] 19F NMR 
Graphite and LiFePO4 XPS analysis – 
less LiF 

LiFePO4/Gr 
After 50 cycles at 55 ◦C, the capacity retention 
with 1 wt% dimethylacetamide is 87 % instead of 
55 % 

No reduction or oxidation 
observed for dimethylacetamide 

p-Toluenesulfonyl Isocyanate (PTSI) [31] LiN0.5M1.5O4 XPS analysis – less LiF Not tested CEI 
Diphenyldimethoxysilane (DPDMS) [25] Visual inspection 

LiNi0.6Mn0.2Co0.2O2 XPS analysis – 
less LiF & presence of Si–F bond 

LiNi0.6Mn0.2Co0.2O2/Li cell 
After 200 cycles at 55 ◦C, the capacity retention 
with 1 wt% DPDMS is 93 % instead of 72 % 

No reduction or oxidation 
observed for DPDMS  
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in degraded electrolytes through 19F and 31P NMR analysis [11]. In 
case of successful complexation, a set of small peaks emerge along 
with the strong septet of PF6 in the 31P NMR spectra and new sets of 
doublets emerge in 19F NMR spectra corresponding to PF5 complexes 
[11]. It is noteworthy that, as with the first method, complex for-
mation is only studied through the electrolyte and not in the com-
plete battery configuration. This aspect will prove to be important in 
this study.  

- iii) An XPS analysis of the SEI/CEI. Complex formation prevents 
PF5 from reacting with the basic components of the SEI/CEI, thus 
reducing the amount of LiF visible in the F1s spectra [23,27–29]. The 
interpretation of the results can be tricky when the additive contains 
a fluorine atom and has a limited electrochemical stability window. 
The electrochemical reduction/oxidation of the Lewis-base additive 
would change the LiF amount of the SEI/CEI. 

Surprisingly, no study has investigated the PF5-complexation effi-
ciency with additives on the thermal stability of the electrolyte through 
gas analysis. This approach appears to be relevant as it allows the effect 
of the electrolyte additive to be studied not only from an electrolyte 
sample as in methods i) and ii), but also from a battery, by sampling the 
gases and quantifying the CO2. In addition, a stepwise quantification of 
the CO2 released during cycling is supposed to reveal whether the ad-
ditive is still active or is completely consumed by electrochemical 
reduction and/or oxidation. 

Here, we therefore propose a new approach to studying the effec-
tiveness of additives in complexing PF5 by quantifying the CO2 released 
from both, an electrolyte composed of 1 M LiPF6 in EC/EMC/DEC (1:1:1 
vol), and a LiNi1-x-yMnxCoyO2 (NMC)-graphite pouch cell battery pro-
totype. As a highly sensitive device, gas chromatography (GC) coupled 
with barrier discharge ionization detector (BID) was implemented to 
provide a rapid and quantitative analysis. 

The effectiveness of several additives in reducing gas, proposed in 
the literature or their derivatives, were first tested in the electrolyte. 
Those with the best results were then investigated in prototype cells. The 
second part of the study investigated the effect of replacing the culprit of 
thermal electrolyte degradation, LiPF6, with mixtures of LiFSI + LiPF6 
and LiFSI + lithium difluoro(oxalate)borate (LiODFB) salts. 

In particular, this study will show how adsorption phenomena on the 
active materials can be more effective than additives in mitigating the 
degradation of the thermal electrolyte, and how residual water can 
promote gas release in the presence of the LiFSI/LiODFB salt mixture. 

2. Experimental 

Electrolyte preparation: All electrolytes were prepared in an argon- 
filled glove box (O2 and H2O < 0.1 ppm). The additives (>95 % pu-
rity) were added, at a concentration of 0.2 M, in a 1 M LiPF6 in EC/EMC/ 
DEC (1:1:1 vol ratio) commercial electrolyte supplied by Solvionic. 
Pyridine, 3-methylpyridazine (Me-pyridazine), triethylphosphite 
(TEPi), (trimethylsilyl)isocyanate (TMSI) and hexamethylphosphor-
amide (HMPA) were purchased from Sigma Aldrich. Pyrazine, 3-phenyl-
pyridine (Ph-pyridine), 2,6-di-tert-butylpyridine (PyriH), benzo[h] 
quinoline (BhQ), 3-fluoropyridine (F-pyridine) were purchased from 
Thermo Scientific, and tris(trimethylsilyl) phosphite (TMSPi) and hex-
afluorocyclotriphosphazene (HFPN) from TCI. For the evaluation of the 
lithium salt effect, salt mixtures of LiFSI and LiPF6 (both from Solvionic) 
or LiODFB (Sigma Aldrich) were dissolved in an EC, EMC and DEC (all 
from Merck) solvent solution previously prepared in a ratio of 1:1:1 by 
volume. The water content in all electrolytes was < 10 ppm as deter-
mined by Karl Fisher titration (Metrohm KF 756). 

Thermal degradation of the electrolyte: To test the effectiveness of the 
additives on gas generation, in the argon-filled glove box, 173 μL of 
electrolyte (with or without a 0.2 M additive) was injected into a type 
18650 steel can (13.2 mL), covered with a skirted cap tightened by two 
collars. The impact of the presence of various materials in the 

electrolyte, namely conductive carbon C45, graphite (GHDR 15-4) (both 
provided from Imerys) and single crystal LiNi0.8Mn0.1Co0.1 (positive 
active material called NMC811, Umicore), was investigated by placing 
different amounts of powder (3, 34 and 250 mg, respectively, corre-
sponding to the same surface area of 1350 cm2) in a 5 mL polypropylene 
test tube and adding 80 μL of electrolyte (with or without 0.2 M addi-
tive). The tubes were covered with a skirt cap tightened with one collar. 
Cans and tubes were placed in an oven for 24 h at 55 ◦C before gas re-
covery. The pKa values of the additives mentioned in the results and 
discussion section are relative to water as solvent [32]. Although they 
are different in polar aprotic solvents [33,34], have demonstrated that 
the pKa order of substituted pyridines and their N-oxides in propylene 
carbonate solvent is the same as in aqueous solutions. 

Thermal degradation of the lithium salts: The thermal degradation of 
the LiFSI and LiODFB salt mixture was investigated in the absence of 
carbonate solvents as follows: equimolar amounts of LiFSI and LiODFB 
powders were intimately mixed in a mortar in the argon-filled glove box. 
The mixture was then placed in a 5 mL polypropylene test tube sealed 
with a septum and one collar. Gas analysis was performed after storage 
at different temperatures for 24 h. Two experiments were carried out, 
one with the LiODFB powder as received and the other with the LiODFB 
dried in a Büchi oven at 110 ◦C for 24 h in the dry room. Amounts of 590 
ppm and 5 ppm of water were detected by Karl Fisher titration in the salt 
mixture, respectively. 

Cyclic voltammetry (CV) measurements: Swagelok-type half-cells were 
assembled in the argon-filled glove box using a 21 μm thick aluminum 
foil as working electrode, a Whatman GF/C glass fiber separator 
impregnated with 100 μL of electrolyte, and a lithium metal foil (Sigma 
Aldrich). CV measurements were conducted on a VMP-3 potentiostat/ 
galvanostat (Biologic), in the 3–6 V range, at a scan rate of 10 mV s− 1. 

Pouch cells fabrication and cycling: Both single side-coated positive 
and negative electrodes were laboratory-made under ambient air. The 
positive electrode was composed of NMC811, carbon black C45 and 
PVdF binder (Sigma Aldrich) in a 90/5/5 wt ratio. The negative elec-
trode was composed of graphite, C45, CMC, SBR, and Triton-X100 
(Sigma Aldrich) in a 93.2/3/2.5/1/0.3 wt ratio. The loading was 14 
mg cm− 2 and 10 mg cm− 2 of active material, respectively. The final 
electrodes were calendered to obtain 30–35 % porosity. In the dry room, 
electrodes of 4 cm2 and 5.3 cm2, respectively, were cut and assembled in 
a pouch cell with a porous polypropylene separator (Celgard 2500). The 
pouch cell contains a gas pocket of 0.65 mL for gas recovery. They were 
vacuum-dried overnight at 85 ◦C before being filled with 80 μL of 
electrolyte and sealed under vacuum. As determined by Karl Fisher, cells 
contained 2.9 ± 0.5 μmol of water before electrolyte filling. 

Before each experiment, cells were rested for 5 h. Afterwards, they 
were stored in the oven at 55 ◦C for 96 h at pristine or charged state after 
2 cycles and a charge at C/10 at 25 ◦C between 2.8 and 4.3 V, with a 
resting time of 10 min between charge and discharge. Cycling tests were 
conducted on a VMP 3 potentiostat/galvanostat (Biologic). 

Gas Analysis: 0.5 mL gas is extracted using a syringe and injected 
(injection mode – direct) into a gas chromatograph (GC-2010 from 
Shimadzu corporation) combined with barrier ionization detector (BID). 
The carrier gas is helium and the used GC column is a packed column 
1010 PLOT Capillary 30 m × 0.53 mm from Carboxen. Measurements 
were performed at 100 ◦C with a pressure of 26 kPa (flow control mode – 
pressure). To quantify, CO2 and CO, a calibration mixture gas was used. 
The error of each value was determined from 3 measurements, and 
corresponds to the difference between the minimum and maximum 
value. 

3. Results & discussions 

3.1. Screening of additives 

Based on the literature, several additives have been tested in this 
work for their efficiency in trapping PF5 without even considering their 
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electrochemical stability window. For this purpose, an EC/EMC/DEC 
(1:1:1 wt%) 1 M LiPF6 electrolyte formulated without or with 0.2 M 
additives was stored in a stainless steel can for 24 h at 55 ◦C. The 
released gas was analyzed and only CO2 was detected and quantified by 
GC-BID (Fig. S1a). We also carried out these experiments for 96 h and an 
additional trace of CO was found (Fig. S1b). We assume that the CO 
comes from additional degradation of products but no mechanisms have 
been proposed to date. As shown in Fig. 1, these additives feature 
different efficiencies in reducing the amount of CO2, in the following 
order; pyridine > TMSI > HMPA > HFPN. On the other hand, the ad-
ditives, TEPi and TMSPi lead to the same CO2 level evolution than the 
control electrolyte without additive, thus demonstrating that they are 
not active in complexing PF5 and thus in reducing thermal decomposi-
tion of carbonate solvents into CO2. 

It is worth pointing out here that some additional studies, Fig. S2 in 
the SI section, focusing on the kinetic of electrolyte decomposition 
during storage, in presence of different additive concentrations, have 
shown that, under these conditions, PF5 can catalyze the decomposition 
of around five solvent molecules. 

To inhibit this degradation, PF5 complexation with a Lewis base 
containing atoms with lone-pair electrons is required. Therefore, all the 
tested nitrogen-containing molecules were candidate additives to form 
complexes. The fact that the lone-pair electrons of nitrogen in pyridine 
are not delocalized in the π aromatic system but in sp2 orbital endows 
this molecule with basic properties enabling to play an active role in the 
PF5 complexation. As for TMSI and HMPA additives, despite the fact that 
the lone-pair electrons of the nitrogen are delocalized with those of the 
oxygen from the electron-withdrawing C=O or P=O adjacent groups, 
the basicity of the molecules is sufficient to attenuate the PF5 reactivity 
toward carbonate solvents but to a lesser extent than pyridine. On the 
other hand, it should be noted that the CO2 amount does not decrease 
significantly with the addition of hexafluorocyclotriphosphazene 
(HFPN). The class of phosphazene was tested by Campion et al. [10] and 
Kim et al. [28] with the following molecules, hexamethoxycyclo-
triphosphazene (HMOPA) and hexakis(2,2,2-trifluoroethoxy) 
cyclo-triphosphazene (HFEPN), containing OCH3 and OCH2CF3 
groups, respectively, in place of fluorine atoms. HMOPA was found to 
inhibit the electrolyte thermal degradation until 2000 h of storage at 
85 ◦C while in Ref. [28], it is assured that HFEPN can also form complex 
with PF5, although their NMR study only examined the ability of the 
additive to trap HF or block the LiPF6 hydrolysis. In both cases, no gas 
studies have been undertaken, which makes it difficult to compare the 
efficiency of HMOPA and HFEPN with that of HFPN. The inefficiency of 
HFPN observed in our study can be explained by the presence of 
electron-withdrawing fluorine atoms attached to phosphorus, making 
the molecule too much acidic. 

Finally, Fig. 1 does not reveal any decrease in the CO2 amount with 
the addition of phosphite molecules (TEPi and TMSPi), although, as 

reported in Table 1, some authors [24,27] suggested that they complex 
with PF5 from visual inspection or XPS analysis. Indeed, S. S. Zhang et al. 
[24] did not observe electrolyte coloration with tris(2,2, 
2-trifluoroethyl) phosphite (TFEPi) and M. H. Choo et al. [27] 
observed less LiF in the SEI with trimethylphosphite (TMPi). If these 
molecules, TMPi and TFEPi, are expected to stabilize PF5, then TEPi 
tested in this work, with a higher electron donor group, (CH3CH2O 
(TEPi) > CH3O(TMPi) > OCH2CF3(TFEPi)) should be more likely to 
cause complexation. As no effect is observed with TEPi (Fig. 1), it can be 
assumed that TMPi and TFEPi should have no effect on reducing CO2 
release either. 

On the other hand, the chemical reactivity of the TMSPi additive has 
been the subject of several studies [35,36]. Most of the papers reported 
the presence of FSi(Me)3 as a degradation product. In Ref. [35], the 
authors hypothesized that the lone pair electrons of phosphorus in the 
phosphite molecule allowed coordination of PF5; the complex would 
decompose, leading to the formation of FSi(Me)3. However, the latter 
was also reported by the same authors to be one of the decomposition 
products of the rapid reaction between TMSPi and the anion PF6

− . Our 
results tend to show that TMSPi does not complex nor generate PF5 upon 
the reaction between TMSPi and PF6

− . Moreover, TMSPi has been more 
widely reported in the literature to trap HF [37,38], thereby reducing 
the dissolution of transition metals from the positive active material 
surface. 

In summary, although all molecules tested, selected from the liter-
ature review, were expected to scavenge PF5, analysis of the CO2 levels 
released during electrolyte storage at high temperature shows that only 
the nitrogen-containing additives are effective in inhibiting solvent 
degradation. As pyridine exhibited the highest efficiency among the 
different families of molecules, six other single-N-containing heterocy-
clic compounds were investigated as a function of their basicity, namely 
3-phenylpyridine (Ph-pyridine), benzo[h]quinoline (BhQ), 2,6-di-tert- 
butylpyridine (PyriH) and 3-fluoropyridine (F-pyridine), and two 2-N- 
containing heterocycles namely, 3-methylpyridazine (Me-pyridazine) 
and pyrazine. 

3.2. Assessment of N-containing heterocyclic additives as a function of 
their basicity 

A legitimate question arose concerning the basicity of the molecules, 
i.e. to which minimum pKa value they have sufficient electron donating 
ability to form an adduct with PF5. As an attempt to answer this ques-
tion, the effectiveness of various N-containing heterocyclic additives 
featuring lower pKa (4.8 down to 0.6) than pyridine (5.2) was examined 
after storage of the electrolytes at 55 ◦C for 24 h. As shown in Fig. 2, the 
additives, Ph-pyridine (pKa = 4.8), BhQ (pKa = 4.2), F-pyridine (pKa =
3.1) and Me-pyridazine (pKa = 2.8) play a beneficial effect similar to 
pyridine, with CO2 amount values inferior to 10 μmol. Note that the 

Fig. 1. Quantity of CO2 recovered from an 18650 can containing an electrolyte 
without and with 0.2 M additive after 24 h storage at 55 ◦C. 

Fig. 2. CO2 release from electrolyte stored in an 18650 can heated to 55 ◦C for 
24 h, without (black) or with 0.2 M additive. 
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additive BhQ is slightly less effective (7.0 ± 1 compared with 4.4 ± 1 
μmol for pyridine) which could be explained by the steric hindrance due 
to the benzene group almost facing nitrogen. On the other hand, the 
PyriH (pKa = 3.6) additive does not result in a tangible decrease in the 
CO2 level (80 ± 12 μmol) compared to the control electrolyte (95 ± 15 
μmol). This result was expected from this hindered base, as the acces-
sibility of the nitrogen lone pair electrons for PF5 complexation is 
significantly limited owing to the large steric effect of the bulky tert- 
butyl groups. 

Among the additives tested, Me-pyridazine (pKa = 2.8) and pyrazine 
(pKa = 0.6) display the lowest pKa values. As far as the pyrazine is 
concerned, the addition of a second nitrogen atom induces a delocal-
ization of the pair of non-bonding electrons into the aromatic ring due to 
π-σ bond alternation [39] which notably decreases the basicity proper-
ties of the molecule. As a result, pyrazine is less effective in complexing 
PF5 as revealed by the relatively high amount of CO2 (61 ± 10 μmol). 
This π-σ bond alternation does not take place in the case of the 
Me-pyridazine molecule in which the two nitrogen atoms are adjacent. 
The lone pair electrons can repulse each other but have sufficient donor 
ability to complex PF5, resulting in a significant CO2 level decrease. 

Overall, this study demonstrates that N-containing heterocyclic ad-
ditives could play an important role in scavenging PF5 during high 
temperature storage of a classical Li-ion electrolyte. In view of these 
interesting results, we undertook a quantitative investigation of the role 
of these additives on the CO2 evolution within a NMC/graphite pouch 
cell prototype. 

3.3. Assessment of the selected additives in NMC/graphite pouch cell 
prototype 

NMC811/graphite pouch cells were filled with a 0.2 M additive- 
containing electrolyte, then the amount of produced CO2 was 

quantified after storage at 55 ◦C for 96 h (Fig. 3a) without any prior 
cycling step that might have led to electrochemical reduction or 
oxidation of the additive. Note that, trace of CO was also detected as in 
previous 18650 can tests after 96 h of storage (see Fig. S1d). Overall, all 
values are much lower than the ones obtained from cans (Figs. 1 and 2). 
This is explained by a smaller dead volume (0.65 mL in pouch cell 
against 13.2 mL in steel can), which limit the generation of PF5 gas, as 
further shown in Fig. S3 in the SI section. More importantly, all the CO2 
levels obtained with the additive-containing electrolytes were higher 
than those obtained with the control electrolyte, in stark contrast to the 
results reported above for electrolytes stored in cans. Furthermore, the 
more acidic the additives, the higher the CO2 levels, as revealed by the 
different N-containing heterocyclic additives (from approx. 0.2 to 1.2 
μmol for additives with pKa from 5.2 to 2.8, respectively). Intrigued by 
these findings, we wanted to find out more about the exact role played 
by the materials in contact with the electrolyte. 

We therefore stored the different electrode materials (same surface 
area), namely the conductive carbon C45, graphite and NMC811 pow-
ders, separately, impregnated in an electrolyte solution with and 
without pyridine, the most efficient additive (Fig. 3b), at 55 ◦C for 24 h 
in polypropylene tube. 

In the absence of pyridine, the carbonaceous powders, C45 and 
graphite have a very small impact (-ca. 12 %) on the CO2 level decrease 
as compared to the NMC811 material (-ca. 87 %). This trend was also 
observed for other grades of NMC (Fig. S4) with however a most sig-
nificant drop in CO2 level, as the nickel content increases (-ca. 83 % and 
91 % for NMC containing 60 % and 90 % of Ni respectively). These 
outcomes clearly demonstrate that the cathode material could play a 
significant role in mitigating electrolyte degradation. This was also 
observed by Campion et al. [10] at 85 ◦C with LiCoxNi1-xO2 and LiCoO2 
powders at the discharged (or charged) state by a visual inspection. We 
can assume that most of the PF5 formed upon storage at elevated tem-
perature are deactivated through chemisorption onto the basic sites of 
the lamellar oxide (O2-) (path 2), as illustrated in Fig. 4a. Indeed, in the 
field of catalysis, it is known that the surface of oxides offers acid-base 
properties attributed to the cations (M+δ) and anions (O2− ), respec-
tively [40,41]. In our experiment, the basic properties of the O2- anions 
at the surface of the cathode material are apparently strong enough to 
share electrons with the PF5 adsorbates. It should be noted that basic 
surface species (Li2CO3 and Li2O) can be present at the surface of Ni-rich 
lamellar oxides (Ni > 0.5 in LiNi1-x-yMnxCoyO2) [18,42], so a prior re-
action of PF5 with these compounds is likely to take place to give PF5 
access to the basic sites. 

As expected, a striking decrease in CO2 level is observed by adding 
0.2 M pyridine in control electrolyte or in the carbonaceous material- 
added electrolytes (from ca. 20–24 μmol without additive to ca. 2 
μmol with pyridine, i.e. − 90 %). This clearly demonstrates the role of 
the additive in inhibiting solvent degradation through PF5 scavenging. 
However, in case of NMC-added electrolyte, the CO2 level is increased by 
ca. 40 % when adding pyridine (from 3.1 to 4.3 μmol). And the higher 
the concentration of pyridine, the greater the CO2 level (Fig. S5). This 
result is surprising at first sight, since we expected a cumulated effect of 
the PF5-scavenging role of both the basic additive and the basic anion 
(O2-) sites of the NMC surface. Considering the above, it was assumed 
that pyridine could first chemisorb onto the acid cation (M+δ) sites [43] 
on the surface of the NMC particles, thereby limiting the adsorption of 
PF5 on the basic anion (O2− ) sites (path 2) upon storage, as illustrated in 
Fig. 4b. In this case, PF5 could also be scavenged by remaining basic 
additive molecules in the electrolyte (path 3) or react with solvent (path 
1) to a slightly greater extent as revealed by the CO2 level increase. 

As shown in Fig. 3a, similar phenomena involving chemisorption of 
the additive on the acid sites of the NMC surface, thus preventing 
chemisorption trapping of PF5, may occur in the cells, explaining the 
higher level of CO2 in the presence of additives. The presence of less 
basic molecules than pyridine leads to even higher production of CO2. 
This may be a result of the reduced ability of the residual part of 

Fig. 3. a) CO2 quantity produced from 0.2 M additive electrolyte impregnated 
in an assembled NMC811/graphite pouch cell prototype, after storage at 55 ◦C 
for 96 h. b) CO2 quantity produced from electrode material (same surface 
area)/electrolyte stored at 55 ◦C for 24 h in a polypropylene tube. 
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additives located in other parts of the pouch cell to trap PF5 in 
electrolyte. 

All these results demonstrate the effectiveness of NMC in combating 
the thermal degradation of the LiPF6-based carbonate electrolyte and 
the counterproductive effect of adding basic additives. 

3.4. Impact of replacing LiPF6 by LiFSI salt 

Assessing the impact of the replacement of LiPF6 by LiFSI appeared 
as an alternative solution to inhibit the electrolyte thermal degradation 
upon storage of NMC containing pouch cells. As preliminary in-
vestigations, both LiPF6- and LiFSI-based carbonate electrolytes were 
tested upon storage in an 18650 can at 55 ◦C for 24 h. As anticipated 
(Fig. 5a), the amount of CO2 released by the LiFSI electrolyte is very low 

compared with that released by the LiPF6 electrolyte (ca. 0.6 μmol vs. ca. 
95 μmol, resp.). However, cells impregnated with an electrolyte based 
solely on LiFSI salt are known to suffer from electrochemical instability 
during charging due to corrosion of the aluminum collector [3]. As an 
already literature-proposed solution to overcome this problem is the use 
of mixtures of LiFSI with other passivating salts, LiPF6 [3] or LiODFB 
[44], we embarked first into an aluminum corrosion study to select the 
best ratio. As shown in Fig. 6, voltammograms depict very low charac-
teristic anodic current in the case of the blends 0.7 M LiFSI + 0.3 M LiPF6 
and 0.8 M LiFSI + 0.2 M LiODFB as compared to the case of LiFSI (1 M) 
electrolyte. LiODFB would be slightly more effective at protecting the 
aluminum collector than LiPF6. As these electrolytes prevent continuous 
corrosion up to 6V against Li/Li+, they were selected to assess thermal 
degradation in can and pouch cell by quantifying CO2 and CO gas. 

Fig. 4. Illustration of the different paths of PF5 reactivity during storage of NMC material impregnated in a) a control electrolyte b) a Lewis base additive-added 
electrolyte. Path 1: PF5 as a catalyst of solvent degradation. Path 2: adsorption of PF5 on NMC basic anion (O2− ) sites. Path 3: complexation of PF5 with Lewis 
base additive. 

Fig. 5. CO2 and CO level produced from a) 18650 cans after storage at 55 ◦C for 24 h of electrolytes containing different salts or salt mixtures in carbonate solvents b) 
0.2 M additive electrolyte impregnated in an assembled NMC811/graphite pouch cell prototype, after 5 h impregnation, formation cycles (2 cycles and a charge at C/ 
10 at 25 ◦C) and storage or not at 55 ◦C for 96 h. 
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When stored in cans, the 0.7 M LiFSI + 0.3 M LiPF6 electrolyte re-
leases less CO2, i.e. only ca. 42 % of the amount released from LiPF6 (1 
M) electrolyte. On the other hand, the 0.8 M LiFSI + 0.2 M LiODFB 
electrolyte releases CO2 (12.6 %) and even more CO. Obviously, being 
an oxalate salt, LiODFB was initially accused of being the source of these 
gases. However, LiODFB (1 M) electrolyte tested under similar condi-
tions did not show any gas release. As the presence of both salts seemed 
to be essential to produce CO2 and CO, we first tried to find out more 
about the origin of these gases, whether they came from the carbonate 
solvents or from the LiODFB salt itself. To do so, an equimolar amount of 
salt powders was mixed in a mortar inside the glovebox prior to being 
introduced into a plastic tube. Suspecting that water was involved in the 
degradation mechanisms, two storage experiments were carried out, one 
with LiODFB salt as received, the other with dried salt. As shown in 
Table 2, CO and CO2 were produced in fairly equivalent proportions in 
the two experiments, hinting that LiODFB was the source of the gas 
released during electrolyte storage and not the solvents. Besides, it can 
be noticed that the quantities of CO and CO2 are in the same range as 
that of water detected by Karl Fisher analysis. On the basis of the above 
data, the subsequent degradation reaction pathways can be proposed, 
starting with the hydrolysis of LiFSI. Zhou et al. [45] proposed that, 
under neutral conditions, with low water content, the following reaction 
(E4) happens:  

2 N(FSO2)2
- + 4H2O → FSO2NH2 + NH2SO3

− + FSO3
− + SO4

2- + 2HF +
2H+ (E4) 

An electrophilic attack of the protons on LiODFB following reaction 
(E5) would occur to yield equimolar amount of CO and CO2:  

LiF2BC2O4 + H+/HF→ BF2OH + CO + CO2 + Li+/LiF                   (E5) 

As a less electron attractor than BF3, the question of the reactivity of 
the Lewis acid, BF2OH, still arises as to whether it can simply complex 

EC or also activate its degradation; a concern that would require more 
in-depth investigation. 

In order to assess the role of temperature in activating such water- 
initiated degradation processes, additional powder storage tests were 
carried out with the 0.5 M LiFSI + 0.5 M LiODFB salt mixture at 25, 35 
and 45 ◦C for 24 h. As can be seen in Table 2, the amounts of CO and CO2 
are non-existent to very low from 25 to 45 ◦C, then increase abruptly at 
55 ◦C. This release of gas was accompanied with a change in color of the 
whole tube towards pink. This is consistent with results reported in the 
literature, where it has been clearly shown that hydrolysis of LiFSI does 
not occur at 30 ◦C [46] and accelerates with increasing temperature 
when studied from 65 to 85 ◦C [45]. In Ref. [45], similar color change 
into rosiness was observed upon LiFSI degradation. 

This unveils another deleterious impact that the ever-present water 
can have on the functioning of cells. The protons produced by the 
thermally driven hydrolysis of LiFSI can lead to LiODFB decomposition 
during storage, even before it can play its role as an SEI (or CEI) rein-
forcing additive [47,48] or a passivating agent against aluminum 
corrosion [49]. 

The four electrolytes formulated with 1 M LiPF6, 1 M LiFSI, 0.7 M 
LiFSI + 0.3 M LiPF6 and 0.8 M LiFSI + 0.2 M LiODFB were then 
impregnated in pouch cells prototype. These cells were subjected to a 
formation cycling step at 25 ◦C then gas analysis was carried out before 
and after storage at 55 ◦C for 96 h. Consistent with the absence of 
thermal degradation at 25 ◦C, it can be noticed before storage the quasi- 
absence of CO2 (Fig. 5b – black bars). Quantities around 0.5 ± 0.1 μmol 
of CO are released from the first three electrolytes while only 0.2 ± 0.07 
μmol of CO are released from the fourth one. The production of CO is 
known to come from the electrochemical reduction of the solvents [50]. 
It can therefore be concluded that the reduction of LiODFB [49] 
occurring at high potential (around 1.5V vs. Li/Li+) creates a SEI that 
limits the reduction of carbonates (around 0.8 V vs. Li/Li+). 

After formation and storage steps, CO2 levels slightly increases 
(<0.4 μmol) in case of the first three electrolytes. In agreement with the 
above results, LiPF6-based electrolytes produce little CO2 due to chem-
isorption of PF5 on the acid sites of lamellar oxides and LiFSI-based 
electrolytes do not produce solvent degradation catalysts. In contrast, 
cells with the fourth 0.8 M LiFSI + 0.2 M LiODFB electrolyte release high 
amounts of CO (3.1 ± 0.4 μmol) and CO2 (2.6 ± 0.6 μmol). As observed 
in salt mixture powder tests (Table 2), these quantities are in the same 
range as that of water detected by Karl Fisher analysis; 2.4 ± 0.3 μmol of 
water have been detected in cells without electrolyte after 24 h vacuum- 
drying at 85 ◦C (this value corresponds to 230 ± 30 ppm of water 
considering the free-electrolyte cell and 470 ± 55 ppm of water 
considering only the electrolyte). This result highlights, according to the 
above-mentioned proposed reaction paths (E4-E5), the role of water in 
cells on LiFSI hydrolysis and consequently on LiODFB degradation. 

To conclude, replacing LiPF6 by LiFSI does not mitigate the thermal 
degradation of electrolyte solvents in NMC-based cells after storage at 
55 ◦C for 96 h. However, the use of LiFSI brings beneficial properties 
such as improved conductivity [46,51], better capacity retention when 
used as lithium salt [52] or additive [53], and lower impedance (thinner 
SEI with higher content of LiF) [53]. 

4. Conclusion 

The quantitative analysis of CO2 released from the thermal storage of 
electrolyte samples or pouch cell prototypes proved to be relevant for 
investigating the different measures to counteract the degradation of the 
LiPF6-based electrolyte. 

As anticipated, the presence of a Lewis base additive in electrolyte 
reduces the gas formation during its storage at 55 ◦C and its efficiency 
through PF5-complexing is consistent with its acid-base property. 
However, when the electrolyte is impregnated in NMC/graphite cells, 
the additive no longer plays its role due to other complexation processes 
taking place on the NMC surface. 

Fig. 6. Cyclic voltammograms of electrolyte containing 1 M LiFSI, 1 M LiPF6, 
0.7 M LiFSI + 0.3 M LiPF6, and 0.8 M LiFSI + 0.2 M LiODFB. 

Table 2 
amount of CO and CO2 after storage for 24 h of 0.2 g of LiFSI/LiODFB salt 
mixture (1:1 mol) in a closed polypropylene tube.  

Water content 
(μmol H2O) 

Wet 6.5 ± 0.4 Dry 0.05 
± 0.01 

Storage 
temperature (◦C) 

25 35 45 55 55 

CO - μmol 0 0 0.010 ±
0.002 

3.9 ±
0.7 

0.020 ±
0.002 

CO2 - μmol 0.05 ±
0.03 

0.11 ±
0.03 

0.43 ±
0.06 

4.3 ±
0.7 

0.33 ±
0.03  
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Without additives, PF5 can chemisorb on the basic sites of NMC, 
which then acts as an efficient PF5-complexing agent. However, this 
process is mitigated when a PF5 complexing additive is added to the 
electrolyte. The additive can chemisorb on the acidic sites of the NMC, 
preventing PF5 from accessing the basic sites, making them available for 
the catalysis of solvent decomposition. 

In the presence of NMC, replacing LiPF6 with a LiFSI + LiPF6 or LiFSI 
+ LiODFB salt mixture does not further reduce the gas levels. In addi-
tion, the water present in the battery triggers the hydrolysis of LiFSI and 
subsequently the electrophilic attack of protons on LiODFB, releasing 
CO and CO2 gas. 

This work demonstrates the ability of the NMC to complex PF5. 
However, as this study was carried out over a relatively short storage 
period, not exceeding 96 h, the question arises as to at what stage of 
battery ageing the active material would be saturated by the PF5 pro-
duced throughout the life of the battery, and no longer be effective. The 
use of N-based additives may seem a good option, but our tests showed 
that at a concentration of 0.2 M, they were unable to reduce the pro-
duction of CO2 to the level of that without the additive. To be more 
effective, an increase in its concentration would be required, which 
could cause harmful effects. Moreover, the complexation reaction with 
PF5 is an irreversible process that will consume the additive until it could 
no longer prevent thermal degradation. 

LiFSI-based electrolytes remain the best solution for countering the 
off-gassing induced by the thermal degradation of the electrolyte. 
However, its ineffectiveness in completely protecting the aluminum 
collector from corrosion necessitates the use of a co-salt. LiODFB seems 
to be a good candidate, but its reactivity in the presence of protons may 
be a hindrance. It would therefore be interesting in the future to find 
new co-salts for the use of LiFSI. 
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[33] L. Chmurzyński, Studies on correlations of acid-base properties of substituted 
pyridine N-oxides in solutions. Part 1. Correlations of the pKa values in non- 
aqueous solvents and water, Anal. Chim. Acta 321 (2) (1996) 237–244, https://doi. 
org/10.1016/0003-2670(95)00594-3, mars. 
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