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Abstract 1 M LiPF6 dissolved in oligo(ethylene glycol)

dimethyl ether with a molecular weight 500 g mol-1 was

investigated as a new electrolyte (OEGDME500, 1 M

LiPF6) for metal deposition and battery applications. At

25 �C a conductivity of 0.48 9 10-3 S cm-1 was obtained

and at 85 �C, 3.78 9 10-3 S cm-1. The apparent activa-

tion barrier for ionic transport was evaluated to be

30.7 kJ mol-1. OEGDME500, 1 M LiPF6 allows operating

temperature above 100 �C with very attractive conductiv-

ity. The electrolyte shows excellent performance at nega-

tive and positive potentials. With this investigation, we

report experimental results obtained with aluminum elec-

trodes using this electrolyte. At low current densities lith-

ium ion reduction and re-oxidation can be achieved on

aluminum electrodes at potentials about 280 mV more

positive than on lithium electrodes. In situ X-ray diffraction

measurements collected during electrochemical lithium

deposition on aluminum electrodes show that the shift to

positive potentials is due to the negative Gibbs free energy

change of the Li–Al alloy formation reaction.

Keywords Electrolytes � Electrochemical stability �
Conductivity � Oligo(ethylene glycol) dimethyl ether �
Li–Al alloy formation

1 Introduction

For lithium battery applications, it would be advantageous

to have electrolyte solvents with higher boiling points than

the presently most popular carbonate solvents. Ethylene

carbonates and propylene carbonates are not stable enough

at highly reactive lithium electrodes and could develop too

much pressure at high power batteries [1, 2]. Solid polymer

electrolytes based on poly(ethylene glycol) have been

investigated extensively [3–7], but the ionic conductivity of

these electrolytes is not high enough for high power

applications [5–7]. The conductivity can be increased if

low molecular weight oligo(ethylene glycols) are used as

plasticizers and if strong anion complexing agents are used

to reduce ion pair formation [8]. Addition of nanoparticle

fillers such as Al2O3 or TiO2 helps also to enhance the

conductivity of these polymer electrolytes [7]. Oligo(eth-

ylene glycols) OEG can be used as liquid electrolyte sol-

vents with good solubility for electrolyte salts and more

attractive conductivities than solid polymer electrolytes

based on poly(ethylene glycol).

OEGDME or PEGDME : CH3�O� CH2�CH2�Oð Þn�CH3

OEGDME are liquid solvents with high boiling points and

high electrochemical stability comparable with ionic liq-

uids but with the advantage of a lower melting point. They

are therefore good candidates as aprotic electrolyte sol-

vents for lithium battery applications and alkaline metal

deposition. However, we found that the commercial

available oligo(ethylene glycol) dimethyl ether MW: 250
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with n = 3 and n = 4 tend to form two separated phases if

1 M LiPF6 is added. It is well known that OEG with 4–8

ethylene glycol units, tend to form insoluble Li?–PEG

complexes [9, 10]. This is not the case for OEGDME500,

1 M LiPF6, which contains [10, 11] ethylene glycol units.

OEGDME500, 1 M LiPF6 forms clear solutions with a

reasonable conductivity. In addition to the safety aspect,

the high boiling point of this solvent offers an unprob-

lematic dehydration of the electrolyte. We studied this

electrolyte at negative potentials investigating the revers-

ible electrochemical Li-ion reduction and re-oxidation on

Al electrodes. In an upcoming publication, we shall report

investigations at positive potentials using LixFePO4 elec-

trodes to study reversible Li insertion [11].

The electrochemical behavior of aluminum electrodes

and the formation of Al–Li alloys in aprotic electrolytes

have been studied by several research groups. Most

recently Suresh et al. [12] published a paper investigating

Al electrodes in EC/DMC, 1 M LiBF4, where they claimed

that the Al–Li electrodes would be ideal dendrite free

anodes for Li-battery application.

Oligo(ethylene glycols) have been used as plasticizers in

polymer electrolytes as far as we know there exists no

report about the electrochemical behavior of aluminum

using OEGDME500, 1 M LiPF6 as electrolyte.

2 Experimental

2.1 Electrolyte preparation

OEGDME500 was purchased from Aldrich, it was dis-

solved in dimethyl ether and passed through an activated

carbon column. The ether was then evaporated and the

residue dried in a BÜCHI Rotavapor at 60 �C and 0.3 mbar

for 24 h. The product (OEGDME500) was stored under

Ar in a dry box. 1.52 g LiPF6 was added to 10 mL

OEGDME500, and dissolved during about 3–4 days, while

the mixture was shaken from time to time until all of the

salt was completely dissolved. The solution could be stored

over several weeks. However, after about 3 weeks a bluish

color developed, indicating some sort of charge transfer

complex formation, which, however, apparently had no

remarkable influence to the electrochemical behavior of the

electrolyte. For long-term application, however, it may be

advantageous to use another Lithium salt. The development

of a bluish color is not observed if LiBF4 is used as an

electrolyte salt.

2.2 Conductivity measurements

Conductivity measurements were performed using Hew-

lett-Packard 4192A impedance analyzer in a frequency

range from 1 to 1,000 kHz. A standard glass cell with two

Pt electrodes was used for conductivity measurements. The

cell constant was determined using a standard 0.01 M KCl

aqueous solution.

2.3 Electrochemical experiments

The cyclic voltammogram was performed with a bar

electrode, which was dipped into the electrolyte. The bar

electrode had three electrodes embedded in epoxy resin,

where at the front of the bar the three electrodes (Al elec-

trode diameter: surface 0.05 cm2, Pt electrode 0.05 cm2,

non-aqueous Ag/AgCl electrode 0.005 cm2) were exposed

as disc electrodes. The working, counter and reference disc

electrodes were arranged alongside. The Ag electrode was

shortly treated with a mixture of HNO3 and HCl to form an

AgCl layer at the surface. A gas tight electrolyte vessel was

loaded with the electrolyte and the bar electrode in an

argon glove box then cycled outside the glove box under

argon using a Solartron electrochemical equipment.

For the experiments with larger electrodes (2.8 cm2) Al

foil electrodes were used in an electrochemical cell as

described in a previous work [13]. High purity Al foil

(thickness = 25 lm) was used as Al electrode and a Li foil

(0.25 mm thick) as counter electrode, which was supported

by a copper foil. The electrodes were separated by a filter

paper or a Cellgard membrane, which was first socked in

with electrolyte.

2.4 In situ XRD measurements

The in situ XRD cell with Mylar windows used in these

experiments has been described in detail elsewhere [14]. In

situ XRD spectra were collected on beam line X18A at

National Synchrotron Light Source (NSLS) at Brookhaven

National Laboratory using a wide-angle position sensitive

detector (PSD). The wavelength used was 0.9999 Å. The

2h angles of all the XRD spectra presented in this article

have been recalculated and converted to corresponding

angles for k = 1.54 Å, which is the wavelength of con-

ventional X-ray tube source with Cu Ka radiation.

3 Results and discussion

3.1 Conductivity of the electrolyte

At room temperature the OEGDME500, 1 M LiPF6 elec-

trolyte has a conductivity of 0.48 9 10-3 S cm-1 at 25 �C,

which is lower than conventional lithium-ion battery elec-

trolytes, but it is still in a technically attractive range. The

conductivity has a rather strong temperature dependency as
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shown in Table 1. At 85 �C the conductivity is ten times

higher (3.78 9 10-3 S cm-1) than at 22 �C. OEGDME500

allows operating temperature above 100 �C with very

attractive conductivities. Figure 1 shows the data listed in

Table 1 as an Arrhenius plot. From the slope, we evaluate

30.7 kJ mol-1 as the apparent activation barriers for ionic

transport.

3.2 Electrochemical stability of the electrolyte

The window of electrochemical stability of OEGDME500,

1 M LiPF6 was tested using cyclic voltammetry with a

2.5-mm aluminum disc electrode at slow scan rate

(0.5 mV s-1). Figure 2 reveals that the electrolyte has a

window of at least 5.3 V, where in the potential region

-3.3 to 2.5 V versus Ag/AgCl lithium was reversibly

reduced and oxidized and at ?2 V versus Ag/AgCl only a

minor anodic current could be observed.

3.3 Lithium deposition and dissolution at Al electrodes

The electrochemistry of lithium at Al electrodes was

investigated with a small Al electrode (0.05 cm2) and a

larger Al electrode (2.8-cm2 Al foil) in two different

electrochemical cell arrangements. The small electrode

was tested in a three-electrode cell typically used in vol-

tammetric studies, where the Al electrode, the counter

electrode and reference electrode was exposed as disc

electrodes to the electrolyte. The disc electrodes were

arranged alongside at the bar electrode. The results of this

investigation are presented in Fig. 2. It shows that the

deposition of the lithium started only at an over potential of

about 250 mV at the scan toward negative potentials.

However, during the back scan the current curve is crossing

the zero current line at a potential close to the Li/Li?

potential (2.95 V versus Ag/AgCl). Obviously, at that

moment the aluminum electrode is acting like a lithium

electrode, which means that at this scan rate (0.5 mV s-1)

not all of the lithium deposited during the cathodic scan

was alloyed when the scan reached zero current at the

reverse scan, thus the electrode was covered with a layer of

lithium.

The results of the larger Al electrode are presented in

Fig. 3. In this cell, a lithium foil was used as a counter

electrode and in the same time as a reference electrode.

Table 1 Ionic conductivity (S cm-1) of OEGDME500, 1 M LiPF6 as a function of temperature

Temp. (�C) 25 45 65 85

Conductivity (S cm-1) 0.48 9 10-3 1.20 9 10-3 2.23 9 10-3 3.78 9 10-3

Fig. 1 Arrhenius plot of OEGDME500, 1 M LiPF6. (data as listed in

Table 1)

Fig. 2 Cyclic voltammogram of an Al electrode (0.05 cm2) in

OEGDME500, 1 M LiPF6. Reference electrode: non-aqueous

Ag/AgCl. Counter electrode: Pt 0.05 cm2. Scan rate: 0.5 mV s-1

Fig. 3 a First two current potential cycles of an Al electrode

(2.8 cm2) in OEGDME500, 1 M LiPF6. b Capacity change due to

lithium reduction and re-oxidation during cycling. Scan rate:

0.2 mV s-1
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Unlike the alongside arrangement of the discs at the bar

electrode, here the Al foil electrode is opposing the lithium

foil electrode with an equal electrode surface. The working

electrode (Al foil) was separated from the counter electrode

(Li foil) by a filter paper, which was soaked in with elec-

trolyte. Figure 3a shows the first two cycles of a voltam-

mogram in the potential range between -0.7 and 2.0 V,

versus Li/Li?. Due to the different cell arrangements and

different scan rates the CV curves of the cell with the Al

foil was looking different from that of the small Al disc

electrode shown in Fig. 2. Figure 3 shows a higher peak to

peak separation. This is most probably due to higher

internal resistance of this cell. The Li deposition–dissolu-

tion CV shown in Fig. 3 has a large cathodic peak around

-0.22 V versus Li/Li? and an anodic lithium dissolution

peak at about 0.8 V versus Li/Li?. In the second cycle, the

CV is shifted toward somewhat more positive potentials.

The fact that the negative current starts at more positive

potentials in the second scan is most likely due to surface

modification of the Al electrode during the first cycle

leading to a lower over potential for the lithiation process.

The cathodic current starts in the first cycle at about

?0.18 V versus Li/Li? and at 0.26 V versus Li/Li? at the

second cycle. At the back scan (scan in the positive

current direction) the zero current potential is 0.25 V

versus Li/Li? in the first and second cycle. This clearly

indicates that during this slow scan (0.2 mV s-1) in the

range ?0.26 V ? -0.70 V ? ?0.26 V versus Li/Li? all

the deposited lithium is alloyed when the potential reaches

the zero current potential again at ?0.25 V versus Li/Li?.

It is interesting that at a scan rate of 0.5 mV s-1 the zero

current potential at the positive back scan corresponds to

the Li/Li? potential (Fig. 2) indicating a lithium depot at

the surface, whereas at the scan rate of 0.2 mV s-1

(Fig. 3a) this seems not to be the case.

Figure 3b shows the integrated current curve of Fig. 3a,

which is the capacity change due to lithiation and delithi-

ation during the potential scans. It shows that the capacity

is not completely going back to zero at the end of the first

cycle. About 15% of the deposited and alloyed lithium

could not be extracted from the Al electrode during the

scan at anodic currents with a scan rate of 0.2 mV s-1.

This part of the alloyed lithium could not reach the surface

of the electrode in time to be re-oxidized to Li?. The

lithium reduction on the aluminum foil occurs at about

260 mV. From this ‘‘under potential’’ deposition of lith-

ium, we estimate that the heat of formation of the Al–Li

alloy (DG = -zFDE) should be C- 25.1 kJ mol-1. We

can only estimate a lower limit since we do not know if the

alloying of Li with aluminum needs a certain activation

energy, which would lower the observed ‘‘under potential.’’

To confirm that aluminum is forming an alloy during

cathodic scan we made an in situ XRD investigation during

a constant cathodic current flow (-0.2 mA) at a aluminum

foil electrode (2.8 cm2). Figure 4 shows the measured Al

electrode potential during this experiment. It also indicates

the charge states, where in situ XRD’s were measured.

Figure 5 shows the measured X-ray diffraction pattern.

They reveal the emerging of a new set of Bragg peaks,

which were identified as Al1–Li1 alloy (JCPDS No.

71-0362). During the cathodic lithium alloying process the

electrode potential decreased gradually but was still more

positive than the Li/Li? potential, even after 35 h, indi-

cating that at this current density (0.071 mA cm-2) the

alloying process is faster than the lithium deposition pro-

cess. If we assume that the diffusion coefficient of Li in the

Al electrode would be in the order 10-10 cm2 s-1, the time

for Li to diffuse 25 lm (Al electrode thickness) would be

8.6 h (t = d2/2D). Thus, the lithium source at the surface

of the Al electrode could easily be distributed all over the

electrode thickness during the 35 h of cathodic lithium

production. Different data can be found in the literature

concerning the diffusion coefficient of lithium in Al–Li

electrodes. The diffusion coefficient depends also strongly

on the concentration of lithium in the Al–Li alloy [15, 16].

Fig. 4 Potential time curve of an Al electrode during electrochemical

lithiation of an aluminum electrode (2.8 cm2) current: -0.2 mA. The

numbers indicate the time in hours when the in situ XRD patterns

(Fig. 5) were collected

Fig. 5 In situ XRD measurements of a 2.8 cm2 Al electrode during

electrochemical lithiation revealing Al–Li alloy formation
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Kumagai et al. revealed from potentiostatic measurements

10-10 cm2 s-1 [17]. Values close to 7 9 10-9 cm2 s-1

were obtained by Jow et al. [18], Baranski et al.

7.7 9 10-8 cm2 s-1 [19], and Willhite et al. [20] obtained

with NMR technique 8 9 10-8 cm2 s-1.

During the 35 h about 0.93 9 10-4 mol lithium are

alloyed in 1 cm-2 of the Al foil, which itself contains

2.5 9 10-4 mol cm-2 aluminum. Thus, the stoichiometry

would be close to Al3Li1, a well known Al–Li alloy. From

the XRD data, however, we conclude that most of the

lithium forms an Al1Li1 alloy. The reflections of other

possible alloys were not strong enough to be detected

properly.

4 Conclusions

The OEGDME500, 1 M LiPF6 electrolyte shows excellent

electrochemical stability at low electrode potentials, which

is impressively demonstrated with the electrochemical

experiments illustrated in Figs. 2 and 3a. Figure 2 shows

also negligible currents at very positive potentials. Thus, the

OEGDME500, 1 M LiPF6 electrolyte is very stable over a

large potential range (about 5.5 V). Comparing with the

conventional carbonate-based electrolyte, this electrolyte

has a much higher boiling point, which is an important safety

aspect. The conductivity at 25 �C of 0.48 9 10-3 S cm-1

may be on the lower limit for room temperature applications

in lithium batteries. The high boiling point of this electrolyte,

however, allows working at higher temperature where the

conductivity is very attractive.

The electrochemical investigation of aluminum elec-

trodes in this electrolyte reveals that aluminum is lithiated

by an exergonic Al–Li alloy formation reaction. In situ

XRD measurements proofed the Al1Li1 alloy formation

during electrochemical deposition of lithium on aluminum

electrodes. The electrode potential during the XRD exper-

iment (35 h with a current density of 0.071 mA cm-2)

reveals that all the deposited lithium was immediately

alloyed leaving no metallic lithium at the surface. The

electrolyte solution could be stored over several weeks in

vacuum or under Ar. However, after about 3 weeks a bluish

color developed, indicating some sort of charge transfer

complex formation. This seems to be an inherent problem of

LiPF6. For long-term applications, it may be advantageous

to use other electrolyte salts.
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