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Abstract

Ionic conductivity measurements, X-ray diffraction analysis and thermal studies have been
carriecd out on polymer electrolyte films prepared by the addition of zinc
trifluoromethanesulphonate (triflate) to poly(ethylene oxide), PEO. In general this electrolyte
system was found to behave in a manner similar to other divalent salt-based electrolytes with an
increase in crystalline morphology as the concentration of the salt component in the electrolyte was
decreased. The conductivity isotherms calculated for this system show an almost constant level of
ionic conductivity over the entire range of composition studied.
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Introduction

Since 1978, when poly(ethylene oxide) based electrolytes were first presented as potential
battery components [1], the principle motivation for the study of these materials has been provided
by the promise of commercial applications in high energy density primary and secondary batteries.
Shortly after the introduction of the solid polymer electrolyte concept, other structurally related
host polymers combined with a remarkable variety of di- and trivalent guest species were studied
[2-4]. The characterisation of these novel electrolytes led to the conclusion that their behaviour is
determined not only by the choice of host polymer and the nature of the guest ionic species, but
also by the preparative conditions used and even the thermal history of the sample.

While lithium salt-based systems offer significant practical advantages derived from the
high electrochemical potential and low density of the active element, problems associated with the
stability of the electrode/electrolyte interface have delayed commercialisation of advanced batteries
based on solid polymer electrolytes. Several authors have suggested that zinc, a well-characterised
material used in conventional aqueous systems, might be a convenient alternative anode for
polymer battery systems and various polymer electrolytes based on different zinc salts have been
already been described [3, 5 - 12]. In this study a wide range of electrolyte compositions, formed by
dissolution of zinc triflate in commercial PEO, was characterised by total ionic conductivity
measurements, structural techniques and thermal analysis.

Almost all polymer electrolytes based on PEO are semicrystalline materials with complex
microstructures. Within certain composition ranges these polymer samples include spherically
symmetrical arrangements of lamellar fibrils which radiate from a central nucleus. The growth of
these spherulites results from the alignment of macromolecules on the surfaces of fibrils which
branch to fill a high fraction of the inter-fibril volume. The extent of crystallisation in this polymer

environment depends not only on the chemical nature and composition of the system, but also on
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the precise experimental conditions (choice and purity of casting solvent, concentration of the
casting solution, thermal history of the sample, etc). Amorphous material is always present in the
regions between fibrils and in the inter-spherulitic domains. As the rate of formation of the
crystalline phases present in polymer electrolytes depends on the diffusion of polymer chains
through a viscous environment, the kinetics of crystalline phase formation are slow and pseudo-
equilibrium phase diagrams are often used to provide a convenient descriptive model which can be
helpful in interpreting the observed conductivity and mechanical properties of the system.

The presence of the guest salt in the host polymer alters the behavior of the polymer to an
extent which depends on the nature and quantity of the species present. In most electrolytes
containing PEO at low concentrations of added salt, the guest species is expelled from the polymer
spherulites into the amorphous inter-spherulitic region [13]. Normally a range of composition may
be identified in which the crystallinity of the electrolyte decreases as the amount of added salt
increases (or n decreases). The kinetics of growth of polymer spherulites become slower as the
quantity of salt in the electrolyte increases. In some electrolyte systems crystallisation from melted
samples is so slow that marked differences between the conductivity data obtained during the
heating and cooling cycles are observed [14]. This behaviour is frequently observed at salt contents
close to the system eutectic composition.

In what is normally referred to as the salt-rich region of composition, the presence of salt
results in the formation of an almost completely amorphous material. This behaviour is considered
to be a result of salt-polymer interactions which impede the motion, long and short-range, of the
polymer segments. These physical restrictions also cause a significant reduction in the ionic
conductivity as the mechanism of ion transport is dependent on the polymer chain mobility. Some
systems form crystalline complexes between the guest salt and host polymer in this composition
region and again this causes a dramatic reduction in conductivity as the number of mobile ions
available for charge transport is reduced. The existence of these salt-polymer complexes in some
systems has been demonstrated by structural and thermal techniques [15, 16]. At even higher salt
concentrations the system reaches a point beyond which further solubilisation of salt is not possible

and salt deposition or phase separation occurs.

Experimental

In recognition of the effect of water on polymer electrolyte behaviour [17], zinc triflate
(Aldrich, 98%) and PEO (Aldrich, Mw 5 x 109) were dried under vacuum for 7 days at 200 and
55°C, respectively. All subsequent operations involving the manipulation of electrolyte
components, the preparation of samples for conductivity measurements, thermal and X-ray
analysis, were carried out under a dry argon atmosphere within high integrity gloveboxes. Films of
electrolyte were prepared by dissolving PEO and zinc triflate in acetonitrile (Aldrich, HPLC grade)
which had been previously dried over regenerated molecular sieves (Aldrich, 4A). The composition
of the electrolyte produced was determined by the masses of polymer and salt dissolved in the
casting solvent and designated by n, the ratio of polymer repeat units to salt ion group (n is also
therefore the ratio O/Zn2+). After prolonged stirring the homogeneous solution of polymer and salt



was transferred to a teflon mould and the solvent was evaporated by passing a dry argon flow over
the polymer solutions. This process took place in a closed compartment within a preparative argon-
filled glovebox. The mould supporting the resulting polymer film was transferred to a Buchi TO51
tube oven and subjected to a final drying process, at 50 °C for 72 hours under vacuum, to remove
solvent residues.

The total ionic conductivity of samples was determined by locating an electrolyte disk
between two 10 mm diameter ion-blocking gold electrodes (Goodfellow, > 99.9%). The
electrolyte/electrode assembly was secured in a suitable constant volume support [18] which
allowed extremely reproducible measurements of conductivity to be obtained between repeated
heating/cooling cycles. The cell support was located in a Buchi TO51 tube oven and the sample
temperature was measured by a type K thermocouple positioned close to the electrolyte disk. The
bulk conductivities of electrolyte samples were obtained during a heating cycle using the complex
plane impedance technique (Schlumberger Solartron 1250 frequency response analyser and 1286
electrochemical interface) over a temperature range of between 25 and 100 °C and .at
approximately 7°C intervals.

Open platinum cans were used to support the electrolyte samples during thermogravimetric
analysis (TGA). The electrolyte samples, in the form of 5mm diameter disks, were cut from
electrolyte films within the glovebox. The samples were transferred to the cans and located within
the thermobalance with the shortest possible exposure to the laboratory atmosphere. Analysis took
place under a flowing nitrogen atmosphere (30 cm3 min-!) at a heating rate of 10 °C min-!, using a
Perkin Elmer TAC 7/DX controller with a TGA 7 furnace operating at temperatures between 30
and 500 °C.

Disk sections of approximately 10 mg mass were removed from electrolyte films and
transferred to 40pL aluminium DSC cans which were sealed within the preparative glovebox. The
purge gas used in all the analyses was high purity argon supplied at a constant 35 cm3 min-! flow
rate. Thermal analysis was carried out with a Mettler TC11 controller and a DSC 20 oven equipped
with a cooling accessory. All samples were subjected to a 5 °C min-! heating rate and were
characterised between -40 and 200 °C.

XRD analysis was carried out on milled homogeneous polymer/salt mixtures packed into
0.7 mm diameter Lindemann tubes under an argon atmosphere. The samples were annealed at
80 °C for several hours to dissolve and distribute the salt in the polymer host. The Lindemann tubes
were sealed with quick-setting epoxy resin and analysed with a Stoe STADI/P high resolution
diffractometer equipped with a germanium monochromator operating in transmission mode. Cu K,
radiation was used throughout and the data was collected using a small angle linear position
sensitive detector.

Results and Discussion

Conductivity measurements In PEO-based electrolyte systems the change of gradient in linear log
(conductivity) versus 1/T graphs at temperatures close to 60°C is normally associated with the
fusion of uncomplexed polymer spherulites. In many systems the variation of the electrolyte

conductivity with temperature helps to locate the electrolyte composition being studied on the
polymer-rich side of the system eutectic composition. Generally the almost completely amorphous
electrolyte samples found near the system eutectic, or in the salt-rich region of the system phase
diagram, show non-linear log (conductivity) versus 1/T plots. The conductivity data of the zinc
triflate electrolyte compositions with n close to or below 20, show non-linear variation of
conductivity with temperature, suggesting that in this composition range the electrolytes are
essentially amorphous. The variation of ionic conductivity with temperature observed in the PEOy
Zn triflate electrolyte system was, in this respect, similar to that reported for other zinc salts and the
majority of mono- and multivalent cation PEO-based electrolytes which also show amorphous
morphology in this region of high salt concentration.

The total ionic conductivity of the zinc triflate electrolte was found to vary little with sample
composition over almost the whole range of electrolyte compositions studied. The results shown in
Figure 1 confirm the presence of a maximum at a EO/Zn ratio of about 60. This aspect of the
behaviour of polymer electrolytes is quite different from aqueous or non-aqueous liquid electrolyte
systems which show an increase in conductivity as the salt concentration is raised and the number
of charge carriers increases. In conventional electrolytes further increase in salt content results in a
reduction of conductivity as ion-ion effects begin to arise and impede ion transport. Where the
“solvent” is a polymer, low salt concentrations allow the growth of spherulites and the guest salt
species accumulate in the inter-spherulitic amorphous regions of the electrolyte volume. The total
ionic conductivity in this region is normally fairly low as the presence of polymer spherulites

convolutes the conduction pathways, restricted to the amorphous phase.
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Fig. 1. conductivity isotherms for electrolyte compositions of n between 5
and 100 (@ 30 °C, A 40 °C, ¢ 50 °C, O 80 °C)

The region of composition of n between about 15 and 30 is of particular interest. While at
low temperatures a significant variation of conductivity with composition is evident, at higher
temperatures this becomes very much less marked. The location of the eutectic composition of the
zinc triflate - polymer system between n = 15 and 30 would explain a conductivity enhancement as



clectrolytes within this region would complete their transformation to the liquid phase at lower
temperatures than compositions further from the eutectic composition. The observed enhancement
would not be expected at temperatures significantly above the eutectic temperature, because in this
temperature range the electrolytes are amorphous over the entire range of compositions studied (n
between 5 and 100).

The conductivity behaviour of this electrolytic medium is further complicated by the low

dielectric constant of the amorphous polymer component. The presence of ion aggregrates has been
confirmed in multivalent systems [11, 19, 20] and at moderate and high salt concentration the
association of ions into pairs or aggregates reduces the number of species which can contribute to
the total conductivity and therefore impedes charge transfer. This effect may be one of the causes
of the observed reduction in total ionic conductivity observed in the PEO-zinc triflate system at
values of n between 20 and 5. Clearly the ionic conductivity in polymer electrolytes is a complex
function of the morphology of the environment, the state of aggregation of the species present and
the presence of water or solvent residues which may enhance the conductivity by introducing more
free volume into the polymer host or conversely impede ion transport by inhibition of complexation
sites.
Thermal analysis The results of thermal analysis of electrolyte samples, illustrated in Figure 2,
confirmed the observations reported with conductivity and X-ray experiments. At low
concentrations of guest salt the morphology of the samples is largely crystalline and the
uncomplexed polymer forms clearly-defined spherulites. The crystalline polymer melts with a
clearly observable endotherm at close to 60 °C. As the amount of salt is increased the morphology

T T T
0 100 200

Temperature (°C)

Fig. 2. DSC behaviour of selected electrolyte compositions

of the electrolyte is progressively changed to an almost entirely amorphous structure and the
kinetics of the spherulite growth are slowed by interactions between the heteroatoms in the
polymer structure and the salt. In the first scan carried out on samples with high salt concentrations
a broad endotherm was observed between 80 and 180°C. This may be explained by the existence of
a poorly defined salt-polymer complex. Broad peaks with similar characteristics have been
observed with several other systems, unfortunately in this composition range the samples were t0o
amorphous to be characterised by X-ray techniques. These results suggest that the electrolyte
system formed by poly(ethylene oxide) and zinc triflate probably forms a salt/polymer complex in
the salt-rich region of composition (n close to 5) and a eutectic at n between 10 and 20. Thermal
decomposition of the host polymer was clearly visible at higher temperatures where characteristic
irregular exotherms were observed.

At certain electrolyte compositions poorly defined exotherms were registered in the analysis
of the first scan of electrolyte samples. These exotherms were not present in the second scan and
lead to the suggestion that limited oxidative decomposition may occur during the first exposure of
the sample to moderate temperatures. Exotherms of this nature are often of such weak intensity that
they are ignored, however in the first scans of electrolytes with composition n = 40 and 80 these
peaks are readily identifiable. Clearly this aspect of the thermal behaviour of the commercial host
polymer, which also contains a mixture of process residues, anti-oxidants and thermal stabilisers,
requires further characterisation.

The thermal decomposition of electrolyte samples was studied by TGA. The salt destabilises
the polymer network and decomposition occurs by a multi-stage process which has an onset at
about 290 °C in some compositions (Figure 3). The precise temperature at which the process begins
is determined by the electrolyte composition. As in previously characterised systems [22, 23], the
electrolytes with higher salt concentrations were found to be thermally less stable.
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X-ray analysis The data from X-ray structure analysis, illustrated in Figure 4, confirms the
presence of polymer spherulites in electrolytes with low salt concentrations and the expected
increase in crystalline morphology as the amount of guest salt is decreased. No evidence of
crystalline complexes between the polymer and the salt was found however. Although relatively
few polymer electrolyte systems have been characterised using X-ray techniques, in most of these
studies difficulties have been encountered in obtaining clear structural information within the salt-
rich region of composition and in several multivalent cation-based systems [13, 16, 21] this region
has been found to be essentially amorphous. This problem was also apparent in the zinc triflate-
based polymer electrolyte and the predominantly amorphous nature of the environment masked
relevant structural details.
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Fig. 4. X-ray diffraction spectra of pure polymer and electrolytes of
n between 70 and 15 (a) 15, b) 40, c) 60, d) 70 and e) pure polymer.

Conclusions

The semi-crystalline electrolytes formed by solvent casting mixtures of zinc triflate and
commercial poly(ethylene oxide) shows moderate ionic conductivity over a wide range of
compositions. Some evidence was obtained from DSC studies which supports the proposal that a
crystalline salt/polymer complex is formed in this divalent salt system at compositions within the
high salt concentration region, however the existence of this complex was not confirmed by X-ray
techniques. The difficulty in obtaining structural proof for the formation of this complex probably
originates in the slow crystallisation kinetics observed in this system within the salt-rich
composition range. Samples for X-ray analysis could not be prepared by the more convenient
solvent casting technique due to the need to avoid exposure of the sample to water during structural
data collection. Sealed Lindemann tubes were used to protect samples from atmospheric humidity
and electrolyte compositions were prepared for structural study by annealing mixtures of
electrolyte. This restriction may also have contributed to the difficulty in obtaining conclusive

evidence for the formation of a salt-polymer complex. Thermal stability of electrolytes produced in
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the range of composition of n between 5 and 120 was similar to other previously characterised

systems based on the same commercial host polymer.
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