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Abstract

The thermal stability of the neat lithium hexafluorophosphate (LiPF6) salt and of 1 molal (m) solutions of LiPF6 in prototypical Li-ion batt
solvents was studied with thermogravimetric analysis (TGA) and on-line Fourier transform infrared (FTIR). Pure LiPF6 salt is thermally sta
up to 107 ◦C in a dry inert atmosphere, and its decomposition path is a simple dissociation producing lithium fluoride (LiF) as solid and PF5

gaseous products. In the presence of water (300 ppm) in the carrier gas, its decomposition onset temperature is lowered as a result of direct therm
reaction between LiPF6 and water vapor to form phosphorous oxyfluoride (POF3) and hydrofluoric acid (HF). No new products were observed
1 m solutions of LiPF6 in ethylene carbonate (EC), dimethyl carbonate (DMC) and ethyl methyl carbonate (EMC) by on-line TGA–FTIR analy
The storage of the same solutions in sealed containers at 85 ◦C for 300–420 h did not produce any significant quantity of new products as w

In particular, no alkylflurophosphates were found in the solutions after storage at elevated temperature. In the absence of either an impurity like
alcohol or cathode active material that may (or may not) act as a catalyst, there is no evidence of thermally induced reaction between LiPF6 and
the prototypical Li-ion battery solvents EC, PC, DMC or EMC.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Lithium hexafluorophosphate (LiPF6) is the most wid
used salt in the electrolytes for commercial Li-ion cells. T
thermal stability and interaction of this salt with the orga
solvents in the electrolytes have been studied experimenta
[1–3] by thermogravimetric analysis (TGA), differen
scanning calorimetry (DSC) and accelerating rate calorime
(ARC), and computationally by density functional theory (DF
and molecular dynamics (MD) methods [4]. However, all
thermal analysis techniques used so far test thermal stabil
based on macroscopic quantities such as mass loss, heat flo
or self-heating rate measured as a function of temperature. T

results have been inconsistent in part because the temperatures at
which thermally activated processes were observed differed sig-
nificantly depending on the thermal analysis method used. For

∗ Corresponding author. Tel.: +1 510 486 6226; fax: +1 510 486 5530.
E-mail address: pnross@lbl.gov (P.N. Ross Jr.).
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example, as measured by DSC [2,3] the temperature for on
of thermal decomposition of the neat salt LiPF6 was 200 ◦C i
hermetically sealed sample pan and 177 ◦C at ambient pressu
In related ambient pressure experiments [1,2], the onset temp
ature varied by as much as 130 ◦C between DSC and TGA m
surements. In addition, the identification of the decomposit
products is also the subject of debate in the literature [5,6]. Wh
both Armand and Abraham agreed that thermal dissociation
ethylene carbonate, EC:LiPF6 solvent alone does not produ
fluoro-organics, they disagreed on the nature of catalysts wh
activate the formation of fluoro-organics during storage
elevated temperature ∼85 ◦C. Armand attributed a cataly
effect to cathode active material (e.g. LiCoO2 and LiNiO
while Abraham et al. attributed production of fluoro-organ
in DEC:LiPF6 electrolyte to a catalytic effect of phosphoro
oxyfluoride (POF3) generated by reaction of alcohol impurit

with PF5. Clearly, the thermochemistry of the commonly used
Li-ion battery electrolytes still needs further elucidation.

In this study, we use TGA and on-line Fourier transform
infrared (FTIR) to investigate the thermal stability of neat LiPF6

Duesenfeld Ex. 2021-002
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Fig. 1(A). The effect of water on the TG profile deviation is
subtle, with a comparable (ca. 17%) mass remaining when tem-
perature reaches 257 ◦C. However, the influence of water vapor
is demonstrated more clearly by the derivative thermogravime-
574 H. Yang et al. / Journ

in both an inert gas environment and with water added t
inert gas (300 ppm), as well as thermal reaction of the salt
variety of alkyl carbonate solvents (EC, PC, dimethyl carb
(DMC) and ethyl methyl carbonate (EMC)) up to 300 ◦C
absence of any purported catalytic agents.

2. Experimental

LiPF6 (Aldrich, 99%) and 1 molal (m) LiPF6/eth
carbonate, 1 m LiPF6/ethyl methyl carbonate and
LiPF6/dimethyl carbonate were used as received. The solu
were supplied by the Army Research Lab (Adelphi, MD)
water content of all the electrolytes is less than 10 ppm. A
sample handlings were performed in inert atmosphere wi
air exposure even momentarily.

The TGA–FTIR was a thermogravimetric analyzer (M
2960, TA Instruments) with on-line gas analysis by a Fo
transform infrared Spectrometer (Nexus 470, Nicolet) equ
with a temperature-controlled transmission gas cell. The
pling between TGA and FTIR is via heated quartz cap
Both FTIR gas cell and capillary were heated to 200 ◦C d
experiments to prevent deposits on their walls. To ensure
inert atmosphere environment, the entire TGA and FTIR ga
were housed in argon-purged glovebag. Special care was
to ensure that the FTIR optical path was properly purged
that the background signal from residual moisture and carb
dioxide (CO2) is negligible during the experiments. The
working condition of the entire apparatus was checked
thermal decomposition of a copper oxalate sample, as re
mended by Mullens et al. [7].

The TGA–FTIR setup measures the change in sample w
as a function of temperature while simultaneously monit
the volatile components evolved from samples as a res
thermal decomposition. The measurement can be perfo
under either isothermal or non-isothermal conditions. Und
non-isothermal condition, the sample is heated at a contr
rate, typically 10 ◦C min−1, until the mass loss is negli
The isothermal experiments were carried out by rampin
sample temperatures to a target temperature, followed by
ing the temperature for 1 h. The target temperature was
increased sequentially until the sample has decomposed
pletely. The gas phase products were continuously swept
rate of 220 ml min−1) into the FTIR gas cell using either
purity argon (Research Grade, less than 10 ppm water) a
rier gas, or argon with water vapor added to 300 ppm. The
spectra were continuously acquired at a resolution of 4
and summed over 32 scans during the thermogravimetric
surements. The time delay between the TGA sample cha
and the IR cell, including the spectrum acquisition time
about 1 min. All gas phase IR spectra are reported in un
relative absorbance, log(I/I0), where I0 is the spectrum at
zero (before start of temperature ramp). The mass loss rep
in this work has ±1% accuracy.
For long-term stability experiments, 1 m LiPF6/EC, 1 m
LiPF6/DMC and 1 m LiPF6/EMC electrolytes were transferre
in the glovebox to high-density polypropylene bottles that wer
sealed with screw caps and propylene gaskets. The bottles wer
ower Sources 161 (2006) 573–579
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then placed in an evacuated (<30 mTorr) environmental c
ber heated to 85 ◦C for 420 h for cyclic carbonates and
for linear carbonates. The compositions of the electrolytes
then measured by FTIR using the attenuated total refle
(ATR) method [8]. Transfer of the liquid samples from
polypropylene bottles to the ATR sample plate was done w
an argon-purged glovebag enclosing the entire FTIR spec
eter. The spectra were acquired at resolution of 4 cm−1 and
scans of 512.

3. Results and discussion

3.1. Thermal decomposition pathway of LiPF6

Thermogravimetry (TG) profiles of pure LiPF6 salt obta
at a heating rate of 10 ◦C min−1, with carrier gas containin
than 10 ppm of water (solid line) and with 300 ppm of
(dashed line), respectively, follow similar trends as show
d
e
e

Fig. 1. (A) Mass loss (left) and rate of mass loss (right) during thermal decompo-
sition of LiPF6 at a heating rate of 10 ◦C min−1 in argon (flow rate: 220 ml min−1)
containing <10 ppm H2O (solid line) and with 300 ppm water vapor (dashed
line); (B) derivative thermal analysis (DTA) profile in the same experiment.

Duesenfeld Ex. 2021-003
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Table 1
POF3 and PF5 experimental vibrational frequencies assignments

Calculated (cm−1) Experimental (cm−1) Assignment

(a) Vibrational frequencies of PF5

946 1018 PF(1) stretching mode
904 945 PF(2) stretching mode
512 574 PF(1) bending mode
475 534 PF(2) bending mode

(b) Vibrational frequencies of POF3

1329 1416 P O stretching mode
909 989 PF asymmetric stretching mode
789 871 PF symmetric stretching mode
H. Yang et al. / Journal o

try (DTG) profile, i.e. dm/dT verses T plot, which indicate
clearly defined shift in the TG inflection point when 300 p
of water is present in the carrier gas. Also apparent in the DT
is a decreasing of the onset temperature for mass loss (in
of Fig. 1(A)) by ca. 27 ◦C in the presence of 300 ppm wa
vapor. As shown in the differential thermal analysis (DTA) tra
(Fig. 1(B)), thermal decomposition of LiPF6 is an endotherm
process. A small endothermic peak at ca. 197 ◦C superpos
on the main decomposition endotherm, previously reported
Ravdel et al. [9] using differential scanning calorimetry, w
attributed to a solid-phase transformation.

The presence of water vapor did have a significant eff
on the composition of gaseous products during decompo
tion/volatilization. The typical FTIR spectrum of initial deco
position products of LiPF at 215 ◦C in dry conditions (<10 p
6
water) is shown in Fig. 2(A). Spectral features of strong inten-
sity are observed at 1018 cm−1 and 945 cm−1, along with weak
features at 574 cm−1 and 534 cm−1. The comparison between

Fig. 2. FTIR spectra of gaseous products from LiPF6 decomposition at
T = 215 ◦C in low moisture environment (A) and at T = 206 ◦C in environment
containing 300 ppm water vapor (B). Spectrum in (A) is assigned entirely to PF5

and (B) to a mixture of POF3 and HF (see Table 1 for details).
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(1)

m-
In
as,
431 483 PF3 bending mode
421 473 PF3 and P O bending mode

experimental measured and calculated vibrational frequenc
of PF5 suggests that all of the features in this spectrum co
be attributed to vibrational modes of PF5, as summarized
Table 1a. With the carrier gas containing 300 ppm water vap
other products are observed in addition to PF5, as shown
Fig. 2(B) at 206 ◦C. A series of rotational bands spann
4300–3600 cm−1 are characteristic of vapor phase hydrofluo
acid (HF), consistent with stretching frequency predicted fr
force constant of F–H [10]. In addition, strong absorption pea
are observed at 1416 cm−1, 989 cm−1 and 473 cm−1, along w
weak features at 872 cm−1 and 483 cm−1. The peak at 821 cm
(marked by asterisk) originated from a solid residue on the IR c
wall and not from gas phase product in this case. By compar
these spectral features with vibration frequencies of phosph
rous oxyfluoride from our molecular orbital (MO) calculatio
(see Table 1b), we could readily assign the peak at 1416 cm−1

a P O stretching mode, and those at 989 cm−1 and 871 cm−1

asymmetric and symmetric stretching mode of the = PF3 gro
respectively. The peak at 483 cm−1 is attributed to a PF3 ben
ing mode, while coupling of P O and PF3 bending modes gi
rise to the peak at 473 cm−1.

The relative concentrations of gases extracted from the
spectra acquired during the TG analysis could be easily rela
to sample weight loss. The selected infrared peak intensities (P
1018 cm−1; POF3 1416 cm−1; HF 4038 cm−1) representative
each gas phase products during LiPF6 thermal decomposit
are shown in Fig. 3. Clearly, in the dry carrier gas, PF5 (so
line) is the only gas phase product detected by FTIR in the ent
temperature range of 107–267 ◦C. The weight percent of
remaining solid product at the end of TG analysis was 17.1%
initial mass, in good agreement with calculated lithium fluor
(LiF) to LiPF6 mass ratio in the reaction

LiPF6 → LiF + PF5

Therefore, the LiPF6 thermal decomposition path is the si
ple dissociation of the salt under dry (<10 ppm) conditions.
contrast, in the presence of 300 ppm water vapor in carrier g

besides PF5, a significant amount of POF3 and HF are produced
across a wide temperature range, and their evolution profile fol-
lows similar trend as a function of temperature (dashed lines in
Fig. 3), indicating that they are produced simultaneously. The

Duesenfeld Ex. 2021-004
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Fig. 3. Evolution of gaseous products as a function of temperature during the
w rate

00 ppm
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evolution peak is nearly identical to that for the neat salt. The
mass remaining at 300 ◦C was 3%, in good agreement with the
mass ratio of LiF in LiPF6/EC (3.6%), and well within the 1%
accuracy of the instrument. Therefore, there is no indication of
mal decomposition of LiPF6 at a heating rate of 10 ◦C min−1 in argon (flo
220 ml min−1) containing less than 10 ppm water (solid line) and with 3
water vapor (dashed line).

evolution of HF and POF3 prior to PF5 could only be the
of direct reaction between LiPF6 and moisture, i.e.,

LiPF6 + H2O → LiF + POF3 + 2HF

The insert in Fig. 3 shows that the onset temperature for this
tion is ca. 27 ◦C lower than that of dissociation to PF5 (∼11
in dry conditions. Interestingly, there is also a delay/sh
higher temperature and an overall reduction of normaliz
peak intensity of PF5 in the presence of water. This may d
PF5 reaction with water in the carrier gas via.

PF5 + H2O → POF3 + 2HF

At temperatures above 117 ◦C, the evolution of HF and
persists, most likely proceeding simultaneously via reactio
and (3) until all the LiPF6 is completely converted into Li

The TG analysis of LiPF6 at isothermal conditions wa

ried out to determine the possibility of kinetically slow processe
that may be difficult to observe in non-isothermal measure
ments. As shown in Fig. 4, in the dry gas there is apparentl
no mass change within 1 h at 70 ◦C or 90 ◦C, and only 3.2%

Fig. 4. Isothermal curves of LiPF6 decomposition from 70 ◦C to 150 ◦C at tem
perature intervals of 20 ◦C in dry (<10 ppm H2O) carrier gas.
ower Sources 161 (2006) 573–579

r-
:

mass loss is observed after one additional hour at 110 ◦C. T
results clearly demonstrated that LiPF6 is thermally stab
to 90 ◦C in a dry environment. The onset temperature
isothermal condition of ca. 110 ◦C is in excellent agreemen
that obtained from the non-isothermal experiment. The 60–
shift to lower temperature in the TGA experiment here v
the DSC experiments [2,3] is due to the continuous sweep
the PF5 from the sample vessel by the carrier gas.

3.2. Thermal gravimetric analysis of solutions of LiPF6
salt in EC and PC

The TGA–FTIR analysis of the LiPF6/EC solution wit
carrier gas (<10 ppm water) is shown in Fig. 5(A), wher
tually all the spectral features originate from vapor phas
and PF5. In both Fig. 5(A) and (B), the spectra of EC an
evolving from the electrolyte were essentially identical to
tra evolving from the pure compounds. The shape of th
s
-
y

-

Fig. 5. Gaseous products distribution of 1 m LiPF6/EC solution obtained from
on-line TGA–FTIR at a heating rate of 10 ◦C min−1 in argon (flow rate:
220 ml min−1): (A) dry (<10 ppm water) and (B) with 300 ppm water vapor in the
argon. The following infrared peak intensities (EC 1876 cm−1, PF5 1018 cm−1,
POF3 1416 cm−1, HF 4038 cm−1) were selected to represent each gas phase
products.
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any reaction between EC and LiPF6. The continued evolut
of EC after PF5 formation is complete presumably comes fr
EC:LiF solvate. With water vapor in the carrier gas, the profi
in Fig. 5(B) in comparison to those in Fig. 3 reveal that the evo
tion of POF3 and HF from the LiPF6/EC solution were chang
very little by the presence of EC, indicating the water rea
with LiPF6 via reaction path (2) and reaction path (3) essentia
unimpeded by the EC. The result also implies that the POF3 a
HF gases do not react further with the EC to form other pr
ucts, at least under these non-isothermal (dynamic) conditio
TGA–FTIR analysis of LiPF6/PC produced results essentia
identical to those shown for LiPF6/EC system. During TG an
ysis up to 300 ◦C, we found no evidence of gaseous produ
formed by reactions between the cyclic carbonates EC and
and LiPF6, or its decomposition products, such as PF5, PO
and HF. In particular, there was no evidence of carbon di
ide, for which the IR analysis is particularly sensitive. Howev
reactions that do not result in weight loss and gaseous produ
would not be detected by the TGA–FTIR experiment, e.g. th
mal reaction via acid-catalyzed ring-opening polymerization
EC could not be easily detected. Nonetheless, if the polym
ization of EC did proceed, there would be simultaneous C
evolution. Even with very high IR sensitivity for CO2, we
not detect any trace of CO2 release during the TGA experime
and the mass of the solid residue was consistent with LiF as
only solid product formed.

3.3. Thermal stability of solutions of LiPF6 salt in DMC
and EMC

TGA–FTIR analysis of 1 m LiPF6/EMC and 1 m LiPF6/DM
solutions did not yield meaningful results. The evaporation
the solvents in these solutions into flowing carrier gas is so ra
at low temperature (<127 ◦C) that there is little or no solv
left to react with the salt as it dissociates. More meaning
results for these solutions were obtained from FTIR ana
sis of the solutions after storage at elevated temperature. T
spectral comparison of 1 m LiPF6/EC before (spectrum a) a
after storage (spectrum b) is presented in Fig. 6. No new f
tures or changes induced by elevated temperature are observ
within the detection limit of FTIR. Even after deliberately add
300 ppm of H2O, the electrolyte spectrum (c in Fig. 6) is nea
unchanged from that of the starting solution. There is a new sm
peak in the C H region at 2850 cm−1, which could be assign
to aliphatic methylene group ( CH2 ) symmetric stretch
mode (the asymmetric stretching mode would fall under
strong EC peak at 2933 cm−1) and would be indicative of ri
opening cleavage of EC. However, by scaling the peak intens
(0.0008 abs. units) of aliphatic ( CH2 ) with that of ( CH2
EC at 2933 cm−1 (0.0175 abs. units), the upper limit of EC cle
age was estimated to be 5% of the total EC for the electrol
with 300 ppm of water added.

IR spectra of solutions of LiPF6 in the single component l

ear carbonate solvents DMC and EMC after storage at 85 ◦C for
300 h are shown in Figs. 7 and 8, respectively. The interpretation
of these spectra is complicated by a stronger effect of ion sol-
vation on characteristic vibrations of both the PF6

− anion and

of
Fig. 6. FTIR spectra in (A) 2000–700 cm and (B) 3150–2750 cm reg
of: (a) 1 m LiPF6/EC solution; (b) after storage at 85 ◦C for 420 h in a clo
container; and (c) same storage experiment with 300 ppm H2O added.

the solvent molecules than in EC. A discussion of the reaso
for these differences is beyond the scope of this work, and w
be the subject of a separate paper. The shifts due to ion sol
tion are seen in the comparison of the (a and b) spectra: n
band on the low frequency side of the carbonyl group (C
vibration at 1750 cm−1; new band on the high frequency s
of the carbonate group O C O asymmetric stretching mode
1266 cm−1; a new band on the high frequency side of the C
stretch of the methoxy group at 2860 cm−1; and a splitting of
P F stretching band of (PF6)− anion in EC (at 843 cm−1) i
two bands in DMC and EMC that we attribute to ion-pair
in the latter solvents. However, the subsequent spectra (c a
d) after high temperature storage either with (d) or without
added water show no new bands. The increases in relative int
sity of the ion solvation side bands are due to evaporation

solvent from the containers that were not (as it turns out) her-
metically sealed. What is not observed is a characteristic band of
alkylflurophosphates, e.g. OPF2OR and/or OPF(OR)2 where R
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(b) 1 m
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F6 in
Fig. 7. Same experiment as in Fig. 6 for 1 m LiPF6/DMC: (a) pure DMC;
LiPF6/DMC solution; (c) after storage at 85 ◦C for 300 h; and (d) with 30
H2O added.

could be either methyl or ethyl. The presence of alkylfluro
phates would give rise to three characteristic absorption b
in spectral region of 1320–1140 cm−1, 1088–920 cm−1

890–805 cm−1, respectively. The 1320–1140 cm−1 band is
P O stretching mode and its exact position varies with the
of the Pauling electronegativities of the attached groups
The 1088–920 cm−1 band, with intensity comparable or str
than that of the1320–1140 cm−1 band, originates from P
(aliphatic carbon) mode [12–13]. The P F stretching mo
organic phosphorous-fluorine compounds is in the sam
quency region as the PF6

− anion [10]. Although it appear
there are some subtle changes in the P F region after ele
temperature storage, the absence of a new strong peak bet
1088 cm−1 and 920 cm−1 region indicates that alkylfluro
phates or compounds containing aliphatic P O R (R =
group) moieties are below the detection limit by IR spectros

which we estimate based on the reference spectra to be ca
1 mol%. In the recent work of Campion et al. [6], in the presenc
of ethanol added to DEC/1 M LiPF6 (at levels of 500–2000 ppm)
the amounts of OPF2OC2H5 observed by 19F NMR after storag
-
s
d

.
r

n
-
t
d
n
-
l
,

Fig. 8. Same experiment as in Fig. 6 for 1 m LiPF6/EMC solution: (a
EMC; (b) 1 m LiPF6/EMC solution; (c) after storage in closed containe
vacuum at 85 ◦C for 300 h; and (d) with 300 ppm H2O added.

at 85 ◦C were in excess of 4 mol%, easily within our dete
limit. Therefore, we conclude that in the absence of eith
impurity like alcohol or cathode active material that may (o
not) act as a catalyst there is no evidence of thermally ind
reaction between LiPF6 and prototypical Li-ion battery sol
EC, DMC or EMC even in the presence of water.

4. Summary

Pure LiPF6 salt is thermally stable up to 107 ◦C in
(<10 ppm water) inert atmosphere, and its decomposition p
a simple dissociation producing LiF as solid and PF5 as ga
products. In the presence of water (300 ppm) in the carrie
its decomposition onset temperature is lowered to about
as a result of direct thermal reaction between LiPF6 and
vapor to form POF3 and HF. One molal solutions of LiP
.
e
,
e

EC, DMC and EMC were heated in inert carrier gas to 267 ◦C
(10 ◦C min−1) and no new products were observed by on-line
FTIR analysis that would indicate reaction between the salt and
solvent. This was the case even in the presence of 300 ppm water
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in the carrier gas. In particular, no CO2, for which the FT
analysis is extremely sensitive, was detected. The storage of
same solutions in sealed containers at 85 ◦C for 300–420 h
not produce any significant quantity of new products that wo
indicate reaction between the salt and solvent. However, th
was some evidence of EC ring-cleavage in the solution conta
ing 300 ppm water, but less than 5% of the EC would have b
involved. In particular, no alkylflurophosphates were found
the DMC or EMC solutions after storage at elevated temperat
even in the presence of water. Therefore, we conclude that in
absence of either an impurity like alcohol or cathode active m
rial that may (or may not) act as a catalyst there is no evide
of thermally induced reaction between LiPF6 and prototyp
Li-ion battery solvents EC, DMC or EMC.
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