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User Benefits

@ Fast and sensitive analysis of fluoride and related anionic products in Li ion battery electrolytes
€ Organic modifiers in the eluent for elution of strongly retarded hexafluorophosphate not required
€ Analysis of hexafluorophosphate in simple electrolyte compositions possible

N Introduction

A composition of the conducting salt lithium
hexafluorophosphate in a mixture of cyclic ethylene
carbonate with different short-chain linear organic
carbonates represents the essential electrolyte formulation
for modern Li ion batteries (LIB)." The commercial success of
the electrolyte was guaranteed by its well-balanced
properties. However, its main disadvantage includes high
chemical and thermal instability of LiPFg in the electrolytes
leading to formation of i.a. hydrofluoric acid and inorganic
as well as organic phosphates.23

lon chromatography (IC) is an important analytical method
for analysis of ionic compounds and decomposition
products in LIB to evaluate the electrolyte degradation.?
However, the analysis time of anions can be unacceptable
long* due to strong retention of highly polarizable PFy
requiring e.g., an additional gradient step with organic
modifiers3.

Column-switching IC applied in this article and initially
described in Application News No.L417 is a solution for fast
analysis of fluoride and related ionic degradation products
in LiPF,-based LIB electrolytes. The isocratic elution used in
this method has an advantage to significantly shorten the
analysis time by avoiding the equilibration step normally
necessary after the gradient step. The anions with relatively
low retention are transported by eluent through a short
column to the long analytical column, while PFy is eluted
after the switching from the short column to the waste (see
Fig. 1).
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Fig. 1 Flow diagram (connection details of self-regenerating suppression
not shown for better understanding)

B Experimental

The ion chromatograph applied for this article was a
modular Shimadzu LC system equipped with a system
controller CBM-40, an eluent degasser DGU-405, two inert
eluent delivery pumps LC-20Ai, an inert autosampler
SIL-20Ai, a column oven CTO-40S and a conductivity detector
CDD-10Avp with a suppressor ICDS-40A. The column
switching was performed by an inert 6-ports, 2-positions
valve FCV-12AHi controlled by Option Box VP. The control of
the instrument and data processing were performed by
Shimadzu LabSolutions chromatography data system
software. The analytical conditions are shown in Table 1.

Tab. 1 Analytical conditions

LC system Modular Shimadzu HIC-ESP

Column 1 Shim-pack IC-SA2 (G) (10 mm x 4.6 mm 1.D.,
9 um; P/N 228-38983-92)

Column 2 Shim-pack IC-SA2 (250 mm x 4.0 mm 1.D.,
9 um; P/N 228-38983-91)

Column temperature 40 °C

Eluent 0.6 mmol/L sodium carbonate /
12 mmol/L sodium bicarbonate

Flow rate 1 mL/min (isocratic)

Injection volume 10 pL

Suppressor ICDS-40A (P/N 228-74006-41)

Suppression
Detection

Switching time

self-regenerating (180 mA)
Conductivity (43 °C cell temperature)

1.5 min

Materials

The ultrapure water (ASTM Type 1) for preparation of the
eluent and dilution of standards was prepared by arium®
pro water purification system from Sartorius. Sodium
carbonate (> 99.8 %) and sodium bicarbonate (> 99.7 %) for
preparation of the eluent were purchased from Sigma
Aldrich  and  Honeywell  Fluka, respectively. lon
Chromatography Standards (1000 mg/L) of fluoride and
phosphate as well as sodium monofluorophosphate (95 %)
for preparation of standard solutions were purchased from
Sigma Aldrich. The salts of lithium difluorophosphate and
lithium hexafluorophosphate used for preparation of
standard solutions had battery grade purity.

The LIB electrolytes analysed in this work, commercial or
self-made, contained 1 mol/L LiPFg dissolved in organic
carbonates with battery grade quality. The composition of
organic carbonates was based on cyclic ethylene carbonate
mixed at different ratios (30/70 or 50/50, w/w) with
following linear carbonates: dimethyl carbonate or ethyl
methyl carbonate. The electrolytes contained no battery
additives. The self-made electrolytes were prepared in a
glove box.
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Standard and sample preparation

Standard solutions were prepared from commercial
standards by dilution in pure water or from manually
prepared solutions of dissolved salts in pure water with
concentration of 1000 mg/L of stock solutions.

For analysis on the analytical column 2: The electrolytes
were diluted in a fume hood in a lab with ambient humidity
with water 1/50 (v/v) by quick pipetting of 200 pL of
electrolyte to a 15 mL graduated PP tube containing 8 mL
pure water, immediate mixing and filling with water to
10 mL mark.

For analysis of PF¢" on the short column 1: The 1/50 diluted
samples were diluted 1/20 with pure water.

The samples were placed in 1.5 mL polypropylene screw
vials (P/N 961-10020-16) and closed with UltraClean PP
screw caps (P/N 961-10030-25) before the injection to IC.

B Results and Discussion

Separation in standard solutions and real samples

Figure 2 shows the analysis of standard solutions measured
on the analytical column 2. All compounds elute within 17
min and are baseline separated. The small internal volume
of the new Shimadzu electrolytic suppressor contributes to
the clear separation of fluoride from the water injection
peak.
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Fig. 2 Chromatograms standard solutions of fluoride (0.5 mg/L, black
trace), difluorophosphate (2 mg/L, pink trace), phosphate (10 mg/L,
blue trace), monofluoro-phosphate (10 mg/L, brown trace) and
hexafluoro-phosphate (50 mg/L, green trace) analysed on the
analytical column 2

All standard solutions from prepared salts and standards
have no ionic contaminants or degradation products with
exception of sodium monofluorophosphate, which show
fluoride and phosphate peaks. The standard solution of PFy’
prepared at concentration 50 mg/L contains only
insignificantly small peak of fluoride.

Figure 3 shows an overlay of chromatograms of six
subsequent injections of a representative fresh electrolyte.
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Fig. 3 Overlay of chromatograms for six injections of a representative
electrolyte sample

The presence of small peaks of fluoride and difluoro-
phosphate without any further inorganic phosphates is
typical for non-decomposed and fresh electrolytes. Since
the LiPF6-based LIB electrolytes are extremely sensible to
traces of water, the electrolytes are normally prepared from
chemicals with battery grade purity and under maximally
possible exclusion of water like in special dry rooms or in
glove boxes. However, the small impurities of water or
degraded products can not be excluded. In addition, the
degradation process during the sample preparation in a
laboratory with ambient humidity and the first contact with
water during dilution can also contribute to the content of
fluoride and difluorophoshate* Therefore, the quick
handling during dilution of electrolytes in water is important.
After dilution, the content of hexafluorophosphate remains
stable within several days as investigated by Terborg et al#
The stability of content of fluoride and difluorophosphate in
diluted samples was also confirmed in this article by six
subsequent injections of the electrolyte sample as shown in
Figure 3.

The positive peak at 2.5 min, assumedly caused by lithium
ions, and the small deformation of the baseline at 17-19
min was characteristic for all analysed electrolytes.

Precision and linearity

High precision of retention time and peak area was
determined as summarised in Table 2.

Tab. 2 % RSD (n=6) of retention time and peak area

Compound % RSD, tg % RSD, area
Fluoride 0.069 1.2
Difluorophosphate 0.075 2.3

Standard solutions of fluoride and difluorophosphate were
measured in the concentration range 0.2-20 mg/L injecting
following five standard solutions: 0.2, 0.5, 2, 5 and 20 mg/L.
High linearity was obtained with the coefficient of
determination r? > 0.99985 for fluoride and r > 0.99999 for
difluorophosphate.

Quantitation of compounds

The content of analysed compounds in three different fresh
electrolytes is summarised in Table 3. As expected, the
concentration of fluoride in fresh electrolytes was generally
low which confirms the results of the previous work.

Tab. 3 Content of fluoride and difluorophosphate in electrolyte
samples with related RSD (n=3, individually prepared samples) as
well as content of hexafluorophosphate in same samples

Compound / Sample EL1 EL2 EL3
F (mg/L) 35 53 66
F (% RSD) 0.96 1.1 8.6
PO,F, (mg/L) 0.72 0.92 0.86
PO,F, (% RSD) 33 1.1 2.1
PFg (mol/L) 1.0 0.99 1.0
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Furthermore, hexafluorophosphate was determined via
single-calibration point after reconnection of the inlet
capillary to the suppressor and conductivity cell on the
switching valve to provide eluent flow from the column 1.*
Figure 4 shows analysis of electrolytes and a PF, standard.
The content of hexafluorophosphate was determined via
single-point calibration at ca. 1 mol/L confirming the value
in electrolytes as labelled or prepared.

* contact local Shimadzu organization for detailed information
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Fig. 4 Analysis of three different electrolytes (LiPFg 1 mol/L) diluted
1/1000 with water (v/v) (black, purple and blue traces) as well as 150
mg/L PF standard solution (brown trace) on the short column 1.

B Conclusion

The column-switching ion chromatography method
presented in this article provides fast and sensitive analysis
of hydrolysis products of lithium hexafluorophosphate in Li
ion battery electrolytes. The low content of fluoride and
difluorophosphate indicates low decomposition degree of
electrolytes, but it was slightly different for individually
prepared dilutions of the same sample. Therefore, the
individual dilution of multiple samples in combination with
low number of re-injections would be preferable instead of
multiple injections of only one prepared sample since the
precision for peak area in at least as investigated fresh
electrolytes is high and sample preparation seems to be
more important for the analysis of LiPFs-based LIB
electrolytes.

In addition, the determination of hexafluorophosphate in
simple electrolyte formulations with single conducting salt
can be performed after reconnection of the inlet tube to the
suppressor and detection cell allowing suppressed
conductivity of the eluent from the short column.

The ion chromatographic analysis of fluoride and related
degradation products in LIB electrolytes complementary
applied with other analytical techniques can be
recommended for quality control of fresh electrolytes as
well as for aged electrolytes.
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