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The transition to a sustainable society requires not only advances in renewable energy
technologies but also the development of environmentally responsible materials from renewable
sources. A circular economy depends on the effective use of biomass and biowaste—not only
for energy production, but also for functional materials and fine chemicals. Replacing fossil-
based carbon with renewable feedstocks reduces environmental impact, decreases reliance on
imported resources, and strengthens local economies. It also improves resilience by minimising
dependence on critical raw materials from geopolitically sensitive regions. Carbon-based
materials are central to energy storage systems such as lithium-ion batteries and supercapacitors,
yet their current production often relies on mined graphite and fossil-derived carbon, both linked
to ecological and economic concerns. This thesis investigates the sustainable synthesis of hard
carbon and graphene-like materials from renewable biomass and industrial biowaste, focusing
on their use in electrochemical energy storage. Alongside conventional pyrolysis, a novel
method—Ilaser-induced carbonisation—is explored as a fast, localised, and energy-efficient
alternative that eliminates the need for inert gases and prolonged heating. Biomass precursors
such as tannins, kraft lignin, brewer’s spent grain, nanocellulose—polypyrrole composites, and
phenolated organosolv lignin were used. The resulting carbons were extensively characterised
and tested in supercapacitors and lithium-ion batteries, showing promising performance.
Beyond material development, the thesis emphasises the socioeconomic benefits of integrating
renewable carbon sources into energy storage value chains. This shift enhances climate
sustainability, economic self-reliance, and energy security. Overall, the findings demonstrate
that bio-based carbon materials offer viable, high-performance alternatives to conventional
sources, supporting a more circular and sustainable energy future.
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“In every ending there is a new beginning”
“For you were made from dust,
and to dust you will return” (Genesis 3:19)
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1 Introduction

Being one of the most versatile elements in the periodic table, carbon forms
millions of compounds, most of which are complex organic molecules. With-
out hesitation, one can say that the existence of all forms of life on Earth relies
on the infinite number of chemical transformations involving carbon. Carbon
can rightfully be called “the King of Elements” due to its unique ability to
form extremely long, strongly bonded chains. The electronic structure of the
carbon atom allows the formation of single, double, and triple bonds with
other atoms, changing its hybridisation. This opens up an endless range of
possibilities for forming structures with different chemical compositions, mor-
phologies, and electronic and thermal properties.

1.1 From diamond to graphite

The chemical structure, allotropic modifications, internal structure, dop-
ing/functionalisation with heteroatoms, and morphology of carbon materials
strongly affect their physicochemical properties. Hence, it is important to un-
derstand the differences between different classes of carbon materials. Carbon
materials can be formally classified based on the hybridisation of carbon at-
oms (sp-, sp>-, sp>-hybridised), allotropic modification (diamond, fullerenes,
graphene, graphite, etc.), dimensionality (0D, 1D, 2D, 3D), crystallinity
(amorphous, crystalline), ordering (highly disordered, short-range ordered,
long-range ordered), defectiveness level (defect-free, defective, highly defec-
tive), doping and functionalization with heteroatoms, degree of graphitisation
(DoG), and so on. The structural complexity of existing carbon materials
makes it impossible to use only one classification and requires a deep under-
standing of all the parameters introduced above. The following discussion pro-
ceeds from the atomic/molecular structure of the materials to their macrostruc-
ture. Deviations from this logic are due to the need to introduce some struc-
tural parameters without which understanding of disorder and defectiveness is
practically impossible.

The carbon atom can exist in three different hybridisation states. While sp’-
hybridised atoms can form only single bonds with neighbouring atoms, the
sp’- and sp-hybridised atoms form multiple bonds (double and triple) with de-
localized electrons, generating networks of conjugated m-bonds. These
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conjugated bonds further form n- and n*-bands responsible for the transport
of delocalized electrons within the material (i.e., electrical conductivity). Even
though there are examples of carbon materials consisting of carbon atoms in
only one hybridisation state (e.g., diamond, carbyne), most varieties combine
carbon atoms in two or even three hybridisation states (e.g., sp>-, sp>-, and sp-
hybridisation in amorphous carbon; sp*- and sp*-hybridisation in graphene).’
The combination of different hybridisation states of carbon atoms creates nu-
merous carbon allotropes (including amorphous carbon, glass-like/vitreous
carbon, carbon black, etc.) with different geometries and shapes, including
linear, trigonal planar, tetrahedral, and others.? On top of that, there are some
intermediate forms of carbon in terms of hybridisation state (sp”, where n is a
fractional number: 1 <n < 3, n # 2)." For instance, the first subgroup of inter-
mediate carbons includes monoclinic structures like cyclo[N]carbons, with
hybridisation n in the range 1 <n <2 (when N — o, n — 1). The second
subgroup (2 < n < 3) consists of various frameworks (closed shell) carbon
structures like fullerenes, carbon onions, carbon nanotubes, and others.’

Another important parameter is the dimensionality of the carbon material,
which often affects basic physical properties such as conductivity, lumines-
cence, optical properties, and flexibility, as well as more complex character-
istics (for instance, the diffusion path of electrolyte ions in energy storage de-
vices). Zero-dimensional (0D) carbon materials include hollow, spherical full-
erenes and carbon nanodots, while one-dimensional (1D) ones include carbon
fibres, carbon nanotubes, and graphene nanoribbons. Graphene-like materials,
however, represent a large class of two-dimensional (2D) materials. Finally,
the class of three-dimensional (3D) carbon materials includes amorphous, vit-
reous (glass-like), highly oriented pyrolytic, graphite-like, and diamond-like
carbon. Some of the abovementioned allotropic modifications can exist in
both crystalline and amorphous states (e.g., graphene, diamond-like carbon).
The crystalline allotropic modifications are sometimes represented by differ-
ent polymorphic modifications (e.g., rhombohedral and hexagonal graphite).
In the context of carbon materials, it is practically difficult to define whether
a given allotropic modification can also be considered a polymorphic modifi-
cation (for example, lonsdaleite and diamond).*

It is important to understand the difference between crystallinity and order-
ing in carbon materials. Crystalline carbon materials are highly ordered, ex-
hibiting well-defined X-ray diffraction (XRD) patterns (indicative of long-
range ordering). In this sense, the term “well-defined” refers to the width of
the reflexes, which are expected to be sharp in pristine crystalline materials
(the factors affecting the broadening of reflexes due to distortions and mi-
crostresses appearing in crystalline structures will not be discussed), as well
as the position, presence, and relative intensity of all reflexes expected to ap-
pear in XRD patterns of crystalline materials with a given unit cell symmetry
(i.e., structural model). Amorphous materials, however, can be highly disor-
dered (having no reflexes or extremely wide diffuse reflexes in XRD patterns)
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without both long- and short-range ordering, or can have a domain structure
with strong local ordering (short-range ordering). In general, XRD often pro-
vides confusing results in the case of disordered carbon materials. Therefore,
additional methods like total X-ray scattering, pair-distribution function anal-
ysis of diffraction data, selected area electron diffraction, and others can and
should be used to study the internal structure of such materials.

Being extremely difficult to investigate, defectiveness is an advanced char-
acteristic of carbon materials. The underlying reason is that the presence of
different kinds of defects not only influences the interpretation of experi-
mental data (as different types of defects often contribute to the same bands
in Raman spectra and broaden reflexes in XRD patterns), but also affects
physicochemical characteristics of carbon materials (e.g., electrical and ther-
mal conductivity, reactivity, thermal stability, adsorption capacity for metal
ions and gases, and others). Since different types of defects allow for the tun-
ing of the abovementioned characteristics of carbon materials, the idea of de-
fect engineering tailored to specific applications has attracted great attention
in recent years.>

The defects present in carbon materials can formally be divided into two
main groups: intrinsic and extrinsic defects. The primary group refers to dis-
tortions of the carbon lattice due to the absence of one or several carbon atoms
in Ce-rings (so-called vacancies), the presence of non-hexagonal rings (e.g.,
pentagons), or the presence of edges. Extrinsic defects, on the other hand, in-
clude distortions of the carbon structure caused by either doping/functionali-
zation with heteroatoms or the intercalation of metal ions within the carbon
structure. Doping with heteroatoms refers to the process of replacing one car-
bon atom in carbon rings with electron-rich elements (e.g., nitrogen; n-doping)
or electron-deficient elements (e.g., boron, sulfur; p-doping).” Functionaliza-
tion, however, is the process of attaching functional groups to the carbon at-
oms (e.g., introducing oxygen-containing functional groups referred to as
OCFGs, like carboxylic, carbonyl, ketone, lactone, etc., and/or nitrogen-con-
taining functional groups such as amine, nitro groups, and so on). The key
difference between doping and functionalization is that doping involves sub-
stitution—replacing a carbon atom, thereby altering the electron distribution
in the m-conjugated carbon lattice (network) and the geometry of carbon
rings—while functionalization involves the attachment of functional groups
to carbon atoms, which changes their hybridisation and formal charge. The
intercalation of metals/metal ions within the carbon structure or adsorption of
those on the carbon surface (sometimes called metal doping) changes the elec-
tron environment on the carbon surface, exciting active sites. In contrast to
heteroatom doping, doping with metals disturbs the carbon lattice to a lesser
extent, and this geometric disturbance acts only on the nearest Cg-rings.’ The
difficulty in studying the presence of different types of defects in carbon ma-
terials and separating their contributions led to the use of a simplified charac-
teristic called defectiveness level. The defectiveness level is a cumulative
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characteristic referring to the overall degree of distortion without a deep un-
derstanding of its origin. Carbon materials can be defect-free (almost), defec-
tive, or highly defective. The defectiveness level is defined from Raman spec-
tra of carbon materials based on the Ip/lg ratios (an in-depth discussion of
these bands is provided in Chapter 2.3.2). Raman spectra of defect-free carbon
materials have the following characteristics: no (or extremely small) D-band;
the D- and G-bands are well separated and narrow; the Ip/Ig ratio is below 0.1.
Defective carbon materials have a well-visible D-band, sometimes well sepa-
rated from the G-band, and the Ip/Ig ratio varies from 0.1 to 2. In highly de-
fective carbon materials, significant broadening of the D-band occurs, leading
to overlap with the G-band, and the Ip/Ig ratio is above 2. The correlation be-
tween the internal structure of carbon materials and Raman spectroscopy char-
acteristics is additionally discussed in Chapter 2.3.2.

The last, but not least, classification presented in this thesis is based on the
DoG of materials and combines both their internal structure and morphology.
There are two broad classes of carbon materials, called soft and hard carbon.
Hard carbon includes materials exhibiting non-crystalline, non-graphitizable
features (no long-range order is observed). Even though these materials have
no long-range order, they still have short-range order and consist of different
carbon domains (sp*-hybridised m-conjugated carbon clusters interconnected
by sp’-hybridised amorphous carbon structures). Hard carbon cannot be
graphitised at any temperature, while soft carbon is graphitizable and can be
converted into graphitic carbon at a certain temperature. This depends on the
precursor used for carbon material synthesis, the production method, and tem-
perature. The effect of the initial precursor structure is discussed in Chapter
1.2, while an in-depth understanding of the precursor conversion mechanisms
and temperature is provided in Chapter 1.3.

1.1.1 Graphene and graphene-like materials

Graphene-like carbon materials constitute a large group of two-dimensional
materials, including graphene, graphene/graphite oxide, reduced gra-
phene/graphite oxide, graphene nanoribbons, and so on. From an atomistic
point of view, “ideal” graphene is a monolayer-thick material with carbon at-
oms arranged in a lattice with a honeycomb structure (built from conjugated
Ce-rings). However, the [IUPAC defined the “graphene monolayer” in 1995 as
“a single carbon layer of the graphite structure, describing its nature by anal-
ogy to a polycyclic aromatic hydrocarbon of quasi-infinite size” rather than as
an individual compound.® This definition excludes a large group of few-layer
graphene materials, which show drastic changes in physicochemical proper-
ties compared to both monolayer graphene and graphite.” Raman spectroscopy
studies conducted by Duhee Yoon et al.'’ and Ferrari A.C. et al.'' have shown
that the Raman spectral features of multilayer graphene materials vary signif-
icantly from 2 to 10 carbon layers, while the presence of more than ten layers
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no longer affects the Raman spectra. Other Raman spectroscopy-based studies
provide further information for evaluating the number of layers in few-layer
graphene materials with AB- and ABC-stacking configurations.'*'* (More in-
formation regarding Raman spectroscopy of carbon materials is provided in
Chapter 2.3.2.) Hence, in this thesis, the terms single-layer graphene (SLG),
bilayer graphene (BLG), few-layer graphene (FLG), and multilayer graphene
(MLG) are used to refer to graphene with 1, 2, 3-5, and 6-10 layers, respec-
tively.'

The number of layers, the presence of intrinsic and extrinsic defects, defec-
tiveness level, and other parameters of graphene-like materials highly depend
on both the precursor and the production method used. Two strategies are em-
ployed to produce graphene-like materials, referred to as top-down and bot-
tom-up synthesis. Top-down methods are based on the exfoliation of natural
graphite via chemical, electrochemical, or mechanical means. Bottom-up
methods include techniques such as (catalytic) chemical vapour deposition
(CVD, CCVD), epitaxial growth, thermal expansion (also called rapid thermal
annealing), biomass pyrolysis, and organic synthesis of graphene nanoribbons
and sheets through Diels—Alder reaction, cyclotrimerization of acetylene
building blocks, or Suzuki polymerisation. A more exotic route to graphene
production involves unzipping carbon nanotubes or cage-opening of fuller-
enes (e.g., buckminsterfullerene Cgp)."> Recent progress in graphene-like ma-
terials synthesis has shown that they can be produced via laser irradiation of
artificial and natural polymers (a top-down approach) under mild conditions,
which is considered a promising alternative for large-scale production.'® This
approach is discussed in depth in Chapter 1.3.1. Another promising method
for low-temperature synthesis of graphene is flash Joule heating.

It is important to note that graphene-related materials possess properties of
both inorganic and organic substances. For a long time, the scientific commu-
nity debated whether graphene is a molecule, polymer, or 2D crystal. The an-
swer appears to be all and none of them at the same time.'’

From the perspective of organic chemistry, an “ideal” SLG can be regarded
as a gigantic planar polyaromatic molecule with numerous sites available for
chemical reactions, analogous to those of unsaturated organic molecules. In
the case of “ideal” graphene (defect-free with no geometric distortions), two
types of carbon atoms with different reactivities can be identified. The first
includes carbon atoms in the graphene plane (sp>-hybridised, conjugated car-
bon atoms) without unsaturated valences, where reactions typically involve
breaking C=C bonds, leading to disruptions and disorder that alter the local
geometry and compromise conductivity.” The second type comprises edge at-
oms, represented by sp’-hybridised carbon, always bearing unsaturated va-
lences, prone to participation in chemical reactions. In this case, the planar
structure of the graphene sheet remains unaffected if a functional group is at-
tached to the edge carbon atom through a single bond (e.g., C-OOH, C-OH,
C-H). However, if a peripheral carbon atom is linked to functional groups
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through unsaturated bonds (e.g., C=0), the planar structure becomes disor-
dered.” Additionally, the edges of graphene sheets may exhibit different con-
formations (zigzag or armchair), which affect the reactivity of the edge at-
oms.'® In general, edge atoms are significantly more reactive than those within
the graphene plane.

Defects present in real graphene increase its reactivity and are the most
susceptible to chemical reactions (functionalization) that involve changes in
geometry and local disorder. This feature makes graphene a versatile platform
for chemical modification.'®"

On the other hand, graphene and graphene-like materials possess charac-
teristics, such as charge carrier mobility”® (20 m? V' s), electrical and ther-
mal conductivity?' (~5300 W m™' K), and tensile strength®* —that are compa-
rable to metals and metal composites and unmatched by purely organic sub-
stances. Moreover, graphene exhibits much higher thermal and chemical sta-
bility than any other polyaromatic hydrocarbon molecule. In an inert
atmosphere, graphene withstands heating above ~ 800 °C without significant
mass loss. Further elevation of the heat treatment temperature to ~ 1000 °C
leads to the formation of numerous structural defects.”> The thermal stability
of graphene in air is much lower: decomposition begins at ~ 529 °C and peaks
at ~ 570 °C. Increasing the number of layers from 2 to 10 improves its thermal
stability.* This allows the use of TGA and DSC to determine the number of
layers in graphene-like materials.**?’

However, additional characterisation techniques should always be em-
ployed to support the results of TGA and DSC analyses, as the presence of
amorphous carbon—often formed as a minor fraction of the resulting mate-
rial—may compromise the results. Further details on the application of TGA
for the analysis of carbon materials are provided in Chapter 2.3.6.

1.1.2 From hard carbon to soft carbon

The terms “hard carbon” and “soft carbon” primarily refer to the internal struc-
ture and related properties of carbon materials. Hard carbon is a disordered,
non-graphitizable material that, by definition, cannot be transformed into a
graphite-like material even at extremely high graphitisation temperatures
(around 3000 °C). Nevertheless, it often contains small pseudo-graphitic do-
mains within its structure (exhibiting localised short-range ordering). In con-
trast, soft carbon undergoes structural rearrangements at high temperatures,
leading to the formation of well-ordered, crystalline graphite-like material
characterised by long-range ordering. During the non-catalytic pyrolytic con-
version of precursors into carbon materials—typically limited to temperatures
around 1300 °C—both soft and hard carbon exhibit disordered structures, as
the formation of extended graphene layers is incomplete at this stage (Figure
1.1). Consequently, it is often extremely difficult to predict whether a given
carbonaceous material will eventually form a graphite-like or turbostratic
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structure upon carbonisation (up to 2000 °C) or full graphitisation (up to
3000 °C) without conducting separate high-temperature experiments. Alt-
hough both hard and soft carbon may appear disordered at pyrolysis tempera-
tures, their internal structures differ significantly based on the molecular struc-
ture of the original precursor. Precursors whose non-catalytic conversion does
not yield graphite-like structures at high temperatures are classified as non-
graphitizable precursors, while those that can give rise to soft carbon are re-
ferred to as graphitizable or potentially graphitizable precursors.

Soft Carbon

Hard Carbon

Precursor S Amorphous sp®- Non

200°C 600°C 1000°C 1500°C  2000°C 3000°C

Figure 1.1. The schematic difference between the internal structure of hard and soft
carbon at different temperatures.

Hard carbon

The internal structure of hard carbon is highly complex and depends not only
on the molecular structure of the precursor but also on the pyrolysis condi-
tions. The intricate spatial arrangement of the precursor does not fully collapse
during thermal conversion, with parts of the original framework preserved,
leading to similarities in the microscopic internal structure of the resulting
hard carbon. In some cases, the morphology of the parent material also defines
the morphology of the hard carbon; however, this is not always the case, as
demonstrated in Paper I. Common precursors used for hard carbon synthesis
include artificial polymers, various types of biomass, and biowastes. Conver-
sion of artificial polymers with well-defined molecular structures and molec-
ular weights tends to produce hard carbon with a more homogeneous internal
structure. In contrast, the complex, heterogeneous nature of biomass precur-
sors—comprising a variety of organic molecules with different molecular
weights, chemical structures, elemental compositions, and mineral content—
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leads to greater structural diversity in the resulting hard carbon.?® During bio-
mass pyrolysis, competing processes such as dehydration, condensation, hy-
drogen transfer, and isomerisation give rise to expanded carbon layers and the
formation of rigid, cross-linked carbon structures. However, these transfor-
mations do not yield perfect graphene-like structures; instead, they produce
materials rich in structural defects, micropores, and residual OCFGs, all of
which contribute to the distinct character of hard carbon. Furthermore, in some
cases, pyrolysis and carbonisation can proceed simultaneously, affecting each
other and contributing to additional structural complexity. Due to such struc-
tural heterogeneity, hard carbon can be characterised as a “carbon alloy”, com-
posed of pseudo-graphitic microdomains embedded within an amorphous car-
bon matrix. The structural diversity of hard carbon arises from both the wide
range of precursors and the complex thermal processes involved in its for-
mation.

1.2 Precursors for carbon materials synthesis

There are several common precursors used for carbon material synthesis, in-
cluding artificial polymers, conducting polymers, natural polymers and mac-
romolecules (e.g., cellulose, chitin, lignin, etc.), biowastes (bones, skin, hair,
sewage sludge, etc.), metal-organic frameworks, covalent-organic frame-
works, and more. Any organic matter with high carbon content can be con-
verted into a carbon material with tunable properties. However, issues such as
carbon material yield, environmental footprint, renewability, and cost signifi-
cantly limit the commercial use of some precursors. This chapter aims to in-
troduce conducting polymers, natural polymers, and macromolecules often
used for the production of carbon materials. Major attention is paid to the two
classes used in the presented study—conducting polymers, especially
polypyrrole (PPy), and lignocellulosic biomass components.

1.2.1 Conducting polymers

The era of conducting polymers began in the 1970s with the groundbreaking
synthesis of electrically conducting polyacetylene by A. G. MacDiarmid, A.
J. Heeger, and H. Shirakawa,?’ a discovery for which they were awarded the
Nobel Prize in Chemistry in 2000. Their pioneering work fundamentally over-
turned the prevailing view of organic polymers as electrical insulators, estab-
lishing a new class of materials capable of conducting electricity. These bril-
liant minds not only introduced the world to conducting polymers but also laid
the theoretical foundation for understanding the complex mechanism of
charge transport within these materials. Their work bridged multiple scientific
disciplines—from quantum chemistry to materials science—catalysing dec-
ades of research that have shaped modern understanding of structure—property
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relationships as we know them today. For instance, they not only demon-
strated that organic polymers can exhibit electrical conductivity but also
showed that their conductivity can be significantly enhanced through doping,
reaching values comparable to those of metallic copper. This insight led to
major technological breakthroughs that have since revolutionised the electron-
ics sector. In the more than four decades following this discovery, numerous
conducting polymers, copolymers, and polymers grafted with electroactive
functional groups have been synthesised and explored for a wide range of ap-
plications, including sensors, energy storage devices, flexible electronics,
photochromic systems, biocompatible sensors, and so on. The following dis-
cussion will focus on intrinsically conducting polymers (ICPs)—polymers in
which electrical conductivity arises from electron transport along the conju-
gated polymer backbone—while other classes of conducting materials will not
be considered.

ICPs can be broadly classified based on the presence of aromatic rings,
multiple bonds, and heteroatoms (such as N, O, and S) within their backbones.
It is not uncommon for a single ICP to feature two or even all three of these
structural units, making classification sometimes ambiguous. Importantly, the
incorporation of heteroatoms within the polymer structure not only signifi-
cantly influences the electrical conductivity but also alters the physicochemi-
cal properties of materials, including their optical properties, thermal stability,
redox activity, and others. Therefore, a simplified classification based on the
presence or absence of heteroatoms and their position within the polymer
chain (i.e., within heterocycles or as linkages between aromatic units) is often
adopted. In these polymers, heteroatoms can either be integrated into hetero-
cycles, such as in PPy, polythiophene, polyfuran, and poly(3,4-ethylenediox-
ythiophene) (PEDOT), or serve as bridging elements between aromatic frag-
ments, as seen in polyaniline (PANI) and polyphenylenesulfide. Among these,
PPy, PANI, and PEDOT—together with their functional derivatives—have
attracted the greatest attention over the past several decades due to their tuna-
ble electrical properties and broad applicability in various technological fields.

Conductivity in ICPs

The electrical conductivity of ICPs arises from the presence of a conjugated
system along the polymer backbone, consisting of alternating multiple bonds
and aromatic rings. These m-conjugated electron systems enable the delocali-
sation of electrons, which is fundamental for charge transport within the pol-
ymer chain. Although the electronic properties of ICPs can be partially de-
scribed using a band structure model similar to that employed for conventional
inorganic semiconductors, the actual mechanism of charge transport in ICPs
differs significantly from classical electron-hole theory. In traditional inor-
ganic semiconductors, the creation of an electron-hole pair does not result in
any change to the material’s chemical structure. In contrast, charge transport
in ICPs is inherently coupled with structural rearrangements of the polymer

21



backbone. When an electron is removed from the conjugated backbone of an
ICP (for instance, during oxidation), the polymer undergoes a local structural
reorganisation. In polymers containing benzene or heterocycle rings, this pro-
cess involves a transition from benzoid to the quinoid form, while in linear
conjugated systems such as polyacetylene, it corresponds to a conformational
change from cis- to trans-geometry. This transformation is induced by the for-
mation of a quasiparticle known as a polaron—a localised charge carrier as-
sociated with lattice distortion. The formation of a polaron introduces two new
energy levels within the band gap. The level positioned slightly above the va-
lence band is half-filled, while the level formed close to the conduction band
is empty. Further removal of electrons from the polymer leads to the formation
of bipolarons, which are pairs of polarons that interact when they are close
enough (separation less than 3—4 conjugated units along the polymer chain).
The formation of the bipolaron may be viewed as the removal of an electron
from the polaron state, i.e., no new levels are formed in the transition between
the polaron state and the bipolaron state. When several bipolarons are formed,
their energy levels form bipolaron bands in the band gap.

In addition to the charge transport along individual polymer chains (intra-
chain conductivity), electron hopping between adjacent chains (interchain
conductivity) also plays a critical role in determining the overall electrical per-
formance of ICPs. The efficiency of charge transport in ICPs is governed by
several interrelated factors, including the level of doping, the degree of crys-
tallinity, the alignment and packing of polymer chains, and the average chain
length. Overall, the unique interplay between electronic structure and molec-
ular geometry distinguishes ICPs from traditional semiconductors and under-
pins their versatile properties, which can be finely tuned for a wide range of
applications, including sensors, energy storage devices, and electronic com-
ponents.

Synthesis of ICPs

ICPs can be synthesised via a variety of chemical and physical methods, in-
cluding chemical oxidative polymerisation (COP), electrochemical polymeri-
sation, vapour-phase synthesis, hydrothermal or solvothermal synthesis, tem-
plate-assisted methods, electrospinning, self-assembly, photochemical ap-
proaches, and others. Despite this wide array of techniques, COP and electro-
chemical polymerisation remain the most widely employed methods for the
synthesis of the majority of ICPs due to their simplicity, versatility, and scala-
bility. Both COP and electrochemical polymerisation rely on the oxidative
coupling of monomer units, which proceeds through the formation of radical-
cation intermediates. These reactive species undergo sequential dimerisation,
trimerisation, oligomerisation and further polymeric chain growth until termi-
nation occurs. Termination is believed to occur either through precipitation of
the formed ICP chains or decreased reactivity of the formed radical as the
polymer chain becomes longer. This decrease in reactivity happens due to the
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low charge density at the end groups of long polymer chains. In the following
section, only COP will be discussed in detail, as it was the sole method em-
ployed for the synthesis of the PPy-based composite film in this thesis (Paper
I). A range of oxidising agents is used in COP to initiate polymerisation.
Common inorganic polymerising agents include Lewis acids (like FeCls,
FG(TOS)3, Cu(ClO4)2 and etc.), Nazszog/(NH4)2SZOs, K2Cr207, KIO3, HzOz,
Nas[Fe(CN)g]. Although the general mechanism of COP follows the radical-
cation pathway, the final structure, morphology, and properties of the resulting
polymer are highly sensitive to the choice of monomer and polymerisation
conditions (temperature, solvent, pH, oxidant type, monomer: oxidant ratio,
and presence of surfactants or templates).

In the case of five-membered heterocycles such as pyrrole, the monomer
contains two distinct types of carbon atoms: those directly bonded to the ni-
trogen atom, known as the a-position, and the remaining carbon atoms, re-
ferred to as the B-position. The higher electronegativity of nitrogen compared
to carbon leads to electron density redistribution, making the carbon atom in
the a-position electron-poor and thus more reactive toward oxidative cou-
pling. Hence, these atoms are more likely to participate in the polymerisation,
resulting in the formation of a-a’ bonds between two monomers, yielding an
idealised linear PPy structure. However, when rather strong oxidants such as
FeCl; are used, the formation of a-f3” and B-B” bonds takes place, introducing
branches and structural disorder. The actual molecular structure of PPy re-
mains unknown due to its inherent insolubility, the presence of the aforemen-
tioned branches, and OCFGs introduced by side reactions. This structural am-
biguity is one reason why PPy is sometimes referred to as “pyrrole black™ in
the field of polymer science.

In contrast, when the B-position of five-membered heterocycle monomers
is protected by bulky substituents, as in 3,4-ethylenedioxythiophene (EDOT),
polymerisation is strictly confined to the a-positions, resulting in the for-
mation of linear, regular polymer chains.

For aniline-like monomers, polymerisation typically follows a “head-to-
tail” coupling pathway, although a fraction of monomers can undergo “tail-to-
tail” coupling, contributing to additional variability.

Moreover, as most of the polymerisation agents used for ICP synthesis are
strong oxidants, side reactions can lead to over-oxidation of the monomer (es-
pecially aniline-like) during synthesis. This may result in the formation of ox-
idised monomeric or oligomeric species or the incorporation of OCFGs into
the polymer backbone, thereby altering the chemical structure and properties
of the resulting polymer. Thus, while COP is a relatively straightforward and
scalable method for the synthesis of ICPs, careful control of reaction condi-
tions is essential to tailor the polymer molecular structure, microstructure,
electronic properties, etc.
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Drawbacks and advantages of ICPs as a carbon source for carbon
materials production

Most monomers used for the synthesis of ICPs are currently derived from fos-
sil fuels, which significantly affects the cost, environmental impact, and over-
all sustainability of these materials as carbon sources for carbon material pro-
duction at an industrial scale. To date, the bulk polymerisation of ICPs in large
quantities can be achieved only through COP. This method not only requires
strong oxidising agents that pose a risk to human health and the environment,
but is also typically conducted under highly acidic and corrosive conditions (0
— 3 pH). To prevent or decrease the emission of chlorine-, sulfur-, and nitro-
gen-containing substances (mostly Cl,, SO,, NO, NO,) during carbonisation,
ICPs must be thoroughly purified from environmentally hazardous synthesis
leftovers. Alternatively, significant advancement in the design of effective
gas-capturing systems is necessary. From an economic perspective, the added
value as well as the market price of pristine ICPs is considerably higher than
that of ICP-derived carbon materials. Furthermore, the conventional carboni-
sation techniques commonly used for conversion of ICPs into carbon materi-
als—such as pyrolysis and hydrothermal/solvothermal methods—require ei-
ther high temperatures under an inert atmosphere or elevated pressures. These
conditions raise concerns regarding energy consumption, cost, and safety.

Despite all the above-mentioned drawbacks, ICPs (especially PANI and
PPy) still attract a lot of attention as prospective carbon sources. The recent
breakthrough in biomass valorisation to produce fine chemicals has made it
possible to produce bio-based aniline,*>! pyrrole,**** and N-substituted pyr-
role’* monomers. It has been shown that bio-based aniline can be produced
from lignin-derived chemicals, polysaccharides (sugars), and biomass-derived
glycerol (a by-product of biodiesel production).’! The results of life-cycle as-
sessment (LCA) of bio-based aniline produced from sugars have shown that a
switch to the bio-based production process could potentially reduce the global
warming impact by 35-69% and eutrophication by 30% (if second-order feed-
stock is used).’! However, it is important to keep in mind that any sort of LCA
has its own boundaries and input parameters, which should be changed ac-
cordingly to the outputs from functioning pilot/full-scale facilities. To our
knowledge, by the time this thesis was written, there were no publicly acces-
sible LCA studies for other methods of bio-aniline production. It is worth
mentioning that the first pilot plant for bio-based aniline was already launched
in 2024 by Covestro, bringing a lot of hope.

Pyrrole and N-substituted pyrrole monomers have been synthesised from
bio-based furans and their derivatives (such as furfural and 2,5-dimethoxytet-
rahydrofuran)**>* through a synthetic chemistry approach, as well as obtained
from N-rich animal biomass® and tobacco stem®® through thermochemical
conversion (TC) processes/pyrolysis. It is important to note that pyrolysis is
one of the types of TC processes, along with combustion, gasification, and
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liquefaction, briefly introduced in Chapter 1.3.1. While significant progress is
still needed in converting biomass components into fine chemicals, it is unde-
niable that the actions we take today will shape our future.

The environmental impact of COP could also be mitigated by replacing
commonly used inorganic acids (such as HCI and H,SO4) with organic acids
for pH control during synthesis. Alternatively, other methods for producing
ICPs—emphasising sustainability and environmental impact—can be further
developed or optimised.

In our work (Paper II), we demonstrated that PPy coatings can be success-
fully converted into carbon materials using a laser-induced carbonisation ap-
proach conducted in an air atmosphere at room temperature. This method
overcomes many of the limitations associated with traditional carbonisation
techniques.

1.2.2 Lignocellulosic biomass

Lignocellulosic biomass is a renewable, plant-derived material with a complex
structure primarily composed of cellulose (25-50 wt.%), hemicellulose (15—
40 wt.%), lignin (1040 wt.%), and a minor fraction (0—15 wt.%) of lipids,
proteins, and minerals. These components are not randomly distributed within
plant matter but are interconnected through lignin—carbohydrate complexes
(LCCQ). The structure of these complexes, along with the composition and pro-
portion of individual components, varies significantly depending on the bio-
mass source, complicating their straightforward processing, refining, and val-
orisation. In the context of carbon material production, cellulose and hemicel-
lulose are classified as non-graphitizable precursors. Even under extremely
high temperatures (above 2500 °C), their non-catalytic conversion typically
yields turbostratic carbon structures—commonly referred to as hard carbon
(see Chapter 1.1.2 and Chapter 1.3.1 for further details). In contrast, lignin
serves as the primary graphitizable component of lignocellulosic biomass, ow-
ing to its high carbon content and inherent aromatic structure. Nevertheless,
despite the graphitizable nature of lignin, the direct non-catalytic conversion
of whole lignocellulosic biomass invariably results in the formation of tur-
bostratic carbon due to the complex and heterogeneous nature of the material
(see Chapter 1.3.1).

Cellulose

Cellulose is a linear homopolysaccharide composed of D-glucose units linked
by B-1,4-glycosidic bonds. Although the molecular weight of native cellulose
chains varies depending on the source, cellulose does not exist in the form of
separate polymeric chains in biomass. Instead, it forms microfibrils through
intramolecular hydrogen bonds, which further assemble into larger fibres, cre-
ating the cellulose matrix. This matrix is often interconnected with the hemi-
cellulose—lignin network, contributing to the overall strength and rigidity of
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the plant cell walls. The degree of cellulose organisation within a given source
determines the relative proportions of crystalline (highly ordered) and amor-
phous (randomly arranged) phases. Depending on the source and isolation
method, refined cellulose fibrils can vary in internal structure, diameter, and
length, and may exhibit amorphous, microcrystalline, or nanocrystalline char-
acteristics. *’

Hemicellulose

In contrast to cellulose, hemicelluloses are heteropolysaccharides whose pol-
ymeric structures vary significantly depending on the source. Hemicelluloses
generally have irregular structures, consisting of diverse monosaccharide units
in both the polymer backbone and side branches. In angiosperms, hemicellu-
loses are predominantly composed of xylans, whereas in gymnosperms, they
mainly consist of glucomannans. Unlike cellulose, hemicelluloses have much
shorter polymer chains and exist solely in an amorphous phase. These charac-
teristics make hemicelluloses more susceptible to extraction and hydrolysis.*’

Lignin

According to [IUPAC, lignins are macromolecular constituents of wood, struc-
turally related to lignans, composed of phenolic propylbenzene units linked at
various sites randomly. ** In simpler words, lignin is a complex natural mac-
romolecule built from phenylpropane units linked by ether and carbon link-
ages randomly. These phenylpropane units are often called monolignols in the
literature and include p-coumaryl alcohol, coniferyl alcohol, and sinapyl alco-
hol. When incorporated into the lignin macromolecule, the units originated
from these monolignols are called p-hydroxyphenyl (H), guaiacyl (G), and
syringyl (S) units, respectively.***” The way these three building blocks are
connected, their proportion in the lignin structure, as well as the resulting mo-
lecular structure of lignin and its content in biomass (in its native form), are
defined by the type of biomass under consideration (hardwood, softwood, or
grassy sources) as well as the part of the biomass in which lignin is situated.
The monolignols in the lignin structure can be connected through B-O-4’ ether
linkages (occupying up to 50% of linkages in the lignin structure), B-5 phe-
nylcoumaran, -’ resinol, a-O-4’ ether, 4-O-5" diphenyl ether, 55 biphenyl,
and B-1’ diphenyl methane. In softwood (e.g., pine, spruce, larch) biomass,
lignin is mainly composed of G units, while hardwood lignin (in birch, euca-
lyptus) contains G and S units in equal amounts.**'** Grassy lignin contains
all three units. In pristine biomass, lignin exists in the form of an LCC, mean-
ing that lignin is connected to the cellulose and hemicellulose via a variety of
covalent linkages. The presence of these covalent bonds makes lignocellulosic
biomass rather rigid and tightly packed, posing several challenges during bio-
mass refinery, fractionation, and isolation processes.” The structure of iso-
lated lignin is different from the native one and depends on the isolation
method. There are several well-known processes used for lignin extraction and
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fractionation from biomass, including Kraft, sulfite, alkaline, organosolv,
steam explosion, and hydrolysis processes, as well as ionic-liquid extraction
and deep eutectic salt processes, all of which affect the molecular structure,
functional, and elemental composition of the resulting lignin.**

Advantages and disadvantages of biomass and its components as
precursors for carbon materials production

Lignocellulosic biomass is an abundant, renewable, and low-cost precursor
for carbon materials production. It is widely available from agricultural resi-
dues, forestry by-products, and various industrial wastes, offering a sustaina-
ble alternative to fossil-based and artificial carbon precursors. The natural
composition of lignocellulosic biomass — rich in cellulose, hemicellulose, and
lignin — provides a high carbon content, making it suitable for producing a
wide range of carbon materials with tunable functional composition and inter-
nal structure. Furthermore, the presence of heteroatoms such as oxygen, nitro-
gen, and sulfur allows the development of carbon materials with enhanced
functional properties without additional post-treatment steps. Using biomass
supports sustainability, waste management, and contributes to circular econ-
omy principles. However, its complex and heterogeneous structure makes it
difficult to achieve precise control over the internal structure and properties of
the resulting carbon materials. Biomass typically yields a lower amount of
carbon compared to synthetic polymers. Additionally, the presence of miner-
als in the biomass can negatively impact the electrical conductivity, homoge-
neity, purity, and other characteristics of the produced carbon material. Bio-
mass-derived carbon tends to exhibit lower electrical conductivity as a result
of its disordered structure. Controlling porosity, specific surface area (SSA),
and other structural parameters of produced carbon materials often requires
complex activation processes. In summary, while lignocellulosic biomass of-
fers significant environmental and economic advantages as a carbon precur-
sor, its complex nature and processing challenges must be carefully addressed
to optimise the performance of the resulting carbon materials for specific ap-
plications.

1.3 Carbon materials’ production methods

There are several methods commonly used for the conversion of various or-
ganic precursors into carbon materials with tailored properties, including py-
rolysis, hydrothermal/solvothermal carbonisation, microwave-assisted car-
bonisation, laser-induced carbonisation, and so on. In this chapter, major at-
tention is paid to the methods extensively utilised for the conversion of bio-
mass components into carbon materials — pyrolysis and laser-induced
graphitisation approaches. An extensive comparison of these two methods is
presented.
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1.3.1 Pyrolysis processes

Pyrolysis, often referred to as pyrolysis-activation, is one of the TC methods
used to transform organic matter into value-added products. It is part of a
broader group of TC processes, which also includes combustion, liquefaction,
torrefaction, and gasification.*> The differences between these methods are
summarised in Table 1.1.

Table 1.1. Temperature range, atmosphere, and target products typical for different
TC processes:

TC method Temperature, °C  Atmosphere Target product
Torrefaction 200 - 300 Inert Biochar

Pyrolysis 400 - 1000 Inert Biochar, Bio-oil
Liquefaction 200 — 600 Inert Bio-oil
Gasification 600 — 1300 Oxygen reduced Bio-gas
Combustion 900 — 1500 Oxygen rich Heat

As shown in Table 1.1, pyrolysis can be used to produce both bio-oil and bi-
ocarbon (biochar) from biomass feedstock.*® Pyrolysis of other precursors is
usually used solely for their conversion into carbon materials.

General mechanism

This process is typically carried out in an inert atmosphere at temperatures
ranging from 300 to 1300 °C. While pyrolysis is generally limited to temper-
atures below 1300 °C, due to the thermal stability of quartz tubes (melting
point ~ 1650 °C) commonly used in flow reactors, temperatures reaching
3000 °C can be achieved using specially designed furnaces, such as those
manufactured by Carbolite Gero Ltd., to increase the DoG in carbon materials
when desired.

Pyrolysis can be broadly divided into three main stages based on the tem-
perature-dependent processes involved:

1) Dehydration stage (up to 200 — 300 °C): This stage involves the re-
moval of physically and chemically bound water and some volatile small mol-
ecules from the material as well as dehydration, depolymerisation, and frac-
tionation of different biomass components. Processes such as demethoxyla-
tion, demethylation, and decarboxylation begin at this stage, emitting simple
gases, including CO,, CO, and CHa.

2) Active pyrolysis stage (from 300 to 500 °C): At this stage, primary
decomposition of organic components occurs, leading to the release of volatile
compounds and the formation of carbon-rich solid residue.

3) Passive pyrolysis stage (from 500 to 1000 °C): Further decomposition
continues at a slower rate, enhancing the carbon content and promoting struc-
tural rearrangement of the formed solid carbon-rich residue.

28



Although temperatures above 1300 °C are not used in conventional pyrol-
ysis, two additional transformation steps are often mentioned in the literature
to describe structural evolution in carbonaceous materials subjected to high-
temperature treatment:

4) Carbonisation (1000 to 2000 °C): A process that increases carbon pu-
rity and initiates the formation of turbostratic structures with disordered gra-
phitic domains.

5) Graphitisation (2000 and 3000 °C): Extremely high-temperature treat-
ment that promotes the development of ordered graphitic structures, especially
in materials with suitable precursors and minimal heteroatom content. The
carbonaceous material produced from graphitizable precursors tends to form
well-ordered graphite-like material (soft carbon) at these temperatures. In car-
bonaceous materials produced from non-graphitizable precursors, the growth
of graphitic domains occurs without forming graphite-like structures (the in-
ternal structure remains turbostratic).

These extended stages, while not part of classical pyrolysis, are crucial for
understanding the thermal evolution-related structural refinement of carbon
materials (especially biochar).

Effect of the pyrolysis parameters on the main product

There are five principal types of pyrolysis: torrefaction, slow pyrolysis, inter-
mediate pyrolysis, fast pyrolysis, and flash pyrolysis. Across all these types,
the pyrolysis process is governed by several key parameters, namely gas flow
rate, maximum temperature, heating rate, and residence time. The latter three
parameters are summarised in Table 1.2.

It is noteworthy that fast and flash pyrolysis predominantly favour bio-oil
production, achieving yields of up to 70-75 wt.% under optimal conditions
(both pyrolysis conditions and biomass feedstock).*”*® This high yield is at-
tributed to the exceptionally rapid heating rates and ultrashort residence times,
which effectively inhibit secondary processes of volatile intermediates, pre-
venting polymerisation, condensation, and carbon deposition.**" As this the-
sis focuses on the synthesis and characterisation of carbon materials, including
biocarbon (biochar), fast and flash pyrolysis will not be discussed further.
While intermediate pyrolysis enables the concurrent production of bio-oil and
biochar, the intricate thermochemical kinetics and competing reaction path-
ways involved in optimising both product streams simultaneously’' exceed the
scope of this thesis. It is worth noting, however, that a recent study conducted
by Yanghao J. et al.” proposed an innovative strategy that employs bio-oil as
a surface-engineering agent for the synthesis of hard carbon for Na-ion battery
applications. In this context, intermediate pyrolysis could theoretically be re-
evaluated and engineered to achieve comparable or similar outcomes in future
process developments.
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Table 1.2. Comparative characteristics of different pyrolysis approaches and the main
product of interest.

Parameter Torrefac- Slow Intermedi- Fast Flash
tion ate
Heating <50 <10 60 — 60000 600 — 60000 > 60000

speed, °C/min
Tempera- 200 -300 300 — 700 400 - 500 450 -900 900 — 1300
ture, °C

Residence Hours Hours 5 —10 min 0.5-10s <0.5s
time

Target Biochar Biochar Biochar, Bio-oil Bio-oil
product bio-oil

Slow pyrolysis is the most commonly used method for producing carbon ma-
terials, as its low heating rate and long residence time favour the formation of
the biochar fraction over other products of biomass decomposition, allowing
secondary thermochemical reactions to occur, which increase the carbon frac-
tion yield.

Activation process

The activation process, in the context of pyrolysis, refers to the pre- or post-
treatment of biomass or biocarbon to control such parameters as internal struc-
ture, porosity, SSA, carbon yield, and other characteristics of the resulting
material. In pre-activation, the biomass precursor can be chemically modified
by mixing it with metal salts (e.g., ZnCl, and other Zn"? salts, CoCl, and other
Co”" salts, MnSO; and other Mn®" salts, Fe»(SO4); and other Fe’" salts, etc.)
or by impregnation with acids or alkalis (e.g., Hs:BOs, H;PO4, NaOH, KOH,
etc.). In post-activation, the biochar obtained after pyrolysis can be treated
with strong acids or exposed to steam, O,, or CO; at high temperatures. The
internal structure, functional and chemical composition, purity, SSA, pore size
distribution, and yield of the activated carbon depend heavily on the chosen
activation method. For instance, boric and phosphoric acids are well-known
fire-retardant agents; *>~’ thus, pre-activation with these acids leads to higher
carbon yield and enhanced SSA and porosity at the cost of material purity.**>
After such pyrolysis, the activated carbon must be thoroughly washed to re-
move acid residues, generating a significant amount of liquid waste, which
must be handled properly. Pre-activation with transition metal salts severely
impacts the internal structure, promoting the formation of graphitic domains
even at relatively low temperatures.®® Pre-activation with alkalis or alkaline
metal salts increases char yield as well as porosity.””*' However, metal ions
often get trapped within the carbon matrix, making purification challenging.
Finally, physical activation using steam or reactive gases at high temperatures
can improve the SSA and porosity of the materials without requiring
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additional purification steps.’® In general, activation is a valuable strategy to
tailor the properties of carbon materials for specific applications. However,
optimising one parameter often compromises others, so the choice of activa-
tion method should be carefully aligned with the intended use of the material.

1.3.2 Laser-induced carbonisation

Laser-induced carbonisation (LIC), also referred to as laser-induced graphiti-
sation (LIG), is an emerging technique for converting carbon-rich organic pre-
cursors into carbon material via localised laser irradiation. However, the ap-
propriate terminology—whether “carbonisation” or “graphitisation” should
be used—is a matter of debate. Not all precursors subjected to this treatment
develop graphitic structures, as demonstrated by XPS, FTIR, and XRD meth-
ods presented in this thesis (see Paper II). In contrast, certain precursors, such
as phenolated organosolv lignin (POL) used in this study, exhibit clear signs
of graphitic domain formation even under relatively low laser dosages (see
Papers Il and IV). Although lignin is generally considered a potentially
graphitizable precursor due to its aromatic nature, not all types of lignin result
in the formation of ordered graphitic domains (more information on different
types of lignin is provided in Chapter 1.2.3). This has been demonstrated in
Paper III, where the outcomes of LIC for POL and Kraft lignin were com-
pared. Given these observations, it is appropriate to use “carbonisation” as a
general term for the laser-induced conversion process, while reserving “graph-
itisation” for instances where the formation of an ordered, graphitic structure
has been conclusively verified for a specific precursor. LIC is based on the
photothermal effect induced by laser irradiation, which causes instantaneous
heating followed by rapid cooling of the precursor, creating an extremely
high-temperature and high-pressure carbonisation environment.®* From a fun-
damental standpoint, the exact mechanism of LIC remains unclear; however,
several models have been proposed based on the known processes that typi-
cally occur during photon beam—material interactions. In essence, a laser beam
supplies enough energy to evaporate material, forming a keyhole. Surrounding
this region, the material may become molten, creating a melt pool, while the
intense energy input induces plastic deformation in the adjacent areas. Inside
the keyhole, the laser beam undergoes multiple reflections, with reabsorption
events taking place. Above the keyhole, a plasma pool forms, composed of
ejected material fragments and vaporised gases. Immediately after keyhole
formation, melting, bond dissociation, plasma adsorption, and high gas pres-
sure generation occur simultaneously, each to a varying degree. The evapo-
rated fraction of the material subjected to LIC is believed to consist of ionic
carbon clusters or colloidal carbon plasma, making the understanding and
modelling of the processes occurring in the gas phase and at solid—gas inter-
faces extremely challenging. During the adsorption step, the local temperature
of the material depends on both the precursor’s adsorption coefficient at the
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laser wavelength and the laser beam parameters. The processes of conversion
and heat transport within the material following adsorption depend on the ther-
mal properties of the materials, such as heat capacity, thermal conductivity,
melting and evaporation points, and the thermal stability of different units.
Low melting points, for example, alter heat dissipation due to enthalpic phase
changes. Simultaneously, volatile species released under laser beam exposure
form a colloidal plasma that interacts with both the laser beam and the trans-
forming material, making evaporation rates, vapour density, and reactivity
critical factors. The reaction atmosphere also plays a key role in LIC, as reac-
tive gases such as oxygen, ammonia, or hydrogen can significantly influence
the carbonisation process, even under the extremely rapid reaction conditions
induced by the laser. In addition to the above-mentioned properties of the pre-
cursor materials, the following parameters of the laser beam and experiment
should be considered: photon energy/wavelength, incident power, scanning
speed, pulse sequence, repetition rate, spot size, and focal point.

1.4 Carbon materials in electrochemical applications

Carbon materials are used in a wide range of applications, from structural
components to catalyst supports. Their role in energy storage and conversion
is especially important. Various types of carbon are applied as conductive ad-
ditives in electrode materials to improve the overall conductivity of coatings,
which is a key factor when using poorly conductive active materials, such as
transition metal oxides, in battery cathodes. Carbon materials are also com-
monly used as the active electrode material in supercapacitors and as anodes
in secondary batteries. In addition, thin carbon coatings can enhance the sta-
bility of aluminium current collectors.

1.4.1 Supercapacitors

Supercapacitors (SCs) are devices that fill the performance gap between tra-
ditional dielectric capacitors and rechargeable (secondary) batteries, offering
higher energy densities than the former and higher power densities than the
latter. Despite the fact that the energy densities delivered by SCs are signifi-
cantly lower than those of batteries, they possess several advantages. Due to
the mechanism of charge storage present in SCs, they feature rapid charge and
discharge capabilities, long lifetimes, better safety, and so on.** The high peak
power of SCs makes them extremely valuable for applications in the automo-
tive industry, consumer electronics, energy harvesting, and beyond. A typical
SC cell consists of two working electrodes separated by an insulating layer
(separator) impregnated with electrolyte. There are two main mechanisms of
charge storage realised in SCs: the formation of a double electric layer (DEL)
at the electrode/electrolyte interface and the process of Faradic reaction. The
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formation of DEL is considered the main mechanism of charge storage in car-
bon-based SCs; however, the presence of electroactive species on the surface
of the carbon material can enable Faradic reactions. SCs that operate solely
based on DEL formation are called electric double-layer capacitors (EDLCs),
while SCs utilising reversible Faradic (redox) reactions are called pseudo-
capacitors. DEL formation occurs due to the charging of the electrode material
under an external potential difference, which results in the adsorption of elec-
trolyte ions of opposite charge along the electrode surface. Since no chemical
reactions are involved in the charging-discharging of EDLCs, their capaci-
tance mainly depends on the accessible surface area of the electrode material,
providing higher power density and better cycling stability, but lower capaci-
tance than pseudocapacitors.** Hence, the SSA of carbon materials has been
seen as a major factor affecting their specific capacitance.>® Although the
specific capacitance of carbon materials is closely related to the SSA, other
parameters such as pore size and shape, electrical conductivity, and defective-
ness can significantly affect their performance. Micropores in carbon materi-
als were initially considered too small to participate in DEL formation and
thus thought not to contribute to specific capacitance and energy storage.®’
However, subsequent studies demonstrated that the presence of pores smaller
than 1 nm significantly increases specific capacitance.®® The latest studies by
Liu X. et al.**"° evaluated the performance of various commercial nonporous
carbons and found no clear correlation between SSA, nanopore size, and spe-
cific capacitance. Instead, a comprehensive investigation combining simula-
tions, nuclear magnetic resonance, Raman spectroscopy, and electrochemical
measurements revealed a strong correlation between the level of structural
disorder and specific capacitance. The authors concluded that disordered car-
bon structures with relatively small graphitic domains exhibit higher specific
capacitance. In this context, hard carbon emerges as a highly promising mate-
rial for large-scale SC applications. However, its disordered internal structure
and particle size hinder its use in interdigitated micro-supercapacitors or flex-
ible SCs, which are commonly employed in electronic circuits and flexible
devices. Additionally, printing hard carbon-based micro-supercapacitors or
flexible SCs typically requires binders, complicating the fabrication process.
Recent advancements in LIG and direct-laser writing have demonstrated that
a wide variety of organic precursor films can be directly converted into gra-
phene-like carbon films with precise geometries, including interdigitated elec-
trode patterns with controlled finger width and gap sizes. These binder-free,
graphene-like electrodes offer both the flexibility and conductivity needed to
overcome the limitations associated with hard carbon.®*"'""3

1.4.2 Li-ion batteries

Carbon materials play a pivotal role in the performance and design of lithium-
ion batteries (LIBs), primarily as anode materials but also as conductive
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additives and coatings in cathodes. Since the commercialisation of LIBs,
graphite has remained the dominant anode material due to its availability, rel-
atively high specific capacity (~372 mAh g'), and favourable lithium interca-
lation properties.”* However, increasing demand for safer, higher-capacity,
and more sustainable energy storage systems has revealed significant environ-
mental and geopolitical limitations in conventional carbon sources. This has
sparked significant interest in alternative carbon materials derived from re-
newable feedstocks, which could address both performance needs and sustain-
ability goals. The architecture of a lithium-ion battery relies heavily on elec-
trical conductivity, stability, and structural tunability of the carbon material
used. In the anode, carbon hosts lithium ions during charging through interca-
lation or adsorption mechanisms, depending on the material’s structure. It is
well known that graphite functions based on the intercalation mechanism by
accommodating Li-ions between layers, while the charge storage mechanism
of graphene is believed to rely on the adsorption of Li-ions by Ce-rings. How-
ever, the exact mechanism of charge storage in carbon materials with more
complicated internal structures remains debatable. Thus, Li-storage inside
hard carbon structures is explained through “intercalation-adsorption” or “ad-
sorption-intercalation” mechanisms.” Graphite, with its layered crystalline
structure, enables reversible lithium-ion intercalation with high coulombic ef-
ficiency.”® However, the exploration of alternative carbon forms—such as
hard carbon, graphene, and carbon nanotubes (CNTs)—has expanded possi-
bilities for achieving higher specific capacities, better rate performance, and
improved low-temperature operation. Among these, hard carbon has emerged
as a particularly promising alternative, especially for sodium- and lithium-ion
battery systems. Hard carbon is typically amorphous or turbostratic, offering
lithium storage through both intercalation into graphitic domains and adsorp-
tion within its nanoporous structure.”’ Its electrochemical properties can be
finely tuned by controlling precursor chemistry and synthesis parameters.
Crucially, hard carbon can be synthesised from a broad range of biomass
sources, including lignin, tannins, nanocellulose, and agro-industrial residues,
making it an attractive material in the pursuit of environmentally benign en-
ergy storage solutions. Despite carbon's ubiquity in LIBs, the methods com-
monly employed to produce these materials present several sustainability
challenges. The mining of natural graphite involves environmentally harmful
processes, substantial energy consumption, and a highly concentrated global
supply chain dominated by a few countries. Meanwhile, synthetic carbon ma-
terials derived from fossil fuels require high-temperature pyrolysis, inert gas
atmospheres, and often hazardous chemical treatments—factors that increase
environmental burden and cost. These limitations highlight the need for
greener, more localised carbon production technologies that can decouple bat-
tery production from fossil resource dependency and geopolitically sensitive
supply chains. In response to these issues, biomass-derived carbons have gar-
nered growing attention. They offer not only sustainability benefits—such as
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carbon neutrality and renewable sourcing—but also the potential for economic
resilience by utilising local, underexploited waste streams.”® Moreover, novel
fabrication techniques such as LIC have further expanded the horizons of sus-
tainable carbon production. LIC allows for direct, rapid, and ambient-atmos-
phere conversion of biomass precursors into functional carbon materials,
eliminating the need for prolonged thermal treatments or inert environments.
This method also opens new possibilities for scalable and patternable fabrica-
tion, including the direct printing of electrode structures onto substrates, which
might be beneficial for micro-battery applications. The development and de-
ployment of such sustainable carbon materials address both technological and
socioeconomic challenges. From a materials science perspective, the ability to
control the microstructure, porosity, and surface chemistry of biomass-derived
carbon directly influences its electrochemical performance in batteries. From
a socioeconomic standpoint, shifting toward renewable carbon sources miti-
gates dependence on critical raw materials, strengthens local manufacturing
ecosystems, and reduces the ecological footprint of battery production. This
is particularly relevant in the context of increasing electrification, where de-
mand for LIBs is projected to grow exponentially. In summary, carbon mate-
rials are indispensable components of lithium-ion batteries, and their evolu-
tion—from conventional graphite to advanced bio-derived carbons—is key to
enabling a more sustainable and resilient energy future. The integration of re-
newable, locally sourced carbon into LIBs not only improves environmental
outcomes but also supports a broader vision of a circular economy, resource
sovereignty, and responsible technological advancement.

35



2 Materials and methods

2.1 Precursors

In Paper I, such by-products of industrial processes as kraft lignin, complex
tannins, and brewers' spent grain were chosen as precursors for biocarbon syn-
thesis due to their local availability and low price. In Paper II, PPy-nanocel-
lulose-coated free-standing films were used as a precursor for LIC due to the
high adsorption coefficient of PPy. Nanocellulose, in this case, aimed to serve
several purposes: act as a template for PPy deposition, function as a binder
ensuring the mechanical stability of the film, as well as provide an additional
carbon source. In Papers III and IV, phenolated organosolv lignin coatings
were chosen as a precursor due to their higher thermal stability originating
from phenolic moieties, as well as their controlled structure.

2.1.1 Precursors for hard-carbon synthesis (Paper I)

Three precursors were provided, including brewers' spent grain, bark tannins,
and catechol-rich lignin. The bark tannins were isolated from spruce bark us-
ing NaOH extraction’ before carbonisation. The catechol-rich lignin was pro-
duced by modification of kraft lignin obtained from black liquor via heat treat-
ment. Details are provided in the following patents.*”®! The brewers' spent
grain was obtained from a local brewery and used as received. The preparation
of the precursors was done by Virpi Siipola and Tommi Virtanen from VTT,
Finland.

2.1.2 PPy/cellulose films (Paper I1)

The PPy/nanocellulose (PPyCC) free-standing films were synthesised via the
COP of pyrrole monomer in the volume of nanocellulose gel. Before synthe-
sis, nanocellulose powder produced from Cladophora spruce algae was dis-
persed in deionised water. The pyrrole monomer and surfactant were mixed
with a 0.5 M hydrochloric acid solution, combined with half of the cellulose
gel, and stirred for 15 min. At the same time, the polymerising agent solution
was prepared by dissolving iron (III) chloride hexahydrate in 0.5 M hydro-
chloric acid. After complete dissolution, the oxidant was added dropwise to
the pyrrole—cellulose mixture under constant stirring. The reaction was left to
proceed for 1 h under constant stirring. The formed PPy-coated nanocellulose
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fibre was washed with 0.1 M HCI to remove oxidant and by-products of
polymerisation, and then washed with a 0.1 M NaCl aqueous solution. The
washed precipitate was then mixed with the second portion of cellulose gel
and filtered using a vacuum filtration unit. The formed composite was then
pressed and dried using a heat press. The formed free-standing composite film
was used for carbonisation via CO,-laser irradiation.

2.1.3 Phenolated organosolv lignin powder (Paper II1, Paper IV)

In a 500 mL round-bottom flask, 25.0 g of pine sawdust was combined with
150.0 g of phenol and 95.0 g of water. The suspension was stirred while 5.0
mL of concentrated H.SO4 (12.0 M) was added dropwise. The mixture was
then refluxed for 5 h. After cooling to room temperature, the solid pulp was
removed by filtration. The supernatant was subsequently precipitated by slow
addition to water in a 1:10 (v/v) ratio. The resulting solid was collected by
filtration and freeze-dried to afford 7.72 g of phenolated lignin (POL). More
information is provided in the work published by Frasca et al.** POL was pro-
vided by Maxim Galkin and Johan Gising.

2.1.4 Phenolated organosolv lignin films (Paper 111, Paper IV)

Casting on the glassy substrate (Paper III)

Lignin-based inks were prepared by dissolving lignin in DMF to obtain solu-
tions containing 18.5, 27.7, and 37 wt.% lignin. For example, the 37 wt.%
solution was made by dissolving 1.000 g of lignin in 1.250 mL (1.180 g) of
DMEF. Since pure lignin coatings were completely ablated under laser irradia-
tion and did not yield carbon material at any laser parameters, boric acid was
added to the formulations, serving as a fire retardant. An aqueous boric acid
solution (50 g L") was then added to achieve the desired boric acid-to-lignin
ratio; for example, adding 0.500 mL yielded a 2.5 wt.% boric acid content. All
ink formulations were sonicated for 1 hour to promote degassing and reduce
film defects. Films were cast on a high-quality, untreated glass substrate with
low iron content (e.g., standard microscope slides, 25 x 75 mm) using the
doctor blade technique with an Erichsen four-way film applicator (Germany)
set to a coating width of 13 mm and wet film thickness of either 90 or 120 pm.

Casting on the Cu and Al foils (IV)

The optimised lignin inks with 37 wt.% lignin and 2.5 wt.% boric acid were
cast on battery-grade Cu and Al foils using the doctor blade method. A foil
(~15 x 18 cm) was taped to acrylic glass and cleaned with ethanol. An approx-
imately 10 x 15 cm area was coated with the lignin formulation, followed by
drying at room temperature for 30 min and then drying in an oven at ~80 °C
for 30 min. Lignin coatings on the Al substrate exhibited poor structural
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integrity after drying and were not suitable for carbonisation, while Cu foil
afforded the formation of stable, uniform lignin films.

2.2 Carbonisation methods

The pyrolysis-activation approach was chosen as a scalable method for carbon
materials production suitable for industrial applications. LIC was chosen as an
energy-efficient and fast method of carbon materials production with tunable
characteristics.

2.2.1 Pyrolysis-activation (Paper I)

All precursors were activated by impregnation with phosphoric acid before
pyrolysis. The pyrolysis was conducted at two different temperatures (450 °C
and 700 °C) for 60 min. Activated carbon (hard carbon) samples were then
washed with deionised water until the supernatant reached neutral pH and
were subsequently dried at 105 °C in air overnight. The hard-carbon samples
were synthesised by Virpi Siipola and Tommi Virtanen via a pyrolysis-acti-
vation approach.

Brewers spent grain (BSG)
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Figure 2.1. Scheme of activated carbon samples synthesis. Figure adapted from
Iurchenkova A. et al.,%? 2023, licensed under CC BY 4.0.

2.2.2 COgs-laser irradiation (Paper I1, III, IV)

Laser-induced carbonisation of different precursors was performed using a
CO; laser engraver (40 W, Beambox, FLUX, USA). The detailed procedure,
as well as the parameters used for the carbonisation of each of the presented
precursors, are provided below.

PPy/nanocellulose free-standing films (Paper II)

The carbonisation of the PPyCC free-standing films was conducted from both
sides of the samples in an air atmosphere. The following laser parameters were
used for carbonisation: laser power of 10 W (25% of the maximum laser
power), scanning speed of 100 mm s with a laser spot size of 0.2 mm, and
line spacing of 0.1 mm.
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Phenolated organosolv lignin coatings on glassy substrate (Paper 11I)

The optimisation of parameters for laser-induced carbonization of the POL
films (90 and 120 um wet thickness) on glassy substrates was conducted at
three scanning speeds (50, 75, and 100 mm s') and six power settings (18, 19,
20, 21, 22, and 23% of the maximum laser power) before printing micro-su-
percapacitors on printed circuit boards (PCBs). The samples were irradiated
only once using a laser spot size of 0.2 mm and a line spacing of 0.1 mm. The
glassy substrate was chosen for pre-screening based on its thermal conductiv-
ity and stability, which are close to those of the PCB. The optimal lignin con-
tent in the formulations (37 wt.% lignin), film thickness (120 pm), laser scan-
ning speed (50 mm s™'), and laser power (23% of the maximum laser power)
were pre-selected based on initial screening of the conductivity and structural
integrity of the carbon layers, as well as the stability of the substrate during
LIC.

Figure 2.2. The schematic production of the free-standing films through the LIC pro-
cess.

Phenolated organosolv lignin coatings on copper and aluminium foil
(Paper 1V)

The parameters used for carbonisation were chosen based on the results of the
pre-screening presented above (37 wt.% lignin in the formulation, 50 mm s™
scanning speed, 23% of total laser power). The area of the carbonised films
was significantly larger than in the previous study, reaching approximately
10 x 15 cm?. Due to the poor adhesion of the lignin coatings to the Al foil, only
one-layer carbonisation was conducted. The POL coatings on Cu foil, how-
ever, were stable and allowed additive production of carbon layers by repeat-
ing the coating—irradiation steps. The maximum number of layers additively
manufactured reached three carbon layers on Cu foil.

2.3 Characterisation methods

2.3.1 Fourier-transformed infrared spectroscopy

FTIR spectroscopy is a powerful analytical tool that allows the study of qual-
itative and semi-quantitative (sometimes quantitative) composition of sam-
ples, inter- and intra-molecular interactions (such as hydrogen bonds and do-
nor-acceptor interactions), reaction kinetics, and the structures of reaction
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intermediates. This method can be effectively used to analyse the structure
and functional composition of organic and inorganic materials in solid, liquid,
and gaseous phases.

The method itself is based on the adsorption of infrared light by chemical

compounds in broad spectral ranges. The selective adsorption of IR photons
with specific wavelengths (i.e., energies) by the material leads to transitions
from the vibrational ground state to an excited state (excitation), followed by
relaxation and emission of a photon with a longer wavelength. The adsorption
of an IR photon occurs only when it has enough energy to induce a transition
to a higher vibrational state. A molecule becomes IR-active (i.e., exhibits spe-
cific peaks in FTIR spectra) only if its dipole moment changes as a result of
excitation, which depends on its symmetry. Symmetrical vibrations are typi-
cally inactive in FTIR spectroscopy but appear as strong peaks in Raman spec-
tra. In contrast, asymmetric stretches produce strong FTIR peaks and weak
Raman signals. Additionally, vibrations involving polar bonds tend to gener-
ate much stronger FTIR peaks than those involving non-polar bonds.
The IR portion of the spectrum can be divided into three regions, including
the near (from 1000 to 2500 nm; 10000 to 4000 cm™), the mid (from 2500 to
2.5%10% nm; 4000 to 400 nm), and the far-IR (from 2.5%10 to 2*10° nm; from
400 to 5 cm™). Near-IR excites overtone or harmonic vibrations, while mid-
IR (the so-called “fingerprint region”) is used for studying fundamental vibra-
tional and associated rotational-vibrational transitions. The far-IR region is
primarily used for rotational spectroscopy.

Among these, mid-IR spectroscopy is the most widely used for studying
organic and inorganic carbonaceous materials. Two main types of vibrations
are observed in mid-IR spectra: stretching vibrations (symmetric and asym-
metric, denoted as v) and bending vibrations (e.g., in-plane scissoring, defor-
mation, wagging, twisting, denoted as J). Stretching vibrations involve
changes in bond length, while deformation involves changes in bond angles.
Although these vibrations can be theoretically separated, in complex mole-
cules (i.e., those with more than three atoms), the entire molecule vibrates as
a unit, making the prediction or simulation of their rotational-vibrational struc-
tures challenging.

The mid-IR FTIR spectra can be divided into three main regions based on
the type of vibrations detected The region from 4000 to 2500 cm™ includes
valent vibrations of weak simple bonds X—H (e.g. O—H, N—H, C—H, S—
H) as well as hydrogen bonds (H...O...H, H...N...H, etc.). The second region,
from 2500 to 1500 cm™, is an area of valent vibrations of multiple bonds X=Y
and X=Y (e.g., C=C, C=0, C=N, C=C, C=N). The third region from 1500 —
400 cm™ includes valent vibrations of simple bonds X—Y (e.g. C—C, C—N,
C—O0), and deformational vibrations of simple bonds X—H (e.g. C—H, O—
H, N—H).

In this work, FTIR spectroscopy in the mid-IR range was used to confirm the
carbonisation of bioprecursors via CO,-laser irradiation and to study the
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functional composition of the synthesised carbon materials. FTIR spectra
were recorded using a Bruker Tensor 27 FT-IR (Bruker Optik GmbH & Co.,
Germany) and Bruker Alpha II (Agilent Technologies Inc., United States).
Spectra were obtained using both transmission and attenuated total reflectance
(ATR) techniques. The primary focus was placed on analysing peaks in the
2200 — 500 cm" regions.

2.3.2 Raman spectroscopy

Raman spectroscopy is an extremely powerful method for the characterisation
of carbon materials, as specific characteristics such as peak intensity, width
and position, presence of radial breathing modes, layer-breathing modes, and
overall spectral shape can provide extensive information on crystallinity,
strain and stress, defectiveness, chirality, number of layers, and other struc-
tural features of carbon materials.®* This method is often used alongside FTIR
spectroscopy to obtain comprehensive information about the rotational-vibra-
tional structure of the studied material.

The method is based on the inelastic scattering (so-called Raman scatter-
ing) of incident photons through interaction with rotational and vibrational
modes in the material. Raman scattering is divided into two components:
Stokes and anti-Stokes scattering. The difference between Stokes and anti-
Stokes processes is characterised by the relationship between the energy and
wavelengths of the incident and scattered photons, as well as the direction of
energy transfer. In addition to Raman scattering, elastic (Rayleigh) scattering
also occurs when irradiating a sample, often obscuring the Raman signal. A
molecule is Raman-active only when its polarizability changes during vibra-
tion. Raman spectroscopy complements FTIR, as symmetric stretching vibra-
tions typically produce strong Raman signals while being weak or inactive in
FTIR; conversely, asymmetric stretches are more prominent in FTIR spectra.
The same principle applies to bond polarity: non-polar bonds tend to generate
stronger Raman signals, while polar bonds yield more intense FTIR peaks. In
Raman spectra, valence vibrations generally produce more intense lines than
deformational ones. For bonds between the same atoms, higher bond multi-
plicity leads to stronger Raman peaks (I(C=C) > [(C=C) > [(C—C)).

Rayleigh scattering:

As the dominant process, Rayleigh scattering does not affect the energy state
of the molecule, and the scattered photon has the same energy and wavelength
as the incident one. To detect a Raman signal, the elastically scattered photons
must be filtered out from the collected light.

Stokes scattering:

Stokes Raman scattering occurs when an incident photon transfers energy to
the molecule. For this to happen, the energy difference between the incident
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and scattered photons must correspond to the vibrational excitation energy of
the molecule. Therefore, the information obtained from Stokes scattering is
highly molecule-specific (i.e., like a fingerprint). In Stokes scattering, the scat-
tered photon has lower energy and a longer wavelength than the incident pho-
ton.

Anti-Stokes scattering:

Anti-Stokes scattering involves energy transfer from a vibrationally excited
molecule to the incident photon. This process requires the molecule to be in
an excited vibrational state prior to interaction with the photon. As a result,
the scattered photon has higher energy and a shorter wavelength than the in-
cident photon. Because it is less likely for molecules to be in an excited vibra-
tional state at room temperature, anti-Stokes scattering occurs less frequently
than Stokes scattering and is rarely used in Raman spectroscopy.

The Raman spectroscopy of carbon materials

As mentioned earlier, Raman spectroscopy is an outstanding non-destructive
technique providing deep insight into the properties of carbon materials. A
number of specific bands and overtones can appear in the Raman spectra of
carbon-based materials. The most widely studied and well-understood bands
are the G, D, and 2D bands. In defective carbon materials, additional bands
may appear, such as D*, D", D', D+D', and 2D' bands, which will not be dis-
cussed further.3+®

G-band:

The G-band (~1580 cm™), named after “graphite,” corresponds to in-plane
stretching of C—C bonds in the hexagonal ("honeycomb-like") lattice and ap-
pears in all sp>-hybridised carbon materials. In pristine graphite and graphene,
the G-band appears as a single Lorentzian peak, while in carbon nanotubes
(especially single-walled carbon nanotubes), it often splits into G* and G~
bands due to strain effects arising from curvature and/or electron-phonon cou-
pling.* Defects in the graphene plane cause the G-band to broaden due to
bond inhomogeneity and reduced photon lifetime. The G-band position does
not depend on the excitation wavelength but is influenced by the number of
layers, crystallite size, and the presence of defects in the material.

D-band:

The D-band (~1350 cm™) appears in the Raman spectra of materials when the
sp>-hybridized carbon network becomes distorted due to structural defects.
This double-resonance peak is activated when hexagonal-breathing vibra-
tional modes combine with elastic scattering of photo-excited electrons by de-
fects. The intensity and position of the D-band depend on the laser excitation
wavelength.”® The D-band is highly sensitive to any type of defect that disrupts
the hexagonal carbon lattice. In highly ordered carbon materials such as
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pristine graphene or graphite, the D-band is either absent or appears as a low-
intensity, sharp peak well separated from the G-band. Introducing defects in-
creases the D-band intensity; however, the peak remains sharp until a certain
level of distortion is reached.”’ When the structure becomes too damaged, the
D-band broadens significantly and can merge with the G-band.* A common
example of such a disorder is reduced graphene oxide. In summary, the inten-
sity of the D-band (i.e., its area) is proportional to the “concentration” of struc-
tural defects in graphene-like materials. When multiple defect types are pre-
sent, additional bands can emerge in the Raman spectrum, complicating anal-
ysis. These bands are typically of low intensity and poorly resolved compared
to the D-band.

2D-band:

The 2D-band (also called the G’-band) is an overtone of the D-band, but it has
no direct relation to defects. This band is located at ~2700 cm™ when a 532
nm laser is used for excitation, but the intensity and position of this band vary
depending on the laser wavelength, which should be taken into considera-
tion.”” The 2D-band is extremely sensitive to the number of graphene layers
due to the resonant Raman mechanism giving rise to its intensity, which is
closely related to the electronic band structure, the layers' relative orientation,
and so on.* It has been shown that in real spectra, the 2D band might have
several components (2D1, 2D, etc.) depending on the number of layers and
their stacking order. Thus, graphite has two components contributing to the
shape and intensity of the 2D-band, while BLG has four components with dif-
ferent intensities.!" The 2D-band in SLG is represented by one sharp Lo-
rentzian peak. It should be noted that in certain cases, BLG, FLG, or even
turbostratic graphene might exhibit the same shape of the 2D-band as SLG,
whereas the presence of one Lorentzian peak as a sign of SLG formation
should always be carefully considered® and supported by a full analysis of all
features present in Raman spectra in conjunction with other characterisation
techniques. For example, the analysis of the features appearing close to the G-
band (before the G-band and/or after the G-band in the range from 1700 to
1750 cm™) can be used to confirm the presence of FLG, as those out-of-plane
bands are Raman-inactive in SLG.* Careful analysis of the shape and width
of the 2D-band can provide additional information regarding stacking order”
and relative orientation®® of graphene sheets.

Defectiveness and disorder degree:

The study of the disorder and defectiveness degrees in graphene-like materials
is indeed a tough task. Thorough analysis of the Raman spectra of carbon ma-
terials, though, provides extensive information about overall disorder degree,
defectiveness level (Ip/Ig), size of the graphitic domains (L), the average dis-
tance between defects on the graphene sheet (Lp) and so on, unlocking endless
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potential for designing and controlling the properties of carbon materials for
a countless number of applications.

There are three stages of classification of disorder introduced by Ferrari
and Robertson in 2000:** (1) graphite to nanocrystalline graphite; (2) nano-
crystalline graphite to low sp® amorphous carbon; (3) low sp® amorphous car-
bon to high sp® amorphous carbon. This classification is limited to a certain
extent and does not fully cover the whole variety of carbon materials, but it is
indeed helpful while analysing spectra of carbon materials. Moreover, this
phenomenological classification covers only certain types of intrinsic defects
(bond-angle disorder, bond-length disorder, and hybridisation), while extrin-
sic defects are not considered whatsoever.

At the first stage (transition from graphite to nanocrystalline graphite), re-
flecting a low disorder degree, several changes in the Raman features happen:
(1) the G-peak shifts from 1581 to 1600 cm™ due to the appearance of a D’
band (~1620 cm™) merged with the G-band; (2) a well-distinguishable D-band
emerges in the spectrum, increasing the Ip/lg ratio following the Tuinstra-
Koenig (TK) equation (I, /I « Lz, where M is the number of ordered rings);
(3) the cluster size is above 2 nm; (4) absence of the dispersion of the G-band.
At this stage, the Ip/Ig ratio can be calculated as a ratio of the maximum in-
tensity of the peaks rather than the integrated area. The further modification
of the TK equation resulted in the quantitative form of the correlation:”

Ip _ C(A)
Ig  Lg ~

where C(A) is the Raman coupling coefficient at a certain excitation wave-
length. C(X) is estimated to be equal to 44A at A = 514 nm. This equation
commonly applies to highly graphitic carbon with a small defect density.

The further transition from nanocrystalline graphite to low sp® amorphous
carbon is accompanied by: (1) a decrease of the G-peak position from 1600 to
~1510 cm™ and an increase of the G-peak dispersion; (2) In/Ig ratio tending to
0 and decreasing with increasing amorphization; (3) the TK equation no
longer being valid and L, falling below 2 nm. The structure of the carbon ma-
terial at the end of this stage consists of clusters of sp” sites in deformed rings
(five-, six-, seven-, and eightfold rings) and just a few sp’ sites. The portion
of sp>-hybridised carbon can reach up to 20%. The Ip/Ig ratio can still be esti-
mated as a ratio of the maximum intensities of these peaks. For this stage,
another empirical correlation proposed by Ferrari and Robertson is used for
estimating L,:**

Do) I3,
Ig
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where C’(A) is the Raman coupling coefficient specific for this correlation.
C’()) is estimated to be equal to 0.0055A™" at L = 514 nm.

A further increase in the sp-hybridised carbon fraction shifts the G-peak
from 1510 to 1570 cm™, increases its dispersion, and decreases the Ip/Ig ratio
(which can become 0). The sp’-hybridised carbon portion can reach up to
85%. It is worth mentioning that, even though this model provides a basic
understanding of the Raman feature changes that occur while transitioning
from highly ordered crystalline graphite to amorphous carbon, it is highly ide-
alised, as it considers only one type of structural transition and only a few
types of defects. In reality, disordered carbon materials contain a variety of
defects affecting the Raman features. The introduction of other intrinsic (pres-
ence of edge defects, vacancies) and extrinsic defects (functional groups, dop-
ing atoms, etc.) makes analysis of the Raman spectra even more complicated
and raises concerns regarding the validity of the equations used to estimate L,.

It is worth mentioning that L, has two interpretations depending on the dis-
order degree of the material. For ordered materials, L, is assigned to the sp*-
hybridised cluster diameter, which is believed to depend on the number of
grain boundaries and edge defects. In disordered carbon materials like tur-
bostratic carbon, L, is interpreted as the in-plane correlation length. As a fig-
ure of merit, L, does not account for point defects contributing to the defec-
tiveness and disorder of carbon materials (especially graphene-like materials).
Hence, Lp is used in graphene with point defects as a measure of disorder,
rather than La. Lp is estimated based on defect density and follows the refined
TK equation proposed by Cancado:**"’

L3 = (18 £0.5) 1077« 2} + 2,
D

where A is the excitation wavelength in nm.

In this work, Raman spectroscopy was used to study the structure and de-
fectiveness of carbon materials. Raman spectra were acquired using a Ren-
ishaw inVia confocal Raman microscope (Renishaw Inc., UK) equipped with
a 532 nm laser, and a LabRAM HR Evolution Confocal Raman Microscope
(HORIBA Scientific, France) equipped with a 633 nm light source. Spectra of
each sample were measured at several spots in the spectral range from 100 to
4000 cm™. The non-linear background that appeared in some spectra was sub-
tracted using the Peak Analyser function in Origin software (OriginLab Corp.,
US). The resulting spectra were fitted using OriginPro (OriginLab Corp., US)
and CasaXPS (Casa Software Ltd., Devon, UK). The G-, D-, and 2D-peaks
were simulated using the Pseudo-Voigt function, and the additional peaks
were fitted using Gaussian functions. The Ip/Ig ratios were calculated using
peak area ratios obtained from the fitting.
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2.3.3 X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS), historically known as electron spec-
troscopy for chemical analysis (ESCA), is a highly surface-sensitive technique
widely used to analyse the chemical composition and electronic structure of
materials within the top few nanometers of their surface (~5-10 nm). XPS
provides critical insight into both the elemental composition and the chemical
states of the atoms present on the surface, including oxidation states and bond-
ing environments. The method is based on the adsorption of an X-ray photon,
resulting in the emission of a photoelectron (photoelectric effect). During the
experiment, the material is irradiated with a characteristic X-ray beam. The
most widely utilised X-ray sources nowadays are the Ka lines of Mg- or Al-
coated electrodes (referred to as anodes), with characteristic energies of emit-
ted X-rays of 1253.6 and 1486.6 eV, respectively. The energy of the X-ray
beam directly affects the range of binding energies that can be investigated, as
well as the probing depth. As the energy of the source increases, the inelastic
mean free path of the electron increases, allowing electrons generated at
greater depths to reach the material's surface without undergoing collisions.
Part of the energy delivered to the material by the X-ray beam is used to re-
move electrons from the atomic core levels (photoionization of the atom),
while the remaining energy is transferred to the electrons, determining their
kinetic energy (KE). The emitted electrons escape the material’s surface (in
the case of solids) into the vacuum and then enter the slit of the electron ana-
lyser. The most common analysers used today are electrostatic hemispherical
analysers, consisting of two concentric hemispheres. The voltage applied to
both hemispheres allows for the “filtering” of electrons with the desired ki-
netic energy for detection. This desired kinetic energy is called the pass energy
and defines the absolute energy resolution. Electrons with kinetic energy close
to the pass energy travel through the hemispherical analyser and are registered
by a multichannel detector. Electrons with KE lower (or higher) than the pass
energy strike the detector closer to the inner (or outer) hemisphere, allowing
for reconstruction of the intensity vs. energy profile.”® Following the law of
energy conservation, the KE of the photoelectron after leaving the sample is
given by:
KE = hv — BE — ¢gpec

where KE is the kinetic energy of the detected electrons, hv is the energy of
the primary X-ray photons, BE is the binding energy of the detected electrons,
and Qspec is the spectrometer work function.

Hence, the output of the experiment is an XPS spectrum, represented as a
plot of collected electron flux versus KE. This spectrum is automatically con-
verted into a dependence of electron flux versus BE by the software. The BE
is of primary interest, as it directly reflects the energy difference between the
positive ion formed after a photoionization event and the total energy of the

46



atom in its ground state, allowing for the straightforward extraction of infor-
mation regarding the chemical environment of atoms. The peaks appearing in
the survey XPS spectrum represent the emission of electrons from atomic core
levels. The KE (or equivalently, the BE) of detected electrons is characteristic
of specific core levels of each element, which allows for straightforward peak
assignment to elements present on the material’s surface. The probability of
electron emission from a particular orbital of a specific atom is described by
the photoionization cross section. This coefficient is crucial for the quantita-
tive analysis of the elements on a material’s surface. For several common X-
ray sources, these cross-section values have been theoretically calculated and
tabulated. The orbitals from which photoemission can occur are determined
by their BE and the energy of the X-ray source. In other words, the energy of
the X-ray source must be sufficient not only to remove an electron from a
specific subshell but also to impart enough energy to allow that electron to
reach the analyser. Even though the KE of emitted photoelectrons is specific
for each subshell, electrons from certain subshells of different atoms may have
very close energies, appearing as one peak in the survey spectrum. Therefore,
conclusions regarding the presence of certain elements should be based on
identifying a set of characteristic peaks from different subshells of the atoms
expected to be present. The position of the core-level peaks assigned to a spe-
cific atom is affected by its chemical environment, as chemical bonding alters
the valence electron configuration. A higher negative charge density on an
atom results in photoelectrons with higher KE and, therefore, lower BE in the
spectrum. This peak shift due to the chemical environment is referred to as the
chemical shift. Not only do valence levels exhibit shifts, but core levels do as
well, since the total energy of the system before and after ionisation differs
depending on chemical surroundings. In addition to the primary chemical
shifi—which refers to the BE shift of atoms bonded to atoms of different elec-
tronegativity—a secondary chemical shift may occur when highly electroneg-
ative atoms (e.g., O, F) are present.”® These atoms can give rise to the nearest-
neighbour effect, in which a BE shift may occur even in atoms not directly
bonded to O or F, but bonded to atoms that are.

After assessing the surface composition of the material through the survey
spectrum, high-resolution lines may be recorded when more precise infor-
mation on the chemical surroundings or oxidation state is needed. In such
cases, the pass energy of the electron analyser is decreased to increase the
energy resolution of the spectra.

The XPS spectra of carbon materials

The analysis of XPS spectra of carbon materials is a complex task requiring
thorough examination of both survey spectra and high-resolution lines. The
presence of both intrinsic and extrinsic structural defects, as well as contami-
nants, significantly affects the shape and position of the C 1s high-resolution
line, as well as those of heteroatoms often attached to or embedded in the
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carbon matrix, such as O Is, N 1s, S 2p, etc. Moreover, the presence of a 7-
conjugated aromatic system in carbon materials often leads to the appearance
of shake-up and shake-off satellites, which are difficult to analyse. The well-
developed surface of carbon materials also tends to adsorb water and other
low-molecular-weight contaminants, contributing to the C 1s and O 1s lines.
This is usually not a problem if these contaminants are physically adsorbed on
the carbon surface, as a significant portion of them is removed in the vacuum
pre-chamber. Some instruments have an additional chamber where materials
can be heated to remove volatile surface contaminants. Alternatively, the ma-
terial's surface can be sputter-etched with an Ar* beam to remove surface con-
taminants. However, the presence of OCFGs on the carbon surface tends to
make both measurement and analysis more complicated. Water molecules and
small organic compounds often interact with OCFGs through hydrogen bond-
ing, making it difficult to remove them entirely. Ar*-beam treatment can still
be used to “clean” the carbon surface, but it inevitably alters the local envi-
ronment of carbon atoms. The etched surface is not equivalent to the untreated
surface. For instance, Ar*-beam etching may lead to the removal of OCFGs,
formation of additional structural defects, increased disorder, amorphisation,
and even ion implantation, inducing artefacts in the XPS spectra. Hence, if the
analysis of OCFGs is of interest, etching should be used with great caution.
Another important aspect is the proper charge referencing of the spectra. De-
pending on the structure of the carbon material, its Fermi level, how it is
mounted on the sample holder, and the presence of different functionalities,
the position of the C 1s high-resolution line may shift significantly, compli-
cating the analysis. There are several methods used to calibrate survey spectra
and account for shifts in high-resolution lines for different sample types. The
ideal case is when the carbon material can be fixed in good electrical contact
with the spectrometer, avoiding external calibration. This allows the Fermi
level of the material to align with that of the spectrometer. However, not all
synthesis methods produce carbon films, which presents additional chal-
lenges. There are several ways to mount carbon powders safely onto the sam-
ple holder. The most common is to apply a thin layer of carbon powder onto
double-sided adhesive conductive copper tape or to deposit a small amount on
a conductive or non-conductive substrate like a Si wafer or glass. If the sub-
strate is non-conductive, Ar*-beam neutralisation should be used to prevent
spectrum shifts due to surface charging.

The subsequent analysis of high-resolution lines requires preliminary
knowledge of the carbon material’s structure. In general, it is strongly recom-
mended to use XPS spectroscopy in conjunction with other characterisation
techniques commonly applied to carbon materials, such as XRD, SEM, Ra-
man spectroscopy, FTIR, and others. The XRD method provides insight into
the internal structure, including crystallinity, disorder, and the size of crystal-
line regions—all of which significantly affect conductivity. FTIR and Raman
methods enable identification of functional groups, doping atoms embedded
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in the carbon lattice, and defects. If doping atoms or functional groups are
present, the analysis of the C 1s high-resolution line should be accompanied
by analysis of the lines corresponding to the dopants, especially in cases of N-
doping and O-functionalization, where these atoms can exist in various forms
with different chemical shifts. As previously mentioned, the presence of oxy-
gen-containing functionalities may induce secondary chemical shifts. In car-
bon materials, various OCFGs are randomly distributed across the surface,
which may lead to peak broadening due to secondary chemical shift contribu-
tions. As a result, these peaks are rarely well-resolved, making qualitative
analysis difficult when the exact identity of surface OCFGs is unknown.
Quantitative analysis is even more challenging and requires advanced simula-
tions to estimate expected peak widths and overlaps, or must be supported by
titration experiments. However, semi-quantitative analysis may provide relia-
ble trends in the relative abundance of different OCFGs when analysing a se-
ries of samples. Nevertheless, significant shifts in the position of the sp*-hy-
bridised carbon peak may still occur depending on the material, further com-
plicating interpretation.

XPS measurements were performed to confirm carbonisation and to eval-
uate the qualitative and quantitative surface composition of the samples. Sur-
vey spectra and high-resolution lines were measured using a PHI Quanterra I1
scanning XPS microprobe (Physical Electronics Inc., ULVAC-PHI Inc., Ja-
pan) and a Kratos Analytical AXIS Ultra spectrometer (Kratos Analytical
Ltd., Manchester, United Kingdom) at Uppsala and Aalto Universities, re-
spectively. Both instruments were equipped with an Al Ka (1486.6 eV) X-ray
source. Powder samples were applied to the sample holder using copper dou-
ble-sided tape. Carbon films were mounted on the sample holder using spring
clips and screws. Survey (and high-resolution) spectra were acquired using
the following settings: spot size of 200 um (100 pm), power of 50 W (50 W),
accelerating voltage of 15 kV (15 kV), pass energy of 224 eV (24 eV), and
energy step of 0.5 eV (0.5 eV).

2.3.4 X-ray powder diffraction

X-ray powder diffraction (PXRD) is a non-destructive technique used to ana-
lyse the crystallinity, structure, stacking, and ordering of carbon materials. It
is based on elastic scattering (no energy loss)—also known as Rayleigh scat-
tering—of incident X-ray photons by the electrons in atoms within a material.
The scattered waves, emitted in various directions by atoms at different posi-
tions, can interfere either constructively or destructively, as long as the waves
are monochromatic and polarised in the same direction. Wave interference
between the scattered waves occurs since the X-ray source is the same, and
the scattering events do not change the energy of photons. Constructive inter-
ference leads to the reinforcement of wave amplitudes and produces high-in-
tensity fringes in the image plane. In contrast, destructive interference, which
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occurs when waves are out of phase by half a wavelength, leads to cancellation
of amplitudes, resulting in the space (zero intensity) between fringes. A dif-
fraction fringe pattern at specific angles arises in crystalline materials due to
the periodic atomic arrangement acting like a diffraction grating. The diffrac-
tion condition is given by Bragg’s law:

nA = 2dsin@,

where # is the diffraction order (an integer), 4 is the X-ray wavelength, d is
the spacing between atomic planes in the crystal, and @ is half of the scattering
angle 26.

Constructive interference occurs when the path length difference between
X-rays scattered by adjacent planes equals an integer multiple of the X-ray
wavelength. At these angles, diffraction peaks appear in the pattern. By scan-
ning over a range of 26 angles, a complete PXRD pattern is collected, which
can be analysed to determine the crystal structure.

Despite being a powerful tool, PXRD has limitations when applied to car-
bon materials, which often lack long-range order. Only materials like graphite,
graphene, or highly crystalline carbon phases produce sharp reflexes. In most
carbon materials, intrinsic and extrinsic defects reduce the intensity of the re-
flexes and lead to their broadening due to compromised constructive interfer-
ence. Nonetheless, PXRD can still provide valuable insights into the degree
of crystallinity, DoG, interlayer spacing, and crystallite size. Disordered car-
bon materials typically exhibit either a broad halo around 10 — 20° of 28 or
diffuse peaks over a wide 20 range. As structural order increases and graphitic
domains grow, the diffraction features become sharper. Although disordered
carbon materials differ significantly from ideal graphite, the graphite-based
structural model still serves as a good approximation. For investigating the
true internal structure of disordered carbon materials, techniques such as total
X-ray scattering can and should be employed; however, constructing a struc-
tural model from the resulting data remains an extremely challenging task.

The DoG in carbon materials can be estimated using the following equa-
tion:”

(0.3440—dyg5)

O —
DoG(%) = (0.3440—0.3354)

X 100%,

where 0.3440 nm is the typical interlayer spacing of turbostratic carbon mate-
rials, serving as a boundary between non-graphitizable and graphitizable car-
bon; doo is the experimentally determined interlayer spacing of the investi-
gated material; and 0.3354 nm is the interlayer spacing of ideal graphite.
This parameter indicates how closely the internal structure of the investi-
gated material resembles that of ideal graphite. However, hard carbon materi-
als often exhibit interlayer spacing significantly larger than the typical value
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for turbostratic carbon. This leads to a negative DoG value, suggesting that at
the applied temperature, the reorganisation of the internal carbon structure was
incomplete and the material predominantly consists of disordered carbon with
a fraction of small pseudo-graphitic domains.

A typical PXRD setup consists of a goniometer, the X-ray tube (along with
the monochromator), and a solid-state X-ray detector occupying the arms,
with the sample residing in the centre. Research facilities providing synchro-
tron radiation offer a variety of user stations utilising PXRD or single-crystal
XRD, but these stations are usually dedicated to the trickiest types of samples,
which require a photon flux unattainable by other X-ray sources or special
conditions. Examples include weakly scattering systems, small crystals, and
large or complex molecules such as proteins and DNA fragments.

PXRD patterns were recorded to confirm successful carbonisation of the
samples, as well as to study their phase composition and crystallinity. The
PXRD patterns were obtained using a Bruker D8 Advance powder diffractom-
eter (Karlsruhe, Germany) and a PANalytical X'Pert Pro Alpha-I diffractom-
eter (Malvern Panalytical Ltd., United Kingdom). Both diffractometers were
operated at 40 kV and 40 mA using Cu Kou,. radiation (M = 1.5406 A, k> =
1.5444 A, Bruker D8) and Cu Ko, radiation (M = 1.5406 A, PANalytical
X’Pert).

2.3.5 Scanning-electron microscopy and energy-dispersive
spectroscopy

Scanning electron microscopy (SEM) is a method for the visualisation of a
material’s surface (and sometimes bulk) by scanning it with a focused electron
beam. Energy-dispersive spectroscopy (EDS) is a method often coupled with
SEM and is used for probing the qualitative and semi-quantitative composi-
tion (sometimes quantitative analysis can also be conducted) of the analysed
specimens. The resolution of SEM depends on the electron probe diameter
and the interaction of the electrons with the sample. The size of the electron
probe is determined by several factors, including the source size—the diame-
ter of the tip and the working distance—and defocus aberration. The analysis
depth of this method (ranging from 100 nm to 5 um) varies depending on the
acceleration voltage (within the range of 1-30 keV) used and the composition
of the surface (including the atomic number Z of atoms and material density).
These factors determine the interaction volume, that is, the volume accessed
by electrons as they scatter within the sample. The interaction volume defines
the spatial resolution. Generally, electrons accelerated with higher voltages
penetrate deeper into the material and increase the interaction volume. Atoms
with higher atomic numbers scatter electrons more efficiently, which de-
creases the interaction volume in samples composed of heavier atoms.
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Electron beam (primary electrons)-sample interactions occur mainly
through two processes called elastic and inelastic scattering. When primary
electrons of the beam are elastically scattered, their trajectories change, but
their kinetic energy remains almost the same. The electrons detected as a result
of such a process are called backscattered electrons (BSE). In contrast, an in-
elastic scattering event is accompanied by a slight perturbation in the electron
trajectory and a significant loss of kinetic energy via energy transfer to the
analysed specimen. Depending on the mechanism of energy transfer, an ine-
lastic scattering event might result in the generation of secondary electrons
(SE) and Auger electrons, photon excitation (heating), cathodoluminescence
(visible light fluorescence), continuum radiation (so-called Bremsstrahlung),
and characteristic X-ray radiation. As mentioned previously, the interaction
volume defines the maximum penetration depth of the electrons and their pos-
sible trajectories within the sample. However, the real analysis depth depends
on the escape depth, that is, the maximum distance from the sample surface at
which generated electrons still have sufficient kinetic energy to escape from
the surface and be detected. Hence, the analysis depth differs for all the afore-
mentioned processes and is depicted in Figure 2.3. The generation and detec-
tion of BSE, SE, and characteristic X-rays are discussed in depth, as these are
the main signals of interest for SEM and EDS techniques.

Primary electron beam

Figure 2.3. The interaction and generation volumes typical for different signals gen-
erated via primary electron beam—sample interaction (the cross-sectional SEM image
was provided by Kasper Eliasson).

Elastic scattering (backscattered electron mode, BSE)

BSEs are primary electrons whose trajectories were altered via electrostatic
interaction with the positively charged nuclei of the atom. In the elastic pro-
cess, the primary electrons lose almost none of their energy; hence, BSEs have
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energy close to that of the primary electrons. Since the energy of BSEs is high,
a large fraction of the BSEs is scattered toward the detector, although they can
be additionally re-scattered within the material or by the chamber walls and
produce SE. The number of produced BSEs is defined by the backscattering
coefficient, which depends on the Z-number of the atom, making the BSE
mode extremely element-sensitive. The higher the Z-number of the atom, the
more BSEs will be generated. The high element sensitivity of BSEs results in
an elemental contrast in SEM images, which can be used to observe grain
boundaries, domain structure, and so on.

Inelastic scattering

Secondary electrons (SE):

SEs are generated through the ejection of weakly bound (outer shell) electrons
from the sample due to inelastic interactions with the primary electrons. The
energy of SEs is much lower than that of BSEs, typically reaching ~50 eV,
which makes them prone to re-scattering within the material. Unlike BSEs
(which have high energy), the escape depth of low-energy SEs is much
smaller, reaching only tens of nanometres. Whether SEs reach the detector
depends on the mean free path, the work function, and re-scattering events.
The mean free path is the average distance electrons can travel within the ma-
terial before scattering. Re-scattered SEs may lose the energy required to reach
the detector or generate additional SEs. The work function refers to the energy
required to eject a free electron from the sample surface into the vacuum
chamber. Hence, SEs generated via inelastic scattering provide more surface-
sensitive information than BSEs. SEs generated as a result of BSE re-scatter-
ing can significantly affect resolution by creating additional noise. In general,
the use of lower accelerating voltages improves the ratio between SEs and
BSE-generated SEs by reducing the interaction volume. In this work, the SE
mode was used to obtain surface information. The precursor materials were
sputtered with Pt to ensure stability and minimise charging effects during
measurements.

Characteristic X-ray radiation:

Characteristic X-rays have the deepest escape depth compared to both SEs and
BSEs (Figure 2.3). The detection of the characteristic X-rays generated
through electron—matter interaction is the basis for the EDS and wavelength-
dispersive spectrometry methods. The generation of characteristic X-ray radi-
ation is a two-step process, which involves the ionisation of the atom followed
by relaxation, accompanied by the emission of the characteristic X-ray pho-
ton. In the ionisation process, an inner-shell electron is removed from the atom
by interaction with the primary electron beam, which creates a vacancy. Since
the atom is not stable in this state, the inner-shell vacancy is filled by an outer-
shell electron with the emission of an X-ray photon. The energy equals the
difference in energy between the level from which the electron originates and
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the level where the electron ends up. This energy difference is characteristic
of different atoms since each element has a specific ionisation energy for every
subshell. There is a second type of X-rays produced as a result of electron—
matter interaction called continuum radiation (Bremsstrahlung). Bremsstrah-
lung X-ray generation is a result of the deceleration of primary electrons by
the electric fields of nuclei. The energy of these X-rays ranges from ~0 to E,
eV (where E, is the energy of the primary electrons). Thus, the energy of the
primary electrons is an upper energy limit of the Bremsstrahlung X-rays, also
known as the Duane—Hunt limit. Even though there is a certain probability
that an incident electron will lose all its energy with the generation of an X-
ray photon, it is more likely that this electron will participate in many interac-
tions, producing several low-energy photons. Thus, the number of X-ray pho-
tons with energy equal to E, is zero, but increases rapidly at very low energy,
and a large number of low-energy X-rays are formed. In EDS spectra, the con-
tinuum radiation appears as background with superimposed characteristic X-
ray peaks.

In this study, SEM was used to study the morphology of the samples before
and after carbonisation, while EDS was used to reveal the qualitative and
semi-quantitative elemental composition of the materials. The SEM micro-
graphs as well as EDS elemental mapping were done using a Leo Gemini 1550
FEG SEM instrument (Zeiss, Germany), TescaMira3 SEM microscope
(TESCAN ORSAY Holding, Czech Republic), and Hitachi SU3900 scanning
electron microscope (Hitachi High-Tech Corp.) in Uppsala and Aalto Univer-
sities. The materials were applied to the metallic stub or directly to the sample
holder using carbon double-sided tape. The bio-based precursors were sput-
tered before measurements to decrease the charging effect and ensure the sta-
bility of the samples under the electron beam during the measurement. The
typical range of accelerating voltages used was 1-3 keV, depending on the
machine used.

2.3.6 Thermogravimetric analysis

Thermogravimetric analysis (TGA) is a thermal analysis method based on the
registration of changes in the mass of the sample versus temperature or time.
During analysis, the material is subjected to controlled temperature changes
in a controlled atmosphere. Depending on the desired information to be ob-
tained, the materials can be subjected to a heating/cooling program in an inert
(e.g., N», He, or Ar), air, or oxygen-/hydrogen-rich atmosphere. TGA testing
can generally be classified based on the heating approach, including isother-
mal (static), quasi-static, and dynamic testing regimes. In isothermal testing,
a constant temperature is maintained over time, which is particularly useful
for long-term stability or slow thermal processes. In a pure isothermal regime,
attention is not paid to the heating/cooling speed, and the desired temperature
is reached as fast as possible for a particular device. In a dynamic regime, the
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temperature is changed linearly with a controlled heating/cooling speed, al-
lowing for the examination of the material's behaviour across a range of tem-
peratures. Quasi-static testing includes dynamic and isothermal parts, provid-
ing valuable information about the material’s mass changes at specific tem-
perature points. Often, a combination of two or all three regimes is used in
real experiments for precise heating speed control throughout the entire ex-
periment, which is especially important when studying the process of biomass
precursor conversion into carbon material, as the pathway of the thermochem-
ical conversion of separate biomass components is heating speed-dependent.

TGA as an optimisation method for pyrolysis experiments

TGA is a particularly useful method for the fast and straightforward initial
optimisation of pyrolysis parameters, including gas flow, heating speed, max-
imum temperature, and residence time. Several figures of merit can guide such
optimisation, including the degree of precursor conversion, thermal stability
of the resulting carbon, material yield, and volume changes. When coupled
with mass spectrometry (MS), TGA also offers valuable insights into the
mechanisms of thermochemical conversion and the composition of the vola-
tile fraction. However, TGA has inherent limitations. The amount of material
subjected to heating is restricted by the small crucible size, typically not ex-
ceeding 20 mg, and the yield of carbon material rarely exceeds 2—5 mg. While
this is sufficient for surface characterisation techniques such as FTIR, Raman
spectroscopy, SEM-EDS, and XPS, it is generally inadequate for bulk com-
position analysis (e.g., CHNOS elemental analysis) or the assessment of SSA
and porosity of the produced carbon. Another important limitation is that TGA
does not capture the thermal gradients and volume-dependent phenomena that
occur during larger-scale pyrolysis. Differences in initial mass loading, pre-
cursor layer thickness, thermal gradient, and reactor volume must therefore be
carefully considered when applying TGA results to the scale-up or optimisa-
tion of pyrolysis processes.

TGA as a characterisation method for carbon materials

The analysis of the TGA profile of carbon materials in an air atmosphere not
only provides insight into the thermal stability of the materials but also allows
for the estimation of the fraction of different types of carbon present in the
sample based on the differences in their thermal stability.** In graphene-like
materials, the onset temperature (Tons) and the maximum degradation temper-
ature (Tmax) correlate with the number of layers.”>'? It has been shown that
Tons, Tmax, and offset temperature (Tofr) shift significantly depending on the
number of layers, with graphite exhibiting the highest thermal stability (Table
2.1). In some cases, when the carbon material consists of a mixture of graphite
and graphene, it is possible to estimate the weight fraction of each component.
However, such analysis is challenging and requires a set of reference samples,
including pristine powders and their mixtures with known weight ratios.
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Importantly, conclusions regarding the number of layers as well as the weight
composition of the materials should always be supported by additional char-
acterisation techniques such as Raman spectroscopy, XPS, XRD, and
HRTEM, since the presence of amorphous carbon, sp>-hybridised carbon, and
OCFGs can compromise the accuracy of the analysis.

Table 2.1. Dependence of Tons, Tmax and Tosr temperatures obtained from TGA curves
on the number of layers in graphene-like materials.>*

Number of layers  Tons, °C Tmax, °C Tott, °C
1 layer (SLG) 529 570 575
2 layers (BLG) 557 671 720
5-20 layers (FLG) 571 782 834
Graphite 796 894 930

TGA was employed for various purposes throughout the studies. In Paper I,
TGA was used to simulate the pyrolysis behaviour of precursors and assess
the thermal stability of the synthesised biocarbon materials. In Paper 11, it
served to confirm the successful conversion of the initial precursor into carbon
material via the laser-induced carbonisation (LIC) process. In Papers Il and
IV, TGA was used to compare the thermal stability of different types of lignin
and evaluate the thermal stability of the resulting few-layered graphene. The
TGA curves of the materials were measured using a Netzsch STA 449 F3 Ju-
piter thermogravimetric analyser and Mettler Toledo TGA/SSD devices. Dif-
ferent heating rates, atmospheres, and gas flows were used depending on the
main goal. Thus, modelling of the pyrolytic behaviour of the precursors in
Paper I was done in a N, atmosphere with a heating rate of 5 °C min™' and a
residence time of 1 h at 450 °C and 700 °C. The thermal stability of carbon
materials in the same study was evaluated by using an air atmosphere, a heat-
ing rate of 10 °C min™' in an extended temperature range (from 40 to 1500 °C).
In Paper II, TGA curves of both initial precursor and resulting carbon films
were measured in a N, atmosphere at a heating rate of 10 °C min™', gas flow
60 mL min™' within a temperature range from 25 to 1000 °C. In Papers II and
1V, the thermal stability of both initial precursors and graphene-like materials
was evaluated in an air atmosphere using a heating rate of 5 °C min’', an air
flow of 60 mL min™', within a temperature range from 25 to 800 °C. Samples
were additionally held at 800 °C for 2 h.
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2.3.7 Electrochemical methods

Cell geometries

Generally, three-electrode and two-electrode cells are used in electrochemical
experiments. Three-electrode cells are commonly used for studying processes
occurring in electroactive materials during cycling, while two-electrode cells
are often used to mimic materials' behaviour in real devices.

1. Three-electrode cells

Irrespective of the size, shape, and overall design of a three-electrode cell, it
consists of three main elements: the working electrode (active material elec-
trode), counter electrode, and reference electrode. The potential of the work-
ing electrode in such a cell is measured relative to the potential of the reference
electrode, while the counter electrode simply balances charge in the cell. De-
pending on the size and geometry of the three-electrode cell, the working and
counter electrodes are either separated by the volume of electrolyte (in volume
cells) or a solid separator (in planar cells). Both types have their advantages
and limitations. One-compartment volume cells are typically beaker-like ves-
sels with or without a sealed lid. Such cells allow for purging the electrolyte
with N> when electrochemical experiments are conducted outside a glove box
(especially important when studying the behaviour of carbon-based electrodes
in aqueous electrolytes). The distance between the working and counter elec-
trodes could potentially be used to reduce the effects of products formed at the
counter electrode. However, better solutions exist, e.g., placing the counter
electrode in a separate compartment connected to the electrolyte by a porous
frit. The positioning of the reference electrode does not affect its potential.
However, electrolyte resistance is influenced by the separation between the
working and reference electrodes. In one-compartment volume cells, elec-
trodes are separated only by the electrolyte. Sometimes, when more complex
systems are studied, two-compartment volume cells are used to prevent the
diffusion of electroactive species generated at the counter electrode toward the
working electrode. In general, both one- and two-compartment volume cells
are suitable for a wide range of electrochemical experiments—from studying
processes such as electrodeposition, electrografting, and mechanisms of elec-
trochemical reactions in both solid and liquid phases, to evaluating electro-
chemical characteristics of solid electrodes, such as charge-storage mecha-
nism and specific capacitance/capacity. Even though volume electrochemical
cells are useful for characterising the properties of electrode materials, they
do not mimic the behaviour of the material in a real device, where the volume
of electrolyte is limited and electrodes are tightly packed. In this sense, planar
three-electrode cells are quite helpful. In such cells, the distance between the
working and counter electrodes is controlled by a separator film impregnated
with electrolyte, which partially mimics a real supercapacitor/battery,
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providing more information on iR-drop and specific capacity/capacitance that
could be expected in real devices.

2. Two-electrode cells

Unlike three-electrode systems (used mainly for fundamental studies), the
two-electrode configuration is designed to mimic real-world device operation.
A two-electrode cell is an electrochemical system commonly employed for
the practical evaluation of energy storage devices such as supercapacitors and
batteries. In this configuration, the cell consists of two electrodes immersed in
an electrolyte and separated by either a volume of electrolyte or an ion-per-
meable membrane (separator). Unlike the three-electrode setup, the two-elec-
trode cell does not include a separate reference electrode; instead, the potential
of the working electrode is measured versus the potential of the counter elec-
trode, which complicates conversion of the output/input potential to the stand-
ard potential scale. The electrodes are assembled in a symmetrical or asym-
metrical configuration, depending on the intended application. The separator,
soaked in electrolyte, prevents electrical short-circuiting while enabling ionic
conductivity. Electrochemical measurements such as cyclic voltammetry
(CV), galvanostatic charge—discharge (GCD), and electrochemical impedance
spectroscopy (EIS) are commonly performed using this setup to assess spe-
cific capacitance, energy and power densities, internal resistance, and cycling
stability. The two-electrode cell offers a more realistic representation of de-
vice performance compared to three-electrode systems, making it suitable for
practical performance evaluation. However, it cannot independently monitor
the potential of each electrode, which limits its use for mechanistic or kinetic
studies.

Cyclic voltammetry
Cyclic voltammetry (CV) is a widely used electrochemical technique for stud-
ying the redox properties and electrochemical behaviour of materials. In CV,
the potential of the working electrode is swept linearly at a controlled scan
rate between two predetermined voltage limits, first in the forward direction
and then reversed back to the starting potential, forming a cyclic voltage pro-
file. During this potential sweep, the total current response resulting from ox-
idation and reduction reactions at the electrode surface, as well as the capaci-
tive current, is recorded. The generated current—potential curve, known as a
cyclic voltammogram, provides valuable information on the redox processes,
reaction kinetics, electron transfer mechanisms, and reversibility of electro-
chemical reactions. CV is extensively employed for characterising electrode
materials, understanding charge storage mechanisms in batteries and superca-
pacitors, and assessing the electrochemical stability and surface properties of
materials.

In Papers I and IV, CV curves were registered using a Biologic MPG-205
potentiostat (Biologic, France). The measurements were conducted in a three-
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electrode geometry (EL-cells), with carbon coatings serving as the working
electrode, metallic Li as the counter electrode, and Li wire as the reference
electrode. The CV experiments were performed at scan rates of 20, 50, 100,
and 20 uV s to match the time scale of GCD experiments performed in half-
cells.

In Paper II, CV measurements were performed using an Autolab
PGSTAT302 N potentiostat (Electrochemie, Netherlands) in three-electrode
volume cells filled with 2 M NaOH aqueous solution. The active material film
was pressed into Ni foam and served as the working electrode; platinum wire
and saturated Ag|AgCl were used as the counter and reference electrodes, re-
spectively. The electrolyte was purged with N, before measurements. The CV
curves were recorded at scan rates of 200, 100, 50, 10, 5, and 1 mV s™! (three
cycles for each scan rate, starting with the highest).

In Paper 111, CV curves of the micro-supercapacitor device were measured
using a CH Instrument Electrochemical Workstation (CH Instrument Inc.,
USA). The finger area of the device was coated with gel-polymer electrolyte
(10 M LiCI/PVA) and dried in air. The CV curves were measured at scan rates
of 200, 100, 50, 20, 10, and 5 mV s' (from highest to lowest).

Galvanostatic charge-discharge

Galvanostatic charge—discharge (GCD), also known as constant current
charge (CCC)—discharge (CCD), is an electrochemical method for evaluating
the charge storage mechanism, specific capacity/capacitance, long-term sta-
bility, and other characteristics of energy storage materials used in both sec-
ondary batteries and supercapacitors. In the GCD method, a constant current
is applied to the electrochemical cell/device, resulting in a change in the volt-
age of the electrochemical system over time. Charging is achieved by applying
a positive current, while discharging is defined by applying a negative current.
The effective potential drop that occurs when switching the sign of the applied
current is called the iR-drop (also known as the Ohmic drop). The iR-drop
originates from the internal resistance of the electrochemical cell. The poten-
tial window for a specific experiment is defined by the following characteris-
tics of the electrochemical system: the electrochemical stability window of the
electrolyte (in both batteries and supercapacitors), metal deposition potential
(in secondary batteries), and the stability of the cell components and electrode
materials (including the binder and active material). The shape of the resulting
GCD curves primarily depends on the charge storage mechanism and the di-
mension of the active material particles.

GCD experiments were used to evaluate the specific capacitance/capacity
of the synthesised materials. GCD experiments in Papers [ and IV were per-
formed using the LAND battery testing system CT2001A (5 V, 20 mA, Wu-
han Land, China). In Paper I, the materials were ground before slurry prepa-
ration to ensure more uniform coatings. Slurries were prepared in DI water
using the active material (ground samples), carbon black, and binders
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(carboxymethyl cellulose and styrene—butadiene rubber) in a weight ratio of
92:2:3:3, respectively. The slurry was rested for 30 minutes after mixing, then
coated onto ethanol-cleaned Cu foil using the doctor blade method. The wet
coating thickness was 180—-190 um to achieve a loading of approximately 1.5—
1.7 mAh cm™. All coated foils were air-dried overnight, followed by oven
drying at 70 °C for 4 hours. Disc electrodes with a diameter of 14 mm were
cut from the prepared foils, calendared at 3 tons, and dried in a sublimator
overnight. Then, the electrodes were transferred into an Ar-filled glove box
and assembled in coin cells. The cells were assembled using Li foil (0.75 mm
thick, 99.9%, Alpha Aesar, Thermo Fisher GmbH, Germany) as the counter
electrode and Cu foil coated with the investigated materials as the working
electrode. The electrodes were separated using a glass microfiber filter. 200
uL of electrolyte, consisting of 1 M LiPFs in EC: DMC, was used for each
cell. The maximal capacitance of the samples was assessed using two cycles
at low current density; the capacities obtained in the second cycle were used
for calculations.® Further materials were tested using 5 cycles at each current
density, including 0.1C, 0.2C, 0.5C, 1C, 2C, and again 2C.

In Paper 1V, the produced electrodes were dried in a sublimator overnight
and transferred to a glove box. Initial tests showed that some irreversible pro-
cesses occurred in the assembled cells, leading to their failure during cycling,
which was attributed to the dissolution of synthesis residues. Therefore, simi-
lar electrodes were soaked in electrolyte overnight before assembly. After
washing with electrolyte, the carbon films peeled off the Cu current collector,
and the stock solution changed colour, confirming the dissolution of synthesis
residues. The resulting free-standing carbon films were thoroughly washed
with DMC solution and assembled in coin cells following the same procedure
as described above. Similar experiments conducted in EC: DMC solution
without lithium salt showed no change in the colour of the stock solution. The
coin cells with free-standing carbon films were tested at different current den-
sities, including a formation cycle at 0.03C and 5 cycles at 0.1C, 0.2C, 0.5C,
1C, 2C, and again 0.2C. The theoretical specific capacity of graphite was used
for experiments (C =372 mAh g).

GCD experiments for supercapacitors (Papers Il and III) were performed
using a CH Instrument Electrochemical Workstation (CH Instrument Inc.,
USA). In Paper I, a one-compartment volume three-electrode cell filled with
2 M NaOH electrolyte was used for measurements. The active material was
applied to a Ni mesh forming the working electrode; Pt wire served as the
counter electrode, and a saturated Ag|AgCl electrode was used as the refer-
ence. The electrochemical cell was purged with N» before electrochemical ex-
periments to reduce the effect of O, on the electrochemical characteristics of
the materials.

In Paper 111, the micro-supercapacitor device was directly printed on a PCB
substrate and coated with 10 M LiCl/PVA electrolyte. The GCD curves were
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measured in the potential window from 0 to 0.8 V using the following current
densities: 2.0, 1.0, 0.8, 0.5, 0.2, 0.1, and 0.08 mA cm™.

Long cycling
Long cycling experiments are used to assess the cycling stability of the studied
materials and to understand their degradation profile. These experiments can
be performed in both CV and GCD modes in either three- or two-electrode
cells. Studying the degradation of materials in three-electrode cells using CV
mode is particularly helpful, as changes in the CV profile can be monitored
directly, showing the appearance/disappearance of redox peaks, changes in
the size and shape of the curve, and so on. The GCD method, however, can
provide similar information indirectly through the analysis of dQ/dV curves.
In Papers I and IV, long cycling experiments were performed in coin-cell
assemblies as previously described in the GCD section. The long cycling was
carried out at selected current densities (0.5C and/or 1C) for 500-1000 cycles.
No stabilising additive was pre-mixed in the electrolyte solution. In Paper 11,
long cycling experiments were conducted in a three-electrode cell in CV mode
for 500 cycles. The details of the cell geometry, components, and electrolyte
are provided in the CV and GCD sections.
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3 Results

3.1 Paper I — The effect of the pyrolysis temperature
and biomass types on biocarbon characteristics

In Paper I, common biomass by-products of industrial processes were con-
verted into hard carbon via slow pyrolysis and tested as sustainable negative
electrode materials for Li-ion secondary batteries. Three biomass precursors
were chosen, including brewers' spent grains obtained from a local brewery,
complex tannins obtained from spruce bark via NaOH extraction, and cate-
chol-rich Kraft lignin obtained from black liquor. The precursors were pre-
activated by impregnation with H;PO,4 before synthesis in order to increase
carbon yield and improve the porosity of the resulting hard carbon. The pyrol-
ysis of each precursor was done at two temperatures, ~ 450 °C and ~ 700 °C.

The first aim of this research was to study the effect of the initial precursor
and pyrolysis temperature on the structural and functional characteristics of
the produced hard carbons. The temperatures for pyrolysis experiments were
chosen based on the mechanisms of the decomposition of separate compo-
nents of biomass, as well as the results of TGA experiments. The SEM analy-
sis revealed that there is no direct correlation between the morphology of ini-
tial precursors and the morphology of the resulting hard carbons. The EDX
analysis has shown that all initial precursors contain carbon, oxygen, sulphur,
silica, and cobalt, while some of them have additional elements in small quan-
tities, such as calcium (Tannin, BSG), sodium (Tannin, Catlignin), potassium
(Tannin), phosphorus (BSG), zinc (BSG), and magnesium (BSG), which con-
tribute to the inflammable leftovers detected by CHNOS elemental analysis,
marked as “rest” in Table 3.1. However, the concentration of these elements
together with silica accounts for a small fraction of the initial precursor (from
2.0 to 9.4 at.%). All materials subjected to pyrolysis mainly consist of carbon,
phosphorus, and oxygen, as well as a small fraction of silica and calcium. The
EDS method has significant limitations when studying the composition of car-
bon materials, as trace elements are often unevenly distributed within the vol-
ume of the synthesised carbon. The results of CHNOS elemental analysis of
the initial precursors as well as carbonised materials revealed a significant rise
in carbon content as well as a drop in the content of other elements, including
hydrogen, oxygen, nitrogen, and sulphur. The H/C and O/C ratios significantly
decrease for all samples after pyrolysis (H/C from 0.2 to 0.5; O/C from 0.1 to
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0.2) compared to pristine biomass (H/C from 1.0 to 1.4; O/C from 0.4 to 0.6).
Even though these values are different for Catlignin (H/C = 1.0; O/C = 0.4)
and BSG (H/C = 1.4; O/C = 0.6) precursors, the resulting biocarbons synthe-
sized from these precursors show identical values at both temperatures (H/C
=0.5; O/C = 0.1 at 450 °C; H/C = 0.4; O/C = 0.2 at 700 °C). The BSG pre-
cursor contains hemicellulose, cellulose, lignin, and a small fraction of pro-
teins in its structure. The similarities in the H/C and O/C ratios for Catlig and
BSG samples, however, suggest that cellulose and hemicellulose almost do
not contribute to the formation of carbon, and lignin yields the main fraction
of the carbon after pyrolysis. The Tannin (H/C = 1.1; O/C = 0.4) pyrolysis
leads to a more significant drop in H/C (0.4 at 450 °C and 0.2 at 700 °C) and
similar O/C (0.1 at 450 °C and 0.2 at 700 °C) ratios at both temperatures.
Hence, it can be concluded that the molecular structure of the precursors plays
a major role in the resulting elemental composition of the produced biochar.

Table 3.1. The results of CHNOS elemental analysis for initial precursors (Tannin,
Catlignin, and BSG) and hard carbon samples synthesised at different temperatures.

Material C,at.% H,at.% O,at.% N,at.% S,at. % Rest,

at.%

Tannin 37.5 394 13.0 0.3 0.4 9.4

Tannin-450  56.7 21.7 4.1 N/A N/A 17.5
Tannin-700 62.3 13.9 10.6 N/A N/A 12.8
Catlignin 42.0 43.2 12.3 0.1 0.6 2.0

Catlig-450  51.0 23.0 4.6 N/A 0.03 21.4
Catlig-700  53.2 23.4 10.3 N/A 0.01 13.1
BSG 29.9 41.5 16.6 1.9 0.1 4.1

BSG-450 56.4 25.4 33 0.5 N/A 14.5
BSG-700 52.4 21.7 7.2 1.6 N/A 18.6

The SSA and porosity of samples were evaluated using N> adsorption. The
SSA values were calculated using the Brunauer—Emmett—Teller (BET) algo-
rithm, while pore size distribution was evaluated using the density functional
theory (DFT) approach (Table 3.2). The significant difference in SSA of
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biocarbons synthesised from different precursors suggests that the molecular
structure of the initial precursor plays a major role in the development of the
porous structure. The SSA and micropore share for catechol-rich lignin and
lignocellulosic biomass (BSG)-derived samples tend to slightly increase with
an increase in temperature, while pyrolysis of complex tannins shows a re-
versed trend. Despite that, mesopores dominate in the materials, accounting
for 51-69% depending on the sample. Hence, the SSA and share of different
pores of synthesised biocarbons can be slightly adjusted by the choice of py-
rolysis temperature, but the molecular structure of the initial precursor still
plays the dominant role.

Table 3.2. SSA and porosity of the samples.

Sample SSABET, m> Macro pores, Mezo pores, Micro-pores,
g! % % %
Tannin-450 880 39 58 3
Tannin-700 609 35 62 3
Catlig-450 1111 28 69 3
Catlig-700 1149 36 63 1
BSG-450 621 42 56 2
BSG-700 771 45 51 4

The analysis of TGA and DTG curves of the carbonised samples has shown
that both Tons and Tmax shift toward higher values for materials pyrolysed at
700 °C, suggesting a reduction in the contribution of sp*-hybridised carbon,
growth of the sp>-hybridized carbon fraction, as well as an increase in the size
of graphitic domains (Figure 3.1a, b). This conclusion was supported by the
results of solid-state NMR, which revealed that the size of the aromatic clus-
ters increases from 1-4 to 19 fused rings with an increase in pyrolysis temper-
ature from 450 °C to 700 °C. The PXRD patterns of all materials, however,
exhibit broad diffuse reflexes typical of highly disordered carbon materials.
Even though the interlayer spacing decreases with increasing temperature, the
calculated values are still far from those of both graphite (0.3354 nm) and tur-
bostratic carbon (0.3440 nm), resulting in negative graphitisation degree val-
ues, suggesting incomplete reorganisation of the internal structure of carbon
materials at these temperatures. Both the molecular structure and pyrolysis
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temperature affect this parameter; however, it is difficult to predict which of
these contributes the most.
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Figure 3.1. (a) TGA and (b) DTG data measured under air flow at a heating rate of
10 °C min!, (¢) XRD patterns of the non-ground and ground samples; (d) interlayer
spacing and 0(02) angle. Figure adapted from Iurchenkova A. et al.,33 2023, licensed
under CC BY 4.0.

The analysis of the Raman spectra of the materials confirmed the results of
both the TGA and XRD methods. The Ip/lg ratio values calculated from the
spectra of the materials showed that the overall defectiveness of the materials
increases with increasing pyrolysis temperature (Figure 3.2a, b). There is also
a variation in the defectiveness level of hard carbon samples prepared from
different precursors at the same temperature. As the change in defectiveness
follows the same trend between different precursors carbonised at different
temperatures, it was concluded that the molecular structure of the initial pre-
cursor, as well as the elemental composition, contributes to this parameter;
however, the pyrolysis temperature has a greater effect on the defectiveness
of the materials. The survey XPS spectra showed that all materials consist of
carbon, oxygen, and phosphorus, while some materials additionally contain
small amounts of nitrogen, silica, calcium, and sodium (Figure 3.2c). The cal-
culation of at. % concentration of the elements present on the surface of the
materials is summarised in Figure 3.2d.
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Figure 3.2. (a) Raman spectra of the samples and (b) Ip/Ig peak and integral intensity
ratios. (The violet squares correspond to the samples pyrolysed at 700 °C, green to
those pyrolysed at 450 °C); (c) XPS survey spectra of the non-ground and ground
samples; (d) at.% concentration of C, O, N, P, and Na for the ground samples. Figure
adapted from Turchenkova A. et al.,%3 2023, licensed under CC BY 4.0.

The high-resolution C 1s, O 1s, N 1s, and P 2p XPS lines of the materials were
additionally recorded to study the functional composition of the materials
(Figure 3.3). The C 1s high-resolution XPS lines of the materials were fit with
six peaks, including: the peak of sp>-hybridized carbon at 284.4 eV the peak
of sp*-hybridized carbon/C-N/C-P and C-OH bonds at 286.3 eV; the peak of
carbonyl groups at 287.9 eV; the peak of carboxylic groups at 289.9 eV; and
the n—nt* shake-up satellite at 291.5 eV. The overall shape of the C Is line
remains largely unchanged between samples, indicating the presence of simi-
lar functional groups and a comparable ratio of the different types of carbon
mentioned above The O 1s line was fit with six peaks, including: quinoid
groups at 530.5 eV; carboxylic groups at 531.2 eV; carbonyl groups together
with SiO; at 531.9-532.7 eV; hydroxylic groups, phosphorus pentoxide, and
NO35™ at 532.9-533.7 eV; chemisorbed water and oxygen at ~535.1 eV and
537.4 eV, respectively. Conclusions regarding the presence of SiO, were
made based on the analysis of EDS and survey XPS spectra of the materials.
NO2~ is present only in BSG samples, as confirmed by the analysis of the
survey XPS spectra as well as the N 1s high-resolution line. The N 1s high-
resolution lines were recorded only for BSG samples, as no nitrogen was
found in the survey XPS spectra of other materials. The fit of the N 1s lines
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showed that nitrogen is incorporated in the carbon matrix of BSG samples in
the form of pyridinic (398.2-398.4 ¢V, turquoise), pyrrolic (399.8—400.2 eV,
violet), quaternary (401.2—401.5 eV, fuchsia), and pyridinic oxide nitrogen
(N-O, 403.2-403.3 eV, orange). Additionally, the presence of N, (405.4—
406.0 eV, orange) and NO3~ (407.5 eV, yellow) was confirmed. The P 2p
high-resolution lines were fit using a doublet of peaks due to spin-orbit cou-
pling (A =0.78 eV). These doublets were assigned to the Ca3(PO4), (P 2p3, =
132.7 eV, P 2p1» = 133.6 €V), PO2~/HPO; (P 2ps» = 133.6 eV, P 2pin =
134.4 CV), P4010 (P 2p3/2 =135.5 €V, P 2p1/2 =136.3 eV) and PF6_ (P 2p3/2 =
137.4 eV, P 2p1» = 138.2 eV). Unfortunately, the resolution of the high-reso-
lution lines, as well as the presence of different functionalities with close BE
values, did not allow solid conclusions to be made regarding the concentration
of separate groups or the presence/absence of C—P bonds. However, *'P solid-
state NMR confirmed the presence of P,Os/polyphosphates (~ -50 ppm), phos-
phates (~ 0 ppm), and additionally revealed the presence of P-C bonds and P—
O-C bonds (13 — 14 ppm), phosphate ethers (- 10 ppm), and pyrophosphates

(-22 ppm).
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Figure 3.3. High-resolution XPS spectra of the (a) C s, (b) O Is, (c) N 1s, and (d)
P 2p lines. Figure adapted from Iurchenkova A. et al.,%3 2023, licensed under CC BY
4.0.

It has been concluded that the molecular structure of the initial precursor is a
major factor influencing such parameters of the resulting biocarbon as ele-
mental composition, functional composition, SSA, and porosity of the pro-
duced biocarbon materials. Pyrolysis temperature, however, defines the size
of the conjugated system, thermal stability, Ip/I ratio, as well as interlayer
spacing.

67



The second aim of this work was to evaluate the electrochemical perfor-
mance of the materials as a negative electrode material for Li-ion batteries.
The electrochemical performance of the materials as a negative electrode ma-
terial for Li-ion batteries was evaluated by CV and GCD methods. The GCD
profiles were measured in two-electrode cells (coin cells) vs. metallic lithium
assembled in a glove box. Rate capability experiments have shown that mate-
rials synthesised at higher temperatures reach higher specific capacity at all
studied current densities, which was attributed to the increase in the size of
conjugated aromatic clusters, the increase in interlayer spacing and defective-

ness level, as well as a decrease in oxygen and hydrogen content.
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Figure 3.4. (a) Specific capacity of the investigated materials at different current den-
sities in lithium half-cells; (b) first intercalation cycle and (¢) 2™ CV cycle at 50 pV s™!
in a three-electrode cell. Figure adapted from Iurchenkova A. et al.,®* 2023, licensed
under CC BY 4.0.

The specific capacity of materials pyrolysed at 700 °C varies in the range of
404 — 312 mAh g at 0.1C compared to 312 — 175 mAh g of materials pyro-
lysed at 450 °C. The specific capacity of the samples increases in the follow-
ing order at both temperatures: BSG < Tannin < Catlig. The specific capacities
of the synthesised samples were compared to those of commercial hard carbon
(Kuraray) with similar structural parameters (SSA, porosity), showing com-
parable results (456 mAh g'). CV experiments carried out in three-electrode
cells provided further insight into the electrochemical behaviour of the pro-
duced biocarbon samples. The SEI formation cycle shows a distinct peak at
~0.8-1.1 V for materials pyrolysed at 450 °C and ~0.6—1.1 V for materials
pyrolysed at 700 °C.
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Table 3.3. Capacity loss (%) at each 100th cycle for samples pyrolysed at different
temperatures and commercial hard carbon (Kuraray).

Material 100t 200" 300t 400" 500"
Tannin-450 18 31 43 48 53
Tannin-700 15 15 32 46 49
Catlig-450 50 56 62 66 68
Catlig-700 19 21 35 44 50
BSG-450 36 56 57 63 65
BSG-700 2 23 42 55 60
Kuraray 17 27 41 45 50

Long cycling experiments at 0.5C were additionally carried out to extend the
information regarding the long-term stability of the synthesised samples. It
has been shown that materials synthesised at 700 °C have better cycling sta-
bility compared to materials synthesised at 450 °C. The capacity loss values
for each 100th cycle are summarised in Table 3.3. Comparable specific capac-
ity values, as well as similar cycling stability of the materials synthesised at
high temperature and commercial hard carbon, demonstrate their potential as
sustainable materials for Li-ion batteries.

3.2 Paper II — Laser irradiation of photothermal
precursor — a novel approach to produce carbon
materials for supercapacitors

In Paper II, the concept of relatively large-scale production of highly disor-
dered carbon material via the LIC process was demonstrated. Moreover, un-
like most of the published works conducted by other groups, our study was
based on the idea of substrate-free conversion of a PPy/NC composite into a
free-standing carbon film. To our knowledge, at the time this work was pub-
lished, there were no reports on substrate-free LIC of nanocrystalline cellu-
lose/PPy composites or the formation of non-graphene-like materials through
LIC. We believe that our work provides a new perspective on the versatility
of the LIC process to produce different types of carbon materials, as well as
expands the range of precursors that can potentially be carbonised through this
approach.

The first part of this study was dedicated to proving the feasibility of con-
verting a PPy-based composite film into carbon material via the LIC approach.
The PPy/NC composite was synthesised through the COP of the pyrrole mon-
omer in the volume of a nanocrystalline cellulose gel using FeCl3*6H,0 as a
polymerising agent (the detailed procedure is presented in Chapter 2.1.2). The
interaction of the cellulose functionalities with the pyrrole monomer resulted
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in a rather uniform coating of the cellulose fibrils by the PPy layer during
synthesis, and the free-standing PPy/NC film exhibited a 3D structure com-
posed of PPy-coated entangled cellulose fibres, as confirmed by SEM analy-
sis. The successful conversion of this film into highly disordered carbon ma-
terial was then confirmed through a combination of characterisation tech-
niques, including SEM, XPS, FTIR, and TGA, providing different infor-
mation regarding the structure and composition of the synthesised carbon
materials.

SEM analysis revealed drastic changes in the morphology of the films be-
fore (PPy/NC) and after (LI-PPy/NC) irradiation, showing the formation of
different carbon structures during LIC, including a fibrous carbon network,
spherical carbon particles, and amorphous carbon agglomerates. Surprisingly,
even though the formation of a fibrous carbon network was confirmed, it sig-
nificantly differs from the initial morphology of the precursor, raising ques-
tions regarding the underlying mechanism of conversion and the processes
associated with it. We believe that a separate study should be conducted to
understand this mechanism, and therefore, we will not speculate on the pro-
cesses that might result in such a structural transition.

The analysis of the survey XPS spectra showed that after irradiation, the
carbon content in the laser-irradiated film (LI-PPy/NC) significantly increased
compared to the pristine PPy/NC film (Table 3.4), while oxygen content de-
creased and nitrogen was completely removed from the material's surface. The
high-resolution C 1s and O 1s XPS spectra revealed drastic changes in the
overall shape of the lines and a significant shift in BE values, confirming suc-
cessful conversion of the film (Figure 3.5).

Table 3.4. The surface concentration of elements before and after carbonisation re-
vealed by analysis of survey XPS spectra of the materials.

The concentration of the PPyNC LI-PPyNC
element, at. %

Carbon 54.7-55.0 83.7-84.4
Oxygen 21.1-22.8 11.7-11.8
Nitrogen 10.8-10.9 N/A
Chlorine 89-95 N/A
Sodium 2.8-3.5 N/A
Silicon N/A 3.9-45
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The peaks attributed to the cellulose and PPy functionalities completely dis-
appeared in the C 1s XPS spectrum after irradiation; however, some oxygen
moieties originating from the precursor were retained in the carbon matrix
(including C-OH, C=0, and COOH functional groups). The change in the en-
vironment of these groups was additionally confirmed by the O 1s high-reso-
lution XPS spectra through analysis of the shift in BE values, which supported
the previous conclusion.
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Figure 3.5 The high-resolution (a) C 1s, (b) O 1s, and (c¢) N Is XPS spectra of the
materials before and after irradiation. Figure adapted from Iurchenkova A. et al.,!?!
2024, licensed under CC BY 4.0.

The results of FTIR spectroscopy showed that the spectrum of the material
after irradiation contains two broad features (~1175 and 1557 cm™), suggest-
ing the formation of a highly disordered carbon structure. We are not certain
about the nature of this broadening, but we assume that such broad features
are formed as a result of broken symmetry in the material related to its internal
structure, as well as a combination of different vibrations of non-equivalent
OCFGs. The TGA method was employed to study the degree of conversion of
the materials. Analysis of the TGA and DTG curves showed that the main part
of the precursor film was converted into carbon material, as almost no mass
loss was observed in the temperature range from 200 to 600 °C, which is typ-
ical for cellulose and PPy thermal decomposition. However, in the tempera-
ture range from 600 to 1000 °C, the carbonised film exhibited significant mass
loss (~19.5 wt.%), suggesting the removal of OCFGs and amorphous carbon,
as well as reorganisation of the carbon matrix, like the processes occurring in
the passive stage of pyrolysis. The BET SSA of the carbonised film reached
253 m’ g’
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The second part of the work was devoted to the evaluation of the electrochem-
ical properties of the produced carbon materials as an electrode material for
supercapacitors.

02 o4

Cyele mumber Electrodc potemtial vs. AgiagCl V Cycle number

Figure 3.6. Cyclic voltammograms for laser-irradiated PPy-coated nanocellulose (LI-
PPy/NC) recorded in 2 M NaOH using scan rates of a) 200 mV s™!, 100 mV s™!, and
50mVs! and b) 10 mV s, 5mV s and 1 mV s, respectively. Specific capaci-
tance as a function of the c) scan rate and d) cycle number for laser-irradiated PPy-
coated nanocellulose (LI-PPy/NC). e) Cyclic voltammograms for the indicated cycle
numbers recorded using a scan rate of 10 mV s™!. f) Coulombic efficiency as a func-
tion of cycle number. Figure and annotation were adapted from Iurchenkova A. et
al.,'%! 2024, licensed under CC BY 4.0.

The cyclic voltammetry experiments have shown that the CV curves of the
material exhibit a roughly rectangular shape, common for defective carbon
materials functionalized with OCFGs (Figure 3.6a, b). The material achieved
a specific capacitance of ~145 F g' at a 1 mV s™' scan rate (Figure 3.6¢). Ex-
tended cycling of the material over 500 cycles revealed a specific capacitance
drop during the first 50 cycles (from 159 to 83 F g'), suggesting the presence
of irreversible reactions (Figure 3.6d, ). The increase in coulombic efficiency
from 92% (1st cycle) to 102% by the 500th cycle confirms the occurrence of
irreversible processes (Figure 3.6f). This could be attributed to both the deg-
radation of a small fraction of uncarbonized material underneath the carbon
layer and the irreversible oxidation of OCFGs present on the material surface.
The areal capacitance of the sample, calculated using the results of BET ex-
periments, reached 62 pF cm™ (159 F g') during the first few cycles and 33
uF cm™ (33 F g') after 500 cycles, which is comparable with commercially
available carbon materials.
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3.3 Paper III — From Phenolated Lignin to Few-
Layered Graphene: Laser Induced Carbonisation
for micro-supercapacitor application

In Paper 111, the effect of formulation and LIC parameters on the structure and
conductivity of the graphene-like material produced from lignin-based coat-
ings was evaluated. Additionally, the dependence of structural differences,
functionalization, and defectiveness level of the resulting carbon material on
the type of lignin (POL and KL) used was studied. Finally, the optimised pa-
rameters were used to fabricate a printed micro-supercapacitor on a PCB sub-
strate. The electrochemical performance of the printed device was evaluated.

The first part of this study was devoted to the optimisation of the formulation
and LIC parameters for efficient carbonisation of the lignin-based coatings.
The quality of the coatings, as well as sheet resistance, were chosen as figures
of merit while optimising the parameters of laser irradiation. Borosilicate glass
was chosen as a substrate for the optimisation, as it has properties similar to
PCB. Preliminary experiments showed that irradiation of pure lignin coatings
results in complete ablation in an air atmosphere and suggested that the con-
version of lignin in air requires the use of a fire retardant. Boric acid was cho-
sen as the fire retardant in this study. Initial optimisation of fire-retardant con-
tent showed that formulations containing less than 1 wt.% of boric acid did
not result in the formation of carbon material, while the use of 2.5 wt.% boric
acid allowed for satisfying results over a wide range of laser parameters. Three
formulations were prepared with 18.5, 27.7, and 37 wt.% of lignin and 2.5
wt.% of boric acid. The high viscosity of the formulation with higher lignin
content did not result in satisfying coatings. The low dynamic viscosities
(0.066 and 0.37 Pa s) of formulations containing 18.5 and 27.7 wt.% resulted
in poor homogeneity and stability of the coatings after the drying process,
which led to the etching of the glass substrate even at low laser powers, as
well as rather high sheet resistance of the resulting carbon films. The dynamic
viscosity (1.43 Pa s) of the formulation with 37 wt.% of lignin, however, was
found optimal for both coating and drying processes and resulted in the for-
mation of homogeneous coatings, as confirmed by the results of the LIC pro-
cess and sheet resistance measurements over a wide range of laser powers and
scanning speeds. Hence, formulations containing 37 wt.% of POL (POL37)
and 37 wt.% of commercial Kraft lignin (KL37) were used for laser parameter
optimisation. The LIC of the POL37 and KL37 coatings revealed that among
the three scanning speeds (50, 75, 100 mm s™') used in our work, the scanning
speed of 50 mm s provided the lowest sheet resistance over a wide range of
laser powers (18-23%). The results of the sheet resistance are provided in
Figure 3.7.
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Figure 3.7. Sheet resistance measurements vs. laser power at speed 50 mm-s for
POL28, POL37, and KL37 films with 120 um wet thickness. (The bar marked with a
star has a resistivity of 483 Q-sq’).

In the second part of this work, we evaluated the dependence of structural
parameters and functionalization of the produced carbon materials on laser
power for optimised samples via SEM-EDS, XPS, Raman spectroscopy, and
PXRD methods. The analysis of SEM images showed that the use of lower
laser powers results in the formation of 2D hierarchical porous carbon struc-
tures, while higher laser powers facilitate the formation of 3D hierarchical po-
rous carbon networks (Figure 3.8). EDS analysis revealed the presence of car-
bon and oxygen in the samples, as well as a decrease in oxygen content with
increasing laser power, reaching ~1.1 at.% at the highest laser power used
(23%). The analysis of survey XPS spectra of the materials across multiple
spots confirmed the reduction in oxygen content with increasing laser power.
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Figure 3.8. Low- and high-magnification SEM images of (a) POL-P18, (b) POL-P20,
(c) POL-P23, and (d) KL-P19. All samples were prepared using lignin films with a
wet thickness of 120 pm and a scanning speed of 50 mm-s'.

Furthermore, XPS revealed the presence of a small fraction of other elements
on the surface of the films, including sodium, nitrogen, silicon, and boron.
Sulphur was additionally found in the survey XPS spectra of KL-P19. The
absence of these elements in the EDS spectra suggests that their concentra-
tions are below the detection limit and that they are nearly absent in the bulk
of the materials. Moreover, since all of these elements are expected to remain
in the ash after decomposition of the carbon materials due to their non-volatile,
inflammable nature, TGA experiments in air were conducted for POL-P19,
POL-P23, and KL-P19 samples. The ash content was found to be ~1.61,
~4.72, and ~2.1 wt.% for POL-P19, POL-P23, and KL-19, respectively, sup-
porting the aforementioned conclusions. The analysis of the high-resolution
C 1s line of the produced materials revealed significant changes in the overall
shape of the spectra, suggesting changes in both the share of sp*- (C-C, C=0,
C-0, COOH) and sp*-hybridized (C=C) carbon, as well as changes in the
structure of the m-conjugated aromatic system (Figure 3.9a).
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Figure 3.9. (a) HR C 1s XPS spectra of POL37 materials (laser power 18-23%) and
(b) POL37 and KL.37 at 19% laser power.

Thus, the C 1s HR XPS spectra of the materials were fitted using six peaks,
including the sp>-hybridized carbon peak assigned to sp*>-C (C=C bonds, BE
~284.4 eV), sp’-hybridized carbon peak assigned to sp>-C (C—C bonds, BE
~250.0 eV), C-0 peak (C-O bonds in both Cyiin-OH and C.: -OH, BE ~286.2
eV), C=0 peak (C=0 bonds in carbonyl groups, BE ~287.4 ¢V), COOH peak
(in carboxylic groups, BE ~289.0 eV), and n—n* shake-up satellite peak (at
BE ~290.7 eV). The significant narrowing of the sp>-hybridized carbon peak,
the reduction of the integral intensity of the sp-hybridized carbon peak, and
the decrease in the sp’-C/sp*-C ratio observed within the laser power range
from 18 to 20% were attributed to the formation of a less defective n-conju-
gated aromatic system, which is primarily responsible for the observed de-
crease in sheet resistance within this laser power interval. Further decreases in
the sheet resistance values of the materials were ascribed to the overall reduc-
tion of both sp>-C and OCFGs. These conclusions are supported by the anal-
ysis of the dependencies of sp>-C and ZOCFGs vs. sheet resistance provided
in Figure 3.10.
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Figure 3.10. The dependence of the sheet resistance of the materials on the concentra-
tion of sp*-C, ZOCFGs and the overall portion of sp*-hybridised carbon derived from
C 1s HR XPS spectra for POL samples.
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The comparison of the C 1s HR XPS spectra of KL and POL irradiated using
the same laser power showed that the electronic structure of the resulting car-
bon materials depends on the molecular structure of the lignin used. Thus, the
concentration of oxygen functionalities, as well as sp’-C, is significantly
higher for KL compared to POL. At the same time, KL results in the formation

of a better-ordered m-conjugated aromatic system at lower powers compared
to POL (Figure 3.9D).
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Figure 3.11. (a) Raman spectra of samples (37 wt% lignin, 120 pm, 50 mm s laser
speed, and variable laser power), (b) Raman spectra of materials expanded between
1000-2000 cm™ (c) and between 2200-3200 cm™'.

The analysis of Raman spectra (Figure 3.11) of the materials revealed that
POL favours the formation of graphene-like carbon material over the whole
range of laser powers used, and the defectiveness level (In/Ig) of the POL-
derived carbon materials tends to decrease with an increase in laser power.
The LIC of KL, however, results in the formation of a highly disordered car-
bon material, which might seem contradictory to the results of XPS analysis.
It is worth noting that information obtained from XPS depends on the elec-
tronic structure of the material, while Raman spectroscopy provides infor-
mation on the vibrational structure of the material. From these perspectives, it
could be that KL-derived carbon still has somewhat ordered graphitic domains
within its structure, but the size of these domains is smaller and the defective-
ness level is higher than that of POL-derived carbon. Hence, the dependence
of the domain size on the Ip/Ig ratio no longer follows the TK equation, and
broadening of the Raman peaks occurs for the KL-derived sample (Figure
3.11a, b). The analysis of the 2D-band has confirmed that KL-derived carbon
exhibits a disordered structure with a smaller size of graphitic domains (Figure
3.11c). Additionally, comparison of PXRD patterns of the POL- and KL-de-
rived samples confirmed that POL-derived samples exhibit long-range order-
ing over the whole range of laser powers used, due to the presence of a sharp
reflex at ~ 26° (20), which is typical for the (002) plane in crystalline carbon
materials. The absence of additional reflexes confirms the formation of or-
dered graphene-like material. The PXRD patterns of KL-derived carbon,

77



however, exhibit a diffuse low-intensity reflex at ~26° (20), confirming the
absence of long-range order, though it does not exclude the presence of short-
range order (i.e. small graphitic domains). Last but not least, TGA and DTG
curves of the materials confirmed the lower thermal stability of the carbon
produced from KL, supporting its amorphous and highly defective nature.
POL-P23 was concluded to be the superior material due to its low defective-
ness, low functionalisation level, and low sheet resistance.

As a final part of this work, the micro-supercapacitor was printed on the
PCB using optimised conditions, and its electrochemical performance was
evaluated via CV and GCD experiments. CV curves of the printed symmetric
micro-supercapacitor exhibit a deformed square-like shape without noticeable
redox peaks, suggesting that charge storage is primarily governed by electric
double-layer capacitance. The deviation from the ideal square shape was at-
tributed to the internal resistance of the device, which was confirmed by the
deviation of GCD curves from the ideal triangular shape, as well as the eval-
uated IR-drop. The device achieved a volumetric specific capacitance of
454 mF cm™ at a scan rate of 5 mV s™' and a maximum discharge capacitance
of 0.86 mF cm™ at a current density of 0.05 mA cm™.

3.4 Paper IV — Large-scale production of the
phenolated lignin-derived free-standing carbon
electrodes for Li-ion batteries

Paper IV focused on the production of free-standing carbon films from POL
via LIC on a larger scale and testing these films as negative electrode materials
for Li-ion batteries. Copper and aluminium foils were used as substrates for
the LIC process. The optimal formulation (37 wt.% lignin, 2.5 wt.% boric
acid) and laser parameters (23% power and 50 mm s™' scanning speed) ob-
tained in Paper 11l were used for the LIC process; however, the size of the
coated films was significantly increased, reaching an area of 10 x 15 cm?.
Uniform stable lignin films were formed on the surface of the Cu substrate
after the drying process, while differences in the surface properties of the Al
substrate resulted in cracking and peeling of the lignin films after drying. Alt-
hough we managed to create better films on the Al foil by slowly drying it at
room temperature, cracks appeared during the LIC process, resulting in poor
integrity of the carbon layers. Hence, the following experiments were con-
ducted only using the Cu substrate. We also showed that the carbon layer can
be additively manufactured on top of itself by repeated cycles of coating and
carbonisation. In this work, only Cu substrates with one and two additively
manufactured layers were investigated. However, preliminary experiments
showed that a higher number of layers can be manufactured if needed.
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Figure 3.12. Low- and high-magnification SEM images of carbon layers on the Cu
substrate: (a,b) one carbon layer, Cu-I; (c,d) two carbon layers, Cu-II.

SEM revealed no difference in the morphology between the one (Cu-I) and
two (Cu-II) additively manufactured carbon layers on the Cu substrate and the
glass substrate in Paper 11l (Figure 3.8d and Figure 3.12). The morphology of
the top layer of the free-standing carbon film (Figure 3.13a,b) is similar to that
of the carbon layers on the Cu substrate; however, the bottom layer exhibits
morphology typical of glass-like carbon (Figure 3.13c¢,d). It is well known that
laser irradiation of the precursor results in high local temperatures and pres-
sures, and that the use of a substrate with a high reflection index results in the
reabsorption of the reflected beam by the bottom layer of the precursor film
(Chapter 1.3.2). When the top layer of the material absorbs the photons of the
primary beam, only the formation of the keyhole prevents a fraction of the
formed carbon plasma and volatile gases from being removed from the surface
of the irradiated material, as it is in direct contact with the atmosphere. How-
ever, reabsorption of the laser beam by the bottom layer of the material pre-
vents that from happening, which should result in higher pressure at the sub-
strate/precursor interface, inducing the occurrence of secondary processes.
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Figure 3.13. Low- and high-magnification SEM images of free-standing carbon films:
(a,b) top layer; (c,d) bottom layer.

We expect that reabsorption of the laser beam is the main reason why the bot-
tom and top layers of the free-standing films exhibit such a drastic difference
in morphology. However, to our knowledge, there are no methods allowing
direct measurement of the temperature and pressure achieved at the sub-
strate/precursor interface, and it is difficult to predict the exact conditions ex-
perienced by the bottom layer of the precursor film. The EDS spectra of car-
bon layers on the copper substrate and the free-standing films revealed the
presence of carbon and oxygen in all materials, as well as the presence of bo-
ron in the bottom layer of the free-standing films. The at.% concentrations of
carbon and oxygen varied within a narrow range between Cu-I, Cu-II, and the
top layer of the free-standing film, confirming the absence of synthesis lefto-
vers on the material surfaces. The concentrations of oxygen and boron in the
bottom layer of the materials reached 3.2 at.% and 2.6 at.%, respectively.
However, the EDS method is significantly limited in this case, as the boron
peak overlaps with the carbon peak, making quantification results unreliable.
XPS spectroscopy was used as an additional method for characterising the
surface elemental composition of the free-standing film, as it has much higher
surface sensitivity. Survey XPS spectra of the top and bottom layers were
measured at four different spots to provide statistical information regarding
surface composition.

80



Table 3.4. The at.% concentrations of carbon, oxygen, and boron extracted from EDS
spectra of the materials.

Sample Carbon, at. % Oxygen, at. % Boron, at. %
Cu-1 97.7 23 N/A
Cu-II 97.9 2.1 N/A
The top layer of free- 97.5 2.5 N/A

standing film

Bottom layer of free- 94.3 32 2.6
standing film

Analysis of the survey spectra revealed the absence of the boron B 1s line in
both the top and bottom layers of the free-standing films, confirming doubts
regarding the presence of boron in the carbon films after washing. Both layers
mostly consist of carbon (86.0-88.4 at.%), oxygen (11.0-13.3 at.%), and a
small fraction of nitrogen (0.5-0.7 at.%), while the top layer additionally con-
tains sodium (~0.2 at.%). We expect that the sodium originates from lignin,
while nitrogen might come from both DMF and lignin. It is unclear whether
nitrogen atoms are embedded in the carbon matrix or if the signal comes from
DMF molecules chemically adsorbed on the surface of the materials. How-
ever, the position of the N 1s line in the survey spectra of the top (BE ~400.0
eV) and bottom (BE ~397.6 eV) layers suggests that nitrogen exists in differ-
ent forms in these layers. The BE ~397.6 eV is typical for nitrogen embedded
in the carbon matrix in a pyridine-like configuration, while BE ~400.0 eV is
common for nitrogen in a pyrrole-like configuration (see Paper I). Unfortu-
nately, the extremely low concentration of nitrogen requires too long a collec-
tion time to record high-resolution XPS spectra of the N 1s line with reasona-
ble resolution; hence, only C 1s and O 1s high-resolution spectra were meas-
ured for both layers (Figure 3.14). The analysis of the shape of the C 1s spectra
revealed a significant difference between the top and bottom layers of the ma-
terials. The C 1s spectrum of the top layer has a similar shape to that of mate-
rials synthesised on the glass substrate (Paper 11, Figure 3.9). However, no
presence of carboxylic or carbonyl groups was revealed during fitting of the
spectrum (Figure 3.14a). Hence, the C 1s spectrum was fit with a lower num-
ber of peaks, including: sp>-hybridised carbon (BE ~284.3 eV), sp*-hybridised
carbon (BE ~285.0 eV), hydroxylic groups (BE ~286.1 ¢V), and n—n* shake-
up satellite/COOH groups (BE ~290.9 V).
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Figure 3.14. The high-resolution (a) C 1s and (b) O 1s spectra of the top and bottom
layers of the free-standing carbon film.

The fitting of the O 1s spectrum of the top layer (Figure 3.14b) confirms that
oxygen mostly exists in the form of hydroxylic groups (peak with BE ~532.8
eV, blue), with a small fraction of carboxylic groups (BE ~531.2 eV, violet),
explaining why a separate peak does not appear in the C 1s spectrum. In the
C 1s spectrum of the bottom layer (Figure 3.14a), two peaks with lower BE
values appeared (BE ~281.8 eV and BE ~282.9 eV, green peaks). There is no
certainty regarding which type of carbon these peaks originate from; however,
a recent work by Mori K. et al.'” showed that such a shift in BE in the C s
spectrum of carbon materials might originate from the molecular shape, size,
and edge geometry of the carbon clusters and is assigned to sp*-hybridized
carbon connected to hydrogen atoms (sp>C-H). However, such a shift is also
typical for graphite and Li-intercalated graphite (peak with BE in the range of
282.2-282.4 ¢V).'” The peak at 284.3 eV was assigned to sp>-hybridized car-
bon, as in the case of the top layer; however, the width of this peak is signifi-
cantly higher in the C 1s spectrum of the bottom layer, suggesting the presence
of a less ordered m-conjugated system. This also reflects the width of the rest
of the peaks found in the C 1s spectrum of the bottom layer. Hence, the peak
at BE ~286.0 eV was assigned to both sp’-hybridised carbon and C—-OH
groups, and the peak at BE ~288.3 eV was assigned to C=0/COOH groups.
The results of fitting the O 1s spectrum of the bottom layer (Figure 3.14b)
revealed the presence of a broad peak at BE ~530.6 eV assigned to
C=0/COOH groups, and a peak at BE ~532.8 ¢V was assigned to C—-OH
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groups. The significant broadening of the first peak presumably originates
from a more disordered carbon structure as well as secondary chemical shift.
From this standpoint, it is impossible to conclude whether the obtained peaks
and shifts originate from the presence of different carbon clusters or graphite
particles in the material.
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Figure 3.15. (a) Raman spectra of the top layer of carbon films measured in several
spots; (b) In/Ig and I>p/Ig ratios calculated in each spot; (c) comparison of the Raman
spectra of regions with low and high defectiveness levels within the top layer of the
carbon film.

Raman spectroscopy was used to obtain additional information regarding the
structure of carbon films synthesised in this work. The Raman spectra of the
top layer, collected over thirteen different spots, revealed the presence of well-
separated D- and G-bands as well as a rather intense, well-defined 2D-band
(Figure 3.15a). The variation in defectiveness level (Ip/lg) from 0.21 to 0.71
suggests the presence of different regions within the top layer of the film (Fig-
ure 3.15b). While regions with a defectiveness level above 0.3 exhibit similar
G- and D-peak widths to those of materials synthesised on a glassy substrate,
the width of these peaks in the regions with a lower defectiveness level dras-
tically decreases, which might indicate the presence of graphene flakes with a
lower defectiveness level and/or the formation of a graphite-like structure. The
position of the G-band shifts toward lower values (15841585 cm™") compared

&3



to that of materials synthesised on a glassy substrate (1587-1589 cm™), sug-
gesting the formation of structures between graphite and microcrystalline
graphite (see Chapter 2.3.2).

25000 b 27500 -
22500 25000
20000 225004
17500 000
15000 17500 4
15000 -

12500
12500 4
10000 —
7500 75001
5000 5000 -
2500 2500 4

0+ T T v v T v g 1] T T T T T T ~
0 500 1000 1500 2000 2500 3000 3500 0 500 1000 1500 2000 2500 3000 3500
Raman shift, cm™’! Raman shift, cm™’

Number of counts
Number of counts

Figure 3.16. (a) Raman spectra of the bottom layer of the carbon film measured in
several spots; (b) Raman spectra of ball-milled films measured in several spots.

Surprisingly, the Raman spectra of the bottom layer of the carbon film exhibit
a highly disordered structure in all measured regions (Figure 3.16a). The Ra-
man spectra of milled samples (Figure 3.16b) confirm that the films contain
carbon structures with different levels of structural order, as all of the afore-
mentioned regions have been found while scanning over sixteen different
spots.

50000 4 (002) LIG powder from Cu - 50000 4 Sample holder

£ €

8 40000 S 400001

B k-]

2 3

E 30000 4 s 30000 4

= =1

= o

2 20000 Z 20000

o oy

= &

2 2

o - J—
0 T T T v T T T T T . 0 T T T T T T
10 15 20 25 30 35 40 45 50 55 60 10 15 20 25 30 35 40 45 50 55 60

28, deg. 28, deg.

Figure 3.17. PXRD pattern of the powder measured for (a) the material carbonised on
the Cu substrate and (b) the sample holder.

The PXRD method was used to evaluate the internal structure of the materials,
as Raman spectroscopy did not provide a definitive answer regarding the pres-
ence or absence of graphite particles within the carbon films (Figure 3.17).
The PXRD pattern of the carbon powder exhibits a sharp, intense reflex at
~25.7° 26, typical for the (002) plane in layered carbon materials. The pres-
ence of additional reflections at ~43.6°, 49.9°, and 53.1° 20 aligns with the
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positions of reflexes from the (100), (101), and (004) crystalline planes in
graphite. However, the higher intensity of the background in the PXRD spec-
tra of the carbon powder, as well as the presence of a broad reflex at 43.6° 20
with higher intensity compared to the pattern of the sample holder, suggests
that the material contains carbon structures with different levels of crystallin-
ity and structural ordering. Usually, the intensity of the (002) plane in gra-
phene, as well as in disordered carbon, is much lower than that in crystalline
carbon materials, which means that the synthesised material contains different
types of carbon structures. The d-spacing calculated based on the position of
the (002) reflection is equal to 0.3464 nm, which is significantly higher than
that of ideal graphite (0.3354 nm) and extremely close to turbostratic carbon
(0.3440 nm). However, PXRD patterns of turbostratic carbon do not contain
additional reflexes found in our case, suggesting the formation of graphite-
like structures with extended interlayer spacing. The same phenomenon was
observed in the work done by Oka H. et al.,'® showing that natural graphite
exhibits the same position of the (002) reflection as CsLix (X in the range from
0.284 to 0.532) intercalate, which is formed during cycling in Li-ion batteries.
This aligns with the appearance of peaks characteristic of graphite and Li-
intercalate in the high-resolution C Is spectrum of the bottom layer of the
films.
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Figure 3.18. TGA and DTG curves of the ball-milled films.

&5



The TGA and DTG curves of carbon powder measured in an air atmosphere
revealed the presence of two distinct peaks at Tmax of ~ 336 °C and 695 °C,
and a shoulder at ~ 533 °C, suggesting the presence of different carbon frac-
tions (Figure 3.18). These temperatures, however, are too low for the decom-
position of graphite, which usually exhibits Tmax at ~ 900 °C. As the presence
of graphitic structures was confirmed by the XRD pattern of the material, we
assume that the distortion of the graphite-like structure leads to lower thermal
stability and a shift in decomposition temperature toward lower values.

As the carbon films exhibited features of both graphite and FLG, the theo-
retical capacity of graphite was used for current density calculations. The rate
capability experiments were performed in coin cells, with metallic lithium foil
used as the reference and counter electrodes (half-cells), and one- and two-
layer additively manufactured free-standing carbon films used as working
electrodes. The formation cycle was performed at a 0.03 C-rate, followed by
five cycles at 0.1 C, 0.2C, 0.5C, 1 C, 2 C, 5 C, and again at 0.2 C (Figure
3.19a,b). The obtained specific capacities, however, are significantly lower
than that of graphite, which could be associated with the following reasons:
only a small fraction of the films consists of graphite-like structures; highly
disordered structures do not participate in Li storage; and solid—electrolyte in-
terface formation occurs on both sides of the free-standing films, consuming
a considerable fraction of the material. The average specific capacity reached
by the materials at each C-rate is summarised in Table 3.5.

Table 3.5. The average specific capacity reached by the one- and two-layer free-stand-
ing carbon films. The average specific capacity was calculated using average values
at each chosen C-rate from three different cells.

C-rate Cu-1, mAh g! Cu-1I, mAh g!
0.1 85 106

0.2 76 98

0.5 66 83

1 59 73

) 54 63

5 46 46

0.2 82 105
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Long-cycling experiments were performed for both cells after the rate capa-
bility measurements and for freshly assembled coin cells. Cells after rate ca-
pability experiments were cycled at 0.1 C for 10 cycles, followed by 500 cy-
cles at 0.5 C or 1 C. Freshly assembled cells were cycled using a formation
cycle at 0.03 C, followed by 10 cycles at 0.1 C and then 500 cycles at 0.5 C or
1 C (Figure 3.19¢,d). Long-cycling experiments revealed that the specific ca-
pacity increases during the first 50 cycles for both pre-cycled and freshly as-
sembled cells, reaching similar values of specific capacity. This suggests the
presence of a memory effect and structural rearrangements in the carbon film
induced by changes in applied current density. No capacity drop was observed
during 500 cycles at either current density. Hence, cells were cycled for an
additional 500 cycles, which also revealed no capacity drop.
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Figure 3.19. Results of rate capability experiments performed for (a) one-layer carbon
films, (b) two-layer carbon films; results of long-cycling experiments for (c) one-layer
carbon films and (d) two-layer carbon films.

Even though the specific capacities of the produced materials do not reach those of
graphite, they exhibit exceptional cycling stability, while graphite begins to exhibit
significant capacity loss after only 50 cycles. The specific capacity of these materi-
als might be improved by either doping with other types of anode materials before
or after the LIC process, or by increasing the fraction of graphite-like structures.
Alternatively, these films might serve as lightweight, environmentally friendly cur-
rent collectors, overcoming limitations associated with the production and recycling
of battery-grade copper foils and reducing reliance on strategic raw materials.
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4 Conclusions

This thesis demonstrates the feasibility and potential of renewable biomass
and industrial biowaste as precursors for the sustainable synthesis of carbon
materials intended for electrochemical energy storage applications. The work
provides both scientific insights and broader socioeconomic perspectives on
how such materials can contribute to a greener and more resilient energy in-
frastructure. Hard carbon and graphene-like materials were successfully syn-
thesised from a variety of bio-based feedstocks, including complex tannins,
kraft lignin, brewer’s spent grain, state-of-the-art phenolated organosolv lig-
nin, and nanocellulose—polypyrrole composites. The impact of precursor com-
position, pyrolysis temperature, and laser-processing parameters on the struc-
tural, chemical, and electrochemical properties of the resulting carbon materi-
als was systematically investigated. The findings show that the physicochem-
ical characteristics of the biomass feedstock—along with the applied synthesis
route—significantly influence the defect structure, porosity, surface area, con-
ductivity, and overall electrochemical performance. A key contribution of this
thesis lies in the comparative evaluation of traditional pyrolysis and laser-in-
duced carbonisation (LIC) as two distinct methods for carbon material pro-
duction. LIC, in particular, was shown to be a promising alternative due to its
ability to rapidly convert biomass into conductive carbon under ambient con-
ditions, without the need for inert gas environments or prolonged thermal
treatments. LIC further enabled direct patterning of micro-supercapacitors
onto substrates, showing its potential for integrated and low-cost fabrication
of electronic components. Electrochemical characterisation of the synthesised
carbon materials in lithium-ion batteries and supercapacitor configurations re-
vealed performance levels comparable to or exceeding those of conventional
fossil-derived carbon materials. The elimination of binders, conductive addi-
tives, and metal current collectors in some electrode designs also opens op-
portunities for simplifying battery architecture, reducing weight, and lowering
production and recycling costs. Beyond the technical findings, this thesis high-
lights the broader socioeconomic relevance of shifting to renewable carbon
sources. Utilising local biomass and waste streams can reduce dependence on
imported critical raw materials, increase regional economic resilience, and
mitigate environmental and geopolitical risks associated with traditional sup-
ply chains. Such a transition aligns with the goals of circular economy policies
and sustainable development agendas. In summary, the work presented here
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validates renewable biomass as a viable feedstock for producing functional
carbon materials for energy storage applications. The demonstrated pathways,
particularly laser-induced carbonisation, offer promising directions for scala-
ble, cost-effective, and environmentally responsible material production. As
society moves toward a more sustainable energy future, the integration of re-
newable carbon sources into electrochemical technologies will be essential for
achieving long-term environmental, economic, and social sustainability.
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5 Popularvetenskaplig sammanfattning

Kolforeningar ér grunden for allt liv pé jorden — men ocksa for manga av de
teknologier som mojliggdr den grona omstéllningen. Fréan batterier och super-
kondensatorer till briansleceller och filtermaterial dr kolbaserade material cen-
trala i dagens energilagringssystem. Problemet dr att dessa material oftast till-
verkas av fossila ravaror eller genom energikrdvande gruvbrytning av naturlig
grafit. Detta skapar inte bara stora miljoméssiga fotavtryck, utan dven en sar-
barhet kopplad till geopolitiska konflikter och brist pd rdmaterial. For att skapa
ett héllbart, cirkulért och réttvist energisystem behdver vi darfor nya sétt att
framstilla funktionella kolmaterial fran fornybara killor.

I denna avhandling undersdks hur biobaserade och industriella restproduk-
ter — sdsom lignin fran trdindustri, bryggerirester och naturliga polymerer —
kan omvandlas till hogpresterande kolmaterial for anvindning i elektroke-
miska energilagringsenheter. Genom att ersétta fossila och importberoende ra-
varor med lokalt tillgédngliga bioprecursorer tas ett viktigt steg mot en mer
héllbar materialforsorjning, samtidigt som nya vagar 6ppnas for teknisk inno-
vation inom grén energi.

Tva huvudsakliga metoder har undersokts for att omvandla biomassa till
kolmaterial: traditionell pyrolys och laserinducerad karbonisering (LIC). Py-
rolys innebdr upphettning av material i syrefri miljo, vilket leder till termisk
nedbrytning och bildning av kolrik rest (sé kallat "biochar"). Denna metod é&r
vél etablerad men energikrdvande och langsam. LIC, & andra sidan, &r en ny
teknik ddr man med hjilp av en koldioxidlaser direkt bestralar materialet i luft,
vilket skapar lokal forkolning utan behov av inert atmosfar eller langa upp-
viarmningscykler. Denna metod &r béde snabb, energieffektiv och lampar sig
vél for monstring och skridddarsydd tillverkning av elektroder.

Avhandlingen omfattar en bred uppséttning biomaterial, inklusive indust-
riellt lignin (frdn svartlut), polyfenoler (tanniner), bryggerirester samt nya
kompositer av nanocellulosa och polypyrrol — en ledande polymer. En sarskilt
intressant ravara som studerats dr fenolerat organosolv-lignin, framtaget med
hjélp av syrakatalyserad reaktion mellan sdgspan och fenol. Detta material vi-
sade sig ha bade god termisk stabilitet och 1dmplig struktur for att bilda gra-
fenliknande kolskikt via LIC-metoden.

De producerade kolmaterialen har karakteriserats med ett flertal avance-
rade metoder, sdsom skanningelektronmikroskopi (SEM), rontgendiffraktion
(XRD), Raman- och FTIR-spektroskopi, samt XPS
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(rontgenfotoelektronspektroskopi). Resultaten visar att de biobaserade materi-
alen uppvisar god porstruktur, hog kolhalt och elektrokemiska egenskaper
som gor dem lampliga for anvindning i bade superkondensatorer och litium-
jonbatterier.

I superkondensatorer spelar kolmaterialens yta och struktur en central roll,
eftersom laddningen lagras som en elektrisk dubbelskiktskapacitans. Har vi-
sade flera av de framstdllda materialen lovande egenskaper, med hog specifik
kapacitans och god cyklingsstabilitet. I vissa fall kunde mikro-superkonden-
satorer tillverkas direkt genom laserskrivning av kol pa substrat, vilket Oppnar
for tillimpningar i barbar elektronik och Internet-of-Things-enheter. I litium-
jonbatterier har de biobaserade materialen visat kapaciteter i nivd med kom-
mersiell grafit, men med fordelen att de dr producerade frén avfall eller rest-
strommar.

Utover de tekniska framstegen belyser avhandlingen ocksa de bredare sam-
hélleliga effekterna av att byta till fornybara killor for kolmaterial. Genom att
ta till vara pa lokala resurser och industriavfall kan vi minska beroendet av
importerade och ibland konfliktdrabbade ravaror, samtidigt som nya grona
vardekedjor etableras. Detta bidrar till 6kad ravarusdkerhet, stirkt lokal eko-
nomi och reducerad miljopaverkan.

Sammanfattningsvis visar detta arbete att det ar fullt mojligt att ersétta fos-
silt kol med biobaserade alternativ i kravande tekniska tillimpningar. Genom
innovativa tillverkningsmetoder och smart materialdesign kan vi skapa en ny
generation av funktionella, héallbara och kostnadseffektiva kolmaterial for
framtidens energisystem. Den cirkuldra bioekonomin &r inte ldngre en vision
— den ir redan hér, med potential att transformera bade industri och samhélle.
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6 Popular summary

As the world accelerates toward a green energy transition, the demand for en-
vironmentally sustainable materials is increasing rapidly. Central to this trans-
formation is the ability to store and deliver energy efficiently using safe, high-
performance, and eco-friendly systems. Today, many of these systems—such
as lithium-ion batteries and supercapacitors—rely heavily on carbon-based
materials. However, the carbon currently used in these technologies often
comes from fossil-derived sources or natural graphite mined under environ-
mentally damaging and unsustainable conditions.

This thesis explores how we can replace these conventional carbon sources
with materials derived from renewable biomass and industrial biowaste. By
doing so, we can reduce environmental impacts, increase the sustainability
and circularity of energy storage systems, and strengthen local economies.
Moreover, this shift can reduce reliance on critical raw materials that are con-
centrated in geopolitically sensitive regions, mitigating supply chain vulnera-
bilities and fostering a more equitable and secure global technological land-
scape.

The core of this research is focused on the production of high-performance
carbon materials from bio-based feedstocks. Several types of biomass—in-
cluding industrial lignin, tannins, brewer’s spent grain, and nanocellulose-
based composites—were transformed into functional carbon materials using
two different methods: conventional pyrolysis and an emerging technique
called laser-induced carbonisation (LIC). LIC offers several advantages over
traditional methods: it is faster, more energy-efficient, and does not require
inert gas or high-temperature furnaces. It also enables precise control of the
carbonisation process, even allowing for the direct printing of microelectrode
patterns.

A wide range of characterisation techniques was used to understand the
structure and performance of the resulting materials, including scanning elec-
tron microscopy, X-ray diffraction, infrared and Raman spectroscopy, X-ray
photoelectron spectroscopy, and electrochemical testing. These methods re-
vealed that bio-derived carbons can achieve excellent physical and chemical
properties, with tailored porosity, good conductivity, and high surface area—
all of which are essential for energy storage applications.

The materials were tested in both supercapacitors and lithium-ion batteries. In
supercapacitors, the carbon’s porous structure and surface chemistry allowed
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for efficient formation of electrical double layers, resulting in high capacitance
and fast charge—discharge performance. In some cases, laser-induced carbon
films were directly patterned onto substrates to create miniature supercapaci-
tors suitable for wearable electronics and low-power sensors. In lithium-ion
batteries, several of the bio-derived materials matched or exceeded the perfor-
mance of conventional graphite anodes, while offering a more sustainable and
potentially lower-cost alternative.

Beyond the laboratory, the work highlights important socioeconomic im-
plications. By shifting from fossil-based to renewable and locally sourced car-
bon feedstocks, we can enhance energy security, reduce environmental im-
pact, and create new value chains based on bioeconomy principles. This is
particularly important for regions lacking access to critical raw materials but
rich in biomass or industrial residues.

In summary, this thesis demonstrates that renewable, bio-based carbon ma-
terials can serve as viable, high-performance alternatives to traditional fossil-
or mineral-derived sources. These findings support the development of
cleaner, more circular energy technologies and contribute to building a more
sustainable and resilient energy future. The work also serves as a reminder
that innovation in materials science can be a powerful tool for addressing some
of the most pressing environmental and geopolitical challenges of our time.
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