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Abstract: In this work, a method for capillary electrophoresis (CE) hyphenated to a
high-resolution mass spectrometer was presented for monitoring the stability of anions in ionic
liquids (ILs) and in commonly used lithium ion battery (LIB) electrolytes. The investigated
ILs were 1-methyl-1-propylpyrrolidinium bis(trifluoromethanesulfonyl)imide (PYR;3TFSI) and
1-methyl-1-propylpyrrolidinium bis(fluorosulfonyl)imide (PYR;3FSI). The method development
was conducted by adjusting the following parameters: buffer compositions, buffer concentrations,
and the pH value. Also the temperature and the voltage applied on the capillary were optimized.
The ILs were aged at room temperature and at 60 °C for 16 months each. At both temperatures,
no anionic decomposition products of the FSI™ and TFSI™ anions were detected. Accordingly,
the FSI™ and TFSI™ anions were thermally stable at these conditions. This method was also applied
for the investigation of LIB electrolyte samples, which were aged at 60 °C for one month. The LP30
(50/50 wt. % dimethyl carbonate/ethylene carbonate and 1 M lithium hexafluorophosphate)
electrolyte was mixed with the additive 1,3-propane sultone (PS) and with one of the following
organophosphates (OP): dimethyl phosphate (DMP), diethyl phosphate (DEP), and triethyl phosphate
(TEP), to investigate the influence of these compounds on the formation of OPs.

Keywords: ionic liquids; capillary electrophoresis; quadrupole time-of-flight mass spectrometer;
thermal stability study; lithium ion battery electrolyte

1. Introduction

Ionic liquids (ILs) are molten salts that are liquids below 100 °C. They are used in different application
fields as separation aid for complex analytes, as sample preparation methods for chromatographic
analysis, or as electrolyte components in lithium ion batteries (LIBs) [1-6]. For the use of IL-based
electrolytes for LIBs, high thermal stability as well as flame retardant performance and negligible vapor
pressure are considered beneficial [7]. According to the literature, the most commonly used anion
is bis(trifluoromethanesulfonyl)imide (TFSI). However, one disadvantage is that it supports anodic
dissolution of the typically used aluminum current collector [8-10], which is often erroneously called
“corrosion” [11,12]. In contrast, the advantages of the TFSI™ anion are its high thermal stability and
its suitable physicochemical properties in electrolyte solutions. Most of the thermal stability studies
so far were carried out by thermogravimetric analysis (TGA), with or without hyphenation to a mass

Separations 2017, 4, 26; d0i:10.3390/separations4030026 www.mdpi.com/journal/separations


http://www.mdpi.com/journal/separations
http://www.mdpi.com
https://orcid.org/0000-0003-1508-6073
http://dx.doi.org/10.3390/separations4030026
http://www.mdpi.com/journal/separations

Separations 2017, 4, 26 20of 11

spectrometer (MS) [13-21]. These investigations were performed at temperatures above 350 °C. At such
high temperatures, the ILs decompose. Furthermore, in several studies, the thermal stability of the ILs
was investigated by spectroscopic methods [22-26]. In these techniques, all components are analyzed
simultaneously. Therefore, low concentrations of decomposition products can overlap with the signal of
the main compounds and thus may not be properly analyzed. Chromatographic methods hyphenated
to suitable detectors can achieve the separation of impurities or decomposition products from the ILs.
Hao et al. developed a method to analyze halide impurities in ILs using ion chromatography (IC) [27].
In addition, Villagran et al. quantified chloride using IC and showed that chloride ions change the density
and viscosity of the ILs [28]. Pyschik et al. investigated different TESI~ anions and bis(fluorosulfonyl)imide
based (FSI) ILs mixed with lithium hexafluorophosphate (LiPFg), lithium perchlorate or lithium TFSI,
using IC and capillary electrophoresis (CE) hyphenated to a mass spectrometer, as well as possible
decomposition routes for ILs-based cations [29-32]. They reported that FSI™ degraded when aged
together with hexafluorophosphate or perchlorate anions, whereas TFSI~ did not show any aging. [29]
Standard LIB electrolytes consist of LiPF in liquid organic carbonate solvents [33]. The thermal stability
of LiPFg in mixtures with these carbonates is much lower than the thermal stability of the pure LiPFg
salt. The pure salt is stable up to 194 °C [34], whereas in mixtures of LiPF4 and carbonates, the hydrolysis
products and the decomposition products from the reaction of the lithium salt and the carbonates are
formed above 60 °C or even at lower temperatures [35,36]. During the degradation reactions, various
non-ionic and ionic organophosphates (OPs) as decomposition products were reported [35,37-40], which
affect the electrochemical cell performance [37,38,41-49]. In this work, a capillary electrophoresis method
is introduced for the investigation of anions in ILs and organophosphates (OPs) in lithium ion battery (LIB)
electrolytes. The ILs 1-methyl-1-propylpyrrolidinium bis(trifluoromethanesulfonyl)imide (PYR;3TFSI)
and 1-methyl-1-propylpyrrolidinium bis(fluorosulfonyl)imide (PYR;3FSI) were aged at room temperature
and at 60 °C. Additionally, this CE method was applied to investigate fresh and aged electrolyte samples.
Each sample was mixed with the electrolyte additive 1,3-propane sultone (PS) and either dimethyl
phosphate (DMP), diethyl phosphate (DEP), or triethyl phosphate (TEP), to investigate the influence of
these phosphates on the formation of other OPs. For reference measurements, the electrolyte was aged
without electrolyte additive and without OP.

2. Materials and Methods

For the detection of the anionic decomposition products of PYR13TFSI and PYR13FSI, the CE 7100
from Agilent Technologies (Santa Clara, CA, USA) hyphenated to the 6530 Accurate Mass Quadrupole
Time of Flight Mass Analyzer (Q-TOF) with an electrospray ionization (ESI) coaxial sheath liquid
interface was used. PYR13FSI and PYR13TFSI were synthesized according to the procedure published
by Appetecchi et al. [50]. The electrolyte SelectiLyte LP30 (50/50 wt. % DMC/EC and 1 M LiPFg
(battery grade purity) were ordered from BASF (Ludwigshafen, Germany) (max. 20 ppm water).
PS (99% purity), dimethyl phosphate (DMP), diethyl phosphate (DEP, 99%), and triethyl phosphate
(TEP, 99.8%) were obtained from Sigma Aldrich (Steinheim, Germany). The sheath liquid consisted of
5 mM ammonium hydroxide obtained from Merck KGaA (Darmstadt, Germany), and was diluted
in 50.0% methanol (HPLC grade) obtained from Merck KGaA (Darmstadt, Germany) and 50.0 vol.
% Milli-Q water (v/v), produced by an in-house Millipore filter system (18.2 M) cm, TOC < 3 ppb,
Milli-Q Advantage A10, Millipore GmbH, Schwalbach, Germany). The sheath liquid was pumped
by an isocratic pump 1260 (Agilent Technologies, Santa Clara, CA, USA). The software MassHunter
Acquisition B.05.01 software from Agilent Technologies (Santa Clara, CA, USA) was used to control the
hyphenation between the CE and the Q-TOF system and for the interpretation of the data MassHunter
Qualitative B.07.00 software was used. The sheath liquid was delivered with a flow rate of 8 uL./min.
The standard bare fused silica capillary was obtained from Polymicro (Phoenix, AZ, USA) and had
an inner diameter (i.d.) of 50 pm and a total length of 100 cm. The capillary was preconditioned by
rinsing with the buffer for 10 min. The buffer consisted of 10 mM ammonium acetate purchased from
Acros Organics (98.0%, Geel, Belgium). The pH-value of 10.34 was adjusted by ammonia. The system
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was rinsed with buffer for 10 min between the measurement steps to protect the capillary from
contamination of the previous run. The applied ESI-Q-TOF-MS parameters, which were optimized
for a m/z range of 50-500, were as follows: for ESI(-) mode, the capillary voltage was 3000 V, dry gas
was set up to 8 L/min, and nebulizer pressure to 10 psi with a dry temperature of 250 °C. The applied
voltage on the capillary was 30 kV. The samples were injected hydrodynamically in the CE by applying
a pressure of 50 mbar for 2 s. Afterwards, the buffer was injected for 2 s at the same conditions. The ILs
were stored at room temperature and at 60 °C to investigate the decomposition products of the anions.
For the measurements, the aged ILs were diluted in a ratio of 1:500 with the buffer and 20.0 vol. %
acetonitrile. Additionally, the fresh and aged LP30 electrolyte was investigated. The aging of the LP30
electrolyte was carried out at 60 °C for one month. For all measurements, the electrolyte samples were
diluted in a ratio of 1:500 with the buffer solution.

3. Results and Discussion

3.1. Method Development for the Detection of Anions in Ionic Liquids

In order to analyze the anions in ILs, several CE conditions such as buffer composition, pH value,
temperature, and applied capillary voltage were optimized. Since the CE was hyphenated to the
ESI-Q-TOF-MS, it was essential to use a volatile buffer for the separation of the anions. Two volatiles
buffers were tested for the detection of the TFSI™ anion, 40.0 mM ammonium formate buffer (A)
and 50.0 mM ammonium acetate buffer (B) (Figure 1). Both peaks A and B, had a m/z ratio 279.9173
corresponding to the anion TFSI~. The concentrations and sample preparations of these two samples
were identical. The peak intensity using the ammonium acetate buffer was higher than using the
ammonium formate buffer, by a factor of 10. As a result, further optimization measurements were
carried out using the ammonium acetate buffer.
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Figure 1. Electropherogram of bis(trifluoromethanesulfonyl)imide (TFSI™) with the buffers A (40.0 mM
ammonium formate buffer) and B (50.0 mM ammonium acetate buffer).

Another important parameter of the buffer solution is the pH value. The pH value affects the
electro-osmotic flow (EOF), which has an influence on ion separation. To investigate this effect,
ammonium acetate (25.0 mM) was adjusted to the pH values of 10.34, 10.08, and 9.41, with an ammonia
solution (25.0%). In Figure 2 A, the correlation between the migration time of TFSI™ and different
pH-values is presented. Increased pH values led to a decrease in the migration time and a sharper peak
form. The highest intensity of TFSI™ was observed at the highest pH-value (10.34). The differences
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concerning the migration time and peak form were not as significant between pH 10.34 and 10.08,
as between pH 9.41 and 10.08. Therefore, the pH value was adjusted to a value of 10.34.
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Figure 2. Electropherograms showing the TFSI™ peak using an acetate buffer during method
development: (A) measured at different pH values; (B) measured with different concentrations
of the acetate buffer; (C) measured at different temperatures and (D) measured under different

applied voltages.

For the investigation of the effect of the buffer concentration on the migration time of the TFSI~
anion, ammonium acetate buffers with the concentration of 10.0 mM, 25.0 mM and 40.0 mM were
used (Figure 2B). The pH values of the three ammonium acetate buffers were adjusted to 10.34.
The migration time of TFSI~™ was shorter with decreasing concentrations of the buffer solution. With
a buffer solution of 10.0 mM, the shortest migration time of approx. 17.0 min of the TFSI™ was
achieved. In addition, the highest intensity and sharpest signal were obtained with this ammonium
acetate buffer (10.0 mM). Therefore, the applied concentration of the ammonium acetate buffer for the
detection of the TFSI~ was 10.0 mM. For additional optimization of the CE method, the influence of
temperature on the TFSI™ peak was investigated (Figure 2C). For these investigations, the ammonium
acetate buffer (concentration: 10.0 mM, pH: 10.34) was used at 25 °C, at 30 °C and at 35 °C. From this
electropherogram (Figure 2C), it is obvious that a higher temperature resulted in a shorter migration
time of the anion TFSI™ when using the same buffer conditions. However, a temperature of 25 °C led
to the sharpest peak with the highest intensity. The influence of the capillary voltage on the TFSI~
anion can be observed in Figure 2D. For these investigations, the 10.0 mM ammonium acetate buffer
with the pH-value of 10.3 at 25 °C was used. In the electropherogram (Figure 2D), it can be observed
that a higher voltage resulted in shorter migration times of the anion. At lower voltages (20.0 kV
and 10.0 kV), the TFSI~ peak showed a shoulder. As a result, the best choice for the measurements
was using a voltage of 30.0 kV. As a conclusion, the best results for the detection of the anions in
ILs were obtained with 10.0 mM ammonium acetate buffer and a pH-value of 10.34. The following
measurements were carried out at 25 °C and at a voltage of 30.0 kV.
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3.2. Monitoring the Anionic Stability in lonic Liquids

In Figure 3A, there was only one peak with a migration time of 20.1 min. This peak revealed
an my/z ratio of 279.9173, which could be assigned to the anion TFESI™. The inset figure in Figure 3A
shows the fresh TFSI~ sample. The calculated m/z ratio of TFSI~ was 279.9178 and the measured
m/z ratio was 279.9173. The deviation was lower than 2 ppm. The same result was obtained for the
samples aged at room temperature and at 60 °C. In conclusion, the temperature had no influence on
the decomposition of the anion.
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Figure 3. Electropherograms of the detected m/z ratio 279.9173 of the fresh and aged TFSI™ sample (A)
and of the detected m/z ratio 179.9238 of the fresh and aged FSI~ sample (B).

In Figure 3B, one peak at a migration time of 22.5 min and a m/z ratio of 179.9238 was detected.
In Figure 3B, the inserted figure shows the measurement of the fresh sample. The calculated m/z ratio of
the FSI™ was 179.9242. Accordingly, the deviation was 2.38 ppm. This peak was attributed to the FSI~
anion aged at 60 °C. The same m/z ratios were also detected for the samples aged at room temperature.
Overall, no decomposition products were observed. These results confirmed the stability study by
Pyschik et al. in which the ILs were investigated by the hyphenation of ion chromatography and mass
spectrometer [29]. Decomposition products were only detected for the FSI™ anion mixed with the
conductive salt lithium hexafluorophosphate or lithium perchlorate. No decomposition product of the
TFSI™ anion were observed [29]. Since no internal standard was used during the measurements, it was
not possible to note changes in the areas.

3.3. Application for the Investigation of Decomposition Products in a LiPFs-based Electrolyte

The electrolyte was aged at 60 °C for one month mixed with PS and with one of the following
OPs: DMP, DEP and TEP. PS is a commonly used electrolyte additive in LIB electrolytes. DMP, DEP
and TEP are possible decomposition products from the reaction of the lithium salt with the carbonates
and are also used as flame retardants in LIB electrolytes [51]. As reference sample, the electrolyte
was also aged without additive and without OPs. In Figure 4, the electropherogram of the reference
sample is shown. Beside the detected m/z ratio of PF¢~ (1), the decomposition product (2) with the m/z
ratio of 122.9853 was determined at 12.6 minutes (see inset). In Table 1, all calculated and measured
m/z ratios as well as the deviations and the related structures of the formed decomposition products
mentioned in this part are given. Most of the deviations were in the range of 3 ppm. The combination
of temperature and short storage time showed a slight aging of the electrolyte.
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Figure 4. Electropherogram of the aged reference electrolyte sample.
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Table 1. Proposed structures for the calculated and measured m/z ratios together with the deviation in

ppm in the aged electrolyte samples.

Calculated Measured Deviation
Structure Compound Number /= Ratio /= Ratio (ppm)
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Table 1. Cont.

Calculated Measured Deviation
Structure Compound Number m/z Ratio m/z Ratio (ppm)
1)
oe—u—o
| Diethyl phosphate ) 153.0322 153.0324 +1.18
h
0
ol /
O*T*O Ethyl fluoro phosphate (10) 126.9966 126.9960 —4.59
F

In Figure 5, the electropherogram of the detected m/z ratios in the aged electrolyte sample with
DMP and PS is shown. For a better overview, the peak of PF¢™ is not shown in the electropherogram.
It is interesting that no m/z ratio of DMP was detected in the aged sample. Accordingly, DMP reacted
completely to other decomposition products from the electrolyte mixture. The following OPs were
determined in the aged sample: (2) 122.9850 m/z (3) 185.0218 m/z, (4) 197.0584 m/z, (5) 169.0277 m/z,
(6) 157.0069 m/z, (7) 112.9806 m/z, and (8) 266.9833 m/z. Kraft and Weber et al. investigated this electrolyte
by IC/ESI-MS and gas chromatography (GC)-MS and described the formation of several OPs in aged
electrolytes [37,41,43-46]. In the electropherogram (Figure 5), some of the reported m/z ratios were
detected. The advantage of the applied CE method is the baseline separation of the OPs without using
a non-commercially available two-dimensional setup [46]. The two-dimensional IC technique with
heart-cutting mode was developed to separate the ionic OPs from each other. On the first dimension,
the OPs were pre-separated from the hexafluorophosphate anion, then the analytes were retarded on
a preconcentration column and separated isocratically on the second dimension. Different stationary
phases and eluents were used on the second dimension as compared to the first dimension [46].
The fluorinated decomposition product (8) with the m/z ratio of 266.9833 was formed by reaction of
two OPs. Relating to this, Matsumoto et al. reported the polymerization of trimethylphosphate in LIB
electrolytes [52]. However, the structure of the decomposition products formed by two OPs should be
cleared by further structural clarification methods like nuclear magnetic resonance (NMR).
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Figure 5. Electropherogram of the organophosphates (OPs) in the aged electrolyte sample containing
dimethyl phosphate (DMP) and 1,3-propane sultone (PS).

In Figure 6, the electropherogram of the determined m/z ratios from the mixture of the LIB
electrolyte, PS and DEP (9) is illustrated. Beside DEP (9), the decomposition products (2-7)
were the same as in the previous sample. Additionally, the m/z ratio of 126.9966 (10) was
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detected in this sample. This decomposition product was related to 2-((fluoro(2-(phosphonooxy)
ethoxy)phosphoryl)oxy) ethanolate.
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Figure 6. Electropherogram of the OPs in the aged electrolyte sample containing DEP (9) and PS.

The electropherogram in Figure 7 shows the detected m/z ratios of the aged electrolyte sample
mixed with TEP and PS. Since DEP (10) was detected, it can be concluded that the compound was
formed from TEP. Furthermore, the formation of DEP from TEP could be the reason that the same
compounds were detected like in the electrolyte sample mixed with DEP and PS.

1.2x10°
——122.9850 nvz (2)

——— 185.0220 m/z (3)

(10) ——197.0584 m/z (4)
——169.0277 m/z (5)

. 157.0071 m/z (6)
8.0x10° - @ [ ——112.9806 m/z (7)
" —— 153.0324 m/z (9)
——— 126.9966 m/z (10)

Intensity [cps]

4.0x10" -

0.0

L
8.0 10.0 12.0 14.0 16.0
Time [min]

Figure 7. Electropherogram of the OPs in the aged electrolyte sample containing TEP and PS.

4. Conclusions

In this work, the optimization of a method for the hyphenation of a CE with Q-TOF-MS to detect
anions in ILs and in LIB electrolytes was shown. For the detection of the anions, the buffer concentration,
pH-value and CE conditions were optimized. The best buffer contained of 10 mM ammonium acetate with
a pH-value of 10.3. The measurements were done at 25 °C, and a capillary voltage of 30.0 V was applied.
The decomposition of the anions was investigated at room temperature and at 60 °C. The method for
the detection of the TFSI™ and FSI™ anions showed short migration times and the reported results were
confirmed by IC/ESI-MS [29]. The TFSI™ and FSI™ anions did not decompose at higher temperatures.
The deviations of the detected m/z ratios of the anions to the calculated m/z ratios were lower than 3.0 ppm.
Additionally, the developed method was applied to detect OPs in LIB electrolyte. In the reference sample,
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only one decomposition product was detected. However, in the samples with the addition of DMP,
DEP or TEP, more decomposition products were determined. In the sample with DMP, DMP reacted
completely to other decomposition products, which included a long-chain OP not previously detected.
In the DEP mixture with PS in the electrolyte, one more OP was formed compared to the use of DMP
in the electrolyte mixture. The long-chain OP was not determined in this sample. The mixture of TED,
PS, and the LIB electrolyte showed the same OPs as in the DEP in the electrolyte mixture, since DEP
was formed from TEP in this case. In the related electropherograms, the decomposition products were
baseline-separated, although the structure of the OPs were fairly similar. The deviations of the detected
m/z ratios of the OPs to the calculated m/z ratios were approx. 3.0 ppm. The hyphenation of the CE with
the Q-TOF-MS is very suitable to investigate the formation of OPs in LIB electrolytes, since the baseline
separation of OPs is possible without using a complex two-dimensional IC setup.

Author Contributions: M.P. and S.N. conceived and designed the experiments; M.P. performed the experiments
and analyzed the data; M.P., M.W. and S.N. wrote the paper.
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