
1. Introduction
Polyimides (PIs) belong to the important class of
polymeric materials known as ‘high performance’
polymers due to their high thermo-oxidative stabil-
ity [1], their exceptional mechanical properties,
good film forming ability and superior chemical
resistance [2–6]. Although, high performance poly-
imides are widely used in the microelectronics
industry because the imide rings may provide per-
mittivities equivalent to those of high dielectric
constant to materials [7]. Work on polymer/salt
mixtures has increased during recent years due to
the growing interest in these systems as fast ion
conducting systems. Several types of lithium ion
conducting polymer electrolytes have been pre-
pared as perfect homogenous mixtures of the com-
ponents, namely, PEO as the polymer matrix which
is capable of solving different alkali metal salts, and

lithium trifluoromethanesulfonate (LiCF3SO3),
lithium tetrafluoroborate (LiBF4) and lithium per-
chlorate (LiClO4) as a lithium salt [8]. However,
these electrolytes show satisfactory ionic conduc-
tivity only at temperatures above 70°C. The con-
ventional belief has been that the high degree of
local order (‘crystallinity’) is what makes the ionic
conductivity too low at ambient temperatures.
Therefore, much attention has been devoted to the
task of increasing the amorphous content of the
PEO electrolyte; either by using large-anion lithium
salts, by adding liquid plasticizers or ceramic fillers
to the polymer [9–12]. When the electrolytic com-
ponent is in the form of a dry polymer matrix, it
consist of a high molecular weight homo or copoly-
mer, which is cross-linkable or non-cross-linkable
and includes a heteroatom in its repeating unit such
as oxygen or nitrogen for example, in which an
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alkali metal salt is dissolved such as LiCF3SO3,
LiClO4, LiTFSI etc. In the literature, ion-conduct-
ing polyimide membranes are selected as promising
candidates for separating the electrodes because
such a membrane has the mechanical stability to
prevent shorts on rough handling, the chemical sta-
bility to prevent decomposition reactions that
organic liquid electrolytes are prone to suffer at ele-
vated temperatures, and the ability to resist penetra-
tion of lithium dendrites [13]. In the literature, there
are only a few studies similar to the work that has
been carried out by several research groups [14–22].
For instance, U.S. Patent 5888672 issued to Gustaf-
son and Antonucci [14] disclosure a battery wherein
each of the anode, cathode and electrolyte layer is
based upon soluble, amorphous and thermoplastic
polyimide. In another study, Johnson et al. [15]
explored to comprise a solid, thermoset polyimide
matrix doped with a lithium salt (LiTFSI). Wensley
prepared several optically clear polyimide based
electrolytes and determined the minimum required
amount of lithium per mole of imide ring in soluble
polyimide for rechargeable batteries [16]. The aim
of the present work is to investigate the effects of
Li-salt and PEO on the ionic conductivity and mor-
phological behavior of PI based polymer elec-
trolyte.

2. Experimental
2.1. Materials
3,3!,4,4!-Benzophenone tetracarboxylic dianhy-
dride (BTDA, Aldrich, Steinheim-Germany), 4,4!-
Oxydianiline (ODA, Aldrich, Steinheim-Germany),
Poly(ethylene oxide) (average Mw = 100.000 g·mol–1,
powder, Aldrich, Steinheim-Germany), Lithium
trifluoromethanesulfonate (LiCF3SO3, 99.995%-
Aldrich, Steinheim-Germany), Dimethylacetamide
(DMAc, Aldrich, Steinheim-Germany) were dried
under vacuum before being used and stored in
home-designed glove box (Ercom Kompresör, Kar-
tal/"stanbul, Turkey) until use.

2.2. Preparation of lithium salt containing
polyimide membrane

ODA and DMAc were placed into a 100 mL three-
neck flask under nitrogen purge. The mixture was
stirred until the solution was clear. BTDA in equal
molar amount to that of ODA was added to the
solution and stirred for 24 h at room temperature to
give a viscous, transparent and yellow solution of

PAA (Figure 1) which afforded approximately 20%
solid by weight. PAA solutions containing different
amounts of LiCF3SO3 salt were converted to poly-
imide by thermal imidization technique heating one
hour each at 80–100–150–200–250°C ranges applied
onto glass plates (F1–F4) (Figure 2). Polyimides
having long PEO moieties in the main chain (F5
and F6) have been prepared by heating overnight at
relatively low temperatures to prevent the degrada-
tion of polyether chain (#150°C).

2.3. Characterization
FT-IR spectrum was recorded on Perkin Elmer
Spectrum 100 ATR-FTIR spectrophotometer (Perkin
Elmer, Waltham, MA, USA). SEM imaging of the
films were performed on Philips XL30 ESEM-FEG/
EDAX (Philips, Eindhoven, The Netherlands). The
specimens were prepared for SEM by freeze frac-
turing in liquid nitrogen and applying a gold coat-
ing. The thermal stability of the samples was tested
in the temperature range of 30–800°C by thermo-
gravimetric analysis (TGA) using a PerkinElmer
STA 6000 instrument (PerkinElmer, Waltham, MA,
USA) under air atmosphere at a heating rate of
10°C/min. Differential scanning calorimetry (DSC)
measurements were carried out with a Perkin Elmer
Pyris Diamond (PerkinElmer, Shelton, CT, USA).
The samples were analyzed under a nitrogen atmos-
phere in the temperature range –100 to 400ºC at a
heating rate of 10ºC/min and cooling rate of
100ºC/min. Standard tensile stress-strain experi-
ments were performed at room temperature on a
Materials Testing Machine Z010/TN2S (Zwick
GmbH&Co. KG, Ulm, Germany) using a crosshead
speed of 5 mm·min–1. The mechanical properties of
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Figure 1. Shematic representation of synthesis BTDA-
ODA based PAA



the PI based polymer electrolytes were determined
by standard tensile stress–strain tests in order to
measure tensile strength and elongation at break.
The specimen dimensions were 60.00 mm in length
and 8.00 mm in width. Four parallel measurements
were carried out for each sample.
Ionic conductivity measurements were recorded
using a Gamry Potentiostat/Galvanostat/ZRA (Gamry
Series G 750, Warminster, PA, USA) with Gamry
Framework software system EIS300. EIS spectra
were analyzed using Echem Analyst 5.67 software.
The polymer electrolyte (PE) was placed between
two SS (type 304, 0.025 mm thick, Alfa Aesar,
Karlsruhe, Germany) electrodes in a cell. The thick-
ness of the membrane was measured before and
after the EIS measurement, to assure a constant
thickness throughout the experiment. Ionic conduc-
tivity was measured under an argon atmosphere
using a potantiostat/galvanostat and a home-design
glove box with conductivity cell. The frequency
ranged from 40 Hz to 100 mHz at a perturbation
voltage of 5 mV. The ionic conductivity values of the
polymer electrolyte systems are calculated from the
intercept of real part of the complex impedance

plot, which is resistance of the film and known area
using the Equation (1) [19, 20]:

                                                (1)

where " is conductivity; L/A is geometrical factor, L
is the thickness of the electrolyte film; R is resist-
ance of the electrolyte film; and A is the area of the
film.
Linear Sweep Voltammetry (LSV) measurement was
recorded using a Gamry Potentiostat/Galvanostat/
ZRA (Gamry Series G 750, Warminster, PA, USA)
with Gamry Framework Software System PHE200
(Physical Electrochemistry Software, Warminster,
PA, USA). LSV experiment was performed to inves-
tigate the electrochemical stability window of the
polymer electrolyte (F5) employing SS as working
electrode and lithium foil (Sigma-Aldrich, Stein-
heim-Germany) as reference and counter elec-
trodes. Cell assembly was carried out in argon atmos-
phere inside the glove box. The scanning rate was
1 mV·s–1 and the potential ranged from open circuit
potential to 5.0 V (vs. Li/Li+).
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Figure 2. Shematic representation of preparation of Li-salt-doped polyimide membrane



All the electrochemical experiments were carried
out in an Argon atmosphere in a home-designed
glove box at room temperature (Figure 3).

3. Results and discussions
3.1. FT-IR
The structures of membranes were investigated by
FTIR. To evaluate the molecular interactions between
PI and PEO, the FTIR spectrum of pure PEO was
also displayed in the insert of Figure 4. Figure 4
shows the FTIR spectra of (a) membrane F0,
(b) membrane F1, (c) membrane F5, (d) membrane
F6 and (e) pure PEO. In all these work, the com-
plexation is confirmed by the appearance of new
peaks, frequency shifts, changes in intensities or
shape of existing peaks in the FTIR spectra. The
chemical bonding between PEO chain, LiCF3SO3,

PEO-LiCF3SO3 and PI structure was discussed
below.
The FT-IR spectroscopy indicated that complexa-
tion has occurred between polymer matrix and salt.
Figure 4 curve a is FT-IR spectra for polyimide film
without the addition of a Li salt or any solvent. The
characteristic absorption bands of the imide groups
near 1776 (asym. imide carbonyl stretching), 1713
(sym. imide carbonyl stretching) and 1371 cm–1

(imide C–N stretching) were observed in the FTIR
spectrum after thermal imidization of the poly
(amic acid). Meanwhile, the characteristic absorp-
tion of the amide carbonyl at 1640 cm–1 did not
appear in the spectrum, indicating that the imidiza-
tion reaction is complete. Strong bands in the range
of 1300 cm–1 (imide C–N stretching) and 744 cm–1

(imide C–H bending) are also observed in the spec-
trum. Other absorption bands at 1617 and 1492 cm–1

are aromatic C=C stretching and benzene ring
vibrations, respectively. Moreover, the spectra of
membrane F0 show asymmetric stretching ether
(C–O–C) bands at 1228, 1162 and 1089 and aro-
matic C–H bending bands between 980 to 832 cm–1

[23].
On the other hand, Figure 4 curve b shows FT-IR
spectrum of PI-LiCF3SO3 membrane. The resulting
polyimide electrolyte shows strong peaks at about
1652 and 1590 cm–1. Previously it was reported
that, polyimide electrolyte shows a very strong dou-
blet at about 1670 and 1640 cm–1. These peaks are
the evidence for the complex between lithium salt
and the imide rings of the polyimide [24]. Slight
shifts observed in these peaks could be attributed to
the use of different salts and different polyimide
materials. Also it can be seen that, the characteristic
polyimide peaks at 1776 and 1713 cm–1 are shifted
to 1770 and 1717 cm–1, respectively. The other bands
at 1256 and 1289 cm–1 related sym. CF3 stretching
and asymm. SO3 stretching modes. Also the com-
plexation of the LiCF3SO3 salt with PI was con-
firmed by the presence of new peak at 662 cm–1

corresponding to free SO3
– ion [25]. Furthermore it

indicates an interaction/complexation between
polyimide material and Li-salt. It is known that Li+
is a very good complex forming species and there-
fore, it may possibly form some strong coordinate
bond with the imide nitrogen atom or the imide car-
bonyl [26].
As can be seen in Figure 4 curve e, in the pure PEO
spectrum a large broad band appears centered at

                                                 U!ur et al. – eXPRESS Polymer Letters Vol.8, No.2 (2014) 123–132

                                                                                                    126

Figure 3. Picture of the conductivity cell

Figure 4. FT-IR spectra of a) PI and b) PI-LiCF3SO3 c) PI-
PEO and d) PI-PEO-LiCF3SO3 e) pure PEO



3466 cm–1. Pure PEO shows a large, broad band of
CH2 stretching at 2910 cm–1. However, the band is
split into two at 2918 and 2884 cm–1 corresponding
to asymmetric and symmetric CH2 stretching,
respectively [27]. Other bands at 1490, 1368–1342
and 1113 cm–1 are CH2 scissoring, CH2 wagging,
C–O–C stretching modes [28, 29].
The existence of chemical interchain between PEO
with PI was proved by FTIR study. As it can be seen
in Figure 4 curves c and d, the band at 1743 and
1746 cm–1 corresponds to the esther carbonyl groups.
The presence of ester bonds resulted in a shift of the
peak of the imide carbonyl groups at around 1708
(curve c) and 1712 cm–1 (curve d). In these spectra,
the peaks at 1645 and 1648 cm–1 were attributed to
the amide carbonyl groups due to partially imidiza-
tion of membranes F5 and F6 which were imidized
at low temperatures.

3.2. Morphology properties of polyimide
membranes

The morphologies of the PI, PI-PEO and their com-
posite polyelectrolyte membranes were studied by
scanning electron microscopy (SEM) as shown in
Figure 5. As seen in Figure 5a, the fractured surface
of the PI membrane is dense and homogeneous.
Since the thermal imidization was performed by
stepwise heating up to 250°C, microporosity was not
observed on the membrane. However, the surface
morphology of the Li salt containing membrane is
rough compared with neat PI film as seen in the

SEM image (Figure 5b). In Figure 5c the random
distribution of PEO structure in PI matrix can be
seen. Since the imidization was performed at low
temperature to protect the polyether chain from
thermal degradation, course voids appeared in the
membrane due to the low rate of solvent evapora-
tion. The characteristic semi crystalline morphol-
ogy of PEO chain was undetectable in the PI-PEO
membrane. When only PEO or LiCF3SO3 or PEO/
LiCF3SO3 mixture was incorporated into PI matrix
rough morphology was obtained (Figure 5b–5d).

3.3. Thermal and mechanical properties of
polyimide based polymer electrolytes

Thermo-oxidative stabilities of the polymers were
determined by thermogravimetric analysis in air.
Figure 6 shows TGA thermograms of polyimides.
The dynamic TGA experiments were run from 30 to
800°C, at a heating rate of 10°C/min under air
atmosphere. The first stage of decomposition started
at about 250°C due to the degradation of organic
group of LiCF3SO3 salt (–CF3–SO3 bridge) and PEO
(C–O–C), which were the weakest linkages along
the main chain. The second stage of decomposition
started from 450°C corresponding to the degrading
of the aromatic imido groups; this is typical for aro-
matic polyimides in general [30]. In addition,
although PEO decomposition temperature is much
lower than polyimide, TGA curves of PEO contain-
ing polyimide membranes (F5–F6) have approxi-
mately same thermal properties. This result is
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Figure 5. SEM cross-section images of a) PI (F0), b) PI-LiCF3SO3 (F1), c) PI-PEO-LiCF3SO3 (F5), d) PI-PEO (F6) and
e) pure PEO



explained by seconder interaction between mole-
cules and also incorporating very low concentra-
tions of PEO.
The TG and derivative thermogravimetric analysis
(DTG) curves of PI based membranes under air
indicate three stages of thermal decomposition.
However, the resulting curve, shown in Figure 6
stable up PI based electrolytes approximately not
less than 50% of their mass, which was illustrated
in all of the PI membranes, had excellent stability.
The glass transition temperature (Tg) of neat PI (F0)
was found as 297.4 °C. When Li salt was added, the
Tg of the composite film decreased to 271.6°C.
Thus, it can be said that the Li salt particles decrease
the chain interactions in the PI matrix by settling
between polymer chains. On the other hand, in ther-
mal imidization conditions (150°C for membranes
F5 and F6) when PEO and the Li salt were incorpo-
rated into PI matrix, Tg was further reduced to
211.7°C. Partly remained solvent’s effect is related
to a weakening of the dipole-dipole interactions
between the polymer chains. This result in a reduc-
tion of the Tg value. Therefore, this helps to soften
the polymer backbone and increase its segmental
motion. Relatively, this situation was attributed to
the increased free volume at the molecular level due
to presence of flexible PEO chains.
It is known that the mechanical properties of the
SPEs are as important as the ionic conductivity at
room temperature for their practical applications.
Elongation at break and tensile strength of polymer
electrolyte membranes are displayed in Table 2. For
F1 to F4 membranes, decreasing Li content in the
membrane decreases the elongation and tensile

modules in the same manner. This behaviour was
attributed decreasing the level of the hydrogen bond
the carbonyl oxygen. When membranes F5 and F6
were compared, it is clearly observable that the
addition of Li salt within the PEO containing PI
membrane caused negligible changes. When mem-
branes F2 and F5 were compared, it is clearly
observable that the addition of PEO causes drastic
reduction in the tensile strength and elongation at
break. This could be attributed to the etheric struc-
ture of PEO. Finally, as can be seen in Table 2, rais-
ing the glass transition temperature of polymer
electrolytes improves ionic conductivity but leads
to a decrease in mechanical properties.

3.4. Ionic conductivity
The ionic conductivity of a polymer electrolyte
depends on the concentration of ion carriers and on
their mobility. The ionic conductivity in polymer
electrolytes is assumed to occur by Lewis acid-base
interactions between the cations and the polymer
solvent. It is also generally accepted that the ionic
conduction occurs mainly in the amorphous compo-
nent of polymer electrolytes above their Tg with the
chain segment mobility playing a critical role in the
conductivity mechanism [31].
In the case of solvent free polymer electrolytes, the
motions of the polymer host are responsible for the
ionic mobility; ions move only if polymer segments
undergo fairly large-amplitude motions [32–34]
related to Tg. Polymer electrolytes show fast ionic
conduction above their Tg where they are largely
comprised of amorphous phases. Thus, a low Tg
polymer like PEO (poly (ethylene oxide)); Tg, –50
to –57°C [35] has become an important polymer for
solvent free electrolytes, and amorphization of this
polymer is being researched [36, 37] as a way to
increase its ionic conductivity.
In this study, the conductivity of the polymer elec-
trolyte membranes was calculated from the meas-
ured resistance of the film for the known area and
thickness of the polymer film. Table 1 and Figure 7
summarize the compositions and Nyquist diagrams
of the thermoset PI based polymer electrolytes.
Firstly, the ionic conductivity was studied as a func-
tion of Li salt concentration within PI matrix (F1–
F4). As can be seen in Table 1, the Li+ ion conduc-
tivity changed according to [O]/[Li] ratio where [O]
is the number of mole of oxygen atoms in poly-
imide structure from membrane F1 to membrane
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Figure 6. TGA thermograms of F1–F6 films recorded at a
heating rate of 10°C/min for the polyimides con-
taining various PEO, LiCF3SO3 and PEO-
LiCF3SO3 contents. Inset Figure: The DTG curve
shows stepwise decomposition of F1, F5 and F6
membranes.



F4. At lower [O]/[Li] ratio, ion conductivity signifi-
cantly decreased. This can be explained by the
increased amount of Li+ ion concentration in ther-

moset polyimide materials which was limited the
mobility of polymer chains [24]. In other words,
further increase of Li ion concentration results in
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Table 1. The conditions, Li+ ion conductivity values and [O]/[Li] ratios of membranes

*[O] mole number of oxygen atoms is polyimide structure

Table 2. Thermal and mechanical properties of novel PI based thermoset polymer electrolytes

F1 F2 F3 F4 F5 F6

Metod Thermal
imidization

Thermal
imidization

Thermal
imidization

Thermal
imidization

Thermal
imidization

Thermal
imidization

Process temperature
[°C]

80–100–150–
200–250

80–100–150–
200–250

80–100–150–
200–250

80–100–150–
200–250 80–100–150 80–100–150

Codes PI/LiCF3SO3 PI/LiCF3SO3 PI/LiCF3SO3 PI/LiCF3SO3 PI/PEO/LiCF3SO3 PI/PEO
*[O]/[Li] ratio 1:1 2:1 4:1 8:1 1:1 –
PEO [mole] – – – – 10–6 10–6

Iomic conductivity [S·cm–1] 9.2·10–7 1.08·10–6 4.44·10–6 8.7·10–-6 2.04·10–5 –

Sample code Tensile strength
[N/mm2]

Elongation at break
[%]

Max weight loss temperature
[°C]

The glass transition temperature
[°C]

F0 130.80 5.40 668 297.4
F1 64.53 1.07 643 271.6
F2 33.52 0.84 660 231.3
F3 17.80 0.60 659 220.8
F4 16.64 0.42 650 213.2
F5 16.80 0.41 658 211.7
F6 17.68 0.40 635 205.8

Figure 7. Impedance diagrams of ion-conductive polyimide membranes a) PI/PEO/LiCF3SO3 (F5) b) PI/LiCF3SO3 (F4)
c) PI/LiCF3SO3 (F3) d) PI/LiCF3SO3 (F2)



reduction of conductivity, explained by an increase
in transient ionic crosslinks within polymer net-
work, causing a decrease in chain segment mobility.
It has also been suggested that at high salt content
formation of ion aggregates will contribute to a
decrease in conductivity [38]. Hence, membrane F4
showed highest ionic conductivity of 8.7·10–6 S·cm–1

compared the other membranes (F1, F2 and F3) at
room temperature.
On the other hand, the polymer–salt complexes are
formed by complexes between salts of alkali metals
and polymer containing solvating heteroatoms such
as O, N, S, etc. The most common examples are
complexation between PEO and alkali metal salts
[39]. The ether oxygens in PEO are hard Lewis
bases, thus they have low polarizability and high
electronegativity. They coordinate well to hard
Lewis acids, which in general are small cations,
e.g., Li+1, Na+1 and Mg+2. These cations then, in turn,
form salts with low lattice energies together with
large, e.g., PF6

–, CF3SO3
– and (CF3SO3)2N–. These

larger anions can sometimes also have a plasticiz-
ing effect on the polymer [40]. In addition, the
increase in amorphous content is probably due to
the large CF3SO3

– anion that reduces the crys-
tallinity of the complex. It can be suggested the
increase in conductivity in our system is due to the
amorphizing properties of the large CF3SO3

– ion
present in the system. The spectroscopically ‘free’
ions are believed to be responsible for ionic charge
transport in polymer electrolyte. They can be tem-
porarily complexed or attached to the polymer chain
(Li+ can attach to oxygen atoms on PEO) during
segmental motion of the polymer and then hop to
the next site. The fraction of ‘free’ ions will indicate
the effectiveness of various electrolyte components
in increasing charge concentration and subsequent
ion conduction [41]. Thus, the increasing ionic con-
ductivity of PI-PEO-LiCF3SO3 film suggested that,
even a small amount of PEO added to PI-LiCF3SO3
membrane, increases the free volume and decreases
the Tg which leads to increase molecular mobility.
Hence this will cause to increase conductivity. In
the PI-PEO-LiCF3SO3 electrolyte system (F5) the
composition with the highest conductivity is
recorded which reaches 2.04·10–5 S·cm–1 at room
temperature.

3.5. Linear sweep voltammetry (LSV)
Electrochemical measurements showed that the
cells prepared from using a stainless steel (SS) elec-
trode, a lithium counter, and a lithium reference
electrodes had a wide range electrochemical stabil-
ity. Thus, the high stability of the PI based elec-
trolyte membrane (F5) may be attributed to the
absence of impurities, which is a welcome feature
because it permits their use in high-voltage battery
applications. Figure 8 shows the current-voltage
response of the solid polymer membrane obtained
in the potential range between open circuit and 5.0 V
vs. Li at room temperature. As it can be seen, the
plateau is very flat and straight; this very low resid-
ual current level prior to breakdown voltage, with
no peaks in the 2.0–3.5 V voltage range. So, it con-
firms the high purity of the SPE membrane was
obtained. In addition, the onset of the current during
anodic scan, which is representative of the decom-
position of the electrolyte, indicates an anodic
break-down voltage of approximately 4.3 V vs. Li.
So, membrane F5 showed an appreciable anodic
breakdown voltage [42].

4. Conclusions
Novel PI-based composite polymer electrolytes
were prepared by the incorporation of LiCF3SO3
and PEO. Characterizations were carried out by
FTIR, TGA, DSC, mechanical properties, SEM,
impedance measurements and LSV. The thermal
imidization technique was adopted to prepare poly-
mer electrolyte membranes. BTDA and ODA based
polyimide synthesized by step-growth polymeriza-
tion method. In order to improve the conductivity
behaviour of membranes, we have been focused on
introducing the PEO and LiCF3SO3 into the poly-
mer backbone. FT-IR measurements showed the
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Figure 8. Electrochemical stability window at room tem-
perature for PI based polymer electrolyte (F5),
potential scan rate: 1$mV·s–1



existence of the complex formation between lithium
salt and imide ring of the polyimide. F1 and F5
films showed an ionic conductivity of 9.2·10–7 and
2.04·10–5 S·cm–1 respectively at room temperature
which is acceptable value for lithium rechargeable
batteries. However, this conductivity is still low for
practical use in lithium-polymer or lithium-metal
batteries. The final solid polymer electrolyte is not
soluble in the liquid electrolyte and also stable over
a wide range of temperatures.
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