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ABSTRACT 

Addition of small amounts of tris(hexafluoroisopropyl)borate (THFIPB) has previously been 

shown to improve the capacity of graphite anodes in a wide temperature window during long-

term cycling in electrolytes based on LiPF6 in ethylene carbonate (EC) and diethylene 

carbonate (DMC) solvents. Here, we demonstrate that the addition of THFIPB accelerates the 

LiPF6 hydrolysis, and consumes residual water. The SEI formation and composition was 

studied by operando electrochemical mass spectrometry (OEMS), X-ray photoelectron 

spectroscopy (XPS), and ex-situ diffuse reflectance spectroscopy (DRIFT). Differences in the 

surface products are observed for the THFIPB containing electrolyte already upon exposure 

of graphite anodes to the electrolyte. Both the mechanism and the kinetics of the EC 

reduction reaction are affected, as evidenced by the shift in the C2H4 evolution peak to higher 

potentials as compared to the reference electrolyte. Addition of THFIPB leads to formation of 

a SEI layer enriched in inorganic components; salt reduction products at high potentials, and 

inorganic carbonate at lower potentials. The SEI formed is more conductive but slightly less 

passivating. The SEI formed in the reference electrolyte is dominated by organic compounds, 

also at high potentials, facilitated by the trace amounts of water inevitably found in the 

electrolyte.  

 

 

 

 



INTRODUCTION 

Graphite is the dominating anode material for Li-ion batteries, and the formation of a 

passivation layer on the surface, the solid electrolyte interphase (SEI), is critical for the 

performance. For the commonly employed electrolyte consisting of LiPF6 salt in an EC 

containing electrolyte it is generally agreed that the solvent reduction products lithium 

ethylene dicarbonate (LEDC), ROCO2Li, ROLi, as well as salt and impurity reduction 

products including LixPFy, LixPFyOz, LiF, Li2O, and Li2CO3 are among the main constituents    

of the SEI [1, 2, 3]. The structure of the SEI is generally believed to be both “mosaic”, as 

well as a bilayer structure with inner, inorganic components, and an outer, organic, layer. The 

inner layer is typically composed of LiOH, Li2O and LiF [4, 5]. Li2CO3 might be an 

exception, as it seems to be more uniformly distributed in the SEI [6]. The presence of 

Li2CO3 could also result from exposure to moisture during the sample handling [7]. It is 

highly likely that the transport of Li+ is facilitated by the grain boundaries in the mosaic 

structure [8, 9]. 

Trace amounts of water are inevitably found in industrial quality battery electrolytes (of the 

order of tens of ppm). LiPF6, the salt used in almost all commercial Li-ion battery cells, is 

known to decompose to PF5, which again reacts with water to form POF3 and HF [10, 11]: 

PF5 + H2O → POF3 + 2HF     (eq. 1) 

The presence of water and PF5/POF3/HF in electrolytes does also affect the SEI formation. 

Water will reduce on the surface to form LiOH or Li2O [12], in combination with evolution 

of H2 (g) [12, 13, 14]. Furthermore, water will react with organic SEI compounds, like 

ROCO2Li to form Li2CO3, CO2, and glycol [13, 15]. PF5 is known to catalyze the EC ring 

opening [16]. The evolution of hydrogen on battery graphite from HF containing carbonate 

electrolytes was demonstrated in Ref. [17], where HF was formed upon addition of H2O in 

LiPF6-carbonate electrolyte mixtures and subsequent ageing. Hydrogen evolution was 

observed from around 2 V vs. Li/Li+, with a sharp increase in the current at around 0.5 V. 

The fact that the current was correlated to the concentration of HF was taken as an evidence 

for the electrochemical transformation of the HF impurity to LiF and H2 [17]. 

The formation and quality of SEI layers can be tailored by careful selection of electrolyte 

additives. Examples of reductive and reaction type additives are fluoroethylene carbonate 

(FEC) [18, 19, 20, 21] and vinylene carbonate [22, 23, 24], whose primary aim is to form a 



stable SEI by sacrificially reducing above the solvent reduction potentials. FEC and VC are 

now commonly used additives due to the positive impact on the formation of the kinetically 

stable SEI. Another class of additives are the so-called anion receptors (AR), originally 

proposed to modify the electrolyte properties [25, 26]. The effect of anion receptors on NMC 

cathodes, graphite anodes, as well as full cells has been investigated in several works [27, 28, 

29, 30]. Positive effects on performance of electrodes or cells upon addition of anion 

receptors have been reported, like the addition of tris(pentafluorophenyl)borane TPFPB [26, 

27, 28] or tris(hexafluoroisopropyl)borate (THFIPB) [30], provided that the concentration is 

optimized. Addition of TPFPB to a carbonate electrolyte with LiPF6 was found to accelerate 

the decomposition of LiPF6 to release PF5 [31]. As THFIPB is a strong Lewis acid, as evident 

from its ability to facilitate LiF dissolution in carbonate solvents [32], it is also expected to 

accelerate the decomposition. PF5, also a strong acid, may then further react with the trace 

water unavoidably present in the electrolyte and cell components, to ultimately yield POF3 

(which is a Lewis acid too) and HF according to eq. 1. This finding agrees well with the 

reports on fluoride affinities of various anion receptors [33].  

We have shown in a previous study that graphite electrodes experienced a lower capacity 

fade over 200 cycles in a 1M LiPF6 in 1:1 EC:DMC (LP30) electrolyte with small additions 

of THFIPB compared to the electrolyte without the additive [34]. Significant differences in 

the morphology of the SEI layers obtained in the two electrolytes could be verified by SEM. 

The results were suggested to be related to the accelerated decomposition of LiPF6 and 

generation of PF5 (as a result of THFIPB-F- binding). Overall, the addition of THFIPB lead to 

formation of a more conductive, more stable, but slightly less passivating SEI. In full cells, 

the slightly lower coulombic efficiency in the first charge counteracted the benefits observed 

in half cells. 

The aim of this work is to provide in-depth understanding of the SEI formation process on 

graphite in THFIPB containing electrolytes. We put forward the hypothesis that the observed 

differences in the SEI formation are related to the accelerated LiPF6 decomposition in the 

presence of THFIPB, leading to an electrolyte with excess amounts of PF5, POF3, and HF 

(see eq. 1). A variety of electrochemical and spectroscopic techniques has been applied for 

the investigations. These include operando X-ray diffraction (XRD), OEMS before and 

during cycling, post-mortem DRIFTS analysis of the SEI layers, as well as XPS of the SEI 

layers during the SEI forming process. The effect of THFIPB on the bulk electrolyte was also 



investigated by Fourier transformed infrared Spectroscopy (FTIR), in order to identify 

possible effects on solvation structure of the salt. In this manner, differences in the SEI 

formation and composition could be verified.  

EXPERIMENTAL 

Electrode preparation and electrochemical characterization. — All electrodes were prepared 

using a graphite active material, SLP30 (IMERYS Graphite & Carbon), polyvinylidene 

difluoride binder (Kynar® HSV 900), and Super P conductive filler (IMERYS Graphite & 

Carbon) with a weight ratio of 80:10:10, respectively, dispersed in N-methyl pyrrolidone 

(NMP; Sigma-Aldrich). The slurry was then coated onto a copper foil via doctor blade 

method. Li foil was used as a counter electrode which served as a reference electrode as well. 

A monolayer polypropylene separator (CELGARD 2400) was placed between the working 

and counter electrode. LP30 (1 M LiPF6 in EC/DMC 1:1 weight ratio; BASF) was used as 

the reference electrolyte for all the experiments. THFIPB (TCI Europe, N.V.) was added at 

0.025 (AR25) and 0.075 (AR75) molar concentrations, respectively. The cells were 

assembled in an argon-filled dry box with a water and oxygen level of <1 ppm. The water 

content was measured by Karl Fisher titration and confirmed to be below 20 ppm. 

Electrochemical measurements were performed using a computer controlled capture system 

(CCCC, Astrol Electronic AG). Galvanostatic lithiation/delithiation was conducted within a 

potential range of 0.005 - 1.5 V vs. Li/Li+. All electrodes were cycled at 10 mA/g and 50 

mA/g, respectively, during the first and second cycle. A potentiostatic step was included at 

the end of each cut-off potential, to ensure full lithiation/delithiation. For the first lithiation, 

this involved reducing the specific current to 5 mA/g, and for the subsequent cycles the step 

was applied until the specific current dropped to 10% of the initial value. 

DRIFT— Electrodes were extracted from cells, rinsed with DMC, and dried in an argon 

environment overnight at room temperature, followed by a vacuum drying procedure of 2 

hours to remove the residual electrolyte. The electrode coating was then scraped from the 

copper foil and diluted in 1:100 (wt.%) ratio with ground KBr powder. 1.5:150 mg ratio of 

sample/KBr was maintained for all the samples in order to allow comparison between the 

measurements. The mixture was then filled in a hermetically sealed accessory in a glove box 

environment for the measurement. For each spectrum, 512 scans were collected at 4 cm-1 

resolution over the spectral range 4000-800 cm-1. All the spectra were recorded using 

standard FTIR spectrometers (Perkin Elmer System 2000, Bruker Vertex 70v). 



FTIR — Electrolyte mixtures were prepared in the glove box. The samples were stored in 

Teflon vials to avoid HF/SiO2 interaction. All measurements were carried out with Perkin 

Elmer 2000 equipped with golden gate diamond ATR sample holder (Portmann Instruments 

AG). All spectra were recorded in attenuated total reflection (ATR) mode. All spectra were 

acquired at 4 cm-1 resolution with 10 scans collectedover the range 4000-400 cm-1.  

OEMS — The slurry for making the working electrodes was prepared as described above, 

and was then casted onto a monolayer polypropylene separator (CELGARD 2400) via doctor 

blade method. The MS setup has been described elsewhere [35]. 500 µL of electrolyte was 

used in the electrochemical cell. 0.7 mL of gas was extracted from the head space and 

replaced by pure argon gas. The extracted gas was then transferred to the inlet of the MS 

through argon flow. Such gas extraction occurred every 15 min during a linear potential scan 

at a rate of 25 μV/s.  

HAXPES — The HAXPES measurements were performed at the KMC-1 beamline using the 

HIKE end station at the BESSY II synchrotron (Helmholtz Zentrum, Berlin, Germany). 

Excitation energies of 2005 eV and 6015 eV were applied, based on previous studies of SEI 

layers of graphite anodes [5]. The measurement time was kept as short as possible, while still 

discerning the shape of a spectrum, in order to avoid effects of radiation damage on the 

spectra. The electron take-off angle was 80o defined relative to the surface plane of the 

sample, and the take-off direction was collinear with the e-vector of the incident photon 

beam. The spectra were energy calibrated using the C-H features of the graphite negative 

electrode set to 285 eV. After exposure to electrolyte for 24 hrs or cycling to a set potential, 

the electrodes were transferred to the analysis chamber in a specially designed transfer 

chamber to avoid exposure to air [36]. The samples were washed with DMC and dried prior 

to the investigation. 

IN-SITU XRD — The in-situ XRD cell made of Ti and PEEK was assembled in a glove box. 

A thin Li-foil placed at the bottom of the cell was used as counter electrode. A glass-fiber 

separator was put on top of the Li-foil and 200 µL electrolyte were dropped on it. A self-

standing working electrode was placed on the top of the separator. The self-standing 

electrode was prepared by mixing 70 wt % graphite (SLP30), 10 wt % Super P carbon black, 

and 20 wt % Kynarflex binder. The slurry was cast onto a Teflon foil via doctor blading and 

dried at 120 oC under vacuum overnight. The electrode sheet was then peeled off from the 

Teflon foil. After all cell components were in place, the top lid of the cell was screwed to 



keep the cell components together. The top lid was covered by a window made of 100 µm 

thick Be disk. Finally, the pressure in the cell was slightly decreased to ensure that a rubber 

O-ring seals the cell properly. The XRD scans were recorded while the graphite was 

galvanostatically charged at 10 mA/g to 10 mV (vs. Li+/Li). The measurement was performed 

at room temperature using Panalytical Empyrean diffractometer using Cu K-α radiation. 

RESULTS and DISCUSSION 

FTIR analysis of the electrolyte--- At first it was important to understand the effect of the 

anion receptor on the electrolyte structure. Therefore, FTIR spectra of the various electrolyte 

components were collected (Figure 1). We were able to identify some of the peaks that have 

not been clearly attributed to any species in the literature yet. The main purpose was to 

distinguish between Li-solvent and PF6¯-solvent absorptions; therefore, various lithium salts 

including LiClO4 were employed for improved reliability of our assignments. 

The first goal was to identify the PF6¯ signal in order to determine whether the anion is 

interacting with the THFIPB or not. To achieve this, we started by collecting the neat DMC 

and DMC+LiPF6 spectra. In Figure 1, the absorption at 1751 cm-1 in neat DMC is due to the 

carbonyl (C=O) stretching vibration [37]. A band splitting occurs when LiPF6 is dissolved in 

DMC; while the original band at 1751 cm-1 is preserved, a new band appears at 1720 cm-1. 

This splitting was suggested to originate from the Li+ solvation of the DMC molecules 

through carbonyl-Li+ interaction [37]. In order to verify this assignment, 1M LiClO4 was 

dissolved in DMC and the corresponding spectrum was recorded. It is seen that the same 

band splitting as in LiPF6 electrolyte occurs in LiClO4 electrolyte too. Thus, it is highly 

probable that the absorption at 1720 cm-1 is due to the Li+ solvation of the DMC molecules, 

as both salts have only Li+ in common.  

Figure 2 shows the spectral region 900-700 cm-1 where isolated PF6ˉ and ion-pairs absorb 

[37]. When LiPF6 is dissolved in EC and DMC, strong absorptions at 839 and 842 cm-1 in EC 

and DMC, respectively, are observed, which are absent in neat EC and DMC spectra. This 

indicates that these bands result from the salt addition and originate from the PF6¯ since Li+ 

(single ion) cannot have any feature in that FTIR spectral region. In addition to this, a broad 

shoulder appears at 867 cm-1 in DMC which is absent in EC electrolyte. It has been suggested 

that Li+···PF6ˉ ion pairs absorb at 867 cm-1 [37] with an associated reduction in the original 

PF6¯ band (842 cmˉ1) intensity due to the ion pair formation. The presence of ion-pairs 

indicates incomplete dissociation of LiPF6 in DMC due to the latter being a low dielectric 



solvent. This band is seen to vanish when 1M LiPF6 is dissolved in EC as the high dielectric 

constant of EC facilitates ion separation.  

Similarly, the band at 741 cm-1 (ν1 mode of PF6¯) can be discussed and analyzed within this 

framework. It has been demonstrated that the ν1 mode of isolated PF6¯ is only Raman active; 

however, when PF6¯ forms ion pairs with Li+, the ν1 mode of PF6¯ also becomes IR active 

[38]. This phenomenon at 741 cm-1 is obvious in Figure 2, wherein ν1 band is seen in DMC 

and not in EC.  

In order to examine the effect of the THFIPB on the electrolyte properties, FTIR difference 

spectra obtained by subtracting DMC+1 M LiPF6 from DMC+1 M LiPF6+THFIPB and EC+1 

M LiPF6 from EC+1 M LiPF6+THFIPB are plotted in Figure 3. The negative-going peaks in 

the difference spectra indicate a decrease in the concentration of the corresponding species 

upon THFIPB addition. Isolated PF6¯ manifests itself at 840 cm-1 [37, 38]. The peak that 

appears at 867 cm-1 is due to the absorption of Li+···PF6ˉ ion pairs [37, 38]. Both difference 

spectra show significant negative peaks at 840 cm-1 suggesting that the isolated PF6¯ ions are 

affected by the presence of THFIPB. This is the most significant feature of the difference 

spectra. Less significant negative peaks are observed for the bands at 970 cm-1 for EC and at 

790 cm-1 for DMC. Other bands of the carbonate solvents are overlapping.  We may now 

propose, based on FTIR results showing the decrease in PF6¯ concentration in AR25 

electrolyte, that the origin of the THFIPB-PF6¯ interaction may be the stronger F¯ affinity of 

THFIPB than that of PF5 resulting in the decomposition of the PF6
- anion, as expressed in eq. 

1.  

It has been verified both theoretically (by DFT calculations) and experimentally (by 

electrospray ionization mass spectrometry, ESI-MS) that the dominating species in an 1M 

LiPF6 EC:DMC electrolyte containing 0.1 wt % TPFPB is the complex [TPFPB + F−] [39], 

in line with the findings here for a similar anion receptor.  

The ratio of the peaks at 867 cm-1 and 840 cm-1, as well as the ratio of the distorted band and 

the original band for the O-C-O stretching at 1268 cm-1 [40] and C=O stretching at 1751 cm-1 

[40] showed similar values for the LP30 and AR25 electrolytes. As these ratios would depend 

on the presence of ion-pairs, the results imply that no significant difference in ion-pairing 

between LP30 and AR25 could be identified based on the FTIR spectra. 



OEMS--- Mass spectrometry analysis (Figure 4) was carried out during the first linear sweep 

voltammetry (Figure 4 a), following a four hours rest time to identify gases evolving from 

both LP30 and AR25 electrolytes.  

POF3 evolution (or rather a mixture of POF3 and PF5, as discussed in Ref. [41]) is observed in 

AR25 once the charging starts and the potential drops below 2.9 V (Figure 4b). The POF3 

(PF5) evolution is accompanied by H2 evolution at 2.7 V (Figure 4c). In graphite/Li half cells, 

H2 evolution is typically attributed to the reduction of residual water which is inevitably 

present in the electrolytes (around 20 ppm) [13, 42, 43]. In all these works, the amount of 

hydrogen evolved was found to be correlated to the amount of water in the electrolyte. 

However, water reduction starts at potentials lower than ca 1.9 V, and cannot be the origin of 

the peak at 2.7 V. We also exclude the possibility that water is reduced at the metallic Li 

counter electrode, as no H2 peak is observed for the LP30 electrolyte at this potential. 

Evolution of H2 from HF containing electrolytes has been demonstrated for model graphite 

electrodes, where the graphite was deposited on a disk [17]. In this work, an onset potential 

of around 2.0 V was reported for levels of HF of 60 ppm, and 2.5 V for 260 ppm. It should be 

noted, however, that these potentials cannot be directly compared to the potentials of the 

OEMS cell, due to the very different cell and electrode configurations. Similarly, in the study 

of Metzger et al. [44], a chemical source of protons was added to the electrolyte, 

methanesulfonic acid (MSA). Upon addition, hydrogen evolution, originating from a 

reduction process, started already at 2.3 V. In view of the very likely presence of HF in the 

electrolyte, originating from the reaction of PF5 with water (eq. 1), the H2 generation at 2.7 V 

in AR25 might be attributed to the reduction of HF according to  

HF + Li+ + e- → LiF + ½ H2   (eq. 2) 

In fact, assuming that the initial water content of the electrolyte is around 20 ppm, an 

electrolyte volume of 500 μL corresponds to approximately 18 nmol of H2O. The estimated 

release of POF3 is around 7.5 nmol, which potentially leads to the formation of 15 nmol of 

HF if reaction (1) had been complete. The amount of hydrogen evolved in the course of the 

first peak is around 1.75 nmol, thus the proposed reaction mechanism seems plausible. 

Alternatively, it should also be noted that the THFIPB is also a likely source of protons, as 

the content of THFIPB (with 3 H per THFIPB) is significantly higher than the expected 

amount of HF originating from reactions with trace H2O.   

 



Once formed, there is also the risk that the presence of HF induces a series of autocatalytic 

reactions [11]. In the vicinity of the anode, within the SEI, the Li+ solvation shell structure is 

disturbed and Li+ may react with HF, thus generating LiF and a proton by the 

disproportionation reaction (eq. 3). Protons may then form ion pairs with PF6¯ and accelerate 

the anion decomposition according to eq. 3 and 4 [11].  

Li+ + HF ↔ LiF + H+   (eq. 3) 

H+ + PF6¯ ↔ HF + PF5   (eq. 4) 

In Figure 4d, the C2H4 evolution onset potential is found at 1.1 V for both electrolytes, with a 

rapid upward and significantly higher evolution rate and a more positive peak potential in 

AR25. This can be rationalized in terms of EC reduction kinetics at the graphite/electrolyte 

interface, most commonly described by the equations 5 and 6, i.e., the main EC reduction 

products are assumed to be LEDC and C2H4, alternatively LiCO3 and C2H4 [3, 45, 46]:  

EC + 2e- + 2Li+ → Li2CO3 + C2H4            (eq. 5) 

2EC + 2e- + 2Li+ → (LiO2COCH2)2 + C2H4          (eq. 6)  

It should be noted, however, that the 2 electron EC reduction mechanism suggested in eq. 5 is 

somewhat controversial, as Li2CO3 has frequently been suggested to be an artifact, resulting 

from reactions with CO2 or moist [47] 

The faster kinetics for the EC reduction in AR25 could be related to a more conductive and/or 

thinner SEI layer (less insulating solid products are formed). The result is in line with results 

obtained by Imhof and Novák [14], who found that the C2H4 evolution peak shifted to more 

negative values when water was added to the electrolyte, and also the Li+ intercalation 

process appeared to be less reversible. Note that due to the extremely low scan rate applied 

for the OEMS measurements (25 μV/s), the current signal is noisy, in particular for the very 

low currents measured positive to the EC reduction potential, and therefore a quantitative 

comparison of the number of moles of gases formed in respect to the charge passed could be 

misleading.  

There are three peaks of H2 evolution for the LP30 electrolytes, with onset potentials of about 

1.5, 1.0, and 0.2 V (Figure 4c), while for the AR25 electrolyte the peak around 1 V is not 

visible. The first one at 1.5 V is attributable to water reduction [13, 14]. The H2 evolution 

rates in the LP30 electrolyte are higher than in the AR25 electrolyte, which could be 



explained by the fact that residual water is already consumed by the accelerated hydrolysis 

reactions in AR25. The total amount of H2 evolved is estimated to be around 23 nmoles in 

both electrolytes, of which around 9.5 nmoles are associated with the peaks recorded below 

1.5 V for the AR25 electrolyte, whereas all H2 evolution occurs below 1.5 V for the LP30 

electrolyte. The origin of the peak separation into 3 distinct peaks is not clear. In our case, we 

observe that the second H2 peak occurs just prior to the ethylene peak, and also we observe 

that the ethylene peak is sharper for the AR25 electrolyte, but at the same time the second H2 

peak is almost absent. We therefore propose that the second peak is also related to water 

reduction, but shifted relative to the first peak, due to changes in surface conditions related to 

the SEI forming reactions, as indicated in Ref. [14], and in line with the results for C2H4 

emission (Figure 4d).  

The last maximum of H2 evolution occurs at about the same potential as the intercalation 

starts (0.2 V). Similarly, H2 evolution was reported below 0.13 V, previously suggested to be 

related to the Li+ intercalation into the graphite [48]. Therefore we interpret this as the 

reduction of the water strongly bound in the solvation shell of the Li+ [14] accompanied by 

the charge transfer (Li+ ion) at the graphite/SEI interface [14]. Alternatively, in Ref. [48], it is 

suggested that the intercalation process implies minor surface exfoliation, which enhances the 

H2 evolution, most probably again due to reduction of residual water. The last H2 peak is also 

shifted towards lower potential values in LP30 compared to AR25, in line with the 

differences in intercalation plateaus observed in Ref. [34]. 

CO2 evolution is initiated at a potential of ca. 2.5 V in LP30. This high-potential CO2 

generation is absent when THFIPB is added. The source of this evolved CO2 (Figure 4e), 

which is visible as two distinct peaks, and only for the LP30 electrolyte, is not known. A 

possible explanation is the reaction between the trace amounts of H2O and some organic 

products formed on the surface. Species like ROCO2Li form spontaneously on the surface of 

metallic Li exposed to EC or DMC. The reaction between ROCO2Li with trace amounts of 

water will generate Li2CO3 and CO2 [49]. In general, the reaction between organic EC 

reduction products and trace amounts of water will lead to the evolution of CO2 whereas 

reaction with HF leads to the formation of LiF precipitates [50]. In addition, in a more recent 

study by Metzger et al [42], the H2O driven hydrolysis of EC (not electrochemical) was 

suggested to result in evolution of CO2 and formation of ethylene glycol, although with 

relatively high activation energy.  



The CO2 signal that peaks at about 1.25 V in both electrolytes is most likely due to the 

nucleophilic attack of the OH- ions generated upon H2O reduction at 1.5 V (eq. 7) on the EC 

molecules, as the positions of these peaks are overlapping. OH- may then catalyze the EC 

ring opening [14] to yield CO2 and di-alcoholates (eq. 8) [35, 51].  

H2O + e- → 1/2 H2 + OH-     (eq. 7) 

OH- + EC → di-alcoholates + CO2    (eq. 8) 

For both electrolytes, the number of moles of CO2 attributed to this main CO2 peak is 

significantly higher than the number of moles of H2 evolved in the same potential range 

(approximately 25 nmol for the LP30 electrolyte, 15 nmol for AR25). However, as shown in 

Ref [42], the OH-driven EC hydrolysis is autocatalytic. Provided that there is sufficient 

amount of water, as the formed di-alcoholate anion reacts with water to produce OH─, which 

again decomposes the EC component. As the LP30 electrolyte has a higher content of water 

at this potential, and more OH─ is generated due to water reduction, it seems also reasonable 

that more CO2 is generated in LP30, as is also observed in Figure 4e.   

XPS-- XPS spectra were recorded for electrodes exposed to the respective electrolytes for 24 

hrs, and cycled to 0.6 V, 0.21, and 0.17 V, as well as after 2 full cycles. The corresponding 

atomic % of the elements C, F, P, and O are shown in Table 1 for all these samples. The C1s, 

F1s, O1s, and P2p features of the graphite surface after exposure to the electrolytes LP30 and 

AR25 for 24 hrs are shown in Figure 6. The relative amount of Li is difficult to determine 

accurately due to its low cross section, and is therefore not reported.  

The graphite electrode exposed to LP30 has features corresponding to what would be 

expected for a pristine electrode. The C1s features can be attributed to the carbon (C-C and 

C-H) as well as the binder phase (CH2, CF2 at around 286.5 and 290.5 eV, respectively). In 

addition, some electrolyte might be soaked in the binder phase, such that features from 

ethylene oxygen/ether (C-O) and carbonyl oxygen/carbonate (CO3) (at 287 eV and 290.9 eV, 

respectively [52] [53]), may overlap with the binder features. The main peak of F1s may also 

be attributed to the binder, in addition there is a smaller peak corresponding to LiF (ca 1.5 

atomic %), which indicate the presence of small amounts of electrolyte degradation products 

on the surface. Similarly, there is a small amount of phosphorous detected on the surface. 

LiF, P-F, and P-O features are normally attributed to salt decomposition products or salt 

residues. The main O1s feature (around 533 eV) is attributed to features from C-O bonds. In 



addition, there is a small feature around 531 eV attributed to a carbonate, and also a feature at 

higher binding energies slightly above 534 eV. The origin of these could be either some 

trapped electrolyte (O1s spectra of carbonyl and ethylene bonds are found at 533 and 534.8 

eV [52, 53]), electrolyte decomposition products and/or surface oxygen groups on the 

graphite or carbon black.  

The sample stored in the AR25 electrolyte exhibit some differences in the surface chemistry, 

compared to the LP30 cycled electrode, as evident from Figure 4. The O1s feature around 

533.5 eV (C-O) has grown, while the feature at 531 eV, normally associated with oxygen in 

carbonate, is small in comparison (the spectrum is asymmetric). The C1s peak at around 286 

eV has also grown, and is larger than the peak around 290-291 eV, consistent with an 

increase in C-O linkages. The atomic % of C is significantly lower for AR25, indicating 

deposition of products on the surface (see Table 1). Also, there is a significant increase in the 

relative amounts of F and P, indicating electrolyte (salt) degradation products, including Li-F 

on the surface (see Table 1). The high-energy feature appearing in the C1s spectra (around 

294 eV), originates most likely from CF3 (i.e. THFIPB residue). Thus, as the P-F feature most 

likely overlaps with the C-F, some, but not all, of the fluorine originates from THFIPB. Trace 

amounts of THFIPB will also contribute to a growth of the C-O peak, but is unlikely the 

origin of all the oxygen.   

In a previous study, where MCMB graphite powder was kept in 1M LiPF6 in 1:1:1 

EC:DMC:DEC for 4-10 days at 85 oC, similar results were found, i.e., a decrease of the 

relative atomic concentration of C was observed, as well as a small increase of F, P, and O 

[54]. The increase in oxygen was here associated with a shift in the O1s peak from 531 to 533 

eV, and suggested to be related to a shift from carbonates to ethers, compatible with the 

presence of oligo and polyethylene oxides due to decarboxylation of the carbonates. This is 

consistent with the previously suggested catalytic effect of PF5 on the ring-opening of EC 

[55]. Regarding the almost negligible O1s feature at 531 eV for the sample exposed to AR25, 

there is also the possibility that it is related to etching or conversion of some oxygen surface 

group. This would be consistent with the fact that, when assembled in half cells, the OCV of 

graphite electrodes against the lithium counter electrode is generally always > 3 V in LP30, 

while it is < 3 V (around 2.8 to 2.9 V) when assembled in AR containing electrolyte. Changes 

in the termination of edge carbon could be one possible explanation for this observation. The 

observed shifts in the peaks primarily attributed to binder/CH2 and binder/CF2 features, 

which however, contains contributions also from surface oxygen, supports this explanation 



(the peaks are found at 286.9 and 290.9 eV vs. 286.3 and 290.3 eV for LP30 and AR25, 

respectively). The finding is also consistent with the lack of the CO2 evolution at high 

potentials in AR, as observed by OEMS (Figure 4). 

Figure 6 a–d shows the C1s, O1s, F1s, and P2p spectra of electrodes during the SEI forming 

process, i.e. electrodes were reduced to 0.6 V, 0.21 V, and 0.17 V in LP30 and AR25 

electrolyte, respectively. These spectra were recorded with an excitation energy of 2005 eV. 

In addition, the 6015 eV spectra for C1s are shown in Figure 6 e (F1s and O1s spectra 

recorded at 6015 eV where very similar to the 2005 eV spectra). As expected, the C1s peaks 

associated with the C-C/C-H features are dominating at the highest potential (0.6 V). The SEI 

layer appears to be thinner in the AR25 samples, as may be inferred from the C-C/C-H 

features of both the 2005 and 6015 eV spectra (Figure 6a and e). There is more C and O in 

the surface of the LP30 sample at 0.6 V, attributed to organic compounds in the SEI, like 

LEDC, or the presence of di-alcoholates, consistent with the CO2 peaks in the OEMS spectra 

(eqn. 8) 

For both electrolytes, the C1s features at around 286.5 and 290.5 eV grow as the potential is 

lowered and SEI layer is formed. These features are associated with C-O bonds and 

carbonates, respectively, and overlap with the CH2 and CF2 features associated with the 

binder. The development of the C1s features are consistent with the O1s features, where 

peaks at around 531.5 and 533.5 eV are attributed to oxygen in carbonates, and C-O bonds, 

respectively. At 0.21 V, however, the oxygen content of the surface of the AR25 sample is 

higher, and dominated by the carbonate feature. While LEDC contribute to both the C-O and 

the carbonate feature, Li2CO3 is visible only in the carbonate feature at around 531.5 eV [5]. 

Thus, for AR25, significant amounts of Li2CO3 are detected in the SEI, and relatively low 

amounts of organic compounds at this potential (see Table 1). 

For the lowest potential (0.17 V) as well as after two full cycles, the C1s and O1s spectra 

obtained at 2005 eV are relatively similar for the two electrolytes. It should be noted, 

however, that the results are dominated the outer parts of the SEI, known to be richer in 

organic components. The C-C feature is shifted to lower binding energies, as expected for 

lithiated graphite.  

Regarding the F1s and P2p spectra (Figure 6d), in line with the results from the exposed, but 

not cycled samples (Figure 6), there are more salt reduction products, i.e. LiF, phosphate (P-

O) and fluorophosphate (P-F) compounds in the AR25 samples at 0.6 V. For potentials lower 



than 0.21 V, these features are similar in magnitude, with the exception of the phosphate 

features (P-O), which are significantly larger in the AR25 samples. At 0.6 V, the phosphate 

feature vanishes when using an excitation energy of 6015 eV (not included in figure), 

indicating that it is found mainly at the outer surface.  

After two full cycles, the spectra for both electrolytes are very similar to those obtained after 

cycling to 0.17 V, an indication of formation of a stable SEI. For AR25, the C-C feature is 

smaller than both the C-O and carbonate features, indicating a thicker SEI layer of the AR25 

sample compared to the LP30 sample. As may be inferred from the SEM micrographs, 

however, the SEI layer is more porous for AR25, which is also compatible with the 

presumably better conductivity [34]. For the spectra recorded at 6015 eV, small differences 

were observed in the C1s spectra, but not in the others. The C1s spectra are therefore 

included in Figure 6e, and show primarily that the C-C feature is lower compared to the 

others for the AR25 sample after 2 full cycles, indicating a thicker SEI. For the LP30 sample, 

the fraction of organic SEI compounds is lower at the higher excitation energy, corresponding 

to the inner parts of the SEI. 

DRIFT analysis of charged electrodes--- The graphite electrodes were galvanostatically 

charged at 10 mA/g rate from OCP to 1.4 V, 0.9 V, and 10 mV in LP30 and AR25, where a 

potentiostatic step was included until the current dropped to 10% of the initial value. DRIFT 

spectra of the cycled electrodes are shown in Figure 7a. There is a gradual increment in peak 

intensities as the electrodes are cycled to lower potentials. After cycling to 10 mV (vs. Li/ 

Li+), spectral features in both electrolytes around 1410 cm-1 are attributed to Li2CO3 in 

accordance with previous works [56, 57, 58] and the reference spectrum (Figure 7b). Peaks 

around 1660 cm-1 [59, 60, 61], 1460 cm-1, 1320 cm-1 [59, 61], and 830 cm-1 [59, 60, 61] in 

both electrolytes are consistent with previous reports and assigned to C=O asymmetric 

stretching, CH2 bending, CH2, C=O symmetric stretching, and out of plane bending of CO3 in 

LEDC species, respectively. The absorptions around 1770-1800 cm-1 are most likely due to 

C=O stretching and, based on previous works [57, 61, 62] as well as the FTIR spectra of EC 

(Figure 7b), it may be assigned to EC residue which is difficult to remove even after washing 

the electrodes owing to its low melting temperature [61]. The absorption around 1190-1200 

cm-1 is typically diagnostic for C-F bond arising from the PVDF binder in the electrode paste 

[59, 61, 62]. The band around 850 cm-1 may be attributed to P-F vibrations [57]. Comparison 

of the two spectra reveals that both Li2CO3/LEDC and P-F/LEDC ratios are higher in AR25 

at 10 mV, Figure 7c).  



Operando XRD studies of graphite electrodes--- In-situ XRD patterns of the graphite were 

recorded during the first charge at 10 A/kg in LP30 and AR25. The X-ray scans at 250 mV 

and 202 mV are shown in Figure 8 to verify the shift in Li+ intercalation potential between 

LP30 and AR25 electrolytes. At 250 mV there is no intercalation in neither of the 

electrolytes, and the X-ray spectra of the graphite electrodes shows identical peaks at ~26.2 

degrees for both electrolytes (Figure 8b), corresponding to the (002) reflections of graphite. 

When the potential decreases to 202 mV, the intercalation has already made progress in 

AR25, whereas there is no intercalation in LP30 (Figure 8a). The coexistence of two peaks 

for AR25 indicates that the transformation to the lower stage has not been completed and the 

intercalation is still ongoing at this potential. The X-ray scan of graphite at 202 mV in LP30, 

however, shows that the (002) peak of graphite is retained at 26.2 (Figure 8c). As 

demonstrated in our previous work [34], the intercalation potential is slightly positive in the 

first cycle for the AR25 electrolyte compared to LP30 (but not in subsequent cycles). As the 

current during the experiment is very low (10 mA/g), we consider it unlikely that the shift in 

the potential is related to differences in the resistance of the electrolyte, the already formed 

SEI, or the Li counter electrode. The most likely explanation for the observed difference in 

degree of lithiation is the fact the initial SEI forming reactions are also different, with 

corresponding differences in kinetics (as observed from OEMS and XPS results). This will 

affect the share of current for SEI formation and lithiation during a galvanostatic experiment 

at low rate, as SEI formation is still ongoing at potentials around 200 mV.  

In Ref. [63] it was demonstrated how differences in local overpotentials for the SEI forming 

reactions would help suppress unwanted side-reactions (in this case exfoliation). Also, it is 

possible that eventually the thermodynamic potential of intercalation is shifted due to 

solvation effects, as shown for sodium intercalation in graphite earlier [64]. However, as the 

shift in the intercalation potential is observed in the first cycle only [34], we consider the first 

explanation the most likely, and also in good agreement with the OEMS and XPS results 

obtained. 

To summarize briefly the results presented, the formation of primarily organic SEI 

compounds in LP30 electrolyte, starting already from high potentials and related to the 

presence of water, helps to passivate the surface. This is directly seen from the C1s and O1s 

features in the XPS spectra, clearly indicating the presence of organic species at 0.6 V for the 

LP30 electrolyte, and indirectly from the OEMS measurements, where the early onset of the 

CO2 evolution for LP30 is compatible with for example products formed during reactions 



with trace amounts of H2O, or H2O driven hydrolysis of EC. At high potentials, primarily salt 

reduction products were observed for the AR25 electrolyte, and also significantly more LiF, 

and P-F features are observed after exposure of electrodes to this electrolyte compared to the 

LP30 electrolyte. At 0.6 V, there are still few organic products on the surface for the AR25 

electrode, and the kinetics of the EC reduction is improved, as seen by the C2H4 evolution 

from the OEMS cell, which exhibit a sharp peak with a higher onset potential than the C2H4 

peak from the LP30 cell. After 2 full cycles, the SEI layers are relatively similar, only slightly 

thicker for the AR25 electrolyte. From the previous study of the electrochemical 

performance, the LP30 electrolyte resulted in a more resistive but certainly better passivating 

SEI, as observed by the higher coulombic efficiency [34]. SEM micrographs of cycled 

electrodes showed that the anode cycled in LP30 displayed a continuous SEI that even 

extending between the graphite particles. Some graphite particles were seen to be isolated, 

which could possibly be the reason for the inferior cycling stability. In contrast, the AR25 

cell showed a completely different SEI layer, dominated by two layers of granular 

morphology. Here, we show that that for AR25 formation of the SEI involves to a larger 

extent the deposition of salt reduction products which happens already at high potentials, or 

even by exposure to the electrolyte. In comparison to LP30, the SEI is enriched in inorganic 

compounds, with a high fraction of Li2CO3, as confirmed by both XPS and DRIFT 

measurements. From a more practical viewpoint, the results illustrate the importance of good 

temperature control during assembling and initial formation of Li-ion cells.  

Conclusions  

THFIPB addition to a commercial LP30 electrolyte alters the electrolyte structure and thus 

changes the SEI formation on a graphite anode. The THFIPB accelerates anion 

decomposition by capturing F- from the salt anion, and thus more electrolyte decomposition 

products are found in the THFIPB containing electrolyte, like HF, PF5, and POF3.  

During the initial SEI formation in the THFIPB containing electrolyte, some of the HF 

species formed probably react further to evolve H2 gas at rather high potentials, thus the 

amount of residual water is lower. The water may react with products formed at higher 

potentials, or hydrolyze EC, which is in line with the onset of CO2 evolution at higher 

potentials in LP30, likely having less HF and more water. Water is reduced at lower 

potentials, and H2 gas evolves, associated with formation of OH-, which again may accelerate 

decomposition of EC. During the early stages of the SEI formation, the surface of the LP30 



samples appears to be more covered with organic products, and also more H2 evolves from 

water reduction.  

EC reduction is facilitated by THFIPB addition as shown by a sharp C2H4 evolution peak 

located at more positive potential than that in LP30. There is less gaseous CO2 and H2 formed 

during the initial formation cycle in the presence of THFIPB. The SEI formed in the 

electrolyte with added THFIPB is richer in inorganic compounds, both salt reduction 

products as well as Li2CO3, as compared to the LP30 electrolyte, which has relatively more 

organic SEI compounds, also at potentials around 1 V. This results in a chemically modified 

SEI, which also exhibits improved intercalation kinetics in the first cycle.  
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Figure 1. FTIR spectra (absorbance mode) of various electrolyte components including 

LiPF6, LiClO4, DMC and their mixtures. Absorptions of interest for discussion are 

highlighted on the absorption peaks. 



 

Figure 2. FTIR spectra (absorbance mode) of various electrolyte components including 

DMC, EC and their mixtures with LiPF6. Absorptions of interest for discussion are 

highlighted on the absorption peaks. 

 

 

 

 

 

 

 

 

 



 

 

 

Figure 3. FTIR analysis of the solvent/salt/THFIPB mixtures a) FTIR spectrum 

of DMC, DMC+1M LiPF6, and DMC+1M LiPF6+0.075M THFIPB, together with the 

difference spectrum of DMC+1M LiPF6, and DMC+1M LiPF6+0.075M THFIPB. b) FTIR 

spectrum of EC, EC+1M LiPF6, and EC+1MLiPF6+0.075M THFIPB, together with the 

difference spectrum of EC+1M LiPF6, and EC+1M LiPF6+0.075M THFIPB. 

 

 



 

Figure 4. a) Linear sweep voltammograms of Li/SLP30 OEMS half cells with LP30 and 

AR25, b-e) reaction gases evolving from the cells during negative potential sweep for the 

first time in LP30 and AR25 electrolytes. Sweep rate: 25 µV/s; Cut-off potential: 5 mV (vs. 

Li/Li+).  

 



 

Figure 5. C1s, F1s, O1s and P2p HAXPES spectra of graphite electrodes exposed to LP30 and 

AR25 for 24 hrs. Excitation energy of 2005 eV. 



 

 

 

Figure 6 a) C1s HAXPES spectra of graphite electrodes stopped at different potentials during the first 

two cycles in LP30 and AR25 electrolytes. Excitation energy of 2005 eV 

 

 



 

 

 

Figure 6 b) O1s HAXPES spectra of graphite electrodes stopped at different potentials during the 

first two cycles in LP30 and AR25 electrolytes. Excitation energy of 2005 eV 

 

 

 

 

 



 

 

Figure 6 c) F1s HAXPES spectra of graphite electrodes stopped at different potentials during the first 

two cycles in LP30 and AR25 electrolytes. Excitation energy of 2005 eV 

 

 



 

Figure 6 d) P2p HAXPES spectra of graphite electrodes stopped at different potentials during the first 

two cycles in LP30 and AR25 electrolytes. Excitation energy of 2005 eV 

 

 

 

 

 



 

 

Figure 6 e) C1s HAXPES spectra of graphite electrodes stopped at different potentials during the first 

two cycles in LP30 and AR25 electrolytes. Excitation energy of 6015 eV 
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Figure 7. DRIFT spectra of graphite electrodes a) after discharged to i) 1.4V, ii) 0.9V, iii) 

10mV in LP30, and iv) 1.4V, v) 0.9V, vi) 10mV in AR25, b) FTIR spectrum of EC c) DRIFT 

plot of Li2CO3, d) DRIFT plot of graphite electrodes charged to 10 mV. 
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Figure 7. DRIFT spectra of graphite electrodes a) after discharged to i) 1.4V, ii) 0.9V, iii) 

10mV in LP30, and iv) 1.4V, v) 0.9V, vi) 10mV in AR25, b) FTIR spectrum of EC c) DRIFT 

plot of Li2CO3, d) DRIFT plot of graphite electrodes charged to 10 mV. 
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Figure 8. a) Potential profiles of graphite electrodes for the first charging in LP30 and AR25. 

Corresponding operando X-ray diffractograms recorded during the charging, b) at 250 mV 

and c) at 202 mV. 

 



TABLES 

Table 1. Atomic % evaluated from the XPS spectra of the surface of graphite electrode after 

exposure to LP30 or AR25 electrolyte for 24 hrs.  

Element\Potential 

OCV  

LP30 

OCV  

AR 

0,6 V  

LP30 

0,6 V  

AR 

0,21 V  

LP30 

0,21 V  

AR 

0,17 V  

LP30 

0,17  

V AR 

2 full,  

LP30 

2 full,  

AR 

C1s 78.4 60.5 52.6 55.6 37.4 29.1 38.1 42.2 42.4 34.3 

C-C 43.8 29.5 20.8 27.4 1.4 3.9 0.9 1.3 3.2 3.3 

C-H 12.8 11.8 4.8 7.1 2.8 5.4 7.4 9.6 8.8 4.7 

C-O/CH2(binder) 11.5 10.6 14.5 13.3 19.2 3.2 18.9 21.5 17.1 15.9 

CO3/CF2(binder) 10.3 6.0 12.4 7.8 14.0 16.6 10.9 9.8 13.3 10.3 

CF3   2.6                 

O1s 8.0 12.3 20.2 12.1 47.5 59.3 36.0 35.8 35.3 40.6 

CO3 1.2   7.3 2.4 28.3 55.3 20.4 24.3 23.8 24.8 

C-O 4.6 11.4 12.9 9.7 19.2 4.0 15.5 11.5 11.4 15.8 

C=O 2.2 0.9  -  -  -  -  -  -  -  - 

F1s 13.0 24.9 25.8 30.3 14.2 10.4 23.9 20.5 20.8 21.8 

LiF 1.5 2.3 4.6 6.4 4.7 1.2 3.3 3.9 3.7 2.4 

P-F/binder 11.5 22.6 21.1 23.9 9.5 9.2 20.6 16.6 17.1 19.4 

P2P 0.5 2.1 1.6 1.9 1.0 1.6 2.1 1.5 1.5 3.3 

P-O 0.1 1.2 0.2 0.3 0.2 0.8 0.1 0.3 0.2 1.3 

P-F 0.4 0.9 1.4 1.6 0.7 0.8 1.9 1.2 1.3 2.1 
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