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Synthesis by UV-curing and characterisation of polyurethane
acrylate-lithium salts-based polymer electrolytes in lithium batteries
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UV-cured caprolactone-based polyurethane acrylate (PUA) polymer blend electrolytes were
prepared and characterised. To develop polymer electrolytes suited to ambient temperature, an
ionically-conductive and reliable polymer electrolyte based on urethane acrylate resins synthesised
from a fluorine-containing di-functional oligomer 6F ethoxylated diacrylate, a di-functional reactive
diluent 1,6-hexanediol diacrylate for adjusting the viscosity, and a radical photo-initiator doped
with a mixture of lithium salts were used. Free-standing flexible electrolyte films were prepared
by UV-curing via free-radical photopolymerisation. The performance of the lithium polymer cell
system (Li/PE(F4)/LiCoO2) was determined by electrochemical impedance spectroscopy, cyclic
voltammetry, a galvanostatic recurrent differential pulse, chronocoulometry and chronoamperome-
try. The electrolyte with optimal amounts of fluorine-containing oligomer and optimal salt mixture
content exhibited enhanced conductivity, showing a conductivity of 1.00 x 107% S cm ™! at ambient
temperature. The specific capacity, specific energy and specific power of a Li/PE(F4)/LiCoO2 cell

were also determined.
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Introduction

Today’s environmentally aware consumers require
reliable and non-toxic rechargeable battery products.
Rechargeable batteries are key components in mo-
bile technologies such as portable consumer electron-
ics and electric vehicles. The energy characteristics
of lithium secondary batteries render them attrac-
tive for use in electric vehicles in terms of reduc-
ing environmental pollution (Scrosati, 1993; Besen-
hard & Winter, 2002; Yang et al., 2011; Jia et al.,
2012). Li* ions, which are an excellent choice for elec-
trochemical power sources, are characterised by high
energy and/or power densities, good cyclability, re-
liability and safety (Scrosati, 1995; Gerbaldi et al.,
2009). In recent years, several cross-linked polymer
electrolytes based on acrylates have been prepared us-
ing UV-based photopolymerisation (Oh et al., 2002;
Gerbaldi et al., 2010; Kil et al., 2013). UV-curing,
which is recognised as being easily performed, inex-
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pensive, fast and reliable, was adopted for prepar-
ing the solid polymer electrolyte (Yildiz et al., 1995;
Garino et al., 2013). UV-cured films need to be envi-
ronmentally compliant. They must be non-toxic, non-
polluting and safe when applied to lithium-based bat-
tery solutions.

In recent years, attention has focused on poly-
mer /salt mixtures due to growing interest in these sys-
tems as rapid ion-conducting systems. Several types
of lithium ion-conducting polymer electrolytes have
been prepared as perfect homogenous mixtures of
the components, namely polyethylene oxide (PEO),
polyurethane acrylate (PUA) or polyimide (PI), as the
polymer matrix capable of dissolving different alkali
metal salts and lithium trifluoromethanesulphonate
(LiCF3S03), lithium tetrafluoroborate (LiBF4) and
lithium perchlorate (LiClO4) as a lithium salt (Papke
et al., 1982; de Zea Bermudez et al., 1999; Silva et al.,
2002; Johnson et al., 2013; Ugur et al., 2014).

In this study, four membranes with different con-
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centrations of ethoxylated-6F diacrylate, oligomers
and lithium salt mixtures were prepared. Their ionic
conductivities and electrochemical properties were
characterised by electrochemical techniques. In ad-
dition, several experimental techniques, including
thermogravimetric analysis (T'GA), electrochemical
impedance spectroscopy (EIS) and cyclic voltammetry
(CV) were employed to determine the basic properties
of the polymer membranes.

Experimental

Caprolactone diol (CL diol, My = 2000 g mol~1),
2-hydroxyethyl methacrylate (2-HEMA) and 1-metyl-
2-pyrolidone (NMP) and battery-grade ethylene car-
bonate (EC), dimethyl carbonate (DMC), propylene
carbonate (PC) and and lithium triflate (LiCF3S0s3)
were purchased from Sigma—Aldrich (Germany). Hex-
afluorinated (6F) bisphenol A was purchased from
Dow Chemical (USA). 2,4- and 2,6-Toluene diiso-
cyanate (TDI), dibutyltin dilaurate (DBTDL), li-
thium tetrafluoroborate (LiBFy) were purchased from
Merck (Germany). 1,6-hexanediol diacrylate (HDDA)
was purchased from DSM-AGI (Taiwan) and used as
received. Polyvinylidenefluoride-co-hexafluoropropyl-
ene (PVAF-HFP, M, = 130000 g mol~!) was used
after purification. Acetylene black was purchased from
Alfa Aesar (Germany) and used after purification. The
photo-initiator (1-hydroxycyclohexyl phenyl ketone-
Irgacure 184) was purchased from Ciba Specialty
Chemicals (Switzerland). TDI and 2-HEMA were dis-
tilled under vacuum. Prior to use, all chemicals were
retained over molecular sieves in the inert atmosphere
of an Ar-filled home-designed glove box (Ercom Kom-
presor, Istanbul, Turkey) for two days to remove traces
of water from the oligomers. This was performed to
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Fig. 1. Reaction scheme of HEMA-TDI product.

avoid problems when assessing the long-term proper-
ties of these membranes for application as electrolytes
in rechargeable lithium batteries.

Synthesis of polyurethane resin

There have been many reports on the synthesis of
acrylated polyurethane resins (Lin et al., 1984; Yildiz
et al., 1995). CL diol, 2-HEMA and a mixture of 2,4-
and 2,6-TDI were used to synthesise the acrylated ure-
thane oligomer. TDI and 2-HEMA were distilled un-
der vacuum and THF was distilled prior to use. This
reaction was performed in two steps under a nitrogen
atmosphere. The reaction schemes are given in Figs. 1
and 2.

Step one: Anhydrous THF, TDI (5.22 g, 0.030
mole) and a catalyst (DBTDL, one drop) were poured
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Fig. 2. Reaction scheme of urethaneacrylate oligomer synthesis.
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into a 250-mL thoroughly flame-dried three-necked re-
action vessel equipped with a magnetic stirrer, ther-
mometer, dropping funnel and gas inlet for dry nitro-
gen. The reaction vessel was then placed in a water
bath for temperature control. During this step, the
reaction temperature was set at 30°C. Next, 2-HEMA
(3.9 g, 0.030 mole) was gradually added to the reaction
vessel through the dropping funnel. The reaction con-
tinued until complete elimination of the —OH absorp-
tion peak of 2-HEMA and formation of the —NH—
absorption peak in the IR spectrum. The reaction time
for this step was 60 min.

Step two: CL diol (30 g, 0.015 mole) was slowly
added through the dropping funnel to the reaction
vessel containing the product from the first step.
The reaction temperature was 50°C and the reaction
proceeded until the complete disappearance of the
—NCO absorption peak while the absorption peak
of —NH— in the FTIR spectrum steadily increased
(Fig. 6b). The reaction time for this step was 150 min.
At the end of the reaction, THF was removed by vac-
uum distillation. A viscous liquid was obtained.

Synthesis of ethoxylated-6F and 6F diacrylate

Ethoxylated-6F was synthesised by the bulk re-
action of 6F bisphenol A (15 g, 0.0445 mole) with
EC (9.45 g, 0.0979 mole) in the presence of 0.69 g
(0.0022 mole) tetraethylammonium iodide (N(CyHs);
I7) in a molar ratio of 1 : 2.2 : 0.05, respectively
(Fig. 3). The reaction was completed within approx-
imately 4 h. Thin-layer chromatography (TLC) and
FTIR (Fig. 6a) were used to confirm completion of the
reaction. Following the purification of ethoxylated-6F,
the product was kept overnight in a vacuum oven at
80°C (Gunduz, 1998; Kayaman-Apohan et al., 2005).

The ethoxylated-6F diacrylate was synthesised by
the esterification reaction of ethoxylated-6F (14 g,
0.033 mole) with acryloyl chloride (5.6 mL, 0.069
mole) in the presence of 7.35 g (0.0726 mole) of tri-
ethylamine (TEA) as acid scavenger and 4-dimethyl-
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Fig. 3. Reaction scheme for synthesis of ethoxylated 6F.

aminopyridine (0.21 g, 0.00165 mole) as catalyst in a
molar ratio of 1 : 2.1 : 2.2 : 0.05, respectively, as in
the procedure previously reported (Fig. 4) (Gunduz,
1998).

Preparation of free-film formulations and cast-
ing free-films

Typically, plasticisers behave act as solvents when
mixed with a polymer. This results in a reduction
in the T, value. This effect is related to a weaken-
ing of the dipole — dipole interactions between the
polymer chains, thereby helping to soften the polymer
backbone and increase its segmental motion. In addi-
tion, LiBF,4 exhibits high ionic conductivity but this
decreases at low temperatures (Zhang et al., 2002).
LiCF3S03 exhibits low ionic conductivity but very
stable temperature dependence. Hence, in this case
a mixture of LiBF4—LiCF3503, which demonstrated
good properties, was used. The non-aqueous elec-
trolytic solution was prepared by dissolving 1 M of
LiBF4—LiCF3S03 in a molar ratio of 3 : 1 in 100 mL
of an organic solvent mixture of EC, DMC and PC in
a volume ratio of 50 : 25 : 25. The electrolyte solution

CF; — Cl N\
HO OO OH +NEt3+r§ + |/
s ©
CF, |
N
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Fig. 4. Reaction scheme for acrylation of ethoxylated 6F.
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Table 1. Formulation of UV-curable polymer resin

No. Ingredient Mass/%
1 PUA s

2 HDDA 20

3 IRG.184 3

4 BYKO088 One drop
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Function

Oligomer
Reactive diluent as cross-linking monomer
Photo-initiator
Anti-foaming agent

PUA = polyurethane acrylate; HDDA = 1,6-hexanediol diacrylate; Irg.184 = Irgacure 184 (1-hydroxycyclohexyl phenyl ketone).

preparation and remaining processes were performed
in a home-designed glove box. EC-DMC-PC solutions
were used as plasticisers and Irgacure 184 was used as
the free-radical photo-initiator.

A mixture of CL diol-based urethane acrylate
oligomer, HDDA and Irgacure 184 was prepared. Ta-
ble 1 shows the composition of the UV curable poly-
mer resin. One gram of the solution thus obtained was
added to 1 g of the liquid electrolyte solution. The re-
sulting mixture was mixed for a minimum of 3 h for it
to become sufficiently homogenous. The mixture was
then cast onto a Mylar film at a thickness of approxi-
mately 150 pm using a doctor-blade method. UV rays
were directed onto the film with a 300 W UV lamp
(OSRAM, Apax = 365 nm) for approximately 5 min to
induce polymerisation of the oligomer. This was per-
formed in order to obtain a uniform UV-cured multi-
component polymer blend electrolyte. The UV-cured
films were transparent and yellow. The membranes
were removed from the mould and used for further
studies. To exclude the effects of moisture and oxygen,
all the above processes were performed at humidity
levels below 10-100 ppm (10-100 pL L~!) at ambient
temperature inside a home-designed glove box.

Preparation of cathode-active material and
composite cathode material

PVdF-HFP was used after purification and dried
in a vacuum oven at 80 °C for 24 h. Acetylene black was
used after purification following a method previously
reported (Armarego & Perin, 2002). Acetylene black
was then leached for 24 h with concentrated HCI (1 g
of acetylene black and 1 mL of conc. HCI) to remove oil
contamination and washed repeatedly with distilled
water. The acetylene black was dried in air and eluded
for one day with benzene and one day with acetone.
It was again dried in air at ambient temperature and
heated in a vacuum oven at 600°C for 24 h to remove
the absorbed gases.

Lithium cobalt oxide (LiCoQO3) is commonly used
in rechargeable lithium batteries as a cathode-active
material synthesised by a sol-gel method. LiCoOy was
prepared using stoichiometric amounts of reactants,
e.g. LINO3 and Co(NOs3)s - 6H5O. First, the reactants
were dissolved in distilled water, thereby affording a
nitrate metal solution. Next, poly(vinyl alcohol) was
added as the gel agent. Finally, nitric acid was added
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Fig. 5. XRD 6/20 spectra of LiCoOa.

to the solution to adjust the pH. This solution was
continuously drained without any previous thermal
dehydration at 100-150°C in a drying oven prior to
calcination, affording a viscous gel. This product was
heated at 650°C for 12 h. In the experiment for the
initial mixtures of LiNO3 and Co(NOj3)s-6H50, in
the binary phase, the compounds LiCoOs and Co30,4
were characterised by XRD analysis of the experimen-
tal products. The XRD analysis is shown in Fig. 5.

A mixture of 86.2 mass % of cathode-active mate-
rial (LiCoO3), 8.6 mass % of PVAF-HFP as a binder
and 5.2 mass % of acetylene black was prepared. The
addition of the acetylene black conductor facilitates
the migration of electrons. Then, a 100 mL of a mix-
ture of NMP was transferred into a 250 mL plastic
bottle and stirred for 24 h. The resulting mixture was
cast onto a 40-pm-thick aluminium and soft stainless
steel foils rolled by a 150-pm-spaced doctor-blade. The
cast was dried in an oven at approximately 110°C for
approximately 12 h to completely evaporate the NMP.
It was then pressed and cut to a predetermined size
to form a cathode plate with a thickness of approxi-
mately 150 pm.

The FTIR spectrum was recorded on a Perkin—
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Elmer Spectrum 100 ATR-FTIR spectrophotometer
(USA).

The structure of the LiCoOs powder was deter-
mined using a Bruker 8D Advance X-ray diffractome-
ter with CuK, radiation. The data were collected in
the 20 range of 10-90°C at a scan rate of 2° min—!.

The thermal stability of the samples was tested
in the temperature range of 30-750°C by thermo-
gravimetric analysis (TGA) using a Perkin—Elmer
STA 6000 instrument (Perkin-Elmer, USA) under Ny
flux at a heating rate of 10°C min~!. Differential
scanning calorimetry (DSC) measurements were car-
ried out with a Perkin—Elmer Pyris Diamond (Perkin—
Elmer, USA). The samples were analysed under a ni-
trogen atmosphere in the temperature range of —100—
200°C at a heating rate of 10°C min~! and a cooling
rate of 100°C min—!.

Standard tensile stress-strain experiments were
performed at ambient temperature on a Materials
Testing Machine Z010/TN2S (Zwick, Germany) us-
ing a crosshead speed of 5 mm min~!. The mechani-
cal properties of the polymer electrolytes were deter-
mined 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. The gel content of
the UV-cured films was determined by Soxhlet extrac-
tion with acetone for 6 h. Insoluble gel fractions were
dried in an oven under vacuum at 50°C until they
were of a constant mass. In order to study the water
absorption, all of the membranes were first soaked in
distilled water at ambient temperature for 24 hours.
The swollen membranes were removed from the dis-
tilled water, wiped gently with filter paper to remove
any surface water and weighed (Ws). All of the swollen
membranes were kept at 70°C overnight after which
the dried membranes were weighed (Wp). Finally, the
water absorption in percent was calculated using the
equation:

Water absorption = 100(Ws — Wp)/Wp (1)
EIS measurements

The conductivity of the UV-cured polymer elec-
trolytes (PEs) was measured using electrochemical
impedance spectroscopy (EIS). The PEs were placed
between two Li electrodes in a Swagelok cell. The
thickness of the electrolyte was measured before and
after the EIS measurement to ensure a constant thick-
ness. Ionic conductivity was measured under an ar-
gon atmosphere using a potentiostat/galvanostat and
a home-made glove box with conductivity cell.

The Z' intercept of the semi-circle at higher fre-
quency is related to the bulk resistance (Ry) of the
polymer membrane saturated with electrolyte. The
diameter of the semi-circle at high frequency and
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medium frequency is related to the interfacial resis-
tance (R;) between the electrode and the polymer
membrane saturated with the electrolyte (Morales &
Acosta, 1999; Xu et al., 2001). The conductivity values
of the polymer electrolyte systems are calculated from
the intercept of the real part of the complex impedance
plot, which is the resistance of the film and known area
using the equation (Imperiyka et al., 2013):

o =L/RA 2)

where L/ A is the geometrical factor, L is the thickness
of the UV-curable electrolyte film; R is the resistance
of the UV-curable electrolyte film; and A is the area
of the film.

Electrochemical window stability — cyclic
voltammetry (CV)

The stability window of the polymer electrolyte
was evaluated by cyclic voltammetry using a three-
electrode cell with a stainless steel foil (SS-Type 304)
as the working electrode, a lithium foil as the refer-
ence and counter electrode and the given membrane
as the electrolyte, respectively. A VoltalLab 80 PGZ-
402 potentiostat/galvanostat (Gamry, USA) was used
for the voltammetric measurements at a scan rate of
10 mV s~ 1.

FElectrochemical analysis

LiCoO4 was chosen for the positive (cathode) elec-
trode and lithium metal for the negative (anode) elec-
trode. The cell was assembled in a casing, with the
electrolyte sandwiched between the anode and cath-
ode materials under an argon atmosphere in a glove
box. The performance of the lithium polymer cell sys-
tem (Li/PE(F4)/LiCoO3) was determined by a gal-
vanostatic recurrent differential pulse, chronocoulom-
etry and chronoamperometry with a Autolab poten-
tiostat/galvanostat.

Results and discussion
FTIR analysis

Fig. 6 shows the FTIR spectrum of the urethane
acrylate oligomer (a) and the HEMA-TDI product
(b). The prominent peak observed at 2258 cm™! is
characteristic of the isocyanate group (first-step in-
termediate in Fig. 6b). From the FTIR spectra, the
disappearance of the characteristic absorption band
at 2258 cm ™! related to isocyanate (—NCO) indicates
the completion of the reaction (a). As shown in Fig. 6a,
the appearance of the strong characteristic peaks, such
as the stretching vibrations of —NH at 3467 cm ™!, the
stretching vibrations of C=0 at 1727 cm ™!, the peak
of C=C at 1669 cm ™!, the deformation vibrations of
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—NH at 1535 cm ™!, the symmetric stretching for the
C—O—C of the ester at 1096 cm !, the C=C twisting
of the acrylate at 847 cm ™! and the stretching for the
C—N at 1287 cm™! confirms the formation of PUA
(Sultan et al., 2012; Panchal & Patel, 2013; Tabasum
et al., 2013).

Fig. 7 shows the FTIR spectra of 6F (a), ethoxy-
lated 6F (b) and ethoxylated 6F diacrylate (c). In
all of these, the completion of the reaction is con-
firmed by the appearance of new peaks or changes
in the intensities or shapes of the existing peaks in
the FTIR spectra. Fig. 7b shows the aliphatic CHy
groups observed at 2937 cm™! and 2879 cm~! after
the ethoxylation of 6F. A typical FTIR spectrum for
ethoxylated BisA diacrylate is shown in Fig. 7c. The
attachment of the polymerisable acrylate functional
group by way of the process was indicated by the
formation of the new carbonyl and acrylate peaks at
around 1722 cm~! (carbonyl stretching), 1648 cm™1!,
1408 cm ™! and 798 cm ™!, respectively (Kang et al.,
2003).

The disappearance of the reactive double bond
upon UV radiation can be observed in the FTIR
spectrum. It is known that, prior to UV irradiation,
the FTIR spectrum of the acrylated polymer mem-
branes exhibits unsaturated double bonds at 1600-
1650 cm~!. Fig. 8 shows that, upon UV irradiation,
the infrared absorption C=C stretching at around
1650-1600 cm~! disappears for the F4 membrane.
Also, very tiny double bond absorptions can be seen at
around 1400 cm~! due to some residual acrylic bonds
in the 3D polymer matrix formed which are unable to
react (Ali et al., 2001; Flatten et al., 2005).
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X-ray analysis

The predicted LiCoO4 powder diffraction positions
are shown at the bottom. The spectrum reveals a
polycrystalline structure of the LiCoOs target. The
LiCoO;y (003) peak at 20 = 18.80° is the strongest
peak in Fig. 5. In addition, it is possible to make
out the LiCoO3 (006) and (009) peaks, respectively
at 37.68° and 46.17°C, despite their being very weak.

Thermal analysis
High ionic conductivity is a desirable property in

battery applications; accordingly, membrane F4 was
selected as the most promising membrane and further
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Fig. 9. TGA spectra of polymer electrolytes (F1-F4).



1568

3
=

[
h

b
o

Ta: Hall Cp Extrapolated = -12,33 °C

Power/mW
-
th

[
=]

Delta Cp = 1.019 Mg**C

i

] g

-54 -40 =20 0 20 40 60 80
Temperature/'C

Fig. 10. DSC spectra of F4 membrane.

Table 2. Mechanical properties of UV-cured polymer elec-
trolytes

Formulation Tensile strength/MPa Elongation at break/%

F1 0.7 10
F2 1.2 11
F3 1.5 9
F4 0.9 17

characterisation was focused on this membrane. Fig. 9
shows the TGA spectra of membranes F1-F4. In the
derivative of all the TGA curves, four characteristic
mass-loss peaks were observed. Fig. 9 also shows the
TGA trace of membrane F4. It can be seen that a
mass loss began at 130°C for the F4 membrane, due
to the partial removal of the alkyl carbonate solution
and some solvent remaining. Generally, the first de-
composition stage of PUA results from the degrada-
tion of urethane segments and the subsequent stage
is due to the degradation of soft segments from the
polyether or polyester (Gite et al., 2010; Seo et al.,
2010). Hence, it is assumed that the second mass-
loss peak corresponds to the urethane bond breakage,
which occurs at between 250°C and 360°C in this UV-
cured polymer electrolyte blend. (Sabani et al., 2012).
The third is due to the decomposition of the ethoxy-
lated 6F diacrylate-based aromatic structure at be-
tween 360°C and 440°C. Finally, the fourth mass-loss
peak observed above 440°C indicates the complete de-
cross-linking and thermal degradation of the polymer
(Athawale & Raut, 2002).

Fig. 10 shows the DSC spectra of membrane F4.
The UV-cured membrane F4 was found to have a glass
transition temperature value (Tg) of —12.39°C.

Mechanical properties of membranes

The properties of the UV-cured films were mea-
sured and the results are given in Table 2. UV-cured
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films were found to have elongation at break values
between 9 % and 17 %. In general, the polymer with
a high degree of cross-linking density has a high me-
chanical strength but low extendability. It can be seen
that the mechanical properties are closely dependent
on the composition. On the other hand, the elongation
at break of the UV-cured films increased on increasing
the content of liquid electrolyte due to the plasticising
effect on the polymer chain. The value of the elonga-
tion at break of F4 used in this study was found to
be 17 %. This value is higher than the value found
for other membranes; it can be attributed to the total
Li-salt solution mass % in the formulation.

The UV-cured films were found to have tensile
strength values between 0.7 and 1.5 MPa. It is known
that the mechanical properties of the cross-linked
polymers are highly dependent on the degree of cross-
linking density. For the cross-linked polymer, the de-
gree of cross-linking density strongly affected the me-
chanical properties such as tensile strength and max-
imum elongation (Kang et al., 2003; Santhosh et al.,
2006). The tensile strength increased with the increas-
ing content (mass %) of the ethoxylated sixF diacry-
late in the polymer electrolytes.

The aromatic ring, the acrylate group and the op-
timal amount of Li-salt solution that are introduced
to the cross-linker enhance the mechanical strength
while sustaining high ion conductivity.

The hydrophilic character results in a relatively
high water uptake, which is detrimental to the me-
chanical properties of the polymer electrolytes. Ab-
sorbed water molecules can act as a plasticiser to re-
duce the mechanical properties. In addition, polymeric
systems containing aromatic structures with fluorine
groups always exhibit excellent hydrophobicity. As
previously reported, it was observed that dimethacry-
lates and/or diacrylates containing (CHs),, groups in
the backbone generally yielded more desirable physi-
cal properties than those containing EO (CH2CH,0),,
groups (Kawaguchi et al., 1983; Gunduz, 1998). The
degree of the cross-linking and hydrophobic character
drastically affects the gel content and water absorp-
tion properties of UV-cured films. As shown in Ta-
ble 3, the gel content (mass %) and water absorption
values of UV-cured films were found to be 70-87 % and
2.4-8.5 %, indicating the formation of a three dimen-
sional network structure. As the 6F diacrylate content
(mass %) in the total formulation increases, the water
absorption values decrease. This can be attributed to
the decreasing percentage ratio of fluorine-containing
electrolyte in the total structure.

EIS measurements

Table 1 summarises the compositions of the poly-
mer films. Fig. 11 and Table 4 show the ionic con-
ductivity values of the UV-cured polymer blend films
with various Li-salts and 6F diacrylate prepared in
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Table 3. Gel content and water absorption properties of UV-cured films

Formulation

F1
F2
F3
F4

Gel content/%

70
83
87
77

Water absorption/%

8.5
7.1
2.4
4.1

Total 6F diacrylate in total formulation/mass %

5
20
15

Table 4. Composition of UV-cured polymeric membranes investigated

Polymer resin

Ethoxylated 6F diacrylate

Membrane
g
F1 1 B
e 1 0.1
F3 1 05
F4 1 05
25 _
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Fig. 11. Typical impedance response of four polymer mem-

branes developed in this study. Frequency: from 40 Hz
to 100 mHz (see Table 1. for polymer membranes com-
position).

the presence of a solvent mixture of EC : DMC : PC
(2:1:1 vol.) containing 1 M LiBF4—LiCF3S03 (3 : 1
molar ratio). Fig. 11 shows that membrane F4 exhib-
ited an ionic conductivity of 1.00 x 107* S cm™?! at
ambient temperature, which is approximately compa-
rable with that of common liquid electrolytes used
in lithium secondary battery applications (Onishi et
al., 1996; Siska & Shriver, 2001; Kang et al., 2003).
Hence, UV-curing is confirmed as a suitable method
for preparing membranes for use as polymer elec-
trolytes for lithium secondary batteries. As can be

Li-salt solution o at 23°C

Scm~!

1.41 x 106
1.24 x 10~%
4.45 x 106
1.00 x 104

N = =

seen in Table 1, F1 and F2 formulations have different
amounts of 6F diacrylate. The effect of ethylene ox-
ide (EO) on the ionic conductivity is clearly shown in
these samples. Membranes F1 and F2 exhibited ionic
conductivities of 1.41 x 107 S cm ™! and 1.24 x 107°
S cm ™!, respectively. For the F3 and F4 formulations,
the ionic conductivity of the polymer solid electrolytes
increases with the polarity of the matrix. For the lat-
ter, the ethoxy groups acted only as a plasticiser,
which increases polymer chain flexibility and free vol-
ume. In addition, it has been reported (MacCallum
et al., 1986) that conductivity initially increases with
salt concentration as the number of charge carriers
increases, as can be seen in the formulations of mem-
branes F3 and F4. Hence, membranes F3 and F4 ex-
hibited ionic conductivities of 4.45 x 107 S cm~! and
1.00 x 107 S cm ™!, respectively. However, at higher
salt concentrations, conductivity decreases because of
the increasing influence of the ion pairs and higher ion
aggregations, which reduces overall mobility and the
number of effective charge carriers. This result clearly
prove that the behavior of polymer electrolyte highly
depends on salt concentration (Cowie & Spence, 1998;
Shibata et al., 2000). Therefore, the salt concentration
was maintained at appropriate value within polymer
matrix in order to increase ionic conductivity as shown
in Table 4.

Electrochemical stability window-cyclic
voltammetry (CV)

Fig. 12 illustrates the relatively good electro-
chemical stability of membrane F4, as determined
by CV of a SS working electrode vs a lithium foil
counter electrode. The working voltage range (i.e. the
electrochemical potential window) was found to be
from 2.5 V to 6 V, which appears to be substan-
tially higher than typical device application require-
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Fig. 12. Cyclic voltammogram of SS/F4/Li system at 10 mV
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Fig. 13. Chronocoulogram and chronoamperogram of Li/
PE(F4)/LiCoO2 cell.

ments, particularly electrolytes in lithium recharge-
able battery systems. Small currents measured ex-
treme potentials, e.g. approximately 15 pA cm™2, at
6.0 V. On the other hand, a slight increase in cur-
rent at approximately 2.8 V is assumed to be asso-
ciated with the breakdown of the lithium salt and
there was no evidence of significant electrochemi-
cal activity in the polymer at potentials as high as
6.0 V.

Electrochemical analysis

As can be seen in Fig. 13, one of the impor-
tant parameters for the characterisation of any poly-
mer electrolyte is the measurement of the charge
vs time response to an applied potential step wave-
form. The shape of the resulting chronocoulogram and
chronoamperogram can be understood by consider-
ing the concentration gradients in the polymer elec-
trolyte adjacent to the electrode surface. This was
evaluated with a cell featuring a Li metal foil anode

M. H. Ugur et al./Chemical Papers 68 (11) 1561-1572 (2014)

-

&

Current density/(mA cm-3)
=
B0

&
in

2.

o 0s 1 15 2 15 3 s 4
Time'h

Fig. 14. Galvanostatic recurrent differential pulse of Li/
PE(F4)/LiCoO2 cell.

Table 5. Performance characteristics of Li/PE(F4)/LiCoO2

Anode material Li foil
Polymer electrolyte F4
Cathode material LiCoO2
Specific capacity/(mA h) 42
Specific power/(mW h) 130.2
Specific energy/J 468.72
Potential/(mV) 3100

and a LiCoOs cathode electrode by chronocoulometry
and chronoamperometry.

Fig. 14 shows that the initial open circuit poten-
tial was 2.75 V and the charging process was limited
to a 3.1 V cut-off potential. This was evaluated with
a cell featuring a Li metal foil anode and a LiCoO,
cathode electrode. Unfortunately, the potential value
was insufficient; the potential required for recharge-
able batteries is 3.6 V. Both the Li ions concentration
polarisation in the electrolyte present in the separa-
tor and electrode and the Li ion diffusion rates in the
electrode materials become important. It is clear that
meeting the demand for micro- or nano-sized particles
depends on the Li ions diffusion in the solid electrode
particles and the desired discharge power of the bat-
tery system.

The performance characteristics of the Li/PE(F4)
/LiCoOx cell are shown in Table 5. The electrochem-
ical analysis results show that the concentration po-
larisation and the diffusion rates dominate the perfor-
mance of the cell.

Conclusions

UV-cured CL-based PUA polymer blend elec-
trolytes were prepared and characterised. Free-stand-
ing flexible electrolyte films were prepared by UV-
curing via free-radical photopolymerisation. Elec-
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trolyte stability was demonstrated by the negligibly
small currents at extreme potentials, e.g. approxi-
mately 15 pA cm~2 at 6.0 V vs Li/Li*. No peaks
were observed between 3.0 V and 5.0 V. The liquid
electrolytes commonly used in ambient temperature
rechargeable lithium-ion batteries have ionic conduc-
tivities from 1073 S ecm™! to 1072 S em™!. Therefore,
to achieve the performance level of liquid electrolyte-
based systems, polymer electrolytes must possess ionic
conductivities that approach to or exceed 10~3-107*
S cm~! at ambient temperature. Ionic conductivities
from 107 S cm™! to 107* S cm~! at 23°C were
obtained for the membranes hence these results are
comparable with those from other single-ion lithium
conductive polymers (Onishi et al., 1996; Dérand et
al., 1998; Siska & Shriver, 2001). Impedance measure-
ments showed that the ionic conductivity of the poly-
mer electrolyte was not affected by UV-curing. In ad-
dition, this process causes a decrease in the degree of
crystalline structure in the polymer electrolyte, which
contributes to an increase in ionic conductivity (Kang
et al., 2003).

The UV-curing process affords several advantages
over conventional processes used in the coating indus-
try. These benefits include rapid application, safety,
reliability and high energy efficiency because the poly-
merisation is performed at ambient temperature. In
conclusion, the electrolyte with optimal amounts of
fluorine-containing oligomer and an optimal salt mix-
ture content exhibited an enhancement in conductiv-
ity, exhibiting a conductivity of 1 x 107% S em™! at
23°C.
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