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bstract

A homogeneous, composite polymer electrolyte (PE) containing poly(ethylene oxide) (PEO), CF3SO3Li and 33 wt.% of aluminum carboxylate
RC(O)OAlEt2]2 with an oligooxyethylene group R = CH2CH2C(O)O(CH2CH2O)nCH3 (n = 7) (AlCarb7), characterized by low glass transition
emperature Tg = −51.4 ◦C was prepared. The interaction of aluminum carboxylate with various lithium salts was characterized on the basis of 27Al
MR spectroscopy in CDCl3 solutions. The bulk conductivity of solid PE with AlCarb7 is of the order of 10−5 S cm−1 at 60 ◦C and 10−4 S cm−1

t 90 ◦C. Electrochemical tests of Li|PE|Li cells showed a decrease in the RSEI with temperature, stabilizing at about 10 � cm−2. The lithium ion
7 19 1
ransference numbers determined by ac–dc polarization experiments range from 0.7 to 0.9. Li, F and H NMR spectra, the relaxation time

nd diffusion data were obtained. The calculated lithium transference number t+ at 50 ◦C is equal to 0.995, which suggests practically complete
mmobilization of the triflate salt anions. In the range of high temperatures (130–180 ◦C) t+ is equal 0.35–0.39. The dependence of t+ on temperature
hould probably be connected with the partial dissociation of the aluminum carboxylate and lithium salt complex.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Numerous works on the possibility of utilizing plastic,
ight solid polymer electrolytes (SPE) as separators in lithium
echargeable batteries and other electrochemical devices such
s sensors and displays are being carried out [1,2]. However,
heir industrial utilization is limited by the too low ionic con-
uctivity over the temperature range in which they maintain
heir good mechanical properties. Systems containing polar
rganic solvents are characterized by suitably high conductiv-
ty, but their volatility and relatively high chemical reactivity
ause that new solvent-free materials are continuously searched

or.

The hitherto carried out studies on polymeric materials
ndicate that the poly(ethylene oxide) amorphous phase is

∗ Corresponding author. Tel.: +48 22 2345582; fax: +48 22 2347279.
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nce number; Lewis acid additives

haracterized by the best ability for ion conduction. Hence a
onsiderable number of works have been devoted to the mod-
fication of electrolytes involving PEO to reduce its tendency
owards crystallization and increase the ionic conductivity. From
he point of view of the operating parameters of a battery, besides
ppropriate high ionic conductivity it is required for the electric
harge to be transported exclusively or mainly with the partici-
ation of lithium cations, since only they undergo the reversible
lectrode reaction. Depending on the measurement method and
he salt concentration, the lithium transference number values of
PE based on PEO lie in the 0–0.5 range [3]. The obtainment of
n electrolyte of the lithium cationic transference number equal
r close to unity is one of the conditions of technology devel-
pment involving SPE. The cation transference number equal
nity is characterized by polyelectrolytes in which the anions are

hemically bonded with the polymer matrix, but their conductiv-
ty in the absence of a polar solvent facilitating the dissociation
f ions is very low [2,4]. There are many works in the literature
oncerning the achieving of the effect of partial anion immobi-

mailto:ewazyga@ch.pw.edu.pl
dx.doi.org/10.1016/j.jpowsour.2007.05.059
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ization in SPE. The synthesis of composite systems involving
anosized inorganic particles like �-LiAlO2, TiO2 or Al2O3
mbedded in the host matrix is one of the intensively devel-
ping topics of studies concerning SPE modification. It was
uggested that the addition of some inorganic materials leads to
n increase in the lithium transference number and also the con-
uctivity of electrolytes and stability of the layer on the lithium
lectrode/electrolyte interface [5–9]. The other method consists
n the introduction of so called receptors of anions causing a
ecrease in the share of ion pairs and immobilization of anions,
esulting in an increase in the cation transference number. The
ole of anion receptors can be fulfilled by supramolecular com-
ounds such as calixarenes [10,11] or calixpyrroles [12], or by
ompounds of a Lewis acids character capable of complexing
alt anions, in the form of organic boron [13–16] or aluminum
erivatives [17]. Active centers of an acidic character may also
e incorporated into the polymer matrix of a linear structure
18,19], or by the polycondensation reaction with the formation
f a cross-linked structure [20].

The subject of the present paper are electrolytes based
n PEO complexes with lithium salts comprising an
rganic aluminum derivative in the form of a dialkylcar-
oxylate [RC(O)OAlEt2]2 containing oligooxythylene groups
= CH2CH2C(O)O(CH2CH2O)nCH3 (n = 7). From our earlier
orks it appears that both alkoxy and carboxylic derivatives
f aluminum favorably affect the mechanical properties of the
embranes, also at elevated temperature, and cause an increase

n ionic conductivity [21,22]. In this work we present the results
f studies carried out to explain the mode of interaction of the
rganoaluminum derivative with the other components of the
lectrolyte. To show the interactions of aluminum atoms in the
arboxylate with the lithium salt anions, 27Al NMR studies of
olutions in a non-donor solvent (CDCl3) were performed. The
imitation of the anionic conductivity, and thus increase in the
ithium cation transference number, is an expected result of
nteraction of the aluminum compound of Lewis acid proper-
ies with the basic salt anion. The lithium transference number
f the electrolytes studied by us containing PEO, LiCF3SO3
nd aluminum carboxylate was determined by two methods,
y an electrochemical method involving the steady-state tech-
ique and by self-diffusion measurements by means of PGSE
MR. In this work the effect of temperature on the formation of

luminum carboxylate complexes with the lithium salt and on
he electrolyte transport properties involving this salt have been
tudied.

. Experimental

.1. Synthesis of diethylaluminum carboxylate (AlCarb7)

Diethylaluminum carboxylate (AlCarb7) was obtained in a
wo-step reaction as described earlier [22]. In the first step
iethylaluminum oligo(oxyethylene) alkoxide was obtained in

he reaction of triethylaluminum and oligo(oxyethylene glycol)
onomethylether of Mw = 350 g mol−1. The obtained diethy-

alkoxyaluminum compound was then subjected to reaction with
uccinic anhydride at toluene boiling point for 20 h. Examples

a
a
e
s
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f the reaction of aluminum alkoxides with carboxylic acids as
ell as acid anhydrides may be found in the literature [23]. The

ryoscopic determinations carried out by us show that this com-
ound occurs mainly in a dimeric form.

.2. Preparation of polymer electrolytes

The electrolytes were obtained according to the standard
rocedure by film casting of poly(ethylene oxide) (PEO)
Mw = 5 × 106 g mol−1), aluminum carboxylate (AlCarb7) and
F3SO3Li from a mutual solution in acetonitrile. The fol-

owing electrolyte composition was applied: 67 wt.% of PEO,
3 wt.% of AlCarb7 in the presence of lithium salt, 10 mol% with
espect to ethylene oxide monomeric units present in PEO and
xyethylene substituents in aluminum carboxylate. The mixed
omponents formed a homogeneous solution. All operations
onnected with the obtaining of electrolytes and performing
he measurements were carried out in an atmosphere of dried
rgon. The solvent was removed under dynamic vacuum in two
teps, first for 50 h at a vacuum of 20 Torr and then for 140 h at
0−3 Torr at room temperature. In the FTIR spectrum, the sig-
als assigned to acetonitrile completely disappeared after about
he first 70 h of such drying. The solvents were dried and dis-
illed in an argon atmosphere prior to use. LiCF3SO3 (Aldrich,
eagent grade) was dried at 120 ◦C under a vacuum of 10−4 Torr
or 24 h. The electrolytes thus obtained form flexible and homo-
eneous membranes. The final thickness of the film was about
50 �m.

.3. Electrochemical measurements

For the determination of electrochemical properties of the
olymer electrolyte (PE) symmetrical Li|PE|Li hermetically
ealed 2032 coin cells were assembled and tested with the use
f a computer-interfaced Solartron 1260 frequency-response
nalyzer over the frequency range: 1 MHz to 0.1 Hz. The area
f the polymer electrolyte sample was 1.8 cm2 and that of Li
lectrodes: 0.96 cm2. The distance between the lithium elec-
rodes is actually equal to the thickness of the solid polymer
lectrolyte film. The test temperature range varied from 25 to
10 ◦C.

The lithium ion transference number (t+) of polymer elec-
rolytes was determined by a well established steady-state
echnique introduced by Bruce et al. [24] and Appetecchi et

l. [25]. The method is based on the analysis of combined dc
nd ac runs on the symmetrical cell with non-blocking lithium
lectrodes. The dc measurements of initial (I0) and the steady-
tate (Iss) currents were made by polarizing the test cells at
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oltage bias of 10 mV. The ac impedance measurements were
erformed before and after applying a bias, to evaluate the
alue of the interfacial resistance at the beginning and at the
nd of the test, i.e., R0 and Rss, respectively. Under these con-
itions, the lithium ion transference number is given by the
quation:

Li+ = ISS(�V − I0R0)

I0(�V − ISSRSS)
(1)

The lithium ion transference number of the membrane sam-
les was measured between 60 and 105 ◦C.

.4. Solid state 1H, 7Li and 19F NMR measurements

The NMR measurements were made on a Chemagnetics
MX-300 spectrometer used in conjunction with Japan Mag-
et Technology 7.1 T superconducting magnet. In this field the
H (I = 1/2), 7Li (I = 3/2) and 19F (I = 1/2) resonances occur
t ω0/2π = 301.0, 117.0 and 283.2 MHz, respectively. Spectra
nd transverse and longitudinal relaxation times were measured
T2, T1). The pulse gradient spin echo (PGSE) NMR measure-
ents were performed using a 5 mm dual broad band gradient
OTY and DIFF60 probes. Experimental details are described

lsewhere [26].
The Hahn spin-echo pulse sequence [27] and the stimulated

cho sequence [28], which is useful for situations when T2 < T1,
ere used to measure the self-diffusion coefficient. The echo

mplitude is attenuated by an amount dependent on how much
he position of the spins has changed by process of self-diffusion
n the time interval Δ. It can be shown that the attenuation of the
pin-echo amplitude is given by the Stejskal–Tanner equation:

(g) = exp

[
−(γg∂)2D

(
Δ − ∂

3

)]
(2)

here D is the self-diffusion coefficient and γ is the magneto-
yric ratio of the spin. The diffusion coefficient D is determined
y fitting this equation to the echo amplitudes for a series
f gradient strengths g (0.2–18 T m−1). Typical reproducibility
f the diffusion coefficient measurements is about ±3%. Thin
lms of the electrolyte were sealed under argon in 5 mm NMR

ubes. The samples were equilibrated for at least 30 min. An
xford ITC533 temperature accessory in conjunction with a

tream of dry N2 gas was used to regulate the temperature to
ithin ±1 K.

.5. 27Al NMR studies

27Al NMR spectra were recorded on a Varian Mercury 400
pectrometer in CDCl3 and DMSO-d6 solutions at 25 ◦C.

.6. DSC studies
The DSC studies were carried out on a Perkin-Elmer (Pyris)
pparatus in the −100 to 200 ◦C temperature range with a heat-
ng rate of 20 ◦C min−1 in hermetically closed aluminum vessels.

p
a
s
t
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.7. SEM

A JSM 6300 scanning microscope (Jeol Co.) equipped with
Link elemental analyzer and a silicon detector was used for

he study of surface morphology.

. Results and discussions

.1. 27Al NMR studies of aluminum carboxylate

Aluminum carboxylate containing seven monomeric units of
O in the ester group (AlCarb7) is an amorphous compound
f Tg ∼ −60.5 ◦C. From our earlier observations it appears
hat this temperature clearly increases after introducing the
ithium salt, which may indicate the formation of complexes
etween the EO monomeric units and Li+ cations [22]. At
he lithium salt content of 10 mol% with respect to the EO

onomeric units the Tg value for AlCarb7 and CF3SO3Li mix-
ure is −32 ◦C. The interaction of the lithium salt with aluminum
arboxylate may be also observed in 27Al NMR spectra. In
ig. 1 are presented the 27Al NMR spectra of AlCarb7 and

ts mixtures with various lithium salts in the form of CDCl3
olutions.

As can be noticed in Fig. 1, the signal of aluminum in AlCarb7
ccurs in the region characteristic of six-coordinative aluminum,
nd its chemical shift depends on the type of solvent; in DMSO
t is 10.08 ppm, and in CDCl3 it is equal to 7.11 ppm. We assume
hat aluminum atoms in the carboxylate undergo coordination
y the oxygen atoms present in the oxyethylene substituents.

As a result of interaction with aluminum carboxylate, some
f the lithium salts studied by us, such as LiClO4, CF3SO3Li,
CF3SO2)2NLi and CH3COOLi gain solubility in chloroform,
hile for salts containing small, hard anions such as LiF and LiCl

his interaction is weak and the solubility of these salts in chloro-
orm in the presence of AlCarb7 is small. In 27Al NMR spectra
f AlCarb7 and lithium salts solutions the aluminum signal still
s present in the region characteristic of the full saturation of the
oordination sphere, but undergoes a shift by ca. 15 ppm towards
egative values. This shift depends on the strength of interaction
f the salt anions and aluminum. In the case of LiClO4 the chem-
cal shift of aluminum is −9.44 ppm, which probably indicates
he strongest interaction of the anion of this salt with aluminum.
or the imide salt the signal shift is −8.41 ppm, and a similar
hemical shift is observed for the lithium triflate −8.25 ppm.

For the AlCarb7 and lithium acetate solution signals are
resent in the spectrum characteristic of both the form com-

lexed by the salt anion of the shift of −7.72 ppm, as well
s of the initial form of chemical shift of 7.08 ppm. There is
till one signal of the chemical shift of 3.54 ppm present in
his spectrum. In order to determine the origin of this signal,
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Fig. 1. 27Al NMR spectra of AlCarb7 (in CDCl3 and DMSO-d6) and so
spectrum of AlCarb7 solution with a two-fold molar share
f CH3COOLi salt was recorded. This spectrum is presented
n Fig. 2. We observe in it also three signals, but their mutual
ntensity changed. The signal at 4.03 ppm is the most intense

ig. 2. 27Al NMR spectrum of the AlCarb7 mixture with CH3COOLi at molar
atio 1:2 (in CDCl3).
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e

s of AlCarb7 with equimolar ratio of different lithium salts (in CDCl3).

ne, indicating the possibility of aluminum complexation
y two salt anions. Moreover, uncomplexed AlCarb7 in low
oncentration, as well as the complex with the participation
f one anion, are present. The spectra presented show a
reater facility of the aluminum salt formation involving two
arboxylate anions, with respect to the other salts studied.

.2. Characterization of PEO/AlCarb7/CF3SO3Li

lectrolyte

In Fig. 3 is presented the DSC thermogram of the studied
lectrolyte PEO/AlCarb7 (33 wt.%)/CF3SO3Li, in which the
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ig. 3. DSC thermogram of the electrolyte PEO/AlCarb7 (33 wt.%)/CF3SO3Li.

hare of the salt is 10 mol% with respect to the EO monomeric
nits and for comparison, of the PEO complex with 10 mol%
f CF3SO3Li. In the thermogram two endothermic first order
ransitions, a melting peak of the crystalline PEO phase with a

aximum at 70.9 ◦C and a second broad signal with a maximum
t 140 ◦C connected with the melting of the crystalline com-

lex phase formed between PEO and LiCF3SO3 [29,30] can be
istinguished. The DSC trace of AlCarb7-containing polymer
lectrolyte is very similar to that of the additive-free PEO film,
owever, in the presence of the additive the onset point of the sec-

i
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q

Fig. 4. SEM micrographs of the electrolyte
Power Sources 173 (2007) 734–742

nd endotherm is shifted by 8 ◦C towards lower temperatures. In
ur earlier work [22] we showed that the addition of aluminum
arboxylate additives to such systems does not cause a decrease
n the ability to crystallize the PEO chains (and in some systems
t causes a clear increase of it) during the solvent evaporation.

oreover, this system is characterized by low glass transition
emperature (Tg), which takes place at −51.4 ◦C [22], and hence
s by several degrees lower than that of the P(EO)10–CF3SO3Li
ystem [30].

The surface morphology of the studied electrolyte was char-
cterized by scanning electron microscopy (SEM), and the
mages obtained are presented in Fig. 4. As can be seen, the
olymer electrolyte sample is very homogeneous without clear
rystalline domains. At high magnification some irregularities
ppear as amorphous regions, which are formed during solvent
vaporation while drying of the membranes.

.3. Electrochemical characterization of the
EO/AlCarb7/CF3SO3Li electrolyte

AC impedance measurements were carried out in the sym-
etrical cell with non-blocking lithium electrodes. The complex
C response of Li|solid polymer electrolyte|Li systems is typ-

cally fitted to an equivalent circuit (Fig. 5), where Cg is the
eometrical capacitance of the cell, Rb the bulk resistance;
gb and Cgb, grain boundary resistance and capacitance; RSEI
nd CSEI are solid electrolyte interphase resistance and capac-

tance. Fitting of experimental data to an equivalent circuit has
wo main problems. First, the elements are not ideal and there
s always some sort of distribution around the relaxation fre-
uencies and secondly, it is difficult to obtain a good fit when

PEO/AlCarb7 (33 wt.%)/CF3SO3Li.
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Fig. 5. Equivalent circuit for Li|PEO/AlCarb7 (33 wt.%)/CF3SO3Li|Li cell. Cg:
g
t
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eometrical capacity; Rb: bulk resistance; Rgb and Cgb, grain boundary resis-
ance and capacitance; RSEI and CSEI: solid electrolyte interface resistance and
apacitance.

he difference between relaxation frequencies of contributing
lements is small, due to the uncertainty in the estimation of
he starting parameters. Therefore, different alternative repre-
entations have been used to resolve the overlapped processes
nd to calculate the relative contribution of bulk, gb, and SEI
esistance to the total cell impedance. Impedance values were

btained by a non-linear least square fitting of each arc of
he complex spectra, when the gb arc was well-pronounced
Fig. 6a). In other cases (Fig. 6b) the circuit parameters were
alculated according to the model shown in the Fig. 5. Chi-

ig. 6. Nyquist plots of the Li|PEO/AlCarb7 (33 wt.%)/CF3SO3Li|Li cell at
0 ◦C (a) and 55 ◦C (b).
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ig. 7. Arrhenius plots of the Li|PEO/AlCarb7 (33 wt.%)/CF3SO3Li|Li cells —
otal conductivity data.

quared distribution value (χ2) was about 0.03. Fig. 6a shows
n exemplary Nyquist plot obtained at about 60 ◦C, for the stud-
ed PEO/AlCarb7 (33 wt.%)/CF3SO3Li electrolyte, where two
lear semicircles have been distinguished. The capacitance of the
rst high-frequency arc was about 0.75 nF with the frequency
aximum 50 kHz. The capacitance of the second arc at fmax

f 1.3 kHz is 0.6 nF. The calculated geometrical capacity of the
ell is 45 pF, suggesting that the permittivity of the polymer elec-
rolyte is about 10. Therefore, the first semicircle was attributed
o the grain-boundary resistance and the second to the resistance
f solid electrolyte interface, formed on Li electrodes.

Three identical Li|PEO/AlCarb7/CF3SO3Li|Li cells were
ested and the electrochemical data are shown in Figs. 7–9. Fig. 7
epresents the conductivity of the three identical Li|polymer
lectrolyte|Li cells, calculated from the total impedance data
ncluding bulk, grain-boundary and SEI resistances. High
ata reproducibility should be mentioned. The conductivity of
he cells gradually increases from 10−8 S cm−1 at 30 ◦C to

−4 −1 ◦
0 S cm at 90 C. The course of conductivity changes is
haracteristic for electrolytes containing PEO as the polymeric
atrix, showing a tendency towards crystallization. At ca. 60 ◦C
jump in conductivity by about an order of magnitude occurs,

ig. 8. Bulk (�) and grain boundary (�) conductivity of the Li|PEO/AlCarb7
33 wt.%)/CF3SO3Li|Li cells.
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Fig. 9. Resistance of the SEI vs. temperature plots.

onnected with the melting of the PEO crystalline phase (Fig. 3).
n the temperature range above Tm only the polymer amorphous
hase, much more efficient in ion transport, is present.

As can be seen from Fig. 8, the grain-boundary conductivity
s more than three times that of the σbulk. At above 80 ◦C the
B arc vanishes. In addition, it should be mentioned, that the
bulk absolute values of the PEO/AlCarb7/CF3SO3Li polymer
lectrolyte are relatively high and reach 10−4 S cm−1 at above
0 ◦C.

In Fig. 9 are presented the changes in resistance of the SEI
s a function of temperature. The initial RSEI value is high, at
0 ◦C it is 200–300 �. With a rise of temperature the resistance
f the SEI decreases and at above 100 ◦C the RSEI is lower than
0 � cm2.

The values of the lithium ion transference number of the poly-
er electrolyte determined by ac–dc polarization experiments

re presented in Fig. 10. The transference number of the elec-
rolyte under investigation varies from 0.7 to 0.9. As can be
oticed, lower t+ values were obtained for higher temperature,
hich probably results from partial dissociation of the aluminum

arboxylate complex with the salt with a rise of temperature.

uch high t+ values show a considerable immobilization of the
alt anions, which at relatively high ionic conductivity, σ at 60 ◦C
s 6 × 10−5 S cm−1, indicates high mobility of lithium cations
n the polymer matrix.

ig. 10. Plot of transference number vs. temperature of the PEO/AlCarb7
33 wt.%)/CF3SO3Li electrolyte.
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ig. 11. 7Li NMR spectra of electrolyte PEO/AlCarb7 (33 wt.%)/CF3SO3Li as
function of temperature.

.4. PGSE NMR characterization of the PEO/AlCarb7/
F3SO3Li electrolyte

For 7Li, 19F and 1H NMR spectra of the PEO/AlCarb7/
F3SO3Li electrolyte, the relaxation time and diffusion data
ere obtained. The room temperature 1H spectrum exhibits a

ingle lineshape while the 19F spectra consists of a relatively nar-
ow line superimposed on a dominant broader line. The narrow
omponent suggests a small population of highly mobile anions
hile the broad component may reflect a rigidly bonded con-
guration of anions. Fig. 11 shows the 7Li spectra as a function
f temperature. As is typically observed for polymer electrolyte
ystems, the 7Li spectra exhibit a broad and a narrow component
t temperatures below 60 ◦C. The broad component is attributed
o the ±1/2 ↔ ±3/2 satellite transitions [31].

Self-diffusion measurements were made at 50 ◦C and at ele-
ated temperatures greater than 130 ◦C. The attenuation profile
f the signals at 50 ◦C are shown in Fig. 12 with the solid lines
epresenting the non-linear least square fit of the data. In each
ase the attenuation profiles could be represented well by a single
xponential.

In Table 1 are presented the self-diffusion coefficients D
nd the lithium transference number t+ of the PEO/AlCarb7
33 wt.%)/CF3SO3Li electrolyte as a function of temperature.

rough estimate of the lithium transference numbers may be
btained from the expression:
+ = DLi+

DLi+ + DCF3SO3
−

(3)
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Fig. 12. Signal attenuation of 1H, 7Li and 19F NMR spin-echo spec-
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interaction results in an increase in the degree of dissociation
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ra as a function of (γgδ)2(Δ − δ/3) at 50 ◦C of electrolyte PEO/AlCarb7
33 wt.%)/CF3SO3Li.

As can be noticed, the self-diffusion coefficients strongly
epend on temperature. Two temperature ranges can be dis-
inguished, one above 130 ◦C, for which the lithium diffusion
nd anion diffusion values are of the order of 10−7 cm2 s−1 and
he anion diffusion is about twice as high as the lithium cation
iffusion.
At a lower temperature of 50 ◦C, the diffusion of lithium
2.4 × 10−6 cm2 s−1) is 200 times higher than that for anions
1.2 × 10−8 cm2 s−1). At the same temperature, the proton diffu-

o
i
b

able 1
elf-diffusion coefficients D and the lithium transference number t+ for the mobile spec

emperature (◦C) DLi+ (×10−7 cm2 s−1) DCF3SO3
− (×

50 24.00 0.12
35 2.32 4.28
45 2.82 4.84
60 3.83 6.23
80 5.77 9.06
Power Sources 173 (2007) 734–742 741

ion is 1.5 × 10−8 cm2 s−1, which may indicate that the polymer
s strongly coupled with the anion diffusion.

The calculated lithium transference number t+ at this temper-
ture is very high, it is equal to 0.995, which suggests practically
omplete immobilization of the triflate salt anions. In the range
f high temperatures the lithium transference number is equal
.35–0.39, with a slight tendency of increase with a rise of
emperature. An agreement of these data with the results of t+
easurements determined by ac–dc polarization experiments,

n which t+ reaches the highest value, equal to 0.9, at 60 ◦C,
ccurs. The dependence of t+ on temperature should probably
e connected with the stability of the aluminum carboxylate and
ithium salt anion complex. This complex undergoes dissocia-
ion at elevated temperature liberating the earlier coordinated
alt anions.

. Conclusions

The studies carried out show that the aluminum carboxylate
lCarb7 used as an additive to the solid polymer electrolyte
ased on PEO and CF3SO3Li salt favorably influences the
PE mechanical and conducting properties. DSC measurements
how that the electrolyte involving AlCarb7 is characterized by
ow glass transition temperature of −51.4 ◦C. This compound is
ompatible with the polymeric matrix forming with the lithium
alt a homogeneous system, which can be observed in the SEM
mages.

Electrochemical tests of Li|PE|Li cells with electrolytes
nvolving AlCarb7 showed a decrease of the RSEI with tempera-
ure, stabilizing at about 10 � cm2. The conductivity achieved is
elatively high, σbulk, of the order of 10−5 S cm−1 at 60 ◦C and
0−4 S cm−1 at 90 ◦C.

The electrochemical measurements as well as the NMR
iffusion data show that at temperatures below 130 ◦C the
harge transport in these electrolytes proceeds mainly with
he participation of lithium cations. At 50 ◦C the lithium
ation transference number is close to unity, which means that
iCF3SO3/PEO/AlCarb7 electrolyte acts as a solid single ion
onductor.

On the basis of an analysis of 27Al NMR spectra of the
btained AlCarb7 compound and its mixtures with different
ithium salts it is suggested that the lithium salt anions interact
ith the carboxylate aluminum atom forming a complex. This
f the salt. In the presence of AlCarb7 some of the salts stud-
ed, such as LiClO4, CF3SO3Li, (CF3SO2)2NLi and CH3COOLi
ecome soluble in chloroform. Due to complexation, the anion

ies of PEO/AlCarb7 (33 wt.%)/CF3SO3Li electrolyte as function of temperature

10−7 cm2 s−1) Dpolymer (×10−7 cm2 s−1) t+

0.15 0.995
0.35
0.37
0.38
0.39
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ormed has a strongly delocalized charge, and due to the high
olecular weight, AlCarb7 forms mainly a dimeric low mobile

tructure (Mw = 1100). Possible interaction of lithium cations
ith oxyethylene monomeric units of AlCarb7 may provide

dditional conduction paths for Li+.
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22] Z. Florjańczyk, E. Zygadło-Monikowska, E. Rogalska-Jońska, F. Krok,
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