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Abstract This paper presents a feasibility study of a non-
aqueous rechargeable battery based on aluminum and
poly-(3,4-ethylenedioxythiophene) conductive polymer in a
chloroaluminate ionic liquid. The polymer was electrodepos-
ited on a vitreous carbon working electrode in a chloride aque-
ous solution and the structure was analyzed by scanning elec-
tron microscopy. The doping/de-doping mechanism of chlo-
ride ions into the polymer structure was studied using a quartz
crystal microbalance and cyclic voltammetry. The deposition/
dissolution of the aluminum negative electrode were investi-
gated by electrochemical and microscopic methods.
Performance data were obtained with a laboratory-scale alu-
minum-conductive polymer battery at constant current show-
ing an average cell discharge voltage of 1 V and specific en-
ergies of at least 84 Wh kg−1 referred to the mass of the poly-
mer and aluminum. The system is novel and the paper outlines
further research to improve the cell performance.
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Introduction

The long-term transformation of our energy landscape will
involve high-performance energy storage technologies for
sustainable energy sources such as intermittent photovoltaics
and wind power. Batteries have currently a minor contribution
to the challenges of the energy conversion; however, the con-
tinuous growth of sustainable energy sources will require a
range of energy storage systems. Therefore, there is an urgent
need for R&D in the state of the art batteries, to develop novel
energy storage systems, like rechargeable batteries [1–4].

The main problems of the state of the art batteries, like
lithium-based systems, are safety, availability of materials,
and costs [5, 6]. The occurrence of lithium in the earth crust
is approximately 20 ppm. The increasing demand of lithium-
based batteries will require additional lithium production and
recycling [7]. Great effort has been dedicated to improve the
specific energy and power of lithium-ion batteries, while less
attention has been directed to aluminum batteries in non-
aqueous systems [8]. These systems merit study since alumi-
num is more abundant (~80,000 ppm), cost-effective, and saf-
er than lithium [9–13]. In addition, the theoretical-specific
capacity of aluminum (3.0 Ah g−1) is comparable to that of
lithium (3.9 Ah g−1) [14, 15]; unlike lithium, aluminum bat-
teries are not flammable and are not endangered by thermal
runaway, which is still a very serious problem of lithium-ion
batteries [16, 17].

Rechargeable batteries based on the reversible deposition
and dissolu t ion of a luminum in a Lewis ac id ic
chloroaluminate ionic liquid have been reported [14, 18, 19].
Charge storage materials like three-dimensional graphitic
foams [18], vanadium pentoxide nano-wires [19], and
electro-polymerized polypyrrole and polythiophene [14] in
ionic liquid have been used as positive electrodes. The storage
mechanism of these materials consists on the reversible
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intercalation of chloroaluminate ion species in the porous
three-dimensional structures of the graphitic foam [18] and
nano-wires [19], whereas conductive polymers [14] store an-
ions to compensate the positive charges in the oxidized poly-
mer backbone. These battery systems showed high reversibil-
ity as well as stable electrochemical behavior of the charge
storage materials (graphitic foams, nano-wires, and
conductive polymers) as positive electrodes with high cou-
lombic efficiencies approaching 100%. Cell voltages between
0.55V [19] and 2V [18] were reachedwith awide electrochem-
ical stability window [20], allowing the reversible redox reac-
tion of aluminum (0 V vs Al/Al(III) [21]). The delivered spe-
cific discharge capacities are 70 Ah kg−1 (graphitic foam)
[18], 273–305 Ah kg−1 (vanadium pentoxide nano-wires)
[19], and 30–100 Ah kg−1 (conductive polymers) [14]. The
reported specific capacities compete with those observed dur-
ing the performance of positive active materials for lithium-
ion batteries (50–300 Ah kg−1 [6]).

Proposed battery system

The battery proposed in this paper is based on the reversible
deposition and dissolution of aluminum at the negative elec-
trode while the conductive polymer PEDOT is doped and de-
doped with chloride ions at the positive electrode in a Lewis
acidic chloroaluminate ionic liquid.

In contrast to the use of bulky chloroaluminate anions as
dopant described in the previous section [14, 18, 19], this
work uses chloride ions as the dopant species for the conduc-
tive polymer that has been previously electro-polymerized in
an aqueous solution. Chloride anions as dopant are preferred
because they are smaller and more mobile than bulky
chloroaluminate ions [20]. Furthermore, the smaller size of
chloride ions could provide higher charge/discharge rates
and high storage capacity.

The conductive polymer poly-(3,4-ethylenedioxythio
phene) (PEDOT), used in this work, offers the advanta-
geous characteristics of conventional polymers and high
metal-like conductivity [22, 23]. This heterocyclic
conducting polymer has a low oxidation potential in aque-
ous solutions (~1 V vs SHE [24]) and it is stable in the
oxidized state as a p-type semiconductor. In addition, con-
ductive polymers are called hybrid capacitors because
they have the ability to store large amount of charge while
acting as capacitor and battery at the same time [25].
PEDOT is able to store additional amount of charges by
increasing the oxidation potential (doping potential). The
amount of additional stored charges depends on the thick-
ness and porosity of the film. Hybrid capacitors are po-
tentially positive electrode materials for high-performance
batteries, which require high capacities and cell potentials.

The charging reaction of PEDOT (Eq. 1), which is
represented by one EDOT monomer, is an oxidation

process from the neutral to the positively charged state
and the simultaneous insertion of anions (doping). The
oxidation causes positive-charged centers (sulfur or car-
bon) in the polymer backbone, which are compensated by
the doping anions (Cl−, AlCl4

−, Al2Cl7
−) of the ionic liq-

uid. Chloride anions are preferred as doping/de-doping
species because of their small size and high mobility.
The discharge reaction (Eq. 1) comprises the release of
anions into the electrolyte and the transfer of the conduc-
tive polymer to the neutral state. The oxidation and reduc-
tion of PEDOT is characterized by a one electron transfer
reaction.

EDOT½ �1=a þ X− ⇀
charge

↽
discharge

EDOT½ �1=aXþ e− X−

¼ Cl−; AlCl4
−; Al2Cl

−
7 ð1Þ

ð1Þ
The degree of doping (α) is the ratio between the num-

ber of inserted chloride ions (nCl
−) and the number of

monomer units (nEDOT+) (Eq. 2). The degree of doping
varies from 0 to 1.

α ¼ n Cl−ð Þ
n EDOTþð Þ ð2Þ

The reversible deposition and dissolution of aluminum
(Eq. 3) at the negative electrode is possible in a Lewis acidic
chloroaluminate ionic liquid, containing heptachloro
dialuminate ions (Al2Cl7

−) [20, 26–36].

4Al2Cl
−
7 þ 3e− ⇀

charge

↽
discharge

Alþ 7AlCl−4 ð3Þ

A Lewis basic chloroaluminate ionic liquid is composed of
tetrachloroaluminate ions (AlCl4

−) and the organic cation
compound 1-ethyl-3-methylimidazolium (EMIm+). The
AlCl4

− ions are reduced at potentials more negative than the
organic cation EMIm+. Therefore, EMIm+ would be
decomposed before the deposition of aluminum [20]. In order
to avoid this decomposition, Lewis acidic mixtures of 1-ethyl-
3-methylimidazolium chloride ([EMIm]Cl) and aluminum
chloride (AlCl3) are prepared to favor the formation of
Al2Cl7

− (Eq. 4) [36]:

2AlCl−4⇌Al2Cl
−
7 þ Cl− ð4Þ

The heptachlorodialuminate Al2Cl7
− anion forms when the

molar ratio of AlCl3 to the ionic liquid [EMIm]Cl is higher
than unity (Lewis acidic ionic liquid). The deposition of alu-
minum from Al2Cl7

− occurs before the decomposition of the
ionic liquid.
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The overall reaction of the battery (Eq. 5) arises from the
half-cell reactions (Eqs. 1 and 3):

3EDOT1=α þ 4Al2Cl
−
7⇌ 3EDOTþ

1=α þ Alþ 7AlCl−4 ð5Þ

A theoretical maximum specific capacity of 36 Ah kg−1 is
calculated by using the overall reaction (Eq. 5) and a degree of
doping α of 0.33, which is a typical value for PEDOT [23].

In this feasibility study, we propose a secondary non-
aqueous aluminum-based battery operating at room tempera-
ture. The PEDOT-aluminum battery connects the two inde-
pendent reactions, the reversible intercalation (doping/de-dop-
ing) of PEDOT with chloride anions and deposition and dis-
solution of aluminum in a Lewis acidic chloroaluminate ionic
liquid in an advanced novel approach.

Experimental

Preparation of PEDOT electrodes

The monomer 3,4-ethylenedioxythiophene (EDOT) (puri-
ty >98.0%) and potassium chloride (>99.5%) were sup-
plied by Wako Chemicals. The PEDOT electrodes were
prepared in a three-electrode cell at 28 °C and ambient
a tmosphere in an aqueous so lu t ion conta in ing
0.01 mol dm−3 EDOT and KCl from 0.01 to 1.0 mol dm−3.
EDOT was potentiostatically electro-polymerized at 1.2 V
vs Ag/AgCl for 30 min on a planar vitreous carbon work-
ing electrode (WE) (4.5 cm2). A solid platinum plate elec-
trode (0.5 cm2) was used as counter electrode (CE) and
silver/silver chloride as reference electrode (RE) (Ag/
AgCl 3 mol dm−3, 0.197 V vs SHE). The inter-electrode
distance between the WE and CE was 1 cm. The RE was
connected by a salt bridge filled with agar-agar powder
(Wako, jelly strength 400~600 g cm−2) over a Haber-
Luggin capillary tube with the cell. The distance between
the tip of the capillary and WE was 0.3 cm. The cell
potential was controlled with a potentiostat (BioLogic
SP-240), using the commercial software package EC-
LAB (version 10.32). After the deposition, the PEDOT
films were dried in vacuum for at least 3 days. The mass
of the vitreous carbon electrodes was measured in dried
condition before and after electro-polymerization with an
electrical balance (Sartorius, ±0.1 mg) to determine the
deposited mass of PEDOT doped with chloride ions.
The doped amount of chloride ions was calculated by
the difference of the initial amount of chloride ions in
the electro-polymerization solution and the remaining
amount of chloride ions in the electro-polymerization so-
lution after the polymerization. The remaining amount of
chloride was determined by Mohr titration [37, 38]. The

degree of doping (α) (Eq. 2) can be determined by the
ratio between the amount of doped chloride ions (nCl

−)
and the amount of EDOT monomers (nEDOT). The accu-
racy of the calculated degree of doping depends on the
measured deposited mass of the polymerized and doped
PEDOT film as well as on the measured amount of doped
chloride ions by Mohr titration. In order to assess the
accuracy of these values, the titration measurements were
repeated at least five times.

Electrochemical characterization

The Lewis acidic ionic liquid (33.3 mol% [EMIm]Cl and
66.7 mol% AlCl3) was prepared by adding 87.64 g aluminum
chloride (Kanto Chemicals, 98%) to 48.11 g 1-ethyl-3-
methylimidazolium chloride (Merck, for synthesis) under
continuous stirring and cooling, resulting in a translucent light
yellow color liquid. The preparation of the ionic liquid and the
half-cell tests and galvanostatic charging and discharging ex-
periments in ionic liquid were performed in a glove box in an
argon atmosphere (99.999%) with less than 50 ppm water
content. The ionic liquid EMIm-AlCl3 is stable at a water
content lower than 500 ppm [18].

The cyclic voltammetry (CV) experiments were performed
in a cylindrical three-electrode glass cell (9.4 cm3) with an
aluminum wire (1 mm diameter, 99.99%) as reference elec-
trode. The inter-electrode distance between the rectangular
counter electrode (vitreous carbon, 4.5 cm2) and rectangular
working electrode (either PEDOT or aluminum with 99.99%,
4.5 cm2) was 0.4 cm. The electrodes were placed parallel to
each other. The same cell was used for galvanostatic charge
and discharge experiments of the PEDOT-aluminum battery.
The bat tery was galvanosta t ical ly discharged at
−0.02 mA cm−2 and charged at 0.2 mA cm−2. The cell was
additionally equipped with a commercially available porous
(pore size range of 0.03 to 0.8 mm) glass frit as support for the
electrolyte solution, which was soaked with ionic liquid and
placed between the electrodes. The thickness of the electrolyte
support was 0.4 cm. The experiments were performed with
and without the electrolyte support and the results compared.

The polymer can be doped with a mixture of anions (Cl−,
AlCl4

−, Al2Cl7
−) in the ionic liquid electrolyte. For this reason,

in situ quartz crystal microbalance (QCM) measurements in
chloroaluminate electrolytes were performed to determine the
molar mass of the doping species. A gold-coated quartz crys-
tal (10 MHz; active crystal area (A) 0.2 cm2; density (ρ)
2.64 g cm−3; shear modulus (μ) 2.95 × 1011 g cm−1 s−2) was
used as substrate for constant potential electro-polymerization
of PEDOT films as working electrode at 1.2 V vs Ag/AgCl for
600 s in aqueous 0.01mol dm−3 EDOTand 0.1 mol dm−3 KCl
solution.

For the doping and de-doping experiments, a cylindrical
cell with aluminumwires (1mm diameter, 99.99%) as counter
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and reference electrodes was used. The resonant frequency
( f ), including the initial resonant frequency (f0), of the quartz
crystal was measured in argon atmosphere (water level
<0.5 ppm, oxygen level 0.2 ppm) in ionic liquid electrolyte
and before and after the measurement in absence of the elec-
trolyte. Simultaneously, cyclic voltammetry measurements,
from 0 to 2 V vs Al/Al(III), were performed to calculate the
transferred anodic and cathodic charges. The cyclic voltam-
mogram was first recorded in anodic and then in cathodic
direction. The Sauerbrey equation (Eq. 6) [39] was used to
determine the mass changes (Δm).

Δ f ¼ −
2 f 20
ffiffiffiffiffiffi

μρ
p � Δm

A
ð6Þ

Structural characterization

The structure of the aluminum electrodes and PEDOT elec-
trodes, prepared at different molar ratios of KCl (0.01 to
1.0 mol dm−3) and EDOT (0.01 mol dm−3), was investigated
by a JEOL JSM-6510LA scanning electron microscope
(SEM). Their elemental composition was analyzed through
an energy-dispersive X-ray (EDX) module (EX-230 BM).
The images were taken with a secondary electron detector at
different magnifications (max. 40,000), 5–20 kV, andWD 9 to
29 mm. All EDX spectra were measured at a magnification of
1500, 10 kV, WD 10 mm, and around 5000 cps. Poorly con-
ductive samples were sputtered with gold at 30 mA for 30 s.

Results and discussion

Structure of electro-polymerized PEDOT

The SEM images (Fig. 1) of the PEDOT surfaces prepared by
potentiostatic electro-polymerization in 0.01 mol dm−3 EDOT
and 0.01 to 1.0 mol dm−3 KCl show that PEDOT forms a
granular and porous structure on vitreous carbon. These po-
rous grains have a high surface area and consequently a high
number of accessible positive charged doping positions for
chloride ions.

The structure of the PEDOT films, prepared in an increas-
ing concentration of KCl in the electro-polymerization solu-
tion, strongly depends on the doping anion concentration. The
density of the grains increases significantly with increasing
chloride concentration up to 0.1 mol dm−3 KCl in the
electro-polymerization solution (Fig. 1a–c). The structure
and grain density remains similar for electrodes prepared in
solutions with 0.1 to 1.0 mol dm−3 KCl (Fig. 1c, d).

The distribution of the grains, which were polymerized in
aqueous solution containing 0.1 mol dm−3 KCl and
0.01 mol dm−3 EDOT, is very uniform at the surface of the
vitreous carbon substrate (Fig. 1c). The randomly distributed
agglomerates of PEDOT have an average size of 0.2 to 2 μm.
The formation of three-dimensional grains on top of an initial
uniform layer of the conductive polymer is typical for the
material because of the higher adhesion of the agglomerates
on a first thin layer of PEDOT than on the native vitreous
carbon substrate [40–42]. The average ratio of the proportion
of sulfur, which represents one monomer unit of EDOT per
one chloride ion, was measured by EDX. The ratio

Fig. 1 SEM images of PEDOT
deposited at 1.2 V vs Ag/AgCl for
30 min on vitreous carbon
(4.5 cm2) in 0.01 mol dm−3

EDOT and a 0 mol dm−3 KCl, b
0.01 mol dm−3 KCl, c
0.1 mol dm−3 KCl, and d
0.5 mol dm−3 KCl
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corresponds to a degree of doping of 0.33 and is in accordance
with literature value [23].

Undoped PEDOT (Fig. 1a), which was polymerized in
0.01 mol dm−3 EDOTand in the absence of KCl, is character-
ized by a smooth surface with very small and separated grains.
A small amount of chloride ions (0.01 mol dm−3) (Fig. 1b)
increases the growth of the grains, covering the whole surface
(Fig. 1b–d). Agglomerated grains as well as flat structures
were formed over the whole surface of the carbon electrode.
The diffusion zones around the hemispherical nuclei have
started to overlap, forming the agglomerated grain structure
until a critical height of the layers is reached. The height might
depend on the concentration of the doping anion. Therefore,
the growth continues laterally and flat structures are formed.
The formation of a dense structure of grains is attributable to
the fact that the conductivity of the solution increases with the
chloride concentration. The structures polymerized at a low
chloride concentration (0.01mol dm−3 KCl) show presumably
the initial stage of the PEDOT layer formation. However, the
polymerization continues if the oxidation potential remains
sufficiently high to oxidize further EDOT to the radical cation.
With an insufficient conductivity, the diffusion zones increase
until the oxidation current cannot be maintained and the po-
lymerization stops.

Cyclic voltammetry of PEDOT

The cyclic voltammograms (Fig. 2) of the PEDOT films, pre-
pared in different concentrations of the doping component,
show a clear influence of the amount of doping component
on the capacity. Each cyclic voltammogram shows a constant
capacity beyond cycle 10. Therefore, cycle 10 was used to
compare peak positions and capacity.

The cyclic voltammogram of the PEDOT film prepared in
the lowest KCl concentration of 0.01 mol dm−3 (Fig. 2 (a))
shows neither anodic nor cathodic peaks. Thus, under these
conditions, the PEDOT film seems to be electrochemically
inactive. The PEDOT film polymerized in 0.1 mol dm−3

KCl (Fig. 2 (b)) is characterized by significant anodic and
cathodic peaks as well as high capacity. A further increase of
the doping component, to 0.5 mol dm−3 (Fig. 2 (c)) and
1.0 mol dm−3 KCl (Fig. 2 (d)) solution, shows lower currents
compared to the film prepared in 0.1 mol dm−3 (Fig. 2 (b))
KCl. The shapes and the currents and consequently the capac-
ities of the films deposited in 0.5 and 1.0 mol dm−3 KCl (Fig. 2
(c, d)) do not show significant differences. From these results,
it can be suggested that the amount of chloride ions incorpo-
rated in the PEDOT film reaches a maximum. Regarding the
decreasing current and capacity from the solutions containing
0.5 and 1.0 mol dm−3 chloride, it is assumed that an increasing
saturation of the positive charges with doping anions in the
polymer backbone transforms PEDOT into a less conductive
state. The degree of doping, determined byMohr titration [37,

38], increases with an increasing chloride concentration in the
electro-polymerization electrolyte from 0.1 to 0.33. For the
PEDOT film polymerized in 0.01 mol dm−3 EDOT and
0.1mol dm−3 KCl, a degree of doping of 0.27was determined,
along with the highest capacity in the cyclic voltammogram
(Fig. 2 (b)). The PEDOT films polymerized in 0.01 mol dm−3

EDOTand 0.5 mol dm−3 as well as 1.0 mol dm−3 (Fig. 2 (c, d))
have a degree of doping of 0.33, which agrees with the EDX
results.

Performance of PEDOT in Lewis acidic ionic liquid

The cyclic voltammograms of PEDOT electrodes (prepared
with 0.01 mol dm−3 EDOT and 0.1 mol dm−3 KCl) in a
Lewis acidic ionic liquid from 0 to 2.7 V vs Al/Al(III) were
recorded at 10, 25, and 50 cycles (Fig. 3). A vitreous carbon
electrode was used as counter electrode and an aluminumwire
as reference electrode. The oxidation and reduction reactions
of the film in the Lewis acidic ionic liquid are characterized by
four anodic and three cathodic waves, indicating different
levels of doping and de-doping of the polymer. The anodic
broad waves arise at 0.7 V (I), 1.45 V (II), 1.9 V (III), and
2.2 V (IV) vs Al/Al(III). The doping at 2.2 V (IV) occurs with
the decomposition of the ionic liquid to chlorine gas. The
cathodic wave around 1.85 V (V) correlates with the anodic
wave at 1.9 V (III) vs Al/Al(III) and indicates a reversible
doping and de-doping reaction. The second cathodic wave

Fig. 2 Cyclic voltammogram of the system PEDOT (4.5 cm2) (WE),
vitreous carbon (4.5 cm2) (CE), and aluminum (RE) in Lewis acidic
ionic liquid at 100 mV s−1, cycle 10, and 28 °C. PEDOT film deposited
at 1.2 V vs Ag/AgCl for 30 min in 0.01 mol dm−3 EDOT and a
0.01 mol dm−3 KCl, b 0.1 mol dm−3 KCl, c 0.5 mol dm−3 KCl, and d
1.0 mol dm−3 KCl. e Bare vitreous carbon (WE, CE, 4.5 cm2) and
aluminum (RE) in Lewis acidic ionic liquid
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appears at 1.5 V (VI) and the third wave arises at 0.7 V (VII)
vs Al/Al(III).

With an increasing cycle number, the anodic and cathodic
currents decrease. A swelling of the PEDOT film was ob-
served in the ionic liquid during doping and de-doping, which
appears as blue cloud-like film around the electrode that
causes the decrease in current, as there are less available active
sites to accommodate chloride ions in the PEDOT backbone.
The polymer film loses its adhesion on the vitreous carbon
substrate and is partially detached. The stability of the poly-
mer on the substrate can be improved by using rougher sur-
faces and three-dimensional carbon substrates to deposit
PEDOT or by using pure porous PEDOT electrodes, as they
are more stable due to the higher number of doping positions
in contrast to flat thin films of PEDOT on the vitreous carbon
surface. This approach will be a focus of future work.

Determination of the anion doping species

PEDOT films doped with chloride ions were formed on a
gold-coated crystal quartz electrode of 0.2 cm2 area by poly-
merization of 0.01 mol dm−3 EDOT in 0.1 mol dm−3 KCl
aqueous solution at a constant potential of 1.2 V vs Ag/
AgCl for 600 s. The quartz with the PEDOT film were dried
and transferred into a Lewis acidic ionic liquid and cycled
from 0 to 2.0 V vs Al/Al(III) (Fig. 4 (a)). Simultaneously,
the changes of the resonance frequency [39] (different reso-
nance frequencies of the loaded and unloaded quartz crystal)
(Δf) of the quartz crystal were measured (Fig. 4 (b)).

PEDOT could also been doped with AlCl4
− and Al2Cl7

−

ions, which are present in the ionic liquid electrolyte, during
cycling. The changes in mass (Δm), calculated by the changes
in resonance frequency (Δf) with the Sauerbrey equation
(Eq. 6), and the transferred anodic and cathodic charges
(ΔQ) (Table 1) provide information about the doping species.

The regions I and II (Table 1) indicate the doping potential
window (ΔE) of PEDOT. The mass change (Δm) of the poly-
mer, determined by quartz crustal microbalance measurement
(Fig. 4 (b)), in these regions, refers to doped anion species.
The transferred charge (ΔQ) was measured simultaneously
with cyclic voltammetry (Fig. 4 (a)). The specific charge
(Qspec) was calculated by the ratio ofΔQ andΔm. The cyclic
voltammogram (Fig. 4 (a)) shows anodic waves from 0.4 to
0.8 V (I) and 1.0 to 1.9 V (II) vs Al/Al(III). The frequency (Δf)
decreases approximately linearly at these anodic potentials
(Fig. 4 (b)), which indicates the anion doping (p-doping)
[39]. The subsequent cathodic waves from 1.4 to 1.8 V (III)
and 0.35 to 0.65 V (IV) vs Al/Al(III) show the de-doping

Fig. 3 Cyclic voltammogram of the system PEDOT (4.5 cm2) (WE),
vitreous carbon (4.5 cm2) (CE), and aluminum (RE) in Lewis acidic
ionic liquid at 100 mV s−1, different cycle numbers a cycle 10, b cycle
25, and c cycle 50, and 28 °C. d Bare vitreous carbon (WE, CE, 4.5 cm2)
and aluminum (RE) in Lewis acidic ionic liquid

Fig. 4 a Current density, b change of resonance frequency (Δf, dotted
line), and c change of damping (Δw, solid line) depending on potential of
the system PEDOT (0.2 cm2) on a gold resonator (WE) and aluminum
wire (CE and RE) in Lewis acidic ionic liquid at 100 mV s−1 and 28 °C

Table 1 Calculated values for molar mass (Mdoped anion) of the doped
and de-doped anion species in PEDOT, electro-polymerized on the gold
electrode of a quartz crystal, in the listed potential ranges (ΔE) of the
cyclic voltammogram (Fig. 4). The specific charges (ΔQspec) were
determined by the transferred charges (ΔQ) measured by cyclic
voltammetry and change of mass (Δm) of the polymer film calculated
by the change of frequency of the resonator by Sauerbrey equation

Potential
window

ΔE (V) Δm (g) ΔQ (mA s) ΔQspec

(As g−1)
Mdoped

anion

(g mol−1)

I 0.4–0.8 2.9 × 10−7 0.2 690 140

II 1.0–1.9 2.9 × 10−7 0.3 1103 87
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reaction, which also represents the increase of the frequency.
PEDOT can be also doped with cations (n-doping) when the
polymer carries negative charges. It is assumed that the cat-
ionic species EMIm+ is inserted in the PEDOT film from 0 to
0.4 V vs Al/Al(III). The oxidation shows an increase of the
frequency in the same potential range, indicating a decrease of
mass or removal of the cationic species.

The doping and de-doping reactions occur in the potential
window 0.4 to 1.9 V vs Al|Al(III) (Table 1). As the damping
changes (Δw) (Fig. 4 (c)) of the quartz crystal in this potential
window are in the same order of magnitude as the frequency
changes (Fig. 4 (b)), we can use the Sauerbrey equation
(Eq. 6) to calculate the change of mass from the change of
frequency. The calculated molar mass (Mdoped anion) for the
doped anion species are 140 and 87 g mol−1 (Table 1), indi-
cating that the doping proceeds via a mixture of Cl−

(Mtheo = 35.6 g mol−1) and AlCl4
− (Mtheo = 169.4 g mol−1)

(Table 1). It is assumed that bulky chloroaluminate ions are
partially trapped and irreversibly inserted in the polymer film
and causing a damage with subsequent detachment of the
PEDOT film, which was observed as blue cloud-like film in
the electrolyte (BPerformance of PEDOT in Lewis acidic ionic
liquid^ section). The selective doping of PEDOTwith smaller
chloride ions might be realized in a Lewis basic ionic liquid,
which contains an excess of free chloride ions.

Performance of aluminum dissolution and deposition
in Lewis acidic ionic liquid

A Lewis acidic ionic liquid of [EMIm]Cl and AlCl3 contains
an excess of AlCl3, which enables the electro-deposition of
aluminum. The cyclic voltammogram (Fig. 5) shows the tenth
cycle of the deposition and dissolution of aluminum on alu-
minum plate (4.5 cm2) between −0.5 Vand 0.5 V vsAl/Al(III).

The reduction of the complex aluminum ion (Al2Cl7
−)

starts at −0.175 V vs Al/Al(III). The deposition occurs with
some over potential due to the nucleation process, which has
been reported for many metals in ionic liquids [35]. The alu-
minum oxidation is characterized by a wide peak with a max-
imum around 0.25 V vs Al/Al(III). The stripping peak shows
an anodic charge of 5.3 mC cm−2 whereas the charge of the
cathodic electro-deposition is 7 mC cm−2 giving a stripping
efficiency of 76%. The stripping efficiency remains approxi-
mately constant with the cycles of the cyclic voltammetry. It is
assumed that the reduced stripping efficiency is caused by the
formation of a porous deposit of ionic liquid compounds on
the aluminum electrode surface (Fig. 6), inhibiting the oxida-
tion of aluminum. However, the deposition and dissolution of
aluminum in a Lewis acidic ionic liquid is acceptable and can
be improved [26] and therefore suitable for the charging and
discharging reactions of the PEDOT-aluminum system.

The deposition of aluminum in the Lewis acidic ionic liq-
uid shows a very porous surface (pore diameter ~0.4 to

1.4 μm) (Fig. 6a) on the aluminum electrode and circular
deposits with a diameter of ~28 μm (Fig. 6b). It is proposed
that the circular deposits are organic decomposition products

Fig. 5 Cyclic voltammogram of a Lewis acidic ionic liquid with
aluminum (4.5 cm2) (WE), vitreous carbon (4.5 cm2) (CE), and
aluminum (RE) at 100 mV s−1, cycle 10, and 28 °C

Fig. 6 SEM images of the aluminum electrode surface a with porous
deposit and b circular deposits after cyclic voltammetry in Lewis acidic
ionic liquid
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of the ionic liquid, because the cyclic voltammetry was carried
out until −0.5 V vs Al|Al(III). The aluminum deposition oc-
curs at potentials lower than −0.2 V vs Al|Al(III) and the ionic
liquid decomposition process starts at −0.5 V. Furthermore,
the porous structure may be a thin film of organic depositions
or decomposition products as well, which are permeable for
aluminum ions.

Charge and discharge behavior of PEDOT-aluminum
battery

The reference sample, prepared in 0.01 mol dm−3 EDOT and
0.1 mol dm−3 KCl supported on vitreous carbon plate
(4.5 cm2), was introduced as the positive electrode and metal-
lic aluminum plate (4.5 cm2) was used as negative electrode in
the cell. The open circuit potential was measured before the
galvanostatic cycling and before every charge and discharge
cycle (Eqs. 1 and 3). The OCP before the first cycle is between
2.1 and 2.3 Vand before cycle 2 to 10 between 1.3 and 1.6 V.
The battery was galvanostatically discharged (Fig. 7 (a, c)) at
−0.02 mA cm−2 and charged (Fig. 7 (b)) at 0.2 mA cm−2.

The average cell voltage of the first discharge is 2 V for
124 mA s (Fig. 7 (a)). The first charge voltage is around 2.2 to
2.3 V for 1600 mA s (Fig. 7 (b)). The beginning of the charg-
ing curve after 1500 s shows a steep slope at 1.8 to 1.9 V.
Assuming that the aluminum deposition is at 0 V vsAl/Al(III),
the slope and the voltage plateau correlate with the peaks at
1.9 to 2.0 V and 2.2 V vs Al/Al(III) in the cyclic voltammo-
gram (Fig. 3 potential regions III and IV), indicating the

doping of chloride ions in the polymer. The charging cycle
(Fig. 7 (b)) was terminated at 2.35 V because the electrolyte
started to decompose. The subsequent discharge curve (Fig. 7
(c)) is characterized by a decreasing cell voltage from around
1.2 to 0.8 V for around 170 mA s and terminated at 0.5 V. The
suggestion is that the first discharge is accompanied by the de-
doping of chloride ions and the subsequent charge is charac-
terized by the doping of AlCl4

− in the polymer, influencing the
OCP, discharge voltage, and capacity. In addition, the inser-
tion of bulky ions like AlCl4

− in the polymer could change the
structure of the polymer film and cause a damage of the film
and a loss of active mass.

The battery-related characteristics (Table 2), which are
based on the deposited mass of PEDOT, the active mass of
aluminum, applied discharge current, and discharge time,
show a specific capacity of 84 Ah kg−1. This is 2.3 times
higher than the maximum theoretical value. This discrepancy
can be explained if it is assumed that the PEDOT electrode
behaves like a capacitor and battery (also known as hybrid-
capacitor). The sum of the non-faradaic cathodic-specific
charges (52 Ah kg−1), obtained from the second cycle of the
cyclic voltammogram (Fig. 3) of PEDOT in Lewis acidic ionic
liquid, and the maximum theoretical capacity (36 Ah kg−1)
equals approximately to the measured specific capacity
(84 Ah kg−1). This additional capacity is probably provided
by the capacitive double layer of anion species (Cl−, AlCl4

−,
Al2Cl7

−) and cationic species (EMIm+) of the electrolyte.

Influence on the charge and discharge behavior with porous
electrolyte support

In order to limit the loss of PEDOT mass due to swelling and
detachment of the film from the electrode, a porous support
for the electrolyte was used. The aim was to keep the PEDOT
film as close as possible to the vitreous carbon electrode. The
pore size was between 0.03 and 0.8 mm to allow the ions in

Fig. 7 Galvanostatic discharging at −0.02 mA cm−2 and charging at
0.22 mA cm−2 of the system PEDOT-aluminum in Lewis acidic ionic
liquid at 28 °C. a First discharge cycle, b second charge cycle, and c
second discharge cycle

Table 2 Comparison of battery characteristic values without and with
electrolyte support. List of measured deposited mass (mactive) of PEDOT
and active mass of aluminum and OCP of the system PEDOT-aluminum
as well as capacity (Q) calculated from the discharge time and the applied
current, specific charge (Qspec) calculated by the capacity per mass,
specific power (Pspec) calculated by the average discharge voltage of
1 V, and the applied current per mass and specific energy (Espec)
calculated by the average discharge voltage, applied current, and
discharge time per active mass

mactive

(mg)
OCP
(V)

Q
(mA s)

Qspec

(Ah kg−1)
Pspec

(W kg−1)
Espec

(Wh kg−1)

Without

electrolyte

support

0.6 2.0 170 84 179 84

With

electrolyte

support

0.7 1.6 600 228 143 228
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the ionic liquid to move freely and maintain the ionic conduc-
tivity. In this new configuration, the PEDOT-aluminum sys-
tem in Lewis acidic ionic liquid was galvanostically charged
and discharged at 0.2 and −0.02 mA cm−2, respectively. The
second discharge cycles without (Fig. 8 (a)) and with (Fig. 8
(b)) electrolyte support were compared.

The discharge reaction for the cell with the porous electro-
lyte support is characterized by a significant longer discharge
plateau over 600 mA s between 1.1 and 0.9 V (Fig. 8 (b)). The
discharging was terminated at 0.9 V because of the low prac-
tical use of this cell potential. The cell with electrolyte support
was charged between 2.2 and 2.3 V for 1600 mA s similar to
the charging cycle of the cell without electrolyte support
(Fig. 7 (b)). The coulombic efficiency is 38% for the cell with
electrolyte support. The cell shows a discharge time, specific
charge and capacity that are approximately three times larger
(Table 2) than the cell without electrolyte support. The calcu-
lated energy densities, based on the active mass of aluminum
and deposited mass of PEDOT, are 84 Wh kg−1 without elec-
trolyte support and 228 Wh kg−1 with electrolyte support,
which is in the order of nickel-metal-hydride batteries (60–
100 Wh kg−1) and lithium-based battery systems (100–
256 Wh kg−1), respectively [43]. The improved performance
is due to the fact that the film was kept in place by the elec-
trolyte support and the behavior of PEDOT as hybrid capaci-
tor. A more porous conductive polymer electrode reaches a
higher capacity due to proportional capacitance to sample vol-
ume. Future work will aim at a deeper understanding of
whether the measured values were caused by the battery sys-
tem or are an effect of the porous electrolyte support.

Conclusions

This work shows the feasibility of a rechargeable low-cost,
novel, and safer PEDOT-aluminum battery system in a
Lewis acidic ionic liquid, which was the premier aim of the
study.

The system is based on the doping/de-doping of the con-
ductive polymer PEDOT with ions from the ionic liquid and
the deposition/dissolution of aluminum.

It has been shown that

(a) The deposition and dissolution of aluminum as negative
electrode is reversible with 76% coulombic efficiency.

(b) The oxidation/reduction and simultaneous doping/de-
doping of PEDOT as positive electrode are also
reversible.

(c) The doping of PEDOT involves chloride ions and bulky
chloroaluminate ions (AlCl4

− and Al2Cl7
−) from the

Lewis acidic ionic liquid.
(d) Loss of capacity and low coulombic efficiency occur due

to the damage and detachment of the thin and planar
PEDOT film during the doping with bulky ions. This
can be avoided by using porous substrates for the con-
ductive polymer and selective doping with smaller an-
ions in a Lewis basic chloroaluminate ionic liquid at the
positive electrode.

(e) Specific energy and power of 84 Wh kg−1 and
179W kg−1, respectively, in the absence of an electrolyte
support and 228 Ah kg−1 and 143 W kg−1, respectively,
with electrolyte support have been determined. These
are comparable with nickel-metal-hydride batteries
(without electrolyte support) and with lithium-based bat-
tery systems (with electrolyte support).
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