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Abstract 

From the literature overview, lithium difluorophosphate salt, LiPO2F2, is considered a powerful 

electrolyte additive capable of enhancing lithium-ion batteries’ capacity retention. Lower cell 

impedance associated with SEI and/or CEI layers composition and texture modifications had 

been widely demonstrated, but without providing clear mechanisms. This paper sheds light on 

the reactivity of LiPO2F2 by combining electrochemical measurements and analyses of 

electrolyte degradation products at the interphases and in the electrolytes by means of infrared 

and mass spectrometry techniques. Fluorine substitution reaction by electrochemically formed 

anions leads to a mitigation of electrolyte solvents degradation and to the enrichment of the SEI 

layer with LiF and lithium organofluorophosphates. Furthermore, a discussion on the 

composition of the CEI layer that enables the prevention of the transition metals dissolution 

from positive electrode layered oxides materials is also presented. 

 

 

 

 



1. Introduction 

Accelerating zero-emission mobility is urgently required in an attempt to stabilize global 

temperature near its current level and improve air quality. This challenging objective involves 

the deployment of electric vehicles with high-performance, fast-charging, safe, inexpensive, 

and long-lasting battery technology[1–3]. Currently, only Li-ion batteries offer acceptable but 

still improvable features[4]. 

Intrinsically, the cycling potential range of the current high-energy density Li-ion batteries 

exceeds the electrolyte electrochemical stability window, which makes imperative the 

formation of an electronically insulating and lithium cation conducting passivation layer, called 

solid electrolyte interphase (SEI)[5], at the negative electrode material surface. As a 

consequence, long-lasting and safe battery functioning mostly relies on the ability of this layer 

to mitigate solvents electrochemical reduction while subjected to ageing processes such as 

material cracks due to abuse thermal conditions or expansion/contraction phenomenon upon 

lithiation/delithiation processes. SEI reinforcing electrolyte additives remain one of the most 

effective and economical ways to meet these expectations. Generally, a mix of neutral 

molecules such as vinylene carbonate (VC)[6], fluoroethylene carbonate (FEC)[7], 1,3-propane 

sultone (PS)[8], succinonitrile (SN)[9]… able to reduce before carbonate solvents and to form 

passivating precipitated lithium salt or polymers at the outermost surface of the negative active 

material, is generally added in the electrolyte, in a quantity depending on the material surface 

area to protect.  

Several electrolyte degradation reactions may also take place on the surface of cathode 

materials; i) the electrolyte carbonate solvents undergo electrochemical oxidation at high 

potential[10], ii) the delithiation-induced structural degradation of Ni-rich layered metal oxides 

[11] cathodes (LiNi1-x-yMnxCoyO2 also called NMC) is concomitant with O2- oxidation in oxide 

lattices, and subsequent singlet O2 gas evolution[10]. As a deleterious impact, this released 

reactive species can easily oxidize the electrolyte, resulting in the formation of water and 

gaseous products such as CO2 and CO in the battery cell, and iii) the water, as impurity and 

solvents oxidation by-product, reacts with LiPF6, releasing LiF, POF3, PO4
3- and the HF 

acid[12,13]. Hydrofluoric acid[12,14,15] but also NMC surface structural evolutions[16]  are 

responsible for the dissolution of transition metals (TMs) from cathodes. This dissolution was 

evidenced by the use of inductively coupled plasma (ICP) technique[15–17] or operando X-ray 

absorption spectroscopy[18]. TMs were found to dissolve nearly stoichiometrically at potentials 

> 4.3 and 4.6 V  for NMC 111[15] and 622[19], respectively, and to display low oxidation 



states[16,18]. The mechanism(s) of TMs dissolution seems quite complex and still in 

debate[16]. 

These adverse reactions make it essential the protection of the cathode material surface by 

coating[20] or building a passivation layer (called cathode electrolyte interface layer - CEI 

layer) with electrolyte additives[21,22] to mitigate the decrease in capacity retention. 

From 2015, interest in a lithium salt-type electrolyte additive, the lithium difluorophosphate, 

LiPO2F2 (LDFP) as an electrolyte additive has increased due to its presumed ability to build 

reinforced organic-inorganic hybrid interphases on the positive and negative electrodes. Studies 

have shown many positive outcomes in a variety of positive and negative electrode chemistries 

in half or full cells, with NMC cathode materials being among the most common. Under 

different cycling conditions, temperatures between -25°C and 55°C and weight content usually 

between 0.5 and 3 wt.% (a maximum amount due to its limited solubility[23]), LDFP can: 

• decrease positive electrode[24–30], negative electrode[25,31,32] or full cell[25,28,29,33–

35] impedances 

• prevent lithium plating[25] and decrease TM cation dissolution[33,36] 

• decrease gas production after storage at high temperature[25,32,37] 

• impede surface transformations from layered to rock salt structure in NMC 622[38] and  

• improve capacity retention after at least 100 cycles at different C-rate from C/3 to 2C, in 

half cells or pouch cells with upper cut-off voltages as high as 4.5 V vs. Li/Li+[24,32,33,39–

42]. 

A great deal of research has been devoted to highlighting the physicochemical or 

electrochemical origin of these improved properties. Consumption of this additive during the 

formation step was proven through electrolyte NMR analysis[32] and all studies reported an 

impact of LDFP at the negative and/or positive electrodes through the observation of a thinner 

and denser SEI[39] and/or CEI[26,28,29] layer by means of transmission electron microscopy 

(TEM). F1s and P2p XPS spectra analysis usually revealed a higher amount of fluorophosphate 

species (LixPFy and LixPFyOz)[24,26,31,33,34,43,44] and/or LiF[26,34,44,45] whose origin is 

still debated. Only one study reported the use of Infrared spectroscopy [28]. With the 

appearance of peaks at 1317 and 962 cm-1, the authors explain that LiDFP, when added to 1 M 

LiODFB in EC/DMC electrolyte, is involved in the interfacial reaction of the LiNi0.5Mn1.5O4 

surface (CEI). Apart from one study[31] in which a peak of the SEI formation was observed at 

a higher potential in the presence of LDFP and attributed to its reduction, most of the authors 

agreed to say that LDFP does not reduce. Regarding its oxidation, the results are not as 



conclusive. In a few experiments, an oxidation peak was shown either at low or high potential, 

in the 2.7 - 4.6V range[26,46]. This result would corroborate the theoretical DFT calculation 

suggesting it is likely to oxidize at a lower potential than carbonate solvents; Chen et al.[24] 

calculated that the oxidation of LDFP would occur around 5.9 V, before the calculated oxidation 

of EC at 6.97 V or EMC at 6.78 V[33]. By contrast, other authors propose that LDFP simply 

precipitates at the interphases. According to G. Yang et al.[43], it would promote the migration 

of lithium ions to electrodes through the formation of ion-triplets or -doublets, LixPO2F2 (x = 2 

or 3) as a lithium carrier, and deposit on the active material surface after charge transfer 

processes. In light of this bibliographic work, none of the hypotheses present a concrete and 

sufficiently grounded explanation of what occurs to the interfaces when LDFP is used. 

Furthermore, Qian et al.[45] in 2019 analyzed the electrolyte after the initial charging process 

through gas chromatography mass spectrometry (GC-MS) and liquid chromatography mass 

spectrometry (LC-MS). Surprisingly, the authors did not reveal any of the cycling degradation 

compounds whose formation is initiated by electrochemical reduction processes. Although 

these results are remarkable, the question still arises as to whether this effect originates in 

physical (efficient passivating SEI layer preventing parasitic reactions) or chemical (initiator 

trapping) processes. 

Motivated by our previous study demonstrating that this appealing additive, LDFP, could also 

be produced at the positive electrode as a product of the chemical reaction between NMC 

surface species such as Li2CO3, Li2O, Li2SO4[47] and coating components such as Al2O3[48] 

with the lithium salt, LiPF6, further work to better understand its reactivity as electrolyte 

additive in Li-ion cells was undertaken. Beforehand, its influence on the ionic conductivity and 

the electrolyte electrochemical stability was studied. Afterward, decomposition products 

present in graphite (SEI) and NMC622 (CEI) material surface layers and in the electrolyte were 

analyzed by means of Fourier Transform-Infrared (FT-IR) spectroscopy and ultra-high-

performance liquid chromatography-hyphenated electrospray ionization – high-resolution mass 

spectrometry (UHPLC-ESI-HRMS) techniques, respectively. Based on the results of this study 

and the literature, we provide further explanations for the beneficial impact of LDFP upon 

cycling. 

 

2. Experimental 

2.1. Ionic conductivity and viscosity measurements and cyclic voltammetry 



Temperature-dependent ionic conductivities of the electrolyte solutions were measured in 

sealed vials, using a CDC749 (Radiometer analytical) cell connected to an MTZ-35 frequency 

response analyzer (Biologic). Thanks to a Julabo FP50 refrigerated/heating circulator, the 

temperature was maintained for at least 30 min at each temperature before the measurements 

were performed. The reported values are an average of three measurements with a relative 

standard error of less than 5%. Same measurements were carried out with electrolyte solution 

impregnated in a 25µm thick microporous (55%) polypropylene separator (Celgard 2500) 

sandwiched between two copper electrodes (4 and 4.4 cm2), in a pouch bag. The viscosity of 

the electrolytes was measured using a Brookfield DV-II+Pro viscosimeter connected to a 

cryostat at 25°C. Cyclic voltammetry (CV) measurements were conducted on a VMP-3 

potentiostat/galvanostat (Biologic) by using Pt as working and counter electrode, and Li as 

reference electrode, in the 0.05-6 V range, at a scanning rate of 30 mV s-1. 

2.2. Half-cells cycling and interphase layers analysis using FT-IR spectroscopy  

The Swagelok-type half-cells were assembled in an argon-filled glove-box using 10 mg 

composite powder containing 90 wt.% graphite (Timrex E-SLS30, Ymerys) or 

LiNi0.6Mn0.2Co0.2O2 (NMC622, Umicore) and 10 wt.% carbon black (C45, Ymerys) as working 

electrode, a Whatman GF/D borosilicate glass fibre separator impregnated with 150 µL of 

electrolyte and a lithium metal foil (Sigma-Aldrich). The electrolyte contained 1M LiPF6 in a 

1:1:1 vol. mixture of EC/DEC/EMC (99.9%, H2O < 20 ppm, Solvionic) with or without 0.2M 

lithium difluorophosphate (Guangzhou Tinci Materials Technology Co., Ltd). Once assembled, 

the cells were subjected to one cycle at C/20 (considering x=1 in LixC6 and 

LixNi0.6Mn0.2Co0.2O2) between 0.005-1.5 V and 4.3-2.8V vs. Lio/Li+ respectively. 

After cycling, the cells were opened in the argon-filled glove-box, the recovered Li0C6 powders 

were rinsed three times with DMC to eliminate residual traces of solvents and LiPF6 salt, and 

subsequently dried in the antechamber. FT-IR spectra were recorded by means of a Nicolet iS20 

spectrometer. The synthesized powders were analyzed in transmission mode through KBr 

pellets. The powder-containing pellet mounted on the holder was prepared in the glove-box 

(pressure of compaction of 8 tons) and put in a plastic bag which was opened in the N2-purged 

sample chamber of the FT-IR system. 

2.3. Pouch cells prototype fabrication and cycling 

Both single side coated electrodes were laboratory-made. Positive electrodes (4 cm2) prepared 

in a dry room (dew point of -58°C) were composed of LiNi0.6Mn0.2Co0.2O2 active material (~19 



mg.cm-2), carbon black C45 and PVdF binder (Sigma Aldrich) in a 90/6/4 weight ratio. 

Negative electrodes (4.84 cm2) were prepared under ambient air from a slurry containing 

graphite (~9 mg.cm-2), C45, CMC and Triton-X100 (Sigma Aldrich) in a 91.6/4/4/0.4 weight 

ratio. Both electrodes were dried at 60°C then calendered to obtain 30-35% porosity. The 

separator was a porous polypropylene membrane (Celgard 2500). Pouch cells with a capacity 

of around 14 mAh at 55°C were prepared in the dry room. They were vacuum-dried overnight 

at 80 ºC before being filled with electrolyte (80 µL). Cells were stored in the oven at 25°C for 

5h then cycled at 55°C in galvanostatic mode at C/10 (considering x=1 in LixNi0.6Mn0.2Co0.2O2) 

between 2.8 and 4.3 V with a rest time of 10 min. between each charge and discharge sweep.  

2.4. Electrolyte recovery from pouch cell prototype and UHPLC-ESI-HRMS analysis 

After cycling, the cells were introduced into the glove box. After opening and dismantling the 

cell, the separator was put, folded, in a small glass flask and 0.4 mL of acetonitrile (HPLC-MS 

grade purchased from Biosolve) was added. Vortex stirring for 3 min. was applied to ensure all 

species from the separator were dissolved. The resulting liquid was diluted 2000 times with 

acetonitrile of the same grade for UHPLC-ESI-HRMS analysis. In order to verify that the 

hereafter described experimental protocol did not produce the degradation products identified 

in this study, the electrolyte alone was first tested. 

Electrospray high-resolution mass spectrometry experiments (ESI-HRMS) were performed on 

a hybrid quadrupole time-of-flight instrument (SYNAPT G2-Si, Waters), hyphenated with a 

UHPLC system (ACQUITY UPLC H-Class). This instrument has an electrospray (ESI) 

ionization source (Z-spray) and an additional sprayer (Lock Spray) for the reference compound. 

UHPLC was performed using an ACQUITY UPLC HSS T3 (100⨯2.1 mm, 1.8 µm) column 

from Waters, maintained at 40°C. The elution was performed using a 0.5 mL/min mobile phase 

gradient of water (A) and acetonitrile (B) both containing 0.1 % formic acid. The gradient used 

was : (A:B): 100:0 (t = 0 min), 100:0 (t = 2 min), 40:60 (t = 8 min), 40:60 (t = 9 min), 20:80 (t 

= 11 min), 20:80 (t = 12 min), 100:0 (t = 13 min), 100:0 (t = 17 min). The ESI source was 

operated in the positive ion mode using a capillary voltage of 3 kV under the following 

conditions: cone voltage, 40 V; source offset, 40 V; source temperature, 120°C; desolvation gas 

temperature, 450°C; desolvation gas flow, 800 L/h, and cone gas flow, 50 L/h. Nitrogen (> 

99.5%) was employed as the desolvation and cone gas. Mass calibration was carried out using 

a sodium formate solution (10 mM NaOH in isopropanol/water/formic acid 49.9:49.9:0.2, 

v/v/v) and Leu-enkephalin (m/z 556.2771) was used as the lock mass solution for accurate mass 

measurements (1 ng/µL in H2O/CH3CN/formic acid 50:49.9:0.1, v/v/v). The scan range was 



m/z 50-1000 at 0.2 s/scan. The TOF was operated in the resolution mode, providing an average 

resolving power of 25,000 (FWHM). The acquisition was performed with MassLynx software 

(V4.2, Waters). 

 

3. Results and discussion 

3.1. Impact of LDFP on the electrolyte properties.  

The influence of the LDFP additive on the electrolyte properties, i.e. the electrochemical 

stability window, the viscosity and the ionic conductivity was studied at a concentration of 

0.2M (1.92 wt.%) in the base electrolyte (1M LiPF6 in EC/DEC/EMC 1:1:1 v/v), unless 

otherwise specified. An LDPF concentration of around 3 wt.% could not be exceeded owing to 

its low solubility in classical Li-ion electrolyte; the PO2F2
- anion volume is lower than that of 

PF6
- (538.1 and 625.5 Bohr3[27], respectively) and the dissolution energy calculated by density 

functional theory (DFT) is larger (-5.790 eV for LDFP and -6.254 eV for LiPF6). 

Cyclic voltammetry (CV) curves are shown in Fig. 1. From the anodic and cathodic scan, it can 

be seen that the stability of the electrolyte is not affected by the presence of LDFP in the 0.05-6V 

domain. No evidence of oxidation of LDFP into the probably highly oxidizing neutral molecule, 

the peroxodifluorophosphate (P2O4F4), is visible. Thus, it can be considered that, based on these 

CV experiments, LDFP is not electrochemically active in the NMC/graphite cell potential 

window. 

The ionic conductivity of three electrolytes, the base, the base + 0.2M LDFP and an electrolyte 

containing 0.8M LiPF6 + 0.2M LDFP in the same solvent mixture was measured in the [-10 – 

+55°C] temperature range, under two different configurations; as a liquid solution (Fig. 2a) and 

as a liquid impregnated in a porous polypropylene separator (Fig. 2b). Viscosity values obtained 

at 25°C and 55°C for the two first electrolytes are reported in Fig. 2a. 

The conductivity of the base electrolyte (Fig. 2a) was found to decrease by ca. 14% and 17% at 

25°C and 55°C, respectively, upon the addition of 0.2M LDFP. Two similar trends have been 

found in the literature with different carbonate mixtures: Wang et al.[41] found that at 25°C, 

the original ionic conductivity of 6.34 mS.cm-1 decreased by 9.4% with the addition of 2 wt.% 

of LDFP (base: 1M LiPF6 in EC/DEC 1:3 wt.%). Meanwhile, Zhao et al.[27] found a decrease 

from 7.31 to 6.72 mS.cm-1 (-8%) with the addition of 1 wt.% of LDFP (base: 1M LiPF6 in 

EC/DMC 1:1 vol.), measured at room temperature.  



The decrease in ionic conductivity is in line with the increase of viscosity from 3.8 to 4.4 cP at 

25°C and from 2.1 to 2.5 cP at 55°C. At the same time, the formation of LDFP ion pairs can be 

suspected, instead of complete dissociation as with LiPF6. Among the three electrolytes in the 

liquid configuration, the 0.8M LiPF6 + 0.2M LDFP electrolyte exhibits the lowest ionic 

conductivity, especially at high temperatures. Contrarily, Liu et al.[49] reported ionic 

conductivities of 10 mS.cm-1 and 11.6 mS.cm-1 (16% more) for the electrolytes 1M LiPF6 and 

0.8M LiPF6 - 0.2M LDFP in EC/DEC/EMC 1:1:1 wt.%, respectively. Within the porous 

polypropylene separator (Fig. 2b), the ionic conductivity of the three electrolytes is divided 

almost by 10, due to tortuosity[50], and the differences when LDFP is added are very small. As 

in liquid configuration, the 0.8M LiPF6 + 0.2M LDFP electrolyte presents slightly lower values 

at temperatures higher than ca. 10°C. 

Concerning these differences in ionic conductivity of the electrolytes with and without 0.2M 

LDFP, they are so small that no real impact on electrochemical performance is expected during 

cycling of the prototype NMC/Graphite (Gr) pouch cell prototypes. 

 

3.2. Impact of LiPO2F2 on the electrochemical performance of NMC 622C. 

Many studies have compared the cycling performance of relatively low Ni-content NMC-based 

cells in presence of 0.5 – 3 wt.% of LDFP. At ambient temperature, LDFP addition improved 

the capacity retention of pouch cells cycled up to different cut-off voltages in the 4.1 - 4.5 V 

range[24,32,33,43], with NMC111/Gr and NMC532/Gr, within the first 100 cycles. At lower 

temperatures (0°C and -20°C), better capacity retention has also been reported in NMC532/Gr 

cells[39]. Nonetheless, upon temperature increase, the capacity retention of NMC532/Gr pouch 

cell was not or only slightly improved in NMC532/Gr pouch cells at 45°C[45] and 40°C[32] 

respectively, both with cut-off voltages of 4.2 and 4.3 V. In short, with LDFP electrolyte 

additive, increased cycling performance of relatively low Ni content NMCs-containing cells 

can be achieved from -20 to 40°C. However, this additive hardly shows any improvement at a 

higher temperature around 45°C in full cells.  

In the last two years, performances of Ni-rich cathode (NCA and NMC811)-containing cells 

have been evaluated at room temperature and with 1 wt.% of LDFP in electrolyte during 200 

[30,34] and 3000 cycles[52]. Although the composition of the electrolyte and the potential 

window are different, the capacity retention is, again, higher in presence of LDFP. Besides, 

experiencing higher cycling temperatures[52] (40 and 55°C) was found to result in quite better 

cycling performances, immediately from the beginning of cycling.  



Considering the above, NMC 622/Gr pouch cell prototypes performances were investigated at 

55°C. As shown in Fig. 3, the representative electrochemical capacity curves exhibit enhanced 

capacity retention with 0.2M LDFP (82.6 versus 79.6% without LDFP at 200 cycles). As 

generally stated in the literature, the beneficial impact on capacity retention becomes visible 

already during the first 100 cycles. 

To better understand the beneficial impact of this additive, we studied the degradation products 

of electrolytes by means of infrared and mass spectrometry techniques. Fit-to-purpose 

experimental procedures were implemented for each of these analyses. 

 

3.3 FT-IR study of SEI and CEI layers. 

Electrolyte degradation salts precipitated in SEI and CEI layers formed at the surface of graphite 

and NMC622 composite powders (active material and C45 in 9:1 mass ratio) were characterized 

by means of FT-IR after one cycle at 20 and 55°C. Even after greatly enlarging the NMC622 

composite spectra, no discernable peaks were revealed in the presence or absence of the 

additive, which is in sharp contrast to the usual observation in the literature of phosphate species 

by XPS. The conclusion can be drawn that the cycling conditions or NMC material might not 

be appropriate for CEI analysis through IR technique; the study of CEI layers composition will 

be further discussed later in the paper. 

Furthermore, as shown in Fig. 4a, irrespective of the temperature, 25 and 55°C, the composition 

of the SEI is not much influenced by the presence of LDFP electrolyte additive. Indeed, most 

of the vibration bands are observed in spectra of the SEI formed from the base electrolyte (called 

base-SEI) and from the LDFP-containing electrolyte (LDFP-SEI).  Marked with stars and hash 

characters in the figure, they are assigned to the reduction products of carbonates solvents, 

lithium alkyl carbonates and Li2CO3[53], respectively. This result is in good agreement with 

the SEI-related dQ/dV derivative peaks (Fig. 5), from which conclusion can be drawn that 

LDFP does not prevent solvents reduction processes at the surface of graphite composite 

powder. The electrochemical reduction of the carbonate solvents (mostly EC) takes place 

around 0.7-0.9 V vs. Li/Li+ at 25 and 55°C respectively. 

However, supplementary bands or more pronounced shoulders appear in the LDFP-SEIs, at 

both temperatures, in the 900-1300 cm-1 range, typical of C-O stretching vibrations but also of 

the frequency range of phosphate- or fluorophosphate-type compounds with P–O, P–O–C and 

P–F functional groups[54]. LDFP displays four bands in this region (Fig. 4b)[55] at 885, 930, 



1150 and 1270 cm-1 corresponding to P–F and O=P–O symmetric and asymmetric stretching 

vibrations respectively. The observation in the LDFP-SEI spectra of a peak at 930 cm-1 of low 

intensity may suggest that a small amount of LDFP is precipitated in the SEI. 

The set of at least two broad peaks between 960 – 1070 cm-1 that, according to Becker et al.[56], 

corresponds to P–O–C stretching vibration, implies that, in presence of 0.2M LDFP in the 

electrolyte, the SEI contains (or contains more) phosphate species with alkyl groups attached. 

The underlying mechanism will be detailed below, in light of the results of the analysis of 

electrolyte degradation products. 

 

3.4. Analysis of decomposition products in the electrolyte. 

Electrolyte aging is mainly investigated through the use of GC-MS[57–60] and LC-MS[60–62] 

which are complementary techniques. The first one allows to identify volatile compounds (low 

mass range). LC-MS proved its capacity in identifying less volatile compounds such as ethylene 

oxide oligomers and phosphates, enabling us, in this study, to establish 

electrochemically/chemically driven degradation mechanisms. 

Analysis of the composition of the LDFP-SEI entails the presence of more organo-

(fluoro)phosphorus compounds, the formation mechanism of which could have altered the 

nature of the degradation products accumulated in the electrolyte. In the literature, only Qian et 

al.[42] have focused on the composition of the electrolyte very recently. They analyzed, through 

gas and liquid chromatography/mass spectrometry, the electrolyte composed of 1M LiPF6 and 

1 wt.% of LDFP in EC/DEC (3:7 wt.), recovered from NMC 532/Gr cells after 4 cycles at room 

temperature in the 3 - 4.2 V range. They showed the disappearance of degradation products 

such as diethyl 2,5-dioxahexane dicarboxylate (DEDOHC). To further clarify the reaction 

mechanisms, we undertook an in-depth analysis of the electrolyte degradation products. For 

comparison and data reliability purposes, the same experimental protocol described in our 

previous paper[62] was followed; the electrolyte was extracted from NMC622/Gr pouch cell 

prototypes after 34 cycles at 55°C with base and base + 0.2M LDFP electrolytes, and the post-

cycling electrolyte was analyzed by UPLC-ESI-HRMS in the positive ion mode. 

Figure 6 shows the detected ions according to their m/z value, proposed structure, peak 

intensity. They have been grouped into two families; carbonate and phosphate. Surprisingly, 

the base electrolyte contains both families, whereas the base + 0.2M LDFP electrolyte contains 

mostly phosphate compounds and even in a slightly lower amount. 



The carbonate compounds are low-mass oligomers (n ≤ 2) with ethylene oxide and ethylene 

carbonate units. The ethylene oxide-based compounds are part of the families called 1’n and 

1’’n in our previous article[63]. They correspond to ethyl methyl (or diethyl) 2,5-dioxahexane 

dicarboxylate (EMDOHC, m/z 215.05, called 1’1 and DEDOHC, m/z 229.07, called 1’’1) and 

their respective ethylene oxide-elongated form (m/z 259.08, called 1’2 and m/z 273.09, called 

1’’2), the formation mechanism of which can be electrochemically initiated through Eqs 1, 2 

and 3. Note that, at 55°C, the thermally-driven formation of 1’1 and 1’’1 through a PF5-assisted 

transesterification process involving the electrolyte solvents, EC and DEC or EMC, could also 

be considered. As for the ethylene carbonate-based oligomers at m/z 303.07, 317.08, 319,04, 

333.06, 405.10, they are produced through a PF5-assisted transesterification reaction involving 

EC and the compound 1’1 or 1’’1. Hence, their formation can also be electrochemically or 

thermally initiated. 
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As displayed in Fig. 6, all of these carbonate compounds are almost non-existent in the case of 

LDFP electrolyte. As all the cells were cycled at the same temperature of 55°C, it is safe to 

assume that thermally-initiated transesterification reactions are not prevailing. The formation 

of the compounds 1’1, 1’’1 and their respective elongated chains is thus essentially 

electrochemically-initiated. Given this assumption, it is suggested that the alkoxides (RO-) 

produced via the electrochemical reduction of EMC or DEC (Eq. 1) can rapidly be trapped by 

LDFP. As a result, they are no more available for subsequent nucleophilic attack reactions on 

carbonates to form all the compounds (Eq. 4, reaction 3). Alkoxides are supposed to substitute 



fluorine of LDFP (Eq. 4, reaction 1) and yield lithium organo-(fluoro)phosphate salts. The 

chemical simulation of such substitution reaction has been evidenced through 31P liquid NMR 

analysis of an EC/DMC (1/1 wt.%) solution containing an equimolar ratio of MeOLi and LDFP, 

after storage at 55°C for 1 week. Three doublets were observed and their chemical shifts 

reported in Table 1 can respectively be attributed to OPOF2
-, OPOF(OCH3)- and 

OPOF(OC2H4OCO2CH3)- anions. 

molecules δ(31P) / ppm JP-F / Hz JP-H / Hz 

 
-17 928  

 
-5 902 11 

 
-7 904 7 

Table 1. 31P NMR analysis data from chemical reactivity between MeOLi and LDFP 
experiment  

This observation indicates that alkoxide (Eq. 4, reaction 1) but also Intermediary A (Eq. 4, 

reaction 2) anions can substitute one fluorine anion of LDFP to yield organo-fluorophosphate 

salts. This result underpins hereabove FT-IR results. Indeed, the produced salts may explain the 

more pronounced bands in the 900-1300 cm-1 range, that were assigned to P-O, P-F and P-O-C 

vibrations. Hence, a higher amount of lithium organo-fluorophosphate would be part of the SEI 

in presence of LDFP in electrolyte. 
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On the contrary, phosphate compounds are still present with the LDFP electrolyte, although in 

lower quantities. The phosphate group is produced from the degradation of LiPF6 into PF5 and 

LiF, followed by the reaction with residual water to yield HF and POF3[64–66]. As explained 

in our previous article[62], the organo-fluorophosphates are the result of subsequent 

nucleophilic substitution reactions of fluorine by electrochemically-produced anions 

(alkoxides, intermediary A and lengthened chains) (Eq.5). Their presence thus indicates that 

anions can concomitantly be scavenged by both types of phosphates; LDFP and water-derived 

POF3, leaving, along with LiF, charged and neutral molecules, respectively. The quasi absence 

P O-
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P O-O
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of carbonate compounds in LDFP electrolyte indicates that these anions are more prone to 

fluorine substitution reactions than nucleophilic attack reactions on carbonates.  

P
O

F F
F

ROLi P
O

F OR
F

LiF+ +

[5] 

To sum up, in base electrolyte, alkoxides anions RO- originating from the reduction of linear 

solvents bring about the formation of ethylene oxide and ethylene carbonates oligomers as well 

as phosphate-ending oligomers due to reaction of LiPF6 (PF5) with water. Adding LDFP in 

electrolyte shows that the reaction of alkoxides and Intermediary A with LDFP is kinetically 

favored (Eq. 4, reaction 1 and 2), thus preventing the formation of the above-reported ethylene 

oxide and ethylene carbonate oligomers (Eq. 4, reaction 3). 

It is worth noting that methoxide anions, MeO-, resulting from the linear reduction of DMC 

could have been quantified after the formation of an SEI[67]. A selective bicyclic boron ester 

Lewis acid was used as an additive to EC/DMC (1/1 p/w) - LiPF6 salt (1M) electrolyte to trap 

MeO-, forming a complex in the electrolyte. Similar to LDFP, the presence of this additive was 

found not to influence the SEI-forming electrochemical reduction processes; the capacity 

consumed between 0.9-0.6 V vs Li°/Li+ remaining unchanged. It had been indirectly 

demonstrated that a non-negligible percentage of this capacity, around 16%, was dedicated to 

reducing DMC (the remaining part, 84%, for EC reduction) and forming MeO-. Interestingly, 

like LDFP, the boron ester molecule enables the trapping of anions, thus preventing the 

formation of carbonate oligomers, but without releasing F- and P-based SEI. 

 

3.5. Discussion on interphases LDFP impact 

 3.5.1 SEI 

As a result of the fluorine substitution reactions, the amount of LiF in the interphase layers is 

expected to increase, which was usually observed through XPS analysis (F1s: 685-686.5 eV) 

with LDFP electrolyte[26,34,44,45]. Furthermore, both FT-IR and XPS techniques agree to 

indicate the presence of additional P, O, F-based components in SEI; FT-IR spectra exhibit 

more intense bands in the 900-1300 cm-1 while most of the P2p XPS spectra reported in the 

literature have shown more intense bands in the 134-137eV range. However, their identification 

remains challenging. In XPS studies, these bands are mainly assumed to be precipitated 

inorganic salts; LixPFyOz (134-136 eV), LixPFy (136-137 eV) and LDFP (~133.5 eV). LDFP 

can be simply precipitated when present as an additive in electrolyte, due to its low solubility. 



Noteworthy, LDFP can also result from the reaction between the Li2CO3[47,68]  reduction 

compound and LiPF6 following Eq. 6. 

  2Li2CO3 + LiPF6 → LiPO2F2 + 2CO2 + 4LiF    [6] 

The electrolyte ESI-HRMS analysis led us to conclude that the additional P, O, F-based 

compounds could also correspond to organo-(fluoro)phosphate salts. It is worth noting that they 

are not produced from direct electrochemical reduction processes but from substitution 

reactions in solution. Therefore, they are not expected to be located near the graphite/SEI 

interface but rather in the outermost part of the SEI. In fact, at the graphite lithiation stage, the 

concentration of lithium ions and anions produced by reduction increases at the interface, 

decreasing the solubility of lithium salts and thus enabling the precipitation of these LDFP-

derived salts. When the system shifts to the delithiation stage, the interface is no longer a zone 

with a high concentration of salts, which can lead to their solubilisation. It is presumed that this 

process is hampered by the coexistence of insoluble LiF, leaving some of the organo-

(fluoro)phosphate salts trapped in the SEI. The resulting overcovering layer would enhance the 

SEI passivation properties upon cycling, even at 55°C. 

Interestingly, in commercial Li-ion cells, the carboxymethyl cellulose (CMC) binder is also 

known to act as a perfectly covering passivation layer and thus, participates in the negative 

electrode cycling performance improvement. In addition to the effect described above, it could 

be assumed that LDFP reacts with CMC by a nucleophilic substitution reaction according to 

Eq. 7, and thus endow CMC-based SEI with even more improved passivation properties due to 

a steric effect and the presence of insoluble LiF. The probable occurrence of such a bond 

between the binder and this additive should be demonstrated, in the same way as studies 

revealing a covalent bond by the esterification reaction between CMC carboxylate and the 

hydroxyl groups present at the surface of a silicon anode, under low pH conditions[69]. 

CMC–COONa + LiPO2F2  CMC–COOPO2FNa + LiF   [7] 

 

 3.5.2 CEI  

At the positive electrode, after one cycle, our FT-IR spectra showed no band relative to a CEI 

layer, even with LDFP electrolyte. However, in the literature, TEM images [24,28,29,70] of 

positive active particles surfaces after different numbers of cycles (up to 300 cycles) reveal a 

thin CEI layer of about 8 to 20 nm in LDFP electrolyte compared to 0 to 150 nm in the base 

electrolyte. 



In the literature, a greater amount of P, F, O-based species is observed in the CEI by XPS with 

LDFP electrolyte but their origin is not clearly explained. Recently, Klein et al.[36] proposed 

the formation of PO4
3- and PO3F2-species, leaving precipitated Li3PO4 and Li2PO3F salts in both 

interphase layers. However, their formation seems difficult to envisage because it would require 

the presence of water and the LDFP hydrolysis reaction would rather produce the mono-fluoro 

phosphoric and phosphoric acids, HFPO3
- and H2PO4

- (Eqs 8 and 9) whose hydrogens would 

be difficult to ionize to yield PO4
3- and PO3F2- owing to the relatively low donor number of the 

electrolyte carbonate solvents mixture (DN ~15). 

  LiPO2F2 +H2O → LiPO2F(OH) + HF     [8] 

  LiPO2F2 +2H2O → LiPO2(OH)2 + 2HF     [9] 

On the other hand, the authors proved, through EDX analysis on graphite electrode, the near 

absence of TMs coming possibly from HF-driven positive electrode dissolution processes, 

when LDFP is added in the electrolyte. It is worth mentioning that dissolved TMs migrate to 

the negative electrode surface to be reduced. As proved with manganese[71], the newly formed 

metal can decrease the interface impedance but then acts as nucleation sites for further 

electrolyte degradation and SEI growth. The same authors explain the prevention of such TMs 

deposition via their complexation with these hypothetical PO4
3- and PO3F2- species, without 

giving the formula of the metallic complex. One could have imagined the formation of 

Ni3(PO4)2 and NiPO3F that would be precipitated in CEI. Actually, it has been reported that a 

20 nm thick Ni3(PO4)2 coating on NMC[72] and NCA[73] enhances the high rate performances, 

especially at high cut-off voltage.  

In the literature, reference is also made to the existence of Ni(PO2F2)2[54] and 

Ni(PO2F2)2.HPO2F2[74] salts. The formation of these compounds in the CEI layer would 

therefore be conceivable in the presence of LDFP and also water for the second compound; 

HPO2F2 resulting from POF3 hydrolysis following Eq. 10. They would form a passivating CEI 

layer that would prevent HF attack related TMs dissolution and further associated electrode 

cross-talk reactions[19]. The surface reactions are exemplified in Eqs 11 and 12. 

OPF3+ H2O → OPF2(OH) + HF         [10] 

LiNi0.6Mn0.2Co0.2O2 + 2εLiPO2F2 → εNi(PO2F2)2 + εLi2O + LiNi0.6-εMn0.2Co0.2O2-ε [11] 

LiNi0.6Mn0.2Co0.2O2 + 2εOPF2(OH) → εNi(PO2F2)2 + εH2O + LiNi0.6-εMn0.2Co0.2O2-ε [12] 

Note that Li2O as surface species resulting from synthesis or as produced from Eq. 12, can then 

react with LiPF6 to yield LDFP. 



Considering the above results and the literature[75], one can also envisage the formation of Ni 

organophosphate salts Ni(OOP(OR)2)2 (with R=Me or Et)precipitated in the CEI, which would 

have the same beneficial effect on the TMs dissolution as the Ni fluorophosphates, Ni(PO2F2)2 

and Ni(PO2F2)2.HPO2F2. Hence, Ni fluoro or organophosphates salts could be considered to be 

formed in the thin CEI layer. 

 

4. Conclusion 

With the help of an extensive bibliographic analysis, this work provides new insight into the 

reactivity of LDFP electrolyte additive (Fig. 7). Evidence is given that this additive is not 

electrochemically active in the 0-4.3 V functioning potential window of NMC/graphite-based 

cells, and therefore does not behave as a typical additive that reduces or oxidizes to generate 

reinforced SEI or CEI layers. LDFP does not prevent electrolyte carbonate solvents from being 

reduced during the first charge, so that the classical lithium carbonate and alkyl carbonate salts 

are formed in the SEI. However, as a result of these solvents electrochemical reduction, its 

fluorine is subjected to nucleophilic substitution by RO- and its derivatives, leaving additional 

LiF and lithium organo-fluorophosphate precipitated in SEI. On the other hand, the CEI 

composition has been discussed and it is concluded that it may be composed of Ni fluoro or 

organophosphate components. These F, P-based compounds and LiF are believed to confer SEI 

and CEI better passivation properties, hindering, for instance, thermally favored SEI dissolution 

and TMs dissolution driven crosstalk reactions and thus allowing improved capacity retention 

of Li-ion pouch cells achievement. 
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Figure 1 Cyclic voltammetry of both electrolytes using platinum as working and counter 

electrodes, and Li as reference electrode, at a scan rate of 30 mV.s-1. 
 

 

 

 
Figure 2. Ionic conductivity measurements performed in a) liquid and b) liquid impregnated 
in a porous polypropylene separator (Celgard 2500). Dashed rectangles in a) correspond to 

viscosity measurements. 
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Figure 3. Capacity retention of 622/graphite pouch cells cycled between 2.8 – 4.3 V at C/4 

(calculated for a total delithiation) and at 55°C without or with 0.2M LDFP. 
 

 

 

 

Figure 4. FT-IR analyses in the transmission mode of a) the SEI formed on graphite 
composite powders after one cycle in a half cell, between 1.5 - 0.01 V, at 25°C and 55°C 

without/with 0.2 M of LDFP, at C/20 and b) LDFP reference. 
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Figure 5. dQ/dV derivative curves showing the SEI formation potential range during the first 

lithiation of a graphite composite powder in half cell. 
 

 

 

 

 

 
Figure 6. Phosphate and carbonate compounds analyzed by UHPLC-ESI-HRMS in 

electrolyte after 34 cycles (20 days) with base and base + 0.2M LDFP electrolytes. All peaks 
correspond to Na+ adduct. 
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Figure 7. Scheme of the proposed LDFP impact on interphases and electrolyte composition. 

R = F, alkoxide, carbonate, phosphate; R’ = Me, Et, OC2H4OCO2CH3, OC2H4OCO2C2H5;  
R" = Me, Et. 
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