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Abstract

Polymer gel electrolytes based on PMMA were prepared by in situ polymerisation of methylmethacrylate, where solutions of inorganic
and/or organic compounds in propylene carbonate can be used as an optional part incorporated in the gel. These elastic materials have suitable
conductivity ca. 10−3 to 10−4 S cm−1, high optical transmittance and these properties are stable for weeks. Gels with lithium perchlorate and
ferrocene–ferricinium redox couple were studied using impedance spectroscopy and cyclic voltammetry. The behaviour of glassy carbon in
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ontact with the gels was studied by cyclic voltammetry and impedance spectroscopy.
2005 Elsevier B.V. All rights reserved.
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. Introduction

The research of secondary lithium batteries is connected
ith a serious problem of irregular formation of metal lithium
eposits on the negative electrode during electrodeposition
f lithium. In consequence of reaction between metal lithium
nd the solvent poorly conducting compounds are produced.
etal lithium is therefore deposited in irregular dendrites,

ponge and moss-like matter. These processes cause lower
harging efficiency[1].

The solution of this problem is in the substitution of liq-
id electrolyte with polymer electrolyte. The first experi-
ents were done with polyethyleneoxide (PEO) doped with

ithium salts[2,3]. These first generation polymer electrolytes
ave very low conductivity at the room temperature[4]. As

he second generation polymer electrolytes were therefore
ested polymers based on PEO and similar compounds to
hich softeners (well known from the technology of poly-
ers and plastics) were added with the aim to lower the tem-

∗ Corresponding author. Tel.: +420 266172198; fax: +420 220941502.

perature at which the conductivity reached reasonable
[1,4].

Other point of view is in immobilisation of a solvent in t
network of polymer and these materials are called third
eration polymer electrolytes. Polymer electrolytes base
polymethylmethacrylate (PMMA) where prepared by in
polymerisation, where anhydrous propylene carbonate
serves as an embedded solvent[5]. The solvent can conta
organic and/or inorganic compounds, which influence ch
ical, mechanical and optical properties of the gel. Gels
taining solutions of various inorganic salts (perchlorates[6]
and ferrocene[7] were studied.

Chemical and mechanical properties of PMMA–PC
tem allows incorporation of many compounds and ca
proton-conducting due to the presence of phosphoric
[8] or electronically conducting containing composite m
rials[9]. Also incorporation of TiO2 nanoparticles to improv
mechanical properties[10] or combination with ionic liquid
causing increase conductivity[11] was suggested.

Our recent work is based on electrochemical behav
of transition metal complexes embedded in polymer e
E-mail address:vondrakj@iic.cas.cz (J. Vondrák). trolyte, particularly of ferrocene–ferricinium (Fc/Fc+) redox
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couple[12]. The aim is to find relationship between solvata-
tion changes of incorporated species and their electrochem-
ical properties. This research is connected with application
of I3−/I− redox couple in hybrid electrochromic devices[13]
and solid-state chemical sensors[14,15], where different pro-
cess can appear in comparison with liquid systems.

In addition to the use of polymer electrolytes in lithium
batteries and electrochromic devices, their application in
electrochemical supercapacitors is also possible. These com-
ponents use carbonaceous inert materials as electrodes.
Therefore, we started to use glassy carbon planar electrode
as a model of interface between the gel electrolyte and a solid
inert electrode. The formation of a SEI layer in the range of
stronger negative potentials is then probable.

2. Experimental

The principle of preparation is based on mixture of
these components: methylmethacrylate monomer (99%;
Sigma–Aldrich), polymeric PMMA resin containing poly-
merisation initiator dibenzoylperoxide (SUPERACRYL®,
Spofa-Dental, Czech Republic) and an optional component.
The optional component determines chemical properties of
the gel and is realised as a solution of organic and/or inor-
ganic compound in anhydrous propylene carbonate (99.7%;
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spectra of the gels were measured by two-beam spectrometer
Perkin-Elmer Lambda 35.

3. Results and discussion

3.1. Conductivity measurements

First experiments were done with PMMA gels contain-
ing solution of anhydrous perchlorates (Li, Na, Mg, and Ca)
in propylene carbonate to obtain values of ohmic resistiv-
ity. Thin sheet of the gel (of known thickness) was placed
between two electrodes of stainless steel and the impedance
spectrum was measured using the FRA-2 module with the fre-
quency range from 10 kHz to 100 Hz. The ohmic resistance of
the sample was then estimated from the analysis of the equiva-
lent circuit consisting of a resistanceRin the serial connection
with the constant phase element Q.Fig. 1presents the spec-
trum of the gel containing LiClO4 with proposed equivalent
circuit. Reproducible results are that the gel containing cation
of higher radius has higher conductivity than the gel with
smaller cation[7,15]. This effect is remarkable for the pair
lithium–sodium, when the mobility of smaller lithium cation
is strongly limited by the interaction with polymeric network.
This theory was also confirmed by transference number mea-
s A
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o ature.
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ater content under 0.005%, Sigma–Aldrich). In the cas
el containing inorganic salt 0.25–1 M solution of anhydr
erchlorate in PC is used.

The mixture is kept for 5 days in a dessicator in the
osphere of monomer and finally the gel is kept at 90◦C for
0 min in order to finish the polymerisation. This proced
uarantees the chemical and mechanical stability of th

or weeks. The gel is elastic with thickness 0.5–0.7 m
olourless and odourless. Elasticity and consistence is
or months, required foils can by easily cut out. Gels
e stored on air without any decomposition and w
bsorption.

Inorganic perchlorates were dehydrated by vacuum
ng at 110◦C overnight. Ferrocene and ferricinium tetrafl
oborate were purchased from Sigma–Aldrich and were
ithout further purification.
New cell for solid-state electrochemical measurem

as developed[6] with glassy carbon as the working a
uxiliary electrode (bothØ = 3 mm) and PMMA–Cd–Cd2+

olid-state pseudo-reference electrode[6,15,16]. All poten-
ials are given versus this system.

Eco Autolab (Eco Chemie, The Netherlands) was u
or the electrochemical investigation using two modules:
entiostat PGSTAT 10 for cyclic voltammetry measurem
nd the impedance unit FRA-2 was used to obtain imped
pectra. The spectra were analysed by the Autolab sof
nd the equivalent circuit values were evaluated, espe
alue of the material ohmic resistance.

Temperature dependence of resistivity was measur
he range from−70 to 70◦C using thermostated bath. UV–
urement[5]. Table 1presents specific resistivities of PMM
els containing either pure propylene carbonate or solu
f inorganic perchlorates measured at the room temper
or comparison, the resistivities of perchlorate solution
C are also introduced.
Conductivity of all PMMA gels is strongly temperatu

ependent. InFig. 2, Arrhenius plot is indicated for the ca
f gel with lithium and sodium perchlorate. Gel conta

ng other perchlorates would produce similar plot shifte

ig. 1. Nyquist plot of PMMA gel containing 0.5 M LiClO4 in PC with the
quivalent circuit (frequency range from 10 kHz to 100 Hz, measure

emperature 20◦C).
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Table 1
Specific resistivities of PMMA gels containing perchlorates and their solu-
tions in propylene carbonate (temperature 20◦C, age of the gel 12 days,
concentration of LiClO4 and NaClO4 solutions 0.5 M, concentration of
Mg(ClO4)2 and Ca(ClO4)2 solutions 0.25 M)

Optional component Specific resistivity (� cm)

PMMA gel PC solution

PC only 1.2× 106 8.21× 105

PC–LiClO4 7.8× 103 1.26× 102

PC–NaClO4 1.5× 103 1.24× 102

PC–Mg(ClO4)2 4.2× 103 1.21× 102

PC–Ca(ClO4)2 2.3× 103 1.24× 102

higher or smaller values of resistivity. Conductivity of gel
with NaClO4 is higher in the whole range of temperatures.
The plot presents the point of transformation at the tempera-
ture of ca.−25◦C (it corresponds to 1000T−1 ≈ 4.1). At this
point structural change of polymeric network occurs what
leads to remarkable increase of resistivity. The resistivity of
the gel rapidly increases under temperature−55◦C (equals
to 1000T−1 ≈ 4.6) what is caused by solidification of propy-
lene carbonate. In this area of temperatures the material be-
haves like a dielectric with the value of resistivity similar
to the gel with propylene carbonate only. These results al-
low application of PMMA gel electrolytes above temperature
−25◦C.

3.2. Ageing of the gel

Structural changes of polymeric network, evaporation of
monomer during polymerisation and evaporation of the sol-
vent are the main contributions to the set of processes, which
are called the ageing of material. These processes can influ-
ence chemical, optical and mechanical properties of the gel.

F
o
d

Suitable method for monitoring of structural changes is the
measurement of resistivity and UV–vis spectroscopy.

The main contribution in the case of PMMA gel elec-
trolytes prepared by described method is the incomplete
polymerisation. Our method of preparation ensures that the
process of polymerisation is terminated during the 60 min
warming and the conductivity is stabilised after 5–10 days
from preparation.

To prevent evaporation of monomer is the Petri dish with
the initial mixture placed into a desiccator under MMA at-
mosphere. With regard to low vapour tension of propylene
carbonate is the evaporation of the solvent insignificant for
changes of conductivity.

Conductivity measurements in the case of PMMA gels
containing sodium, lithium and calcium perchlorate show that
no significant structural changes appear in the period of 3
months (seeFig. 3). The gels were placed on air at room
temperature and the conductivity was measured every 2–4
days. In the case of PMMA gel with Mg(ClO4)2 an increase
of resistivity was observed after 2 months[15]. This change
would not be an obstacle in further application.

Mechanical properties of studied materials are not
changed within 12 months. Gels keep their reasonable elas-
ticity and they do not disperse or disintegrate.
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ig. 2. Arrhenius plot for PMMA gels containing 0.5 M LiClO4 (full dots)
r 0.5 M NaClO4 (empty dots) in PC (temperature range from−70 to 70◦C,
ecadic logarithm of specific resistivity vs. reciprocal temperature).
.3. UV–vis spectra—optical properties

The monomer and the solutions of inorganic perchlor
n PC are colourless. The PMMA resin is dissolved in
el during preparation without any residue. The poly
el electrolyte has an excellent optical transparency t

ore. This property is very important in one field of pra
al application–technology of electrochromics. The PM
el electrolytes are suitable for high ionic conductivity

ransparency[17].
In the range of visible spectrum, the optical trans

ance of gels is 90–93%. In the case of gels with inorg

ig. 3. Changes of the specific resistivity of PMMA gels containing lith
nd sodium perchlorate for 100 days since preparation (measureme
erature 20◦C).
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perchlorates is the high transparency kept for more than 3
months. In this experiment the gel samples were stored on
air at the room temperature.

Transmittance rapidly decreases below 320 nm due to the
strong absorption of polymer molecules. In the range from
320 to 360 nm is transmittance over 85%.

3.4. Behaviour of ferrocene–ferricinium redox couple in
PMMA gel electrolyte

The gels containing lithium or sodium perchlorate exhibit
a high ionic conductivity. The motion of ions is restricted due
to the presence of polymer network, however the gel elec-
trolyte contains remarkable amount of immobilised solvent.
The lithium cation is more restricted in motion and the con-
ductivity is five times lower than in the case of NaClO4 gel.
The conductivity is not influenced by co-immobilisation of
metal complexes in used 0.05 M concentrations, when the ra-
tio NaClO4:Fc:Fc+ is 20:1:1. The comparison between liquid
and gel system shows, that the formation of polymer network
causes a decrease of the conductivity values by one order of
magnitude (seeTable 1).

Cyclic voltammetry of Fc/Fc+ redox couple immobilised
in the gel showed rapid decrease of the peak currents
during the polymerisation. The diffusion coefficients for
three systems (PC and PC–MMA liquids and PMMA–PC
g sing
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Fig. 4. Cyclic voltammogram of Fc/Fc+ redox couple in PMMA gel elec-
trolyte (0.05 M Fc/Fc+, 1 M LiClO4 supporting electrolyte, 10−4 V s−1 scan
rate).

Comparison of Fc/Fc+ behaviour in the liquid systems
(pure propylene carbonate and mixture PC–MMA 1:1 (vol))
and in the gel shows strong, almost 3-order decrease of diffu-
sion coefficients for both, charged and uncharged forms (see
Table 2).

3.5. Glassy carbon electrode in contact with PMMA gel
electrolyte—impedance spectroscopy and cyclic
voltammetry

The voltammetric curve of a glassy carbon in a gel con-
taining LiClO4 is depicted inFig. 5. As we see, there is no
electrode process at potential exceeding−0.2 V and lower
than +1.5 V. This indicates the usable voltage range of a
carbon-based supercapacitor to±1.7 V. There is some elec-
trode reaction below−0.2 V; it can be ascribed to well
known SEI film formation on carbon electrode. The in-
tercalation of lithium into glassy carbon does not seem
probable.

An example of impedance spectrum is given inFig. 6for
the potential of +0.7 V. The impedance spectrum was deci-
phered using the AUTOLAB software as a series resistance
ca. 50�, and two successive couples of a resistor and constant
phase element. One of them is almost similar to a capacitor
(with phase angle 75–80◦) and it would be described as a
d ; its
m
t

T
P ferricin of
t el med

M ) (V)

P
P
P

el) were evaluated from the voltammetrical data u
andles–Sevcik equation[18,19]:

P = (2.69× 105)n3/2AD0
1/2v1/2c, (1)

hereiP is peak current (A),n number of transferred ele
rons,A area of the working electrode (cm2), D0 apparen
iffusion coefficient (cm2 s−1), v scan rate (V s−1) andccon-
entration of the species (mol cm−3). The constant 2.69× 105

s calculated for 25◦C measurement temperature.
A couple of waves were found in the range of poten

rom 0 to 1 V versus Cd–Cd2+. Due to the expected low d
usion coefficients low scan rate (10−4 V s−1) was chosen
ig. 4presents the voltammogram of Fc/Fc+ couple measure

n the gel, where absence of convective diffusion know
iquid systems allows measurements with the low scan
c/Fc+ couple exhibits almost reversible electrochemica
ction with peak separation value (�EP) from 70 to 80 mV
he peak potentials for both cathodic and anodic reaction
iffusion coefficients for ferrocene and ferricinium cation
ummarised inTable 2. The current ratioiP(Fc)/iP(Fc+) mea-
ured in PMMA gel is 0.92.

able 2
eak potentials and apparent diffusion coefficients for ferrocene and

he gel 12 days, scan rate 5× 10−3 V s−1 for the liquid and 10−4 V s−1 for g

edium EP(Fc) (V) EP(Fc+

C 0.790 0.697
C–MMA (1:1) 0.846 0.744
C–PMMA gel 0.782 0.705
ouble layer capacity of a solid-to-quasisolid interface
agnitude corresponds to 20–40�F cm−2 as derived from

he C.P.E. impedance atω = 1 rad s−1.

ium cation (0.05 M Fc/Fc+, supporting electrolyte 1 M lithium perchlorate, age
ium)

D0(Fc) (cm2 s−1) D0(Fc+) (cm2 s−1)

6.5× 10−6 5.8× 10−6

12.9× 10−6 12.7× 10−6

2.2× 10−9 2.6× 10−9
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Fig. 5. Cyclic voltammogram of the gel containing 0.5 M LiClO4 in PC
(scan rate 5× 10−3 V s−1) on the glassy carbon electrode (∅ 5 mm).

Fig. 6. Bode plot of the same electrode at the potential +0.7 V vs. Cd–Cd2+.
Left scale—logarithm of module (�; empty dots), right scale—phase angle
(full dots).

4. Conclusions

Due to the low cost, long chemical and mechanical sta-
bility and reasonably high conductivity, the PMMA based
electrolytes are suitable for various applications in the field
of solid-state electrochemical devices such as lithium batter-
ies, electrochromic elements and solid-state sensors. As op-
tional part inorganic and/or organic compounds can be used,
which determines chemical and optical properties of the gel.
They are freeze resistant to−25◦C. The UV initiated poly-
merisation yields in gels with lower conductivity than the
chemically polymerised materials. Further, smaller cations
are less mobile than larger ones.

Fc/Fc+ redox couple immobilised in the gel is a suitable re-
dox system for description of electrochemical changes during
the polymerisation. The diffusion coefficients for ferrocene
and ferricinium cation were estimated.

The properties of a glassy carbon electrode in contact of
the gels are important for the usage of gels in electrochemical
supercapacitors. The double layer capacity is quite within the
expected values. The reaction below−0.2 V will need more
detailed investigation.
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