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Abstract Polyethylene oxide (PEO)—potassium hydroxide
(KOH)-based alkaline solid polymer electrolyte films have
been prepared by using methanol as solvent. The highest
room temperature ionic conductivity of (2.1+£0.5)x10°8
S ecm™' was achieved for the composition of 70 wt%
PEO:30 wt% KOH. The addition of plasticizer, ethylene
carbonate, propylene carbonate, or polyethylene glycol to
the highest conductivity of PEO-KOH system helps to
increase the ambient ionic conductivity to the order of
10°-10* S ecm™". The log o vs 1/T plot of PEO-KOH
showed a small conductivity decrease at 50-60 °C range.
The small decrease and the hysteresis that occur during the
heating—cooling cycle was overcome by the presence of
the plasticizer. X-ray diffraction observation supports the
conductivity results.

Keywords Polyethylene oxide - Potassium hydroxide -
Ethylene carbonate - Propylene carbonate -
Polyethylene glycol

A. A. Mohamad (P<) - H. Haliman

School of Materials and Mineral Resources Engineering,
Universiti Sains Malaysia,

14300 Nibong Tebal,

Penang, Malaysia

e-mail: azmin@eng.usm.my

M. A. Sulaiman
AMREC, SIRIM Berhad,
Kulim Hi Tech Park,
Kedah 09000, Malaysia

M. Z. A. Yahya+ A. M. M. Ali

Physics Department, MARA University of Technology,
40450 Shah Alam,

Selangor, Malaysia

Introduction

Solid polymer electrolytes based on the poly(ethylene
oxide) (PEO)-alkali metal salt complex have been studied
extensively since ion conduction was reported in 1973 [1].
The main advantages of the PEO polymeric electrolytes are
their good mechanical properties, ease of fabrication into
thin films of desirable sizes, and the ability to form good
electrode/electrolyte contact. However, PEO-salt/dopant
solvent-free polymer electrolyte has low conductivity in
the range of 10" to 10 S cm ™" at room temperature [2—4].
This is below the required value for electrochemical device
applications [5]. To enhance the conductivity in PEO-
based polymer electrolytes, a lot of efforts have been
used, such as plasticization, copolymerization, blending,
and addition of ceramic fillers/additives [6—8]. In the plas-
ticization method, a small amount of a low-molecular-
weight plasticizer (mostly liquids) markedly improves the
ionic conductivity.

The present work is to study the effect of plasticizers on
the ionic conductivity of the PEO-—potassium hydroxide
(KOH) polymer electrolytes. The anhydrous alkaline solid
polymer electrolyte (ASPE) were prepared using methanol
as solvent. The highest conductivity of PEO-KOH system
was then mixed with plasticizers such as ethylene carbonate
(EC), propylene carbonate (PC), or polyethylene glycol
(PEG). The impedance spectroscopy and X-ray diffraction
(XRD) techniques were used to characterize the conductivity
and structural properties of ASPE films, respectively.

Experimental description

Films of PEO as host polymer electrolytes were prepared
using the solution cast technique. The starting materials,
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PEO (M,,=600,000, Aldrich), KOH (Merck), and methanol
(Merck). The plasticizers used were EC (M,,=88.06), PC
(M=102.9), and PEG (M,,=200), which were procured
from Aldrich, Huntsman, and Aldrich, respectively. One
gram PEO was dissolved in 50 ml methanol and stirred for
24 h. Different amounts of KOH was then mixed to the
solution and stirred for 12 h. For the plasticized films, EC,
PC, or PEG was mixed with the highest conductivity of the
PEO-KOH system and stirred again for another 12 h. The
solution obtained was cast onto glass plate and allowed to
evaporate slowly. Then, the samples were kept in a dry
place with 24% relative humidity for ~3 months to ensure
that the films were fully dried. The ionic conductivities of
the samples were measured at temperatures ranging from 25
to 120 °C using HIOKI 3531 LCR bridge interfaced to a
computer. XRD measurement has been carried out using
Siemens D5000.

Results and discussion
Conductivity—composition

The composition dependence of the KOH concentrations in
PEO films at room temperature is shown in Fig. 1. The
conductivity of pure PEO is (8.6+2.3)x10"'"" S cm ™' at
room temperature, while the conductivity of films increases
up to the maximum of (2.1+£0.5)x10® S cm™' with
additional of 30 wt% KOH (sample named P-30K). This

1,0E-06

PEO + KOH

1,0E-07 -

1,0E-08 -

1,0E-09 - f

Conductivity, ¢ (S cm'1)

1,0E-10 ¢

1,0E-11 T T T T T T
0O 10 20 30 40 50 60 70

KOH (wt.%)
Fig. 1 Conductivity plot at 25 °C as a function of KOH added to PEO
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increase is attributed to the increasing number of charge
carriers [9-11]. Further additions of KOH, however,
decrease the conductivity. The decrease in conductivity
after 30 wt% KOH concentration is due to ion pairing at
high concentrations of KOH. The ion pairing will reduce
the number of mobile ions [12]. Compared to the highest
conductivity of the polyvinyl alcohol-KOH system [13],
the conductivity of the PEO-KOH system is lower by one
order.

The highest conductivity of the PEO-KOH system (P-30K)
was then mixed with different plasticizers such as EC, PC, or
PEG as shown in Fig. 2. The conductivity of P-30K
(plasticizer-free) increases sharply with the addition of 10,
20, and 30 wt% EC. However, thereafter, the increase in
conductivity became slower on further addition of EC. The
EC plasticized system reached (1.3+£0.4)x10 % S cm ' before
the film showed a problem because of mechanical strength or
becoming glue-like. In the PC plasticized system, with a small
percentage of PC (10 wt%) was added, the conductivity also
increased sharply. On further additions of PC, the increase in
conductivities was very slow. The highest conductivity
attained by this system (P-30K-50PC) is (1.840.2)x10° S
cm ! before the sample showed mechanical problems. On the
other hand, in the PEG-plasticized system, the highest
conductivity value achieved is (3.4+0.3)x10° S cm™' for
the sample with 60 wt% PEG. The addition of PEG higher
than 60 wt% will reduce the physical properties of films. It
can be clearly seen that the system with EC is more
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Fig. 2 Conductivity plot at 25 °C as a function of EC, PC, and PEG
added to the highest-conductivity PEO+KOH system (sample P-30K)
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conductive compared to PC and PEG plasticizers. The
conductivity values can be represented in the order of EC>
PC>PEG.

Conductivity—temperature

Figure 3 shows the heating—cooling plot (log o vs 1/T) for
the highest PEO-KOH systems, i.e., P-30K. During
heating, a small decrease in conductivity is shown at the
50-60 °C temperature region. The decrease appears to be
due to the loss of residue solvent (methanol, boiling point=
64-67 °C) from the electrolytes and its absence during the
cooling cycle.

For the plasticized systems, Fig. 4 shows the heating—
cooling plot of its highest conductivity samples, i.e., P-
30K-70EC, P-30K-50PC, and P-30K-60PEG, respectively.
During heating, the P-30K-70EC sample (Fig. 4a) showed a
small increase in conductivity at 40 °C and a sudden
increase at 50-70 °C. However, during cooling, the
conductivity did not follow the same track as during
heating instead creating a hysteresis. A small increase in
conductivity at 40 °C in P-30K-70EC could be due to the
melting of EC (melting point=37-38 °C), and the hysteresis
observed could be due to the different melting/freezing
temperatures during the heating/cooling cycles. It can also be
seen that the conductivity was maintained almost in the same
order. The plot of samples P-30K-50PC (Fig. 4b) and P-
30K-60PEG (Fig. 4c) showed no hysteresis. The pattern of
the heating—cooling cycles from this work is quite similar to
Nicotera et al. [14] using a PEO-based polymer electrolyte.

X-ray diffraction

XRD measurement was used to analyze the effect of KOH
and plasticizers on conductivity with respect to pure PEO.
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Fig. 3 Plot on heating and cooling of the P-30K (plasticizer-free)
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XRD patterns of the PEO-KOH-EC/PC/PEG system are
shown in Fig. 5. For the pure PEO film, the XRD pattern
shows characteristic peaks at 20 between 18 and 22°. At P-
30K, the intensity of PEO characteristic peaks decreases.
This is due to the decrease in degree of crystallinity of the
polymer with increasing concentration of KOH and due to
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Fig. 5 XRD patterns of a Pure
PEO, b P-30K, ¢ P-30K-70EC,
d P-30K-50PC, and e P-30K-
60PEG
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complexation of PEO with KOH. The crystallinity of the
plasticized samples also decreases. The P-30K-70EC
sample is the most amorphous in nature. However, at
higher PEG concentration, i.e., P-30K-60PEG, new peaks
appeared at 260=30, 31, 35, 40, and 50°. This explains why
the conductivities in the plasticized sample are highest for
the EC and lowest for the PEG sample. It has been explained
that ionic transport only occurs in the amorphous regions of
the polymer and is governed by segmental motion of the
polymer chain [15, 16].

Conclusion

PEO mixed with KOH has a conductivity of the order
10%Scem ™. On adding EC, PC, or PEG as the plasticizer,
the ionic conductivity enhances up to 10°°~10™* S ecm ™.
The differences in conductivity in the order of EC>PC>
PEG are mostly controlled by the crystalline properties of
films. The heating—cooling plot of the PEO-KOH system
shows two regions with a small decrease in conductivity at
the 50-60 °C temperature region. By using plasticizers,

the decrease in conductivity can be prevented.
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