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Chapter 1. Introduction

1.1. Electrochemical energy storage

Energy storage technologies are crucial in order to meet the global challenge of clean
and efficient sustainable energy. During the last century, the development of improved energy
storage systems has been intensely pursued in an effort to solve environmental problems
related to pollution, depletion of fossil-fuel resources and the rapid development of portable

electronics, electric vehicles and energy storage stations.™?

The worldwide demand for electricity is predicted to double by 2050, which means the
present energy production has to be doubled from 14 TW to 28 TW. This increase should be
completed in a sustainable manner and not relying only in fossil fuel resources. The electrical
energy will then be produced from renewable energy sources, such as solar, wind, hydropower
or biomass. Due to the inherently intermittent character of these resources, good energy
storage systems are necessary to make the best use of energy.? Although pumped
hydroelectric systems represent the 98% of the worldwide storage power, electrochemical
energy storage (EES) offers a well established strategy to improve portable electronics market,
electrification of vehicles and grid utilization. Currently, researchers focus particularly on the
development of not only high performance batteries and supercapacitors, but also on meeting

the requirements of safety, cost, environmental friendliness and sustainability.**
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Owing to their long cycle life, high energy and power densities, rechargeable lithium
batteries have been one of the most important battery technologies in the last decades.*
Lithium-ion batteries are appropriate for portable electronic devices; however, safety and cost
issues should be further addressed in order to use them in large scale power systems, such as,
electric vehicles and smart grids.6 Consequently, researchers have shifted their attention to
alternative battery chemistries, including Na-ion,” Li-S,® Li-O2,° other metal-air chemistries'®**
(Zn-air or Mg-air) and Li-organic batteries.'” Figure 1.1 shows some of these current and future

promising energy storage systems.*?

N\

Li-ion battery

Li air battery

Cost

Energy >

Figure 1.1. Cost vs. energy plot of different energy storage systems13
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1.1.1. Electrochemical energy storage devices: batteries and capacitors

The main difference between batteries and capacitors, the two main types of EES
devices, consist in the principle of storing charge. Batteries store energy through a reversible
electrochemical reaction, while capacitors store energy electrostatically in electric fields.™ A
battery is made of two different electrodes with an ionic conductor electrolyte between, as
represented in Figure 1.2a. During discharge, the negative electrode is oxidized, releasing
electrons, while the positive electrode is reduced consuming these electrons. This source of
electrons is driven through an external circuit to provide power. In the case of lithium ion
batteries, the negative electrode is usually made of carbon based materials such as graphite
and the positive electrode materials are typically lithium containing metal oxides or phosphates,
such as lithium iron phosphate. Therefore, during the charging process, the cathode is oxidized
releasing lithium ions and electrons. The lithium ions move into the anode through the
electrolyte, storing energy during this process. When the battery is discharging, the lithium ions
move back across the electrolyte to the cathode, and the electrons travel to the cathode

through the external connection, generating an electric current.

Conventional capacitors store energy by electrostatic interactions in electric fields and in
the case of electrochemical capacitors (supercapacitors) by means of ion adsorption of the
electrolyte into the pores of the electrode. They are composed of two electrodes with an ionic
conducting media in between (Figure 1.2.b). During charge, the cations of the electrolyte

diffuse towards the negative electrode, while anions move towards the positive electrode. In
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electrochemical capacitors the electrolyte forms a double layer on each electrode and

consequently ions can be rapidly discharged.®
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Figure 1.2. Scheme of a) a battery and b) a capacitor during discharge process

Electrochemical energy storage devices are characterized by the specific energy and
specific power. Specific energy is the quantity of energy stored per unit of mass (Wh/Kg), while
the specific power determines how fast that energy can be achieved. Figure 1.3 shows the
Ragon plot of the current EES devices.'® Batteries possess high specific energy but relatively
low specific power, which means that they are able to provide high amount of energy but in

long times. On the contrary, capacitors have high specific power but low specific energy, thus,
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they provide low energy but in very short times. Electrochemical capacitors have intermediate

properties between conventional capacitors and batteries.*>*®
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Figure 1.3. Ragone plot of current EES devices™

Another important difference between batteries and capacitors is their
charging/discharging behaviour when a constant current is applied. The typical discharge
voltage curves for a battery and capacitor are shown in Figure 1.4. Batteries rapidly reach a
voltage plateau and function at a constant potential, at which the redox reaction of the

electrodes occur. In the case of capacitors, as charges are stored electrostatically, the potential
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is linearly changed as a function of time or charge, since inserting more charge becomes

harder due to coulombic interactions.®

A: Charged

A: Charged

—_
e

Potential
Potential

B: Discharged B: Discharged

Time or charge ——— Time or charge ———

Figure 1.4. Typical discharge curve of a) a battery and b) a capacitor.

1.2. Conducting polymers

Since the discovery of conductive polyacetylene by Shirakawa and co-workers™ in
1977, conducting polymers (CPs) have been widely investigated due to their interesting and
tuneable properties. In general, conducting polymers possess high electrical conductivity, easy

processability, flexibility, low weight, low cost and the possibility of large scale production.?*??



Introduction

Therefore, CPs have been employed in a wide range of applications including actuators,

organic light emitting diodes, photovoltaic devices, sensors, supercapacitors and batteries.?*?°

The IUPAC definition for conducting polymer is an electrically conducting polymer
composed of macromolecules having fully conjugated sequences of double bonds along the
chains. Figure 1.5 shows the structures of the most studied conducting polymers due to their
high conductivity and easy synthesis: polypyrrole (Ppy), polyaniline (PANI), polythiophene (PT)

and poly(3,4-ethylenedioxythiophene) (PEDOT).
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Figure 1.5. Chemical structures of a) polypyrrole, b) PANI, c) polythiophene and d) PEDOT conducting
polymers.

Conducting polymers require partial oxidation or reduction processes to give rise to
charged species. These charges are compensated by the appropriate counter ions, nhamed

dopants, to maintain the electroneutrality.?® The partial oxidation and reduction are known as p-
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doping and n-doping, respectively.27 As a result of the doping process, charged defects such
as polarons and bipolarons are introduced into the polymer chains, which are responsible for

the electron conduction.

1.2.1. Poly(3,4-ethylenedioxythiophene)

Among all conducting polymers, poly(3,4-ethylenedioxythiophene) (PEDOT) (Figure
1.5d) has sparked much interest in various applications due to its high conductivity, good
stability and easy processing. Since its discovery in the 1980s, which was chemically prepared
by Jonas et al.?® and electrochemically polymerized by Heinze et al.,”® it has been applied in

30
I

numerous applications starting from antistatic agent and photographic material™ to state-of-

the-art flexible supercapacitors.®

1.2.1.1. Electrochemical polymerization

There are three main types of polymerization reactions for the synthesis of PEDOT and
its derivatives. Electrochemical polymerization is achieved by applying a potential to an
electrode which is immersed in a monomer solution. The polymerization is usually carried out
in a three electrode cell, consisting of a working, counter and reference electrode. During the

polymerization process, the polymer is deposited onto the working electrode (Figure 1.6a).

EDOT can be electrochemically polymerized by cyclic voltammetry® (application of a
linearly variable voltage), chronopotentiometry®® (constant current) and chronoamperometry®*%*

(constant potential). The irreversible oxidation peak of EDOT occurs at 1.26 V while the

10
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reversible redox process of electrodeposited PEDOT appears between -0.55 V and 0.1 V vs.
Ag/AgCL.*®  Electrochemical polymerization allows controllable polymerization, since the
selected technique and conditions affect the morphology and electrochemical properties of the
polymer.36 However, small amount of material is usually obtained through this method, limiting

its use to specific applications.

a) b) c)
|_®_ Reference
Electrode
Working Counter substrate
Electrode Electrode

AN /| 7 i

! Stirring r.t.
—— (R
I monomer

Figure 1.6. Schematic representation of a) electrochemical, b) oxidative chemical and c) vapour phase
polymerization.

1.2.1.2. Oxidative chemical polymerization

In the oxidative chemical polymerization, monomers are oxidized by chemical oxidants
that initiate the polymerization reaction (Figure 1.6b). This method leads to a polymer that

precipitates out of solution, so it can be used to prepare high amounts of material.*’

EDOT monomer and its derivatives can be polymerized using various oxidants. In the
traditional method, FeCl; or Fe(OTs); are employed as oxidizing agents. The overall

polymerization reaction can be divided in two major steps (Figure 1.7). First, monomers are

11
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polymerized through oxidative polymerization to give an undoped, neutral polymer (Figure
1.7a-d) and second, the polymer is doped due to the excess of oxidant yielding a conducting
polymer (Figure 1.7e). In the same way, the oxidative polymerization step can be separated in
three different steps. It starts by the oxidation of EDOT into a radical cation (Figure 1.7a),
followed by coupling and re-aromatisation of free radicals forming dimer species (Figure 1.7b)
and subsequent chain propagation by oxidation and recombination of oligomers (Figure 1.7c-
d).38 This method yields a black, insoluble PEDOT polymer with high conductivity compared to

other polyetherocycles.®’

—~ 3 b)
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Figure 1.7. Scheme of the oxidative polymerization of PEDOT
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Apart from Fe(lll) compounds, persulfates are the most important group of oxidants,
which are able to polymerize EDOT to form conductive PEDOT complexes. Sodium and
ammonium persulfate salts are the most used ones.*® Besides persulfate salts, the addition of

a small amount of Fe(ll) or Fe(lll) salts as catalyst increases the rate of the polymerization.

1.2.1.3. Vapour phase polymerization

Vapour phase polymerization (VPP) was first described by Mohammadi et al.® as a
chemical vapour deposition (CVD) process, for the polymerization of polypyrrole using FeCls
and H,0O; as oxidants. In VPP a substrate is coated with an oxidant, which is exposed to the
EDOT monomer vapour and in this way, the polymerization takes place at the surface of the

41,42

substrate, obtaining a PEDOT film (Figure 1.6c). Several parameters affect the VPP

process, such as, monomer concentration*® or temperature.**

There are three different types of VPP for the synthesis of PEDOT: atmospheric VPP,*
chemical vapour deposition (CVD)** and vacuum VPP.** Atmospheric VPP is performed under
atmospheric conditions and apart from the oxidant (FeCls or iron(lll) tosylate), usually a base
like pyridine is used to decrease the polymerization rate and obtain PEDOT with high

conductivity.*®

In the case of CVD, vacuum conditions are applied in the polymerization
chamber with high temperatures to sublime the oxidant (FeCls), which is placed in a crucible
above the substrate. Like this, when the monomer is introduced as a vapour flow into the
chamber, it gets oxidised by the oxidant vapour, initializing the polymerization process.*

Vacuum VPP is carried out under higher pressures*® than CVD. The substrate is coated by the

13
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oxidant (as in atmospheric VPP), which then gets in contact with the monomer vapour, starting

the polymerization process.

1.2.2. PEDOT:PSS

The solubility problem of PEDOT was surpassed by using a water soluble
polyelectrolyte, poly(styrenesulfonic acid) (PSS), as counter ion and stabilizer of the positively

charged PEDOT, forming the PEDOT:PSS complex (Figure 1.8).%

PEDOT:PSS is prepared by the oxidative polymerization of EDOT in presence of PSS in
aqueous solution using Na»S;0s as oxidizing agent. PSS acts as charge balancing counter ion
of PEDOT and it is also responsible for keeping PEDOT chains dispersed in the aqueous
medium. In this way, a dark blue aqueous PEDOT:PSS dispersion is obtained, which is easy to

process by drop-casting or spin coating.

It is worth to mention that the polymerized PEDOT segments are not very long, it is
assumed from several measurements that the molecular weight of these segments is between
1000 and 2500 Da (6 to 18 repeating units).*® Moreover, PEDOT:PSS complex is very stable.
As an example, Inganas and co-workers proved that PEDOT" and PSS’ cannot be separated

by capillary electrophoresis.*

14
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SOy SOsH SOsH SOsH SOy  SOzH

QOOOC

Figure 1.8. PEDOT:PSS structure

1.2.3. Conductivity of PEDOT and derivatives

Either electrochemically or chemically polymerized, PEDOT is obtained in its doped
state and thus, in its electric conductor form. As mentioned in Section 1.2, the conductivity is
caused by the movement of holes and electrons through the polarons and bipolarons of the

polymer chains.

When electrochemical polymerization is used, the selection of the polymerization
conditions as well as the dopant anion will define the morphology and properties of the final

PEDOT films. Conductivity values of electropolymerized films, usually between 1-600 S/cm,

15
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vary when changing the dopant anion. PEDOT has been electropolymerized using several
dopant anions, such as ClO4, PFs, BF4 and N(SO2CF3),.>**? The highest conductivity values

have been obtained with CIO,” as counter-ion (650 S/cm).>*

The conductivity of PEDOT:PSS varies with PEDOT/PSS ratio, where an increase of
PSS content reduces the conductivity. The PEDOT/PSS ratios of the commercial Baytron vary
from 1:2.5 to 1:20 (PEDOT:PSS weight ratio) and the conductivity ranges from 1 to 10 S/cm.
It has been observed that the particle size has also an influence on the conductivity; the bigger

the particles, the higher the conductivity of the film.*®

One method of increasing the conductivity of PEDOT:PSS is the incorporation of

additives to the aqueous dispersion, such as several alcohols (ethylene glycol, sorbitol),

53-56 |

organic solvents (dimethyl sulfoxide (DMSO), dimetylformamide), ionic liquids and salts. n

this way, an increase in conductivity is observed upon removal of the additive after the film

5758 and ethylene glycol®®®°

formation. The highest increments have been observed with DMSO
obtaining conductivity values up to 600 S/cm. Apart from adding organic solvents to
PEDOT:PSS dispersion, the conductivity of PEDOT:PSS films can also be enhanced by post-
treatment, immersing the films into polar organic compounds, inorganic acids or co-

23,53,61

solvents. As an example, Alemu et al. used methanol for post-treatment of PEDOT:PSS

film, obtaining an increase in conductivity from 0.3 to 1362 S/cm.®?

16
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1.2.4. Electrochemistry of PEDOT and derivatives

PEDOT has a low oxidation potential and a relatively low bandgap, providing some
especial electrochemical and spectroscopic properties. Owing to its low redox potential, it is

very stable under ambient conditions in its oxidized state.

PEDOT has a pale blue transparent colour in its doped and conducting state, while in
the reduced state has a deep blue colour. Due to its transparency in the doped state, it is
suitable in applications such as electrochromic devices, antistatic transparent fiims and

polymer light-emitting diodes.”**%**

A typical cyclic voltammogran of PEDOT film is depicted in
Figure 1.9.% The oxidation potential peak appears at 0.1 V, while the reduction peak is at -0.5
V vs. Ag/AgCI. Depending on the synthesis conditions and scan rate, peaks can be slightly
shifted and an additional oxidation peak could be observed at 0.4 V with a broad reduction

process around 0 V. PEDOT is overoxidized at potentials higher than 2.2 V, where breakdown

of the polymer occurs and the redox activity disappears.®*

T
| A \ ——

45 40 £H5 00 05 10 15
E (vs. AgiagCiy Vv

Figure 1.9. Cyclic voltammogram of PEDOT in 0.1 M TBAPFs-propylene carbonate solution.®®

17
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One approach to enhance the electrochemical activity of conducting polymers is the

attachment of redox moieties to the conducting polymer backbone®®®°

or the copolymerization
with other redox active monomers.®” As an example, Segura and co-workers functionalized an
EDOT monomer with an anthraquinone moiety (Figure 1.10a) and they investigated its
electrochemical polymerization and oxidation kinetics.®® As shown in the cyclic voltammetry of
this functionalized PEDOT derivative (Figure 1.10b), apart from the redox peaks of PEDOT

backbone, an extra redox process is apparent due to the anthraquinone moiety, with oxidation

and reduction potentials at -0.9 V and -1.1 V, respectively.

a) b)

O(CH,CH,0)3CH;

0.0+

05

@
Current / ma,

-1.04

-1.54

2.0+ AV

-1.4 —1|.2 —1|.l:} -d.B -GII.B -0.4 —Ell.i C-I.ﬂ 0|.2 04 085
E vs. (Ag/AgCly /v

Figure 1.10. a) Structure of EDOT-anthraquinone monomer (AQ-EDOT) and b) cyclic voltammograms
evolution of poly(AQ-EDOT) film in 0.1M TBAPF; acetonitrile solution at 50mvs *.%®
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1.3. Applications of PEDOT derivatives in Electrochemical Energy

Storage

PEDOT and several conducting polymers present outstanding chemical and physical
properties such as high electrical conductivity, flexibility, easy nano-structuring, easy
processability, high surface area and low cost.®® Consequently, they have been employed in a

20,23,24

wide range of applications. In this section, their utilisation in electrochemical energy

storage devices will be discussed.

1.3.1. Batteries

Polymers can have different functions in a battery. As mentioned in Section 1.1.1.,
batteries are composed of two electrodes, an anode and a cathode, with an ionic conductor
electrolyte placed between them. At the same time, electrodes are made of three main
components: a redox-active material (provides activity), a binder (structural integrity) and a
conductive agent (facilitates electron transport). Current commercial electrode (cathode or
anode) formulations include as the active redox material lithium inorganic oxides and
phosphates, zinc, manganese oxide, silicon or graphite; a conductive additive such as carbon

black and a polymeric binder.

Nowadays, conducting polymers have been widely investigated as conductive additives
in electrodes. Although carbon is the most used conductive additive in electrodes, it decreases
the overall energy density of the electrode, because it is bulky and inactive.*® The replacement

of carbon by conducting polymers has attracted much interest because apart from being

19
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electronically conducting, it could also act as binder. Most of the works carried out with
conducting polymers are based on the coating of other active species such as inorganic oxides

073 or sulfur.™

For example, Chen et al. reported the synthesis of sulfur/PEDOT core-shell
nanoparticles to use as a cathode material for lithium-sulfur batteries.” The encapsulation of
PEDOT shell can limit the polysulfide diffusion, as well as mitigate undesirable self-discharge
and the shuttle effect, leading to Li-S batteries with enhanced cycling stability. PEDOT:PSS
coating can also provide sufficient electrical conduction to electrodes and thus, it was used as
coating of LiFePO4 cathode material to improve the performance of the battery.76 Wittstock et
al. went a step further and use PEDOT:PSS as conductive binder for LiFePO4 without any
carbon and PVDF additives.”’ Recently, PEDOT:PSS has been used as conducting additive
and binder for silicon anodes (Figure 1.11). Silicon anode has a considerably high theoretical
capacity (3590 mAhg®), however, it suffers from 300% volume expansion during
lithiation/delithiation processes. The use of PEDOT:PSS as conductive binder prevents the
capacity losses that occur due to the physical separation of silicon and traditional conductive

additives during lithiation.”

Apart from conductive additives, conducting polymers can be used as active material in
electrodes due to their redox processes. The p-doped conducting polymers present high redox
potentials (above 3.0 V), however, they have low capacities, usually between 80 and 150 mAh
g™’ There are different ways to improve these capacity values. For example, a redox-active
chain, dopant or a side chain, can be introduced to increase the charge storage capacity of the

polymer.”® Some of the works reported include the attachment of redox moieties such as

20
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anthraquinones® or phenylenediamines®™ to conducting polymer backbones in order to

increase their redox properties.

Several studies have investigated conducting polymers as active materials in
electrodes.®®* Recently, Zhan et al. used PEDOT as a cathode active material in lithium
batteries. PEDOT shows a discharge plateau at 2.3 V and a discharge capacity of 350 mAh g™,
which is promising and surprisingly higher than the theoretical value of PEDOT indicating a

multi-electron electrode reaction.®*

Zinc metal anode is an attractive alternative to lithium due to its ambient stability, low
cost and natural abundance. PEDOT has been recently used as cathode active material for the
development of zinc batteries with ionic liquid electrolytes (Figure 1.11). Although the capacity
values are low (36 mAhg'l after 100 cycles), this novel Zn/PEDOT battery shows high

efficiency and cycling stability over 320 cycles.?®

PEDOT has been also investigated to develop for the first time an all polymer-air
battery. The oxidation level of PEDOT in the anode is low, while in the cathode is in its fully

oxidized state, leading to an open circuit voltage of about 0.5 V.%

The development of more sustainable batteries is nowadays an open challenge.? Redox
active polymers in general are promising candidates due to their environmental friendliness,
potential low cost and safety. In this field, Inganas and coworkers have reported sustainable
cathodes made of lignin biopolymer and polypyrrole.®® Lignin has several quinone groups that

can be used for electron and proton storage, whereas polypyrrole provides electrical

21
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conductivity to the composite electrode. They found that quinone has higher charge storage
properties than polypyrrole. However, these materials showed self-discharge behaviour and
this should be solved before moving forward. Nevertheless, the synergic effect of both a natural

redox polymer and a synthetic conducting polymer seems to be one of the most promising

future directions.

Redox active
electrode material

Binder & conductive
additive in electrodes

Metal anode

PEDOT cathode

SiNP/PEDOT:PSS Composites

PEDOT in Energy
Storage

Polymer substrate B CNT |
PEDOT.PSS PVA |

Flexible PEDOT nanopaper

Wearable & stretchable
supercapacitors

Flexible
supercapacitors

Figure 1.11. Main applications of PEDOT in energy storage: binder and conductive additive in
electrodes,” redox active electrode material, flexible supercapacitors31 and wearable and

stretchable supercapacitors.®”
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1.3.2. Supercapacitors

There are two types of supercapacitors depending on the storage mechanism:
pseudocapacitors and electric double layer capacitors (EDLC). In pseudocapacitors the energy
is stored through Faradic mechanism, a redox reaction, taking place at the whole electrode and
the electric charge is stored electrostatically. In the case of EDLC, charge is stored

electrostatically by absorption of electrolyte ions in the pores of the electrodes.

Electrodes in pseudocapacitors are usually made of metal oxides (MnO,, Ru02),88
polymer composites with metal oxides® or carbons,® polymer-coated carbon® or conducting
polymers such as polypyrrole,®® polyaniline,*” polythiophene®™ and their derivatives. Conducting
polymers are attractive supercapacitor electrode materials due to the known methods for their
synthesis, low cost, flexibility and high electronic conductivity. Nevertheless, pure conducting
polymer electrodes suffer from volume changes due to the doping process, being expanded
during the doping process and shrunk when dedoped. This volume changes induce mechanical
degradation and reduction of cycle life of electrodes. Therefore, different approaches have
been taken to overcome this problem: fabrication of composite electrode materials,
nanostructured conducting polymers such as nanorods, nanofibers, nanowires and nanotubes

% or the use of carbons as negative electrodes.

PEDOT has been studied as electrode material in supercapacitors due to its high
surface area, high conductivity in the p-doped state, good thermal and chemical stability, fast
electrochemical switching and a wide potential window (1.4 V).** However, it possess a

relatively low specific capacitance (around 100 F g™) taking into account its high molecular

23
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weight and a doping level of 0.33.% As an example of nhanostructured conducting polymers, Liu
et al. developed PEDOT nanotube arrays and used them as positive and negative electrodes in
symmetrical supercapacitors obtaining a specific capacitance of 140 F g'1 and high power
density.97 PEDOT nanofibers obtained by vapour-phase polymerization were also used in
symmetric supercapacitors showing specific capacitance of 175 F g'1 and 92 % capacitance

retention after 10000 cycles.”®

99,100 21,101

Composite materials consisting of PEDOT and carbons or metal oxides have
been also employed in supercapacitors. Recently, Karlsson et al. reported a symmetric
supercapacitor using vapour-phase polymerized (VPP) PEDOT over carbon paper as
electrodes and an ionic liquid as electrolyte. The VPP-PEDOT electrode showed a specific
capacitance of 306 F g'1 and doping levels as high as 0.7 charges per monomer. The
symmetric PEDOT cell exhibited a specific capacitance of 76.4 F g'1 and 19.8 Wh Kg'1 specific

energy, as well as a good cycle life.'%

Conducting polymers are promising materials for the development of flexible and
wearable electronic devices due to their flexibility. Consequently, flexible supercapacitors have
been made combining flexible substrates such as paper, metal foil or carbons with conducting
polymers (Figure 1.11). For example, Wang et al. have recently reported a flexible
nanostructured cellulose-PEDOT based supercapacitor. PEDOT was chemically polymerized
in the presence of cellulose nanofibres obtaining a uniform PEDOT coating. The symmetric
supercapacitor showed specific capacitance values of 90 F g and a 93 % capacity retention

after 15000 cycles.*
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PEDOT:PSS has better affinity with polar groups, improving the supercapacitor
performances when employing aqueous electrolytes. Huang et al. used different amounts of
hydrous ruthenium oxide (RuO.-xH20) with PEDOT:PSS to synthesize composite electrode
materials. They observed that the specific capacitance increased when incrementing the
amount of RuO,-xH,O particles and a maximum specific capacitance of 653 F g'1 was
obtained.’® Recently, Weng et al. combined PEDOT:PSS with graphite oxide (16%) and
carbon nanotubes (3%) by solution casting. The incorporation of these carbon materials
improved both the energy (higher than 100 Wh kg'l) and power (around 200 kW kg'l)
performances of the PEDOT:PSS electrode. The composite electrode showed a specific
capacitance of 365 F g"1 over an operating potential window of 2.0 V with good cycling

stability."**

More recently, Weng et al. reported wearable and elastic ring type supercapacitors
made by winding aligned carbon nanotube sheets with PEDOT:PSS onto an elastic polymer
ring (Figure 1.11). The resulting supercapacitor exhibits high specific capacitance (134.8 F g™)
with high flexibility and elasticity. Moreover, it can be moulded in different shapes with stable

electrochemical properties under expansion and pressing.®’

1.4. Motivation and objectives

Today, electrochemical energy storage systems play an important role in order to meet
the global challenge of clean and efficient sustainable energy. During the last century, the
development of improved energy storage systems has been intensely pursued in an effort to

solve environmental problems related to pollution, depletion of fossil-fuel resources and the
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rapid development of portable electronics, electric vehicles and energy storage stations. In the
future, the elected energy storage technologies will consist of devices with superior safety and

storage capabilities, as well as cost effective and easy to process materials.

In this context, conducting polymers appear as promising candidates to be implemented
in energy storage devices due to their easy processing, high conductivity, light weight and good
electrochemical properties. Moreover, they can play different roles to enhance the
electrochemical properties of the device, for instance, as redox active electrode material or as
conductive binder. Among different conducting polymers, PEDOT is the most promising one,
because of its high conductivity and ambient stability. Thus, the main goal of this PhD thesis is

to synthesize new PEDOT derivatives for the area of electrochemical energy storage systems.

Within this scope, the specific objectives of this thesis are:

o Synthesis and characterization of a new PEDOT derivative with enhanced redox
properties by incorporation of a nitroxide radical to the polymer backbone.

o Development of sustainable organic electrode materials, by combining PEDOT
and the biopolymer lignin through oxidative chemical polymerization.

o Synthesis of highly conductive PEDOT dispersions with a soft ionic conductor
polyelectrolyte.

o Investigate the potential applications of these polymers in various energy storage

systems: lithium-ion batteries, sodium-organic batteries and supercapacitors.
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1.5. Outline of the thesis

In Chapter 1, after a brief introduction to electrochemical energy storage, an overview of
conducting polymer PEDOT is presented, together with its most important applications in
energy storage devices. The motivation and goals of this thesis are also presented in this

chapter.

In Chapter 2, we show the synthesis and characterization of a new polymer which
combines the present most successful conjugated polymer backbone and the most successful
redox active side group, i.e. poly(3,4-ethylenedioxythiophene) (PEDOT) and a nitroxide stable
radical. The new PEDOT-TEMPO radical polymer combines the electronic conductivity of
conjugated polythiophene backbone and redox properties of the nitroxide group. As an
example of application, this redox active polymer is used as conductive binder in lithium-ion

batteries to replace both conductive carbon additive and inactive polymeric binders.

In Chapter 3, a novel sustainable organic electrode material is presented by the
polymerization of EDOT in presence of lignin-sulfonate biopolymer. Composites with various
PEDOT/lignin ratios are prepared in order to analyze the influence of each component in the
electrochemical behaviour. The charge storage properties are investigated in aqueous solution
for supercapacitor applications. It is demonstrated that the incorporation of lignin provides

enhanced energy storage properties to PEDOT, by means of its redox active quinone moieties.
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In Chapter 4, the electrochemical activity and cycling of PEDOT/lignin electrodes is
investigated in a series of imidazolium and pyrrolidinium-based ionic liquids. The effects of
water and sodium salt addition to the ionic liquids are studied in order to obtain optimum
electrolyte systems for sodium batteries. Finally, the concept of a new battery cell presented by
using PEDOT/lignin as cathode material, the optimized ionic liquid as electrolyte and sodium as
anode. As a result, it is demonstrated that PEDOT/lignin composites can serve as low cost and

sustainable cathode materials for sodium batteries.

In Chapter 5, we present the synthesis and characterization of highly conductive
PEDOT/PSTFSI dispersions, which combine the electronic conductivity of PEDOT and the
ionic conductivity of PSTFSI polyanion. For that, EDOT is polymerized by oxidative chemical
polymerization in presence of PSTFSI using different EDOT:PSTFSI weight ratios. The
properties of the obtained dispersions are investigated in detail, while the one with superior
electric and electrochemical properties is investigated as additive in lithium iron phosphate

cathodes, in order to improve the rate capability of these batteries.

In Chapter 6, the most relevant conclusions of this thesis are summarized.
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Chapter 2. PEDOT Radical Polymer with

Synergetic Redox and Electrical Properties

2.1. Introduction

Redox active polymers have attracted much interest due to the capability to change
their chemical, electronic, optical or mechanical properties depending on the redox state.! The
reversibility of the redox process makes these polymers target materials for different
applications such as electrochromic devices, organic solar cells, batteries, biosensors,
bioactuators and nanomedicine.”” Polymers with redox properties are those with the ability of
changing their electrochemical properties with the oxidation state due to the loss (oxidation) or
gain (reduction) of electrons. The IUPAC definition for a redox polymer is a polymer containing
groups that can be reversibly reduced or oxidized. Reversible redox reactions can take place in
the polymer main chain, as in the case of conducting polymers such as polyaniline,® or in side-
groups, as in the case of a polymer carrying ferrocene side-groups. In this chapter, we show
the synthesis and characterization of a new polymer which combines both the most successful
redox active conjugated polymer backbone and the most successful side group, i.e. poly(3,4-

ethylenedioxythiophene) (PEDOT) and a nitroxide stable radical.
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As it has been explained in Chapter 1, poly(3,4-ethylenedioxythiophene) (PEDQOT) is a
commercially available and widely used conducting polymer having a redox active conjugated
backbone.® PEDOT can be synthesized by electrochemical polymerization'® or by oxidative
chemical polymerization to obtain aqueous dispersions stabilized by a water soluble
polyelectrolyte, i.e. poly(styrene sulphonate). PEDOT is characterized by its high electrical
conductivity (up to 10° S/cm), good transparency and excellent electrochemical and thermal

11-14

stability. As an example of applications, PEDOT and other conducting polymers have been

used as cathode and anode materials in batteries.™®’

However, they posses relatively low
specific energy density, hence several recent works have reported the attachment of redox

moieties such as anthraquinones to increase its performance.18

Polymers containing stable organic radical moieties as pendant groups or radical
polymers are attracting much attention for their high charge transfer reactions and the
possibility to create p-type and n-type radical polymers depending on the functional pendant
group.’®? Nishide and coworkers first developed polymers containing stable nitroxide radicals
such as 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO).? Batteries with these organic radical
polymers have good cycling stability, fast charge-discharge rates and high power density.?***
Most of the radical polymers have non-conjugated macromolecular backbones. Actual trends
include the attachment of different types of stable radicals, development of new
macromolecular architectures such as block copolymers or the further physico-chemical

understanding and new applications of these polymers in optoelectronics. It is worth to mention

that Aydin et al. have recently reported the synthesis of a polymer having a semiconjugated
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backbone and a nitroxide pendant group which showed a limited performance in a battery

probably due to the low stability of the chosen polymer backbone.?®

In this chapter, we present the synthesis and characterization of a new polymer which
combines both a poly(3,4-ethylenedioxythiophene) (PEDOT) backbone and a nitroxide stable
radical (TEMPO) side chain. For that purpose, the synthesis of 3,4-ethylenedioxythiophene
derivative monomer bearing TEMPO nitroxide radical was carried out. Its electrochemical
polymerization and the characterization of the obtained redox active and electrically conductive
PEDOT-TEMPO polymer were investigated. The PEDOT-TEMPO polymer shows a unique
combination of redox and electrical properties. As a potential application the results of the use

of the polymer as conductive binder in LiFePO4 batteries are presented.

2.2. Monomer synthesis and characterization

The new EDOT bearing TEMPO monomer was synthesized via esterification reaction
between EDOT-MeOH and 4-carboxy-TEMPO in the presence of dicyclohexylcarbodiimide
(DCC) and dimethylaminopyridine (DMAP) in dry dichloromethane with a high yield (Figure

2.1).
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Figure 2.1. Synthesis of EDOT-TEMPO monomer and its electrochemical polymerization.

The esterification reaction was proven by ATR-FTIR spectroscopy, MALDI-TOF mass
spectrometry and elemental analysis. ATR-FTIR spectroscopy (Figure 2.2a) shows absorption
at 1724 cm™ due to the presence of the carbonyl stretching which is higher than the reactant
carboxylic acid (1685 cm™) and a lack of O-H stretching band at around 3200 cm™. The UV-Vis
spectrum of EDOT-TEMPO monomer shows absorption at 239 and 256 nm related to EDOT
group (Figure 2.2b). The monomer was characterized by MALDI-TOF mass spectrometry using
positive-ion reflectron mode. Figure 2.3a shows an enlargement of the obtained MALDI
spectral peaks for the monomer and the comparison with theoretical isotopic distribution.
Electron Spin Resonance (ESR) spectrum of the monomer in toluene solution shows a triplet
with nitrogen hyperfine splitting constant of 14.4 G (Figure 2.3b) which is characteristic of

TEMPO nitroxide radicals.
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Figure 2.2. a) ATR-FTIR spectra of 4-carboxy-TEMPO (green), hydroxymethyl-EDOT (blue), EDOT-
TEMPO monomer (black) and PEDOT-TEMPO polymer (red). (B) UV-Vis spectra of EDOT-TEMPO
monomer before electropolymerization (black) and electropolymerized PEDOT-TEMPO polymer in
TBAPFg/acetonitrile solution.
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Figure 2.3. a) Isotopic distribution and structure of EDOT-TEMPO monomer, (i) experimental peaks and (ii)
theoretical values. b) X-band ESR spectra of EDOT-TEMPO monomer (black line) and polymer (red line).
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2.3. Electrochemical polymerization

The electrochemical polymerization of EDOT-TEMPO monomer was investigated by
cyclic voltammetry in acetonitrile and dichloromethane at 20 mV s™ scan rate, switching the
potential between 0.0 V and 1.5 V. When the electrochemical polymerization was carried out in
acetonitrile (Figure 2.4a), the nitroxide group was oxidized at 0.75 V and reduced at 0.65 V,
while the thiophene ring was oxidized at potentials higher than 1.40 V, leading to the
polymerization. During the polymerization, the material that was forming onto the electrode was
simultaneously dissolved in the electrolyte leading to a blue coloured solution, as shown in the

inset of Figure 2.4a.

When the electropolymerization was carried out in dichloromethane solution (Figure
2.4b), the polymerization started at 1.35 V with the oxidation of EDOT, while the TEMPO group
of the monomer was oxidized and reduced at 0.95 V and 0.62 V, respectively. When increasing
the number of cycles, the current and the potential of the maxima increased showing the
growing amount of polymer electrodeposited onto the electrode during every sweep. The
potential of the oxidation peak maxima varies from the first to the second cycle, in the case of
EDOT from 1.42 V to 1.34 V and from 0.95V to 0.82 V for TEMPO. This behavior is usual in
conducting polymers since the oxidation on the coated polymer electrode needs lower potential

than the oxidation on the platinum electrode.

Due to the electrochromic characteristics of PEDOT polymers that are colourless in their
oxidized state and coloured in their reduced state, it was not possible to observe the formation

and growth of the film during the anodic electropolymerization, only during reduction the blue
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film was observed. The colour change from colourless to blue was observed at potentials lower

than 0.2 V.
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Figure 2.4. Cyclic voltammograms of the electrochemical polymerization in 10° M EDOT-TEMPO and 0.1
M LiCIlO, acetonitrile solution (a), and in 0.1 M TBAPF¢ dichloromethane solution (b), using a 1 cm?
electrode, switching potential from 0.0 V to 1.5V at a 20 mV s scan rate. Insets show the pictures of the
cell after the electropolymerization.

The electropolymerization was also investigated by applying constant current flows of
0.10, 0.15, 0.20 and 0.25 mA through previously cleaned platinum electrodes for 60 s (Figure
2.5a). When 0.10 mA constant current was applied, 60 s were not sufficient for the
electropolymerization, since the potential reached was lower than the onset of the monomer
oxidation. For higher currents, the electropolymerization occurred at almost constant potential
between 1.3 and 1.4 V, which is the oxidation potential of the monomer and the voltage plateau

was higher when the applied current was increased.

49



Chapter 2

The electropolymerization was also carried out by potential steps from 0 V to different
potentials ranging between 1.4 V and to 1.8 V, which are higher than the onset of the monomer
oxidation (Figure 2.5b). In the chronoamperograms obtained at the potential steps of 1.4 and
1.5 V, after an initial current leap a minimum and a shoulder are present which are
representative of a nucleation process of PEDOT-TEMPO on the platinum electrode. When
higher potentials are applied, a high initial peak is followed by a fast current decrease. The
stationary current obtained after the initial peak, is higher when applying a higher anodic
potential. The electrochemical characterization of the formed films showed a similar
voltammogram to the one obtained by electropolymerization by cyclic voltammetry, indicating

that the electropolymerization occurs via the same mechanism.
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Figure 2.5. a) Chronopotentiograms obtained from a 10° M EDOT-TEMPO and 0.1 M TBAPFs
dichloromethane solution at constant currents of (a) 0.10, (b) 0.15, (c) 0.20, (d) 0.25 mA.
b)Chronoamperograms obtained from the same monomeric solution at potential steps between 1.4 and 1.8
V,using al cm? electrode.

The electrodeposited PEDOT-TEMPO film in dichloromethane was later
electrochemically characterized in a monomer free 0.1 M TBAPFs dichloromethane solution.
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The cyclic voltammograms of the polymer obtained when sweeping the potential between -0.5
V and 1.8 V at different scan rates are shown in Figure 2.7a. The polymer shows two redox
processes (Figure 2.6); the first one related to the PEDOT backbone which is oxidized at 0.3 V
and reduced at around -0.2 V and the second one to TEMPO group that is oxidized and
reduced at 0.92 V and 0.6 V, respectively at 5 mV s™ scan rate. The cathodic and anodic peak
currents of TEMPO show a linear dependence on the scan rate indicating that the redox
processes are not diffusion limited (Figure 2.7a). The electrochemical behaviour of a cathode
consisting of 70 % of PEDOT-TEMPO electropolymerized in acetonitrile and 30 % of carbon
was investigated versus lithium anode by sweeping the potential between 2.8 V and 4.2 V at
different scan rates (Figure 2.7b). In the same manner of the film, PEDOT-TEMPO cathode
shows two main redox processes. The TEMPO group shows its oxidation and reduction at 3.65

V and 3.55 V, respectively while PEDOT backbone redox activity is observed around 3.0 V.

Figure 2.6. Scheme of redox reactions of PEDOT-TEMPO polymer.
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Figure 2.7. a) Cyclic voltammograms of PEDOT-TEMPO film in 0.1 M TBAPF¢ dichloromethane solution at
5, 7.5, 10, 15 and 20 mV s™. Inset graph shows the relationship between the oxidation and reduction peak
currents vs scan rate. b) Cyclic voltammograms of PEDOT-TEMPO/C (70/30) electrode with 1 M LiPFg in
EC:DMC electrolyte at 0.05, 0.1, 0.2, 0.4, 0.8 mV s™.

2.4. Copolymerization with EDOT

In order to be able to tune the redox and electrical properties of the final polymer,
copolymerization of EDOT-TEMPO with EDOT monomer is desirable. Consequently,
electrochemical copolymerization of EDOT-TEMPO monomer with EDOT was investigated by
cyclic voltammetry in dichloromethane solution. The EDOT/EDOT-TEMPO molar ratios studied

were 75/25 and 85/15, as well as PEDOT homopolymer for comparison.

The electrochemical copolymerization was carried out in dichloromethane solution
(Figure 2.8) by switching the potential between 0.0 V and 1.5 V at 20 mV s™ scan rate. Figure
2.8a shows the first cyclic voltammogram for the different compositions. The cyclic voltammetry

of EDOT shows one irreversible oxidation at 1.26 V, while the mixture of the two monomers
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exhibit the irreversible oxidation of EDOT together with the oxidation and reduction of TEMPO
group. The EDOT oxidation potential of the copolymerization solutions shifts to higher
potentials due to the presence of EDOT-TEMPO monomer, whose thiophene group oxidation
appears at 1.35V. The redox peaks related to TEMPO have the same onset potential for the
two copolymerizations, 0.78 V for the oxidation and 0.88 V for the reduction, while the peak
maxima vary due to the different concentrations of EDOT-TEMPO in the solutions. Figure 2.8b
shows the 10 cyclic voltammograms of each copolymerization. It can be observed that the
current and the potential of the maxima increases due to the growing amount of copolymer

electrodeposited onto the electrode during every sweep.
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Figure 2.8. Cyclic voltammograms of the electrochemical copolymerization in 0.1 M TBAPFg
dichloromethane solution with EDOT/EDOT-TEMPO molar ratio of 100/0 (blue), 85/15 (red) and 75/25
(green). a) First cycle and b) 10 cycles of electropolymerization.

The electrodeposited films of the copolymers were later electrochemically characterized
in a monomer free 0.1 M TBAPFs dichloromethane solution. The cyclic voltammograms

obtained at 10 mV s™ scan rate for the two copolymers and PEDOT are shown in Figure 2.9.
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PEDOT homopolymer shows one redox process related to the oxidation and reduction of the
polymer backbone, with oxidation peak maximum at 0.12 V and reduction at -0.69 V. On the
other hand, copolymers exhibit three redox processes, the first two related to the thiophene
backbone and the last one associated with TEMPO group. Both copolymers present cyclic
voltammograms with similar shape and redox potentials. The oxidation peaks appear at -0.44 V
(A1), 0.04 V (A2) and 0.83 V (As) while the reduction peaks occur at -0.90 V (C,), -0.60 V (C»)
and 0.65 V (C3). When comparing the two copolymers, we can observed that the intensity of
the first two redox processes related to PEDOT backbone is higher with the higher amount of
EDOT in the copolymerization solution (85%). Therefore, we can conclude that
copolymerization of EDOT-TEMPO with EDOT is possible trough cyclic voltammetry and that
the concentration relation of the two monomers in the starting solution and in the final

copolymer is proportional.
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Figure 2.9. Cyclic voltammograms of PEDOT homopolymer and 75/25, 85/15 copolymers (EDOT/EDOT -
TEMPO) in 0.1 M TBAPF; dichloromethane solution at 10 mV s™.
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2.5. PEDOT-TEMPO characterization

Taking advantage of the solubility of PEDOT-TEMPO electropolymerized in acetonitrile,
its structural and electric properties were further characterized. The nature of the PEDOT
backbone was confirmed by FTIR and UV spectroscopies shown in Figure 2.2. The typical
bands associated with thiophene ring vibrations were identified in the FTIR spectrum of the
polymer (1517, 1355, 1304 cm™) as well as the carbonyl (1727 cm™) and nitroxide (1362 cm™)
bands. The UV-Vis spectrum of EDOT-TEMPO monomer shows absorption at 239 and 256
nm. The latter peak related to EDOT group shifts to higher wavelengths during the
polymerization, as the 1 system conjugation becomes longer. UV-Vis spectrum of the polymer
soluble in acetonitrile shows absorption at 312 nm related to oligomeric units, absorption at 567
and 609 nm corresponding to T-r* transitions in PEDOT backbone and the typical polaronic-

bipolaronic bands with maximum absorption at 776 and 875 nm.

Interestingly, MALDI-TOF mass spectrometry was used to analyze the molar mass
distributions of the electropolymerized PEDOT-TEMPO. Using positive ion linear mode, the
molar mass distribution (MMD) and the number of monomeric units were determined. The
obtained MMD values for PEDOT-TEMPO are: Mn = 1759, Mw = 2033 and polydispersity (D)
of 1.16. The correct repeating unit of 352 Da is observed between the peaks of different series,
and oligomers up to 15 monomeric units are detected. Figure 2.10 shows the spectra of
PEDOT-TEMPO in two different mass ranges. In order to avoid the ion suppression effect at
low molecular weight (LMW) and achieve detecting peaks in high molecular weight (HMW) it

was necessary to do deflection of the sample below 600 and 1000 Da. The red arrows show
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Figure 2.10. MALDI-TOF mass spectra of PEDOT-TEMPO in positive ion linear mode in
different mass ranges (a) 600- 2200 Da (deflection below 600 Da) and (b) 1000-5500 Da
(deflection below 1000 Da).
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the increment of a monomeric unit in the oligomer. The number above the peaks denotes the

total number of monomer units in the oligomer.

Furthermore, the presence of the radical nitroxide in the obtained PEDOT-TEMPO
polymer was investigated by ESR. The ESR spectrum of the polymer was recorded in acetone
solution (Figure 2.3). The polymer shows a triplet similar to the monomer spectrum, with the
usual hyperfine coupling constant of 14.4 G, which indicates that the polymer is bearing
nitroxide radicals. As the measurement was done in acetone solution, the spectrum shows

signals of Mn?* ion hyperfine structure coming from the capillary.

The electrical conductivity of electropolymerized PEDOT-TEMPO was measured by the
four-point probe technique. For the measurements, the obtained polymer in acetonitrile was
drop casted on glass slides to obtain films of around 10 pm thickness. The average
conductivity value of three films was 5.7x102 S/cm. This value is relatively low when compared
to PEDOT conductivity (1x10® S/cm) but similar to the electrical conductivity reported for other
PEDOT derivatives based on substituted EDOT monomers.?® On the other hand, this value
compares very favourably with the conductivity of conventional radical polymers which show

conductivity values between 10°-10” S/cm.*

The redox nature and activity of the polymer was confirmed by ESR and
electrochemical characterization, while the chemical structure and electrical properties were
studied by FTIR, UV-Vis, MALDI-TOF MS and four-point probe. Altogether, the different
characterizations carried out confirmed the synthesis of a PEDOT radical polymer with

synergetic redox and electrical properties.
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2.6. Application in lithium-ion batteries

A first attempt was done using the redox active PEDOT-TEMPO as cathode active
material for organic-lithium batteries. However, the obtained capacities were very small.
Therefore, as a potential application, PEDOT-TEMPO was used as conductive binder in
lithium-ion batteries. Conventional lithium-ion cathodes are usually made of three main
components: an active material (LiFePQO4, LiCoO; etc.), a conductive additive such as carbon
and a polymeric binder. As it has been seen in Chapter 1, conductive polymers have been
mostly applied as conductive coatings of current Li-ion insolating inorganic cathode materials
such as LiCoO: or LiFePO4.2"? On the other hand, Gohy and collaborators have recently
shown that the presence of radical polymers allowed to increase the electron transfer kinetics

of LiFePO, electrodes and cycling ability of the batteries at high C rates.>*3"

Furthermore, in
order to obtain high energy density batteries, the use of conductive additives and binders that
are not redox active should be decreased so as to have the maximum active material into a
fixed volume of electrode. So in principle, PEDOT-TEMPO polymer may be ideally suited to be

used as conducting binder due to its synergetic properties.

The performance of PEDOT-TEMPO as conductive binder was investigated in LiFePO4
(LFP) cathodes and compared to its counterpart cathode containing a conventional binder,
poly(vinylidene fluoride) (PVDF). Cell performance of the cathode without carbon added
consisting of 85 % LFP and 15 % PEDOT-TEMPO is shown in Figure 2.11a. The
charge/discharge capacity of the cell containing PEDOT-TEMPO is higher than the counterpart

having PVDF as binder, whose capacity decreases drastically in the first cycles due to a lack of
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electron transport between cathode components. This confirms that PEDOT-TEMPO can act
as conductive binder providing high coulombic efficiency (98 %), however, the discharge
capacity is not completely stable. After addition of a minimum amount of carbon, stable
discharge capacity of PEDOT-TEMPO cell was obtained (95 % capacity retention after 50

cycles) together with high coulombic efficiency (>99 %) at 0.1 C rate.
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Figure 2.11. a) Schematic diagram of the battery components and cell performance of LFP cathodes: b)
Discharge capacity and coulombic efficiency at 0.1 C with (e)15% PEDOT-TEMPO, (A)10% PEDOT-
TEMPO and 5% carbon and (m)15% PVDF; c) C-rate capability and d) voltage profile at different C rates
for 10% PEDOT-TEMPO and 5% carbon (red line) and 10% PVDF and 5% carbon (black line).
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The rate capability of the cells with the latter configuration was also investigated (Figure
2.11b). Although cathode with PVDF binder provides higher capacity deliverance at low C rates
(0.1 C and 0.2 C), higher C rate performance (0.5C, 1C and 2C) was dominated by cathode
with PEDOT-TEMPO binder with a capacity of 90 mA hg'1 at 1 C rate. The voltage profiles at
different rates are shown in Figure 2.11c where the polarization of the cathode containing

PVDF binder at C rates higher than 0.2 C is noticeable.

2.7. Conclusions

In conclusion, the synthesis of a novel EDOT derivative bearing a TEMPO nitroxide
radical has been presented in this chapter. The monomer has been polymerized by
electrochemical techniques and the obtained polymer presents combined properties of both
groups, electronic conductivity of PEDOT backbone together with the redox activity of TEMPO
moiety. Interestingly, the electropolymerization in acetonitrile leaded to a soluble polymer.
These properties make PEDOT-TEMPO a good candidate to be used as conductive binder in
batteries. Its performance as binder was investigated in LiFePO, batteries and compared to
conventional PVDF binder. Good cycling stability with high coulombic efficiency and increased
C rate capability were obtained with 85%LFP/5%C/10%PEDOT-TEMPO cathode configuration.
Therefore, PEDOT-TEMPO can act as a conductive binder thus replacing the conventional
binder and reducing the amount of high surface area carbon additive generally required to

improve electrical conductivity in insulating cathode materials.
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2.8. Experimental part

2.8.1. Materials

4-carboxy-TEMPO (97 %), hydroxymethyl EDOT (95 %), 4-(dimethylamino)pyridine
(DMAP, = 99 %), N, N"-dicyclohexylcarbodiimide (DCC, 99 %), dry lithium perchlorate (LiClO4,
99.99 %) and dry tetrabutylammonium hexafluorophosphate (TBAPFs, = 99 %) were obtained

from Sigma-Aldrich and used as received.

Anhydrous dichloromethane (DCM), anhydrous acetonitriie (ACN), hexane and ethyl

acetate were purchased from Sigma-Aldrich and used as received.

2.8.2. Methods

Attenuated Total Reflectance Fourier Transform Infrared Spectroscopy measurements

(ATR-FTIR) were conducted on a Bruker ALPHA Spectrometer.

UV-Vis spectra were acquired at room temperature on a PerkinElmer UV/Vis/NIR

Lambda 950 spectrometer.

Electron paramagnetic resonance (ESR) spectra were recorded on a Bruker ESP300
spectrometer operating at the X-band and Q-band and equipped with standard Oxford
Instruments low-temperature devices (ESR900/ITC4), at room temperature in the solid state

and in acetone solution at 140 K.

61



Chapter 2

Matrix Assisted Laser Desorption lonization Time of Flight Mass Spectrometry (MALDI-
TOF MS) measurements were carried out on a Bruker Autoflex Speed system (Bruker,
Germany). The instrument was equipped with a 355 nm Nd:YAG laser. All spectra were
acquired in the positive-ion linear and reflectron modes. The samples were dissolved in
acetonitrile just before analysis at 2 g L™ Approximately 0.25 pL of the dissolved sample were
hand spotted onto a PACII target. This target contains a-cyano-4-hydroxycinnamic acid
(CHCA, Aldrich) matrix. When the sample was air dried, the MALDI sample plate was inserted
into the spectrometer and spectra were acquired under high vacuum conditions. For each

spectrum, 5000 laser shots were accumulated.

Conductivity measurements were performed on a FPP Veeco/Miller FPP5000 using
layer resistivity function, sampling in different zones of the film more than five times and doing
the reciprocal. Thickness of polymer film was measured with a Digimatic micrometer from

Mitutoyo Corporation.

The electrochemical polymerization and characterization was performed on an Autolab
PGSTAT302N by using the standard three-electrode configuration where platinum sheets (with
an area of 1 cm?) were used as working and counter electrodes and an Ag/AgCl (3 M KCl) as

reference electrode.

Cathodes were prepared mixing Carbon Black (Csp-Imerys®) and lithium iron
phosphate (LiFePO4, Alees3, Taiwan) by hand-milling and adding the mixture to the dissolved
polymer in acetonitrile. The obtained slurry was drop casted onto aluminum foil discs with 11

mm diameter. The electrodes were dried under vacuum at 45 °C for 4 hours. Coin cells
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(CR2032) were assembled in an argon-filled glove box. The anode was a disk of lithium metal
foil (Rockwood lithium) and it was separated from the cathode by a glass fiber (Glass fiber
GFD/55, Whatman) soaked in a solution of 1 M LiPFg in EC:DMC (1:1 vol. %) (Solvionic). Cells

were probed using a MACCOR® battery tester and cycled between 2.8 V and 3.9 V.

2.8.3. Synthesis of (2,3-dihydrothieno[3,4-b][1,4]dioxin-2-yl)methyl 2,2,6,6-

tetramethylpiperidine-1-oxyl-4-carboxilate (EDOT-TEMPO)

4-Carboxy-2,2,6,6-tetramethylpiperidine 1-oxyl (4-carboxy-TEMPO, 0.28 g, 1.4-10° mol)
was added to a solution of (2,3-Dihydrothieno[3,4-b][1,4]dioxin-2-yl)methanol (EDOT-MeOH,
0.38 g, 2.18:10% mol, 1.6 eg.) and dimethylaminopyridine (DMAP, 0.017 g, 1.34-10™ mol, 0.1
eg.) in 10 mL of dry DCM at 0 °C. After 5 min stirring at 0 °C, dicyclohexylcarbodiimide (DCC,
0.31 g, 1.52:10° mol, (1.1 eq.) was added in 4 mL of dry DCM. After 3 days stirring at room
temperature, the solution was stored in the freezer overnight and the white precipitate was
filtered. The filtrate was washed with H,O (80 mL) four times, dried over MgSO, and filtered.
Crude monomer was purified by column chromatography using the elution 3/1 Hexane/EtOAc
to yield an orange solid (64%). The presence of the nitroxide free radical makes imposible to
measure the NMR spectrum of the monomer, therefore, it was reduced with phenylhydrazine to
obtain its hydroxylamine derivative. M.p. 98-101 °C. *H NMR (400 MHz, CDCls, ppm): 6.40 (d,
J= 4.5 Hz, 2 H), 4.44-4.23 (m, 5H), 2.76 (m, 1H), 1.86 (m, 2H), 1.74 (m, 2H), 1.27 (s, 6H), 1.19
(s, 6H) (Figure 2.12). FTIR-ATR (cm™): 3011 (C-H thiophene stretching), 2987, 2967, 2923,
2870 (C-H aliphatic stretching), 1725 (C=0 stretching), 1490, 1466, 1457, 1424, 1375 (N-O

stretching), 1255, 1239, 1190, 1164, 1122, 1100 (C-O stretching), 1075, 1035 (=C-H bending).
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MALDI-TOF: m/z = 354.14 Da, (theoretical m/z = 354.44 Da). Elemental analysis: C17H24NOsS-

(theoretical); C: 57.61; H: 6.82; N: 3.95; S: 9.05; (found); C: 57.57; H: 6.93; N: 3.95; S: 8.68.

ESR (CsHsCHs solution): three peaks with ay = 14.4 G.

CDCl; +
phenyl
hydrazine

phenyl
hydrazine

T T T
70 6.5 6.0

T T T T T T T T T T T
5.0 4.5 4.0 3.5 3.0 25 2.0 15 1.0 0.5 0o

5
1 (ppm)

Figure 2.12. 'H NMR spectra of EDOT-TEMPO monomer with phenyl hydrazine in CDCls.
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2.8.4. Electrochemical polymerization of EDOT-TEMPO and copolymes

The electrochemical polymerization of EDOT-TEMPO monomer was investigated by
cyclic voltammetry, potential step and constant current methods. Electrochemical
polymerization by cyclic voltammetry was studied in two organic media: 0.1 M LiClO4
acetonitrile and 0.1 M TBAPF dichloromethane solutions and switching the potential between
0.0 V and 1.5 V at 20 mV s™ scan rate. Electropolymerization by potential step and constant
current were carried out in 0.1 M TBAPFs dichloromethane solution, applying potentials
between 1.4 and 1.8 V for 60 s and constant currents of 0.10, 0.15, 0.20, 0.25 mA for 120s,

respectively. The monomer concentration was 107 M for all the cases.

The electrochemical copolymerizations of EDOT-TEMPO with EDOT were investigated
by cyclic voltammetry in 0.1 M TBAPFs dichloromethane solution, switching the potential
between 0.0 V and 1.5 V at 20 mV s scan rate. The total monomer concentration was 10 M
for both cases: 75/25 (7.5 10* M EDOT / 2.5 10* M EDOT-TEMPO) and 85/15 (8.5 10* M

EDOT /1.5 10" M EDOT-TEMPO).
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High Performance PEDOT/lignin Biopolymer
Composites for Electrochemical Supercapacitors
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Chapter 3. High performance PEDOT/lignin
biopolymer composites for electrochemical

supercapacitors

3.1. Introduction

The development of energy storage devices based on sustainable bio-inspired
components is nowadays heavily researched." Lignin, the second most abundant biopolymer
on earth, contains a large variety of redox-active phenolic type functional groups that enable
storage of charge.2 The development of charge storage devices based on lignin would be a
large step towards the development of sustainable devices. Lignin is also a side product in the
processing of wood for paper, and is mainly burnt to get process heat. It is used as a surfactant
in processing of cement, but such uses only cover a small fraction of the waste product use. It
is therefore a cheap and scalable material. However, lignin in itself is an insulating material.
Accordingly, it is necessary to incorporate lignin into a matrix consisting of a conducting
material, in order to allow charge transport.?”4 In this way, the conductor will transport charge to
the lignin moiety, where charge can be stored in a reversible redox reaction between the
hydroquinone and quinone forms. The first example of this approach utilized a combination of
lignin and polypyrrole.5 In addition, various combinations of lignin and conductors such as

reduced graphene oxide® or carbon nanotubes’ have been investigated since then.
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The use of conducting polymers is attractive as properties can be modified by variations
in polymer structure. We already mentioned that PEDOT is one of the most successful
conducting polymers due to its high conductivity and electrochemical and thermal stability.8
Moreover, the polymerization of EDOT monomer is facile; but the low solubility of PEDOT
makes processing of the material challenging. This drawback can be overcome by
polymerizing EDOT in the presence of a water-soluble polyelectrolyte, such as

9-13

polystyrenesulfonate (PSS). Lignin can be processed into a so called lignosulfonate,
containing sulfonate groups that, in a similar manner to the sulfonate groups in PSS, could
enable the lignosulfonate to act as both counter ion and dispersing agent.** It could thus be
considered that lignosulfonate could disperse EDOT in aqueous solution and upon EDOT
polymerization a PEDOT/lignosulfonate composite would form. Such PEDOT/lignin
(PEDOT/Lig) composites can in principle be synthesized by two different approaches: chemical
polymerization or electrochemical polymerization. Chemical polymerization allows bulk
production of polymeric dispersions, which makes chemical polymerization the method of
choice for large scale production and commercial applications. On the other hand,

electrochemical polymerization allows the deposition of homogeneous films onto the working

electrode with a well-controlled thickness and morphology.15

Therefore, the aim of this chapter is to investigate chemically synthesized PEDOT/Lig

composites and study their redox behaviour, electrochemical stability and surface morphology.
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3.2. PEDOT/lignin synthesis

PEDOT/Lig composites were synthesized by oxidative chemical polymerization, as
represented in Figure 3.1. The resulting PEDOT/Lig biomaterial is an ionic complex composite
where both PEDOT and lignosulfonates are closely combined, similar to interpenetrating

polymer networks.

"&/309
o] (o]
U + 1.6 eq. Na,S,05 / FeCly
s X H H,0; r.t.; 8h
OH
c
X=-H, -OCH; +2e, +2H*
ey
X ol -2e- -2H* | X OH
o | _  OH

Figure 3.1. Oxidative chemical polymerization of PEDOT/Lig composite.

PEDOTI/Lig composites were synthesized via chemical oxidative polymerization of
EDOT in presence of lignin, using an iron redox agent in a catalytic amount and a primary

oxidant, sodium persulfate (Figure 3.1).

The synthetic strategy of preparation of PEDOT/LIg composite was carried out

containing different EDOT/Lignin mass ratios (6:1; 7:4; 3:2; 5:4; 2:3; 1:3). The final
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PEDOT/lignin ratio was calculated from lignin quantification by UV-Vis.'® First, a lignin
calibration curve was obtained by measuring the absorbance at 202 nm of different lignin
standards with concentrations between 0.0025 and 0.20 g¢/L (Figure 3.2). Then, the
absorbance of PEDOTI/lignin dispersions was measured and the lignin concentration on the
dispersion was calculated with the calibration curve. The calculated final ratio of the
composites and the relation between the feed and product ratios are shown in Figure 3.3b, the
product ratio is quite similar to the initial feed. When PEDOT is synthesized through oxidative
polymerization with oxidizing agents such as persulfate or iron (Ill) salts, the typical molecular
weight of PEDOT is not higher than 1000 to 2500 Da (6-18 repeating units), therefore, we

assume that the molecular weight of PEDOT molecules in the composites is in the same

range."’
3
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——0.005 g/L
- 0.008 g/L -
——0.008 gL 2
2 —0.01 gL
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: . . ‘
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Figure 3.2. Calibration curve of lignin at 202 nm wavelength.
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The formation of PEDOT/lignosulfonate composites might be understood as a
rearrangement and clustering process during the polymerization synthesis giving rise to easier
charge transport. Moreover, as sulfonates in lignin carry negative charge, they are expected to
act as a charge balancing counter-ion to the positively doped PEDOT chains facilitating the

association of PEDOT chains with lignin via electrostatic interaction during the polymerization.

PEDOT/Lig composites can also be polymerized by electrochemical techniques such as
galvanostatic conditions. Electrochemical polymerization offers some advantages over
chemical polymerization, regarding the control of thickness and morphology of the deposited
film. However, chemical polymerization has other clear advantages since it allows controlling
the ratio between PEDOT and lignin in the final composites. Furthermore, it allows the
production of PEDOT/Lig composites in large scale comparing to electrochemical routes. In the
next sections, we will characterize the different PEDOT/Lig composites obtained by oxidative

chemical polymerization.

3.3. Characterization of PEDOT/lignin composites

PEDOT/Lig composites synthesized by chemical oxidative polymerization were obtained
in the form of dark blue aqueous dispersions, having different PEDOT/Lig ratios. The UV/Vis
spectra of the resulting PEDOT/Lig dispersions (as well as, for reference, the spectra of lignin
and EDOT) are shown in Figure 3.3a. The lignin-sulfonate spectrum has two distinctive peaks.
The peak at 202 nm which is assigned to the conjugated C=C of the aromatic structure and

another one at 280 nm which correspond to p-substituents in phenolic groups depending on
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the different monolignols units (coumaryl, coniferyl and sinapyl) in lignin due to their electron

donating character.'®*°

The absorption spectrum of PEDOT depends on the redox-state of the
polymer. Neutral PEDOT has an absorption band at 600 nm, caused by -T* transitions. On
the other hand, the absorption spectra of doped PEDOT has absorption maxima located at 800
nm and ~1100 nm which are attributed to polaronic and bipolaronic states.?® The absorbance
spectra of PEDOT/Lig dispersions display transitions typical of both lignin (202, 283 nm) and
doped PEDOT (800 nm, <1000 nm). The appearance of UV-Vis spectra thus confirms that

EDOT has been successfully polymerized in presence of lignosulfonate, obtaining an oxidized

PEDOT which is stabilized by lignosulfonate.

The EDOT monomer shows a maximum absorption at 260 nm, which shifts to higher
wavelengths during the polymerization, as the T system conjugation is extended as the
polymer is formed.?* Since EDOT does not show absorption at 202 nm, all PEDOT/Lig spectra
in Figure 3.3a have been normalized with respect to the lignin absorption peak at 202 nm.
Therefore, the absorption intensity of the bands between 600 and 1300 nm reveals the relative
proportion of PEDOT to Lignin in the dispersions. Inspection of the spectra accordingly allows
us to confirm that a polymerization carried out with higher relative ratio of EDOT to

lignosulfonate results in an increase of PEDOT band intensity.
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Figure 3.3. a) UV-Vis-NIR absorption spectra of EDOT (a), lignin (b) and normalized PEDOT/Lig
composites, obtained from different weight ratios of EDOT/Lignin 1:3 (c); 2:3 (d); 5:4 (e); 3:2 (f); 7:4 (g); 6:1
(h). b) PEDOT/lignin final ratio vs. EDOT/lignin feed ratio. The inset shows a table with the summary of
EDOT/lignin synthesis ratio, PEDOT/Lig final ratio calculated from lignin quantification by UV-Vis.

The thermal behaviour of PEDOT/Lig composites was investigated by
thermogravimetric analysis (TGA), performed under nitrogen atmosphere, measuring the
weight loss as a function of temperature (Figure 3.4). The signal of lignin alone is considered

1222 TGA curves show

as a control in order to compare the different PEDOT/Lig composites.
that all the PEDOT/Lig composites are stable up to 250 °C, similar to the control lignin. The
most noticeable degradation occurs between 300 °C and 400 °C, and is attributed to the
decomposition of PEDOT. The control lignin shows residual traces of 52% of the total mass

however the residual traces decrease as the content of PEDOT increases. Therefore, the TGA

results are consistent with the final PEDOT/lignin composition.
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Figure 3.4. Thermogravimetric analysis (TGA) of lignin (a) and PEDOT/Lig composites, obtained from
different weight ratios of EDOT and Lignin 1:3 (b); 2:3 (c); 7:4 (d); 3:2 (e); 7:4 (f); 6:1 (g). The inset shows a

table with the degradation temperature (T4) and residual mass obtained from TGA at a heating rate of 10
°C/min under nitrogen atmosphere.

FT-Infrared (FTIR) spectra of Lignin and 6:1, 3:2 PEDOT/Lig composites are shown in
Figure 3.5. Lignin spectrum shows peaks at 1600 and 1505 cm™ attributed to the vibrations of
aromatic ring, and bands at 1460 and 1422 cm™ related to the aromatic ring vibrations
combined with methyl and methylene C-H deformations. A broad peak is observed at 1215 cm’
! due to C—C and C—O stretching vibrations merged aromatic ring stretching modes and a
strong peak at 1040 cm™ attributed to C—O—C stretching vibrations. These results are in
agreement with the previously reported lignin spectra.23 On the other hand, all PEDOT/Lig
composites show similar spectra exhibiting bands related to both PEDOT and lignin structures.

PEDOT/Lig composites show peaks at 1500, 1380 and 1340 cm™ corresponding to aromatic
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ring vibrations in lignin and thiophene ring. Bands at 1197, 1089, 1055 cm™ are attributed to
C—O—C stretching modes in the composites, and the peak at 838 cm™ is related to C—S
stretching vibration of thiophene ring. These results are consistent with electrochemically and

chemically synthesized PEDOT.?*%°

C=C
aromatic C-0-C C-S

Transmittance (a.u.)

T T T T T T T T T T T T T
1800 1600 1400 1200 1000 ] 800 600 400
Wavenumber (cm™)

Figure 3.5. FTIR spectra of lignin (red line) and PEDOT/Lig composites of 6:1 (black line) and 3:2 (blue
line) mass ratios.

The electrochemical performance of an electrode is largely dependent on the
morphology and surface area of the electrode material. Therefore, Scanning Electron

Microscopy (SEM) and Transmission Electron Microscopy (TEM) were used to investigate the
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surface morphology of PEDOT/Lig composites. SEM images of the chemically polymerized
biocomposites of 3:2 and 7:4 mass ratio exhibit a granular-spongy morphology (Figure 3.6a-b).
PEDOT/Lig composite of 6:1 mass ratio shows the formation of aggregates because of the
existence of higher content of PEDOT (Figure 3.6c). Figure 3.7 shows TEM images of the
chemically polymerized PEDOT/Lig composites with (a) 3:2; (b) 7:4; (c) 6:1 EDOT:lignin mass
ratios. TEM images reveal that PEDOT/Lig composites form aggregates of various sizes, the
majority being 200-400 nm size. It seems that these aggregates consist of various tangles

which have a PEDOT rich inner part and a lignin rich outer part.

— S
100nm &8

300nm § PR 300 nm

Figure 3.6. SEM images of PEDOT/Lig composites chemically polymerized with the following EDOT:lignin
mass ratios: a) 3:2; b) 7:4 and c) 6:1.
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Figure 3.7. TEM images of PEDOT/Lig composites chemically polymerized with the following EDOT:lignin
mass ratios a) 3:2; b) 7:4; c) 6:1.

We can therefore hypothesize that the influence of a larger content of lignin in the
chemical polymerized biocomposites leads to greater roughness, leading to a larger surface

area which provides more accessible electroactive ions during electrochemical processes.

3.4. Electrochemical characterization

The electrochemical characterization of PEDOT/Lig composite films was carried out in
0.1 M HCIO4 aqueous solution. The polymer films were prepared by casting the dispersions
onto the working electrodes. Cyclic voltammetry measurements were performed on composites
having different PEDOT/Lig ratios in order to examine the electrochemical behaviour and
evaluate the charge storage properties. The voltage range was held from -0.2 to 0.8 V and a

scan rate of 100 mV/s was employed. The resulting cyclic voltammograms are shown in Figure
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3.8a. It is apparent that the electrochemical performance can be tuned by varying the
PEDOT/Lig ratio. The cyclic voltammograms of composites show two characteristic redox
regions. The first region corresponds to the PEDOT doped state (-0.2 to 0.35 V) and the
second one corresponds to the quinone groups formed in lignin (ca 0.58 V). The sample where
the content of lignin is three times higher than EDOT (1:3), showed no charge transport. This is
probably due to the insulating character of lignin, which dominates the oxidative polymerization
giving a non-conducting composite. The stored charge of quinones in lignin was estimated
considering the integration area of the quinone peaks and the total charge which is stored in
each PEDOT/Lig composites (Figure 3.8b), achieving an optimum relation for the 3:2 (40% of
lignin), 7:4 (36% of lignin) and 5:4 (44% of lignin) ratio of PEDOT/Lig composites. The charge
storing behaviour of 3:2 and 7:4 ratio of PEDOT/Lig composites exhibit comparable redox
activity showing well defined redox peaks with higher capacity over all biocomposites electrode
materials. Nevertheless, it is worth noticing the contribution of redox quinone activity in lignin
for 5:4 ratio. As the content of PEDOT is higher than the content of lignin for the 6:1 ratio, the
hydroquinone/quinone redox peaks of lignin decrease while PEDOT region increases. The
increase of PEDOT content clearly shows typical capacitor performance with improved charge

propagation.
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Figure 3.8. a) Cyclic voltammograms of drop-casted films of PEDOT/Lig composites at different mass
ratios, 6:1 (blue line); 7:4 (black line); 3:2 (red line); 5:4 (pink line); 2:3 (green line); 1:3 (olive line) within the
potential range of -0.2 V and 0.8 V at scan rate of 100 mV s™ in 0.1 M HCIO, aqueous solution. b) Ratio
between charge of quinones and total charge in the PEDOT/Lig composites.

Given the electrochemical properties of PEDOT/Lig, the feed mass ratios 3:2, 7:4 and
6:1 were chosen to further analyze the redox activities of the composite materials. Figure 3.9
shows the galvanostatic charge/discharge curves of PEDOT/Lig composites performed at a
current density of 1A g'1 within the potential window of 0.1 to 0.7 V. It can be clearly seen that
the 3:2 and 7:4 PEDOT/Lig mass ratios have very similar specific charge values of 28.0 mAh g
!and 27.6 mAh g'l, respectively. In contrast, the 6:1 ratio has a specific charge of 18.5 mAh g
! The charge storage capacity can thus be modified by varying the PEDOT/Lig ratio. At the
optimum content of lignin, the charge storage capacity of the conducting polymer/biopolymer
composite is improved up to 40% compared to the 6:1 PEDOT/Lig ratio. Moreover the

discharge curves show a plateau between 0.55 V and 0.35 V, which can be explained by the
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Faradaic reactions of quinones. Furthermore, it is worth noting how the charge is stored

following the capacitive behaviour of PEDOT.
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Figure 3.9. Galvanostatic discharge curves of PEDOT/Lig composite polymerized at different mass ratios,
6:1 (blue line); 7:4 (black line); 3:2 (red line); at a current density of 1A g™,

The discharge properties of each system at different current densities were also studied
(Figure 3.10). As expected, the charge stored at 1 A g':L is larger than at higher current
densities, however PEDOT/Lig composites of mass ratios 6:1, 7:4 and 3:2 show a retention of
95%, 82% and 85% respectively at 16 A g'l, suggesting a good rate capability of the

biocomposite material.
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Figure 3.10. Discharge curves at different currents of PEDOT/Lig composites: a) 3:2, b) 7:4, c) 6:1.

Cycling stability is one of the most important parameters for the performance of a
supercapacitor electrode. For this reason, the charge-discharge cycle life of PEDOTI/Lig
composites was tested applying potential from 0.1 to 0.7 V for up to 1000 cycles (Figure 3.11
and Figure 3.12). Upon cycling, the PEDOT/Lig composites showed a decrease in the initial
capacitance, which was less than 20% after 1000 cycles. The main loss occurred during the

first 100 cycles, as shown in Figure 3.11. After that the specific capacitance values of the
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original capacitor were retained by more than 90%. This loss of capacity can be explained by
degradation of the quinone groups in lignin, resulting in a loss of redox activity. The specific
capacitance and capacitance retention upon cycling are shown in Figure 3.12. PEDOT/Lig
composites for the mass ratios of 6:1, 7:4 and 3:2 show specific capacitances of 100 F g'l, 135
F g’ and 138 F g* respectively at a discharge current of 8 A g™ (Figure 3.12). The capacity

retention at 8 Ag™* current density after 1000 cycles was 87 %, 83 % and 83 % for mass ratios

of 6:1, 7:4 and 3:2.
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Figure 3.11. Cyclic voltammograms of PEDOT/Lig composites polymerized at different mass ratios: a) 3:2,

02

03 04

05

06 07

Potential / (V) (vs. Ag/AgCl)

b) 7:4, c) 6:1 within the potential range of 0.1 V and 0.7 V at scan rate of 100 mV s™.
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Figure 3.12. a) Specific capacitance and b) capacitance retention over 1000 cycles of PEDOT/Lig
composites polymerized at different mass ratios 6:1 (blue), 7:4 (black), and 3:2 (red), measure at a current
density of 8 Ag™".

3.5. Self-discharge

Self discharge is one of the main problems of conducting polymers and energy storage

devices made out of them.?®?”

Figure 3.13 shows self-discharge with open circuit potential in a
three electrode system, decaying to ca. 0.40 V for the three PEDOT/Lig composites after 16 h.
The maximum self discharge is observed for PEDOTI/Lig composite with highest PEDOT

content (6:1). Consequently, we can say that the incorporation of lignin to the composites

alleviates the self-discharge problems of conducting polymer electrodes.
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Figure 3.13. Self-discharge behaviour of PEDOT/Lig composites polymerized at different mass ratios 6:1
(blue), 7:4 (black), and 3:2 (red).

3.6. Influence of pH

The electrochemistry of quinone moieties is pH dependent due to the H* exchange
during redox reactions. Hence, it is possible to confirm the reversibility of
hydroquinone/quinone conversion during the redox process by testing it within a broad pH
range. The redox activity of PEDOT/Lig composite (polymerized at 3:2 ratio) across different
pH (over the pH range 1.0-8.0) as measured by cyclic voltammetry is shown in Figure 3.14. It
was observed that the peak potentials are shifted negatively with the increase of pH, while no
significant decrease of peak current was observed at higher pH. The linear relationship
between the peak potential and the pH value has a slope of -0.057 V/pH, very close to the

theoretical Nernstian value.” Taken together, these data indicate that the redox behaviour of
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PEDOTI/Lig electrodes is governed by two-electron two-proton processes that oxidize

hydroquinones into quinones.
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Figure 3.14. a) Cyclic voltammograms of PEDOT/Lig composites polymerized at 3:2 mass ratio at different
pHs (1.0 to 8.0) and b) corresponding calibration curve of potential versus pH.

3.7. Comparative analysis between chemically and electrochemically

polymerized PEDOT/lignin composites

PEDOT/Lig composites can be also polymerized by electrochemical techniques such as
galvanostatic conditions, as we have recently reported.”® The quality of the electropolymerized
conducting polymer layer is usually higher compared to that obtained after casting the

dispersions. This is noticeable when comparing the specific capacitance values of
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electrochemically and chemically prepared composites. A comparison of the performance of
the chemically and electrochemically polymerized PEDOT/Lig composites together with bare
PEDOT is shown in Figure 3.15. The highest specific capacitance of electrochemically
polymerized composites was found to be 170 F g'1 compared to the 138 F g'l obtained for the
best chemically polymerized composite. It is worth to mention that in both cases enhanced
specific capacitance values were obtained as compared to the standard PEDOT polymer (80.4
F g"l). Both electrochemically and chemically polymerized PEDOT/Lig composites exhibit
similar capacitance retention upon cycling, which was lower than the one observed for bare
PEDOT. On the other hand, all PEDOT/Lig composites, whether obtained by chemical or
electrochemical polymerization, showed similar self-discharge profiles, as well as comparable

redox activity among different pH values (pH range 1.0-8.0).
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Figure 3.15. a) Specific capacitance and b) capacitance retention over 1000 cycles of electrochemically
polymerized PEDOT (black) and PEDOT/Lig composites obtained by electrochemical polymerization
(green) and chemical polymerization at 3:2 ratio (red) measure at a current density of 8 Ag™.
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3.8. Conclusions

In conclusion, PEDOT/lignin composites were prepared by chemical polymerization of
PEDOT in presence of lignin using different EDOT:lignin mass ratios. The characterization of
the different PEDOT/Lig composites was presented, together with their electrochemical
behaviour in aqueous solution, which demonstrated the importance of the addition of
hydroquinone/quinone redox couple of lignin within the chemical structure of PEDOT to

accomplish a significant improvement in charge storage properties.

The highest specific capacitance obtained for the chemically polymerized PEDOTI/Lig
biocomposite was 138 F g™, acquired for the composite polymerized at 3:2 mass ratio. All
PEDOT/Lig composites retained 83 % of capacity after 1000 cycles and exhibit more than 95
% of coulombic efficiency. The evidence of higher stability values for PEDOT/Lig composites
reinforces the idea that an important synergic effect exists between both polymers compared to
the previously studied Polypyrrole/Lignin composites, where strong degradation was observed
upon cycling. Hence, PEDOT/Lig composites exhibit higher capacitive performance which is

advantageous over the performance of PEDOT without lignin for further applications.

The encouraging findings open up the possibility of scaling up PEDOT/Lig production
thanks to the chemical synthesis, satisfying the requirements of inexpensiveness,
environmental friendliness and easy processability for potential charge storage material in

supercapacitors and supercabatteries.
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3.9. Experimental part

3.9.1. Materials

3, 4-Ethylenedioxythiophene (EDOT, 99%, Acros organics), lignin derivative in the form
of lignosulfonates (LC30, M,=13400, MeadWestvaco), sodium persulfate (Na,S20s), iron (lll)
chloride (FeCls), acetonitrile (MeCN) and perchloric acid (HCIO4) (Sigma-Aldrich), were used

as received. The aqueous solutions were prepared with ultrapure deionised water (Millipore).

3.9.2. Methods

The electrochemical characterization of PEDOT/Lig was evaluated by using the
standard three-electrode configuration where a platinum wire, an Ag/AgCl (KCl sat.) and glassy
carbon electrode (GC, with area of 0.07 cm?) were used as counter (CE), reference (RE) and
working electrodes, respectively (Bioanalytical Systems Inc. USA). The potential window of the
cyclic voltammetry (CV) was cycled from - 0.2 V to 0.8 V vs Ag/AgCI by applying 20 cycles at
100 mV s™. On the other hand, the cycling stability was measured within the potential range of
0.1 V to 0.7 V vs Ag/AgCl at 100 mV s™. Galvanostatic charge-discharge cycles were
measured applying different current densities (1-16 A g'l) within the potential range of 0.1 V to
0.7 V. For the galvanostatic method, the specific capacitance (F g'l) was determined from the

change in potential and discharge time using the equation:

C = (I At)/(m AE)
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where | is the charge—discharge current, At is the time for discharge, m is the mass of the

active material and AE is the potential change during discharge.

The calculation of the capacitance was based on the mass of the whole PEDOT/lignin

composite obtained by balance weight determination.

UV-Vis spectra were acquired at room temperature on a PerkinElmer UV/Vis/NIR

Lambda 950 spectrometer.

The thermal stability of the samples was investigated by thermo-gravimetric analysis
(TGA) performed on a TGA Q500 from TA Instruments. Measurements were carried out by
heating the sample at 10 °C min™ under nitrogen atmosphere from room temperature to 800

°C.

Fourier Transform Infrared Spectroscopy (FTIR) measurements were performed at
room temperature using a Thermo scientific model Nicolet 6700 FT-IR spectrometer, applying

10 scans in transmission mode using KBr pellets.

Scanning electron microscopy (SEM) images were collected using a Zeiss Leo 1550
Gemini Scanning Electron Microscope with an acceleration voltage of 5 kV. Before imaging the
organic film (deposited onto gold evaporated onto a silicon wafer with titanium as an adhesive

layer) was coated with a 15 A W using a Leica EM SCD500 sputter coater.

Transmission electron microscopy (TEM) images were collected using a FEI TECNAI

G2 20 TWIN TEM, operating at an accelerating voltage of 200 KeV in a bright-field image
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mode. Samples were prepared by drop-casting the dispersions on a Carbon film Copper grid,

which was previously hydrophilized by a glow discharge process.

3.9.3. Chemical synthesis of PEDOT/lignin composites

The polymerization of PEDOT/lignin was accomplished by drop-wise addition of an
aqueous mixture of NayS,0s (1.5 eq. EDOT) and a catalytic amount of FeCls as oxidant to a
solution of EDOT and lignin in water, yielding a dispersion of the biocomposite material. The
oxidative polymerization was carried out under mechanical stirring at r.t. for 8 h and the
concentration of the solution was kept constant at 1% (w/v). Instantaneously upon addition of
the oxidant mixture, the EDOT/Lignin solution turned from brownish to deep blue coloured
solution. Finally, the obtained PEDOT/Lig dispersions were dialyzed with deionised water for
48 hours using a 1000 g/mol cut-off membrane and freeze-dried, yielding PEDOT/Lig as a dark

bluish powder. The overall yield of the polymerization was 85 %.

3.9.4. Electrode preparation

200 pl of homogeneous mixtures of the different chemically polymerized PEDOT/Lig
materials were deposited by drop casting onto glass, dried in the oven and finally weighed
using balance (Sartorius BP 210D). Afterwards, 1 pl of homogeneous dispersion was deposited
by drop-casting onto the prior polished GC electrodes. The deposited mass of the different
PEDOTI/Lig solutions were 8.6 ug (6:1), 10.9 ug (7:4), 7.9 ug (3:2), 8.0 ug (5:4), 7.5 ug (2:3)

and 5.5 g (1:3), respectively.
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Chapter 4. Electrochemical behaviour of
PEDOT/lignin in ionic liquid electrolytes:
suitable cathode/electrolyte system for sodium

batteries

4.1. Introduction

In the previous chapter, a new organic electrode material based on PEDOT conducting
polymer and lignin biopolymer was developed, named PEDOT/lignin. Redox active polymers
are good candidates to meet the challenging demand of green batteries due to their low

1.2

toxicity, low cost, processability and recyclability. However, they also present some

drawbacks such as low energy density, self-discharge and low cyclability.

Recently, various conducting polymer/lignin composites have been developed and
many studies have focused on the improvement of their charge storage properties,?"6 however,
their electrochemical behaviour has been just investigated in aqueous acidic media such as 0.1
M HCIO," and 0.5 M H,S0,° For this reason, these materials have only been applied so far in

supercapacitors6 and electrochemical sensors.®
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lonic liquids (ILs) have been widely investigated as electrolyte materials for batteries
due to the outstanding properties and structure versatility. In general, ionic liquids show good
ionic conductivity, low vapour pressure, low flammability, excellent chemical and thermal

stability and wide electrochemical window.®°

They are being investigated as electrolytes not
only in lithium batteries but also in other technologies such as supercapacitors, sodium

batteries, flow batteries or metal air batteries.

Sodium secondary batteries have gained great interest due to the lower price and
significantly greater abundance of sodium compared to lithium. Imidazolium and pyrrolidinium
based ILs have been studied as potential electrolytes for sodium batteries, which demonstrated

sodium deposition and dissolution with good efficiency.***?

Moreover, conducting polymers
have been proven to be good electroactive materials for sodium batteries due to their flexible

structure to reversibly host Na ions.*®

The goal of this chapter is to investigate the electrochemical behaviour of PEDOT/lignin
biopolymers in a series of imidazolium and pyrrolidinium-based ionic liquids. The effects of the
nature of the ionic liquid, type of cation/anion, water and sodium salt addition are investigated
in detall, in order to achieve the best electrode/electrolyte combination. It is expected that the
use of ionic liquids as electrolyte in comparison to the studied aqueous acidic solutions will
provide lower ionic conductivity but an enhancement of the electrochemical and thermal
stability of the device, as well as a higher output voltage.14 Previous works indicate a good
electrochemical behaviour of both PEDOT and quinone/hydroquinone moieties in ionic liquids,

15-17

showing reversible redox processes in aprotic ionic liquids. The final goal of this chapter is

to demonstrate the concept of a new battery cell using PEDOT/lignin as cathode material, the
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optimized ionic liquid as electrolyte and a sodium anode. To the best of our knowledge this is
the first conducting polymer/lignin sodium battery. We envisioned that this cell configuration
could lead to high cycling stabilities and satisfactory storage capacities, with an average

voltage higher than 2.5 V.

4.2. Selection of PEDOT/lignin composite

Figure 4.1 shows the chemical structure of PEDOT/lignin polymer and the ionic liquids
investigated in this chapter. PEDOT/lignin composites were obtained by oxidative
polymerization as in the previous chapter, but it has to be mentioned that the lignin used in this
chapter comes from another supplier. As lignins are polyphenolic compounds with no exact
regular structure and varying chemical and physical properties depending on the biological
source,'® the final PEDOT/lignin properties will not be totally identical to the previous ones. In
this case, PEDOT/lignin composites of two different weight ratios, 80/20 (PEDOTLig8020) and
60/40 (PEDOTLIg6040), have been investigated in a series of 4 ionic liquids composed of the
combination of an imidazolium (EMIm) and pyrrolidinium (BMPyr") cation with

bis(trifluoromethylsulfonyl)imide (TFSI’) and bis(fluorosulfonyl)imide (FSI’) anion.
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Figure 4.1. Chemical structure of a) PEDOT/lignin biopolymer and b) cationic and anionic species of the
ionic liquids used in this chapter.

First, the electrochemical properties of PEDOT/lignin composites were compared to
their single constituents, PEDOT and lignin, in BMPyrTFSI ionic liquid. Electrochemical stability
of the biocomposites was studied by subsequent scans. Figure 4.2 shows the 20" cycle
corresponding to PEDOTLiIg8020, PEDOTLIig6040, PEDOT and lignin in BMPyrTFSI (Figure
4.2a-b) and EMImFSI (Figure 4.2c-d) ionic liquids. PEDOT/lignin composites exhibit three
oxidation peaks, Ai-Asz, and three reduction processes C;-Cs. The first oxidation process in
BMPyrTFSI for PEDOTLIg8020 at -0.90 V (A1) is not very pronounced, which is followed by
another at -0.30 V (Az) and the third one at 0.90 V (Asz). Comparing to the single constituents
we can observe that A; corresponds to the oxidation of PEDOT chains, while Az is attributed to
the oxidation of quinone/hydroquinone groups in lignin. The anodic process Ai, which is not
presented in the single constituents CVs, is attributed to the oxidation of PEDOT as it was

observed previously in EMIMTFSL In the cathodic scan, the peak at 0.5 V (Cs3) corresponds
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to the reduction of hydroquinone groups, while the peaks at -0.3 V (C;) and -1.1 V (C,) are
related to the reduction of PEDOT chains in the composite. PEDOT presents a broad oxidation
and reduction peak at -0.3 V and -0.5 V, respectively. In this case, the potential was limited to
0.5 V to avoid oxidative breakdown of PEDOT polymer. Lignin shows an oxidation peak at 0.7
V and two reduction peaks at 0.45 V and -0.6 V, confirming that the reaction mechanism of
quinone/hydroquinone groups in lignin can take place in aprotic ionic liquid such as
BMPyrTFSI. These redox potentials are similar to the ones reported for hydroquinone in
BMImBF, ionic liquid.'” Both PEDOT/lignin composites present enhanced electroactivity and
electrostability as compared to both constituents. A similar electrochemical response was
obtained in EMImFSI ionic liquid (Figure 4.2c-d). This result demonstrates that the synergic
combination between lignin and conducting polymers is also seen when ionic liquids are used

as electrolytes, as observed with acidic aqueous electrolyte.’

Table 4.1. Anodic and cathodic potentials of the polymers investigated in BMPyrTFSI.

Polymer ANV AV AV) C(V) C(V) C(V)
PEDOTLiIg8020 -0.90 -0.30 0.90 -1.1 -0.30 0.50

PEDOTLig6040 -0.80 0.0 0.93 -0.95 -0.15 0.50
PEDOT -0.25 -0.50
Lignin 0.70 -0.60 0.45
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Figure 4.2. Cyclic voltammograms of PEDOTLig8020, PEDOTLig6040, PEDOT and Lignin-modified GC
electrodes in BMPyrTFSI (a) and EMImFSI (c). Magnification of Lignin and PEDOT cyclic voltammograms
in BMPyrTFSI (c) and EMIMFSI (d). Cycle number 20. Scan rate: 20 mV s™.
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As clearly observed, the presence of lignin in the biocomposites provides an extra redox
process increasing the specific capacity of the PEDOT electrodes. However, it is noticeable
that the current density of PEDOTLIig8020 is considerately higher than PEDOTLig6040. In
order to explain this result, it needs to be taken into account that the morphology and surface
area can also play an important role affecting the electrochemical properties. Thus, Scanning
Electron Microscopy (SEM) was used to study the surface morphology of the composites, and
compared to the single constituents PEDOT and lignin (Figure 4.3). PEDOT (Figure 4.3a)
presents granular-cauliflower type morphology, while a smoother solid like morphology was
observed for lignin (Figure 4.3b). The morphology of the PEDOT/lignin composites depends on
the weight ratio of the constituents and thus a more granular-cauliflower morphology is attained
for PEDOTLIg8020 (Figure 4.3c) as compared to PEDOTLig6040 (Figure 4.3d). Therefore, two
competitive effects were observed in our PEDOT/lignin composites. On the one hand, the
presence of lignin provides an extra redox process increasing the specific capacity of the
electrodes. On the other hand, an increase of lignin in the composites leads to lower surface

area, decreasing the accessible electroactive sites of the biocomposite.
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Figure 4.3. SEM images of a) PEDOT; b) Lignin; c) PEDOTLig8020 and d) PEDOTLig6040 powders.

4.3. Electrochemical characterization of PEDOTLig8020 in ionic liquids

Due to the superior redox activity in terms of current density, PEDOTLig8020 was
chosen to study its electrochemical behaviour in a series of 4 different ionic liquids. Figure 4.4
shows the cyclic voltammograms of PEDOTLIig8020 in pyrrolidinium and imidazolium-based
ionic liquids with TFSI" and FSI™ anions. In all the cases, PEDOTLiIg8020 presents three redox
processes (in pyrrolidinium ionic liquids oxidation reactions at -0.90 V, -0.35 V and 0.90 V and
reduction reactions at 0.5 V, -0.3 V and -1.1 V). At first glance, an increase of the current
density is observed in every cycle. This is clearly seen in Figure 4.4 when comparing cycles 1,

4, 12 and 20 where an increased current density is noticeable. This is associated, as discussed
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below, to the activation of the film layer during the ion exchange occurring throughout the
electrochemical cycling. This behaviour was previously observed for PEDOT in ionic quuids.20
This increase of electroactivity of PEDOT films should be due to an expansion of the closed
polymer structure that it is provoked by the consecutive redox processes. This indicates better
swelling of the polymer and faster ion transport after long cycling. It is well known that during
oxidation and reduction the polymer swells due to the transport of cations or anions of the ionic
liquid that might enter the structure to compensate the charges. So the cycling leads to more
active sites within the polymer which become available for the redox processes. It is important
to mention that the initial counter anions of PEDOT/lignin after the synthesis are sulfonate
groups. Thus, it seems that the exchange of these anions by the dominant bulky cation and
anion combinations of the ionic liquids needs some activating cycles. It is worth noting that
swelling of the PEDOT/lignin biocomposites by resting in the ionic liquid for three hours without

cycling is not enough to activate the material (Figure 4.5).
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Figure 4.4. Cyclic voltammograms of PEDOTLiIg8020 modified GC electrodes in a) BMPyrTFSI and
BMPyrFSI; b) EMIMTFSI and EMIMFSI ionic liquids. Cycle number 1, 4, 12 and 20. Scan rate: 20 mV s™.

111



Chapter 4

1200
1000
800 -
600 -
400 4
200 b
0

-200 4
-400

Current density (mA g‘1)

-600

-800 T T T T T 1
-15 -1.0 -0.5 0.0 05 1.0 1.5

Potential (V vs. Fc”")

Figure 4.5. Cyclic voltammograms of PEDOTLig8020 modified GC electrodes in BMPyrTFSI, after resting
3 hours. Cycle number 1, 4, 12 and 20 at 20 mV s™ scan rate.

When comparing the different ionic liquids, greater current density is seen when the
cation is imidazolium (Figure 4.4b) as compared to pyrrolidinium in the electrolyte mixture
(Figure 4.4a). This fact could be related by the higher ionic conductivity and fluidity of the
imidazolium vs. pyrrolidinium ionic liquids as will be explained later.® When comparing the
anions, the results obtained for pyrrolidinium ionic liquids are slightly different than for
imidazolium ionic liquids. In the case of pyrrolidinium, the first four scans are identical in
BMPyrTFSI and BMPyrFSI ionic liquids. However with increasing number of scans the current
density for the TFSI" IL increases to a higher extent as compared to the FSI” analogue. In the
case of imidazolium ionic liquids, the FSI” analogue shows higher electroactivity compared to

the TFSI one.
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This behaviour can be explained by analyzing the redox mechanism of conducting
polymers. The principle of electro-neutrality in conducting polymers is ensured by the charge
compensating anions incorporated or expelled from the polymer backbone during

charge/discharge. This is formally expressed by Eq. 1 and Eq. 2

{P(C'A)} = {P™, A/ (C'A)yn} +NC* +ne” (1)

{P (C*A)} + nA" = {P™, Ay ,(C*A)} + ne’ 2)

where P is the neutral polymer, P the oxidized polymer, C* the cation and A" the anion.
Several studies have proved that redox mechanism involves either the egress of cations and
also the ingress of anions which strongly depends on the size of the ions.?* During the
oxidation process of the polymer, anions from the bulk are incorporated into the polymer,
compensating the charge along the polymeric backbone.?” In the case of big cations and small
anions, the cation exchange is unexpected. Thus, due to the big size of pyrrolidinium cation
(1.2 nm radius),23 an anionic exchange will happen in the case of BMPyrTFSI and BMPyrFSI

ionic liquids; given that the TFSI" (0.8 nm radius)zs'24

anions are bigger than FSI" (0.3 nm
radius),24 they create more accessible sites during this exchange and as a result, the current
increases in greater steps with TFSI" anion. In the case of ionic liquids the transport
mechanism of the ion exchange also depends on the symmetry of the ionic liquid. Although,
those mechanisms are not completely understood, it is known that in the case of imidazolium-
based IL due to the planarity of the cation the intercalation into the conducting polymer is

easier.”® Moreover, the EMIm" cation has a smaller size (0.3 nm radius)®® compared with the

pyrrolidinium cation and TFSI™ anions, moreover, it has been reported as the main diffusing
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species for one of the redox mechanisms of PEDOT." Therefore, in the case of pure
EMImTFSI, the small EMIm® cation will be exchanged to establish the electroneutrality in the
polymer. On the other hand, pyrrolidinium-based ionic liquid is less planar and bigger in size,
and therefore we hypothesise that such cation will not be involved in the electroneutrality of the
conducting polymer. Thus, the TFSI and FSI anions will be responsible for the ion exchange
leading to lower current density, in comparison with the imidazolium-based systems.
Furthermore, as shown in Figure 4.4b, the redox peaks are sharper and the current intensity is
higher in EMImMFSI than in EMIMTFSI ionic liquid. This behaviour can be attributed to the
higher fluidity and ionic conductivity of EMIMFSI ionic liquid and the smaller ionic radius of FSI’,

which makes it a more mobile species.

4.4. Effect of water

Considering the higher current density, BMPyrTFSI and EMImFSI ionic liquids
combined with PEDOTLiIg8020 were studied in further detail. It is known that
quinone/hydroquinone electrochemistry is largely affected by the presence of protic
compounds such as water.?’ Therefore, the influence of water on the electrochemical
performance of PEDOTLiIg8020 was investigated by saturating the ionic liquid with water. The
cyclic voltammograms obtained in dry (<75 ppm H20) and wet (5100 ppm H,O) EMIMFSI are
shown in Figure 4.6. The presence of water reduces the electrochemical window by 0.5 V while
the current density is doubled. The polymer film is swollen during the first cycles due to the

water presence which increases the electrode active area. After the 5" cycle, delamination and
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subsequent dissolution diminishes the performance beyond this point (see inset in Figure 4.6).
As dissolution of the electrode material in the electrolyte is a drawback to obtain good battery

cycling performances, wet conditions were dismissed.
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Figure 4.6. Cyclic voltammograms of GC blank electrode in wet EMImFSI and PEDOTLig8020 modified
GC electrodes in dry (75 ppm H,0) and wet (5100 ppm of H,O) EMImFSI. Inset shows the dissolution of
the polymer film from the working electrode to the electrolyte upon cycling.

45. Effect of sodium salt

The effect of sodium salt on the electrochemical properties of the biocomposites is
crucial for well performing sodium batteries. Thus, different concentrations of sodium salts were

dissolved in BMPyrTFSI and EMImFSI matching the IL anion (e.g. NaTFSI and NaFSl). Figure
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4.7a depicts the 1% and 20" cyclic voltammograms of PEDOTLig8020 in BMPyrTFSI with 0, 10
and 20 mol% of NaTFSI. It is apparent that the current density decreases in presence of the
salt, probably due to less favoured physicochemical performance.ll However, the
electrochemical properties of NaTFSI/BMPyrTFSI have been reported in the literature™
exemplifying its feasibility for secondary sodium batteries even in the presence of large amount
of sodium metal cation (e.g. 0.5 M NaTFSI). Redox potentials of PEDOTLig8020 are

maintained and a slightly higher current density is obtained for higher NaTFSI content (20 mol

%) in comparison with 10 mol % NaTFSI.

EMImFSI dissolves a larger amount of NaFSI; therefore, mixtures containing 20 and 30
mol% NaFSI were studied (Figure 4.7b). The same current density is observed for the 20 and
30 mol% NaFSI mixtures. However, the two redox potentials (A1, Az), which are related to
PEDOT, are shifted to lower potentials only in the presence of 30 mol % NaFSI, while the
process related to lignin is barely modified. Upon increasing the concentration of NaFSI in
EMImFSI, the FSI" molar concentration remains constant but the EMIm® concentration is
reduced. Thus, these differences in the potential may be due to the decrease of concentration
of the mobile EMIm™ cation, which is consistent with the exchangeability of EMIm* during

charging and discharging of the polymer.
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Figure 4.7. Cyclic voltammograms of PEDOTLiIg8020 modified GC electrodes in a) BMPyrTFSI and b)
EMImMFSI ionic liquids varying sodium salt concentration. Scan 1% and 20"

4.6. Cycling stability

The cycling stability of PEDOTLIg8020 in sodium-ion conducting electrolytes was
investigated by cyclic voltammetry, running 150 cycles for each sample. Figure 4.8 shows the
cyclability of PEDOTLIg8020 over several cycles in BMPyrTFSI:NaTFSI and EMImFSI:NaFSI-
based electrolytes. The current density increases gradually upon cycling in BMPyrTFSI based
electrolytes over the measured 150 cycles. The current density also increases upon cycling for
the EMImFSI electrolyte, but it gets to a stable value after the 75" cycle. Therefore, redox
activity and stability of PEDOTLIig8020 is kept at least over 150 cycles in the studied sodium
ion conducting electrolytes, which makes PEDOTLiIg8020 a good candidate for using it as a

cathode material in sodium batteries.
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Figure 4.8. Cyclic voltammograms of PEDOTLig8020 modified GC electrodes in a) NaTFSI/BMPyrTFSI
and b) NaFSI/EMImMFSI electrolytes. Scans 25, 50, 75, 100, 125 and 150"

4.7. Full cell characterization

To further verify the potential of PEDOTLig8020 as cathode material, sodium coin cells
were prepared using BMPyrTFSENaTFSI (20 mol%) and EMImFSI:NaFSI (20 mol%)
electrolytes. The cathode was composed of 65 wt% PEDOTLIig8020, 25 wt% PDADMA-TFSI
and 10 wt% C-65, while the anode was sodium metal (Figure 4.9). It has to be mentioned that
the capacities are calculated per gram of PEDOT/lignin polymer, thus, the values are related to
the different redox processes in the composite material and not just the quinone/hydroquinone

process taking part in lignin, which would lead to higher capacity values.
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Figure 4.9. Schematic diagram of PEDOTLignin8020/sodium battery device

Figure 4.10 shows the charge and discharge profiles of pyrrolidinium (Figure 4.10a) and
imidazolium based (Figure 4.10b) cells at various scan rates. The discharge profiles exhibit an
almost linear decrease in potential due to the high content of PEDOT, demonstrating capacitor-
like discharge behaviour. The polymer electrodes show an average discharge potential of 2.6 V
and 2.8 V for pyrrolidinium and imidazolium based devices respectively, suitably serving as

cathode active materials for sodium batteries.
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Figure 4.10. Charge-discharge profiles at different scan rates for devices based on a)
BMPyrTFSI:NaTFSI(20mol%) and b) EMImFSI:NaFSI(20mol%) (voltage range 1.5 to 3.9V).

The long term cycling data is presented in Figure 4.11a. Interestingly, the capacity of the
imidazolium electrolyte device stabilises rather rapidly after only 20 cycles at a capacity of 70
mAhg™, while the capacity increase is much slower for the pyrrolidinium sample (80 cycles, 46
mAh g'l). This behaviour is in good agreement with that observed from the cyclic voltammetry
experiments (see section 4.6) where the voltammograms in the pyrrolidinium-based electrolyte
increased with cycling while in the imidazolium IL it stabilised more rapidly. This behaviour is
believed to be due to the different ionic species exchanged during the charge and discharge of
the polymer. There is a slight capacity loss of 6% observed upon long term cycling in the case
of the imidazolium electrolyte. The nature of this capacity fade is unclear and still under
investigation. In the case of current scan experiments (Figure 4.11b) the capacity also

increases with cycle number. It should be mentioned that imidazolium device was conditioned
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for 20 cycles at 25 mAg'1 until stable capacities were observed. As expected, with increasing

current the capacity drops when the imidazolium electrolyte is used although higher capacities

are attained as compared to the pyrrolidinium system (in agreement with CV and long term

cycling results). As suggested before, the reason for this is mainly the higher fluidity and

intrinsic ionic conductivity of the EMIMFSI (15.3 mS cm™)* compared to BMPyrTFSI (1.8 mS

cm’l).24 Also after running the samples at high current rates and then switching back to the

initial low current shows the capacity has regained its initial value (imidazolium sample) or

shows an even larger value as a result of conditioning (pyrrolidinium), suggesting that the

device performance is not compromised while exposing it to high currents.

a) b)
80 80
. —~ 25mAg’ SH g
o : b s rssbdidabid i
'© 60 2 60 50 mAg PP
< E ) mAg”
£ = 250 mAg”
P 5 Adssaasss
S 404 @ 404
a8 g
8 : /
5 3
2 204 2 204 /W" .—-_
= = BMPyrTFSINaTFSI (20 mol%) .
A  EMImFSI:NaFSI (20 mol%) : gmry;rs:sr\::’\::asrizss(m;? %)
mi ‘Nai moi
0 : 0

T T T

40 60 80 100
Cycle number

T T T

0 20 40 60

Cycle number

Figure 4.11. a) Long term cycling at 25 mAg™ and b) current scans at 25, 50, 100, 250, 25 mAg™ for
devices based on BMPyrTFSI:NaTFSI(20mol%) (black) and EMImFSI:NaFSI(20mol%) (red). (Voltage

range 1.5 to 3.9V).
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After the long term cycling, the rate capability was studied by cycling the samples at
various current densities in order to determine the nature of the conditioning (Figure 4.12). The
capacity dropped during the resting period to the initial value and then increased with cycling
number. The conditioning thus is highly reversible and can be related to the known rapid self-

discharge of conducting polymers.?**
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Figure 4.12. Long term cycling at 25mAg™ followed by current scans (25, 50, 100, 250 mAg™)
BMPyrTFSI:NaTFSI(20mol%) (voltage range 1.5 to 3.9V ).

Whilst the PEDOT/lignin based electrodes perform well in Na devices shown here, it
should be kept in mind that there are some inaccuracies due to the low electrode weight.
Figure 4.13 show the cycling data for different pyrrolidinium cells, while the reproducibility for
the imidazolium cells is shown in Figure 4.14. Despite the inaccuracies in the absolute

capacities, the trend remains the same.
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Figure 4.13. a) Current scans (25, 50, 100, 250, 25 mAg™) and b) long term cycling at 25mAg™ for devices
based on pyrrolidinium electrolyte (1.5 to 3.9V). The error is estimated to be less than 15%.
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4.8. Conclusions

In this chapter, we have demonstrated that PEDOT/lignin biocomposites combined the
electroactivity of both constituents, showing an enhanced electrochemical activity and stability
in ionic liquid electrolytes. The electrochemical behaviour of PEDOTLiIg8020 was studied in a
series of pyrrolidinium and imidazolium-based ionic liquids, containing TFSI" and FSI™ anions,
which demonstrated that the intrinsic properties of the ionic liquids, together with the
interchangeable species taking part in the charge/discharge of the polymer, play a major role in
the electrochemical performance. The addition of water and sodium salt were studied in order
to get the optimum electrolyte system for sodium batteries. PEDOTLignin/Sodium metal
batteries were assembled using BMPyrTFSI:NaTFSI (20 mol%) and EMImFSI:NaFSI (20
mol%) electrolytes. Discharge capacities of pyrrolidinium cells increase with cycling and get to
stable values of 46 mAh g'l after 100 cycles. On the other hand, imidazolium based cells

stabilize faster and show higher capacity values reaching 70 mAh g™.

These encouraging findings show that PEDOT/lignin and some aprotic ionic liquids are
a promising and effective cathode/electrolyte combination for developing sustainable sodium
batteries. Moreover, these results open up the possibility to use other lignin derived cathodes in
sodium batteries as well as PEDOT/lignin in other electrochemical devices using ionic liquids

as electrolytes.
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4.9. Experimental part

4.9.1. Materials

3,4-Ethylenedioxythiophene (EDOT, 99%, Acros organics), lignin alkali (Lig, Aldrich),
sodium persulfate (NazS20s, Aldrich), iron (lll) chloride (FeCls, Aldrich) and 1-methyl-2-
pyrrolidinone (NMP, 99%, Aldrich) were used without further purification. 1-butyl-1-
methylpyrrolidinium bis(trifluoromethylsulfonyl)imide (BMPyrTFSI, 99.9%, Solvionic), 1-butyl-1-
methylpyrrolidinium  bis(fluorosulfonyl)imide (BMPyrFSI, 99.9%, Solvionic), 1-ethyl-3-
methylimidazolium bis(trifluoromethylsulfonyl)imide (EMImTFSI, =98%, Aldrich), 1-ethyl-3-
methylimidazolium  bis(fluorosulfonyl)imide  (EMImFSI,  99.9%, Solvionic), sodium(l)
bis(trifluoromethanesulfonyl)imide (NaTFsI, 99.5%, Solvionic), sodium(l)
bis(fluorosulfonyl)imide (NaFSI, 99.7%, Solvionic) were used as received. Those chemicals
were opened and stored in a glovebox. The moisture content of the ionic liquids was < 150

ppm, as determined via Karl Fisher titration (Metrohm).

4.9.2. Methods

Electrochemical measurements were performed on a Biologic SP-200 potentiostat in an
Ar-filled glove box in a conventional 3 electrode set up. A platinum wire (99.95%, APS) was
used as counter electrode and a glassy carbon electrode (GC, 1mm diameter, ALS Co., Ltd.
Japan) as working electrode, which was modified with a slurry of the redox active polymer. The
reference electrodes were fabricated by immersing a silver wire into 5 mM AgOTf BMPyrTFSI

and 5 mM AgOTf EMImDCA solutions, both separated from the bulk by a glass frit and used
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respectively for pyrrolidinium and imidazolium based electrolytes. The reference electrodes
were calibrated against ferrocene/ferrocinium couple and all potentials were referenced against
Fc/Fc' couple. The slurry modified working electrodes were allowed to rest for 30 min inside

the ionic liquid before running the electrochemical measurements.

Scanning electron microscopy (SEM) images were acquired on a JSM IT 300 series

SEM at an accelerating voltage of 2 kV.

4.9.3. Synthesis of PEDOT/lignin composites

PEDOT/Lignin composites were synthesized via chemical oxidative polymerization of
EDOT in presence of lignin, using an aqueous mixture of Na,S;0g and a catalytic amount of
FeCls, accordingly to Chapter 3.> The obtained PEDOT/lignin dispersions were dialyzed with
deionized water for 2 days using 12000 - 14000 g/mol cut-off membranes and freeze-dried to
obtain PEDOT/lignin composites as powder. The initial EDOT:lignin mass ratios used were
100:0, 80:20 and 60:40 yielding to the composites named PEDOT, PEDOTLiIg8020 and

PEDOTLIg6040, respectively.

4.9.4. Synthesis of p-DADMA-TFSI binder

p-DADMA-TFSI binder was synthesized by anionic exchange reaction from the
commercially available polymer poly(diallyldimethylammonium) chloride (p-DADMAC, Aldrich,
average Mw 400,000-500,000, 20 wt.% in H,O) with lithium bis(trifluoromethanesulfonyl)imide

(LITFSI, Solvionic, 99.9%), following the synthetic procedure previously reported.31
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4.9.5. Preparation of GC modified electrodes

Redox active polymer (0.0136 g) and carbon black (0.0017 g, Timcal Ces) were gently
mixed in a hand mortar and added to a solution of PDADMA-TFSI (0.0017g, Solvet) in NMP to
obtain a composition of 80 wt % of redox active polymer, 10 wt % of Ces and 10 wt % of
PDADMA-TFSI binder. The dispersion was stirred at r.t. for 2h and 0.3 L of the slurry were
drop-casted into the 1 mm GC electrode. The electrode was allowed to dry in the fume hood for

30 min and further drying at 50 °C/vacuum for 12h.

4.9.6. Sodium cells assembly

Coin cell prototypes were prepared using CR2032 Hohsen setup (2x 0.3 mm spacer,
1.4 mm spring). Sodium electrodes were prepared rolling sodium metal (Merck) in a glovebox
and cutting out 0.9 cm diameter discs using a hole puncher. Cathodes were prepared by
applying a formulation of 65% PEDOTLIignin, 25% PDADMA-TFSI, and 10% C-65 (Timcal) in
N-methyl-2-pyrrolidine (Sigma Aldrich) onto battery grade aluminium substrate (Targray) using
a #40 wire coating bar. After evaporation of the solvent the foils were dried at 100°C overnight.
Discs were cut using a 7/16™ inch hole puncher. The weight of each individual electrode was
determined. Before assembly the cathodes were vacuum dried inside the glovebox. A solupor
separator was used (Lydall). The electrolytes for these experiments were prepared by adding

20 mol% NaTFSI and NaFSI to BMPyrTFSI and EMImFSI, respectively.

The cells were cycled at room temperature in a potential range of 1.5 to 3.9 V. The two

experiments performed were (i) a current scan experiment changing the current from 25 (20
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cycles), 50 (10 cycles) 100 (10 cycles), 250 (10 cycles) and 25 mAg'l (10 cycles) and (ii) a long

term experiment were the cells were cycled for 100 cycles at 25mAg'l. The capacities and scan

rates are calculated per gram of PEDOT/lignin biopolymer in the electrode.
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Chapter 5. High conductive PEDOT/PSTFSI

dispersions for Lithium-ion battery electrodes

5.1. Introduction

One of the most important energy storage devices nowadays is the lithium ion battery,
which is the current choice for powering portable electronic devices." Lithium iron phosphate
(LiFePO4 or LFP) is highly regarded by its environmental friendliness and cost effective
synthetic routes.? However, its main downside is its low electronic conductivity, leading to poor
rate capability.®> Nowadays, LFP is coated with carbon to enhance the electronic conductivity.*
Moreover, in order to ensure good electronic connection between the particles, electrode

formulations include apart from the active material, carbon additives and a polymeric binder.

As mentioned in the state of the art, conducting polymers are attractive materials to
implement in the configuration of electrodes due to their excellent electronic conductivity and
mechanical stability.5 Recently, various methods have been employed to design composite
electrodes of LFP and conducting polymers, which include the blending of LFP with conducting
polymers or the chemical or electrochemical polymerization in presence of the phosphate.e'8
For example, Tirado and Ahmad’s groups studied different preparation methods, such as

electropolymerization and blending, to obtain LFP composite cathode materials with PEDOT.?
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Between the studied methods, direct electropolymerization of EDOT onto the LFP cathode
showed the best cycling performances. PEDOT:PSS has also been used in LFP cathodes,
which was able to act as conducting additive and binder.” In this case, LiFePO, was added to

the conductive PEDOT:PSS dispersion for the preparation of the slurry.

As electrodes require the transport of both ions and electronic charge, the objective of
this chapter is to develop highly conductive PEDOT dispersions, which might be able to
improve also the ionic transport between the components of the electrode. For this, EDOT is
polymerized in presence of a soft ionic conductor polyanion. This polyanion would be able not
only to act as dispersant and counter-ion of doped PEDOT but also to provide ionic
conductivity. In this way, the lithiation/delithiation processes and the electronic conductivity of

LFP cathodes will be improved.

The anionic (trifluoromethylsulfonyl)imide groups (TFSI), as opposed to sulfonates, are
highly dissociated because of the extended delocalisation, improving greatly the ionic
conductivity.10 Therefore, these anionic groups have been widely implemented to improve the
ionic conductivity in different applications such as polymer electrolytes. Copolymers containing
a methacrylate bearing TFSI anion or the grafting of TFSI anions to nanoparticles***® for the
development of solid polymer electrolytes are some of the examples. Moreover, Armand and
Bonnet pioneered the synthesis of a polystyrene bearing TFSI anion (PSTFSI polyanion),
applying it as single-ion polymer electrolyte in lithium batteries.'® PSTFSI and PSS polyanions
were mixed with poly(ethylene oxide) to prepare composite membranes and they observed that
the ionic conductivity was about ten times higher for the membrane with PSTFSI compared to

the one with PSS.
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Therefore, the aim of this chapter is to synthesize and characterize an ionic/electronic
conducting network, where doped-PEDOT is stabilized by the ionic conductor PSTFSI
polyanion. For that purpose, EDOT is polymerized by oxidative chemical polymerization in
presence of PSTFSI, achieving highly conducting PEDOT/PSTFSI dispersions. The final goal
is to apply this polymer in LFP electrodes to improve the interconnection of LFP particles and

thus, enhance their cycling performance.

Recently, similar PEDOT/PSTFSI dispersions have been studied by Hofmann et al.**,
also obtained by polymerization of EDOT in presence of a PSTFSI-K polyanion, to be used as
electrode materials in organic light-emitting diodes and organic photovoltaics, but not for

electrochemical energy storage applications.

5.2. PEDOT/PSTFSI synthesis

PEDOT/PSTFSI dispersions were synthesized by oxidative chemical polymerization of
EDOT in an aqueous solution of PSTFSI-Li, as illustrated in Figure 5.1. In order to analyse the
effect of each component in the physical properties of PEDOT/PSTFSI, the polymerization was
carried out containing different EDOT:PSTFSI mass ratios (40:60, 50:50, 60:40). First, the
polyelectrolyte PSTFSI-Li was dissolved in degassed water and stirred for 30 min at 0 °C.
Then, EDOT monomer was added and after 10 min, a degassed solution containing the
oxidant (NH4)2S,0g and a catalytic amount of FeCl; were added. After finishing the reaction,

the reaction solution turned from colourless to deep blue coloured solution. The final polymer is
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an ionic complex where PSTFSI acts as dispersant and counter-ion of the positively doped

PEDOT chains.
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Figure 5.1. Synthesis of PEDOT/PSTFSI by oxidative chemical polymerization of EDOT in the presence of
PSTFSI-Li.

5.3. Characterization of PEDOT/PSTFSI dispersions

PEDOT/PSTFSI dispersions were characterized by UV/Vis spectroscopy. The UV/Vis
spectra of the dispersions obtained from different EDOT:PSTFSI ratios are shown in Figure
5.2. The three different compositions show similar spectra. The absorbance spectra of

PEDOT/PSTFSI dispersions show two main peaks, one at 800 nm related to the polaronic
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states and another one at wavelengths higher than 1000 nm ascribed to the bipolaronic states

of PEDOT.*®

Although no significant differences were observed in the UV-Vis spectra using different
EDOT:PSTFSI ratios, its appearance confirms that EDOT has been successfully polymerized

in presence of PSTFSI polyelectrolyte, achieving a doped PEDOT stabilized with PSTFSI.
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Figure 5.2. UV-Vis-NIR absorption spectra of PEDOT/PSTFSI dispersions, obtained from different
EDOT:PSTFSI weight ratios (40:60, 50:50, 60:40).

PEDOT/PSTFSI films were obtained by drop-casting of the dispersions onto glass
slides. Then, the electronic conductivity of PEDOT/PSTFSI films was measured by four-point
probe. The values obtained for the films with different PSTFSI contents and thicknesses are

shown in Figure 5.3. As expected, thinner films lead to higher conductivity values, with an
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increase of one order of magnitude from the thickest to the thinner film in each composition.

This occurs because when the thickness is decreased, the connectivity of the PEDOT/PSTFSI

domains in the film is higher, providing better connecting pathways through the film and thus,

the conductivity values are increased.
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Figure 5.3. Conductivity as a function of thickness of PEDOT/PSTFSI films, obtained from different

EDOT:PSTFSI weight ratios (40:60, 50:50, 60:40).

On the other hand, we would expect a decrease on the electronic conductivity with

higher ratios of PSTFSI, due to its insulating behaviour.'® However, comparing the films of

similar thicknesses (13-15 pm), an increase of almost two orders of magnitude is observed

from lowest (40 wt%) to highest PSTFSI ratio (60 wt%) (Table 5.1). As mentioned before, the

PSTFSI polyanion acts as counter ion of the positively charged PEDOT chains, which are the

140



High conductive PEDOT/PSTFSI dispersions for Lithium-ion battery electrodes

responsible of the electronic conduction. Thus, if PSTFSI is not in excess, as in this case, an
increase of PSTFSI content allows a higher doping level of PEDOT, enhancing the conductivity
of the material. It is worth to mention that the conductivity values of PEDOT/PSTFSI films are
similar or even higher than the ones obtained for commercial PEDOT:PSS (Clevios P) before

adding any secondary dopant.'”*®

It is known that the content of the polyanion (PSTFSI or PSS) affects the particle size of
the dispersions.’® Thus, PEDOT/PSTFSI dispersions were characterized by dynamic light
scattering (DLS) and transmission electron microscopy (TEM). The results obtained by DLS
showed that the average particle size of PEDOT/PSTFSI decreases with the increase of
PSTFSI content (Table 5.1). The dispersion obtained using a EDOT:PSTFSI ratio of 40:60
shows the smallest average particle size. Moreover, TEM images of this dispersion (Figure 5.4)
showed almost spherical domains with more than one core in each and diameter sizes smaller
than 2 um, which are in agreement with the values obtained by DLS. These domains might be
formed by the aggregation of various particles, as more than one core is observed in each
domain, which have a PEDOT rich inner core (dark part) and a PSTFSI rich outer part (light

part).

Table 5.1. Particle size and conductivity data of PEDOT/PSTFSI dispersions or films.

Number EDOT PSTFSI Z average particle Film thickness Film conductivity

(Wt%)  (wt%) size (nm) (Hm) (Scm™)
40 60 1386 14 10.2+0.5
50 50 2724 13 2.17 +0.64
60 40 2969 13 0.67 £0.07
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Figure 5.4. TEM image of PEDOT/PSTFSI dispersion obtained with EDOT:PSTFSI weight ratio of 40:60.

The thermal behaviour of the different PEDOT/PSTFSI was investigated by
thermogravimetric analysis (TGA), performed under nitrogen atmosphere, measuring the
weight loss as a function of temperature (Figure 5.5). TGA curves show that PEDOT/PSTFSI
composites are stable up to 200 °C. A weight loss of around 10% is observed between 200 and
300 °C for 40:60 and 60:40 EDOT:PSTFSI ratios, which can be attributed to the first
degradation step of PSTFSI.'® The second degradation of PSTFSI is reported to begin at about
400 °C and the third one at around 450 °C. However, these steps are not noticeable in
PEDOT/PSTFSI, instead a gradual degradation is observed above 400 °C. The most
pronounced degradation occurs between 300 °C and 400 °C, which is attributed to the

decomposition of PEDOT.*
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Figure 5.5. Thermogravimetric analysis (TGA) of previously lyophilized PEDOT/PSTFSI dispersions,
obtained from different EDOT:PSTFSI weight ratios (40:60, 50:50, 60:40).

5.4. Electrochemical characterization

The electrochemical characterization of PEDOT/PSTFSI was carried out by casting the
dispersions onto the platinum working electrodes to obtain the corresponding films. Cyclic
voltammetry measurements of different PEDOT/PSTFSI compositions were performed in 0.1 M
LiClO4 acetonitrile solutions in order to examine the electrochemical properties. The voltage
range was held from -0.6 to 1.2 VV and a scan rate of 100 mV s™ was employed. The resulting
cyclic voltammograms are shown in Figure 5.6. PEDOT/PSTFSI films exhibited reversible
oxidation and reduction during cycling, with shapes typical for polythiophene derivatives.? The
film containing higher PSTFSI content (40:60) showed the most pronounced redox peaks, with

oxidation and reduction peaks at -0.12 V and -0.28 V, respectively. However, the capacitance
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current for the PEDOT/PSTFSI with the lowest PSTFSI content (60:40) was found to be lower
and more sloping, which might be attributed to the lower conductivity of the material. It has to
be mention that PEDOT/PSTFSI 40:60 film presented electrochromic properties being dark

blue in the reduced state and sky blue transparent coloured in the oxidized state.
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Figure 5.6. Cyclic voltammograms in 0.1 M LiCIlO, acetonitrile solution of drop-casted PEDOT/PSTFSI
films obtained from different EDOT:PSTFSI weight ratios (40:60, 50:50, 60:40). Scan rate: 100 mV s™

Due to the superior conductivity and electrochemical properties, PEDOT/PSTFSI
obtained from EDOT:PSTFSI 40:60 (wt %) was chosen to study as conducting additive in

lithium-ion batteries.
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5.5. Application in Li-ion batteries

PEDOT/PSTFSI with the highest conductivity value (EDOT:PSTFSI 40:60) was used in
LiFePO4 (LFP) cathodes to improve both the electronic and ionic conductivity of the electrode.
As comparison, a standard electrode without any conducting polymer additive and another
electrode with commercial PEDOT:PSS were used. The standard electrode was composed of
89% LFP, 7% PVDF and 4% carbon, while the configuration of the electrodes containing
conductive polymers was 84% LFP, 7% PVDF, 4% carbon and 5% conducting polymer

(PEDOT:PSS or PEDOT/PSTFSI).

The cell performance at C/2 rate of the three studied cathodes is shown in Figure 5.7b.
The discharge capacities of the cells containing 5% of PEDOT/PSTFSI and PEDOT/PSS are
higher than the standard electrode, with stable capacity values of 153, 157 and 148 mAh g'l,
respectively. The three electrodes showed high coulombic efficiency, all above 97 %. This
confirms that the addition of a minimum amount of PEDOT/PSTFSI can improve the
performance of conventional LFP cathodes; moreover, comparable capacity values to

PEDOT/PSS were obtained.
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Figure 5.7. a) Schematic diagram of the battery components. b) Discharge capacities at C/2 rate except
first 2 and last 5 cycles (C/10) for the studied LFP cathodes: standard (89% LFP / 7% PVDF / 4% CB,
black), 5% PEDOT:PSS (84% LFP / 7% PVDF / 4% C / 5% PEDOT:PSS, blue) and 5% PEDOT:PSTFSI
(84% LFP / 7% PVDF / 4% C / 5% PEDOT:PSTFSI, red).

One of the main limitations of LFP batteries is the rate capability, due to its low intrinsic
conductivity.® Therefore, the rate capability of the three cells was also investigated. As shown
in Figure 5.8a, the rate capability of the standard LFP cathode is improved by the addition of
both conducting polymers, which provide higher specific discharge capacity values at every
studied rate. The voltage profiles at different rates are shown in Figure 5.8b where the
polarization of the standard cathode at high rates is noticeable. When the cells containing
conducting polymers are compared, enhanced rate capability is observed for the cathode with
commercial PEDOT:PSS, while the polarization is similar in both cases. It is worth to mention
that the formulation of the PEDOT:PSS used, as opposed to PEDOT/PSTFSI, includes
secondary dopants to increase its conductivity up to 1000 S cm™ and thus, its improved rate
capability is reasonable. Therefore, the results obtained with pristine PEDOT/PSTFSI are

promising and leave the door open for future investigations and improvements.
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Figure 5.8. a) Discharge capacity and b) voltage profile at different rates for the studied LFP cathodes:
standard (89% LFP / 7% PVDF / 4% CB, black), 5% PEDOT:PSS (84% LFP / 7% PVDF / 4% C / 5%
PEDOT:PSS, blue) and 5% PEDOT:PSTFSI (84% LFP / 7% PVDF / 4% C / 5% PEDOT:PSTFSI, red).

5.6. Conclusions

In conclusion, the synthesis and characterization of PEDOT/PSTFSI dispersions has
been presented in this chapter. EDOT has been polymerized by oxidative chemical
polymerization in presence of PSTFSI polyanion using different EDOT:PSTFSI weight ratios. In
this way, the obtained dispersions posses combined properties, the electronic conductivity of
PEDOT and the ionic conductivity of PSTFSI. Interestingly, a higher content of PSTFSI leaded
to a more conducting and electroactive polymer. These properties make PEDOT/PSTFSI a
good candidate to be used in lithium iron phosphate batteries to improve its cycling
performance. It was proved that by an addition of only 5 % of PEDOT/PSTFSI, the cycling
performance at C/2 rate of LFP cathodes was enhanced, with high coulombic efficiencies.

Moreover, the rate capability of LiFePO, batteries was also improved due to the decrease in
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the polarization of the electrodes. Therefore, it was demonstrated that PEDOT/PSTFSI can
improve the cycling performance of LiFePO, electrodes and thus, further steps should be taken
in order to replace as much as possible the conventional inactive binder and high surface area

carbon additive generally used in insulating cathode materials.

5.7. Experimental part

5.7.1. Materials

3,4-Ethylenedioxythiophene (EDOT, 99%, Acros organics), ammonium persulfate
((NH4)2S20g), iron (lll) chloride (FeCls), anhydrous acetonitriie (ACN) and dry lithium
perchlorate (LiClO4, 99.99%), were obtained from Sigma-Aldrich and used as received. The

aqueous solutions were prepared with ultrapure deionised water (Millipore).

5.7.2. Methods

UV-Vis spectra were acquired at room temperature on a PerkinElmer UV/Vis/NIR

Lambda 950 spectrometer.

Conductivity measurements were performed on a four-point probe Veeco/Miller
FPP5000 using layer resistivity function, sampling in different zones of the film more than three

times. Polymer films were prepared by drop-casting of the dispersions onto glass coverslips
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and drying at r.t. overnight. Thickness of polymer film was measured with a Digimatic

micrometer from Mitutoyo Corporation.

Particle size was measured with dynamic light scattering (DLS) using a Zetasizer Nano
Series (Malvern Instrument) at 20 °C. A fraction of PEDOT/PSTFSI dispersion was diluted with
deionized water for the analysis and the reported average particle size values represent an

average of three repeated measurements.

Transmission electron microscopy (TEM) images were collected using a FEI TECNAI
G2 20 TWIN TEM, operating at an accelerating voltage of 200 KV in a bright-field image mode.

Dispersions were diluted and then dried using a UV lamp before the analysis.

The thermal stability of the samples was investigated by thermo-gravimetric analysis
(TGA) performed on a TGA Q500 from TA Instruments. Measurements were carried out by

heating the sample at 10 °C min™ under nitrogen atmosphere from 40 °C to 800 °C.

The electrochemical characterization of PEDOT/PSTFSI was performed on an Autolab
PGSTAT302N by using the standard three-electrode configuration where platinum sheets (with
an area of 1 cm?) were used as working (WE) and counter electrodes (CE) and an Ag/AgCL (3
M KCI) as reference electrode (RE). The potential window of the cyclic voltammetry (CV) was

cycled from -0.6 V to 1.2 V vs Ag/AgCI by applying 20 cycles at 100 mV s™.
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5.7.3. Synthesis of PSTFSI-Li

The synthetic route followed for the synthesis of lithium poly[(4-styrene-sulfonyl)-
(trifluoro-methane-sulfonyl)imide] (PSTFSI-Li) is shown in Figure 5.9. First, 4-styrene sulfonyl
chloride was synthesized starting from oxalyl chloride and through the Vilsmeier—Haack
complex, as already described by Meziane et al.'® Then, the solution of 4-styrene sulfonyl
chloride in acetonitrile anhydrous was cooled down to O °C and then, a mixture of
trimethylamine (58.1 mmol), trifluoromethanesulfonamide (19.4 mmol) and DMAP (4-
dimethylaminopyridine, 1.7 mmol) in acetonitrile (previously prepared uner argon atmosphere)
was added dropwise. The reaction was placed under vigorous stirring overnight. At that point,
the acetonitrile was removed in order to make the work-up of the reaction in dichloromethane
using an aqueous solution of NaHCO3 4 wt.% (2 x 20 mL), and then HCI 1 M (1 x 20 mL). At
that point, the solvent was removed being the resulting product dissolved in ethanol. STFSI-Li
was obtained by adding an excess of lithium hydroxide over this solution. Finally, it was filtrated
to remove the excess of LiOH, and the final product was washed with acetonitrile in order to

remove any unmodified styrene sulfonyl chloride (global yield 38.7%).

The polymerization reaction was carried out by dissolving 1.0 g of STFSI-Li monomer
(3.1 mmol) in 20 mL of deionized and deoxygenated water with 2.0 wt.% of ammonium
persulfate (0.09 mmol) and leaved stirring at 80 °C under argon flow for at least one day.
Finally, the acetonitrile was evaporated in a rotatory evaporator and the final product was
dissolved in dimethyl sulfoxide and precipitated with ethyl acetate (several times) obtaining a

yellowish powder.
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Figure 5.9. Synthetic route followed for PSTFSI preparation.

5.7.4. Synthesis of PEDOT/PSTFSI dispersions

The polymerization of PEDOT/PSTFSI dispersions was carried out containing different
EDOT:PSTFSI mass ratios (40:60, 50:50, 60:40). First, the polyelectrolyte PSTFSI-Li was
dissolved in previously deoxygenized water and stirred for 30 min at 0 °C. Then, EDOT
monomer was added and after 10 min, a deoxygenized water solution containing the oxidant
(NH.4)2S20s and a catalytic amount of FeCl; were added. The oxidative polymerization was
carried out under mechanical stirring at 0 °C for 4 days and the concentration of the solution
was kept constant at 2% (w/v). After finishing the reaction, the reaction solution turned from
colourless to deep blue coloured solution. Finally, the obtained PEDOT/PSTFSI dispersions
were dialyzed with deionised water for 48 hours using a 12000-14000 g/mol cut-off membrane

and freeze-dried, yielding PEDOT/PSTFSI as a dark bluish powder.
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5.7.5. Lithium cells assembly

Carbon Black (Csp-Imerys®), lithium iron phosphate (LiFePOa, Alees3, Taiwan) and the
PEDOT/PSTFSI or PEDOT:PSS (CIeviosT'\’I PH 1000) powders, if it is applicable, where mixed
together by hand-milling and added to the dissolved polyvinylene fluoride (PvdF, Sigma-
Aldrich) in N-methyl pyrrolidone (NMP, Sigma-Aldrich). Dr. Blade was used to laminate the

different slurries over carbon coated aluminium foil.

The laminates were dried under vaccuum at 100°C overnight and then pressed at 1.5
ton cm?. Coin cells (CR2032) were assembled in an argon-filled glove box (M-Braun). The
anode was a disk of lithium metal foil (Rockwood lithium) and it was separated from the
cathode by a glass fiber (Glass fiber GFD/55, Whatman) soaked in a solution of 1 M LiPFg in
EC:DMC (1:1 vol. %) (Solvionic). Batteries were tested in a Biologic VMP3 between 2.2 V and
4.2 V. Two different experiments were performed: (i) large cycling (100 cycles) at C/2 and (ii)
short cycling at different scan rates, C/2 (10 cycles), 1C (5 cycles), 2C (5 cycles), 5C (5 cycles)
and C/10 (5 cycles). Previous to each experiment, two cycles at C/10 were performed first as a

formation step.
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Chapter 6. Conclusions

In this PhD thesis we synthesized innovative PEDOT derivatives for the area of
electrochemical energy storage systems. Overall, we demonstrated that conducting polymer
PEDOT can be modified to develop electroactive polymers, which can be employed in various

energy storage devices including lithium-ion batteries, sodium batteries and supercapacitors.

In the first part of this thesis, a novel PEDOT radical polymer was presented with
combined redox and electrical properties, named PEDOT-TEMPO. The functionalization of
EDOT monomer with a TEMPO nitroxide radical was the key to obtain the synergetic
properties. Moreover, electrochemical techniques allowed to obtain the polymer and to tune its
properties depending on the polymerization conditions. Taking advantage of its processability,
PEDOT-TEMPO polymer was applied as conductive binder in lithium-ion batteries. It was
demonstrated that it can effectively be used as conductive binder, replacing the conventional
inactive binder and reducing the amount of high surface area carbon additive generally

required in insulating cathode materials.

In the second part of the thesis, sustainable organic electrode materials were
synthesized by the polymerization of EDOT in presence of lignin biopolymer. PEDOT/Lignin

biocomposites were synthesized by oxidative chemical polymerization and their charge storage
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properties were studied in acidic agueous media. It was demonstrated that the incorporation of
lignin provided enhanced energy storage properties to PEDOT by means of its redox active
quinone moieties. PEDOT/Lignin composites exhibited high capacitance values and higher
stability values than the previous polypyrrole/lignin composites, where strong degradation was
observed upon cycling. Moreover, it was proved that oxidative chemical polymerization can be
used to scale up PEDOT/Lignin production, satisfying the requirements of inexpensiveness,
environmental friendliness and easy processability, for the preparation of electrode materials in

supercapacitors.

On the other hand, it was demonstrated that PEDOT/lignin biopolymers are
electroactive in aprotic ionic liquid electrolytes by studying their electrochemical properties in a
series of pyrrolidinium and imidazolium-based ionic liquids. The investigations about the effects
of water and sodium salt addition allowed achieving an optimum electrolyte system for sodium
batteries. The concept of a new battery cell was proved by using PEDOT/Lignin as cathode
material, the optimized ionic liquid as electrolyte and a sodium anode for the first time. Thus, it
was demonstrated that PEDOT/lignin and some aprotic ionic liquids are a promising and
effective cathode/electrolyte combination for the development of sustainable sodium batteries.
Moreover, these findings open up the possibility to use other lignin derived cathodes in sodium
batteries, as well as PEDOT/lignin in other electrochemical devices using ionic liquids as

electrolytes.

Finally, the synthesis and characterization of high conductive PEDOT/PSTFSI
dispersions were presented. EDOT was polymerized by oxidative chemical polymerization in

presence of PSTFSI using different EDOT:PSTFSI weight ratios. In this way, the obtained
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dispersions possessed the electronic conductivity of PEDOT and the ionic conductivity of
PSTFSI. It was proved that a higher content of PSTFSI leaded to a more conducting and
electroactive polymer. Taking advantage of its high conductivity, PEDOT/PSTFSI was used in
intrinsically insulating LiFePO. electrodes to improve its cycling performance. It was
demonstrated that the addition of only 5 % of PEDOT/PSTFSI was able to improve the cycling

performance and rate capability of LiFePO4 batteries.
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Resumen

La sostenibilidad energética y medioambiental son hoy en dia dos de los mayores retos
de nuestra sociedad. Durante el Gltimo siglo, se ha intensificado la basqueda por mejorar los
sistemas de almacenamiento de energia actuales para poder resolver los problemas
relacionados con la contaminacién y la disminucion de combustibles fosiles, asi como para
poder abastecer el rapido desarrollo de dispositivos electronicos portétiles, vehiculos eléctricos
y estaciones de almacenamiento de energia. En el futuro, las tecnologias de almacenamiento
de energia que se elijan, consistiran en dispositivos mas seguros y con mayores capacidades

de almacenamiento, ademé&s de materiales rentables y faciles de procesar.

Li-ion battery

Li air battery

Cost

Energy

Figura R.1. Gréfico de coste vs. energia de varios sistemas de almacenamiento de energia.
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En este contexto, los polimeros conductores son buenos candidatos para
implementarlos en dispositivos de almacenamiento de energia, debido a su facil
procesamiento, alta conductividad, bajo peso y buenas propiedades electroquimicas. Ademas,
pueden desempefiar varias funciones a la hora de mejorar las propiedades electroquimicas del
dispositivo, por ejemplo, como material de electrodo redox activo o como aglutinante
conductor. Entre los diferentes polimeros conductores, poli(etilendioxitiofeno) (PEDOT) es el
mas prometedor debido a su alta conductividad y estabilidad ambiental. Por ello, el objetivo
principal de esta tesis es sintetizar nuevos materiales basados en PEDOT para el area de

almacenamiento de energia electroquimica.

En la primera parte de esta tesis, se ha presentado la sintesis y caracterizacion de un
nuevo polimero radical de PEDOT con propiedades redox y eléctricas sinérgicas, denominado
PEDOT-TEMPO. Para ello, primeramente se realizé la funcionalizaciéon del monémero EDOT
con el radical nitroxido TEMPO. Después, se polimeriz6 el monémero mediante técnicas
electroquimicas como la voltametria ciclica. Curiosamente, la electropolimerizacion en
acetonitrilo derivé en un polimero soluble. Estas propiedades hacen que PEDOT-TEMPO sea
ideal para utilizarlo como aglutinante conductor en baterias. Se estudié su funciébn como
aglutinante en baterias de litio hierro fosfato y se comparo con los resultados obtenidos con un
aglutinante convencional (no conductor). Se demostré que el nuevo polimero puede actuar
como aglutinante conductor, remplazando asi el aglutinante inactivo convencional y
reduciendo la cantidad de carbdn afiadido. Este carbon generalmente es requerido para
mejorar la conductividad eléctrica del material catddico, pero a su vez disminuye la densidad

energética del catodo debido a su gran volumen.
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En la segunda parte de la tesis, se han preparado materiales de electrodos sostenibles
mediante la polimerizacion de EDOT en presencia del biopolimero lignina. La lignina es el
segundo biopolimero méas abundante en la tierra y contiene una gran variedad de grupos
fendlicos, los cuales son redox activos y asi permiten el almacenamiento de carga. La
obtencién de los polimeros PEDOT/lignina, se realizd mediante polimerizacién quimica
utilizando varios porcentajes de EDOT/lignina, pudiendo asi estudiar el efecto de cada
componente en las propiedades de almacenamiento de carga en medio acuoso acido. Se ha
demostrado que la incorporacién de lignina aumenta las propiedades de almacenamiento de
energia del PEDOT, por medio de sus grupos quinona. Ademas, se lograron valores mas altos
de capacitancia y mayor estabilidad de ciclado que en el caso de los anteriores compuestos de
polipirrol/lignina, los cuales sufrian una fuerte degradacion durante el ciclado. Asimismo, se ha
demostrado que la polimerizacién quimica es adecuada para la produccién de PEDOT/lignina
a gran escala, satisfaciendo los requisitos de bajo coste, compatibilidad medioambiental y facil

procesamiento, para finalmente utilizarlo como material de electrodo en supercondensadores.

SO
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+
!\ b) Polimerizacion electroquimica ,
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Figura R.2. Rutas de polimerizacién para la preparacion de PEDOT/lignina.
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Por otra parte, se ha demostrado la electroactividad de los biopolimeros PEDOT/lignina
en electrolitos liquidos aproticos, al estudiar sus propiedades electroquimicas en una serie de
liquidos i6nicos de pirrolidonio e imidazolio. Los estudios sobre el efecto del agua y la adicion
de sal sédica en las propiedades electroquimicas del polimero permitieron lograr un electrolito
optimo para realizar baterias de sodio. Asi, el concepto de una nueva bateria ha sido
presentado por primera vez, utilizando PEDOT/lignina como material catédico, el liquido idnico
optimizado como electrolito y sodio como anodo. De tal modo, se ha demostrado que
PEDOT/lignina y algunos liquidos iénicos apréticos son una prometedora y eficaz combinacion
de catodo/electrolito para el desarrollo de baterias sostenibles de sodio. Ademas, mediante
este estudio se abren nuevas posibilidades para utilizar otros catodos derivados de lignina en
baterias de sodio, asi como PEDOT/lignina en otros dispositivos electroquimicos utilizando

liquidos iénicos como electrolitos.
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Figura R.3. Esquema de la bateria constituida de un catodo de PEDOT/lignina, un anodo de sodio y
electrolito basado en liquidos i6nicos.
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Por ultimo, se ha presentado la sintesis y caracterizacion de las dispersiones
PEDOT/PSTFSI con conductividad electronica e i6nica. Para su sintesis, EDOT fue
polimerizado por polimerizacién quimica oxidativa en presencia del polimero PSTFSI usando
diferentes relaciones de peso EDOT:PSTFSI. De este modo, las dispersiones obtenidas
poseian propiedades combinadas, la conductividad electrénica del PEDOT y la conductividad
i6nica del polimero PSTFSI. El polimero mas conductor y electroactivo fue obtenido con un
mayor contenido de PSTFSI en la dispersion. Aprovechando su alta conductividad,
PEDOT/PSTFSI fue utilizado en electrodos de litio hierro fosfato, debido a su caracter aislante,
para mejorar su rendimiento durante el ciclado de la bateria. Asi, ha quedado demostrado que
la adicion de sélo un 5% de PEDOT/PSTFSI es capaz de aumentar la capacidad de carga y la

capacidad de ciclar a velocidades mas altas de los catodos de litio hierro fosfato.

En conclusién, en esta tesis doctoral se han sintetizado nuevos polimeros derivados del
PEDOT para el campo de almacenamiento de energia electroquimica. En general, se ha
demostrado que el polimero conductor PEDOT puede ser modificado para desarrollar
polimeros electroactivos, los cuales pueden ser empleados en varios dispositivos de
almacenamiento de energia, como pueden ser las baterias de litio ion, las baterias de sodio o

los supercondensadores.
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ACN

ATR
BMImBF4
BMPyr
BMPyrFSI
BMPyrTFESI
CE

CP

Ccv

DCC

DCM

DLS

DMAP
DMC

EC

EDLC
EDOT
EDOT-MeOH

EES

List of acronyms

Acetonitrile

Attenuated Total Reflectance
1-butyl-3-methylimidazolium tetrafluoroborate
1-butyl-1-methylpyrrolidinium
1-butyl-1-methylpyrrolidinium bis(fluorosulfonyl)imide
1-butyl-1-methylpyrrolidinium bis(trifluoromethylsulfonyl)imide
Counter electrode

Conducting Polymer

Cyclic Voltammetry

Dicyclohexylcarbodiimide

Dichloromethane

Dynamic Light Scattering

Dimethylaminopyridine

Dimethyl carbonate

Ethyl carbonate

Electric Double Layer Capacitor
3,4-Ethylenedioxythiophene
2,3-Dihydrothieno[3,4-b][1,4]dioxin-3-ylmethanol

Electrochemical Energy Storage

169



List of acronyms

EMIm
EMImFSI
EMImTESI
ESR
EtOAc

FSI

FTIR

GC

HMW

IL

LFP

LMW
MALDI-TOF
MMD

MS

NMP
PANI
PEDOT
PEDOTI/Lig
Ppy

PSS
PSTFSI

PT
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1-Ethyl-3-methylimidazolium

1-Ethyl-3-methylimidazolium bis(fluorosulfonyl)imide

1-Ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide

Electron Spin Resonance

Ethyl acetate

Bis(fluorosulfonyl)imide

Fourier Transform Infrared Spectroscopy
Glassy Carbon

High Molecular Weight

lonic Liquid

Lithium Iron Phosphate

Low Molecular Weight

Matrix-ssisted laser desorption/ionization time of flight
Molar Mass distribution

Mass spectrometry
1-Methyl-2-pyrrolidinone

Polyaniline
Poly(3,4-ethylenedioxythiophene)
PEDOT/lignin

Polypyrrole

Polystyrenesulfonate

Poly[(4-styrene-sulfonyl)-(trifluoro-methane-sulfonyl)imide]

Polythiophene



List of acronyms

PVDF
RE

SEM
TBAPFs
TEM
TEMPO
TFSI
TGA
UV/Vis
VPP

WE

Poly(vinylidene fluoride)

Reference electrode

Scanning Electron Microscopy
Tetrabutylammonium hexafluorophosphate
Transmission Electron Microscopy
2,2,6,6-Tetramethylpiperidine-1-oxyl
Bis(trifluoromethylsulfonyl)imide
Thermogravimetric analysis
Ultraviolet/Visible

Vapour-phase polymerization

Working electrode
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