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Abstract

Alkaline SPE was obtained from a blend of polyvinyl alcohol (PVA) and poly(epichlorohydrin) (PECH), PVA-PECH, by a solution-cast
technigue. The PVA host polymer is blended with PECH polymer to provide a polymer electrolyte with improved chemical and mechanical
properties. The ionic conductivity of the PVA-PECH polymer electrolytes is betweehar@ 102 S cn! at room temperature when
the blend ratio is varied from 1:0.2 to 1:1. The PVA—PECH polymer was characterized by means of scanning electron microscopy, X-ray
diffraction, stress—strain test, cyclic voltammetry, and a.c. impedance spectroscopy. It is found that the polymer electrolytes exhibit gooc
mechanical strength and excellent chemical stability. The electrochemical performance of solid-state Zn—air batteries with various type:
of the blended polymer electrolyte films is examined by a galvanostatic discharge method.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction Some studies have focused on PEO-based electrolytes

with lithium salts and organic solvents. The polymer lithium
Solid polymer electrolytes (SPEs) have been extensively system appears to be the most widely examined due to its

studied in recent years for application in many electro- potential application in batteries with high specific energies.

chemical devices, such as cellular phones, smart creditThere are few reports on alkaline SPEs syst¢his-18]

cards, and laptop computef&]. Polymer complexes of  Work in our laboratories has shown that alkaline polymer

polyethylene oxide (PEO), plasticizers, and alkali metal electrolyte[19] or alkaline composite polymer electrolyte

salts were discovered by Wright and coworkés3] and [20,21] can be applied in alkaline Zn—air primary batter-

Armand et al.[4]. Although a PEO-based SPE can form ies and rechargeable Ni-MH batteries. In the present work,

a dimensionally stable film, its ambient temperature con- we report the preparation and properties of an alkaline SPE

ductivity is in the range 10’ to 10 8Scntl. This is based on a polymer which is a blend of polyvinyl alco-

too low for application in electrochemical devices. In or- hol (PVA) and poly(epichlorohydrin) (PECH). A primary

der to enhance the conductivity, several approaches havesolid-state Zn—air batteries with PVA—PECH films is assem-

been suggested. Blended polymer electrolytes®], poly- bled and examined.

mer electrolytes modified with a plasticizer or a mix-

ture of solvents, and polymer electrolytes with micro or

nano-sized ceramic filler particl§40-15] have been ex- 2. Experimental

tensively explored. The main goal of these studies is to

obtain films with a high fraction of amorphous phase, which  PVA (MW 75,000-80,000, Chang-Chung Chemi-

exhibits a much higher conductivity than the crystalline cals), PECH (MW 700,000, Aldrich), dimethy sulfoxide

phase. (CH3)2SO (DMSO with an assay of 99.99%, Aldrich), and
KOH (Merck) were used as received. The alkaline blended
polymer electrolyte films were prepared by a solution-cast

* Corresponding author. Tel:886-2-2908-9899: method. Apprqprigte Weight§ of PVA were dissolved in
fax: +886-2-2904-1914. DMSO with agitation at rotation of 1000 rpm for about 1 h
E-mail address:ccyang@ccsun.mit.edu.tw (C.-C. Yang). at 60°C. Suitable amounts of PECH were also dissolved in
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DMSO with agitation at 1000 rpm for about 5-7 h at°@l der, 1wt.% Carbopol 940 gelling agent, 32 wt.% KOH, and

After both the PVA and the PECH polymer were com- some metal additives. Solid-state Zn—air cells, each with a

pletely dissolved in DMSO, the resulting solutions were PVA-PECH blended polymer electrolyte, an air electrode

mixed together and stirred continuously until the solution and a Zn gel anode, were assembled and examined. Cells

took on a homogeneous, highly viscous appearance. Thewith SPE films that had different ratios of PVA and PECH

resulting homogeneous solutions were poured on to a petriwere discharged at thé/10 rate at 25C. Cells with the al-

dish and weighed immediately. The excess DMSO solvent kaline PVA—PECH (1:0.2) SPE were discharged at various

was then evaporated slowly at 80 in a vacuum oven. C-rates at 25C. The bulk resistanceRf) of each Zn-air

After evaporation, the petri dish with the polymer film was cell was measured both before and after discharging by

re-weighed. means of the a.c. impedance method. The electrochemical
The polymer films were then dipped into 32wt.% KOH characteristics of the cells were evaluated with a BAT 778

solution for various periods. After immersion, the films were model charge—discharge unit. The preparation method and

re-weighed. The chemical composition of the polymer films measuring systems for Zn—air batteries have been reported

was calculated from the mass balance. The thickness of thein detail elsewher§21].

films was controlled between 0.4 and 0.6 mm. The con-

ductivity of the films was determined by means of the a.c.

two-terminal method. The films were sandwiched between 3. Results and discussion

SS316 stainless-steel (SS), ion-blocking electrodes, each of

surface area 0.785 &nin a spring-loaded glass holder. A 3.1. Surface morphology

thermocouple was located close to each film for tempera-

ture measurement. Cyclic voltammetry and a.c. impedance A scanning electron micrograph of a blended polymer

measurement were carried out with an EG&G impedance electrolyte film with a ratio of PVA:PECH of 1:0.2 is shown

spectrometer model 27341025 and a computer program in Fig. L The film exhibits a uniform and homogeneous sur-

EG&G model 398. The frequency range from 300kHz to face morphology. There is no phase-separation morphology

0.10Hz at an excitation signal of 10mV was recorded. A and the films appear transparent. These alkaline polymer

Hg|HgO electrode was used as a reference electrode. Theslectrolytes form a free-standing film with good mechani-

impedance of the films was measured from 30 t6 GOEXx- cal strength and good chemical stability. A micrograph of a
perimental temperature were maintained withi0.2°C by PVA—PECH (1:0.5) SPE film is shown Kig. 2 Some larger
a convection oven. polymer aggregates or chunks are clearly discernible on the

The crystal structures of alkaline blended polymer elec- film. The micrograph also indicated that phase-separation
trolytes films were examined with a Philips X'Pert X-ray of PVA and PECH becomes favorable. A PVA-PECH (1:1)
diffractrometer (XRD) with Cu k& radiation of wavelength ~ SPE film exhibits phase-separated morphology, as shown in
L = 1.54056 A for @ angles between 10 and 80The Fig. 3. A number of white particles of PVA are present in
water in the specimen was removed by freeze drying with- the film. Immiscibility of PVA with PECH at a high blend
out any change in the morphology of the specimen. The ratio is also observed.
surface morphology and microstructure of the film were
characterized with a S-2600H scanning electron microscope3.2. Structural analysis of blended polymer films
(Hitachi Co., Ltd.). The mechanical strength of the films
was measure by stress—strain test using an Instron model The crystallinity of the blended polymer films was exam-
5544 universal-testing instrument. The polymer electrolyte ined by means of XRD. Diffraction patterns for pure PVA
samples were kept in a plastic bag prior to the experiment. powder and PVA-PECH films are presented-ig. 4. The

The carbon slurry for the gas-diffusion layer was pre- data show that the PVA polymer has a semi-crystalline struc-
pared with a mixture of 70wt.% Shawinigan acetylene ture with peak at a @ angle of 20. As PECH is added,
black (AB50) and 30 wt.% PTFE (teflon-30 suspension) as a the intensity of the PVA peaks is greatly reduced. This im-
binder. The slurry was coated on a Ni-foam current-collector, plies that the addition of PECH into a PVA host increases
then pressed at a pressure of 100 kg énThe gas-diffusion the amorphous region. As seenlig. 4, the patterns for
layer was first sintered for about 30 min at 3@ The ac- the PVA—-PECH films have a broad peak, i.e. an ‘amorphous
tive layer of the air electrode was then prepared by spraying hump.’ This indicates that the film is an amorphous polymer
a mixture of a 15wt.% PTFE, 5-10 wt.% KMnQ60 wt.% material. The degree of amorphous character increases with
Vulcan XC-72R, and an appropriate amount of isopropyl increasing the PVA:PECH ratio. The mechanism of ionic
alcohol on to the gas-diffusion layer. The air electrode with transport in polymer electrolytes is still not clear, but there is
both the gas-diffusion layer and the active layer was finally significant transport in a polymer chain which has an amor-
sintered for about 30 min at 36C, under a pressure of phous phase, while a crystalline phase is non-conducting.
80 kg cn2. The thickness of the air cathode electrode was The amorphous character produces greater ionic conductiv-
between 0.4 and 0.6 mm. Zinc powder gels were preparedity due to local structural relaxation and segmental motions
according to the following formulation: 67 wt.% Zn pow- in the polymer.
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Fig. 1. Scanning electron micrograph of alkaline PVA-PECH (1:0.2) SPE.
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Fig. 2. Scanning electron micrograph of alkaline PVA-PECH (1:0.5) SPE.
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Fig. 3. Scanning electron micrograph of alkaline PVA-PECH (1:1) SPE.

3.3. Conductivity measurements of PVA—-PECH polymer obtained from a SS|PVA-PECH-KOH SPE|SS cell and
electrolyte films display two well-defined regions: (a) a high frequency
range, which is related to the ionic conduction process

The a.c. impedance spectra for PVA-PECH (1:0.2) poly- in the bulk of the polymer electrolytes; (b) a low fre-
mer electrolytes are given ifrig. 5. The spectra were quency range, with a straight line parallel to the imaginary
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Fig. 4. XRD spectra for alkaline PVA—-PECH SPE films: (a) pure PVA; (b) PVA:PEEHO0.2; (c) PVA:PECH= 1:0.5; and (d) PVA:PECH= 1:1.
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Fig. 5. a.c. impedance for alkaline PVA-PECH (1:0.2) polymer electrolyte films at various temperatures.

axis that is attributed to the effect of blocking elec- of an alkaline PVA—PECH (1:0.2) polymer electrolytes is

trode. higher than that of electrolytes with blend ratios of 1:0.5
Since a blocking electrode was used in impedance anal-and 1:1.

yses, the film|electrode interface can be regarded as a ca-

pacitance. When the capacitance is ideal, it should show a3.4. Effect of immersion time and temperature on ionic

vertical spike in the impedance spectrum (Nyquist plot). In conductivity of SPE

fact, a spike inclined at an angle of less than 8Dfound

instead of a vertical spike. This is known to be due to the The variation of KOH content versus immersion time

roughness of the film | electrode interface. for various blended PVA—-PECH SPE films atZ5is pre-
Analysis of the spectra yields information about the prop- sented inFig. 6. The KOH content in the polymer films
erties of the electrolyte, such as the bulk resistaRgeThis reaches a constant value after immersion for 70 h. The poly-

resistance can be calculated from the intercept at the highemer with a blend ratio of 1:1 exhibits the lowest KOH con-
frequency side on th&, axis. TheR, value can be con-  tent, but the lowest ionic conductivity at room temperature.
verted to the ionic conductivity of the polymer electrolyte, This may be due to phase-separation of the PVA-PECH
o, by means of the relationship = I/ RpA, wherel is the blended polymer films (immiscibility). The variation in ionic
thickness (cm) of the PVA—PECH blend polymer filfjs conductivity with immersion time for the different poly-
the area of the blocking electrode (§nandR, is the bulk mer electrolyte films is given irFig. 7. In general, the

resistance(). higher the KOH content, the higher is the ionic conduc-
Typically, theRy values for the alkaline PVA—PECH poly- tivity.

mer electrolytes are of the order of 1Q5and are depen- The temperature dependence of the ionic conductivity

dent on the amount of KOH solution in the film. The ionic of PVA-PECH films follows the Arrhenius relationship;

conductivities are in the order of 1®to 103Scnt?, as logio(o) versus 1T plots, as shown ifrig. 8, give the acti-

shown inTable 1 It is notable that the ionic conductivity  vation energyEs, which is dependent on the content of both

Table 1

Conductivity (Scn?) of alkaline PVA-PECH blended polymer electrolytes with various blend ratios at different temperatures

Temperature°C) PVA PVA:PECH (1:0.2) PVA:PECH (1:0.5) PVA:PECH (1:1)
30 0.0471 0.0219 0.00459 0.0012

40 0.0499 0.0233 0.00462 -

50 0.0528 0.0238 0.00469 -

60 0.0560 0.0248 0.00480 -

70 0.0570 0.0254 0.00497 -
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Fig. 6. Effect of immersion time on KOH content in PVA-PECH SPE films with different blend ratios &€.25

KOH and water in the film. The values Bf, are in the range
of 1-3kJ/mol, i.e. less than those of alkaline PVA—KOH
polymer electrolyte films (3—15 kJ/mdi21].

3.5. Cyclic voltammetry of alkaline blended polymer
electrolyte films

High conductivity is not sufficient to make the poly-
mer electrolyte suitable for practical battery applications. In

cyclic voltammetric studies, the potential was first scanned
in the negative-going direction and then reversed. A broad
electrochemical stability window is important for the prac-
tical use of these films. Cyclic sweeping betweeh.5 and
+1.5V of a SS| SPE | SS cell is shownHig. 9. The stabil-

ity of the electrolyte at the interface with the SS electrode
is limited by a potential of about1.0V on the anodic side
and—1.0V on the cathodic side, which gives a window of
about 2.0 V.
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Fig. 7. Effect of immersion time on ionic conductivity of alkaline PVA—-PECH SPE films with different blend ratios°&.25
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Fig. 8. Arrhenius plot for alkaline PVA—-PECH polymer electrolytes with different blend ratios: (a) PVA:PECH.2; (b) PVA:PECH= 1:0.5; and (c)
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Fig. 9. Cyclic voltammograms for the alkaline PVA-PECH SPE films with various blend ratios°&, 2&an rate 1 mvg.

Table 2
Mechanical strength of PVA-PECH blended polymer electrolytes and separators at a pull rate of 200thm min
Film Iltem

Thickness (mm) Width (mm) Strength (kg) Stress (kgén Elongation (%)
PVA-PECH (1:0) 0.16 10 0.6 37.5 457
PVA-PECH (1:0.5) 0.09 10 5.3 589 303
PVA-PECH (1:1) 0.13 10 3.4 262 106
Celguard separator 0.085 10 3.8 448 52
Gore PTFE separator 0.009 10 2.1 2378 58
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Fig. 10. Discharge curve for Zn-air cell with different alkaline PVA—-PECH polymer electrolyte films &€ 2% C/10 rate.

3.6. Mechanical strength chanical strength of the polymer. By contrast, the yield
stress of Celguard and Gore PTFE separators is 448 and

The results of stress—strain tests of different types of 2378 kg cnT?, respectively, as shown ifable 2

alkaline blended polymer electrolytes and separators are

shown inTable 2 An alkaline PVA—KOH film has a low  3.7. Electrochemical performance of solid-state Zn-air

yield stress viz., 37.5kgcn?, but good elasticity with battery

an elongation-at-break of 457%. By contrast, the alka-

line PVA-PECH (1:0.5) film exhibits a yield stress of Discharge curves of Zn-air cells with different ratios of

589 kg cnT?, with a low elongation-at-break of 303%. The PVA-PECH polymer electrolytes at ti@10 discharge rate

higher the PECH content in the SPE, the lower is the me- at 25°C are shown irFig. 10 The cell with a PVA-KOH
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Fig. 11. Discharge curve for Zn-air cell with alkaline PVA-PECH (1:0.2) polymer electrolyte films at various discharge rate€.at 25
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Table 3 Zn—air cells using the blended polymer electrolytes have

Performance of solid-state Zn—air cells with different of PVA-PECH been assembled and examined. The cells display good elec-

polymer films atC/10 rate trochemical characteristics. It is conducted that an alkaline

Parameter PVA PVA-PECH PVA—PECH PVA-PECH polymer electrolyte with a blend ratio of 1:0.2
(1:0.2) (1:0.5) is a potential candidate for application in alkaline batteries.

Theoretical capacity (mAh) 1476 1476 1476

Discharge current (mA) 150 150 150

Discharge t_ime (h) 8.92 8.60 7.73 Acknowledgements

Real capacity (mAh) 1338 1290 1160

Utilization (%) 89.0 86.1 77.0

The financial support for the research project from
Cell dimensions: 2cnx 3cm, area= 6cnt. National Science Council, Taiwan, ROC. (Contact No.
NSC-91-2212-E-131-006) is gratefully acknowledged.

Table 4
Performance of solid-state Zn-air cells with PVA-PECH (1:0.2) SPE at
various discharge rates at 26
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