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Resumen

Porous carbon fibers derived from PAN—based block copolymers

Durante afios, los materiales porosos de carbono han suscitado un gran interés
para su uso en innumerables aplicaciones tecnoldgicas, debido a sus excelentes
propiedades fisicoquimicas y su elevada superficie especifica. Estos materiales han
demostrado tener un elevado potencial especialmente en aplicaciones relacionadas con el
medioambiente y la energia debido a su alta capacidad para adsorber distintas especies,
incluyendo gases, moléculas orgénicas y/o iones metalicos. En particular, las fibras de
carbono porosas, PCFs por sus siglas en inglés (Porous Carbon Fibers), con una porosidad
controlada y jerarquizada han captado una atencion significativa en los ultimos afios, ya
que combinan las ventajas de materiales macro—, meso— y microporosos, lo que las

convierte en excelentes candidatas para aplicaciones de adsorcion y energia, entre otras.

Las PCFs ofrecen una estructura de carbono continua que combina alta
conductividad, altos valores de 4areas superficiales y densidades muy bajas.
Concretamente, en lo que respecta a su uso como materiales para electrodos de
supercondensadores, las PCFs presentan algunas ventajas sobre los carbones activos, que
son los materiales cominmente utilizados como electrodos en este tipo de dispositivos.
Estas fibras de carbono pueden emplearse idealmente como electrodos sin el uso de
aglutinantes o aditivos conductores. Ademas, para esta aplicacion especifica, el desarrollo
de PCFs con una estructura de poros jerarquizada es especialmente interesante, ya que
los mesoporos facilitan la difusion de iones hacia los microporos confinados en las
regiones internas del material. Por lo tanto, se consigue incrementar el area de superficie
accesible a los iones de electrolito, que se traduce en una mayor capacidad de

almacenamiento y con ello se incrementa el rendimiento electroquimico.

Destaca el uso de copolimeros en bloque, BCPs por sus siglas en inglés (Block
copolymers), como materiales molde o plantilla para la obtencion de PCFs, debido a su
capacidad para autoensamblarse y separarse en microfases, lo que da lugar a multiples
morfologias. Mediante el empleo de un bloque de sacrificio compuesto por un polimero
térmicamente degradable y otro bloque como fuente de carbono, es posible controlar las
estructuras de carbono generadas, en términos de volumen, tamaio y forma de los poros.

Ajustando la fraccion volumétrica del bloque de sacrificio, la interaccion entre los bloques



y/o el grado de polimerizacion del copolimero es posible modificar el nimero, tamafio y

forma de los poros generados después de la carbonizacioén del material plantilla.

Esta tesis analiza el uso de copolimeros en bloque como precursores para obtener
fibras de carbono porosas. Se sintetizaron copolimeros con pesos moleculares definidos,
a partir de una polimerizacion radical controlada (RAFT), basados en poliacrilonitrilo
(PAN) y diferentes bloques de sacrificio, como poliestireno (PS) y poli(tert—butil acrilato)
(PtBA), que dieron lugar a fibras con distintas propiedades fisicoquimicas. Se ha
estudiado el comportamiento de autoensamblaje y separacion de fases de los copolimeros
durante el tratamiento térmico, asi como el tamafo del poro y su distribucién después de
la pirdlisis. La obtencion de las fibras porosas se llevo a cabo mediante una técnica simple,
versatil, y facilmente escalable, el electrohilado. Mediante la pirdlisis del bloque de
sacrificio se obtuvieron fibras de carbono con estructuras de poro jerarquizadas,
diametros estrechos y varias formas y tamafios dependiendo de la naturaleza del bloque

de sacrificio y el grado de polimerizacion.

Asimismo, se estudiaron diferentes pardmetros que influyen en las propiedades
capacitivas y el comportamiento electroquimico de las PCFs. Entre ellos se consideraron
la incorporacion de heteroatomos (nitrogeno y azufre) y nanoparticulas con actividad
redox (nanoparticulas de magnetita). Las PCFs derivadas de un copolimero en bloque de
poliestireno y poliacrilonitrilo (PS—5—PAN), se activaron/doparon con urea y tiourea
como precursores de heteroatomos de N y N/S, respectivamente. Estos procesos
permitieron obtener PCFs co—dopadas sin comprometer los valores de area superficial y

mostrando un aumento de la capacitancia.

Por ultimo, se presenta un estudio preliminar de la incorporacién de
nanoparticulas de magnetita (MNPs) con actividad redox en la estructura de las fibras de
carbono porosas (PCFs), y su influencia en la microestructura y la porosidad. Para ello,
se introdujeron nanoparticulas de magnetita en bajas concentraciones en la matriz del
copolimero en bloque (PtBA—b—PAN), y posteriormente se utilizé esa dispersion como
precursor de electrohilado en la fabricacion de las fibras. Se obtuvieron PCFs con una
porosidad y rendimiento electroquimico mejorados, en comparacion con las fibras

fabricadas sin la adicion de nanoparticulas.



En resumen, este trabajo de tesis tiene como objetivo investigar el
comportamiento de los copolimeros de bloque basados en poliacrilonitrilo como
precursores para la produccion de fibras de carbono porosas. En particular, se pretende
estudiar las variaciones en los pardmetros que influyen en la separacion de fases, lo que
a su vez permitira explorar nuevas vias para modular el tamafio y la forma de los poros.
Ademés, a través de la caracterizacion electroquimica de los materiales generados se
analiza el impacto en el rendimiento electroquimico de las variaciones en el area de
superficie especifica, la distribucion del tamafio de los poros y las funcionalidades de la

superficie.






Abstract

Porous carbon fibers derived from PAN—based block copolymers

For years, porous carbon materials have attracted wide interest for their use in
countless technological applications, due to their excellent physicochemical properties
and their high specific surface area. These materials have shown a high potential,
especially for environmental and energy—related applications, due to their ability to
adsorb different species, including gases, organic molecules and/or metal ions. In
particular, porous carbon fibers (PCFs) with a well—controlled and hierarchical porosity
have attracted significant attention recently, since they combine the advantages of
macro—, meso— and microporous materials, making them excellent candidates for

adsorption and energy applications, among others.

PCFs offer a continuous carbon structure that combines high conductivity, high
surface area values, and very low densities. Specifically, concerning their use as electrode
materials for supercapacitor, PCFs present some advantages over active carbons, which
are commonly used as electrodes in these devices. These carbon fibers can ideally be used
as self—standing electrodes without using binders or conductive additives. Furthermore,
for this specific application, the development of PCFs with a hierarchical pore structure
is especially interesting, since the mesopores facilitate the ion—diffusion towards the
micropores confined in the internal regions of the material. Therefore, the surface area
accessible to electrolyte ions is increased, which translates into a higher storage capacity

and thus increases the electrochemical performance.

The use of block copolymers (BCPs) as template materials for obtaining PCFs
stands out due to the ability of block copolymers to self—assemble and separate into
microphases, producing miscellaneous morphologies. By using a sacrificial block
composed of a thermally degradable polymer and another block as a carbon source, it is
possible to control the carbon structures produced in terms of pore volume, size, and
shape. Adjusting the volume fraction of the sacrificial block, the interaction between the
blocks and/or the overall degree of polymerization of the copolymer allows to modify the

number, size and shape of the pores generated after carbonization of the template.



This thesis analyzes the use of block copolymers as precursors to obtain porous
carbon fibers. Copolymers with defined molecular weights were synthesized using
controlled radical polymerization (RAFT), based on polyacrylonitrile (PAN) and
different sacrificial blocks, such as polystyrene (PS) and poly(tert—butyl acrylate) (PtBA),
resulting in fibers with different physicochemical properties. The self—assembly and
phase separation behavior of block copolymers during thermal treatments, as well as the
pore size and distribution after pyrolysis, have been studied. PCFs were obtained using a
simple, versatile, and easily scalable technique, electrospinning. By pyrolysis of the
sacrificial block, carbon fibers with hierarchical pore structures, narrow diameters, and
various shapes and sizes were obtained, depending on the nature of the sacrificial block

and the degree of polymerization.

Different parameters influencing the capacitive properties and electrochemical
behavior of the obtained PCFs were also studied. Among them, the introduction of
heteroatoms (nitrogen and sulfur) and redox active nanoparticles (magnetite
nanoparticles) were considered. PCFs derived from a polystyrene and polyacrylonitrile
block copolymer (PS—H—PAN) were activated/doped with urea and thiourea as N and N/S
heteroatom precursors, respectively. These processes allowed to obtain co—doped PCFs

without compromising surface area values and showing an increase in capacitance.

Finally, a preliminary study is presented based on the addition of magnetite
nanoparticles (MNPs) with redox activity in the structure of porous carbon fibers (PCFs),
and its influence on the microstructure and porosity. For this purpose, magnetite
nanoparticles were introduced in low concentrations into the block copolymer matrix
(PtBA—bh—PAN), and this dispersion was subsequently used as an electrospinning
precursor to produce fibers. PCFs with improved porosity and electrochemical
performance were obtained, compared to fibers produced without the addition of

nanoparticles.

In summary, this thesis aims to investigate the behavior of polyacrylonitrile—based
block copolymers as precursors to produce PCFs. In particular, it is intended to study the
variations in the parameters that influence phase separation, allowing to explore new ways
of modulating the size and shape of the pores. In addition, through the electrochemical

characterization of the generated materials, the impact on electrochemical performance



of variations in the specific surface area, pore size distribution, and surface functionalities

is analyzed.
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Chapter 1: Introduction and objectives

1.1. Introduction

In today's society, energy demand increases exponentially driven by
socioeconomic and population growth, as well as by the improvement and expansion of
new electrical technologies, among other reasons. In fact, this energy dependence is
predicted to double by 2050. Considering that sustainable development implies meeting
the needs of the present without compromising resources of future generations [1], the
use and development of more sustainable energy resources has become a major concern.
Specifically in Spain, according to the 2021 energy balance report, the main source of
energy is derived from the use of fossil fuels. This directly contributes to increasing CO-
emissions, damaging the environment, and actively participating in climate change. To
prevent that situation, EU set the target of using 40 % renewable energy sources to meet
energy demand by 2030. Although Spain currently cannot reach that figure, within
renewable energies the use of wind and solar energy stands out. These sources produce
energy intermittently, which does not provide a flexible supply between the energy
demanded and that generated. Therefore, it is essential to store and conserve the energy

produced.

Electrochemical energy storage devices play an important role in advancing
high—efficiency renewable energies [2,3]. Among these devices, batteries and
supercapacitors stand out for offering advanced and modular features, long life cycle,
high efficiency, and adequate power/energy density. Specifically, supercapacitors (SCs)
are distinguished from other electrochemical storage devices by exhibiting rapid
charge—discharge, high power densities (> 1 kW kg '), and ultra—long cycle life
(>500,000 cycles) due to the storage mechanism, which does not involve irreversible
reactions [4]. Based on their features, SCs complement the deficiencies of other
electrochemical storage devices, such as batteries, fuel cells or conventional capacitors

(Figure 1.1).
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Figure 1.1. Ragone plot showing energy and power densities of conventional capacitors,

supercapacitors, batteries, and fuel cells.

Supercapacitors can be divided into two main types based on their storage
mechanism: (a) electrochemical double layer capacitors (EDLCs) and (b)
pseudocapacitors. EDLCs store energy by intercalating charges at the
electrode—electrolyte interface forming a double layer of charges [5]. On the other hand,
pseudocapacitors store electrochemical energy, generally through Faradaic redox
reactions between electrolyte ions and active functional groups on the electrode surface

or by pseudocapacitive ion intercalation mechanism [6].

EDLCs electrodes are generally porous carbon materials with high specific
surfaces areas [7]. The use of carbon—based electrodes presents some advantages,
including high stability and long life cycle, due to the absence of irreversible reactions
between the electrode and the electrolyte. On the other hand, pseudocapacitor electrode
materials are usually transition metal oxides [8], which improve energy storage capability
due to fast redox reactions, but sometimes compromise electrode stability. With this
premise, the design of highly porous carbon materials with heteroatom—containing
surface functionalities [9] or metal oxides [10] combines the advantages of both storage

mechanism, increased capacitance values while maintaining long—cycle stability.
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A typical SC cell is formed by two identical (symmetrical cell) or different
(asymmetrical) electrodes, isolated by a separator material soaked in the aqueous
electrolyte (Figure 1.2). As mentioned above, carbon—based electrodes without
additional surface functionalities follow an electrical double layer storage mechanism.
Charge storage occurs through electrostatic adsorption of cations on the negative
electrode and anions on the positive electrode under an applied cell voltage, forming an

electrical double layer at the electrode—electrolyte interface.

Current collector

Separator

Negative Positive
electrode electrode

Figure 1.2. Symmetric supercapacitor cell schematic showing electric double layer (charged).

For EDLCs, capacitance (C), mainly depends on the dielectric constant of the electrolyte
(&), the effective thickness of the double layer (d), and electrode surface area (A), as
follows:

A

C=—" (1.1)

Therefore, the ion—accessible surface area of the electrode material is directly related to
the SC electrochemical performance. In this regard, many studies have been carried out
to develop new advanced porous carbon electrodes that allow higher capacitance values,

which are discussed below.
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1.1.1. Advanced carbon materials for supercapacitors

Most of the electrode materials used in commercially available SCs are active
carbons [11]. These materials present high specific surface areas (> 1000 m? g!), high
conductivity, relatively low cost, and good corrosion resistance. However, although
active carbons reach high specific surface areas, they do not always achieve high
capacitance values and power densities, since not all the pores are accessible to electrolyte
ions. In fact, high power densities can only be obtained if the electrolyte ions have fast
access to the entire surface area of the material, including pores at the interior regions.
Therefore, given the challenges posed by fast ion adsorption—desorption requirements at
high current densities, it becomes essential to ensure maximum pore accessibility.
Consequently, the pore size, geometry, and distribution of the carbon electrode material

greatly influence the electrochemical performance [12].

According to the [UPAC classification [13], pore sizes can be divided into three
main ones: (a) micropores (< 2 nm), (b) mesopores (2—50 nm), and macropores (> 50
nm). Most activated carbons are predominantly microporous materials [14]. However, in
this type of materials, certain micropores may be enclosed or encapsulated in interior
regions, making them inaccessible to electrolyte ions and increasing ion—diffusion

resistances.

In this context, SCs electrode materials present several sources that participate
into the internal resistance and limit their performance. The sum of all resistances is
named as equivalent series resistance, or ESR [15]. Different contributions to the ESR
includes the following ones: (a) electronic resistance; (b) interfacial resistance between

electrode—current collector; (c¢) ionic diffusive resistance; (d) electrolyte resistance.

Thus, by focusing on minimizing resistances, the emergence of carbon materials
with a hierarchical porous structure has provided a new avenue to improve accessible
surface area and maximize capacitance values in high—performance supercapacitors
[16,17]. Hierarchical porous materials combine macropores, which serve as ion supply
and reduce ion diffusion distance to the inner surface, mesopores that provide
low—resistance channels for ion diffusion, and micropores that facilitate the formation of

the electric double layer (Figure 1.3).
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Figure 1.3. Schematic of hierarchical porous material connecting macro— and mesopores with

interior micropores.

The pore induction process for active carbons is most of the times performed by
thermal activation with a pore—forming agent, such as KOH [18] or ZnCl; [19]; although,
some tedious acid washing steps are required to recover the added metal cation.
Furthermore, optimizing activation methods to modulate porosity and generate
hierarchical porous materials remains a considerable challenge and is a key parameter to

improve electrochemical performance.

In addition, active carbons present some limitations that must be overcome to
achieve higher performance and reduce resistance. Electrode preparation involves mixing
the active material with additives such as carbon black or graphite to improve electrical
conductivity, and binders, often polytetrafluoroethylene (PTFE) or polyvinylidene
fluoride (PVDF) in proportions ranging from 5—10 wt% to form a ‘slurry’ that coats the
current collector [20]. Binders are used to improve the integrity of the electrode but
decrease the active surface area by blocking part of the pores; contributing to increase

electrical resistance.
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Considering the current limitations of commercially available active carbon
electrode materials, many studies have been conducted to develop new materials with
hierarchical pore size distributions and ion—accessible surfaces, which are key parameters
to influence and increase the capacitance values. Among various carbon configurations
and forms, carbon fibers stand out for offering continuous fast electron conduction which
is essential for ultra—fast charging and discharging. Specifically, porous carbon fibers
(PCFs) have been positioned as promising active electrode materials [21,22] due to their
excellent mechanical properties (high strength and flexibility in contrast to low density),
exceptional specific surface areas, high electrical conductivity and thermal stability, and
chemical inertness. Furthermore, compared to traditional active materials, PCFs allow
their direct use as self—standing electrode material without the addition of binders or

conductive additives that introduce additional interfacial resistance [23].
1.1.2. Advanced carbon materials for CO: capture and dye removal

Controlling greenhouse carbon dioxide emissions is a great challenge for today’s
society, as CO; contributes to global climate warming and has risen to dangerous levels
up to ~ 418.9 ppm [24]. In order to decrease high CO» atmosphere concentrations, not
only the development of renewable energy sources has been considered, but also CO:
adsorption or capture has been studied as a direct approach. Porous carbons with
hierarchical porosity facilitate the access of CO2 molecules to internal adsorption active

sites (micropores) increasing adsorption yield.

However, carbon powder materials may exhibit some drawbacks, such as low bulk
density. This feature presents the risk of potential escape or filtration with the airflow as
it passes through the packed column. The use of porous carbon fibers (PCFs) can prevent
this issue and allow for easier handling [25]. In addition, heteroatom—rich materials have
been demonstrated to enhance CO; interaction and adsorption, since the nitrogen— and

oxygen—containing functionalities present s high affinity for CO; [26].

On the other hand, as stated by the World Health Organization, by 2025, half of
the world's population will live in water—stressed areas. Therefore, it is essential to guide
research to solve issues related to clean and freshwater production. In particular, the
purification of wastewater from different industries, specifically textiles and cosmetics,

which very often disposed of water that contains high levels of industrial dyes, is

6



Chapter 1: Introduction and objectives

presented as a fundamental environmental concern [27]. Extensive research has been
conducted on the potential harmful effects of low concentrations of organic industrial
dyes on the physiological systems of humans and animals [28]. Faced with these
challenges, PCFs stand out as highly porous materials, presenting high removal yields of
methylene blue [29] and methyl orange [30], among others. Furthermore, PCFs with
hierarchical porous structure has been studied to improve the electroadsorption of organic

dye molecules [31].

Considering all of these factors, it becomes evident that PCFs exhibiting a
hierarchical porous structure stand out as promising and necessary materials for a wide
range of energy and environmental applications. Their multifunctional nature further

enhances their potential to address various challenges in these fields (Figure 1.4).
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Figure 1.4. Hierarchical PCFs as multifunctional materials.
1.1.3. Production of porous carbon fibers and precursors

In the last few decades, PCFs have been produced by different methods [32];
however, electrospinning 1s emerging as one of the most used, efficient, and versatile
technique that uses the force of a voltage supply to produce fibers with nanometer
diameters [33], from both natural and synthetic polymer precursors [34]. The electrospun
nanofibers exhibit low density, high specific surface area, and outstanding mechanical
properties. In addition, this technique allows the adjustment of different parameters
during the procedure, such as solution parameters (concentration, conductivity...),

process parameters (voltage, flow rate), and environmental parameters (temperature,
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humidity, and airflow rate), which allows to control the characteristics of the fibers,

leading to various morphologies.

Porous carbon fibers have been produced by direct pyrolysis of suitable polymer
precursors including natural polymers such as lignin [35], and synthetics as
polyvinylidene fluoride (PVDF) [36], and polyacrylonitrile (PAN) [37]. Among these
polymers, PAN is one of the main precursor materials for carbon fiber manufacturing (=
96% of commercial fibers) due to its excellent spinnability and high carbon yield. Carbon
fibers made from PAN often present low specific surface areas and pore sizes in the
micropore range (< 2 nm). As previously explained, microporous materials increase ion
resistance and obstruct access to internal pores, negatively affecting capacity. Therefore,
different methods have been used to induce pores in the PAN matrix to improve and
increase the specific surface area and mesopore content in electrospun fibers, which is
essential for applications that require high adsorption capacity and efficient mass
transport. These methods include the activation process using KOH [38] and the
incorporation of various porogens, such as inorganic particles [39]. The aforementioned
procedures achieve high specific surface areas, although, similarly to the production of
active carbons, they require tedious washing steps and involve challenges in controlling
the pore size and pore size distribution. These factors can make the process more complex
and time consuming and limit the ability to tailor pore size to specific application

requirements.

One of the most extensively used strategies to produce carbon porous materials
with well—defined pore structures are templating methods, which can be divided into
hard— and soft—templating (Figure 1.5) [40]. Hard—templating involves the use of
inorganic materials, such as Si0; [41] or A[bO3 [42], that can be easily synthesized and
form highly porous structures efficiently. This method follows a specific sequence of
steps: (1) synthesis of the hard template material, (ii) coating the hard template with carbon
sources, (ii1) pyrolysis of the carbon sources, and (iv) etching the templates with acid or
alkali solutions. While this procedure can be used for producing PCFs [43], it has
limitations in terms of achieving precise control over porosity, as in order to obtain
micropores, an additional activation step is required, making the overall approach

extremely complicated.
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On the other hand, soft—templating is based on the self—assembly of a multiphase
system and generally uses polymers as carbon precursors. Polymers are ideal precursors
to produce different structures for a wide range of applications, especially when
nanostructure features and controlled morphology are required. This is mainly due to their
versatility in terms of tunable molecular weight, chemical composition, and diverse
processing techniques [44]. These inherent characteristics of polymers allow obtaining
materials with precise control over their nanostructure and morphology. In addition,
various polymerization methods, including reversible addition—fragmentation
chain—transfer polymerization (RAFT) [45] and atom transfer radical polymerization

(ATRP) [46], facilitate the design of multiple polymer structures.
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Figure 1.5. Schematic representation of hard— and soft—templating methods.
- Polymer blends as PCFs precursors

The use of polymer blends as a template to produce microstructured carbons has
been extensively studied [47,48], since it allows obtaining porous carbons with large
surface areas without additional activation processes. This approach requires the proper
selection of two polymers that form the binary blend, normally immiscible with each

other. This immiscibility is crucial to induce a certain phase separation morphology,
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where isolated polymeric domains are formed within a continuous matrix. Generally, a
sacrificial polymer with a low decomposition temperature is needed. That polymer is used
to create pores within the carbon matrix of a carbon precursor polymer through pyrolysis
(Figure 1.5). The sacrificial polymer completely decomposes without leaving any carbon
residue, resulting in the formation of a porous carbon structure. By selecting polymers
with different compatibility, it is possible to control the size and distribution of the

resulting pores in the carbon material.

As previously mentioned, polyacrylonitrile (PAN) has been one of the most
widely used polymers as a carbon matrix [49], since among other important
characteristics, it allows obtaining fiber materials with high carbon yield and high
mechanical properties. Jo et al. [50] studied the phase separation and immiscibility of
polymer blends formed by PAN as a carbon matrix precursor and different sacrificial
polymers, including poly (acrylic acid) (PAA), polyethylene glycol (PEG), poly (methyl
methacrylate) (PMMA), and polystyrene (PS). The obtained carbon nanofibers exhibited
significant variations in terms of specific surface area and pore size distribution, attributed
to solubility differences between the two immiscible blocks. These variations also led to
differences in capacitance values, highlighting how the immiscibility between the carbon
precursor (PAN) and the sacrificial polymer significantly influenced the pore size
distribution of the resulting PCFs. Other sacrificial polymers have also been studied as
part of PAN—based blends to obtain PCFs, including poly (m—aminophenol), polystyrene
foam from packaging waste [51], and polyvinylpyrrolidone [52].

Although it is possible to adjust the pore volume by varying the ratio of the
sacrificial polymer, achieving precise control over the pore size distribution can be a
reasonable challenge. This difficulty arises because phase separation in polymer blends
generally leads to large phase domains, making it difficult to obtain small—sized
mesopores and  well—controlled morphologies. This macrophase—separated
morphologies, after carbonization, often produce large meso— and macropores.
Consequently, additional strategies are needed to achieve a more precise and uniform

pore structure in the resulting materials.

- Block copolymer templating
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Over the past few decades, a promising new approach has focused on the use of
block copolymers (BCPs) as template materials to obtain miscellaneous porous carbon
structures [44,53]. By taking advantage of the self—assembling properties of BCPs, it
addresses the crucial requirements of high specific surface areas and controlled porosity
with hierarchical pore structures in the resulting carbon materials. This approach opens
up new possibilities to improve performance of supercapacitors by optimizing the pore

characteristics of carbon electrodes.

Driven by phase separation due to chemical incompatibility between constituents
or building blocks, BCPs provide a high degree of control over self—assembled
nanostructures in terms of morphology, and domains size by varying their characteristic
parameters (i.e., molecular weight and composition) [54]. Thermodynamic self—assembly
induces different stable morphologies, such as cubic, hexagonal, gyroid, or lamellar
(Figure 1.6a). These nanostructures are highly influenced by the volume fraction (f) of
the different blocks, the degree of polymerization (N), and the polymer—polymer
interaction parameter () that measures the compatibility within different polymers
[55,56]. Therefore, by modifying and adjusting these parameters, supramolecular
structures can be designed to meet a specific requirement [57,58]. The ability and great
flexibility provided by the self—assembly of BCPs offer the opportunity to use them as a

nanopatterning tool to design and produce a wide range of porous materials.

The presence of a covalent bond connecting the two blocks in BCPs prevents the
macrophase separation typically observed in polymer blends. Instead, it promotes the
formation of nanostructured organizations within the material. This particular feature of
block copolymers allows the unique frameworks to be preserved even after pyrolysis,
resulting in a wide variety of carbon nanostructured materials (Figure 1.6b). Producing

nanoscale morphologies is essential to obtain micropores and small—sized mesopores.
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Figure 1.6. (a) Typical morphologies obtained by increasing volume fraction (f) of A block in a

diblock copolymer, (b) preparation of nanostructured carbon materials by direct pyrolysis of a
block copolymer, where red domains represent the sacrificial block and blue domains the carbon

precursor block.

In this approach, one of the blocks serves as a carbon precursor, while the other
block acts as a sacrificial block. During the carbonization process, the sacrificial block
undergoes degradation, leaving the space occupied as pores within the carbonaceous
matrix. Therefore, careful selection of both blocks is vital to achieve the desired pore
structure and properties. Block copolymers capable of self—assembly generally consist of
hydrophobic blocks such as polystyrene (PS), polyacrylonitrile (PAN), or polyisoprene
(PI), and hydrophilic blocks including poly(methyl methacrylate) (PMMA),
poly(ethylene oxide) (PEO), poly(2—vinylpyridine), among others. They are usually
synthesized via controlled living polymerization methodologies, such as atom transfer
polymerization (ATRP) [46] and reversible addition—fragmentation chain transfer
polymerization (RAFT) [59]. In this context, it is worth highlighting the use of
polyacrylonitrile (PAN) as a carbon precursor. As previously mentioned, PAN exhibits a
high carbon yield between 50—60% and possesses a unique thermal chemistry. Between
200—300 °C under air atmosphere, cross—linking of the side chains occurs, which causes
the cyclization of the structure. Nitrile functional groups (—C=N-) convert to —C=N—

bonds forming thermally stable networks, along with some dehydrogenation and
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oxidation reactions that introduce oxygen functional groups into the carbon framework
(Figure 1.7). This stabilization step leads to structural changes that increase the rigidity
and is critical to preserving the generated morphology and maintaining a high carbon
yield. Dehydrogenation between 300—400 °C and subsequent denitrogenation from 600

°C, under nitrogen atmosphere, leads to partially graphitized structures.

Thanks to the stabilization process, the improved stability helps to retain the
generated morphologies even after carbonization, preserving the desired pore structures

and resulting in well—defined carbon nanostructures.
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Figure 1.7. Thermal chemistry of polyacrylonitrile (PAN) throughout the two—step thermal

treatments, stabilization, and carbonization.

Multiple PAN—based block copolymers can be prepared with precise control over
molecular weight and polydispersity (PDI), which is a key parameter to improve pore size
control and tunability. Furthermore, a wide variety of sacrificial blocks have been studied,
including poly(butyl acrylate) (PBA) [57], polystyrene (PS) [60], poly(ethylene oxide)
[61], poly(acrylic acid) (PAA) [62], and poly(methyl methacrylate) (PMMA) [63]. By

exploring different combinations of PAN-based block copolymers with various
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sacrificial blocks, researchers aim to tailor the morphology and porosity of the resulting

carbon materials for specific applications and performance requirements.

In recent years, the use of BCPs has been expanded beyond the manufacture of
bulk or powder porous carbons to include the production of porous carbon fibers (PCFs).
Zhou et al. [64] used for the first time a PAN—based BCP containing PMMA as sacrificial
block to produce fibers by electrospinning. After carbonization, the resulting PCFs
exhibited higher specific surface areas and superior electrochemical performance than
those obtained from PAN/PMMA blends. These results demonstrated the remarkable
potential of PAN—based BCPs as precursors to produce PCFs with well-defined pore
structures, including a suitable ratio of micro— and mesopores. This characteristic
contributes to high capacitance values and low internal resistance, which improves their

overall electrochemical performance.

Moreover, a series of PMMA—b—PAN block copolymers with different total
degrees of polymerization and sacrificial block content were also investigated [58]. The
resulting PCFs exhibited various specific surface areas and pore size distributions,
highlighting the ability of this approach to modulate and control pore size. This
demonstrates the versatility and tunability of the BCP—based method to obtain PCFs with
tailored porosity. In addition, PAN/PAN—based BCPs blends have also been examined
for the manufacture of PCFs [65]. This method allows obtaining mesoporous PCFs with
controlled mesoporous structures by adjusting the BCP content. These studies emphasize
the versatility and potential of using block copolymers in the production of PCFs with

controlled porosity.
1.1.4. Porous carbon fibers: pseudocapacitance contribution

Numerous approaches have been developed to increase the electrochemical
performance of PCFs and other carbon materials, including the introduction of
heteroatoms such as N, S, O, and P [66,67]. This proposal enhances the overall
capacitance by creating additional electrochemical active sites. The presence of
heteroatoms into the carbon lattice can improve electronic and ionic conductivity,
wettability with the electrolyte, and introduce pseudocapacitance. This strategy combines
the use of carbon porous materials with high specific surfaces areas suitable pore size

distributions to enable efficient energy storage. It involves the formation of an electric
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double layer of charges at the electrode—electrolyte interface, facilitated by the large
surface area, which promotes reversible ion adsorption. Additionally, the incorporation
of heteroatom—containing surface functionalities enables redox reactions with the

electrolyte ions, leading to increased capacitance.

Different heteroatom doping methods have been studied, such as chemical vapor
deposition (CVD) [68]. In addition, PCFs have been doped with N, P and S atoms using
thiourea and melamine phosphate, showing a high heteroatom content of 3.78 at%,
0.32 at%, and 3.36 at%, respectively [69]. In the same way, carbon fibers were carbonized
with a mixture of urea and thiourea, achieving a N, S co—doping content of 14% and
0.9%, respectively [70]. Considering this, the activation process that introduces
heteroatom through the use of natural and non—toxic precursors such as urea, thiourea

and melamine has demonstrated to be an efficient, easy, and affordable method.

Likewise, to improve the PCFs electrochemical performance, the incorporation of
transition metal oxides or redox active nanoparticles (NPs) into the porous carbon matrix
has been extensively studied. Many different transition metal oxide nanoparticles (NPs)
have been embedded in a carbon matrix to form PCFs composite material, exhibiting a
certain degree of pseudocapacitance. Examples of these transition metal oxide

nanoparticles include MnO; [71], Fe3O4 [72], and NiO [73].

The introduction of NPs into porous carbon fibers has been developed using
different approaches. One strategy involves the direct growth of NPs confined in the PCFs
framework by impregnation with NPs precursors followed by thermal treatment [74]
and/or the use of atomic layer deposition of the NPs on the PCFs substrate [75]. Finally,
the dispersion of NPs within the polymer electrospinning precursors has also been studied
to produce PCFs with NPs encapsulated in the internal region [76]. This method offers
simplicity and efficiency in controlling the distribution of NPs within PCFs.

The integration of nanoparticles (NPs) in carbon porous fibers has opened new
pathways for the development of advanced materials with enhanced functionalities. The
choice of the method depends on factors such as the NPs loading and distribution desired.
This strategy offers new avenues to tailor the properties of PCFs and expand their
applications in various fields, including energy storage, catalysis, and environmental

remediation [77-80].
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1.2. Motivation and objectives

Porous carbon fibers derived from block copolymers have attracted significant
attention in recent years as promising electrode materials for supercapacitors. These
materials combine the advantages of block copolymers (BCPs), which produce
well—defined microstructures through self—assembly, with the appropriate properties of
carbon fibers, such as large surface areas. BCPs self—assembly offers a versatile and
precise modelling tool, enabling the design of a wide range of porous carbon materials.
In particular, the use of polyacrylonitrile—based block copolymers as precursors has
emerged as a powerful method for producing highly uniform micro— and mesoporous
carbon structures. This approach opens up new pathways for obtaining advanced carbon

materials with controlled and tunable porosity for energy storage applications.

Based on previous work and the aforementioned premise, the main objective of
this thesis is the development of porous carbon fibers (PCFs) derived from
PAN-based block copolymers with well-defined pore structures. The research
methodology involves the synthesis of PAN—based block copolymers with different
molecular weights and compositions. These copolymers will be then used as
electrospinning precursors to produce a fiber mat, which after carbonization will produce
well—defined porous carbon fibers. The resulting PCFs will be morphologically and
structurally characterized. Additionally, an evaluation of the electrochemical

performance will be carried out testing electrodes prepared from the PCFs produced.
With this main aim, the following specific objectives have been proposed:

Objective 1: Synthesis and characterization of block copolymers. The first step of

this project is the synthesis using controlled polymerization techniques, such as RAFT
polymerization, and characterization of various block copolymers (BCPs) as suitable
precursors for obtaining porous carbon fibers. This involves designing and optimizing the
synthesis procedures while controlling the block ratios and molecular weight to form
well-defined domains of various sizes that can be selectively removed during
carbonization. Various strategies will be investigated, such as adjusting the block
copolymer composition and total molecular weight and exploring different sacrificial

blocks (styrene and tert—butyl acrylate). Additionally, the study will focus on
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investigating the self—assembly behavior of the PAN—based BCPs and exploring their
potential to produce well—defined carbon structures. The goal is to achieve precise control

over porosity by modulating the phase separation of the BCP precursor.

Objective 2: Production of porous carbon fibers. The next objective is to use the

already synthesized BCPs to produce fibers by electrospinning. Then, the electrospun
fiber mat is subjected to oxidative thermal treatment, which stabilize the PAN block
structure through some cyclization reactions. The stabilized fiber mat is further
carbonized under nitrogen atmosphere to partially graphitized the PAN structure. This
objective focuses on achieving homogenous fiber mats, which after carbonization present

highly porous structures with controlled pore size distribution.

Objective 3: Structural and morphological characterization. This objective

involves the detailed characterization of the porous carbon fibers produced. Through the
use of different techniques such as scanning electron microscopy (SEM), transmission
electron microscopy (TEM), X—ray photoelectron spectroscopy (XPS), and nitrogen
physisorption, fiber morphology and structure, surface area and surface chemical

composition will be assessed.

Objective 4: FElectrochemical performance evaluation. The project aims to

evaluate the electrochemical performance of the produced PCFs as electrode material for
supercapacitors. Specific parameters will be determined to assess their performance,
including capacitance, cycling stability, rate capability and charge—transfer resistance,
among others. The objective is to relate the differences in the structural and
physicochemical characteristics with the capacitive behavior and electrochemical

performance, in order to find the most suitable characteristics.

Objective 5: Optimization of properties through material modifications. Based on

the results of the characterization and electrochemical performance, this objective focuses
on modulating and optimizing the PCFs properties. Including the incorporation of
heteroatoms (N and S), and the introduction of magnetite nanoparticles, with the aim to
improve the electrochemical performance. The goal of this purpose is to minimize
ion—diffusion resistance by designing a mesopore structure and electrochemically active

surface that allow for fast and efficient ion transport.
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By achieving these objectives, the project aims to contribute to the development
of efficient and scalable block copolymer—based porous carbon fibers for use as

high—performance electrodes in energy storage devices.

Through this doctoral thesis the proposed objectives will be carried out. The

manuscript is organized into the following chapters:

Introduction: It includes a literature review of the synthesis and production of
porous carbon materials, with particular emphasis on block copolymer self—assembly
techniques. A background of relevant previous studies on block copolymer—based porous
carbon fibers is also provided. Furthermore, the need to develop porous carbon fibers with
controlled porosity for use as electrode materials for supercapacitors and other promising
applications, such as CO; capture and dye removal, is exposed. Different approaches to

introduce heteroatoms and nanoparticles are also detailed.

Materials and methods: 1t present the chemical and physical characteristics of the
starting materials, as well as the methodology, techniques, and equipment used to

characterize the block copolymer precursors and PCFs.

Precursor characterization: It includes the experimental procedure followed to
obtain the PAN—based block copolymer precursors, as well as their structural and thermal

characteristics.

Porous carbon fibers derived from block copolymers: It details the process and
optimization of the production of PCFs derived from the different PAN—based block

copolymer precursors, as well as their morphological and structural characterization.

N and S/N co—doped porous carbon fibers: It describes the approach to obtain N
and N/S co—doped PCFs derived from PS—h—PAN through thermal activation with urea
and thiourea precursors. Also, the morphological and structural characterization of the

resulting PCFs after activation is described.

Porous carbon fibers with magnetite nanoparticles: It introduces the process of
obtaining PCFs derived from PtBA—bh—PAN containing magnetite nanoparticles.
Moreover, the morphological and structural characterization of the resulting composite

material is reported.
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Porous carbon fiber material: electrochemical characterization: It details the

electrochemical characterization of the different PCFs produced in this thesis work.

Conclusions and perspectives: This chapter describes the summary of the key
findings, the main conclusions of this thesis work, limitations and challenges encountered
and future directions to improve the electrochemical performance of PCFs under study.
Future perspectives for developing advanced porous carbon fibers for different

applications are also presented.
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This chapter describes the physical and chemical properties of the required
reagents for the synthesis of block copolymers (BCPs) used as precursors or template
materials to produce porous carbon fibers (PCFs). In addition, the necessary reagents used
as heteroatom precursors to obtain N—doped and N/S co—doped PCFs are also addressed.
The most relevant aspects of the different techniques and methods used for the
characterization of BCPs, electrospun nanofibers, and resulting PCFs are also described.
The experimental conditions with which measurements and experiments have been

carried out are also included.

2.1. Materials

2.1.1. BCP polymerization reagents

The following reagents compiled in Table 2.1, including physical properties, were
used for the synthesis and purification of BCPs via reversible addition—fragmentation

chain—transfer polymerization (RAFT).
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Table 2.1. Summary of reagents required for RAFT polymerization, description, and physical

properties.
Reagent Purity  Density Molecular Description
(gmL™) weight
(g mol™)
2—Cyano—2—propyl 97.0 0.991 345.63 RAFT agent.
dodecyl trithiocarbonate
(CPDT)
2,2'-Azobis >98.0 1.1 164.21 RAFT initiator
(2—methylpropionitrile)
(AIBN)
Acrylonitrile >99.0 0.806 53.06 Monomer
(AN)
Stabilized with
hydroquinone
monomethyl ether
Styrene >99.0 0.906 104.15 Monomer
(St)
Stabilized with 4—tert—
Butylpyrocatechol
Tert—butyl acrylate >98.0 0.875 128.17 Monomer
(tBA)
Stabilized with
hydroquinone
monomethyl ether
Basic alumina Standard = 101.96 Inhibitor/
grade (63—200 um Stabilizer
particle size) remover
N,N-Dimethyl >99.9 0.944 73.09 Solvent
formamide
(DMF)
anhydrous
Methanol >99.6 0.792 32.04 Solvent
(MeOH)
Tetrahydrofuran >99.9 0.889 72.11 Solvent
(THF)
anhydrous

Acrylonitrile, styrene, and tert—butyl acrylate were purified prior to use by passing

through basic alumina column to remove inhibitor. Other reagents and solvents were used
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as received without further purification. All reagents and solvents were supplied by

Sigma—Aldrich.

2.1.2. Heteroatom precursors

Table 2.2 shows the reagents, including their description and physical properties,

used as heteroatom (N and S) precursors in PCFs doping—activation to produce N—doped

and N/S co—doped PCFs.

Table 2.2. Description and physical properties of heteroatom precursor reagents.

Reagent Purity Density Molecular Description
(gmL™) weight
(g mol™)
Urea >99.0 1.335 60.06 N-—heteroatom
precursor
Thiourea >99.0 1.400 76.12 N/S—heteroatom
precursor
Water deionized MQ100 0.997 18.02 Solvent
2.2. Methods and characterization
2.2.1. BCPs characterization techniques
The following characterization techniques were used to characterize

macro—chain—transfer agents and BCPs used as precursors in this thesis work, structurally

and thermally.

- Nuclear magnetic resonance (NMR)

Nuclear magnetic resonance (NMR) is an advanced structural characterization

technique in which an external magnetic field causes nuclei to align in one of two possible

states, depending on the field direction. The external magnetic field excites the nuclei

from a lower to a higher energy state. After returning to the original state, they emit a

detectable signal characteristic of the nucleus type (‘'H-NMR, '3C-NMR). By analyzing

the frequency and intensity of these signals, various properties of the material under study,
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such as chemical composition, structure, and dynamics, can be determined. Functional

groups and chemical environment influence the peaks shape and number.

NMR has been used to analyze BCPs structure and composition, as it can provide
information about the number average molecular weight (Mn) and degree of
polymerization (N). M, is the total weight of polymer divided by the total number of
molecules. In other words, it is the polymer chains statistical average molecular weight.
N is the sum of number of monomers or repeating units in the two different blocks (n +
m). Determination of n and m values for a block copolymer can be easily calculated by
NMR measurements, according to J. Izunobi et al. [53]. 'H-NMR spectra were acquired
using a Bruker DPX 300 MHz equipment. Samples were prepared by solving ~5 mg in
DMF—d; containing 0.03% (v/v) tetramethyl silane (TMS; 6= 0 ppm).

- Size exclusion chromatography (SEC)

Size exclusion chromatography (SEC), also known as gel permeation
chromatography (GPC), is a type of liquid chromatography used to separate molecules
based on their size by filtration through a gel column to determine the molecular weight
of the sample. In SEC, a sample is passed through one or various columns packed with a
stationary phase, typically a porous gel, that contains a range of different pore sizes. As
the sample molecules flow through the column, smaller molecules diffuse into the pores
and are temporarily trapped, while larger molecules do not enter the pores and pass
through the column more quickly. Consequently, this results in separation of the sample
into different fractions based on their size and eluting in decreasing order of molecular

weight.

SEC is used to determine number average molecular weight (M.) and
polydispersity index (PDI, Myw/M,), to measure the width of the particle size distribution,
of macro—chain—transfer agents and block copolymers. The equipment used is composed
of'a Waters 515 HPLC pump instrument equipped with a Waters 24214 Refractive Index
Detector and Agilent PLgel columns (500, 100, and mixed C). DMF was used as eluent
at a flow rate of 0.5 mL min! with 10 mM LiBr and 45 °C of working temperature. All
the sample solutions were injected at a concentration of 0.1 wt% in DMF. Solutions were

previously filtered through PTFE filter membrane (0.25 pm pore size). Polystyrene
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standards from PolyScience were used for calibration with molecular weights ranging

from 4,490 g mol ! to 7,500,000 g mol".
- Differential scanning calorimetry (DSC)

Differential scanning calorimetry (DSC) is a thermal analysis technique used to
study the thermal behavior of materials. DSC allows to determine and quantify first order
thermodynamic processes, such as heats of fusion and crystallization, specific heats, and
reaction enthalpies. In addition, second—order transitions, such as glass transitions of
polymeric materials can be analyzed. The glass transition temperature (7) corresponds
to temperature at which a solid material, such as a polymer, transitions from a rigid, glassy
state to a more flexible, rubbery state; that is, as the temperature increases and reaches
the T,, the polymer chains start to gain mobility [81]. In DSC, a sample with a known
mass is subjected to a controlled temperature program (heating or cooling), and the

resulting changes in its heat flow are monitored as a function of temperature.

Calorimetry technique was used to measure glass transition temperatures of
macro—chain—transfer agents and block copolymers; and to detect the specific exothermic
peak of PAN block related to cyclization reactions [82]. The thermal transitions and
exothermic reactions were measured using a Mettler Toledo DSC SC822 equipment.
Around 8 mg of sample were placed in a sealed aluminum pan, using a heating and
cooling rate of 10 °C min"! from 25 to 350 °C for the block copolymer and a ramp from
25 to 200 °C for the macro—chain—transfer agents. All measurements were carried out
under N> flow. As reference, an empty and sealed aluminum pan was used. Glass
transition temperature (7%) of the macroinitiator was determined from inflection point in

the second heating cycle.
- Thermogravimetric analysis (TGA)

Thermogravimetric analysis (TGA) is a type of thermal analysis technique that
measures the change in weight of a material as a function of temperature or time, while
the material is subjected to a controlled temperature program in a specified environment
(e.g., air, nitrogen, or other gases). To quantitatively analyze the mass loss (%) associated
with each degradation process, it is necessary to carefully select the dynamic temperature

program, the working atmosphere, and an adequate sample weight, typically less than 10
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mg. TGA is widely used in material science, chemistry, and engineering to study the
thermal stability, composition, and behavior of various materials, including polymers,

composites, minerals, and biomaterials.

Thermogravimetry is used to determine BCPs carbon yield after carbonizing
under N> at 800 °C. In addition, PAN stabilization temperature and sacrificial block
degradation temperature are analyzed to ensure their potential application as template
material for PCFs obtention. In a typical TGA experiment, around 8§ mg of the sample
were placed in a small aluminum container. The samples were heated under N> flow in a
temperature range between 25-900 °C at a heat rate of 10 °C min '. TGA experiments

were carried out using TA instruments Q50 equipment.
2.2.2. Electrospinning

All the fibers presented in this thesis work have been produced by electrospinning.
Electrospinning is a versatile and efficient method that uses the force of a voltage supply
to produce fibers with nanosized diameters. A typical electrospinning set up consist of
the following main components as shown in Figure 2.1. A high voltage supply connected
to both, needle, and collector plate and a syringe pump to push the polymer solution from
the syringe through the needle. This pump allows to control the feed rate. The surface
tension of the polymer droplet at the needle tip is overcome by the force of the electric
field. The droplet is then distorted to form the Taylor cone, resulting in the formation of
an electrically charged polymer fiber, that is produced in the direction of the collector.
Two main types of collectors can be used, cylindrical, used primarily to prepare aligned
polymeric fibers, and flat platforms, used to produce randomly disordered fibers.
Moreover, collectors can be stationary or mobile and arranged horizontally or
perpendicular to the polymer jet. Along this thesis work, electrospinning process were
performed in a NANON 01 instrument supplied by MECC nanofiber. This instrument

was operated with a horizontal plate collector arrangement.
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Injector
Polymer solution

— High voltage
Taylor cone

Fiber mat

— Collector

Figure 2.1. Scheme of a typical electrospinning setup with a horizontal collector plate.

There are different parameters that affects fiber stability and morphology, and can

be classified into two main groups:

Polymer solution parameters:

Polymer solution concentration: Fiber diameter and morphology are directly

related to the polymer concentration [83,84], which influences solution viscosity.
Generally, if the polymer solution is too diluted, an electrospray will be produced,
generating beads instead of fibers . On the other hand, if polymer concentration is
too high, the flow of the viscous solution over the needle is hindered, which
prevents fiber production, and also causes solidification of the polymer at the
needle tip.

Polymer solution conductivity: Adding salts to the electrospinning solution leads

to a decrease in fiber diameter and reduces bead formation. Since the addition of
ionic salts increases the jet charge density, and as the charges carried by the jet

increase, the elongational forces also increase [85].

Processing parameters:

Voltage: The applied voltage represents one of the main parameters since it needs
to overcome the surface tension of the polymer drop to generate a stable Taylor
cone. High voltage generally provides higher fiber stretching, promoting a

decrease in fiber diameter, and a decrease in bead formation [86].
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- Feed rate: The feed rate must be slow enough to maintain a stable Taylor cone, as
well as allow sufficient time for the solvent to evaporate before the fibers contact
the collector.

- Distance between needle and collector: This distance can affect fiber morphology,

fiber diameter, and bead formation. If the distance is too short, fibers will not have
enough time to elongate and stretch, and solvent may not have enough time to
evaporate.
It should be noted that each polymer will require different parameters. Therefore,
controlling and optimizing electrospinning conditions provides unique characteristics to
the produced fibers and is an extremely important step on the way to generate a

homogenous fiber mat.

The electrospinning parameters used for producing a homogenous fiber mat
derived from PS—h—PAN have been selected after an optimization process, that will be
detailed in Chapter 4. Table 2.3 shows the final selected electrospinning parameters.
Fiber mats derived from other BCPs were also produced with the parameters shown in
Table 2.3, without additional parameter optimization, although feed rate was varied in

some cases to avoid dripping.

Table 2.3. Selected electrospinning parameters to produce fibers derived from BCPs

Solvent Concent Voltage Feedrate T (°C) Working RH

(wt %) (kV) (mL h™) distance
(cm)
DMF 20 18 1.5 20—-25 15 ~40 %

Note that ambient parameters were not evaluated as a part of the optimization process,
remaining constant with operating temperatures; between 20—25 °C under ~40 % RH

humidity.
2.2.3. Fiber characterization techniques

The following characterization techniques were used to morphologically, and
structurally characterize the electrospun fiber mat obtained by block copolymer

templating method, as well as the resulting PCFs after carbonization.
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- Scanning electron microscopy (SEM)

Scanning electron microscopy (SEM) is based on the emission of an electron beam
which interacts with a sample surface, producing different types of signals captured by
various detectors. The information from detectors is transformed to produce a
high—definition image of the sample surface topography with a resolution between 0.7—50
nanometers [87]. The electron beam penetration through the sample surface will depend

on the operation voltage. A standard penetration often allows between 1—5 microns.

Using different detectors allows to obtain miscellaneous information from the
sample surface. Fiber images generated in this work have been obtained using T1
detector, which is mostly dedicated to capture backscattered electrons (BSE) images [88].
Fiber samples before carbonization required tapping a small piece of fiber mat into a
double—sided carbon tape, and consequent coating with a thin layer of gold. FESEM
(Field emission SEM) was operated with ~ 3 mm between the sample surface and the
beam and a potential of 2 kV. On the other hand, a small piece of the carbonized fiber
mat was also tapped into a double—sided carbon tape. Images were collected using 1.5 kV
and ~ 2 mm between the sample and the beam. Porous carbon fibers present low
graphitization degrees, resulting in insufficient conductivity to allow for the detection of
the pores (generally ~ 10 nm) by SEM. Coating with a thin layer of gold, covered the

pores.

To qualitatively assess the N and N/S co—doping efficiency of the starting PCFs
material, EDS was performed. This detector captures the energy from the X-—rays
generated on the surface, typical of specific elements present in the sample, providing
information on the elemental composition. Additionally, EDS can be applied to a specific
point on the sample surface. When the analysis is applied to an area, it is possible to obtain
a map with the different elements present in the selected area. Each element is displayed
with a different color. Unlike the BSE, these electrons do not provide information about
larger volume samples. This type of SEM has a field emission gun as an electron source
to provide high and low energy electron beams. As these beams are closely aligned, they
allow for better resolution, focusing on a single fiber surface. Fiber samples for FE-SEM

measurements were prepared by dispersing a dilute concentration of PCFs in ethanol and
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depositing a few drops of the dispersion on holey carbon cupper grids. All SEM and EDS

mapping images were obtained using a FEI TENEO LoVac microscope.
- Transmission electron microscopy (TEM)

Transmission electron microscopy (TEM) takes advantage of the same concept as
SEM. This technique uses the interaction between an electron beam and the sample to
generate a high—resolution image. The operating voltage is higher than that used for SEM;
therefore, the penetration of the electron beam is deeper. Once the electron beam passes
through the sample, it generates photons and secondary electrons that are captured by the
detectors, allowing to produce an image at the atomic level. Fiber TEM images were
collected using a Philips Tecnai 20 FEG microscope operated at 200 kV, which allows
differentiating pore sizes at ~ 4 nm. Samples were prepared by dispersing a dilute
concentration of PCFs in ethanol and depositing a few drops of the dispersion on holey

carbon cupper grids.
- Raman spectroscopy

Raman spectroscopy is a high—resolution photonic technique that provides in a
few seconds chemical and structural information of organic and/or inorganic materials.
Raman spectroscopy analysis is based on the characterization of scattered light produced
by the sample surface when a monochromatic light beam incised on it. A small portion
of the light is scattered inelastically by the sample surface, experiencing slight frequency
changes, which are characteristic of the sample. The Raman spectrum is normally
obtained for wave numbers from 100 to 2000 cm™!. In this range, two distinctive bands
appeared for carbon materials; disordered induced D—band from 1300 to 1450 cm—1 and
graphitic induced G—band from 1450 to 1600 cm™'. The G—band is related to the Raman
active E2g in—plane vibration mode, which involves a combination of stretching and
bending of C—C bonds. The D—band is a second order Raman band, referred to the Alg
mode similar to an in—plane breathing vibration type, resulting from relaxation of the
symmetry rule for Raman scattering due to the presence of disorder parts [89,90] . It is
well known how the intensity ratio between D and G bands (Ip/Ig) provides information
about graphitic order or disorder features of the carbon material, which allows to elucidate
the carbon structure. Raman spectrums were collected using a Renishaw PLC

spectrometer with a 532 nm Nd:YAG laser excitation (50 mW).
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- X-ray diffraction (XRD)

X-ray diffraction is one of the physical phenomena that occurs when an X—ray
beam of a certain wavelength interacts with a crystalline or partially crystalline sample.
X-rays wavelengths are on the order of angstroms, as are the interatomic distances of
crystalline lattices components. When the sample to be analyzed is irradiated, X—rays are
diffracted with different angles that depend on the interatomic distances. When irradiating
X-rays on a sample composed of multitude crystals placed randomly in all possible
directions, Bragg’s Law (equation 1), is applicable and predicts the direction in which
constructive interference occurs between coherently scattered X-ray beams from a

crystal.
n-A=2d -siné (2.1)

Where 60 is the angle between the incident rays and the scattering planes, A is the
wavelength of the X—rays, and d is the distance between the interatomic planes that
produce the diffraction. X—ray patterns of amorphous or disordered carbon materials
often presents two broad peaks [91-93] at ~24° and ~43°, assigned to the
crystallographic planes of carbon (002) and (10z), respectively. The (10z) referred to the
overlapping diffraction peaks (100) and (101). Shifts and changes of those peaks can
provide information about the orientation and order of the graphitic planes, that can be
related to the pore structure. X—ray diffraction (XRD) patterns were collected from 10 to

70° using a Philips X’PERT equipment with conventional X ray tube of Cu anode.
- Nitrogen physisorption

Physical adsorption of nitrogen is a widely used technique for the characterization
of textural properties such as such as pore size distribution, specific surface area, and pore
volume of porous solids. Adsorption isotherms provide information to determine the solid
(adsorbent) specific surface area, as well as information about porosity, regarding to
volume and pore size accessible to gas molecules being adsorbed (adsorbate). Physical
adsorption takes place when nitrogen molecules encounter the solid degassed surface at
a specific temperature (77 K). The adsorbate molecules formed a multilayer in the solid
surface because of attractive forces (Van der Waals). In a typical adsorption experiment,

the pressure in the system gradually increases, until reaching the saturation pressure of
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the adsorbate. The adsorption isotherm represents the relationship between the amount of
gas adsorbed per unit mass of solid and the equilibrium relative pressure. According to

IUPAC published report isotherms can be classified into six different types [13]:

- Type I isotherm is characteristic of microporous solids (< 2 nm). This isotherm
presents a rapid initial rise, in the low—pressure range, due to the filling of
micropores, and a long pseudo—horizontal platform (plateau), which reflects the
absence of multilayer adsorption on the solid surface.

- Type Il isotherm is characteristic of macroporous (<50 nm) or non—porous solids.
The continuous slope, without the presence of plateau is due to the
monolayer—multilayer adsorption on the external surface of the solid, without the
presence of micropores or mesopores (2—50 nm).

- Type I isotherm occurs when adsorbate—adsorbent interaction is low, in
non—porous solids, not very common type.

- Type 1V isotherm is characteristic of mesoporous solids in which capillary
condensation occurs. These isotherms present the characteristic hysteresis loop,
different types of hysteresis loops are related to various pore shapes.

- Type V isotherm, similar to type III isotherm, is characteristic of weak
adsorbate—adsorbent interactions, differing from the previous one that in this case
the solid is mesoporous.

- Type VI isotherm is rare. This type of stepwise adsorption occurs only for solids

with a highly uniform non—porous surface.

The textural characterization of the different porous carbon fibers was carried out
using a Micromeritics Gemini IV instrument. Before analysis, samples were degassed for

at least 5 h at 250 °C under N to remove adsorbed water and other gases.

From the adsorption isotherm, material textural parameters such as specific
surface area (SSA), micropores volume (Vmicro), pore size distribution (PSD) and total
pore volume (V1) can be determined. In this work, SSA was calculated using the

linearization of Brunauer—Emmett—Teller (BET) equation method (equation 2).

1 1 C—l(P)
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Where P/Po represents the relative pressure, W is the amount of gas adsorbed at the
determined pressure P, Wn, 1s the amount of gas required to form a monolayer in the
surface of the adsorbent at pressure P, Py is the saturation pressure of the adsorbate at the
adsorption temperature, and C is a parameter related to adsorption energy in the
monolayer. Linearity range of the BET equation is usually fulfilled for P/Po values
between 0.05 and 0.35, although this range changes at lower relative pressures for

microporous materials.

BJH (Barrett—Joyner—Halenda) method [94] is a procedure to calculate pore size
distribution and pore volumes of mesoporous adsorbents from the experimental
isotherms. BJH method uses Kelvin equation (equation 3) to relate the amount of
adsorbate removed from the pores of the material, as the relative pressure (P/Po)

increases, to the size of the pores.

1(P)_ 2yV 23
"\p,) = "rRT (23)

Where P/P represents the relative pressure, y is the surface tension, V is the molar volume
of liquid, and r is the pore radius. In a pore, condensation will occur at a lower pressure.
Thus, as the relative pressure is increased, condensation will first take place in the smaller
radius pores and progress towards the larger pores. Although, BJH presents some
limitations since it estimates pore radius of a cylindrical shape [95]. Therefore,

contrasting with TEM imaging is essential.
- X—ray photoelectron spectroscopy

X-—ray photoelectron spectroscopy (XPS) is a surface analytical technique for
compositional analysis, both qualitative and quantitative. It is suitable for the study of
surfaces and interfaces of various materials. This spectroscopy method involves the
acquisition of photoelectron spectra induced by X—ray photons. The technique consists
of excitation through a beam of X—ray photons of the internal energy levels of atoms,
producing the emission of photoelectrons. It provides information of energy level, and
therefore, information on the nature of the emitting atom. Atom binding energy (Ebvinding),
characteristic of specific elements, is determined by equation 4; where hv corresponds

with the X—ray photon beam energy, Ex is the kinetic energy of the photoelectron emitted
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by the sample surface, and ¢ is the spectrometer work function. In summary, this
technique is based on measurements of photoelectron rate emitted from the sample

surface, for this reason, ultra—high vacuum is required.
Epinaing = hv — (Ex + ¢) (2.4)

XPS was used to determine C, N, and O content of the different produced PCFs,
as well as other heteroatoms, such as S, in PCFs co—doped with N/S and Fe content due
to magnetic nanoparticles present in the PCFs. Moreover, deconvolution of the
high—resolution C 1s, N 1s, O 1s, S 2p and Fe 2p peaks allows quantifying information
about the type of bonds and functional groups present on the sample surface. All the XPS
spectra analyzed in this thesis work have been collected using a SPECS GmbH with UHV
system and energy analyzer PHOIBOS 150 9MCD; employing a non—monochromatic Al
Mg X—ray source operated at 200 W.

2.2.4. Electrochemical characterization
- Electrode preparation

Most of the PCFs produced in this work presented a lack of flexibility and relative
fragility since, among other reasons, PCFs presented narrow diameters (~100 nm), which
caused fiber breakage after carbonization. Therefore they cannot be used as self—standing
electrodes. In those cases, electrodes were prepared by pressing into a clean nickel foam
a mixture of active material (~ 1 mg), carbon black, and PTFE 60 wt% dispersion in water
with a ratio of 80:10:10, respectively. PTFE was used as binder to maintain the electrode
mechanical stability. Carbon black was used as conductive additive and Ni foam was
selected as current collector, since it is electrochemically stable to basic electrolytes, such
as the chosen electrolyte (KOH). Ni foam was cut into a circular shape with a diameter

of 0.50 and was cleaned before use by sonicating in ethanol for 30 minutes.
- Electrochemical cells

The electrochemical characterization of PCFs as electrode materials for
supercapacitors was performed in a three—electrode configuration cell (Figure 2.2). The
cell is composed of a working electrode (WE), which is the active material electrode

under study, a counter electrode (CE), and a reference electrode (RE). This type of cell is
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normally used for preliminary characterization stages, allowing to determine the
electrochemical behavior of a single electrode. The cell used was a glass beaker with

platinum wire as counter electrode and Ag/AgCl as reference electrode.

Reference electrode

(Ag/AgCl) \

Working electrode
(Ni foam + active material)

Counter electrode

, / (Pt wire)

— KOH 6M

Figure 2.2. Representative scheme of a three—electrode configuration cell.

Additionally, some measurements were performed in a Swagelok® type
symmetrical cell (Figure 2.3). In this cell, the identical electrodes are isolated by a
separator material (cellulose paper) soaked in the electrolyte. The current collector is the
intrinsic cell parts of stainless steel that keeps both electrodes in close contact. They do
not require reference electrode; therefore, measurements are closer to those of a
supercapacitor assembly, since it allows to evaluate the behavior of the two identical

working electrodes.
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PTFE insulating Cellulose separator
connector cell part soaked in KOH electrolyte

Y
-

Stainless steal (Current collector)
cell parts

Identical working electrodes

(PCFs)

Figure 2.3. Representative scheme of a symmetrical configuration cell.
- Electrochemical measurements

Electrochemical characterization techniques used in this research have been
Cyclic voltammetry (CV), Galvanostatic charge—discharge (GCD) and Electrochemical

impedance spectroscopy (EIS). The individual techniques are described below:
Cyclic voltammetry (CV)

Cyclic voltammetry (CV) is especially used in electrochemistry for studies of
redox reactions between the electrode material and the electrolyte. This technique is based
on applying a linear variation of potential as a function of time and the consequent
recording of the current response. The potential range or potential window applied is
established between two limits to avoid undesired reactions, such as electrolyte
degradation. Measurements were also carried out in KOH (6 M) electrolyte, and the
selected potential window was 0—(—0.8 V) for the three—electrode cell measurements and
0—-0.8 V for the symmetrical cell. In addition to the potential window, it is also possible
to modify other parameters such as sweep rate, which is the voltage variation per unit of

time (dV/dt). To study how the behavior of PCFs varied respect to sweep rate, several
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measurements were performed at different sweep rates in the range 5—500 mV s~!. The
higher the scan rate, the higher current responses can be recorded. The working electrode
current response as a function of the applied potential is called voltammogram. Figure
2.4 shows the typical CV voltammogram for a pure capacitive material (ideal behavior)

and normal capacitive carbon material deviation, and CV non—idealities.

(a) (b) Rate deviation (c)Electrolyte degradation (q) Pseudocapacitance

i Current

Current
Current
Current

Voltage Voltage Voltage Voltage

Figure 2.4. Example of a typical CV voltammogram of (a) ideal capacitive material (green line)
and normal capacitive carbon material curve (blue line), (b) rate deviations curve, (c) electrolyte

degradation curve, and (d) pseudocapacitance showing redox peaks curves.

The voltammogram shape provides an idea of the charge storage mechanism. A
perfect rectangular shaped voltammogram is associated with an ideal capacitive material,
due to the formation of the electrical double layer. Nevertheless, deviation from the ideal
shape is usually cause by the intrinsic resistance of the carbon material. As shown in
Figure 2.4, other typically deviations can occur, such as the presence of redox peaks that
show a pseudocapacitive storage mechanism, and deviations due to higher sweep rates,
which restrict electrolyte coupling to form the electrical double layer. On the other hand,

the presence of exaggerated elongation at the potential limits can be attributed to the

electrolyte decomposition [96].

From the CV curves, the specific or gravimetric capacitance of the active material
can be determined by integrating the area under the curve (I(V) dV), according to

Equation 2.5 for three—electrode measurements:

1 Ve
-1\ — .
CEI = 5oy, v (25)

Where AV is the voltage window, m is the active material electrode mass, / is the current

used in the measure, and v is the sweep rate.
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Galvanostatic charge—discharge (GCD)

Galvanostatic charge—discharge (GCD) test is an electrochemical technique based
on the collection or measurement of the time required to subject the sample to a specific
voltage application (voltage window). While a constant positive current is applied for
charging and during discharge a constant negative current is applied. Potential curves are
obtained by recording the applied voltage versus the time required to charge and discharge
the electrode material (Figure 2.5).

Pseudocapacitance/
Ideal Series resistance © Electrolyte degradation

(b)

(

=
~—

IIR
drop

Voltage
Voltage
Voltage

Time Time Time

Figure 2.5. Example of a typical GCD curve showing (a) ideal behavior, (b) IR drop and (c)

pseudocapacitance or electrolyte degradation deviations.

As for the cyclic voltammetry, GCD curves show some deviations, due to
electrolyte degradation or pseudocapacitance storage mechanism, and the series
resistance is reported as an IR (ohmic potential drop) or voltage drop, which is usually
related to the setup configuration on three—electrodes cells, since it is the amount of
potential that is lost on the way from the reference electrode to the working electrodes
[96]. Specific or gravimetric capacitance of one electrode can be calculated from the
discharge curve according to Equation 2.6 for the three—electrode cell configuration and

according to Equation 2.7 for the symmetrical cell.

C,(Fg™) = [-a (2.6)
s(Fg™) m-AV '

C,(Fg™) = LAt 2.7
S( g ) m- QV ( " )

Where AV (V) is the voltage window, m (g) is the active material electrode mass, 7 (A) is

the current used in the measure, and At (s) is the time to take place in the discharge curve.
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Cycling 10,000 times GCD curves at a current density of 100 A g~! was carried
out in order to determine the electrode stability. Moreover, capacitance values calculated
from symmetrical cell measurements allow to obtain energy density (E) and power

density (P), according to Equations 2.8 and 2.9, respectively.

P
E(WhKg™) = (2.8)
3.6
E - 3600
P(WKg™) = —5— (2.9)

Where At (s) is the discharge time, V' (V) is the discharge voltage range, and Cs (F g ') is

the specific capacitance.

All the CV and GCD measurements carried out through this thesis work have been

performed using a Metrohm autolab PGSTAT302N potentiostat.
Electrochemical impedance spectroscopy (EILS)

Electrochemical impedance spectroscopy is a powerful electrochemical technique
used for the analysis of interfacial properties [97]. It is based on the possibility of
separating different contributions of the overall impedance response of the electrode
material corresponding to different regions, electrode surface, electrode—electrolyte
interface, and bulk electrode. Impedance technique involves the application of a synodal
perturbation on the voltage (over a wide range of frequencies) by monitoring the current
response of the system. Impedance, Z(f), is defined as the ratio between the applied
potential signal and the current response of the electrochemical system. Generally,
impedance (Z) is expressed in terms of complex numbers, being the real part Z’ and the
imaginary part Z”. The most common impedance data representation is the Nyquist
diagram. An example of a carbon electrode material Nyquist diagram is represented in

Figure 2.6a.
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Figure 2.6. (a) Nyquist diagram for a carbon material with capacitive and pseudocapacitive

behavior, and (b) equivalent circuit.

The diagram can be divided into four different parts [98]. At high frequencies a
semicircle shape can be distinguished. The intersection of the semicircle with Z” axis (part
A) provides the series resistance (Rs) values. This resistance can be related to the electrode
internal resistance and is mainly associated with the conductivity of the electrode
material. Moreover, at high frequencies (part A—B), the semicircle diameter provides the
charge—transfer resistance (Rcr) values. It is related to the resistance associated with the
porous structure of carbon electrodes and is mainly governed by the faradaic process that
involves faradaic reactions with heteroatoms of surface functional groups. At low
frequencies, the typical behavior of most capacitive and pseudocapacitive materials
includes a region with a 45° inclination line, (part B—C). From this part, it is possible to
obtain the Warburg diffusion coefficient (Wo) and ion—diffusion resistances (o). This
inclined line is followed by a region with a vertical line, related to purely capacitive

behavior.

Considering the main resistance contributions, the Nyquist plots were fitted to the
equivalent circuit show in Figure 2.6b, which displayed a set of resistors and capacitors
in series or parallel. This model represents the series resistance (Rs), the charge—transfer
resistance (Rcr) and the Warburg diffusion coefficient (Wo). Wo was in series with both
CPE1 and CPE2, indicating that ion diffusion is influenced by both, the electrical double
layer capacitive (CPE1) and, pseudocapacitive (CPE2) storage mechanism [91].
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All the EIS measurements were performed using a Biologic VSP—300 potentiostat

in the range of frequencies between 0.1 and 100 KHz with a 5 mV perturbation.
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Chapter 3: Synthesis and characterization of block copolymers as fiber precursors

This chapter focus on the synthesis and characterization of the different block
copolymers that have been used as precursors or template materials to produce porous
carbon fibers (PCFs). A detailed analysis of the polymerization synthetic routes is also
described. Additionally, a structural and compositional characterization will be carried
out using nuclear magnetic resonance (NMR) and size exclusion chromatography (SEC).
From these techniques molecular weight, block composition and degree of
polymerization will be determined. The thermal transitions and processes will be further
determined using differential scanning calorimetry (DSC) and thermogravimetric
analysis (TGA) to evaluate the viability of these block copolymers as suitable precursors

to obtain carbon porous structures.

The block copolymers used in this thesis work have been synthesized by
Reversible Addition—Fragmentation chain—Transfer polymerization (RAFT). Along this
thesis work, 2,2'—azobis(2—methylpropionitrile) (AIBN) has been used as initiator, and
2—cyano—2—propyl dodecyl trithiocarbonate (CPDT) has been selected as RAFT agent
for all the polymerizations, since it has been demonstrated to be an effective chain transfer
agent for polymerization of styrene [99] and tert—butyl acrylate [100] (sacrificial blocks).
In addition, it allows to keep growing the chains with other monomers, including

acrylonitrile, to formed well defined block copolymers [101].

3.1. RAFT Polymerization

Reversible addition—fragmentation chain—transfer polymerization (RAFT) has
proven to be an effective method to obtain block copolymers with controlled molecular
weights as building blocks of a wide variety of nanostructures [45]. RAFT exhibits the
advantage of obtaining high molecular weights relatively easily, compared to other types
of controlled polymerization, such as atom transfer radical polymerization (ATRP) [46].
Although ATRP offers high control over the generated structures (hyperbrach, star—, or
brush—type), achieving high molecular weights remains a challenge, which is an essential
parameter for obtaining fibers by electrospinning. RAFT polymerization can be classified
as a controlled polymerization, or reversible—deactivation radical polymerization
according to IUPAC [102], and the mechanism involves the following two main steps

[103]:
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Pre—equilibrium set of reactions: The pre—equilibrium reactions take place at the
beginning of the polymerization. Scheme of the RAFT polymerization mechanism is
shown in Figure 3.1 with 2,2'—azobis(2—methylpropionitrile) (AIBN) as initiator, styrene
as monomer and a generic dithio compound as CTA agent. A radical initiator such as
AIBN is thermally activated producing the rupture of the molecule through the azo bond,
generating radicals. These radicals react with a single monomer molecule (1), giving
place to a polymeric radical of a determined length (n), mostly oligomeric at these early
stages. These propagating oligomeric radical chains (2) react with the sulfur—carbon
double bond of the chain transfer agent (CTA agent), giving place to an intermediate
radical (3). This intermediate radical, which corresponds with the dormant specie, is in
equilibrium either towards the formation of a polymeric dithioester compound (4) or to

the reagents.

Main equilibrium reactions: In this stage of the polymerization, the mechanism is similar
to the pre—equilibrium step. The polymeric radicals (2) react with the polymeric
dithioester compound (4). These reactions are in equilibrium with dormant species (5) or

living chains.
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Pre-equilibrium reactions
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Figure 3.1. RAFT polymerization mechanism.

As it can be seen from the polymerization mechanism, the chain—transfer agent is
a key reagent, as it participates in the pre—equilibrium reactions. Most of the RAFT agents
are thio—derived compounds, but many studies have been conducted by changing the R
and Z functional groups, since the type of monomer dictates the use of a suited CTA agent

[104].

3.2. Synthesis and characterization of PS—)—PAN

3.2.1. Synthetic route

PS—b—PAN copolymer was synthesized by RAFT polymerization in two steps, as
shown in Figure 3.2. First, the sacrificial block of PS was polymerized using
2—cyano—2—propyl dodecyl trithiocarbonate (CPDT) as CTA agent, resulting in the
macro—CTA (PS—CPDT). PS macro—CTA was then used to chain extend with
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acrylonitrile, leading to the formation of the block copolymer, according to our published

work [105].
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Figure 3.2. RAFT polymerization synthetic route to obtain PS—h—PAN copolymer.
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Macro—CTA (PS—CPDT) synthetic procedure was carried out as follows:

In a Schlenk flask with a magnetic stirrer were placed 2 mL of styrene (17 mmol)
and 14.8 pL of CPDT (0.043 mmol), and the system was sealed with a rubber septum.
The mixture was deoxygenated through three freeze—pump—thaw cycles. Afterwards, the
Schlenk flask under an inert atmosphere of nitrogen was placed into a thermostatic oil
bath at 140 °C for 30 min, and maintained at 90 °C for 48 h. Then, the reaction mixture
was cooled down and diluted with a small amount of THF. The product was purified by
precipitation in a large amount of MeOH twice and filtered. The yellow solid polymer

was dried under vacuum for 24 h at 30 °C.

This synthetic procedure presented some advantages: firstly, it allows RAFT agent
(CPDT) to be used as initiator simultaneously, without the requirement of AIBN, and the

reaction is carried out in bulk, which avoids the use of solvents.
In a second step, the PS—b—PAN polymerization procedure is described as follows:

PS—CPDT macro—CTA (0.1 g, 0.0056 mmol), AIBN (0.6 mg, 0.0038 mmol), and
AN (2.9 mL, 44 mmol) were added to a Schlenk flask equipped with a magnetic bar, and

the mixture was dissolved in anhydrous DMF (6 mL). The flask was sealed with a rubber
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septum stopper and the reaction system was frozen in liquid nitrogen and subjected to
three freeze—pump—thaw cycles to remove oxygen. Then, the flask under nitrogen was
placed into a thermostatic bath at 70 °C for 24 h. After that time, the reaction mixture was
cooled down, precipitated in a large volume of MeOH, and filtered, repeated twice.

Finally, the block copolymer was dried at 30°C for 24 h to obtain a white powder.
3.2.2. Polymer characterization

Throughout the PS—CPDT polymerization, aliquots of the reaction mixture were
taken at different reaction times to monitor the reaction. The aliquots were precipitated in
MeOH and dissolved again in DMF to measure the molecular weight by SEC. Figure 3.3
shows the progress of the molecular weight as a function of the reaction time until

adequate molecular weight was reached.

M, =12,430

M,=6809 7h|\24h

M,= 18,615

48 h

0 10000 20000 30000 40000
Molecular weight (g mol™)

Figure 3.3. SEC chromatographs of aliquots of the PS—CPDT reaction mixture at different

reaction times.

One of the challenges in this work was to synthesize a block copolymer with a
high carbon precursor block content and low sacrificial block content, to produce carbon
materials with a high carbon yield. Therefore, the synthesis was stopped after 48 h of
reaction, considering the molecular weight obtained as optimal without compromising

the control of polydispersity due to high reaction time.

Figure 3.4 shows the SEC chromatographs of PS-CPDT and PS——PAN. Both
presented unimodal narrow peaks, although the block copolymer exhibited a slightly
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visible tail at larger retention times. Those SEC traces indicated the presence of some
lower molecular weight chains or ‘dead chains’ derived from the large reaction times
[106]. The production of lower molecular weight dead chains can be affected by the target
degree of polymerization (). Since at higher N, growing chains spend longer cumulative
time as propagating radicals, and consequently a higher probability of termination or
other side reactions arises, stopping the chain growth [107]. To that effect, the high
concentration of acrylonitrile used in the synthesis plays a fundamental role, since it
increases the viscosity of the reaction medium, limiting the terminations [108]. Polar
solvents, as DMF, has also been demonstrated to stabilize the transition state of

propagating radicals [109].

Despite the slightly visible tail, low polydispersity indexes were obtained with
1.06 and 1.26 values and number average molecular weights (M;) of 18,615 and 118,710
g mol ™! for PS-CPDT and PS—h—PAN, respectively, indicating a successful control of
the radical polymerization. Additionally, the high molecular weight obtained ensures

easier fiber fabrication by electrospinning.

PS-b-PAN  PS-CPDT

15 20 25 30 35 40
Retention time (min)

Figure 3.4. SEC chromatographs of PS-CPDT and PS—h—PAN.

Number average molecular weights (Mn) and degree of polymerization were
determined by NMR spectroscopy. Figure 3.5 shows the 'H-NMR spectra of polystyrene
macro—CTA and block copolymer measured in d7 —DMF. Signals related to both

polymers were fully identified in the spectra.
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Figure 3.5. 'H-NMR spectra of macro—CTA (PS—CPDT) and block copolymer (PS—b—PAN).

PS—CPDT molecular weight and degree of polymerization (n) were determined
by comparison of the relative integration of the signals at 1.44 ppm (b) assigned to the
protons of methylene groups (—(CH:)i10—) of the RAFT agent and those at the range
6.7—7.4 ppm (e) ascribed to the phenyl protons of PS as follows:

lp-a,

n (Nps) = (.1

I, - ap
Where [ is the integral of the signal assigned to e protons, and a is the number of protons
of that moiety. PAN block molecular weight and degree of polymerization (m) were
determined as well, by comparison of the relative integration of the signals at 2.45 ppm
(e) assigned to the protons —CH>—CH(CN)— of PAN and those at the range 6.7—7.4 ppm
(c) ascribed to the phenyl protons of PS as follows:

I.-a.'n

m (Npan) = T oa (3.2)
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where [ is the integral of the signal assigned to e protons, a is the number of protons of
that moiety, and z is the PS—CPDT degree of polymerization. Calculations revealed the
following composition: Polystyrene exhibited a degree of polymerization and molecular
weight of n = 162 and My, nmr = 16,403 g mol ™!, respectively. On the other hand,
polyacrylonitrile presented a degree of polymerization of m =~ 1908 and My, nmr = 101,230
g mol ™!, respectively. Considering each polymer densities (pps = 1.02 g cm™ and ppan =
1.18 g cm™) [110], their molar concentrations in percent (c) obtained by NMR, and the

solvent density (ppmr = 0.994 g cm), volume fraction of each block was calculated as

follows:
Chlock
Pbiock
_ 3.3
fpiock Chiock + (100 = cpiock) .
Pblock Psolvent

Calculations revealed a composition of 0.16 volume fraction of polystyrene and

0.84 of polyacrylonitrile.
3.2.3. Thermal characterization

As previously explained in Chapter 1, the unique and exceptional thermal
properties of polyacrylonitrile allow it to produce well-defined carbon materials [15].
Around 280 °C under air atmosphere, the cross—linking of the side chains occurs through
some cyclization reactions. In addition, dehydrogenation and oxidation reactions take
place introducing oxygen functionalities (see Figure 1.7 in Chapter 1). This oxidative
stabilization step leads to structural changes, stabilizing the structure and allowing the
generated morphologies to be preserve. Dehydrogenation between 300—400 °C and
further denitrogenation from 600 °C, under nitrogen atmosphere, leads to partially

graphitic structures.

PAN stabilization process was revealed in the block copolymer DSC curve as a
sharp exotherm peak at 260 °C (Figure 3.6). Due to the low heating rates (<30 °C min'),
oxidation/cyclization reactions occurred prior to melting, and as a result, no melting peak
of the PAN block was detected [111]. The DSC trace of PS—CPDT, inset graph in Figure
3.6, showed a Ty at around 100 °C, corresponding to the amorphous region of PS, which

was slightly visible in the PS-5)—PAN thermogram at ~105 °C. According to DSC data,
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no endothermic peak corresponding to the decomposition of PS appeared up to 350 °C,
therefore, stabilization of PAN and decomposition of PS are well separated processes.
This is strongly important since PS is the sacrificial block and should not interfere with
the stabilization of PAN domains. To ensure effective stabilization before PS
decomposition and prevent low efficiency of cyclization reactions, the upper limit
temperature of the exothermic peak was fixed during the stabilization process (280 °C for

2 h), as indicated by DSC data.
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Figure 3.6. DSC thermogram of PS—h—PAN and inset graph of PS-CPDT showing 7.

Thermogravimetric analysis was used to evaluate the weight loss of PS—/)—PAN
resulting from pyrolysis. The TGA profile of PS-CPDT, showed in Figure 3.7, exhibited
a single weight loss stage at 400 °C; while PAN homopolymer (commercial; My =
150,000 g mol!) displayed three main loss stages, related to its thermal chemical
reactions [49]. The first weight loss stage (~260—290 °C) is characteristic of cyclization,
partially dehydrogenation and crosslinking reactions. The second loss stage (~295—465
°C) is due to dehydrogenation of the cyclized PAN structure. The third stage exhibited a
slight weight loss between 460 and 870 °C that corresponds with the carbonization of the

pre—stabilized PAN, through some denitrogenation reactions.

49



Chapter 3: Synthesis and characterization of block copolymers precursors

100 4——nuw——
) N
80 -
=
=
= 60 PS-b-PAN
=
2P
§ 40 - PAN
20
] — PS-CPDT
0 -
200 400 600 800
Temperature (°C)

Figure 3.7. TGA curves of PS-CPDT, PS—56—PAN, and PAN homopolymer.

PS—b—PAN profiles also showed three main loss stages. The first one in the range
between 220 and 290 °C corresponded to mainly cyclization reactions of PAN block. The
second loss stage (~310—460 °C) was attributed to the thermal decomposition of PS block.
The third stage exhibited a slight weight loss (~460—870 °C) corresponding to the
carbonization of the pre—stabilized PAN. The block copolymer showed a 5% weight loss
at 290 °C in N2 atmosphere and a final carbon yield close to 50% after 800 °C. This is
highly beneficial to be used as carbon precursor, since it increases the yield of the
processes by reducing the amount of fiber precursor required. It is worth mentioning that
in the literature, most of the synthesized block copolymers for similar purposes exhibited

lower carbon yields (20—40%) due to a higher sacrificial block content [57,60].
3.2.4. High molecular weight PS—h—PAN
- Synthetic route

To study the influence of the total degree of polymerization (N) on the fiber
morphology and overall porosity, a new PS—6—PAN copolymer with a higher molecular
weight (St2o1—b—ANu4s07) than the previously obtained (Stis2—b—ANi90g) was synthesized,
where Nt = Npan + Nps. Since the first synthesized Stis2—b—AN190s copolymer presented
aremarkably high carbon yield (~ 50 %) due to the low sacrificial block content, the main

idea of synthesizing this new copolymer (St291—b—ANu4s507) was maintaining the low PS
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volume fraction that allows to preserve a high carbon yield, and at the same time

increasing the total degree of polymerization or total molecular weight.

For this purpose, the PS macro—CTA synthetic route was modified by increasing

styrene equivalents, as follows:

Styrene (2 mL, 17 mmol) and CPDT (5.93 puL, 0.017 mmol) were added to a
Schlenk flask equipped with a magnetic stirrer and sealed with a rubber septum. The
mixture was subjected to three freeze—pump—thaw cycles to remove oxygen. Afterwards,
the Schlenk flask under N> was placed into a thermostatic bath at 140 °C for 30 min,
followed by 24 h at 90 °C. Then, the reaction mixture was cooled down and diluted with
a small amount of THF. The product was isolated by precipitation in a large amount of

MeOH twice, filtered, and dried under vacuum for 24 h at 30 °C to give a yellowish solid.
- Polymer characterization

The obtained PS—CPDT was then used as macro—CTA for acrylonitrile chain
extension to obtain a Stzg1—b—ANas07 copolymer with higher total molecular weight; by
using the same synthetic procedure and equivalents as mentioned in Section 3.2.
According to SEC chromatographs showed in Figure 3.8 and 'H-NMR spectrum in
Figure 3.9, polydispersity index (PDI), degree of polymerization of both blocks, total
degree of polymerization, molecular weight and composition, can be determined (Table

3.1).

SEC chromatographs (Figure 3.8) showed the comparative molecular weight
peaks of PS macro—CTA and PS—H—PAN copolymer presenting different degree of
polymerization. Both, Stag; and St291—b—ANss07, exhibited unimodal peaks with the
expected shoulder or tail of the block copolymer peak at larger retention times; indicating
the presence of some premature polymerization endings, which generates dead chains
with lower molecular weight. Nevertheless, it can be clearly observed how both polymers
reached higher number weight average molecular weights (lower retention times),
achieving an increment of the total molecular weight or degree of polymerization (N).
Polydispersity indices increased moderately for both, Stzo1 and Stz91—H—ANuso7,

indicating a slightly lower control over the polymerization.
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Figure 3.8. SEC chromatographs of Stzgi1, Stis2, Stao1—b—ANuase7, and Stis;—b—AN90s.

Figure 3.9 showed the 'TH-NMR spectra of high molecular weight polystyrene
macro—CTA (St291) and resulting block copolymer (Stzo1—b—AN4s07) measured in d7
—DMF. Signals related to macro—CTA and copolymer were fully identified in the spectra.
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Figure 3.9. 'H-NMR spectra of high molecular weight macro-CTA (PS—CPDT) and block
copolymer (PS—56—PAN).

The PS volume fraction was fps= 0.11, calculated according to (3) formula,
slightly lower than the already obtained (Stis2—b—AN190s; frs= 0.16), but close enough to
disregards its contribution to the fiber morphology, since the difference in total degree of

polymerization (N) is much higher than the difference in sacrificial block volume fraction.

Table 3.1. Summary of PS macro—CTAs and PS—b—PAN copolymers composition.

PS—b—PAN

DPps, PDI  [PS]:[CTA] Composition M NMR Mn,Grc PDI
162, 1.06 400:1 Stie2=b—ANi90s 30,297 32,395 1.26
291, 1.20 1000:1 Stoo1—b—ANsso7 239,141 271,654  1.35
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3.3. Synthesis and characterization of PtBA—b—PAN

3.3.1. Synthetic route

To study the influence of the sacrificial block on fiber morphology and porosity,
tert—butyl acrylate (tBA) was selected. Poly tert—butyl acrylate and polyacrylonitrile
block copolymer was synthesized, by using the same approach as for PS—/—PAN
copolymer; through RAFT polymerization in two steps (Figure 3.10). In the first step,
polymerization of PtBA sacrificial block took place, using CPDT and AIBN as RAFT
agent and initiator, respectively, resulting in macro—CTA (PtBA—CPDT). In a second
step, PtBA macro—CTA was then used to chain extend with acrylonitrile, leading to the

formation of the block copolymer.
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Figure 3.10. RAFT polymerization synthetic route to obtain PtBA—b—PAN copolymer.

Macro—CTA (PtBA—CPDT) synthetic procedure was carried out as follows, based on
previously reported synthesis [100]:

Tert—butyl acrylate (2 mL, 13.65 mmol), CPDT (47.6 uL, 0.14 mmol), and AIBN
(1.12 mg, 0.0068 mmol) were added to a Schlenk flask equipped with a magnetic stirrer
and sealed with a rubber septum. The mixture was subjected to three freeze—pump—thaw
cycles to remove oxygen. Afterwards, the Schlenk flask under N> was placed into a

thermostatic bath at 80 °C for 24 h. Then, the reaction mixture was cooled down and
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diluted with a small amount of dichloromethane. The product was isolated by
precipitation in a large amount of cold H2O/MeOH (50/50; v/v) twice. The sticky viscous
yellow solid was separated by decantation and dried under vacuum at 40 °C up to constant

weight, to give a yellow solid.
In a second step, the PtBA—b—PAN polymerization procedure was performed as follows:

PtBA—CPDT macro—CTA (0.1 g, 0.0056 mmol), AIBN (0.6 mg, 0.0038 mmol),
and AN (2.9 mL, 44 mmol) were placed in a Schlenk flask equipped with a magnetic bar
and dissolved in anhydrous DMF (6 mL). The tube was sealed with a rubber septum and
the mixture was deoxygenated through three freeze—pump—thaw cycles. Then, the flask
was placed into a thermostatic bath at 70 °C for 24 h under a N> atmosphere. Thereafter,
the reaction mixture was cooled down, precipitated in a large amount of MeOH, and
filtered, repeated twice. At last, the resulting block copolymer was dried under vacuum

for 24 h at 30 °C as a white powder.
3.3.2. Polymer characterization

With the aim of focusing the study exclusively on the sacrificial block influence,
an attempt was made to keep constant the rest of parameters that could affect the fiber
morphology, such as sacrificial block volume fraction and block copolymer total
molecular weight. Therefore, a PtBA—CPDT molecular weight comparable to PS-CPDT

one (~18,000 g mol ') was required.

SEC chromatographs of PtBA—CPDT and PtBA—h—PAN are shown in Figure
3.11. Both presented unimodal narrow peaks. Although, as expected, the block copolymer
SEC traces exhibited a shoulder at higher retention times. As mentioned in Section 3.2.2,
this type of peak tails or shoulders are indicative of low molecular weight polymer chains
that have undergone some premature termination, which is common in radical
polymerizations. Nevertheless, low polydispersity indexes were obtained with 1.1 and 1.3
values and number weight average molecular weights (M,) of 17,635, and 147,352 g
mol™! for PtBA—CPDT and PtBA—bh—PAN, respectively; indicating good control of
polymerization. Both molecular weights were very close to those obtained for PS-CPDT

and PS—/—PAN.
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Figure 3.11. SEC chromatographs of PtBA—CPDT and PtBA—/—PAN copolymer.

Figure 3.12 showed the 'TH-NMR spectra of PtBA-CPDT and PtBA—h—PAN
copolymer measured in d7—DMF and focused on chemical shifts between 1 to 4.5 ppm,
where all signals were concentrated. Signals related to macro—CTA and block copolymer

were fully identified in the spectra.
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Figure 3.12. 'H-NMR spectra of macro—CTA (PtBA-CPDT) and block copolymer
(PtBA—b—PAN).

PtBA—CPDT molecular weight and degree of polymerization (n) were determined
by comparison of the relative integration of the signals at 1.47 ppm (b) assigned to the
protons of methylene groups (—(CH>)10—) of the RAFT agent termination and those at
1.68 ppm (e) ascribed to the tert—butyl functional group protons of PtBA, using formula
(1) described in Section 3.2.2. On the other hand, molecular weight, and DP (m) of the
PAN block were determined by comparison of the relative integration of the signals at
2.45 ppm assigned to the protons "CH>—CH(CN)— of PAN and those at 1.68 ppm ascribed
to the tert—butyl functional group protons of PtBA, using formula 3.2.

Calculations revealed the following composition: Poly tert—butyl acrylate
exhibited a degree of polymerization and molecular weight of n = 121 and My, NmR =
15,567 g mol ™!, respectively. Polyacrylonitrile presented a DP m = 2689 and Mn, nmr =
142,678 g mol™!. Considering each polymer densities and taking into consideration that

the density of PtBA was not found in the literature, instead poly tert—butyl methacrylate
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density was used (ppima =1.03 g cm?® and ppan =1.18 g cm?). PtBA volume fraction was

0.10, calculated using formula 3.3.

According to these results, even though similar molecular weight was obtained
for PtBA—CPDT compared to PS—CPDT, PAN block was larger than the one found for
PS—bh—PAN. Therefore, PtBA—b—PAN exhibited a slightly lower sacrificial block
volume, and this difference will be taken into consideration for an honest comparison of

both block copolymers as precursors for PCFs.
3.3.3. Thermal characterization

As previously exhibited in the PS—6—PAN DSC trace, PAN stabilization process
in the PtBA—b—PAN was revealed in the DSC curve as a sharp exotherm peak at 270 °C
(Figure 3.13). This peak was shifted compared to the observed in PS—h—PAN (260 °C).
It is expected that this behavior occurs due to the distinct blocks present in the
copolymers. Previous studies have shown that the sacrificial block's nature may influence

the exothermic peak observed in copolymers based on PAN

As previously exhibited in the PS-5—PAN DSC trace, PAN stabilization process
was revealed in the PtBA—bh—PAN DSC curve as a sharp exotherm peak at 270 °C (Figure
13). This peak was shifted compared to the observed PS—6—PAN (260 °C). This behaviour
is expected due to the presence of different sacrificial block as it was previously observed
for PAN—based copolymers [112]. Prior to this characteristic PAN peak, it could be
detected a slight exotherm peak around 240 °C, due to degradation of the tert—butyl
functional group [113].

The DSC trace of PPBA—CPDT, inserted graph in Figure 3.13, showed a 7, at ~45
°C, corresponding to the amorphous region of PtBA. However, in the PtBA—b—PAN
thermogram, the 7, was slightly visible at around 60 °C. According to DSC data, any
endothermic peak corresponding to the decomposition of PtBA appeared up to 350 °C,
therefore, it seems that stabilization of PAN and decomposition of PtBA are well

separated processes.
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Figure 3.13. DSC thermogram of PtBA—b—PAN and insert graph of PtBA—CPDT showing 7.

The TGA curve of PtBA-CPDT (Figure 3.14) clearly showed two different
stages. The first one between 210 and 240 °C was due to degradation of the tert—butyl
functional group. The formed carboxylic acid functional groups dehydrated to form a
cycled anhydride—type structure [20], as shown the degradation sequence outlined in
Figure 3.15. The second stage started around 300 °C and ending around 470 °C,
corresponded with the full degradation of the polymer. This suggested that PAN
cyclization process occurs together with the PtBA degradation, which may interfere with

the PAN stabilization and affect the pore structure of the resulting porous carbon fibers.
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Figure 3.14. TGA curves of PtBA—CPDT, PtBA—/—PAN and PAN homopolymer.
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Figure 3.15. Mechanism of tert—butyl acrylate decomposition.

PAN homopolymer (commercial; My, = 150,000 g mol ") profile showed the three

main loss stages already explained in Section 3.2.3.

PtBA—b—PAN exhibited four main loss stages. In the range 25—150 °C, some
weight loss could be observed due to evaporation of solvent traces. The first brief weight
loss stage, between 225 and 260 °C, was due to degradation of tert—butyl functional group.
A second loss stage, between 260 and 280 °C, was attributed to PAN cyclization process.
The third stage and most significant one in the range 285—465 °C, was due PAN
dehydrogenation together with PtBA full degradation. Finally, a slight weight loss
(~460—870 °C) corresponded with the fourth stage was due to carbonization of the
pre—stabilized PAN, through some denitrogenation reactions. The block copolymer

showed a final carbon yield close of 45 % after 800 °C.
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According to the presented results PtBA—b—PAN can be considered a potential

suitable precursor for PCFs.
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Chapter 4: Porous carbon fibers derived from block copolymers

Throughout this chapter, the process for obtaining fibers derived from PAN—based
block copolymers (BCPs) will be detailed as follows:

Firstly, the potential use of PS—h—PAN as precursor will be evaluated, by studying
the morphology and porous structure generated after carbonization of a film derived from
PS—bh—PAN, and direct carbonization of the BCP powder right after precipitation (bulk)
without any additional processing. Besides, a description of the obtention of PS—)—PAN
fibers will be presented, including the optimization of electrospinning to obtain the most
suitable parameters to produce a homogenous fiber mat. After establishing the thermal
conditions, the resulting porous carbon fibers were structurally and physiochemically

characterized.

Moreover, a comparative structural study has been carried out, based on the
influence of total degree of polymerization of PS—h—PAN precursor on the fiber structure
and overall porosity. This will be performed analyzing the morphology and
physicochemical characteristics of PCFs obtained using BCPs with lower and higher total

molecular weight, maintaining in both cases similar PS volume fraction.

Finally, the influence of the sacrificial block on morphology, carbon structure and
porosity of the fiber has also been evaluated. A BCP containing poly (tert—butyl acrylate)
(PtBA) as sacrificial block has been used to study the morphological and physicochemical
characteristics of PCFs, comparing both carbon fibers obtained from PS—/—PAN
(PS—PCFs) and PtBA—/—PAN (PtBA—PCFs).

4.1. Phase—separation and morphology of PS-6—PAN

The obtention of porous carbon materials based on carbonization of PAN—based
block copolymers containing a sacrificial block has attracted significant interest. This
method, called soft-templating, allows to obtain well defined carbon structures
presenting meso— and micropores simultaneously, through self—assembly between the
two immiscible blocks [114]. After thermal treatments that stabilize the generated
morphologies, carbon materials with controlled porosity can be obtained, preserving the
original morphology. In addition, the use of block copolymer templating presents a huge

versatility since it allows to obtain a wide range of morphologies by varying the
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parameters that define the phase domains, such as sacrificial block, molecular weight, and

composition, among others [115].

A preliminary study was carried out to confirm the PS—6—PAN suitability as
precursor of well—controlled porous carbon materials, and therefore to be able to produce
fibers by electrospinning, presenting high and controlled porosity after carbonization.
Moreover, this study was used to determine the optimal thermal treatments that allow to

preserve the generated morphologies.

A PS—b—PAN film was prepared by spin—coating and subjected to a two—step
thermal treatment, schematically illustrated in Figure 4.1. Spin—coating allows to
produce polymer thin films (60—100 nm) on a flat substrate. A solution of PS—6—PAN at
1.5 wt% in DMF was coated onto a clean silicon wafer at 3000 rpm. The porous carbon
film was obtained by subjecting the polymer film to post—thermal treatment. The film
was thermally annealed at 280 °C for 1 h under air flow, leading to PAN stabilization into
a ladder—like structure [49], followed by degradation of PS sacrificial block. In a second
thermal treatment at 800 °C for 1 h under N> atmosphere, carbonization of the already
stabilized PAN block was carried out, obtaining a partially graphitized structure, as

previously explained in Section 1.1.3 of Chapter 1 (Figure 1.7).

\ Porous carbon
% Polymer film film
-

Solvent
Self- assembly 2. 800 °C (N )

B
Figure 4.1. Preparation of porous carbon film derived from PS—s—PAN.

Therefore, to be a suitable carbon precursor, BCPs must contain a thermally
degradable and immiscible sacrificial block, which will produce uniform domains in the
PAN matrix. Furthermore, the decomposition temperature should not interfere with PAN
thermal stabilization, to maintain the original microphase—separated morphology.
According to PS—h—PAN thermal characterization showed in Section 3.2.3 of Chapter

3, PAN stabilization/cyclization and PS degradation are well separated process.
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As shows Figure 4.2a, the block copolymer exhibited a microphase separation
right after spin—coating, presenting a well-defined morphology consisting of
nanoribbons with lengths between 50—80 nm and laterally separated by a few tens of
nanometers. This nano—wired type of morphology has been detected in PS—containing
block copolymers [115]. Due to the similar electron density of PS and PAN blocks, SEM
was unable to detect the sacrificial block domains since there is no contrast between

phases.

However, after subsequent thermal treatments, PAN block was stabilized and PS
domains were thermally degraded, providing sufficient electron density contrast to clearly
detect the morphology. After carbonization, a topography forming discrete pores on the
PAN matrix was observed (Figure 4.2b). This image was captured using a T1 detector,
to observe the surface details with a contrast in z (A+B), which allows to visualize the
pores with higher quality. Due to the absence of phase contrast since PS and PAN blocks
present similar electron density, the right after spin—coating film images were captured
with a T2 detector in a topography mode. This detector allows to focus on the surface

topography and morphology.

Figure 4.2. (a) PS—h—PAN film after spin coating and (b) carbon film after stabilization and

subsequent carbonization.

Self—assembly of diblock copolymers into microphase—separated morphologies

takes place during spin—coating process due to the high solubility parameter differences

64



Chapter 4: Porous carbon fibers derived from block copolymers

between PS and PAN (A8 = 11.56 cal cm™>) in DMF [50], as well as the highly
unfavorable Flory Huggins interaction parameter between AN and St monomers (y =

0.829) [116].

It should be noted that this block copolymer did not show an ordered domain
morphology, typical of thermodynamic phase separation with similar compositions.
Instead, disordered PS domains were observed. This behavior was expected since, from
a kinetic point of view and due to the fast solvent evaporation, rapid phase separation
occurred during spin—coating process (similar to electrospinning). Furthermore,
Kowalewski et al. [117] observed that the phase diagram can be significantly modified
for PAN—based copolymers. This is attributed to the influence of intramolecular dipole
repulsion between neighboring pendant nitrile groups (—C=N-), which forms irregular
helical nanostructures. This tendency prevents the block copolymer from rearranging into

‘classical’ thermodynamic structures.

However, considering the phase—separation diagram of a diblock copolymer, and
according to the low volume fraction of PS (f' = 0.16), the film phase separation
morphology should correspond with PS spherical domains in a PAN matrix. Although, it
is closer to a transition into PS cylinders domains [118]. Therefore, both PS

spherical/cylindrical phase domains could be present, outlines in Figure 4.3.

i YYY PAN domains
. CN CN CN . (linear chains)

Figure 4.3. Scheme of the expected PAN and PS film phase—separation morphology.

On the other hand, and as previously mentioned, at around 280 °C under air

atmosphere PAN block stabilizes through cyclization reactions of nitrile groups. This first
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step is significantly important since it allows to “freeze” the microstructure before the

carbonization.

Further heating until 800 °C under N> atmosphere, reveled a highly porous carbon
film presenting mesopores with sizes ranging from 15-20 nm. Throughout the
carbonization process, although the structure already generated during stabilization is
retained, some increase in pore sizes may occur due to the large difference in the thermal
expansion coefficient of PAN and PS; 1.4 107° K" and 4.1 10* K}, respectively. These
pore size variations may also be found due to the completion of PAN cyclization process

and total PS degradation.

To study in depth the pore formation mechanism and pore structure generated
through the thermal treatment of PS—h—PAN precursor, the morphology and structure of
porous carbon powder (bulk) derived from the carbonization of PS—b—PAN was studied.
With this aim, the polymer powder obtained right after the synthesis, without any
additional processing, was thermally annealed at 280 °C under air atmosphere for 1 h and
carbonized at 800 °C under N> atmosphere for 1 h, following the scheme represented in

Figure 4.4. The resulting carbon powder was named as bulk.

m Co—precipitation 1. 280 °C (air) Bulk
> _— u
2. 800 °C (N
PAN-5-PS ™)
Polymer powder Porous carbon

powder
Figure 4.4. bulk material preparation scheme.

Figure 4.5. shows SEM and TEM images of bulk material after carbonization.
Similar to the morphology found in the film, bulk carbon material does not
self—assembled into any conventional block copolymer morphology. Instead, during the
co—precipitation process with a non—solvent (methanol), as described in the synthetic

procedure in Section 3.2.1 of Chapter 3, disorder domains are formed.

The bulk material exhibited a continuous porous surface morphology, which can

be detected not only in the surface but also along the internal material, suggesting certain
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degree of pore interconnectivity. This type of disordered carbon structure presenting

percolated pores has been seen in other PS—derived block copolymers [119].

Figure 4.5. (a) SEM and (b) TEM images of bulk material after carbonization.

Additionally, N> physisorption was carried out to determine SSAger value and
pore size distribution. Bulk material exhibited, according to IUPAC report [13], a type 11
isotherm (Figure 4.6a) characteristic of macroporous or non—porous materials,
suggesting a low pore density material. The SSAger value measured was 242 m? ¢!, with
a micropore SSA value obtained with t—plot method of 93.9 m? g"!. Even though a low
pore density is achieved, pore size distribution, shown in Figure 4.6b, exhibited several
pore adsorption peaks in the meso— and micropore range, revealing a hierarchical pore
structure. That structure has been reported to favor ion diffusion and thus, results in high
capacitance electrode materials [120]. The morphology retention capacity after
carbonization, together with the generated pore structure including micro— and mesopores
(hierarchical porosity) exhibited in carbon film and bulk carbon material, justifies the use

of PS—h—PAN as a suitable precursor to produce PCFs.
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Figure 4.6. (a) N, adsorption/desorption isotherm and (b) pore size distribution of bulk carbon

material.

4.2. PCFs derived from PS—b—PAN

Electrospinning is an efficient technique that uses the force of a voltage supply to
produce fibers with nanosized diameters, large surface area to volume ratio, and high
number of intra/inter fibrous pores, among others. Fibers obtained by electrospinning
had been used for a wide range of applications, from biological and chemical sensors to
part of flexible electronic devices [121,122]. Moreover, electrospinning allows to obtain

nanofibers from very different precursors, such as polyacrylonitrile or lignin [123—-126].

Particularly, the use of electrospinning has become in the last few years a powerful
and versatile technique for obtaining nanofibers from block copolymer (BCP) solutions
as fiber precursor [64]. After carbonization of the polymer mat, carbon porous fibers
(PCFs) can be obtained. The use of BCPs as precursors allows the generation of
microdomain rearranged fiber structures derived from the BCP self—assembly. The
obtained self—assembled microstructure can be retained after carbonization producing

uniform meso— and micropores throughout the fiber.

Multiple morphologies of the resulting phase separation can be generated during
thermodynamic BCP self—assembly, including spheres, cylinders, or lamellas, among
others [127]. However, due to fast solvent vaporization during electrospinning, less

thermodynamic control 1is expected. Instead, disordered, and interconnected
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morphologies via kinetic pathways are predictable. The use of BCPs as precursor to
obtained PCFs offers numerous advantages, including low cost, relatively simple process,

and high control over porosity.

Furthermore, PCFs represent an advanced and multifunctional material. PCFs
possess a combination of properties such as high conductivity, high surface areas, and,
very low densities, that make them ideal for their use in high efficiency electrochemical
energy storage devices. In addition, using BCP as precursors allows to obtain hierarchical
porous structures, improving access of electrolyte ion through the mesopores to the

micropore active sites.

Pore size distribution represents a critical factor to obtain ion—accessible surfaces
and fast ion diffusion kinetics, which strongly influence the electrochemical performance.
In this work, a soft template method has been used for obtaining porous carbon fibers
(PCFs) based on PAN—derived BCPs phase separation, using PS as a thermally
degradable sacrificial block.

Polymeric fibers were prepared by electrospinning of PS—h—PAN as precursor

dissolved in DMF, according to Figure 4.7.

High L
Voltage |

Figure 4.7. Scheme of the electrospinning process for obtaining nanofibers derived from

PS—b—PAN.

69



Chapter 4: Porous carbon fibers derived from block copolymers

4.2.1. Electrospinning optimization

As mentioned above, the use of BCPs as precursors to produce PCFs is a
promising and remarkably new method. In 2019, Zhou et al. [64] published the first report
on fibers produced from a PMMA—b—PAN block copolymer by electrospinning. The
study focused on the design of a high electrical conductivity and fast—charging PCFs
electrode. The reported PCFs present internal uniform mesopores, defined by block
copolymer microphase separation, with a high surface area. It is worth noting that our
work ‘Polyacrylonitrile—b—Polystyrene Block Copolymer—Derived Hierarchical Porous
Carbon Materials for Supercapacitor ' reported for the first time the use of PS—h—PAN to
produce fibers by electrospinning [105]. Therefore, electrospinning optimization was

notably important.

As mentioned in Section 2.2.2 of Chapter 2, the main parameters affecting
electrospinning are divided into three types, and variations of them can cause substantial

fiber shape changes [128]:

- Parameters affecting the solution: viscosity, polymer molecular weight, solution
concentration, surface tension, and conductivity.

- Parameters affecting the process: working voltage, feed rate, and distance
between the tip and collector.

- Ambient parameters: temperature, pressure, and humidity.

For the selection of the starting work parameters, the reported parameters found
in the bibliography based on electrospinning of PS/PAN blends were taken as a starting
point (Table 4.1).
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Table 4.1. Summarized parameter conditions for electrospinning of fibers obtained from PS/PAN

blends compiled from literature.

Molecular wt% Voltage Feed Working
weight PS/PAN in (kV) rate distance Ref
(10° g mol™) DMF (mL h™) (cm)
PS; 150 18 25 0.6—1.8 10 [129]
PAN; 80
PS; 250 15 14 1.0 17 [130]
PAN; 150
PS; 350 9-15 18—20 0.6 15 [131]
PAN; 150
PS; 280 10 15 0.5 15 [132]
PAN; 150
PS; 35 10 15 1.0 15 [133]
PAN; 130

Considering a midpoint of the parameters collected in Table 4.1, the following
parameters were initially selected: 0.5 mL h™! feed rate, 18 kV of working voltage, and

15 cm of distance between tip and collector.

Solution viscoelasticity, charge density carried by the jet, and solution surface
tension are the main factors influencing the formation of beads in electrospinning. Beaded
electrospun fibers usually appear when the solution concentration or polymer molecular
weight are too low, among other influencing parameters. Those fibers can reduce specific
surface area and affect fiber diameters and mechanical strength; therefore,
electrospinning parameters are often optimized to remove beads from the fiber mat. These

parameters were first evaluated and fitted to select our working conditions.

- Effect of solution concentration

Polymer concentration is the key and more critical electrospinning parameter to
obtain homogenous fibers, since polymer solutions with a low concentration affect the
surface tension, which leads to the formation of beads through the fiber. It was previously
reported for PVP [134] and PMMA [135] electrospun fibers how an increase in polymer
concentration leads to increased fiber formation against beading, considering a single
molecular weight. In the same way, it was shown how low molecular weights (< 60,000

g mol ') only achieved the formation of bead—fiber morphology even if concentration
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increased. To evaluate solution viscosity, concentration was varied between 10—-25 wt%

in DMF, while PS—h—PAN molecular weight was maintained (~118,710 g mol ™).

It was confirmed that for low concentration, 10 wt% of PS—Hh—PAN in DMF,
electrospun beads were mainly obtained (show in Figure 4.8a) since low viscosity affects
the jet stability during electrospinning. Keeping the rest of the parameters constant, an
increase in concentration between 10 and 18 wt%, leaded to the formation of beaded
fibers with a progressive decrease in the bead number (Figure 4.8b, ¢). Polymer solution
concentration between 20—25 wt% produces too viscous formula, causing dripping and
solidification at the needle tip during the electrospinning process. Therefore, an increase
up to 20 wt% was finally the most suited concentration, obtaining a more uniform fiber
shape, even though some isolated beads still remain (not shown in Figure 4.8). Figure

4.9 summarized the electrospinning optimization in terms of shape and beaded

electrospun fibers for different concentrations of PS—h—PAN in DMF.

Figure 4.8. (a) Electrospray beads obtained from PS—/—PAN solution at 10 wt%, (b)
beaded—fiber morphologies obtained from solution at 14 wt% and (c) 18 wt% and (d) Electrospun

fibers obtained from solution at 20 wt%.
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Figure 4.9. Scheme representing the three morphologies obtained through varying solution

concentration.

- Effect of working potential

Electrospun fiber formation occurs only when the applied voltage surpasses the
threshold voltage (about ~ 1 kV cm™!). An increase in the applied electric voltage
involves an increase of the polymer solution electrostatic force and stretching of the jet.
It was observed for PVA fibers that an increase in applied voltage leads to changes in
fiber shape and to obtain larger fiber diameters [136]. Throughout the optimization
process, some tests were carried out to verify the influence of voltage on the fiber shape,
since it was intended to obtain larger fiber diameters in addition to the bead removal.
Electrospinning was carried out varying the working voltage from 18 to 22 kV. As shown
in Figure 4.10, unnoticeable shape changes were detected with an increase in applied
voltage. In all cases the same diameter distribution was maintained. As a result, for

practical reasons the applied voltage was fixed at 18 kV.

Figure 4.10. SEM images of the electrospun fibers with applied voltage of (a) 18 kV and (b) 22
kV.
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- Effect of feed rate

Feed rate variations were tested to accelerate fiber production. The feeding rate
increased from 0.5 to 2.0 mL h™!. As observed, no substantial changes were detected on
fiber morphology by increasing feed rate, showing similar diameters in all tested samples
(Figure 4.11). For higher feed rates (2 mL h™!) solution dripping was observed along the

electrospinning process, so the optimal feed rate was fixed at 1.5 mL h™.

Figure 4.11. SEM images of the electrospun fibers obtained with a feed rate of (a) 0.5 mL h™'
and (b) 1.5mL h™'.

After optimization, the most suited electrospinning parameters and conditions

were the following ones (Table 4.2):
Table 4.2. Summary of the electrospinning parameters.

Solvent  Concentration  Voltage Feedrate T (°C) Working RH

(wt%) (kV) (mL h™) distance (%)
(cm)
DMF 20 18 1.5 20-25 15 ~40

Note that ambient parameters were not considered as a part of the optimization
process, maintaining constant with operating temperatures between 20—25 °C under ~ 40

% RH humidity.
4.2.2. PS—PCFs: Morphological and structural characterization

The electrospun fiber microstructure was characterized by scanning electron
microscopy (SEM). Fibers were sputtered applying an ultra—thin coating of Au layer.

SEM images (Figure 4.12a) show an entangled fiber mat with relatively homogenous
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diameters, presenting an average value of 107 £4 nm. Size distribution is represented in
Figure 4.12¢ (distributions were calculated using a logarithmic function). Nanofibers
showed rough surfaces (see Figure 4.12b) due to fast evaporation and deformation during
electrospinning process. As it was predicted, this rapid evaporation prevents the block

copolymer from self—assembling into any classical thermodynamic morphologies [56],

forming disorder microphase—separated structures instead.

(C) AD=107+4

Counts

0 50 100 150 200 250 300 350 400
Fiber diameter (nm)

Figure 4.12. (a) PS—b—PAN fiber mat, (b) fiber surface and (c) fiber diameter distribution.

The electrospun PS—b—PAN fiber mat was sequentially carbonized in a two—step
thermal treatment: First stage at 280 °C stabilizes the structure through oxidation and
cyclization of PAN block. A second stage at 800 °C leads to complete carbonization,
where first PS thermal decomposition takes place. The following scheme represents the
process (Figure 4.13). Porous carbon fibers derived from PS—/—PAN were named as

PS—PCFs.
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Figure 4.13. Scheme of the obtention of PCFs from PS—b—PAN—derived fibers (PS—PCFs).

PS—PCFs microstructure was characterized by scanning electron microscopy
(SEM) and transmission electron microscopy (TEM) as shown in Figure 4.14 and 4.15,
respectively. After carbonization, fibers maintain their shape, presenting an average
diameter of 105 £5 nm (Figure 4.14b). The diameters showed a slight decrease in
reference to the 107 +4 nm average diameter of as—spun nanofibers. Fibers exhibit
abundant mesopores along the surface and cross section, with an average pore size of 9.5
+2 nm (Figure 4.15d). Although, it should be noted that due to the low—resolution of
high—magnification SEM images, it is not possible to confirm if surface and interior
mesopores are interconnected. Covering with a thin layer of iridium has demonstrated to
increase conductivity of the PS—PCFs samples, detecting around 10 nm pore sizes with
high resolution [58]. Anyway, regarding the morphology obtained in bulk material (see
Section 4.1), it may be possible to assume that interior pores are not closed and present a

certain degree of interconnectivity.
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Figure 4.14. (a) SEM image of fiber mat after carbonization with cross section of a single carbon

fiber and (b) PCFs diameter distribution.
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Figure 4.15. (a), (b) and (c) PS—PCFs TEM images, and (d) pore size distribution.

Raman spectroscopy provides information about ordered and disordered carbon
structures. In Figure 4.16a, mesoporous fiber Raman spectra shows the characteristic
bands of graphitic features (“G band”) at 1334.9 cm ! and disordered structures (“D
band”) at 1583.6 cm™!. G band corresponds to phonons propagating along the graphene
sheets and is related to nanocrystalline graphite. The D band is consistent to disorder
features in the graphite. Therefore, the intensity ratio of D and G bands (Ip/IG) is indicative
of the amorphous or graphitic character of the carbon material [90,137]. PS—PCFs
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presented a value of 1.11, showing a preferentially disorder carbon structure with
moderate degree of graphitization. This is confirmed with the XRD pattern (Figure
4.16b), which showed a broad peak around 25° assigned to (002), typically related to
pyrolytic or graphitic carbon structures [138]. The low intensity suggests a predominantly
amorphous carbon structure, presenting a low concentration of ordered graphitic planes,
which can be a beneficial feature since higher graphitization degrees are related to lower
micropore and heteroatom content [139]. This is due to the decrease in the number of

defects in the carbon structures and consequent collapse of the micropores.
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Figure 4.16. (a) Raman spectra, (b) XRD pattern, (c) N> adsorption/desorption isotherm, and (d)
BJH pore size distribution of PS—PCFs.

To further examined the overall mesopore structure observed by TEM (Figure
4.15) and determined specific surface area and pore size distribution,

N> adsorption/desorption analysis was conducted. PS—PCFs exhibited an isotherm with a
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large hysteresis loop, which according to IUPAC [13] indicates the presence of
mesopores (2—50 nm) (Figure 4.16c). The hysteresis loop can be classified as a
combination of type H1 and type H2 (see scheme in Figure 4.17). In the first type,
cylindrical type pores can be found. In the second one, the pore presented in the carbon
network is ink—bottle type preferentially. In the last case, desorption depends on the neck
size and pore interconnectivity and its beginning is associated with the percolation
threshold and the formation of a continuous group of pores opened to the surface. Since
gas physisorption is only able to determine the volume adsorbed in open pores, closed
pores cannot be accessible by this technique [140]. Moreover, this type of H2 hysteresis
loop starting at a relative pressure of 0.45 is associated with a cavitation type of desorption
mechanism [141]. Figure 4.17 shows the pore structure expected for PS—PCFs according
to isotherm information. The BET specific surface area reached a moderately high value
of 495.7 m? g !, with a high surface area of micropores (366.1 m? g'!) as revealed by the
t—plot analysis. The BJH pore size distribution of the adsorption branch (Figure 4.16d)
showed multiple peaks, predominantly micro—/mesopores in the range between 1.7—15
nm. Therefore, PCFs shown hierarchical pore structure, comprising micro—/meso— and
inter—fiber macropores. This type of porosity has been demonstrated to improve ion

pathways that reduce distances from the electrolyte to the micropores actives sites [30].
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Figure 4.17. Scheme of the pore structure—type expected for PS—PCFs.

The surface element composition was determined using X-ray photoelectron
spectroscopy (XPS). The PS—PCFs XPS survey spectrum shown in Figure 4.18a displays
peaks corresponding with C 1s, N 1s, and O 1s. The N 1s spectrum (Figure 4.18b) was
deconvoluted into four peaks corresponded to pyridinic nitrogen (N—6) at 398.2 eV,
pyrrolic and amide nitrogen at 399.9 eV (N—5 and O=C—N), graphitic or quaternary
nitrogen (N—Q) at 400.9 eV, and oxidized pyridinic nitrogen (N—O) at 403.3 eV according
to literature [142,143]. The O 1s spectrum (Figure 4.18¢) can be deconvoluted as well
into four different peaks corresponding to quinone type groups (C=0; O—I) at 530.6 eV,
phenol and/or ether groups (C—OH and/or C—O—C; O-II) at 532.5 eV, ester and/or
carboxylic groups (O—C=0 and/or COOH; O—III) at 534 eV, and chemisorbed water or
amide groups (O=C—N; O—1V) at 535.5 eV [144,145].
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Figure 4.18. (a) XPS survey spectrum of PS—PCFs, (b) and (c) display the deconvoluted
high—resolution spectra of N 1s and O 1s, respectively, and (d) shows the different types of

N-—containing functionalities.

PS—PCFs nitrogen atoms are intrinsically present in the PAN block, while oxygen
atoms were introduced along the stabilization thermal treatment under air atmosphere.
The relative surface concentrations of N and O heteroatoms, as well as the different
functional groups concentrations were collected in Table 4.3, showing a reasonably
N/O-rich carbon material. N peak deconvolution centered at 398.2 and 399.9 eV revealed
a high relative content of pyridinic and pyrrolic nitrogen atoms (24.3 and 40.4 %,
respectively). It has been reported that these N—derived functional groups actively
participate in electrochemical activity [146], increasing surface redox reactions, and thus

introducing pseudocapacitance, which contributes to obtain higher energy densities.
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Table 4.3. Relative atomic composition, and nitrogen and oxygen species content obtained by

fitting N 1s and O 1s high—resolution XPS spectra of PS—PCFs.

Heteroatom Content (%); (binding energy (eV)) N/O (%)
functional group
N—-6 24.3;(398.2)
N-5 40.4; (400.6) 73
N-Q 7.0; (400.9)
N-O 28.3;(398.2)
O-1 5.3;(530.4)
O-11 46.2; (532.6) 45
O-III 16.2; (534.1)
o-1v 32.3;(535.4)

Furthermore, it is well known that the presence of basic heteroatoms in the carbon
network enhances ion diffusion and electrolyte wettability [147]. The wettability of the
fiber mat was studied by contact angle measurement, before and after carbonization. A
KOH (6M) solution was used, since it is the electrolyte selected for the electrochemical
measurements. Figure 4.19 shows the images of the droplet on the fiber mat surface.
Clearly, a large contact angle was observed on the fiber mat prior to carbonization, while
the droplet rapidly spread on carbonized fiber surface, resulting in an increase of the
wetting capability, and therefore increasing hydrophilic behavior. This high KOH
solution wettability may result in an improvement of available surface for ion diffusion.

(@) (b)

Figure 4.19. Image of KOH solution drops on the fiber mat surface (a) before and (b) after

carbonization.
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4.2.3. HN_PS—PCFs: Morphological and structural characterization

The produced PS—PCFs from PS—h—PAN as precursor showed a highly porous
structure with a considerably high carbon yield (~ 50 %) due to the low volume fraction
of PS sacrificial block (fps = 0.16). The idea of increasing the degree of polymerization
(Nwot = Nps + Npan) of the PS—=6—PAN copolymer precursor while maintaining a low
volume fraction of PS sacrificial block, has been proposed. This approach aims to achieve
larger fiber diameters, while preserving high porosity and carbon yield. As it was
previously mentioned, increasing molecular weight leads to larger fiber diameters [148].
It has been observed that increasing the molecular weight of the copolymer precursor
results in larger fiber diameters, as mentioned earlier. Moreover, varying N values in
PAN-based block copolymers while maintaining similar block compositions, has
revealed to be an effective method for modulating the pore volume and specific surface

area of the resulting porous carbon materials [57].

It is well established that the phase diagram of an A—B diblock copolymer is
mainly affected by intrinsic parameters, such as interaction parameter (), number of
statistical segments per chain or total degree of polymerization () and volume fraction
(f) [55,149,150]. At a given temperature, these parameters determine the type of
morphologies generated during self—assembly, and therefore directly influence the
porous microstructure. A study comparing two PS—h—PAN block copolymers with
different molecular weights has been carried out, focused on the effect of molecular
weight on the microphase separation, and consequent carbon fiber structure and
morphology. A schematic illustration is presented in Figure 4.20. Fiber precursor with
lower N and higher N corresponded with Stiso—b—ANigos and Stzo1—H—ANus07,
respectively. Carbon fibers obtained from PS—h—PAN with higher degree of
polymerization (N) were named as HN_PS—PCFs.
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Figure 4.20 Schematic illustration of the representative morphology of lowest N (above) and

highest N (below): PS—PCFs and HN_PS—PCFs, respectively.

As explained above, PS—-h—PAN does not self—assembled into any classical
morphology, due to the fast solvent evaporation during electrospinning, as well as the
influence of intramolecular dipole repulsion between neighboring pendant nitrile groups
(—C=N-) of PAN block, resulting in the formation of irregular helical nanostructures that
avoid rearrangement into thermodynamic structures. However, size of the disorder
domains, as mentioned earlier, is mainly affected by the volume fraction of the sacrificial
PS block (fps) and the product of the Flory—Huggins interaction parameter and the degree
of polymerization of the PAN block (yN).

The copolymer Sta91—b—ANus07 was synthesized and characterized as described in
Section 3.2.4 of Chapter 3. This BCP exhibited a slightly lower PS volume fraction (fps
=0.11) than that obtained in Stis2—b—ANi90s (fps = 0.16) but closed enough to minimize
or reduce its contribution to the phase separation morphology, since the difference
between N values is substantially great. Total N can be easily calculated by adding the
respective degree of polymerization of both blocks (N = Nps + Npan). Stoo1—b—AN4s07 and
Stis2—b—ANi190s showed N values of 4798 and 2070, respectively.
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Moreover, without considering the contribution of the molecular weight in the
interaction parameter, we can assume that both copolymers (Stao1—b—ANass07 and
Stis2—b—ANi1908) have the same polymer—polymer interaction parameter (yps-pan = 0.3).
Considering that polymers with very large N values show hindered chain mobility after
Tg, it is expected to find less disperse PS domains in the highest N value BCP
(St291—b—ANa4s07), and thus fewer or more isolated pores in the resulting PCFs (Figure

4.21).

u PAN domains

StzDJ_b_ANism
(>>>N)

Stl62_b_‘AN 1908

(>N)
Higher chain _JLower.c.hain
mobility mobility

PS domains PS domains

Figure 4.21. Expected phase—separation behavior of Stog;—h—AN4s07 and Stis,—b—AN 1908 showing
PAN and PS domains according to the predicted chain mobility.

The electrospinning parameters used to obtain BCP—derived fibers with the
highest N value (St291—b—ANas07) were the same as those used for the BCP —derived fibers
with the lowest N value, see Table 4.2 in Section 4.2. Prior to electrospinning, block

copolymer solutions were stirred at 50 °C for 24 h to ensure complete dissolution.

Right after electrospinning, the fiber mat was examined by SEM, showing fibers
along with the presence of some isolated beads as showed in Figure 4.22a. However,
diameters appeared moderately homogenous. Diameter distribution is centered at 118+5
nm, which is substantially larger than those fibers obtained from a BCP with lower N
(1075 nm). This agrees with previous homopolymer studies, in which increasing
molecular weight leads to an increment in fiber diameters [151]. Regarding the
identification of phases in the fiber morphology, SEM images do not show the rough
surface seen for Stie2—b—ANi90s copolymer (see Figure 4.12) which may be due to the
acquisition mode. However, after oxidation and carbonization, TEM images clearly

revealed a microstructure with abundant mesopores along the fiber length.
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AD=118%5

50 100 150 200 250
Fiber diameter (nm)

Figure 4.22. (a) Stzo1—bh—ANaso7—derived fiber mat, (b) fiber surface, and (c) fiber diameter

distribution.

Sta91—b—ANuso7—derived fiber mat was thermally annealed at 280 °C for 1 h under
oxidizing atmosphere and carbonized at 800 °C for 1 h under N flow. The resulting
HN PS—PCFs were analyzed by TEM. TEM images shown in Figure 4.23, exhibited
mesopore size significantly larger and more isolated pores, centered at around 14.043 nm,
than those in PS—PCFs (mesopore size ~ 9.5 nm). This corroborates that higher degree of

polymerization produces fewer and isolated PS domains in the PAN arrays.

APS=14.0%3 nm

Count

0 5 10 15 20 25 30

Pore size (nm)

Figure 4.23. (a), (b) and (c¢) TEM images of mesoporous HN_PS—PCFs and (d) pore size

distribution.
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Raman spectroscopy (Figure 4.24a) was analyzed to further elucidate the carbon
structure and compare the influence of using BCPs with higher and lower N as precursor.
Both materials, HN PS—PCFs and PS—PCFs, displayed the distinctive bands related to
graphitic (“G band”) between ~1560—1600 cm ! and disordered features (“D band”)
between ~1320—1350 cm™!. As it was determined in previous section, intensity ratio
between D and G bands (Ip/Ig) presented a value of 1.11 for PS—PCFs, demonstrating a
preferentially disorder carbon structure. This ratio is significantly reduced for
HN PS—PCFs, exhibiting a value of 0.86. Therefore, HN PS—PCFs fibers apparently
showed a higher degree of graphitization. This outcome may be attributed to the
formation of more isolated PS domains, which results in larger PAN domains size. Upon
carbonization, the increased size of PAN domains contributes to a greater number of

graphitic layers in the final material.

The XRD pattern (Figure 4.24b) of both carbon fiber materials showed the
characteristic broad peak around 25° assigned to (002), commonly observed in pyrolytic
or graphitic carbon structures [93]. The XRD pattern of HN_ PS—PCFs does not show
any significant shift in the (002) peak compared to PS—PCFs, indicating that there are no

important changes in the order of the graphitic planes.
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Figure 4.24. (a) Raman spectra, (b) XRD pattern, (c) N, adsorption/desorption isotherms, and (d)
BJH pore size distribution of HN_PS—PCFs and PS—PCFs.

Pore size distribution and specific surface areas were determined by N
physisorption. HN_PS—PCFs presented a similar isotherm (showed in Figure 4.24c¢) to
that found for PS—PCFs, exhibiting the characteristic hysteresis loop related to capillary
condensation within the material mesopore [13]. As shown in Table 4.4, the SSAger
value reached for HN PS—PCFs is considerably reduced respect to PS—PCFs, in fact, a
decrease in the micropore content was also observed. This behavior is in agreement with
other results obtained for PAN—based BCP—derived PCFs [58]. The decrease SSARgEgT is
caused by the increase in N value, which reduces or hinders the chain mobility, causing
larger and isolated sacrificial block domains, and thus leading to an increase in the
average mesopore size and a decrease in SSAger value. Confirming the pore size
distribution measured from TEM images, HN PS—PCFs presented a few adsorption
peaks related to pore sizes between 11—17 nm that cannot be detected for PS—PCFs
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(Figure 4.24d). These results verify that mesopore size is strongly affected by the overall

molecular weight of the BCP precursor.

Table 4.4. HN_PS—PCFs and PS—PCFs textural characteristics.

Material SSABET®  SSAmicro” Vot Vmicro4 SSAmeso/ SSAmicro®
m*g™  m’g")  (emdg!) (cmdg?)
HN_ PS—PCFs 220.5 115.8 0.18 0.11 0.90
PS—PCFs 495.7 366.1 0.33 0.18 0.35

aBET surface area calculated from the linear part of the BET plot (P/Py= 0.05-0.25); ° t—plot
micropore area; ° total pore volume, taken from the N, volume adsorbed at P/Py = 0.90; ¢ total pore
volume, taken from the N> volume adsorbed at P/Po= 0.015; and °® mesopore/micropore ratio,

Where SSAmeso = SSABET— SSAmicro-

XPS was carried out in order to study changes in the fiber surface chemical
composition as the total molecular weight of the PS—h—PAN copolymer precursor
increased. Full spectra shown in Figure 4.25 exhibited peaks corresponding to C 1s, N
Is, and O 1s, for both fiber materials (HN PS—PCFs and PS—PCFs). Nitrogen content
and N—containing functional groups concentrations are summarized in Table 4.5. The
nitrogen relative content reached for HN_PS—PCFs (16.1%) doubles that of PS—PCFs
(7.8%). This can be attributed, as previously explained, to the highest number of isolated
PS domains that causes larger PAN domain sizes, which after carbonization lead to larger
graphene—type layers, together with a slightly decrease in PS volume fraction (f = 0.11).
Moreover, the content of N—graphitic notably increased, since larger PAN—derived
carbon graphite layers may contribute to reaching a higher degree of graphitization, as

demonstrated by Raman spectroscopy.

On the other hand, high—resolution O 1s spectra in Figure 4.26 showed similar
oxygen functional groups concentration for both fibers. The total content of oxygen and
nitrogen increased for HN PS—PCFs (Table 4.5), due to the different PAN rearrangement
along the fiber. These findings highlight how variations in the molecular weight of the
block copolymer precursor can cause remarkable structural modifications, in terms of
carbon fiber diameter, degree of graphitization, pore structure, and surface heteroatom

content.
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Figure 4.25. (a) Comparative XPS full spectra of HN_PS—PCFs and PS—PCFs, (b) scheme

representing N—containing functional groups presented in the PCFs, and high—resolution N 1s

spectra of (¢) HN_PS—PCFs and (d) PS—PCFs.
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Figure 4.26. High—resolution O 1s spectra of (a) HN_PS—PCFs and (b) PS—PCFs.
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Table 4.5. Relative atomic composition and nitrogen and oxygen species content of PS—PCFs

and HN_PS—PCFs obtained by fitting N 1s and O 1s high—resolution peaks.

Material Heteroatom Content (%); N/O
functional group (binding energy (eV)) (%)
N-6 24.3;(398.2)
N-5 40.4; (400.6) 78
N-Q 7.0; (400.9)
PS—PCFs N-O 28.3; (402.5)
0O-1 5.3;(530.4)
O-11 46.2; (532.6) 4.5
o111 16.2; (534.1)
o-1V 32.3; (535.4)
N-6 31.7; (398.1)
N-5 3.9;(399.3) 16.1
N-Q 37.4; (400.7)
HN_PS-PCFs N-O 27.0; (402.8)
o-1 7.6; (530.3)
O-11 68.4; (532.1) ss
O-11I 2.9: (533.7)
O-1V 21.2; (535.0)
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4.3. PCFs derived from PtBA—-5—PAN

Fiber morphology and pore structure can be also modified by varying the nature
of the sacrificial block in the PAN—based BCP fiber precursor. Producing PCFs
presenting various fiber diameters, pore sizes, and chemical surface composition is
essential to expand their field of potential applications. Therefore, to study the influence
of sacrificial block on the pore structure and fiber morphology, a comparative study
between fibers produced from PS—H-PAN and PtBA-H—PAN copolymers has been
carried out. A scheme illustrating this study is represented in Figure 4.27. Fibers

produced from PS—-h—PAN and PtBA-H—PAN were named as PS—PCFs and PtBA—PCFs,

respectively.

Electrospun fiber mat Porous carbon fiber mat

Electrospinning ; ii %E %g : 1. 280 °C (air)

2. 800 °C (N,)

PAN matrix J
“PS domains Hierarchical

porosity

PS—PCFs

Electrospun fiber mat Porous carbon fiber mat

PtBA-PCFs
1. 280 °C (dll")

Electrospinning 2.800°C (N,) (Ny)

“PAN matrix
\PlB.\ domains

Micropore—rich

Figure 4.27. Comparison of PCFs obtained from electrospinning of PS—5—PAN and PtBA—b-

PAN copolymers as precursors.

The influence on the pore structure of the thermally unstable sacrificial block in
PAN—containing polymer blends has been widely studied using different sacrificial
polymers, including PS and PMMA [132,152,153]. Compatibility between sacrificial and

carbonizing polymer (PAN) is a key parameter to obtain well—controlled and tunable pore
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size structures [50]. Phase separation occurs in the absence of favorable intermolecular
interactions between the two polymers. The morphology generated by the
phase—separated domains due to polymer immiscibility will determine the shape and pore
size of carbon microstructures upon pyrolysis. Therefore, pore formation and
microstructure are highly dependent on the compatibility between PAN and sacrificial
polymer. Herein, a study focusing on morphological changes was performed by
introducing a different sacrificial block, Poly (t—butyl acrylate) (PtBA), in PAN—based
BCP fiber precursor.

Despite the fact that the use of PS-h—PAN, presenting a low PS volume fraction
(f =0.16), leads to a disordered morphology due to rapid evaporation the solvent (kinetic
control) during electrospinning, the size of the generated disorder domains will be

affected by two main parameters:

- yIV: Degree of segregation, in which y corresponds with interaction parameter
between the two immiscible block polymers and N represents total degree of
polymerization.

- fs: Volume fraction of the sacrificial block polymer.

Increasing both yN, and fsg has been demonstrated to produce larger sacrificial

block domains sizes [57,58].

The choice of PtBA as sacrificial block (SB) to evaluate the influence of SB nature
on the pore structure is based on three main characteristics. First, PtBA is incompatible
with PAN block, second, it can be thermally degraded at a relative low temperature (~
465 °C) and third, it exhibits quite different thermal behavior compared to PS (Tgpsy= 90

°C; Tgrema)= 40 °C), which can also affect the final morphology.

PtBA-b—PAN synthesis and characterization is described in Section 3.3 of
Chapter 3. This BCP exhibited slightly higher molecular weight and slightly lower SB
volume fraction (fsg = 0.11) than that found in PS-b—PAN (fsg = 0.16), but close enough
to ignore its contribution to the phase separation morphology. Therefore, SB volume
fraction should not be the determining parameter in the expected morphological and
structural changes of the fibers. An analysis of the interaction parameter y between PAN

and both SB (PS and PtBA) revealed a significant difference in the predicted SB-PAN
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miscibility. y(se-pan interaction parameter can be easily calculated using an approximation

with the following equation [154]:

2
_ Vref(6A B (S‘B)§
XaBp = RT (4.1)

where Vier is the reference volume of the binary polymer mixture, often used as 100 cm?
mol!. §, and &5 are solubility parameters of the constituent blocks, R is gas constant

(8.31 J K ' mol™!), and T is room temperature (293 K).

Hildebrand solubility parameter (8) provides a number estimating the degree of
interaction between polymers and can be a reliable indicator of polymer solubility.
Solubility parameters of PAN, PS, and PtBA found in the bibliography were compiled in

Table 4.6, as well as the calculated polymer—polymer interaction parameters.

Table 4.6. Solubility parameters (3) of PAN and sacrificial blocks (PS and PtBA), solubility

parameters differences, and polymer—polymer interaction ().

Polymer & (MPal?) (dpan-0s8)'** Polymer—Polymer  Ref
interaction (y)*

PAN 25.6 - - [50]
PS 18.6 2.95 0.3 [50]
PtBA 24.7 0.95 0.08 [155]

* Considering the interaction between PAN and sacrificial block.

As can be detected from the polymer—polymer interaction parameter, the
immiscibility between PAN and PS is much higher than that with PtBA. Increasing the
difference in solubility or immiscibility leads to larger domain sizes of disperse phase
(sacrificial block). Therefore, PtBA—H/—PAN is expected to form smaller PtBA domains,
and as a result, a predominance of micropores versus mesopores will be also predicted
after carbonization. Figure 4.28 provides a schematic and comparative illustration of

phase domains for both sacrificial blocks.
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Figure 4.28. Expected phase domains resulting from the phase separation of PS—A)—PAN and
PtBA—b—PAN.

Reducing size domains may be particularly interesting since increasing
compactness with minimal ‘dead volume’ is crucial for efficient supercapacitors in
electric devices. Large mesopore sizes between > 20 nm had been demonstrated not to
contribute to electrochemical performance [156,157]. Although electric double layer
formation requires micropores, mesopores are necessary to serve as ion—buffer reservoirs
and ion transportation pathways that reduces distances from the bulk electrolyte to
micropore active sites. Thus, it is essential to be able to create a strategy to packing the
carbonaceous structure by reducing mesopore sizes without compromising the charge
storage capacity. This can be achieved modifying pore size of carbonaceous materials by

using different sacrificial blocks.
4.3.1. PtBA—PCFs: Morphological and structural characterization

The following section describes the microstructural differences found in
PtBA—b—PAN—derived fibers, compared to PS—6—PAN—derived fibers described above
(section 4.2). To study the influence of the sacrificial block on fiber morphology, the
same electrospinning parameters and conditions were used as for obtaining PS—bH—
PAN—derived fibers (see Table 4.2 in Section 4.2). Prior to electrospinning, the block

copolymer solutions were stirred at 35 °C for 24 h to ensure complete dissolution.

Fiber morphology was evaluated by SEM (images shown in Figure 4.29a). The
PtBA—bh—PAN fiber mat showed a bead—fiber type of morphology, with the presence of

several beads of different sizes (see Figure 4.22a). It has already been explained in

95



Chapter 4: Porous carbon fibers derived from block copolymers

Section 4.2, that the formation of beads is associated, among others, with low viscosity.
This parameter has a huge impact on the shape of the fiber. The observed changes in fiber
morphology, using the same electrospinning parameters, demonstrate how the sacrificial
block, even at lower volume fractions (fsg = 0.11—0.16), not only affects the size of the
disperse phase domains, but also influences the intrinsic properties of the solution, like
viscosity. Since the idea of this project was to modify the sacrificial block keeping the
other parameters constant, fiber optimization was not performed. It is worth noting that
to obtain a homogenous fiber mat, varying the polymer concentration (to increase
viscosity) or ionic strength of the solution, by introducing a small amount of ionic salts,

would probably reduce the bead formation.

Fiber diameters were decreased compared to PS—h—PAN-—derived fiber mat
(105£5 nm), showing widely disperse diameters centered in 61.8+3.0 nm. Furthermore,
the PtBA—b—PAN—derived fibers showed smother surfaces, presumably due to the
weaker phase segregation between PtBA and PAN compared to PS.

(a) (b)
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Figure 4.29. (a) SEM image of PtBA—b—PAN—derived fiber mat showing bead formation, (b)

fiber surface, and (c) fiber diameter distribution.

PtBA—b—PAN—derived fiber mat was thermally annealed at 280 °C for 1 h under
oxidizing atmosphere and carbonized at 800 °C for 1 h under N> flow. TEM images of
PtBA—PCFs (Figure 4.30) showed significantly lower pore concentration along the fiber
length than PS—PCFs. At high magnification it is possible to distinguish small mesopores
centered at ~ 6.6 nm, which are clearly smaller compared to the average mesopore size

(~ 9.5 nm) found for PS—PCFs.
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Figure 4.30. (a) TEM image of PtBA—PCFs, (b) magnified TEM image showing mesopores

around 6.6 nm, and (c) pore size distribution.

Raman spectroscopy was evaluated to examine and compare the two different
carbon fiber structures derived from PAN—-based BCPs (Figure 4.31a). Both fiber
materials (PS—PCFs and PtBA—PCFs) displayed the distinctive bands related to graphitic
(“G band”) between ~1560—1600 cm ' and disordered features (“D band”) between
~1320-1350 cm™!. While intensity ratio between D and G bands (Ip/Ig) presented a value
of 1.11 for PS—PCFs, demonstrating a preferentially disorder carbon structure, this ratio
is considerably reduced for PtBA—PCFs, with a value of 0.85. PtBA—PCFs seem to
exhibit a higher degree of graphitization. This increase may be related to the slightly

higher PAN content, which after carbonization introduces more graphitic layers.

XRD patterns (Figure 4.31b) of both carbon nanofibers, showed a broad peak
around 25° that can be assigned to (002), typically related to pyrolytic or graphitic carbon
structures [153]. The low intensity together with the poor definition of the peak suggest
a predominantly amorphous carbon structure. Moreover, this peak is shifted to higher
angles for PtBA—PCF (~ 26.5°) compared to PS—PCFs (~ 25.2°), which according to
Braggs’ law, shows a decrease in the interlayer spacing d(002). This decrease indicates that
the graphite crystallites change from a turbostratic structure towards a more slightly
ordered alignment. Regardless of this slight change in crystallinity and graphitization
degree, both fiber materials present a highly disorder and amorphous structure. The
obtaining of preferentially disordered structures can be attributed to the porous channels
produced by the sacrificial block, which may structurally obstruct the orientation of PAN
crystals along the fiber axis [138].
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Figure 4.31. (a) Raman spectra, (b) XRD patterns, (c) N> adsorption/desorption isotherms, and
(d) BJH pore size distribution of PS—PCFs and PtBA—PCFs.

N2 adsorption/desorption analysis was performed to further study and confirm the
expected changes in the overall pore structure. PtBA—PCF showed an isotherm with rapid
N> uptake at lower relative pressures (P/Po < 0.1), followed by a plateau without the
presence of a hysteresis loop (Figure 4.31¢). This type of isotherm according to [UPAC
report [13] can be classified as Type Ib, related to microporous solids with narrow
mesopores (< 2.5 nm). These pore structure changes found in PtBA—PCF are related to
the low immiscibility between PtBA and PAN block, that produces smaller sacrificial
block size domains. After PtBA decomposition and PAN carbonization, the sacrificial
block domains turn into small—size pores, mainly in the micropore range (< 2 nm),
compared to the mesopore—rich structure of PS—PCF. In addition, the BETssa value for
PtBA—PCF is 304.0 m? ¢!, which is considerably lower than that obtained for PS—PCF
(Table 4.7). This may be assigned to the slight decrease in the PtBA volume fraction
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(frza = 0.11) compared to PS volume fraction in PS—PCF (fps = 0.16). This decrease
induces fewer PtBA domains, which after pyrolysis, leads to a lower pore concentration
in the carbon matrix structure. BJH pore size distribution of the adsorption branch (Figure
4.31d) confirms the information related to the isotherm. PtBA—PCF predominantly
exhibited micropores, as well as some mesopores, most of them concentrated in the 2—4

nm range.

Table 4.7. PS—PCFs and PtBA—PCFs textural properties

Material SSABET®  SSAmicro® Vot V miero? SSAmeso/ SSAmicro®
m*g?) g’  (emdg!) (emPg)
PS—PCFs 495.7 366.1 0.33 0.18 0.35
PtBA—PCFs 304.0 236.75 0.17 0.13 0.28

aBET surface area calculated from the linear part of the BET plot (P/Py= 0.05-0.25); ° t—plot
micropore area;  total pore volume, taken from the N, volume adsorbed at P/Py = 0.90; ¢ total pore
volume, taken from the N> volume adsorbed at P/Po= 0.015; and °® mesopore/micropore ratio,

WhCI‘C SSAmeso = SSABET_ SSAmicro.

Surface element composition was determined using X-ray photoelectron
spectroscopy (XPS). Full spectra for both fiber materials shown in Figure 4.32a,
displayed peaks corresponding with C 1s, N 1s, and O 1s. The high—resolution nitrogen
spectrum of PtBA—PCFs (Figure 4.32d) was deconvoluted into the same four peaks
previously detailed for PS—PCFs in Section 4.2. As shown in Table 4.8, PtBA—PCFs
exhibited a higher total nitrogen content than PS—PCFs. This can be explained by the
slightly higher PAN volume fraction exhibited by PtBA—PCFs, which corresponds to the
nitrogen—precursor block. However, higher nitrogen exposure to the surface may also be
attributed to the spatial arrangement and conformation of the graphitic layers along the
fiber, as it is explained below. Furthermore, concentration of electrochemical active
species pyridinic (N—6) and pyrrolic nitrogen (N—5) (Figure 4.32b) is increased as well,
reaching 70.9% compared to 64.7% obtained for PS—PCFs.
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Figure 4.32. (a) Comparative XPS full spectra of PS—PCFs and PtBA—PCFs, (b) scheme
representing N—containing surface functionalities presented in PCFs, and high—resolution N 1s

spectra of (¢) PS—PCFs and (d) PtBA—PCFs.

On the other hand, high—resolution O 1s spectra can be deconvoluted into the same
three peaks already detected for PS—PCFs, except for the chemisorb water (O—IV) which
cannot be detected (Figure 4.33). Oxygen surface content decreased in PtBA—PCFs
compared to PS—PCFs. This can be explained by the thermal decomposition of tBA,
which was previously described in Chapter 3. Around 240 °C tBA suffered some
cyclization reactions followed to complete degradation, which take place parallel to
stabilization and oxidation of PAN. These parallel thermal reactions can interfere and

decrease the oxidation yield of the PAN block.
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Figure 4.33. High—resolution O 1s spectra of (a) PS—PCFs and (b) PtBA—PCFs.

Table 4.8. Relative atomic composition and nitrogen and oxygen species content obtained by

fitting N 1s and O 1s XPS spectra of PS-PCFs and PtBA—PCFs.

Material Heteroatom Content (%); N/O(%)
functional group (binding energy (eV))

N-6 24.3; (398.2)
N-5 40.4; (400.6)

N-Q 7.0; (400.9) 7.8
PS-PCFs N-O 28.3; (402.5)
O-1 5.3;(530.4)
O-11 46.2; (532.6)

O-1I1I 16.2; (534.1) 4.5
O-1V 32.3; (535.4)
N-6 26.9; (398.1)
N-5 44.0; (400.2)

PBA—PCFs N-Q 10.5; (400.9) 12:6
N-O 18.6; (403.5)
O-1 8.4; (530.2)

o-11 73.4; (532.1) 4.0
O-111 18.1; (534.1)

Based on the XRD analysis, the spatial arrangement of the graphitic sheets is
found to have a more oriented conformation. This behavior can be explained by the
smaller sacrificial block domain sizes formed in PtBA—PCFs, compared to PS—PCFs,

which generated fewer and smaller pore channels, allowing PAN graphitic sheets to be
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more orientated through the fiber axis. The graphitic orientation of PAN has been detected

in PAN—derived carbon fibers [158], and although both fibers, PtBA—PCFs and

PS—PCFs, showed preferentially carbon amorphous structures, PtBA—PCFs exhibited a

slightly more ordered graphitic plane. This type of turbostratic or more ordered

orientation may result in some exposure of nanographene edges at the fiber surface.

Nanographene edges derived from PAN stabilization and carbonization are rich in

pyridinic and pyrrolic species, that together with the narrow fiber diameter, allows to

expose more nanographene edges than in a broader fiber, which can remain buried within

the bulk material [159]. Figure 4.34 displays a scheme illustration of PAN graphitic

planes orientation in PtBA—PCFs.
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Figure 4.34. Scheme illustrating the different expected PAN graphitic layers orientation of
PtBA—PCFs and PS—PCFs according to XPS, Raman and XRD data.
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A comparison of structural and physicochemical parameters of the three different

PCFs materials produced and discussed throughout this chapter can be found in Table
4.9.

Table 4.9. Summary of PCFs structural and physicochemical characteristics.

PS—PCFs HN_PS-PCFs PtBA—-PCFs
Microscopy
Fiber diameter 105+5 118+5 6243
Raman
In/l 1.11 0.86 0.85
N2 adsorption/desorption analysis
SSAger(m? g ) 495.7 220.5 304.0
SSAmicro (m* g 1) 366.1 115.8 236.8
Meso—/micropore 0.35 0.90 0.28
ratio
Viot (cm® g 1) 0.33 0.18 0.17
Vmicro (cm® g 1) 0.18 0.11 0.13
Total heteroatom content

N (%) 7.8 16.1 12.6

O (%) 4.5 5.5 4.0

C (%) 87.0 78.4 83.4
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Chapter 5: N and N/S co—doped porous carbon fibers

Throughout this chapter, the doping—activation process carried out on porous
carbon fibers (PCFs) derived from PS—/—PAN will be detailed. PCFs activation process
was developed to introduce N and S heteroatoms in the carbon structure by soaking the
PCFs mat into urea and thiourea aqueous solutions, followed by carbonization, as shown
in Figure 5.1. PCFs doped with urea as N precursor and thiourea as N/S precursor were

named NPCFs and SPCFs, respectively.

N doped PCFs

et T W N, T

1) 80 °C (24h) vacuum ~ Y\

2) 800 °C (1h) N,
Urea solution
0
NPCFs
H;N NH,;
© N atoms
S atoms

Thiourea solution
S

PR

H,N NH,

Figure 5.1. Scheme representing the preparation of N—doped (NPCFs) and N/S co—doped
(SPCFs) porous carbon fibers.

The introduction of N and S heteroatoms into the carbon structure produced
several changes in terms of microstructure, porosity, and chemical surface composition.
Therefore, a study based on morphological and physicochemical changes observed after

the activation process is described.

Based on the storage mechanism, supercapacitors can be divided into EDLCs
(Electrical Double Layer Capacitors) and pseudocapacitors. EDLCs store energy by
intercalating charges at the electrode—electrolyte interface. Therefore, electrode materials
with high specific surface areas are required, as explained in previous chapters. However,

it has been studied how pore size of the active electrode material directly influences the
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electrochemical performance because not all the pores are accessible to the electrolyte
ions [160,161]. As previously discussed, of particular interest are hierarchical porous
materials comprising macro—, meso—, and micropores [16,17]; since it is well known that
macropores, and particularly mesopores, enhance ion diffusion to the micropore active

sites [54].

On the other hand, pseudocapacitors store electrochemical energy generally
through a combination of faradaic redox reactions between electrolyte ions and active
functional groups on the electrode surface, and the formation of the electrical double layer
[6]. The effectiveness of heteroatom doping into the carbon network has been
demonstrated through the introduction of pseudocapacitance. Furthermore, dopant
activation with heteroatoms can enhance electronic and ion conductivity [162] as well as
wettability with the electrolyte, which benefits capacitive performance [9]. For this
reason, porous materials with a high content of heteroatoms, such as N, S, O, and P

[66,67], or redox active nanoparticles [163], are demanded.

Different methods of doping with heteroatoms have been studied; among others,
activation process with natural and non—toxic precursors such as urea, thiourea, and
melamine have demonstrated to be an efficient, easy, and affordable strategy [164].
Dual—heteroatoms doping approach [69,70] enhances the capacitance even further, since
not only increases the concentration of heteroatoms but also combines the benefits of
diverse heteroatoms within the conjugated carbon backbone, creating additional

non—electron—neutral active sites [165].

5.1. Experimental procedure

Porous carbon fibers (PCFs) were soaked into urea and thiourea saturated aqueous
solutions (1.85 M) for 24 h. After that, PCFs mats were dried at 80 °C under vacuum
overnight. Then, fiber activation was done at 800 °C for 1 h under N> atmosphere. This
temperature, the same as the one used for carbonizing the PCFs starting material, was
selected to fully decompose the urea and thiourea heteroatoms precursors without
decreasing the heteroatom content. The resulting urea (NPCFs) and thiourea (SPCFs)

activated fibers were washed with distilled water and dried at 80 °C.
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5.2. NPCFs and SPCFs: Morphological and structural characterization

Fiber morphology was analyzed by SEM and TEM (Figure 5.2). After the
doping—activation process using urea and thiourea at 800 °C, a slight decrease in diameter
size was observed, from 105+5 nm determined for undoped nanofibers (PCFs) to 92+3
and 94+4 nm for the N—doped (NPCFs) and N/S co—doped (SPCFs) fibers, respectively.
The heteroatom—doped procedure involves two thermal treatments at 800 °C, the
carbonization of the fiber mat to obtain PCFs and subsequent activation process.
Consequently, volatilization of non—carbon—based elements in the form of carbon
monoxide, carbon dioxide, methane, water, or hydrogen cyanide, among other gases, is
produced, causing a repacking of the carbon structure, which, together with a slight
increase in graphitization, leads to a decrease in diameter [166—168]. In both activated
fibers, no more additional visible cracks were observed along the fiber surface; however,

it was detected some fragility in doped nanofiber mats.

As shown in the TEM images, morphology remained unaltered for both NPCFs
and SPCFs fibers, exhibiting a similar pore structure than undoped PCFs (Figure 5.2g—i).
This is especially relevant since it allows us to verify that a second thermal treatment up

to 800 °C did not modify the internal microstructure.
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Figure 5.2. Fiber diameter distribution of (a) PCFs, (b) NPCFs, and (¢) SPCFs. SEM images of
(d) PCFs, (e) NPCFs, and (f) SPCFs. TEM images of (g) PCFs, (h) NPCFs and (i) SPCFs.

Energy dispersive spectrometry (EDS) was performed to assess qualitatively the
efficiency in the nitrogen doping process of the PCFs (Figure 5.3). Elemental analysis
concluded that all samples contained C, N, and O. Detailed elemental chemical bonding
information of the N and S doped PCFs using XPS is described below. Nitrogen mapping
shows N atoms homogeneously distributed throughout the entire fiber surface for all three
nanofibers. Nevertheless, NPCFs and SPCFs exhibited brighter yellow color, that is,
higher N content than the non—activated fibers (PCFs). The mapping of S was
inconclusive since the S peak appears at an X—ray energy of around 2.5 keV, which was

slightly superior to the accelerating voltage (2 keV) applied to collect the images.
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lﬂﬂm lﬂum IOMm

Figure 5.3. FESEM image of a single carbon fiber (a) PCFs, (b) NPCFs, (c) SPCFs. EDS mapping
of C and N of PCFs (d and g), NPCFs (e and h), and SPCFs (f and 1).

The fiber carbon structure was evaluated by Raman spectroscopy. The Raman
spectra in Figure 5.4a revealed a significant structural change in the fibers after the urea
and thiourea activation process. All three nanofibers presented the characteristic Raman
bands located at around 1330 and 1580 cm ™!, corresponding to disordered domains (“D
band”) and highly graphitic structures (“G band”), respectively. The degree of
graphitization or defect concentration can be associated with the Ip/Ig ratio. This ratio
gradually decreased with the activation process from 1.11 for PCFs to 0.86 for NPCFs
and 0.85 for SPCFs, indicating an increase in the graphitic character, associated with

higher electrical conductivity, after heteroatom doping.

XRD pattern (Figure 5.4b) of the three samples showed a broad peak around 25°,
revealing a predominantly amorphous carbon structure. The peak assigned to (002)
typically related to pyrolytic or graphitic carbon structures [138], is slightly more intense
for doped fibers, especially for SPCFs, confirming an increase in the graphitization degree

after both activation processes.
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Figure 5.4. (a) Raman spectra, (b) XRD patterns, (c) N> adsorption/desorption isotherms, and (d)
pore size distributions, calculated using BJH method of the adsorption branch, of PCFs, NPCFs,
and SPCFs.

To further study the influence of heteroatom—doped activation on the specific
surface area and pore size distribution, N> adsorption/desorption measurements of the
fibers were performed. PCFs starting material and fibers after activation with urea
(NPCFs) and thiourea (SPCFs) showed comparable BET specific surface areas of 495.7,
4279 and 440.8 m? g !, respectively. Nanofiber materials exhibited very similar
isotherms (Figure 5.4c¢), displaying a large and characteristic hysteresis loop that,

according to a published IUPAC report [13], is related to the presence of mesopores.

Pore size distributions were studied using BJH method of the adsorption branch.

For the three fiber materials, pore sizes were concentrated in the range 1.7—15 nm (Figure
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5.4d). However, NPCFs and SPCFs exhibited a higher pore volume adsorption of

mesopores with a wide distribution center around 8 nm

Furthermore, mesopore/micropore ratios varied from one sample to another; see
Table 5.1. After both activation processes, micropore surface area slightly decreased
from 366.1 m? g'! of the starting material (PCFs) to 271.2 m? g~! for NPCFs and 305.6
m? g ! for SPCFs. This change in micropore content may be attributed to the different
heteroatom environment or carbon structure since an increase in the graphitization degree
can lead to micropore blocking [139]. Nevertheless, the doping—activation process seems
to increase the mesopore content throughout the fiber promoting the formation of the
electric—double layer, since the presence of mesopores enhances ion—diffusion, and

maximize effective surface area accessible to electrolyte ions [58].

Table 5.1. Textural properties of the carbon porous fibers.

Material SSABET? SSAnmicro® Vot V miero? SS Ameso/SS Amicro®
(m* g™ (m*g™) (em3’g™)  (ecmdg)
PCFs 495.7 366.1 0.33 0.18 0.35
NPCFs 4279 271.1 0.31 0.14 0.6
SPCFs 440.8 305.6 0.30 0.17 0.44

“ BET surface area calculated from the linear part of the BET plot (P/Py= 0.05-0.25); ® t—plot
micropore area; ° total pore volume, taken from the N, volume adsorbed at P/Po = 0.90; 4total pore
volume, taken from the N> volume adsorbed at P/Po= 0.015; and ® mesopore/micropore ratio,

Where SSAmeso = SSABET— SSAmicro-

According to these results, after fiber activation with urea and thiourea, the pore
structure has been slightly modified, which leads to a higher mesopore concentration
without compromising surface area values. Likewise, a relatively high micropore content

was preserved, which resulted in materials with hierarchical porosity.

The fiber materials surface element content and composition were further
analyzed using X—ray photoelectron spectroscopy (XPS). XPS measurement confirmed
the chemical identities of the heteroatoms in doped fibers. The different functional groups
were identified by fitting the high—resolution XPS spectra into several peaks (Figure 5.5).
The N 1s spectra were deconvoluted into four peaks corresponding with pyridinic

nitrogen (N—6) at 398.2 eV, pyrrolic and amide nitrogen at 399.9 eV (N—5 and O=C—N),
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graphitic or quaternary nitrogen (N—Q) at 400.9 eV, and oxidized pyridinic nitrogen
(N—O) at 403.3 eV [142,143]. Porous carbon fibers O 1s spectra (Figure 5.6) were
deconvoluted in three different peaks, corresponding to quinone type groups (C=0; O—I)
at 530.6 eV, phenol and/or ether groups (C—OH and/or C—O—C; O—II) at 532.5 eV, and
ester and/or carboxylic groups (O—C=0 and/or COOH; O-III) at 534 eV [144].
Additionally, a strong peak can be detected for PCFs, corresponding to chemisorbed
water and/or amide groups (O=C—N; O—1V) at 535.5 eV [145]. Likewise, the S 2p peak
observed for SPCFs can be also deconvoluted in two peaks derived from a
thiophene—type structure (C—S—C; S—I and S—II) at 163.8 eV and 164.9 eV, respectively,
and a peak corresponding to CSOx oxygenated groups (S—III) at 167.7 eV [169]. These
results verified the successful doping of N and N/S into the carbon matrix in NPCFs and

SPCFs, respectively.
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Figure 5.5. (a) XPS survey spectra of the three fibers, (b) N1s high—resolution spectrum of (c)

PCFs, (d) NPCFs, (e) SPCFs, and (e) schematic model of N—containing surface functional groups

on carbon fibers.
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Figure 5.6. XPS high—resolution spectrum of Ols of (a) PCFs, (b) NPCFs, and (c) SPCFs; (d)
S1p high—resolution spectrum of SPCFs fibers.

Relative atomic nitrogen, oxygen, and sulfur species concentrations in the porous
fibers surface are detailed in Table 5.2. PCFs after urea (NPCFs) and thiourea activation
(SPCFs) presented an increased total nitrogen content with values of 12.2 and 14.2%,
respectively, compared to the starting material (PCFs) that shows a 7.8%, which confirms

a high nitrogen doping yield.

In accordance with higher graphitization degree shown in Raman spectra after the
heteroatom—doped process, pyridinic (N—6) and quaternary nitrogen (N—Q) peaks
increased significantly in SPCFs and NPCFs. In contrast, pyrrolic nitrogen and/or amide
groups (N—5) decreased in both fibers. This may be caused by the relatively low thermal
stability of pyrrole and amide nitrogen groups, which at high activation temperatures, up

to 800 °C, are mainly converted to more thermally stable species, such as N—Q and N—6
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[170]. This result agrees with different previously reported studies using similar

activation temperatures [171-173].

At the edges or defect sites of the carbon framework, pyridinic nitrogen provides
a lone electron pair to the m system, which enhance ion diffusion and generate
electrochemically active sites, leading to an increase in faradaic capacitance [174]. On
the other hand, pyrrole nitrogen and oxidized pyridinic nitrogen exhibit exceptional
charge mobility and advanced electron donor characteristics. In addition, quaternary
nitrogen, which is incorporated in the graphitic layered structure, effectively improves
electrical conductivity and charge transfer at high current density [175,176]. Several
studies have explored the influence of nitrogen content on the capacitive behavior [53,93],
concluding that the presence of nitrogen significantly influences and enhances
capacitance values and rate capability. Therefore, it is expected that N—doped carbon
fibers, NPCFs and SPCFs, improve the electrochemical performance of the PCFs starting

material.

Relative surface concentrations of oxygen species decrease in both doping
activation process. The presence of oxygen heteroatoms in the carbon structure might
provide a pseudocapacitance storage mechanism through faradaic charge—transfer
reactions [177]. In particular, the peak corresponding with chemisorbed water and/or
amide groups was unnoticeable in doped fibers, since activation process involve applying
high temperatures, and amide groups are thermally unstable species. Less oxygen—rich
materials were obtained, and this suggests that N— and N/S—doping processes influence
in the oxygen surface functionalities content. Although, the relative content of
quinone—type oxygen, designated as O—I (C=0), increase for NPCFs, which has been
shown to contribute actively to the pseudocapacitance, since is preferably located in
defects sites or pores walls[144]. Furthermore, SPCFs fibers reached 0.4% of sulfur
surface content. These results are consistent with previously reported ones using thiourea

as heteroatom precursor[178,179].
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Table 5.2. Relative atomic composition and surface content of nitrogen, oxygen, and sulfur

species obtained by fitting N 1s, O 1s, and S 2p XPS spectra of PCFs, NPCFs, and SPCFs.

Material Heteroatom Content (%); N/O/S
functional group (binding energy (eV)) (%)
N—6 24.3; (398.2)
N-5 40.4; (400.6) 7.8
N-Q 7.0; (400.9)
DCEs N-O 28.3; (402.5)
0-1 5.3; (530.4)
O-1I 46.2; (532.6)
O-111 16.2; (534.1) 4.5
0-1vV 32.3; (535.4)
N—6 36.5; (398.2)
N-5 4.6; (399.3)
N-Q 34.9; (400.7) 122
NPCFs N-O 24.0; (402.4)
O-1 10.8; (530.5)
O-1I 64.7; (532.3)
O-111 24.5; (534.4) 3.3
N—6 30.1; (398.2)
N-5 2.9; (399.4) 14.2
N-Q 42.6; (400.6)
SPCEs N-O 24.4; (402.9)
O-1 5.0; (530.5)
O-1II 71.4; (532.8) 3.5
O-TII 23.6; (534.5)
S-1/S-II 67.9 (163.8/165.0) 0.4
S—III 32.1 (167.7)

The presence of oxygen—containing functional groups in PCFs starting material
and amino groups in urea and thiourea are believed to play a crucial role in the formation
of C—N bonds. Doping—activation process involves a gradual transformation of nitrogen
bonding configurations, starting from amide form nitrogen, progressing through pyrrolic
and pyridinic species, and finally leading to the incorporation of "graphitic" nitrogen in
the carbon framework as the temperature increases [180]. The differences found in N

content for NPCFs and SPCFs are in accordance with previous work that followed a
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similar experimental procedure for the doping—activation process [181]. Carbon fibers
exhibited higher adsorption of thiourea from the aqueous solution than urea, due to

differences in the basic character of both precursors.

A comparison of the structural and physicochemical parameters obtained for PCFs,

NPCFs, and SPCFs can be found in Table 5.3.

Table 5.3. Summary of PCFs structural and physicochemical characteristics.

Material PCFs NPCFs SPCFs
Microscopy
Fiber diameter 100+4 9442 90+2
Raman
In/l 1.11 0.86 0.85
Nz adsorption/desorption analysis
SSAger (m? g ) 495.7 427.9 440.8
SSAmicro (m? g 1) 366.1 271.1 305.6
Meso/micropore 0.35 0.58 0.44
ratio

Viot (cm® g 1) 0.33 0.31 0.30

Vmicro (cm® g 1) 0.18 0.14 0.17
Total heteroatom content

N (%) 7.8 12.2 14.2

O (%) 4.5 33 3.5

C (%) 87.0 84.5 81.9

S (%) - - 0.4
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Chapter 6: Porous carbon fibers with magnetite nanoparticles

This chapter describes a preliminary study of the incorporation of magnetite
nanoparticles (MNPs) in the structure of porous carbon fibers (PCFs), and their influence
on microstructure and overall porosity. PCFs derived from the nanocomposite formed by
PtBA—b—PAN and Fe304 nanoparticles were produced by electrospinning and subsequent
carbonization. Figure 6.1 shows a scheme representing the preparation of PCFs derived
from nanocomposite (PtBA—b6—PAN/MNPs) and block copolymer (PtBA—b—PAN)
precursors, designated as MNPs—PCFs and PtBA—PCFs, respectively.

MNPs—PCFs

GRS

PAN-b-PtBA

1. 280 °C (air)
2.800 °C (N,)

—_—_—

MNPs Electrospinning

TPAN
P PiBA
MNPs MNPs

Meso—/
micropore rich

PtBA-PCFs

1. 280 °C (air)
2.800 °C (N,)

PAN-b-P{BA/ Electrospinning

“PAN

“PtBA " Micropore—

rich

Figure 6.1. Scheme representing the preparation of MNPs—PCFs (above) and PtBA—PCFs
(below).

As it was previously mentioned in Chapter 5, supercapacitors can be classified,
according to the storage mechanism, as electric double—layer capacitors (EDLCs) or
pseudocapacitors. EDLCs store energy by intercalating charges and forming a double
layer of charges at the electrode—electrolyte interface [4]. On the other hand,
pseudocapacitors store electrochemical energy, generally through a combination of
faradaic redox reactions between electrolyte ions and active functional groups on the
electrode surface, and the formation of the electrical double layer. This type of storage

mechanism combines the advantage of redox reactions, which improves capacitance
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values and energy density, and highly porous carbon materials, which improve electrode
stability [6]. For this reason, carbon porous electrode materials containing redox active
nanoparticles have been widely explored [182,183]. Many attempts have been developed
to introduce transition metal oxide nanoparticles into a carbon matrix, such as MnO [184]
or Fe3sO4 [72], to produce composite materials [185] that show some degree of
pseudocapacitance. Among various metal oxide electrode materials, Fe3Os with a
theoretical capacity of 346.5 mA h g~ ! in alkaline solution based on possible variations
in valence states (Fe** 2 Fe’) and low cost has received wide attention [186]. However,
Fe;04 presents some limitations, including low surface area due to self—aggregation and
low conductivity. These deficiencies can be overcome by producing composites with

other carbon materials, such as graphene [187] or PAN—derived carbon fibers [188].

Therefore, the use of PCFs with well—controlled porosity, incorporating MNPs as
electrodes materials for supercapacitors, is expected to combine the advantages of both
components, resulting in materials with high surface area, suitable pore size distribution,
high conductivity, and improved efficiency and stability. Furthermore, due to their
combined properties, PCFs and iron oxide (Fe3O4) composites represent an excellent
multifunctional material that has been used for a wide range of applications, including
catalysis [189], oil adsorption [190], microwave absorption [191], and removal of
contaminants from groundwater [192], among others (Figure 6.2). These magnetic
composites present the advantage of being easily remove from solution using a magnet,
which is especially useful for dye adsorption applications [193]. More specifically in
electrochemical applications, including electrodes materials for supercapacitors [ 188] and
Li—ion batteries [194], the Fe;04/PCFs composites have shown excellent electrochemical
performance. In particular, the use of PtBA—b—PAN as carbon precursor containing iron
oxide nanoparticles has proven to be an effective method to produce porous carbons with

well—defined mesopores and high capacitance values [195].
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Figure 6.2. Scheme of the different applications of MNPs/PCFs composite multifunctional

materials.
6.1. Experimental procedure

6.1.1. Synthesis of magnetic nanoparticles

The magnetite Fe3O4 nanoparticles (MNPs) were provided by the research group.
MNPs were synthesized by high thermal decomposition of the organic precursors in
solution according to previously reported procedure [196]. This method allows to control
the morphology, size, and shape of the MNPs. Dibenzyl ether (BE) and 1—octadecene
(ODE) were used as solvents, presenting different polarity and, therefore, different
affinity with the precursor and the MNPs. Iron (I1I) acetylacetonate (Fe(acac)s;) was used
as iron source, oleic acid (OA), oleylamine (OAm), and 1,2—tetradecanediol (TDD) as
surfactants and finally, benzaldehyde (BA) as additive or shape—directing agent. The
MNPs obtained were relatively monodispersed, showing a slight variation in shape,
varying from quasi—spherical to cubical or hexagonal shapes, with an average size of ~10

+ 2 nm (Figure 6.3).
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Figure 6.3. (a) TEM image of Fe3O4 magnetic nanoparticles and (b) Size distribution.

To obtain a stable dispersion of the MNPs in DMF (polar solvent), an exchange
method was used to replace the hydrophobic ligands (oleylamine and oleic acid) to
4—hidroxibenzoic acid, which is a hydrophilic ligand [195]. After ligand exchange, a
stable dispersion was prepared by sonication of ~2 wt% MNP in DMF.

6.2. MNPs—PCFs: Morphological and structural characterization

Fibers were obtained by electrospinning, using a mixture of 20 wt%
PtBA—-H6—PAN in DMF with ~2 wt% MNPs dispersed in DMF. To ensure a homogenous
blend, the mixture was ultrasonically dispersed for 4 h and stirred for 20 h prior to
electrospinning. Throughout the mixing process during the transfer from one vial to
another, a certain amount of MNPs was lost. Therefore, the effective amount of MNPs
used in the electrospinning solution is expected to be lower than the initially intended
concentration of 2 wt%. The electrospinning conditions and parameters were the same as
those used to obtain nanofibers derived from PtBA—b—PAN (see Table 4.2 in Section
4.2, Chapter 4), unlike the feed rate that was reduced to 0.5 mL h™! to avoid dripping.

The electrospun fiber mat shown in Figure 6.4 exhibited highly disperse fiber
diameters with some large size beads. This morphology suggests that the presence of
MNPs could disrupt the jet flow, increasing the surface tension of the solution and causing
dripping and electrospray in the process. According to previous work, uniform

nanocomposite fibers can be produced from PAN/Fe3;O4 nanocomposite, prepared from
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~1.0 wt% Fe304 in a 10 wt% PAN DMF solution [197]. However, increased loading (>
5 wt%) resulted in higher viscosity solutions that destabilized the jet and produced

non—uniform fibers, highlighting the difficulty of obtaining homogeneous and

monodisperse fibers with high MNPs loading.
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Figure 6.4. (a) and (b) SEM images of the fiber mat derived from PtBA—h—PAN containing a
dispersion of MNPs, (c) Fiber diameter distribution.

Fibers obtained from PtBA—bh—PAN showed diameters center around 62 nm (see
Section 4.3.1 in Chapter 4) and after adding ~2 wt% MNPs, fiber diameters increased to
194 nm. Depending on the nanoparticle (NP) size, and the interaction with the block
copolymer, NPs can be selective towards a certain phase domain [198]. In general terms,
small non—selective (no preferential affinity for blocks A or B) nanoparticles dispersed
in an A—B block copolymer can be located in the interfacial region between block
domains, while larger non—selective nanoparticles are situated mainly in both domains.
In contrast, the large nanoparticles aggregates cannot be incorporated into the block
copolymer phase separation morphology. Moreover, it was previously studied how the
segregation of selective nanoparticles in a specific block can increase the domain volume,

and it could be one of the reasons why the fiber diameters increased more than double.

Besides, fibers exhibited a remarkably rough surface, unlike the smoother surface
observed in PtBA—b—PAN—-based nanofibers without MNPs. This increase in roughness
is cause by the influence of MNPs on the morphology obtained by microphase separation.
Ying Lin et al. [195] reported similar iron oxide nanoparticles (Fe;O3—OH) surface
modified with 4—hydroxylbenzoic acid and embedded in a PtBA—h—PAN matrix. The
hydrophilic Fe2O3—OH NPs selectively interact with PAN domains through hydrogen

bonding with nitrile groups (—C=N). This Van der Walls type of interaction between
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hydroxyl and nitrile groups leads to a higher degree of phase segregation, and therefore

explained the increase in surface roughness.

PtBA—H—PAN/MNPs—derived fiber mat was thermally annealed at 280 °C for 1 h
under oxidizing atmosphere and carbonized at 800 °C for 1 h under N> flow. Energy
dispersive spectrometry (EDS) was performed to qualitatively determine the presence of
Fe atoms, which allows to confirm the successful addition of Fe3Os. In addition, its
distribution throughout the fiber structure was evaluated. Elemental analysis identified
the presence of C, N, and O atoms intrinsic to the block copolymer, and Fe atoms.
Moreover, iron mapping showed a homogenous distribution along the fiber surface with

an apparent concentration of around 0.8 wt% (Figure 6.5).

()

(b)

200 nm 200 nm
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Figure 6.5. EDS images of MNPs—PCFs (a) isolated fiber, (b) overlay mapping of C, N, O and
Fe, (¢) C, (d) N, (e) O, and (f) Fe mapping.

Furthermore, focusing on the breaking point of the fiber, it is possible to detect
some cluster between 50—100 nm (Figure 6.6). This MNPs clusters are often local stress
concentrations [199], leading to increased fiber breakage after carbonization along these
agglomeration points, thus reducing mechanical strength. The clusters formation can be

reduced by modifying the protocol for MNPs dispersion.
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Figure 6.6. EDS images of MNP—PCFs at the breaking point (a) isolated fiber, (b) overlay
mapping of C, N, O and Fe, (c) C, (d) N, (e) O, and (f) Fe mapping.

TEM was carried out in order to elucidate the distribution of MNPs along the fiber,
as well as the influence on the porosity. As shown in EDS images, large clusters of MNPs
can be detected along the breakpoint of the fiber (Figure 6.7a). In the surrounding areas
of these clusters, large holes, or pores (~30 nm) can be seen. This is attributed to, as
previously explained, large nanoparticles agglomerations cannot be incorporated into the
block copolymer phase separation morphology. Figure 6.7b also showed some small,

isolated nanoparticles dispersed into the carbon matrix.

On the other hand, as previously shown for PtBA—/—PAN derived PCFs
(PtBA—PCFs; see Figure 4.30 in Chapter 4), fibers appeared relatively dense and did
not clearly display abundant mesopores. This suggests that MNP—PCFs may
preferentially present micropores or small mesopores not detected by TEM with the

acquisition conditions used.
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Figure 6.7. TEM images of MNPs—PCFs showing (a) large nanoparticle clusters, (b) small,

isolated nanoparticles, and (c) fiber surface.

Raman spectroscopy was evaluated to examined and compare the carbon structure
features with and without MNPs (Figure 6.8a). Both fibers (MNPs—PCFs and
PtBA—PCFs) displayed the distinctive bands related to graphitic (“G band”) between
~1560—1600 cm ™! and disordered features (“D band”) between ~1320—1350 cm™!. The
MNPs—PCFs spectra did not reveal the characteristic peak related to the presence of F304
around 680 cm ™! [195], due to the low MNPs loading. The intensity ratio between D and
G bands (Ip/Ig) presented a value of 0.85 for both fibers, indicating that there were no
significant changes in the carbon structure related to order and disorder features after

introducing MNPs.

XRD patterns (Figure 6.8b) of both MNPs—PCFs and PtBA—PCFs, showed a
broad peak around 25° that can be assigned to (002) diffraction, characteristic of pyrolytic
or graphitic carbon structures. No additional peaks corresponding to the face center cubic
structure of Fe3O4 can be observed [72,200], confirming a low MNPs content. As already
seen for PtBA—PCFs, the low intensity together with the poor definition of the peak
suggest a predominantly amorphous carbon structure for MNPs—PCFs. Furthermore, this
peak seems to be shifted to higher angles (~28.3°) compared to PtBA—PCFs (~26.5°),
which according to Braggs’ law, shows a decrease in d(o2) interlayer spacing. This
modification can be produced by the presence of MNPs, which are assumable located in
the PAN domains. Consequently, these domains can increase in volume, which after
carbonization can modified the orientation of the resulting layers of graphite. It has been
studied for carbon fibers with embedded iron oxide nanoparticles, how these
nanoparticles (NPs) induced the formation of a carbon shell of graphitic layers around the

NPs surface [200].
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Figure 6.8. (a) Raman spectra, (b) XRD patterns, (c) N> adsorption/desorption isotherms, and (d)
BJH pore size distribution of MNPs—PCFs and PtBA—PCFs.

To obtain information on the porosity modification after introducing MNPs, N»
adsorption/desorption analysis was conducted. MNPs—PCFs showed a type IV isotherm
(Figure 6.8c) related to the presence of mesopores, with a narrow hysteresis loop closed
to a H4 type, which according to IUPAC [13] is associated with micropore and is often
found in micro—mesoporous carbons. H4 loops are related to slit—shaped pores, which
consist of small mesopores stacked between graphitic layers, as shown in Figure 6.9
[201], unlike PtBA—PCFs that preferentially showed a microporous structure. These
changes in the pore shape can be produced by the localization of the MNPs in the PAN
domains. After carbonization, it can cause a modified rearrangement of the graphite layers

compared to the pore structure observed without the addition of MNP.
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Figure 6.9. Scheme of the proposed type of pore structure for MNPs—PCFs.

The SSAger reached a value of 416.8 m?> g ! for MNPs—PCFs, which is
considerably higher than that obtained for PtBA—PCFs (304 m? g'). Moreover,
MNPs—PCFs showed an increase in the mesopore content as shown in Table 6.1.
Mesopores as mentioned in previous chapters, enhance ion diffusion, thus improving
electrochemical performance. Pore size distribution shown in Figure 6.8d exhibited an

increase in mesopore adsorption in the range between 3—15 nm.

Table 6.1. MNPs—PCFs and PtBA—PCFs textural properties.

Material ~ SSABET®*  SSAmicro? Viot® Vamicro®  SSAmeso/SSAmicro®
(m’g’) (m’g’) (em’g’) (em’g™)
MNPs-PCFs  416.8 314.5 0.26 0.16 0.33
PtBA-PCFs  304.0 236.75 0.17 0.13 0.28

“ BET surface area calculated from the linear part of the BET plot (P/P¢=0.05-0.25), ° t-plot
micropore area, total pore volume, taken from the volume of N, adsorbed at P/Py=0.90 and ¢ total
micropore volume taken from the volume of N> adsorbed at P/P¢=0.015, ® mesopore/micropore

ratio, where SSAmeso = SSABET — SSAnmicro.

Even though this type of pore structure may introduce some ion diffusion
resistance, compared to larger cylindrical type mesopores, narrow micropores have been
shown to have a strong CO; adsorption potential [202]. Therefore, MNPs—PCFs could be

an excellent candidate for CO» capture.

X-ray photoelectron spectroscopy (XPS) allows to analyze and determine the

surface elemental composition of MNPs—PCFs. The full spectrum showed peaks
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corresponding with C 1s, N 1s, O 1s, and slight visible peak around 710 eV corresponding
with Fe 2p (Figure 6.10a).
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Figure 6.10. (a) Comparative XPS full spectra of MNPs—PCFs and PtBA-PCFs, (b)
high—resolution Fe 2p spectrum, and high—resolution N 1s spectra of (¢) MNPs—PCFs and (d)
PtBA—PCFs.

Deconvolution of the high—resolution C 1s, N 1s, O s, and Fe 2p peaks leads to
the surface composition compiled in Table 6.2. The relative N content increased from
12.6 % in PtBA—PCFs to 14.2 % when MNPs were added. As previously suggested by
analyzing XRD patterns, MNPs are presumably positioned in PAN domains. Therefore,
after carbonization, this arrangement is expected to lead to the formation of a carbon shell
of graphitic layers around the MNPs surface. This causes the N—edge of graphitic layers

to be more exposed at the fiber surface as illustrated in Figure 6.11 and explains the
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increase in pyridinic N content. The increase in the volume of PAN domains due to the

presence of MNP also produced a significant increase in graphitic N.
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Figure 6.11. Scheme of the proposed carbon graphitic structure surrounding the NPs in the border

regions of the fiber.

Likewise, the oxygen content increased after the addition of MNPs, since PAN is
the precursor block O—containing functionalities, produced during the stabilization
thermal treatment under air atmosphere. Moreover, a slight contribution to the total

increase of O content can be due to the iron oxide (Fe3O4) nanoparticles.

Finally, the Fe 2p high—resolution presented two main peaks (Figure 6.10b),
corresponding with Fe2ps» at ~711.0 eV and Fe2pi», at ~723.8 eV. Fe2pi» peak is
attributed to the contribution of Fe (II) and Fe (III) satellites. Fe2ps» was deconvoluted
into two different peaks: the first one includes the contribution of Fe (II), Fe (III) in
octahedral positions, and Fe;Os3, the last two are likely to exist in the outermost layer of
the MNPs due to the oxidative reactions during the stabilization thermal treatment. The
second one includes the contribution of Fe (III) in tetrahedral positions [203,204]. The
analysis of the Fe oxidation state is complicated due to the overlapping of the
deconvolution of peaks related to Fe (II) and Fe (III) oxidation states. The Fe content
along the fiber surface is significantly low (0.4 wt%), considering the initial amount
introduced (~ 2 wt%), so part of the MNPs must be embedded in the carbon fiber matrix.
Therefore, interior MNPs can only be accessible to the electrolyte ion through
mesoporous channels. Looking for a higher contribution of pseudocapacitance, it would

be necessary to introduce larger quantities, between 5—40 wt% [203,204].
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Table 6.2. Relative atomic composition and surface content of nitrogen, oxygen, and iron species

obtained by fitting N 1s, O 1s, and Fe 2p XPS spectra of MNPs—PCFs and PtBA—PCFs.

Material Heteroatom Content (%); (binding N/O/Fe
functional group energy (eV)) (%)
N-6 34.8; (398.2)
N-5 2.2;(399.3)
N-Q 34.4; (400.6) 14.2
N-O 28.6; (402.7)
O-1 5.3;(530.4)
MNPs—PCFs O-1I1 46.2; (532.6) 59
o-11I 16.2; (534.1)
Oo-1v 32.3;(535.4)
Fe (III) oct 39.1; (710.6)
Fe (IIT) tet 43.8;(714.4) 0.4
Fe (IIT) sat 17.0; (723.7)
N-6 26.9; (398.1)
N-5 44.0; (400.2) 12.6
PIBA—PCFs N-Q 10.5; (400.9)
N-O 18.6; (403.5)
O-1 8.4; (530.2)
oI 73.4; (532.1) 4.0
O-11I 18.1; (534.1)

In summary, according to the structural and textural characterization, the addition
of low amounts of MNPs seems to have great influence on the block copolymer phase
separation, giving rise to a stronger segregation between blocks. This segregation increase
produces several changes in the fiber morphology, including the formation of large size
beads, rough surfaces, and larger diameters. After carbonization, MNPs—PCFs exhibited
higher specific surface area values and pore shape variations. Moreover, the addition of
MNPs modifies the heteroatom surface content, increasing graphitic and pyridinic
nitrogen. Improving the MPNs dispersion protocol into the block copolymer matrix, as
well as increasing the nanoparticle loading, will be the next steps to continue developing

this early stage project.
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Chapter 7: Porous carbon fiber material: electrochemical performance

Throughout this chapter, the capacitive properties of the different porous carbon
fibers (PCFs) produced in this thesis work will be examined. The results will be analyzed
based on the morphological and structural characteristics that have been previously
outlined. According to the morphology, pore structure and surface chemical composition
presented in the different PCFs, it was demonstrated how these physicochemical
properties greatly influence their capacitive behaviour, as studied and verified in previous

works [38,205,206].

Depending on PCFs mat fragility, electrodes were prepared as a ‘slurry’ or paste
composed of an agglutinant, conductive additive and PCFs active material or directly
used as self—standing electrodes. An aqueous KOH 6M solution was used as electrolyte
for all electrochemical measurements since it allowed a relatively high potential voltage
against Ag/AgCl reference electrode (0—0.8 V). Moreover, nickel foam, which was used
as current collector, is stable in alkaline electrolytes. Nickel foam was selected due to low
cost, low electrode—electrolyte contact resistance [207], and easy processing. As it was
explained in Chapter 2, most of the electrochemical measurements were performed using
a three—electrode cell, even though some PCFs were tested as well in a symmetrical cell.
Platinum wire and Ag/AgCl were used as counter and reference electrodes, respectively.
To evaluate the PCFs capacitive behavior, cyclic voltammetry (CV), galvanostatic
charge—discharge (GCD), and impedance spectroscopy (EIS) were tested. A more

detailed experimental procedure can be found in Chapter 2.

7.1. PCFs derived from PS—b—PAN copolymer

Extensive research has been carried out on the use of PAN-based block
copolymers as precursors for the development of porous carbon electrode materials for
supercapacitors [208]. Among them, PS—H6—PAN copolymer has been used as template
material to obtain well-defined hierarchical porous carbons in powder or bulk form
[60,209]. Polystyrene (PS) effectively serves as sacrificial block or self—templating agent,
promoting the formation of mesopores that enhance ion diffusion, ensuring optimal

performance.
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However, the use of block copolymers (BCPs) as precursors to produce PCFs is a
relatively recent approach [64]. These materials exhibit several advantages over porous
carbons in powder or bulk form, such as higher specific surface areas and a continuous
structure that results in more efficient ion and electron transport [210]. This work
examines the capacitive performance of PCFs and carbon powder (bulk) material,
produced with the same PS—h—PAN precursor, to demonstrate the advantages of PCFs in
terms of capacitance values. The bulk material electrode was prepared as follows
(previously described in Chapter 2): pressing into a clean nickel foam a mixture of active
material (~ 1 mg), carbon black, and PTFE 60% dispersion in water with 80:10:10
proportion, respectively. On the other hand, PCFs were directly used as self—standing

electrodes, by pressing a piece of PCFs mat in the middle of two nickel foam sheets.

Figure 7.1a shows the CV curves measured at 50 mV s ™! for PCF and bulk carbon
materials, exhibiting a typical rectangular shape close to an electric double layer capacitor
(EDLC) storage mechanism material. None of the curves presented discernible redox
peaks, associated with pseudocapacitance. However, they exhibit a slight distortion in
reference to the ideal behavior, which reflects a certain polarization resistance, especially
in the case of bulk materials [211]. Distortions in the PCFs curve could evidence some
intrinsic resistance of the material to electrolyte diffusion. This may be attributed to the
ink—bottle pore shape found in PCFs, as ion diffusion may be limited or restricted when

crossing the pore neck.

(a) (b)
0.0
— 5 T = i S
% Lo).u —— Fibers
3 5, 021 — Bulk
£ 0 <
3 > -0.4-
E _5 . w
£ g
= S -0.6-
i Fibers -
<18 — Bulk
. : . ; . -0.8 . : . : . :
-0.8 -0.6 -0.4 -0.2 0.0 0 10 20 30 40 50 60
Voltage (V vs. Ag/AgCl) Time (s)

Figure 7.1. (a) CV curves at 50 mV s™!, and (b) GCD curves at 5 A g ! of PCFs and powdered or

bulk material.
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Consistent with phase separation theories and since pore size and shape have a
significant influence on the sacrificial block domains size, increasing the volume fraction
of PS suggests that it could gradually evolve from spherical/cylindrical domains to full
cylindrical domains. However, as explained in previous chapters, the phase separation
and self—assembly of PS—H—PAN during electrospinning do not lead to the typical
thermodynamic morphologies, but kinetic control operates. Therefore, the generated
morphology does not follow the typical block copolymer phase separation diagrams
[212]. Although it does not guarantee the formation of well-defined thermodynamic
microphases, increasing the volume fraction of polystyrene (PS) can potentially modify
the mesopore shape towards a form that offers lower ion—diffusion resistance. Indeed, for
PCFs produced from PMMA—-H—PAN copolymers, it was studied how variations in
sacrificial block volume fraction mainly affect the mesopore size and micro—/mesopore
ratio. It was reported that only one composition led to a good balance between pore size

and capacitance values [58].

In addition, deviation from ideal behavior can be influenced as well by certain
contribution from the pseudocapacitive storage mechanism involving fast and reversible

redox reactions due to N and O surface functionalities [213].

Galvanostatic charge—discharge (GCD) curves measured at 5 A g ! are shown in
Figure 7.1b. Both curves displayed similar charge—discharge rates, close to a triangular
shape without an appreciable ohmic drop. Consistent with CV data, some deviation from
the ideal behavior can be found for both, PCFs and bulk material, due to some ionic or
electronic resistance contribution. Capacitance values were calculated from the discharge
curve at 1 A g!, reaching 254 F g~! for PCFs. This value is much higher than 145 F g™
found for the bulk material. The high capacitance value obtained for PCFs is due to the
synergistic effect of relatively high SSAger (495.7 m? g '), hierarchical porosity rich in
micro— and mesopores, as well as moderately high content of N/O surface functionalities
(7.8 and 4.5 %, respectively). These results demonstrate the improved electrochemical
performance by producing fibers instead of powdered carbons from block copolymer

templating.

PCFs capacitance value can be found in Table 7.1, as well as capacitance values

obtained for previously reported fiber and powder carbon materials derived from
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PAN-based block copolymers or blends. Our fibers show competitive values without

requiring additional activation process to increase porosity.

Table 7.1. Specific capacitance (Cs) values measured at different current densities (A g™') of

various porous carbon electrode materials.

Material SSABET Cs
Precursor _ _ Electrolyte Ref
mgl)  (Fg) Y
Powdered carbons
S/N—doped porous 478 236 KOH
carbons PBA-b—PAN 0.1Ag" 6M [208]
Open—ended hollow 954 185 KOH
carbon spheres PAN—b—P5—H—PAN 0.625A g ™) M [60]
N—doped hierarchical PS—b—PAN/ 2105 230 KOH [200]
porous carbons KOH activation (1Agh oM
Mesoporous carbons PS—b—P4VP/ 1583 249 KOH [214]
KOH activation (05Agh oM
Fibers
Linear—tube carbon 212 188 LiOH
nanofibers PAN/PS 05 A g M [133]
Multichannel PCFs 750 250 KOH
PAN/PS (1Ag 6M [215]
N—doped 840
461 H
multi-nano—channel PAN/PS 0 SZ . ii/{o“ [216]
PCFs (025A¢g™)
Mesoporous carbon PAN/ 250
256 KOH
nanofibers PAA—H—PAN—bH— (05 A 71) 4(13/[ [217]
PAA Pae
PCFs 683 140 KOH
PAN/PMMA 218
/ (05Agh 6M (218]
Interconnected PCFs 503 360 KOH
PMMA-b—PA 4
b N (1Agh oM [64]
Hierarchical PCFs 496 254 KOH This
PS—b—PA
S7b~PAN 1Agh 6M work

To further evaluate the behavior of PCFs, electrodes were tested in a symmetrical
Swagelok type cell (Figure 7.2). Figure 7.2a shows CV curves measured at different

sweep rates. The curves presented a rectangular shape, which is maintain at higher sweep
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rates. CV deviations observed in three—electrode cell measurements were not visible in
the symmetrical setup, which suggests that deviations from ideal behavior can be
produced by intrinsic resistance derived from the electrochemical setup as well. GCD
curves (Figure 7.2b), exhibited an almost triangular shape with a specific capacitance

value of 234 F g~ ! measured at a current density of 1 A g,
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Figure 7.2. PCFs symmetrical cell measurements; (a) CV curves at different sweep rates, and (b)

GCD curves at different current densities.

Electrochemical Impedance Spectroscopy (EIS) data had been represented as a
Nyquist diagram in Figure 7.3a, which exhibited three main regions. At high frequencies,
displayed a semicircle shape. From the intersection of semicircle region of Nyquist plot
with real part (Z’ axis) at higher frequencies, series resistance (Rs) value can be obtained.
By using a combination of resistive and capacitive elements, the equivalent circuit shown
in Chapter 2 (Figure 2.6) was defined to describe the impedance behavior of these
porous materials. From the fit with the equivalent circuit, Rs gives a value of 0.25 Q. This
element is responsible for the dissipation of the stored energy, and its magnitude limits
the overall power performance of the electrochemical cell. Therefore, a low value implies
higher efficiency. Furthermore, Rs can be related to the electrode internal resistance, a

low value suggests a relatively high electronic conductivity.

The clear semicircle shape at lower frequencies represents the impedance response
associated with charge transfer processes occurring at the electrode—electrolyte interface.
The charge—transfer resistance (Rct) value can be obtained from the semicircle diameters.

Rcr i1s mainly governed by Faradaic process involving redox reactions with
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heteroatom—containing functionalities at the electrode surface. In PAN—derived porous
carbon material, a contribution to the charge—transfer resistance is expected due to the
inherent N and O functionalities. Moreover, this resistance can be associated to the
contribution of interfacial impedance occurring at the current collector/active material
interface [219,220]. PCF exhibited a relatively low Rct value of 0.5 Q, reflecting some
pseudocapacitance phenomena through additional Faradaic redox reactions, coming from
the N/O—containing surface functionalities. The Rcr value also is affected by the pore
structure. In this regard, hierarchical porosity facilitates the ion—diffusion through the
material, resulting in low Rct values. Microporous structures with small pores (< 0.7 nm)
tend to exhibit higher values, due to the hindered ion—diffusion. The presence of
mesopores, not only increase the accessible—surface area, but also provide pathways that
increase ion—diffusion. The structural and textural characterization evidence that PCFs
exhibited a relatively high meso—and micropore ratio that contribute to decrease the Rcr

value.

As shown in Figure 7.3.a the semicircle shape is followed by a transition zone in
the high and mid—high frequencies region, which represents the Warburg impedance
region/line (B—C region in Figure 2.6). This resistance is mainly associated with the ion
diffusion. At the lower frequencies, an ideally polarizable capacitance would give rise to
a straight line parallel to the imaginary axis [221]. However, the low—frequency segment
clearly showed a slope inclination, which suggests that PCFs presents certain degree of
ion resistance, probably due to ink—bottle type of pores, as ion diffusion may be limited

or restricted when crossing the pore neck.
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Figure 7.3. PCFs symmetrical cell measurements; (a) EIS diagram, (b) Ragone plot and (c) cycle
stability.

Ragone plot of the fibers (Figure 7.3b) displayed a high energy density and power
density of 20 W h/Kg and 12,300 W/Kg, respectively. Electrode stability was further
evaluated (Figure 7.3c). Capacitance remained stable without noticeable degradation
along 10,000 cycles measured at 100 A g!, showing a capacitance retention of 99.9%

and significant electrode stability.

7.2. Sacrificial block and degree of polymerization influence

Throughout Chapter 4, the influence on the BCP precursor phase—separation of
the sacrificial block nature and molecular weight has been examined, as well as their
effect on the PCFs pore structure and physicochemical properties. In this section, the

capacitive behavior of PCFs derived from BCPs presenting different sacrificial block and
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total degree of polymerization (N) has been studied. In this regard, the electrochemical
performance of PS—h—PAN—derived PCFs (PS—PCFs) and PtBA—b—PAN—-derived PCFs
(PtBA—PCFs) has been compared. The capacitive behavior of PCF obtained from high
molecular weight PS—=h—PAN (HN_PS—PCFs) has been analyzed.

The PCFs electrodes were tested in a three—electrode electrochemical cell.
PtBA—PCFs exhibited narrow fiber diameters (~ 62 nm) and HN PS—PCFs showed some
beads during the fiber production process, leading in both cases to poor mechanical
strength of the fiber mat and consequently, they cannot be used as self—standing
electrodes. The electrodes were prepared as follows: pressing into a clean nickel foam a
mixture of active material (around ~ 1 mg), carbon black, and PTFE 60% dispersion in
water with 80:10:10 proportion, respectively. Contrary, PS—PCFs exhibited sufficient

mechanical consistency to be used as self—standing electrodes.

Cyclic voltammetry (CV) curves measured at 50 mV s~ ! are shown in Figure 7.4a.
PS-PCFs, PtBA-PCF and HN PS-PCFs curves follow a characteristic
rectangular—shaped, without visible faradaic peaks. However, some inclination or
distortion was observed for both, PtBA—PCFs and HN PS—PCFs, due to an increased
resistivity or ion resistance. Furthermore, the area under the CV curve also decreased for
both materials, indicating lower capacitance values, compared to PS—PCFs curve.
Galvanostatic charge—discharge (GCD) curves measured at 5 A g ' (shown in Figure
7.4b) presented some deviation as well from the ideal capacitive behavior, although the
obtained curves are close to triangular—type shapes without appreciable IR drop. The
specific or gravimetric capacitance (Cs) values was calculated from the discharge curve
at 1 A g'!, reaching 203 and 171 F g"! for PtBA—PCFs and HN_PS—PCFs, respectively.
Those values are significantly lower compared to 254 F g~! obtained for PS—PCFs.
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Figure 7.4. (a) CV curves at 50 mV s ! and (b) GCD curves at 5 A g ! of PS-PCFs, PtBA—PCFs
and HN_PS—PCFs.

Capacitance seems to be greatly influenced by the surface area, since a decrease
in SSAger values results in lower capacitance values. The bar graph in Figure 7.5a shows
the correlation between SSAger and capacitance values calculated for the PCFs under
study. Since the electrical conductivity in PLBA—PCFs is expected to be higher than that
in PS—PCFs due to the higher graphitization degree and higher content of graphitic
nitrogen, lower capacitance values and larger CV and GCD distortion may be produced
by an increase of ion resistance rather than electrical resistance. Therefore, for
PtBA—PCFs, it is suggested that the decrease in capacitance is due to the lower mesopore
content. The presence of mesopores serves as ion—reservoirs and ion transport pathways
reducing distances from the bulk electrolyte to micropores active sites. In a predominantly
microporous structure, such as that obtained for PtBA—PCFs, the electrolyte ions usually
exhibit higher diffusion resistance through the carbon material. These results are in
agreement with other mesopore—dominated carbon materials, that showed a significant
increase in the capacitance values compared to micropore—dominated materials [222].
Besides, HN PS—PCFs, characterized by a low pore density structure, exhibited an

insufficient SSAger value and micropore content, resulting in a poor capacitive behavior.
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Figure 7.5. (a) Specific capacitance (Cs) and specific surface area (SSA) values, and (b)
capacitance retention at different sweep rates for PS—PCFs, PtBA—PCFs and HN_PS—PCFs.

From the CV curves measured at different sweep rates, capacitance retention has
been determined. Contrary to expectations, capacitance retention up to 300 mV s is
higher for both PtBA—PCFs and HN PS—PCFs than for PS—PCFs. This may be attributed
to an increase in the surface N content, since PtBA—PCFs and HN PS—PCFs presented
12.4 and 16.1 %, respectively, compared to 7.8 % found in PS—PCFs. It has been
previously demonstrated for carbon porous materials how increasing heteroatom surface
content leads to an improvement in rate capability [223,224]. Moreover, capacitance
retention reached for the PCFs materials under study does not exceed 35 %, showing a
32.8% for PS—PCFs, which is a value that could be improved. As previously discussed,
some mesopores present an ink—bottle shape and at higher sweep ion—access through the

bottleneck may be further hindered.

In summary, it has been shown how larger specific surface area with suitable pore
size distribution, including a high content of micro—and mesopores, is crucial to achieve
higher capacitance values. However, introducing N—containing surface functional
groups, seems to improve rate capability due to fast redox reaction at the electrode surface
that enhance electrolyte ion adsorption. Although, it has been studied how N surface
functional groups increases the basicity of the surface material and benefit the proton
adsorption of acidic electrolytes compared to basic ones [225]. Therefore, the testing of
PCFs materials in H2SO4 aqueous electrolyte will be further needed in future research to

possibly improve the electrochemical performance.
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7.3. N and N/S co—doped PCFs

An activation process of PCFs derived from PS—/—PAN copolymer was carried
out using urea and thiourea heteroatom precursors to obtain N—rich and N/S—rich PCFs,
respectively. The resulting N—doped (NPCFs) and N/S co—doped (SPCFs) PCFs showed
different relative N and O concentration (12.2% and 3.3% for NPCFs, and 14.2% and
3.5% for SPCFs) along the fiber surface without compromising specific surface area.
Moreover, SPCFs showed a relative low concentration of 0.4 % of S—containing surface
functionalities. However, slight variations were found with respect to pore structure and
pore size distribution (see Chapter 5). In this section, the influence of the N and S doping
process on the electrochemical performance have been examined. Since NPCFs and
SPCFs exhibited certain fragility after the activation process involving some fiber break,
the mechanical resistance of the fiber mat seems to decrease compared to PCFs before
activation. For this reason, NPCFs and SPCFs electrodes were prepared as a ‘slurry’

pressed into Ni foam.

Electrodes of PCFs, NPCFs, and SPCFs were tested by cyclic voltammetry (CV)
at different sweep rates. The Figure 7.6a shows CV curves measured at 50 mV s~ !. The
three fiber materials showed a rectangular shape voltammogram, close to an ideal electric
double—layer capacitor (EDLC) with small deviations. As previously explained, this
behavior can be attributed to the high content of surface functional groups containing N
and O heteroatom, and S for SPCFs, leading to a slight pseudocapacitive contribution
[159]. Both NPCFs and SPCFs activated fibers exhibited larger areas under the CV curve,

suggesting an increase in capacitance compared to the starting PCFs material.

This suggestion is confirmed by testing the materials to galvanostatic
charge—discharge (GCD) at different current densities (Figure 7.6b). All
charge—discharge curves (PCFs, NPCFs and SPCFs) measured at 5 A g ' presented
symmetrical triangular shape, without appreciable ohmic drops, demonstrating excellent
—cata 1 A g! current density and are displayed in Table 7.2. NPCFs shown the highest
value of 341 F g'!, followed by SPCFs with 280 F g~! and PCFs showing a capacitance
value of 254 A g!. This improvement is due to the synergetic effect of increasing
mesopore/micropore ratio (0.58 and 0.44 for NPCFs and SPCFs, respectively, compared

to 0.35 for PCFs) and increasing the relative heteroatom content after the doping process.
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As mentioned before, mesopores increase the accessible—surface area potentially
enhancing the electrochemical performance. Besides, introducing N-—containing
functional groups can produce additional active sites and changes in the surface energy
(or hydrophilicity), which increase wettability, increasing interactions between the carbon

surface and the electrolyte.
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Figure 7.6. (a) CV curves measured at 50 mV s ! and (b) GCD curves at 5 measured at 5 A g™
of NPCFs, SPCFs, and PCFs.

The differences found between NPCFs and SPCFs can be explained by the most
suitable pore structure with a higher mesopore content for NPCFs, but also by the type
and concentration of the different N—containing functional groups. In Figure 7.7a, it is
represented the content of the different N surface functionalities for each PCF under
study, corresponding to pyridinic nitrogen (N—6), pyrrolic nitrogen (N—5), quaternary
nitrogen (N—Q) and oxidized pyridinic nitrogen (N—O). Concentration of pyrrolic and
pyridinic N increases for NPCFs compared to SPCFs. These nitrogen species have
demonstrated to be the most electrochemically active. Therefore, their increase is directly
related to the increase in capacitance values. Table 7.2 compiles capacitance values,
heteroatom content, and specific surface areas of other carbon and fiber materials doped
or activated with N and S heteroatoms. Data for NPCFs and SPCFs are also included,

showing highly competitive capacitance values, especially for NPCFs.
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Table 7.2. Comparison of N and S content, SSAger, and capacitance values of different carbon

materials measured in a three—electrode electrochemical cell.

Material N S SSABET Cs Electrolyte  Ref
(%) (%) (m?g™) (Fg™
N—-doped  21.81 - 145.0 191.9 H>SO4 1M [226]
carbon 0.1A g™
nanospheres
N/S—doped  1.40 1.83 1199.0 241.0 KOH6M  [227]
carbons (1Agh
N/S—doped  3.13 1.84 1552.0 363.1 KOH6M  [228]
carbon 05Ag"
nanosheets
N/S 4.29 3.38 1830.8 416.0 KOH 6M  [229]
co—doped 02Agh
carbon
nanospheres
N/S 2.40 0.50 2711.7 3220(1Ag! KOH6M  [230]
co—doped
carbons
N/S 3.65 0.97 894.2 2060(1Ag') KOH6M  [231]
co—doped
carbons
N/S 0.94 0.21 1838.0 350.0(1Ag!) KOH6M  [205]
co—doped
carbons
N/S—doped  3.20 1.10 932.0 268.0(1mVs!) KOH6M [181]
PCtextiles
N/S 14.00 0.90 207.4 307.8(2mVs!) KOHG6M [70]
co—doped
PCFs
N—doped  12.20 - 427.9 341.0(1Ag! KOH6M This
PCFs work
N/S—doped 14.20 0.50 440.8 280.0(1Ag') KOHG6M This
PCFs work

In order to examine the capacitance retention of these materials, CV was
conducted between 5 and 500 mV s! scan rate. For all PCFs, capacitance values decrease
as sweep rate increase, since at higher rates the penetration of ions into the core material

is hindered and therefore the area accessible to the electrolyte ions is reduced.
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Activated fibers (NPCFs and SPCFs) exhibited enhanced capacitance retention at
high rates compared to non—activated fibers (starting PCFs). This improved performance
has been attributed to several factors related to the increased meso—/micropore ratio, and
the presence of N—containing surface functional group [232], which reduce ion—diffusion
resistance and electrode—electrolyte interfacial resistance. Similar capacitance retention
was found in NPCFs and SPCFs, due to the high graphitic—N concentration in SPCFs

which improves charge transfer at higher sweep rates.
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Figure 7.7. (a) Content of the different N species found in PCFs, NPCFs and SPCFs, and (b)

normalized capacitance retention measured from 5 to 500 mV s of the porous carbon fibers.

Electrochemical impedance spectroscopy (EIS) was measured to determine the
capacitive behavior and diffusion kinetics of PCFs before and after activation under AC
conditions. Moreover, EIS was carried out to differentiate the resistance contributions
related to different process. The Nyquist diagrams shown in Figure 7.8a were fitted to
the equivalence circuit shown in Chapter 2. For the three materials, three main regions
can be detected. At high frequencies, all samples displayed a semicircle shape. From the

intersection of the Nyquist plot with the real part axis (Z') series resistance (Rs) values

can be obtained.

Rs is related to the electrode internal resistance, although the three materials
presented low resistance values (< 1 Q), NPCFs and SPCFs showed lower Rs values (0.53
Q and 0.61 Q respectively), compared to 0.81 Q of the starting PCFs material. This was

attributed to higher graphitization degree observed in Raman spectra and higher N
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content, which potentially increases the electronic conductivity. Since Rs is also related
to the electrode—electrolyte resistance, the higher Rs value for SPCFs can be due to the
increased N—containing functional groups at the surface, which increased the basicity of
the surface, and therefore, decreased interaction with OH™ electrolyte ions. Based on these
results, a higher graphitization degree and a higher nitrogen content can individually

contribute to an increase in overall electrochemical performance of activated fibers.

The charge—transfer resistance (Rcr) values decrease notably for both doped PCFs
with values of 0.91 Q, and 1.20 Q for SPCFs and NPCFs respectively, compared with
starting PCFs (1.9 Q). This charge transfer improvement is attributed to their higher
heteroatom content after the activation. This increased heteroatom content particularly

higher nitrogen and sulfur content in SPCFs was stated to be superior to that of NPCFs.

Rer (charge—transfer resistance) value can be obtain from semicircle diameters
and as mentioned before, is mainly governed by faradaic process involving faradaic
reactions with heteroatoms. Rer values decrease notably for both activated fibers with
values of 0.91 Q, 1.20 Q for SPCFs, NPCFs respectively, compared with starting PCFs
(1.9 Q). This charge transfer improvement is due to the higher heteroatom content after
the activation, which is improved for SPCFs due to the higher total N content and some
S as well compared to NPCFs. This improvement is also attributed to a more suitable pore

structure rich in mesopores after both activation process.

Warburg diffusion coefficient (Wo) can be found between high and mid—high
frequencies. It is mainly associated with the ion diffusion into the pores of the electrode
surface and the formation of the diffusion layer on the electrode surface. Ideal capacitive
behavior would present a vertical line in that frequency range [221]. The Nyquist plot
shows that the slope gradually inclines from NPCFs to SPCFs and PCFs in that region.
NPCFs have a lower resistance due to their higher mesopore content compared to other
carbon fibers. This facilitates ion transportation and suggests ion diffusion occurs not only
on the surface. To quantify the ion diffusion resistance values, the real part Z was plotted
against the angular frequency raised to 0.5 (w %) for a frequency range between 1 to 20
Hz (Figure 7.8b). Ion diffusion resistance can be obtained from the slope, showing the
lower value of 0.95 Q s7%°, 1.02 Q s, and 3.0 Q s for NPCFs, SPCFs and PCFs

respectively. The results obtained show that NPCFs possess an improved pore structure
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with surface functionalities rich in pyridinic and pyrrolic nitrogen, which make them

well—suited for improving the electrochemical performance of starting PCFs.
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Figure 7.8. (2) EIS of porous carbon fibers fitted to the equivalent circuit and, (b) ion diffusion
resistances of PCFs, NPCFs and SPCFs.

In conclusion, regarding SPCFs, the higher total N content and some S content are
believed to contribute to improved charge transfer performance compared to NPCFs and
starting SPCFs. However, although surface heteroatom content is an important factor, it
is not the only determinant of electrochemical performance. The pore structure and pore
size distribution of the material also play a crucial role in achieving higher capacitance
values and retention capability. However, the activation process can also lead to increased
fragility of the fiber mat. This is primarily due to the second thermal treatment causes the
volatilization of non—carbon—based gases that produce fiber breakage, which

compromises their use as self—standing electrodes.

7.4. PCFs containing magnetite nanoparticles

In Chapter 6, the influence of adding a low content of magnetite nanoparticles
(MNPs) on the PtBA—b—PAN copolymer phase separation was analysed. This phase
separation changes induced modifications on the pore structure of the resulting PCFs.
Although the size and concentration of MNPs, as well as their specific interactions with

the polymer chains need to be carefully considered to achieve the desired phase behavior
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and control over the self—assembly process, this preliminary research demonstrate an

improvement of SSA values and mesopore content after the addition of MNPs.

To study the influence of the addition of MNPs on the electrochemical
performance and potential pseudocapacitance behaviour, a preliminary electrochemical
examination was conducted using a three—electrode cell. Electrodes of starting PCFs
(named as PtBA—PCFs) and PCFs derived from a dispersion of MNPs into PtBA—b—PAN

matrix (MNPs—PCFs) were prepared as a ‘slurry’ pressed into Ni foam.

CV was measured at different sweep rates for both materials (PtBA—PCFs and
MNPs—PCFs). Figure 7.9a shows CV curves measured at 50 mV s !. MNPs—PCFs
exhibited larger area under the CV curve confirming an increase capacitance with respect
to PtBA—PCFs. No visible redox peaks produced by redox reaction between Fe3O4 and
OH™ electrolyte ions were detected. Although some slightly visible distortions could be
observed compared to PtBA—PCFs curve. Consistent with CV data, GCD curve measured
at 4 A g! (Figure 7.9b) did not show any visible deviation due to Faradaic reactions.
Capacitance value obtained from the discharge curve at 1 A g ' reached 248 F g”!, which
is notably higher than the one obtained for PtBA—PCFs (204 F g'!). This improvement is
likely attributed to increased specific surface area and mesopore concentration, resulting
from the interaction between the MNP and block polymer chains. The MNPs modified
with phenolic acid have a strong affinity for the PAN domain phase, which leads to a
higher degree of segregation and, consequently, increasing pore size without
compromising specific surface area (see Chapter 6). These factors mainly contribute to
enhance the capacitance. To enhance the pseudocapacitance contribution, it will be

explored different loading of MNPs on the PCFs.
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Figure 7.9. (a) CV curves at 50 mV s '¢and (b) GCD curves at 4 A g ! of PtBA-PCFs and
MNPs—PCFs.

In summary, the introduction of MNPs has been found to induce morphological
changes that impact the overall porosity and electrochemical capacitance of the PCF, even
at low loading concentrations. The presence of MNPs alters the arrangement and
distribution of the block copolymer domains, which leads to changes in the pore structure

and probably to connectivity within the fibers.
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In this thesis work various PAN—based block copolymers (BCPs) have been used
as precursors to produce porous carbon fibers (PCFs) with a well-defined and
hierarchical pore structure. Fibers were successfully obtained by electrospinning of BCP
precursors with different sacrificial blocks, compositions, and molecular weights. The
fiber mats were subsequently carbonized to produce PCFs with various well—defined pore
structures and surface chemical compositions, as demonstrated through morphological
and structural characterization. Additionally, it has been determined how the different
structural and chemical characteristics of the PCFs produced in this thesis, directly
influence their electrochemical behavior as electrode materials for supercapacitors.

Herein, a summary of the main conclusions and future prospects is presented.

8.1. Conclusions

- Synthesis and characterization of block copolymers

Novel synthetic routes have been presented wusing Reversible
Addition—Fragmentation Chain Transfer (RAFT) polymerization to successfully
synthesized various PAN—based block copolymer with polystyrene, and poly(tert—butyl
acrylate) as sacrificial blocks. Polymerizations were optimized to produce
well—controlled block copolymers with low sacrificial block (SB) volume fractions (fsg~
0.11-0.16), resulting in high carbon yields after carbonization. Different high and
controlled BCPs molecular weights were also obtained, allowing, and facilitating their

use as fiber precursors by electrospinning.

- Fabrication of porous carbon fibers

The phase—separation behavior and the ability of PAN—based block copolymers
to maintain its disordered morphologies after carbonization were analyzed. The block
copolymers were used as precursors for producing fibers by electrospinning after
parameter optimization to obtain a suitable homogenous fiber mat. Some parameters such
as monomer, composition, and molecular weight were modified to study their influence
on morphology and porous structure. Fibers mats derived from PtBA—b—PAN and high
molecular weight PS—h—PAN presented a beaded—fiber structure. This is mainly
attributed to processing conditions, confirming how small variation in the electrospinning

precursor solution affects the morphology and properties of the resulting electrospun
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fibers. PCFs with varied and well—controlled pore structures have been obtained through
stabilization and subsequent carbonization of the electrospun fiber mats derived from all

the different synthesized block copolymers (PS—PCFs, PtBA—PCFs, and HN PS—PCFs).

- PCFs morphological and structural characterization

Detailed morphological and structural characterization was assessed to determine
fiber morphology, carbon and pore structure, and surface chemical composition.
Variations in sacrificial block and molecular weight have been shown to modulate
textural properties such as specific surface areas, pore sizes and shapes, and surface
chemical composition. Among all the PCFs under study, PCFs derived from PS—p—PAN
(PS—PCFs) presented the highest surface area (SSAger =495 m? g ') with the most suited
meso—/micropore ratio and a relatively high content of N and O (7.8 and 4.5 %,
respectively). Although, according to the information revealed by the N>
adsorption/desorption isotherm, some pores presented an ink—bottle shape that can
contribute to increase ion—diffusion resistance. Therefore, further research will be
required, such as varying the sacrificial block volume fraction to produce pores shapes

with reduced ion—diffusion resistance without compromising the surface area values.

- PCFs capacitive properties

All PCFs produced in this thesis work (PS—PCFs, PtBA-PCFs and
HN_ PS—PCFs) were tested as electrode materials for supercapacitors in a three—electrode
cell. Among the PCFs under study, PS—PCFs exhibited the highest capacitance value (254
F g ! measured at 1 A g!) due to the synergetic effect of higher surface area and
hierarchical porosity, rich in micro— and mesopores; since capacitance values are
gradually reduced with decreasing SSAger values. In contrast, both PtBA—PCFs and
HN_ PS—PCFs exhibited lower capacitance values compared to PS—PCFs. However,

. This enhancement can be

capacitance retention increased for both, up to 300 mV s~
attributed to higher nitrogen surface concentration. These results demonstrate the
importance of both, the concentration of surface heteroatom functionalities and the
textural characteristics, such as surface area, pore size and pore volume. Finally,
PS—PCFs also presented satisfactorily capacitive behavior in a symmetrical cell,
including, low series resistance (Rs) and charge—transfer resistance and (Rct), indicating

considerable electrical conductivity, and remarkable cycle stability.

149



Chapter 8: Conclusions and future prospects

- PCFs optimization through material modifications

Based on previous results, PCFs derived from PS—5—PAN were successfully
doped with N and N/S heteroatoms through an activation process with urea and thiourea,
respectively. NPCFs (N—doped PCFs) and SPCFs (N/S co—doped PCFs) exhibited
improved electrochemical performance, with higher capacitance values and capacitance
retention, and lower ion—diffusion resistance (o) and charge—transfer resistance (Rcr),
indicating enhanced electrical conductivity. These improvements are assigned to the
higher content of heteroatom surface functionalities and enhanced meso—/micropore ratio
without compromising the surface areas, which contribute to pseudocapacitance. As
already mentioned above, obtaining advanced and flexible electrode materials for
supercapacitors required a self—standing nature. Due to the second thermal treatment of
the activation process, fibers decreased in diameter and fiber breakage increased. As a
result, NPCFs and SPCFs present some fragility. Therefore, further research will be
required to overcome these limitations, including immersing the electrospun fiber mat in
saturated solutions of urea and thiourea before carbonization. This approach may avoid

fiber diameter decrease and breakage through the second carbonization.

Moreover, magnetite nanoparticles were included in the PCFs carbon framework.
This addition produced changes in the phase—separation morphologies that increased the
SSAger values, as well as the meso—/micropore ratio, which translated into higher
capacitance values. Although, due to the insufficient concentration of nanoparticles
embedded in the PCFs, no redox peaks were observed, indicating a low
pseudocapacitance contribution. This suggests that pseudocapacitance could be increased

by expanding the nanoparticle loading to higher concentrations.
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8.2. Future prospects

Porous carbon fibers (PCFs) with well—controlled and defined pore structures are
considered advanced multifunctional materials for different applications. Ongoing efforts
are focused on improving the scalability, efficiency, and sustainability of manufacturing
processes, as well as developing novel methods to tailor the PCFs properties to specific
requirements. These fibers are expected to play a vital role in addressing various
challenges, especially in energy storage, environmental remediation, and other fields

requiring high—performance materials.

This work demonstrates that obtaining PCFs from PAN—block copolymers is a
promising potential strategy. However, further investigations are required to optimize the
pore structure and morphology. Future research is focused on exploring novel monomers
and polymers, optimizing block copolymer compositions and electrospinning parameters.
These efforts aim to produce PCFs with various desirable properties, including high
mechanical strength that allows them to be used as self—standing materials. A summary

of some future perspectives is presented hereinafter.
- PCFs derived from poly ionic liquids (PIL)

A preliminary study to produce PCFs derived from poly(ionic liquids) (PILs) and
block copolymer (BCPs) blends as precursors was developed in collaboration with
professor Jiayin Yuan of the Functional Polymers and Carbons research group at

Stockholm University (SU).

Poly(ionic liquid)s (PILs) are polymers derived from ionic liquid monomers. PILs
hold great promise in producing carbon with enhanced electrical conductivity, which is
attributed to their inherent ionic nature. In addition to their inherit high conductivity, the
idea of using poly(ionic liquids) (PILs) as PCFs precursors arose due to their high content
of nitrogenous functional groups, which upon carbonization will produce a high relative
nitrogen content PCFs, without requiring an additional doping process. The poly(ionic
liquid) used in this preliminary project was provided by the research group.
Poly(1—cyanomethyl—3—vinylimidazoluim bis(trifluoromethane sulfonyl)imide) was

synthesized according to previously published procedure [233] and exhibited a low

151



Chapter 8: Conclusions and future prospects

molecular weight ~ 20.000 g mol™'. This PIL polymer has been used to prepared highly
porous membranes. The mixture of this polymer with certain amounts of poly (acrylic

acid) (PAA) in NH3 media causes the following process:
i) Deprotonation of the ~COOH group of PAA to form —COO NH4".

i1) Driven by entropy, PAA deprotonated groups (—COQO™) will ionically crosslink PIL

functional groups to form an inter—polyelectrolyte complex.

ii1) The diffusion of water into the crosslinked PIL—complex will cause phase separation

producing pores.

The BCP selected for this experiment was PMMA—-b—PAN, in which the
sacrificial block is poly methyl methacrylate. This BCP was synthesized according to
previously reported procedure [58]. It was selected due to the higher volume fraction of
PMMA (f = 0.53) compared to the BCPs presented in this thesis work (fsg ~ 0.11—-0.16).
Since the concentration used for the electrospinning solution was only 5 wt%, it was
assumed that a higher sacrificial block content guaranteed a higher porosity after

carbonization.

The experimental procedure illustrated in Figure 8.1, first included the
preparation of fibers by electrospinning using a mixture containing 20 wt% of PIL, 3.8
wt % of PAA and 5 wt% of BCP. Electrospinning parameters were set at 18 kV, 10 cm
distance from tip to collector and a feed rate of 0.5 mL h™!. The resulting fibers were then
immersed in a saturated NH3 solution for 24 h for crosslinking process. Immediately after,
the fiber mat was washed with distilled water and carbonized through a two—step thermal
treatment, first at 280 °C under air for 1h followed by carbonization at 800 °C under N>
for 1h.
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Figure 8.1. Scheme representing the process to produced PCFs from PIL, PAA and BCP.

Fibers were characterized by SEM (shown in Figure 8.2), exhibiting a

homogeneous diameter distribution. After crosslinking, some anchored points can be

observed between fibers. After stabilization and carbonization, the fibers maintain their

integrity, although some agglomerations can be detected. The measured SSAger value

reached 498 m? g !. The PCFs mat showed certain degree of flexibility and sufficient

mechanical strength to be used as self—standing electrode material. The capacitance

measured in a symmetrical cell reached a value of 200 F g 'at 1 A g .
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Figure 8.2. SEM images of PCFs derived from PIL/PAA/BCP blend (a) electrospun fiber mat,

(b) after crosslinking, (¢) after stabilization and (d) after carbonization.

This project has shown how fibers can be produced from highly concentrated PIL
solutions. The PIL—derived PCFs exhibited homogenous diameters and, after
carbonization, morphology and structure are preserved without visible fiber breaks,
allowing them to be used as self—standing electrodes for supercapacitors. Due to the low
concentration of BCP (PMMA—-b—PAN), a low mesopore content is expected, which

translates into an improvable capacitive performance.

This work opens a new research line, which requires optimizing the concentrations
of PIL and BCP to reach the highest specific surface area with the most suitable pore size

distribution, in order to improve the electrochemical performance.

- PCFs derived from Polyimides

Polyacrylonitrile (PAN) was selected in this thesis work as the carbon precursor
block for all the different block copolymers produced. Nevertheless, other carbon

precursors have attracted significant interest, such as polyimides. This polymer is
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composed of aromatic rings coupled by imide linkages, with a high content of
electron—rich nitrogen and oxygen heteroatoms. This feature is especially interesting for
their application as electrode materials for supercapacitors, since heteroatom
functionalities on the electrode surface increase capacitance through pseudocapacitive
contribution. Furthermore, oxygen and nitrogen exhibit a good affinity towards carbon
dioxide, so polyimide—derived fibers were also considered excellent materials for CO»
capture [26]. In addition, due to the heteroaromatic skeleton and firmly structure, the
polyimides showed high carbon yield after carbonization. Therefore, polyimides emerge
as promising carbon precursors to produce well—defined porous carbon fibers for various
applications through activation process [234,235]. However, since polyimides can be
coupled with sacrificial blocks, among other approaches, through condensation reactions
[236], polyimide—derived copolymers will be precursor materials of notable attention for

producing advanced PCFs.

- PCFs for CO; capture and dye adsorption

As explained in the introduction, porous carbon materials with hierarchical
porosity can improve the adsorption of different organic dyes, such as methyl orange and
methylene blue. In addition, the surface functionalities play an important role in
increasing the affinity towards the adsorbate. In this context, porous carbon materials
containing Fe3O4 magnetic nanoparticles have shown to introduce more adsorption
actives sites, leading to high adsorption and regeneration capacity [237]. Considering
these promising results, the PCFs containing Fe3O4 nanoparticles produced in this thesis
work can potentially be used for dye adsorption applications. This will open up new lines
of research that will require optimization of nanoparticle loading and dispersion protocols

to produce a homogenous fiber mat with uniformly dispersed nanoparticles.

Porous carbon materials with hierarchical pore structures can also enhance CO:
capture, which allows easy access of CO; molecules to micropore actives sites.
Furthermore, as mentioned above, heteroatom—rich surface functionalities offer
improved affinity towards carbon dioxide [238]. Therefore, the PCFs presented in this
thesis work, with well—controlled pore size distribution and high relative N/O surface
concentrations, stand out as promising adsorbent materials. For this reason, future CO»

physisorption experiments will be expected to show high CO- intakes.
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- PCFs with conductive additives

Composite materials comprising porous carbons with pseudocapacitive materials,
combines the advantages of high stability with high capacitance. In this regard, MXenes
has emerged in the last decade as a novel 2D material with high metallic conductivity and
high hydrophilicity. The general formula of MXenes is Mu+1XnTx, where M is a transition
metal, and X correspond with C and/or N. Furthermore, MXenes sheets are often coated
with hydrophilic surface parts (Tx), such as OH [239]. Due to advantages including metal
conductivity and high hydrophilicity, MXenes has been used as electrode materials for

supercapacitors showing an excellent electrochemical performance.

Producing composite materials comprising the PCFs produced in this thesis work
and Mxenes sheets, could be a promising approach to improve the electrochemical
performance. Impregnating of Mxenes onto the PCFs membrane, has been proven to
promote rapid ion—diffusion and increase electron conductivity [240]. A different
approach involves the introduction of Mxenes sheets embedded in the carbon fiber
structure [241], which could prevent the sheets from twisting or bending, resulting in
decreased conductivity. Therefore, using block copolymers and Mxenes blends to
produce porous carbon fibers by electrospinning will be an interesting method to increase

electronic and ionic conductivity.

- PCFs produced by wet—spinning

Fibers produced along this thesis work has been obtained by electrospinning. This
technique allows to obtain nanosized fiber diameters that enables to reach high specific
surface areas. However, a different method to produce wider fiber diameters will be
through the use of wet—spinning. This method is based on the extrusion of a polymeric
solution directly into a coagulation bath containing a non—solvent, therefore, it allows the
use of multiple precursors. This process leads to polymer filaments that solidify as
continuous polymeric fibers, presenting diameters in the range of um [242]. Porous
carbon fibers produced by wet—spinning have been shown to achieve relatively high
surface areas and high electrochemical performance while offering high mechanical

strength [243-245].
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