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With the increased demand for electrical energy storage devices, e.g. electric vehicles and
smart grids, organic batteries have caught increasing attention due to their advantages,
such as sustainability, environmental friendliness and cheap raw materials over traditional
inorganic energy storage materials. Quinones, as an organic energy storage materials have
high specific capacity, show fast 2e” redox reactions and provide a wide structural diversity,
making them promising candidates as active battery materials. However, quinones often suffer
from dissolution problem and limited electronic conductance. In this thesis, quinones are
functionalized onto conducting polymer backbones to make a conducting redox polymer
(CRP), where the quinone provides capacity while the conducting polymer backbone provides
electronic conductance and prevents dissolution of the quinone. One fundamental requirement
to make a functional CRP is that redox matching between the quinone redox potential and
the conducting region of the conducting polymer is achieved. To that end, the quinone redox
chemistry as well as the conductance behavior of conducting polymers must be fully understood.
In this thesis, the quinone redox chemistry was firstly studied, regarding the effect of cycling
cation, solvent and substituent. In this thesis, the effect of cycling cation, solvent and substitution
on the quinone redox chemistry was studied and found to systematicall

y tune the quinone redox potential, with the nature of the cycling ion showing the largest
effect. Quinones were covalently attached onto 3,4-ethylenedioxythiophene (EDOT) and
polymerized, the obtained CRPs were characterized. It was found that a doping threshold was
required before an appreciable conductance was observed, causing a conductance delay and
the loss of redox matching. In situ EQCM, in situ UV-vis and in situ EPR showed that the
conductance delay was attributed to the localization of charge carriers in the CRPs as a result
of the interaction between the pEDOT backbone and the reduced, lithiated quinone state. The
redox matching was improved by the utilization of a high potential quinziarin. A quinizarin-
CRP based lithium ion battery (LIB) was fabricated that showed improved stability compared
to that of the quinone based CRP. In addition, an all CRP based organic proton battery using the
quinizarin-CRP as cathode and naphthoquinone-CRP as anode was developed. Lastly, a post-
deposition polymerization (PDP) method was developed and the polymerization mechanism
was investigated.
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Abbreviations

LIB Lithium ion battery

CRPs Conducting redox polymers
MeCN Acetonitrile

NMP N-Methyl-2-pyrrolidone

pEDOT Poly(3,4-ethylenedioxythiophene)
Q Quinone

Qz Quinizarin

NQ Naphthoquinone

CvV Cyclic voltammetry

WE Working electrode

RE Reference electrode

CE Counter electrode

GC Glassy carbon

Fc Ferrocene

TBAPFs Tetrabutylammonium hexafluorophosphate
ocCp Open circuit potential

CB Conduction band

VB Valance band

EQCM Electrochemical quartz crystal microbalance
UV-vis Ultraviolet-visible

PDP Post-deposition electrochemical polymerization



Symbols

Symbol name unit

A Area m?

C Concentration mol m>

D Diffusion coefficient m? s’

E° Standard potential \Y

E” Formal potential \Y

R Gas constant Jmol'K!
m Mass kg

A Wavelength nm



1. General introduction

With the over-exploitation of limited natural resources such as oil and gas,
energy supply has become a global challenge, requiring a change of the pre-
sent energy structure. Battery, as an energy storage technique, can effectively
reduce the strong dependence of industry on oil and gas. Up to now, lithium
ion batteries (LIB), as the most popular electrical energy storage devices, how-
ever, suffer from i) limited availability of raw materials, which currently rely
on inorganic materials (Co, Fe, Mn, Ni); ii) negative environmental impact
during manufacturing, for example, high CO, footprint, and iii) poor safety.'”
3 It is therefore desirable to find alternative materials that are eco-friendly,
abundant and safe. Organic batteries (containing C, H, O, N) are currently
being widely investigated because of their potentially sustainable life cycle,
the availability of their building blocks, low price and the various possibilities
for tuning the material properties to meet specific end-user needs through mo-
lecular engineering. However, small, high-capacity organic molecules suffer
from intrinsic dissolution problem as well as limited electronic conductivity.
Conducting polymers, on the other hand, are potentially conducting. However,
they suffer from low capacity and an undefined redox potential due to the po-
tential-dependent doping/dedoping mechanism for charge storage. These is-
sues can be overcome by attaching redox-active molecules onto a polymer
backbone, forming a conducting redox polymer (CRPs). The polymer back-
bone provides conductance as well as prevents dissolution of the organic mol-
ecules while the organic molecules provide capacity and a well-defined redox
potential. The CRP concept thus eliminates the dependence on conducting ad-
ditives. The basic requirement to make a functional CRP is redox matching
between the formal potential of redox-active molecule and the conducting re-
gion of the polymer backbone. Since conducting polymers are only conduct-
ing in certain potential region and the redox potential of the organic molecules
must be within this region.

In this thesis, the redox chemistry of quinones, with particular focus on the
effects of the charge compensating cation, solvent and substituent, were stud-
ied to explore the possibility to use quinone as pendant group to develop redox
matched CRP with a pEDOT-based conducting polymer backbone. Two LIBs
using CRP based cathodes were fabricated to study the electrochemical per-
formance of the CRPs in batteries. An all CRPs based rocking-chair proton
battery was also fabricated.
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2. Aims of the thesis

The final aim of the thesis is to use pEDOT-based polymer as conducting
backbone to design stable quinone-based battery electrodes using the CRP
strategy. High performance CRP relies on the exertion of both conducting
property of polymer backbone and the redox activity of quinone. This was
achieved through the fundamental study of quinone redox chemistry to give
guidelines to the CRP-design. The fundamental study on conducting mecha-
nism of CRPs then provides further CRP-design criteria.

The specific aims of these works are described as follows:

12

To explore the fundamental quinone redox chemistry and how it is
affected by factors such as charge-compensating cation, solvent and
substituents (Paper I)

To study the doping and conducting mechanism of CRPs (Paper II)
To study the redox matching between the quinone redox potential and
the conducting region of the conducting polymer backbone, as well as
its effect on the stability of the resulting CRPs cathode (Paper II and
111)

To understand the polymerization mechanism during PDP process
(Paper 1V)

To use CRPs as active materials in both the cathode and the anode in
an all organic proton battery (Paper IV)



3. Electrochemical methods and techniques

3.1 Electrochemical methods

Electrochemical methods comprise various methods to monitor the electro-
chemical response of an analyte in an electrochemical cell. The cell can either
be a three-electrode setup or a two-electrode setup and the analyte can either
be dissolved in electrolyte, or a solid film immobilized onto the electrode.

3.1.1 Electrochemical cell setup

In term of the cell category, the cell can be a three-electrode setup or a two-
electrode setup. In a three-electrode setup, the three electrodes are a counter
electrode (CE), a working electrode (WE) and a reference electrode (RE). The
WE is involved in two separate circuits, namely the current circuit together
with the CE to monitor current flow on the WE and potential circuit together
with the RE to monitor potential on the WE. The CE is used to balance the
charge from WE, the current in the electrolyte is sustained by ion movement
while the current in the electrical circuit is sustained by electrons. The current
on the WE could either result from electron-transfer produced faradaic current
or double layer charging produced capacitive current. The amount of charge
produced or consumed on the WE must be exactly balanced by the inert CE.
This is accomplished by oxidation/reduction of the solvent or electrolyte on
CE. A separate compartment for the CE is usually used to prevent the byprod-
ucts from the side reactions on CE to reach the WE. A porous frit allows for
ion motion between the two compartments. The RE is used to control the po-
tential of the WE. The redox couple (Ag*/Ag’) with a defined potential, kept
in a separated compartment, is used as RE in this thesis. To fully avoid the
leakage of Ag" from the reference electrolyte solution into the investigated
electrochemical cell, an additional compartment is used for the RE. In order
to have a well-defined potential standard, the RE is calibrated against the fer-
rocene redox couple (Fc'/Fc®) after each experiment and the potential is re-
ported against F¢"/Fc’ in this thesis. The CE is a platinum wire (Pt) and the
WE is glassy carbon (GC) unless otherwise specified.

In practical applications, e.g. batteries, fuel cells, and supercapacitors, two-
electrode setups are used, namely cathode and anode. The anode balances the
charge on the cathode as well as provides a reference potential. The voltage is

13



determined by the potential difference between the two electrodes. In LIBs,
Li metal is used as anode. The defined redox potential of Li*/Li’(-3.0 V vs.
SHE) gives a stable reference potential, the battery voltage output is thus as-
sociated with the cathode potential.

3.1.2 Cyclic voltammetry

E}

Applied potential

El

t, t, t, t, t
Time

Figure 1. Potential waveform in cyclic voltammetry method.

Electrochemical methods are divided into several categories depending on the
controlled parameter. In this thesis cyclic voltammetry (CV) is the most com-
monly used electrochemical method, providing a direct way to visualize the
current response as a function of potential. In CV, the applied potential on the
WE increases linearly with time during the anodic scan (Figure 1). After the
potential reaches the predefined upper limit E,, the potential then decreases
linearly with time to the predefined lower limit E; during the cathodic scan.
The speed at which the potential varies is called scan rate. During this process,
the current response of the analyte is recorded as a function of the applied
potential. The analyte could be either dissolved in the electrolyte or immobi-
lized onto the current collector. In this thesis, both situations were investi-
gated.
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Figure 2. Typical cyclic voltammograms of dissolved, initially reduced analyte (H),
concentration gradient of reduced state (dashed line) and oxidized state (solid line) in
diffusion layer at the point of A, B, C, D in the anodic scan; at the point of E, F, G in
the cathodic scan. Cyclic voltammograms of dissolved analyte at different scan rates

)

In the case of a dissolved analyte, the redox reaction is usually limited by
the diffusion of analyte to the electrode surface.* Figure 2H shows the cyclic
voltammograms of dissolved reduced species as initial analyte. At point A,
the concentration of reduced species (cr.) around the electrode surface is 1 and
concentration of oxidized species (Cox) is 0. As the potential increases in the
anodic scan, the oxidation process proceeds and the reduced species at the
electrode surface are oxidized to oxidized species, thus c,. decreases and cox
increases at the electrode surface. The redox reaction at the surface builds up
a concentration gradient as the surface concentration, given by the Nernst
equation (eq 1), differs from the concentration in the bulk solution:

Coa — o X In ed (1)

Ereq = red_;Xl o

In eq (1) a is the chemical activity for the relevant species, z is the number of
electrons transferred per formula unit, F is faradic constant (96485 C/mol), R
is gas constant (8.314 J/mol-K), T is temperature (K) and E” is the formal
potential.
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The existence of the concentration gradient produces a flux that goes from
the high concentration region to the low concentration region with a magni-
tude that is proportional to the concentration gradient according to Fick's first
law. The existence of the concentration gradient also produces a diffusion
layer at the electrode surface which is on the micrometer length-scale. In the
diffusion layer, cox is high at the electrode surface and decreases with the dis-
tance from the electrode surface, while c. is low at the electrode surface and
increases with the distance from the electrode surface. In the bulk solution, cye
is always 1 while cox is always 0.

At point B in Figure 2H, the applied potential E is equal to formal potential
(E12) of the redox reaction, therefore c=cox at the surface. At point C, the net
flux of the two redox species reaches the maximum value, giving the maxi-
mum anodic current. At point D, the positive scan reaches the set potential
limit, ¢, = 0 and cox = 1 at the electrode interface. However, the continuous
flux of reduced species from the bulk solution to the electrode surface pro-
duces the infinite diffusion current tail in cyclic voltammograms. As long as
the diffusion layer exists, the current at the set potential limit will never de-
cline to zero, a so-called diffusion tail is observed.

In the reverse cathodic scan, the oxidized species at the electrode surface is
firstly reduced, causing the decline of cox and increase of c. at the electrode
surface. At E point, c.e= Cox. At point F, the net flux of oxidized species to the
electrode surface and reduced species to the bulk solution reaches a maximum
value, producing a maximum negative cathodic current. At point G the oxi-
dized species at the electrode surface is limited, further reduction causes the
flux of the residual oxidized species from the diffusion layer to the electrode
surface, producing a negative current tail. Unlike the diffusion layer at point
D, where endless amounts of reduced species exist in the bulk and the current
diffusion tail never disappear. The diffusion current tail in the cathodic scan
may disappear after sufficient reduction time. Worth to note is that a lower
scan rate allows more time for the diffusion layer to grow further from the
electrode (Figure 2I).

In the diffusion-controlled system, the electron transfer rate at the electrode
surface is sufficiently fast to ensure that equilibrium is established close to the
electrode surface at all times during the experiment. In the special situation
(Dox = Dred):

1) The anodic peak current is equal to the cathodic peak current after the
subtraction of background current.

2) The position of anodic and cathodic peak does not alter with the scan
rate.

3) The anodic and cathodic peak separation is 56/n eV, where n is elec-
tron transfer number for the electrode redox reaction. The theoretical
peak split is 56 mV for le transfer process and 28 mV for 2e transfer
process.

16



4) The observed peak current is proportional to the square root of the
scan rate (v'?) according to Randles-Sevcik equation:*¢

I, = (2.69x10°) n*?A Dy"2Co™v' (2)

where D (cm’s™) is the diffusion coefficient of analyte in the electrolyte, Co*
(mol cm™) is the initial concentration of analyte in the electrolyte, n is the
electron transfer number, and A (cm?) is active area of the WE.

{a} scan rate increase ] {b) scan rate increase
0.5 14
= ~
=
£ 3
£ 0.0 ot
: §°
=3 =
3
© o
0.5 4l
00 02 04 06 08 10

_ 00 02 04 06 08 10

E (Vvs Fe'/Fc?) E (V vs. Fc*/Fel)
Figure 3. Cyclic voltammograms of (a) thermoldynamic controlled system, (b)
kinetic controlled system at different scan rates

For the situation where the analyte is immobilized onto the current collector
the redox reaction is governed by three possible processes depending on the
rate-limiting process. One is thermodynamic-control, where all processes in-
volved in the redox conversion e.g. ion diffusion in the electrolyte and in the
diffusion layer, electron transfer and electron transport are faster compared to
the applied voltage change. In this case the cyclic voltammograms shows a
pair of sharp redox peaks. Both the anodic peak and the cathodic peak are
exactly located at the standard potential with a peak separation of 0 mV (Fig-
ure 3a). The peak separation (0 mV) does not change with the scan rate,
whereas the peak current is proportional to scan rate according to equation

3).’
1,=(9.39x10°) n*AT'y (3)

Where I' (mol cm?) is the surface coverage of the analyte; n, A and v have the
same meaning as that in equation (2). In this situation, counter ions involved
in the redox reaction have sufficiently high diffusion coefficient.

The redox reaction of immobilized analyte can also be kinetically con-
trolled, where the electrode electron transfer is slower compared to the applied
potential change. In this case the current requires more time to respond to the
applied voltage, causing a non-equilibrium state where the Nernst equation is
not valid. In this case the surface concentration cannot be predicted by the
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Nernst equation. Thus, the slow electron transfer rate causes a shift of the peak
position. A peak separation between the anodic and cathodic peaks is observed
and the separation increases with scan rate (Figure 3b). When the peak poten-
tial has moved sufficiently far from the formal potential the Laviron treatment
can be applied to calculate the average rate constant:®

E, = E¥ + 2 x In(

azFv
— azF )

RTKkO®

4)

where a is the transfer coefficient, z is the number of charges transferred, K% is
rate constant (s"), v is scan rate (V/s) , E* is the formal potential, where the
plus sign signifies reduction and the minus sign signifies oxidation. The peak
separation increases with the decreased rate constant as well as the increased
scan rate.

The redox reaction of immobilized analyte can also be controlled by diffu-
sion like that in the dissolved analyte situation. Again, the peak separation is
theoretically expected to be constant at 56 mV for le reaction and at 28 mV
for 2e reaction, the peak current is proportional to v'? according to equation
(2). Cyclic voltammograms are expected to show a diffusion tail. The slow
diffusion could be explained by the slow electron hoping rate due to low con-
ductivity, as well as slow counter ion transport within the immobilized analyte
layer.

For both dissolved analyte and immobilized analyte, diffusion-controlled
systems always have a diffusion tail as a characteristic. The diffusion tail in-
dicates that the full redox conversion of analyte cannot be achieved due to the
concentration gradients in solution near the electrode (dissolved analyte sys-
tem) or within the analyte layer (analyte immobilized onto the electrode sur-
face). The rate-limiting steps described above are under ideal conditions. In
practical situation the CV is more complex than the ideal situation, due to the
binary effects of polarization as well as intricate diffusion geometries. In ad-
dition, in some cases the diffusion and electron transfer is equally slow on
time-scale and both are the rate-limiting step. The obtained cyclic voltammo-
grams might be different from the ideal cases regarding peak separation and
peak broadness.

In this thesis, all investigated systems with conducting polymers immobi-
lized onto electrode are thermodynamically controlled at low scan rate with
peak currents directly proportional to the scan rate. At high scan rate, the sys-
tems are kinetically controlled and the peak separation increases with scan
rate. There is no diffusion tail even at high scan rates and hence all the redox
species can be converted.

18



3.1.3 Square wave voltammetry

Square wave voltammetry is a form of linear potential sweep voltammetry,
where a combination of square wave and staircase potential is applied to a
stationary electrode. Compared with CV, this technique can effectively sup-
press the non-faradaic background current contribution to the overall current
signal. The background current could be non-faradaic current. In this thesis,
square wave voltammetry is used to determine the formal potential of dis-
solved analytes in solution, as a compliment method to CV as high sensitivity
is needed when the analyte concentration is low.

3.1.4 Chronoamperometry method

In contrast to CV measurement where the applied potential varies linearly with
time and the current response is recorded as a function of potential. The chron-
oamperometry method is based on stepwise potential change and the current
response is recorded as a function of time. In this thesis, this method is mainly
used to reach the equilibrium state at a certain potential rapidly, as well as for
charging a battery completely.

3.2 In situ electrochemical techniques

In situ refers to recording changes in e.g. mass, conductance, spin and spectra
properties during operation of the electrochemical techniques. By utilizing in
situ techniques, direct measurements at specific potentials can be conducted.
Conversely, ex situ experiments are performed in the absence of potential con-
trol.
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3.2.1 In situ UV-vis spectroscopy

Figure 4. Schematic representation of the spectro-electrochemical cell for in situ UV-
vis measurement.

In molecules, electrons in the low energy states can be excited to high energy
states upon absorbing a photon in the form of ultraviolet or visible light. The
energy gap between the two states determines the photon energy that the ex-
citation requires: the smaller the gap, the higher wavelength of the photon. /n
situ UV-vis spectroscopy is the combination of UV-vis spectroscopy and elec-
trochemistry techniques. Spectral changes of redox-active species is recorded
as a function of applied potential.” The redox-active molecules could either be
solid layers or dissolved species. In this thesis, the spectro-electrochemistry
of electroactive solid layers was investigated. Spectro-electrochemical meas-
urements are commonly made in a liquid cell with a large electrolyte reservoir.
The WE is commonly a conductive Indium tin oxide (ITO), of which part is
put in the beam path while the other side is above the electrolyte and connected
to the outer circuit (Figure 4). The CE and the RE are positioned above the
light path and immersed into the electrolyte. In this thesis, conducting poly-
mers were electrochemically polymerized onto ITO glass and the polymer
doping process was studied in terms of the absorbance evolution of the
bandgap transition and transitions originating from the produced intra band-
gap states upon doping.
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3.2.2 In situ ATR-FTIR

-
alvincE. -
Electrolyte Ful\—n:;;
''''''' =" Alfoil
“(Connect to the working electrode)
.

" d .
ATR erystal (ZnSe) 7 ‘\ Gold layer on ATR erystal
(Working electrode)

Infrarcd light To detector
Lo

Figure 5. Schematic representation of the spectro-electrochemical cell for In situ
FTIR measurement.

Molecules can absorb infrared light with a resonant frequency that matches
the vibrational energy of a certain bond in the molecule. The resonant fre-
quency is characteristic of certain bond structure in a specific environment.
The energy is determined by the characteristic force constant of the bond and
the mass of the atoms in the bond. The energy of the bond can also be affected
by vibronic coupling with the neighboring atoms. In attenuated total reflec-
tion-fourier transform infrared spectroscopy FTIR (ATR-FTIR) set-up, the in-
frared light beam is directed onto a ZnSe crystal with high refractive index.
The investigated organic film was coated on the surface of ZnSe crystal which
was pre-coated by a conductive layer on the top surface. When the beam of
infrared light is internally directed into the ZnSe crystal and undergoes inter-
nal reflections within the crystal, evanescent wave is produced at the crystal-
sample interface. The evanescent wave can extend into the investigated film.

To investigate the evolution of certain characteristic bond in organic mole-
cules upon oxidation or reduction, ATR-FTIR in combination with electro-
chemical technique is used, a method here called in situ ATR-FTIR. In this
thesis, a gold-coated (around 10 nm in thickness) ZnSe crystal was used as
WE. The trimer was coated and electrochemically polymerized onto the gold
surface in a three-electrode setup with CE and RE above the ZnSe crystal
(Figure 5). The vibrational absorption change of carbonyl bond in the resulting
polymer upon reduction/oxidation was studied.

3.2.3 In situ Electrochemical Quartz Crystal Microbalance
measurement

Mechanical stress applied to some materials (notably crystals, certain ceram-
ics) can cause the shift of positive and negative charge centers within the crys-
tal. The charge separation produces an external electrical field, which is called
piezoelectric effect. The principle of the Quartz Crystal Microbalance (QCM)
is based on the reverse piezoelectric effect, where an alternating current ap-
plied on the crystal can cause a mechanical deformation (motion) within the
quartz crystal. The mechanical deformation frequency is dependent on the
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elastic properties of the crystal, which are in turn affected by the mass of ma-
terial coated on the crystal.

In Electrochemical Quartz Crystal Microbalance measurement (EQCM),
the resonant frequency change of the crystal upon an electrochemical reaction
is measured. According to the Sauerbrey equation (eq. 5) the resonance fre-
quency can be quantitatively converted to the mass change of the material
coated on the crystal:'

2/ Am
Ugpq A

Af = - 5)

where Af (Hz) is the measured frequency change, fj is the resonant frequency
of the quartz crystal, which is 9 MHz for a gold-coated quartz QCM crystal in
this thesis, Am is the mass change on the quartz crystal, 4 is the piezoelectri-
cally active area (0.198 cm?), u, is the AT-cut quartz constant (2.947*10" g
cm’'s?), and p, is the quartz crystal density (2.65 g cm™).

The Sauerbrey equation assumes a rigid film that has the same acoustic
properties as the crystal and that the frequency change is small (Af/ f0< 0.05).
In this thesis, a thin polymer is electrochemically polymerized uniformly onto
the gold coated quartz WE, which was connected to an external-sensor to rec-
ord the frequency change during electrochemical processes. The WE is posi-
tioned at the bottom of the cell while CE and RE are positioned above WE
(Figure 6). The EQCM method was used to determine the polymer mass de-
posited on the electrode surface during electrochemical polymerization from
a monomer solution, as well as the solvent uptake during post-deposition
polymerization (PDP). In addition, mass change caused by counter cation up-
take or expulsion during pendant redox reaction, as well as the polymer back-
bone doping induced counter anion uptake were investigated. The mass
change per molar charge in a certain potential region can be calculated accord-
ing to the accumulated charge in this potential region.
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Figure 6. Schematic representation of the electrochemical cell for in situ EQCM
measurement.
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3.2.4 In situ electron paramagnetic resonance

In the presence of an external magnetic field B, an unpaired electron can align
itself either antiparallel (spin quantum number ms= + % ) or parallel (ms= - % )

to the field due to the Zeeman effect. The energy splitting of the two levels is
proportional to the magnetic field (B) and the electron g-factor (g). The un-
paired electron can move between these states by emitting or absorbing a pho-
ton with the energy of /v, which equals the energy splitting according to the
following equation:

E= m¢*g*ug*B=h*v (©6)

where ug is the Bohr magneton.

In practical experiments microwave is used as the photon source with a
fixed wavelength while the external magnetic field (B) is swept. When the
splitting energy of an unpaired electron matches the microwave energy photon
absorption occurs and gives rise to a measurable signal, which is proportional
to the number of unpaired spins. The g-factor can be calculated according to
the magnetic field strength (B) where photon absorption occurs. The spin con-
centration can be estimated by the integration of the excitation spectra. In situ
electron paramagnetic resonance (EPR) is the combination with electrochem-
ical method to monitor the spin signal at different potentials.

Iren rod
)

bid

-5
Magnet field

= Pt wire (WE)

* Polymer

Figure 7. Schematic representation of the electrochemical setup for in situ EPR meas-
urement

In this thesis, a Pt wire was used as WE with the lower end of the wire coated
with polymer. The cell was positioned with the polymer within the external
field while CE and RE were positioned in the top part of the cell (Figure 7).
The polymer radical cations produced during doping and semiquinone radicals
produced during the pendant redox reaction were investigated to track the
backbone doping as well as pendant redox reaction process.
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3.2.5 In situ conductance
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Figure 8. Schematic representation of (a) IDA electrode, (b) three-electrode setup
using an IDA as WE. (c) in situ conductance measurements from a CV on IDA elec-
trode. The black curve is the current response on the two WEs, the blue curve is the
sum of current response on the two WEs and the red curve is the calculated conduct-
ance as a function of potential.

Both in situ and ex situ (e.g. four-point probe) technique can be used to meas-
ure conductivity. In this thesis, the in situ method was used to measure the
potential-dependent conductance of conducting polymers, where the conduct-
ance results from potential-dependent polymer oxidation (doping)-induced
charge-carrier formation. The WE is an interdigitated array (IDA) electrode
(Figure 8a), consisting of two WEs. Each WE consists of 90 screen-printed
gold fingers with 10 um distance between neighboring electrode pairs (WE1
and WE2). During polymerization the polymer grows on both WEs until the
10 um gap is bridged by the polymer. A potential bias (Euiss) is applied be-
tween the two WEs. The potential bias used is 1 mV for polymerization and
10 mV for polymer test in this thesis. During CV measurements the current
on each electrode is recorded (i; and i,). The sum between these two currents
(i1+12) is the current flow to the counter electrode (Figure 8b). The difference
between the two currents corresponds to the current flowing through the pol-
ymer (ip) from WE2 to WE1 due to the applied potential bias (vide infia). With
the potential bias Eyias and current flow through the polymer (i,), the polymer
resistance (R;) as well as the polymer conductance (Gp) can be calculated ac-
cording to the Ohm’s law:

1 i
Gp= —= —2 (7)

Rp Ebias
where i, is calculated by the following treatment:

24



il + lp = iCl (8)
i = ip =le ©

. (iz=iz)~(icz—ic1)
lp — 271 . c2"'cl (10)
Ai=ip-iy, Ai=ic-ic1, by assuming Ai.<<Ai. This condiation is satisfied
throughout the thesis by using sufficicent low CV scan rate.'" i, can thus be
estimiated directly from the recored current difference Ai from equation (11):

i ip_i
G = —— = _ doli 11
p Rp Ebias 2Epjas ( )

Figure 8c shows the in sifu conductance measurement of pEDOT. Due to
the presence of Eyias between WE1 and WE2, equal current magnitudes with
opposite sign are observed at the two electrodes. The black curve is the current
on each WE (i; and i) while the red curve is the calculated conductance as a
function of applied potential according to equation (11). Below -0.7 V, pE-
DOT is undoped and thus has low conductance (see section 4.2.2.2). Below -
0.7 V the current on the two WEs is low (black curve) and the conductance
(red) is neglectable. Above -0.7 V pEDOT is gradually doped, conductance
rises and reaches the plateau value at -0.3 V. -0.7 V is known as the doping
onset potential while -0.85 V is known as the doping offset potential. In this
thesis the potential where the conductance reaches half of the maximum value
in the anodic scan (here -0.45 V) is referred to conductance onset potential.
The potential where the conductance has decreased to half of the maximum
value in the cathodic scan (here -0. 70 V) is referred to conductance offset
potential.
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4. Organic energy storage materials

LIBs have dominated the market of portable electronics owing to their high
energy and power densities. They are also the most promising candidates for
energy storage in large-scale power systems such as electric vehicles and
smart grids.'> However, the cathodes in conventional rechargeable lithium-ion
batteries are mainly inorganic materials,'>'* which are expensive and have
high CO; footprint during the raw material purification and manufacturing
process. Organic materials (containing C, H, O, N) are potentially abundant
with low energy consumption.'>" Replacing the traditional inorganic cathode
materials with sustainable organic active materials is expected to decrease the
dependence on inorganic energy storage materials.'” In this section, energy
storage materials including 1) organic redox molecules, 2) conducting poly-
mers, and 3) CRPs are discussed.

4.1 Organic molecules

20-22 23,24

Organic redox molecules such as organosulfur, radicals™~" and carbon-
yls**?¢ have been widely investigated as energy storage materials. Organosul-
fur compounds have disulfide bonds (-S-S-), which can undergo a reversible,
two-electron transfer reaction through oxidation/reduction (Scheme 1a). They
are, in general, low-cost, biodegradable, and relatively nontoxic. However, the
organosulfur redox reaction suffers from slow kinetics.?’ Radical compounds,
i.e. nitroxides and phenoxides, can also be reversibly oxidized (Scheme 1b) at
high potentials, thus providing promising high-potential cathode materials.
The self-exchange reaction, between the charged state and the radical state, is
often fast, thus exhibiting superior reaction kinetics. However, the oxidation
of the neutral radical involves only one electron-transfer, giving low capac-
ity.?® Conjugated carbonyls have significantly higher capacities compared to
radical compounds as they can, in many cases, reversibly experience two-elec-
tron transfer processes (Scheme 1c). In addition, the structural diversity
through substituent provides possibilities to tune the redox potential, making
carbonyl compounds extremely popular. Their redox reaction also shows
compatibility with various charge-compensating electrolyte cations, such as
Li*? Na*,***! H',*? Mg** ** and Zn?*. * Quinone, as one of the simplest car-
bonyl compound, is particularly attractive. It exhibits a theoretical capacity
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0f' 496 mAh/g and has been widely studied as organic energy storage material.
In this thesis, all investigated compounds are based on quinone and its deriv-
atives.
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Scheme 1. Redox reaction of (a) organosulfur compounds, (b) organic radical com-
pounds, (c¢) quinone.

4.2 Conducting polymers

Since the discovery that trans-polyacetylene potentially possesses extremely
high electrical conductivity,**-* the field of conducting polymers, has attracted
the interest of thousands of scientists. The basic difference between a conduct-
ing polymer and a traditional, insulating polymer is the free valence electrons.
In traditional insulating polymers (e.g. polyethylene), the four valence elec-
trons of carbon atom are bound in sp® hybridized covalent bonds. Such sigma-
bonding electrons are localized and do not contribute to the electrical conduc-
tivity of the material. Conducting polymers contain aromatic rings or double
bond in the main chains. They are n-conjugated systems with contiguous sp?
hybridized carbon centers, which bound three of the carbon valence electrons.
The last valence electron resides in a p, orbital, which is orthogonal to the
plane of the three sp® sigma-bonds. p, orbitals of the carbon atoms in the con-
jugated system form wide delocalized m-orbitals. The electrons in the delocal-
ized orbital become mobile when the material is "doped". The conducting
mechanism will be discussed in section 4.2.2.2.

Several p-doped conjugated polymers have been used as energy storage ma-
terials, including polypyrrole (PPy),*” polythiophene (PT) ,** and polyaniline
(PANI).**" Among these conducting polymers, PANI may have benzidine
moieties on the polymer backbone, which might yield toxic products upon
degradation.* PPy is an environmental-friendly system, but it has the disad-
vantage of low stability.** PT is stable and has high conductance, and thus
has been widely investigated. In this thesis, a thiophene based electron-rich
and planar pEDOT*** is used as conducting polymer backbone.
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4.2.1 Polymerization

Figure 9. Polymerization mechanism of pEDOT.

Conducting polymers are usually obtained from the chemically or electro-
chemically driven oxidative polymerization of monomer units. In chemical
polymerization, Fe** or S,05* are usually used as oxidation agents.*** Chem-
ical oxidation is aggressive and the polymerization process is difficult to con-
trol. Electrochemical polymerization include anodic™ and cathodic polymeri-
zation.”">* The cathodic polymerization method (e.g. polymerization of poly
p-phenylene vinylene and polypyridine) is not used frequently due to the harsh
condition required. Anodic polymerization is usually used for the polymeriza-
tion of PANI, PPy, PT and pEDOT.

Polymerization involves several steps: radical formation, dimerization,
deprotonation, oligomerization, nucleation, deposition, growth and solid-state
process. During the radical formation process, oxidation of the monomer pro-
duces a radical cation which can attack and couple to a second radical cation
and form a charged dication dimer. The dication then releases two protons and
neutral dimer forms (Figure 9). The neutral dimer can be further oxidized and
couple to another radical cation unit. The polymer length increases with the
continuous polymerization, which is ended by the precipitation of insoluble
polymer. In electrochemically driven polymerization the polymer, in favora-
ble cases, precipitates onto the electrode surface. Worth to note is that the con-
ducting nature of the polymer film enables further growth on top of the poly-
mer film when the current collector is covered by a polymer layer. In this the-
sis, all studied polymers are based on EDOT and are obtained by
elecrochemical polymerization.

For electrochemical polymerization, if the polymerization charge and the
amount of immobilized repeating units are known, the polymer length can be
calculated according to the following equation:

2n¢

X = (12)

2Nng—MNe

where n. (mol) is the sum of total electron transfer and n; (mol) is the sum of
repeating units. Each polymer contains x repeating units on average and the
average chain number is n¢/x. The total number of electrons transferred per
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chain is 2*(x-1) and the total number of electrons transferred is ne=2*(x-1)*
ny/x.

4.2.2 Doping

In conducting polymers each p, orbital of the carbon atoms in the conjugated
system contains one electron. When a p, orbital couples to another p, orbital
two molecular orbitals form, one antibonding orbital and one bonding orbital.
The bonding orbital will be fully occupied by the two electrons (from the two
carbon atoms) while the antibonding orbital will be empty. The coupling of
all the p, orbitals in the same conjugated system forms the same number of
molecular orbitals whereas half are bonding molecular orbitals and half are
antibonding molecular orbitals. The bonding molecular orbitals with closely
lying energies make up a band of states called the valance band (VB). The
antibonding molecular orbitals, with closely lying energies, make up a band
of states called conduction band (CB). The energy difference between the VB
and the CB is called the bandgap. The bandgap of a conducting polymer is,
typically, around 2 eV.

Some neutral state semiconductors can become conducting through thermal
activation of charge carriers according to the Arrhenius equation. However,
for conducting polymers, the thermal energy at room temperature is not suffi-
cient to excite electrons from the VB to the CB. To make the polymer con-
ducting at room temperature, a little help is needed to increase the charge car-
rier concentration. Doping, namely charge transfer to or from the conjugated
polymer chains can be introduced to increase the charge carrier concentration
through the formation of in-gap states. Reversible charge transfer by doping
can be accomplished by chemical doping or electrochemical doping.***>* Ac-
cording to the charge transfer direction, doping can be classified into p-type
doping (polymer is oxidized) and n-type doping (polymer is reduced). A p-
doped (n-doped) conducting polymer can be reversibly dedoped to its neutral
state though reduction (oxidation).

4.2.2.1 Doping mechanism

In chemical doping, p-type doping signifies electron transfer from the polymer
to oxidative dopants, forming positive charges on the conjugated polymer
chain. lodine and bromine are often used as p-type dopants. n-type chemical
dopants are usually reductive alkali metals. The dopant concentration affects
the charge carrier concentrations as well as the resulting conductance.’> Chem-
ical doping is an efficient and straightforward process. However, it is difficult
to control the doping level and homogeneity.
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In electrochemical doping, the doping charge comes from the electrode. The
polymer is oxidized at a certain high potential (p-doping) or reduced at a cer-
tain low potential (n-doping). Charge-compensating counter ions from the
electrolyte compensate the charge on the polymer chain and act as dopants.
The charge-compensating counter ions are called dopant. The electrolyte cat-
ion is dopant in n-doping and electrolyte anion is dopant in p-doping. The
doping level can be controlled by the applied potential on the conducting pol-
ymer. In this thesis, electrochemical doping was used to dope the conducting
polymers.

In both chemical and electrochemical doping the polymer backbone expe-
rience a structure change from aromatic to quinoid-like geometry (Fig-
ure10a).”*7 With the structure change new energy states (bonding in-gap state
and antibonding in-gap state) form (Figure 10b).”®* The appearance of in-gap
states increases the charge carrier density (see section 4.2.2.3).
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Figure 10. (a) Structure evolution, (b) energy diagrams evolution of pEDOT at dif-
ferent doping levels during p-doping process.

During p-doping electrons from the VB are removed and during n-doping
additional electrons are injected into the CB.°“®! A polymer chain can be re-
versibly doped by introducing several charges. However, the coulombic re-
pulsion between the consecutively induced charges on the polymer chain de-
termines that the injected charges cannot be introduced at the same potential.
The resulting current response of the doping process thus shows a capacitive
behavior with a poorly defined doping potential (Figure 11).% The unde-
fined doping potential suggests that conducting polymer cannot give a fixed
charge/discharge plateau in energy storage applications

As the polymer chain becomes positively charged during p-doping. Radical
cation (polaron) forms at low doping levels while dication (bipolaron) forms
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at high doping level. Both polaron and bipolaron are charge balanced by cor-
responding counter anions from the electrolyte. The mass change of counter
ion uptake (expulsion) upon doping (dedoping) can be monitored by EQCM
while the polaron (radical cation) concentration can be monitored by in situ
EPR.*

4.2.2.2 Doping and conductance
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Figure 11. Cyclic voltammograms (dashed line) and in situ conductance (solid line)
of PT tested in 0.1 M TBAPFs¢/MeCN

Neutral conducting polymers can undergo oxidative p-doping and become
positively charged, forming an in-gap state which is filled by an unpaired elec-
tron. The produced radical cation (polaron) is a charge carrier which can be
delocalized over a few EDOT monomer units.®® The radical cation concentra-
tion increases with doping level. The unpaired electron in the in-gap state can
hop to another in-gap state. From a molecular level, the radical cations can
move freely along the same polymer chain or between different polymer
chains,®® thus generating conductance. This explains the tremendous increase
of conductance around -0.5 V seen in Figure 8c.

With the increased doping level, the polymer is further oxidized and the
unpaired electron in in-gap state is removed, forming spinless dications (bipo-
laron) (Figure 10b). The formation of bipolaron is the result of thermodynamic
competition between polaron and bipolaron.®’ Up to now, polarons are well-
documented as charge carrier of conducting polymers. Though subject to de-
bate, based on the conductance response at high doping levels, some research
shows that the bipolaron could also contribute to the overall conductance.®®®
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In this thesis, a decreased polaron concentration at high doping level was in-
deed observed while the conductance remained relatively constant at high
doping level, suggesting that the spinless bipolaron may also contribute sig-
nificantly to the conductance.

The conductance discussed above is thermally activated hopping for both
intra-chain and inter-chain transport. The inter-chain transport has been
proved to be the rate-limiting step in most disordered conducting polymer.”""!
It is worth to note that charge transport in conducting polymers is determined
by several factors, i.e. chain length, polymer orientation, crystallinity, electro-
lyte, dopant ion, solvent, and temperature.”> ’* It is well established that both
the inter-chain and intra-chain charge transport of conducting polymer can be
significantly affected by the structure co-planarity.”>’® In a highly twisted pol-
ymer chain the charge carriers can be localized extensively as a result of de-
creased m-conjugation, the backbone twisting could result from the bulky side
chains as well as its interaction with polymer backbone.”” " Hence, the charge
transport property is determined by the polymer type as well as by experi-
mental conditions.

PT and its derivatives show both p-doping and n-doping capability. In gen-
eral, n-type conducting polymers are not as stable as p-type polymers. The
reduction of a conducting polymer usually occurs at a rather negative potential
and the reduced state is vulnerable to oxygen and moisture in the air. In addi-
tion, the conductance and reversible charge of p-doping is, in general, higher
than those of n-doping (Figure 11). Up to now, one reported stable n-doped
conducting polymer is poly (phenylthiophene) where the electron-deficient
phenyl group can delocalize and stabilize the radical anion™.

4.2.2.3 Doping and bandgap evolution
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Figure 12. In situ UV-vis spectroscopy of PEDOT on ITO at different potentials. (1),
(2) and (4) represent the transition 1, 2 and 4 in Figure 10b, respectively.
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Changes in doping-induced energy states can be monitored by in situ UV-vis
spectroscopy (Figure 12). At neutral state, the CB-VB bandgap transition of
conducting polymers gives the maximum absorbance at around 2.0 eV in the
visible region. This energy gap of conducting polymers is affected by the con-
jugation length and is widely discussed in electrochromic devices.**** During
p-doping electrons from the VB are removed, causing depletion of the VB as
well as the formation of in-gap states. As a result, the absorption peak corre-
sponding to the CB-VB transition at 2.0 eV decreases (transition 1 in Figure
10b) and blue shifts.

The depletion of VB upon p-doping is also accompanied by the appearance
of new absorption peaks at 1.4 eV corresponding to transitions involving
bonding and antibonding in-gap states (transition 2 in Figure 10b)** in the
visible region and VB/bonding in-gap states (transition 3) in the IR light re-
gion. Further doping produces more in-gap states which are empty as the un-
paired electron is taken away. These in-gap states overlap and form the bipo-
laron band. With the depletion of the VB and formation of the bipoalron band
the VB-bipoalron band transition (transition 4) blue shifts to visible region at
1.2 eV and the absorbance keeps increasing with the doping level.

4.3 Conducting redox polymers

As discussed above the doping of conducting polymers is reversible, enabling
the storage and release of charge. This characteristic makes conducting poly-
mers a viable alternative as energy storage materials. However, limited by the
low doping level where each EDOT unit can store one charge at most, the
capacity of conducting polymers is rather low. Though high doping levels can
increase the charge storage capacity, it also leads to irreversible degradation
of the conducting polymer in a process known as over-oxidation. Moreover,
since the doping is potential-dependent, conducting polymers cannot provide
a fixed operating potential required for battery electrode materials. Rather,
conducting polymers display sloping charging/discharging curves (capacitive
behavior) and thus are often used as capacitors instead of batteries.

Small organic molecules have high capacity and well-defined redox poten-
tial. However, they often suffer from dissolution and low electronic conduc-
tivity as energy storage materials. The conducting property and polymeric
structure of conducting polymers enable application as a conducting and pol-
ymeric agent to provide conductance for insulating capacity-carrying organic
molecules as well as to prevent dissolution of the organic molecules. We have
synthesized a series of CRPs, where redox-active quinones are functionalized
onto polymerizable monomeric or trimeric units.*°* The conducting polymer
structure, based on pEDOT, is conducting and thus removes the conductive
additives.
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A fundamental requirement to make a CRP is redox matching, i.e. the redox
potential of capacity-carrying quinone must be within the conducting region (
potential window) of the polymer backbone.”” The conducting region of pE-
DOT is relatively stable with respect to electrolyte while the redox potential
of quinone is highly dependent on the cycling electrolyte. This thesis starts
with the discussion on the quinone redox chemistry to explore the possible
redox matching with pEDOT backbone with the final aim to design high per-
formance CRPs as energy storage materials.
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5. Quinone based CRPs and battery evaluation

5.1 The Quinone redox chemistry

As discussed above, the principle design criteria for fabricating a CRP is that
redox matching between the quinone redox potential and the conducting re-
gion of conducting polymers is achieved. Besides, a linker that ensures that
the functions of the two individual components are preserved in the CRP, is
also necessary. The conductance of pEDOT based polymer usually initiates
from -0.7 V and can be reversibly doped up to 0.8 V, givinga -0.7 V_0.8 V
conducting window. Thus, quinone redox reactions occurring in this potential
region are expected to be redox matched with the pEDOT backbone. The con-
ducting region of conducting polymer is relatively stable with respect to the
nature of solvent and counter ions in the electrolyte. However, the quinone
redox potential can be affected by various factors, e.g. charge-compensating
counter ions,”*”’ solvent,”® and substituents.?® The first step in this thesis is to
investigate how the quinone redox potential is affected by these internal and
external factors.

5.1.1 Effect of electrolyte cation and solvent on the quinone
redox potential
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Figure 13. Square wave voltammetry of a 0.1 mM Q in 0.1 M TBAPF¢MeCN
(black), 0.1 M LiClO4/MeCN (blue), 0.5 M H>SO4/H>O (green) and a 5 mM quinone
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solution in 0.1 M pyridium triflate/0.1 M pyridine/MeCN (red). All measurements
were conducted using a bare GC working electrode at the frequency of 8 Hz.

The electrochemical properties of various quinone were characterized in four
different electrolytes to study the counter ion and solvent effect on the quinone
redox properties (Figure 13), (Paper I). In tetrabutylammonium hexafluoro-
phosphate/acetonitrile (TBAPFs/MeCN), SWV shows two largely separated
redox peaks centered at -0.91 V and -1.71 V. The two peaks are attributed to
the redox conversion of quinone/semiquinone radical anion (Q/Q”) and sem-
iquinone radical anion/reduced quinone dianion (Q7/Q%), respectively (
Scheme 2a). During the two reduction processes, no counter ion is introduced
to balance the negative charge on the Q~ or Q*, as the bulky TBA" has no
access to the charged center on quinone. DFT calculation shows that the in-
jected electron during the first reduction step is uniformly delocalized within
the molecule, with each oxygen atom accommodating 17.5 % of the injected
negative charge. The second reduction step therefor requires a higher driving
force to inject the second electron compared to the first reduction step. The
interaction terms were used to quantify the coulombic repulsion between the
two successive injected charges, which were calculated by multiplying the
charge-change at each atom in the first and the second reduction process and
creating a sum of interaction terms for the entire molecule. The interaction
term is 0.11 for TBA -cycling.

In LiCIO4/MeCN electrolyte, a broad reduction peak with two overlapping
peaks centered at -0.63 V and -0.70 V were observed. The two peaks were
attributed to the Q/LiQ" and LiQ7/Li,Q redox conversion, respectively. When
switching from TBA™ to Li'-cycling, both redox peaks shifted positively. This
effect was attributed to the Li" stabilization effect due to Li-O bond as depicted
in Scheme 2b. During the first electron-injection process, the Li" ion uptakes
26 % of the injected charge, leaving only 74 % of the injected electron charge
in the aromatic system. 74 % is much smaller compared to the 100 % in TBA"
electrolyte. This charge-balancing effect of counter ion significantly decreases
the electron density on the seimiquinone aromatic ring, making the second
electron-injection process easier. During the second electron-injection pro-
cess, the second counter-balanced Li" uptakes 35 % of the injected electron
charge and the first counter-balanced Li" takes further 11 %, thus stabilizing
the reduced state significantly. The coulombic interaction term is only 0.07
for Li'-cycling, indicating a significantly decreased coulombic repulsion be-
tween the two injected charges, which explains the smaller separation between
the first and second reduction peaks in the Li" case compared to that in TBA"-
cycling.

In protic pyridium triflate/pyridine/MeCN electrolyte (pKa=5.2), only one
pair of redox peaks, centered at -0.35 V, corresponding to 2e¢/2H" transfer of
Q/QH; redox conversion was observed, indicating that the semiquinone radi-
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cal state (QH"), depicted in Scheme 2c, is unstable with respect to dispropor-
tionation. The formal potential shifted positively compared with Li"-cycling,
suggesting further increased counter ion stabilization effect through the H-O
bond. During the first electron-injection process, the charge-balancing H™ up-
takes 67 % of the injected charge, leaving only 33 % on the aromatic system.
During the second electron-injection process, the second counter-balanced H
uptakes 69 % of the injected charge and the first charge-balanced H" further
takes 2 % of the injected charge. The charge balancing proton thus accommo-
dates most of the injected negative charge, leaving the semiquinone with lower
electron density compared to semiquinone with Li" and TBA -cycling. The
coulombic interaction decreased to 0.01 with proton cycling, explaining the
disproportionation of the semiquinone intermediate.

In 0.5 M H,SO4/H>O electrolyte (pH=0.3), only one pair of redox peaks
centered at 0.27 V corresponding to Q/QH: redox conversion was observed.
The formal potential further shifted positively compared with H'-cycling in
MeCN electrolyte.
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Scheme 2. Quinone redox reactions in (a) TBAPFs/MeCN, (b) LiClO4/MeCN (¢)
MeCN or H;O containing H" solution. The numbers are the calculated Mulliken
charge on each atom.
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5.1.2 Substituents effect on quinone redox potential
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Scheme 3. Structure of the quinone derivatives.

Table 1. Experimental formal potentials of quinone derivatives in four different elec-
trolytes. H'/MeCN represents 0.1 M pyridium triflate/0.1 M pyridine/MeCN

E® (V vs. In TBA*/MeCN In Li*/MeCN In In
Fc'/Fc%) H*/MeCN H'/H:0
Q/Q” Q/Q* AE Q/LiQ LiQ/LiQ AE Q/QH,  Q/QH,

Q-2C(CH3); -1.10 -1.88 0.78 -0.83 -0.83 0 -0.67 insoluble
Q-C(CH3); -1.00 -1.79 0.79 -0.74 -0.74 0 -048 0.16
Q-CH; -0.98 -1.78 0.80 -0.71 -0.71 0 -040 0.22

Q -0.90 -1.71 0.81 -0.63 -0.70 0.07 -0.35 0.27
Q-F -0.77 -1.71 0.86 -0.53 -0.60 0.07 -0.33 0.27
Q-2F -0.65 -1.53 0.88 -048 -0.56 0.08 -0.26 0.27
Q-2CF; -0.37 -1.31 0.94 -0.28 -0.52 0.24 -0.20 0.28

Apart from the charge-compensating cation effects discussed above, the for-
mal potential of quinone can also be tailored by the introduction of substituent.
This is explained by the increased or decreased electron density on the quinone
aromatic system induced by the electron-donating or electron-withdrawing
substituent. To systematically investigate the substituent effect on the quinone
formal potential, a series of quinone derivatives (Scheme 3) with both elec-
tron-donating and electron-withdrawing groups were synthesized and charac-
terized in the four electrolytes above (Paper I). The formal potentials are sum-
marized in Table 1. In TBAPF¢/MeCN electrolyte, the formal potential of both
Q/Q" and Q/Q* redox conversion shifted positively with electron-withdraw-
ing ability of the substituent. In addition, the separation between the two redox
peaks increased from 0.78 V with -2C(CH3); substitution to 0.94 V with-2CF3
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substitution. This indicates that the coulombic repulsion between the two suc-
cessively injected charges increases with the electron-withdrawing power of
the substituent, which was confirmed by the increased coulombic interaction
term with electron-withdrawing substituents (Figure 14a). With Li'-cycling
the redox peaks also shifted positively with the electron-withdrawing ability
of the substituent. The 2e/2Li" redox conversion observed for quinones with
electron-donating substituents turned into two separate 1e/1Li" redox conver-
sions for quinones with electron-withdrawing substituents. This is in accord-
ance with the increase of coulombic interaction term with the electron-with-
drawing ability of the substituent (Figure 14a). With H'-cycling in MeCN, all
quinone derivatives show 2¢/2H" redox conversion and the formal potential
also shifted positively with the electron-withdrawing ability of substituents
(Table 1).
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Figure 14. (a) Interaction terms for substituted quinones with TBA* (black), Li* (red)
and H'-cycling (blue) counter ions. The substituents are ranked according to their
electron-withdrawing power. (Solid lines are guides for the eye.) (b) Structure of qui-
none in a neutral state in an explicit implicit solvent model with four explicit water
molecules introduced.

In H>SO4/H,O aqueous electrolyte all quinone derivatives show a pair of
redox peak corresponding to 2¢/2H" redox conversion. However, the depend-
ence of formal potential on substituent is only seen for electron-donating sub-
stitutions. With electron-withdrawing substitutions the effect of substituent
was largely lost. Since the only difference between the two H'-cycling case is
the solvent, we attribute this break-down of formal potential dependence on
electron-withdrawing substituent to specific solvent-quinone interactions. To
investigate the specific quinone-water interaction, DFT calculations with ex-
plicit treatment of the water solvent were conducted. The Mulliken charges on
the quinone and the introduced four water molecules were calculated. The cal-
culation shows that the water molecules close to carbonyl groups donate elec-
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tron density to the quinone (Figure 14b), thus counteracting the electron-with-
drawing effect of substituent and causing the break-down the dependence of
formal potential on electron-withdrawing substituent.
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Figure 15. Potential matching of pEDOT conducting region (bottom panel) and the

formal potential of quinone derivatives upon TBA'-(yellow), Li*-(blue), proton
(pKa=5.2, green) and proton (pKa=3.2, orange) cycling.

From these results an initial assessment of the redox matching between sub-
stituted quinones and PEDOT could be made. In TBAPFs/MeCN, despite the
up-shift of the formal potential caused by the substituent, only the Q/Q~ redox
conversion of -2F and -2CF;-substituted quinone derivatives are redox
matched with pEDOT (yellow bar in Figure 15). In LiCl1O+/MeCN, both Q/LiQ
and LiQ/Li,Q redox conversions of quinones with electron-withdrawing sub-
stitutions are expected to be redox matched with pEDOT (blue bar in Figure
15). With proton cycling in MeCN (pKa=5.2), most quinone derivatives are
expected to be redox matched with the pEDOT backbone.
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5.2 Quinone based CRPs for Li"-cycling
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Scheme 4. Structure of the quinone-EDOT based monomer
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Figure 16. Cyclic voltammograms of Q-pEDOT (green), QF-pEDOT (blue), QF--
pEDOT (red), Q(CF3),-pEDOT (black) on a GC electrode in 0.1 M LiClO4+/MeCN at
a scan rate of 0.1 V/s.

As discussed above, the formal potential of quinones upon Li"-cycling can be
tuned positively by 0.35 V by electron-withdrawing substituents. The posi-
tively shifted quinone formal potentials are expected to be within the conduct-
ing region of the pEDOT backbone. To study the expected redox matching
between pEDOT and quinone derivatives upon Li‘-cycling, quinone deriva-
tives were functionalized onto EDOT units through a non-aromatic linker (Pa-
per II). Q-EDOT, QF-EDOT, QF,-EDOT and Q(CF;),-EDOT (Scheme 4)
monomers were synthesized and electrochemically polymerized from the
monomer solution using TBAPFs/MeCN as electrolyte. Deprotonation/lithia-
tion of the obtained polymer was achieved by dipping the polymer in 1 M
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lithium tert-butoxide/THF solution. The deprotonated CRPs were character-
ized by CV in 0.1 M LiCl04/MeCN. All four CRPs shows two pairs of quasi-
reversible redox peaks (Figure 16), which are attributed to the Q/LiQ" and the
LiQ/Li»Q redox conversions, respectively. The redox peak of LiQ/LixQ is
broader compared to that of Q/LiQ'. The seemingly capacitive current under-
lying the redox peaks is attributed to reversible doping/dedoping of the pE-
DOT backbone. With the electron-withdrawing substituents, the formal po-
tentials of Q/LiQ" and LiQ/Li>Q redox conversion shifted positively compared
to unsubstituted quinone, as expected.

5.2.1 Conductance delay
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Figure 17. In situ conductance of pEDOT (orange), Q-pEDOT (green), QF- pEDOT
(blue), QF»- pEDOT (red), and Q(CF3),- pEDOT (black) on IDA-Au electrodes in 0.1
M LiClO4+/MeCN at 0.05 V/s, the potential bias between the two working electrodes
is 10 mV. (b) Correlation between the backbone conductance onset (black), offset
potential (blue) Eg and the LiQ-/Li>Q redox potential Eq.

In situ conductance measurements were conducted to monitor the conductance
of the four CRPs as well as its evolution with potential (Paper II). Figure 17a
shows the in situ conductance of the CRPs together with the corresponding
data for pEDOT. The potential where the conductance initiates (above -0.3 V)
for the CRPs occurs at much higher potentials than that for pEDOT (-0.7 V).
Zotti reported a threshold-doping for polymer conductance, which is at-
tributed to charge carrier localization as a result of backbone twisting caused
by bulky side chains.””-”® Herein, the higher doping threshold was initially at-
tributed to the steric hindrance caused by the bulky pendant quinone. How-
ever, a close inspection shows that the potential where the conductance initi-
ates in the four CRPs are surprisingly different despite the four CRPs have
quinone pendants of similar size. The conductance onset potential (black) and
the conductance offset potential (blue) shows a clear correlation with the for-
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mal potential of the quinone second reduction (LiQ/Li,Q) (Figure 17b), indi-
cating that the lithiated reduced state of the quinone plays a significant role in
hindering the conductance of pEDOT backbone. The lithiated, reduced state
of quinone may pin the positively charged charge carrier polarons, causing the
localization of charge carriers.

5.2.2 Doping onset vs conductance onset
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Figure 18. Characterization of Q(CF3),-pEDOT in 0.1 M LiClO4s/MeCN. Panel (a)
shows 1) the tenth sweep CV response of Q(CF3),-EDOT on GC electrode at 0.1 V/s
(red). 2) in-situ conductance during an anodic CV sweep at 0.05 V/s using on IDA-
Au electrode (black). 3) the mass change during anodic CV scan on EQCM-Au elec-
trode at 0.1 V/s (blue). 4) the spin concentration as function of potential of a Q(CF3),-
layer on a platinum wire (green). Panel (b) shows the UV-vis absorbance of Q(CF3),-
pEDOT measured in situ during electrochemical redox conversion of the polymer
layer coated on ITO as function of potential at energies of 1.97 eV (brown) and 1.31
eV (pink).

To investigate the origin of the conductance delay, a study of the backbone
doping process was undertaken (Paper II). In situ EQCM, in situ UV-vis and
in situ EPR were used to study the doping process of the four CRPs. /n situ
EQCM shows that the polymer mass started to increase at -0.8 V (blue curve
in Figure 18a). This mass increase is attributed to the doping-induced ClO4
anion uptake to balance the positive charge of polymer chain, suggesting that
backbone is doped already at -0.8 V. The onset doping potential of CRP is
similar as that of unsubstituted pEDOT.” Between -0.5 V and -0.15 V an ex-
tensive mass decrease was observed. It is attributed to the Li" expulsion as the
reduced Li>Q-state undergoes the Li»Q/LiO" and LiO/Q redox conversions.
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Above -0.15 V the polymer mass again increased due to the polymer backbone
doping-induced ClO4 uptake. /n situ UV-vis spectroscopy shows that the ab-
sorbance at 1.97 eV, corresponding to the CB-VB transition (transition 1 in
Figure 10b), decreased initially from -0.7 V (brown curve in Figure 18b). This
is attributed to the depletion of electrons from the VB as the polymer is oxi-
dized. The absorbance at 1.31 eV, corresponding to the bonding/antibonding
in-gap state transition (transition 2 in Figure 10b), increased initially from -
0.7 V (pink curve in Figure 18b), indicating the formation of polarons.

The in situ EPR curve closely matches the peak in cyclic voltammograms.
To be specific, in situ EPR monitored a rather low spin concentration below -
0.7 V, which then increased over the Li,Q/LiO redox conversion and reached
the maximum value at -0.3 V (green curve in Figure 18a). After that the spin
concentration decreased over the LiO/Q redox conversions. At even higher
potentials above 0.1 V, the spin concentration kept a constant value with fur-
ther doping.

The g-value is often used to identify the nature of the unpaired electron as
g-value represents the magnetic environment of the radical.'® It is worth to
note that the g-value below -0.6 V is similar as that above 0 V while the g-
value between -0.6 V and -0.2 V is significantly higher (Figure 19b). This
suggests that the polaron is the dominant spin species below -0.6 V and while
above 0 V the LiO radical is the dominant spin species over the Li,Q/ LiQ
redox conversion peak. Importantly, the increase in spins concentration be-
tween -0.7 V and -0.6 V is originating from polaron formation induced by
doping of the polymer backbone, rather than from the LiO" radical. The minor
residual spin existing below -0.7 V is thus attributed to the backbone polaron.
From in situ EQCM, in situ UV-vis and in situ EPR methods, it is thus con-
cluded that the pEDOT backbone doping initiated at -0.7 V. However, the
conductance initiated much later, indicating that the doping-produced charge
carriers were localized and mostly immobile to some extent before the Li,Q
state quinone was oxidized.
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5.2.3 Nature of the Radicals

o
3

2.0035

;' Spin concentraton|
= (a) t ----Cullrren: {b} A g facior 1.0
2 400 2 L10 it
& o z 200304 05
S 300 L05 E <
2 z 5 E
€ 200 00 £ & 20025 00
: 3 ° 5
3
G 100 Los©
ot 0.5 2.00204
g 0 f 10
E = T 10 T T T T
10 05 00 05 10 10 05 00 05 10
E (V vs.Fc'/Fc?) E (V vs Fe'fFe®)

5 250 ) S 2.0030

(c E pin concentrason| L06 0.6
,E P ssnss CUMENL 2 0029-
® it
a i3 L F0.4
# 200+ 042 2.0028 —
c 02E 5 0.2 §
5 = 220027 z
E 150 5 2 g
= 005 =20026 0.0 3
8 5}
c

L-0.2 | r-02
8 100 ¥ 2.0025
B 04 2.0024 L-0.4
[ T T T T
40 05 00 05 10 40 05 00 05 1.0
E (Vvs.Fc'/Fe’) E (VvsFe'Fc®)

Figure 19. Concentrations of spins of (a) Q(CF3),-pEDOT and (c) Q-pEDOT as func-
tion of potential, the corresponding g-value for the observed spins in (b) Q(CF3),-
pEDOT and (d) Q-pEDOT. Dotted lines show the CV response of the corresponding
electrodes measured prior to the EPR experiment in a beaker cell in 0.1 M LiClO4/
MeCN at 0.1V/s.

The substitution of —CF3; on the quinone aromatic ring cannot only tune the
formal potential to give a high potential quinone based LIB cathode, but also
improve other aspects of the electrochemical response. Figure 19¢ shows that
Q-pEDOT had a relatively high spin concentration below -0.7 V which then
increased over the Li>Q/LiQ anodic peak and reached the maximum at -0.3
V. Subsequently, the spin concentration decreased dramatically upon the
LiO/Q oxidation and reached a relatively constant value at -0.1 V. Above 0.3
V, further doping caused the removal of unpaired electrons in in-gap states
and thus a decrease of spin concentration. Unlike the polaron being the domi-
nant spin species below -0.6 V in Q(CF3),-pEDOT. The g-value of Q-pEDOT
is constant between -1 V and -0.4 V (Figure 19d). Above -0.4 V, the spin
concentration decreased with the consumption of LiQ from the LiQ/Q redox
conversion. This suggests that the LiQ radical, rather than the backbone po-
laron, is the dominant spin species between -1 V and -0.4 V. The residual spin
concentration (below -0.7 V) is thus assigned to the trapped LiQ radicals ra-
ther than polymer backbone polarons. The trapping of LiQ radicals results
from the loss of conductance. To be specific, in the cathodic scan the pEDOT
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backbone becomes insulating before LiQ- is fully reduced to Li>Q. It is thus
concluded that the —CF3 substituent can increase the quinone formal potential,
thereby avoiding the trapping of LiQ' radicals and improving the conversion
efficiency of Li,Q/LiQ. This makes Q(CF3),-pEDOT a promising CRP based
LIB cathode candidate with high voltage output as well as high practical ca-

pacity.

5.2.4 LIBs with Quinone based cathode
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Figure 20. (a) Q(CF3),-pEDOT battery performance: galvanostatic charge discharge
curves of the 1% (solid line), 50% (dashed line) and 250 (dotted line) cycles in 0.2 M
LiPF¢/PC. (b) Cyclic voltammograms of Q(CF3),- pEDOT electrode: 1% scan (solid
line) and 50" scan (dashed line) in 0.1 M LiClO4/MeCN at 0.1 V/s, 1% scan (dotted
line) after the same electrode was transferred to 0.5 M HoSO4/H,O.

Due to the promising properties of Q(CF3),-pEDOT, a Q(CF3),-pEDOT cath-
ode was used in a battery with Li metal as anode and 0.2 M LiPF¢/PC as elec-
trolyte (Paper II). Figure 20a shows that this battery gave two successive dis-
charge plateaus centered at around 2.9 V and 3.2 V, indicating that the
Q(CF3),-pEDOT can indeed be used as cathode material for LIBs. However,
only 67 % of the initial discharge capacity was retained after 250 cycles. A
CV stability test in a three-electrode setup shows that the charge of second
reduction (LiQ7/Li,Q) disappeared after 50 scans, presumably due to the loss
of redox matching upon prolonged cycling. Surprisingly, 20 % of the charge
recovered when the cycled electrode was transferred to, and cycled ina 0.5 M
H>S04/H,0 electrolyte, where the Q/QH, redox reaction occurs at 0.38 V and
is in perfect redox matching with the pEDOT conducting region. This finding
indicates that thick Q(CF3),-pEDOT films suffer from redox mismatching,
presumably due to the limited electron transport in thick polymer film at low
doping levels. To make a stable CRP based LIB cathode, the redox matching
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must be improved. This could be achieved by increasing the pendant group
redox potential even further.

5.3 Quinizarin cathode based LIB battery
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Scheme 5. Structure of the quinone derivatives functionalized onto EPE trimer

Based on the study above it is clear that the redox matching between the qui-
none redox potential and the backbone conducting region must be improved
to make a stable LIB cathode. Figure 15 shows the redox potential of some
quinone derivatives with different cycling ions together with the potential-de-
pendent conductance for pEDOT. The formal potential of quinizarin (Qz)
upon Li'-cycling is well within the pEDOT conducting region. Therefore, the
high potential Qz was functionalized onto a EDOT-3,4-propylenedioxythio-
phene (ProDOT)-EDOT (EPE). The resulting Qz-S-EPE was electrochemi-
cally polymerized to form poly (Qz-S-EPE) where Qz is used as capacity-
carrying pendant group (Scheme 5) (Paper I1I).
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Scheme 6. Successive redox process of Qz upon Li*-cycling.
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5.3.1 Redox match
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Figure 21. Poly (Qz-S-EPE) (a) /n situ conductance on IDA-Au (red) and cyclic volt-
ammograms (black) on GC in 0.1 M LiClO4/MeCN, (b) Cyclic voltammograms with
normalized current on GC at scan rates of 5-1000 mV/s in 0.1 M LiClO4/MeCN, (c)
scan rate dependence of corresponding peak potential of LiQz/Qz redox conversion.

The inset shows the correlation of In (ip) ~In (v) curve for the anodic scan.

The cyclic voltammograms of Poly (Qz-S-EPE) shows two pairs of redox
peaks centered at -0.2 V and 0.1 V, which are attributed to the Li,Qz/LiQz
and LiQz/Qz redox conversions (Scheme 6), respectively. The polymer con-
ductance initiated from -0.4 V and reached the maximum value at around 0.1
V (Figure 21a). The formal potentials for both the Li»Qz/LiQz and the
LiQz/Qz redox conversion are located within the polymer conducting region.
The conductance at the Li,Qz/LiQz redox potential is half-way to the maxi-
mum conductance value while the conductance at the LiQz/Qz redox potential
is at the maximum value. The polymer conductance is thus sufficiently high
to provide efficient electron-transport pathways for Qz redox conversion. Ki-
netic studies show that the peak potential did not change with scan rate when
the scan rate is less than 50 mV/s (Figure 21b). The peak current of both
Li,Qz/LiQz and LiQz/Qz redox conversions increased linearly with scan rate,
indicating that Li,Qz/LiQz and LiQz/Qz redox conversions are thermody-
namically controlled. At scan rates above 50 mV/s, however, the peak sepa-
rations increased with the scan rate, indicating that LiQz/Qz redox conversion
are kinetically controlled at higher scan rates. The rate constants for the
LiQz/Qz and Li,Qz/LiQz redox conversions were estimated to be 1.5 s and
0.7 s”', respectively, suggesting redox conversion rates on the time-scale of
seconds.
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5.3.2 Battery performance evaluation
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Figure 22. Poly (Qz-S-EPE) LIB battery evaluation: (a) galvanostatic charge—dis-

charge profiles at 1.5 Cin 1 M LiPF¢/EC/DEC electrolyte, (b) Galvanostatic discharge

capacities (black) and coulombic efficiency (grey) at a rate of 1.5 C for the 500 cycles.

The prepared poly (Qz-S-EPE) was assembled into a LIB with a Li metal as
anode (Paper III). Figure 22a shows the galvanostatic charge-discharge pro-
files of the battery. Two discharge plateaus, centered at 3.2 V and 3.4 V, were
observed. In accordance with the results from three-electrode setup, the two
plateaus are attributed to the Li,Qz/LiQz and the LiQz/Qz redox conversions,
respectively. As expected, this voltage output is somewhat higher than that of
the Q(CF3),-pEDOT based battery (3.2 V). The two discharge plateaus gave a
capacity of 65 mAh/g, which is about 98 % of the theoretical capacity of poly
(Qz-S-EPE). After 500 cycles, the two discharge plateaus were well-preserved
and the capacity retention is 74 % (Figure 22b). The cycling stability is thus
significantly improved compared to that of the Q(CF3).-pEDOT based LIB.
The improved stability is attributed to the improved redox matching between
the pEDOT conducting region and Qz redox potential upon Li'-cycling. The
sufficient conductance ensured by redox matching avoids the trapping of
LiQz radical, which guarantees the full redox conversion of Qz redox transfer.

It is worth to note that the conducting region of the poly (EPE) backbone is
between -0.4 V and 0.7 V and that the Qz redox conversion upon Li‘-cycling
occurs at the lower potential end of this potential region. This leaves a signif-
icant portion of the backbone conductive window (0.1 V-0.7 V) unutilized.
Further studies should focus on exploring high potential redox-active pendants
to reach the maximum LIB voltage output of 4 V based on poly (EPE). In
addition, the conducting window of the polymer backbone could be extended
by using polythiophene backbone instead of poly (EPE). The polythiophene
based CRPs are expected to give a voltage output of 4.3 V.
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5.4 Quinizarin cathode based protonic battery

Based on Figure 15 it is clear that both naphthoquinone (NQ) and Qz are redox
matched with the pEDOT conducting region upon proton cycling (pKa=3.2).
The redox conversion of NQ and Qz in MeTriHTFSI (pKa=3.2) electrolyte
gives a potential difference of 0.8 V. Qz and NQ were functionalized onto an
EPE backbone and used as capacity-carrying cathode and anode, respectively.
The resulting NQ-EPE, and Qz-EPE (Scheme 5) were polymerized and char-
acterized in MeTriHTFSI (Paper 1IV).

5.4.1 Characterization of CRPs in Protic Ionic Liquids
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Figure 23. In situ conductance on IDA-Au electrode (solid line) in 0.1 M MeTriHT-
FSI/MeCN and cyclic voltammograms on GC (dashed line) in MeTriHTFSI of (a)
poly (NQ-EPE), (b) poly (Qz-EPE) as a function of potential, performed at scan rate
of 20 mV/s.

Figure 23 shows the in situ conductance of poly (NQ-EPE) and poly (Qz-EPE)
in MeTriHTFSI. The conductance of poly (NQ-EPE) initiated from -0.5 V as
the polymer is doped and reached the maximum value of 6.5 mS at -0.2 V,
above which the conductance kept constant. The conductance of poly (Qz-
EPE) initiated from -0.3 V as the polymer is doped and reached the maximum
value of 3.5 mS at 0.15 V, however, after that the conductance decreased.
Although poly (NQ-EPE) and poly (Qz-EPE) utilized the same repeating unit
(EPE), the conducting threshold and conductance behavior are rather differ-
ent. The higher conducting threshold of poly (Qz-EPE) compared to poly
(NQ-EPE) may be attributed to the shorter poly (Qz-EPE) chain (9 EDOT
units) compared to that of poly (NQ-EPE) (14 EDOT units) which was calcu-
lated according to equation 12. A longer polymer length may enhance a longer
conjugation length as well as a lower onset oxidation potential.'’' It may also
be attributed to charge carriers localization due to twisting of the polymer
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backbone caused by the bulky quinizarin groups.”””'°*!* The decreased con-
ductance above 0.15 V observed for poly (Qz-EPE) is attributed to the over-
doping induced in-gap states depletion. Short polymers are expected to be re-
dox active in a narrow potential window. At high potentials poly (Qz-EPE)
was highly doped, causing the decrease of charge carrier concentration with
conductance decreasing as a result.'”'® The poly (NQ-EPE) chain is long
enough to be redox active in a wide potential window, resulting in a conduct-
ance plateau. Cyclic voltammograms of poly (NQ-EPE) in MeTriHTFSI elec-
trolyte showed a pair of reversible redox peaks centered at -0.35 V, which is
attributed to NQ/NQH, redox conversion (Figure 23a). Poly (Qz-EPE)
showed a pair of redox peaks centered at 0.45 V, corresponding to Qz/QzH>
redox conversion (Figure 23b).
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Figure 24. Cyclic voltammograms (black) and corresponding mass change (blue) of
(a) 10 ug poly (NQ-EPE), (b) 10 ug poly (Qz-EPE) on EQCM-Au at a scan rate of 20
mV/s in MeTriHTFSI, the arrows indicate the start-direction of current and mass
change.

Figure 24 shows the in situ EQCM characterization of poly (NQ-EPE) and
poly (Qz-EPE) in MeTriHTFSI electrolyte. In the anodic scan of poly (NQ-
EPE), an increase in mass between -0.55 V and -0.4 V was observed, which
is attributed to the backbone doping-induced uptake of TFSI anion to balance
the positive charge on polymer backbone. The mass increase per molar charge
in this region is 128 g/mol, which is smaller than the molar weight of TFSI
(280 g/mol), suggesting that proton expulsion is also involved and constitutes
54 % of the overall mass transfer. A decrease in mass between -0.4 V and -0.2
V was observed, which is attributed to the proton release from NQ/NQH re-
dox conversion. The mass decrease per molar charge in this region is -1 g/mol,
which is exactly the proton molar mass (1 g/mol), suggesting that the proton
expulsion is the only mass transfer process here. Above -0.2 V, the current
results from the backbone doping. However, the mass increase in this region
is only 13 g/mol, which is far below the molar mass of TFSI anion. It is thus
concluded that proton expulsion dominated the charge balancing process and
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contributed to 95 % of the overall mass transfer above -0.2 V. Worth to note
is that, the poly (NQ-EPE) mass was comparatively stable with only 0.6 ug
increase after one cycle (6 % of the polymer mass). In contrast, poly (Qz-EPE)
experienced a huge mass decrease (about 10 ug) during the QzH» oxidation
peak and the polymer was totally detached from current collector. This is due
to the swelling of the polymer backbone, resulting from massive TFSI anion-
uptake to balance the positive charge of poly (EPE) at high doping levels.

5.4.2 Battery performance evaluation
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Figure 25. Battery performance with poly (NQ-EPE) as limiting material: (a) Current
profile during the constant voltage charging at 1 V, (b) discharge profile of different

cycles at a current density of 0.3A/g.

A proton rocking-chair battery was assembled using poly (NQ-EPE) as anode,
poly (Qz-EPE) as cathode and MeTriHTFSI as electrolyte. The battery was
charged by applying a constant potential and discharged at constant current.
The constant voltage charging method can fully charge the battery in a short
period.'® The resulting current initially reached 25 A/g and then decreased to
almost zero within 150 seconds (Figure 25a). In the subsequent constant cur-
rent discharge process, the battery exhibited a discharge plateau centered at
around 0.78 V (Figure 25b), which corresponds well to the potential difference
between the Qz/QzH, and NQ/NQH; redox conversions in MeTriHTFSI elec-
trolyte. Some batteries were fabricated with the cathode as limiting electrode
and some with the anode as limiting electrode by varying the relative weight
ratio between the two electrodes, to enable separate evaluation of the two ma-
terials in a battery configuration. Batteries with anode as limiting exhibited a
discharge capacity 62 mAh/g (at 4.5 C), corresponding to 80 % of the theoret-
ical capacity of poly (NQ-EPE) (78 mAh/g). 80 % of the capacity was retained
after 500 cycles. The charging charge was calculated by integration of the cur-
rent over the charging time. The coulombic efficiency is close to 100 %. For
batteries with poly (Qz-EPE) as limiting material, the coulombic efficiency
was only 95 % and only 75 % of the capacity was retained after 500 cycles.
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5.4.3 Self-discharge and leakage current
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Figure 26. (a) Open circuit potential relaxation of poly (Qz-EPE) on GC in a three-
electrode setup after constant voltage charging at 0.7 V for 150 s. (b) Logarithm of
leakage current of bare GC (square), poly (EPE) on GC (circle), poly (Qz-EPE) on
GC (triangle) as a function of applied potential in MeTriHTFSI.

A self-discharge study was conducted to investigate the origin of the low cou-
lombic efficiency and the stability of the polymer in the charged state. Open
circuit potential (OCP) relaxation was monitored on poly (Qz-EPE) electrode
in a three-electrode setup. Poly (Qz-EPE) was firstly charged by applying a
constant voltage at 0.7 V for 150 seconds, after which the applied voltage was
removed and the OCP relaxation was monitored (Figure 26a). During the first
3 h the OCP decayed from 0.55 V to 0.43 V with 67 % of the charge retained.
In the next 25 h the OCP dropped to 0.42 V with 54 % of the charge retained.
This self-discharge of poly (Qz-EPE) electrode indicates that the oxidized
state of Qz is unstable with respect to reduction by some reducing agents pre-
sent in the system.

The low coulombic efficiency signifies loss of the charge. To be specific,
either Qz/QzH, redox reaction or the poly (EPE) doping/dedoping is partially
irreversible or other side reactions occur at high potential side. Leakage-cur-
rents were monitored to study the nature of reactions that account for the low
coulombic efficiency. The leakage current of a bare GC electrode in MeTri-
HTFSI electrolyte increased exponentially with potential above 0.6 V (Figure
26b), indicating potential-driven oxidation of the MeTriHTFSI electrolyte.
The leakage current of poly (Qz-EPE) and poly (EPE) also initiated exponen-
tially with potential above 0.6 V, which is 0.15 V higher than the formal po-
tential of the Qz/QzH, redox reaction, making Qz degradation unlikely as
cause for the leakage current. The leakage current of poly (EPE) and poly (Qz-
EPE) is one-order higher than that of bare GC, which could be due to the larger
surface area in these GC electrodes after being covered by polymer. How-
ever, it is unlikely that the increased surface area could account for the
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order-of-magnitude increase in leakage current. A more likely explana-
tion is that irreversible oxidation (over-oxidation) of the polymer back-
bone dominates the current leakage. Over-oxidation is a common fea-
ture observed for conducting polymers that could be the origin of the
leakage current,'”'' We thus conclude that the low coulombic effi-
ciency in the cathode limited battery is due to irreversible oxidation re-
lated to the poly (EPE) backbone.
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6. Post-deposition electrochemical
polymerization (PDP)

Traditional electrochemical polymerization from a monomer solution cannot
fully immobilize and utilize the dissolved monomer, as most monomers re-
main unreacted after polymerization. In addition, this method requires that the
monomer is soluble to appreciable concentrations in the electrolyte solvent
used, which restricts the choice of solvent as well as the choice of electrolyte,
In post-deposition polymerization (PDP), all the raw material can be utilized
and there is a greater freedom of choice regarding solvent and electrolyte®'. In
the PDP method, the dissolved repeating units are deposited directly onto the
electrode surface, which is then vacuum-dried to make a polymerizable film.
Subsequently, the electrode is transferred to an electrolyte solution in which
the repeating units do not dissolve and the film is polymerized by applying a
sufficiently high potential to oxidize the repeating units.

Using trimeric repeating units can prevent dissolution-loss during polymer-
ization and, to that end, two EDOT units were functionalized onto the ProDOT
unit, synthesizing EPE structure (Paper 1V). The trimeric structure as repeat-
ing unit can, in addition, give a lower reduction (polymerization) potential
compared with the corresponding monomer (above 1 V) due to the enhanced
conjugation length. The mild polymerization condition broadens the freedom
to choose electrolyte systems, since many electrolytes are unstable at high
polymerization potentials. The conducting nature of the trimeric structure
would, in addition, facilitate electron transport within the film, which is cru-
cial for the polymerization to occur.
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6.1 Successful PDP
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Figure 27. (a) Polymerization cyclic voltammograms of 0.5 mg NQ-EPE on GC (b)
Cyclic voltammograms (black) and corresponding mass change (blue) during
polymerization of 10 ug NQ-EPE on EQCM-Au electrode at 20 mV/s in 0.1 M MeTri-
HTFSI/MeCN/H,0 (67 % MeCN volume fraction).

NQ-EPE was dissolved in N-Methyl-2-pyrrolidone (NMP) to make a 100
mg/mL trimer solution, which was then drop-casted onto a GC current collec-
tor. NMP was then removed by vacuum drying to make a trimer film. The
NQ-EPE covered electrode was transferred to a 0.1 M MeTriHT-
FSI/MeCN/H,0 solution (MeCN volume fraction 67 %) where NQ-EPE film
did not dissolve. The trimer film was then electrochemically polymerized by
CV. Figure 27a shows the polymerization cyclic voltammograms of 0.5 mg
NQ-EPE layer. The current increased from 0.05 V during the first anodic scan,
resulting from trimer oxidation. Subsequently, the formed trimer radical cou-
pled to another radical, forming polymer. Meanwhile, doping/dedoping of the
resulting polymer produced the capacitive current which grew upon polymer-
izatiom. Polymerization was completed within 4 scans, after which only the
reversible polymer doping/dedoping charge is observed as a rectangular, ca-
pacitive current response.

In situ EQCM measurements revealed an extensive mass increase above
0.05 V during CV polymerization (Figure 27b), resulting from uptake of sol-
vent and dopant ions. In order to separate the mass change associated with
solvent uptake and polymer backbone doping-induced anion uptake, we take
the net mass change between the first anodic scan and cathodic scan as the
solvent amount by assuming that the uptake-dopant anion in the anodic scan
(doping) is reversibly expulsed during the cathodic scan (dedoping). The up-
take of solvent during polymerization of NQ-EPE is 30 wt %.
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Figure 28. Cyclic voltammograms (dashed line) and charge (solid line) during
polymerization of 10 ug NQ-EPE on GC electrode at a scan rate of 20 mV/s in MeTri-
HTFSI/MeCN/H,0 (67 % MeCN volume fraction).

The resulting polymer length after PDP was estimated from the polymeri-
zation charge. Figure 28a shows the polymerization cyclic voltammograms of
10 ug NQ-EPE (1.3*10® mol). The polymerization was completed in one
scan. The charge in the first anodic scan is 4.09*10® mol, which is the sum up
of the polymerization charge and the doping charge of the resulting polymer.
The doping charge can be estimated by subtracting the charge in the cathodic
scan as the positively charged polymer is reversibly reduced in the cathodic
scan. The dedoping charge is 2.07*10® mol. The estimated polymerization
charge is 2.02*107® mol. The polymer length was calculated from the polymer-
ization charge according to equation 12 (Section 4.2.1). The calculated aver-
age polymer length was 4.5 trimers per chain, corresponding to 14 EDOT unit.
This is comparable to that found in polymers derived from traditional chemi-
cal and electrochemical polymerization methods.''"-''?
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Figure 29. Conductance (solid line) and cyclic voltammograms (dashed line) during
(a) the first polymerization scan, and (b) five polymerization scans of NQ-EPE on
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IDA-Au electrode at 50 mV/s in 0.1 M MeTriHTFSI/MeCN/H,0O (67 % MeCN vol-
ume fraction). A, B, C, B points represents the potential where conductance reaches
its maximum value in the 2", 3" 45t and 5% anodic scans.

In situ conductance measurements during polymerization shows that con-
ductance started to increase at 0.1 V (Figure 29a). In the first cathodic scan,
the conductance also increased steadily until 0.2 V due to the continuous
polymerization even in the cathodic scan, which is confirmed by the irreversi-
ble positive current. Continuous polymerization produced polymer chains
with increased conductance as a result. In the following anodic scan in scan
2" the conductance initially increased as the obtained oligomer is oxidized
(doped). However, further doping above 0.22 V resulted in a decreased con-
ductance. The potential where the conductance reached the maximum value
in the anodic scan is denoted as E% .y here. E%.x shifted positively from 0.22
V in second anodic scan (A in Figure 29b), to 0.24 V, 0.27 V and 0.28 V in
third, fourth and fifth anodic scan, respectively (point B, C and D, respec-
tively, in Figure 29b). The decreased conductance at potentials above E% .y is
attributed to the over-doping of the short polymer chains. Short polymers are
expected to be redox active in a narrow potential window and thus can reach
their maximum doping level at a relatively lower potential compared to that
of a longer polymers. Over-doping results in the depletion of electrons close
to the lower in-gap state and thus decreases the conductance. In this situation
a maximum conductance is expected at medium doping level where half of
the states have a free electron and half of the states are empty.'” The positive-
shift of ES.x potential indicates that the polymer length increased with con-
tinuous polymerization. The increased polymer length is also manifested in
the appearance of a conductance plateau in the fifth scan,'” i.e. the conduct-
ance reached the maximum value and kept the constant value with further
doping. To summarize, the phenomenon that the conductance decreased for
short polymers at certain potential during the anodic scan was relieved with
the formation of longer polymer chains during the subsequent polymerization
scans. The over-doping induced conductance decrease almost disappeared in
the fifth polymerization scan with the appearance of a conductance plateau
(Figure 29b).
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6.2 PDP solution optimization

Figure 30. Scanning electron microscopy 1mage of NQ-EPE trimer film (a), poly
(NQ-EPE) polymerized in 0.1 M MeTriHTFSI/MeCN/H,0 electrolyte with (b) 0 %,
(c) 25 %, (d) 33 %, (e) 50 %, (f) 67 %, (g) 75 %, (h) 100 % MeCN by volume.

Traditional polymerization process from a dissolved monomer solution in-
volves: radical formation, dimerization, deprotonation, oligomerization, nu-
cleation, deposition, growth and solid-state formation. The polymer length is
largely determined by the polymer solubility as chain propagation termination
often occurs by precipitation. In PDP, the initial state is an insoluble solid-
state trimer. Since the polymerization relies on the coupling of a radical at the
a-position of another radical successful polymerization in the above 0.1 M
MeTriHTFSI/MeCN/H>0 (67 % MeCN volume fraction) suggests that certain
kind of rearrangement is necessary to occur in order to find the coupling point.
We hypothesize the rearrangement is attributed to the dissolution of interme-
diate, trimer radical cation since the neutral state trimer is insoluble.
Rearrangement of the trimer radical cation likely requires some solubility
of the trimer in the electrolyte. In order to study the solvent effect on the trimer
radical cation rearrangement during the PDP, the solvent composition was
systematically varied (Paper IV). In the neutral state the NQ-EPE trimer does
not dissolve in H>O while it dissolves in MeCN. When the MeCN volume
fraction in the MeCN/H»O solvent mixture is above 67 % partial dissolution
of the neutral state NQ-EPE is observed. A series of 0.1 M MeTriHT-
FSI/MeCN/H,0 electrolytes with MeCN volume fractions of 0 %, 25 %, 33
%, 50 %, and 67 % were used as polymerization electrolytes. Figure 30a
shows that the trimer layer had a smooth and dense surface. The polymeriza-
tion in 0 % MeCN electrolyte produced rough, but still non-porous surface
(Figure 30b). With increased MeCN volume fraction in the polymerization
solution, the size of condensed aggregates decreased and became nanoparti-
cles or nanowires. For example, the 500 nm aggregates from 25 % MeCN
solution turned into 100 nm nanoparticles in 50 % MeCN (Figure 30e). In 67
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% MeCN, some nanowires formed with the width of 60 nm (Figure 30f). Fur-
ther increasing the MeCN volume fraction in the polymerization solution pro-
duced only nanowires.

The morphology of the resulting polymers is clearly dependent on the com-
position of the polymerization solvent. The observed morphology change was
a result of trimer radical cation rearrangement in response to dissolution,
which is dependent on the polymerization solvent composition. The rear-
rangement of trimer radical cation boosted the possibility to find the coupling
point, facilitating the prolongation of the resulting polymer. Table 2 shows the
polymer length increased with the MeCN volume fraction in the polymeriza-
tion solution as expected

Table 2. Polymerization data of 10 ug NQ-EPE polymerized in 0.1 M MeTriHT-
FSI/MeCN/H,0 with different MeCN volume fractions.

MeCN volume fraction 0% 25 % 33 % 50 % 67 %
number of trimer (mol) 1.30*10% 1.30*10° 1.30*10° 1.30*10% 1.30*10°8
oxidative charge (mol C) 2.95%10%  4.07*10®% 3.91*10° 4.68*10° 4.09*10
reductive charge (mol C) 1.74*%10% 2.52*%10% 2.13*10% 2.76*10% 2.07*10°8
polymerization charge (mol C)  1.21*10® 1.54*10® 1.78*10% 1.92*10% 2.02*108
average polymer length (tri- 1.9 2.5 32 3.8 4.5
mer)
number of EDOT unit per 6 8 10 11 14
chain
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Figure 31. Polymerization cyclic voltammograms of 10 ug NQ-EPE on GC at 8 mV/s
in 0.1 M MeTriHTFSI/MeCN/H,0 with different MeCN volume fractions.

Figure 31 shows the polymerization cyclic voltammograms of 10 ug NQ-
EPE in 0.1 M MeTriHTFSI/MeCN/H,O with different MeCN volume frac-
tions. The anodic peak in the first scan is attributed to the oxidation (polymer-
ization) of the neutral state trimer. The rectangular-shape capacitive current in
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the cathodic scan is attributed to the dedoping of the resulting polymer. The
polymerization was completed in one scan and only the polymer doping cur-
rent is observed in the second anodic scan. The trimer oxidation peak shifted
negatively with increased MeCN volume fraction. To be specific, the
polymerization peak shifted from 0.35 V in 0 % MeCN to 0.12 V in 67 %
MeCN. The negatively shifted oxidation peak suggests that either the neutral
state trimer became unstable or the oxidized species trimer radical cation was
stabilized with the increased MeCN volume fraction. The neutral state trimer
layer is insoluble in the above solutions, thus has identical energy in the above
polymerization solutions with different MeCN volume fractions. The nega-
tively shifted trimer oxidation potential is thus attributed to the stabilized tri-
mer radical cation by the solvent as a result of dissolution. Higher MeCN fac-
tion can dissolve and rearrange the trimer radical cation to a larger extent, in
agreement with the hypothesis that the rearrangement of trimer radical cation
facilitates the formation of porous structure and polymer chain prolongation.
We thus propose the polymerization mechanism for PDP that includes 1) ox-
idation of the neutral trimer, 2) dissolution of radical cations, 3) radical-radical
coupling, and 4) re-deposition of oligomers.
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Figure 32. (a) Galvanostatic charge-discharge curves of poly (NQ-EPE) tested on
GC in three-electrolyte setup in MeTriHTFSI electrolyte at a current density of 0.3
A/g, (b) corresponding discharge capacity of poly (NQ-EPE) as a function of MeCN
volume fraction in the 0.1 M MeTriHTFSI/MeCN/H,O polymerization solution.

The resulting poly (NQ-EPE) was characterized in MeTriHTFSI electrolyte
by galvanostatic charge-discharge at a current density of 0.3 A/g. Poly (NQ-
EPE) shows a discharge plateau centered at -0.35 V (Figure 32a), which is
attributed to the NQ/NQH; redox conversion. The discharge capacity of poly
(NQ-EPE) is strongly affected by the solution composition of polymerization
electrolyte. Specifically, the discharge capacity of poly (NQ-EPE) in MeTri-
HTFSI increased with MeCN volume fraction in the 0.1 M MeTriHT-
FSI/MeCN/H,0 polymerization solution and reached the maximum value of
78 mAh/g at a MeCN volume fraction of 67 % (Figure 32b). The obtained
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capacity of 78 mAh/g corresponds to 100 % of the NQ/NQH theoretical ca-
pacity. Further increasing the MeCN volume fraction caused a decrease of the
discharge capacity, which is attributed to dissolution loss of neutral state tri-
mer during PDP process. In summary, a certain amount of MeCN in the
polymerization solution can dissolve and rearrange the oxidized species trimer
radical cation. The solvent stabilization effect on trimer radical cation caused
a negative-shift of the polymerization potential. The trimer radical rearrange-
ment enhanced nano-structuring morphology formation and polymer prolon-
gation. The increased capacity is the result of improved electronic transport
due to long polymers and improved ionic transport due to nano-structuring
morphology. The optimized polymerization solution is thus 67 % MeCN for
NQ-EPE.

62



7. Concluding remarks

The aim of the thesis was to understand Quinone-based CRPs with the long-
term target to develop high-performance organic batteries in place of existing
battery techniques. Quinones, as popular energy storage materials, suffer from
problems related to dissolution and limited electronic conductance. Function-
alizing quinones onto conducting polymer backbones to make a CRP, cannot
only effectively solve dissolution problem, but also provide conductance to
sustain the quinone redox reaction and, hence, to eliminate the need for con-
ducting additives.

In this thesis pEDOT was used as the conducting agent of CRP. The basic
requirement to make a quinone-pEDOT based CRP is that the formal potential
of the quinone redox reaction is within the conducting region of pEDOT. The
conducting region of pEDOT was relatively stable with respect to the nature
of electrolyte while quinone redox potential is highly dependent on the nature
of the electrolyte. The effect of cycling ion, solvent and substituent was stud-
ied experimentally as well as with DFT calculation with respect to the quinone
redox chemistry. It was found that the charge-compensating cation from the
electrolyte had a pronounced effect on the quinone redox potential through
stabilization of the Q~and Q*. Cycling a non-coordinating TBA" ion showed
the lowest formal potential. Cycling of coordinating Li" ions showed an inter-
mediate formal potential, while cycling of coordinating H" ions showed the
highest formal potential. DFT calculation showed that the Li" and H" bonded
to Q~and Q* could effectively decrease the electron density on quinone aro-
matic ring and stabilize the system. The cycling ion also affected the separa-
tion between the first and the second redox peaks. Cycling of non-coordinat-
ing TBA" ions showed two well-separated reduction peaks. Cycling of coor-
dinating Li" showed two closely lying reduction peaks. Cycling of coordinat-
ing H" showed only one redox peak. DFT calculation showed that the
coulombic repulsion between two successive injected charges, is the highest,
intermediate and the lowest for TBA'-cycling, Li'-cycling and H'-cycling. In
addition, the effect of substitution on the quinone redox potential was studied
in seven different quinones which were substituted by -2C(CH3)3, -C(CH3)s, -
CHjs, -F, -2F and -2CF;. The formal potential for the quinone redox reaction
was found to shift positively with the electron-withdrawing ability of the sub-
stituent in MeCN electrolyte. However, in aqueous electrolyte the dependence
of formal potential on substituent was found to be only applicable for electron-
donating substituents and disappeared with electron-withdrawing substituents.
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DFT calculation showed that solvent water molecules donated electron den-
sity to the quinone aromatic system, thus offsetting electron-withdrawing ef-
fect of the substituent.

The formal potentials of -F, -2F and -2CF; substituted quinones upon Li'-
cycling were expected to be within the pEDOT conducting region. However,
when investigating the CRPs, it was found that the conductance of CRPs was
severely delayed compared to pEDOT. In situ UV-vis, in situ EQCM and in
situ EPR, on the other hand, showed that onset doping potential of pEDOT
backbone, on the other hand, was largely unaffected by the substituent. The
onset of the conductance of CRPs was correlated to the Li>Q/LiQ" formal po-
tential, and it was therefore concluded that the interplay between the pEDOT
backbone and lithiated reduced state quinone caused the conductance thresh-
old and conductance delay. Doping of the CRPs indeed produced charge car-
riers which were, however, localized by the lithiated reduced state quinone.

The high redox potential Q(CF3),-pEDOT showed promising electrochem-
ical performance and was thus used to assemble a LIB battery. The battery,
however, showed only 67 % capacity retention after 200 cycles due to the
inadequate electron transport pathways resulting from loss of redox matching.
The CFs-substituted quinone was therefore replaced by a high potential Qz
pendant. The Qz showed perfect redox matching with pEDOT upon Li'-cy-
cling and a Qz based CRPs LIB exhibited a capacity retention of 74 % after
500 cycles. The high capacity retention confirmed the feasibility of the CRP
concept to make a stable, conducting additive-free sustainable battery.

The quinone-CRP concept is feasible not only for Li'-cycling, but also for
H'-cycling. The utilization of a Qz cathode and NQ anode gave a battery with
a voltage output of 0.8 V in protonic MeTriHTFSI electrolyte. An all-organic
CRPs based proton battery was assembled and showed a capacity retention of
80 % after 500 cycles.

PDP was used as an alternative to traditional electrochemical polymeriza-
tion from a dissolved monomer solution. A trimer was used as the polymeric
repeating unit instead of a monomer. The solvent composition in the polymer-
ization solution was found to affect the properties of resulting polymer exten-
sively. Increasing the MeCN volume fraction in the aqueous polymerization
solution can dissolve and reorganize the trimer radical cation, which facilitates
the formation of longer polymer chains, enhancing the electronic and ionic
transport of the resulting polymer. In fact, it was shown that trimer rearrange-
ment is crucial for the PDP process.

Within this thesis it is shown that redox matched quinone-pEDOT based
CRPs provide a viable alternative for organic energy storage systems, e.g. the
use of quinone pendant enables proton batteries as well as LIBs. Other cycling
chemistries, such as Na*, Ca®", AI*" are worth to be explored as well as other
high potential capacity-carrying cathode pendants. Other conducting polymer
backbone with wide doping window is also worth to investigate so as to
broaden the conducting window.
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8. Svensk sammanfattning

Syftet med avhandlingen var att forsta kinonbaserade CRPs med ett langsik-
tigt mal att utveckla hogpresterande organiska batterier. kinonbaserade CRPs
forvéntas byta ut traditionella batteritekniker som forlitar sig pa oorganiska
mineraler och ddrmed dr dyra och har ett hogt CO»-avtryck under rdmaterial
extraheringen. Organiska energilagringsmolekyler, kinoner i denna avhand-
ling, ar vanligtvis latta, har en hog specifik kapacitet, snabba redoxreaktioner
och finns i en strukturell méngfald. Men kinoner som energilagringsmaterial
begriansas av upplosning i elektrolyten och har en begrinsad ledningsforméga
som maste avhjilpas med ledningsadditiv. Funktionalisering av ledande poly-
merer med kinoner som sidogrupper for att skapa CRP-material kan inte bara
16sa upplosningsproblematiken utan ocksé ge ledningsforméga for kinonens
redoxreaktion. Detta ger ett material som ér fritt frén additiv.

i denna avhandling har pEDOT anvénts som ledande polymer i CRP-
material. Det grundldggande kravet for att framstilla kinonfunktionaliserade
-CRPs ir att den formella potentialen for kinonens redoxreaktion masta vara
inom det ledande omradet for polymeren. Ledningsregionen for pEDOT var
relativt stabil med avseende pa elektrolytens sammansattning. Séledes maste
kinonens redoxkemi forstas, vilken undersoktes i detalj: Effekten av cyk-
lingsjon, l6sningsmedel och substitutioner pd kinonringen studerades experi-
mentellt savil som med DFT-berdkningar. Det visade sig att den laddnings-
kompenserande katjonen hade en uttalad effekt pa kinonens redoxpotential
genom stabilisering av semikinonens radikalanjon och den reducerade kino-
nens dianjon. Cykling av icke-koordinerande TBA" visade den lidgsta formella
potentialen, medan cykling av Li", vilken koordinerar till kinonens syre, vi-
sade en hogre formell potential. Vidare kunde cykling av H', vilken binder
med kovalent styrka till syret, en starkare bindning &4n bade okoordinerad och
koordinerad jonbindning, visa pd den hogsta formella potentialen. DFT-be-
rikningar visade att Li" och H" 4r bundna till semikinonen medan den redu-
cerade kinonen fick minskade elektrondensiteter pa kinonens aromatiska ring
vilket stabiliserade systemet. Cyklingsjonen péaverkade ocksé toppseparation
mellan den forsta och den andra redoxprocessen. Cykling av icke-koordine-
rande TBA" visade tvé reduktionstoppar som var i stort sett separerade. Cyk-
ling av koordinerande Li" visade tva reduktionstoppar som var delvis separe-
rade. Cykling av koordinerande H™ visade bara en reduktionstopp. DFT-be-
rakningar visade att den coulombiska repulsionen mellan de tvé efterpafol-
jande laddningsprocesserna dr den hdgsta, mellanliggande och ldgsta for

65



TBA" cykling, Li" cykling och H' cykling. Dessutom, redoxpotentialens pa-
verkan av substitution pé kinonringen studerades pa sju olika kinoner substi-
tuerade med -2C(CH3)s3, -C(CH3)s, -CHs, -F, -2F och -2CF3. Den formella po-
tentialen av kinonens redoxreaktion visade sig fordndras positivt med
elektrondragande substitution i MeCN-elektrolyt. I vattenhaltig elektrolyt var
paverkan fran substitutioner endast uttalade for elektrondonerande substitut-
ioner och forsvann vid elektrondragande substitution. DFT-berdkningar vi-
sade att vatten som l6sningsmedel donerade elektrondensitet till kinonens aro-
matiska system, vilket kompenserade effekten av elektrondragande substitut-
ioner.

Niér kinonen &r substituerad med -F, -2F och -2CF3, dr den formella poten-
tialen vid Li" cykling inom det ledande omrédet hos PEDOT, dock minskade
fonstret for ledningsformagan avsevirt hos CRPs jamfort med PEDOT. Fran
In situ UV-vis, in situ EQCM och in situ EPR, ses att potentialen fér dopning-
sonset inte paverkas av substitutionen. Onset for ledningsforméagan hos CRPs
korrelerade vil med den formella potentialen av Li,Q/LiQ". Darmed dras sa-
ledes slutsatsen att samspelet mellan pEDOT skelettet och det litierade till-
standet hos en reducerad kinon orsakade den fhoga troskeln for ledningsfor-
mégan och ledningsfordréjningen. Dopning av CRPs producerar laddningsbé-
rare, vilka dock lokaliseras av den litierade kinonen.

Q(CF3)2-pEDOT visade lovande elektrokemisk prestanda, si detta material
anvindes for att tillverka ett Li-batteri. Batteriet visade emellertid endast 67
% bibehallen kapacitet efter 200 cykler. den 14ga stabiliteten tillskrivs den
otillrdckliga elektrontransporten pé grund av forlorad redoxmatchning, dérfor
anvandes vidare hogpotential-quinizarin for att forbattra redoxmatchningen.
Quinizarinen visade fullstéindig redoxmatchning med pEDOT vid Li" cykling.
Quinizarin-baserade CRP-LIB uppvisade 74 % bibehéllen kapacitet efter 500
cykler. Den hdga cyklingsstabiliteten bekridftade mdjligheteten med CRP-
konceptet: att gora ett stabilt, ledande och additivfritt batteri.

CRP-konceptet baserat pa kinoner anvinds inte bara for Li" cykling, utan
ocksé for H" cykling. Anvindningen av quinizarin-katoden och naftokinon-
anoden gav en batterispdnning av 0.8 V i protisk MeTriHTFSI-elektrolyt. Ett
helt organiskt CRP-baserat protonbatteri tillverkades som visade 80 % bibe-
hallen laddningskapacitet efter 500 cykler.

Post-deposit elektorpolymerisationsmetoden anvindes som ett alternativ
till traditionell elektropolymerisering fran en uppldst monomerldsning. En
0loslig trimer anviandes som en upprepande enhet for polymeren. Losnings-
medelskompositionen i polymerisationslosningen befanns paverka egenskap-
erna hos resulterande polymer. tillsats av MeCN i den vattenhaltiga polyme-
risationslosningen kan omorganisera trimerens radikalkatjon och underlétta
bildandet av en lang polymerkedja medhar bra elektroniska och joniska trans-
portegenskaper. omlagring av trimerens radikalkatjon ar viktig for PDP-pro-
cesser.
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Inom denna avhandling har jag visat att redoxmatchade kinonbaserade
CRPs ger ett mojligt alternativ for organiska energilagringssystem. Anvénd-
ning av kinoner kan anvéndas for protonbatterier savil som for LIB. Andra
cyklingskemier, till exempel Na*, Ca®*, A", #r virda att utforskas savil som
stabila katoder med hog potential. Andra ledande polymerskelett med hog
dopningsniva dr ocksé virda att undersokas for att bredda ledningsfonstret.
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