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a b s t r a c t

Polymer electrolyte films have been prepared by solution casting techniques from precursor solutions
of a poly(vinylidene fluoride-co-hexafluoropropylene) (PVdF-HFP), lithium-bis(trifluoromethane) sul-
fonimide (LiTFSI), and propylene carbonate (PC). Arrays of graded composition were characterised by
electrochemical impedance spectroscopy (EIS), differential scanning calorimetry (DSC) and X-ray diffrac-
tion (XRD) using high throughput techniques. Impedance analysis showed the resistance of the films
vailable online 27 November 2010

eywords:
olymer electrolyte
ithium battery
igh throughput
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onic conductivity

as a function of LiTFSI, PC and polymer content. The ternary plot of conductivity shows an area that
combines a solid-like mechanical stability with high conductivity, 1 × 10−5 S cm−1 at the composition
0.55/0.15/0.30 wt% PVdF-HFP/LiTFSI/PC, increasing with PC content. In regions with less than a 50 wt%
fraction of PVdF-HFP the films were too soft to give meaningful results by this method. The DSC mea-
surements on solvent free, salt-doped polymers show a reduced crystallinity, and high throughput XRD
patterns show that non-polar crystalline phases are suppressed by the presence of LiTFSI and PC.

© 2010 Elsevier B.V. All rights reserved.
. Introduction

Ion containing polymers have been proposed as electrolytes
or many solid state electrochemical devices. Over the past few
ecades important applications have been found in lithium bat-
eries, supercapacitors, electrochromic windows and chemical
ensors [1–4]. In all these areas there is a need to optimise the
olymer composition and other aspects of the synthesis to pro-
uce the most desired combination of properties for the particular
pplication. This is generally a very laborious task for polymers,
n particular because of the large number of compositional and
ther variables. Previous studies have been made for poly(methyl
ethacrylate) [5], poly(acrylonitrile) [6,7], and poly(vinylidene co-

exafluoropropylene) (PVdF-HFP) [8–11], in which it has been
ound that the addition of a plasticiser (a solvent of low volatility)
enerally decreases the crystallinity and increases the amorphous
raction; both of these effects and the addition of a suitable salt
hould cause a systematic increase in the ionic conductivity. A max-
mum value in the conductivity/salt concentration plot is usually
ound in the polymer-free liquids, due to the decrease in mobility

nd the increase in ion-pairing at high salt content. More detailed
nvestigations into the morphology of the polymer and its inter-
ction with both plasticiser and lithium salts have concluded that
ertain phases are suppressed by adding these components [12].

∗ Corresponding author. Tel.: +44 23 8059 2184; fax: +44 23 8059 3781.
E-mail address: jro@soton.ac.uk (J.R. Owen).

378-7753/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2010.11.098
High throughput (HT) techniques have been applied to polymers
for the pharmaceutical industry and there are many instances of HT
techniques being applied to the discovery of materials for lithium
ion batteries, both negative [13,14] and positive electrode materials
[15,16]. However methods of characterizing polymer electrolytes
on a HT scale are much less advanced. A technique using optical
dyes for measuring the thickness of polymer films was demon-
strated successfully when compared to conventional measurement
methods [17], and HT electrochemical impedance spectroscopy has
been demonstrated on solid state gas sensing materials [18] but
none relating to polymer electrolytes.

This work demonstrates the concept of applying HT techniques
to screening and optimisation studies of polymer electrolytes
which are immobile gels of the type suggested for use in some
commercial lithium-ion-polymer cells. The essential components
are an inert polymer, a plasticiser and an ionic salt dissolved in
the plasticiser. Such polymers are particularly amenable to rapid
fabrication of variable composition arrays because the synthesis
requires only dissolution of the components in a volatile solvent
that subsequently evaporates to leave a thin film similar to what
is used in the device. In this work the three components were
(PVdF-HFP), propylene carbonate (PC), and bis(trifluoromethane)
sulfonimide lithium salt (LiTFSI).
An electrode array design previously used by us to characterise
electrode materials [16], has been adapted in this work for the
characterisation of the polymers using electrochemical impedance
spectroscopy (EIS), X-ray diffraction (DSC) and differential scanning
calorimetry (DSC) on a HT scale.

dx.doi.org/10.1016/j.jpowsour.2010.11.098
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:jro@soton.ac.uk
dx.doi.org/10.1016/j.jpowsour.2010.11.098
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Fig. 1. Compositions of polymer film

. Experimental

.1. Sample fabrication

.1.1. High-throughput testing
PVdF-HFP (Aldrich, av. Mn ≈ 130,000, av. Mw ≈ 400,000) and

iTFSI (Aldrich, puriss., ≥99.0%) were dried under vacuum at 100 ◦C
or 12 h prior to use. Propylene carbonate anhydrous (PC) (Aldrich,
9.7%) was used as received as the plasticiser, it was handled care-
ully within a glove box at all times to ensure no water impurities.
he cyclopentanone (CP), (Aldrich, 99+%) was distilled prior to use
o remove any water and then kept in the glove box. All further pro-
edures were undertaken inside an argon filled glove box until the
amples were placed in a hermetically sealed cell for the impedance
easurements. Appropriate weights of PVdF-HFP, PC and LiTFSI

Aldrich, puriss., ≥99.0%) were dissolved in the co-solvent CP to give
tandard stock solutions around 10% by mass. The solutions were
etered into 8 ml vials at the appropriate ratios to give solutions
hose non-volatile fractions varied to cover a range of composi-

ions shown in Fig. 1. To ensure a homogenous mixture, the vials
ere placed on a vortex mixer (Fisherbrand, Whirlimixer) before
se.
The design of the multi-electrode cell, shown in Fig. 2, has an
rray of 64-electrodes of 6 mm diameter aluminium electrodes sup-
orted on sprung contacts similar to that described before [16].
he polymer samples were deposited on the electrode array as
escribed below and were contacted by a 1.5 mm thick upper elec-

Fig. 2. Schematic diagram showing the sample deposition m
1.00.80.60.40.2

wt fraction PVdF-HFP

died in this high throughput study.

trode made of carbon loaded rubber with a conductance better than
1 S cm−2 (RS components C5-9134 carbon loaded conductive sili-
cone). A stainless steel current collector was positioned above this
and sprung contacts provided pressure from above and an electrical
path to the connector in the lid. The thickness of each electrode was
measured with a micrometer with tolerance values of 1 ± 5 �m,
before any deposition of the electrolyte and again after the experi-
ment had taken place.

The conductivity of 64 different compositions shown in Fig. 1
was measured with 8 arrays, each containing 8 compositions
repeated on 8 electrodes. For each sample a 25 �l volume was mea-
sured in a pipette and placed on top of an electrode ensuring an
even coverage across the entire electrode area. The co-solvent was
evaporated off by leaving the cell in the glove box at room tempera-
ture. Mass measurements indicated that removal of CP took 1.5 h at
25 ◦C; after this time thickness measurements using a micrometer
were made before transferring into the hermetically sealed mea-
surement cell. The sample thicknesses varied ±5% around 100 �m,
corresponding to densities around 1.4 g cm−3.

2.1.2. Conventional testing
The same method for preparing films was taken for the conven-
tional testing method. Films with compositions of 0.5, 0.45, 0.05
and 0.5, 0.4, 0.1 of PVdF-HFP, PC and LiTFSI respectively were pre-
pared. Appropriate weights of PVdF-HFP, PC and LiTFSI (Aldrich,
puriss.,≥99.0%) were dissolved in the co-solvent CP to give standard
stock solutions around 10% by mass, 0.6 ml of these solutions was

ethod and a cell design taken from previous work [16].
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reactions. For the more conductive samples, as seen in Fig. 3b, the
impedance plot is rescaled to show the sample resistances at the
x-axis intercepts, systematically decreasing towards the origin as
the amount of LiTFSI was increased across the series.
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Fig. 3. Complex impedance Nyquist plots at low and hig

hen deposited onto glass slides. The co-solvent was then removed
s described above; this resulted in the formation of mechanically
obust free standing films of around 100 �m thickness. These films
ere then sandwiched between two 1 cm diameter stainless steel
iscs and the impedance measurements were recorded using the
ame settings as for the combinatorial method.

.2. Sample characterisation

.2.1. Impedance spectroscopy
Ionic conductivity was measured using the complex impedance

echnique with a Solartron SI 1287 electrochemical interface cou-
led with a Solartron 1250 frequency response analyser over the
requency range of 0.1 Hz to 65 kHz.

Analysis of the results in Z-view (Scribner Associates) showed
hat for most cases the frequency dispersion could be fitted to a con-
tant phase element and resistance representing the imperfectly
locking electrodes in series with a high frequency real axis inter-
ept indicating the electrolyte resistance as obtained by Jiang et al.
11]. The conductivity (�) of the polymer electrolytes at each com-
osition was estimated from the averaged electrolyte resistance
R), the electrode area (A) and the film thickness (l) using the equa-
ion � = l/AR and was tabled as a function of the three composition
ariables in Origin 8.1 to display the data as a contour map by linear
nterpolation.

.2.2. Combinatorial X-ray diffraction (XRD)
Sample arrays with composition variations were prepared in

he form of thick films on 6 mm diameter aluminium substrates
s for the impedance measurements. X-ray diffraction patterns of
he PVdF-HFP/LiTFSI/PC membranes were obtained using a high-
hroughput X-ray diffractometer (Bruker C2 GADDS) with a Cu K�
adiation as source over the 2� range 15–46◦. The sample posi-
ions on the multielectrode array plate were programmed into the
iffractometer allowing central measurements of each sample to
e taken automatically. The scan time was 5 min per sample, with
iffraction patterns of the whole array being completed within 6 h.
.2.3. Differential scanning calorimetry (DSC)
The same arrays as above were used for high throughput DSC

sing a Mettler model DSC20 oven connected to a Mettler TA4000
ontroller. Samples were heated at 10◦ per minute from room tem-
erature to 200 ◦C and then cooled to −150 ◦C at the same rate. This
Z' / Ω

lution for 9 polymer samples of different compositions.

cycle was repeated once more with both cycles being performed at
10 ◦C min−1.

3. Results and discussion

3.1. Impedance and conductivity

Fig. 3a illustrates a typical set of impedance plots for one batch
of samples. It can be seen that the sample containing no lithium
salt exhibits a high frequency semi-circle characteristic of the sam-
ple resistance in parallel with its dielectric capacitance. In the other
samples, which contained varying degrees of LiTFSI, the semicircles
were absent, indicating that the sample resistances (real part) were
much lower than the dielectric impedance (imaginary part) within
the frequency range measured. This interpretation was confirmed
by equivalent circuit fitting as described in Section 2.2.1 above
with the sample resistance placed in series with a constant phase
element (CPE) representing partially blocking behaviour of the
blocking electrodes due to surface roughness and possible faradaic
0.50.40.30.20.10.0
1E-7

LiTFSI weight fraction

Fig. 4. Conductivity vs. salt mass fraction for 0.5 mass fraction of PVdF-HFP with
error bars to indicate standard deviations.
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of independent composition variables. The conventional method
ig. 5. A contour map of the conductivity vs. composition, indicating the region
here the mechanical properties were acceptable and showing the “hot spot” for

he optimum combination of conductive and mechanical properties.

Fig. 4 shows the effect of the plasticiser/salt ratio for a polymer
ass fraction of 0.5. It shows an initial steep rise in conductivity at

ow salt content followed by a plateau then a slow decline above a
iTFSI mass fraction of 0.25. The errors are assumed to be mainly
ue to uncertainties in the sample thicknesses and cross sectional
reas, and are reflected in the irregularities in an otherwise smooth
ariation of log � with composition as displayed in Fig. 4. We would
tress our belief that such errors are not inherent the HT technique
tself, which would benefit greatly from better cell design and con-
rol of sample geometry, which were beyond the scope of this study
hose aim was a simple demonstration of concept. Also shown for

omparison are two measurements obtained though our conven-
ional approach and are seen to be in good agreement with the
ombinatorial data.

Fig. 5 shows the region of solid-like behaviour and the corre-
ponding conductivity contour map as determined for the region.
egions of the composition diagram beyond a PC mass fraction
f 0.5 were deemed to be unsuitable for measurement or use
s polymer membranes. Although the “soft gels” formed free
tanding films, they suffered from liquid release or “sweating”
nder pressure, a problem that has been noted in the case of
ethylpyrrolidinium-TFSI in PVdF-HFP.[19]
The conductivity results showed trends in composition that

ere generally in accordance with those found by Jiang et al. using
onventional methods, i.e. the conductivity decreased at high poly-
er content due to the viscosity increase. A peak conductive area

∼10−5 S cm−1) can be seen for compositions around 55% PVdF-HFP,
5% LiTFSI and 30% PC that were not studied in the previous work.
he value of the high throughput technique is seen in the detail
f the mapping compared with previous studies based on fewer
ifferent compositions [11].

.2. High throughput X-ray diffraction

The diffraction patterns of some polymer films with differing
mounts of salt and plasticiser are seen in Fig. 6. The pure PVdF-HFP
ample shows three distinct peaks at 18, 20 and 26.6◦ correspond-
ng to non-polar, polar and nonpolar phases respectively. With

he addition of LiTFSI the nonpolar phases at 2� = 18.2 and 26.6◦

isappear whereas the polar phase at 2� = 20◦ survives, with a
roadening of the peak. This destabilisation of nonpolar phases
resumably in favour of an amorphous phase is further evidence
Fig. 6. X-ray diffraction patterns of pure PVdF-HFP and different mass fractions of
LiTFSI and PC.

for solvation of LiTFSI by PVdF, which is equivalent to plasticisa-
tion of PVdF by LiTFSI. A strong plasticising effect of LiTFSI has also
been noted previously in poly(oxyethylene), with unusually high
conductivities at high salt content [20].

This effect has been noted for LiTFSI with various solvents in
PVdF-HFP [12] and for ionic liquids [21]. On addition of PC the
broadening continues until the crystalline peak has almost disap-
peared, when at this point the film has physical properties more
similar to those of a gel than of a solid. This is consistent with the
assumption that swelling the matrix with solvent will extend the
amorphous region of the polymer [22].

3.3. Differential scanning calorimetry (DSC)

This type of thermal analysis is useful in estimating how the
mechanical properties of the film will change with temperature
and ultimately the suitability for the intended application. In princi-
ple, DSC can give microstructural information regarding the crystal
melting points and degree of crystallinity. However, in this case
solvent evaporation complicated the analysis of samples across the
array, and therefore we show two solvent-free examples in Fig. 7,
where crystallinity was most prevalent, with clean melting and
crystallising peaks at 110 ◦C and 140 ◦C respectively and a much
decreased degree of crystallinity in the salt-containing sample.
These results are evidence for a plasticising interaction between the
salt and polymer. Further peaks that appeared on heating the doped
sample are difficult to assign without further study and therefore
outside the scope of this study.

3.4. An appraisal of this high throughput technique

As mentioned above, the HT method as developed in this work
introduced sources of error that would not normally be encoun-
tered in a conventional approach, but it may be expected that the
error margins would be considerably reduced with refinement of
the technique. Therefore the following analysis concerns the ben-
efits of HT in this case.

First, it should be noted, that electrolytes are usually multi-
component systems and therefore a full investigation requires
variation of all compositional parameters, which necessitates a
number of samples that increases exponentially with the number
e.g. Nekoomanesh et al. [23] typically involved a few hundred mil-
ligrams for the preparation of for a single film of each composition,
then measurement of conductivity and DSC scans in individual
cells.



H.J. Alcock et al. / Journal of Power S

F
0

o
f
v
e
s
a
o
c

a
a
a
c
i
r
a
a
b
m

4

p

[

[
[

[

[

[

[

[

[

[

ig. 7. DSC curves of (a) pure PVdF-HFP and (b) PVdF-HFP/LiTFSI mass fraction
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One obvious advantage of the high throughput concept is econ-
my of sample preparation – here the solutions contained only a
ew tens of milligrams for each composition. This translates into
aluable savings of cost and effort in the cases where the salts are
xpensive or even specially synthesised for evaluation. The “hot
pot” at around 55% PVdF-HFP, 15% LiTFSI and 30% PC highlighted
bove demonstrates the importance of including a large number
f samples for a successful investigation, because a coarser mesh
ould have missed the result.

The other advantage is the time and effort spent in construction
nd measurement of the cells. In the conventional example, cited
bove, the number of compositions was limited by the time avail-
ble, which can be estimated as one day for each composition to be
ycled from 20 ◦C to 80 ◦C and back. Therefore the cited study exam-
ned only five compositions, with a consequent loss in scope and
esolution in composition and temperature. In the present study,
ll 64 electrodes were held in the same temperature-controlled
rray so that the time saving was effectively 64 on a per-sample
asis. Other time savings could undoubtedly arise from automated
ixing and dispensation of the solutions to form the arrays.
. Conclusion

This work demonstrates the concept of HT screening of multi-
le samples of polymer electrolytes to find the composition ranges

[
[

[
[

ources 196 (2011) 3355–3359 3359

where the highest ionic conductivities may be found. The appli-
cation of a large soft contact was validated and shown to simplify
the measurement relative to one involving two individual contacts
to each sample. The rapid sequential impedance technique was
found to be sufficiently accurate to measure samples across the 64-
sample array in a few hours of automated testing. Coupling with HT
diffraction and DSC measurements showed correlations between
the conductivity trends and changes on the sample microstruc-
tures with the proportions of the additives. A peak conductive area
(∼10−5 S cm−1) was observed for compositions around 55% PVdF-
HFP, 15% LiTFSI and 30% PC where the film also had favourable
mechanical properties for use as a separator in a lithium battery.

Acknowledgements

The authors thank the University of Southampton, Ilika Tech-
nologies Ltd., and the EPSRC for supporting this work. Also the
authors would like to thank Thierry Legall for useful discussions.

References

[1] P. Fabry, C. Monteroocampo, M. Armand, Sensors and Actuators 15 (1988) 1.
[2] R.J. Latham, S.E. Rowlands, W.S. Schlindwein, Solid State Ionics 147 (2002)

243.
[3] F. Lufrano, P. Staiti, Electrochemical and Solid State Letters 7 (2004)

A447.
[4] Z.B. Zhou, B.S. He, L.D. Feng, N.C. Cai, Sensors and Actuators B-Chemical 108

(2005) 379.
[5] A.M.M. Ali, M.Z.A. Yahya, H. Bahron, R.H.Y. Subban, M.K. Harun, I. Atan, Materials

Letters 61 (2007) 2026.
[6] H. Tsutsumi, T. Kitagawa, Solid State Ionics 177 (2006) 2683.
[7] M. Patel, K.G. Chandrappa, A.J. Bhattacharyya, Electrochimica Acta 54 (2008)

209.
[8] M. Stolarska, L. Niedzicki, R. Borkowska, A. Zalewska, W. Wieczorek, Elec-

trochimica Acta 53 (2007) 1512.
[9] X. Li, G. Cheruvally, J.K. Kim, J.W. Choi, J.H. Ahn, K.W. Kim, H.J. Ahn, Journal of

Power Sources 167 (2007) 491.
10] A.M. Stephan, S.G. Kumar, N.G. Renganathan, M.A. Kulandainathan, European

Polymer Journal 41 (2005) 15.
11] Z. Jiang, B. Carroll, K.M. Abraham, Electrochimica Acta 42 (1997) 2667.
12] S. Abbrent, J. Plestil, D. Hlavata, J. Lindgren, J. Tegenfeldt, A. Wendsjo, Polymer

42 (2001) 1407.
13] J.R. Dahn, R.E. Mar, A. Abouzeid, Journal of The Electrochemical Society 153

(2006) A361.
14] M.D. Fleischauer, T.D. Hatchard, A. Bonakdarpour, J.R. Dahn, Measurement Sci-

ence and Technology 16 (2005) 212.
15] M.R. Roberts, A.D. Spong, G. Vitins, J.R. Owen, Journal of The Electrochemical

Society 154 (2007) A921.
16] A.D. Spong, G. Vitins, S. Guerin, B.E. Hayden, A.E. Russell, J.R. Owen, Journal of

Power Sources 119 (2003) 778.
17] J.C. Grunlan, A.R. Mehrabi, T. Ly, Measurement Science and Technology 16

(2005) 153.
18] U. Simon, D. Sanders, J. Jockel, T. Brinz, Journal of Combinatorial Chemistry 7

(2005) 682.
19] C. Tizzani, G.B. Appetecchi, M. Carewska, G.T. Kim, S. Passerini, Australian Jour-

nal of Chemistry 60 (2007) 47.

20] S. Sylla, J.Y. Sanchez, M. Armand, Electrochimica Acta 37 (1992) 1699.
21] S.H. Yeon, K.S. Kim, S. Choi, J.H. Cha, H. Lee, Journal of Physical Chemistry B 109

(2005) 17928.
22] J.H. Cao, B.K. Zhu, Y.Y. Xu, Journal of Membrane Science 281 (2006) 446.
23] M. Nekoomanesh, S. Nagae, C. Booth, J.R. Owen, Journal of the Electrochemical

Society 139 (1992) 3046.


	New high-throughput methods of investigating polymer electrolytes
	Introduction
	Experimental
	Sample fabrication
	High-throughput testing
	Conventional testing

	Sample characterisation
	Impedance spectroscopy
	Combinatorial X-ray diffraction (XRD)
	Differential scanning calorimetry (DSC)


	Results and discussion
	Impedance and conductivity
	High throughput X-ray diffraction
	Differential scanning calorimetry (DSC)
	An appraisal of this high throughput technique

	Conclusion
	Acknowledgements
	References


