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Falko M. Schappacher,a Martin Winterabc and Sascha Nowak *a

The quantification of lithium ion battery electrolyte additives provides challenges in terms of methods and

instrumentation. In this work, the detectability of the flame retardant additive tris(2,2,2-trifluoroethyl)

phosphite (TTFPi) differs unusually when added to a standard electrolyte (1 M LiPF6 in ethylene carbonate

(EC) : dimethyl carbonate (DMC) 1 : 1 wt%) using gas chromatography with a flame ionization detector

(GC-FID). In this work, nuclear magnetic resonance (NMR), ion trap time of flight mass spectrometry

(IT-TOF™ MS) and gas chromatography-mass spectrometry (GC-MS) are used to investigate a pure

TTFPi solution and a standard battery electrolyte with TTFPi as an additive with regard to parasitic TTFPi

consuming reactions and different TTFPi concentrations, respectively. NMR and IT-TOF™ MS

measurements confirm the chemical stability of the TTFPi/standard electrolyte mixture and

concentration dependent GC-MS and GC-FID experiments indicate a premature FID saturation limit for

TTFPi in presence of standard electrolyte. The findings explain the counterintuitive absence of TTFPi for

higher concentrations and provide important information for future sample preparation.

1. Introduction

Lithium ion batteries (LIBs) provide high energy density as well

as high power density. Therefore, LIBs represent the benchmark

battery technology and are commonly used to power portable

consumer electronics, plug-in hybrid (PHEVs) vehicles and

battery electric vehicles (BEVs).1–3 Due to an increasing market

share of electric vehicles (xEVs), the demand for LIBs is exces-

sively growing. With currently over one billion cells in the

market place and just few documented safety events, LIBs can

be considered as relatively safe if treated responsibly.4 However,

the safety of LIBs gets intense media attention. Reports of

battery incidents including BEVs, children's toys and mobile

phones raise people's awareness of the remaining safety

challenges regarding LIB technology. Nowadays, LIBs comprise

a graphite negative electrode, a highly energetic positive

electrode out of layered metal oxides and an aprotic organic

electrolyte. The electrolyte typically consists of a conducting

lithium salt dissolved in a mixture of highly ammable

carbonates;5,6 in the present example: 1 M LiPF6 in ethylene

carbonate (EC) : dimethyl carbonate (DMC) 1 : 1 wt%, LP30.

The ammability of the electrolyte still offers room for further

improvement in LIB safety. The usage of electrolyte additives

that lower the electrolyte's ammability is a cost efficient

strategy to improve LIB safety characteristics. Phosphorous

agents are frequently used as ame retardant additives. Among

them, the phosphites are used as functional electrolyte addi-

tives and can fulll various tasks. Typical functions attributed to

phosphites are the improvement of the capacity retention

during cycling with elevated cut-off voltages,7–11 improvement of

the thermal stability12 and the improvement of the cell safety

due to reduction of the electrolyte's ammability.7,13–16

Nevertheless, phosphites applied in the standard electrolyte

are likely to decompose due to oxidation on the cathode during

prolonged cycling.8,10 They are even known to be consumed

during storage due to spontaneous reactions with LiPF6.
17 The

ame retardant additive tris(2,2,2-triuoroethyl) phosphite

(TTFPi) was investigated towards its electrochemical perfor-

mance in LIBs via gas chromatography methods, which are the

commonly applied analytical techniques for this kind of

investigations.18,19 However, post-mortem investigations of the

TTFPi electrolyte that were applied in LIB cells revealed that the

additive was not detectable during GC-FID measurements even

though it could be easily detected by GC-MS experiments. In

order to understand this phenomenon, GC-MS and GC-FID
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measurements with pure TTFPi and 5 wt% TTFPi in the stan-

dard LP30 electrolyte were repeated and deeply investigated.

Fig. 1 displays the chromatograms of the samemixture of TTFPi

in the LP30 electrolyte measured with GC-MS in Fig. 1a and with

GC-FID in Fig. 1b. It is clearly observable, that the TTFPi is not

detectable via GC-FID. However, pure TTFPi is detectable in GC-

MS as well as in GC-FID (Fig. 1c and d).

The ndings serve as starting point and give the rise to the

question why TTFPi cannot be detected in the GC-FID

measurement aer added to LP30. Therefore two hypotheses

can be proposed:

(1) The molecule decomposes aer addition to LP30.

Apparent decomposition products reveal similar spectra to

TTFPi and are therefore difficult to distinguish from TTFPi by

GC-MS. Nevertheless, apparent decomposition is clearly visible

in GC-FID.

(2) The molecule remains stable, but is harder to detect by

GC-FID when added to LP30, indicating a severe matrix

dependency. Therefore, samples of TTFPi in LP30 are easy to

detect via GC-MS, but almost not visible during GC-FID

experiments.

The rst hypothesis is investigated by a comparison of the

pure TTFPi with TTFPi in LP30 via NMR and high-resolution

MS. Both methods are suitable and have been applied for the

analysis of electrolyte constituents.20–23 Decomposition prod-

ucts in the solution of TTFPi with LP30 would indicate parasitic

reactions of the additive and the electrolyte and thus conrm

hypothesis 1.

The second hypothesis is reviewed with the help of GC-MS

and GC-FID measurements using different concentrations of

TTFPi. Since a diluted sample is not detectable, a more

concentrated solution of TTFPi and LP30 would provide a TTFPi

signal even in the GC-FID experiments.

2. Experimental

Two solutions of (I) pure TTFPi and (II) 5 wt% TTFPI in LP30

were investigated. Therefore, LP30 (1 M LiPF6 in ethylene

carbonate (EC) : dimethyl carbonate (DMC) 1 : 1 wt%) (battery

grade, BASF) was mixed with 5 wt% TTFPi (>98.5%, Sigma

Aldrich). Samples were diluted with acetonitrile (99.9% VWR)

according to Table 1.

Gas chromatography-mass spectrometry (GC-MS) measure-

ments were performed using a Perkin Elmer GC-MS Clarus 600

including a Restek Rxi-5Sil MS column (30 m � 0.25 mm �

0.25 mm) with related TurboMass 5.4.2- and Clarity 7.3.0.0.95

soware. At 200 �C injector temperature, 1 mL of the diluted

sample was injected to the injector. Helium with a constant

column ow of 1 mLmin�1 was used as carrier gas. The method

used a split of 1 : 20 and the following oven program: the initial

temperature of 40 �C was held for 3 min, followed by a rst

ramp with a rate of 12 �C min�1 up to 85 �C, and a second ramp

with 30 �C min�1 up to 200 �C (held for 1 min). Electron ioni-

zation with an ion source temperature of 250 �C and a detector

voltage of 350 V at a lament voltage of 70 eV was applied.

Recorded masses were in between m/z ¼ 30–600.

The Perkin Elmer equipment offers two injectors. Therefore,

quantitative experiments with detection via ame ionization

(GC-FID) were performed using the same Perkin Elmer GC-MS

Clarus 600 Chromatograph and a nonpolar Restek Rxi-5ms

Fig. 1 (a) GC-MS and (b) GC-FID measurements of the same mixture of 5 wt% TTFPi in LP30. (c) GC-MS and (d) GC-FID measurement of pure
TTFPi. Samples are diluted (1 : 50) with acetonitrile. The missing TTFPi signal is indicated by a red circle.
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column (30 m � 0.25 mm � 0.25 mm). Soware, temperature

program and measurement properties were adapted from

GC-MS measurements.

Nuclear Magnetic Resonance (NMR) experiments were

performed using a Bruker Avance III 400 (400.03 MHz, 1H;

376.37 MHz, 19F; 161.93 MHz, 31P) spectrometer. All experi-

ments were performed at 26.85 �C and were internally refer-

enced to residual solvent resonances. Chemical shis (d) were

reported in parts per million (ppm). Pure TTFPi and 5 wt%

TTFPi in LP30 were diluted with pre-dried deuterated benzene

(C6D6; water content less than 10 ppm) in an argon lled glo-

vebox. For the purity check of TTFPi, 50 mg of TTFPi were dis-

solved in 600 mL C6D6. A J. Young NMR tube has been used for

NMR experiments to avoid any contact with air. In order to

analyze the chemical reactivity of TTFPi with LP30 and avoid

any side reaction between the residual amount of HF (origi-

nated from LiPF6 in LP30) and glass, a uorinated ethylene

propylene (FEP) NMR tube (3 mm Ø, Wilmad-labglass) were

Table 1 Target- and practical TTFPi concentrations of pure TTFPi and 5 wt% TTFPi in LP30 diluted with acetonitrile

Dilution number

Target TTFPi concentrations/

mg g�1
Actual TTFPi concentrations

sd pure TTFPi/mg g�1
Actual TTFPi concentrations

sd 5 wt% TTFPi in LP30/mg g�1

1 0.25 0.19 0.28

2 0.75 0.77 0.71

3 1.25 1.53 1.04
4 2.00 2.33 2.03

5 3.00 3.12 2.67

6 3.50 3.91 3.26

Fig. 2 (a) 1H NMR-spectrum of pure TTFPi, (b) 19F NMR-spectrum of pure TTFPi, (c) zoom of 19F NMR-spectrum of pure TTFPi. (d) 31P NMR-
spectrum of pure TTFPi. (e) Zoom of 31P NMR-spectrum of pure TTFPi.
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used. The FEP tube containing 300 mL of sample was closed by

a polytetrauorethylene (PTFE) plug and placed in a J-Young

NMR tube (5 mm Ø) containing 100 mL of benzene-d6 (C6D6,

99.6 at% D, Sigma Aldrich). In this way, any contact between the

deuterated solvent and electrolyte mixtures, which could

produce unwanted products, was prevented.

For qualitative investigation of pure TTFPi and TTFPi in

contact with LP30, the LCMS-IT-TOF™ from Shimadzu (Kyoto,

Japan) in the direct injection mode was used. Therefore, 1 mL

sample was injected by the UHPLC Nexera X2 SIL-30AC auto

sampler. It was directed to the hybrid ion trap time of light mass

spectrometer (IT-TOF™ MS) with a ow rate of 0.2 mL min�1

(80 : 20 acetonitrile/water). The ionization was performed with

electrospray ionization in the positive mode at 4.5 kV. The

curved desolvation line temperature was 230 �C, the heat block

temperature 230 �C and the nebulizing gas ow was set to

1.5 L min�1. The pressure of the nitrogen drying gas was 97 kPa,

the detector voltage at 1.67 kV. The mass range was set from

150–2000 Da. For conrmation of the structure, MS4 experi-

ments were performed. The collision induced dissociation

energy (CID) was optimized for every MSn stage.

3. Results and discussion
3.1. Nuclear magnetic resonance

In order to investigate whether the TTFPi is chemical stable in

LP30, and thereby question hypothesis 1, long-term NMR

experiments were performed. The ndings revealed, that pure

TTFPi (>98.5%, Sigma Aldrich) contains some impurities of

triuoroethyl phosphate (TFP) (Fig. 2). Further, the

Fig. 3 NMR-spectra of the electrolyte containing 5 wt% additive investigated six weeks after formulation. (a) 19F NMR-spectrum of TTFPi. (b) 31P
NMR-spectrum of TTFPi.

Fig. 4 Mass spectra of pure TTFPi, LP30 and 5 wt% TTFPi in LP30 measured with IT-TOF™ MS.
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measurements prove that TTFPi is stable in mixture with LP30.

No decomposition products could be observed aer three weeks

of storage under inert atmosphere (Fig. 3).

3.2. Ion trap time of ight mass spectrometry

In order to investigate the stability of the TTFPi in LP30, solu-

tions of pure TTFPi, pure LP30 and of a mixture of 5 wt% TTFPi

with LP30 are measured using an ion trap of ight mass spec-

trometer (IT-TOF MS). The results of the single solutions can be

compared with the mixture of TTFPi and LP30. Fig. 4a and

b display the spectra of pure TTFPi. Fig. 4b is zoomed out, so

that a wider scaling of the Y-axis is presented. The scale of

Fig. 4b displays the same scale that is used in Fig. 4c and d for

reasons of comparability. Fig. 4c shows the spectrum of LP30

and Fig. 4d presents a spectrum of 5 wt% TTFPi in LP30. The

spectrum of TTFPi (Fig. 4a) shows a signal for the m/z value of

328.9963 (intensity of 360 000 counts), which can be clearly

attributed to TTFPi (molecular mass of 327.9911). In addition,

a m/z value of 437.1945 (180 000 counts) is visible. By compar-

ison of the spectrum of LP30, which is depicted in Fig. 4c, with

the spectrum of TTFPi mixed with LP30 depicted in Fig. 4d, just

one additional signal is observable. This peak shows the m/z

value of 328.9991 and can be attributed to TTFPi (mass devia-

tion 2.13 ppm). The intensity of this signal (33 000 counts) is in

accordance to the dilution of TTFPi in LP30. The Fig. 4b–

d provide the same scaling of the Y-axis, so that the intensities

are roughly comparable. Besides the signal for TTFPi, there

were no additional signals found in the spectra of Fig. 4d. This

is an indication that no TTFPi decomposition products are

formed. Therefore, it can be concluded that TTFPi is stable in

LP30 according to the IT-TOF™ MS results.

In order to specically conrm the structure of the TTFPi,

MS4 experiments are performed. The results of the MS4 frag-

mentation are presented in Fig. 5. With a m/z value of 328.9963

Fig. 5 MS4 fragmentation pattern of pure TTFPi measured with IT-TOF™ MS.
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Fig. 6 Results of concentration depending (a and b) GC-MS and (c) GC-FID measurements of pure TTFPi and 5 wt% TTFPi in LP30. Red circles
indicate missing TTFPi peaks for higher concentrations.
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for pure TTFPi, the signal in Fig. 4d (m/z value of 328.9991) can

be clearly attributed to TTFPi and not to a decomposition

product with a similar spectrum as proposed in hypothesis 1.

The IT-TOF™ MS results therefore conrm the NMR results in

terms of the TTFPi stability in LP30. TTFPi is stable in LP30 and

does not decompose. Consequently, it can be concluded, that

hypothesis 1 is not valid:

(1) The molecule decomposes aer addition of LP30.

Apparent decomposition products reveal similar spectra to

TTFPi and are therefore difficult to distinguish from TTFPi by

GC-MS. Nevertheless, the apparent decomposition process is

clearly visible in the GC-FID results.

3.3. Concentration dependence of GC-MS and GC-FID

measurements in comparison

In order to investigate whether according to hypothesis 2 amore

concentrated solution of TTFPi and LP30 would provide a TTFPi

signal even in the GC-FID experiments, two serial dilutions (sd)

of TTFPi are investigated (Table 1).

(2) The molecule remains stable, but is harder to detect by

GC-FID when mixed with LP30, indicating a severe matrix

dependency. Therefore, samples of TTFPi in LP30 are easy to

detect via GC-MS, but almost not visible during GC-FID

experiments.

The rst sd includes 6 samples of pure TTFPi diluted in

acetonitrile. The second sd includes 6 samples of 5 wt% TTFPi

in LP30 diluted in acetonitrile. Both sd show comparable TTFPi

amounts for each dilution of the series. Table 1 summarizes the

target TTFPi concentrations of both sd, the actual concentration

of the pure TTFPi sd and the actual TTFPi concentration of the

sd of the 5 wt% TTFPi in LP30 mixture. It can be seen, that the

TTFPi concentrations of both sd are comparable.

Fig. 6 combines the GC-MS and GC-FID results of the sd of

pure TTFPi and TTFPi in mixture with LP30. The GC-MS

measurements depicted in Fig. 6a show the decreasing TTFPi

concentration in the samples 6 to 1 of diluted pure TTFPi. Even

the smallest concentration of 0.19 mg g�1 is recognizable. With

increasing TTFPi (3.2 min) concentrations of the dilution

number 4, 5 and 6, the TFP (4.7 min) impurities appear clearer.

The TFP impurities could also be detected via NMR measure-

ments before. Regarding Fig. 6b, additional signals for DMC

and EC can be attributed to the LP30. Furthermore, the

decreasing concentration of TTFPi, TFP and EC from dilution

number 6 to sample 1 is visible. In addition, the TFP signal is

already observable in dilution number 3, even though the TTFPi

concentration in dilution number 3 of the sd of TTFPi in LP30 is

lower in comparison to the TTFPi concentration of the pure

TTFPi sd (1.04 mg g�1 compared to 1.53 mg g�1). However, in

both GC-MS results Fig. 6a and b the decreasing TTFPi

concentration is visible.

The results of the GC-FID measurements of both sd are

shown together in Fig. 6c. Just like the GC-MS results, the GC-

FID results of the pure TTFPi (blue) show a consistently

decreasing TTFPi concentration. The TFP is already detectible

in dilution number 1, which is two dilutions prior to the GC-MS

measurements. Due to the lower LOD of the GC-FID

measurement results appear more sensitive for TFP. The

biggest difference between the results of the GC-MS and the GC-

FID results is that the TTFPi concentration do not increase from

dilution number 1 to dilution number 6. The TTFPi concen-

tration just increases up to dilution number 3. Samples with the

dilution numbers 4 to 6 which contained initiallyz2 mg g�1 to

z3 mg g�1 TTFPi show no TTFPi signal.

Hypothesis 2 can partly be conrmed. TTFPi as ame

retardant additive is in general hard to detect via FID. The

molecule serves just six carbon atoms and is therefore hard to

ionize. Especially in combination with the carbonates of the

LP30 LIB electrolyte, the saturation point of TTFPi is reached

early (between 1 mg g�1 and 2 mg g�1). Therefore, a higher

concentration of TTFPi in mixture with LP30 does not provide

increased TTFPi signals in the GC-FID measurements. A reason

for that could be a lack of the TTFPi volatility that develop from

methylation and ethylation of the TTFPi with linear carbonates

during high temperature within the detector. Counterintui-

tively, a higher concentrated TTFPi LP30 mixture results in

absence of TTFPi signals due to GC-FID saturation. However,

ame extinguishment was reported for similar compounds

which could hint on a likewise mechanism.24

The ndings are of fundamental importance, since it is

common practice to dilute GC-MS and GC-FID samplesz1/100

(ref. 25 and 26) orz1/50 with acetonitrile. A dilution of 1 : 100

of 5 wt% TTFPi in LP30 would result in an overall concentration

of z0.65 mg g�1 TTFPi which is below the saturation point. A

dilution of 1 : 50 of 5 wt% TTFPi in LP30 with acetonitrile

however, would result in an overall concentration of z1.3 mg

g�1 TTFPi and might exceed the saturation limit. All in all, the

same electrolyte which contains 5 wt% of TTFPi would show

different results in the GC-FID measurements depending on its

dilution with acetonitrile.

4. Conclusion

Within this study it was shown that the ame retardant elec-

trolyte additive tris (2,2,2-triuoroethyl) phosphite (TTFPi)

provided a GC-FID saturation limit when combined with an

organic carbonate solvent based electrolyte. The hypothesis that

the TTFPi decomposes in presence of LP30 could be disproved

by NMR and IT-TOF™ MS. The hypothesis that TTFPi remains

stable, but is less detectable in presence of LP30 could be partly

conrmed. An increased TTFPi-LP30 (1 M LiPF6 in ethylene

carbonate (EC) : dimethyl carbonate (DMC) 1 : 1 wt%) mixture

resulted in the absence of TTFPi signals due to GC-FID satura-

tion. Added to LP30 and acetonitrile, the saturation point of

TTFPi for the FID was between 1 mg g�1 and 2 mg g�1. The

results revealed that the sample preparation and sample dilu-

tion degree highly inuenced the outcome of GC-FID TTFPi

investigation. This nding is of great importance for post-

mortem analysis of lithium ion battery electrolytes in which

TTFPi are applied. Therefore, it is concluded that GC-FID

measurements of uorinated phosphites should be conducted

in combination with further techniques like GC-MS. Further

option are displayed by GC in combination with an electron

capture detector (ECD) or a ame photometric detector (FPD).
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Future investigation could target the exact GC-FID TTFPi satu-

ration limit of 5% TTFPi in LP30. Further it would be interesting

to investigate the GC-FID saturation limit of pure TTFPi as well

as the saturation limit of TTFPi in dependence of the LP30

concentration.
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