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Chapter 1. Introduction







Chapter 1. Introduction

1.1. Electrochemical energy storage

Nowadays, most of the energy demand is satisfied by the use of the
combustion of fossil fuels, which on top of the well-recognized adverse effects on
the environment, are produced by a non-renewable source. However, due to
these environmental concerns, there is a trend for obtaining energy from wind,
solar, hydro, and geothermal power plants that necessarily need to be stored.??
Among the technologies used as energy storage systems (ESSs) to handle the
harvested energy, batteries, supercapacitors, and pseudo-capacitors stand out,

particularly lithium batteries.

The evolution of the energy density that lithium-ion batteries (LIB) can
store has been continuously increasing since its development in 1991 by Sony
(see Figure 1.1a) through new materials development and optimized conditions.
Despite the enhanced energy that LIB can store, society’s energy demand has
also increased exponentially during the last two decades (Figure 1.1.b). The main
sectors of application are electronic devices and the transport sector, which lead

to sales of more than 75,000 MWh supplied by this technology in 2016.2
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Figure 1.1. a) Evolution of the specific energy and energy density of LIBs from
1991 to 2017. b) Lithium-ion battery sales worldwide from 2000 to 2016. Others:
power tools, gardening tools, e-bikes, medical devices, etc. Reprinted with
permission from 3. Copyright 2017, Springer Nature.

However, even if LIBs have become one of the most famous technologies
in the ESSs field because of their high specific capacity density (Q, mAh Kg%)
and light-weight, some other technologies have emerged or are still needed.
Figure 1.2 shows a classification of most extended ESSs depending on their
specific power and energy. In the x-axis the specific energy (E, Wh kg?) is
depicted, which accounts for the energy that a specific device offers, while the y-
axis represents the specific power (P, W kg?), which is a measure of how fast
energy can be delivered. Capacity, energy and power are related between them

according to the following equations, being the capacity calculated in a faradaic

system as:
Q=== (Eq. 1.1)
E=QXxV (Eq. 1.2)
E

where z is the number of electrons transferring, F is the Faraday constant,

IV is the battery voltage, At time required to discharge a battery at a certain rate.



Once these parameters have been defined we can describe more in detail the
available technologies to store energy. The ideal technology should be therefore
in the top right corner of Figure 1.2 delivering large amounts of energy as fast as
required. Leaving combustion processes outside due to environmental issues
and restricted application, we can distinguish that devices EDLC (electric double
layer capacitor) or pseudocapacitors can deliver very fast small to medium
energies, respectively. In contrast, batteries can store larger amounts of energy,
but their release is not as fast as (pseudo)capacitors. Those properties are given
by their different working mechanisms, further explained in the next section, and

make them suitable for a certain application type.
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Figure 1.2. Ragone plot of the current electrochemical energy storage systems
with conventional capacitors and internal engines and turbines. Reprinted with
permission from 4. Copyright 2019, Springer Nature.

1.1.1. Batteries, supercapacitors and pseudocapacitors

The main difference between batteries and capacitors is that the first ones

are governed principally by faradaic processes, where redox reactions (reduction



and oxidation) occur in the electrodes (Figure 1.3d, deeply explained below);
whereas in the second ones, the energy is stored in the electrode/electrolyte
interface electrostatically along all the surface of the electrode. After, different
approaches have been considered to increment the energy density of capacitors
forming what is called supercapacitors: EDLC (through porous nanostructures,
Figure 1.3a) and pseudocapacitors (with faradaic additives, Figure 1.3b). As a
result of the combination of faradaic and non-faradaic architectures, devices offer
performances between EDLC and batteries with medium energy and power
densities. Hybrid architectures can be also assembled looking for synergistic

performance between non-faradaic and faradaic electrodes (see Figure 1.3c)
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Figure 1.3. a-d Different storage mechanisms: a) carbon-based EDLC, b)
pseudocapacitor, ¢) hybrid capacitor, and d) battery. Reprinted with permission
from 5. Copyright 2020, John Wiley & Sons. e-h Electrochemical response of
different based devices: cyclic voltammetry of e) EDLC and f) battery;
galvanostatic discharge of g) EDLC and h) battery. Reprinted with permission
from 6. Copyright 2014, American Association for the Advancement of Science.



Therefore, those different mechanisms give distinct electrochemical
responses. Classic rectangular shapes are obtained for supercapacitors in cyclic

voltammetries (Figure 1.3e) as they follow Eq. 1.4.
- v
Ie =Cx— (Eq 1.4)

where [, is the capacitive current, C is the capacitance (F) and dV /dt the scan
rate. Since the capacitance is an intrinsic material constant property, at a constant
scan rate, the current given must be also constant. In contrast, in battery-like
behavior, redox peaks occurs at a specific voltage (Figure 1.3f), being the current
of the peak (i,) proportional to the square root of the scan rate (v) exhibiting a
classic semi-infinite diffusion. Besides, even if the voltage position of oxidation
and reduction of battery-like materials may displace to higher and lower voltages
as the scan rate is increasing, the potential difference (AE) must remain constant.
When these devices are cycled galvanostatically, the capacitor-like behavior
shows a linear-time dependent change in potential at a constant current (Figure
1.30q), while batteries show constant voltage values since the current is employed
in the redox reaction that occurs at that potential and will not change until the

active material is all oxidized or reduced (Figure 1.3h).

Both technologies have some similarities in a sense, they are composed
of two electrodes divided by an ionic conducting material, as is observed in all
the architectures of Figure 1.3. Each electrode is composed of an active material
(AM), which stores the energy; an electronic conducting additive, to create an
electronic pathway from the redox AM to the current collector; and a polymeric
binder to tight everything together. In the case of LIB, the anode is usually made
of carbon-based active materials such as graphite; and the cathode is normally

7



composed of lithium metal oxides such as LiFePOas (LFP), LiNixMnyCo:02 (NMC)

or LINICoAIO2 (NCA).

In a LIB, when the device is charging, in the positive electrode (cathode)
the AM is oxidizing, releasing Li* to the electrolyte and electrons to the current
collector that will be delivered to the negative electrode (anode), which will use
them to reduce the AM. After, when we discharge the battery, the anode gets
oxidized releasing Li* and electrons that will be used back to reduce the cathode.

See below the half-reactions for a graphite|LFP system.

Charging: Discharging:
AnOde C6+Ll+ + e~ _)LlC6 LlC6 d CG+Ll+ + e
Cathode:  LiFePO, — FePO, + Li* + e~ FePO, + Li* + e~ — LiFePO,
Ovel‘a": C6 + LlFeP04_ =l Lle + FePO4_ LlC6 + FeP04_ - C6 +L1F6’P04_

Figure 1.4. Half-reactions of a graphite|LFP cell.

By replacing the active materials of the battery electrodes, enhanced
performances can be obtained. For instance, lithium metal (Li° and silicon
anodes are proposed for the next generation of batteries since they show much
higher volumetric capacities than carbon-based anodes (see Figure 1.5). On the
positive side, LFP is the most widely used active material for cathodes thanks
mainly to its long cycle life and stability, but some other active materials that offer
higher voltages and capacities (and hence, energy) are employed such as NMC,
despite is not as stable as LFP. Some other architectures are proposed for the
advanced ESSs such as lithium-sulfur and lithium-air batteries which offer high

capacity and avoid the use of rare elements like cobalt. However, among the

8



advanced generation of batteries, the only one that is being commercialized is

lithium metal batteries (LMB) in combination with LFP by Blue Solutions.
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Figure 1.5. Redox potential of positive and negative active materials for
rechargeable lithium batteries versus their volumetric capacities (mAh cm3).
Reprinted with permission from 3. Copyright 2017, Springer Nature.

Nonetheless, the development of LMB brings some issues that need to be
fixed for their implementation. The main reason for the failure of these devices is
the short circuit by the dendritic growth of lithium from the anode to the cathode,
closing the circuit electronically. Those dendrites are initiated by heterogeneous
plating of Li* onto Li° during the charge as can be seen from Figure 1.6. This
phenomenon occurs when Li* cannot reach the anode as fast as required either
by too fast charge or Li* slowing-down movement by interaction with other
species in the electrolyte. Therefore, to mitigate this process among other
strategies to promote homogenous Li* deposition, the battery community agree
with the use of solid-state electrolytes with high shear modulus, particularly at
least twice that of Li metal (Monroe’s criterion). Moreover, electrolytes with a high
Li* transference number, meaning most of the ionic conductivity is given by this

ion, are also proposed to avoid the Li* slowing down.
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Figure 1.6. a) Scheme of dilemma for lithium metal anode. Reprinted with
permission from 7. Copyright 2017, American Chemical Society. b) The light-grey
crystalline structures (dendrites) are forming on a lithium metal electrode. Image
by El-Cell.

Once liquid electrolytes, which are normally volatile, toxic and flammable,
are removed from the scheme; some other issues need to be fixed when using a
solid electrolyte. In liquid-based devices, the Li* diffusion to the active material is
ensured by the penetration of the electrolyte into the porous electrode. However,
this diffusion is not going to occur when solid electrolyte is used. Then, part of the
electrolyte needs to be included in the electrode formulation to have an extra
source of mobile Li* close enough to the active material. Besides, solid-solid
interfaces become significant and may have a negative impact in terms of
impedances, efficiency of electron and ion transference, voids, cracks, etc.
(depicted in Figure 1.7); in comparison with wet batteries and need to be

optimized to have a practical application.

10



Void

() Li metal/electrolyte (void) (9) Conductive additive/coated cathode (void)
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Chemical reaction

@ Uncoated cathode/electrolyte @ Li metal/electrolyte (contact)
Electrochemical reaction

(2) Coated cathode/electrolyte (contact) (&) Li metal/electrolyte (contact)

@ Conductive additive/electrolyte @ Cathode current collector/electrolyte

Grain boundary
@ Electrolyte/electrolyte (contact)
(11) Coated cathode/conductive additive

Figure 1.7. Scheme of interfacial phenomena experienced in All-Solid-State
Batteries. Reprinted with permission from 8. Copyright 2020, American Chemical
Society.

1.2. Organic Mixed lonic and Electronic Conducting materials

Organic mixed ionic-electronic conductors (OMIECs) are entirely

dominated by radical polymers and mainly 1T-conjugated polymers.
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Figure 1.8. a) Typical structure of radical polymers and common examples, b)
radicals commonly used, c) backbone polymers normally used and d) examples
of radical polymers. TEMPO: (2,2,6,6-tetramethylpiperidin-1-yl)oxidanyl,
PROXYL: 1-pyrrolidnyloxy,2,2,5,5-tetramethyl, PTMA: poly (2,2,6,6-tetramethyl-
1-piperidinyloxy-4-yl methacrylate, PGSt: poly(4-(2,6-di-tert-butyl-a-(3,5-di-tert-
butyl-4-oxo-2,5-cyclohexadien-1-ylidene)-p-tolyloxy)styrene) and PTEO: poly(4-
glycidyloxy-2,2,6,6-tetramethylpiperidine-1-oxyl).

Radical polymers are macromolecules containing a stable radical group
that is usually pending from the polymeric backbone, as shown in Figure 1.8a-d.

Conjugation doesn’t necessarily exist in this kind of polymers, where the electron

12



charge transfer occurs through hops facilitated by the dynamics of the redox-
active pendant groups. Basically, the electron charges are transported by redox
self-exchange reactions being able to transport charge across interfaces (e.g. at
current-collecting electrodes) and also through heterogeneous redox reactions.®
Depending on the choice of the pendant group chemistry, radicals can act as n-
type (electron carriers) or p-type (hole carriers) (Eigure 1.8b), which enables the
design and customization for a large variety of applications.®-12 For instance, a
nitronyl nitroxide-based system has been demonstrated to have three redox
states: p-doped state, neutral and an n-doped state, as depicted in Figure 1.9,
which is of special interest for rechargeable devices.*® The electronic conductivity
of radical polymers is around 103-10° S cm,%'4 but values of 0.3 S cm™ has

been also obtained for PTEO samples.'®

S} S} .
% N/O -e° O""‘-%/ N/O -e’ O@-..%/ 6-;0
— ——
— ——
% +e” % +e
NN- NN NN*
Aminoxyl anion Nitroxide Oxoammonium
(n-doped) radical Cation
(p-doped)
-1.0V 0.0V 1.4V

Figure 1.9. Doping states of nitronyl nitroxide.

Since 2002, when Nakahara et al. ' reported the first radical polymer-
based battery, radical polymers have been of great interest in the field of
superfast charging-discharging batteries'’2° and solar cells coupled with

perovskites.?1:22
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Figure 1.10. Common p-type and n-type conducting polymers.

Differently, conducting polymers (CPs) necessarily must have a TI-
conjugated polymer backbone, which enables the electronic conductivity.
Conducting polymers have been widely studied and their structure, electronic
transport mechanisms and applications have been reported in several books and
reviews 2324, The most common conducing polymers are listed in Figure 1.10. All
the carbon atoms in a fully Tr-conjugated molecule are sp? hybridized, forming
localized o bonds that determine the geometrical structure of the molecule. The
remaining 2p: orbitals, which are perpendicular to the chain plane, overlap
forming = orbitals through which the electrons are delocalized. The number of T
and * formed orbitals is proportional to the number of carbon atoms, exhibiting
a splitting of the energy levels as the number of carbons is doubled. Figure 1.11
represents an example of the simplest conjugated molecule based on trans-
acetylene. For long conjugated chains (trans-polyacetylene), the difference of

energy between levels becomes negligible and can be considered as continuous

14



bands along with the electrons that can flow better. The filled = band is named

the valence band and the empty n* band, is the conduction band.

CH3 C2H4 C4H8 CSHI 6 C211H2n+2
* ST —_—
‘____"4{1 m* Bond

2p

Energy

Number of Carbon Atoms

Figure 1.11. Energy levels of = and n* as a function of the number of carbon
atoms.

Nonetheless, the conduction of the most famous polymers is facilitated by
the induction of charge defects in the polymer, which reduces the energy gap
between 1T band (HOMO) and * band (LUMO) levels, forming so-called polarons
and bipolarons (two polarons close to each other) to create conjugated pathways
(Figure 1.12). A polaron can be described as a charged quasi-particle localized
along the polymer chains, stabilized by other ions acting as dopants in a
mechanism that receives the name of primary doping. Basically, the more doped
the polymer is, the better the electronic conductivity, showing higher charge
defects and hence also creating more electronic and ionic pathways. In Section
1.2.2, the most important dopants that have been studied to date are introduced.
Those who are interested in the understanding and prediction of polaronic density

state by DFT (density functional theory) and pre-DFT approaches would do well

15



by reading the article published by Zozoulenko et al.?> Until now, the progress
and conductivity of n-type conducting polymers (electron transporting) are limited

compared to p-type (hole transport).

Undoped State

Figure 1.12. Undoped, polaronic and bipolaronic states of PEDOT (poly(3,4-
ethylenedioxythiophene)) with a representation of their HOMO and LUMO levels.
A refers to a dopant that stabilizes the charge.

Since the research conducted in the 1960s on the synthesis and electronic
properties of m-conjugated trans-polyacetylene,?®=?2 considerable efforts have
been paid to the characterization, improvement of electronic transport, design
and application of -conjugated polymers. Conducting polymers have attracted
much attention in terms of mass production, due to their ease of manufacturing
and low-temperature processability relative to ceramic materials, as well as their
semi-metallic electronic conductivity at room temperature, flexibility and binding

effect. These features enable the design of wearable, light and versatile devices

16



such as transistors,?® ion pumps,®® sensors 3! electrochromic displays®? and

energy storage systems.3?

Conducting polymers are typically brittle, so one effective way to produce
them is to create a layer on a surface by vapor phase polymerization (VPP). This
method results in materials with high electronic conductivities due to the good
distribution of the material in a really thin film, which is less affected by internal
mechanical stress and other kinds of physical defects. Many studies have
focused on creating really thin layers revealing a huge impact on the final
electronic conductivity, obtaining values above 6000 S cm™.%* Another way to
synthesize them is by oxidative chemical polymerization, which is more attractive
in terms of scale-up and has resulted in high and air-stable electronic
conductivities in bulky films. Among these conducting polymers, poly(3,4-
ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS) is one of the
most ubiquitous ones. As shown in Figure 1.10, the conducting agent, PEDOT,
is accompanied by the polyelectrolyte polystyrene sulfonate (PSS), which acts
not only as a dopant with its SO* groups but also influences the water solubility
of the final compound, the ability to create self-standing films and certain extra

ion conduction.

There has been a fundamental development in the design of new
functionalized OMIEC systems that can be sorted into different categories, as
reported by Paulsen et al.®® The stabilizer that accompanies the conducting
polymer can be split into those that intrinsically have an ionic charge such as PSS
(Figure 1.13 1, ll, V) and those whose ionic conduction mechanism is based on
the solvation of external ions (salts into a polymer electrolyte) (Figure 1.13 Il, IV,

VI), where the ionic species need to be incorporated. This stabilizer can be
17



attached to the conducting polymer, forming block copolymers or just mixed to
obtain blends, showing in both cases regions that are predominantly ion
conductors and other areas that are predominantly electron conductors. This
leads to different types of OMIECs according to Paulsen et al.3>: blends with
either ionic polymers (Type 1),3¢ or ion solvating polymer electrolytes (Type I1),37:38
and block copolymers with ionic polymers (Type 111)*° or ion solvating polymer
electrolytes (Type 1V).*%4 Finally, the conducting polymer can exhibit the ionic
and electronic conduction simultaneously throughout a single material, without
segregation of the charge transfers, by functionalization of the conducting
polymer. Two further types appear regarding this variable: conjugated polymer
with ionic charge bearing compound (Type V)*? (counterbalanced by either ions,
or forming a self-balanced zwitterion); and conjugated polymer with ion solvating
side-chains (Type VI1).#® Other classifications can be also found in literature with
redox-active moieties, more biocompatible stabilizers or even radical polymers,

which could be considered for another classification.2°
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Figure 1.13. Material classes of OMIECs: a) Heterogeneous blends of an
electronically conducting conjugated polymer with (I) an ionic charge bearing
polyelectrolyte or (Il) an ion solvating polymer electrolyte. b) Heterogeneous
block copolymers of an electronically conducting conjugated polymer with (I11) an
ionic charge bearing polyelectrolyte or (IV) an ion solvating polymer electrolyte.
c) Fully conjugated (V) ionic charge bearing polyelectrolytes and (VI) ion solvating
polymer electrolytes. Reprinted with permission from 5. Copyright 2019, Springer
Nature.

The extensive range of OMIECs that can be designed reflects the large
array of target applications and optimization variables. The use of one OMIEC
over another for a specific application is usually due to the compatibility with other
parts of the device, physic-chemical or electrochemical stability, processability or
conductivity values. For this reason, a more thorough characterization is required
for the improvement of a wide variety of gadgets whose performances are
completely affected by the features of OMIECs and specifically where the ionic

transfer is crucial. Even though there are some reports of the ionic and electronic
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characterization of OMIECs, there is still a gap in the full understanding of ionic
transport and especially the ionic-electronic coupling due to their ion carrier

properties being overlooked and unnoticed until quite recently.

To have an idea of the values of conductivity involved in this kind of
materials and have a comparison with inorganic mixed ionic and electronic
conductors, Figure 1.14 summarizes the reported works so far. Normally,
inorganic MIECs stand out for their ionic conductivity remaining their electronic

conduction quite low in contrast to OMIECSs. In Section 1.2.2. a deeper discussion

about the highest values reported until now will take place.
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Figure 1.14. Electronic and ionic conductivity values of different materials. a:
Nafion; b: poly(diallyldimethyl ammonium chloride)/poly(2,6-dimethyll,4-
phenylene oxide); c: poly(4-styrenesulfonic acid); d: poly(ethylene
oxide)/poly(acrylic) acid/multiwalled carbon nanotubes); e: polyvinylidene
fluoride/polyethylene oxide/propylene carbonate/ LiClIOs4 ; f.  (lithium
bis(oxlate)borate and lithium tetrafluoroborate)/1-ethyl-3-methyl-imidazolium
tetrafluoroborate; g: LICF3SOs/poly(methyl methacrylate), LiClO4/poly(methyl

methacrylate), and LiClOa/propylene carbonate/ethylene
carbonate/dimethylformamide/poly(acrylonitrile); h: LiioGeP22S12; i: Ag2HfSs; j:
Ag2S; ki LissVosGeosOs; |@ Ceo0sGdo202d4 —CoFe20s4; m: poly(3,4-

ethylenedioxythiophene):polystyrene sulfonate; n: poly-[1-methyl-3-(pyrrol-I-
ylmethyl)pyridinium perchlorate]; o: Polyaniline p: Polypyrrole; q: poly(3,4-
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ethylenedioxythiophene):polystyrene sulfonate/ nanofi brillated
cellulose/dimethyl sulfoxide/polyethylene glycol; r/s: GaAs; t: Nichrome; u: Ag.
Reprinted with permission from 44, Copyright 2015, John Wiley & Sons.

1.2.1. Poly(3,4-ethylenedioxithiophene)

Amon all the conducting polymers available, PEDOT (introduced in Figure
1.10) has attracted the attention of the researchers for practical applications due
to its good stability, easy processing and high conductivity. It was chemically
prepared for the first time in the 1980s by Bayer AG.*°> Nowadays, it is commonly
prepared by VPP or electrochemically when it is required for the application but
low amounts of material are produced by these techniques. It is considered more
practical the oxidative chemical polymerization for the synthesis of large amounts
of material. EDOT monomer can be polymerized using different oxidants: FeCls,
Fe(OTs)s, Na2S20s (NH4)2S20s. The overall polymerization can be divided into
two major steps (Figure 1.15). First, monomers are polymerized through oxidative
polymerization, resulting in the undoped neutral polymer (Figure 1.15a-d). After,
the neutral polymer chain is doped with the excess of oxidant, being stabilized
with the presence of anions, yielding a conducting polymer (Figure 1.15e). Going
more in detail into the oxidative polymerization, the reaction can be divided into
three steps: (1) oxidation of EDOT monomer into a radical cation (Eigure 1.15a)
followed by (2) its coupling with another radical cation and re-aromatization
forming dimers (Figure 1.15b) and (3) final chain propagation through oxidation
and recombination of oligomers (Figure 1.15c-d). This procedure yields a dark
blue precipitated PEDOT polymer that can be easily filtered unless it is combined
with some other additives such as polystyrene sulfonate (PSS) to give a water-

processable material.
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Figure 1.15. Scheme of oxidative polymerization of PEDOT. Ox.: oxidant; A"
anion.

It is worth mentioning that PEDOT is normally a very fragile material s a
consequence of its rigid structure and short polymeric chains. It is believed that
the molecular weight of PEDOT does not exceed 1,000 to 2,500 Da (6-18
repeating units).*® Therefore, it is usually accompanied by stabilizers such as

PSS, being commercialized (i.e. Clevios) for a large variety of applications.
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1.2.2. Dopants and additives

As explained in the previous section, conducting polymers in their oxidized
state form positive charges that need to be counterbalanced by anions to stabilize
this doped state. These counter ions are called dopants. Acidic compounds have
been commonly used to dope PEDOT, PANI and PPy, such as hydrochloric acid
(HCI), sulfuric acid (H2S04), triflic acid (CF3SOsH), p-toluene sulphonic acid
(PTSA) and dodecyl benzene sulfonic acid (DBSA).#’-°! Besides, DFT
calculations have shown that protons also dope PEDOT predominantly by the
most favorable interaction with the a-position of thiophene in a doping/de-doping
fully reversible mechanism.>? Other ways to boost the electronic conductivity of
these polymers are through electrochemical doping®3 or by the addition of polar
solvents (methanol, dimethylsulfoxide, ethylene glycol)** to PEDOT:PSS to
promote phase segregation between PEDOT and PSS, namely secondary
doping, as depicted in Figure 1.16. Rich cores of PEDOT are normally
surrounded by isolating PSS, which after secondary doping, detach from PEDOT
creating more continuous and conducting particles of PEDOT. In addition to all of
these techniques to improve the electrical transport, organic-based additives can

be incorporated (see Section 1.2.2.1) or hybrid systems (more focused on

thermoelectric applications) can be designed as supplementary approaches. In
this way, electronic conductivity values ranging from 10t S cm™ to semimetallic

values have been reported.44:5955
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Figure 1.16. Phase segregation between PEDOT and PSS.

1.2.2.1. Organic based additives

lonic liquids (ILs) emerged highlighting their electrochemical stability, high
ionic conductivity and safer properties versus the flammable and volatile
conventional electrolytes.>®5” The addition of ILs to conducting polymers has
improved ionic-electronic conductivities and Seebeck coefficient (induced
thermoelectric voltage in response to a temperature difference) without losing
mechanical properties.>>%8 Although the mechanism is not fully clear, a
secondary doping is believed to be coming from an ion exchange as depicted in
Figure 1.17, followed by the below-described phase segregation, where PEDOT
incorporates IL anions and PSS the cations. Through free energy calculations
using DFT, Izarra et al. showed that among various ILs the most efficient pairs
were the ones with the lowest binding energies, meaning the least tightly bound,
which lead to more favorable and spontaneous ion exchange, and also with p-
doping power.>® The extra Seebeck coefficient has been explained by several

authors by an ionic Seebeck effect.®°
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Figure 1.17. a) lon exchange of PEDOT:PSS with ionic liquids and b) commonly
used ionic liquids.

Untreated, commercially available PEDOT:PSS (Clevios PH1000)
typically presents an electronic conductivity lower than 1 S cm™ at room
temperature,®® while the incorporation of an IL can successfully achieve values
of 1000-2000 S cm™.366263 The enhancement in the electronic conductivity

typically comes accompanied by a higher electrochemical response as well.

1.2.3. Organic lonic Plastic Crystals (OIPCs)

OIPCs are considered the solid-state version of ILs. lonic liquids are
usually composed of such big ions that do not let the structure crystallize
remaining amorphous. OIPC trend to contain smaller ions than ILs enabling
crystallization. Therefore, OIPCs are basically crystalline salts at room
temperature which still have dynamics in the structure as depicted by Yoshizawa-

Fujita et al. (see Figure 1.18).%* To distinguish an OIPC from an ordinal salt
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Timmerman'’s criterion is used, which defines that the entropy of fusion (AS;) must
be < 20 J K mol? as a consequence of their rotation and diffusion in the solid
state. As a matter of these dynamics, it is also common to observe different solid-
solid phase transitions at certain temperatures (Ts_s) meaning different orderings

of these complex salts.

Figure 1.18. General structure representation of OIPCs. Reprinted with
permission from 64, Copyright 2022, The Chemical Society of Japan.

Figure 1.19 collects common ions (with their abbreviations) whose
combinations can be found in literature satisfying Timmerman’s criterion. In the
field of electrolytes, it is clear that amorphous structures lead to higher ionic
conductivities than crystalline ones. Nonetheless, OIPCs have shown quite high

ionic conductivity to be considered for ESSs.
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Figure 1.19. Typical OIPC ions are categorized into protic and aprotic depending
on the availability of labile proton(s). Reprinted with permission from 5. Copyright
2019, Elsevier.

OIPCs have shown good interactions with the surrounding species
involved in the final device and have been used as electrolytes in different type
of devices. For example, the cation C2mpyr™ has been combined with FSI anion
and blended with LiFSI and a solid polymer electrolyte (SPE) for LIB showing
conductivities around 10* S cm™ at room temperature and good performance in
Li|LFP cell (150 mAh g at 0.2C).%% Same cation has been also combined with
TFSI anion for sodium-ion batteries (incorporating NaTFSI) reaching 10* S cm™*
at 60 °C.57 They have been also employed in EDLCs such as Cimpyr(FH)2F with

activated carbon reaching values above 220 F g for 300 cycles.®®
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1.2.4. Charge transport

Electronic conduction has been investigated for many years in -
conjugated polymers as well as the ionic transport in polymer electrolytes and

polyelectrolytes. In the following Sections 1.2.4.1-1.2.4.4 their mechanisms of

transport and coupling in MIECs will be expounded with the latest models and

techniques of characterization.

1.2.4.1. Electronic transport

In non-conjugated radical polymers, the electronic conduction occurs via
electron hopping (Figure 1.20a), which is thermally activated between pendant
radical sites by self-exchange reactions. They can also transfer charge through
heterogeneous redox reactions and across interfaces (e.g. at current-collecting
electrodes).® The distance between radical sites has been demonstrated to play
a key role in efficient charge transfer to occur.'? An electron transport assisted
via the segmental motion of the pendant groups has been proposed by Yu et al.,
(Figure 1.20f), which implies a disorder dependence.® The addition of lithium salt
to a TEMPO-based polymer (PTEO), increases the chain dynamics, promoting
an improvement of the electronic conductivity across long channel lengths in a

synergistic step where the ionic conductivity is enhanced as well.
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coupling. Electronic conduction given by a) thermally activated hopping and b)
band-like transport. lonic-electronic coupling given by c) directly electrostatic and
d) indirectly electrostatic. lonic conduction e) through liquid and f) facilitated by
the segmental motion of the polymer.

In conducting polymers, in addition to the degree of doping, the ordering
of the chains, which is directly influenced by the surrounding environment, also
plays a key role in the efficiency of the charge transport. The movement of the
electrons can take part along the backbone of the conducting polymer or across
n-stacked backbones (Figure 1.20b). A high degree of m-conjugation allows the
electrons to move along less-interrupted pathways through delocalized 1r-orbitals
and between molecules where there is sufficient m—m overlapping. DFT
calculations on neat and crystallites of doped PEDOT have demonstrated that
the intra-chain ordering is considerably more efficient than the inter-chain
transfer.®® The disorder of the conducting polymer normally limits the
delocalization of charge carriers and overlap, which leads to charge transport
occurring as a series of thermally activated jumps between states with a favorable

distance and energy that can be described by different models.” In contrast,
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when the ordering is good enough, the conducting polymer can display diffuse
band-like electron transport. Electronic conductivity values of 8800 S cm have
been obtained for single-crystal PEDOT nanowires where highly ordered
diffraction spots were observed.”* Several works have reported the electronic
conduction behavior versus temperature resulting in a typical semi-metallic

behavior with a thermally activated mechanism.’27"3

Several characterization techniques have been employed to explain
electronic transport. UV measurements are typically used to qualitatively quantify
the amount of neutral, polaronic and bipolaronic states of a conducting polymer,
which is directly related to the doping degree. Figure 1.21a shows an example of
electrochemically doped poly(3-hexylthiophene-2,5-diyl) (P3HT), where the more
oxidized compound shows no neutral states (below 600 nm), just polaronic (600-
1200 nm) and bipolaronic states (>1200 nm).>3 X-ray based systems, such as X-
ray diffraction (XRD), wide-angle X-ray scattering (WAXS) and small-angle X-ray
scattering (SAXS) have been extensively employed to measure the degree of
ordering of lamella interchain stacking and interchain m-rr stacking, which is given
by the intensity of the peaks related to the [1 0 0], [2 0 0] and [0 1 O], [0 2 O]
signals respectively. In Figure 1.21b, grazing incidence WAXS spectra are shown
which demonstrate the ordering of PEDOT:PSS blends with different loads of 4-
(3-Butyl-1-imidazolio)-1-butanesulfonic acid triflate, exhibiting a much better
stacking of PEDOT chains with 45.5 % loading.”* Finally, in addition to FTIR
(Fourier transform infrared) and X-ray photoelectron spectroscopy (XPS), which
are commonly used to analyze structural changes and the interaction with
different additives by the appearance of peaks or the shifting or intensity changes

in the peaks, AFM is a useful technique to observe the PEDOT-PSS phase
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segregation, where an example is presented in Figure 1.21c for a PEDOT:PSS

LITFSI system.®?
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Figure 1.21. a) UV spectra of electrochemically doped P3HT. Reprinted with
permission from 53. Copyright 2020, American Chemical Society. b) GIWAX
measurements of PEDOT:PSS with different loadings of 4-(3-Butyl-1-imidazolio)-
1-butanesulfonic acid triflate ionic liquid. Reprinted with permission from 74,
Copyright 2017. ¢) AFM images of the phase segregation created by doping
PEDOT-PSS with LiTFSI. Reprinted with permission from 2. Copyright 2017,
Royal Society of Chemistry.

1.2.4.2. lonic transport

The ionic conduction can introduce new and diverse variables to a system
that can sometimes result in a system being too complex to analyze. lons can be
multivalent, exist in multiple species and induce ion exchange, form pairs and
larger clusters, be solvated and interact with traces of solvent. The ionic

transference in a certain material is quantified as ionic conductivity (o;,,;.), Which
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represents the sum of the different ionic conductivity values of each mobile ionic
specie, i. The contribution of each ion to the total conductivity is given by the

transfer number (t;). These parameters are mathematically related by Eq. 1.5.
Oionic = i tiGionic,i (Eg. 1.5)

The ionic conductivity of an ion, i, is a function of the ion charge (z;),
number density (n;), elementary charge (e) and mobility (y;) as follows the next

equation:
Oionici = |zilniep (Eq. 1.6)

And finally, the ion mobility and diffusivity (D) are related by the Einstein

equation (Eq. 1.7):

D, = HiksT (Eq. 1.7)

e

where kg is Boltzmann’s constant and T is temperature.

When one of the ions is a polymer, the mobility of such an ion can be
considered negligible versus small molecules. This effect has a particular interest
for some applications when only the movement of a specific ion is required or
desirable for a good performance. For instance, lithium-ion batteries where a high
transfer number of lithium is required for the electrolytes, to prevent polarization
of the system which typically ends up with the growth of lithium dendrites, causing

a short circuit, or in ion pumps that deliver specific analytes.

The measurement of this parameter is quite sensitive to moisture and all

the characterization related to it needs to be performed in a glovebox, under inert
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atmosphere. The presence of liquid electrolyte or solvent wets and swells
OMIECs, causing ion transfer to occur more rapidly through solvated ion vehicle
transport (Figure 1.20e), making other contributions negligible. In dried films, the
ion motion proceeds through ion hopping coupled with the segmental motion of
the polymer side chains or backbone (Figure 1.20f). lons can be solvated by
either carbonates or ethers, radicals, polyelectrolytes or any moiety that could

interact with them adding more degrees of freedom to flow through.

The ionic conductivity is typically obtained by measuring the ionic
resistance and taking into account the geometry of the sample as described in

Eqg. 1.8.

Oionic = 7. 4 (Eq 1-8)

Rionic A

where t is the thickness and A is the area of the sample. Electrochemical
impedance spectroscopy (EIS) has been widely used, not only to measure the
ionic conductivity but also the number of transference in the field of electrolytes,
showing a totally different behavior than mixed conductors, and this will be

explained in Section 1.2.4.4. Plots of log (o;onic) Versus 1000/T following the

Arrhenius equation (Eq. 1.9) are typically presented in studies of ionic

conductivity to evaluate the conductivity dependence with temperature.

Oionic = Op €XP (R_Ta) (Eq 1-9)

where o;,,ic 1S the ionic conductivity, g, is the pre-exponential factor, E, is the
activation energy, R the universal gas constant and T the absolute temperature.

It is desirable to have high ionic conductivities with low activation energies that
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enable the conduction at room temperature, avoiding the need for activation by

temperature.’®

Despite the unnoticed and underestimated ionic contribution of CP, ionic
conductivities of 0.02 S cm™ have been reached for high relative humidity
systems (PEDOT:PSS — nanofibrillated cellulose (NFC) at 80 % relative humidity
(RH)).** Nonetheless, the bottleneck for dried systems is around the values of

solid polyelectrolytes/polymer electrolytes, 103-10* S cm™.

1.2.4.3. lonic-Electronic coupling

Overall, while a high crystallization of the conducting polymer results in
high electronic conductivity, it limits the ionic dynamics. In fact, many works have
used the suppression of crystallinity for the improvement of the ionic conductivity.
6,77 The addition of lithium salts to polymers that can solvate it, such as PEO; a
common electrolyte, used since the 1980s thanks to Professor M. Armand,
diminishes the crystallinity of the polymer (PEO) enabling the ion conduction.”
However, there are studies reported that have included lithium salts to polymer
electrolyte (e.g. polyvinylpyridine or PEO) based OMIECs resulting in an
enhancement of both conductivities.®373841L79  The mechanism of this
controversial behavior is not fully understood. In any case, the coupling between
electronic and ionic species is fundamental for batteries, solid-state electronics

and energy devices, though its study is in a steady state.

The addition of ionic dopants allows for strategic ionic—electronic coupling
that could lead to electronic structural modifications and consequently modulate

the electronic conduction in these materials. Due to the intrinsic demand of
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charge balance in all systems, for there to be a presence of an electronic charge,
a stabilizing excess ionic charge with the net opposite sign is required.
Conducting polymers combined with just polymer electrolytes need the inclusion
of mobile ions to stabilize the doping state, while OMIECs stabilized by
polyelectrolytes do not need extra ions. The ionic-electronic coupling can proceed
directly (Figure 1.20c), via electrostatically charge transference (for instance the
protonation of PANI)® or is facilitated by a self-exchange reaction (radical
polymers),® and the subsequent dragging of ions. But also can proceed indirectly

as it is represented in Figure 1.20d.3°

EIS has been used to deconvolute the electronic and ionic conductivities,

which is explained in Section 1.2.4.4, and also the ionic-electronic coupling by

measuring the volumetric capacitance or the electrochemical density of states.&-

82

The geometry, size, as well as intended application govern the direction,
speed and dimension along which the ions and electrons flow. The reason why
conducting polymers are often employed as thin films (from nm to um) is because
the ionic/electron transport is always more favorable along the surface than
across the defects and layers of thickness. For instance, in applications such as
batteries, where the ionic and electronic transport take place across the film (see
Figure 1.22a), the best performances are reached for really thin films that show
highly active cyclic voltammograms, while in thick films, that activity drops. Not
only do the theoretical transport mechanisms matter, but also the dimension and
geometry of the designed devices play key roles in the electronic transport, which

should also be considered in their scalability and understanding.
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Figure 1.22. Electronic and ionic transport in batteries depicted with yellow and
pink arrows, respectively. Current collectors, electrodes and electrolyte are
represented with grey, dark and light blue colours, respectively.

1.2.4.4. Charge transport analysis

Electrochemical Impedance Spectroscopy (EIS) is a powerful
characterization technigue that applies a small AC voltage to an electrochemical
cell and then measures the frequency-dependent complex impedance through
the cell. This kind of measurement results in real and imaginary components that
are typically represented in Nyquist plots, providing information about the ionic
resistance and store charge respectively, in different processes occurring in the
sample. EIS has been largely used to extract the mobility and conductivities of
ionic** and electronic transport.83 Even though some systems are satisfactorily
modeled with simple circuits, mixed conductors generally have some more

complex impedance spectra.
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These Nyquist plots must be interpreted by fitting an equivalent circuit that
is a representation of what is happening electronically in a sample. That
equivalent circuit must have a physical meaning, considering the involved
processes in a certain material, and taking into account that complex equivalent
circuits can fit any Nyquist plot, but might not have a comprehensive sense.
Different elements can be used such as resistances (R), capacitors (C), constant
phase elements (Q), Warburg impedances (W), or inductors (L), that can be
combined in serial or in parallel depending on the material and can have
completely different meanings. Whereas serial connections are related to layer-
by-layer materials or sequential elements, parallel ones refer to different
pathways along which species can flow simultaneously. Although many systems
are suitably modeled with simple circuits, OMIECs sometimes present some

complications in finding the perfect equivalent circuit.

In ionic conductors, the common shape of graphs is a single semicircle
followed by a tail at low frequencies, as represented in Figure 1.23a with a
common equivalent circuit for electrolytes. Contrarily, in OMIECs, when the order
of the ionic and electronic conductivity values are similar to each other, two
semicircles appear (see Figure 1.23b). Nonetheless, ionic conductivity is usually
much lower in conductive polymers than the electronic conduction and for this
reason, only one semicircle attributed to the ionic conduction appears because
the electronic resistance is negligible and not possible to measure with this
technique, as demonstrated in Figure 1.23c.8* Another difference between ionic
conducting polymers and mixed conductors worth mentioning is the absence of
tails in MIECs, because the interfacial capacitance is shunted by the electronic

current at low frequencies. As can be observe from the shape of the Nyquist plots
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and the usual equivalent circuits depicted in Figure 1.23, the measurement of the
electronic conductivity can be measured for one MIEC but not for the other

depending on the MIEC and system properties.

a) b) c)
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1=Ri-Re/(Ri+Re) R Q Ri
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2=Re R* E:%—w— R*:J:Re AN
-y i 3 ot Ve <
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R¥ R1 R2  R*tRe Ri
Z R*: resistance of the system
Ri: ionic resistance
Re: electronic resistance

Figure 1.23. Typical Nyquist plots obtained by EIS for a) electrolytes, b) MIECs
with low ¢, and c) MIECs with high o,, as well as their respective common
equivalent circuits used.

To quantify electronic transport, several systems have been developed.
The 4-point probe (4PP) and van der Pauw methods (see Figure 1.24 a and b,
respectively) enable the measurement of the electronic conduction along with
different directions of a film by applying a potential between two points of the
sample and recovering a current in another two different points. The electronic
conductivity is then calculated according to Eq. 10, by taking into account the

electronic resistance (R,) and film thickness (t).
O, = — (Eq. 10)

In these techniques, an electron diffusion across the thickness occurs
making the electronic resistance higher in thick films than in thin ones. Several
works have developed physical models as well as corrections factors to account

for this which are included in current 4PP devices and their software, which
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should not be forgotten.8>8% Despite those corrections, it should be acknowledged
that the resulting values are estimations and even nowadays thin films always

show higher electronic conductivity.

In contrast, DC polarization has been utilized to measure the electronic
conductivity across a sample covered by ion-blocking Ag electrodes on both
sides.8” After applying a DC polarization, the steady-state current is recorded and
plotted versus the applied potential, obtaining linear graphs as shown in Figure
1.24c. Interestingly, this last technique also permits the decoupling of the ionic
conduction once the current is stabilized. However, equally to the EIS
measurements, it also depends on the material, not being possible to decouple
very low ionic conductivities (since the current will be given mostly by electrons

and no drop in current will be observed).
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Figure 1.24. Common approaches for the quantification of electronic transport
include a) the 4PP, b) the Van der Pauw method and c) via DC polarization.
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1.3. Applications of OMIECs in Energy Storage Systems

The use of conductive polymers in batteries dates back to the 1980s when
Yoshino et al. assembled a LiCoO2 cathode with a polyacetylene (PA) anode to
form LiCoO2/PA full cell Li-ion batteries.® However, it had some deficiencies such
as chemical instability and low density. In an attempt to overcome these
performance issues, the same author replaced PA with carbonaceous materials,
producing a new family of batteries with a huge impact, due to their high power

density, low weight and versatile design.

CPs exhibit a pseudocapacitive behavior showing a rectangular shape
during CVs despite being based on a faradaic mechanism. Specifically in the
case of PEDOT:PSS, thiophene rings get oxidized and reduced reversibly in the
range of -0.5 — 1 V vs Ag/AgCI. This faradaic contribution is largely improved with
the electronic conductivity of the polymer. Besides, they also benefit from its fast
redox kinetics showing values above 150 F g for bulk materials®® and 300 F g*

in very thin layers of deposited material by VPP in the field of supercapacitors.*°

Immense efforts have been dedicated to devise more efficient active
materials as introduced in Section 1.1.1. On the anode side, graphite competitors
have grown, with materials such as silicon, tin and titanium-based nanostructures
that possess higher theoretical capacity.®*-°* Nonetheless, the enhanced
capacity means more lithium can be stored, which comes accompanied by larger

volume changes during cycling that induce cracking of the anode. This
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phenomenon results in side reactions, contact loss and finally capacity fading.%%°
On the other hand, others cathode active materials have been developed such

as LFP,> NMC® and NCA,° satisfying the demands of cost and capacity.

To sustain those active materials, binders are required; polyvinylidene
fluoride (PVDF) is the typically used binder material in conventional batteries.
However, PVDF is isolating and presents drawbacks including the requirement
of carbon additives to electronically connect all the active material, while the use
of N-Methyl-2-pyrrolidone (NMP) solvent in the electrode fabrication is toxic.%® An
ideal binder should create strong interactions with the active material but also
stick to the current collector to prevent electrode delamination. Additionally, the
binder should form a continuous electronically connected electrode,
accommodate volume changes during cycling, remain chemically and
electrochemically stable, or show reversible processes in the application’s
conditions. Finally, the binder material should be easily processed both in its
synthesis and electrode fabrication. Several studies have suggested that the
cyclability problems of some of the most promising active materials could be

overcome by selecting a more adequate binder.1:99.100

Many materials have been investigated for their potential as binders, such
as sodium carboxymethyl cellulose (CMC),'® sodium alginate (SA),°t
carboxymethyl chitosan (CCTS)!? and nanofibrillated cellulose (NFC).03
Generally, these showed strong polar interactions and polar-solvent dispersibility,
making them processable from an aqueous system, but all of them still remain
electronically isolating. The conventional quantities of each material in an
electrode are at least 10 wt.% of carbon, 5-10 wt.% of binder and the rest is active

material for cathodes in liquid state devices. Conducting polymers can play a dual
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role as both the binder and conductive additive, opening the possibility of even
using carbon-free electrodes and hence, increasing the amount of active material
used. In this regard, PEDOT:PSS has been successfully applied as the binder in
carbon-free systems, including Li-ion!%* and Li-S,'% and it has also shown good
electrochemical stability and performance as an additive in high voltage systems,

including Lithium-ion batteries with NMC-111.106

Recent works have reported a new class of binders that combines
conducting polymers such as PANI, Ppy or Pth (polythiophene) with the
previously listed carboxylate-containing polymers (CMC, SA, CCTS, NFC), which
form different morphologies including nanospheres'®’1% and nanofibers.1% This
strategy offers continuous ionic and electronic transport doped by carboxylate
polymers with stronger binder properties. For instance, the interactions between
Si and CMC carboxyl-silanol; covalent and hydrogen bonding might mitigate the

volume changes of Si-based advanced anodes.1°

Each kind of battery has intrinsic drawbacks that need to be solved.
Although lithium-sulfur batteries offer superior energy storage capacity thanks to
the high theoretical specific capacity of the sulfur cathode, they are still at a low
technology readiness level. The growth of polysulfides and consequent cathode
deformation makes it impossibly difficult to reach a reasonable lifespan. Several
studies point out the use of alternative binders like CP, whose interactions with
sulfur and polysulfide species (Li2S and Li2S2) can suppress shuttle effects,

maintaining the electronic pathways at the same time.10511%.112

Modified multifunctional conductive binders have also been synthesized

and successfully applied in carbon-free electrodes, where processability and
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enhanced binding affinity are required. For instance, sodium alginate poly(3,4-
propylenedioxythiophene) (SA-PProDOT), exhibited stronger adhesion versus
CMC, SA or PVDF binders even though the mechanism for the improved
mechanical properties is not yet elucidated.'? It is also worth mentioning that
more redox activity has also been incorporated into conducting polymers either
using redox polymers (PEDOT-TEMPQO)?° or biopolymers (PEDOT-lignin),33

which can be used as direct electrodes or adding an extra capacity.

The porosity of electrodes is also known to impact performance and needs
to be controlled. Das et al., observed that the higher the amount of CP in cathode
formulation, the lower is the porosity and hence, limited electrolyte diffusion into
the electrode is generated in a carbon-free system.'%* CPs have also been in situ
polymerized in the presence of active materials,''* and formed hydrogels with

active materials by the use of crosslinkers and dopants.11>116

All the previously listed batteries are in liquid state, where the ionic
conductivity is given by the liquid electrolyte and it is not intrinsically necessary in
the electrode as it is going to be wet. Therefore, the commented previous works
have benefited only from the better electronic interconnection between redox-
active particles. In all-solid-state batteries, the mechanism is totally different.
Solid-state batteries were designed to be safer devices than liquid state batteries,
which traditionally use volatile, flammable and leakable electrolytes. Solid
electrolytes prevent the growth of metal dendrites that can result in fires and
explosions as explained in Section 1.1.1. The development of optimum, dense
and scalable devices passes directly through the development of mixed
conductors, which are considered to play a key role by enabling ion transfer to

occur throughout the entire electrode.
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Besides, the industry is requiring compact electrodes for solid state
devices to minimize the contact resistances given by porosity voids, now
counterproductive. Therefore, the use of electronic conducting carbon, despite its
mature and low cost, needs to be optimized. Some strategies to compact the
electrodes, apart from calendaring, are the removal of porous conducting carbon
and its replacement for conducting polymers. However, it has not been reported

yet any device for solid-state with promising cycling.

The energy stored in MIEC-based batteries is dependent on the ionic-
electronic coupling, but the adequate charging rates and the available power are
limited by the ionic conductivity®® being much more important in all-solid-state
batteries where there is no liquid wetting the system, providing an all-over ionic
connection. Therefore, the progress in all-solid-state batteries passes directly

through that of MIECs.

1.4. Motivation and objectives

Nowadays, energy storage systems play a key role in our future as a
society by enabling the handling of clean energy resources and employment in
electronic devices and the transport sector. During the last decades, multiple
accessories dependent on batteries have been developed increasing the energy
consumption with the facilities they offer. Besides, there is a global concern about
environmental problems such as pollution and the use of non-renewable
resources like fossil fuel. Consequently, it is being pursued high-performance
technologies that enable large storage capacities at versatile rates keeping

balanced safety, cost-effectiveness and processability.
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In this area, organic mixed ionic-electronic conductors are considered
promising candidates to be employed in the next generation of energy storage
devices due to their superior conductivities, easy processing, low density and
electrochemical stability. Their properties make them functional materials to be
tunned depending on the application for batteries and supercapacitors. OIPCs
are proposed as ideal allies of conducting polymers allowing a synergistic effect
of ionic and electronic conductivity improvement. Accordingly, the main goal of
this PhD thesis is to develop new OMIEC materials with light-weight, good
electrochemical properties and sustainable processability. The nature of the
targeted OMIECs is based on the innovative approach of combining for first time
conducting polymer (PEDOT) and OIPCs for the improvement of energy storage

systems. Within this scope, the specific objectives of this thesis are the following:

v" Synthesis and characterization of conducting polymers based on PEDOT,
ionic polymers and OIPCs with different counter-ions.

v" Development of MIEC composites combining conducting polymers and
OIPCs with enhanced ionic and electronic conductivities, as well as
mechanical properties.

v’ Structural, thermal, morphological and electrochemical characterization of
the developed MIEC composites to understand their structure-property
relationships.

v" Application of the developed MIEC composites as cathode binders in
lithium-ion batteries, with liquid and solid-state electrolytes.

v" Optimization of electrode formulations to improve the capacity of energy

delivered, cycle life and rate capability.
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1.5. Outline of the thesis

In Chapter 1, a brief introduction to energy storage systems is given,
followed by an overview of mixed ionic and electronic conductors, more in detail
PEDOT based; organic ionic plastic crystals, as well as their charge transport
mechanisms, common analysis techniques and most important application in
energy storage devices. The motivation and goals of this thesis are also

presented in this chapter.

In Chapter 2, we show the characterization of the commercially available
conducting polymer PEDOT:PSS in combination with two of the most
successfully applied OIPCs: CompyrFSI and CompyrTFSI. The composites
exhibited a synergistic effect combining high electronic but also ionic conductivity.
The materials were employed an in all-solid-state Li|lLFP device replacing the
catholyte and conducting carbon, being the first carbon-free cathode in this

sector, with promising results

In Chapter 3, a new family of OMIEC is presented combining PEDOT and
poly(diallyldimetrhylammonium) (PolyDADMAY), which is one of the most
successful polyelectrolytes employed in batteries and enables the study of
different anions of study. The selected anions to combine PEDOT:PolyDADMA
were bis(fluorosulfonyl)amide (FSI), bis(trifluoromethane)sulfonimide (TFSI),
triflate and tosylate. Then, they were combined with the respective OIPC based
on Campyr* and the homolog anion to further improve their conductivities as well

as their electrochemical response.
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In Chapter 4, we present a detailed study about the effect of single ion-
conducting polymers as binders for LIBs to address the effect that PolyDADMA-
TFSI may have when applying PEDOT:PolyDADMA TFSI. For this reason,
poly(lithium 1-[3-(methacryloyloxy) propylsulfonyl]-1-(trifluoromethanesulfonyl)
imide) (PMTFSI-Li) and PolyDADMA-TFSI were selected as Li* and TFSI" single
ion-conducting polymers. The assessment is mainly based on the

electrochemical response, battery testing and EIS.

In Chapter 5, the best OMEICs developed in Chapters 2-3: PEDOT:PSS
and PEDOT:PolyDADMA TFSI composites; are employed in LIBs as additives
due to their superior conductivities to improve the current delivery for high-
performance devices. The materials were used as binders for cathodes to

evaluate the effect of polymer nature, OIPC and C65 presence.

In Chapter 6, the most relevant conclusions of this thesis are summarized
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Chapter 2. Mixed lonic and Electronic Binder of PEDOT:PSS and Organic

lonic Plastic Crystals toward Carbon-Free

2.1. Introduction

The performance of next-generation solid-state lithium metal batteries
(LMB) is intimately related to the ionic-electronic interconnection within the
cathode material. In batteries containing liquid electrolytes, the soaking of
electrolyte and the addition of carbon provide sufficient ionic and electronic
conductivity through the cathode. However, in solid-state systems, cathodes are
completely dry and thus, lack mobile Li-ions and good electronic interconnection.
Besides, the use of electronic conducting carbon, despite its mature and low
cost, results in low density and high porosity cathodes. Therefore, the use of
carbon for solid-state batteries needs to be optimized to minimize the contact
resistances given by porosity holes.! Some strategies to compact the
electrodes, apart from calendaring, is the replacement of porous conducting
carbon with conducting polymers. Accordingly, organic mixed ionic-electronic
conductors (OMIEC) are promising binders to provide that ionic-electronic

interconnection through compact carbon-free cathode.

Conducting polymers such as PEDOT, are also intrinsically ionic
conductors as they are positively charged in their conducting state and come
accompanied by different counter anions, which are able to move within the
material, forming organic mixed ionic-electronic conductors (OMIECSs) as
explained in Chapter 1.2 Afterwards, the ionic and electronic conductivity can
be boosted by a doping effect of solvents, acids and ionic liquids on

PEDOT:PSS, which generally leads to 1) stabilization of the polaron states of
67



PEDOT by interaction with the anions, and 2) phase segregation between
isolating PSS and conducting PEDOT.®*# Focusing on the strategy of
PEDOT:PSS / ionic liquids (ILs) composites, there have been huge efforts in
screening a large number of chemical combinations for electronic
conductivity, reaching values of 2103 S cm? for a 1-ethyl-3-
methylimidazolium tetracyanoborate (EMIM TCB) composite (7.5-10"° mol of
IL per gram of PEDOT:PSS, leading to composites of estimated 43 wt.% of
PEDOT:PSS).> However, the ionic conductivity in conducting polymers is
rarely reported and the use of ionic liquids still does not overcome the issues

related to the presence of a liquid electrolyte, such as leakage.

In contrast, the emerging organic ionic plastic crystals introduced in

Section 1.2.3, provide high ionic conductivity remaining in solid-state. The

large dynamism of these salts in combination with their wide electrochemical
window make them promising components for energy storage systems as
electrolytes for lithium and sodium®’ ion batteries but also as electrode

additives.8

In this chapter, a synergistic approach is proposed combining
PEDOT:PSS with two different OIPCs: N-ethyl-N-methylpyrrolidinium
bis(trifluoromethylsulfonylimide) (CompyrTFSI) and N-ethyl-N-
methylpyrrolidinium bis(fluorosulfonylimide) (CmpyrFSl). These OIPCs have
been widely studied and applied as electrolytes in energy storage systems.®-
11 The ionic and electronic conductivities of the developed composites have
been analyzed demonstrating a synergetic effect of the components. The
doping effect of the OIPCs on the structure and morphology of PEDOT:PSS

has been studied by XRD and AFM. As a potential application, the OMIEC
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composite with the most promising properties has been used as conductive

binder in carbon-free solid-state LIB using LFP.

2.2. Composite preparation
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Figure 2.1. Preparation of the P:PSS/OIPC composite films.

The aqueous dispersion of PEDOT:PSS, termed P:PSS(H20) in this
chapter, was freeze-dried for four days obtaining a sponge-like material. This
material was subsequently dispersed in methanol (P:PSS(MeOH)). Various
amounts of OIPC (CompyrFSI or CompyrTFSI) were first dissolved in
methanol and subsequently added into the P:PSS methanol dispersion to
obtain composites of P:PSS/OIPC with weight ratios of 90/10, 80/20 and

70/30. Finally, these materials were drop casted and dried at 130°C under
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vacuum before further characterization to ensure the absence of water, as
PEDOT:PSS systems trend to be highly hygroscopic. In this way, highly
flexible, homogeneous and robust films were obtained as can be seen in
Figure 2.1. The physical and chemical homogeneity of the films was also
confirmed until 70/30 wt. % ratio as can be seen from SEM/EDX images in Figure
2.2. When more OIPC was incorporated phase separation occurred observed

macroscopically.

70/30 P:PSS / C,mpyrTFSI 70/30 P:PSS / C,mpyrTFSI

Figure 2.2. SEM images of a) 70/30 P:PSS / CampyrFSI and b) 70/30 P:PSS /
C2mpyrTFSI on the plane and cross-section EDX images of the surface of the
composites c¢) 80/20 P:PSS / CampyrFSI and d) 70/30 P:PSS / CampyrTFSI.

2.3. Structural and thermal characterization

Infrared spectroscopy was used to perform the structural
characterization of the composites. Figure 2.3 shows the FTIR spectra of neat
PEDOT:PSS, the two different OIPCs (Cz2mpyrFSI and CampyrTFSI) and their
respective 70/30 P:PSS/OIPC composites. On one hand, C2mpyrFSI exhibits
the characteristic peaks of the cation Compyr™ at 1468 (C-C bending), 1098
(C-N stretching), 1032 and 997 (ring bending) and 935 (C-C stretching) cm*
whereas the peaks at 1377, 1359, 1215, 1170, 822 and 719 cm™ are
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attributed to FSI- anion for -SO2 asymmetric stretching, -SO2 symmetric
stretching, SO2-N-SO2 asymmetric stretching, S-N-S asymmetric stretching,
S-N-S symmetric stretching respectively. Similarly, CompyrTFSI presents the
peaks related to the Campyr* cation at 1467, 1050, 998 and 935 cm™ while
TFSI anion shows the vibrations at 1404 (-SO:z stretching), 1349 (-SO:2
stretching), 1333 (C-SO2-N bending), 1179 (-CF3 stretching), 1137(C-SO2-N
bending), 780 (C-S and S-N stretching), 760 (CF3 bending) and 738 (S-N-S
stretching). On the other hand, the main peaks of PEDOT:PSS appear at
1042, 1012 (-SOs3) and at 1263, 1129 and 1071 (C-O). Finally, the most
intense peaks of both composites, which are related to the PEDOT:PSS, are
broader than in the pure PEDOT:PSS and exhibit different relative intensities.
These changes suggest an alteration around the environment of the charged
PEDOT and the sulfonate group of the PSS, due to the presence and
interaction with OIPC ions. When comparing the two 70/30 composites, it is
worth noticing that they present significant differences in the peak position
and intensity, despite being quite similar chemically, reflecting different

interaction degrees between PEDOT:PSS and the distinct salts.
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Figure 2.3. FTIR spectra of neat P:PSS (black), OIPCs (red): a) CampyrFSlI, b)
CompyrTFSI, and their respective 70/30 P:PSS/OIPC composites as shown in
the figure legends.

The thermal stability of the materials was determined by
thermogravimetric analysis (Eigure 2.4). Typically the decomposition of
PEDOT:PSS proceeds by a first release of solvent below 100 °C, generally
more than 20 wt. % due to the nature of the highly hygroscopic -SO3s" groups
of PSS, and subsequent decomposition of the polymer chains at around 300
°C which continues with a gradual decomposition above 400 °C and ends up
in 40 wt.% of residue.'? In this chapter, even after drying at 130 °C under
vacuum overnight, both P:PSS (MeOH) and all the composites present a
weight loss of less than 10 % below 100 °C; this was attributed to water
uptake during the preparation for undertaking the measurement. This effect
was accentuated with the addition of OIPC, much more pronounced in the
case of CompyrFSl-based composites (Figure 2.4a), which are well known for
their hygroscopic behavior. Therefore, for the remaining characterization, in
particular the ionic conductivity measurements, materials were handled in a
glovebox. The decomposition of Co2mpyrFSI and CompyrTFESI occur in one

step starting at 230 and 400 °C, respectively (Eigure 2.4b). The CampyrFSI-
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based composites present a first degradation step related to the OIPC prior
to PEDOT:PSS degradation, while in the CompyrTFSI this is not observed
due to its superior stability. Thus, the thermal stability of these materials is
adequate (above 200 °C) for application in most electronic applications,
especially in solid-state batteries where working temperatures might be below

100 °C.
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Figure 2.4. Thermogravimetric curves of neat P:PSS (MeOH) (black), OIPCs
(red): a) CampyrFSI, b) CompyrTESI, and their respective composites as follows
the legends.

Figure 2.5 presents the XRD patterns of the different PEDOT:PSS
materials, as well as the Ca2mpyrFSI and CompyrTFSI salts. The commercial
dispersion of PEDOT:PSS in water shows only two well-defined peaks at
20=18.7° and 25.6° corresponding to the amorphous halo of PSS and the
interchain planar 1r-11 stacking distance doio of PEDOT, respectively (related
to the lattice spacings d=4.7 A and 3.5 A, according to the Bragg’s law). After
freeze-drying and dispersing it in methanol, the crystalline structure of the
material changes notably with an additional two peaks appearing at 26=3.9°

and 9.3° (d=22,4 A and 9.5 A), which are indexed to the alternate ordering
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distance of the PEDOT and PSS chains in the plane dioo and the second-
order reflection d200.23% It is also worth to mention that the two main peaks
have sharpened and shifted to higher angles which are related to a better
packing of the chains. Regarding the 70/30 P:PSS/CmpyrFSI composite, it
can be easily seen that there are two sharp peaks related to the crystalline
C2ompyrFSI salt as well as a decrease and broadening in the intensity of the
peak related to the doio of PEDOT (~26°). These facts indicate the presence
of phase-separated CompyrFSI and a deterioration of the packing of the
conducting chains. Interestingly, the crystalline structure of CampyrFSI has
apparently changed in comparison with the pristine salt. OIPCs are dynamic
salts that present several solid-solid phase transitions, low melting entropy
and can be polymorphed depending on the conditions, making the crystalline
structure quite complex. In literature, it can be also found metastable phases
observed by DSC, features that depend on temperature and heating-cooling
rate.'® Likewise, several authors have already reported modifications in the
OIPC crystalline structure when a second component is added.>16 Finally,
the X-ray spectrum of the 70/30 P:PSS/CmpyrTFSI does not show sharp
peaks related to the crystalline structure of the OIPC with peaks at 6.2°
(d=14.1 A) and 12.4° (d=7.2 A) related to the side-by-side packing dico and
the dzoo0 reflection respectively. Different crystalline structures have been
defined for PEDOT:PSS called Type | (non-orientated) and Il (orientated
lamellar stacking) with specific spacements of 21 and 12 A respectively.!’
The peak at 6.2° in 70/30 P:PSS/C2mpyrTFSI is attributed to compact and
highly ordered Type Il crystals, which improve the charge transport properties

and were not observed in neat PEDOT:PSS, nor in CampyrFSI composite.
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Figure 2.5. XRD patterns of the different pristine PEDOT:PSS, composites
and OIPCs as shown in the figure legend

AFM topography images were taken to analyze the surface
morphology of the films (Figure 2.6). The P:PSS (H20) shows a complete
disordering of the PEDOT particles along the film whereas the material
dispersed in methanol presents an orientation of the particles, as well as
segregation between PEDOT and PSS. It is even more clear with the
composites that presented higher electronic conductivity than both P:PSS
(H20) and P:PSS (MeOH) i.e. 80/20 P:PSS/CompyrFSI and 70/30
P:PSS/CompyrTFSI. In these systems, larger particles and well-defined
pathways are observed, which can improve the electron transport, in good
agreement with the XRD measurements, especially for the 70/30

P:PSS/CompyrTFSI.
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Figure 2.6. Topography AFM images of different PEDOT:PSS and P:PSS/OIPC
composites.

Figure 2.7 shows the phase AFM images of the materials where P:PSS
(H20) reveals a flat and homogeneous structure composed of PEDOT and
isolating PSS. When the material is dispersed in methanol, a clear phase
separation is observed leading to more continuous PEDOT chains, in
agreement with XRD data. Finally, when OIPCs are blended with the
conducting polymer in methanol, small circular grains appear as observed by
Li et al. with similar ionic salt in addition to an ordered orientation inside the
polymer chains.'® These grains are composed of ordered PEDOT:PSS
chains but amorphous OIPC surrounding and doping conducting polymer

which leads to an ideal scenario for efficient charge transport.
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Figure 2.7. Phase AFM images of different a) PEDOT:PSS (H20), b) P:PSS
(MeOH), c) 80/20 P:PSS/C2mpyrFSI and d) 70/30 P:PSS/C2mpyrTFSI
composites.

Given these characterization data, we propose the scheme of Figure
2.8 where, (i) thanks to the interaction of P:PSS with methanol a first phase
segregation is obtained and then, (ii) the addition of OIPC leads to an
enhancement of this effect, as well as growing of PEDOT particles due to
increased ionic interactions until, finally, (iii) an excess of organic salt ends in

OIPC precipitation.
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Figure 2.8. Scheme of the evolution of the materials from their neat state:
PEDOT:PSS and OIPC to the different composite scenarios.

2.4. lonic and electronic conductivities

The charge transport within these materials was studied by four-point
probe (4PP) to determine the electronic conductivity and electrochemical

impedance spectroscopy (EIS) to measure the ionic conductivity.

A significant enhancement of the electronic conductivity for MeOH
dispersed P:PSS (416 S cm™) relative to the commercial PEDOT:PSS (0.2 S
cm™?) was observed. A similar effect was also observed when DMSO was
used as solvent obtaining similar conductivity values. After adding CompyrFSI
to make the composites, the electronic conductivity reaches a value of 515 S
cm* for the 90/10 composite, 469 S cm™ for 80/20 and finally drops to 379 S
cm (70/30) possibly due to a surpassing of the solvated amount of OIPC
which leads to a precipitation of the crystalline salt as seen in the previous
section. In the family of the CompyrTFSI composites the values of electronic
conductivity are even higher than with CompyrFSI with the 70/30 composite

having the highest value (580 S cm™). Since the calculated ratio of
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FSI/PEDOT in the 70/30 composite is 0.85 whereas in the case of
TFSI/PEDOT at the same composition is 0.60, it could be reasonable that salt
precipitation occurs in the FSI system while not in the TFSI. Besides, the
results of the two families are in good agreement with XRD measurements
which show highly ordered PEDOT crystals (Type 1) when using
CompyrTFSI. These conductivity values were obtained after drying the films
at 130 °C under vacuum overnight, as it led to stable and reproducible
measurements in comparison to films dried at room temperature, which
suffered significant fluctuations due to solvent traces, as can be observed in
Figure 2.9a-b. The electronic conductivities obtained are close to the highest
conducting composites, which are in the range of 1000-2000 S cm™ but in a
completely solid state without the risk of possible leak and associated

adverse effects.®
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Figure 2.9. Electronic conductivity of P:PSS (MeOH), a) FSI and b) TFSI-based
composites dried at room temperature and after drying at 130°C under vacuum
overnight. Nyquist plot of c¢) 80/20 P:PSS/CompyrFSI and d)70/30
P:PSS/CmpyrTFSI at different temperatures.

During the EIS measurements typical closed semicircles of mixed
conductors were observed in all temperatures (see Figure 2.9c-d). The
electronic resistance, associated with the beginning of the semicircle, which
remained constant along the measured temperature range, is negligible
relative to contact resistances and more importantly ionic resistances, taking
into account the measured electronic conductivities by 4PP (higher than 350
S cm). Nonetheless, the ionic contribution manifests as a deformed

semicircle involving two time constants that can be associated with the
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difference between the ion transport rates along the MIEC material:
interphase between PEDOT:PSS and OIPC and neat materials. The overall
resistance of the MIEC was estimated considering the whole diameter of the

overlapped semicircles.
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Figure 2.10. lonic conductivity at different temperatures of a) PEDOT:PSS,
CompyrFSI and b) PEDOT:PSS, CompyrTFSI and their respective composites,
as follows the legends.

Among the composites based on CompyrFSl, the 80/20
P:PSS/C2mpyrFSI composite exhibits the highest ionic conductivity (3.7 x 10
5 S cm? at 70°C), resulting in higher conductivity compared with neat
components, i.e., P:PSS and CzmpyrFSI (4.0 x 10® and 8.9 x 10°
respectively at 70°C), as can be observed in Figure 2.10. The ionic
conductivities suggest that the optimum composition lies a percolation ratio
of high conducting material close to 80/20. Beyond this composition, it is
possible that the excess OIPC phase separates and disrupts this conduction
pathway resulting in lower ionic conduction. On the other hand, the pure

C2mpyrTFSI salt has an ionic conductivity of 2.1 x 10" S cm™ (70 °C) whereas
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its respective composites have conductivity values much higher, with little
composition dependence compared with the CompyrFSI systems (2.1 x 10°
S cm for the 90/10 composite and around 3.3 x 10° S cm? for the 80/20 and
70/30). Furthermore, there is no significant decrease in conductivity at high
OIPC concentration (70/30) when using CompyrTFSI in contrast to the
CompyrFSI system, suggesting better compatibility and continuous ionic
percolating pathways for the TFSI containing composites, since OIPC
remains amorphous. Such large increases in the ionic conductivity in
polymer/OIPC composites have been shown in a related work and is

explained by the disordering of the crystalline phase of OIPCs.16

Table 2.1. Activation energy of the ionic conductivity of PEDOT:PSS, CompyrFSiI,
CompyrTFSI and their composites.

Material Activation
Energy [KJ mol?]
PEDOT:PSS 49+04
CompyrFSI 129+0.1
90/10 3.6+0.2
80/20 19+£0.1
70/30 1.6+0.3
CaompyrTFSI 11.4+0.3
90/10 42+0.2
80/20 52+0.3
70/30 4604

The values of the activation energy for the ionic conductivity are 12.9
KJ mol* for CampyrFSl, in good agreement with recent studies, and 11.4 KJ
mol?! for CompyrTFSI.'® It is also worth noting the low values of activation
energies of the mixed conductors in this chapter (Table 2.1), all of them being
below 5 KJ mol*. The pristine PEDOT:PSS has an activation energy of 4.9
KJ mol! whereas the composites present values even lower, especially the

C2mpyrFSl-based composites having 1.6 KJ mol*. Compared with other
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similar but electronically insulating polymer-OIPC composites, the activation
energies are above 10 KJ mol? even increasing with the amount of polymer
in polystyrene-CompyrFSI and PVDF-CompyrFSI systems.'® Whilst more
work is required to better understand this phenomenon in these OMIEC
compounds, this behavior has been previously observed in similar works with

values in the same range.?°

In Figure 2.11 both the electronic and the ionic conductivities at 25°C
of all studied materials are depicted. Taking these values into account, the
composites selected with the best compromise between ionic and electronic
conduction were the 80/20 P:PSS/CompyrFSI and the 70/30
P:PSS/C2mpyrTFSI. Indeed, the electronic conductivity of these composites
is significantly higher than the neat P:PSS (MeOH) suggesting a doping effect
of the OIPCs. In order to study the influence of composition and morphology
on charge transport, X-ray diffraction (XRD) and atomic force microscopy

(AFM) experiments were carried out in the selected composites.
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Figure 2.11. lonic (blue) and electronic (green) conductivities at 70 and 25°C
respectively of the composites and the neat PEDOT:PSS.

2.5. Battery performance

The high electronic and ionic conductivities of the OMIEC composites,
together with their good mechanical properties, make them good candidates
to apply as a conductive binders in solid-state lithium-ion batteries. First, the
electrochemical windows of the best composites were measured by cyclic
voltammetry in liquid electrolyte as shown in Figure 2.12 revealing good
cycling between 1.0-4.5 V in the case of 80/20 P:PSS/CampyrFSl and 1.7-4.8
V vs Li%Li* for 70/30 P:PSS/C2mpyrTFSI indicating good compatibility with

most of the active materials used in cathodes.
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Figure 2.12. Electrochemical window in lithium metal cells of a) 80/20
P:PSS/CompyrFSI and b) 70/30 P:PSS/CompyrTESI using 1M LITFSI in
DOL:DME 1:1v at 10 mV s

Then, in a solid-state lithium battery, a source of lithium ions is needed
within the electrode to support the electrochemical reactions, being Li
intercalation/de-intercalation during battery cycling. Previous work has
identified that mixtures of LiFSI salt and CampyrFSI OIPC lead to high ionic
conductivity and therefore, LiIFSI was incorporated into the 80/20
P:PSS/C2mpyrFSI composite which was then used as a cathode binder.?%22
Up to 50 mol % LiFSI in Ca2mpyrFSI shows no precipitation of lithium salt and
retains high conductivity.?! This concentration was taken into account for the
formulation and considering that solid-state battery electrodes normally
contain 60 wt. % of active material, the following electrode formulation was
studied in a full cell: 60 % LFP, 35 % of 80/20 P:PSS/C2mpyrFSI composite
and 5 % LIiFSI. A previously studied ternary polymer electrolyte system
(termed PILBLOC) based on a poly(ionic liquid) di-block copolymer, N-propyl-
N-methylpyrrolidinium bis(fluorosulfonyl)imide (CsmpyrFSI) ionic liquid and
LiFSI was used as a solid electrolyte due to its excellent compatibility with

lithium metal and stable cycling performance up to 0.20 mA cm2.22 Moreover,
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the OMIEC-based electrode was compared against a typical cell using this
electrolyte as the ionic conducting binder in the electrode containing 60 %

LFP, 10 % C65 and 30 % PILBLOC.

The cell performance of the carbon-free OMIEC based electrode is
shown in Figure 2.13. It can be observed that a superior specific discharge
capacity of LFP is obtained with 80/20 P:PSS/CompyrFSI binder at all rates
compared with the di-block binder. The coulombic efficiency remained close
to 100 % while values close to the theoretical capacity of LFP were achieved
at C/10 (157 mAh g1) and 145.5 mAh gt at C/2 rate with a capacity retention

of 99.7 % after 500 cycles at C/2.
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Figure 2.13. Cycling performance at C/10, C/5 and C/2 rates of Li | diblock | LFP
cells containing different conducting binders and cycled at 70 °C.

Figure 2.14a depicts the voltage profile at the beginning of the long-
term cycling, in the middle and at the end (500™" cycle) of OMIEC-based cell
showing a very similar shape with negligible generated resistance and

capacity drop. On the other hand, the electrode prepared with the di-block
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binder presented a small decay in the first cycles at C/2 that was dramatically
accentuated upon longer-term cycling to final failure, reflecting a non-stable

cycling at this rate.
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Figure 2.14. a) Voltage profile of Li | diblock | OMIEC binder-based cathode at
different cycles of the long-term cycling from the beginning (42nd). b) Voltage
profiles at C/10 and C/2 of all-diblock and OMIEC based cells as indicated in the
figure legends.

The voltage profiles are depicted in Figure 2.14b, where low
overpotentials can be seen at C/10 for both systems, with higher capacity in
the case of the OMIEC binder probably due to a better electronic
interconnection within the electrode often seen when electronic conducting
polymers are used in electrode formulations.?*?®> We note that the measured
electronic conductivity of the composites was much higher (469 S cm!) than
the C65 pellet (2.01 £0.17 S cm?, 583 um). When the C rate is increased up
to C/2, as expected, the overpotentials become larger as a consequence of
diffusion limitations. This effect is much more evident when the di-block
polymer is used both as electrolyte and electrode binder. In this case the

electrode contains just 30 % of ionic conductor and 10% of ionically isolating
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C65, making the electrode more porous with possible discontinuity of ionic
pathways, hence more resistant to ion transport. Whereas, for
PEDOT:PSS/OIPC, the entire 40 wt. % of additive can be considered an ion
carrier. Moreover, conducting polymers are able to cover the LFP particles,
generating a more effective electronic contact between LFP particles than
carbon, whose electronic connection is discrete, as represented in Figure
2.15.%4 Furthermore, the sloping profile exhibited by the PEDOT:PSS/OIPC
electrode might be due to the pseudocapacitive nature of the binder, leading
to additional capacity in addition to the LFP and hence a higher overall
capacity value. This effect has been seen in other works when the amount of
conducting polymer becomes significant.?527 It is worth noting that, simply by
changing the binder to the OMIEC whilst using the same solid polymer
electrolyte, the device performance went from rapid fading to a stand-out cell

with excellent cycling stability at high rate considering the solid-state nature

of the device.
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Figure 2.15. Scheme of the electrodes containing P:PSS/OIPC composite
(OMIEC) and all-diblock polymer as binders and their conduction pathways.

Table 2.2 summarizes the cell cycling values obtained in this chapter
and compares them to the reported performances of similar cells with various
electrolyte and binder combinations. Even though ceramic electrolytes (also
included as cathode binders) can fulfill the requirements of high ionic
conductivity, thermal and electrochemical stability, their rigidity may lead to
poor interfacial contact.?® Despite that, capacities of 120 mAh g have been
reached for high loading cathodes (8 mg cm at C/5) or long-term cycling
(400 cycles at C/2 and 1 mg cm2).2%30 On the other side, solid polymer
electrolytes have provided higher capacity values (159 mAh g* with 2 mg cm-
2 at C/10) which might be due to their softer contact.>® However, they still
seem to suffer either when the rate is increased or in long-term cycling. In this
respect, P:PSS/CompyrFSI is postulated as an ideal binder with highly
promising performance that confirms its ability to behave both as high Li*

supplier for the active material, in a non-porous configuration, as outstanding
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electronic conducting agent and also as electroactive material, contributing to

the overall capacity.

Table 2.2. Literature review of solid-state Li|LFP cells based on inorganic and
polymer electrolytes.

Current density

Cathode formulation [mAh cm?] /

Specific capacity  Cycling

Electrolyte [LFP/C65/ionic binder] LFP loading C rate [mAh g life
Ref. o
[mg cm™]
Diblock-EC-LIFSIE 60/10/30 2 0.046 /2.7 ) 150 100
PPE-PEO-PPE (LITFSI)® 60/10/30 * 0.051/3 /10 112 100
P(EO-co-PO)° 70/15/15 3 0.034/2 /10 159 50
LAGP? 50/5/45 29 0272/8 cis 120 50
Diblock-IL-LiFSI® 60/40 P-PSS-OIPC-LIFSI 01/1.2 cr2 145 150
This work
Diblock-IL-LiFSI® 60/10/30 PILBLOC-IL-LIFSI 01/1.2 7 130 55
This work
PEO (LITFSI) 60/15/25 3 0.128/15 cr2 122 150
PI/DBDPE/PEO/LITFSI® 60/15/25 0.128/15 cr2 143 300
LPO-LLZO" 50/5/45 % 01/1 15C 120 400

apPoly(ionic liquid) — ethylene carbonate — LiFSI.

bCrosslinked poly(ethylene oxide-co-polyphosphoester) — LiTFSI
‘Poly(ethylene oxide) — LITFSI

dLi1 5Alo.5Ge15(PO4)3

€Poly(ionic liquid) — CampyrFSI — LiFSI

Poly(ethylene oxide-co-polypropylene oxide) — LiTFSI

9Polyimide — decabromodiphenyl ethane — poly(ethylene oxide) — LiTFSI
hLisPO4 — LissLazZri.sTaos012

2.6. Conclusions

In this chapter, a family of solid-state OMIECs with good mechanical
properties has been developed by mixing PEDOT:PSS and two different
OIPCs (CampyrFSI and CompyrTESI). Electronic conductivities up to 580 S
cmtwere achieved along with increased ionic conductivity values of 3.8 x 10
5Scmtat 70 °C, resulting in a synergistic effect of simultaneously enhancing
both electronic and ionic conductivities. The activation energy for the ion
transport within the OMIECs remained low (below 5 KJ mol?) along all the
range of compositions as in previous works.?° The effect of the OIPC addition
to PEDOT:PSS on structure and morphology was studied by XRD and AFM.

This provided good concordance between both techniques and the
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conductivity measurements, and indicated that the composites consisted of
highly ordered PEDOT but amorphous OIPC, resulting in facile electron and

ion-conducting pathways.

The 80/20 P:PSS/C2mpyrFSI composite was selected as the optimum
OMIEC for application as a binder in carbon-free battery electrodes, given its
electronic and ionic conductivity values. These electrodes were tested by
galvanostatic charge-discharge using a solid polymer electrolyte based on a
poly(ionic liquid) electrolyte. The performance of the cell was superior to that
using a typical ionic conducting binder with high specific capacity (145.5 mAh
g at C/2 and 70 °C) with a capacity retention of 99.7 % (145.2 mAh g) after
500 cycles. Hence, we demonstrate that PEDOT:PSS mixed with OIPC as an
OMIEC binder provides an ideal electronic-ionic interconnection within a non-
porous battery electrode for all-solid-state batteries driven by its three
functionalities: ionic transport, electronic conduction and pseudocapacitive
contribution. We highlight that the development of such mixed conductors as
binders is a promising way to achieve high-performance solid-state battery

technologies in the near future.

2.7. Experimental part

2.7.1. Materials

Poly(3,4-ethylenedioxythiophene):Poly(styrene sulfonate) (Clevios PH
1000), 1.3 wt.% solids in water, was supplied by Heraeus Inc. N-ethyl-N-
methylpyrrolidinium bis(trifluoromethylsulfonylimide) (CzompyrTFSI) (99%)

was purchased from IloLiTec while N-ethyl-N-methylpyrrolidinium
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bis(fluorosulfonylimide) (CzmpyrFSI) was synthesized as previously
reported.3® N-propyl-N-methylpyrrolidinium bis(fluorosulfonyl)imide
(CampyrFSI, 99.5 %) was supplied by Solvionic. Lithium iron phosphate
(LiFePOa4) (ALEEES) and Super C65 (Timcal). 1-Methyl-2-pyrrolidone (NMP)
(99.5%) was purchased from Sigma Aldrich. PILBLOC polymer was obtained

as in previous work.?332

2.7.2. Synthesis of CampyrFSI

The synthesis of CompyrFSI was carried out following a previously
reported, similar procedure [26]. An amount of 9.75 g (0.050 mol) of CampyrBr
and 12.53 g (0.057 mol) of KFSI were separately dissolved, each in 40 mL of
distilled water. Then, the KFSI solution was added dropwise into the CompyrBr
solution with vigorous stirring. CzmpyrFSI was obtained as a white precipitate that
was purified after a liquid-liquid separation with dichloromethane (DCM). After

drying under vacuum overnight at 60 °C a waxy solid of CompyrFSI was obtained.

2.7.3. Methods

Fourier Transform Infrared Spectroscopy measurements (FTIR) were
conducted on a Nicolet Magna 6700 spectrometer. The samples were
analyzed in thin film form. The thermal stability of the composites was
investigated with a thermo-gravimetric analysis (TGA) performed on a TGA
Q500 from TA Instruments. Measurements were carried out by heating the

samples at 10 °C mint under nitrogen atmosphere from 40 °C to 800 °C.
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The crystalline structure of the materials was examined by X-ray
diffraction (XRD, D8 Advance) at room temperature using a wavelength of
A=1.5418 A). The experiments of PEDOT:PSS samples, as well as their
composites, were carried out with films (@ 4 cm), while the fluorinated salts
were used as powder. Atomic force microscope (AFM, Dimension ICON) was
operated in the tapping mode using a TESP-V2 type silicon tips with a
frequency of 320 kHz, a spring constant of 40 N/m and a tip radius of 7nm.
The commercially available PEDOT:PSS was spin-coated as received while

the composites were dispersed in an approximated concentration of 1 mg/ml.

The electronic conductivity of the composite films was measured with
an Ossila Four-Point Probe unit at room temperature. The reported values
are the average between different measurements in various directions along
the film of 10 mm in diameter. The ionic conductivity of the composites was
measured by electrochemical impedance spectroscopy using a VMP-3
potentiostat (Biologic Science Instruments). Films of around 18 um of
thickness were assembled in coin cells under argon atmosphere between two
stainless steel spacers. Each composite was studied in heating and cooling
ramp from 25 to 90 °C in a frequency range of 1 MHz to 100 mHz using a
voltage amplitude of 10 mV. The samples were equilibrated for 20 minutes
before each measurement. The reported values are the average between the

heating and cooling measurements.
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2.7.4. Electrode preparation, cell assembly and Dbattery

characterization

The mixed conducting binder-LFP-based slurry was prepared by first
dispersing freeze-dried PEDOT:PSS, CompyrFSI and LiFSI in DMSO and
finally the active material powder in a weighted ratio of 60/28/7/5
(LFP/PEDOT:PSS/CompyrFSI/LIFSI). The diblock ionic polymer-LFP
electrodes were obtained by mixing an optimized ratio of components
(LiFSI/polymer ionic unit: 2 mol; CampyrFSI: 1 mol/polymer ionic unit) similar
to a previous work with the corresponding amounts in the weighted ratio: 60
LFP / 10 C65 / 30 DIBLOC in NMP.%2 The diblock copolymer was obtained

according to the synthesis reported elsewhere (see Figure 2.16).23:32

Diblock Copolymer

+
CsmpyrFSI LiFSI
| Li"
N o) _ 0
+N o B o \\S/N\S//
\\S/N\S// - \\o 0// ~p

~ ™~
F \\00// F

Figure 2.16. Chemical structures of solid electrolyte components: PILBLOC
copolymer, CampyrFSI and LiFSI.
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The prepared slurries were casted onto carbon-coated aluminum
current collector by using a doctor blade, then dried at room temperature and
finally dried at 60°C under vacuum overnight. No liquid electrolyte was used
to wet the cathode as the ionic conduction of lithium is ensured by the use of
a mixed conductor binder and lithium salt. The resulting mass loading of the

electrodes was 1.2 mg cm in both systems.

LilLFP cells (CR2032) were assembled inside an argon glovebox using
50 um lithium foil. Galvanostatic cycling was performed using a battery tester

(Neware) at 70 °C, which was the optimum temperature for the electrolyte.®?
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Chapter 3. Mixed lonic and Electronic Conductors based on

PEDOT:PolyDADMA and Organic lonic Plastic Crystals

3.1. Introduction

In the last few decades, the potential of organic MIECs (OMIECSs) has been
highlighted because of their high electronic conductivity and flexibility in their
synthesis and processability as commented in Chapter 1. These OMIECs are
mainly based on Ttr-conjugated polymers that can be functionalized with
polyelectrolytes and polymer electrolytes via pendant groups,* form copolymers,
or blended with other polymers (e.g., polyethylene oxide (PEO)? and polystyrene
sulfonate (PSS)3); improving their properties or the desired application. Among
all of the conducting polymers, PEDOT is the most widely studied, being
accompanied by anions such as chloride (Cl), tosylate (Tos) or PSS that strongly
stabilize the positively charged polarons of PEDOT* enabling the high efficient

electronic conduction.3/

Besides, PSS acts as a dispersing agent to obtain a processable water
dispersion. The commercially available PEDOT:PSS dispersion, Clevios
PH1000, has an electronic conductivity around 0.2 S cm™, as can be seen in
Chapter 2. This material has been widely employed given its characteristics in a
wide variety of applications such as energy storage systems (ESSs),? ion
pumps,® sensors,? bioelectronics!! and thermoelectrics.'> However, the slight

acidity of PSS might be disadvantageous for some of them.?

Among the polyelectrolytes successfully employed in those fields, on top

of a large number of polyethers, poly(diallyldimethylammonium)-based
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(PolyDADMA™) materials have attracted the attention of the scientific community
taking advantage of its rich chemistry, being possible to combine with targeted
anions; ease to synthesize and film-forming properties. FSI and TFSI anions have
been combined with this polycation resulting in robust membranes with high-
performance in different types of batteries.'*'> Triflate anion has been also

considered for proton-exchange membranes.®

Another promising family of ionic conducting materials for energy storage
systems in solid-state is organic ionic plastic crystals (OIPC). They have shown
high ionic conductivity and wide electrochemical window, enabling their use in
graphite anodes (as electrode additive)!’ as well as lithium- and sodium-ion
batteries (as electrolytes).'®1° Moreover, they have been successfully employed
in combination with polymers exhibiting interesting properties given by their

interactions (as studied in Chapter 2). 202!

In this chapter we investigated the ternary system between PEDOT,
PolyDADMA  (poly(diallyldimethylammonium)) and Compyr (N-ethyl-N-
methylpyrrolidonium OIPC, as illustrated in the graphical abstract, in the
presence of four different counter-anions: CF3SOs (triflate), FSI
(bis(fluorosulfonyl)imide), TFSI (bis(trifluoromethylsulfonyl)imide) and Tos
(tosylate) looking for a synergistic behavior of high ionic-electronic conduction.
For this purpose, we first perform the synthesis and characterization of the
individual systems (PolyDADMA X). Secondly, the synthesis and characterization
of PEDOT:PolyDADMA take place. Thirdly, neat OIPCs (CampyrX) were studied,
and finally, the ternary system was investigated in terms of thermal analysis,

ionic-electronic conductivity and electrochemical response.
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3.2. PolyDADMA X characterization

A series of PolyDADMA X materials were synthesized via anion exchange
of PoOlyDADMAC, where X is either FSI, TFSI, CF3SOs or Tos, as explained in

Sections 3.7.3 and 3.7.4, following the scheme of Figure 3.1. The thermal

behavior and ionic conductivity of these compounds were tested and are

discussed below.

NS w
+
/ N m
NI \

K
w XTosorCFSOsM . O

Figure 3.1. Synthesis of different polyelectrolyte poly(diallyldimethylammonium)
(PolyDADMA X) materials.

I

3.2.1. Thermal analysis

Thermogravimetric analysis (TGA) of the PolyDADMA samples was
conducted to investigate their thermal stabilities. This technique can result in an
overestimate of the long-term thermal stability compared to an isothermal
measurement, but it is nevertheless a valuable initial assessment of the relative

impact of the different anions on the thermal properties.

PolyDADMA FSI and PolyDADMA TFSI show a decomposition

temperature (T;) of 300 °C and 450 °C, respectively; in agreement with already
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reported values.?? In this study, the thermal behavior of PolyDADMA CF3SOs and
PolyDADMA Tos was studied by TGA, as shown in Figure 3.2a. The TGA curves
show that the degradation of PolyDADMA CF3SOs and PolyDADMA Tos occur in
one step at temperatures higher than 427 °C and 382 °C, respectively. Therefore,
the decomposition temperature of the different polyDADMA-X polyelectrolytes
follows the trend: FSI < Tos < CF3SOs < TFSI, which shows a huge impact of the
anion on the thermal stability as previously observed in ionic liquids with the same
tendency.?® It should be mentioned that a 10% weight loss related to absorbed

water was observed for PolyDADMA Tos at around 100 °C, due to its hygroscopic

nature.
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Figure 3.2. a) Thermogravimetric analysis (TGA) curves of the neat PolyDADMA
CF3SO0s and Tos polyelectrolytes. b) Dynamic mechanical analysis (DMA) curves
of the neat PolyDADMA FSI, TFSI, CF3SO3s and Tos polyelectrolytes.

As no transition temperatures were observed by differential scanning
calorimetry (DSC) in the range of —70 and 200 °C, dynamic mechanical analysis
(DMA) was used to study the thermal transitions of PolyDADMA X
polyelectrolytes between 40 and 200 °C (Figure 3.2b). During DMA
measurements, with increasing temperature, a sharp decay in the storage

modulus is usually observed when the material passes through the glass
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transition, thus T, can be determined from the maximum of tan delta and the
concomitant decrease in storage modulus. From these DMA data, the T,
measured for PolyDADMA CF3SOs is 154 °C and 152 °C for PolyDADMA Tos.
The Tg of PolyDADMA FSI and PolyDADMA TFSI have been previously reported

at 121 and 116 °C, respectively.??

3.2.2. lonic conductivity

The ionic conductivity of the PolyDADMA X polyelectrolytes was
investigated by EIS between 25 and 90 °C. The values are plotted in Figure 3.3a,
which shows that PolyDADMA CF3SOs yields the highest ionic conductivity, 2 x
107 S cm™" at room temperature. The value for PolyDADMA FSI (1 x 1077 Scm™’
at 70 °C) is consistent with a previous study (2 x 107 S cm™ at 70 °C),? as
presented in Table 3.1. The ionic conductivity for PolyDADMA TFSI is similar to
that of PolyDADMA FSI (1 x 10~ S cm™" at 70 °C), as reported by Fdz. de Afiastro
et al. ** Surprisingly, the conductivity values of PolyDADMA CF3SOs were higher
than PolyDADMA FSI and PolyDADMA TFSI in all the ranges of temperatures,
despite showing a higher Tg. Static 19F-NMR lineshape analysis was used to
study the ion dynamics of PolyDADMA CF3SOs and PolyDADMA TFSI between
20 and 80 °C (see Figure 3.3b), showing CF3SOs narrower peaks, thus

suggesting higher mobility of the anion than that of TFSI.
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Figure 3.3. a) lonic conductivity of neat PolyDADMA X (X: FSI, TFSI, CFsSO3
and Tos). b) Static 19F-NMR of PolyDADMA TFSI and PolyDADMA CF3S03 at
different temperatures.

Finally, PolyDADMA Tos yielded the lowest ionic conductivity (2 x 1078 S

cm™' at 70 °C), due to the large and rigid nature of the anion, likely resulting in
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lower mobility. This material also had the narrowest tan delta in contrast to the
other three systems, which showed broad peaks reflecting more dynamic T,. %
Table 3.1. lonic conductivities (Oionic) of the PolyDADMA X polyelectrolytes

obtained experimentally at 70 °C, compared to literature values and the activation
energy (Ea).

Compound Literature values Experimental values
Oonic/Scm™  gionic/ Scm™ Ea/KJ mol™
PolyDADMA FSI 2x1077 22 1x 1077 25.9+0.4
PolyDADMA TFSI 1x107 14 - 25.8+25%
PolyDADMA CF3SO3 - 1x107° 29.2+1.3
PolyDADMA Tos - 2 x 1078 13.6 £ 0.4

3.3. PEDOT:PolyDADMA X characterization

In order to provide electronic conductivity to PolyDADMAX X systems and
obtain new mixed ionic-electronic conductors, EDOT was polymerized in the
presence of PolyDADMA X (Eigure 3.4), to obtain blends of a conducting polymer
(PEDOT) and polyelectrolyte (PolyDADMA X). In the case of FSI and TFSI
anions, precipitation of the product was carried out as explained in Section 3.7.5,
by the addition of FSI or TFSI salt to the PEDOT:PolyDADMAC. The solubility of
these compounds depends totally on the anion, which ranges from non-polar
such as acetonitrile, acetone or tetrahydrofuran (in the case of FSI and TFSI), to

polar such as methanol or water (Cl, CF3SO3 and Tos).

o] o]
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Figure 3.4. Synthesis of PEDOT:PolyDADMA X.
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3.3.1. Thermal analysis

The TGA curves of the PEDOT:PolyDADMA X polyelectrolytes, with the
anion being either CI, FSI, TFSI, CF3SOs or Tos, are shown in Figure 3.5.
PEDOT:PolyDADMA CI, PEDOT:PolyDADMA CF3SO3 and PEDOT:PolyDADMA
Tos show a two-step decomposition profile, while PEDOT:PolyDADMA FSI and
PEDOT:PolyDADMA TFSI show a single step decomposition. The lower
decomposition step, at around 300 °C, is related to PEDOT, while the step
between 350 and 450 °C is attributed to the decomposition of PolyDADMA X.
Previous studies have reported that PEDOT:Cl, PEDOT:CF3SOs3 and
PEDOT:Tos decompose below 350 °C,>>?¢6 while the decomposition of
PolyDADMA X occurs around 400 °C. In the case of PEDOT:PolyDADMA ClI, two
peaks were observed in the TGA curve with a shoulder in the first peak. This
shoulder is due to PolyDADMA CI, which normally presents a two-step
decomposition profile, at 300 °C and 450 °C, the first peak coinciding with the

decomposition of PEDOT:CI.?’
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Figure 3.5. TGA curves of PEDOT:PolyDADMA CI, FSI, TFSI, CF3SOs and Tos.

A comparison of the neat PolyDADMA X and PEDOT X (Table 3.2) shows
that the decomposition temperatures have generally diminished in the blends.
This is most likely due to the interruption of the interactions within PolyDADMA X
by the presence of the other cation (PEDOT™) that can also interact with X". The
first decomposition temperature of PEDOT:PolyDADMA X is likely related to

PEDOT X.

Table 3.2. Decomposition temperature of PEDOT:X, PolyDADMA X and
PEDOT:PolyDADMA X, where T1, ¢ means the first step of decomposition and Tz,
d means the second step of decomposition.

Td Td T1,d T2,d

X PEDOT:X / PolyDADMA X / PEDOT:PolyDADMA X /  PEDOT:PolyDADMA X /
°C °C °C °C
Cl 300 % 300 and 450 27 281, 295 378
FSI - 300 %2 - 340
TFSI - 450 22 - 423
CF3sSOz 3602 427 301 345
Tos 343 %6 382 296 343
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3.3.2. lonic conductivity

The ionic conductivity of the mixed conductors was investigated by EIS
between 25 to 90 °C (Eigure 3.6). In all cases, a closed semicircle typical of mixed
ionic electronic conductors was observed in the Nyquist plots.?2 Compared to
neat PolyDADMA X, the ionic conductivity of PEDOT:PolyDADMA X increased.
At 70 °C the highest ionic conductivity value was reached by
PEDOT:PolyDADMA TFSI (3 x 10° S cm™) followed by FSI (5 x 106 S cm™),
CF3S03 (7 x 1077 Scm™), Tos (5 x 1077 S cm™) and finally CI (2 x 108 S cm™).
As discussed above, the packing ability of the anion appears to be crucial. The
smaller the anion, the stronger the interactions with the polymer, while the bigger
anions have lower mobility. The TFSI anion appears to offer the most ideal

compromise, in terms of enhancing the ionic conductivity.
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Figure 3.6. lonic conductivity of PEDOT:PolyDADMA X (X: Cl, FSI, TFSI,
CF3S0s, Tos)
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The activation energies are also influenced by the interactions between
the anion and the polymers. The Tos anion resulted in the lowest Ea (4.0 £ 0.4
KJ mol™?) with FSI, TFSI, Cl and CF3SOzs having slightly higher values (8.4 + 0.4,
8.6 £0.5,89+1.0and 7.5 + 1.0 KJ mol™, respectively). The activation energies
of the mixed conductors are much lower than that of the neat PolyDADMA X,
probably because of the interaction of the anion with the other cation (PEDOT),
resulting in weaker bonds between X and the cations, as discussed in the thermal
stability section. These interactions are also likely to be responsible for the
increased ionic conductivity of PEDOT:PolyDADMA X versus the neat

PolyDADMA X.

3.3.3. Electronic conductivity

The electronic conductivities of PEDOT:PolyDADMA FSI and
PEDOT:PolyDADMA TFSI coatings were measured (Table 3.3), however films of
PEDOT:PolyDADMA CF3S0s, PEDOT:PolyDADMA Tos and

PEDOT:PolyDADMA CI could not form films.

Higher electronic conductivity values (Oelectronic) Were measured for
coatings compared with pellets since the coatings are smoother and much thinner
than the pellets. The effect of coating thickness is well known in the field of
electronic conductors.?® The conductivity of PEDOT comes from the existence of
polarons and bipolarons formed in the chains, where the charges can flow.3° The
FSI system results in higher electronic conductivity than the TFSI system, with
conductivity values of 0.60 S cm™" versus 0.25 S cm™', respectively, which may

be the result of a greater formation of polarons in the FSI system.
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For the pellets, the highest electronic conductivity was attained by the
CF3S03 system (0.3 S cm™) followed by CI (0.1 Scm™") and Tos (0.1 S cm™), in
contrast to FSI (0.04 Scm™") and TFSI (0.02 Scm™"). PEDOT:Cl and PEDOT:Tos
have been previously synthesized by vapor phase polymerization, showing
electronic conductivity values of 400 S cm™ and 700 S cm™, respectively.” The
tosylate anion can provide 1T -conjugated electrons where charges of PEDOT can
be delocalized. The doping effect of acids on PEDOT has been well studied,!
and TFMSA, which was involved in the polymerization of PEDOT:PolyDADMA
CF3SO0s, is known as a superacid. These factors make FSI and TFSI poorer

dopants in contrast to Cl, CF3SOs and Tos.

Although these electronic conductivity values do not seem high in
comparison with the numbers in Chapter 2, even in thick pellet form, the values

are close to those of the commercially available Clevios PH1000 (0.2 S cm™).

Table 3.3. Electronic conductivity (Oelectronic) Of coatings and pellets of the
PEDOT:PolyDADMA X samples with varying anions.

Coating Pellet

Oelectronic / Oelectronic /

Thickness / pm Thickness / pm

Scm™ Scm™
FSI 70 0.60 400 0.04
TESI 75 0.25 500 0.02
Cl - - 250 0.10
CF3S0s3 - - 350 0.30
Tos - - 250 0.10

3.4. Organic lonic Plastic Crystals characterization

In order to enhance the mechanical properties and ionic conductivity,

OIPCs with the same anions used above were synthesized (see Section 3.7.4)

to prepare composites of 80/20 wt% PEDOT:PolyDADMA X/Compyr[X]. Previous

studies have indicated that the electronic conductivity can be improved by doping
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conducting polymers with ILs.3233 In order to understand the effects of the OIPCs
on the composite systems, prior thermal and conductivity characterization was

performed and is presented and discussed below.

3.4.1. Thermal analysis

The TFSI anion provides the highest thermal stability, with a one-step
decomposition observed at 454 °C (Eigure 3.7a). The T; of CampyrFSI was
measured to be at 313 °C, which is close to that previously reported by Yamada
et al. (300 °C).34 The decomposition temperature of CzmpyrTFSI is 150 degrees
higher than the corresponding FSI salt, in a similar trend as the PolyDADMA X
samples (450 and 300 °C respectively). The thermogram related to the CF3SOs
OIPC presents a T; around 410 °C, which is similar to that previously reported
for N-butyl-N-methylpyrrolidinium triflate.3® Finally, CzmpyrTos presents a T, of
357 °C, which is in good agreement with that reported by Dhahri et al. for an

imidazolium-tosylate-based salt.36

As previously discussed in the section on the thermal stability of
PolyDADMA X, the anion has a huge impact on the decomposition behavior. The
T, of these salts follows the same trend observed in PolyDADMA X, that is: Td
FSI < Tos < CF3SOs3 < TFSI. All of them are thermally stable up to at least 300

°C, which enables their use in many electrochemical applications.
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Figure 3.7. a) TGA and b) DSC curves of the organic ionic plastic crystals
(OIPCs) with different anions.

Thermal analysis of the OIPCs by DSC showed different thermal behaviors
depending on the anion. OIPCs are characterized by having one or more solid-
solid transition temperatures prior to melting, a long-range ordered crystalline
lattice and entropies of fusion following Timmerman'’s criterion (<20 J K™ mol™)

as introduced in Section 1.2.3. The existence of solid-solid phase transition

temperatures, Ts_g, is accompanied by an increase in the mobility of the ions due
to rotational motions and/or major structural reorientation of the ions, resulting in
a disordered lattice.3” The solid-solid phase transitions also often result in a small

entropy of fusion that gives the material “plastic—crystal” properties.

The DSC curves are presented in Figure 3.7b and summarized in Table
3.4. OIPCs with the FSI and TFSI salts present solid-solid phase transitions with
similar values to previous studies.®®3° In the case of CompyrFSl, there are two
Ts_s at =64 and -21 °C and a melting point at 201 °C with a low entropy value
(10.1 J K™t mol™). On the other hand, CampyrTFSI presents two Tg_s occurring

at 16 and 46 °C before the melting point at 90 °C with a higher entropy (29.3 J
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K~1 mol™). The higher range of temperatures between the T_s and melting point
and the lower entropy of fusion explains the higher plasticity of CzmpyrFSI versus

CampyrTFSI.%7

Table 3.4. Thermal properties of the OIPCs from DSC analysis

] ] o AS

NI-1l / °C H/°C Tal°C | 53 molt
[Compyr][FSI] -64 -21 201 10.1
[Compyr][TFSI] 16 46 90 29.3
[Compyr][CF3SO3] - -34.4 110 12.5
[Compyr][Tos] - - 120 67.5

The thermal behavior of C2mpyrCFsSOs is characterized by having one
Ts_s at =34.4 °C and a melting point at 110 °C. Additionally, the entropy of fusion
of this salt satisfies Timmerman'’s criterion presenting 12.5 J K™ mol™ confirming
this material to be an OIPC with a plastic behavior similar to CzmpyrFSI and over
a significant range of temperature. In contrast, CompyrTos does not present any
solid-solid phase transitions and has a broad melting point at 120 °C with an
entropy of 67.5 J K1 mol™. These values are close to those previously reported
in the literature.*%-4? The high value of entropy and absence of a Ts;_g means that

this salt cannot be considered to have plastic crystal behavior.

3.4.2. lonic conductivity

Figure 3.8 compares the ionic conductivity of the different salts. In all
cases, the conductivity increased with higher temperature, following typical
Arrhenius behavior. In the cases of TFSI, CFzSOs and Tos, a dramatic increase
in conductivity is observed at high temperatures as the trend is influenced by the

melting point of the compounds near 100 °C.
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Figure 3.8. lonic conductivity of OIPCs with different anions (FSI, TFSI, CFsSO3
and Tos).

The ionic conductivity values are intimately related to the thermal behavior
of the materials. As previously discussed for OIPCs, the existence of a Ts_g and
melting point with low entropy, are typical of OIPCs with significant ion dynamics.
The maximum ionic conductivity value at 70 °C was 4 x 10 S cm™, for
C2mpyrCF3sSOs. This can be attributed to the fact that the CF3SOs anion is the
smallest of the anion series, along with the thermal behavior discussed above.
On the other hand, C2mpyrTFSI presented the lowest ionic conductivity values (2
x 107 Scm™ at 70 °C), close to those previously reported in the literature.** The
C2mpyrFSI shows an ionic conductivity value of 9 x 106 S cm™ at 70 °C, which
is slightly different from that previously reported (6 x 1076 S cm™ at 70 °C),*® but
the difference could be attributed to different geometries of the EIS cell or

differences in the measurement procedure. Surprisingly, given the absence of
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OIPC behavior, the values related to CzmpyrTos (2 x 107> S cm™ at 70 °C) are
close to CompyrFSI although the latter has a higher conductivity at lower
temperatures. Also, very surprisingly, CzmpyrTos presents higher ionic
conductivity values than CmpyrTFSI across the entire temperature range in this
study. This possibly could be related to the fact that some small impurity is
present in the CampyrTos, as suggested by the broad peak onset of the melting
point. This is typical of liquidus-like behavior where even a fractional impurity can
lead to a liquid eutectic at the grain boundaries of the pure CampyrTos crystals.
This liquid phase would increase as the final melt is approached and lead to an
increase in high ionic conductivity. Previous studies have shown that even a 1%
impurity (or dopant) component can increase the ionic conductivity

dramatically.444°

The activation energies for the conductivity of these salts are quite low but
this is the case mainly for the ones classified as an OIPC: CompyrFSI (12.9 £ 0.1
KJ mol™), CompyrTFSI (11.42 + 0.3 KJ mol™) and CampyrCF3S0s (8.5 KJ + 0.2
mol™). The more disordered a compound is, the lower the activation energy is,
and this disorder is connected to the properties of the OIPC, the Ts_s and the low
entropy of fusion.*® CompyrCFsSOs, which has a large temperature range
between the Ts_g and the Tm, a low melting point as well as a low melting entropy,

was measured to have the lowest activation energy.

3.5. PEDOT:PolyDADMA X + OIPC characterization

Finally, the synthesized OIPCs were added to PEDOT:PolyDADMA X
blends, in order to study the doping effect of the OIPCs and improve the transport

properties. Composites of 80/20 wt% PEDOT:PolyDADMA X/Campyr[X] were
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prepared by dissolving the solids and mixing them in liquid state. Good coatings

were formed from the FSI and TFSI system but not with the other anions.

RPN
Y X
- o %\._.‘«
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N D54 x25k 30 pm S0

Figure 3.9. SEM images of PEDOT:PolyDADMA FSI, TFSI and their composites
with CompyrFSI and CompyrTFSI respectively.

SEM images of the neat PEDOT:PolyDADMA FSI and
PEDOT:PolyDADMA TFSI and their composites were taken (Figure 3.9), where
it seems the OIPC is able to cover the material forming a more continuous film.
Hence, the composites were mixed in solid-state with a mortar and pressed into

pellets to compare them under the same conditions (see Figure 3.10).

122



\:/ N X

m - i

Figure 3.10. Preparation of 80/20 PEDOT:PolyDADMA X / C2mpyr X composites.

3.5.1. Electronic conductivity

The electronic conductivity of the 80/20 PEDOT:PolyDADMA X / Campyr
X pellets of ~500 um of thickness were measured by 4PP, under the same
conditions as PEDOT:PolyDADMA X. CampyrCFsSOs led to a significant
enhancement of the electron transport from the pure PEDOT:PolyDADMA
CF3S03 (0.3 S cm™) to the value of 0.73 S cm™. FSI and TFSI OIPCs slightly
enhanced the conductivity from their respective values; for PEDOT:PolyDADMA
X conductivity increased from 0.04 S cm™ and 0.02 S cm™ to 0.08 S cm™ and
0.06 S cm™, respectively. Finally, the electronic conductivity of the 80/20
PEDOT:PolyDADMA Tos/CompyrTos could not be measured, possibly because
of the apparent hygroscopic behavior of the material and/or a very low

conductivity value.

3.5.2. lonic conductivity

EIS measurements of the composites were carried out between 30 and 90

°C. The typically closed semicircle of MIECs was observed in all the samples.
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Evaluation of the ionic conductivity of the 80/20 wt% PEDOT:PolyDADMA
X/ICzmpyr[X] (Eigure 3.11) shows there is a significant increase of one order of
magnitude for the FSI (2 x 10®° S cm™ at 70 °C) composite versus
PEDOT:PolyDADMA FSI with no OIPC (5 x 10 S cm™ at 70 °C). The ionic
conductivity value of PEDOT:PolyDADMA CF3SOs at 70 °C was enhanced from
7x107Scm?tolx10° S cm™ with the addition of the OIPC. Finally, in the
case of TFSI and Tos, the ionic conductivity value decreased from 3 x 10™° S
cmtand5x 1077to 4 x 10% S cm™ and 2 x 108 S cm™, respectively. The
increase of ionic conductivity from the addition of CampyrFSI and CompyrCFzSOs3
could be because both of these salts have higher intrinsic ion dynamics following

Timmerman’s criterion (see Section 1.2.3) for plastic crystals, and hence

considered as OIPCs, and these higher dynamics are retained in the composites.
On the other hand, composites formed with the salts CompyrTFSI and C2mpyrTos
do not fit into this criterion and have intrinsically lower ion dynamics as seen from
the conductivity of the pure salts; hence their presence in the composite

decreases the overall ionic conductivity.
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Figure 3.11. lonic conductivity values of PEDOT:PolyDADMA X (spheres) and
80/20 PEDOT:PolyDADMA X / Campyr[X] composites (stars), where X is FSI
(black), TFSI (red), CF3SOs (blue) and Tos (pink).

The Ea of the composites also changed with the addition of the OIPCs. In
general, the incorporation of Compyr[X] into the system decreased the activation
energy from 8.4 KJ mol?! (PEDOT:PolyDADMA FSI), 8.6 KJ mol*!
(PEDOT:PolyDADMA TFSI), 7.5 KJ mol-1 (PEDOT:PolyDADMA CF3S0s) to 2.3
KJ mol™, 3.4 KJ mol™ and 3.6 KJ mol™, respectively (Table 3.5). Interestingly,
the E, of the Tos composite was increased from 4 KJ mol™* (PEDOT:PolyDADMA
Tos) to 8.7 KJ mol™ (80/20 PEDOT:PolyDADMA Tos/CampyrTos). This contrast

could be due to the absence of plastic crystal behavior in CompyrTos.
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Table 3.5. lonic conductivity values and Ea of PEDOT:PolyDADMA X and 80/20

wt% composites at 50 °C.

80/20 Wt%
X PEDOT:POlyDADMA X' e 57 polyDADMA X/Compyr X
Oionic/S cm™" Ea/KJI mol™  oionic/S cm™ Ea/KJ mol™1
FSI 5x10° 8.4 2x10° 23%02
TFSI 3x105 8.6 4x10 3.4+0.2
cl 2x10°8 8.9 - -

CFsSOs  7x107 7.5 1x10 3.6+0.3
Tos 5x107 4.0 2x10°8 8.7+0.4

3.5.3. Cyclic voltammetry

The electrochemical behavior was only analyzed for the FSI and TFSI

systems since the other systems were unable to form a film, as discussed above.

The typical rectangular shape of capacitive behavior was observed, as shown in

Figure 3.12.
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Figure 3.12. Voltammograms at 0.2 V s of a) PEDOT:PolyDADMA FSI (black
lines) and 80/20 PEDOT:PolyDADMA FSI / C2mpyrFSI composite (grey lines)
using 0.1 M KFSI (solid lines) and 0.1 M HCIO4 (dashed lines) and b)
PEDOT:PolyDADMA TFSI (red lines) and 80/20 PEDOT:PolyDADMA TFSI /
CompyrTFSI (purple lines) using 0.1 M KTFSI (solid lines) and 0.1 M HCIO4

(dashed lines).

Different aqueous media were used as electrolytes, including 0.1 M KFSI

and 0.1 M KTFSI as neutral electrolytes with the same anion as the system to
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avoid anion exchange and possible secondary reactions, and 0.1 M HCIO4 was
used to observe the proton doping effect on PEDOT. The potential window was

cycled from -0.4 V to 1 V vs. Ag/AgCI.

In general, the FSI system shows a much higher capacity than TFSI since
the electronic conductivity is higher. Focusing on the FSI system, the
voltammogram of PEDOT:PolyDADMA FSlin 0.1 M KFSl is quite resistive, unlike
when 0.1 M HCIO4 was used as the electrolyte, because of the effect of proton
doping on PEDOT as discussed above. The capacity was even higher when
CampyrFSI was added to obtain 80/20 PEDOT:PolyDADMA FSI / CompyrFSl;
indicating a further doping of PEDOT. When the 80/20 FSI composite was cycled
using 0.1 M HCIO4 as the electrolyte, the capacity was diminished compared to

the voltammogram obtained using 0.1 M KFSI as the electrolyte.

Although TFSI is much more resistive than FSI, similar behavior is
observed in the voltammograms. PEDOT:PolyDADMA TFSI undergoes doping
with protons when HCIOq4 is used as the electrolyte. The 80/20 TFSI composite
also shows an enhanced doping effect when 0.1 M KTFSI was used, compared
with the neat PEDOT:PolyDADMA TFSI. However, in this case, the CompyrTFSI
is not as effective as CompyrFSI. Finally, when 0.1 M HCIO4 was used as the
electrolyte, higher current densities were obtained as effect of acid dopping. This

doping effect of organic salts has been observed previously.4’

3.6. Conclusions

Blends of PEDOT and PolyDADMA X were obtained as mixed ionic-

electronic conductors, using composites of novel polyelectrolytes and OIPCs. A
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series of PolyDADMA X polyelectrolytes were prepared, where X was either
chloride (Cl), bis(fluorosulfonyl)imide (FSI), bis(trifluoromethylsulfonyl)imide
(TESI), triflate (CF3SO3) or tosylate (Tos). The maximum electronic conductivity
was obtained for the PEDOT:PolyDADMA FSI coating (0.60 S cm™), with an ionic
conductivity value of 5 x 10% S cm™ at 70 °C. The PEDOT:PolyDADMA TFSI
coating showed a lower electronic conductivity (0.25 S cm™) with an ionic
conductivity of 4 x 10 S cm™ at 70 °C. CF3SOs has been postulated as a good
anion with promising results, reaching the highest electronic conductivity value
(0.3 S cm™) among the PEDOT:PolyDADMA X pellets, the highest ionic
conductivity value among the different OIPCs (4 x 107> S cm™ at 70 °C) and
having a higher ionic conductivity value than the FSI and TFSI samples as a

polyelectrolyte (PolyDADMA CF3S03) (1 x 108 S cm™ at 70 °C).

Finally, 80/20 PEDOT:PolyDADMA X / Campyr[X] composites were
prepared and their ionic conductivity and electrochemical capacity were
measured. Interestingly, the most promising results were achieved by the
authentic OIPCs; CompyrFSI and CompyrCFsSOs. The new OIPC
C2mpyrCFsSOs exhibited an important electronic transport boost from the neat
PEDOT:PolyDADMA CFsSOz (0.30 S cm™) to the value of 0.73 S cm™.
Nonetheless, both OIPCs enhanced the ionic conductivity of
PEDOT:PolyDADMA X, with a bigger impact in the case of CampyrFSI. A clear
doping effect was evident for the FSI OIPC, in terms of the electrochemical

performance.

The incorporation of different PolyDADMA X polymers in the PEDOT X
blends shows the potential of using such ionic polymers to tune the material's

properties concerning ionic and electronic conductivities as well as mechanical
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properties. This research also highlights the benefits of incorporating OIPCs as
dopants in conducting polymers and mixed ionic-electronic conductors and
demonstrates the potential of the new compounds presented herein
(PolyDADMA CF3SOs, PolyDADMA Tos, CompyrCFsSOs and CompyrTos) for

application in electrochemical storage systems.

3.7. Experimental part

3.7.1. Materials

Poly(diallyldimethylammonium chloride) (PolyDADMAC) (m,, = 400,000—
500,000 g mol™") 20 wt% in water, p-toluenesulfonic acid monohydrate (Tosylic
acid) (98.5%) and lithium(l) bis(trifluoromethanesulfonyl)imide (LITFSI) (99.9%)
were purchased from Sigma-Aldrich. Potassium bis(fluorosulfonyl)imide (KFSI)
(98%) and N-ethyl-N-methylpyrrolidinium bromide (CampyrBr) (99%) were
supplied by abcr GmbH. Trifluoromethanesulfonic acid (TFMSA) (98%) was
supplied by Alfa Aesar. 3,4-ethylenedioxythiophene (EDOT) (99%) and
Amberlite™ IRN-78 ion-exchange resin, OH-form were purchased from Fisher
Scientific. 1-ethyl-1-methylpyrrolidinium bis(trifluoromethylsulfonyl)imide, 99%
was supplied by loLiTec. Dialysis tubing of regenerated cellulose, pre-treated, 38
mm MWCO 1 kD and hydrochloric acid (HCI) (37%) were purchased from

Scharlab.

3.7.2. Methods

All the compounds were characterized by thermogravimetric analysis

(TGA), performed using a TGA Q-500 thermobalance, with a standard furnace
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coupling and nitrogen flow of 50 cm® mint. The sample weight was between 1
and 15 mg. Then, the decomposition temperature, Td, was obtained from the

maximum of the first derivate of the thermogram.

The organic salts were characterized by differential scanning calorimetry
(DSC). The experiments were performed using a Perkin Elmer 8000 DSC
equipped with an Intracooler Il and calibrated with indium and tin standards. The
heating rate was 10 “C min! in the temperature range of -70 to 225 °C and
between 3 and 10 mg of sample was used every time. The measurements were
performed by sealing the samples in aluminum pans. The samples were first
heated from room temperature to 225 °C to erase thermal history, then cooled

and finally, second heating was performed.

Compressive mode dynamic mechanical analysis (DMA, PerkinElmer
DMAB8000) was used to analyze the thermal behavior of the polymers when
nothing was observed by DSC. The polymer was pressed in KBr die and dried at
70 °C under vacuum overnight to finally obtain pellets of around 2 mm in thickness
and 13 mm in diameter. The temperature range of DMA was from 40 °C to 200
°C and the frequency was set at 1 Hz. The measurements were performed in a

N2-filled glovebox with a H20 level lower than 100 ppm.

The ionic conductivities were measured by electrochemical impedance
spectroscopy (EIS) using an Autolab 302N potentiostat galvanostat (Metrohm
AG, Herisau, Switzerland) with the temperature controlled by a Microcell HC
station. PEDOT-based samples were measured making pellets of around 500 um
and 11 mm in diameter. Polyelectrolytes and organic salts were solvent cast on

stainless steel electrodes. All the samples were dried at 70 °C under vacuum
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overnight. Afterward, the samples were sandwiched between two stainless steel
electrodes (with a surface area of 0.5 cm?). The plots were obtained by applying
a 10 mV perturbation to an open circuit potential in the frequency range of 1 MHz
to 0.1 Hz. Electronic conductor samples were analyzed considering the
resistance of the electronic conduction negligible versus ionic resistance as
previously done by McDonald et al.*® The activation energy (E,) of the different
materials was also studied in the linear region using the Arrhenius Equation (Eq.

3.1):

0 = 0, exp (_Ea/RT) (Eqg. 3.1)

where ¢ is the ionic conductivity, o, is the pre-exponential factor, E, is the
activation energy, R the universal gas constant and finally T is the absolute

temperature.

The electronic sheet resistance was measured using a Jandel 4-Point
Probe with the RM3000+ test unit. The samples were pellets with a thickness
between 250 and 500 ym and 13 mm in diameter. Coatings with a thickness of
around 50 ym were measured when they were possible to form. Electronic
conductivity was calculated by taking into account the thickness of the samples

as follows Eg. 3.2

Oclectronic = Rs * t (Eq. 3.2)

where 6,..tronic 1S the electronic conductivity, Rs is the sheet resistance

and t the thickness of the sample.
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To evaluate the electrochemical performance of the system, cyclic
voltammetry (CV) was carried out with an Autolab PGSTAT204 potentiostat in a
conventional three-electrode setup. A platinum wire was used as the counter
electrode, Ag/AgCI as the reference electrode and glassy carbon as the working
electrode. The samples were dissolved in the relevant solvent to finally drop cast
a known quantity of material on top of the carbon electrode. The experiments

were performed at 0.2 V s,

3.7.3. Synthesis of PolyDADMA FSI and PolyDADMA TFSI

PolyDADMA FSI and PolyDADMA TFSI were synthesized by the anionic
exchange reaction of PolyDADMAC in the presence of the fluorinated salt (LiFSI
and KTFSI), to synthesize the required polymer as previously reported.'* In both

cases, after filtration of the precipitate, a white solid powder was obtained.

3.7.4. Synthesis of CompyrCFsSOs, C2mpyrTos, PolyDADMA CF3SOs

and PolyDADMA Tos

These organic salts and polymers were synthesized via a two-step anion
exchange reaction, following a previously reported, similar procedure.*® Briefly,
an aqueous solution of CompyrOH was prepared by passing an aqueous solution
of CampyrBr, which has a similar viscosity as water, through a column filled with
anion exchange resin (SUPELCO AMBERLITE IRN-78) in the hydroxide form.
After that, CzmpyrOH was neutralized by the dropwise addition of the equimolar
acid aqueous solution (TFMSA and Tosylic acid) to obtain the required
compound, using an ice bath for cooling. The obtained solutions were stirred at

ambient temperature and pressure for 12 h. Excess water was then removed by
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rotatory evaporation under vacuum. The same procedure was used for
PolyDADMA CF3S0Os and PolyDADMA Tos, using the acids TFMSA and tosylic
acid. The chemical structures of the prepared OIPCs and polyelectrolytes were

confirmed by *H and °F NMR analysis (see Figures 3.13-18).
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Figure 3.13. *H-NMR spectrum of CampyrTos in D20.

For CFsSOs  compounds, an equimolar quantity of  4-
(trifluoromethyl)benzaldehyde was added as standard to quantify 1H and 19F

and thus, see if the ratio between the anion and the cation is one.
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Figure 3.14. 1H-NMR of CampyrCFsSOs with 4-(Trifluoromethyl)benzaldehyde in
DMSO.
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Figure 3.15. ®F-NMR of CompyrCFsSOs with 4-(Trifluoromethyl)benzaldehyde in
DMSO.
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3.7.5. Synthesis of PEDOT:PolyDADMA FSI PEDOT:PolyDADMA

TFSI

The synthesis of PEDOT:PolyDADMA FSI and PEDOT:PolyDADMA TFSI
were carried out following a previously reported procedure, by oxidative
polymerization in an acidic medium. It was previously reported that using an
acidic medium can enhance the doping of PEDOT chains.>* EDOT (0.3 mL, 2.81
mmol) and 20 wt% PolyDADMAC (1.92 mL, 2.48 mmol) were dispersed in 50 mL
of 0.1 M HCI aqueous solution. In a second flask, ammonium persulfate (APS)
(0.96 g, 4.22 mmol) was dissolved in 20 mL of 0.1 M HCI. After 20 min of bubbling
in an N2 atmosphere to remove oxygen traces, the APS solution was added
dropwise over 5 min in an inert atmosphere and the color of the solution changed
from clear to white and then to light blue as the reaction was occurring. After 24
h of reaction using an ice bath, the typical dark blue color of PEDOT was

observed in the solution.

Subsequently, the fluorinated salt (LIFSI or KTFSI) was added in excess
in order to precipitate PolyDADMA as PolyDADMA FSI or PolyDADMA TFSI and
dope the PEDOT. PEDOT:PolyDADMA FSI and PEDOT:PolyDADMA TFSI were
obtained after filtration and washing with Milli-Q water. In both cases, the molar

ratio of PEDOT:PolyDADMAX was 1.14:1.

3.7.6. Synthesis of PEDOT:PolyDADMA CI, PEDOT:PolyDADMA

CF3SOs and PEDOT:PolyDADMA Tos

The synthesis of PEDOT:PolyDADMA Tos was performed by

polymerization of the EDOT monomer (0.33 mL, 3.05 mmol) in 30 mL of 0.1 M
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tosylic acid in the presence of the previously synthesized PolyDADMA Tos (0.8
g, 2.68 mmol). After adding APS (1.04 g, 4.58 mmol) as the oxidant and after 24
h of reaction under an inert atmosphere as previously explained, a dark blue
dispersion was observed. The APS and excess acid were removed over 2 days
of dialysis in regenerated cellulose membranes of 1000 Da. After 2 days of
freeze-drying, the desired compound was obtained as a dark blue sponge-like
solid. The same procedure was followed to obtain PEDOT:PolyDADMA CI (using
hydrochloric acid and the commercially available PolyDADMAC) and
PEDOT:PolyDADMA CF3SOs (using TFMSA as the acid, and using the
previously synthesized PolyDADMA CF3S0Os). In the case of the CF3SOs system,
it was necessary to first dissolve the PolyDADMA CF3SOs in the minimum
quantity of dimethyl sulfoxide (DMSO) prior to adding the acid and EDOT

monomer. In all cases, the molar ratio of PEDOT:PolyDADMA X was 1.14:1.
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Chapter 4. Unraveling the influence of Li*-cation (PMTFSI-Li) and TFSI-

anion (PDADMA-TFSI) in poly(ionic liquid) binders for lithium-ion batteries

4.1. Introduction

Due to the exponential increase in world’s energy demand during the last
decades and the transition to a climate-neutral society, research on energy
storage has focused on improving the performance of actual devices to increase
the efficiency and range of power electronics and electric vehicles.? Among the
electrochemical energy storage technologies, batteries, supercapacitors, and
pseudo-capacitors stand out, in particular lithium-ion batteries (LIB) which offer
high energy density and light-weight devices.®* As introduced in Chapter 1
cathodes in LIBs are composed of a redox-active material, responsible for the
charge storage in the electrodes, electronic conducting agents (i.e. carbon or
electronic conducting polymers), and a polymer that acts as binder (commonly
poly(vinylidene fluoride), PVDF).®> Today, one of the main challenges facing this
type of battery is to obtain the maximum real specific capacity and capacity
retention during long-term cycling tests where parameters such as active material
particle size, electronic conductivity, porosity, electrolyte, and ionic conductivity
play an important role in the electrochemical performance of composite

electrodes.

It has been demonstrated that the interaction of the carbon coating and
the binder has a considerable impact on the mechanism of charge transfer, which
could be a determining factor in the performance of lithium batteries, mainly at
high charge/discharge rates.®’ In this regard, the choice of the binder can be

crucial to determine the performance of composite electrodes and in general
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lithium-based batteries.®® Trends in the development of polymeric materials as
binder include water-processable polymers and biopolymers,t91° as well as the
use of ionic polymers, such as single-ion conducting polymers (SICP) and
poly(ionic liquid)s (PIL)s. As an example, Xu et al. found that the use of CMC-Li
polyelectrolyte as binder for NMC/C-based cathodes diminished the overpotential
in comparison with standard PVDF, which was critical for long-term cyclability.*!
In addition to that, some works have reported the benefits of using functionalized
binders that have electronic conductive properties, providing a more intimate
electronic contact between redox-active compounds and the current collector.??13
On the other hand, the use of single-ion conduction polymers as binders has been
suggested to overcome ion transport limitations and therefore, improve cell
performances.'t'4" Some PILs based on mobile TFSI- have also been
employed as binders, looking for facilitating Li* conduction pathways, observing
a more stable cycling and higher specific capacities in LFP/C cathodes.'’
However, the role of the type of mobile ion (cationic or anionic) in polymeric
binders and their behavior in contact with conventional liquid electrolytes has not

been investigated in detail so far.

In this chapter, LFP/C based cathodes were prepared using two different
type of poly(ionic liquid) polymers: poly(diallyldimethylammonium
bis(trifluoromethanesulfonyl)imide (PDADMA-TFSI) and poly(lithium 1-[3-
(methacryloyloxy) propylsulfonyl]-1-(trifluoromethanesulfonyl) (PMTFSI-Li) as
binders (see Figure 4.1) and labeled as C-PMTFSI-Li and C-PDADMA-TFSI,
respectively. These polymers were chosen as ionic conducting binders for LFP/C
cathodes to provide suitable conditions to elucidate the role of TFSI- and Li* ions

transport within the composite electrode on the overall electrochemical
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performance of the cells. The electrodes were cycled using 1M LiTFSI in DOL:
DME (1:1 v/v) as electrolyte and compared with conventional LFP/C/PVDF
electrodes in terms of cyclic voltammetry, cyclability, cycle life, and

electrochemical impedance spectroscopy (EIS).
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Figure 4.1. Chemical structure of the studied binders: a) Polyvinylidene fluoride
(PVDF, Solef® 5130), poly(diallyldimethylammonium
bis(trifluoromethanesulfonyl)imide (PDADMA-TFSI), and poly(lithium 1-[3-
(methacryloyloxy) propylsulfonyl]-1-(trifluoromethanesulfonyl) (PMTFSI-Li).

4.2. Application in Lithium-ion batteries

LFP electrodes were obtained using a slurry composed of 80 wt.% active
material (LFP), 10 wt.% conducting carbon and 10 wt.% binder. Moreover, 1M
LiTFSI DOL:DME (1:1 v/v ratio) was chosen as electrolyte to maintain an ionic

homogeneity in the system.

153



4.3. Electrolyte uptake

PDADMA-TFSI and PMTFSI-Li were used as binders in LiFePO4/C-based
cathodes to assess the importance of ion transport (TFSI- in PDADMA-TFSI and
Li* in PMTFSI-Li) within the cathode structure. The electrochemical performances
were compared to a cell containing the commonly used non-conductive PVDF
binder. In traditional lithium-ion batteries with non-conductive binders, liquid
electrolyte penetrates into the pores of the cathode providing ionic conduction
through the electrode. To evaluate possible wettability variations in the
electrodes, generated by changes in the intrinsic properties of the binders and
their compatibility with the rest of the electrode components, electrolyte
absorption tests were carried out (Figure 4.2). For this purpose, pristine
electrodes (LFP/C65/binder 80/10/10 wt. %) were soaked separately in fresh
electrolyte (0.5 mL) for short (5 seconds) and long (48 h) immersion times in
closed vials independently and subsequently weighted. Noteworthy, 48 h was
considered to ensure a thermodynamic equilibrium of the system in terms of

electrolyte saturation and chemical equilibrium of the ionic species.

154



1400 I c-pvDF [ C-PDADMA-TFS| [l C-PMTFSI-Li | x15
)
> x13
Q
5 x11
o O =
= 3 X9 o
2 : : 2
= S S X7 =
© > @) > o
5 g 2 ﬁ 2 X5
O > 0
g .1
L e r = X3

5s 48h
Electrolyte exposure

Figure 4.2. Electrolyte uptake of LFP/C65/binder 80/10/10 wt. % electrodes
using PVDF, PDADMA-TFSI and PMTFSI-Li binders after 5s and 48 h of
immersion time in 1M LiTFSI in DOL: DME (1:1 v/v) fresh electrolyte.

The results of immersing the electrodes in the electrolyte for short periods
revealed that ionic binders have a higher electrolyte uptake (C-PDADMA-TFSI:
930 %, C-PMTFSI-Li: 711 %) than C-PVDF (290 %). These values are associated
with the low polarity and poor wettability of C-PVDF, which limit the diffusion of
the electrolyte along the electrode, in comparison with ionic binders. This
behavior has been already reported by several authors, indicating a dependence
between the amount of electrolyte absorbed by the electrode and the electrolyte-
binder affinity, where polar binders improve wettability and overall ionic mobility

across the electrode.18:1°

Once the thermodynamic equilibrium was reached, the results after 48 h
revealed that C-PDADMA-TFSI (1280 %), C-PMTFSI-Li (736 %) and C-PVDF
(700 %), electrodes had adsorbed respectively 40, 74, and 97 % of their total

electrolyte adsorption capacity in the first 5 s of wetting. Interestingly, C-PMTFSI-
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Li led to much faster absorption of electrolyte. Despite C-PVDF and C-PMTFSI-
Li showed a similar electrolyte uptake capacity after 48 h, C-PDADMA-TFSI
demonstrated a capacity to hold significantly higher amounts of liquid electrolyte
(580 % more compared to PVDF), which will have an impact on the battery
performance as discussed in the following sections by facilitating ion transport

through the electrode.

4.4. Electrochemical response

To assess the effect of electrolyte uptake and free ions (either TFSI- or
Li+) on the redox reaction kinetics of the cathode, Li||LFP cells with the three
different binders were studied by cyclic voltammetry. In the first cycle, broad
peaks related to LiFePO4/FePO4 redox reaction are observed in the range of 2.8-
3.8 V (see Figure 4.3a). Nonetheless, the oxidation-reduction peak positions vary
among different binders and it can be seen that PMTFSI-Li binder offers the best
environment for the redox reaction to occur showing the sharpest and highest

peaks, particularly in the anodic side.
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Figure 4.3. Cyclic voltammograms of Li||LFP cells of cycle number a) 1 and b) 6;
with different cathode binders at 0.1 mV s™.

It has been reported that cell stabilization occurs during the first five cycles
of potentiostatic cycling.?® For this reason, voltammograms collected from the
sixth cycle were compared and shown in Figure 4.3b. As a result, the observed

difference between reduction and oxidation peak potentials, called peak-to-peak
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separation, were 179, 189, and 209 mV for C-PMTFSI-Li, C-PVDF, and C-
PDADMA-TFSI, respectively. Similar behavior was observed for other Li+
conducting polymer electrolytes.'>2! These results evidence the kinetic limitation
for C-PDADMA-TFSI hindering the reaction by the ionic interactions of free TFSI-
ions with available Li* cations, while the redox reaction is more favored and
reversible with for C-PMTFSI-Li since it represents a Li* source for the active
material; the PVDF binder is in the middle of both scenarios. Furthermore, higher
oxidation current densities were reached with C-PMTFSI-Li (0.91 A g?) in
comparison with C-PVDF and C-PDADMA-TFSI (0.89 and 0.85 A g?). A
smoother covering of LFP particles was observed when using PMTFSI-Li binder
than PVDF or PDADMA-TFSI (see Figure 4.4), where sharp white LFP particles

remain immersed into the polymer matrix, which may improve the contact and

hence, current signal.

Figure 4.4. SEM images of pristine LFP-based cathodes (LFP/C65/binder,
80/10/10 wt. %) using different binders as labelled.

4.5. Galvanostatic cycling

After 10h of OCV to guarantee the equilibrium of the cells, fresh cells were
cycled at current densities and subsequently at 1C for 500 cycles (Figure 4.5a).
C-PMTFSI-Li electrodes provided higher capacity values than C-PDADMA-TFSI
and C-PVDF, in all the studied C-rates, reaching the theoretical capacity density
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(170.3 + 0.8 mAh g1) at C/10 and outstanding values at 10C (100.6 + 0.5 mAh g
1. In accordance with the electrochemical response study, C-PVDF remained in
second place providing a capacity density of 156.1 + 1.5 mAh g at low rate
(C/10), followed by PDADMA-TFSI (146.7 + 1.2 mAh g* at C/10). Nonetheless,
at high C-rates (10 C) C-PDADMA-TFSI reached values of 87.7 + 0.2 mAh g
slightly surpassing C-PVDF (87.2 + 0.3 mAh g). This phenomenon, even if close
values of capacities are implied, becomes significant when observing the voltage
profiles. When the cells were cycled at C/10 (see Figure 4.5b) low and almost
indistinguishable overpotentials were observed. At this rate, the charge/discharge
process is governed by reaction kinetics offered by the different ionic
environments, proceeding following cyclic voltammetry study: C-PMTFSI-Li > C-
PVDF > C-PDADMA-TFSI. However, when the C-rate was increased, large
overpotentials were observed due to mass transfer limitations (Figure 4.5c),
specially for C-PVDF. C-PMTFSI-Li exhibited a smaller polarization, due to its
structural characteristics that promote Li* transport, as described for other
polymeric systems with single lithium-ion conducting properties.t>1621 C-
PDADMA-TFSI can also slightly mitigate this effect by facilitating the Li* mobility
since more electrolyte uptake was observed for this electrode, but also by
interaction with free TFSI- ions of the binder. Similar works have already
demonstrated the benefits of free anions in terms of polarization.”-?? Finally, C-

PVDF shows the worst scenario.
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Figure 4.5. a) Rate capability and long-term cycling of Li||LFP cells using different
binders: C-PVDF, C-PDADMA-TFSI, C-PMTFSI-Li as shown in figure legend.
Voltage profiles of the cells at b) 0.1C and c) 10C rates at room temperature.

In the long-term cycling, after 535 cycles C-PMTFSI-Li and C-PDADMA-
TFSI showed stable cycling and high capacity retention (140.5 mAh g1, 96%, and
130.5 mAh g1, 99% respectively), while C-PVDF delivered 138.5 mAh g, 99%
in cycle number 494 before fading. Subsequently, cells were opened to evaluate
electrode deterioration after rinsing the cycled electrodes with DOL/DME (1/1) to
remove the adsorbed salt excess. Figure 4.6, shows cross-sectional SEM images

of the cathodes before and after cycling, where C-PVDF based cathode showed
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a more damaged structure than the ones based on C-PDADMA-TFSI and C-

PMTFSI-Li.

C-PVDF

C-PDADMA-TFSI

C-PMTFSI-Li

Glass Fibber

Figure 4.6. Cross-sectional SEM images of fresh electrodes and after 500 cycles
of LFP-based cathodes using different binders as labelled.

In order to gain insight into the potential application of these polymer
binders, electrodes with higher loadings (4 mgire cm™) were prepared and
analyzed. After cycling under the same conditions of rate capability (Figure 4.7),
C-PMTFSI-Li and C-PDADMA-TFSI electrodes were able to cycle stably at high

current density of 10C, while C-PVDF started to fail at that current density. A
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similar trend was observed for the low loading electrodes in the long cycling at
1C current density (Figure 4.3a), highlighting the superior performance of C-
PMTFSI-Li based electrode. Further characterization was carried out using the
lower-loading electrodes to avoid the influence of resistances and diffusion

limitations present in the 4 mg cm electrodes.
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Figure 4.7. Rate capability of LiJ|lLFP cells with different binders: PVDF,
PDADMA-TFSI, PMTFSI-Li as shown in figure legend (~ 4 mgLre cm™).

4.6. Electrochemical Impedance Spectroscopy and post mortem analysis

In order to get a deeper understanding of the systems, EIS was performed
to elucidate different resistances and capacitive contributions involved in the
electrode composite. However, as explained by Suarez-Hernandez et al., the EIS
spectrum of a battery is influenced by several factors (potential, additives, state
of charge (SOC), etc.).'® For this reason, EIS spectra were collected at the same
voltage and SOC=50% to see the effect of the different binders under the same

conditions. Firstly, fresh cells were assembled and exposed to 18h of OCV,

162



observing different voltage evolutions. Secondly, the cells were galvanostatically
cycled by applying a low current density, corresponding to a C-rate of C/10 and
5 min of OCV before EIS measurement to ensure steady-state conditions at

SOC=50% when charging and discharging in the third cycle.

The effect of the voltage on EIS spectrum has been studied addressing
the changes in the concentration of the ionic species.?? In this chapter, even if all
the cells started at the same potential (3.4 V), different OCV profiles were
obtained for each binder and hence, a comparison between cells in a specific
time would be influenced by its potential (see Figure 4.8a). In this step, EIS
spectra were taken every two hours to observe the evolution of the Nyquist plot
to larger semicircles and more capacitive shape at low frequencies given by the
accumulation of charged species inside the electrode as can be observed from
Figure 4.8b. From these results it can be concluded a faster stabilization occurred
in the cells based on ionic binder, obtaining capacitive EIS spectra at low
frequencies and reaching the voltage plateau at shorter times, specially for C-
PMTFSI-Li being almost instantaneous, in good agreement with the wettability

test.
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Figure 4.8. a) OCV profiles and b) Nyquist plot evolution along the time of fresh
cells using different binders as the legend indicates.

Subsequently, (EIS at SOC=50% of charge and discharge) is depicted in
Figure 4.9. The used equivalent circuit (ecc) (Figure 4.9a) was proposed by
similar previous works to fit the data because of its confirmed accuracy in LFP-
based cells and quality of extracted information. In these Nyquist plots, firstly the
solution electrolyte resistance remained relatively constant in all the cases R,~4
Q. Subsequently, at high frequencies, can be found a depressed semicircle that
corresponds mostly to the interfacial charge transfer resistance (R.;), in parallel
with the double-layer capacitance (Cy;), together with a small contribution of the
contact between particles resistance (R.) and respective capacitance (C.). At
intermediate frequencies we observe the resistance related to the lithiation

process of the active material (R;,-) and its associated lithiation capacitance (Cj;+),
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which is related to the amount of Li* out of the active material particle (in this case
LFP). Finally, at very low frequencies a capacitive shape appears as a
consequence of Li* intercalation in the phosphate matrix quantified by its

chemical capacitance (C,). This parameter counts the ease for Li* to reach the

active material.
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Figure 4.9. a) Proposed equivalent circuit and b) EIS spectra of Li||LFP cells with
different binders at SOC=50%; obtained for charge and discharge processes are
identified by empty circles and filled spheres respectively, and green lines
correspond to obtained fitting.

The cells containing the three different binders presented significantly
different Nyquist plots, while the impedance spectra at charged and discharged

states were also different (Eigure 4.9b). Even if an identical shape was observed
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during charge and discharge until medium frequencies in the three cells, more
capacitive spectra were exhibited at low frequencies when cells were discharging
since they were accumulating Li*. Table 4.1 summarizes the extracted data from
the equivalent circuit for these parameters. If we consider the behavior upon
discharging at high frequencies, a higher R, (8.1 Q-mg) was observed when C-
PDADMA-TFSI was used according to the higher porosity observed by SEM
while the use of PMTFSI-Li binder led to lower R, (3.5Q-mg). Subsequently, R,;
was remarkably lower in the case of C-PDADMA-TFSI (34.2 Q-mg) and C-
PMTFESI-Li (36.2 Q-mg) compared with C-PVDF (102.5 Q-mg) which enabled a
faster ion delivery from the electrolyte corroborating lower charge transfer
limitations when PDADMA-TFSI and PMTFSI-Li binders were used. Apart from,
C-PMTFSI-Li and C-PDADMA-TFSI showing very low charge transfer
resistances, they also exhibit the highest C;; (4.8x102 and 3.7x10°2 F girr?),
meaning a higher amount of charged species in the double layer as expected,

whereas C-PVDF has a lower C,; 1.6x103F gurp L.

Table 4.1. Extracted fitting data from Nyquist plots of Li||LFP cells using different
binders at SOC=50% when charging (shaded in orange) and discharging (shaded
in blue). The units of resistances (R) are Q-mg;rp and capacitances (C) are

F 91}113-

C-PVDF 42 32x107% 987 1.7x1073 454 0.46 32.2
C-PVDF 26 42x10"% 1025 1.6x10"3 485 0.45 27.7

C-PDADMA-TFSI 7.5 1.11073 33.7 39x107% 159 0.79 20.6
C-PDADMA-TFSI 8.1 0.8x1073 342 37x107% 181 0.71 15.4
C-PMTFSI-Li 34 35x107% 341 49x1073 29.6 0.40 41.1
C-PMTESI-Li 35 3.0x10"% 362 48x10% 355 047 27.2

At low frequencies, C-PDADMA-TFSI based cell showed the lowest R},
(18.1 Q-mg) indicating the fastest medium for the Li* ion to reach the active

center, followed by C-PMTFSI-Li and finally C-PVDF. However, the values of C,

parameter is aligned with the CV experiments, showing a more hindered reaction
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for C-PDADMA-TFSI (15.4 F giret) in comparison with C-PVDF and C-PMTFSI-
Li, (27.7 and 27.2 F girel, respectively). Even if C-PVDF and C-PMTFSI-Li
presented very similar ¢, when they were discharging, C-PMTFSI-Li exhibited a
higher value when it was charging (41.1 F girert) in comparison with C-PVDF
(32.2 F girrt) meaning a more effective galvanostatic charge storage (Figure
4.10iii). These values are in agreement with C,;+ in each case, where in C-
PDADMA-TFSI the cell accumulates more Li* ions that did not reach the active
material (0.71 F giret), while C-PVDF and C-PMTFSI-Li presented lower
capacitance values (0.45 and 0.47 F girr?, respectively). These values at low
frequencies can be understood if we consider the interactions that may occur
between Li* ions and free TFSI- counterions of C-PDADMA-TFSI, which may
increase Li* mobility and retain its entrance to active centers as proposed by the
scheme (Eigure 4.10i-ii). Nonetheless, once again C-PMTFSI-Li exhibited a more
effective galvanostatic charge with a lower amount of accumulated Li* (0.40 F
girel) in comparison with C-PVDF (0.46 F gire?) since the release of Li* from
the active material might be boosted by repulsion with mobile Li* associated with
the PMTFSI-Li binder (see Figure 4.10iv). Overall, EIS results suggested a
favored medium for mass transport when PDADMA-TFSI binder was used but at
the same time, the Li*-TFSI" interactions hinder the redox reaction. Moreover, the
use PMTFSI-Li binder provided the ideal scenario with low charge transference

resistance and efficient galvanostatic charge and discharge.
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Figure 4.10. Proposed scheme of the ionic interactions between charged species
for C-PVDF, C-PDADMA-TFSI, and C-PMTFSI-Li cells.

After EIS measurements, the same cells were cycled at 2C for 40 cycles
to promote cell polarization and subsequently opened inside an argon-filled
glovebox. SEM images of cross-sectional lithium were taken to observe anode
deterioration. As is shown in Figure 4.11, a huge amount of mossy lithium layer
was formed onto the anode in C-PVDF cell which could shorten its cycle life while
C-PDADMA-TFSI cell, because of its enhanced mass transport during cycling,
mitigated that growth. Interestingly, no mossy lithium was observed in the C-
PMTFSI-Li cell, which apparently, limited the deterioration of the anode
preventing potential lithium metal failure. Therefore, similarly to what occurs in
the field of electrolytes, the single lithium-ion polymer used as binder seems to
prevent concentration gradients by regulating ion concentration in the electrode
and hence, inhibiting non-homogeneous lithium plating. In a PVDF scenario,
typical concentration gradients lead to a slowdown of the Li* mobility in the
electrolyte producing heterogeneous plating onto the lithium metal anode as
represented in Figure 4.10v. Unlike, PDADMA-TFSI and PMTFSI-Li based

electrodes limited this problem by acting as ion buffers by restraining the
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polarization of the TFSI- counterion. PDADMA-TFSI system already contains a
high population of TFSI- anions impeding its diffusion (Figure 4.10vi), whereas
PMTFSI-Li may repulse TFSI anions electrostatically by interaction with

negatively charged polymer chain (Eigure 4.10vii).

Li°® Anode:

Li| | C-PVDF

Li| | C-PDADMA-TFSI
Li| | C-PMTFSI-Li

Figure 4.11. Cross-sectional SEM images of lithium metal anode from different
Li||LFP cells (as labelled in the figure) after being cycled at 2C for 40 cycles.

4.7. Optimization of PMTFSI-Li

Effect of molecular weight

In the previous sections, PMTFSI-Li of a molecular weight of 50 KDa has

been employed for the comparison against PDADMA-TFSI and PVDF with similar
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low loadings (1-4 mg cm?). However, the molecular weight has an impact on the
mechanical properties and we observed that when preparing electrodes with
higher mass loadings of active material, the slurries containing PMTFSI-Li
resulted in cracked electrodes. In order to investigate the effect of the molecular
weight on binding properties, two new polymers of higher molecular weights (250

KDa and 2,000 KDa) were synthesized and employed in LFP formulations.

With 250 KDa electrodes of 10-12 mgLre cm™ were obtained, while when
using 50 and 2,000 KDa the electrodes started cracking at 6.6 and 4.3 mgLre cM°
2 respectively (see Figure 4.12a). SEM pictures of electrodes with the same mass
loading (~ 4 mgLre cm2) were taken proving deeper and more critical fissures for
50 and 2,000 KDa (Figure 4.12b). These results indicate that, either PMTFSI-Li
(> 2,000 KDa) forms too rigid coatings or the presence of residual emulsifiers

from the polymerization is affecting the properties of the polymer.
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Figure 4.12. a) Pictures of LFP electrodes containing PMTFSI-Li of different
molecular weights as binder coated at different thicknesses 75-250 pum. b) SEM
surface pictures of 4 mgire cm electrodes using PMTFSI-Li binder of 50, 250
and >2,000 KDa.

The enhanced mechanical properties by increasing the M,, of PMTFSI-LI
were confirmed by DMA obtaining storage modulus values at 40 °C of 2.1 x 107,
3.4 x 107 and 4.7 x 107 Pa for 50, 250 and >2,000 KDa respectively (see Figure

4.13).
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Figure 4.13. Storage modulus as function of temperature of PMTFSI-Li with
different molecular weight.

Subsequently, the cathodes based on PMTFSI-Li of different molecular
weights (termed C-50, C-250 and C-2,000) were subsequently cycled using 1M
LITFSI (DOL/DME 1:1 v/v) against lithium metal in a rate capability test (Figure
4.14a). From Figure 4.14b can be seen the specific capacity delivered by the
different PMTFSI-Li-based cells at 1C and different mass loadings. The results
reveal that the three cathodes deliver roughly the same specific capacity at 1C
when using low loadings (138 mAh g? with 3-3.7 mgire cm?), but it rapidly
decreases with higher mass loadings (117.4 mAh g* with 11 mgirer cm2). In
agreement with the quality of the slurries observed before, C-250 still provides
higher specific capacities in all the range measured. Figure 4.14c depicts the
specific capacity of ~ 4.5 mgire cm? cells at different C-rates, reflecting a similar
performance for different molecular weights of PMTFSI-Li at low C-rate (161 mAh
g'at C/10). However, when the electrodes are pushed to cycle at higher C-rates,

C-250 remains as the best electrode reaching values of 78.6 mAh g* cm2 at 10C.
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Accordingly, the quality of the electrode seems not only to affect the capacity

obtained at high mass loadings, when the fissures are evident; but also the rate

capability.
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Figure 4.14. a) Cycling of Li|1M LiTFSI (DOL/DME)|LFP cells using PMTFSI-Li
of different M,, as binders at different mass loadings. b) Specific capacity at 1 C
versus loading of electrode; and c) Specific capacity of 4.5 mg LFP cm™ as
function of C-rate.

Effect of the electrolyte

An ideal electrolyte should provide high ionic conductivity that leads to low
overpotentials during cycling, but also be stable at high current densities, which
are required for fast charge-discharge cyclings and high-loading devices. These
properties are key for the lifespan, energy and power density of the devices. In

order to obtain a stable cycling for high loading electrodes, different electrolytes

173



were tested in Li||LFP cells: 1M LiTFSI DOL/DME (1:1 v/v), 1M LiTFSI EC/DEC
(2:1 v/v) and 1M LiPFs EC/DEC (1:1 v/v) at 1 C (Eigure 4.14). The results show
slightly higher capacities delivered when using 1M LIiTFSI DOL/DME (1:1 v/iv),
but rapid fade after 20 cycles. In contrast, the electrolytes containing EC/DEC
solvent present much more stable cycling (100 cycles) delivering ~ 113 mAh gt
at 1C (1.2 mAh cm?), revealing a big impact of the solvent on the cell

performance and not so much the nature of these salts (LITFSI and LiPFe).
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Figure 4.15. Cycling of Li||LFP cells using PMTFSI-Li 250 KDa as binder and
different electrolytes at 1C. Mass loading electrodes ~ 10 mgLrr cm™.

1M LiPFs EC/DEC (1:1 v/v) was selected as electrolyte to compare against
conventional PVDF for the exhibited stability and wide use in LIBs.?* Figure 4.16
shows the cycling of Li||LFP cells containing PVDF and PMTFSI-Li of 250 KDa
as binders for the cathodes (C-250) at 1C. PVDF-based cell faded after 100
cycles delivering 119.5 + 1.9 mAh g (0.95 mAh cm) while C-250 exhibits very
stable cycling of 130.4 + 1.4 mAh g (0.98 mAh cm), in good agreement with

the observed results in Sections 4.5-4.6.
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Figure 4.16. Cycling of Li|1M LiPFe EC/DEC (1/1 v:v)|LFP cells at 1C using PVDF
and PMTFSI-Li (250 KDa) as binders. Mass loading electrodes ~ 7.5 mgLrer cm
2

4.8. Conclusions

In this chapter, we studied the impact of using different types of poly(ionic
liquid) polymers as binders in LFP cathodes for LIB and compared their
performances with conventional PVDF binder. The cells containing the innovative
PMTFSI-Li binder exhibited optimum conditions for the LFP redox reaction and
consequently the best discharge capacity (170.3 + 0.8 mAh g*?) at C/10. An
outstanding capacity at 10C (100.6 + 0.5 mAh g1) and stable cyclability with a
capacity retention of 96% (140.5 mAh g1) after >500 cycles at 1C were obtained.
When comparing C-PDADMA-TFSI and C-PVDF, at low C-rate C-PVDF had
higher capacities than C-PDADMA-TFSI, but as the C-rate was increased, mass
transport limitations limited the performance of C-PVDF, particularly with high
loading electrodes, producing large overpotentials. Transport limitations were
identified by EIS through significant charge transfer resistances. Moreover, C-

PVDF cell showed a more deteriorated cathode after long-term cycling in contrast
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to the stable cycling of C-PDADMA-TFSI as a consequence of an efficient charge
transfer through Li* interaction with mobile free TFSI anions. Furthermore, when
fresh cells were cycled at 2C for 40 cycles after EIS measurements to promote
cell polarization, no mossy lithium was observed in the anode in the C-PMTFSI-
Li cell, while a small layer was found in C-PDADMA-TFSI cell and a large amount
of mossy lithium was observed for C-PVDF cells, being probably the cause of the
fade. Interestingly, the ionic binders showed a more homogeneous plating,
particularly the single-ion conducting polymer PMTFSI-Li. Therefore, the use of
ionic binders is proposed for enhanced and longer-life batteries and greener
processing since PDADMA-TFSI and PMTFSI-Li are also soluble in acetone and
water respectively, potentially avoiding the use of toxic NMP. Finally, PMTFSI-Li
was synthesized with higher M,, to reach mass loadings in the range of 10-12
mgLre cm?; and still obtaining higher specific capacities (130.4 + 1.4 mAh g with

PMTFSI-Li M,,=250 KDa) in comparison with conventional PVDF (119. + 1.9 mAh

gh).

4.9. Experimental part

49.1. Materials

PVDF Solef® 5130 (1,000-1,100 Kg mol?) was used as a reference binder.
The synthesis of PDADMA-TFSI was proceeded by ion exchange using
poly(dyallyldimethylammonium chloride) (400-500 kg mol?) and KTFSI as
reported in literature.?®> For the N-methyl-2-pyrrolidinone (NMP, 99%, Sigma-
Aldrich), anhydrous 1,3-dioxolane (99.8%, Sigma-Aldrich), anhydrous dimethoxy

ethane (99.5%, Sigma-Aldrich), lithium bis(trifluoromethanesulfonyl)imide
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(LITFSI, 99%, lolitec), conductive carbon (Super C65, Timcal), lithium iron

phosphate (LiFePOa4, Aleees) were used without further treatment.

4.9.2. Synthesis of PMTFSI-Li

PMTFSI-Li was synthesized by using reversible addition-fragmentation
chain transfer (RAFT) polymerization of commercial lithium 1-[3-methacryloyloxy)
propylsulfonyl]-1-(trifluoromethansesulfonyl) imide monomer (LIMTFSI) (Specific
Polymers) targeting 50 KDa; and by inverse emulsion polymerization (IEP) for
>2,000 KDa according to already reported procedures.?® For the synthesis of
PMTFSI-Li of 250 KDa, free radical polymerization (FRP) was employed. A
degassed solution of LIMTFSI (1.5 g 4.31 mmol) and AIBN (1 mg, 0.061 mmol)
in 5 g DMF was polymerized in a Schlenk tube vigorously stirring at 90 °C under
argon atmosphere for 8h. The obtained polymer was purified by precipitation in
cold diethyl ether and subsequently dried at 60°C under high vacuum overnight.
Table 4.2 summarizes the data obtained by size exclusion chromatography
(SEC) in comparison with the reported procedure. The highest M,, polymer was

out of the range of the SEC columns available and a M,, of >2,000 is stimated.

Table 4.2. SEC of the synthesized polymers at 25 °C, 0.1 M LiCl in water

Label M, (kg mol?t) M, (kg mol?) b Ref.
50 44.9 59.2 1.32 26
250 88.3 259 2.934 This work

>2,000 - - - 26

4.9.3. Electrode preparation

The slurries were prepared by dissolving the binder first in NMP in a small

beaker and subsequently addition of C65 and LFP. After one day stirring, the
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viscous slurry was coated onto carbon-coated aluminum foil (current collector)
with the aid of an automatic doctor blade (NEURTEK Instruments) and it was left
drying at room temperature for 12 h. Finally, disks of 11 mm diameter were
punched and further dried at 60°C under vacuum for 24h prior characterization.
To evaluate the intrinsic properties of binders, thin electrodes were prepared

(between 1.0-2.3 mgLre cm2).

4.9.4. Electrolyte uptake

Pristine electrodes (LFP/C65/binder 80/10/10 wt. %, 11 mm diameter) of
1-2.3 mgLre cm? were soaked separately in fresh electrolyte (0.5 mL) for short (5
seconds) and long (48 h) immersion times in closed vials independently and
subsequently weighted. Noteworthy, 48 h was considered to ensure a
thermodynamic equilibrium of the system in terms of electrolyte saturation and

chemical equilibrium of the ionic species.

4.9.5. Cell assembly

To evaluate the intrinsic properties of binders, thin electrodes (between
1.0-2.3 mgre cm?) were prepared based on PVDF, PDADMA and PMTFS-Li (50
KDa) to reduce transport problems associated with mechanical properties of the
electrodes. Another group of electrodes with higher loadings (4 mgLrer cm?) was
prepared to evaluate the processability of the binders during the preparation of
thicker electrodes and the identification of the potential for high loading
electrodes. In the last step, much viscous slurries based on PMTFSI-Li with
different molecular weights were prepared similarly, and subsequently coated at

different thicknesses 75-250 um to find the critical loadings.
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Li]|LFP cells were assembled in CR2032 coin cells inside Ar glovebox, by
firstly cleaning Li ribbons with cyclohexane and a nylon brush prior punching 12

mm disks and using 120 uL of electrolyte in glass microfiber separators.

4.9.6. Electrochemical characterization

Rate capability for assembled cell was performed constant current at
(0.1C, 0.5C, 1C, 2C, 5C and 10C) on a Neware battery cycles, whereas VMP-3
potentiostat (Biologic) was wused to carry out further electrochemical
characterization Cyclic voltammetry (CV) was used in the range of 2.8-3.8V at
0.1 mV s, Electrochemical impedance spectroscopy (EIS) was employed to
determine processes resistances and capacitances involved in Li||LFP cells with
a perturbation of 10 mV and a frequency range from 1MHz-0.1Hz with a VMP-3
potentiostat (Biologic). Afterward, data were fitted in frequency, Z and -Z” by

using Zview software obtaining Chi-Squared values below 1x 10

4.9.7. Dynamic mechanical analysis

Compressive mode dynamic mechanical analysis (DMA, PerkinElmer
DMAB8000) was used to analyze the mechanical properties of the polymers. The
polymer was pressed in KBr die and dried at 70 °C under vacuum overnight to
finally obtain pellets of around 1-4 mm in thickness and 0.5 cm. The temperature
range of DMA was 40-80 °C and the frequency was set at 1 Hz. The

measurements were performed in open air.
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Chapter 5. Improving LFP cathode performance through mixed ionic-

electronic conducting binders for high energy and power density

5.1. Introduction

The wide use of Lithium lon Batteries (LIBs) over the world requires more
optimization on the devices to extract their maximum real specific capacity. Since
the commercialization of the first LIB in 1991 by Sony, it has been largely
improved to satisfy daily needs in portable electronics such as laptops and
smartphones.! However, the energy demand for these electronics has increased
with the tools and performance they can offer to us, as well as the demand for
powering electric vehicles. Therefore, there is an interest in the optimization of
LIB to supply most of the energy as possible at higher rates and extend the cycle
life.? In the field of the optimization of LIB, there are multiple factors to consider,
from the chemistry and formulation of the electrolyte that allows the stable long-
term cycling at high current densities, to the active material for electrodes
development, as well as the optimization of their additives amount,

manufacturing, and cycling conditions.3

Specifically, on the cathode side, where nowadays the lithium iron
phosphate (LiFePOa, LFP) active material is one of the most widely used, it is
generally accompanied by redox inactive materials such as conducting carbon
and a polymeric binder (typically electronically isolating poly(vinylidene fluoride),
PVDF). Today, one of the main challenges that faces this technology is to obtain
the maximum real specific capacity and capacity retention during long-term
cycling tests. As discussed in Chapter 4, the choice of type of binder can be key

for this purpose.*
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Indeed, multiple works have shown the benefits of conducting polymer-
(CP) coatings on active material particles or even using them as functionalized
binders.>® Despite the conducting carbon particles included in the electrode
formulation, CPs have shown a better electronic interconnection contact and,
therefore, better electrochemical responses.® The use of CPs enables stable
cyclability and capacity values closer to the theoretic, even in electrodes with a
high active material load (92 wt. %).” In addition to that, it has been also shown
the first carbon-free solid-state battery employing this kind of material in Chapter
2, which takes the advantage of the reduced porosity, which is highly beneficial
for solid-state devices. Furthermore, those conducting polymers can even
contribute their pseudo-capacity increasing the obtained total capacity of the cell.®
Nonetheless, in liquid state batteries, the porosity of the final electrode must be
also optimized to control the electrolyte absorption and facilitate the Li* transport
through the cell. Therefore, the use of CP in carbon-free formulations is restricted

to the porosity generated in the cathode morphology.

Single-ion conducting polymers or poly(ionic liquids) have been also
employed to overcome ion transport limitations in LFP composites cathodes and
improve the cell performance, specially at high C-rates.®'! Recently, organic
ionic plastic crystals (OIPCs) emerged as solid-state alternative electrolytes with
high ionic conductivity and wide electrochemical window, being applied in lithium-
and sodium-ion technologies.*?>'* Moreover, OIPCs have been also incorporated
into electrode formulation in solid-state graphite cells to promote the ion transport
resulting in promising results comparable to liquid state.* OIPC demonstrated as
well an enhancement of electrolyte/electrode and electrode/current collector

contacts.1415
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In this chapter, the mixed ionic and electronic conductors (MIECs) studied
in Chapters 2 and 3 based on CP and OIPC are evaluated as binders for high-
performance cathodes in terms of energy and power density. The selected MIECs
are depicted in depicted in Figure 5.1: PEDOT:PSS (termed PPSS) and
PEDOT:PolyDADMA TFSI (namely PPTFSI) in combination with the optimum
amount of N-ethyl-N-methylpyrrolidinium bis(trifluoromethanesulfonyl)imide
(CampyrTESI) OIPC (in this chapter also referred as O). Different LFP cathodes
were prepared without carbon and in presence of carbon C65, C. Afterward, the
carbon-free formulations of neat CP and CP-O composites, as well as their
carbon-based version CP-C and CP-O-C were evaluated in Li||LFP cells through
potentiostatic and galvanostatic cycling, as well as impedance tests. The results
of the electrochemical performance of the different cells were correlated with the
intrinsic properties of the additives, such as: porosity, electrolyte uptake,

electronic conductivity and impedance.

H O\\S/Ni\ / SO3H OSN_SO
FC™ Yy o CFs FC™ Yy o CFs
PVDF PPTFSI PPSS C,mpyrTFSI (OIPC)

Figure 5.1. Chemical structure of the used binders: PVDF, PEDOT:PDADMA-
TFSI (PPTFSI), PEDOT:PSS (PPSS) and Co2mpyrTFSI (OIPC).

5.2. Application in Lithium-ion batteries

To investigate the performance of MIEC materials as binders in LIB,
cathode formulations were prepared containing 80 wt.% of LFP in all the cases
and varying the binder/conductive additive composition, as listed in Table 5.1.
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PEDOT:PSS-OIPC and PEDOT:PolyDADMA TFSI-OIPC composites were
formulated according to the optimum ratios already reported in Chapters 2-3.
Moreover, CompyrTFESI was chosen as OIPC since 1M LiTFSI DOL:DME (1:1 v/v

ratio) was chosen as electrolyte to maintain an ionic homogeneity in the system.

Table 5.1. Slurry composition of each electrode maintaining 80 wt. % of LFP. -O
is referred as the addition of CompyrTFSI OIPC to form a polymer-OIPC
composite in the indicated weighted ratio according to Chapters 2-3. The
averaged loading units are mgLre cm.

Binder, % C65 (%) Solvent Averaged

Loading
PVDF, 10 10 NMP 2.5
PPTFSI, 20 - NMP 2.0
PPTFSI, 10 10 NMP 2.0
PPTFSI-O (80-20), 20 - NMP 3.4
PPTFSI-O (80-20), 10 10 NMP 1.8
PPSS, 20 - DMSO 1.3
PPSS, 10 10 DMSO 1.4
PPSS-O (70-30), 20 - DMSO 1.6
PPSS-O (70-30), 10 10 DMSO 1.1

5.3. Electronic conductivity

The electronic conductivity properties of the different additives were
studied by four-point probe (4PP) in composites without active material (see
Table 5.2). Since PVDF is an isolating polymer, a PVDF-C slurry was prepared
with the same ratio as utilized in LFP cathodes (50/50 wt. %). Even if neat PPTFSI
MIEC polymer or PPTFSI-O composite were not able to surpass the electronic
conductivity of standard PVDF-C (1.5 S cm™), the addition of C65 boosted the
values, especially for the OIPC based composite leading to 5.1 S cm™* (PPTFSI-
O-C). Contrary, PPSS and particularly PPSS-O (580 S cm™) exceed x300 times
the value of standard PVDF-C. However, the addition of C65 drop the electronic
conduction down in both cases, remaining higher the OIPC-based MIEC (94.4 S

cm™). Those values can be understood if we consider the electronic conductivity
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of C65 (2.0 S cm™ measured in a pellet of 580 um), which leads to an increase
of PPTFSI values, but a decrease PPSS-based ones. Interestingly, the electronic
conductivity of the combination of C65 and PPTFSI materials leads to higher
values than the neat compounds. In addition to that, the interaction of OIPC with
the rest of the additives leads systematically to higher electronic conductivity
values, because of possible smoother integration of C65 particles as a result of
its plastic properties.

Table 5.2. Electronic conductivity values of the different additives used in this
chapter.

Polymer OIPC C65

Composite (WE. %) (WL %) (Wt.%) o, (Scmw)
C65 (pellet) - - 100 2.00+0.10
PVDF-C 50 - 50 1.50 + 0.20
PPTFSI 100 - - 0.25+£0.05
PPTFSI-C 50 - 50 2.90 £ 0.30
PPTFSI-O 80 20 - 0.13+0.01
PPTFSI-O-C 40 10 50 5.10+1.00
PPSS 100 - - 416 £ 41
PPSS-C 50 - 50 87.8+0.8
PPSS-O 70 30 - 580 £ 49
PPSS-O-C 40 10 50 94.4+5.2

5.4. Porosity and electrolyte uptake

It is well known that the incorporation of carbon particles into electrode
formulations inevitably brings porosity changes in the morphology, which is key
for ionic and electronic transport in electrodes for energy storage devices with
liguid electrolyte.'® In this sense, the porosity of the electrodes, prepared with
different additives was analyzed following a standardized protocol of

physisorption (see experimental Section 5.9.4).17 The results of this analysis are

reported in Table 5.3.
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Table 5.3. Porosity parameters extracted from physorption experiments. Sger:
specific surface area; Vpore: pore volume; Dpore: pore diameter; and ¢: porosity.
Percent of porosity was stimated considering the pore volume and apparent
densities.

SBET V ore D ore
Cathode (PN cmbgh  m o8
ePVDF-C 12.1 0.088 29.4 10.0
ePPTFSI 4.2 0.039 35.0 4.3
ePPTFSI-C 8.0 0.064 32.1 7.1
ePPTFSI-O 2.6 0.018 28.0 1.9
ePPTFSI-O-C 9.3 0.064 27.7 7.0
ePPSS 3.1 0.025 32.6 2.4
ePPSS-C 5.1 0.055 42.7 5.7
ePPSS-O 5.2 0.042 32.0 4.0
ePPSS-0-C 8.9 0.074 33.2 7.7

Generally, the porosity of the cathode composite decreases when
increasing the amount of binder, obtaining the lowest values for carbon-free
electrodes. Since the density of PEDOT:PSS is much lower than that of LFP, an
increase in the PEDOT:PSS mass fraction leads to a strong increase in the binder
volume fraction.” Thus, the polymer can fill the spaces between the LFP particles,
decreasing the ratio of the void volume and thereby the porosity of the composite

cathode.18

The pore diameter remains in the range of 30 to 40 nm for all the cases.
However, the incorporation of C65 leads consistently to larger Seer and Vpore, as
expected. OIPC incorporation modifies the porosity of ePPTFSI cathode leading
to a highly dense formulation (ePPTFSI, 4.2 m? g%, 4.3 %; and ePPTFSI-O, 2.6
m? g2, 1.9 %), but remaining practically with not changes in the carbon-based
formulation (ePPTFSI-C, 8.0 m* g%, 7.1 %; and ePPTFSI-O-C, 9.3 m? g and 7.0
%). Nonetheless, when OIPC is present in any PPSS-based formulation more
porous cathodes are obtained (ePPSS, 3.1 m? g%, 2.4 %; ePPSS-0, 5.2 m? g1,

4.0 %; ePPSS-C, 5.1 m? g1, 5.7 %; and ePPSS-O-C, 8.9 m? g1, 7.7 %). ePVDF-
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C remains as the most porous electrode with 12.1 m? g surface area and 10.0
% of porosity. The porosity is a key parameter to control for a smooth ionic
diffusion into the whole electrode when they are in contact with liquid electrolyte,

too dense electrodes may suffer from diffusion limitations.

The porosity of the electrode will affect the electrolyte uptake, which is also
an important parameter to consider since it will influence the total cell impedance.
To investigate the swelling of the electrode composite in contact with electrolyte,
fresh electrodes were immersed in fresh 1M LiTFSI DOL:.DME (1:1 v/v)
separately for 48 h to ensure the electrode saturation of solvent and ionic species
diffusion reaching the steady-state. Overall, the carbon addition to the formulation
leads to notably higher electrolyte uptake, in comparison to the electrodes based
on just LFP-MIEC without carbon, as expected considering the higher measured
porosities (Figure 5.2). Interestingly, the electrolyte uptake does not change with
the addition of OIPC, unlike the porosity. Lastly, comparing the different families,
ePVDF-C showed a value of around 700 % of electrolyte uptake while PPTFSI-
based electrodes remained much lower (around 545 % for PPTFSI-C and
PPTFSI-O-C) and PPSS-based electrodes reached values of around 1250 % for
ePPSS-C and ePPSS-O-C showing a higher affinity with the studied
electrolyte.This phenomenon can be given by the different PEDOT:Polymer
composition in each family. Although both families were prepared with the same
1:2.5 w/w ratio, due to different polyelectrolyte molecular weights, the
compositions result in 1:1.91 and 1:0.87 molar ratios for PEDOT:PSS and
PEDOT:PolyDADMA TFSI, respectively, consequently PEDOT:PSS contains a

higher molar ratio of polyelectrolyte, which favours the wettability of the electrode.
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Figure 5.2. Weight increment of LFP electrodes with different additives after 48
h of immersion time in 1M LiTFSI DOL:DME (1:1 v/v) fresh electrolyte.

5.5. Electrochemical response and morphology

To evaluate the electrochemical window of the proposed MIEC materials,
LFP-free electrode formulations were assembled in Li||MIEC-O-C cells and
subsequently studied by cyclic voltammetry (see Figure 5.3a-b). Two fresh cells
were assembled for each material for going to upper and lower potentials.
PPTFSI-O-C and PPSS-O-C were nicely cycled in the range of 2.3-4.2 and 1.7-
4.8 V vs LiY%Li* respectively. Even if the shape of the voltammograms suggests a
non-conducting state of PEDOT from 2.5 V vs Li%Li* to lower potentials, its
potential use in high voltage cathode such as NMC is confirmed with such a wide
stability window. Interestingly, in spite of presenting much higher electronic
conductivity, the electrochemical response of PPSS-O is much resistive than

PPTFSI-O, which can be attributed to a less favorable doping/dedoping

194



(oxidation/reduction) of PEDOT through less porous PPSS-O surface, compared

to PPTFSI-O as can be seen from Figure 5.3c-d.

a) PPTFSI-O
0.4 T T
—CCell 1l
—Cell 2
. 0.2 1 .
T'@ F.‘m
< <
0.0+
-0.2 T T T T
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Figure 5.3. Electrochemical window of a) PPTFSI-O-C and b) PPSS-O-C
measured in Li|1M LiTFSI DOL/DME (1/1 v/v)|MIEC composite without LFP at 10
mV s1. SEM pictures of ¢) PPSS-O and d) PPTFSI-O electrode surfaces.

To evaluate the role of the different binders on the redox reaction kinetics

of LFP, Li||LFP cells were assembled and several cyclic voltammograms were

recorded. Figure 5.4a-b shows the stabilized voltammograms for PPTFSI and

PPSS-based LFP electrodes.
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Figure 5.4. Cyclic voltammograms at 0.1mV s of Li||LFP based cells using 1M
LITFSI DOL:DME (1:1 v/v) containing different additives: a) PPTFSI-, b) PPSS-
based binders and c) comparison of cathodes containing MIEC polymers and
C65, with standard PVDF-C cathode.

Generally, it can be seen from these graphs that OIPC incorporation
promotes the redox reaction of LFP, obtaining sharper redox peaks and smaller
potential differences (AE) between the oxidation and reduction peaks, suggesting
an improvement in the kinetics and reversibility of the redox reactions,
respectively. Interestingly, despite having a much lower electronic conductivity
the ePPTFSI and ePPTFSI-O electrodes delivered much higher currents
compared to ePPSS and ePPSS-0 in agreement with the higher electrochemical

response observed during electrochemical window evaluation, also probably as
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a consequence of a more homogeneous coating forming as can be seen from
SEM images in Figure 5.5. Upon addition of C65 to ePPTFSI (Figure 5.5b-c) or
ePPTFSI-O (Eigure 5.5d-e), more porous surfaces are formed in accordance with
physisorption results. For the PPSS family, only ePPSS-O-C (Eigure 5.5i)
resulted in quite homogeneous coating, whereas ePPSS-C (Figure 5.59g), and
specially ePPSS (Figure 5.5f) and ePPSS-O (Figure 5.5h), exhibit large
plasticized areas leaving the bright LFP particle areas segregated, maybe as a
consequence of the high ability of PPSS for film formation, but at the same time,
difficult to disperse with low volume of solvent in the slurries preparation. In
conclusion, in both families, eMIEC-O-C electrodes offer the highest currents in
comparison with carbon and OIPC free versions, agreeing with the best scenario

of electrolyte uptake, porosity and electronic conductivity experiments.

The carbon-based electrodes, which generally have shown the best
intrinsic properties for composite electrodes, are depicted with ePVDF-C in Figure
5.4c. ePPSS-O-C electrode shows an outstanding performance, offering 1.01 A
g! as oxidation current density and AE of 183 mV, which surpasses ePVDF-C
(0.90 A g and 208 mV) performance. The current intensities of ePPSS-C and
ePPTFSI-O-C are slightly above ePVDF-C (0.92 and 0.91 A g1), but the AE are
larger (217 and 224 mV respectively). Lastly, ePPTFSI-C remains as the worse
scenario with values of 0.7 A g?! and 233 mV, for current density and AE,
respectively. Two conclusions are derived from these values: 1) the use of MIECs
helps the current delivery, and 2) the presence of OIPC seems to diminish the AE
enabling faster kinetics of redox reaction (also observed for the carbon-free
formulations), which is key to improve the electrochemical performance of

electrodes for LIBs.
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Figure 5.5. SEM images of LFP based electrodes containing distinct additives as
labelled in the figure: a) PVDF-C, b) PPTFSI, c) PPTFSI-C, d) PPTFSI-O, €)
PPTFSI-O-C, f) PPSS, g) PPSS-C, h) PPSS-O and i) PPSS-O-C.
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5.6. Galvanostatic cycling

Fresh cells were galvanostatically cycled after 10h of OCV conditions, to
guarantee the thermodynamic equilibrium of the cells, at different rates and
subsequently long-term at 1C. From Figure 5.6a-b it can be seen the cycling of
PPTFSI and PPSS families, where the best scenarios are offered by the
formulations that contain carbon, even if carbon-free cathodes cycle relatively
stable. For the family of PPTFSI, ePPTFSI-O shows a similar behavior as
ePPTFSI-O-C until is cycled at high rates, where large overpotential is observed
(Eigure 5.6d); until finally fade after 400 cycles in the long term cycling at 1C. For
the PPSS family, ePPSS and ePPSS-O remain quite low in capacity compared
to the carbon based formulations in all the range of rates measured, in

accordance to the cyclic voltammetries.

It is important to notice the large overpotentials exhibited by the less
porous cathodes (ePPTFSI-O: 392, ePPSS: 294, ePPSS-0: 322 and ePPSS-C:
394 mV), which have an impact in lowering the capacities, but also to the
detriment of the battery lifespan (Figure 5.6d,f). It is worth to mention the lowest
overpotentials are obtained with the mixure of ePolymer-O-C (ePPTFSI-O-C: 226
and ePPSS-0-C: 244 mV). Zhong et al., have reported the best performances of
LFP cathodes are given by the ratio acetylene black/PEDOT:PSS = 1:1 obtaining
the lowest overpotentials and rate capabilities, in good agreement with the

obtained results in this chapter.1?
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Figure 5.6. Rate capability and long-term cycling of the different Li||LFP cells: a)
PPTFSI- and b) PEDOT:PSS-based additives. Voltage profiles of (c-d) PPTFSI-
and (e-f) PPSS-based cells at C/10 and 10C as it is shown in the figure legend.

The cyclings of carbon-based electrodes are depicted together with
ePVDF-C in Figure 5.7a. At low C-rates of 0.1 C, ePPTFSI-O-C, ePPSS-C and
ePPSS-O-C offer higher capacity values (159.8, 171.1 and 177.3 mAh g%
respectively) in comparison with ePVDF-C (155.5 mAh g%). Surprasingly,
ePPSS-C and particularly ePPSS-O-C exceed the theoretical capacity of LFP
(170 mAh g?), probably due to the pseudocapacitive response of the highly
conducting polymer PEDOT. However, when the C-rate is increasing, ePPSS-O-
C is again very far from standard ePVDF-C (89.4 mAh g*' at 10C and an
overpotential of 371 mV) offering 98.9 mAh g*. ePPTFSI-O-C and ePPSS-C are
still slightly above ePVDF-C (91.9 and 91.4 mAh g1). Interestingly, even if
ePPSS-C offers much higher capacities than ePPTFSI-O-C at low C-rates as a
consequence of the higher electronic conductivity, ePPTFSI-O-C performs better
at higher C-rates, more notably when looking at the voltage regions in the charge
profiles. At low C-rate (0.1C), the observed overpotentials are low and
indistinguishable (see Figure 5.7b). Nonetheless, at 10C Figure 5.7c reflects a
similar shape for ePPSS-O-C and ePPTFSI-O-C with very low polarization, as
discussed below, but longer slope for ePPSS-O-C (blue shaded area), which is
attributed to a higher pseudo capacitive response of PEDOT according to the
higher electronic conductivity, once the porosity is high enough to permit the
smooth entrance of ions. These results show the benefits of using mixed
conductors, obtaining capacity values close to the theoretical but also improved
performance at high current densities taking advantage of their ionic-electronic

conducting properties.
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Finally, in the long-term cycling at 1C after 400 cycles, ePPSS-O-C and
ePPSS-C deliver the highest capacities (144.1 and 143.3 mAh g, respectively)
followed by ePPTFSI-O-C (140.9 mAh g?) and e-PVDF-C (136.8 mAh g%).
However, the capacity of ePPSS-O-C and ePPSS-C is dropping leaving capacity
retentions of 91 and 95 %, respectively, whereas ePPTFSI and ePVDF-C remain
stable offering 97 and 99 % of capacity retention. The reason of the different
capacity retentions between PPSS and PPTFSI could be addressed in the
stability of the polyelectrolyte. It has been already reported a very stable cycling
of PDADMA-TFSI binder-based electrode in Chapter 4, in agreement with the
results obtained with ePPTFSI. Figure 5.7d shows the voltage profiles of ePVDF-
C, ePPTFSI-O-C and ePPSS-0O-C in cycle number 50 and 400. Even if ePPSS-
O-C exhibits a higher capacity in cycle number 40, after 400 cycles there is a
significant shift to lower capacity being very close to the ePPTFSI-O-C electrode.
In contrast, ePVDF-C and ePPTFSI-O-C present very similar profiles given by
the high capacity retention. This fact highlight the importance of the selected
polyelectrolyte surrounding the conducting polymer to form the mixed conductor

in the long term performance.

Moreover, to avoid the use of toxic NMP solvent PPSS family has already
shown a good performance when it is used processed with DMSO. However,
PPTFSI has been processed still with NMP. Therefore, taking advantage of the
processability of PPTFSI in acetonitrile, same formulation of ePPTFSI-O-C was
prepared using acetonitrile obtaining similar performance (Figure 5.8) obtaining

similar performance with similar loading (2.0 + 0.2 mgcre cm).
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Figure 5.8. Cycling performance of ePPTFSI cathode processed with different
solvents (2.0 + 0.2 mgLrp cmM2).

5.7. Electrochemical Impedance Spectroscopy

To further understand the differences between the additives, EIS at a state
of charge=50% (at 0.1C) when discharging was performed for fresh cells after
several cycles of stabilization. The used equivalent circuit (see Figure 5.9a) was
proposed by similar previous works to fit the data because of its proven accuracy
in LFP-based cells.?° In the Nyquist plots performed in this chapter (Figure 5.9b),
the solution electrolyte resistance remained relatively constant in all the cases
R=3-4 Q. Subsequently, at high frequencies can be found a depressed
semicircle that corresponds mostly to the interfacial charge transfer resistance
(R.:), In parallel with the double layer capacitance (C,;), together with a small
contribution of the contact between particles resistance (R.) and respective

capacitance (C,).
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Figure 5.9. a) Proposed equivalent circuit and b) EIS spectra of Li||LFP cells with
different binders at SOC=50 %. Pink Lines correspond to the obtained fitting

At intermediate frequencies we observe the resistance related to the
lithiation process of the active material (R;,) and its associated lithiation
capacitance (C,;+), which is related to the amount of Li* out of the active material
particle (in this case LFP). Finally, at very low frequencies a capacitive shape
appears as a consequence of Li* intercalation in the phosphate matrix quantified

by its chemical capacitance (C,). This parameter counts the ease for Li* to reach
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the active material. Table 5.4 summarizes the extracted parameters from the EIS
fitting.
Table 5.4. Extracted fitting data from Nyquist plots of Li||LFP cells using different

binders at SOC=50%. The units of resistances (R) are Q-mg,rp and
capacitances (C) are F gj7p.

Electrode R, C. R Cal R, Civ+ C,
ePVDF-C 28.30 1.20x1073 72.89 6.20x1073 4931 0.70 17.6
ePPTFSI-C 16.57 6.40x 1073 114.20 290x 103 113.80 0.45 79.4
ePPTFSI-O-C  5.03 1.23x10"3 56.08 358x103 2560 120 27.4
ePPSS-C 9.14 1.28x1073% 29.04 +516x10"3 1848 083 2.1
ePPSS-O-C 420 1.61x107* 21.41 333x10% 16.45 070 09

In the range of high frequencies, it can be observed a remarkable contact
resistance in ePVDF (28.3 £ 1.2 Q - mgygp) in good agreement with the highest
porosity obtained among the different cathodes, followed by ePPTFSI-C (16.6 +
8.8 O - mggp). Itis interesting to notice the plasticizing effect of the OIPC lowering
this resistance (5.0 £ 0.3 Q- mg;gp), Similarly as what occurs for ePPSS-C,
passing from 9.1 £ 0.3 Q- mg;rp t04.2 + 0.5 Q- mgypp for ePPSS-O-C. In terms
of R.;, ePPTFSI-C, ePVDF-C and ePPTFSI-O-C showed the highest resistances
(114.2 £ 25.7, 72.9 £ 2.8 and 56.1 + 0.4 Q - mg;gp respectively) in comparison
with ePPSS-C and ePPSS-O-C (29.0 £+ 0.5and 21.4 + 6.2 Q - mggp) coinciding
with the superior electrolyte uptake observed. Finally, in the low-frequency
region, PPTFSI-C presents the highest R;, 113.8 £ 5.4 - mg; pp). Interestingly,
the OIPC leads to a decrease in this resistance up to 25.6 £ 1.3 Q- mggp.
ePVDF-C remains in an intermediate state with 49.3 £ 5.8 Q - mg; zpOf R},.. Finally,
the PPSS system offers the lowest lithiation resistance (18.5 £ 3.4 Q - mg;pp for
ePPSS-C), observing again positive impact of OIPC by decreasing this

parameter (16.5 + 3.7 Q - mg; gp for ePPSS-0O-C).
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5.8. Conclusions

In summary, we demonstrated a promising impact of OMIECs composed
of OIPCs (CompyrTESI) and conducting polymers as binders on lithium-ion
batteries. Two different conducting polymers were used (PEDOT:PSS and
PEDOT:PolyDADMA TFSI) with very different electronic conductivities (reaching
580 S cmt and 5 S cm™ respectively), which are higher than the PVDF-Carbon
composite (1.5 S cm™). Furthermore, the addition of conducting carbon not only
modified the electronic conductivity, but also brought porosity to the electrodes,
which is key to avoid impeded diffusion of ions into the electrode. This effect was
observed in electrolyte uptake experiments, with significantly lower uptakes for
carbon-free electrodes; and cyclic voltammetry, where higher and sharper redox
peaks were observed for the most porous electrodes. Despite the large difference
in electronic conductivity between the two families of OMIECs, they both
delivered much higher capacities (i.e. 177.3 and 159.8 mAh g for ePPSS-O-C
and ePPTFSI-O-C respectively at C/10) than conventional formulation based on
PVDF-C (155.5 mAh g?) in all the range of current densities measured due to the
more intimate contact between redox-active particles and conducting agent. It is
worth noting that in some of the OMIEC-based electrodes the theoretical capacity
of LFP was exceeded due to the pseudocapacitive contribution of PEDOT.
Moreover, the PDADMA-TFSI family presented really stable cycling over time (97
% of capacity retention for ePPTFSI-O-C after 400 cycles at 1C) in contrast to the
widely used PEDOT:PSS (95 % of capacity retention under same conditions).
Finally, EIS experiments revealed lower contact, charge transference and
lithiation resistances for OMIEC-based electrodes than for PVDF-based ones.

OIPC incorporation consistently led to enhanced specific capacities and capacity
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retention in good agreement with EIS measurements. Finally, it is worth to
mention that the MIEC binders proposed can be processed using less toxic
solvents than NMP, which is used for PVDF based electrodes (PPSS in DMSO
and PPTFSI in acetonitrile), opening the door to a more sustainable battery

manufacturing processes.

5.9. Experimental part

5.9.1. Materials

PVDF Solef® 5130 (1,000-1,100 kg mol-1) was used as a reference binder.
Poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate) (Clevios PH 1000), 1.3
wt.% solids in water, was supplied by Heraeus Inc. N-ethyl-N-methylpyrrolidinium
bis(trifluoromethylsulfonylimide) (CampyrTFSI) (99%) was purchased from
loLiTec. PEDOT:PolyDADMA TFSI was obtained as in detailed in Chapter 3. N-
methyl-2-pyrrolidinone (NMP, 99%, Sigma-Aldrich), anhydrous 1,3-dioxolane
(99.8%, Sigma-Aldrich), anhydrous dimethoxy ethane (99.5%, Sigma-Aldrich),
lithium bis(trifluoromethanesulfonyl)imide (LITFSI, 99%, lolitec), conductive
carbon (Super C65, Timcal), lithium iron phosphate (LiFePO4, Aleees) were used

without further treatment.

5.9.2. Electronic conductivity

Slurries with no active material were prepared similarly to the detailed
description in Section 5.2. After casting onto PET isolating substrates and

subsequently drying for 24 h at 60 °C under high vacuum, Four-Point Probe
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technique was employed to measure the electronic conductivity values of

additives utilized in each cathode formulation.

5.9.3. Electrode preparation

The slurries were prepared by dissolving first the binder in NMP or DMSO
in a small beaker and subsequently C65 and LFP were added. Afterwards, the
viscous slurry was coated onto carbon coated aluminum foil (current collector)
with the aid of an automatic doctor blade (NEURTEK Instruments) and it was left
drying at room temperature for 12 h. Finally, disks of 11 mm diameter were

punched and further dried at 60°C under vacuum for 24h prior characterization.

5.9.4. Porosity characterization

LFP-based slurries were prepared as detailed in Sl and subsequently dried
at 60 °C for several days. The porosity of collected powder was characterized by
nitrogen physisorption at 77 K using a Micromeritics ASAP 2020. All samples
were degassed at 25 °C at a pressure of 10 mmHg for 100 h, and helium was
applied as backfilling gas between the degassing and analysis step. The total
surface area was determined according to the multipoint
Brunauer—-Emmert-Teller (BET) method in the range 0.1 < p/p0 < 0.25, and the
total pore volume of the samples was determined at a relative pressure (p/p0) of
~0.985). Moreover, t-plot method was used for estimating the micropore volume.
Finally, the pore size distribution (PSD) was calculated using the method

proposed by Barrett—Joyner—Halenda (BJH method).
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5.9.5. Electrolyte uptake

Pristine electrodes (11 mm diameter) were soaked separately in fresh
electrolyte (0.5 mL) for 48 h in closed vials independently and subsequently
weighted. Noteworthy, 48 h was considered to ensure a thermodynamic
equilibrium of the system in terms of electrolyte saturation and chemical

equilibrium of the ionic species.

5.9.6. Cell Assembly

Cathode disks (11 mm diameter) of LFP with an active material loading
between 1.1-3.4 mgiLre cm? were prepared according to Section 5.9.2. Li||LFP
cells were assembled in CR2032 coin cells inside Ar glovebox, by firstly cleaning
Li ribbons with cyclohexane and a nylon brush prior punching 12 mm disks and
using 120 pyL of 1M LiTFSI DOL:DME (1:1 v/v) as electrolyte, to maintain the
same mobile anion used in the cathode, in glass microfiber separators. For
cycling batteries, Neware battery cycler was used whereas VMP-3 potentiostat

(Biologic) was used to carry out further electrochemical characterization.

5.9.7. Electrochemical measurements

Cyclic voltammetry was used in the range of 2.8-3.8V at 0.1 mV s for 6
cycles to obtain stabilized voltammograms since broad peaks were observed in
the first cycle. Electrochemical impedance spectroscopy (EIS) was employed to
determine processes resistances and capacitances involved in Li||LFP cells with

a perturbation of 10 mV and a frequency range from 1MHz-0.1Hz. Afterward, data
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were fitted in frequency, Z and -Z” by using Zview software obtaining Chi-

Squared values below 1x104.
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Chapter 6. Conclusions

In this Ph.D. thesis, we developed innovative Organic Mixed lonic-
Electronic Conductors (OMIECs) based on conducting polymers and Organic
lonic Plastic Crystals (OIPCs) for the area of electrochemical energy storage
systems. Overall, we demonstrated the doping effect of OIPCs on conducting
polymers improving both the electronic and ionic conductivities, which influenced

the electrochemical performance of OMIEC composites.

In the first part of this thesis, a novel strategy to prepare all-solid-state
mixed conductors based on PEDOT:PSS and OIPCs was presented. Both ionic
and electronic conductivities were evaluated for two different OIPCs (CzmpyrFSI
and CompyrTFSI), as well as their nanostructure. The observed results reflects
the importance of having the OIPC amorphous by interaction with PEDOT:PSS,
while ordered PEDOT chains, for optimum charge transport in a synergistic
manner. Taking advantage of the particular properties of these materials,
PEDOT:PSS-CompyrFSI was employed in the first carbon-free solid-state battery
(in presence of a certain amount of LiFSI) as unique additive for LFP active
material replacing conventional formulation based on C65+catholyte. The
exhibited performance of OMIEC-based cell reveals a much higher specific
capacity than conventional formulation, as well as more stable cycling in long

term.

In the second part of the thesis, new PEDOT-based OMIECs were
developed by using PDADMA* as stabilizer in replacement of PSS. Several
anions were evaluated (FSI, TFSI, tosylate, triflate) in terms of electronic-ionic

conductivity and thermal properties. Subsequently, the effect of OIPC

215



incorporation (maintaining Compyr* as cation and the homologue anions) on
charge transport was investigated as well as their impact on the electrochemical
response of PEDOT. The exhibited PEDOT pseudocapacity resulted notably
higher when it was accompanied by OIPC than pristine, in good agreement with

the measured conductivities.

In the third part of this work, the implications of using different kinds of
poly(ionic liquid)s as binders, having (TFSI) and cationic (Li*) counter-ions; are
evaluated against conventional PVDF in Li||LFP cells. This strategy permits to
elucidate the role of each mobile ion (TFSI- and Li*) in the electrochemical
performance of lithium batteries when they are present in the electrode
formulation. Potentiostatic and galvanostatic analysis showed significantly
improved performances for ionic binder-based cells, especially PMTFSI-Li, in
comparison with PVDF, resulting also in higher rate capabilities and longer
battery lifespan. EIS analysis and post-mortem analysis revealed the differences
between the different binder-based cells, such as a clear mitigation of mossy
lithium growth when using poly(ionic liquid) binders. Afterward, the promising
PMTFSI-Li binder was successfully optimized with the objective of increasing the

areal capacity.

In the last work, the materials developed in the first two experimental parts:
PEDOT:PSS and PEDOT:PDADMA-TFSI were evaluated in Li||LFP cells. The
addition of OIPC (CompyrTFSI) and C65 in the formulation were evaluated in
terms of electronic conductivity, porosity and electrolyte uptake which revealed a
clear impact on the electrochemical performance. The best scenarios were found
for the materials that contain mixed conductor, OIPC and carbon, where even if

PEDOT:PSS-OIPC-C delivered higher capacities, PEDOT:PDADMATFSI-OIPC-
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C exhibited a more stably cycling. This fact highlights the importance of the ionic
polymer that stabilizes PEDOT for a high energy and power density, but also for

the long-term cycling.

In order to have a comparison between the materials developed in this
thesis and the reported in the literature in terms of charge transport, the obtained
conductivity values for PEDOT:PSS-OIPC (Chapter 2) and PEDOT:PolyDADMA
X-OIPC (Chapter 3) are depicted in Figure 6.1. In this thesis PEDOT:PSS in
combination with either CampyrFSI or CampyrTFSI showed the highest values for
electronic (~ 580 S cm) and ionic conductivities (3.7 x 10° S cm™ at 70 °C), but
they are also among the highest values reported so far as can be seen in Figure
6.1. Moreover, PEDOT:PolyDADMA-X/OIPC materials reached values of 0.73 S
cm? for electronic and 3 x 10 S cm™ for ionic conductivities respectively,

staying in the middle of the area of conductive polymers (Figure 6.1).
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Figure 6.1. Electronic and ionic conductivity values of the materials developed in
this work in comparison with the reported values in literature.

The performance of the batteries with liquid electrolyte assembled in this

thesis are also compared in the Ragone plot of Figure 6.2a. As result, the highest
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energy and power densities follow the trend PPTFSI-O-C < PMTFSI-Li < PPSS-
O-C, surpassing all the values obtained with conventional PVDF. Figure 6.2b
collects these results and evaluate some other features such as the capacity
retention after >400 cycles (PPSS-0O-C, 91 % < PMTFSI-Li, 96% < PPTFSI-O-C,
97 % < PVDF, 99 %). Moreover, the processing of the slurries was also evaluated
considering PMTFSI-Li and PPTFSI-O-C are instantaneously dissolved by the
solvent (NMP, H20 or acetonitrile), whereas usually PVDF takes longer and in
the other extreme PPSS-O-C needs more than a week to be completely dissolved
before casting. Finally, sustainability was also considered as key parameter since
PMTFSI-Li is water soluble, and therefore potentially enabling a greener
processing and recyclability. PPTFSI-O-C and PPSS-O-C are not soluble in water
but they can still avoid the use of toxic NMP, by using acetonitrile or DMSO

respectively.
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Figure 6.2. a) Ragone plot of the best additives developed in this thesis in
comparison with conventional PVDF under the same mass loadings. The values
are calculated considering only the mass of the active material, time of discharge
and voltage in the discharge plateau. b) Radar chart of different features for
different cathode additives.
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As overall conclusion, the proposed materials exhibited ionic and
electronic transport properties that enabled high-performance batteries for high
energy and power density. The comparison has shown the crucial importance of
the ionic polymer that accompanies the conducting polymer PEDOT, affecting the
conductivities and more importantly the cell performance. On the other hand,
PMTFSI-Li have exhibited a very interesting compromise between cell
performance, processing and sustainability, which results in a promising

candidate for binder applications and for future OMIEC materials development.
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Resumen

La sostenibilidad energética y medioambiental son a dia de hoy dos de los
mayores retos de nuestra sociedad, recogidos en la agenda 2030. Por ello, en
las ultimas décadas se ha intensificado el desarrollo y optimizacion de baterias
recargables para reemplazar el uso de combustibles fosiles en el sector
automotor y, por ende, sus problemas asociados con la contaminacion. También
es necesario satisfacer nuestras necesidades como sociedad en el uso de
dispositivos mdviles, cada vez con mayores energias de consumo; y en
estaciones de almacenamiento de energia. El objetivo de los avances en este
sector pasa por dispositivos con mayores energias y potencias, pero también

mas seguros Yy ligeros.

En este sentido, materiales capaces de transportar carga a través de iones
y electrones se postulan como candidatos ideales para implementarlos en
dispositivos de almacenamiento de energia. Idealmente, deben de ser facilmente
procesables, con altas conductividades (de electrones e iones), ligeros y con
buenas propiedades electroquimicas (respuestas reversibles). Este tipo de
materiales se han empleado tanto como aglutinantes funcionalizados como
directamente electrodos. En este campo de materiales, se distinguen los
organicos e inorganicos, destacando estos primeros por sus altas
conductividades electronicas, procesado y potencial funcionalizacién. Los
materiales organicos de conductividad mixta (electrénica e iénica), generalmente
se basan en polimeros conductores dopados con materiales de alta
conductividad i6nica. Especificamente, poli(etilendioxitiofeno) (PEDOT) es uno

de los mas utilizados debido a su alta conductividad electrénica y estabilidad. Por
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ello, en esta tesis se desarrollaron nuevos materiales basados en PEDOT para

el area de almacenamiento de energia electroquimica.

Ademas, en las ultimas décadas los cristales plasticos organicos idnicos
(Organic lonic Plastic Crystals, OIPCs) han destacado como materiales
conductores idnicos para electrolitos en este tipo de dispositivos. Estas sales se
consideran la version en estado sélido de los liquidos i6nicos, evitando los
posibles problemas asociados a la fuga de liquidos pero presentando aun altas

conductividades i6nicas, alta estabilidad electroquimica y procesabilidad.

En la primera parte de esta tesis, se han desarrollado y caracterizado
nuevos materiales de conductividad mixta combinando el polimero comercial
PEDOT:PSS (Clevios PH1000) con dos OIPCs diferentes basados en un
derivado del catidon pirrolidinio (N-etil-N-metilpirrolidinio) y aniones fluorados
(bis(fluorosulfonil)imida y  bis(trifluorometilosulfonil)imida): CompyrFSI y
CompyrTFSI. Como resultado, se obtuvieron materiales de altas
conductividades, lo que resulta de especial interés particularmente como
aglutinante para baterias de litio metal en estado sélido. En presencia de sal de
litio, los materiales se emplearon como aglutinantes de catodo (con LiFePOa4),
libre de carbon conductor por primera vez en estado solido; y utilizando un
polimero dibloque ya optimizado y reportado como electrolito. Este proyecto
demostré las ventajas de usar este tipo de materiales para baterias de estado
sélido gracias a su adecuada conductividad ionica, alta conductividad electrénica
y reducida porosidad (al no tener carbon), conllevando a mayores energias
volumétricas. Ademas, mostroé que un rendimiento deficiente de una bateria con
formulacion catodica convencional, basada en la adicion de electrolito en el

catodo (catolito), no necesariamente implica un electrolito deficiente. La
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formulacién del electrodo puede ser optimizada para, con el mismo electrolito,

obtener dispositivos de alto rendimiento.

En la segunda parte de la tesis, se han desarrollado y caracterizado
novedosos materiales de conductividad mixta mediante la polimerizacion
oxidativa de EDOT en presencia PDADMAs (poli(dialildimetilamina)) con
diferentes aniones: FSI, TFSI, tosilato y triflato, formando mezclas
PEDOT:PDADMA X (donde X son los distintos aniones). La familia de materiales
basados en PDADMA han sido ampliamente utilizados como electrolitos en
diversos tipos de baterias ofreciendo altos rendimientos. Los materiales se han
caracterizado en térmicamente y electroquimicamente tanto puros
(PEDOT:PDADMA X) como en presencia de un 20 % en peso de los OIPCs
homodlogos (Czmpyr X). Estos OIPCs fueron también caracterizados previamente
de manera similar. Los resultados demostraron una mayor respuesta
electroquimica por parte de los composites que contenian OIPCs en

consonancia con las conductividades medidas.

En la tercera parte de la tesis, dos polielectrolitos (PDADMA-TFSI y
PMTFSI-Li) fueron seleccionados como aglutinantes catédicos funcionalizados
para celdas Li||LiFePOa4 para evaluar el rol de las distintas especies moviles
(TFSI- y Li* respectivamente) en el catodo, en comparacion con PVDF
convencional. Para valorar las diferencias entre los tres tipos de aglutinantes, 1M
LiITFSI DOL/DME (1:1 v/v) fue utilizado como electrolito liquido manteniendo la
homogeneidad de las especies moviles. Los resultados demostraron una
deposicion de litio mas homogénea durante el ciclado por parte de los
aglutinantes ionicos, conllevando a un ciclado mucho mas estable; y una notable

mayor capacidad en todas las densidades de corriente medidas para las celdas
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basadas en PMTFSI-Li. Este polielectrolito, debido a su alto rendimiento, fue
optimizado en términos de peso molecular y seleccién de electrolito para el
desarrollo de dispositivos mas préximos a las capacidades superficiales
obtenidas industrialmente. En este ultimo paso, PMTFSI-Li demostré todavia un
rendimiento superior a PVDF en dispositivos de 1.2 mAh cm2. Como valor
afadido de este polimero es totalmente procesable usando agua como solvente,

evitando el uso de NMP toxico.

Por dltimo, los materiales conductores mixtos desarrollados en las dos
primeras partes de esta tesis doctoral (PEDOT:PSS y PEDOT:PDADMA-TFSI
en combinacion con CompyrTFSI) fueron evaluados en celdas Li||LiIFePO4. De
nuevo, el electrolito liquido 1M LITFSI DOL/DME (1:1 v/v) fue utilizado para
mantener la homogeneidad i6nica de los distintos sistemas. Los resultados
mostraron una fuerte dependencia de las celdas con la porosidad, obteniendo
los mejores escenarios en las celdas que contenian aglutinante de conduccién
mixta en combinacién con carbon conductor, que incrementa notablemente la
porosidad hasta niveles optimos. Ademas, la adicion de OIPC resulto clave para
obtener mayores densidades de capacidad, en total sintonia con los capitulos
iniciales de esta tesis. Finalmente, si bien los aditivos basados en PEDOT:PSS
ofrecian mayores capacidades, de acuerdo a sus superiores conductividades,
los basados en PEDOT:PDADMA-TFSI mostraron una alta estabilidad en el
ciclado a largo plazo, tal y como se observo para PDADMA-TFSI en el tercer
proyecto. Ademas, estos materiales son procesables en solventes menos toxicos
gue NMP como DMSO o acetonitrilo. Este estudié abre nuevas posibilidades
para la optimizacion de baterias de litio para la obtencidn dispositivos con

mayores densidades de capacidad y estables a largo plazo.
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Como conclusion, en esta tesis doctoral se han desarrollado distintos
materiales organicos de conductividad mixta basados en PEDOT vy distintos
polielectrolitos y OIPCs para dispositivos de almacenamiento de energia. En
general, se ha mostrado que pueden ser utilizados para estado sélido en
formulaciones libres de carb6n, mientras que para estado liquido es necesaria
una cierta porosidad para el buen funcionamiento del dispositivo (conseguida a
través de carbon conductor). También, se ha observado una fuerte dependencia
del rendimiento de las baterias con el polielectrolito acompafiante de PEDOT.
Finalmente, se ha demostrado el beneficioso impacto de la presencia de OIPCs
en las propiedades de los materiales (conductividades) y en el dispositivo final

(capacidades especificas).
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