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a b s t r a c t

Six electrolytes were investigated for lithium metal battery applications. The electrolytes were composed
of combinations of four different salts (LiPF6, LiB(C2O4)2, LiI and LiN(SO2CF3)2) and three different sol-
vents (PC, DME, and 1,3-dioxolane). All six electrolytes had conductivities >3 mS cm−1 at temperatures
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from −20 to 40 C. Electrochemical impedance spectroscopy (EIS) and linear polarization, both at room
temperature and low temperature (−8 ◦C), provided congruent results. The LiI-based electrolyte had the
lowest film resistance, while 0.7 M LiB(C2O4)2–PC:DME (1:1) had the highest impedance. The presence
of 1,3-dioxolane in electrolytes provided lower impedance with LiB(C2O4)2 but higher resistance with
LiPF6-based electrolytes. NMR analysis of electrolytes after thermal abuse indicate that LiN(SO2CF3)2-
based electrolytes are the most thermally stable. SEM analysis suggests that surface modification and
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. Introduction

While lithium metal secondary batteries received significant
nterest in the early 1990s, problems primarily associated with
he generation of lithium dendrites upon cycling shifted research
way from lithium metal anodes [1]. However, the development
f lithium metal primary batteries continued [2]. In an effort to
evelop lithium metal primary batteries with good performance
haracteristics at low temperature (−8 ◦C) and long shelf lives (>1
ear), we have conducted a detailed investigation of the thermal
tability, surface reactions, and interfacial resistance of six dif-
erent electrolytes. The electrolytes contain four different salts,
iPF6, LiB(C2O4)2 (LiBOB), LiN(SO2CF3)2 (LiTfSI), and LiI, dissolved
n combinations of up to three different solvents, propylene car-
onate (PC), dimethoxyethane (DME), and 1,3-dioxalane. The salts
nd solvents were selected after a review of the lithium-ion sec-
ndary and lithium metal primary battery electrolyte literature
2–4].

It is well known that a solid–electrolyte interphase (SEI) is

pontaneously formed via reaction of lithium metal with most
on-aqueous electrolytes [1]. The SEI is primarily composed of the
ecomposition products of the salts and solvents and provides a
assivation layer inhibiting further electrolyte reduction [5]. For-
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ation of a stable SEI is critical to the performance of lithium metal
atteries. Understanding the role of the salt and solvent in the com-
osition of SEI is very important to develop lithium metal batteries
ith a wide temperature range and good shelf life.

. Experimental

Lithium hexafluorophosphate (LiPF6) was obtained from
ashimoto Chemical Corporation. Lithium bisoxalatoborate

LiBOB) was provided by Chemetal, Germany. Lithium iodide (LiI)
99.99%) and lithium bis(trifluoromethanesulfonyl)imide (LiTfSI)
99.95%) were purchased from Aldrich. The LiBOB, LiI and LiTfSI
ere vacuum dried at 80 ◦C for 24 h. PC (battery grade, H2O

20 ppm) was obtained from EM Industries. Anhydrous DME (H2O
30 ppm) and 1,3-dioxolane (H2O <50 ppm) were purchased from
ldrich. All solvents were stored over 3 Å molecular sieves for 2
eeks before use. Dimethyl acetamide (DMAc) and tributylamine

TBA) were purchased anhydrous from Aldrich without further
reatment. The electrolytes were prepared in an Ar-filled glove box
ith H2O <0.1 ppm. Electrolyte compositions are given in Table 1,
herein all ratios are volume ratios except the additives, whose

atios are weight ratios. Concentration of LiPF6-based electrolytes

s set to be 1.0 M, a typical concentration used in the lithium-ion
attery industry. LiBOB-based concentration is set to be 0.7 M, due
o its poor solubility [3]. The concentration of LiI-based electrolyte
s referred to literature [2]. LiTfSI-based electrolytes is set to be
.75 M, since the large anion volume compared to the other three

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:blucht@chm.uri.edu
dx.doi.org/10.1016/j.jpowsour.2008.09.037
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Table 1
Electrolyte compositions and abbreviations used in this report.

1 LiPF6-1 1.0 M LiPF6–PC/DME (1:1), plus 1000 ppm DMAc
2 LiPF6-2 1.0 M LiPF6–PC/DME/1,3-dioxolane (1:1:1), plus 3000 ppm TBA
3 LiBOB-1 0.7 M LiBOB–PC:DME (1:1)
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Fig. 1. Conductivity of prepared electrolytes vs. temperature.
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LiBOB-2 0.7 M LiBOB–PC:DME:1,3-dioxolane (1:1:1)
LiI 0.75 M LiI–DME:1,3-dioxolane (1:2)
LiTfSI 0.75 M LiTfSI–DME:1,3-dioxolane (1:2)

alts which introduces a high viscosity into the electrolyte as
oncentration increases [3].

The conductivities of the electrolytes were measured with a
12 Conductometer from Metrohm Ltd. at several temperatures:
20, 0, 20, and 40 ◦C. The physical properties of the solvents
re listed in Table 2. Two lithium/electrolyte/lithium coin cells
NRC-ICPET, 23 mm in diameter) for each electrolyte were pre-
ared. The surface area of the counter/reference lithium foil is
.3 cm2, while the working lithium foil has a surface area of
.8 cm2. Cell to cell variation was less than 5%. Electrochem-

cal impedance spectroscopy (EIS) and linear (dc) polarization
nalysis of the coin cells were performed using a 263A potentio-
tat/galvanostat (Princeton Applied Research). The EIS frequency
anged from 100 kHz to 0.1 Hz in order to study the evolution
f the SEI without the risk of charge–discharge behavior dam-
ging the SEI film at lower frequencies. The EIS ac perturbation
mplitude was 2.5 mV for room temperature measurements and
.0 mV for low temperature (−8 ◦C) measurements. Linear polar-

zation analysis was performed by cyclic voltammetry (CV) at a
canning rate of 0.02 mV s−1 from the open circuit voltage – 0.0 mV
n the case of Li/Ele/Li – to 10.0 mV. The contribution of cell resis-
ances to polarization was determined as the slopes of the linear
lots.

Samples for NMR spectroscopy were prepared in an Ar-filled
love box. NMR sample tubes were flame-sealed and stored for
et amounts of time at 80 ◦C. NMR spectroscopy was performed
sing a JEOL 400 MHz NMR spectrometer. 13C NMR, 19F NMR and

1B NMR spectra were collected using a single pulse method. Spec-
ra references were 13C TMS at 0 ppm, 19F LiPF6 at 65.0 ppm and
1B LiBOB at 6.5 ppm. GC–MS analyses were obtained on an Agilent
echnologies 6890 GC with a 5973 Mass Selective Detector and a
P-5MS Column. Helium was used as the carrier gas with a flow

ate of 3.3 mL min−1. Samples were ramped from 30 to 250 ◦C at
0 ◦C min−1. Scanning electron microscopy (SEM) analyses of the
oaked lithium metal electrodes were conducted on a JEOL-5900
canning Electron Microscope. Samples were rinsed by anhydrous
ME and dried under vacuum overnight and transferred from glove
ox to SEM chamber in a sealed transport container filled with
rgon.

. Results and discussion

.1. Conductivity of the electrolytes
The temperature dependence of LiPF6- and LiBOB-based elec-
rolytes have similar trends. There is a steady decrease in
onductivity with decreasing temperature (Fig. 1). The incorpo-
ation of the lower viscosity solvent, 1,3-dioxolane, increases the

p

t
a
r

able 2
hysical properties of solvents [4].

Acronym Dielectric con

ropylene carbonate PC 64.95
,2-Dimethoxy ethane DME 7.075
,3-Dioxolane 7.13
Fig. 2. Typical EIS Nyquist plot for Li/Ele/Li cell.

onductivity by 3–4 mS cm−1 for LiPF6-based electrolytes and by
1 mS cm−1 for LiBOB-based electrolytes.

The conductivity of the LiI-based electrolyte is largely tem-
erature independent with a slight trend toward increasing
onductivity with decreased temperature [2]. Similar trends have
een reported with alkali metal salts in ethereal solvents with low
ielectric constants [6]. LiTfSI has a slight decrease in conductivity
hen temperature decreases. The high dissociation constant and

arge size of the LiTfSI anion makes it suitable for solvents with
ower dielectric constants [3] which result in low viscosity.

.2. EIS impedance

A typical Li/Ele/Li cell impedance spectrum and equivalent cir-
uit are provided in Fig. 2. The semicircle in the high to intermediate
requency range is attributed primarily to the SEI impedance, along
ith some charge transfer resistance which is typically small in

omparison [7–9]. From 19.7 to 0.1 Hz, there is a curve approach-
ng Zim = 0. This has been associated with finite length diffusion

henomena on a non-blocking electrode [10,11].

Impedance spectra for the anode SEI measured at 25 ◦C over
ime are provided in Fig. 3. The initial impedances, RSEI, range from
bout 125 � for LiI to 325 � for LiBOB-1. Upon storage of the cells at
oom temperature for 15 days a small impedance rise was observed

stant Viscosity (cP) Melting point (◦C)

2.51 −48.8
0.407 −58
0.589 −95
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Fig. 7 and generally agree with those determined by EIS. The low-
temperature resistance is about 10 times of the resistance at 25 ◦C.
The cells show the following trend in resistance: LiI ≈ LiTfSI < LiPF6-
1 ≈ LiBOB-2 < LiPF6-2 < LiBOB-1.
Fig. 3. SEI impedance vs. time, all measured at 25 ◦C.

or all electrolytes except LiTfSI. After storage at room temperature
or 15 days the cells were exposed to elevated temperature (50 ◦C)
or 3 days to simulate accelerated aging. After the accelerated aging
he cell containing LiI-based electrolyte had the lowest impedance.
oth the LiI and LiTFSI electrolytes had only small increases (15%
nd 13%, respectively) in the impedance after storage at elevated
emperature.

A significant increase in impedance was observed for all of the
ther electrolytes. The increase was greatest for LiBOB-1 (85%)
ollowed by LiPF6-2 (48%), LiBOB-2 (60%) and LiPF6-1 (45%). The
mpedance increases suggest that there is a complex relationship
etween the electrolyte composition (salt and solvent) and the
evelopment of the SEI layer. The incorporation of 1,3-dioxolane
ecreases the impedance for LiBOB-based electrolytes, LiBOB-1 vs.
iBOB-2, but increases the impedance of LiPF6-based electrolytes,
iPF6-2 vs. LiPF6-1. This suggests that both the salt and the solvent
re involved in surface film formation on lithium metal electrodes.

n the case of LiBOB electrolytes, the reaction of the 1,3-dioxolane
n the surface of Li may prevent further decomposition reactions of
he LiBOB salt. However, the Lewis acidity of LiPF6 (via generation of
F5) may catalyze polymerization of 1,3-dioxolane thus increasing
he impedance [12].
ig. 4. EIS spectra measure at −8 ◦C, before and after storage at 50 ◦C for 3 days.

Fig. 4 contains impedance measured at −8 ◦C, before and after
igh temperature storage (50 ◦C for 3 days). The impedance spectra

or LiPF6-2 and LiBOB-1 after accelerated aging are not provided due
o the extremely high resistances. The impedance trend at −8 ◦C is
imilar to that observed at 25 ◦C. The impedance of each cell at −8 ◦C
s roughly 10 times the impedance of the same cell at 25 ◦C. The SEI
lm impedances are summarized in Fig. 5.

.3. Linear (dc) polarization

In addition to EIS, linear (dc) polarization analysis provides
urther information about SEI film resistance [13–15]. Represen-
ative data is provided in Fig. 6. The slope of the linear fit of the
ata provides the cell resistance. The polarization resistances of
hermal abused cells determined by dc polarization are shown in
Fig. 5. Summary of SEI impedance.
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Fig. 6. Typical linear polarization data.

.4. Thermal stability of the electrolytes
.4.1. LiPF6-based electrolyte
The thermal instability of LiPF6 in carbonate and ethereal

olvents is well known [16–18]. Storage of LiPF6 at elevated temper-
ture (>75 ◦C) results in the thermal dissociation of LiPF6 to LiF and

a
(
t
H
1

Fig. 7. Polarization resistance of thermal abuse

Fig. 8. 13C NMR of 0.5 M LiPF6 in
rces 185 (2008) 1359–1366

F5. The Lewis acidity of PF5 is largely responsible for the reaction
ith solvent [16]. While the reactions of LiPF6 or PF5 with carbon-

tes and simple ethers have been previously reported [18], interest
n utilizing DME and 1,3-dioxolane in lithium battery electrolytes
rompted further investigation. Storage of 0.5 M LiPF6 in DME at
0 ◦C for 3 days results in discoloration of the electrolyte and the
ppearance of new resonances by 13C and 19F NMR spectroscopy
Figs. 8 and 9). The new 19F resonances are consistent with the gen-
ration of fluorophosphates (OPF2OR and OPF(OR)2). The new 13C
esonances are consistent with formation of diglyme and dimethyl
ther. The thermally abused electrolyte was analyzed by GC–MS
nd structurally assigned through matching to the National Insti-
utes of Standards (NIST) library (Fig. 10). Phosphorus oxyfluoride
long with dimethyl ether and diglyme are observed as expected
rom solvent disproportionation reactions. Upon incorporation of
wt.% DMAc to 0.5 M LiPF6 in DME the thermal decomposition is
ramatically inhibited. Electrolytes with DMAc can be stored at
0 ◦C for 3 days with little evidence for decomposition [19].

The thermal stability of 1,3-dioxolane in LiPF6 is significantly
ower than DME. Preparation of a 0.5 M LiPF6 solution of 1,3-
ioxolane results in the generation of poly-dioxolane upon storage

t room temperature for 3 h, as evidenced by C NMR spectroscopy
Fig. 11). Unfortunately, addition of the moderate Lewis basic addi-
ive DMAc does not suppress the polymerization of 1,3-dioxolane.
owever, addition of the strong Lewis base tributylamine (TBA,
wt%) significantly reduced the polymerization reaction [20]. The

d coin cells at 25 and −8 ◦C, respectively.

DME without additives.
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Fig. 9. 19F NMR of 0.5 M
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Fig. 10. GC traces of 0.5 M LiPF6 in DME.
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Fig. 11. 13C NMR of 0.5 M LiPF6 in 1,3-di
LiPF6 in DME.

nstability of LiPF6/1,3-dioxolane-based electrolytes is shown by
he higher impedances observed for LiPF6 electrolytes containing
,3-dioxolane.

.4.2. LiBOB-based electrolytes
Storage of LiBOB in PC at 80 ◦C for 5 days provides no evidence for

ecomposition of either PC or LiBOB. This supports previous investi-
ations suggesting that LiBOB/carbonate electrolytes are thermally
table [21]. A single resonance for LiBOB is observed at 6.5 ppm
n 11B NMR spectra. Storage of the 0.7 M LiBOB–PC:DME (1:1)-
ased electrolyte at 80 ◦C for 5 days results in precipitation and
ecomposition of LiBOB. A new 11B resonance at 4.2 ppm consistent
ith the formation of a new tetravalent boron species is observed

22].
Storage of the 0.7 M LiBOB–PC:DME:1,3-dioxolane (1:1:1) elec-

rolyte at 80 ◦C for 5 days resulted in decomposition of both LiBOB
nd the solvent. Peaks characteristic of poly-dioxolane and other
thereal side products are observed by 13C NMR spectroscopy. Two

ew broad resonances (8.3 and 22.0 ppm) are observed in 11B NMR
pectra (Fig. 12), consistent with the formation of trivalent and
etravalent borane species, respectively [22–25]. Related species
re observed upon reaction of LiBOB with methanol. LiBOB is
uantitatively converted to B(OMe)3 (17.7 ppm, 11B) and LiB(OMe)4

oxolane (25 ◦C, without heating).
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ig. 12. 11B spectra of 0.7 M LiBOB–PC:DME:1,3-dioxolane (1:1:1), stored at 80 ◦C
or 5 days.

4.3 ppm, 11B) upon storage in methanol at room temperature for
4 h.

.4.3. LiI-based electrolytes
There is little spectroscopic evidence for the decomposition of

iI in DME and 1,3-dioxolane. However, there is a slight yellowing of
he solution over time which probably results from the generation
f low concentrations of I2 in solution.

.4.4. LiTfSI-based electrolytes
LiTfSI-based electrolytes are stable to thermal abuse by the NMR

nalysis. There is no evidence for either solvent or salt decompo-
ition upon storage at 80 ◦C for 5 days. The outstanding thermal
tability of solid LiTfSI has been previously reported [26].

.5. SEM of the electrodes

Changes to the surface of lithium metal upon exposure to the dif-

erent electrolytes were analyzed by SEM. The lithium metal was
oaked in electrolyte for 2 weeks at room temperature followed by
EM analysis. The pristine lithium metal has light uniform paral-
el striations (Fig. 13). In addition, there are some faint irregular
eatures on the surface.

(
d
u
e

Fig. 14. SEM images of lithium–1.0 M LiPF6–PC/DME (1:1) (left
Fig. 13. SEM image of pristine lithium.

Storage of lithium metal in the presence of LiPF6 electrolytes
esults in significant changes to the surface of the metal (Fig. 14).
he striations are significantly deeper and less uniform while the
rregular features are more pronounced. The changes to the surface
re consistent with either an etching of the surface by the elec-
rolyte or deposition of electrolyte decomposition products on the
urface of the lithium metal. The surface modification correlates
ith the observed increase in impedance. However, the differ-

nces between LiPF6 electrolytes with and without 1,3-dioxolane
re small.

Changes to the surface of lithium metal are also observed upon
torage in the presence of LiBOB-based electrolytes (Fig. 15). Sam-
les containing LiBOB have only small changes in both the light
niform striations and faint irregular features, but there is a gen-
ration of new granular particles on the surface. The appearance
f the new particles suggests that the reactions of the LiBOB elec-
rolytes are either initiated by surface defects or that the initial
lectrolyte decomposition products initiate localized degradation
f the electrolyte. Regardless, LiBOB electrolytes significantly mod-
fy the metal surface.
Samples of lithium soaked in 0.75 M LiI–DME:1,3-dioxolane
1:2) provide similar results to the LiPF6 electrolytes (Fig. 16). The
epth of the striations is increased with little change in the irreg-
lar features. The surface of the lithium metal exposed to LiTfSI
lectrolyte is very similar to the pristine lithium suggesting only

) and 1.0 M LiPF6–PC/DME/1,3-dioxolane (1:1:1) (right).
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Fig. 15. SEM images of lithium–0.7 M LiBOB–PC:DME (1:1) (left

Fig. 16. SEM images of lithium–0.75 M LiI–DME:1,3-dioxolane (1:2).
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Fig. 17. SEM image of lithium–0.75 M LiTfSI–DME:1,3-dioxolane (1:2).

mall changes to the surface, consistent with the impedance data
Fig. 17).

. Conclusion
Six electrolytes based on different lithium salts and solvents
ere investigated by conductivity, EIS, linear polarization, NMR

pectroscopy, and SEM. Conductivities of the LiPF6- and LiBOB-

[

[
[

[

) and 0.7 M LiBOB–PC:DME:1,3-dioxolane (1:1:1) (right).

ased electrolytes depend strongly on temperature, whereas the
iTfSI- and LiI-based electrolytes have little temperature depen-
ence between −20 and +40 ◦C. EIS and linear polarization indicate
hat the LiI-based electrolyte has the smallest surface film resis-
ance both at room temperature and at −8 ◦C, while 0.7 M
iBOB–PC:DME (1:1) has highest resistance of all electrolytes. The
ddition of 1,3-dioxolane greatly reduces the resistance of LiBOB-
ased electrolytes but increases the resistance of LiPF6 electrolytes.
he thermal stability of the electrolytes was investigated by NMR
pectroscopy. LiI and LiTfSI electrolytes have very good stability
hile the stability of LiBOB and LiPF6 is lower, especially in the pres-

nce of 1,3-dioxolane. SEM surface analysis generally supported
he EIS and linear polarization data, suggesting the modification
f the lithium metal surface is largely responsible for the changes
n resistance.
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