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2D materials and conjugated small molecules: from synthesis to devices for

energy applications

Ulises Antonio Méndez Romero
Department of Chemistry and Chemical Engineering
Chalmers University of Technology

Abstract

The main goal of the present work is to contribute to the area of renewable energy storage,
trough the precise engineering of 2D materials and conjugated materials. Thus, four different
type of graphene-based materials and a conjugated small molecule were synthesized in order
to successfully develop supercapacitors. In the case of the graphene-based materials it was
possible to modify its main parameters such as lateral dimensions, dispersibility, and energy

levels.

Furthermore, a new graphene-based material (SOG), that combines the advantages of GO and
graphene without their disadvantages, was synthesized. SOG shows water dispersibility, a C/O
ratio 260% higher than GO, and most importantly, a very high crystallinity degree, with an
In/l of 0.414. The synthesized SOG exhibits an ultra-low optical band gap of 0.04 eV, which
is 75 times lower compared to GO. Moreover, the electrical resistance is nine orders of
magnitude smaller (1.12 K€/sq) compared to GO. In order to analyze the feasibility of SOG
for energy storage application, a swagelok-based supercapacitor was fabricated which
exhibited remarkable characteristics such as 16 474 mF g of gravimetric capacitance, and
good retention at 10 000 mV s™! of scan rate. SOG characteristics make it a promising new

material for applications in organic electronics.

Finally, a novel perylene diimide-based (PDI) and indacenodithieno[3,2-b]thiophene (IDTT)
small molecule has been successfully synthesized and used for the first time as an organic-
electrode supercapacitor. This new approach circumvents complex issues regarding the
synthesis and purification of polymers. Promising results of a nanocomposite made of this SM
and 10% SOG demonstrate a synergistic effect of 48.75% increase in the capacitance at 10
mA g, in two-electrode cells for a practical demonstration in energy storage. This study may
open new possibilities for fabricating supercapacitors and multifunctional devices from

conjugated small molecules and graphene-based materials.

Keywords: graphene-based materials, conjugated matevials, energy storage, solution

processing
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1. Introduction

The most critical issue that needs to be solved soon is energy production.' Fossil fuels have
been widely used to meet the demands of mobility, product development, and mainly electric
power production. Nevertheless, as this fuel is a finite resource and generates pollution, it is
imperative to develop alternative technologies to satisfy energy demand.” One of the most
explored technologies that eventually could overcome the energy problem is solar cells or
photovoltaic cells (PVs). These devices convert electromagnetic radiation from the sun into

electrical energy, which, in principle, could supply the energy needs with relative ease.”

The sun puts out 3.8 x 10% kilowatt-hours of energy every hour. From that, 170 000 Tera Watts
(TW) strike Earth every moment, nearly one-third of which are reflected into space, leaving
"just" 120 000 TW. It means that every hour, Earth's surface receives more energy from the
sun than humans use in a year. Covering 0.17 % of the Earth with 10 % power conversion
efficient PVs would provide 20 TW of power, which is near twice the world's consumption

rate of fossil energy.**

Unfortunately, due to the intermittent renewable energy sources, other important aspects to
consider are energy storage devices, such as supercapacitors, which have advantages
compared to batteries: providing high power density (10 kW kg™!), charge-discharge time in
seconds and long-life cycle. In general, there are two types. One is the electrical double layer
capacitor (EDLC), which stores energy via an electrostatic process, i.e., charges are
accumulated at the electrode/electrolyte interface through polarization. The second type of
supercapacitor is the pseudocapacitor, based on fast redox reactions of compounds in the
electrode. The common electrode materials are metal oxides and conducting polymers. This

type of electrode offers higher specific capacitance per unit surface area.’

In general, for supercapacitors, it is essential to use electrode materials with good conductivity
and large specific surface areas such as graphene-based materials. The graphene-based

materials, particularly rGO, are advantageous in terms of the chemically active surface with a



large specific area, good conductivity, low cost, and mass production with solution-based

processability. >©

This thesis summarizes four papers focusing on the synthesis of graphene-based materials for
energy storage applications. Pristine graphene is not suitable for direct use as an electrode for
supercapacitors due to the lack of dispersibility and low-yielding synthesis (micromechanical
exfoliation or CVD). To successfully use graphene, different approaches were developed. All
the methods employed followed the top-down strategy to obtain materials in enough quantities
(grams). The oxidation of graphite to produce graphene oxide (GO) make it water dispersible
and originates an energy bandgap; however, the said bandgap is too wide (3 eV) to absorb
visible light; however, a chemical remotion of oxygen (reduction) allows to control such
bandgap. A common method is to do a chemical reduction: nevertheless, the resulting reduced
graphene oxide (rGO) is not dispersible in water nor organic solvents. Another parameter to
consider is the lateral size of the graphene-based material, which should be optimal to increase

the specific surface area.

Thus, the applied strategy was to reduce the size of the GO after its synthesis. Still, it is
important that such a process was done without modifying its properties (water dispersibility,
band gap, C/O ratio, and functional groups). Afterwards, the smaller size GO is functionalized

with octadecylamine (ODA) and chemically reduced (rGO-ODA).

However, the rGO-ODA has diminished crystallinity and requires organic solvents for
processing. The general idea behind this type of device is to be the greenest possible; thus, the
preferred solvents should be aqueous. Also, as stated previously, the criteria for a material to
be used as an electrode for supercapacitors are good conductivity and redox activity. The GO
is also a metastable material over time. In this context, it is clear that the GO and rGO are not
good candidates for supercapacitors. Thus, the strategy developed was to synthesize a
graphene-based material selectively oxidized (SOG). In this case, SOG has the advantage over
GO, of being a water- dispersible material, but with low oxygen content as in rGO and the
high conductivity like graphene. The final two papers discussed in this thesis are focused on
an alternative to 2D materials, being a conjugated small molecule and its composite with

functionalized SOG as electrode for applications in supercapacitors.



2. Aim and Scope

This work aims mainly to explore the production and properties of graphene-based materials
as well as conjugated small molecules for energy storage applications. Even though huge
research has been made in the field of 2D materials and conjugated small molecules, its
synergetic combination remains challenging and must be further developed and studied.
Several research questions regarding the synthesis and modification of graphene-based
materials are still not answered and need to be addressed and clarified. The first question to be

answered is:

Is it possible to synthesize graphene oxide and reduce its size to increase its specific surface

area without compromising other parameters?
How stable is graphene oxide over time?

It is important to decrease the size of graphene-based materials to increase the specific surface
area and form a more porous film for the application in energy storage. Also, for industrial
applications, large amounts of materials and a relatively long storing period are required, isn’t
it reasonable to know how to keep the samples: dispersion or solid? And for how long should
be the maximum storage time. In this regard, graphene oxide synthesized from modified
Hummer's method is physically reduced in size by ultrasonic energy and analyzed over three
years in water dispersion and as solid. However, since graphene oxide is insulating and

dispersible in aqueous solvents, both because his C/O content, the following questions arise:

Is it possible to chemically reduce the graphene oxide and functionalize it to confrol its

electronic and dispersibility properties?

How can we keep a good crystallinity of the graphene-based materials but make them

dispersible?

It's possible to easily produce graphene oxide and modify it in terms of lateral size,

dispersibility and electronic (C/O ratio), however, it is complex to recover the crystallinity of

the starting graphite. In this regard, it is well known that a trade-off between dispersibility and

electronic properties is contrary to the graphene-based materials' crystallinity. Therefore, a

new approach to selectively oxidize graphene and keep all the benefits of graphene oxide and

graphene without their drawbacks will be explored. Additionally, since the graphene-based
3



materials are sp” hybridized carbon atoms and other heteroatoms, analogously as conjugated

small molecules hence, the final questions in this work are the following:

Can conjugated small molecules be wused as the only component for electrode in

supercapacitors?

Is it possible to combine graphene-based materials with the conjugated small molecule to

improve the performance of supercapacitors?

The general considerations of the materials design and synthesis in this work are presented in
Chapter 3. The different supercapacitor parameters are described in Chapter 4. Chapter 5 is
based on the papers | to IV and describes how to synthesize and modity the graphene-based
materials to optimize their further application. Finally, Chapters 6 and 7 are based on the
papers V and VI, respectively, and describe the application of the conjugated small molecule,

and the nanocomposite formed by this small molecule and a graphene-based material.



3. 2D materials based on graphene
3.1 Graphene

Graphene is a single layer of carbon atoms bonded in a hexagonal array (honeycomb-like, see
Figure 1) with sp? hybridization (see 2.3) that exhibits a vast number of outstanding
characteristics, making it one of the most promising two-dimensional (2D) materials. In
general, the properties of 2D materials arise from the quantum confinement effects along the
z-axis, leading to unusual electronic and surface characteristics. For instance, graphene
possesses high optical transmittance (>97% from 400 to 1000 nm), thermal conductivity
(~5000 W m ' K™!), high Young's modulus (~1.0 TPa), large specific surface area (2630 m’
g 1), and extraordinary carrier mobility (2.5 x 10° cm® V™! s71), attributed besides of quantum
confinement to the interaction of electrons with the periodic potential of graphene's
honeycomb lattice. In this way, the crystalline structure and the said sp> domain gives rise to
relativistic massless Dirac fermion behavior of electrons that obey Dirac's equation instead of

the Schridinger's equation.”

Moreover, graphene is a zero-band gap material due to its 7-band (bonding 7 molecular
orbital) and z*-band (antibonding 7* molecular orbital) having a characteristic shape of Dirac
cones, touching at the Dirac points.® Hence, most attention is focused on graphene applications
for transparent and flexible electrodes.!” Nevertheless, certain applications, as specific
bandgap (), highest occupied molecular orbital (HOMO) and lowest unoccupied molecular
orbital (LUMO) energy levels, good dispersibility in organic solvents as well as a low cost
that graphene can achieve when is subjected to certain chemical modifications, in other words,

a graphene-based material.!!

3.2 Graphene-based materials

Based on the properties mentioned above, there is a variety of research on graphene-based
materials applied in green energy such as fuel cells, solar cells, lithium-ion batteries,
supercapacitors, dye-sensitized solar cells, and photo-electrochemical cells for hydrogen
evolution via water splitting.'? In particular, previous work related to the use of graphene

5



derivatives in OPVs mainly focuses on graphene as the hole transporting layer, the electron

transporting layer, and the active layers, showing satisfactory results.!?-%

Graphene oxide (GO) is the most studied graphene-based material, which essentially is
graphene with oxygen functional groups: hydroxyl, carboxyl, epoxy, and carbonyl. GO
exhibits a wide optical band gap (E.”") of 3 eV and, therefore, HOMO and LUMO levels.!!
The poor dispersibility in organic solvents, mismatching energy levels, large E, as well as high

electrical resistance (~10'! Q)7 due to the loss of crystallinity in GO limit its applications in

organic electronics.

Since sp? domains and E,, in GO are related to C/O ratio, a promising strategy will be to reduce
the amount of oxygen by chemical reduction reactions, which leads to another graphene-based
material: reduced graphene oxide (rGO) with a narrower £, and, therefore, higher conductivity
(~7.5 x 10* S m™')."® These chemical reactions can be carried out with harmful compounds
like NaBHa, N2Hs, efc., or innocuous fructose in aqueous dispersions. However, both methods

have the inconvenience of restacking the layers, which results in poor dispersibility."?

Graphene GO GO

2
= LUMO

L5 ]

>

-2

g HOMO

3

Figure 1 Structure of GO, rGO, and graphene, as well as their energy levels.?”
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3.3 Conjugated small molecules

In a molecule with at least two adjacent sp hybridized carbon atoms, the sp* hybrid orbitals
form single (o) bonds. In contrast, the non-hybrid p-orbitals form a double () bond between
the carbon atoms, as shown for ethene in Figure 2a). In a larger structure, such as buta-1,3-
diene (Figure 2b)), the 7#~bond electrons can diffuse (i.e., delocalize) along the neighboring p-
orbitals, known as conjugated system. The conjugated p-orbitals together form new molecular
orbitals, which share the electron density depending on the phase of each p-orbital. In the case
of buta-1,3-diene, a total of four molecular #orbitals are formed, as illustrated in Figure 2c).
The melectrons occupy the two lower-energy (in-phase, bonding) molecular orbitals, leaving
the two higher-energy (out-of-phase, antibonding) molecular orbitals unoccupied. The energy
difference between the HOMO and LUMO is called bandgap. Interestingly, the shared 7
electrons between the p-orbitals reduce rotational torsion between the carbon atoms, which

planarizes the conjugated structure.?!: >

"4 T

Figure 2 a) o- and 7~bonds in ethene molecule; b) Chemical structure of buta-1,3-diene and

¢) illustration of the conjugated p-orbitals.*

The ultimate advantage of conjugated materials is their tunable properties such as bandgap,
molecular energy levels, carrier mobility, morphology, among others. A general strategy to
synthesize a conjugated small molecule (SM) is by combining an electron-rich monomer
(donor) and electron-deficient monomer (acceptor) in order to polymerize a D—A alternating
conjugated SM. When the donor unit is bonded to the acceptor unit, it results in a D-A
conjugated small molecule that has a linear combination of molecular orbitals, i.e., the HOMO
of the SM is similar to the HOMO of the donor monomer, while the LUMO of the SM is
similar to the LUMO of the acceptor monomer, resulting into a lower bandgap and therefore
capable of accepting more electrons, as seen in Figure 3.7

7



D-A cenjugated polymer

” "
)' Ay
Donor Monomer _,* hY
- N,
;&( *\ Acceptor Monomer
“

| ., % LUMO

Energy (eV)

Figure 3 Linear combination of frontier molecular orbitals.??

Recently a D-A set of polymers based on indacenodithieno[3,2-A]thiophene (IDTT)
were synthesized with the specific aim of introducing electrochemically stable
alternatives to the 3.4-ethylenedioxythiophene-based polymers.?? This was confirmed
since those polymers showed excellent long-term switching stabilities, manifested by
preserving 80-98% of their initial optical contrast after 1800 charge-discharge cycles

and maximum capacitance of 260 F g! in a three-electrode set-up.?*

On the other hand, a very attractive acceptor unit is based on perylenediimide (PDI). PDI-
based compounds are a relevant type of active optoelectronic materials with application in
several fields: organic photovoltaics (OPVs)*: 2%, organic field-effect transistors®®, sensors®”
8 ete. It is essential to mention that PDI is a relatively inexpensive and common industrial
pigment material. They have a tuneable band gap, strong n-n interactions, low energy levels,
high stability (thermal, chemical, and photochemical), strong electron-acceptor character
comparable to fullerene derivatives, high electron mobility. Moreover, the simple
functionalization at the aromatic core and imide positions allows good tuning of their solubility

and energy levels 2!

There are few publications regarding energy storage studies centered on PDI-based

polymers. 33

In those four previous publications, the results are excellent. Nevertheless, the
addition of rGO* or carbon black®® made a synergistic effect. A flexible SCs fabricated with
D-A polymer based on PDI and benzodithiophene (BDT) blending with 16.6 wt. % carbon

nanotubes show an areal capacitance of 350 F m™ and almost 100% retention over 4000



cycles.’® It is important to point out that polymers have drawbacks such as difficulties for
purification and batch-to-batch variations on molecular weight. Conjugated small molecules,
on the other hand, have extra advantages of easy purification, well-defined structures, and
good reproducibility in synthesis. However, such a promising class of materials has not been

explored as an electrode for supercapacitors.



4, Supercapacitors

Another application is related to the energy storage devices like supercapacitors (SCs).
Compared to batteries, SCs exhibit higher power density but lower energy density. SCs are
one application where 2D materials can significantly increase performance and efficiency. SCs
are unique because they provide a much higher power density than conventional batteries
while having a higher energy density than regular capacitors maintaining almost limitless
cycling durability. Depending on the working mechanism, SCs can be divided into three main
categories: Electrical double-layer capacitors (EDLCs) that primarily work on physical
separation of charge forming electrical double layers (EDLs) near the surface of the electrode.
Their performance is dependent on the surface area of the electrode, pore size, and electrical
conductivity; Pseudocapacitors use fast reversible redox reactions at the electrode-electrolyte
interface, resulting in Faradaic charge transfer. Because the latter have much higher specific
capacitance due to redox reactions, they often suffer from performance degradation from
repeated charge-discharge cycles.*® ¥’ Hybrid devices that combine both capacitors- and
battery-like processes in energy storage. Based on the device configuration, SCs can also be

classified as symmetric or asymmetric devices.

The stored energy (F) in a capacitor is proportional to the capacitance (C) and voltage (),
where the maximum operating voltage depends on the stability of the electrolytes. In contrast,

the capacitance relies on the active material from the electrodes.’® 3’
12
E= = cv

Equation 1. Stored energy in a capacitor.

The specific capacitance () of the thin film electrodes capacitors can be calculated from the

CV plots using Equation 23637

_ 1wy
SPT pAAV

Equation 2. Stored energy in a capacitor from CV.
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Where [ [(V)dV is the integral of the 'V plot, v is the scan rate (V/s), 4 is the electrode area

(cm?), and AV is the potential range of the C¥ scan. %37

However, another way to obtain the capacitance is by the information obtained from
galvanostatic charge-discharge (GCD) plots allow to use a simple equation to calculate the
specific capacitance, Equation 3 and plot it against the current applied*®:

I-At
AV -m

Cs =

Equation 3. Stored energy in a capacitor from GCD.

Where [ is current, At is discharge time, 4V is the potential window, and m is the total loading

mass of the device.
4.1 Electrical Double-layer Supercapacitors

The Electrical Double-Layer (EDL) is described by the Helmholtz mechanism as the
reversible electrostatic accumulation of two ion-sized layers of opposite charges on the
interface between an electrolyte and the surface of an electrode that is polarized (Figure 4a).
Decades later, Gouy and Chapman adjusted Helmholtz's model by keeping in mind the ion
diffusion. Here the potential decreases exponentially from the interface to the rest of the
electrolyte solution, as seen in Figure 4 b). Later, Stern combined both models to consider two
regions of contribution: The stern layer and the diffuse layer (Figure 4c¢). Then capacitance of
the EDL (Cgp, ) is then defined by the sum of the capacitance of Stern layer (Cy) and diffuse

layer (Cp) that corresponds to a connection in series:

1 1 1

CEDL CH CD

Equation 4. Capacitance from EDLCs

Stern
Diffuse layer Layer__ DifTuse layer
€ =

Figure 4 Double layer models: A) Helmholtz, B) Gouy and Chapman, and C) Stern
11



4.2 Pseudocapacitors

Capacitance originated by fast reversible redox reactions and not by an electrostatic
mechanism is called pseudocapacitance. For instance, in pseudocapacitors, active materials
on the electrodes' surface experience electrochemical charge transfer while applying a
potential difference, like batteries; yet the working principle is different. Essentially, batteries
keep a relatively constant voltage until they are fully charged or discharged as it follows the
Nernst equation. Meanwhile, the capacitance from EDLS and pseudocapacitors is not

continuous at changing voltages. Thus, its derivate defines pseudocapacitance:

d

ac=—

MnO: is one of the most studied materials used to fabricate pseudocapacitors, with suitable
theoretical capacitance, conductivity, and availability in nature. Nevertheless, in practice, the
bulk material shows low performance; thus, it limits loading MnO: on the surface of the
electrode. Other metal oxides like RuO; show significantly higher performance, but despite
the improvement compared to other materials, RuO> is more expensive. Therefore, its
scalability for mass production is unlikely. Conjugated polymers exhibit pseudocapacitive
mechanisms that offer high conductivity and are more lightweight and portable. The downside

for polymers is the lack of thermal stability and their processing conditions.*®

4.3 Hybrid Supercapacitors

Usually, the low specific power density from pseudocapacitive materials needs to be overcome
by combinations with carbon-based materials; hybrid supercapacitors are a new alternative
that uses different energy storage mechanisms: redox reactions and EDLCs. In other words, a
synergy of materials boosts the specific energy density by using the high specific surface area

and conductivity of carbon materials and the high capacitance from redox-active materials.

Hybrid supercapacitors are classified depending on their configuration: asymmetric,
composite, and battery-capacitor. Asymmetric hybrids use one EDLS electrode and a
pseudocapacitive electrode; it has been shown that by doing this, an improvement of

capacitance, compared to normal EDLS and better cycle-life than pseudocapacitors is
12



obtained. Indeed, the battery-capacitor configuration has an asymmetric form, but the high-
capacity principle corresponds to a battery. Moreover, they use the advantages of EDLS and
batteries that show desirable opportunities to fill the gap between them to reach fast charging-
discharging devices with high specific energy and long cycle-life. Naturally, by using two
different energy storage mechanisms, compatibility issues arise; therefore, more optimization

of the conditions of the materials is required, in addition to finding the right combination.

In hybrid composites, the materials are integrated more effectively. The high specific surface
arca from the EDLCs material improves the contact with the pseudocapacitive materials and

allows a more uniform electrode that works more synergistically with its components.

13



5. Synthesis and modification of graphene-based materials for

supercapacitors

This chapter gives a general overview of the synthesis methods and materials characterization
before device fabrication and characterization. The graphene-based materials are usually
characterized by X-ray photoelectron spectroscopy (XPS) and Raman spectroscopy, but also
by Attenuated total reflection Fourier transform infrared (ATR-FTIR) where possible. The
HOMO and LUMO energy levels of the polymers are measured by cyclic voltammetry (CV).
Optical properties are examined by UV-Vis-NIR absorption. An electronic microscope was
used to analyze the morphology. A set of standard CV, Galvanostatic charge-discharge (GCD),
cyclic charge-discharge (CCD), and electrochemical impedance spectroscopy (EIS) were

performed to characterize the devices.

5.1 Graphene Oxide. Paper I, 11, Il

The synthesis of graphene oxide starts from graphite nanoparticles (GNPs), using the modified
Hummers' method reported previously.!! Briefly, 0.5 g of GNPs were oxidized in 30 mL of
H,S04 and 0.295 g of KNO; with 3 g of KMnOj to achieve the formation of MnyO7 complex.
The reaction was carried out for 6 hours, stirring the solution at 450 rpm controlling the
temperature below 15 °C. The reaction was quenched with 100 mL of DI H20 and 6 mL of
H.0; 30%, see Figure 5 a). Next, the obtained bright yellow dispersion (graphite oxide) was
centrifuged at 3500 rpm for 10 minutes to remove the supernatant, and 100 mL of HCI 10%
were added to the precipitate and centrifuged under the same conditions. The washing process
was repeated three times with DI H2O. Afterward, 80 mL of DI H20 were added, and the
dispersion was placed in the ultrasonic bath for | hour for exfoliation, see Figure 5 b). Finally,

the supernatant in water dispersion was recovered, stored, and labeled as GO.

a)

Cégﬁggggg KMND, + 350, = K* + My’ + HoOF « 3450,
S s iy o

P

350 min., DI HUO, HL0,
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Figure 5 a) Schematic representation of the synthesis of graphite oxide. b) Schematic

representation of the synthesis of graphene oxide

5.1.1 Morphology modification. Paper {

The obtained GO aqueous dispersion resulted in an £,% of 3 eV. The lateral size decrease of
GO was achieved by a Branson sonifier model SFX250, applying a 40% amplitude and a
controlled temperature of 18°C. The procedure was performed as follows: the starting GO

dispersion (GO-0) was diluted at [3 mg mL"] and gauged to 10 mL followed by sonication.

Every 30 minutes for a lapse of 240 minutes, | mL of the GO dispersion was taken and gauged
at 10 mL in centrifuge vials named GO-30, GO-60, GO-90, GO-120, and GO-240, referring
to the time in the ultrasonic probe. Later, the dispersions were centrifuged at 3500 rpm for 1
hour to remove the less stable GO. Then the supernatant was analyzed. See a schematic

representation in Figure 6.
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Figure 6 Schematic representation of the size reduction mechanism in the x-y plane, without

modification of the C/O ratio.
5.1.2 Stability. Paper II

GO could be considered a precursor for graphene-like structures through its chemical, thermal,
or photoreduction. It could be highly desirable to be stored for an indefinite time for later

studies or use.

In this context, there are scarce reports that address the issue of GO chemical self-reduction
over time, that is, its metastability. Kim et al. studied the change of oxygen concentration in
GO films over one hundred days under light and oxygen at ambient conditions. In short, the
analysis reveals that solid GO should be kept under dark conditions. Also, Chua et al. stored
GO powder for 30 weeks to study an approach to restrain its chemical modification in different
conditions. It was found that darkness and inert atmosphere conditions preferred methods to
maintain GO with a high O/C ratio. To preserve a high O/C ratio is important to achieve good
dispersion of GO in water or other polar solvents and maintain the chemical groups for further

functionalization.
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As previously mentioned, most related works on GO storage were done in samples stored in
solid form. GO is produced through aqueous processes, such Hummers method, and
commonly dried for further use. GO is easier to handle as liquid dispersion, saving time and

energy to re-disperse the solid GO.

For this analysis, two aliquots of GO were adjusted to 6 mg mL™", then transferred into two
beakers followed by dry filtering at 25°C for 48 hours with the aid of Whatman 0.2pm PTFE
vacuum membranes. At the top of the membrane, a reddish-orange GO solid could be peeled
off. Samples were stored in sealed petri dishes for two periods: one year (sample labeled as
GO-18) and three years (sample labeled as GO-3S). The storage conditions were at room

temperature, darkness, and ambient pressure.

In order to study the effect of liquid storage, GO aqueous dispersion was adjusted to 6 mg
mL ™! and stored in two different vials in darkness, ambient temperature, and ambient pressure
as standard conditions. GO liquid samples were stored and analyzed after one year (labeled as
GO-1L) and three years (labeled as GO-3L).

1 L 1 i 1 | i |
174 1.68
—#— Liquid stored
1.6 - —— Solid stored
1.5
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o 131
E 1.3
o
o 124
1.14
1.0
0.9- 083
0.5 T T T T ¥ T T !
0.0 05 1.0 1.5 2.0 2.5 30
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Figure 7 The plot of the O/C ratio for liquid stored GO and solid stored GO was obtained
from high-resolution XPS Cls.

For GO, GO-1L, GO-3L. GO-18S, and GO-3S, values of R were obtained and displayed in

Figure 7, where it results evident that the significant decrease in O/C ratio corresponds to the
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solid samples. The O/C retention, in the case of solid stored, has a dramatic drop of its values
being 64% and 49% for GO-1S and GO-3S, respectively, while for liquid stored, GO-1L
slightly drops the O/C ratio retention from 93% to 78% for GO-3L.

5.1.3 Solubility and Electronic Modification

Starting from the GO, a phase transfer from water to a desired organic solvent was performed
to achieve an electrostatically functionalized GO with octadecylamine (GO-ODA). The
functionalization of the fresh synthesized GO dispersed in water, fixed at [10 mg mL"'] to
oDCB or toluene was performed electrostatically by mixing a solution of ODA in ethanol [30

mg mL'] in a I:1 volume ratio and sonicated for 5 minutes.!!

The mixture was stirred at 450 rpm for 5 minutes at room temperature. Subsequently, an equal
volume of the desired solvent (¢DCB or toluene) was added and stirred at 450 rpm for 3
minutes at room temperature, promoting a phase transfer. The organic phase (GO-ODA) was

stored for later use. In Figure &, it is shown a schematic diagram representing this process.

ODA in Ethanal

GO in DI water '3453 5
L

GO-0DA dispersed in organic solvent

Figure 8 Electrostatic functionalization by ODA.

Finally, the chemical reduction reaction was carried out by adding 100 pL of ascorbic acid-6-
palmitate (AA6P) [100 mM)] solution in oDCB or toluene for each 100 mg of GO, at 98 °C
and stirred at 450 rpm for 2 hours. Thus, reduced graphene oxide functionalized with ODA
(rGO-ODA) was obtained in solution. The sample was vacuum filtered in a Pall PTFE
membrane with a diameter of 47 mm and 0.2 um pores and dried at room temperature for

further characterization
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The proposed mechanism of the chemical reduction reaction is described below in Figure 9.
In summary, the ascorbic acid-6-palmitate reduces the epoxy groups, while the carboxyl and
carbonyl are thermally reduced. Because carboxyl is electrostatically bonded to the amine, the
reaction allows a condensation, creating a covalent bonding with water as a by-product, which

eventually evaporates from the reaction media. !

GO-DOA dspersed in
onganc; sohvent RGP rectucing spesy

Thormal recktion of carbony! and corboil groups

GO-0DA depersed n
oeganic soivent

[

Figure 9 Proposed mechanism for the chemical reduction. !

5.2 Selectively Oxidized Graphene. Paper IV

First, 30 mL of a solution of concentrated H2SO4 and 0.295 g of KNOs were added to
0.5 g of GNPs. Then 0.3 g of KMnOy4 was slowly added to the mixture while using a water
bath at 14 °C. This amount of KMnOj4 is a tenth from the standard ratio 6:1 (KMnOs:
graphite)'’. Subsequently, the reaction was allowed for 30 minutes in the water bath, which
means that the reaction time was decreased twelve times, compared with our previous work
(6 hrs.)!!. Afterward, the mixture was centrifugated at 4500 rpm for 10 min. Then the
supernatant was discarded, and the precipitate was washed with 10% HCI followed by another

centrifuge washing steps (3 times) with DI water.

The obtained precipitate was dispersed in DI water using an ultrasonic bath for one hour.

Figure 10 shows a schematic representation of the whole process.
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Figure 10 Proposed selectively oxidation mechanism of SOG.

5.3 XPS of Graphene-Based Materials

The XPS is an extraordinary technique to analyze graphene-based materials (GBMs) since it
provides an insight into the different atoms bonded to the carbon. The GBMs used in this thesis
presented three representative signals in the high-resolution Cls spectra recorded from 279 eV
to 298 eV.: C-C, C-0, and C=0 at 284.48 eV, 286.88 eV, and 288.88 eV, respectively. ' 1°

To easily understand the changes during the different chemical modifications, the starting
graphitic material is also included. The Cls core level spectra are shown in Figure 11, where
Figure 11 a) corresponds to GNPs and Figure 11 b) to GO. The signal coming from the GNPs
is composed only by C-C, with a single contribution at 284.48 eV. The absence of any other
signal reveals purity and crystallinity of the material, proving at the same time information
that no previous oxidation is present. After Hummer's method, the obtained GO shows

completely different spectra, agreeing with a highly oxidized material. '
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Figure 11 High-resolution XPS Cls analysis of a) GNPs and b) GO

The subsequent modification done was a lateral size reduction. It was previously stated that
the materials intended to be used as active layers should have a smaller size than the thickness
of the layer itself *. Interestingly, the lateral size decreases without compromising other
relevant parameters, such as C/O ratio, crystallinity, and bandgap. It was described in the
methodology section that the process involved sonification through time of GO. Thus, GO-0
corresponds to a GO without treatment, GO-30 corresponds to a material that was kept for 30
minutes in the ultrasonic probe, and so on. The lateral size reduction for the GOs showed a

slight difference (less than 3%) in the C/O ratio, as seen in Figure 12.

GO0 GO 30
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Figure 12 High-resolution XPS Cls analysis of GOs after 0, 30, 60, 90, 120, and 240

minutes of sonication.

To analyze the relation between lateral size against the applied energy during sonication, the
plot in Figure 13 shows the progression in size reduction depending on the energy during the
experiment. The significant change in size is achieved during the first stage of the experiment
(first two hours). However, based on the plot, one can interpolate or extrapolate the required
energy to obtain a specific desired size. This plateau behavior could be explained by the

depletion of sp® breakage areas, confirming that the mechanism is related to the lowest bond

dissociation energy (BDE) by mechanical vibration *,
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Figure 13 Lateral size obtained by Dynamic Light Scattering vs time and applied energy

during sonication.

As can be noticed, the XPS results were divided into three groups, Figures 11, 12, and 14. The
first group are the starting material and the intermediate (GO), the second group, Figure 11
shows the modification of the intermediate and the third group of materials, in Figure 14 it is
shown the high-resolution Cls from GEX, SOG, and rGO-ODA, which are the final products,
that were applied in the fabrication of devices. As one can see, the spectra obtained from GEX
is very similar to the starting GNPs, with just a tiny amount of carbonyl (<1%). Deconvoluted
peaks of the SOG in Figure 14 b) show oxygen functional groups due to the oxidation reaction.
It is clear that even when the oxidation occurs under mild conditions and just 30 minutes, it is
enough to introduce oxygen functionalities into the structure. The signal coming from rGO-
ODA in Figure 14 c) is characteristic of a highly reduced state, presenting a minimal
contribution of C-O at 288.08 eV and a new signal related to C-N at 285.48 eV, suggesting a

covalent functionalization by ODA."
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Figure 14 High-resolution XPS Cls analysis. a) GEX, b) SOG, and ¢) rGO-ODA.

In Table 1, the C/O ratio from all the GBMs is presented. One of the main advantages of this
type of materials, is the capability to tailor the oxygen content and therefore its properties:
optical band gap, HOMO-LUMO energy levels, dispersibility and further functionalization.
The GBMs are incredibly diverse, and in Table I, it is clear that they were successfully

modulated in the most critical parameter, besides the size.

Table 1. C/O ratio for the Graphene-Based

Materials
Material C/O ratio Dispersibility
GNPs ') None
GO 1.95 H.O
GEX 199 H,0:CHsOH
SOG 3.48 H.O
rGO-ODA 99.77 CHCls
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It is essential to mention that these values are exciting. Of course, the results from the GNPs
and GO are expected and previously reported. 4! 4> However, a previous report from our
research group found a C/O ratio of 3.25 for its highest reduced GO %, which is even more
oxidized than the synthesized SOG, proving the advantage of this new material. Because this
new material does not require a reduction process to achieve the said oxidation degree and,
more importantly, keeping a good dispersibility in water, conversely to the reported rGO °.
The rGO-ODA is a highly reduced material, even when compared with an rGO annealed at
1000°C *'. In the case of the GEX, the C/O ratio is comparable to the graphene obtained by

chemical vapor deposition (CVD)*, which is remarkable.
5.4 Raman Graphene-Based Materials

To compare the structural quality of the graphene-based materials, Raman spectra (Figure 15)
recorded with 2.33 eV laser energy are presented. Itis well known that the particular dispersion
of welectrons in graphene offers powerful and efficient insights into their electronic properties,
and therefore of their crystallinity. It can be noticed that all spectra exhibit an intense band
from 1450-1660 cm! corresponding to the ¢ band due to vibrational £, degenerative mode
observed in sp? carbons. Furthermore, another band is observed at 1260-1400 ¢cm’', assigned
to the D band and related to the A, mode. The D peak is originated due to the interaction

between phonons and defects, such as in-plane substitution heteroatoms, vacancies, or grain

boundaries **40
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Figure 15 Raman Graphene-Based Materials
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For better clarity, the section between 1200 to 1700 em™ is presented in Figure 16. In this
regard, previous studies *7 *® used D peak to quantify the number of defects in graphene

through the intensity (peak integrated area) ratio of D and G peaks (In/lg).
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Figure 16 The crystallinity of Graphene-Based Materials by Raman.

As expected, the material with the best crystallinity is the starting GNPs, since they were not
subjected to any process. The GO has the lowest crystallinity, but interestingly, the rGO-ODA
does not recover the crystallinity, despite the highly chemical reduction shown in the XPS
results. It is worth pointing out that the In/Ig value for SOG is almost 16 times lower than GO
and 47 times lower when compared to the GEX. These results indicate that GEX and SOG
exhibit crystallinity that is more related to graphene grown by CVD #4930 rather than GO or

GO, which is excellent considering the simplicity of the method and its scalability.
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5.5 Electron microscopy

This section allows us to assess the morphology of the synthesized 2D materials from the raw
material and after the synthesis process. In Figure 17, the scanning electron microscopy (SEM)
micrograph from the starting graphite nanoparticles (GNPs) is presented. As can be noticed,
it consists of a graphitic material composed of several layers stacked together. The lateral size

of this starting material is around 500 to 800 nm.

Figure 17 SEM micrograph from the starting GNPs

In the case of the precursor GO, as previously established, it was subjected to a lateral size
reduction. In Figure 18, the micrographs from scanning transmission electron microscopy
(STEM) are presented. Figure 18 a) shows the starting GO without any modification, and
Figure 18 b) shows the GO after the ultrasonic treatment. It is clear that a lateral size reduction
was achieved. In both cases, a single-layer material is displayed, as can be seen by the contrast

difference in the micrography, with the characteristic wrinkles.
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Figure 18 STEM from the GO, a) starting GO and b) GO after size-reduction

The rGO-ODA and SOG are presented in Figure 19 a) and b), respectively. In both cases, they
appear flattered when compared to the GO. But in a single layer material. The lateral size is

similar in both materials.

Figure 19 a) STEM micrograph from rGO-ODA. b) STEM micrograph from SOG
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5.6 Viability of energy storage: Supercapacitors

The capacitive energy storage capability was analyzed by comparing SOG against pristine
exfoliated graphene, both from the same starting GNPs. SOG and exfoliated graphene were
assessed in a Swagelok configuration supercapacitor in order to compare the superiority of
SOG over exfoliated graphene in the same conditions. The cyclic voltammetry (CV) curves
were collected and are presented in Figure 20. It can be seen that both devices exhibit almost
rectangular CV curves as an indicator of a nearly ideal capacitive behavior *!, which is

maintained even at highly high scanning rates (up to 50,000 mVs™).
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Figure 20 Symmetric supercapacitor performance from cyclic voltammetry curves at
different scanning rates from 20 mV s up to 50 000 mV s! of a) exfoliated graphene and b)
SOG in 1.0 M NaSQ..

The specific capacitance for both devices was obtained from the electrochemical
measurements and is presented in Figure 21. It can be seen in Figure 21 a) that the SOG values
of gravimetric capacitance are greatly enhanced from 1275 mF g to 16474 mF g from
exfoliated graphene to SOG, respectively; this behavior could be attributed to a better-
exfoliated material and the enhanced redox activity provided from the oxygen groups. In
Figure 21b), an improvement of ~17% in the areal capacitance is achieved for SOG with the
highest value of 7.12 mF em™ and 65% retention (4.62 mF ¢cm™) at a scan rate of 1000 mV s~
!, These results are higher than values reported for equivalent supercapacitors based only on

exfoliated graphene 2. From these results, it is clear the great advantage of using SOG instead
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of exfoliated graphene. One should remember that GO is a dielectric material and is not
suitable for this application in its pure state. In this context, it is evident that SOG takes

advantage of graphene and GO without their limitations.
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Figure 21 Comparison of the capacitance values obtained from the electrochemical
measurements for exfoliated graphene and SOG is shown as a) gravimetric capacitance and

b) areal capacitance at different scan rates.

A nearly perfect triangular shape can be observed when looking at the galvanostatic charge-
discharge (GCD) curves in Figure 22 a-b). The almost lincar behavior demonstrates that the
predominant nature of the charge storage is due to the electric double-layer capacitance™.
Also, the charge-discharge time is increased in the SOG device to indicate the enhanced charge

retention.
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Figure 22 Electrochemical characterizations of the devices. Galvanostatic charge-discharge
of a) exfoliated graphene and b) SOG. Electrochemical Impedance Spectroscopy was used to
analyze Nyquist plots for ¢) exfoliated graphene and d) SOG.

Based on the Electrochemical Impedance Spectroscopy (EIS) analysis (Figure 22 c-d), the
internal resistance (R.) is obtained from the intersection with the x-axis at high-frequency ',
resulting in values of 0.684 and 0.55 Q for exfoliated graphene and SOG, respectively. Also,
the width of the semicircle represents the charge transfer resistance (R.;) which is higher for
SOG due to the introduction of oxygen functionalities. Nevertheless, its high stability is
remarkable since the Nyquist plots in Figure 22 d) do not show variations after the

measurements.
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6. Characterization of Conjugated Small Molecules based Supercapacitors
6.1 Design and synthesis of an SM for supercapacitors. Paper V

As schematically illustrated in Figure 23, PDI-IDTT-PDI SM was synthesized by standard
Stille coupling reaction between the brominated PDI and the stannylated IDTT core. The
molecule was purified using column chromatography and recrystallization over acetone. The
detailed synthesis procedure of the PDI-IDTT-PDI SM can be found in the electronic
supporting information of Paper V. This molecule was designed considering not only the
donor and acceptor nature of IDTT and PDI, but also the incorporation of the alkyl sidechains
in PDI provides an excellent solubility in organic solvents for solution processability.
Moreover, the amide functionalities of the PDI units are essential to enhance the redox activity

of the SM.

Density functional theory (DFT) calculations at the B3LYP/6-31G (d, p) level were done to
assess the 3D conformational structure of the PDI-IDTT-PDI SM. To simplify the calculation,
the alkyl side chains were replaced by methyl groups. The calculated dihedral angle between
the IDTT core and the PDI end groups is 63.55°. Despite both PDI and IDTT being large
planar units, the large torsion dihedral angles, as indicated by the DFT calculation, helps to
prevent the tight - stacking and improve ion diffusion due to the exposed surface increasing
free volume. Therefore, the resulting film is expected to facilitate ion mobility. All this was
considered to differentiate from conventional planar systems where strong a-m stacking

reduces solubility and impedes ion motion.
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Figure 23 a) Synthesis of the PDI-IDTT-PDI SM by Stille-coupling reaction. b) Side

and top views of the optimized geometry of PDI-IDTT-PDI SM by DFT.
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The LUMO energy levels associated with the PDI moieties are more energetically
accessible than those associated with the IDTT moieties (Figure 24), being -3.21 eV
and -1.51 eV, respectively from DFT calculations. Figure 24b illustrates the charge-
storage mechanism of PDI-IDTT-PDI SM: the PDI moiety accepts two electrons®?, for
a total of 4 electrons per SM as seen in Figure 24 a).
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Figure 24 a) Proposed mechanism for charge storage within the PDI-IDTT-PDI SM.
b) Lowest unoccupied molecular orbital (LUMO) level of the PDI-IDTT-PDI SM.
Different colors MOs indicate opposing phases.

6.2 PDI-IDTT-PDI Conjugated Small Molecule for supercapacitors

To evaluate the performance of the SM in SCs, a standard Swagelok cell was employed. The
PDI-IDTT-PDI SM was dissolved at a concentration of 4 mg mL! in dichloromethane, and
150 uL. were dropped cast directly on the metal collectors, 0.6 mg of the active material per
electrode. Subsequently, one collector was placed in a Swagelok cell and 100 pL of gel
electrolyte (Poly(methyl methacrylate) 40% wt. dissolved at 50°C for 4 hours in 1M solution
of tetrabutylammonium hexafluorophosphate in anhydrous acetonitrile) was added to cover
the entire surface. A glass microfiber separator was then placed, and the other collector was
finally placed in the cell, and the device was assembled. To assess the capacitance of the PDI-
IDTT-PDI SM, a three-electrode set-up was performed, with a platinum wire as working and

a counter-electrode, using Ag/Ag’ as the reference electrode and the same gel electrolyte
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previously described. The specific capacitance from CV at one mV s™! was 343 F g!, and the
total energy stored in the system was 1543 J g'! due to the large potential window of 3V, which

is among the highest value for PDI-based polymers.

Subsequently, a sequence of electrochemical measurements were done in a symmetrical two-
electrode system: 1. Electrochemical Impedance Spectroscopy (EIS) initial; 2. Cyclic
Voltammetry (CV) at increasing scan rates (SR) (3 cycles at every SR): 2, 5, 10, 20, 50, 100,
200, 300, 400, 500, 600, 700, 800, 900 and 1000 mV s*; 3. EIS after CV; 4. Galvanostatic
Charge-Discharge (GCD) at increasing current densities: 0.05, 0.1, 0.25, 0.5, 0.75, 1, 1.25,
1.5, 1.75,2, 2.5, 2.75 and 3 mA cm™, 5. EIS after GCD; 6. Cyclic Charge-Discharge (CCD)
for 8000 cycles at 0.1 mA c¢cm-2; 7. EIS after CCD.

The information obtained from GCDs allows us to explore its capacitance property
further. As shown in Paper V, experiments of PDI-IDTT-PDI films shows that the
capacitance is ion-diffusion controlled and belongs to a typical pseudocapacitive
behavior since there is not a linear relationship between the scan rates and the current

densities of the redox peaks.**
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Figure 25 Capacitance retention over increased scan rates.

It was worth noticing that a capacitance shown in Figure 25 of 724 mF g'at 1| mA g' was
recorded in Swagelok cell, which is indeed promising, especially considering that this is the

very first SM-based device in a symmetrical device structure, the mass loading of PDI-IDTT-
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PDI is as low as 1.2 mg without binder or conductive agent. Moreover, the SM can be

processed from solution in organic solvents.

Next, to assess the capacitance retention over the CGCD at a constant current density of 1 A
g'l, it was performed for 10,000 cycles. As shown in Figure 26, the capacitance retention
(C/Cy) can maintain over 85% after 10,000 CGCD, demonstrating outstanding stability of the
PDI-IDTT-PDI SM-based SC devices. As seen qualitatively in the Nyquist plots at different
stages as an inset in Figure 26, after all the CVs, GCDs, and CGCD, the device shows an
evolution in the charge transfer in the electrode/electrolyte interface, implying a lower ion
diffusion towards the electrode surface. This could be attributed to the acetonitrile evaporation

in the gel electrolyte after several electrochemical measurements.
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Figure 26 Capacitance retention over 8000 Cyeling Charge-Discharge. The inset shows the

evolution of the Nyquist plot over the electrochemical sequence.

To further verify the SM's chemical stability and understand CCD results, a chemical structure
assessment was done utilizing Attenuated Total Reflection Fourier Transformed Infrared
spectroscopy (ATR-FTIR). Figure 27 shows the ATR-FTIR spectrum from the pristine
compound PDI-IDTT-PDI as a black line, a "fresh" device just made with the only purpose to
be assembled and opened without any electrochemical test (red line). The SM recovered from
the device after the 8000 CCD (blue line). It is essential to mention that both samples, from
the fresh and the used device, had some gel electrolyte. Nevertheless, the results are identical

from both samples in all the spectral regions, making evident that no chemical change
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occurred, at least indicated by ATR-FTIR. However, as seen by Nyquist and CCD, something

is happening since the capacitance is decreased by 15% after the charge-discharge cycles.
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Figure 27 ATR-FTIR spectra of the pristine SM and the SM recovered from the device after
CCD. The inset shows CVs of the initial device and after CCD.
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7. 2D Materials and Small Molecule Composite for Supercapacitors

A common strategy for using graphene-based materials in Supercapacitors (SCs) is to
incorporate them in a polymer matrix. Commonly, redox polymers are used due to their
capability of electron exchange/transfer. Most used conjugated polymers with clearly defined
isolated redox functionalities are poly (3,4 ethylene dioxythiophene): poly (styrene sulfonate)
(PEDOT-PSS), polypyrrole, and polyaniline. The application of these materials as an anode
is challenging. Also, the organic materials' capacities are comparatively low (mostly < 100
mAh g). Hence electrodes with conjugated polymer-based nanocomposite have been
developed.* In this regard, several studies have been carried out by incorporating graphene-
based materials into the polymeric matrix, having promising results in terms of energy storage
such as 584.7mF cm™2,°¢2.98 pWh em™?,%7 18.9 mF em™.% 16.3 Wh kg',%? 1300W kg% The
other drawbacks of supercapacitors' current state of the art are related to the electrolytes that
are typically strong acid or strong bases. The use of electrodes such as lithium or gold is scarce
and expensive.’™® Therefore, it is essential to use eco-friendly electrolyte and metal-free

electrode materials for practical applications.

Nevertheless, an inherent problem of the polymers relies on its difficulties for purification and
batch-to-batch variations on their molecular weight. Conjugated small molecules, on the other
hand, have extra advantages of easy purification, well-defined structures, and excellent
reproducibility in synthesis. However, such a promising class of materials has not been
explored as an electrode for SCs. Herein, we report, for the first time, a two-electrode
Swagelok cell SC device made from a nanocomposite electrode of a conjugated small
molecule (SM) based on PDI and IDTT and a heptadecane-9-amine functionalized selectively
oxidized graphene (SOG-op). These well-defined molecular units (PDI and IDTT) are selected
due to their unique structures and robust electrochemical properties on top of their appreciable
twisting molecular conformation to avoid unfavorable aggregation. It is demonstrated in this
work that the SOG-op PDI-IDTT-PDI nanocomposite electrode has excellent electrochemical
properties, particularly high capacitance, fast charge-discharge, and higher than 86%
capacitance retention after 10,000 charge-discharge cycles, due to its good chemical stability.
Moreover, the addition of highly crystalline and dispersible graphene-based material allows
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the solution processability of the devices without binders, thus forming a good electrode film
with the potential of high capacitance. A functional symmetric supercapacitor comprising the
composite of SOG-op and PDI-IDTT-PDI electrodes were fabricated and utilized as an energy
storage device, featuring the potential of the small molecule systems for supercapacitor

development.

The morphology was determined by transmission electron microscopy (TEM). Figure 28
shows the TEM micrograph for the SOG-op, where the material presents an individual flake
structure. The lateral dimensions are around 2 microns. Furthermore, it is worth mentioning
that SOG-op does not exhibit any crumpling, a common feature in GO, and reduced GO%-63;
instead, a completely flat morphology is presented, indicating that the material is only slightly
oxidized, maintaining almost its original structure and, therefore, avoiding the unnecessary
introduction of defects. Based on these results, it is suggested that the synthesized material
exhibit an outstanding combination of crystallinity, conjugated network preservation, and

remarkable dispersion stability (with a zeta potential of -36 mV).

Figure 28 TEM micrographs of the Functionalized Graphene.

A standard symmetric Swagelok cell was employed to evaluate the practical performance of
the nanocomposite of SOG-0p-SM in SCs. A sequence of electrochemical measurements was
done in a symmetrical two-electrode Swagelok cell: 1.) Initial electrochemical impedance
spectroscopy (EIS) from 100 kHz to 0.01 Hz at AC voltage of 5 mV rms and 0 V DC:; 2.) CV

at increasing scan rates from 5 to 1000 mV s from 0 to 2V, showing an excellent rate
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capability preserved over the scan rates. 3.) EIS after the CV; 4.) Galvanostatic Charge-
Discharge (GCD) at increasing current densities of 1, 2,4, 6, 8, and 10 mA g'atland2 V
5.) EIS after the GCD; 6.) Cyclic Galvanostatic Charge-Discharge (CGCD) for 10,000 cycles
at 0.1 A g'': 7.) EIS after the CGCD.

To understand the charge-storage kinetics of the nanocomposite and demonstrate its capacitive
behavior, CV at different scan rates were performed between 5 to 1000 mV s as shown in
Figure 29 a) and b). Figure 29 ¢) displays a log-log plot of the scan rate (v) versus the peak

current (£). These parameters obey the power-law given in Equation 6%:

i pb

Equation 6. b-Value relationship

The b-value can be obtained from the slope of the linear fit of the log i vs. log v plot is b (see
Figure 29 ¢)). The slope of the plot indicates the charge storage mechanism. The b-value of
0.5 indicates a diffusion-controlled Randles—Sevéik behavior, whereas the b-value of 1
corresponds to a purely surface-controlled charge-storage process. Herein, the b-value at 2V
from the lowest rate up to 1000 mV s, as obtained from the slope of the linear fit is 0.64,

indicating a combination of diffusion- and surface-controlled processes.
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Figure 29 a) and b) CV curves of the SOG-op PDI-IDTT-PDI nanccomposite at different
scan rates from 5 to 1000 mV s, ¢) log i vs. log v plot at 2V

To assess the capacitance of the device, different current densities are presented in Figure 30.
As one of the most crucial electrochemical characterization, GCD results show asymmetrical
shapes with a slight curvature due to the redox reactions® in the amide functional groups in
the PDI units and the carbonyl groups in the SOG-op, therefore, a pseudocapacitive behavior.
It is also appreciated in Figure 30 that the capacitor is ion-ditfusion controlled with typical
pseudocapacitive behavior since there is no linear relationship pronounced between specific

capacitance and current densities:** %% % at a low current density, the discharge time is several

times longer than that at higher ones.
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Figure 30 Galvanostatic charge-discharge at different current densities from 1 to 10 mA g

The information obtained from GCDs allows to use of a simple equation to calculate the
specific capacitance (see Equation 3) and plot it versus the current density applied?®.
Accordingly, the specific capacitance at different current densities is summarized in Figure
31.
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Figure 31 Capacitance retention over increased current densities.

It was worth noticing in Figure 31 that a capacitance shown of 785.89 mF g'at 1 mA g was
recorded in Swagelok cell, which is indeed promising, especially considering that this is the
very first SM-based nanocomposite with 10% SOG-op content device with a symmetrical
structure, the mass loading of the composite is as low as 1.2 mg without binder. The SM and

SOG-op can be processed from solutions in organic solvents. However, the most promising
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result from Figure 31, is the dramatic increase of 48.75% in capacitance at current density of

10 mA g'! as compared with the pure SM-based supercapacitors.

Next, to assess the capacitance retention over the CGCD at a constant current density of 0.1 A
g’!, it was performed for 10,000 cycles. As shown in Figure 32, the capacitance retention
(C/Co) can maintain over 86% after 10,000 CGCD, demonstrating a comparable stability to
the supercapacitors from the polymeric nanocomposites with graphene-based materials.
Furthermore, electrochemical impedance spectroscopy (EIS) was employed to assess the
charge transfer resistance. As seen qualitatively in the Nyquist plots at different stages as an
inset in Figure 32, after all the CVs, GCDs, and CGCD, the device reveals that the charge-
transfer resistance at the final stage is lower than the initial, which is highly beneficial for
superior electrochemical performance. It should be noted that graphene forms a conductive

network and facilitates electronic and ionic transfer, minimizing the overall ionic resistance.
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Figure 32 Capacitance retention over 10,000 Cycling Galvanostatic charge-discharge at 0.1

A g, The inset shows an evolution of the Nyquist plot over the electrochemical sequence.
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8. Conclusions

The main goal of the present work was to develop new materials and devices to provide
solutions to the scientific and technological challenges related to energy storage. The
synthesized 2D materials had size, crystallinity, dispersibility, and the number of layers
controlled. A significant decrease in size above 90% from the starting 2D materials has been
observed, without compromising other essential parameters, such as dispersibility, and the

bandgap, which are very important to be used as an active layer.

A well-designed method allowed the synthesis of a novel graphene-based material that
circumvents the trade-off between the properties of graphene and GO; the obtained SOG holds
all the advantages of both materials without their drawbacks. The high crystallinity, low C/O
ratio, high stability in water, and good conductivity, allowed the supercapacitors made with
SOG to exceed the performance of the pure exfoliated graphene by ~17%, as seen in the CV
and GCD curves where the high conductivity in conjunction with oxygen functionalities,
enhance the faradaic capabilities to increase the pseudocapacitance contribution. In addition,
the processability of SOG offers an easy implementation not only in supercapacitors but also
opens the possibility of promising applications in printed organic electronics, energy storage

devices, and organic solar cells.

The synthesized conjugated small molecule A-D-A was designed to have a low-lying energy
level to accept electrons and interact well with the 2D materials by n-n stacking. To the best
of our knowledge, this is the first work where a conjugated small molecule is used as an
electrode of a supercapacitor device. It was shown that the capacitance value of 700 mF g is
relatively high when compared with polymer-based supercapacitors, even without the addition
of binders. Furthermore, the most remarkable result is the outstanding increment by 48.75%
in capacitance at 10 mA g from the nanocomposite made of this SM and 10% SOG as
compared to the one made from pure SM, demonstrating a synergistic effect in two-electrode
Swagelok cells for a practical demonstration in energy storage. Additionally, after 10000
cycles, the capacitance retention was 85%. The results are encouraging and may open new
research opportunities in this direction since this novel approach could potentially
revolutionize the future design of electrode materials in supercapacitors. In particular, the
Internet of Things (IoT) requires multifunctional materials that can work for both energy
harvesting and storage, i.e., self-powering devices.
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Tiny materials for huge energy storage

Two-dimensional (2D) materials, like graphene-based
materials, are essentially single atomic layers of ordinary
graphite used in the pencil’s tip; they are so thin that they
are not considered as 3D materials. As you might know,
graphite, charcoal, and diamond are the same type of
materials in terms of chemical element, but just different
in atomic arrangement. 2D materials have very different
and unigue properties as compared to their counterparts,
which grant them quite many interesting potential appli-
cations. On the other hand, conjugated small molecules
(SM) are synthetic materials like the plastics around us but

with fascinating electric properties like semiconductor, Conventional semiconductors like
silicon are fragile, stiff, and expensive to produce and process. On the contrary, SM are
solution-processable and can be easily produced and modified for target applications.

For a sustainable society, the supply of cheap and green energy is indispensable. Since
renewable energy sources are often intermittent, it is crucial to store the produced energy.
Supercapacitors are excellent candidates with numerous advantages: high-power density,

ultra-fast charge-discharge, and long cycle life. However, the low energy density remains

as its main drawback. In this thesis, through the proper modification of 2D materials and a

conjugated small molecule, it was possible to increase by almost 50% energy density of the
supercapacitors by a synergistic combination of these type of materials.
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