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Polymer Blend for Electrolyte and Electrode Coatings
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Summary: The thermal and morphological properties of PEO/copolyether electrolyte
and carbon black composite have been studied. A copolyether poly(propylene glycol)-
block-poly(ethylene glycol)-block-poly(propylene glycol) bis(2-aminopropyl ether) was
used at 20 wt.-% in relation to PEO in order the improve the carbon black dispersion
through interaction with the amino end capped function. The polymer matrix
presented semicrystalline structure and the addition of LiClO, and carbon black
decreases significantly the crystallinity of the system. Sub-micrometric dispersion of
carbon black was observed. The conductivity results as a function of temperature
exhibited a typical VTF behaviour for the electrolyte. AlImost constant conductivities
of 2 x 10°*S-cm ™" were observed for the composite with 5 wt.-% of carbon black, in
the range of temperature between 35 and 95°C, which indicates a significantly

contribution of electronic conduction.

Keywords: AFM; coatings; composites; DSC; electrolyte; polyethers; polymeric

Introduction

Nowadays electrical equipments are requir-
ing integrated energy storage systems
which associate high energy density with
short charge time and high number of
charge/discharge cycles.'>! To answer
these requirements, an electrochemical
capacitor that uses accumulated charges
of an electric double layer formed at the
interface high porous electrode/electrolyte,
associated with batteries, can be used.[
The use of electrode composites produced
by the dispersion of porous carbon black in
a polymer electrolyte (polymer + salt) is
one of the potential techniques to produce a
double layer electrochemical capaci-
tor.>>% Solid polymer electrolyte might
enhance electrochemical capacitors’ tech-
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nology by replacing the liquid electrolyte
currently in use and thereby allowing the
fabrication of flexible, compact, coated
solid state structures, free from leaks and
available in a variety of geometries.m
The deposition of polymeric films for
production of electric-electronic devices
can be accomplished through processes
such as spin coating, spray coating and
inkjet printing techniques, involving both
solutions or suspensions.®® These pro-
cesses produce films with high quality at low
energy cost, allowing to choose the sub-
strate and to control the film thickness.[®*!
In the presented work, a procedure for
fluids (solutions or dispersions) preparation
and deposition of reproducible polymeric
layers through the spray coating technique
was developed. Stages of both, polymer and
salt dissolution, as well as carbon black
dispersion through mixing and sonication
were followed by carefully dry procedures.
A polymeric blend of high molecular
weight poly(ethylene oxide) (PEO) and low
molecular weight block copolyether was
selected to be matrix for LiClO,4 dissolution
and carbon black dispersion. The copolymer
poly(propylene glycol)-block-poly(ethylene
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Scheme 1.
Interaction of the amine end chain with carbon.

glycol)-block-poly(propylene glycol) bis(2-
aminopropyl ether) NH,-PPG-PEG-PPG-
NH, was mixed with PEO in order to
decrease the crystallinity of the matrix and
increase carbon black dispersion through
interaction of the amine end chain with

Our group has reported previously™”
the study of electrochemical capacitors
using a PEO mixed with PEG 400 as
plasticizer®® or an aliphatic thermoplastic
polyurethanel® as matrix. In those works,
the films were prepared by conventional
casting procedure and several experimental
difficulties were presented, leading to a low
reproducibility of the devices. The poly-
urethane matrix showed the best results
mainly because the electrolyte and carbon
black composites presented high conduc-
tivities.®) The adequate dispersion of
carbon black, which favours electrical
conductivity, is what builds up a continuous
conductive network. This network was
probably presents itself in our polyurethane
system supported by the copolymer type
structure of this material; the urethane
segments may have strong interactions with
carbon black.

Polymer blending is reported to be a
useful tool to design electrical conductive
composites by selective localization of
carbon black in phases or interphases.!'!
This approach regarding the formulation is
the purpose in this work, as well as the goal
to prepare reproducible high quality-low
cost coatings by spray technique. The
thermal behaviour of the polymeric con-
stituents and coatings was evaluated by
DSC. Coatings morphology and superficial
composition studies were carried out by
atomic force microscopic and electron
microprobe respectively. The coatings
conductivities were measured using im-
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pedance spectroscopy as a function of
temperature.

Experimental Part

A polymeric electrolyte solution was pre-
pared with PEO (Aldrich-M,, =100000 g -
mol~—supplier data), triblock copolymer
NH,-PPG-PEG-PPG-NH, (Aldrich-M, =
2000 g-mol~'—supplier data) blend in the
proportion of 20 wt.-% of copolymer
and LiClO4 (Aldrich) in tetrahydrofuran
(Synth). The electrode composite was
obtained adding carbon black suspension
(Black Pearls 2000-Cabot, 950 m?*.g~!
—supplier data) in the electrolyte solution,
at the concentration of 5 wt.-%. The salt
concentration was fixed at mole ratio [O]/
[Li] =8. All reagents were used as received.
After preparation, the suspensions for
electrode samples were sonicated (in an
ultrasonic bath) for 5 h. The solutions/
suspensions were placed on substrates
through spray coating technique. The
solvent evaporation was carried out in a
dissecator under vacuum by more than one
week. Films’ thicknesses were determined
to be between 10 and 30 pm.

The samples’ surface were analysed in
an OLYMPUS BX 50 OPTIC microscope,
JEOL JXA 8900RL electron microprobe

(EDS =energy dispersive X-ray and
WDS =wavelength  dispersive spectro-
meter), DIGITAL INSTRUMENTS

MULTI MODE WITH CONTROLLER
NANOSCOPE 4 atomic force microscope.
For AFM, coatings were prepared in a Si
substrate. DSC was carried out with a TA
INSTRUMENTS 2920 DSC, in three
scanning experiments: 25-120°C, 120 to
—100°C and —100 to 150°C, at heating ra-
tes of 10°C-min~", under He atmosphere.
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The second DSC heat scanning was used to
determine phase transitions. Coatings of
electrolyte and composite were sprayed
inside the DSC pans and dried for mea-
surement. Electrical measurements were
performed using an ECO CHEMIE
potentiostat/impedance frequency analyzer
Autolab PGSTAT 30, with a experimental
cell including two stainless steel block
electrodes inside a heater system to control
temperature between 25 and 95°C. The
frequency range of the impedance mea-
surements was between 1 and 5 x 10° Hz.
For electrical measurements of electrolyte
and composite coatings, the samples were
sprayed in the stainless steel electrodes and
carefully dried.

Results and Discussion

An important experimental observation in
fluid preparation was the increase of
solubility obtained using a polymer blend
with low molecular weight amino termi-
nated copolymer in its formulation. Pre-
vious attempts to prepare fluids with PEO
(8000 and 100000)/LiClO4 indicated
lower polymer solubility and a lower
homogeneity of the coatings, probably
associated with the presence of lithium salt
in the medium. Even in the case of the
blend system the ionic force of the solution
seems not to favour carbon dispersion. The
goal to formulate fluids to prepare electro-
lyte and electrode coatings for a solid
polymeric electrochemical device is a very
limited situation. The presence of salt is
imperative and ionic surfactant is unaccep-
table. The amino terminated triblock may
act as a non-ionic surfactant at the same
time that it can provide a special morphol-
ogy, by interacting with PEO, for dispersion
and organization of carbon black. Carbon
black is known to present hydroxyl and
carboxyl groups adsorbed onto its sur-
face.l'”! The amine can interact and react
with carboxyl groups helping the hop of
charge carriers between neighbours con-
ducting agglomerates.'”) The concentra-
tion of salt was established considering the

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

best results of conductivity for PEO based
materials.'?! The concentration of triblock
and PEO was tested taking under con-
sideration that the goals was to prepare
dimensional stable coatings.

It should be pointed out that the
viscosity of the fluids formulation (lower
than 15 cP) and degree of dispersion were
specially adapted for the spray and spin
coating techniques. Several tests showed
that the morphological features of spin and
spray coatings were similar. After the
determination of the best composition
and mixing procedures, the fluids prepared
in this work were easily sprayed coating in
aluminium, stainless steel and silicon wafers
and, from the optical microscopy point of
view, homogenous layers were obtained.

Figure 1 shows the DSC curves obtained
for the polymer materials, the electrolyte
system and the composite. From Table 1 it
can be observed that DSC measurements
for PEO and triblock copolymer show
melting transitions with similar fusion heats
and differences in melting temperatures.
The block copolyether exhibits two sepa-
rated melting peaks, the first one with a
shoulder at lower temperature. A *C NMR
analysis of the block copolymer indicated
that the total amount of poly(proplene
glycol) (PPG) does not exceed 5 wt.-% of
this sample. Therefore, this is actually a
poly(ethylene glycol) (PEG) oligomer ter-
minated with a PPG-amino function and
the melting features in Figure 1 can be ex-
plained as associated with the PEG block.

Figure 1 shows an insert which is a
magnification of the low temperature range
of the DSC curve for PEO and copolymer.
Table 1 presents the values of glass
transitions (7,) for both matrix. The two
copolymers glass transitions can be
assigned to the PEG block (7,=—59°C)
and to an arrangement produced by the
PPG-amino end capped (7,=1°C). It
should be noted that the DSC analysis in
Figure 1 are second heating runs and
volatiles were dried before, in the first
heating run.

It is known that polymer electrolytes
form crystalline compounds at certain
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Figure 1.

DSC curves for PEO, triblock copolyether, electrolyte with LiClO, ([0]/[Li]) =8 and composite with 5 wt.-% of

carbon black.

discrete compositions of polymer and
salt.'>5] But it may also be obtained as
amorphous materials along a wide range of
compositions and temperatures, including
ones in which the crystalline complexes can
coexist.'> In the polymer electrolyte field
is frequently considered the decrease of the
crystallinity as an important factor to
improve conductivity. The fast ionic trans-
port takes place in the amorphous regions
of the electrolyte when it is semicrystal-
line.!'>!#! Strategies such as the preparation
of polymer blends and the addition of
plasticizers and fillers can be used to reduce
crystallinity of polymer electrolytes.[7’14]

Table 1.

The presence of the amorphous carbon
in the electrodes is reported to contribute
in reducing the capacity of organization
of the polymeric chains without redu-
cing the mechanical properties of the
system.[lé]

From the DSC data (Figure 1 and
Table 1), it was verified that for both—
polymer electrolyte and composite elec-
trode—there was a dramatic decrease of
the crystallinity when compared to the
polymeric constituent. Endothermic events
can be observed for the systems with
lithium salt and carbon black; however,
the heats of fusion are quite smaller

Thermal properties (from DSC curves) of two polymer matrix, electrolyte and composite coatings.

Material Melting Heat of Glass transitions
points (T,,) (peak) fusion (AH,) (Tg) (onset)
OC J . g71 oc
Poly(ethylene oxide) 62 120 —59
Copolymer PPG-PEG-PPG-amino 45 and 54 15 and 5 —59 and 1
Polymer Electrolyte-LiClO, ([O]/[Li]) =8 29 and 58 5and 9 —44 and —3
Composite Electrode—5 wt.-% carbon black 29 and 43 1 and 2 —52 and —2
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compared to the matrix. Two endothermic
events and two glass transitions were
observed for electrolyte and composite
similar to what is observed for the copo-
lymer. These results should be discussed
considering that there is 20 wt.-% of
copolymer in the blend matrix and that
the copolymer is formed by 95 wt.-% of
PEG. The addition of salt to the blend
produced the decrease of the first melting
transition to 29 °C, with an abrupt decrease
in heat of fusion, and the increase of the first
glass transition to —44 °C. This is a typical
result for an electrolyte system. Lithium
cations coordinate with ethylene oxide
units leading to the formation of a more
rigid amorphous structure and the molar
ratio [O]/[Li] is a known eutectic composi-
tion for PEO:LiClO4 system!"! which
implies in crystallinity decrease. The sec-
ond glass transition of the electrolyte at
—3°Cis similar to the value of second T, for
the copolymer (7, =1°C) and may indicate
that there is no interaction between lithium
cation and the end capped PPG-amino
function.

For the composite an important differ-
ence in results from Table 1 is the first glass
transition value that is —52°C. This may
indicate that the carbon black disturbs the
interactions between salt and polymer
matrix allowing an increase in chain seg-
ment flexibility. No change was observed
for the second T, but a decrease in the
second melting temperature and heat might
indicate some degree of interaction be-
tween carbon black and the copolymer
matrix.

The optical microscopy images (not
shown) confirmed the presence of crystal-
lization in the electrolyte. However, for a
high magnificated AFM image [Figure 2(a)]
in phase contrast mode it is observed a
completely homogenous sample. The same
chemical composition, in all electrolyte
surfaces, was verified by EDS microanalysis
(not shown). These results allow the conclu-
sion that there is no phase segregated
lithium salt or polymer:salt complex and
that PEO/copolymer matrix are quite
compatible.
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In the electrode coatings, two distinct
regions were verified: a smooth and a
rugous one. The EDS microanalysis data
shows that both regions have carbon black,
polymer and salt. This can also be con-
firmed by WDS mapping (Figure 3) and
AFM images [Figure 2(b) and (c)].

The images obtained by AFM
[Figure 2(b) and (c)], show that the carbon
black is dispersed in the electrolyte matrix
with a tendency to form sub-micrometric
agglomerates. The surface AFM images do
not show information concerning the bulk
dispersion in these 10-30 wm coatings. The
WDS carbon mapping presented in
Figure 3(b) is more informative in this
sense. The depth probed by this technique
is of approximately 1 pm. It should
be noted that the black/white scale for
the WDS mapping causes some difficulties
in the analysis of this image. Similar grey
colours are assigned to different concentra-
tions of carbon. It should be considered that
carbon atoms also constitute the polymer
matrix. Therefore, we are proposing to
observe only the distribution of white
regions as an indication of carbon network
formation through the sample. The black
regions are probably associated with high
salt concentrated phases.

Figure 4 shows conductivity results as a
function of temperature for the polymer
electrolyte and the composite electrode
coatings. A great number of works in
polymer electrolytes, involving several
polymers, blends, salts, and preparation
methods are reported in the litera-
ture.l>712715] Conductivity values for solid
polymer electrolytes at room temperature
are between 107 and 107> S.cm~'[*?!
depending on the degree of crystallinity,
salt concentration and several other para-
meters. The observed conductivity for our
polymer electrolyte was of 1 x 107> S -cm ™
at room temperature, which is coherent
with the best results of several other
works.'2!*] The behaviour of electrolyte
conductivity as a function of temperature
(Figure 4) can be fit with the VTF model!**!
which is typical for ionic conductivity in
amorphous solid polymer electrolyte.[lz]
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(b)

Figure 2.

(c)

Phase contrast AFM images for: (a) polymer electrolyte, (b) and (c) composite electrode. Magnifications: total

length of image: (a) 1 wm, (b) 20 wm and (c) 5 pwm.

For solid polymer electrode composites
with carbon black at 5 wt.-% we reported
previously conductivity values of 2 x
107° and 4x 10~ S-cm ") The best
result was obtained with the polyurethane
matrix, which exhibited constant conduc-
tivity as a function of temperature at
concentrations higher than 15 wt.-% of
black. The stability of conductivity values
in the temperature range studied indicates
an electronic hopping mechanism. In
the present work the composite PEO/
copolymer with 5 wt.-% of carbon demon-
strated an improvement in the conductivity
arriving to 6x 107> S-cm™! at room

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

temperature (see Figure 4). More interest-
ing is to observe that at 35°C the con-
ductivity increases abruptly to 2x10~*
S-cm ™! and remains approximately con-
stant up to 95 °C. This increase after the first
melting temperature may indicate the
formation of a privileged network of
eletronic conduction after the melting
of a small amount of copolymer—see
Figure 1, Table 1 and DSC discussion.
Therefore, it can be proposed that the
copolymer amino end capped helped to
establish a continuous network for electro-
nic migration, which is contributing to the
observed conductivity.

www.ms-journal.de
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Figure 3.

a) SEM image (backscattered electrons) and (b) WDS carbon mapping of composite electrode with 5 wt.-% of
(@) ge pping p

carbon black.

The ionic and electronic conductivities
obtained indicated that the relatively
simple procedure for the fluid preparation
and coating deposition, employee in this
work, made possible the creation of
materials with electrical qualities, which
allow their use for the construction of
electrochemical capacitors.

Conclusion

A reproducible, low cost, methodology for
preparation of fluids and polymeric coat-

ings was established. A good dispersion of
carbon black in polymeric electrode, for
conductivity purposes, was obtained by
spray coating technique. Thermal data
showed interesting features associated with
the decrease of polymer crystallinity
through salt addition and the influence of
carbon black addition on reducing amor-
phous phase rigidity. The conductivity data
indicated an improvement in the ionic
conductivity of the electrolyte in relation
to typical solid polyether systems. The
composite electrode coating with 5 wt.-%
of carbon black showed conductivity values
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Figure 4.

10’/ T K"

Arrhenius plot (conductivity vs. 1/temperature) for polymer electrolyte (0 wt.-% of carbon black) and composite

electrode (5 wt.-% of carbon black).
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of approximately 2 x 107*S - cm ™", between
35 and 95 °C, which are probably associated
with ionic and electronic contributions.
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