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Abstract

Kraft lignin emerges as a by-product of the pulp and paper industry on a megaton scale every
year. Besides its use as energy source through combustion, alternative uses are sought after as
the amount of lignin rises continuously exceeding the energy demand of pulp and paper mills
and their capacity to incinerate lignin. Instead of using Kraft lignin as a fuel, it has been shown
in this PhD project that hard- and softwood Kraft lignins extracted by the LignoBoost process
and refined via fractionation can be used as precursors for the manufacture of electrospun car-
bon nanofibre (CNF) supercapacitor electrodes. Various routes towards highly nanoporous
electrode materials with a unique micro- and macro-morphology were developed. At first, the
development of nanoporosity in the lignin fibres was investigated with increasing stabilization
temperature in the absence of any additive. Hardwood Kraft lignin inherently develops more
nanoporosity than softwood Kraft lignin, which was shown to be caused mainly by the differ-
ence in side-chain linkages and functional groups. To further enhance the inherent development
of nanoporosity in hardwood Kraft lignin-derived CNFs, activation with CO; after carboniza-
tion and the addition of NaNOs in the electrospinning solution were investigated. Softwood
Kraft lignin-derived carbon nanofibres were used as electrically conductive scaffolds on which
Ni(OH); and ZnO were deposited. These composite electrodes were tested in nickel-zinc hybrid
capacitors. Finally, CNF electrodes with high mass loadings based on free-standing, lignin-
derived CNF electrode stacks were demonstrated. The high-mass loading electrode stacks
showed no deterioration in energy and power density compared to the electrodes with ultra-low
loadings. This reveals the potential applicability of these novel lignin-derived CNF electrode

stacks in commercial supercapacitor cells.
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Chapter 1 Introduction

1. Introduction

1.1. Motivation

Humans living in post-industrialized and newly industrialized countries have become a global
geophysical force. Nowadays, we build dams, create new fluvial streams and change the flux
of elements, such as N, P, Si, and C, on a global scale.! To acknowledge this development, Paul
Crutzen and Eugene Stoermer have proposed to introduce a new geological era: “The Anthro-
pocene”.!? By defining the new era “Anthropocene”, geoscientists have given the ever-growing
world population a tremendous responsibility concerning their future on planet Earth. Central
to the role of humans in the geosystem is the use of fossil fuels as primary energy source and
hence an immense change of the global carbon flux. The combustion of fossil fuels leads to
CO; emissions accumulating in the atmosphere. Due to the ability of CO; to absorb infrared
radiation, rising COz levels in the atmosphere trap the heat which otherwise would be emitted
to outer space. This phenomenon is known as the greenhouse effect. Therefore, the surge of the
CO; concentration in the atmosphere leads to an increase of the near-surface temperature which
will give rise to a colossal change of the earth system, if not mitigated.>* A global warming of
more than 2 °C compared to pre-industrial times will cause a dramatic rise of the sea level,
ceasing jet streams and changing ocean currents which in turn will result in droughts, weather
extremes and loss of habitable land.> In conjunction with the growth of the world population,
this would cause migration of climate refugees on an unprecedented scale.®’ To prevent these
crisis scenarios, most countries in the world have agreed to take measures to limit the rise of
the global average temperature to 1.5 °C or at least well-below 2 °C compared to pre-industrial
times. This is manifested in the Paris Agreement, which came into effect in 2016. This agree-
ment is a set of norms which 196 countries have agreed to follow in their national policies,
which is certainly a big achievement. However, it needs to be noted that the agreement involves

no legal binding. Countries that fail to act based on these norms will not face any sanctions.
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Not only political decision makers focus increasingly on the mitigation of climate change, but
also financial markets adjust. Most recent financial market reports (e.g. by Bloomberg) reveal
that sustainable investments rose by 34% (to 30.7 Trillion US Dollars) in 2019 as sustainable
strategies and climate change became a leading issue for investors which puts pressure on large
businesses to reduce their environmental impact.® These changes in political agendas and global
investment strategies seem promising, but the most recent data on CO, accumulated in the at-
mosphere published by the World Meteorological Organization are devastating.® The rise of
global CO, emissions has never been as dramatic as in the year 2018 since records began.’
Currently, the global CO; concentration in the atmosphere amounts to 411.8+0.1 ppm, which

is about 100 ppm more than 60 years ago (315.9+0.1 ppm) as shown in Figure 1-1.
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Figure 1-1 Monthly mean carbon dioxide measured at Mauna Loa Observatory, Hawaii, since 1959. The
red line represents the monthly mean values. The black line represents the same, after correction for the
average seasonal cycle. (source: Dr. Pieter Tans, NOAA/ESRL (www.esrl.noaa.gov/gmd/ccgg/trends/)
and Dr. Ralph Keeling, Scripps Institution of Oceanography (scrippsco2.ucsd.edu/))

This tremendous increase implies that the rate of CO2 emissions is much faster than the rate of
its decay. The lifetime of a substantial fraction of atmospheric CO> is more than 1000 years.”!°
Thus, the atmosphere has a limited capacity to accommodate CO> without causing the manmade
greenhouse effect and the resulting global warming. In order to achieve the 1.5 °C goal set by
the Paris Agreement, an absolute maximum of approximately 400 Gt CO: can still be emit-

ted.'"!? Looking at Figure 1-2 it becomes clear that China (~10 Gt CO» per annum) and the
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USA (~5 Gt CO; per annum) alone emit 400 Gt CO; in 27 years assuming that their emissions

stay constant over this period.
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Figure 1-2 CO; emissions by country in 2017. (Data taken from Muntean et al.'?)

Figure 1-3 shows the global greenhouse gas emissions (CO2, CH4, N2O) by economic sector.
After electricity/power production, agriculture/forestry and industry, transportation accounts
for 14% of the global emissions (28% in the EU) which is a major contribution. It is regarded
as the most challenging and costly sector to decarbonize (reducing emissions of greenhouse
gases).!* Moreover, this sector shows the highest growth rate of CO» emissions in spite of more
efficient engines and vehicles (rebound effect).!* Consequently, the widely used fossil fuel-
based combustion engine needs to be replaced by electric motors powered by fuel cells and

batteries in order to decarbonize this sector. "
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Figure 1-3 Global greenhouse gas emissions by economic sector (source: IPCC, 2014).1¢
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The technological bottleneck is to provide onboard energy for the electric motors to the same
extent and with the same characteristics (e.g. energy and power density) as fossil fuels. Further-
more, alternative production chains based on renewable resources are necessary in order to
reduce the dependence on fossil fuels in the manufacturing of materials. This strategy is termed
biorefinery/-economy. It involves the use of renewable raw materials rather than petrochemical
precursors in materials synthesis. The aim of this PhD project was to use lignin as the main
starting material (precursor) for the production of electrospun carbon nanofibres (CNFs) for
mobile energy storage applications (Figure 1-4). Lignin is a major part of the lignocellulosic
biomass, such as wood. Wood is a Nature-made composite comprising of three main compo-
nents: cellulose, hemicellulose and lignin. It is the major base material for papermaking where
cellulose is chemically separated from hemicellulose and lignin to produce paper and paper-
board from the resulting pulp (cellulose fibres) as shown in Figure 1-4. However, this gives rise
to ~55 Mt of degraded lignin as by-product per year of which the majority is currently inciner-
ated to produce excessive heat for the industrial process.!”!® This does not align with the goal

to reduce greenhouse gas emissions and is economically unfavorable.

Mobile Energy storage
4 Ty

Figure 1-4 Production of electrospun carbon nanofibres from lignin for mobile energy storage applica-

tions within the concept of biorefinery.
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Cellulose accounts for about half of the dry wood weight as shown in Figure 1-4. The bulk of
the other half of the initial base material (wood) is currently discarded as fuel to produce excess
of energy in form of heat in the process of papermaking. Additionally, as the production
capacities for pulps are increasing, the existing incineration facilities (recovery boilers) reach
their maximum capacity leading to an accumulation of lignin in pulp and paper mills, which is
costly as it needs to be stored or transported away.!”1>?° Therefore, the valorization of lignin
as precursor for functional materials, chemicals and fuels is currently extensively explored in
the pulp and paper industry. The work performed in this PhD thesis is part of this exploration.
Generally, the use of lignins can be divided into two main branches: 1) use as a source for low
molecular weight chemicals or fuels and 2) use as a macromolecular precursor for materials
synthesis (e.g. carbon fibres or bio-plastics) (Figure 1-5).!32"23 However, since lignin is an
oxygenated polymer formed by combinatorial polymerization, which is altered during the
extraction process, it is chemically and structurally inherently different from hydrocarbons (e.g.
polyolefins). It can be described as a polymer with a highly crosslinked and complex three-
dimensional structure of phenyl propanoid units bonded through various ether bonds (C-O-C)
or carbon—carbon (C-C) linkages. Hence, the route towards a direct replacement of fossil

hydrocarbons by lignin is often elusive.
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Figure 1-5 Overview of various lignin valorization strategies.
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In this work, lignin was used as a renewable starting material in the manufacture of porous
lignin-based carbon nanofibres (LCNFs) produced via electrospinning. This approach stands
out from the other lignin valorization strategies shown in Figure 1-5 as it does not directly -
one-to-one replace an existing product, such as carbon fibres for load-bearing applications or
biofuels. The usage of lignin as a macromolecular precursor to produce free-standing CNFs
serving as electrodes in energy storage applications without further need of post-processing is
an innovative approach. It gives rise to a new class of electrodes with a unique, highly porous
micro-morphology. To date, free-standing CNFs are not used in commercially available energy
storage devices, such as supercapacitors or batteries, which, however, might change in the fu-

ture.

1.2. Objectives
The main objectives of this research project were:
e Manufacturing of porous electrospun carbon nanofibres from Kraft lignin via different
routes
e Characterization of the resulting materials with focus on the properties relevant for the
final application, namely supercapacitors and nickel-zinc hybrid capacitors
e Electrochemical testing of the LCNF electrodes in aqueous alkaline supercapacitors and
nickel-zinc hybrid capacitors
e Revealing the advantages of the innovative electrodes based on lignin-derived carbon

nanofibres over the traditionally used film coated electrodes based on carbon powder
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1.3. Outline

This thesis consists of nine chapters.

Chapter 1 gives a brief introduction to the motivation for lignin valorization, the objectives and
the structure of this work.

Chapter 2 introduces various biochemical aspects of lignin and its role in the concept of biore-
finery. Moreover, the role of porous carbons in energy storage applications with focus on su-
percapacitors is discussed.

Chapter 3 comprises the thorough characterization of the lignin precursors used in this work.
Additionally, the development of porosity of the lignin fibres is investigated with increasing
stabilization temperature.

Chapter 4 describes the process of CO: activation of hardwood Kraft lignin-derived carbon
nanofibres together with their electrochemical characterization.

Chapter 5 presents the results on NaNOs-activated hardwood Kraft lignin-derived carbon
nanofibres together with the electrochemical characterization and compares the results with the
previous findings on CO»-activated carbon nanofibres of the same lignin.

Chapter 6 describes the use of lignin-derived carbon nanofibres as electrically conductive scaf-
folds decorated with Ni(OH); and ZnO particles.

Chapter 7 reveals the possibility of new electrode geometries with high mass loadings that are
possible based on free-standing, lignin-derived CNF electrodes.

Chapter 8 gives a summary on the main findings presented in chapters 3, 4, 5, 6 and 7 and
concludes this thesis with an outlook for future work based on this research project.

Chapter 9 contains the description of the characterization techniques.
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2. Literature review

2.1. Lignin as part of the lignocellulosic biomass

Lignin is next to cellulose and hemicellulose one of the three major components of the ligno-
cellulosic biomass (living plants and plant residues). These three components constitute the
plants’ cell walls, where lignin is covalently bound to carbohydrates (mainly hemicellulose)
forming so-called lignin carbohydrate complexes (LCCs) which surround and occlude the cel-
lulose fibrils.?*2® Therefore, plant cell walls can be described as a complex composite material
serving the plants’ protection, structural integrity and water/solute transport, which has been
decisive for the evolution of land plants.”*® Depending on the plant species, lignin accounts
for approximately 15 — 40% of the dry weight of every plant, the polysaccharides, mainly cel-
lulose and hemicellulose, account for the rest.” In general, grasses contain less lignin in the cell
wall than trees as shown in Figure 2-1. For example, switchgrass consists of 17 — 18% lignin,

32 — 37% cellulose and 26 — 33% hemicellulose.*’

Plant species Cellulose /% Hemicellulose /% Lignin /%

Al i "“
Switchgrass 32-37 26-33 17-18

Grass

46 23 28

Softwood

39-46 24-28 29-32

Hardwood

Figure 2-1 Typical biomass composition for various plant species.
In wood, lignin accounts for 18 — 35%, cellulose for 40 — 50% and hemicellulose for 25 —35%
of the dry wood weight depending on the botanical source.*! In a typical softwood, such as pine,

lignin accounts for 28%, cellulose for 46% and hemicellulose for 23% of the dry wood weight.*
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In a common hardwood, such as eucalyptus, the lignin content is 29 — 32%, the cellulose content
is 39 — 46% and the hemicellulose content is 24 — 28% of the dry wood weight.*

The compositional variability of wood is not only based on the botanical source. For a specific
tree, the distribution of the three main components also varies with tree part (root, stem or
branch), type of wood (e.g. normal, tension or compression wood), geographic location, cli-
mate, and soil conditions.*! Since the wood cell wall is hierarchically structured, there are also
considerable variations in composition among the different cell wall domains (Figure 2-2). In
general, wood cell walls comprise three ultrastructural domains: the middle lamella, the primary

wall, and the secondary wall.>*

///52

™ Middle
lamella

S2 layer microfibril
angle (MFA)

Figure 2-2 Schematic of a tree stem cross-section (a), scanning electron microscope image of wood cells
(taken from Agarwal®) (b), and a schematic structure of a wood cell wall comprising the secondary cell
wall, the primary cell wall and the middle lamella from the lumen outward (reproduced from Jakes et

al.*) (c).

Most of the lignin is situated in the middle lamella which acts to adhere adjacent cells.>* The
secondary cell wall can be divided into three separate parts (S1, S2, S3) based on the structure
and composition of the polymers present.*® Typically, the S1 layer has the greatest concentra-
tion of lignin within the secondary cell wall while the S2 layer contains overall more lignin than
the S1 layer because of the greater S2 layer thickness.?”*® In order to understand the function
and synergy of (hemi-)cellulose and lignin, the three components must be considered sepa-
rately. Cellulose is a glucan polymer consisting of linear chains of 1,4-B-bonded anhydroglu-
cose units. The structure of cellulose is highly organized. Wood cellulose has a degree of

polymerization (DP) of at least 9,000 and up to 15,000.
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Figure 2-3 Main components of wood: cellulose, hemicellulose and lignin.

Like cellulose, hemicellulose’s main chain consists of monosaccharides connected with 3-(1,4)
glycosidic bonds, although some other bonds can occur. However, hemicelluloses have a rela-
tively low degree of polymerization (DP = 100 — 200) compared to cellulose (DP > 10 000).
Additionally, hemicelluloses accommodate a much wider variety of monosaccharides in their
chain, namely D-xylose, D-glucose, D-galactose, L-arabinose, D-mannose, and minor amounts
of other sugars. Hence, hemicellulose is a heteropolysaccharide consisting of two or more types
of hexoses and pentoses.* The composition of the hemicelluloses and the resulting lignin-car-
bohydrate bonding patterns in the LCCs vary with wood type (softwood or hardwood).*°

The hemicellulose fraction of hardwoods is mainly composed of xylans which are heteropoly-
saccharides consisting of B-1,4-linked xylose residues with side branches of a-arabinofuranose
and a-glucuronic acids.*! In softwoods only a small portion of the hemicelluloses consists of
xylans (10 — 15%).*! Furthermore, softwood xylans differ from hardwood xylans by the lack of
acetyl groups and the presence of arabinose units linked by a-(1,3)-glycosidic bonds to the
xylan backbone. Since the hemicellulose in hardwoods exhibits a higher degree of acetylation
compared to softwoods, it is much less resistant to acid treatment.**** Moreover, a larger por-

tion of the hemicellulose fraction in softwoods is composed of galactoglucomannan, a hemi-

cellulose, whose backbone is constructed by mannosyl and glucosyl residues giving rise to more

10



Chapter 2 Literature review

branching compared to xylans.*>*! The exact covalent bonding patterns between the carbohy-
drates and lignin in the LCCs are not yet fully understood due to problems during extraction
and signal detection.*> However, the five types of lignin-carbohydrate bonds shown in Figure

2-4 have been suggested.
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Figure 2-4 Suggested structures of lignin-carbohydrate bonds in woods and grasses. PG=phenyl glyco-
sides, BE=benzyl ethers; GE=y-esters; FE=ferulate esters; CE=coumarate esters (taken from Giumma-

rella et al.*3).

It was postulated that benzyl ether (BE) bonds are dominant in softwood LCCs, whereas the
phenyl glycosidic linkages (PG) are prevalent in hardwood LCCs, whereby the amount of ester
linkages greatly varies in different species.?® Furthermore, it was suggested that the hardwood
LCCs consist of a very long polysaccharide chain linked to a few large lignin moieties, whereas
the softwood LCCs are composed of small and repeating lignin units bound to the polysaccha-
ride chain yielding complexes with a more branched structure.?®

Compared to the carbohydrates, lignin is compositionally and structurally fundamentally dif-
ferent as it exhibits no structural regularity and chemical homogeneity, like cellulose, or chem-
ical variability within a narrow range as it is the case for hemicellulose. Lignin shows a very
high degree of heterogeneity which results from the biosynthetic pathway that is based on com-

binatorial radical coupling.** The structure and chemical composition of native lignin as found
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in the cell wall, called protolignin, are hardly known to date.** The reason is that in planta
examinations of lignins are extremely challenging and extraction of lignin prior to analysis is
inevitably connected with bond cleavage which alters the native lignin structure considerably.*’
Nonetheless, generally accepted is that native lignins in wood may be broadly described as:
three-dimensional amorphous polymers mainly composed of three oxidatively coupled 4-hy-

droxyphenylpropanoid units differing in their degree of methoxylation.***’

These three so-called monolignols are the p(ara)-hydroxycinnamyl alcohols: p- coumaryl, co-
niferyl and sinapyl alcohol. The p-hydroxycinnamyl alcohols which are the precursors for the
polymerization of lignins are produced in the cytoplasm.* They are then transported to the cell
wall where the actual polymerization via combinatorial radical coupling takes place.* Depend-
ing on the botanical source (e.g. hardwood or softwood), these monolignols are present in var-
ious ratios as p-hydroxyphenyl (H), guaiacyl (G) and syringyl (S) units in the final lignin poly-
mer (Figure 2-5).2* Therefore, not only the total amount of lignin found in the cell wall of plants
is dependent on the botanical source (Figure 2-1), but also the lignin polymer structure and its

chemical composition.

p-coumaryl alcohol  coniferyl alcohol sinapyl alcohol
k7 OH ¥ OH y OH
w? P WSA o P
OCH, HaCO OCH;4
OH OH OH
p-hydroxyphenyl guaiacyl syringyl
W WW W
R7 i R, R7 i OCH;, H3CO” J\;‘oc;H3
OH OH OH

Figure 2-5 Basic building units of lignins which differ in their degree of methoxylation and their

corresponding structures in the lignin polymers.
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In general, softwoods, like pine or spruce, incorporate almost exclusively guaiacyl (G) units
with small amounts of p-hydroxyphenyl (H) units. Lignins in hardwoods, such as eucalyptus,
contain both syringyl (S) and guaiacyl (G) moieties together with small amounts of p-
hydroxyphenyl (H) units. A crucial step in the lignin biosynthesis is the dehydrodimerization
of the monolignols which is catalyzed by oxidative enzymes (O2-dependent laccase and H2O»-
dependent peroxidase). This initial dimerization gives rise to three dehydrodimers starting from
coniferyl alcohol (softwoods) and only two dimers from sinapyl alcohol (hardwoods) due to the
different degree in methoxylation as shown in Figure 2-6.* Once these dimers are formed, the
key feature of lignification involves coupling reactions between oxidized monolignol radicals
and radicals formed on the free phenolic ends of the growing lignin polymer.*® Moreover,
additional possible coupling reactions have been revealed. For instance, the hydroxycinnamyl
alcohol radicals can couple at several positions (4-O-, 5-, B-, as well as 1-) in a process that is

only under chemical control (e.g. not controlled by proteins or enzymes).*

Coniferyl alcohol dehydrodimerization

Figure 2-6 The initial dehydrodimerization step starting from coniferyl alcohol (top) typical of

softwoods or sinapyl alcohol (bottom) characteristic of hardwoods.
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Hence, the process is combinatorial meaning the number of possible outcomes is vast.*” The
actual polymerization step is controlled by chemical/physical conditions involved in any chem-
ical reaction: coupling and cross-coupling propensities, reactant supply, the polysaccharide ma-

trix and other physical/chemical conditions (e.g. pH, temperature, etc.).***’

2.2. Separation and processing of the lignocellulosic biomass components

2.2.1. Lignocellulosic biomass recalcitrance

The recalcitrance of the lignocellulosic biomass towards separation into its components has
been shown to scale with the amount of lignin and the type of lignin in the cell wall. For in-
stance, in the production of biofuels from lignocellulosic biomass, it has been demonstrated
that biomass digestibility by enzymatic/microbial hydrolysis increases with decreasing lignin

content.*

Thus, for the production of bioethanol from lignocellulosic feedstocks, a pre-treat-
ment step is inevitable to increase the sugar yield from cellulose and hemicellulose via fermen-
tation.>® Compared to crops or their residues and grasses, wood feedstocks require more severe
(pre-)treatment procedures as their lignin content is substantially higher (Figure 2-1). However,
wood and forest residues in general are regarded to be the more sustainable route towards bio-
fuels/chemicals as they are not directly linked with the food chain. Moreover, compared to
crops and their residues (like rice or wheat straw), wood feedstocks have a considerably lower
demand in N-fertilizers and are more space-efficient as they require less floor space (yield per
hectare).’!

Softwoods often have a higher lignin content than hardwoods, where eucalyptus hardwoods
constitute an exception (Figure 2-1). However, the hardwood and softwood lignin polymer
structures are vastly different. Softwood lignins are mainly composed of guaiacyl units and a
small amount of hydroxyphenyl units which gives rise to a more condensed structure (C-C

linkages) with higher molar mass, whereas hardwood lignins comprise a ratio of guaiacyl and

syringyl units reducing the number of stable C-C linkages accompanied by an increase in more
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labile ether bonds (Figure 2-6).2* Therefore, softwood lignins can be regarded as more recalci-
trant than hardwood lignins.

Traditionally, the large-scale use of (hemi-)cellulose in the form of pulp (cellulose fibres) for
papermaking and, more recently, for ethanol production for fuels have made it necessary to
establish protocols to disintegrate the LCCs and hence separate the carbohydrates from lignin. '8
The lignins that arise from these protocols are called technical lignins in order to distinguish
them from the native lignins found in plants (protolignin), as the lignins initially found in the
biomass are altered considerably during the separation. Depending on the separation procedure
various degrees of modification occur. This contributes to the inherent variability of lignins as
feedstocks. Next to the Organosolv process that separates lignin from the carbohydrates by the
action of organic solvents (e.g. ethanol) with a catalyst (e.g. H2SO4),°>> the most prominent

separation processes applied to wood feedstocks is the Kraft process, which is described in the

following.

2.2.2. The Kraft process

Nowadays, the Kraft process is the most widespread technology for the deconstruction of both
hard- and softwoods to produce pulps (cellulose fibres) for the paper and paperboard industry.
About 130 million tons of Kraft pulp per year are produced worldwide, which is 80 to more
than 90% of the produced chemical pulp depending on the country.'®>*> This gives rise to
about 50 — 55 million metric tons of lignin in form of the alkaline black liquor.>® The black
liquor is composed of the residual hemicellulose, lignin and inorganics which were separated
from the cellulose fibres of the wood raw materials by treating wood with NaOH aq)/Na>S(aq) at
temperatures between 165 and 175 °C for 1 — 2 hours.>® 90 — 95% of the lignin in the starting
material (various softwoods and hardwoods) can be separated into the black liquor.’” The re-
maining high-quality pulp (cellulose fibres) is used for the papermaking process. During the

Kraft process lignin is highly modified as it is exposed to strong nucleophiles (OH and HS") in
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the presence of carbohydrates (from hemicellulose) at high temperatures. The reactions taking
place in the Kraft process can be divided into two categories: 1) degradation reactions that give
rise to the liberation of lignin fragments and ultimately to their dissolution and 2) condensation
reactions which increase the molecular size of lignin fragments and may result in their precipi-
tation.® These two types of reactions are intimately connected with each other by proceeding
via common intermediates.’® The key intermediate occurring during Kraft pulping is the qui-
none methide.*® In the presence of various nucleophiles, such as the hydrosulfide/hydroxide
anions and OH groups of the carbohydrates, lignin and released phenolic fragments, the quinone
methide undergoes a vast amount of different nucleophilic addition reactions. Thus, altering the
initial lignin polymer tremendously. Therefore, Kraft lignins are classified as technical lignins
because their structure and chemical composition are very different from native lignins.>® The
degraded and altered lignin dissolved in the alkaline black liquor is commonly combusted in a
recovery boiler on site to generate steam and energy (heat) for the pulp and paper mill.!7-%
However, the increasing demands for pulps gives rise to an excess of black liquor which is not
used economically as combustion for excess energy generation is neither economically favora-
ble nor environmentally friendly.!” Therefore, a new strategy in the pulp and paper industry is
to extract parts of the lignin (Kraft lignin) from the black liquor to produce value-added prod-
ucts from these lignins.>” The term “value-added” can be defined as a value higher than com-
bustion of lignin as coal replacement which is estimated to be 10 US$ cents/kg.%! One process
to extract lignin efficiently from the black liquor is the so-called LignoBoost process (Figure
2-7). In the LignoBoost process, lignin is precipitated from the alkaline black liquor by acidifi-

cation (the preferred acid is CO.) and filtered as shown in Figure 2-7.52
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Figure 2-7 Simplified layout of the LignoBoost lignin removal process from the black liquor arising as

by-product from the pulp and papermaking redrawn based on the layout presented in 62.

Subsequently, the filter cake is re-dispersed and acidified (H2SO4) in order to protonate all types
of ionized phenolic lignin structures and carboxylate groups. Hence, the amount of remaining
ash (inorganics) in the lignin can be minimized.’”%* Afterwards, the resulting slurry is filtered
and washed by means of displacement washing.%> The LignoBoost process makes it possible to
extract pure (>95%) lignin from the black liquor in Kraft mills.®> Two commercial plants (Dom-
tar, USA and Stora Enso, Finland) are presently in operation. Peculiar to the Kraft LignoBoost
lignins is their quite low sulfur content of about 2% which is covalently bound in the lignin
structure and a very low content of carbohydrates and salts compared to other technical lig-
nins.>’ To date, only 2% of the lignin separated in the process of papermaking are used as ad-
ditives for low-value application (dispersants, binders etc.). However, strategies towards high-
value applications of lignin, such as starting material for the production of chemicals, fuels or
carbon materials are pursued (biorefinery). The work at hand is part of this endeavor where
Kraft LignoBoost lignins are used as precursors for electospun carbon nanofibres utilized in
energy storage applications. An overview of the most recent research trends in valorization of

lignin within the framework of the biorefinery concept is given in the following section.
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2.3. Lignocellulosic biorefinery

The main reason for the deconstruction of lignocellulosic biomass has been to delignify the
feedstock to generate revenue from cellulose either by producing paper or more recently ethanol
for fuels as shown in Figure 2-8.!® In this cellulose-centered biorefinery, lignin and hemicellu-
lose are treated as by-products with no attributed use. However, the most recent concept of
biorefinery seeks to establish processes where all components of the lignocellulosic biomass
are the base of one or several value chains (Figure 2-8).5%* This concept has gained momentum
in the last decade. Notably, in the pulp and paper industry strategies are adopted to transform
traditional pulp and paper mills solely focused on papermaking into bioproduct mills generating
revenue not only by papermaking from cellulose, but also from other products based on hemi-
cellulose and lignin. The most recent example of such an endeavor is the bioproduct mill built
by the Metsi Group in Ainekoski (Finland), which has been in full operation since August
2018. The bioproduct mill produces tall oil and turpentine oil as products from the mill, which

are traditional (bio-)products from Kraft mills.®®
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Figure 2-8 Lignocellulosic biorefinery concept involving the production of biofuels from (hemi-

)cellulose and carbon fibres, chemicals and fuels from lignins (taken from Ragauskas et al.?”).

In the future, the Metsd Group plans to expand the product portfolio of the bioproduct mill. For
instance, by producing sulfuric acid from odorous sulfur dioxide.’® The generation of revenue

from high-value chemicals or materials from lignin are planned, but in which form and the
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timeframe remain unclear. The Domtar pulp and paper mill in the USA, that implemented the
LignoBoost process, markets the resulting Kraft lignin (BioChoice® Lignin) advertising it as
suitable raw material for adhesives, natural binders, coatings, resins and carbon materials (e.g.
carbon fibres). To date, the BioChoice® Lignin is mainly used for R&D (research and devel-
opment) projects rather than on an industrial scale. Generally, lignins have not found wide-
spread use in the synthesis of functional materials and chemicals/fuels despite of tremendous
research and R&D efforts. Even if the bio-macromolecule exhibits a high carbon content and a
high degree of aromaticity coupled with a richness in functional groups, its structural and chem-
ical variability are the main obstacles for its use as a precursor for functional materials, chemi-
cals or fuels. Moreover, depending on the separation and refining process the final lignin pre-

cursor will differ in its structure (linkages between phenolic building units) and chemical com-
position. In line with this variability and heterogeneity, a wide range of different strategies to-
wards lignin valorization is pursued. The two main pathways that can be distinguished are the
use of lignin as a macromolecule and as a source of low molecular weight compounds which
are released by various catalytic depolymerization strategies. The research results of several
years in lignin deconstruction have led to the conclusion that technical lignins as by-products
of cellulose centered valorization (e.g. pulp and ethanol) are detrimental to lignin valorization.®’
The new concept of lignin-first biomass fractionation is supposed to overcome the trilemma of
lignin-hemicellulose-cellulose valorization.’” Within this concept, lignin valorization is to be
considered before the utilization of the carbohydrates to prevent structural degradation of the
native lignin as much as possible. In both macromolecular and low molecular weight product
streams, it is clear that there is not a single product from native or technical lignins, but a variety
of products for which applications need to be found to ensure economic viability. Overall, the
economic potential of lignin as a precursor for high-value applications has by far not been ex-
ploited. In the following sections, various approaches towards lignin value chains based on

macromolecular applications are described.
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2.3.1. The use of lignin as a macromolecular precursor

A complementary approach to the deconstruction of lignin into smaller fragments and its
conversion to (aromatic) chemicals and fuels is to make use of the macromolecular nature of
lignin (e.g. technical lignins). This can either be as precursor for bio-polymer synthesis or as
starting material to produce carbons, especially carbon fibres. The latter strategy has been
pursued in the work at hand. However, the main issue in exploiting lignin as a macromolecular
precursor is the irregular structure of lignin and the heterogeneity depending on feedstock type,
separation process and refining strategies applied. Refining is the process of making lignin a
reliable (homogeneous) precursor for materials synthesis. It needs to be emphasized that the
properties of lignin precursors must be highly controlled in order to produce high-value
materials from lignin; in the sense: high value needs high control. Firstly, impurities like
inorganics and carbohydrates need to be reduced to a minimum so that lignin purities close to
100% can be achieved. Other heteroatoms or heteropolymer fragments (LCCs) that are
covalently incorporated or preserved in the lignin structure during the extraction process must
be determined and controlled. For example, during the Kraft process, sulfur is covalently
incorporated in the lignin polymer. Secondly, the molar mass distribution (dispersity) should
be as narrow as possible which results in a more homogeneous macromolecule than polymeric
material with high (poly)dispersity (wide molar mass distribution).®* 7 Isolated lignins
obtained by precipitation out of the liquid phase (e.g. black liquor) show high dispersity indices
(D) underpinning their heterogenous structure and chemistry caused by both the biosynthesis
and the separation/isolation process. Fractionation was shown to split the initially very
heterogenous macromolecule lignin into several more homogeneous fractions.®’!"3
Fractionation can either be implemented in the lignin isolation process by selective precipitation
at various pH values and ultrafiltration or it can be applied as post-processing step after isolation
of the lignin as solid via solvent fractionation.”"* Ultrafiltration is based on size exclusion

which is achieved by applying ceramic membranes with variable cut-offs (e.g. 1, 5, and 15
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kg/mol) to the lignin-rich liquid phase (e.g. black liquor).”! One drawback of ultrafiltration is
that the initial fraction contains a large number of impurities (inorganics and carbohydrates).
Therefore, ultrafiltration needs to be coupled with subsequent isolation and purification steps,
like ion exchange. Since the Kraft lignins used in this work were isolated by precipitation based
on the LignoBoost process, refining was done as post-processing step through sequential
solvent fractionation. In this process, the insoluble lignin fraction is dissolved in organic
solvents with varying solubility parameters. In order to ensure economic viability of value
chains based on lignin as macromolecule, the emergence of different fractions with distinct
properties needs to be considered. This gives the opportunity to establish several value chains
from a single lignin via fractionation.

After fractionation of the isolated lignins, the characterization of the lignin fraction used as
macromolecular precursor is of great importance in order to ensure reproducibility and to es-
tablish precursor-product relationships. To date, this is scarcely performed which is due to the
fact that chemical and structural analysis of lignin poses a formidable challenge. To overcome
this obstacle, collaborations between lignin chemists and materials scientists need to be estab-
lished which has been the core of this project in the form of a close collaboration between RISE
AB (Kraft lignin) and the Titirici group (carbon materials). The valorization of lignin as mac-
romolecule in form of load-bearing carbon fibres and carbon nanofibres is described in the

subsequent sections.

2.3.2. Lignin as precursor for load-bearing carbon fibres

The use of lignin as the precursor for carbon fibres (CFs) suitable for load-bearing applications
has a long history initiated in the 1960s at Nippon Kayaku in Japan.”> This endeavor is still
carried on at present, notably by the Oak Ridge National Laboratory in the USA and RISE AB
in Sweden as the value potentially generated from lignin-based carbon fibres is higher than for

other products, such as lignin-derived resins or surfactants.”®’” Nowadays, commercial CFs are
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mainly used in aerospace, aeronautics, wind energy applications and special sporting goods,
but they are not in widespread use even though the demand is high.”® For example, the automo-
tive industry seeks to reduce vehicle weights to increase fuel efficiency by replacing steel com-
ponents with carbon fibre reinforced composites.”®’”® However, the main barrier to a widespread
use of CFs is the high cost of the carbon fibre production. The high price arises from the pre-
cursor that is polyacrylonitrile (PAN).” It is produced by polymerization of toxic and cancero-
genic acrylonitrile (AN) with a co-monomer (such as methylacrylate) content of up to 5 wt%
through a radical polymerization process yielding a semi-crystalline, linear polymer with highly
polar nitrile groups (Figure 2-9a).8#2 Lignin as a low-cost and more benign precursor with its

high carbon content (>60 wt%) and a high degree of aromaticity is a promising alternative.”®%3
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Figure 2-9 The precursors used for the production of carbon fibres: PAN (a), mesophase pitch (b) and

lignin based on the lignin model scheme published by Crestini et. al.> (c).

Considering the fact that 51% of the total manufacturing cost of carbon fibres is determined by
the starting material, lignin is by far more economic than PAN and independent of fossil re-
sources compared to mesophase pitch.3* However, its highly crosslinked and disordered struc-
ture is a major drawback as it impedes the formation of a highly ordered, aligned and dense
graphitic structure in the final CFs. Additionally, lignin contains about 30 wt% oxygen that
generates voids (defects) during thermal conversion of the biopolymer to carbon fibres. These
features are detrimental to the tensile strength and the modulus of the final lignin-based carbon

fibres (LCF) as the tensile modulus of CFs was shown to be related to the preferred orientation
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of the graphite layer planes along the fibre axis.® The tensile strength is dependent on the den-
sity and interconnection of defects in the graphitic planes.® Therefore, the high degree of struc-
tural disorder and oxygenation are the intrinsic barriers to the replacement of commercially
available polyacrylonitrile carbon fibres (PAN-CFs) by LCF. To date, LCFs cannot compete
with PAN-CFs in terms of tensile strength and Young’s (tensile) modulus (Figure 2-10). These
are the main two parameters which determine the grade of commercial carbon fibres in load-
bearing applications: ultra-high modulus (UHM) (>500 GPa), high modulus (HM) (>300 GPa),
intermediate modulus (IM) (>200 GPa), and high tensile strength (HT) (>3 GPa).®?#¢ In order
to be suitable for carbon fibre reinforced composites in the automotive sector, CFs need to have
at least a tensile strength of 1723 MPa and a modulus of 172 GPa.?” The highest tensile strengths
and moduli reported for lignin-based carbon fibres are in the range of 1000 MPa and 100 GPa
(Figure 2-10). In particular, the tensile moduli of LCFs do not meet the requirements of the
automotive industry. Since the modulus is mainly dependent on the degree of graphitization
and preferred orientation of the crystallites along the fibre axis, it is obvious that the intrinsic
amorphous and branched structure of lignin is the main obstacle towards commercialization of
LCFs. Despite of this fundamental hurdle, the field of research is still quite active due to the
potential cost reduction based on the sourcing of the precursor and the manufacturing of CFs
from lignin.** The overall process chain for both precursors (PAN and lignin) is in principle
similar, but the details are different and accordingly various advantages and disadvantages
emerge. Firstly, the fibre production from PAN is performed via wet-spinning in a coagulation
bath, whereas lignins can be melt-spun. The coagulation bath is typically a mixture of the sol-
vent (e.g. dimethyl sulfoxide, DMSO) and a non-solvent (e.g. water) of the polymer.®® Low
spinning rates are necessary to produce high-quality fibres and additional costs for solvent han-
dling are disadvantageous and add to the high price of PAN-CFs today.’>*® In contrast,

meltspinning of lignin is a solvent-free process and hence industrially attractive. The melted
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lignin is extruded into a gaseous atmosphere (e.g. air) through nozzles directed downward, so

that the extruded fibres are cooled and solidified.
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Figure 2-10 Mechanical performance map of carbon fibres from lignin in comparison to synthetic coun-

terparts (adapted version of the one in Ismail et al.?).

The solidified fibre is continuously wound onto a spinning spool. After production of the
polymer fibre, it needs to be converted to the carbon fibre. This is done in a two-step procedure
via heating in air (stabilization) and pyrolysis in an inert atmosphere (carbonization). A third,
optional and very energy demanding step is graphitization at a very high temperature of up to
3000 °C in an inert atmosphere to improve the ordering and orientation of the graphitic planes
in the direction of the fibre axis.® Both PAN and lignin fibres are stabilized at temperatures
between 200 and 300 °C to transform the thermoplastic polymers to thermoset materials so that
the polymer fibres can be heated to high temperatures during carbonization while maintaining
the fibrous shape.®® The process of stabilization PAN fibres is carried out under tension and at
heating rates between 1 and 3 °C/min.%® It was found that for lignin slow heating rates in the
range of 0.01 to 0.5 °C/min are needed to retain the fibre shape without fusing.”**? Finally,
carbonization converts the polymer fibres to carbon fibres via removal of volatile compounds.
Hence, a carbon content well-above 90 wt% can be attained. PAN is usually carbonized up to

1600 °C, which leads to the formation of turbostratic carbon within the fibres.’> This
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turbostratic carbon phase is highly oriented along the fibre axis, but not yet fully graphitic.®?
When heated to temperatures ranging from 1800 to 3000 °C (graphitization), the highly
oriented turbostratic carbon structure is converted to a crystalline graphitic structure.®> The
optimum temperatures for the carbonization of lignin are in the range of 1000 — 1200 °C."!
Higher temperatures lead to lower tensile properties which might be due to an increase in defect
density.”! Graphitization studies conducted on LCFs showed that the formation of a graphitic
structure takes place.”® However, the orientation of the graphitic domains along the fibre axis
is poor which explains the rather low tensile moduli.*

Even after several decades of intense research efforts, LCFs cannot compete with commercial
PAN-CFs in terms of tensile strength and modulus. Therefore, alternative uses of LCFs in com-
posite materials, such as Li ion battery electrodes are considered.”” Additionally, alternative
uses where the mechanical properties are not the main interest, such as activated carbon fibres,

have also been considered which will be described in the following.”*"’

2.3.3. Lignin as precursor for porous carbon nanofibres

The high degree of oxygenation and low structural order along with a high degree of aromaticity
with many functional groups (e.g. hydroxyl/methoxy groups) makes lignin a very suitable pre-
cursor for the manufacture of porous carbons with good yield. However, the potential economic
value is considerably lower than for load-bearing carbon fibres. Additionally, commercial po-
rous (activated) carbon powder is already made from biomass waste (e.g. coconut shells and
wood) and hence lignin does not have the merit of being more environmentally friendly than
the precursor currently in use.”® 1% Therefore, the production of activated carbons from lignin
has not been studied as intensively as load-bearing CFs even if the possibility has been men-
tioned in the literature.”®!°192 Only recently, an increasing number of publications focuses on

activated carbons from lignin.2%-103-108
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However, the fact that lignin is a macromolecule with numerous polar functional groups ren-
dering it soluble in many common solvents is a property that other biomass (e.g. coconut shells
and wood) precursors do not have. Thus, starting from lignin gives the opportunity to manufac-
ture free- and self-standing materials in the form of nanofibre (diameter <I um) networks via
electrospinning rather than loose powders from other biomass sources.!'? This eliminates post
processing steps like slurry, film and electrode preparation needed to immobilize carbon pow-
der in the final application.

Electrospinning involves a syringe loaded with a polymer solution, such as lignin dissolved in
dimethyl formamide (DMF) or NaOHq) (Figure 2-11). This polymer solution is then ejected
by means of a syringe pump into an electrostatic field established between the needle’s tip and
a grounded metallic collector (e.g. aluminum foil).!'® When the electrostatic force acting on the
surface of the liquid overcomes the surface tension, several charged liquid jets emerge from the
Taylor cone formed at the needle’s tip and are ejected towards the collector.!'! On the way from
the needle’s tip to the collector the solvent progressively evaporates and the jets start whipping
upon further evaporation of the solvent due to the unevenly distributed charges and the resulting
repulsion.''> When the jets reach the collector the majority of the solvent is evaporated and the
fibres solidify. A non-woven mat composed of randomly oriented fibres with diameters in the
sub-micrometer range (nanofibres) are collected on the grounded metallic foil. Finally, the self-
contained and flexible nanofibre mat can be peeled-off the collector and prepared for further
processing steps such as stabilization, carbonization and activation. The scalability of electro-
spinning technical lignins has been demonstrated quite recently by Scion, a research institute
located in New Zealand.!'® Compared to the above-mentioned meltspinning of lignin, electro-
spinning requires less control over the thermal properties of lignins (e.g. low Tg). Thus, it can
be taken advantage of the quite high T of softwood lignins and high-molar mass hardwood

lignin fractions that can be stabilized at high rates of up to 20 °C/min.’*!'* Furthermore, the
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electrospinning process is flexible as the solvent for lignin and additives can be chosen to opti-

mize the properties of the final fibres (e.g. porosity, functionality).
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Figure 2-11 The main process steps for the manufacturing of LCNFs via electrospinning and a two-step

thermal conversion.

Electrospun lignin-derived carbon nanofibre (LCNF) mats have been investigated for over a
decade. First reports of LCNFs from Organsolv lignin via co-axial electrospinning were pub-
lished by Lallave et al. in 2007 (Figure 2-12).!!'> Therein, the authors describe electrospinning
of lignin dissolved in ethanol without any additive.!'> By using glycerine as a template hollow
fibres were produced.!!'> After establishing this electrospinning system the same group proved
the flexibility of the process by changing process parameters such as composition of the spin-
ning solution and thermal treatment of the as-spun lignin nanofibres.!%-!16-11° Kadla and Kubo
showed in a series of papers that strong intermolecular interactions between lignin and polyvi-
nyl alcohol (PVA) and polyethylene oxide (PEO) exist.!?"'? These intermolecular interactions
(e.g. hydrogen bonding) have subsequently been demonstrated to facilitate continuous electro-
spinning of various technical lignins (e.g. Organosolv lignin, Kraft lignin).'?®! In a subsequent
study, lignosulfonate lignin was blended with PAN.!?® The mechanical properties were shown

to be best for the 50:50 PAN/lignin blend.'?® Cho et al. showed that electrospinning of fraction-
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ated softwood Kraft lignin with PEO and cellulose nanocrystals (CNC) allows to skip the sta-
bilization step in air without fusing of fibres depending on the heating rate during carboniza-
tion.'?* Hu et al. reported the production of highly porous electrospun LCNFs via a single-step
carbonization/activation process.!*® They showed that using PEO not only facilitates electro-
spinning of Kraft lignin, but also enables thermal treatment of the fibres without losing struc-

tural integrity or fusing.'*

2007 2010 2013
Formation and morphology of fibres

Electrospun Electrospinning  Electrospinning Creation of
Organosolv of technical of Kraft lignin ~ microporosity by
lignn, lignins with from solvent ~ NaOH/KOH in
Lallave et al. PVA/PEO, extraction, electrospinning

Dallmeyer et al. Baker et al. solution,

Huetal.

Figure 2-12 Timeline with the key publications on electrospinning lignin with the main focus on the

formation and morphology of the resulting fibres.

Additionally, they demonstrated that incorporating small amounts (alkali hydroxide/lignin
ratios of 0.1, 0.3 and 0.5) of NaOH in the electrospinning solution creates both micro- and
mesoporosity, whereas by adding KOH, mainly microporosity was created.!*® Hosseinaei and
Baker described a procedure in which a commercial lignin can be purified and fractionated by
solvent extraction to give a lignin with a high Ty (e.g. 185 °C) that can be electrospun without
any additive in a solvent mixture of DMF and methanol and rapidly converted to carbon
nanofibres.®

After this first wave of publications on lignin-derived carbon nanofibres which was mainly
concerned with the formation and morphology of fibres, the first application-based publications
of LCNFs appeared in 2013 (Figure 2-13). Choi et al. fabricated PAN/Kraft lignin-based carbon
nanofibres with various weight ratios of PAN to lignin for high-power lithium ion battery (LIB)
anodes.”! They ground the fibrous mats into granular material and coated it onto a copper foil

used as current collector.’®! These electrodes were then tested as anodes in half cells against
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lithium metal.'*! The authors showed that the manufactured carbon nanofibres exhibited almost
the same exceptionally high rate capability regardless of the lignin content.'*! However, the
initial irreversible capacities were higher for the carbon nanofibres with lignin than for the
purely PAN-based fibres.!3! In the same year, Wang et al. published an article about the use of
lignin-derived fused electrospun carbon fibrous mats as free-standing anodes in LIBs.!*? The
authors prepared a PEO-Organosolv lignin blend by electrospinning, carbonized these mats
directly and finally annealed them in the presence of urea to increase the nitrogen content which
improved the electrical conductivity.'*> The maximum specific capacity was 445 mAh/g at
0.1 A/g.'*? Hu et al. tested supercapacitors (SCs) based on sub-micrometer activated LCNFs in
aqueous 6 M KOH electrolytes.'**> They fabricated the LCNFs by their previously established
recipe with PEO as co-polymer and KOH as activation agent in the spinning solution.'** The
authors did not use the LCNF mats as free-standing electrodes, but prepared dispersions of them

via sonication to deposit them on a nickel foam as current collector. '3

2013 2014 2016 2018 2019
I I Application of carbon nanofibres
Free- Application Free-standing Kraft Phosphorus Kraft lignin-
standing of electro- CNF mats lignin/PVA functional- based CNF
fibrous spun lignin/ from Kraft derived CNF ization of electrodes in
electrodes PAN- lignin as mats as Organosolv ionic liquid
from lignin  derived electrodesin  substrates for lignin-derived electrolytes,
in LIBs, CNFs in aqueous MnO, carbon fibres in Jayawickramage
Wang et al. NIBs, alkaline SCs,  particles in SCs, Garcia- etal.
Jinetal. Lai et al. organic SCs, Mateos et al.
Ma et al.

Figure 2-13 Timeline with the key publications on electrospun lignin-derived carbon nanofibres with

the main focus on their application in energy storage.

Notably, the KOH activated LCNFs showed high specific gravimetric capacitance (344 F/g)
with low mass loading (1.8 mg/cm?) at 10 mV/s.!*3 With increasing active material loading
(10 mg/cm?) and increasing scan rate (50 mV/s) the performance decreased to a still high value
of 196 F/g and a high areal capacitance of 0.55 F/cm?.!*? Lai et al. published an article on free-
standing and mechanically flexible mats from Kraft lignin-derived electrospun carbon nano-

fibres as electrodes.'** Their spinning solutions contained Kraft lignin-PVA blends dissolved
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in water with a mass ratio of Kraft lignin/PVA being 70/30.'3* After stabilization in air at 220 °C
and carbonization in N; at 1200 °C, the researchers used the electrospun LCNF mats as elec-
trodes in supercapacitors without further processing.!** They tested the LCNFs in two-electrode
supercapacitor cells in 6 M KOH electrolyte. However, their maximum capacitance values were
considerably lower (64 F/gat a current density of 0.4 A/g) than the ones reported by Hu et al.,
even if they were tested in the same electrolyte.!*>!** More recently, PAN/lignin-based CNFs
were also used in high-voltage (3.5 V) SCs operating with an ionic liquid as electrolyte exhib-
iting a high specific capacitance of 128 F/g and an energy density of 59 Wh/kg."*® Jin et al.
were the first to report the application of electrospun lignin/PAN derived carbon nanofibres in
sodium ion batteries (NIBs).!*® The authors used commercially available hardwood lignosul-
fonate lignin and dissolved various mass ratios of it with PAN in DMF.!3¢ After stabilization at
250 °C for 1 h in air and carbonization at temperatures ranging from 800 to 1300 °C in N3, they
used the LCNF mats without further modifications as anodes in NIB half cells with sodium
metal as the counter electrode.'*® The best results were obtained for blends with equal amounts
of PAN and lignin carbonized at 1300 °C.!3® This material showed a reversible capacity of
292.6 mAh/g with an initial coulombic efficiency of 70.5% at a current density of 0.02 A/g.!3
In 2015, Ma et al. used straw lignin as precursor for electrospinning lignin-PAN blends dis-
solved in DMF."37 Rather than focusing on the application of the LCNF mats they investigated
the lignin precursor (Figure 2-14). The authors characterized four lignins by elemental analysis
and chose a straw lignin for the fabrication of LCNFs because of its low sulfur and high carbon
content.'3” After electrospinning, they converted the lignin nanofibres to CNFs via stabilization
at 280 °C and carbonization at different temperatures (600, 700, 800, 900, 1000 °C) in N,.'*’
Regardless of the carbonization temperature, a low degree of graphitization was determined for
all samples by X-ray diffraction and Raman scattering.!>” Jeon et al. investigated the depend-

ence of the porosity in the final carbon material on the type of lignin. Additionally, they tested

30



Chapter 2 Literature review

the performance of the lignin-derived carbon powder in symmetric two-electrode supercapaci-
tors (SCs) using 1 M H2SOys as electrolyte.!®® The authors compared three lignins (Kraft and
Organosolv lignins) which differed in their weight average molar masses (1098, 1710,
2596 g/mol). They showed that the molar mass plays a major role in the development of poros-

ity and the electrochemical performance of the lignin-derived carbon powder.!%

2014 2015 2016 2017 2018

I Precursor-product relationships

Lignin precursor Entirle process Dnlependence of Impact of lignin  The effect of
characterization chain from porosity in the extraction fractionation
and establishing lignin lignin derived methods on and purification
selection rules  extractionto  carbons on the microstructure on the
for lignins to be  testing the molar mass of and mechanical  properties of
used for LCNFs as lignins, properties, lignin-derived
electrospinning, granular Jeon et al. Shietal. carbon fibres,
Ma et al. material in SCs, Liu et al.

You et al.

Figure 2-14 Timeline with the key publications on precursor (lignin)-product (carbon fibres) relation-

ships in electrospinning lignin.

The maximum capacitance (114 F/gand 79 F/g at 5 mV/sand 100 mV/s) was achieved by the
carbon material derived from the lignin with the lowest molar mass.'®* The authors related this
to the degree of graphitization and porosity which were highest for this material.'®® You et al.
published a work in which they describe the entire process chain from lignin extraction (birch
wood via Organosolv treatment) to testing the LCNFs as granular material in symmetric SCs. !
The authors have electrospun the Organosolv lignin in a solvent mixture of acetic acid and
tetrachloromethane with hexamine which accelerated the stabilization in air at 250 °C.!*® The
stabilized fibres were then carbonized at 1000 °C for 1 h in N. Finally, the LCNFs were acti-
vated at 900 °C with steam.!*® The activated LCNFs were then slurry coated on an aluminum
foil and tested in symmetric two-electrode supercapacitors (SCs) using 1 M TEABF; (tetrae-
thylammonium tetrafluoroborate) dissolved in PC (propylene carbonate) as electrolyte.!*® Since
the SCs were charged and discharged up to 3 V, the measured capacitance of 133 F/g (at 1 A/g)

translated into a high gravimetric energy density of 42 Wh/kg."*® These promising results were
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correlated with the high surface area of 2185 m?/g with pore sizes in the range of 0.5 — 1.3 nm
determined for this material.!*® In 2017, Shi et al. investigated the impact of the molar mass of
different lignins obtained by various extraction methods on the microstructure and mechanical
properties of lignin-based carbon fibres.!** They concluded that a high molar mass with a nar-
row molar mass distribution is the key factor for preparing CNFs from lignins. Liu et al. showed
similar trends in 2018 by preparing CFs from lignin/PAN blends with lignins with varying mo-
lar mass distributions dependent on the fractionation conditions.”

Besides investigating LCNFs as sole active material, research was also directed towards em-
ploying them as electrically conductive scaffolds for the deposition of metal particles. This
gives the opportunity to increase the energy density. Ma et al. manufactured flexible LCNF
mats by electrospinning aqueous solutions of Kraft lignin and PVA in order to use them as
conductive substrates for MnO,.'*® After stabilization and carbonization, MnO, was deposited
in a separate step by immersing a LCNF mat into aqueous KMnOjy solutions at 65 °C for four
hours.!*® The resulting composite electrodes were then used in symmetric SCs in an organic
electrolyte.'*® The maximum performance of 83.3 F/g, 84.3 Wh/kg, and the maximum power
density of 5.72 kW/kg was achieved by the composite electrode with an equal mass ratio of
MnO; to carbon.!#°

Porous carbons find application in the fields of gas capture and storage, filtration (sorbents) and
energy storage.2l104141-143 A5 presented in this section, the use of lignin as precursor for porous
CNFs has been studied in various contexts with different focal points. The work at hand is a
contribution to the effort of producing porous, functional CNFs from well-characterized Kraft
lignins towards free-standing and eventually flexible supercapacitors. These energy storage de-

vices will be the topic of the final section of the literature review.
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2.4. Porous carbons in mobile energy storage

Carbons are widely used in various energy storage technologies and applications due to their
physical and chemical versatility.!**!*> For instance, the most widespread electrochemical en-
ergy storage system, namely Li ion batteries, relies on carbon (graphite) anodes. ¥ Fuel cells
and metal air batteries also heavily rely on carbon materials as active material or support of
electrocatalysts.'*1>% Finally, electric double layer supercapacitors constitute another more
rapid form of energy storage in which highly porous carbon materials play a crucial role by

providing surface sorption sites for charge storage/accomodation, 43-151:152

2.4.1. Supercapacitors in the context of energy storage

Supercapacitors, also called ultracapacitors or electrochemical capacitors, are energy storage
devices that provide higher power (>10 kW/kg), but lower energy densities (~5 Wh/kg) than
the widely used Li ion batteries (~150 — 200 Wh/kg) and Ni-metal hydride (~60 Wh/kg) bat-
teries as shown in the Ragone plot displaying power versus energy density (Figure 2-15). Thus,
supercapacitors are the devices of choice when power pulses are needed (e.g. engine cranking),
whereas Li ion batteries can provide electrical energy continuously over hours due to their
higher energy density.'* The different characteristics of both devices arise from the fundamen-

tally different charge storage mechanisms.
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Figure 2-15 Ragone plot modified based on the version published by Simon et al.!>3
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Energy storage for both devices can be understood as accommodation of charge (ions) at a
certain cell potential (voltage). The higher the voltage (U) and the greater the amount of charge
(Q) stored the more energy is stored.

Li ion batteries store charges indirectly via de-/intercalation of Li ions into Li host materials at
3 —4 V. Most widely used are metal oxides as cathode and graphite as anode.'*® The de-/inter-
calation is a bulk reaction which changes the cathode and anode materials chemically and
structurally involving several phase transitions accompanied by volume changes. !4’
Conversely, supercapacitors in their most original form store charges directly via electrostatic
ad-/desorption of ions from the electrolyte on the surface of two oppositely polarized electrodes
forming a so-called electric double layer at each of them. During charging and discharging, no
chemical or structural changes are induced in the electrode materials. This fundamental differ-
ence in charge storage mechanism gives rise to very different specifications and hence both
devices should be regarded as complementary rather than replaceable.!>* The degree of revers-
ibility and thus the cycle life of SCs solely relying on the electrostatic ad-/desorption of ions on
electrically polarized surfaces is much higher compared to batteries.!>* Moreover, the maximum
power output of SCs is by orders of magnitude higher than the one of batteries due to the fact
that no bulk chemical changes are associated with charging and discharging. However, both the
amount of charges that can be stored and the operating voltage are considerably lower in SCs
than in batteries and hence their energy density is lower.!*> The fundamental difference in
charge storage mechanism is reflected in the charging and discharging profiles (voltage vs.
time-plot) of the two devices (Figure 2-16). For Li ion batteries, the voltage is a smooth function
of time only with a gentle slope, whereas for (super-)capacitors the voltage is a linear function
of time.'>> As more charges are accumulated on the surface of the electrode during charging of

a SC, increasingly more work has to be done against the already accumulated charges which
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leads to progressively rising voltage in the charging process and vice versa during discharg-

ing.!>>1%6 Conversely, for LIBs the progressively increasing charge is being added at a quite

constant (slowly decreasing) voltage U.

Va <«—— Charging

( Battery
Discharging ——»

D/:S
C}’er 7
i,
9

. C/?afg/hg

Supercapacitor
| = const.

Figure 2-16 Idealized charge and discharge profiles of a battery and supercapacitor at a constant current.

Consequently, the Gibbs energy, G, stored in a SC based on electrostatic ad/desorption of ions
is G = Y2-Q-U compared to G = Q-U in a battery.'*® Since the invention and commercialization
of the earliest supercapacitors that were solely based on the above-mentioned charge storage
mechanism, new strategies have been pursued to increase the energy density of these devices.
The different variations starting from the basic electric double layer supercapacitor (EDLC)

will be described in the following.

2.4.1.1. Electric double layer capacitors

The electric double layer (super-)capacitor (EDLC) is the most original form of supercapacitor
based on electrostatic ad-/desorption of the electrolyte ions on the surface of two oppositely
polarized electrodes. This leads to the formation of electric double layers at the electrode-
electrolyte interfaces. The earliest EDLC based on porous carbon electrodes has been patented,
but not commercialized, by Becker at General Electric in 1957.'%7 It was not further considered
by industry or academia until 1970, when Standard Oil filed another patent on “Electrolytic
capacitor having carbon paste as electrodes” which it sold to Nippon Electric Corporation where
it was further developed and successfully marketed.! %! It was not until the 1990s that EDLCs
emerged from a niche product to a widely used energy storage device in hybrid vehicles where

they have been used within brake energy regeneration and start-stop systems.'®>1%! To date,
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electrodes still consist of activated carbon pastes coated on aluminum current collectors as
described in these early patents.'* Nowadays, the most widespread electrolytes are organic
(e.g. tetracthylammonium tetrafluoroborate in acetonitrile or propylene carbonate). However,
there are also EDLCs commercially available that use aqueous electrolytes for very high power
applications.'>1%? The principal difference between the aqueous and organic electrolyte-based
devices is the electrochemical stability window (ESW), which is 1.23 V for aqueous
electrolytes and 2.5 — 2.7 V for organic electrolytes.'> Ionic liquids (ILs) with ESWs of up to
6 V have been proposed as a possible strategy to increase the energy stored in an EDLC.!3*!63
Increasing the operating cell voltage is a promising pathway to increase the energy as the stored
energy in an EDLC rises with the square of the cell voltage meaning doubling the voltage results
in a four-fold increase of the energy (equation I). However, ILs suffer from drastically reduced

maximum power at room temperature, safety issues and high manufacturing costs.'>%!%°

1 2
E=E-C-U @

Where E = energy [Ws], C = capacitance [F], U = cell voltage [V]

The capacitance is defined as the amount of charge (Q) accumulated on the electrodes’ surfaces
per potential difference (V) applied. The capacitance (unit: Farad, F) is mainly dependent on
the accessible surface area (A) and the dielectric constants (&, ) of the electrolyte and the double
layer thickness (d).

Q & & A

Where C = capacitance [F], Q = charge [C], U = voltage [V];
¢ = dielectric constant of electrolyte (r) and vacuum (0)
[As/Vm], A = accessible surface area [m?], d = double layer
thickness [m]

In addition to the energy stored in a supercapacitor, the second main characteristic is the maxi-
mum power (Pmax), which is the rate of energy released per unit time. Pmax 1s determined by the

resistance of the internal components of a SC cell such as current collectors, electrode materials,
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the electrolyte and the separator. It can be measured via the equivalent series resistance (ESR)
to which all the previously mentioned resistances contribute.

2
Prax = _U (I
4 « ESR

Where Puax = maximum power [W], U = voltage [V],
ESR = equivalent series resistance [Q]

In industry, capacitance, energy and power are given as absolute values for a certain superca-
pacitor type, whereas in materials science where different materials are to be compared, energy,
power and the capacitance are normalized either by weight (gravimetric) or by volume (volu-
metric) of the electrodes tested. This gives rise to the units Wh/kg or Wh/cm? for energy density,
W/kg or W/em? for power density and F/g or F/cm? for the specific capacitance used throughout
this thesis. Since there are two electrode-electrolyte interfaces in one EDLC cell at which dou-
ble layer formation occurs upon charging (polarization of the electrodes), the total cell capaci-

tance (Ccen) 1s calculated as a series of capacitances (equation IV).

1 1 1
= —+= av)
Ccell C+ C-

Where Ccell = cell capacitance [F], C+/C. = capacitance on
positively/negatively polarized electrode [F]

Hence, if C+ = C. = C. it follows equation (V).

Ce
Ceent = ? © 2% Ceeyp = G ™

Where Ceen = cell capacitance [F], Ce = capacitance of the in-
dividual electrode [F]

Dividing the last expression in equation (V) by the weight or volume of one electrode (positive
electrode) in the SC cell gives the gravimetric/volumetric capacitance. However, it is more rep-
resentative of the entire SC cell to consider the weight of both electrodes (total active carbon in

the cell) which leads to equation (VI) used here.
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Cactive
Ceet = 4 © 4 x Ceenp = Coctive VD)

Where Ceent = cell capacitance [F], Caciive = capacitance of the
total active carbon in the cell [F]

Other than testing different electrolytes in order to optimize energy and power densities, a key
parameter to optimize is the porous carbon structure and chemistry to maximize the cell capac-
itance. This can only be done in the context of a certain electrolyte as every electrolyte type
(aqueous, organic or IL) and different electrolytes of one type require different pore structures
and surface chemistries. For instance, it was shown that the maximum capacitance can be

attained by matching the pore sizes to the unsolvated ion sizes in the electrolyte.!®*1%> Different
models exist to describe the electric double layer in a porous system filled with electrolyte.
Based on earlier models published by Helmholtz and Gouy and Chapman, Stern described two
different regions of ion distribution at the electrode-electrolyte interface: 1) the so-called com-
pact or Stern layer and 2) the diffuse layer.'®® In the compact region, ions from the electrolyte
are strongly adsorbed by the electrode, whereas in the diffuse layer further away from the elec-
trode there is a continuous distribution of ions in solution arising from thermal motion. '
Hence, the overall double layer capacitance consists of both compact and diffuse layer capaci-
tance.'® Since the carbon electrode materials are highly porous, the double layer charging be-
comes considerably more complex.!*? To describe the double layer formation in highly porous
structures on a microscopic level, Huang et al. established a model based on density functional
theory (DFT) combined with experimental data.!¢” In their model, the authors take into account
curvatures of pore walls by introducing additional terms in equation (II). They found an im-
proved correlation of their model to experimental data by applying the curvature terms for pores
with sizes of 2 — 50 nm (mesopores) and <2 nm (nanopores).'®” Assuming that the mesopores
were cylindrical, the authors modelled that the solvated ions enter the pores and approach the
pore walls of the cylindrical pore to form an inner cylindrical arrangement of the adsorbed ions

generating an electric double-cylinder capacitor (Figure 2-17a).'’
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Figure 2-17 Schematic diagrams of a negatively charged mesopore with cations approaching the pore
wall to form an electric double-cylinder capacitor with radii b and a for the outer and inner cylinders,
respectively, separated by a distance d (a) and a negatively charged nanopore with cations lining up to

form an electric wire-in-cylinder capacitor (b) (taken from Huang et al.'¢7).

In nanopores, however, the width of pores is drastically reduced and hence the solvated or
desolvated ions line up to form a single line of ions (an electric wire-in-cylinder capacitor)
(Figure 2-17b).'” Next to the new insights into the geometry of the electric double layers in
nanopores, the dynamics of charging of electric double layer capacitors was studied by in op-
erando nuclear magnetic resonance (NMR) spectroscopy and molecular dynamics (MD) simu-
lations.'%>168 It was shown that upon polarization of the carbon electrodes, the charging mech-
anisms involve a variety of processes rather than only simple counter-ion (anion on positive
electrode) adsorption. Since the pores contain ions (counter and co-ions) even in the uncharged
(unpolarized) state, counter-ion adsorption, ion exchange, and co-ion desorption illustrated in
Figure 2-18 take place upon polarization of pores in the carbon electrode that were initially
filled with electrolyte.'®>!®® The ion exchange charging mechanism was found to be the most
prominent mechanism by in situ characterization techniques, whereas pure counter-ion adsorp-
tion has not been observed to date.!®®!%? Next to the pore size effect, pore connectivity and the
overall pore size distribution were shown to be important, particularly for achieving high power
densities.!”® Hierarchical porous carbons exhibiting a large fraction of micropores (<2 nm) with
a fair amount of well-connected mesopores facilitating ion transport seems to be the optimum

for high capacitance and good rate capabilities. '’
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Figure 2-18 Possible charging mechanisms for pores initially filled with electrolyte: counter-ion adsorp-

tion, ion exchange, and co-ion desorption (taken from Forse et al.!®®).

Depending on the starting precursor, the strategy to achieve this pore structure are highly
variable. Starting from biomass (e.g. wood) or biomass components (e.g. lignin) yields inherent
pore creation during pyrolysis creating highly porous structures as biomass precursors are
oxygenated and often have a hierarchical pore structure, which may be preserved during
conversion to carbon materials.!”! Conversely, starting synthesis from fossil hydrocarbon
precursors gives rise to dense and ordered carbon materials as fossil carbon sources are almost
oxygen-free and structurally more ordered than biomass precursors (e.g. mesophase pitch
versus lignin, Figure 2-9). In order to increase the porosity, chemical and physical activation
procedures, soft and hard templating are applied.!’>!”® For chemical activation dehydrating salts
like KOH and ZnCl; and for physical activation steam or COx) at high temperature (700 —
900 °C) are commonly used.!”>!”® These two methods affect both micropores and mesopores.
Soft and especially hard templating mainly affect the mesopore structure.!”*!”> Consequently,
in academia templating strategies are often coupled with chemical or physical activation to
attain hierarchical pore structures.!’® However, activated carbons produced on an industrial
scale are prepared via chemical or physical activation starting from biomass (e.g. wood, coconut

shells) or fossil carbon sources (e.g. petroleum coke, pitch, synthetic polymers) as templating
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strategies are too costly.!””!”® An overview of capacitances measured for various carbon

materials in different electrolytes is shown in Table 2-1.

Table 2-1 Gravimetric capacitance values for various carbon materials in different electrolytes.

Capacitance /F/g
Electrode material Aqueous Organic Ionic liquid
Activated carbons 100-200'45 100-150'45 100-150'7°
Templated carbons 120-350180 120-135'%2 15012
Carbon nanotubes 20-180145:172 20-8012 20-4518!1

Depending on the type of electrolyte, differences in terms of surface chemistry need to be
considered, too. In organic and IL electrolytes, which operate at high voltages, it is important
that the number of oxygen groups (e.g. carboxylic acid groups) is kept at a minimum as these
functional groups were shown to be unstable at high voltages (>2.0 V).!32183 Fossil precursors
are more suitable than biomass ones due to the lower degree of oxygenation. However, in
aqueous systems, oxygen or nitrogen functional groups can improve the performance
considerably.!®* Firstly, polar functional groups make carbon materials more hydrophilic and
hence more accessible to the aqueous electrolyte.!”> Secondly, certain functional groups were
shown to interact with ions not only via the electrostatic ad-/desorption mechanism, but also
through an additional charge storage mechanism, namely pseudo-capacitance, which is

described in the following section.

2.4.1.2. Pseudo-capacitors

Pseudo-capacitance is a charge storage mechanism distinctly different from the electrostatic ad-
/desorption of ions on the electrodes’ surfaces as an electrochemical charge transfer (redox
process) takes place.'”? Hence, pseudo-capacitors incorporate a charge storage mechanism
based on rapid and reversible near-surface redox reactions unlike diffusion limited bulk redox
reactions in batteries.!*? It occurs together with the previously described EDLC behavior. To

account for this new charge storage mechanism, the term ‘pseudo’-capacitor/capacitance was
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coined by Conway.!*>!>® Transition metal oxides, such as RuO2, MnO> and PbO,, have been
used to add pseudo-capacitance and hence increase the energy density of SCs. Moreover, the
cell design was modified so that the positive electrode was pseudo-capacitive, whereas the neg-
ative electrode purely based on the electrostatic ad-/desorption of ions (asymmetric EDLC).
Thus, the cell capacitance could be almost doubled compared to a symmetric EDLC device.'>
However, additional costs for the materials and their manufacture has limited their use to niche

).185 Moreover, carbon materials with oxygen and nitrogen

markets (e.g. military applications
functional groups on their surface show reversible charge transfer reactions in aqueous me-
dia.'” For instance, oxygen functionalized carbon materials also show pseudo-capacitive be-

havior especially in acidic media.'**!3¢ Notably, the protonation and deprotonation of qui-
none/hydroquinone groups in the carbon structure give rise to an additional charge transfer re-
action (Figure 2-19a).'*” This well-known redox reaction for oxygen functional groups has also
been demonstrated with lignin-derived carbon materials.'®® Furthermore, pyrone-like structures
(combination of non-neighboring carbonyl and ether oxygen atoms at edge of graphene layers)
have been proposed to be redox active. After the irreversible protonation of the carbonyl group
by an acid pre-treatment a formal positive charge on the ether oxygen is created rendering it
electrochemically active (Figure 2-19b).!87:18%190 Generally, the pseudo-capacitive behavior in
basic electrolytes (e.g. KOHqq) is not as well-understood as in acidic media. It was shown that

increasing oxygenation of the carbon electrodes results in a higher affinity towards alkali and

alkaline earth metal ions, such as K™ or Ca**, contributing to an increase in capacitance.'"!

Figure 2-19 The reduction/oxidation of quinone/hydroquinone groups (a), pyrone activation protdnatioﬁ

of the carbonyl group by an acid treatment (b).
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Another strategy towards boosting the energy density of SC devices is to couple a battery elec-

trode with a supercapacitor electrode in a so-called hybrid-capacitor cell.!?

2.4.1.3. Hybrid capacitors

In order to increase the energy density even more, hybrid capacitors are being developed and
have been commercialized already.!**!** Instead of either increasing the voltage window or the
charge storage capacity of the supercapacitor, both can be achieved at the same time with the
concept of hybrid capacitors. Within this concept, the positive electrode is a highly porous car-
bon electrode, whereas the negative electrode is chosen to be an intercalation compound such
as graphite or a transition metal oxide.!”> The electrolytes used in hybrid capacitor cells are
usually organic, such as lithium hexafluorophosphate (LiPF) dissolved in propylene carbonate
(PC). Thus, the hybrid capacitor consists of an EDLC electrode and a de-/intercalation battery
electrode together with organic electrolytes similar to the ones used in pure battery devices. In
general, two types of hybrid capacitors can be distinguished differing in the choice of the elec-
trode materials. There are 1) carbon-carbon hybrid cells where both electrodes are made of
carbon materials, like activated carbon as the positive and graphite as the negative electrode
and 2) carbon-transition-metal-oxide cells where the negative electrode is composed of a tran-
sition metal oxide and the positive electrode of activated carbon. The carbon-carbon hybrid cell
type is less expensive and based on facile materials, but in order to achieve high coulombic
efficiencies and maximum cell potential the graphite negative electrode needs to be pre-doped
with the ion (e.g. Li") to be used in the final cell. In the hybrid cell type with a transition metal
oxide as negative electrode material, the pre-doping step is dispensable, but the preparation of
the electrode material is more sophisticated and hence more expensive.'?>19319:1% Coupling
EDLC electrodes with de-/intercalation electrodes gives rise to significant advantages com-
pared to the original battery or EDLC cells.!® Firstly, the Li ion de-/intercalation occurs in the

negative electrode at a shallower state of charge which means that less severe structural and
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chemical changes are induced in the material than in the corresponding pure battery cell. Addi-
tionally, rather than solely relying on the Li ion for charge shuttling between the two electrodes
both cations and anions are used in a hybrid capacitor cell. The cation (e.g. Li") undergoes
intercalation and deintercalation on the negative electrode (e.g. graphite) and the anion (e.g.
PFs) is ad-/desorbed on the porous positive electrode (e.g. activated carbon). This leads to
higher charge storage capacity at higher operating voltage (3.8 — 4.0 V) compared to organic
electrolyte based EDLCs.'?*!%> However, the power density is reduced through the limited rate
capability of the negative electrode.!®” To date, energy densities exceeding 100 Wh/kg at low
power densities of 0.06 kW/kg and energy densities of up to 50 Wh/kg at 10 kW/kg have been

reported.!?® This is a ten-fold improvement in energy density compared to organic EDLCs.!**1%%

2.4.2. Supercapacitor cell design — towards new device geometries

Independent of the type of electrochemical storage device, the overall electrochemical cell con-
sists of two electrodes, which are separated by an electrically insulating but ion permeable sep-
arator soaked in liquid electrolyte.'* The electrodes in supercapacitors or batteries are in gen-
eral thin coatings of active material (e.g. activated carbon) on metallic current collectors.!”
Before coating, the surface of the current collector is etched and modified by a coating with
conductive carbon in order to improve the adhesion of the active material.!> The active material
1s mixed with a binder and a conductive additive (carbon nanotubes or carbon black) to form a
slurry that can be coated with a controlled thickness, rolled, and dried to form a porous electrode
(Figure 2-20). The thickness of the electrode in commercial devices ranges from 100 to 300 pm
with a high porosity of 65 — 75% and densities of 0.7 to more than 0.9 g/cm?.1>*13%1% In par-
ticular for supercapacitors, the state-of-the-art electrode manufacturing is costly and the result-
ing SC cells and cell modules (several cells in series or parallel) are bulky.!*® Both factors
hinder the replacement of oversized batteries by SCs in full electric and hybrid vehicles.'® Self-

supported active materials in the form of electrospun nanofibres prepared from lignin could
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drastically reduce the processing steps and hence costs for electrode preparation compared to

activated carbon powder produced from for example coconut shells.

Rigid electric Flexible electric double
double layer layer capacitor

Flexible packaging

-current collector

-separator CNF
% Polymer
electrolyte >
ﬁ

CNF

Al current collector

active porous carbon layer

200 pym

Al substrate

Figure 2-20 SC cells with film coated carbon powder-based electrodes (left) and with free-standing and

flexible CNF electrodes as electrodes in conjunction with a polymer electrolyte (right).

Self-supported, which is termed ‘free-standing’ in this thesis, and flexible electrodes do not
require metallic substrates (Figure 2-20). Thus, multiple process steps like current collector
preparation, particle sizing and slurry coating could be omitted through the new electrode de-
sign. In conjunction with a polymer electrolyte, the free-standing CNF mats may also be suita-

ble electrodes for the next generation energy storage devices that will be flexible and weara-

ble.2®
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3. Lignin-based carbon nanofibres from softwood and hardwood Kraft lignin

3.1. Introduction

In this chapter, the preparation and characterization of the two types of Kraft lignins used for
the manufacture of lignin-derived carbon nanofibres (LCNFs) throughout this research project
are described. Additionally, the thermal conversion of the lignin precursor fibres to carbon
nanofibres (CNFs) and their characterization are presented. Finally, the capacitive performance
in aqueous alkaline supercapacitors was tested. Literature focusing on the relation between the
structure and chemistry of a lignin precursor and the resulting materials' properties is scarce, to
date. Since lignin is not a well-established (“off-the-shelf*) chemical compound, but inherently
a loosely defined precursor, it is crucial to characterize the lignin used as starting material to
understand its structural and chemical features. A model workflow (Figure 3-1) was created,
whereby the properties of the initial lignin precursor are linked with the properties of the
resulting carbons by the thorough preparation and characterization of the lignin precursor.
Therefore, this work is a contribution to finding relationships between certain structural and
chemical features of Kraft lignins and the properties of the resulting product (here: LCNFs).
The reactions taking place during the Kraft process yielding new structural arrangements
(building units and linkages) and chemical compositions have been the focus of several research
works in the past.’2°!203 In particular, advanced spectroscopic and rigorous analytical methods
give more and more insights into the wealthy structural arrangements of various Kraft
lignins.>?22% These insights have been proven useful on the route towards low molecular
weight compounds via catalytic depolymerization of lignin.?>?>2% It was found that the higher
the number of C-C linkages in the lignin structure the less successful the depolymerization;
whereas the presence of a large number of more labile arylglycerol-f-O-4 aryl ether linkages
(B-O-4 ether bonds) has been shown to facilitate the deconstruction of lignin

enormously.201:205.206
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Figure 3-1 Workflow for the use of lignin as a precursor for carbon materials.

The different linkages and structural arrangements were also investigated in the use of lignin as
a macromolecular precursor for the production of carbon fibres.”*2°7-2% Braun et al. investigated
the structural and chemical changes of meltspun fibres during oxidative thermostabilization of
hardwood Kraft lignin.”? Reactions occurring during thermostabilization in air increase the mo-
lar mass and the degree of crosslinking and hence the glass transition temperature (Tg). It was
found that the homolytic cleavage of the a-O-4 and B-O-4 ether bonds takes place first during
oxidative thermostabilization.”>?” This can be explained by the lower bond dissociation ener-
gies (BDEs) of the ether bonds (a-O-4: ~55 kcal/mol, and f-O-4: ~65 kcal/mol) compared to
the various C-C bonds (~72 — 110 kcal/mol).?*2!*> The bond homolysis yields radical interme-
diates such as phenethyl and phenoxy radicals which undergo a series of rearrangement, elimi-
nation and oxidation reactions.’>?!? The scission of methoxy groups was shown to occur only
at high temperatures (>280 °C) during oxidative thermostabilization.”> Furthermore, the influ-
ence of different thermostabilization conditions on the properties of the final carbon fibres was
investigated by several authors.'*27-214 The authors focused on optimizing the process of oxi-
dative thermostabilization of lignin fibres which is regarded to be one of the bottlenecks towards
commercialization of lignin-based carbon fibres. It was found that for meltspun lignin fibres

slow heating rates in the range of 0.01 to 0.5 °C/min are needed in order to attain a thermoset
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lignin and hence retain the fibre shape and properties.”®*! Various soft- and hardwood LCNFs
were tested in supercapacitors operating in different electrolytes and cell configura-
tions.!1%134215 Tq date, a clear inference concerning the reasons for superior performance of one
lignin compared with another is out of reach.

Herein, a eucalyptus hardwood Kraft lignin (HKL) is compared with a pine/spruce softwood
Kraft lignin (SKL) in the manufacture of porous electrospun CNFs. These are then used as free-
standing electrodes in supercapacitors without further modifications. As mentioned in the liter-
ature review of this thesis, ‘free-standing’ electrodes are defined as self-supported carbon elec-
trodes that do not require a polymeric binder, a conductive additive and additional metallic
substrates. HKL is composed of a greater number of more labile $-O-4 ether linkages than SKL.
It is shown that the preparation of functional CNFs with different porosities is governed by the
abundance of linkages and functional groups of the lignin precursors in combination with the
thermostabilization temperature. This translates into differently performing materials in aque-

ous alkaline supercapacitors.

3.2. Preparation and characterization of the two lignin precursors

Throughout the project two different Kraft lignins were used as precursors to produce LCNFs.
Both the preparation (extraction and refining) of the Kraft lignins and the characterization were
carried out by RISE AB (Research Institutes of Sweden). Both lignins were derived from in-
dustrial black liquors. The hardwood eucalyptus lignin was obtained from a black liquor pro-
vided by the ENCE (Energia y Celulosa) pulp mill (Huelva, Spain). The lignin was isolated by
the LignoBoost process (described in the literature review) and dried at 80 °C under vacuum
for about 24 h. Sequential solvent extraction was used to produce a suitable lignin fraction for
electrospinning (Figure 3-2). The solvent extraction method is a modified version of the method
described by Baker, Hosseinaei and Mérck, Yoshida and Kringstad.!!#?!° At first, the dry lignin

(1000 g) was extracted with deionized water by rapidly stirring in 10 L water at 60 °C for 2 h
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(Figure 3-2). The suspension was cooled to room temperature and then filtered. The recovered
air-dried solid was dried at 80 °C under vacuum for about 12 h. Subsequently, the lignin was
extracted with dichloromethane by stirring in 10 L solvent at room temperature for 2 h. After-
wards, the sample was filtrated and the solid recovered on the filter and extracted using metha-
nol (1:10 solid to liquid ratio, room temperature, 4 h). The extract solution was then filtered,
and lignin from the filtrate was isolated using a rotary evaporator. The isolated lignin was dried
in a vacuum oven at 80 °C for 12 h. The final yield for this fraction used as the precursor for
electrospinning was 52.3%. A softwood (pine/spruce mixture) Kraft lignin was obtained from
the LignoBoost demonstration plant (Backhammer, Sweden). The lignin was dried at 80 °C
under vacuum for about 12 h. As shown in Figure 3-2, the dry lignin (1000 g) was first extracted
with methanol, by rapidly stirring in 10 L methanol at room temperature for 2 h. The sample
was filtrated and the solid recovered on the filter was then extracted using a 70/30 v/v mixture
of methanol and dichloromethane (1:10 solid to liquid ratio, room temperature, 4 h). The extract
solution was then filtered and the lignin from the filtrate was isolated using a rotary evaporator.

Precipitation and purification
by LignoBoost process

Eucalyptus black liquor Pine/spruce black liquor

HKL-a SKL-a
- DI water - Methanol.
filtrate-b €-— | , extraction filtrate-b (:—§ , fractionation

[HKLb

SKL-b
. s Dichloromethane - Methanol+
filtrate-c €7—_| , fractionation <:—i'| , dichloromethane

from fractionation
HKL-c filtrate filtercake
s Methanol
<: TN fractionation
from
filtrate filtercake

Figure 3-2 Flow chart revealing the differences in the fractionation procedure of the two lignins, HKL

and SKL.

The isolated lignin was dried in a vacuum oven at 80 °C for 12 h. The final yield for this fraction
was 42.5%. The two lignin fractions (HKL and SKL) used for electrospinning were thoroughly

characterized in order to reveal structural and chemical differences. The purities of HKL and
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SKL were determined by several standard protocols for lignins. The ash content was determined
by combustion of the lignin sample at 575 °C. The compositional analysis was performed by a
two-step acid hydrolysis and measurement of lignin and carbohydrate content. The lignin con-
tent was measured as acid soluble and acid insoluble lignin by gravimetric method and UV
spectroscopy. The carbohydrate content was measured using high-performance liquid chroma-
tography (HPLC).2!7-220

Additionally, elemental analysis with an elemental analyzer and trace metal analysis were per-
formed by inductively coupled plasma optical emission spectroscopy (ICP-OES).??! The oxy-
gen content was calculated as 100% minus the sum of C, H, N, S and ash content. The amounts
of inorganic and organic impurities of HKL and SKL are very low indicated by the low ash
(HKL: 0.27 wt% and SKL: 0.09 wt%) and carbohydrate (HKL: 0.40 wt% and SKL: 0.31 wt%)
content. The sulfur content of HKL and SKL are 2.1 wt% and 1.3 wt%, respectively. Sulfur is
a common impurity in Kraft lignins arising from the Na;S(q) used as a delignifying agent in the
Kraft process. The results of the elemental analysis can be seen in Table 3-1.

Table 3-1 The chemical compositions of HKL and SKL determined by elemental analysis with the

standard deviations given in brackets.

Component HKL /% SKL /%
C 62.20(8) 65.7(2)
H 5.56(1) 5.89(4)
N 0.17(1) 0.18(3)
O* 29.70 26.76

S 2.10(2) 1.32(2)

* The oxygen content was calculated as 100% minus the sum of C, H, N, S, and ash.
The results of the trace metal analysis by ICP-OES are shown in Figure 3-3. The main impurity

besides sulfur are the alkali metals Na and K with concentration well below 1 wt% (10* ppm).

50



Chapter 3 Lignin-based carbon nanofibres from softwood and hardwood Kraft lignin

I HKL
1045 . SKL
g
E.' 1034
s
=)
o
€ 1024
QU
v
=
=]
v
m 101,
1}
=
100_

Al Ba Ca Cu Fe K Mg Mn Na P S Si Zn

Figure 3-3 Trace metal content of HKL and SKL determined by ICP-OES.

The purity can be determined by subtracting the carbohydrate and ash content from the dry
weight of lignin. For both lignins the purity is higher than 99% (HKL: 99.3% and SKL: 99.6%).
This renders the two lignins comparable. Hence, certain properties of the carbons can be related
to structural and chemical features of the lignin precursor. Nuclear magnetic resonance (NMR)
spectroscopy is nowadays the most important and powerful tool to characterize structural fea-
tures of lignins. Besides the common one-dimensional (1D) proton (‘H) or carbon (**C) NMR
measurements, two- (2D) and even three- (3D) dimensional NMR experiments are per-
formed.*-9-202222.223 A very useful and widely applied 2D NMR technique is the heteronuclear
single quantum correlation (HSQC) NMR which is based on correlating a carbon's chemical
shift in one dimension with the proton chemical shift of its attached proton in a second dimen-
sion via pulse NMR sequencing (*C-'H 2D HSQC NMR).***** Consequently, an improved
signal dispersion compared to single 1D 'H or *C NMR is achieved. The *C-'H 2D HSQC
NMR spectra of HKL and SKL are shown in Figure 3-4. In the aromatic region of HKL (Figure
3-4a), signals of syringyl (S) and guaiacyl (G) units are found as expected for hardwood lig-
nins.?*?? However, signals related to guaiacyl units, especially Co>—Hx (G2) and C¢—Hs (Ge), are
very weak which may indicate a low amount of guaiacyl units or condensation in guaiacyl units.
Moreover, signals related to oxidized syringyl (Sox) moieties can be identified which result from

the Kraft delignification process.?*
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Figure 3-4 Aromatic (top) and side-chain (bottom) regions of the 3C—"H (HSQC) spectra of HKL

(a and c) and SKL (b and d) together with the signal assignments.
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SKL exhibits very pronounced signals of G (G2, Gs, Ge) units in the aromatic region (Figure
3-4b) typical of softwood lignins.?**?° Additionally, signals related to stilbenes were identified
(Co—H, Cp—H) in the spectra of SKL. These are generated from phenylcoumaran units (-5 link-
ages),”® which (C,—H) were detected in the side-chain region of SKL (Figure 3-4d), but are
absent in HKL (Figure 3-4c¢). Signals related to resinols, epiresinol units and cinnamyl alcohol
were found in the side-chain regions of both HKL and SKL (Figure 3-4c,d).

For the development of nanoporosity during heat treatment, the side-chain region of lignins is
of great importance. The main linkages determined by 2D HSQC NMR spectroscopy are pre-
sented as percentages based on the total number of linkages in Scheme 3-1. The most pro-
nounced difference between the two Kraft lignin precursors is the percentage of B-O-4 ether
bonds. In HKL, 63.3% of all linkages are 3-O-4 ether bonds, whereas in SKL 35.0%. Con-
versely, the number of more stable C-C bonds in the resinol, epiresinol and phenylcoumaran
structures are higher in SKL than in HKL (Scheme 3-1). The different percentages of B-O-4
ether to C-C bonds can be interpreted as an indicator for the stability of the side chain which is
substantially lower in HKL (more B-O-4 ether bonds) than in SKL. (more C-C bonds). Next to
the abundance of different linkages in the lignin side chain, a second important factor is the
type and abundance of hydroxyl groups present in the lignin polymers. The hydroxyl groups

are important in the formation of inter-/ and intramolecular hydrogen bonding in lignin.'?*

* C-C linkage*
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Scheme 3-1 Comparative quantification of linkages based on volume integrals of the 2D HSQC NMR

signals (*linkages are categorized based on the strongest bonds directly connecting two aromatic units).
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Aliphatic hydroxyl groups can form intermolecular hydrogen bonds and thus limit fusibility of
lignin while phenolic hydroxyl groups provide higher thermal mobility to lignin.'?>?2622” These
intermolecular interactions are of great importance in the oxidative thermostabilizing step as
they control the rate of stabilization and crosslinking in the lignin. The distribution of OH
groups was investigated by quantitative *'P NMR spectroscopy.??#?* 2-chloro-4,4,5,5-tetrame-
thyl-1,3,2-dioxaphospholane (TMDP) is used to phosphitylate the hydroxyl groups in lignin
according to the method introduced by Argyropoulos and co-workers.??®2** The 3'P NMR spec-
tra with signal assignments and the corresponding hydroxyl-group distribution of HKL and
SKL are presented in Figure 3-5 and Scheme 3-2, respectively. From the *'P NMR spectra of
HKL and SKL, the total amount and the distribution of hydroxyl groups in the lignins can be
determined by integration of the peak areas. The total number of hydroxyl functional groups in
SKL is with 5.35 mmol/g only slightly lower compared to HKL (5.41 mmol/g). However, the
distribution of the hydroxyl groups is different. From the OH-group distributions shown in
Scheme 3-2, it is obvious that HKL is composed of a mixture of phenolic guaiacyl (G) and
syringyl (S) moieties and a minor amount of p-hydroxyphenyl (H) units. The SKL precursor
contains exclusively G and a minor amount of H moieties, which is consistent with the results

from 2D HSQC NMR spectroscopy.
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Figure 3-5 3'P NMR spectra of HKL (top) and SKL (bottom) with signal assignments. The star indi-

cates the signal of the internal standard (N-hydroxy-5-norbornene-2,3-dicarboxylic acid imide).
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Another very important difference is the abundance of condensed phenolic moieties in lignin
polymers. SKL contains considerably more of these phenolic units which is in line with the
higher degree of condensation, which means a larger number of C-C linkages, in SKL shown
by 2D HSQC NMR spectroscopy (Scheme 3-1). Furthermore, there are more aliphatic OH
groups in SKL compared to HKL which means SKL can potentially be stabilized at higher

heating rates and at lower temperatures than HKL.**!

Carboxylic Hydroxyphenyl Guaiacyl Syringyl Condens. phenolic  Aliphatic
ww WA wn OH 7, HO
O R R, o/R
"~ o
OH Rj R, Rj OCHj3 H4CO OCHj,
OH OH OH e Rj Ry
R,
HKL (%) 7.2 2.6 15.6 37.7 13.7 23.2
SKL (%) 5.4 3.0 325 0.0 26.0 33.2

Scheme 3-2 Distribution of hydroxyl functional groups in the HKL and SKL precursors determined by
3P NMR spectroscopy.

The elevated content of carboxylic acid groups in HKL contributes to a lower thermal stabil-
ity.?*? In addition to the differences in structural features and functional groups, the molar mass
of the two lignins, which was determined by gel permeation chromatography (GPC), is also an
important property. HKL has a weight average molar mass of 1900 g/mol (My) and SKL a
molar mass of 8600 g/mol (My). The dispersity (D = weight average molar mass/number aver-
age molar mass = My/M,) is elevated for SKL (2.8) compared to HKL (1.5). Overall, D of both
lignins is low due to the fractionation process applied which effectively eliminates lower molar
mass fractions.!!*21623% The glass transition temperature (T,) of HKL is 154 °C which is lower
than the one of SKL (184 °C). The difference in T, arises from the differences in molar mass,
structure, namely number/type of linkages between different building units, chemical compo-
sition (C-content) and functional groups (hydroxyl groups). Thus, it is a highly convoluted

property which is very important in determining the applicability of different lignins for various
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processing strategies. For instance, the lignins used here exhibit a high Ty (HKL: 154 °C, SKL:
184 °C) which renders them unsuitable for meltspinning, but highly suitable for electrospin-
ning.

Lignin characterization is a formidable challenge as a vast number of properties need to be
determined to fully characterize a lignin sample. In order to visualize the most important prop-
erties, a diagram termed ‘Lignin Property Polygon (LPP)’ was developed that visualizes certain
properties for both lignin samples in a concise way (Figure 3-6a). This is especially useful in
order to compare two lignins relative to each other or to examine batch-to-batch reproducibility
of one type of lignin. In the LPP, each corner of a polygon is assigned to one property (e.g.
molar mass) from which a line (the axis) is drawn to the center of the LPP which serves as
origin of each axis. The number of properties considered can be variable depending on the field
of application. The LPP with eight properties (octagon) of HKL and SKL is shown in Figure
3-6 together with a pyramid chart revealing the dependence of the T, on the purity and chemical

composition, the structural units/linkages and the functional groups.

b

Tg

unctional
groups

Structural motifs and
linkages

Purity and chemical composition

Figure 3-6 LPP showing eight important properties: carbon (C), carbohydrate, ash and sulfur (S) content,
ratio of aliphatic to phenolic OH groups (Al/Ph OH), weight average molar mass (M), dispersity (D)
and glass transition temperature (Tg) of HKL and SKL (a), pyramid chart revealing the dependence of

the T, on various sets of properties (b).
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The thorough investigation of the two fractionated Kraft lignin precursors shows that both HKL
and SKL are of high purity and have a narrow molar mass distribution. HKL is a S-rich precur-
sor with a lower number of C-C bonds and a lower molar mass compared to SKL. HKL also
has a considerably lower number of aliphatic OH groups and a lower carbon content than SKL.
Consequently, the Ty of HKL (154 °C) is lower than the one of SKL (184 °C). These structural
and chemical differences will have profound effects on the processability of the two lignins and
the properties of the resulting carbon nanofibres. In the following section, the preparation and
characterization of carbon nanofibre mats via electrospinning of polymer solutions of HKL and

SKL are described.

3.3. Preparation and characterization of the lignin-based carbon nanofibres

The precursor solutions for electrospinning contained either 50 wt% eucalyptus hardwood Kraft
lignin (HKL) dissolved in dimethyl formamide (DMF) (VWR) and methanol (v/v = 80/20) or
47 wt% pine/spruce softwood Kraft lignin (SKL) dissolved in DMF. These solutions were typ-
ically sonicated for 90 min, repeatedly shaken for a few minutes and finally stirred for several
days in a sealed glass vial until homogeneous solutions were obtained. For one electrospinning
run, a plastic syringe was loaded with the electrospinning solution and discharged at a rate of
0.5 ml/h with a single syringe infusion pump. Additionally, a high voltage (17 kV) between the
syringe needle and a rotating collector was applied with a transformer (Glassmann high voltage
inc., USA). The collector consisted of an aluminum foil wrapped around a plastic bottle that in
turn was mounted on an overhead stirrer. This collector was placed 13 cm away from the nee-
dle’s tip and the rotating speed was adjusted to 72 rpm. In order to control humidity at 30%
(£5%), electrospinning was carried out in a room with an air conditioning system.

After electrospinning, the as-spun lignin nanofibre mats were converted to CNF mats by a two-
step thermal treatment: 1) stabilization under an air flow (500 ml/min) and 2) carbonization

under a nitrogen flow (500 ml/min) in a quartz tube (outer diameter: 80 mm) furnace. For the
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stabilization series, the lignin nanofibre mats were stabilized at 190 °C, 250 °C, 310 °C and
340 °C for 15 min, where the ramp between room temperature (RT) and 50 °C was 5 °C/min
and the one between 50 °C and the corresponding stabilization temperature was 0.5 °C/min.
Subsequently, the stabilized nanofibre mats were carbonized at a fixed temperature of 800 °C
for 120 min, where the ramp between RT and 110 °C was 5 °C/min and the one between 110 °C

and target temperature was set to 3 °C/min.

3.4. Results and discussion

Stabilizing HKL and SKL at the same heating rate (0.5 °C/min), but different stabilization tem-
peratures (190, 250, 310, 340 °C), gives the opportunity to investigate the influence of the start-
ing precursor and stabilization temperature on the development of porosity and oxygen func-
tional groups in the final LCNFs. To follow the structural and chemical changes upon oxidative
stabilization, 3*C CP/MAS NMR (cross-polarized/magic angle spinning solid state NMR) spec-
troscopy, thermogravimetry (TG) equipped with a mass spectrometry (MS) system (TG-MS)
and Fourier transform infrared (FTIR) spectroscopy were used. It was found that a stabilization
temperature of 190 °C is insufficient to stabilize HKL under the chosen conditions (heating
rate/ dwell time). It melted and formed a brittle film upon carbonization at 800 °C in Na,
whereas SKL was stable during carbonization and retained the fibre shape (Figure 3-10). From
3BC CP/MAS NMR spectroscopy, it is evident that hardly any structural changes occurred in
HKL and SKL at such a low stabilization temperature. However, in SKL the aliphatic C-H
region (0 — 40 ppm) changed slightly together with the formation of carboxylic acid groups
(~180 ppm) indicating that even at 190 °C oxidation of the SKL side chain took place. TG-MS
clearly shows that the extent of this reaction is small as the amount of gaseous products detected
is low (Figure 3-7b). At a temperature of 250 °C, both lignins could be stabilized without fusing.
For both HKL and SKL, CoHs/CHO (m/e=29), C;H3 (m/e=27), H,O (m/e=18), OH (m/e=17)

and CH3 (m/e=15) were detected. Additionally, increasing amounts of CO> (m/e=44) were
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measured for both lignins with an onset at 220 °C. The signal-to-noise ratios of all signals rec-
orded by TG-MS are lower for SKL compared to HKL indicating that crosslinking reactions
take place to a lesser extent in SKL. This is in line with the more rigid (C-C bond rich), hence
less reactive, side chain of SKL and lower amount of methoxy groups.??>?** The TG-MS signals
of HKL are sharp with distinct maxima, whereas the ones of SKL are very broad covering a
wider temperature range which may be explained by the much higher molar mass (Figure 3-6)
imposing more diffusional constraints on the volatile products. Moreover, the side chain of SKL.
is composed of bonds with BDEs that cover a broad range.?*? In the '*C CP/MAS NMR spectra
of both lignins (Figure 3-7a,b) a decrease in intensity in the aliphatic C-H (0 — 40 ppm) and
aliphatic C-C region (65 — 97 ppm) can be seen after stabilization at 250 °C. Furthermore, a

shoulder emerging between 158 and 174 ppm indicates formation of ester/anhydride linkages.

These are clear indicators that crosslinking took place.
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Figure 3-7 TG-MS signals recorded during stabilization of HKL (a) and SKL (b) and '*C CP/MAS NMR
spectra of as-spun fibres and after stabilization of HKL (c) and SKL (d) at different temperatures.
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At 310 °C, the drastic decrease in intensity of the signal between 42 and 65 ppm indicates that
the scission of methoxy groups took place.”? Additionally, the signal between 140 and 158 ppm
indicative of aromatic C-O bonds disappeared in both lignins and the signals for ester/anhydride
linkages are more pronounced than at 250 °C. Hence, the degree of crosslinking in both lignins
is enhanced. The TG-MS data shows that at 310 °C the amount of volatile products decreased
more sharply for HKL than for SKL.

After stabilization at 340 °C, there are hardly any structural changes discernible in the '*C
CP/MAS NMR spectra. The signal between 40 and 65 ppm disappears completely which indi-
cates that the scission of methoxy groups is complete. Additionally, the signal indicative of
anhydride and ester linkages is weakened again pointing at an increase in C-C linkages and no
additional crosslinking by anhydride and ester linkages at such high temperatures. This obser-
vation is in line with the low amounts of volatile products detected by TG-MS. Only the trend
of signals for CO» are reversed. The signal shows a maximum at about 280 °C for HKL and at
about 300 °C for SKL and stays at a constant level between 310 and 340 °C for both lignins. In
this high temperature region, it can be expected that C-C bonds in the resinol (epiresinol and
pinoresinol) and phenylcoumaran structures are affected. For instance, the B-5’ bond in the
phenylcoumaran units only present in SKL. was shown to be among the strongest bonds in lig-
nins with a BDE calculated to be 110 kcal/mol or more.?*”” Breaking these more stable bonds
under an air flow results in CO; as volatile product explaining the reverse trend of the CO»
signal in TG-MS. Therefore, stabilization in this temperature region involves increasing degra-
dation and decreasing crosslinking of lignin.

This is also confirmed by the corresponding weight loss traces of HKL and SKL plotted be-
tween 90 °C and 340 °C in Figure 3-8. The percentages in the graphs are based on the initial
weight, which was 12 mg. It is obvious that the weight loss upon stabilization at temperatures
exceeding 250 °C increases considerably. HKL shows a much higher weight loss than SKL.

HKL loses 63.5% of the initial weight upon stabilization at 340 °C (residual weight: 36.5%).
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The weight loss of SKL amounts to 44.9% at the same stabilization temperature (residual
weight: 55.1%). The differences in weight loss between the two lignins are in line with the
differences in the side-chain linkages and functional groups. Since SKL contains more stable
C-C linkages, fewer methoxy groups together with a higher total carbon content, its Ty and

hence its thermal stability is higher.
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Figure 3-8 Weight loss traces of HKL (a) and SKL (b) upon stabilization in air.

Complementary to 3C CP/MAS NMR spectroscopy, Fourier transform infrared (FTIR) spec-
troscopy was carried out for the as-spun and stabilized samples. The spectra of HKL and SKL
are shown in Figure 3-9. The two weak bands between 3000 and 2800 cm™ (zone a) assigned
to aliphatic C-H bonds and to the C-H stretching of aromatic methoxy groups decrease with
increasing stabilization temperature.?*> The band disappears completely at a stabilization tem-
perature of 250 °C for HKL. However, SKL still shows very weak residual intensity of this
band. At a stabilization temperature of 310 °C, the band also disappears in the spectrum of SKL.
In the region between 1710 and 1880 cm™ (zone b and ¢) corresponding to anhydride linkages
(1880 — 1810 cm™), unconjugated carbonyl groups (1700 — 1750 cm™), aliphatic esters
(1722 em™) and aromatic esters (1770 cm™), an increase in intensities with increasing stabili-
zation temperature can be observed for both lignins.?*>?3¢ However, at a low stabilization tem-
perature of 190 °C, the change in intensity of these bands are negligible, which indicates that

no substantial crosslinking reactions took place.

61



Chapter 3 Lignin-based carbon nanofibres from softwood and hardwood Kraft lignin

—— S340-HKL
a: aliphatic C-H
—— S310-HKL b: anhydride
c: unconjugated carbonyl,
E ketone, ester
8 $250-HKL e: aromatic skeleton
) ) j1: S-ring
s g: ether
2 jo: S-ring C-H
§ —— S190-HKL i: aromatic ring,
< primary alcohol
—_—
o ,—/\IW\/\J\’\‘
— /.
3600 3500 3400 3300 3200 3100 3000 2900 2800 2700 1900 1800 1700 1600 1500 1400 1300 1200 1100 1000 900
Wavenumber fcm~1! Wavenumber /cm~1
a
—— S340-SKL
a: aliphatic C-H
—— S310-SKL b: anhydride
c: unconjugated carbonyl,
3 ketone, ester
& d: conjugated p-substituent
g 5250-SKL carbonyl, carboxy!
s e: aromatic skeleton
g f1: G-ring
§ —— S190-SKL g: ether
fp: G-ring C-H
/’______‘—-‘ —— : :
h: aliphatic ether
—— as-spun-SKL i: aromatic ring,
primary alcohol
__/——__—__———’-'—-\.__—
/1.
3600 3500 3400 3300 3200 3100 3000 2900 2800 2700 1900 1800 1700 1600 1500 1400 1300 1200 1100 1000 900
Wavenumber /cm~1 Wavenumber /cm~!

Figure 3-9 FTIR spectra of the as-spun and stabilized samples derived from HKL (top) and SKL (bot-

tom).

This is consistent with the '*C CP/MAS NMR and TG-MS data. However, a slight decrease in
intensity in the region of conjugated carbonyl groups (1675 — 1639 cm’!, zone d) and a
concomitant increase in intensity of the unconjugated carbonyl, ketones, and ester bands (1700
— 1785 ecm™!, zone c) can be observed for SKL. Upon stabilization at 250 °C, a new, weak band
appears at 1850 cm™ in the spectrum of HKL which corresponds to the formation of anhydride
linkages. This band is not yet observed for SKL at this temperature. However, the intensity of
the band between 1700 — 1785 cm™ (zone c) increases for both lignins indicating oxidation of
the side chain. Upon stabilization at 310 °C, both lignins show an increase in intensity of the
band characteristic of anhydride linkages (1850 cm™) and unconjugated carbonyl, ketones, and
ester groups between 1700 and 1785 cm™! (zone c). At a stabilization temperature of 340 °C,
the intensity of the band assigned to anhydride linkages (1850 cm™) decreases slightly for HKL

and remains unchanged in the spectrum of SKL. This is in line with the TG-MS data which
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showed that CO> is the main product arising from HKL and SKL indicating the cleavage of
more stable C-C bonds (degradation) rather than formation of new bonds (crosslinking). In
addition, the weight loss during stabilization shown in Figure 3-8 reveals substantial weight
losses at 340 °C which supports the conclusion of excessive stabilization (polymer
degradation). The FTIR spectra of SKL, however, remain unchanged between 310 and 340 °C,
which underpins its higher thermal stability and recalcitrance due to the higher number of C-C
linkages, lower amount of methoxy groups and higher carbon content resulting in a higher Ty.
The four aromatic skeleton vibrational modes between 1343 and 1619 cm™ (zone e) gradually
disappear in both lignins with increasing temperature, whereas the one at around 1600 cm™
(aromatic ring stretch) gradually increases in intensity, indicating a higher degree of
condensation (C-C bonds).?*” The lignin specific bands: G-ring (zone fi, f>) for SKL and S-ring
(zone j1, j2) for HKL merge with increasing temperature which can be explained by the loss of
the substituents (methoxy and hydroxyl groups).”*” Additionally, the band indicative of ether
bonds in the region of 1230 — 1174 cm’!, the band characteristic of aliphatic ethers (zone h)
only observed in SKL and the band of primary alcohol of the aromatic units (zone 1) all merge
into one very broad absorption band upon rising stabilization temperature. This occurs at a
temperature of 250 °C for HKL. In SKL, it is observed at 310 °C due to its lower reactivity.

After stabilization at different temperatures in air, all samples were carbonized at 800 °C for
120 min. Scanning electron microscopy (SEM) images of the resulting LCNFs can be seen in
Figure 3-10. The overall micro-morphology is similar for HKL- and SKL-derived LCNFs. Both
consist of a randomly entangled nanofibre network. The average fibre diameters for the samples
stabilized at 190 °C and 250 °C are similar (HKL: 460+115 nm; SKL: 470109 nm). As the
temperature is increased the LCNFs derived from HKL show substantially smaller diameters
compared to their low-temperature counterparts. The LCNFs based on HKL stabilized at

340 °C have an average diameter of 280+£69 nm.
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Figure 3-10 SEM micrographs of the carbonized HKL (top) and SKL (bottom) CNFs stabilized at dif-

ferent temperatures.

This effect is not observed for the LCNFs derived from SKL which show no significant change
in fibre diameter over the entire temperature range. All average fibre diameters including stand-

ard deviations are shown in Table 3-2.

Table 3-2 Average diameters and densities of LCNFs derived from HKL and SKL.

HKL SKL
Stabilization | Average fibre di- Density (car- | Average fibre di- Density*
temperature ameter /nm bonized) ameter /nm (carbonized)
/°C /g/cm? /g/cm?
190 n.d. n.d. 477 £ 109 0.19
250 460 £ 115 0.17 471 £ 106 0.15
310 371 £ 89 0.13 470 + 106 0.11
340 280 + 69 0.13 469 + 105 0.11

*average value of 10 samples (weight of electrodes with circular shape with d = 1.0 cm).
The Raman spectra of the LCNFs stabilized at various temperatures are shown in Figure 3-11.
Both the D (1322.6 cm™) and G band (1595.8 cm™) characteristic of disordered carbons can be
observed for all samples.?*® The 2D band (~2700 cm™) indicating graphene layers (2D order-
ing) are hardly discernible.>*® Moreover, the spectra of the LCNFs derived from HKL and SKL
show hardly any changes in terms of position or intensity with increasing stabilization temper-

atures, which was reported in the literature previously.?** Hence, the structure of the resulting
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CNFs is disordered and does not change substantially with increasing stabilization temperature.
This is also indicated by the I(D)/I(G) ratios given in Figure 3-11, where the intensities are
determined by the peak heights of the D and G bands. The values range from 1.20 to 1.35 which
is only a slight variation. Therefore, the overall disordered carbon structure does not change

upon increase of the stabilization temperature.
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Figure 3-11 Raman spectra of the carbon nanofibres derived from HKL (a) and SKL (b) stabilized at

different temperatures.

The micro-morphology and carbon structure are not expected to affect the electrochemical per-
formance in electric double layer supercapacitors. The two main factors influencing the capac-
itive performance of the LCNFs are the accessible surface area and the surface functional
groups. #4240

The development of the nano- (<2 nm) and mesoporosity (2 — 50 nm) with increasing stabili-
zation temperature is shown in Figure 3-12. Complementary, Figure 3-13 shows the N> and
CO; gas sorption isotherms of both HKL- and SKL-based LCNFs from which the pore size
distributions and the specific surface areas were derived. The overall specific surface area val-
ues (m?/g) and the corresponding pore size distributions upon increasing the stabilization tem-

perature are considerably different for both lignins. For HKL, the specific surface area derived

from nitrogen sorption increases linearly with rising stabilization temperature from 250 °C to
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340 °C (Figure 3-12b). From the pore size distributions shown in Figure 3-12a, it becomes clear

that the increase is accompanied by pore widening which leads to a rise in the specific surface

area.
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Figure 3-12 Pore size distributions of HKL- (a) and SKL- (c) derived LCNFs with increasing stabiliza-
tion temperatures from bottom (190 °C) to top (340 °C) (traces with cross-shaped (x) symbols are de-
rived from CO; sorption and circle-shaped symbols from N, sorption measurements), development of

the DFT surface areas with increasing stabilization temperatures for HKL (b) and SKL (d).

When stabilized at 250 °C (major crosslinking event), the majority of pores is within a very
narrow range of around 1.5 nm in diameter as measured by N> sorption (Figure 3-12a). Upon
increasing the stabilization temperature to 310 °C, which was shown to result in the scission of
methoxy groups and further crosslinking reactions, a more open pore structure with bigger
nano- and mesopores (1.5 — 5 nm) is created. At the same time, the porosity in the (sub-)na-
nometer range probed by CO» sorption measurements increases, too. The latter is assigned to
the crosslinking reactions that give rise to a dense polymeric framework. Increasing the stabi-
lization temperature further to 340 °C changes the pore size distribution derived from the N»

sorption measurement so that mainly mesopores between 2 and 5 nm are present.
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This correlates well with the '*C CP/MAS NMR and TG-MS data which showed that no cross-
linking reactions took place at 340 °C, but the cleavage of rigid C-C bonds releasing CO,. This
can be considered as pre-activation step that leads to increasing pore diameters of the pre-ex-
isting (sub-)nanopores, which is also confirmed by CO» sorption measurements. The specific
surface areas derived from these measurements show that stabilization at lower temperatures
involving crosslinking reactions contribute to an increase in number of pores with diameters
below 1 nm. However, the fibres stabilized at 340 °C (no crosslinking) show no increase in the
(sub-)nanopore surface area. This will have implications on the capacitive performance in sym-
metric supercapacitors operating with KOH.q) as electrolyte. Turning to SKL subjected to the
same stabilization conditions a different trend can be observed. The difference in crosslinking
degree upon oxidation arising from the more rigid (C-C -rich) structure and higher molar mass
of SKL affects the development of porosity. Overall, the specific surface areas determined for
SKL are lower than the ones for HKL. This is a direct consequence of the difference in linkages
in the side chain and number of functional groups (e.g. methoxy groups). For SKL, both specific
surface areas determined from N> (nano- and mesopores) and CO: ((sub-)nanopores) sorption

measurements increase nearly in a linear fashion with rising stabilization temperature.
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Figure 3-13 N, sorption isotherms of LCNFs derived from HKL (a) and SKL (b) and CO, adsorption
isotherms of LCNFs derived from HKL (c) and SKL (d).
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This indicates that the pore widening effect caused by polymer degradation is by far less present
in SKL. The observation is in line with the TG-MS data which shows that between 310 °C and
340 °C minor crosslinking and degradation reactions take place giving rise to a slight increase
in both (sub-)nanometer and mesopores. At a very low stabilization temperature of 190 °C,
which did not lead to major structural changes in the polymer, both mesopores and nanopores
are present. Stabilization at 250 °C results in a densification of the polymeric framework
through major crosslinking reactions and hence leads to a narrower pore size distribution with
a reduced number of mesopores in the resulting LCNFs. This is analogous to HKL which indi-
cates that the denser polymer network created by the crosslinking reactions (most intense at
250 °C) for both lignins yield narrow pore size distributions in the final LCNFs. As SKL is
stabilized at higher temperatures (310 and 340 °C), which involves scission of methoxy groups
and cleavage of more stable C-C bonds together with further crosslinking reactions, the meso-
porosity increases (pore size: 2-5 nm) together with an increase in (sub-)nanoporosity. Overall,
the less reactive SKL with a more rigid C-C rich side chain shows a gradual increase in porosity
with rising stabilization temperature, whereas the more reactive HKL composed of more ether
bonds in the side chain and more methoxy groups shows tremendous changes upon stabilization
in a narrow temperature range between 250 and 340 °C. As the two lignins are stabilized, two
types of reactions can be distinguished, namely crosslinking and degradation. The former leads
to an increase in (sub-)nanoporosity, the latter to an increase in mesoporosity and larger na-
nopores (>1 nm). Depending on the type of lignin these reactions take place to different extent
and over different temperature ranges. The oxygen content on the LCNF surface dependent on
the stabilization temperature of HKL and SKL was determined by temperature programmed
desorption (TPD) and X-ray photoelectron spectroscopy (XPS). The total oxygen content of
both types of lignins determined by TPD varies only slightly between 4 and 6 wt% over the

entire temperature range (Figure 3-14).
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Figure 3-14 The bar chart indicates the total amount of desorbed CO and CO; from TPD measurements
dependent on the stabilization temperature for HKL (a) and SKL (b). The red line graph shows the total

oxygen content in wt% derived from the sum of CO and 2-CO, desorbed from the samples.

Hence, the stabilization temperature does not have a major impact on the oxygen content of the
carbonized fibres. The only notable variation is the type of oxygen functional groups in HKL.
Stabilized at 310 °C, HKL contains more CO» desorbing, whereas at 340 °C more CO desorb-
ing O-functional groups. This will have an impact on the cyclability as it was shown that CO>
desorbing functional groups are less stable in aqueous alkaline electrolytes.?*! The total oxygen
content determined by XPS is lower than by TPD as only the first nanometers of the sample’s

surface are probed, whereas TPD is a bulk technique accessing oxygen functional groups in

Stabilization temperature /°C

deep pores.

Figure 3-15 Deconvolutions of the Ols peaks from XPS of S250-HKL (a), S310-HKL (b), S340-

HKL (c).
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Nonetheless, the overall trend, that the total oxygen content does not substantially change with
increasing stabilization temperature, is also confirmed by XPS. For the LCNFs derived from
HKL stabilized at 250 °C and carbonized at 800 °C (S250-HKL), the total oxygen content
amounts to 2.4 wt% and the main oxygen functional groups are of C-O-ether type (>60% of the
total O content). S310-HKL shows an increase in C=0 (21% of the total O content) and O-C=0
(28% of the total O content) groups as also suggested by TPD, which showed an increase of
CO; desorbing functional groups. As the stabilization temperature is increased further to
340 °C, the amount of C=0 (8% of the total O content) and O-C=0 (16% of the total O content)
groups on the LCNF surface decrease again in line with the results of TPD. The LCNFs derived
from SKL stabilized at various temperatures do not show the same change of the type of oxygen
functionality with increasing temperature (Figure 3-16). The main oxygen functionality of all
SKL-derived LCNFs is of C-O type (>60% of the total O content) which is consistent with TPD

showing a majority of CO desorbing functional groups (Figure 3-14).
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Figure 3-16 Deconvolutions of the O1s peaks from XPS of S190-SKL (a), S250-SKL (b), S310-SKL (c),
S340-SKL (d).

As already mentioned above, the C-O oxygen functional groups are more stable than C=0 and

O-C=0 groups and hence are more favorable for the long-term stability of electrodes. The

LCNFs derived from HKL and SKL stabilized at different temperatures and carbonized at
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800 °C for 120 min under nitrogen atmosphere were used as free-standing electrodes in super-
capacitors. The measurements were carried out in symmetric two-electrode supercapacitor cells
in 6 M KOH,g) electrolyte. The cyclic voltammograms measured at 10 mV/s and 500 mV/s are
shown in Figure 3-17 for HKL and in Figure 3-18 for SKL-derived LCNFs. S250-HKL shows
the rectangular voltammograms characteristic of electric double layer supercapacitors at slow
and high scan rate. Similarly, the cyclic voltammograms of S310-HKL and S340-HKL have a
rectangular shape, but they also show signs of an irreversible process close to the maximum
voltage of 1.2 V at low scan rate (10 mV/s) related to electrolyte decomposition. This process
is not present at high scan rates, which implies it is rate dependent. However, for slow rates the
cut-off voltage will need to be 1 V in practical supercapacitors. At 500 mV/s, it is also apparent
that the rate capability of S310-HKL and S340-HKL is higher than for S250-HKL as the cyclic
voltammogram of S250-HKL has curved edges at 500 mV/s, whereas S310-HKL and S340-
HKL keep the rectangular shape. This can be related to the more open pore structure created by

stabilization at higher temperatures involving both crosslinking and degradation reactions.
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Figure 3-17 Cyclic voltammograms of S250-HKL (a), S310-HKL (b), S340-HKL (c) at 10 and
500 mV/s.

71



Chapter 3 Lignin-based carbon nanofibres from softwood and hardwood Kraft lignin

S190-SKL and S250-SKL show both lower rate capability (non-rectangular shape of voltam-
mograms) and lower overall capacitance (area enclosed by the voltammograms) compared to
HKL-derived LCNFs. S190-SKL shows a much lower capacitance than S250-SKL. However,
it keeps the rectangular shape of the voltammogram at higher rates, whereas S250-SKL shows
a dramatic drop of its capacitance measured at a low scan rate. This correlates well with the
difference in pore size distributions of both samples. S190-SKL consists of both (sub-)nanopo-
rosity and mesopores as no crosslinking reactions took place, S250-SKL underwent crosslink-
ing reactions and hence has a much narrower pore size distribution. Porous materials with pore
sizes in a narrow range are less accessible by the ions in the electrolyte and thus give rise to
low rate capabilities as observed here. Upon stabilization at higher temperatures (310 and
340 °C), a more open pore structure was created by both crosslinking and degradation reactions
analogously to HKL (Figure 3-13). This gives rise to a leap in both overall capacitance and rate

capability of the SKL-derived LCNFs (Figure 3-18).
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Figure 3-18 Cyclic voltammograms of S190-SKL (a), S250-SKL (b), S310-SKL (c), S340-SKL (d) at
10 and 500 mV/s.

The resulting trends of capacitance with increasing current densities derived from galvanostatic

charge-discharge (GCD) measurements may be seen in Figure 3-19. Comparing the two lignins
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it is obvious that HKL is more capacitive and shows a higher rate capability than SKL. This
can be related to the higher specific surface area and enhanced accessibility of the nanoporosity
(Figure 3-13). This, in turn, arises from the more labile side chain which creates accessible
nanoporosity at low stabilization temperatures by crosslinking reactions. Additionally, at higher
stabilization temperatures the scission of methoxy groups, which are more abundant in HKL,
together with further crosslinking creates both (sub-)nano- and mesoporosity. However, at a
stabilization temperature of 340 °C pore widening by cleavage of C-C bonds is detrimental to
the capacitive performance in 6 M KOHaq). Conversely, SKL shows increasing specific surface
area in both the (sub)nanometer and mesopore range as the stabilization temperature is in-
creased. This is assigned to the more rigid side chain that gives rise to crosslinking reactions
even up to 340 °C leading to enhanced (sub-)nanoporosity rather than the pore widening effect.
At low temperatures, S190-SKL and S250-SKL show very low capacitance and rate capability

as revealed by cyclic voltammetry (Figure 3-18).
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Figure 3-19 Specific gravimetric capacitance of HKL- (a) and SKL-derived LCNFs (b) as a function
of current density and the corresponding Ragone plots for HKL- (c¢) and SKL-derived LCNFs (d).
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A leap in capacitive performance can be observed by the scission of methoxy groups in con-
junction with crosslinking reactions creating enhanced (sub-)nanoporosity at 310 °C. This is
analogous to HKL. S340-SKL shows a small increase in capacitance consistent with the addi-
tional increased (sub-)nanoporosity rather than pore widening. In Figure 3-20a and b, galvanos-
tatic charge-discharge (GCD) traces measured at 1 A/g are shown. All of them have a triangular
shape characteristic for EDLCs. The capacitance retention after 6000 cycles at 10 A/g is shown
in Figure 3-20c,d as relative value (in percent) and as absolute value (in F/g). All samples show
good capacitance retention with over 90%. S250-HKL and S340-HKL show retentions of even
more than 95% which makes the difference between S310-HKL and S340-HKL in terms of
capacitive performance only marginal after 6000 cycles. This might be related to the difference
in the type of oxygen functional groups determined by TPD and XPS. S190- and S250-SKL
show capacitance retentions of even more than 100% after 6000 cycles which can be assigned

to a wetting effect which arises from cycling the material repeatedly.
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Figure 3-20 Galvanostatic charge-discharge traces of HKL (a) and SKL (b) at 1 A/g and the capacitance
retention after 6000 cycles at 10 A/g as percentage in form of a bar chart and as absolute values (red

curves) for HKL (c¢) and SKL (d).
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This proves the low accessibility of existing (sub-)nanoporosity, which improves with the num-
ber of cycles. S310- and S340-SKL show capacitance retentions of more than 90% and hence
the improved capacitive performance caused by the difference in stabilization temperature is
retained even after 6000 cycles. Finally, impedance spectroscopy was carried out. The resulting
Nyquist plots can be seen in Figure 3-21a,b. It is apparent that HKL-derived LCNFs show lower
resistances than SKL-based LCNFs and oxidative thermostabilization at high temperatures (310
and 340 °C) decreases the resistance. Moreover, the diffusion part in the medium frequency
range (after the semi-circle) decreases considerably for SKL and slightly for HKL with increas-
ing stabilization temperature which supports the improved pore accessibility with increasing
stabilization temperature mentioned before. The imaginary capacitance (C’) plotted as a func-

tion of frequency (Figure 3-21c,d) derived from impedance spectroscopy confirms this obser-

vation.
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Figure 3-21 Nyquist plots of the LCNFs derived from HKL (a) and SKL (b) and the imaginary capaci-
tance versus frequency plots for the LCNFs derived from HKL (c) and SKL (d).

Herein, the maximum imaginary capacitance is located at the relaxation frequency, fr, deter-
mining the characteristic time constant according to T =(2rfr)'.>** In general, the higher the

time constant the lower the rate capability.>** The time constants determined for HKL-derived
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LCNFs are lower than for SKL-based LCNFs (Figure 3-21c,d) and stabilization at high tem-
perature (310 and 340 °C) decreases the time constants as more accessible (sub-)nanoporosity

is created via both crosslinking and degradation reactions during stabilization (Figure 3-21c,d).

3.5. Conclusion

Two Kraft lignins were shown to develop different porosities when subjected to increasing sta-
bilization temperatures before carbonization. The differences in side-chain linkages have a pro-
found effect on the development of porosity during heat treatment and this in turn affects the
performance of the resulting lignin-based CNFs used as free-standing supercapacitor elec-
trodes. Upon stabilization, two types of reactions occur: 1) crosslinking and 2) degradation.
Depending on the type and number of the structural motifs and functional groups, these reac-
tions occur to a different extent and in different temperature windows yielding different poros-
ities. HKL with more -O-4 ether bonds, more methoxy groups and lower molar mass under-
goes crosslinking reactions at 250 °C yielding a very narrow pore size distribution in the (sub-
)nanometer range. At 310 °C, both crosslinking and degradation reactions occur, which yields
both nano- and mesopores. At 340 °C, mainly degradation reactions (C-C cleavage) take place
that lead to a widening of pre-existing nanopores which is detrimental to the capacitive perfor-
mance. SKL, with fewer $-O-4 ether bonds, but more C-C bonds, fewer methoxy groups and
higher molar mass undergoes both crosslinking and degradation reactions over the temperature
range of 250 — 340 °C. Both types of reaction occur to a lesser extent in SKL. Therefore, SKL
shows far less pore widening and develops less specific surface area than HKL. The sample
with the most suitable porosity (both nano- and mesopores) and hence best capacitive perfor-
mance as free-standing electrode in supercapacitors was prepared by stabilizing HKL at 310 °C
and carbonization at 800 °C. It shows a specific gravimetric capacitance of 164 F/g at 0.1 A/g

and 119 F/g at 250 A/g with a capacitance retention of more than 90% after 6000 cycles.
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4. CO: activation of hardwood Kraft lignin-derived carbon nanofibres

4.1. Introduction

In this chapter, the CO» activation of electrospun hardwood Kraft lignin-derived (HKL) fibres
is described. By stabilization in air, carbonization in N; and additional activation with CO»,
free-standing, porous lignin-based carbon nanofibres (LCNFs) were produced. Activated car-
bons are commonly produced either via chemical or physical activation processes.>* Chemical
activation involves the use of alkali metals in form of KOH and NaOH or acids, such as nitric
(HNO:3), sulfuric (H2SO4) or phosphoric (H3PO4) acid.!**!8%24 Furthermore, carbonates, such
as NaxCO3, K2CO3 or KHCO3, are used to enhance the effect by creating a partially oxidizing
atmosphere within the carbon matrix arising due to the thermal decomposition of carbonates
which produces carbon dioxide gas.?**?*> Additionally, dehydrating agents, such as ZnCly, are
frequently used.?® The impregnation or physical mixing of the activating agents with the pre-
cursor material enables carbonization and activation in one step. However, chemical activation
is a rather inefficient process as high activating agent to carbon ratios of two-to-one or three-
to-one are often applied and the resulting activated carbons need to be cleaned after activation
by extensive washing. Physical activation is a more resource-efficient process as it involves the
reaction of an oxidizing gas, such as carbon dioxide or steam, with the already carbonized ma-
terial at elevated temperatures to create porosity.2** During the CO; activation step, the creation
of porosity is based on the Boudouard reaction with the overall stoichiometry:43-246247

Ci) + COx = CO + C[O]

Herein, C[O] is a surface oxygen complex formed by the reaction of solid carbon with gaseous
CO; at elevated temperatures.?*® The Boudouard reaction is strongly endothermic and hence
highly temperature dependent.>*® The equilibrium of the reaction is effectively shifted towards

the right side (gasification of solid carbon) at temperatures exceeding 700 °C.>*
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CO> activation of carbon materials to produce activated carbons for various applications has
been described in the literature.>® In comparison with chemical activation (e.g. by KOH),
which creates both nano- and mesoporosity, CO; activation was reported to be very efficient in
widening pre-existing nanoporosity.'*® CO, activation was also utilized in several works to cre-
ate porosity in lignin-derived chars.?! It was found that rather long reaction times were needed
to achieve a substantial increase in pore volume.?! For instance, Rodriguez-Mirasol et al. acti-
vated eucalyptus Kraft lignin (powder) at 850 °C for 20 h.?** The resulting carbons were highly
porous 1853 m*/g with a maximum micropore (<2 nm) volume of 0.57 cm*/g.>>* The same
authors also investigated the reactivity of eucalyptus Kraft lignin and showed that with rising
inorganic content (e.g. Na) the reactivity towards CO; and hence the development of porosity
increases.?* Saha et al. prepared mesoporous carbons from a pre-crosslinked hardwood lignin
gel which was activated via physical and chemical routes.>* Both physical and chemical acti-
vation enhanced the mesoporosity along with a significant increase in microporosity
(<2 nm).** Consequently, the gravimetric capacitance measured in a three-electrode set-up
increased from 77.1 F/g for the non-activated carbon to 102.3 F/g for the CO;-activated car-
bon.>** In the following, the preparation of electrospun hardwood Kraft lignin-derived fibre
mats is described. The as-spun, free-standing HKL fibre mats composed of randomly entangled
fibres were converted to carbon nanofibre mats by a two-step procedure (stabilization and car-
bonization). Finally, one batch of LCNFs was CO»-activated to enhance the nanoporosity and

hence the capacitive performance in an electric double layer supercapacitor (SC).

4.2. Preparation of CO:z-activated LCNF's

The precursor solutions for electrospinning contained 50 wt% fractionated eucalyptus hard-
wood Kraft lignin (RISE AB, Stockholm) dissolved in DMF (VWR). For one electrospinning
run, a plastic syringe (Plastipak luer-lock, 5 ml) was loaded with 2 ml of the solution. The sy-

ringe was discharged at a rate of 1 ml/h with a single syringe infusion pump (KDS-100-CE, KD
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Scientific). A high voltage (17 — 18 kV) between the syringe needle (gauge = 22, Hamilton)
and the rotating collector was applied with a transformer (Glassmann high voltage inc., USA).
Electrospinning was carried out in a room with an air conditioning system to control humidity
at 30% (£5%). After electrospinning, the as-spun lignin fibres were converted to carbon nano-
fibres by a two-step thermal treatment: 1) stabilization in air (300 ml/min) and 2) carbonization
in N2 (300 ml/min) in a quartz tube furnace (OTF-1200X, MTI). The as-spun lignin fibres were
stabilized at 250 °C for 15 min, where the ramp between RT and 50 °C was 10 °C/min and the
one between 50 and 250 °C was 0.5 °C/min. Subsequently, the stabilized fibres were carbon-
ized at 900 °C for 30 min, where the ramp was 3 °C/min. Additionally, some of the LCNFs
were further activated at 800 °C with CO; (200 ml/min) for 60 min. The heating rate was set to

5 °C/min.

4.3. Results and discussion

Despite the low molar mass of the lignin precursor (My = 1900 g/mol) compared with other
polymer fibres (e.g. polyacrylonitrile, My, = 150,000 g/mol), fibre formation during electro-
spinning was achieved without any additional synthetic high molar mass polymer (e.g. poly-
ethylene oxide or polyvinyl alcohol) dissolved in solution as shown in the SEM micrographs in
Figure 4-1.2°°> The formation is attributed to strong intermolecular interactions via hydrogen
bonding and n-m-interactions between the lignin macromolecules in solution. Hence, the molar
mass is increased at high polymer concentrations in solution. The resulting fibre mats consist
of randomly entangled fibres with cylindrical shape. The as-spun fibres have an average diam-
eter of 769 nm (Table 4-1) which is quite large compared to other studies suggesting that inter-
molecular interactions must take place.?>**°” Additionally, the high polymer concentration in
the solution (50 wt%) and the lack of additives (salts or co-polymers), which generally decrease
fibre diameters, give rise to fibres with relatively large diameters.?>?°% After stabilization at

250 °C in air, the overall fibre morphology does not change (no fusing of fibres). Carbonization
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of the stabilized fibres at 900 °C leads to a decrease of about 100 nm to 567 nm. The additional
activation step does not lead to a further decrease in fibre diameter (Table 4-1).

Z B

Figure 4-1 As-spun fibres produced from a pure Kraft lignin electrospinning solution (a), stabilized

fibres (b), carbonized fibres (non-activated) (¢), and activated for 60 min in CO; (d).

Instead, the porosity increases dramatically which is discernible in the single fibre morphology

analyzed by transmission electron microscopy (TEM) (Figure 4-2).

Table 4-1 Average diameters of fibres and yields at all stages of the process chain.

Fibre type Average fibre diameter /nm Standard deviation /nm Yield /%
As-spun 769 258 -
Stabilized 656 152 79
Carbonized 567 132 42 (overall: 33.1)
COs-activated 566 177 75 (overall: 25.0)

It is obvious that the non-activated fibre (Figure 4-2a) is dense, whereas the CO»-activated fibre
contains a large number of pores and hence appears less dense (Figure 4-2b). Additionally,
selected area electron diffraction (SAED) was carried out. Considering the short (30 min) car-
bonization time, low carbonization temperature (900 °C) and the lack of structural order in the

lignin precursor a low degree of graphitization is expected. This is confirmed by SAED shown
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in Figure 4-2c. The rings in the diffraction pattern, however, indicate the presence of disordered
few-layer graphene sheet stacks.?*® This may be explained by the high degree of aromaticity in
lignin.>> The additional one-hour treatment at 800 °C in CO; yields partially graphitized do-

mains in the carbon structure (Figure 4-2d).

Figure 4-2 TEM image of a non-activated LCNF (a), a CO,-activated LCNF (b); electron diffraction of
selected area on a non-activated (c), a CO,-activated fibre (d).

In addition to the diffraction rings, there are diffraction spots superimposed indicative of poly-
crystalline domains in the fibre. This might be assigned to a ‘leaching’ effect through CO; ac-
tivation that exposes ordered domains which might be hidden in the dense matrix of the non-
activated fibres. Another possible explanation for the formation of these ordered domains upon
CO; activation may be the reduction of evolving CO gases by the carbon matrix which could
lead to the deposition of ordered carbon on top of the parent disordered carbon.

The Raman spectra of the non-activated and CO»-activated samples in Figure 4-3 show both D
and G bands, indicating disordered carbon structures which was also concluded from the TEM

micrographs. The spectra were fitted by using Breit-Wigner-Fano (BWF), Pseudo-Voigt and
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Gauss components. Moreover, the crystallite sizes were calculated from the intensity ratios be-

tween the D (/(D)) and G (/(G)) bands, whereby C(4) = 8.3 nm for A = 633 nm, as reported by

Herdman.?%°

a e non-activated
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Figure 4-3 Normalized Raman spectra of the non-activated (a) and CO»-activated (b) sample after base-
line correction. Each spectrum was fitted using Breit-Wigner-Fano (orange), Pseudo-Voigt (green) and

Gauss (black) components.

The intensities were determined by the peak heights, which is suitable for mainly amor-

phous/disordered carbons.?%6! The crystallite size was then estimated by:

1(G
La=C()\)-I§—D§

The peak positions and the intensities (peak heights) were determined by fitting all spectra using
the OriginPro 9.1 suite. The fitting results are given in Table 4-2. The ratios between the D band
({(D)) and G band (/(G)) only slightly deviate with the additional CO> activation step. However,
the intensity of the 2D band, which is the D overtone, changes. This indicates that the number
of graphene domains (multi or single layer) in the sample increased with the additional activa-
tion step, which is consistent with the TEM analysis.?**

Table 4-2 Fitting parameters of the G, D and 2D band positions and estimated crystallite size L, derived

from the Raman spectra.

Sample D band G band 2Dband [(D)/[(G) L./nm
/em’! /em’! /em!

Non-activated 1328.3(0) 1597.1(3) 2787.(4) 1.44 5.76

COs-activated 1328.8(3) 1590.4(3) 2701.(2) 1.34 6.19
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The results of the CO> and N> gas sorption experiments are shown in Figure 4-4a and b. The
results clearly indicate that the CO; activation yields enhanced porosity as the amount of ad-

sorbed CO> and N rises dramatically after activation.
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Figure 4-4 CO, adsorption isotherms of the non-activated (blue) and CO,-activated (red) LCNFs (a), N»
ad-/desorption isotherms of the non-activated (blue) and CO»-activated (red) LCNFs (b), pore size dis-
tributions calculated by DFT based on the adsorption isotherms of: non-activated (c) and CO,-activated

(d) LCNFs, circles indicate points derived from N, sorption and triangular symbols from CO; sorption.

From both N; and CO> sorption measurements, pore size distributions (PSDs) were generated
by density functional theory (DFT) models (NLDFT for CO; sorption and QSDFT for N> sorp-
tion) implemented into the gas sorption analyzer software (ASiQwin, version 3.0).%6? The re-
sulting PSDs calculated by DFT based on the adsorption isotherms indicate that the non-acti-
vated sample contains a considerable amount of (sub-)nanopores (<1 nm) (Figure 4-4c). This
was anticipated as the lignin precursor contains approximately 30 wt% of oxygen as shown in
the previous chapter about lignin characterization and a high degree of disorder, hence a low
packing density.?*> The additional CO; activation effectively creates both meso- (2 — 50 nm)
and nanopores (<2 nm) (Figure 4-4d). This might take place by widening of the pre-existing

(sub-)nanopores and additional creation of new (sub-)nanopores. This explanation is supported
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by the fact that the CO> activation did not lead to a decrease in the fibre diameter (Table 4-1).
Hence, the CO; activation might take place in the existing nanopore space rather than uniformly
on the external fibre surface. The increased porosity is also manifested in the values of specific

surface area shown together with the adsorbed gas volumes in Table 4-3.

Table 4-3 Overview of BET and DFT specific surface area (SSA) and pore volumes (pore vol.) derived

from the N> and CO> gas sorption experiments.

N3 sorption CO; sorption
Sample BET* DFT Total Pore Pore vol. | DFT  Pore**  Pore Pore
SSA/  SSA/ pore  vol. fraction | SSA/  vol./ vol. vol.
m?g m*g vol/ <2nm/ <2nm/ |m%g cm’g  <0.8nm fraction
cm’/g cm/g % /em’/g  <0.8nm
/%
Non-ac- 676 576 0.220 0.208 95 944 0.275 0.188 68
tivated
COz-ac- 1204 1144 0.552 0.385 70 1412 0.472 0.263 56
tivated

*rel. pressure range used: 0.007 — 0.034

**pore volume of pores with diameters in the range of 0.30 — 1.48 nm

Upon CO; activation, the specific BET (Brunauer, Emmett and Teller) and DFT surface areas
increase (Table 4-3). From the N> sorption measurements, it is apparent that pore widening
through CO; activation took place as the fraction of pores with diameters smaller than 2 nm
decreased from 95% (non-activated) to 70% (COs-activated). A similar trend can be observed
for the (sub-)nanometer pores with diameters smaller than 0.8 nm probed by CO> sorption
measurements. After CO, activation, the fraction of pores with diameters smaller than 0.8 nm
decreased from 68% for the non-activated to 56% for the CO»-activated LCNFs.

The oxygen content on the LCNF surface was determined by temperature programmed desorp-
tion (TPD) and X-ray photoelectron spectroscopy (XPS). The TPD spectra are shown in Figure
4-5. In general, the non-activated and CO»-activated samples have very similar desorption rates

of both CO and CO,. Overall, both samples desorb more CO (2562 and 2635 pmol/g) than CO,
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(860 and 896 umol/g) (Table 4-4). From this, the total oxygen content was determined to be

6.9 wt% for the non-activated and 7.1 wt% for the COs-activated LCNFs.
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Figure 4-5 TPD spectra: CO, desorption rates (a) and CO desorption rates (b) of the non-activated (blue)
and CO,-activated LCNFs (red).

The evolution of CO; arises from carboxylic groups and their derivatives, such as lactones and
anhydrides, whereas CO is associated with the decomposition of carbonyl groups, ethers and
hydroxyl groups (e.g. phenols) groups.!*?%426° It was shown that the CO-desorbing oxygen
groups have a positive effect on the capacitance in electric double layer capacitors in alkaline
electrolytes, whereas the CO,-desorbing oxygen groups are less stable and hence detrimental !
From *'P NMR and *C—'H (HSQC) NMR presented in the previous chapter, it is clear that the
HKL precursor is rich of hydroxyl groups (especially: syringyl, aliphatic, guaiacyl and con-
densed phenolic groups) and ether bonds (especially: B-O-4 ether bonds). As determined by
TPD, these types of oxygen functional groups are preserved in a reduced quantity upon thermal

treatment (6.9/7.1 wt% compared to 30 wt% initially).

Table 4-4 Amount of desorbed CO; and CO and the resulting oxygen content determined by TPD meas-

urements.
Sample Amount of Amount of  Amount of Oxygen con-
CO2/umol/g CO/umol/g O/ umol/g tent /wt%
Non-activated 860 2562 4282 6.9
COz-activated 896 2635 4427 7.1
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The XPS spectra shown below (Figure 4-6) indicate that the main oxygen functional groups in
both the non- and CO;-activated sample are ether groups which corresponds to CO desorption
in TPD. However, C=0 and O-C=0 functional groups were determined as well, although in a
smaller quantity, which can be seen in the Cls high resolution XPS spectra in Figure 4-6a and

b.
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Figure 4-6 Deconvolution of the Cls peak of the non-activated (a) and CO;-activated (b) LCNFs and
deconvolution of the O1s peak of the non-activated (c) and COs-activated (d) LCNFs.

Additionally, the difference in total oxygen content of the non- and CO»-activated LCNFs from
XPS is 1.3 wt% (Table 4-5) and hence only slightly higher than from TPD. This can be ex-
plained by the fundamental difference of the two methods. XPS probes only the first nanometers

of the samples whereas TPD probes the bulk of the samples.”

Table 4-5 Overview of the surface chemistry: C, O, N, S and Na content of the LCNFs based on XPS.

Sample C/iwthe O/wth N/wt%  S/wt%  Na/wt%
Non-activated  92.52 5.39 1.18 0.90 0.00
COs-activated  91.31 6.69 0.95 0.95 0.10

The nitrogen (N), sulfur (S) and sodium (Na) content on the fibre surface were determined by

XPS in addition to the carbon (C) and oxygen (O) content (Table 4-5). The amount of these
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elements arising from the Kraft process (e.g. sulfur and sodium) and the natural environment
(nitrogen) are low. After the thorough characterization of the non-activated and CO»-activated
LCNFs, the capacitive performance in a supercapacitor operating with 6 M KOHag) electrolyte
is tested. The LCNFs were used as free-standing electrodes after carbonization/activation with-
out any further processing in a two-electrode symmetric supercapacitor (SC) device. Cyclic
voltammetry at different scan rates was carried out with the non-activated and CO»-activated
LCNF electrodes in 6 M KOHaq) (Figure 4-7). All voltammograms show the rectangular shape
typical of electric double layer charge storage.!*>!%* The CO,-activated sample shows a slight
curvature indicating pseudocapacitive contribution of the oxygen functional groups.'®! The ab-
sence of the contribution in the non-activated sample is assigned to the non-accessibility due to
lacking porosity as the oxygen content only marginally changed upon CO: activation. The volt-
ammograms reveal that the increased porosity in the COz-activated LCNFs translates into ele-
vated capacitances. At low scan rates (5 and 50 mV/s), the difference between non-activated

and CO-activated LCNFs is less pronounced.
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Figure 4-7 Cyclic voltammograms at scan rates of 5 (a), 50 (b), 500 (c) mV/s and 1 V/s (d) of the non-
activated (blue) and COs-activated (red) LCNF electrodes.
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But the CO»-activated LCNFs show signs of an irreversible process close to 1.2 V, which is
less present in the voltammogram of the non-activated LCNFs.

Tang et al. showed recently that carbon edge sites terminated by hydrogen and oxygen-func-
tional groups might be the main cause for carbon corrosion at high voltage.!®?> As shown by
TEM and Raman, the CO-activated LCNFs comprise more of these sites compared to the non-
activated LCNFs created by the physical activation procedure and the concomitant carbon
leaching/re-deposition. At high scan rates of 500 mV/sand 1 V/s (Figure 4-7c,d), the voltam-
mograms of the non-activated sample have a deformed shape indicating limited pore accessi-
bility and hence lower capacitance. This is well-explained by the gas sorption experiments
which revealed that the short pyrolysis at 900 °C for 30 min effectively creates (sub-)nanopores,
but hardly any meso- (2 — 50 nm) or larger nanopores (1 —2 nm) as can be seen in the pore size
distributions in Figure 4-4c.

The galvanostatic charge-discharge (GCD) curves at 0.25 A/g shown in Figure 4-8a exhibit the
symmetric triangular shapes typical of EDLCs. As for the voltammograms, the GCD curve of
the COs-activated sample shows a slight curvature indicating the contribution from oxygen
functional groups. The dependence of the specific gravimetric capacitances on the current den-
sity was derived from the GCD curves at various current densities to investigate the rate capa-
bilities (Figure 4-8a). Clearly, the CO> activation increases both the specific gravimetric capac-
itance, which is 155 F/g at 0.1 A/g, and the overall rate capability (113 F/g at 250 A/g) which
can be assigned to the increased nano- and mesoporosity (Table 4-3). The capacitance values
attained are well-comparable with other recent reports on lignin-derived composite CFs (64 F/g,
83.3 F/g).13*1%% The leap in performance upon CO; activation is also shown in the correspond-
ing Ragone plot in Figure 4-8c. Both energy and power density of the CO;-activated LCNFs
are considerably higher than the ones of the non-activated LCNFs. The difference between the
samples is especially pronounced at a high power density (high rates). The non-activated

LCNFs retain only 1.2 Wh/kg at 41 kW/kg, whereas the COz-activated LCNFs still achieve
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4 Wh/kg at 52 kW/kg. This can be assigned to the presence of mesoporosity and improved
accessibility to the stable CO-desorbing oxygen functional groups in the CO;-activated sample.
Finally, the cyclability test (Figure 4-8d) at 5 A/g over 6000 cycles shows an interesting trend.
The CO»-activated LCNFs exhibit a typical slight capacitance decay with increasing cycle num-
ber (94% retention after 6000 cycles). Contrarily, the non-activated LCNFs show a slight in-
crease in capacitance with cycle number. This is unusual and can be assigned to the low degree

of pore accessibility and hence low pore penetration by the electrolyte.
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Figure 4-8 Charge-discharge curves at 0.25 A/g (a), dependence of the specific gravimetric capacitance
on the current density (b), Ragone plot (c) and capacitance retention over 6000 cycles at a current density

of 5 A/g (d).

However, with time (increasing cycle number), a slight improvement in the wettability by re-
petitive cycling is observed. The correlation between the mainly (sub-)nanoporous PSD with
low degree of accessibility and the electrochemical performance is striking in this case. The
imaginary capacitance (C’’) plotted as a function of frequency derived from impedance spec-
troscopy confirms this observation (Figure 4-9c). The maximum imaginary capacitance is lo-

cated at the relaxation frequency, fr, determining the characteristic time constant according to
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T = (2nfR)!.2*? In general, the higher the time constant the lower the rate capability.?*? For the
non-activated LCNFs, fr = 0.68 Hz, whereas for the CO;-activated LCNFs, fr = 14.5 Hz.
Hence, the non-activated LCNFs exhibit an elevated time constant of 0.23 s compared to the
COs-activated LCNFs (0.011 s). Furthermore, the Nyquist plot presented in Figure 4-9a shows
that the non-activated LCNF electrode gives rise to a bigger semi-circle and hence a higher

resistance than the COz-activated LCNF electrode.
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Figure 4-9 The Nyquist plot (a), Bode phase angle plot (b), imaginary capacitance vs. frequency de-
pendencies (¢) of non-activated (blue) and CO»-activated (red) LCNF electrodes.

In the Bode phase angle plot (Figure 4-9b), it is obvious that the CO;-activated LCNFs preserve
the ideal value of -90 ° (fully capacitive) towards higher frequencies compared to the non-acti-
vated LCNFs confirming the higher rate capability of the LCNFs by CO; activation.

Due to the low density of activated carbon materials in general and of activated carbon fibre
networks in particular, the consideration of the areal capacitance and volumetric energy/power
density is of great importance. The difference in areal capacitance among the samples is similar
to the specific gravimetric capacitance. However, the overall difference is less substantial (Fig-

ure 4-10).
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Figure 4-10 Areal capacitance as a function of current density (a), Ragone plot in volumetric measures

(b).

This is also true for the Ragone plot in volumetric measures. This can be explained by the fact
that the density of the LCNF networks is reduced by CO: activation (Table 4-6) which affects
the volumetric measures negatively (Table 4-6).

Table 4-6 Data of the electrode weights and area and resulting mass loadings of the electrodes.

Sample Weight Area Mass loading
/mg /em? /mg/cm?

Non-activated 0.78 0.785 0.994

COs-activated 0.61 0.785 0.777

Overall, the CO; activation is still beneficial in terms of rate capability as shown in Figure 4-10a
and b. This comparison proves the importance of considering both gravimetric and volumetric
measures for energy and power densities. The issue will be further considered in the following
chapter describing the salt activation of lignin-based carbon nanofibres from hardwood Kraft
lignin. In this chapter, it was shown that it is possible to produce highly capacitive LCNF elec-
trodes from fractionated eucalyptus Kraft lignin with high purity. The fibre formation from this
low molar mass polymer (1900 g/mol, D = 1.5) in the absence of any synthetic, high molar
mass polymer is attributed to strong intermolecular interactions via hydrogen bonds between
ether bonds (e.g. f-O-4) and hydroxyl groups (e.g. aliphatic) and n-r interactions (various phe-
nolic moieties) in the electrospinning solution at high lignin concentration (50 wt%). Through

stabilization in air, carbonization in a N atmosphere and activation with COy, it is possible to
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produce highly capacitive, free-standing carbon nanofibre electrodes from eucalyptus Kraft lig-
nin without any additive. The combination of high oxygen and carbon content and the high
degree of aromaticity of the lignin precursor translates into nanoporous, oxygen functionalized
carbon nanofibres with good yield (33% after carbonization and 25% after CO»-activation). The
hydroxyl and ether groups of the initial precursor are preserved in a reduced quantity as bene-

ficial oxygen functional groups in the final LCNFs.

4.4. Conclusion

Physical activation based on the reaction of CO; as oxidizing gas with carbon was used to im-
prove the capacitive performance of hardwood Kraft lignin-based carbon nanofibres. These
LCNF mats possess mainly CO-desorbing oxygen functional groups in TPD, which proved to
be beneficial when tested as free-standing electrodes in aqueous alkaline supercapacitors. Con-
sequently, the CO»-activated LCNF electrodes showed a high specific gravimetric capacitance
of 155 F/g at 0.1 A/g, excellent rate capability with 113 F/g at 250 A/g and a good capacitance
retention of 94% over 6000 cycles when tested in 6 M KOHjag) electrolyte. It can be concluded
that lignin itself is a promising precursor to produce nanoporous, oxygen functionalized carbon
fibres via a three-step thermal treatment (stabilization, carbonization and activation). The re-
sulting LCNF mats can be used without further processing steps as free-standing electrodes in
aqueous alkaline supercapacitors. However, the CO; activation process has a negative impact
on the volumetric energy density. Therefore, the leap in performance observed in gravimetric
measures is preserved to a much lower degree in volumetric ones. At high rates, the CO»-acti-
vated LCNFs still outperform the non-activated LCNFs even in volumetric measures. However,
at low current densities (up to 25 A/g), the difference in capacitance and hence energy density
becomes miniscule. Consequently, the densification of these nanofibre networks used as free-
standing electrodes needs to be achieved to improve the capacitive performance of the activated

LCNF electrodes in volumetric measures. This will be addressed in the following chapter.
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5. NaNOs activation of hardwood Kraft lignin-derived carbon nanofibres

5.1. Introduction

As described in the previous chapter, next to physical activation through COx) or steam,
chemical activation by alkali metal salts is another effective strategy to produce high surface
area carbon materials.!”’ This route is explored for hardwood Kraft lignin-derived (HKL)
carbon nanofibres (LCNFs) in this chapter. The resulting LCNFs are then used as free-standing
electrodes in aqueous alkaline supercapacitors (SCs). An efficient way to take advantage of
alkali metal catalyzed gasification is to use the hydroxides (here: NaOH) as aqueous solvents
in electrospinning of lignin. In this work, NaNO; was added in various quantities to the
electrospinning solutions to further enhance the chemical activation by decomposition of

NaNOs during carbonization:266-267

o

38
2NaNOss) —— 2 NaNOgp) + O

>800°C
4 NaNQO3s) ——— 2 NaxOg) + 5 Ozg) + 2 Nogg)

Thus, the activation agent can be incorporated in the electrospinning process and thus activation
takes place in the thermal conversion process (activation by decomposition) rather than in a
separate process step as in physical activation. However, after electrospinning and the thermal
conversion (carbonization), an additional washing step with hot water (80 °C) is required to
remove residual activating agents and by-products, such as Na>O). Another important ad-
vantage of incorporating the chemical activation agent in the electrospinning step is that, the
mixing of the activating agent with the polymer takes place in solution. The mixing on a mo-
lecular level ensures a more homogeneous distribution and stronger interactions than by phys-
ical mixing of pre-formed materials, such as coal, wood or coconut shells. When lignin is sol-
ubilized in an alkaline medium the hydroxyl groups are ionized.>’?*® Thus, the Na* ions pro-

vided through NaOH and NaNOj3 in solution will be bound to the solubilized lignin fragments
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by coulombic interactions which is illustrated in Figure 5-1.

_H+ .

+ HO
NaOH,,,+NaNO, ., 2

HsCO OCH, HsCO OCHj4
OH O+

Na (aq)

Figure 5-1 lonization of lignin in a NaOH/NaNOs solution and interaction of the ionized phenolic moi-

eties with Na* ions. The same principle applies to the aliphatic hydroxyl groups in lignin.

The reaction mechanism of activating carbon materials by NaOH was studied thoroughly in the
past.2#269271 1t has been suggested that the activation of carbon by alkali metal hydroxides

occurs via the following general reaction:

A (> 700 °C)
6 NaOHs) + 2 Cgs) > 2 Na+ 3 Hyg+ 2 NaxCOss)
g

Therefore, high activating-agent-to-carbon ratios need to be applied to create porosity effec-
tively. Most commonly, activating-agent-to-carbon ratios of two-to-one or three-to-one are
used.”®2"! In the activation of carbons, a solid-solid or liquid-solid redox reaction takes place
involving the reduction of the alkali metal hydroxide and the concomitant oxidation of the car-
bon material, which creates porosity.?’! Additionally, the decomposition of functional groups
in the carbon structure at elevated temperatures (>700 °C) leads to CO, CO; and H; evolution
and hence yields porosity.?** In the previous chapters, the latter was shown to be of great sig-
nificance during carbonization of the Kraft lignins used as precursors throughout this project.
The oxidative salt, NaNOs, serves not only as an additional activating agent, but it also controls
the lignin fibre diameter and incorporates oxygen functional groups. Furthermore, the charge
density in the electrospinning solution is increased by NaNOs3, hence the fibre packing density
in the final LCNF electrodes can be tailored. Therefore, the addition of NaNOs to the electro-
spinning solution greatly affects both the specific gravimetric and volumetric energy and power

densities when used as free-standing electrodes in aqueous alkaline supercapacitors (SCs).
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5.2. Preparation of NaNOs-activated LCNFs

The solutions for electrospinning contained polyethylene oxide (PEO) with an weight average
molar mass of 600,000 g/mol and eucalyptus hardwood Kraft lignin with a weight average mo-
lar mass of 1900 g/mol in a weight ratio of PEO/lignin of 0.14 dissolved in 1 M NaOHaq). The
total amount of polymer in solution was 12 wt%. 10, 30 and 50 mol% of NaNO; with respect
to NaOH in the solvent were added to the polymer solution in form of a 0.7 g/ml NaNO3q)
solution. The resulting NaNOs/lignin weight ratios are given in Table 5-1.

Table 5-1 NaNOs/polymer weight ratios in the electrospinning solutions.

Sample NaNOs;/mol %  NaNOs/polymer

NO 0 0.000
N10 10 0.059
N30 30 0.179
N50 50 0.299

The samples prepared from the various solutions are abbreviated according to the amount of
NaNOs in solution as NO, N10, N30 and N50. These solutions were stirred for three hours and
then stored in sealed glass vials overnight without stirring before electrospinning. For electro-
spinning, a plastic syringe was loaded with 4 ml of the electrospinning solution. The syringe
was discharged at a rate of 1 ml/h with a syringe pump (Pump 33 DDS Dual Drive System,
Harvard Apparatus, USA). Additionally, a high voltage (20 — 25 kV) between the syringe nee-
dle (gauge = 23) and the collector, which was an aluminum foil (24 x 24 cm), was established
with a transformer (Glassmann high voltage inc., USA). In order to control the humidity (at
10%), electrospinning was carried out in a glovebox (Plas-labs, USA). After electrospinning,
the as-spun lignin fibre mats were converted to carbon nanofibre mats in a one-step thermal
treatment by direct carbonization in forming gas (5 mol% H> in N») without the need of a sep-
arate stabilization step due to the co-polymer PEO which forms hydrogen bonds with the lignin

in solution.
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In addition, PEO provides additional oxygen which promotes crosslinking during the thermal
conversion in the nitrogen atmosphere.?” For the direct carbonization, the fibre mats were
heated to 800 °C for 2 h with a heating rate of 3 °C/min. Finally, the carbonized mats were
washed in a water bath at 80 °C for 1 h and subsequently dried overnight at 120 °C to remove

residual salts and activation agents.

5.3. Results and discussion

The as-spun lignin fibres with various concentrations of NaNOj in the electrospinning solution
are shown in Figure 5-2. The packing density of the fibres within the mats rises considerably
with increasing NaNOs3 concentration in the electrospinning solution, as can be seen in Figure
5-2. The void space (macropores >50 nm) between the fibres in sample NO (Figure 5-2a) grad-
ually decreases with increasing amount of NaNOs3 in N10 (Figure 5-2b) and N30 (Figure 5-2c¢)

and is smallest for N50 (Figure 5-2d).

Figure 5-2 The as-spun Kraft lignin fibres with 0 (a), 10 (b), 30 (c¢), and 50 (d) mol% of NaNO; added

to the electrospinning solution.

The effect of NaNOs on the fibre packing density in the nanofibre network is especially pro-
nounced when considering the difference between NO and N10, with 0 and 10 mol% of NaNOs.
Furthermore, the average fibre diameter decreases upon the addition of NaNOj3 to the electro-

spinning solution. The smallest average diameter of 182 nm was measured for the fibres of
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sample N10, as shown in Table 5-2. With increasing amounts of NaNOs in solution, the average
fibre diameter seems to slightly increase again for N30 (241 nm) and N50 (255 nm), while still
being much smaller than the one of the pristine (NO) fibres (478 nm). This can be observed
more clearly when looking at the single fibre morphology which changes gradually from cylin-
drically shaped fibres to more band-like fibre morphologies (Figure 5-2). The fibre thinning
upon the addition of salts in electrospinning solutions was also described in several publications
previously and was attributed to the increase of charge density in the solution and thus enhanced
elongation of the electrospinning jets.?*%?”3 Furthermore, the non-linear decrease in average
fibre diameter at high salt concentrations was previously attributed to an excess of charge den-
sity on the collector and hence incomplete splitting of the electrospinning jet.?’**”

Table 5-2 Average diameters of the as-spun and carbonized fibres. Additionally, the average area density

of the carbonized samples is given as a measure for the increase in fibre packing density.

Sample  Average fibre diam- Average fibre diameter Average area density* (car-
eter (as-spun) /nm (carbonized) /nm bonized) /mg/cm?

NO 478 + 89 331 +£42 0.51

N10 182 +£26 163 £42 0.69

N30 241 £42 201 + 38 0.77

N50 255+ 60 188 + 38 1.03

* average value of 10 samples (weight of electrodes with circular shape with a diameter of 1 cm)

After direct carbonization, the trend of fibre thinning and fibre network densification observed
for the as-spun fibre mats is maintained (Figure 5-3). This is also confirmed by the area density
of the carbonized nanofibre mats reported in Table 5-2. Furthermore, the average fibre diameter
decreased further for all samples during carbonization. The change in average diameter between
as-spun and carbonized fibres is greatest (>100 nm) for NO. Nano X-ray computed tomography
(CT) was carried out by Dr. Rhodri Jervis at University College London (UCL) to visualize the
carbonized electrospun mats in 3D. Figure 5-4 shows a 3D rendering and a greyscale xy

orthoslice of the reconstructed X-ray CT volume of the carbonized NO sample where the xy
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plane shown in Figure 5-4b and c is the plane in which the fibres are deposited, growing the

thickness of the mat with time in the z-direction.

Figure 5-3 The LCNFs prepared with 0 (a), 10 (b), 30 (c), 50 (d) mol% of NaNOj in the electrospinning

solution.

The lab CT system produced a pixel resolution of 63.15 nm providing clear images and good
contrast for the NO fibres. However, upon treatment with NaNOs3, the reduction in fibre diameter
is large enough that the resolution limits of the CT instrument were reached. From SEM, the
fibre diameters for the NaNOs treated samples are on the order of two to three voxels on

average, and thus there is not sufficient detail in the scan to infer accurate information.

20 ym

Figure 5-4 X-ray CT of the carbonized NO sample showing 3D renderings of the reconstructed volume
(a and b) and the 'xy' face, the plane of deposition of fibres, (right) in 3D (b) and an orthoslice of the

greyscale data from the center of the volume (c). Images were obtained with a voxel size of 63.15 nm.

98



Chapter 5 NaNOs activation of hardwood Kraft lignin-derived carbon nanofibres

Hence, only larger fibres or nodes from the junctions of multiple fibres are visible at this
resolution (Figure 5-5). Nevertheless, it is clear from the images of the N50 sample in Figure
5-5 that there is a densification of the mat and a decrease in macroporosity upon NaNOs treat-
ment, from 96% in the case of NO and 76% for N50, although there is a large error associated

with the latter number.

20 ym . 20 um

Figure 5-5 X-ray CT of the carbonized N50 sample showing 3D renderings of the reconstructed volume
(a and b) and the 'xy' face, the plane of deposition of fibres, (right) in 3D (b) and an orthoslice of the

greyscale data from the center of the volume (c).
In addition to the morphological 2D and 3D analysis of the entire nanofibre network, the change
of the single fibre morphology was investigated by transmission electron microscopy (TEM).

The TEM micrographs show some interesting features on the fibre surfaces (Figure 5-6).

Figure 5-6 TEM micrographs of the LCNFs prepared with 0 (a), 10 (b), 30 (c) and 50 (d) mol% of

NaNOs in the electrospinning solution.
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Upon addition of large amounts of NaNOs (Figure 5-6¢ and d), the LCNFs exhibit a much
higher degree of morphological heterogeneity than NO and N10. This is manifested in an onset
of ordering of ring-like domains on the fibre surface with the addition of 30 and 50 mol% of
NaNO:s in solution (Figure 5-6¢ and d). The XPS data given in Table 5-3 clearly indicates very
low amounts of Na and N on all LCNFs which means the features seen on the fibres are no salt
impurities (e.g. remaining NaNOs3 or NaxCOs). Instead, these ring-like domains might indicate
where the activating salts were located before decomposition which has led to an enhanced
ablation and rearrangement of the carbon matrix in this region.

The Raman spectra of the four samples (NO, N10, N30, N50) show both D and G bands, indi-
cating a disordered carbon structure (Figure 5-7).2°1:*76277 Upon addition of NaNOs, the degree
of disorder increases slightly indicated by an increase in Ip/Ig ratio (Figure 5-7). The intensities
were determined by the peak heights which was suggested to be more suitable for highly dis-

ordered carbons than the peak areas.?®%-%%!
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Figure 5-7 Normalized Raman spectra of NO, N10, N30, N50 after baseline correction.

The oxygen content with increasing amount of NaNO3 was determined by XPS (Figure 5-8 and
Table 5-3). Counterintuitively, the oxygen content is slightly lower for N10 (7.0 wt%) than for

the pristine sample, NO (8.9 wt%), which might be explained by the fact that with the addition
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of a small amount of NaNOs the porosity and fibre morphology are modified quite significantly.
These changes might lead to a shadowing of the surface oxygen groups in narrow nanopores
which are not probed by XPS due to its low penetration depth.!'** The XPS data indicates that
the nanofibre surface is free from any residual salts or other impurities. Additionally, it indicates
a very low sulfur content which is a result of extensive refinement of the Kraft lignin via the

LignoBoost process and sequential solvent fractionation.
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Figure 5-8 Deconvolution of the O1s narrow scan of NO (a), N10 (b), N30 (c) and N50 (d).

From the deconvolution of the Ols peak in XPS, it is clear that C-O is the most abundant
functional group in all samples. The samples NO and N10 prepared with low amounts of NaNO3
in the electrospinning solution show more C=0 functional groups (NO: 39.2% and N10: 34.7%)
than N30 and N50 with 17.0% and 17.7%, respectively. For N30, an elevated number (36.2%)
of O-C=0 functional groups was determined as shown in Figure 5-8c. Furthermore, the oxygen
content of the LCNFs was determined by temperature programmed desorption (TPD).
Compared to the results from XPS, the changes in oxygen content with increasing amounts of
NaNO:s in the electrospinning solution are less substantial. This can be explained by the fact
that TPD probes the bulk oxygen content, whereas XPS only the first nanometers of the

sample’s surface.
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Table 5-3 Overview of the surface chemistry: C, O, N, S and Na content of the LCNFs derived from
XPS.

Sample C /wt% O /'wt% N/wt% S/wt% Na/wt%
NO 90.1 8.9 0.3 0.5 0.2
N10 91.5 7.0 0.8 0.3 0.3
N30 85.7 13.1 0.6 0.4 0.2
N50 86.0 12.8 0.7 0.2 0.2

Moreover, the reducing atmosphere (5 mol% H> in N>) during the carbonization step effectively
removes the oxygen functionalities arising from the NaNO3 decomposition. This is especially
true for the samples N10 and N30. N50 shows a clear increase in both CO; and CO desorption.
Consequently, the total amount of oxygen increases from 2.9 wt% for NO to 4.5 wt% for N50
(Figure 5-9). This indicates that the reducing condition during carbonization is not sufficient to
remove the surplus of oxygen functional groups anymore. All samples desorb more CO than
CO; which is consistent with the data derived from XPS which showed that C-O is the main
functional group. In particular, the pronounced increase of CO desorption determined for N50

is in line with the results from the deconvolution of the Ols peak of this sample.
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Figure 5-9 The bar chart indicates the total amount of desorbed CO and CO; from TPD measurements.
The red line graph shows the total oxygen content in weight percent derived from the sum of CO and

2-CO; desorbed from the samples.

The isotherms of the N2 sorption experiments are shown in Figure 5-10a. The results clearly

indicate that the increasing amount of NaNQOs translates into increasing porosity as the volume

102



Chapter 5 NaNO; activation of hardwood Kraft lignin-derived carbon nanofibres

of adsorbed N rises with increasing amount of NaNO3 in the electrospinning solution (Figure
5-10a). Within the experimental error, a linear correlation with a R? value of 0.97 between the
NaNO:s content and the DFT surface area derived from the N> adsorption could be found, which

can be seen in Figure 5-10b.
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Figure 5-10 N sorption isotherms of all four samples (a), correlation of DFT-derived surface area and
NaNOj; content (b), PSDs calculated by DFT (QSDFT (slit pore/cylindrical pore) model) based on the
adsorption isotherms of N (c) and PSDs from CO, adsorption measurements (NLDFT, non-localized
DFT method) (d).

The pore size distributions (PSDs) calculated by Quenched Solid State Density Functional The-
ory (QSDFT) implemented into the gas sorption analyzer software (ASiQwin, version 3.0)
show that the addition of the oxidizing agent, NaNOs, creates slightly bigger pores around 1.0
and 1.4 nm. For the sample N50, even a small hump at around 2.2 nm is observed in the PSD
(Figure 5-10). However, the PSDs of all samples are very narrow. A closer look at the PSDs
within the narrow (sub-)nanopore region using CO, adsorption (Figure 5-10d) shows that, while
NO and N10 have similar (sub-)nanoporous pore size distributions (<1 nm), the PSDs of N30
and N50 are markedly different showing an increase in pore volume between 0.4 and 0.6 nm as

indicated by two sharp and distinct peaks at 0.5 and 0.6 nm in the PSDs. This suggests that even
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at high salt concentrations no agglomeration and hence formation of enlarged pores takes place,
but rather a fine and homogeneous distribution of the activating salt translates into an enhance-

ment of the (sub-)nanoporosity.

Without NaNO3 With NaNO3

|

Scheme 5-1 Summary of the effects of NaNOs in the electrospinning solution determined by various

characterization techniques.

The controlled oxidation by the addition of NaNOs; and the subsequent reduction during car-
bonization of the LCNFs results in an increase in fibre packing density as shown by CT and
SEM, controlled oxygen functionalization shown by TPD and XPS and an increase in (sub-
)nanoporosity analyzed by gas sorption measurements (Scheme 5-1). This will have a great
impact on the overall performance of the LCNFs in aqueous alkaline supercapacitors. The ca-
pacitive performance of the LCNFs as free-standing electrodes in symmetric two-electrode su-
percapacitors was evaluated in Swagelok-type cells using an aqueous alkaline electrolyte
(6 M KOHg,g)). To evaluate the capacitive performance of the free-standing LCNF electrodes

derived from eucalyptus hardwood Kraft lignin in SCs, cyclic voltammograms (CVs) at various
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scan rates were recorded. These reveal a similar behavior of all four samples for low (5 mV/s)

and mid-level (50 mV/s) scan rates as shown in Figure 5-11a and b, respectively.
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Figure 5-11 Voltammograms at 5 (a), 50 (b), 500 (¢) mV/s and 1 V/s (d) of all four samples measured

However, the CVs of N30 and N50 show a slight curvature and hence higher capacitance values
at low and mid-level scan rates which might arise from the contribution of the oxygen functional
groups in combination with the elevated (sub-)nanoporosity. A reaction mechanism for the con-
tribution of oxygen groups in alkaline media remains to be elucidated. However, enhanced hy-
drophilicity and ion affinity are the two main contributions most commonly described for oxy-
gen-rich carbons tested in alkaline media.'®!"! At high and very high scan rates of 500 mV/s
(Figure 5-11c) and 1 V/s (Figure 5-11d), NO and N10 keep a rectangular shape of the voltam-
mograms, whereas N30 and N50 exhibit a deformed shape which indicates a lower accessibility
of the (sub-)nanometer pores.'®’

Therefore, the samples synthesized with no or low NaNOj; content (NO and N10) reveal a better
rate capability compared with N30 and N50. This is also supported by the impedance data
shown in Figure 5-12. The Nyquist plot in Figure 5-12a shows an enlarged semi-circle for N30

and N50 (low rate capability) compared to NO and N10 (high rate capability) as a result of the
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increase in the number of oxygen functional groups, the rise in (sub-)nanopores within the
LCNFs and increase of the fibre packing density (decrease in macroporosity).2’®?” In the Bode
phase angle plot (Figure 5-12b), the frequency responses of NO, N10, N30 and N50 show that
NO and N10 preserve the ideal value of -90 ° (fully capacitive) towards higher frequencies in-
dicating higher rate capability than N30 and N50. The imaginary capacitance (C’’) plotted as a
function of frequency confirms this observation (Figure 5-12c). Herein, the maximum imagi-
nary capacitance is located at the so-called relaxation frequency, fr, determining the character-
istic time constant according to © = (2nfr)!. In general, the lower the time constant the higher
the rate capability.*** For NO and N10, fr = 7.7 Hz and for N30 and N50, fr = 1.7 Hz. Hence,
NO and N10 show a smaller time constant of 0.02 s than N30 and N50 (0.095 s). The combined
CV and impedance analyses clearly reveal that the increase in oxygen groups in N30 and N50,
the enhancement of (sub-)nanoporosity and the densification of the LCNF network give rise to

a lower rate capability, but higher capacitance values at low rates.
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Figure 5-12 The Nyquist plots (a), Bode phase angle plots (b), imaginary capacitance vs. frequency plot
(c) and cyclability data (d) of all four samples.
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Lower rate capabilities due to oxygen functionalization and due to pores smaller than 1 nm
were also reported in previous works on carbon based supercapacitors. 4274280282 The capaci-
tance retention of more than 92.8% after 6000 cycles for all samples, which is shown in Figure
5-12d, indicates good cyclability regardless of the NaNOs content in the electrospinning solu-
tion supporting the previous observations that CO-desorbing oxygen functional groups in TPD
are stable in aqueous alkaline electrolytes.’*!

The rate capability was investigated in more detail by galvanostatic charge-discharge (GCD)
measurements at various current densities. In Figure 5-13a and b, the dependence of specific
gravimetric and areal capacitance values on the current density are presented. The direct com-
parison of the gravimetric and areal capacitance reveals the role of densification. In Figure
5-13a, all results are normalized by the electrode weights (F/g) meaning the densification and
the resulting increase in electrode weights of the CNF electrode is not taken into account.
Hence, the trend already derived from cyclic voltammetry and impedance spectroscopy can

also be deduced from the GCD measurements (Figure 5-13a).
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Figure 5-13 Dependence of the specific gravimetric capacitance on the current density for all four sam-

ples (a), dependence of the specific areal capacitance on the current density for all four samples (b),
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Ragone plot in gravimetric measures (c) and Ragone plot in volumetric measures (d).
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The samples produced with large amounts of NaNOs in the electrospinning solution (N30 and
N50) show a lower rate capability than the ones with no or small amounts of NaNO3 (NO and
N10). More explicitly, at current densities of up to 50 A/g (medium rate), the specific gravi-
metric capacitance increases with increasing amount of NaNO3 and a maximum gravimetric
capacitance of 192 F/g at 0.1 A/g was obtained for N50. At high current densities (charge and
discharge rates) exceeding 50 A/g, N10 with a low number of oxygen functional groups, a mod-
erate increase in (sub-)nanoporosity and fibre packing density shows excellent rate capability.
Determining the areal capacitance factors in the positive effect of fibre network densification.
Consequently, the values for the specific areal capacitance (mF/cm?) show even more pro-
nounced differences among the samples (Figure 5-13b). At low rates, the areal capacitance can
be more than doubled from 147 mF/cm? (NO) to 350 mF/cm? (N50). At high rates, this leap in
areal capacitance is preserved as the increase in packing density, oxygen functionality and (sub-
)nanoporosity are all factored in. The Ragone plots in gravimetric and volumetric measures,
shown in Figure 5-13c and d, reveal the tuneability between high power and high energy density
based on the NaNOs3 content in the electrospinning solution. N30 and N50 contain an increased
number of oxygen functional groups, (sub-)nanoporosity and have a higher fibre packing den-
sity and hence operate as high energy density materials (up to 8.4 Wh/kg) at low power
(2.6 W/kg). NO and N10 contain small amounts of surface oxygen and less (sub-)nanopores and
have a lower fibre packing density. Consequently, NO and N10 operate as high-power density
materials (up to 60 kW/kg). The same trend as for the gravimetric energy and power densities
can be observed in terms of volumetric energy density (Figure 5-13d). However, as the fibre
network densification is considered, N30 and N50 compare well with NO and N10. Only at very
high power densities exceeding 9.0 W/cm?, NO and N10 outperform N30 and N50 (Figure
5-13d). N10 exhibits a high power density of 11.6 W/cm?® with an energy density of 14.7-10-

* Wh/cm?®, whereas N50 delivers the highest energy density with 22.5-10* Wh/cm® and a max-

108



Chapter 5 NaNO; activation of hardwood Kraft lignin-derived carbon nanofibres

imum power density of 10.3 W/cm?®. Simply by varying the amount of NaNOjs in the electro-
spinning solution and subsequent reduction (5 mol% H> in N2) during carbonization, the result-
ing electrode specifications can be tailored towards high energy (high NaNOs content) or high

power (low NaNOs content) applications.

5.4. Conclusion

Eucalyptus hardwood Kraft lignin-derived carbon nanofibre electrodes were prepared by chem-
ical activation embedded in the electrospinning and carbonization process steps. The specific
gravimetric capacitance of the LCNF electrodes could be increased from 151 to 192 F/g in
6 M KOH(.q) at a low current density of 0.1 A/g via the two-step procedure of oxidative elec-
trospinning (NaNQOs3) and reducing carbonization (5 mol% H> in N»). Moreover, the method
allows doubling of the loading per electrode via fibre network densification with the addition
of NaNO;, which allows the areal capacitance to more than double from 147 mF/cm? in the
absence of NaNOs to 350 mF/cm? with the maximum amount of NaNOs in the electrospinning
solution with good capacitance retention of 92.8% after 6000 cycles. Thus, the low volumetric
energy density normally associated with CNF electrodes could be greatly improved from
949 pWh/cm® to 2245 pWh/cm?. Compared to the physical activation of eucalyptus Kraft lig-
nin-derived CNF electrodes, chemical activation by addition of NaNOjs to the electrospinning
solution has two advantages as revealed in this chapter. Firstly, the number of process steps can
be reduced. While CO»-activated LCNFs were prepared by a four-step procedure (electrospin-
ning, stabilization, carbonization and CO, activation), the NaNOs-activated LCNFs could be
produced by a three-step process: electrospinning, carbonization and cleaning. However, the
input of chemicals is higher for preparing the NaNOs-activated LCNFs than for the CO;-acti-
vated ones. Secondly, the weight loss induced by CO; activation decreases the density of the

resulting LCNF networks which is detrimental to the volumetric energy and power densities as
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shown in the previous chapter. NaNOj3 activation, however, has the opposite effect. The addi-
tion of NaNOs to the electrospinning solution yields a decrease of the macro-pore space in
between the individual fibres in the LCNF network and hence leads to an increase in density.
Concomitantly, NaNOs activation leads to an increase of the nanoporosity within the fibres.
Therefore, this activation procedure is beneficial for both volumetric and gravimetric en-
ergy/power densities. However, the resulting electrode loadings (maximum 1.03 mg/cm?) are
still below the ones of commercial supercapacitors (8 — 10 mg/cm?) implying that the void space
(macropores) in the LCNF network is still substantial. By measuring the apparent and skeletal
density of a nanofibre mat, a shrinking factor, k, can be introduced as a simple measure for
space efficiency of the LCNF network. The apparent density is determined by measuring the
weight of a piece of nanofibre mat with known dimensions (e.g. circular disk with known di-
ameter and thickness). The skeletal density can directly be determined via helium pycnometry.
With these values the shrinking factor, k, collapses the apparent macro-structure of the nano-
fibre network with void space mathematically into a structure without voids while keeping the
original aspect ratio. Obviously, the closer « is to 1 the denser the CNF network. For a CNF

network with circular shape it can be derived as follows:

p(apparent) - k = p(skeletal)

m 5 = p(skeletal)

(5

m

T-d2 K2 -7 K p(skeletal)

4

m
— T, = p(skeletal) - k3

4
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3 4-m _
m-d?-z-p(skeletal) K

e m = weight of electrode in g
e d=apparent diameter in cm
e 7z =apparent thickness in cm

e p(skeletal) = skeletal density determined by He pycnometry (2.26 g/cm?) or assumed
(density of graphite 2.3 g/cm?).

e « = shrinking factor (dimensionless quantity)
Of course, the sole difference between p(skeletal) and p(apparent) gives a measure of the void
space. However, it gives no direct insight into the degree of space efficiency. With k deter-
mined, the diameter and thickness of the collapsed CNF network (without voids) can be recal-
culated keeping the original aspect ratio (Figure 5-14). This gives a direct measure of the space

efficiency.

Table 5-4 Calculation of the shrinking factor and the resulting collapsed geometry for NO and N50.

Apparent geometry Collapsed geometry
Sample | m /mg | d /em | z/um | p(skeletal) /g/cm® | d/cm Z /pm
NO 0.4004 | 1.0 60 2.26 0.335 0.335 20.1
N50 0.8086 | 1.0 60 2.26 0.423 0.423 25.4

Figure 5-14 Illustration of the effect of densification by the addition of NaNOs to the electrospinning

solution. The black filled circle indicates the collapsed geometry.
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For NO, the original (apparent) geometry of a disk with a diameter of 1 cm and a thickness of
60 um yields a collapsed (void-free) geometry with a diameter of 0.335 c¢cm and a thickness of
20.1 um. For N50, a collapsed geometry with a diameter of 0.423 cm and a thickness of
25.4 um was calculated (Table 5-4). The black filled circle in Figure 5-14 indicates the col-
lapsed geometry of both samples. It can be concluded that even if a considerable degree of
densification of the fibre network could be achieved by addition of NaNOj3 in the electrospin-
ning solution, there is still a substantial void volume incorporated in the CNF network of N50.
The main obstacle to implement electrospun fibre electrodes for energy storage applications is
their vast amount of void space and hence ultra-low density. This issue will be further addressed

towards the end of this thesis.
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6. Softwood Kraft lignin-derived carbon nanofibres in nickel-zinc hybrid capacitors

6.1. Introduction

In this chapter, softwood Kraft lignin-derived carbon nanofibres (LCNFs) are used as electri-
cally conductive scaffolds on which nickel hydroxide (NiOH2) and zinc oxide (ZnO) particles
were deposited. These composite electrodes were then used to build an aqueous alkaline nickel-
zinc hybrid capacitor (NZHC). This energy storage device takes advantage of both the electric
double layer capacitance emerging from the (sub-)nanoporosity of the LCNFs and the redox
reactions of rechargeable nickel-zinc batteries (RNZBs). RNZBs have gained renewed interest
due to their lower cost, higher safety and rate capability compared to the widely used lithium
ion batteries (LIBs).?** The elevated rate capability is caused by the use of an aqueous electro-
lyte with high ionic conductivity (600 mS/cm) in RNZBs rather than an organic electrolyte used
in LIBs (10 mS/cm).'®1:284286 [n comparison to other aqueous battery systems, such as lead acid
or nickel metal hydride batteries, RNZBs can operate at higher voltages (up to 1.73 V) and
hence provide high energy and power densities.?**> The quite high operating voltage in an aque-
ous medium is a consequence of the high cathodic working potential of Ni and low anodic
working potential of Zn and hence high cell potential. ?3”?*® However, the limited cycle life of
RNZBs (less than 500 cycles) arising from changes in morphology and shape of the zinc elec-
trode after repeated charging and discharging impeded their development until quite re-
cently.?®2! The instability of the zinc anode in aqueous alkaline electrolytes leads to dendrite
formation and capacity loss.”®” The issues related to the zinc anode are a consequence of the
high solubility of the zinc discharge product (ZnO) in aqueous alkaline electrolytes
(KOHag)).2*%°*%3 The ZnO anode material dissolves in the KOH solution to form a soluble

zincate (Zn(OH)3~) ion. During the charging process the zincate ion is then reduced to zinc

metal:
discharging
1) Zn+40H " Zn(OH)i +2e”
charging
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discharging

2) Zn(OH)3~ ZnO + 20H™ + H,0

charging

The cathode reaction is described as follows:

discharging

3) 2NiOOH + 2H,0 + 2e~ 2Ni(OH), + 20H"™

charging

Therefore, the overall cell reaction can be described as:

discharging

4) Zn + 2NiOOH + H,0 Zn0 + 2Ni(OH),

charging

In order to suppress the dissolution and shape change of the zinc anode during cycling, various
salts, such as fluorides (KF) and carbonates (K2CO3), were added to the KOH based electrolyte
so that the concentration of OH™ ions in solution could be reduced.?**?°° Recently, it was shown
that a 3D porous (‘sponge’-like) morphology of the zinc electrode instead of the commonly
used dense sintered zinc electrode improves the cycling performance tremendously.?®
Moreover, it was demonstrated that a dense zinc electrode can be stabilized by preparing zinc-
carbon composites.”®® For instance, as shown by Frackowiack in 1995, the addition of 5%
acetylene black significantly inhibits dissolution of a sintered pellet of zinc. Additionally, the
oxidation products remain in the interior of the electrode owing to the adsorbent properties of
acetylene black.?”” However, the achieved cycle number was still far below 500 cycles.?’
Combining both the merits of adding carbon to the zinc anode and a 3D porous (‘sponge’-like)
electrode morphology can be achieved by depositing ZnO particles on electrospun carbon
nanofibres. The use of ZnO (discharge product) as sole active material instead of metallic Zn
was shown to improve the cycle life further because ZnO can be regarded as a buffer for the
loss of active material via the zincate ion formation during repeated cycling.?’® Several authors
prepared such carbon-ZnO or carbon-Ni(OH), composites via electrodeposition on commercial

carbon fibre felts which are nowadays manufactured from polyacrylonitrile and hence

costly.??392 Nanostructured carbons, such as carbon nanotubes which are energy — intensive
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to produce were also used as substrates.** In the work at hand, softwood Kraft lignin-derived
carbon nanofibre (LCNF) networks are used as electrically conductive scaffolds. The highly
porous micro-morphology of the LCNF network is of great use to accommodate the redox
active material without loss of its accessibility as it provides a three-dimensional and highly
connected pore structure which was visualized by nano X-ray CT in chapter 5. Moreover, the
deposition via precipitation based on the hydrolysis of urea was carried out rather than
electrodeposition. The precipitation of metal salts from aqueous solutions via the hydrolysis of
urea at elevated temperatures has been described as early as 1937 by Willard and Tang.*** The
slow hydrolysis of urea yields ammonia and carbon dioxide which leads to a gradual increase
of the pH controlling the precipitation of hydroxides from the solution.>***%* Therefore, the
homogeneous alkalization in solution results in a more homogeneous coverage of the fibres
compared to electrodeposition which physically deposits the metal precursor on the fibres via
coulombic attraction. The carbon nanofibres used as substrates for the deposition were prepared
as described in chapter 3 of this thesis. The preparation of the ZnO-LCNF and Ni(OH),-LCNF

composites is described in the following section.

6.2. Preparation of Ni(OH)2- and ZnO-LCNFs

For the deposition of Ni(OH); or ZnO on the LCNF substrates, 10 ml of a 0.1 M solution with
either nickel chloride hexahydrate (NiCl,'6H>O) or zinc acetate dihydrate
(Zn(CH3COO0O),;-2H20) was prepared and heated to 90 °C and 70 °C, respectively. When the
respective temperature was reached, 2.924 ml of a 9 M urea(q) solution were added (acting as
a precipitation agent) and the solution was shaken for one minute. Afterwards, the SKL-derived
LCNFs stabilized at 250 °C and carbonized at 700 °C were added to the solution. In order to
ensure complete wetting of the LCNF network and to allow the solution to penetrate the carbon
nanofibre network fully, the vial filled with the solution and the LCNFs was sealed and evacu-

ated. After several (typically three) evacuation and backfill cycles, the air trapped in the LCNF
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network could be removed and instead be filled with the respective precursor solution. After
this, the LCNF mat was fully immersed into the solution. In the case of the Ni(OH), deposition,
the LCNF mat was left for 55 min at 90 °C in solution. The Zn(OH), deposition proceeded for
40 min at 90 °C. After the deposition, the samples were removed from the vial and washed with
deionized water in a beaker to terminate the precipitation reaction by the resulting cooling and
dilution and in order to clean the sample from any residual salts. Finally, the Ni(OH),-LCNFs
were dried at 70 °C for one hour and the Zn(OH),-LCNFs were annealed at 300 °C for one hour

to convert the deposited zinc hydroxide to ZnO.

6.3. Results and discussion
The morphology of the pristine, Ni-LCNFs (Ni(OH)> deposited on LCNFs) and the Zn-LCNFs

(ZnO deposited on LCNFs) are shown in Figure 6-1a, b and c, respectively.

Figure 6-1 SEM micrographs of the pristine LCNFs (a), the Ni-LCNFs (b), and the Zn-LCNFs (after

calcination) (c).

It can be observed that the Ni(OH), (Figure 6-1b) and the ZnO (Figure 6-1c¢) particles could be
deposited homogeneously on the pristine LCNFs (Figure 6-1a) by the precipitation method ap-
plied. The size of the ZnO particles is considerably larger than the one of the Ni(OH)2 deposi-

tions. This can be attributed to the additional heat treatment at 300 °C that was used to transform
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Zn(OH): to ZnO which also leads to a growth of the particles. In addition, the solubility of the
two metal precursor salts is different, where NiClo-6H>O has a much higher solubility of
2540 g/1 than Zn(CH3COO),-2H,0 (430 g/1).3%¢3%7 Since both metal precursor solutions were
prepared and treated in a similar way, it is obvious that the state of (over-) saturation and thus
precipitation is reached much earlier in the case of zinc acetate dihydrate. Therefore, both par-
ticle and crystallite growth proceed over a longer period yielding larger particles and crystallites

of Zn-LCNFs. The TEM micrographs presented in Figure 6-2 confirm this reasoning.

Figure 6-2 TEM micrographs of a Ni-LCNF (a) and a Zn-LCNF (b).

The polycrystalline precipitates of Ni(OH)2 on the Ni-LCNFs (Figure 6-2a) are considerably
smaller than the large polycrystalline ZnO particles on the Zn-LCNFs (Figure 6-2b). In the case
of the Zn-LCNF, even the hexagonal crystal morphology characteristic of the hexagonal wurtz-
ite structure of ZnO was formed (Figure 6-2b) implying a high degree of crystallinity. The

difference in crystallite size is also apparent in the diffractograms based on the width of the
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reflections arising from Ni(OH); and ZnO. The full width at half maximum (FWHM) of the

reflections in a diffractogram is dependent on the average crystallite size.
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Figure 6-3 Diffractograms of the pristine LCNFs (a), Ni-LCNFs (b) and Zn-LCNFs (c).

Hence, the average crystallite size can be estimated by using the Scherrer equation:**®

K-A

L=
FWHM - cos(0)

L is the average crystallite size, K is the formfactor (0.9), A is the wavelength (CuKa =
0.15406 nm), FWHM is the full width at half maximum and 0 the diffraction angle. The pristine
LCNFs show a broad peak between 10 and 25 ° and a very small increase in intensity at around
40 °, which is indicative of disordered carbon consisting of few-layer graphene or disordered
graphitic domains. The non-crystalline, disordered carbon structure is a direct consequence of
the high degree of disorder of the amorphous lignin polymer. The Ni- and Zn-LCNFs show
peaks of crystalline phases superimposed on the signals related to the LCNFs. The three reflec-
tions in the diffractogram of the Ni-LCNFs can be assigned to the a-phase of Ni(OH)> which is

closely related to the more common/stable B-phase of Ni(OH)>.>% It was reported before that
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the presence of urea consistently yields the a-phase instead of the B-phase due to the intercala-
tion of its decomposition products (e.g. OCN~and CO%~ ions) into the Ni(OH), interlayers.>%-31°
The average crystallite size derived from the well-resolved (003) reflection at 11.924 °is 5.9 nm
(Table 6-1). The diffractogram of Zn-LCNFs indicates that the hexagonal wurtzite phase of
ZnO was formed. The average crystallite size determined from the (010) reflection at 31.896 °

is 10.2 nm. The difference in crystallite size of Ni- and Zn-LCNFs is consistent with the TEM

imaging (Figure 6-2).

Table 6-1 Values used for the calculation of the average crystallite sizes derived from XRD.

Material Position 20 /° FWHM /° L /nm
Ni-LCNFs 11.924 1.343 59
Zn-LCNFs 31.896 0.877 10.2

Energy-dispersive X-ray (EDX) spectroscopic measurements were carried out on the pristine
LCNFs, Ni-LCNFs and Zn-LCNFs in order to determine the elemental composition. The aver-
age of three measurements per sample are shown in Table 6-2. From the atomic ratios of the
metal (Ni, Zn) and oxygen (O), it is clear that the LCNFs were oxidized in the process of de-
positing Ni(OH), and ZnO. Since the Ni/O-ratio determined by EDX is 0.31, but its theoretical
value is 0.50, as apparent from the molar ratios in the molecular formula. A similar discrepancy
of the Zn/O-ratio between the EDX results (0.55) and the molecular formula (1.0) was found

for ZnO.

Table 6-2 Elemental composition determined by EDX (average value of three measurements per
sample).

Element pristine LCNF Ni-LCNF Zn-LCNF
C /at% 94.1 78.4 334

O /at% 59 16.5 43.1
Ni /at% 0.0 5.1 0.0
Zn /at% 0.0 0.0 23.5
Total /at% 100.0 100.0 100.0
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Therefore, it can be assumed that the LCNFs were oxidized as the initial oxygen content of the
pristine LCNFs of 5.9 at% does not account for the differences between theoretical and meas-
ured stoichiometries of the Ni and Zn-LCNFs. Furthermore, X-ray photoelectron spectra of the

Ni-LCNFs and Zn-LCNFs were measured, which can be seen in Figure 6-4.
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Figure 6-4 XPS spectra: Ni 2p of Ni-LCNFs, s* indicates the satellite peaks of Ni 2pi» and Ni 2p3» (a),
Zn 2p spectrum of Zn-LCNFs (b) and the O1s peak of Ni-LCNFs (c) and Zn-LCNFs (d).

Even if there is a considerable overlap of the oxygen bonded to carbon and the oxygen bonded
to the metal (Ni-O or Zn-0), it has been suggested in the literature that the majority of the
oxygen content arising from Ni-O and Zn-O can be assigned to the intensity at approximately
531 eV and the intensity at higher binding energies to C=0/C-O. However, there might be a
considerable overlap giving rise to uncertainties in deriving the contributions of metal bonded
oxygen and carbon bonded oxygen to the total intensity of the Ols peak.’!'! Based on the Ols
peak deconvolutions, shown in Figure 6-4a and b, 56 at% of the total oxygen content deter-
mined by XPS can be assigned to Ni-O in the Ni-LCNF and 55 at% can be attributed to Zn-O
in the Zn-LCNFs. Combining this data with the oxygen content determined by EDX (Table
6-2) yields improved metal/carbon ratios: Ni(5.1 at%)/O(16.5 at%-0.56 = 9.24 at%) = 0.55

(theoretical: 0.50) and Zn(23.5 at%)/O(43.1 at%-0.55 = 23.7 at%) = 0.99 (theoretical: 1.0).
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The influence of the deposited particles on the (sub-)nanoporosity of the LCNFs was investi-

gated by N2 and CO; sorption measurements shown in Figure 6-5.
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Figure 6-5 N sorption isotherms (a) and CO> adsorption isotherms (b) of the pristine LCNFs, the Ni-
and the Zn-LCNFs.

Interestingly, the influence of the deposition of particles on the mesoporositiy (pore diameter:
2 — 50 nm) and macroporosity (>50 nm) determined by N> sorption and the (sub-)nanoporosity
measured by CO» sorption (<2 nm) is different. The N> isotherms indicate a drastic drop of
adsorbed gas for both Ni- and Zn-LCNFs compared to the pristine LCNFs (Figure 6-5a). The
resulting BET (Brunauer, Emmett and Teller) surface area determined for the Zn-LCNFs
(74 m?/g) is slightly larger than the one determined for the Ni-LCNFs (24 m?/g). However, both
are very low compared to the one of the pristine LCNFs (591 m?/g). This suggests that the pores
are filled and/or pore entrances are blocked by the metal oxide/hydroxide particles on the
LCNFs. However, the (sub-)nanometer pores were not filled by the particles as the CO» adsorp-
tion isotherms indicate. From the CO» adsorption isotherms which probes solely the (sub-)na-
nometer pores due to the different measurement conditions (rel. pressure and temperature), it is
apparent that the drop in volume of adsorbed gas upon metal particle deposition is much less
substantial for the Zn-LCNFs than for the Ni-LCNFs. This might be explained by the crystallite
size and the resulting particle size that were shown to be much smaller for the Ni-LCNFs than

for the Zn-LCNFs. Therefore, the Ni(OH); particles can fill small nanopores much more effi-
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ciently than the bigger ZnO particles (>5 nm). Consequently, the DFT surface areas of the pris-
tine sample (1131 m?/g) and Zn-LCNFs (1110 m?/g) are similar and the one determined for the
Ni-LCNFs considerably smaller (743 m%/g).

After the thorough characterization of the composite electrodes, electrochemical tests were per-
formed, whereby the Ni-LCNFs served as the cathode and the Zn-LCNFs as the anode operating
with 1 M KOHq) as electrolyte. The loadings of Ni(OH)2 and ZnO were each approximately
10 wt%. Hence, the final device assembled herein will not be called nickel-zinc battery, but
nickel-zinc hybrid capacitor (NZHC), as the electric double layer charge storage contribution
is still present to a substantial extent. This is discussed in more detail further below. The cyclic
voltammograms indicate the difference between a symmetric supercapacitor assembled with
the pristine LCNFs (LCNF-SC) and the NZHC composed of Ni- and Zn-LCNF electrodes op-

erating in the same electrolyte (Figure 6-6a).
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Figure 6-6 Cyclic voltammograms at various scan rates for a SC composed of pristine LCNFs (dashed
line) and a NZHC (solid lines) (a), charge-discharge traces of a SC assembled with pristine LCNF elec-
trodes (dashed) and a NZHC (solid line) (b), Ragone plot of a LCNF-SC and a NZHC (c) and cyclability
of both a LCNF-SC and a NZHC at 5 A/g (d).
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The gravimetric units are normalized based on the total mass of the electrodes (LCNFs + redox
active materials). Compared to the LCNF-SC, the NZHC can operate at a higher voltage (cut-
off 1.6 V) and it shows increased charge storage capacity due to the redox activity of the Ni''"
and Zn"" redox pairs. In addition, it is apparent that a considerable fraction of the initial double
layer capacitance arising from the (sub-)nanoporosity of the pristine LCNFs is retained between
0 and 1.1 V, which is consistent with the gas sorption data (Figure 6-5). This can also be ob-
served in Figure 6-6b, where the charge-discharge profiles of the LCNF-SC and the NZHC at
a current density of 2.5 A/g are shown. Up to 1.1 V, a linear change of the voltage with time
can be observed in the charge-discharge profile. This is characteristic for electric double layer
capacitors. Above 1.1 V, a curved plateau region is indicative of the redox activity of Ni'"™ and
Zn"". The contribution of the electric double layer charge storage (Q(C)) and the Ni/Zn redox
mechanism (Q(Ni/Zn)) are dependent on the scan rate as shown in Figure 6-7. Herein, the volt-
ammograms of the NZHC at a slow scan rate of 5 mV/s (Figure 6-7a) and a high scan rate of

250 mV/s (Figure 6-7b) are shown indicating various contributions to the total capacity
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Figure 6-7 Voltammograms of the NZHC at 5 mV/s (a) and 250 mV/s (b) with the various contributions
to the total capacity and the percentages of the charge storage arising from the porous LCNFs (Q(C))
and the nickel zinc redox reactions (Q(Ni/Zn)) at 5 mV/s (c) and 250 mV/s (d).
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enclosed by the voltammograms. It is obvious that the double layer capacity contribution (Q(C))
increases with increasing scan rate and the one of the Ni/Zn redox charge mechanism
(Q(Ni/Zn)) decreases. The exact values determined by integrating the areas attributed to the
different charge storage mechanisms are presented in Table 6-3. It needs to be mentioned that
there is an uncertainty as to where exactly the area of the electric double layer contribution
terminates and where the one of the Ni/Zn redox activity begins. This cannot be fully elucidated
as electric double layer and redox mechanism always overlap.

Table 6-3 Charge (Q) and charge fractions (Q fractions) derived from dividing and integrating the area

enclosed by the voltammograms.

5 mV/s 250 mV/s
Contribution Q /mC Q fraction /% Q /mC Q fraction /%
(HQ(O) 15.6 20.9 13.5 29.2
(-)Q(O) 17.2 23.1 15.9 34.1
Total(C) 32.8 44.0 294 63.5
(+)Q(Ni/Zn) 23.6 31.7 9.51 20.6
(-)Q(Ni/Zn) 18.1 243 7.35 15.9
Total(Ni/Zn) 41.7 56.0 16.86 36.5
Total 74.5 100.0 46.26 100.0

However, the area enclosed above 1.1 V was fully assigned to the Ni/Zn redox charge storage
mechanism as this region would not be viable without the Ni/Zn mechanism. At 5 mV/s, 56 %
of the total charge stored can be assigned to the Ni/Zn charge storage mechanism and the resid-
ual 44% to the electric double layer mechanism (Table 6-3). At 250 mV/s, only 36.5% of the
total charge stored arises from the Ni/Zn redox reaction and 63.5% from the electric double
mechanism. Redox reactions are charge transfer reactions at the interface of the electrode and
electrolyte and hence diffusion controlled/limited. In addition, they involve bond breaking and
new bond formation in the bulk electrode material which is highly rate dependent. Therefore,
the charge storage via the redox reactions is drastically reduced at such high scan rates. The
electric double layer mechanism is based on physical ad-/desorption on electrically polarized

surfaces and hence a much faster process because no charge transfer and no bulk chemical
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reactions occur. The NZHC takes advantage of both mechanisms. This translates into an in-
creased energy and power density compared to the pristine LCNFs as shown in the Ragone plot
(Figure 6-6¢). At low power densities of 0.01 — 0.1 kW/kg, the energy density of the NZHC is
four (16 Wh/kg) to three times (12 Wh/kg) the one of the LCNF-SC. Between 0.1 and 1 kW/kg,
the energy density of the NZHC still shows a two-fold increase compared to the LCNF-SC.
Even at a high power density of 5 kW/kg, the energy density of the NZHC is still greater than
the one of the LCNF-SC. In Figure 6-6d, the capacitance retention upon repeated charging and
discharging over 1000 cycles can be seen. Here, the LCNF-SC outperforms the NZHC, which
could be expected as the pure electric double layer charge storage mechanism is a highly re-
versible process compared to the bulk chemical redox reactions taking place in the NZHC.
Nonetheless, the NZHC retains 86% of the initial capacity after 1000 cycles of repeated charg-
ing and discharging (Figure 6-6d) which is promising. The coulombic efficiency shown for the
first 250 cycles of a fresh cell in Figure 6-8a confirms that irreversible side reactions take place

during cell operation as it never reaches 100% (fully reversible).
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Figure 6-8 Coulombic efficiency shown for the first 250 cycles of a fresh (un-cycled) NZHC cell (a)
and the voltage-time profiles measured versus a saturated calomel reference electrode (SCE) for the

anode (Zn-LCNF) and the cathode (Ni-LCNF) and the total cell voltage (b).

After the activation (up to 100 cycles), the coulombic efficiency stays constant at 95% (at

5 A/g).
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In order to gain more insights into the cause of the decreased coulombic efficiency, a third
reference electrode was inserted into the NZHC cell. This allows for the measurement of the
voltage-time profiles of the individual electrodes independent of each other as both electrodes
are referenced to the unpolarizable reference electrode (saturated calomel electrode, SCE). This
is not possible without a reference electrode as then only the total cell voltage can be measured.
At 0.5 A/g, the coulombic efficiency is 89% which is even lower than at 5 A/g (95%) as the
redox reactions are generally more prominent at low charge-discharge rates due to diffusion
limitations at high rates that limit the extent to which the reversible and irreversible reactions
take place. Looking at the charge and discharge traces of the Ni-LCNF and the Zn-LCNF (Fig-
ure 6-8b), it is obvious that the irreversible side reactions take place at the Zn-LCNF electrode
as the charge-discharge profile is asymmetric (charging time is longer than discharging time).
This might arise from the irreversible dissolution of the ZnO into the electrolyte during charging
by the mechanism described in the introduction of this chapter. The charge-discharge profile of
the Ni-LCNF is symmetric and shows almost identical charging and discharging time. In order
to further stabilize the Zn-LCNF electrode, it will be necessary to increase the loading of ZnO
relative to the loading of the Ni-LCNF electrode in order to lower the depth of discharge on the
Zn-LCNF electrode and hence decrease the loss of material during repeated charging and dis-

charging.?®

6.4. Conclusion

Softwood Kraft lignin-derived carbon nanofibres were used as electrically conductive scaffolds
on which nickel hydroxide (NiOH») and zinc oxide (ZnO) particles were deposited via urea
assisted precipitation. These composite electrodes were then used to build an aqueous alkaline
nickel-zinc hybrid capacitor. The NZHC shows improved energy and power density compared
to the pristine LCNF-SC. At low power densities of 0.01 — 0.1 kW/kg, the energy density of the

NZHC is 16 and 12 Wh/kg which is a four to three-fold increase compared to the pristine
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LCNF-SC. Between 0.1 and 1 kW/kg, the energy density of the NZHC still shows a two-fold
increase compared to the LCNF-SC. Since the loading of redox active species was kept quite
low here (10 wt%), there is still a considerable contribution of the electric double layer charge
storage mechanism to the overall capacity. In the future, it needs to be focused on optimizing
the loadings of the redox active material. The ratio of ZnO to Ni(OH)> in the NZHC needs to
be optimized so that there is two to three times more ZnO in the NZHC cell than Ni(OH): in
order to lower the depth of discharge of the Zn-LCNF electrode and hence decrease the loss of
material during repeated charging and discharging.?®® Furthermore, the overall loadings of ZnO
and Ni(OH); need to be increased so that a higher overall energy density can be reached (up to
50 Wh/kg). Finally, the addition of salts to decrease the solubility of ZnO in the aqueous alka-

d.?*> All in all, the approach to use LCNFs as electrically

line electrolyte should be considere
conductive scaffolds to deposit redox active species on the LCNFs via precipitation is promis-

ing and will widen the scope of application of LCNFs considerably.

127



Chapter 7 Free-standing electrode stacks

7. Free-standing electrode stacks

7.1. Introduction

The advantage of creating free-standing LCNF electrodes consisting of randomly entangled
nanofibres via electrospinning over traditional carbon powder electrodes is demonstrated
herein. The electrodes in commercially available supercapacitors and batteries are thin coatings
of active material (e.g. activated carbon) on metallic current collectors.!”® This requires the
surface of the current collector to be etched and modified by a coating with conductive carbon
in order to improve the adhesion of the active material.'*® Furthermore, the active material is
mixed with inactive materials, such as a binder and a conductive additive, to form a slurry that
can be coated with a controlled thickness, rolled and dried to form an electrode. The thickness
of the electrodes in commercial devices ranges from 100 to 300 pum.'**!*? The density of the
coated films ranges from 0.7 to more than 0.9 g/cm® and mass loadings of 8 to 10 mg/cm? per
electrode.’’*!> As outlined in chapter 4, the low density of activated LCNFs prevents them
from being used as alternative to the above-mentioned film coated electrodes because the at-
tained loading is very low (~0.78 mg/cm?). As described in chapter 5, the densification of the
fibre network is possible by addition of salts in the electrospinning solution. However, the max-
imum achieved electrode loading (1.03 mg/cm?) is still not sufficient when compared to the
loadings of commercial electrodes. Manufacturing lignin-based nanofibres via electrospinning
results in planar networks of randomly entangled LCNFs covering a large area (10s of centi-
meters) with a layer thickness of about 60 um (0.006 centimeters). Therefore, another strategy
to increase the mass loading per electrode pursued herein was to stack several layers of LCNFs
on top of each other rather than to optimize further the in-plane density (parallel to the fibre
axis). The unique macro- and micro- morphology of the nanofibre network gives rise to two
properties that are of great importance for the successful stacking of several LCNF layers on

top of each other:
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1) The resulting nanofibre networks are self-standing as produced.

2) The resulting nanofibre networks are compressible in the z-direction (perpendicular to

the fibre axis).
Property 1) is the prerequisite for the efficient stacking as without the self-/free-standing fea-
ture, the active material (in form of carbon powder) would need to be immobilized by a binder
together with the addition of a conductive additive. Hence, stacking of several layers would add
up to 20 wt% of inactive material (binder and conductive additive) with each new layer. In the
case of free-standing LNCF networks, each layer adds exclusively active material to the elec-
trode. The compressibility mentioned as property 2) is also a unique feature arising from the
LCNF network. Based on this feature, it is clear that each layer of about 60 um thickness added
to the electrode will not contribute 100% of its thickness to the electrode stack. The preparation
and the electrochemical characterization of the electrode stacks are described in the following

two sections.

7.2. Electrode stack preparation

All stack cells were assembled with the hardwood Kraft lignin-derived CNFs stabilized at
310 °C and carbonized at 800 °C as described in chapter 3. A sketch of a symmetric superca-
pacitor Swagelok-type cell assembled with a single layer electrode and a LCNF stack electrode
can be seen in Figure 7-2a. A stack of eleven layers resulted in a stack thickness of 460 um.
Assuming a constant single layer thickness of 60 pm with a uniform fibre density, a stack of
eleven layers would result in a stack thickness of 660 pum, if the material was incompressible.
There might be an error associated with this reasoning by assuming a uniform fibre density of
all layers which is challenging to achieve by the electrospinning technique which produces
randomly entangled nanofibres. However, as shown in Figure 7-1c, the overall electrode density
indeed increases by about 83% from a single layer electrode (0.12 g/cm?®) to the largest elec-

trode stack (0.22 g/cm?). The densities and thicknesses were measured in the dry state before
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cell assembly, as the pressure in the Swagelok-type cell could not be controlled precisely.
Hence, the comparability of the thicknesses of electrodes with different loadings would be

flawed after the electrochemical measurements.
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Figure 7-1 Swagelok-type cell illustrating a single (n=1) layer electrode cell (top) and an electrode stack
cell (n=11) (a), illustration of directions/orientations of a single layer fibre network (b), relation of
electrode density, thickness and mass loading (c) and photograph of the experimental set-up for vacuum

infiltration of the electrode stacks (d).

However, it could be noted that, after vacuum infiltration and after cell disassembly, the stacks
were considerably thinner (by about 30%). This can be assigned to the compression by the
vacuum and by the pressure exerted during the electrochemical measurement. The set-up with
which the electrode stacks were vacuum infiltrated with the electrolyte solution (6 M KOHag))

can be seen in Figure 7-1d.

7.3. Electrochemical characterization
After the electrode preparation, the electrode stacks were tested in the same Swagelok-type
cells as the single layer electrodes that were the subject of the previous chapters. The rise in

equivalent series resistance derived from direct current measurements (ESRpc) with increasing
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electrode thickness/loading was determined by galvanostatic charge discharge (GCD) measure-

ments at a constant current density of 25 A/g. The ESRpc can be determined from the IR drop

(V) of the charge-discharge traces indicated in Figure 7-2a for 10 and 15 mg/cm? electrode

stacks and the applied current (A):

IR drop

ESRDC - I

Where ESRpc = equivalent series resistance derived from a

constant current measurement [Q2], IR drop = voltage drop at
the beginning of charging and discharging cycle [V], I = cur-

rent [A]

It is obvious that with increasing loading and electrode thickness the ESRpc rises. However,

the values for the ESRpc compare well with the ones of commercial devices which range from

20 to 700 mQ depending on supplier and cell type.
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Figure 7-2 Charge-discharge traces of an electrode stack with 10 and 15 mg/cm? loading (a) and the

determined ESRpc and the electrode thicknesses of all electrode stacks (b).

Only at a very high loading of 15 mg/cm? the ESRpc is close to 700 mQ (Table 7-1). In Figure

7-3, the cyclic voltammograms of the electrode stacks with various loadings are shown.

Table 7-1 Overview of the electrode loadings, thicknesses, IR drops and currents and the resulting ESRp,

for all electrodes determined at 25 A/g.

Loading /mg/cm? Thickness IR drop/V  Current /A ESRpc /mQ
/pm
4.5 244 0.0120 0.0536 223.9
7.7 370 0.0350 0.0918 381.3
10.0 460 0.0583 0.1142 510.5
15.0 710 0.1271 0.1831 694.2
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At low and medium scan rates of 5 and 50 mV/s, all electrodes show the typical rectangular
shape, where the electrode stacks with high loadings show a higher degree of irreversibility
close to 1.2 V at very low scan rates. This might be due to electrolyte decomposition close to
1.2 V which is not apparent at 50 mV/s. However, in low-rate applications, the operating volt-
age needs to be limited to 1 V. At high (500 mV/s) and very high scan rates (1 V/s), all voltam-
mograms are slightly deformed, but up to 10 mg/cm?, the electrode stacks are still capacitive as
indicated by the large area enclosed by the voltammograms. However, the electrode stack with
the maximum loading of 15 mg/cm? shows a considerably decreased capacitance compared to

lower scan rates.
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Figure 7-3 Voltammograms at 5 (a), 50 (b), 500 mV/s (¢), and 1 V/s (d) of all four samples measured in
6 M KOHug).

The gravimetric and areal capacitances derived from GCD measurements are shown as a func-
tion of the applied current density in Figure 7-4a and b. With increasing electrode loadings, the
gravimetric capacitance rises. However, the electrode stack with the maximum loading of
15 mg/cm? shows a decreased capacitance at high rates which was also shown by cyclic volt-
ammetry (Figure 7-3d). The trend of increasing performance with rising electrode loading is

contrary to the results published on film coated electrodes which usually report a considerable
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drop of capacitance with increased mass loadings.!**-*!* The different trend can be explained by
the unique macro- and micro- morphology of the LCNF network which is highly accessible to
the electrolyte. The vacuum infiltration technique applied here takes advantage of the open
structure by filling it effectively with the electrolyte. As the stack thickness grows, the spread-
ing of the vacuum in the nanofibre network is enhanced and hence the pore wetting improved.
Consequently, the capacitive performance can be slightly improved and a drop in capacitance
with increasing loading can be avoided. The areal capacitance (Figure 7-4b) shows an even
more distinct difference between the samples as the areal capacitance scales solely with the
amount of active material in the cell neglecting the weight and volume differences. The Ragone
plots in gravimetric and volumetric measures shown in Figure 7-4c and d reveal that the power
density /rate capability decreases as the electrode loading increases. This can be explained by

the increase in ESRpc shown in Figure 7-2b.
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Figure 7-4 Dependence of the specific gravimetric capacitance on the current density for all four samples
(a), dependence of the specific areal capacitance on the current density (b), Ragone plot in gravimetric

measures (c) and Ragone plot in volumetric measures (d).

However, considering the fact that the electrode mass loadings were increased by a factor of

more than ten compared to single layer electrodes (~0.78 mg/cm?) which were described in the
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previous chapters, the here achieved energy and power densities are very promising. The
sample with 10 mg/cm? loading shows a maximum gravimetric energy density of 8.7 Wh/kg at
low power density 0.03 kW/kg and 4.9 Wh/kg at a maximum power density of 11.6 kW/kg. In
volumetric measures the electrode stack shows an energy density of 36.9-10% Wh/cm? at
10.6-10° W/cm?®. The impedance data shown in Figure 7-5 sheds light on the possible mass

transport issue identified for the sample with the maximum loading of 15 mg/cm?.
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Figure 7-5 The Nyquist plots (a), Bode phase angle plots (b), imaginary capacitance vs. frequency plot

(c) and capacitance retention after 6000 cycles (d) of all four samples.

In the Nyquist plot in Figure 7-5a, the line with an angle of approximately 45 ° to the Re(Z)
axis is indicative of mass transfer limited processes in the micro-/mesoporous carbon elec-
trode.?*? This is confirmed by the Bode phase angle plot in Figure 7-5b which shows the phase
angle as a function of frequency. A phase angle of -90 © means ideally capacitive behaviour.
All electrodes reach this state at low frequency and keep this phase angle up to ~0.5 Hz except
the electrode stack with the maximum loading of 15 mg/cm?. It rapidly decreases to a phase
angle of -60 ° at a frequency of 0.1 Hz and drops further to -45 © at 3 Hz. This is characteristic

of electrodes with low rate capability. Furthermore, the relaxation frequency at the maximum
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of the imaginary part of the capacitance determines the time constant which is another measure
for the rate capability of electrodes in supercapacitors.?*? It is clear that the electrode stack with
the maximum mass loading has a much lower rate capability than the other electrodes as the
time constant is more than doubled (0.20 s) compared to the electrode stacks composed of fewer
layers and hence lower mass loadings (0.04 — 0.08 s). The electrode stack with a mass loading
of 10 mg/cm? has a time constant of 0.07 s, which is comparable to the one of the single-layer
electrode of the same material (0.016 s) presented in chapter 3. Regardless of the mass loading,
all electrode stacks retain more than 96% of the initial capacitance after 6000 cycles at 10 A/g

as shown in Figure 7-5d which proves the stability of the electrode stacks.

7.4. Conclusion

Herein, the scalability of electrospun LCNFs as electrodes in aqueous alkaline supercapacitors
was demonstrated on the basis of the best-performing material in chapter 3 (S310-HKL). How-
ever, the route towards carbon nanofibre electrodes with high mass loading can be applied to
any free-standing CNF network. In order to achieve industrially applicable electrode loadings
of 10 mg/cm?, two properties that are unique to LCNF networks were shown to be of great
importance: 1) free-standing as produced and 2) compressible perpendicular to the fibre axis.
Therefore, by stacking several layers of LCNFs on top of each other and subsequent vacuum
infiltration with the electrolyte (6 M KOHaq)), electrode stacks with 10 mg/cm? could be pro-
duced without deterioration of their performance (energy and power density) compared to elec-
trodes of the same material with low loadings. This is very promising as this possibility renders
the class of materials investigated in this PhD project applicable to commercial supercapacitor
cells. The most applicable electrochemical cell designs used commercially for the free-standing
LCNEF stack electrodes would be coin cells and pouch cells. These types of cells are assembled
by pressing the negative and positive electrode against each other which is analogous to the

Swagelok-type cells used to test materials in this project.
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8. Conclusion and future work

In this project, it was shown that it is possible to manufacture electrospun carbon nanofibres
from both hardwood and softwood Kraft lignin (LCNFs) based on a deep understanding of
structural and chemical features of the Kraft lignin precursors. The resulting LCNFs served as
free-standing electrodes in aqueous alkaline supercapacitors, whereby the LCNFs were either
used as sole active material based on their high specific surface area or as electrically
conductive scaffolds which functioned as both the active material and the substrate for redox
active materials (here: Ni(OH), and ZnO). The resulting composite electrodes could then be
used as positive and negative electrodes in a nickel-zinc hybrid capacitor (NZHC).

The two Kraft lignins used in this project were shown to develop different porosities when
subjected to increasing stabilization temperatures before carbonization without any additive. It
could be shown that the differences in side-chain linkages and functional groups of the two
precursors have a profound effect on the development of nanoporosity during heat treatment.
This in turn affects the performance of the resulting lignin-based CNFs used as free-standing
supercapacitor electrodes. Upon stabilization, two types of reactions occur: 1) crosslinking and
2) degradation. Depending on the nature of the side chains in the lignins, these reactions occur
to a different extent and in different temperature windows yielding different porosities. HKL
with more B-O-4 ether bonds, more methoxy groups and lower molar mass undergoes cross-
linking reactions at 250 °C yielding a very narrow pore size distribution in the (sub-)nanometer
range. At 310 °C, both crosslinking and degradation reactions occur which yields both nano-
and mesopores. At 340 °C, mainly degradation reactions (C-C cleavage) take place that lead to
a widening of pre-existing nanopores which is detrimental to the electrochemical performance.
SKL, with fewer B-O-4 ether bonds, but more C-C bonds, fewer methoxy groups and higher
molar mass undergoes both crosslinking and degradation reactions over the temperature range
of 250 — 340 °C. However, both types of reactions occur to a lesser extent and hence SKL

develops less nanoporosity. Stabilizing HKL at 310 °C yielded the most suitable porosity (both
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nano- and mesopores) after carbonization and hence the best performance as free-standing elec-
trodes in supercapacitors. It showed a specific gravimetric capacitance of 164 F/g at 0.1 A/g
and 119 F/g at 250 A/g with a capacitance retention of more than 90% after 6000 cycles.

To further enhance the inherent development of nanoporosity in HKL-derived CNFs, activation
with COz after carbonization and via the addition of NaNOs in the electrospinning solution were
investigated. The CO»-activated HKL CNFs showed a high specific gravimetric capacitance of
155 F/g at 0.1 A/g, an excellent rate capability with 113 F/g at 250 A/g and a good capacitance
retention of 94% after 6000 cycles when tested in 6 M KOHag) electrolyte. Therefore, it can be
concluded that lignin itself is a promising precursor to produce nanoporous, oxygen function-
alized carbon fibres via a three-step thermal treatment (stabilization, carbonization and activa-
tion). However, the CO> activation process has a negative impact on the volumetric energy
density. Therefore, the leap in performance observed in gravimetric measures is preserved to a
much lower degree in volumetric ones.

The second strategy to enhance the development of nanoporosity in HKL-derived CNF elec-
trodes was to add NaNOs3 as an activating agent to the electrospinning solution. The specific
gravimetric capacitance of the LCNF electrodes could be increased from 151 F/g without
NaNOs to 192 F/g with NaNO3 in 6 M KOHag) at a low current density of 0.1 A/gvia the two-
step procedure of oxidative electrospinning (NaNO3) and reducing carbonization (5 mol% H>
in N2). Moreover, the method allows doubling of the mass loading per electrode via fibre net-
work densification by the addition of NaNOs. This allows the areal capacitance to more than
double from 147 mF/cm? in the absence of NaNOs to 350 mF/cm? with NaNOs with a good
capacitance retention of 92.8% after 6000 cycles. Thus, the low volumetric energy density nor-
mally associated with electrospun CNF networks could be greatly improved from 949 pWh/cm?
to 2245 uWh/cm®. Compared to the CO» activation of eucalyptus hardwood Kraft lignin-de-
rived CNF electrodes, chemical activation by addition of NaNOs to the electrospinning solution

has two advantages. Firstly, the number of process steps can be reduced. While CO»-activated
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LCNFs were prepared by a four-step procedure (electrospinning, stabilization, carbonization
and CO; activation), the NaNOs-activated LCNFs could be produced by a three-step process:
electrospinning, carbonization and cleaning. However, the input of chemicals is higher for pre-
paring the NaNOs-activated LCNFs. Secondly, the weight loss induced by CO; activation de-
creases the density of the resulting LCNF networks which is detrimental to the volumetric en-
ergy and power densities. NaNOs3 activation has the opposite effect. The addition of NaNOs3 to
the electrospinning solution yields a decrease of the macro-pore space in between the individual
fibres in the CNF network and hence leads to an increase in density. Concomitantly, NaNO3
activation causes an increase of the nanoporosity within the fibres. Therefore, this activation
procedure is beneficial for both volumetric and gravimetric energy/power densities. However,
the resulting electrode loadings (maximum 1.03 mg/cm?) are still below the ones of commercial
supercapacitors (8 — 10 mg/cm?) implying that the void space (macropores) in the CNF network
is still substantial.

Instead of using the LCNFs as sole active material in a electrochemical energy storage device,
softwood Kraft lignin-derived carbon nanofibres were used as electrically conductive scaffolds
on which Ni(OH); and ZnO were deposited. These composite electrodes were tested in a nickel-
zinc hybrid capacitor (NZHC). The NZHC showed an improved energy and power density
compared to the pristine LCNF-SC. At low power densities of 0.01 — 0.1 kW/kg, the energy
density of the NZHC is 16 and 12 Wh/kg which is a three- to four-fold increase compared to
the pristine LCNF-SC. Between 0.1 and 1 kW/kg, the energy density of the NZHC still shows
a two-fold increase compared to the LCNF-SC. Since the loading of redox active species was
kept quite low (10 wt%), there is still a considerable contribution of the electric double layer
charge storage mechanism to the overall capacity.

Finally, electrodes with high mass loadings (mg/cm?) based on free-standing, lignin-derived
CNF electrode stacks were produced, which reveals the applicability of these novel CNF elec-

trodes in commercial cells. In order to achieve industrially applicable electrode loadings of
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10 mg/cm?, two properties, that are unique to LCNF networks, were shown to be of great im-
portance: 1) free-standing as produced and 2) compressible perpendicular to the fibre axis.
Therefore, by stacking several layers of LCNFs on top of each other and subsequent vacuum
infiltration with the electrolyte (6 M KOHaq)), electrode stacks with 10 mg/cm? could be pro-
duced without deterioration of their capacitive performance compared to electrodes of the same
material with low loadings. This is very promising as this strategy renders the class of materials
investigated in this PhD project applicable to commercial supercapacitor cells. The most appli-
cable commercial cell types for the free-standing LCNF electrode stacks are coin cells and
pouch cells.

The work at hand shall be regarded as a launch pad for the use of Kraft lignin-derived carbon
nanofibres in energy storage applications. In the future, the scalability of the electrospinning of
Kraft lignin should be explored. In addition, three key aspects need to be considered during the
process of up-scaling: 1) intrinsic, 2) extrinsic properties and 3) component performance.

1) Intrinsic properties:

o Density

o Thickness

o Fibre diameter
o Porosity

o Chemical composition (e.g. hetero-atoms and functional groups)

2) Extrinsic (stimulated/induced) properties:

o Light absorption (color, texture)
o Sound absorption

o Fluid uptake

o Electrical/thermal conductivity

o Mechanical properties

3) Component performance:

o Supercapacitor electrode

o Battery electrode
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o Catalytic substrate
o Filter material

o Functional textiles

Finally, electrospinning of Kraft lignin should be coupled with other valorization strategies,
such as catalytic depolymerization or meltspinning. The commercially available LignoBoost
lignin could then be divided into low molar mass fractions suitable for depolymerization or
meltspinning. Electrospinning can make use of the residual high molar mass fraction to produce
high-value products, such as supercapacitor or battery electrodes, which was demonstrated in

the PhD project at hand.
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9. Materials and methods

9.1. Lignin characterization

The thorough lignin characterization was performed by the analytical laboratory at RISE AB in
Stockholm. The data visualization and interpretation were done by the PhD candidate in close
collaboration with the co-supervisors at RISE AB, Darren Baker (until 2018) and Omid Hosse-

inaei (since 2018).

9.1.1. Ash and carbohydrate content of the lignins

The ash content and composition of the extracted lignin samples were determined using stand-
ard methods.?!”2%° The ash content was determined by combustion of the lignin samples at
575 °C. The compositional analysis was performed by a two-step acid hydrolysis and the meas-
urement of the lignin and carbohydrate content. Extracted lignin samples were hydrolyzed at
121 °C in an autoclave with 0.4 M sulfuric acid according to the standard procedure SCAN-
CM 71:09. The solubilized monosaccharides were quantified using an ion chromatograph cou-
pled to a pulsed amperometric detector (IC-PAD). The lignin content was measured as acid
soluble (ASL) and acid insoluble lignins by ultra-violet (UV) spectrophotometry and by gra-
vimetry, respectively. The acid-insoluble residue (AIR) was determined gravimetrically accord-
ing to TAPPI T222 om-11. The acid-soluble residue was measured by UV spectrophotometry
at 205 nm. Ultra-pure water was used as a reference and for the dilution of the hydrolyzate. The

content of the acid-soluble residue was calculated using the absorption coefficient 111 g/(1:cm).

m
AIR = M 1000 mg/g

Where m = dry weight of the residue [g], M = dry weight be-
fore acid hydrolysis [g]
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ast = APV 000
= T M mg/g

Where A = absorption at 205 nm, D = dilution factor, V =
volume of the filtrate [1] (0.029 1), a = extinction coefficient
of lignin [g/(1-cm)] (111 g/(1-cm)), b = cuvette path length
[cm] (1 cm), M = dry weight of lignin before acid hydrolysis
[e]

Total lignin content = AIR + ASL

9.1.2. Elemental composition
The organic content of the lignins was measured using a PerkinElmer 240011 CHNS/O com-
bustion elemental analyzer. The absolute content of C, H, N and S were measured. The oxygen

content was calculated as 100% minus the sum of C, H, N, S, and ash.

9.1.3. Inorganic elemental contents

Inductively coupled plasma — optical emission spectroscopy (ICP-OES) was used to character-
ize the metal and inorganic contents of the lignins. The elements quantified are Al, Ba, Ca, Cu,
Fe, K, Mg, Mn, Na, P, S, Si and Zn. A PerkinElmer Optima 8300 inductively coupled plasma
— optical emission spectrometer was used to determine the metals and inorganic contents of the
lignin. The samples were wet digested in a microwave digestor with concentrated nitric acid

prior to the volumetric work-up and the measurement.

9.1.4. Determination of the molar mass

The molar mass distribution was determined by size exclusion chromatography (SEC) using a
Water SEC system equipped with UV (set at 280 nm) and refractive index (RI) detectors. Two
PSS MCX columns (1000 and 100000 A) were connected in series. The mobile phase was a pH
12 buffer solution at a flow rate of 0.5 ml/min. The lignin sample was dissolved in NaOH q)
solution (pH = 13.5) and diluted to a suitable concentration with the mobile phase. The injection
volume was 100 pL. The SEC system was calibrated using polystyrene standards with molar

masses in the range of 891 to 780000 g/mol.
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9.1.5. Determination of the glass transition temperature

The glass transition temperature (T) was determined in triplicate by using a sample weight of
approximately 3 mg using a Q2000 (TA Instruments, USA) differential scanning calorimeter
(DSC). Each specimen was heated under a nitrogen flow (50 ml/min) at a rate of 20 °C/min
from 25 °C to 150 °C and held at that temperature for five minutes, to remove any remaining
moisture, then cooled to 25 °C and again heated to 220 °C at the same heating rate. The second

trace was used for the calculation of the Ts.
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Figure 9-1 Triplicate DSC curves of HKL (a) and SKL (b) where the second trace was used to determine
the glass transition temperature. The scales of the y-axes are different to facilitate the observation of the

transition.

9.1.6. NMR spectroscopy

'H-13C 2D heteronuclear single quantum correlation (HSQC) nuclear magnetic resonance
(NMR) spectroscopy was performed using a Bruker Avance I 400 MHz NMR spectrometer
equipped with a 9.4 T magnet and with a broadband PFG 5 mm probe at room temperature
(25 °C). For 2D (HSQC) spectroscopy, 100 mg of lignin were dissolved in 0.75 ml of DMSO-
ds. NMR spectra were recorded using the Bruker’s “hsqcetgpsisp2.2” pulse program (adiabatic-
pulse) with 1.5 s pulse delay. The number of transients was 64 and 256 time increments and
were recorded in the '*C dimension. The 'Jcn used was 145 Hz. Data processing and analysis
were performed using Bruker’s Topspin 4.0. The central solvent peak was used as an internal
reference (dc/0u 39.5/2.49 ppm) and the HSQC cross-signals were assigned by correlation with

literature databases.’®-202203:314315 For relative quantification of the side-chain linkages, signal
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integration of the C,—H, correlations of the interunit linkages were used as they are well-sepa-
rated (no overlap with other signals).

Hydroxyl groups were measured using quantitative *'P NMR spectroscopy after derivatization
of lignin with 100 pL of 2-chloro-4,4,5,5-tetramethyl-1,3,2-dioxaphospholane (TMDP).2?82%°
The lignin sample (30 mg) was dissolved in dimethyl formamide/pyridine (1:1 v/v) and mixed
with 100 pL of a solution of N-hydroxy-5-norbornene-2,3-dicarboxylic acid imide (20 mg/ml)
and chromium(III) acetylacetonate (5 mg/ml) as internal standard and relaxation agent, respec-
tively. 3'P NMR spectra were acquired using an inverse-gated decoupling pulse sequence with

a 90 ° pulse angle, 10 s relaxation delay and 512 scans.

9.2. Characterization of the stabilized and carbonized lignin-derived fibres

9.2.1. Thermogravimetric and mass spectrometric (TG-MS) analysis

The TG-MS analyses were performed on a NETZSCH TG 209F1 Libra TGA instrument cou-
pled with a QMS 403 D Aéolos (Netzsch) mass spectrometer. 12 mg samples were heated with
a rate of 0.5 °C/min from 50 to 340 °C in an open Al>O3 crucible under a 40 ml/min air flow.
The volatile products from the TG furnace were transported to the detector through a 1.5 m

transfer line (heated at 190 °C).

9.2.2. Fourier Transform Infrared (FTIR) spectroscopy

FTIR spectra were acquired through attenuated total reflectance Fourier transform infrared
(ATR FTIR) spectroscopy on a Tensor27 (Bruker) equipped with a ZnSe single crystal. Each
spectrum was averaged over 32 scans at a resolution of 4 cm™! between 4000 and 900 cm .

Before each measurement, a background scan was carried out.

9.2.3. 'H-3C cross-polarization/magic angle spinning (CP/MAS) nuclear magnetic reso-
nance (NMR) spectroscopy
All experiments were performed on a Bruker Avance III HD spectrometer equipped with an

11.7 T magnet (vo('"H) = 500.13 MHz and vo('3C) = 125.76 MHz). A Bruker 2.5 mm double
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channel magic angle spinning (MAS) probe and a spinning speed of 12 kHz were used for all
experiments. 'H magic angle spinning (MAS) NMR spectra were acquired with a rotor-syn-
chronized Hahn echo pulse sequence with optimized 90° and 180° pulse lengths of 2.25 and
4.5 ps, respectively. 'H longitudinal relaxation time constants (71) were measured with a satu-
ration-recovery experiment and recycle delays were set to five times the Tj. 1*C spectra were
acquired using the 'H-'3C variable-amplitude cross polarization pulse sequence. The 'H 90°
pulse length was 2.6 us, 60 kHz of spin-locking power was used, and 50 kHz SPINAL-64 'H
decoupling was applied during acquisition. Optimized contact times are shown in Table 9-1.
Chemical shifts were referenced relative to tetramethylsilane (diso = 0 ppm) using adamantane

as a secondary reference (Siso('H) = 1.85 ppm, Siso('*C) = 38.57 ppm).

Table 9-1 Experimentally optimized 'H-'3C CP/MAS NMR acquisition parameters.

Sample H T /s Recycle delay /s Contact time /us
as-spun -SKL 0.366 1.830 500
S190-SKL 0.683 3.415 500
S250-SKL 0.239 1.197 1000
S310-SKL 0.101 0.505 250
S340-SKL 0.071 0.353 450
as-spun-HKL 0.390 1.950 500
S190-HKL 0.418 2.091 700
S250-HKL 0.213 1.065 1000
S310-HKL 0.052 0.209 250
S340-HKL 0.029 0.143 300

9.2.4. Scanning electron microscopy (SEM) and energy dispersive X-ray (EDX) spectros-
copy

The lignin and carbon nanofibre morphologies were characterized using a FEI Inspect F scan-
ning electron microscope with an accelerating voltage of 20 kV. Carbonized fibre samples were

gold coated for 30 s prior to imaging. Fibre diameter distributions were generated from SEM
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images using the ImageJ software package (U.S. National Institutes of Health). The diameters
are reported as the mean and standard deviation based on measurements of 100 fibres. Energy-
dispersive X-ray spectroscopy was carried out with an INCA Xact detector from Oxford Instru-

ments.

9.2.5. Transmission electron microscopy (TEM)

TEM images were recorded with a JEOL 2010 operated at 200 kV. The fibre samples were cut
and ground in order to be dispersed in ethanol (~ 1 mg/mL), then dropped onto a copper grid
with holey carbon mesh (TAAB, Holey Carbon Film 300 Cu) and left at room temperature for

drying before loading onto the TEM sample holder.

9.2.6. X-ray computed tomography (CT)

X-ray nano-CT was performed on the point of triangular samples of the LCNF mats glued to a
pin, and by selecting a scanning region that was fully internal, but as close to the point of the
triangle as possible. A lab-based nano-CT instrument (Zeiss Xradia Ultra 810, Carl Zeiss Inc.)
was used in phase contrast mode, containing a rotating Cr anode source set to an accelerating
voltage of 35 kV. The beam was quasi-monochromatized at the Cr-Ka emission line of 5.4 keV
by a capillary condenser, illuminating the sample with a hollow cone beam focused on the sam-
ple, with a Fresnel zone plate as the objective element creating a magnified image on a 1024 x
1024-pixel charge-coupled device (CCD) detector. The insertion of a Au phase ring in the back
focal plane of the objective shifts the undiffracted component of the beam resulting in negative
Zernike phase contrast. Large field-of-view mode with a pixel binning of 1 was used yielding
a pixel size of about 63 nm and a field-of-view of about 65 um. The sample was rotated through
180 ° with radiographs collected at discrete angular intervals amounting to 1601 projections,
each of 40 s exposure. The radiographic projections were then reconstructed with a proprietary
reconstruction software (XMReconstructor, Carl Zeiss Inc.) using a parallel beam reconstruc-

tion algorithm. The grey-scale reconstructed volume was then segmented into a binary image
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using the Avizo Fire software (Thermo Fisher Scientific, Waltham, MA, USA) to designate
pixels as either ‘fibre’ or ‘pore’ materials by thresholding based on their greyscale value on a
cropped data set resulting in a volume of 650x650x1000 pixels, or slightly more than 10 x
104 pm?®. Avizo Fire was also used for 3D visualisation. The ’Beat* plug in of ImageJ35 was
used to calculate the continuous pore size distribution on a binned data set (325%x325%500 pix-

els) and also applied to the fibre phase for the original data set.

9.2.7. Gas sorption measurement

The surface areas and pore size distributions of the carbonized fibre mats were determined by
N> and CO; ad-/desorption measurements at -196 °C and 0 °C, respectively, using an Autosorb
1Q (Quantachrome Instruments, US). The samples were degassed at 200 °C for 16 h under vac-
uum (0.27 Pa) prior to analysis. Pore size distributions were generated by non-local density
functional theory (NLDFT) for CO; sorption and quenched solid state DFT (QSDFT, cylindri-
cal/spherical pore model) for N> sorption. The models were implemented in the gas sorption
analyzer software (AsiQwin version 3.0, Quantachrome). Discrepancies between the measured
and modeled isotherms were always below 1% (fitting error), which was determined by the

software.

9.2.8. Raman spectroscopy

Raman spectra were recorded on a Renishaw inVia Reflex spectrometer system equipped with
a laser working at 633 nm and less than 20 mW. The use of a 100x objective (Olympus)
provided a focus spot of about 1 pm diameter. Raman spectra were collected in the range of
500 cm™ to 3200 cm™ with a spectral resolution of approximately 2 cm™ using a grating of
1800 grooves/mm and a thermoelectrically cooled CCD detector (Synapse, 1024 x 256 pixels).
The spectral positions were calibrated against the Raman band of Si (520.7 + 0.4 cm™) before

and after the sample measurements.
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9.2.9. X-ray diffraction (XRD)

X-ray diffraction (XRD) was carried out with a Panalytical X Pert Pro diffractometer equipped
with Ni-filtered Cu Ko radiation (A1=1.5406 A and X\,=1.5444 A) and an X’Celerator multi-
strip detector. The data was collected in the 20 range from 5° to 95° using a scan rate of 1°/min.
Data interpretation (background determination and peak indexing) was performed with the

X'Pert HighScore Plus software (Malvern Panalytical).

9.2.10. Chemical characterization - X-ray photoelectron spectroscopy (XPS) and temper-
ature programmed desorption (TPD)

The surface chemistry of the carbon nanofibres was analyzed by XPS using a Thermo Scientific
Ka spectrometer with an AlKa monochromatic source (1486.6 eV) using a spot size of 100 um
and a multidetection analyzer under a residual pressure of 510 mbar. TPD experiments were
carried out in a TGA-DSC instrument (TA Instruments, SDT Q600 Simultaneous) coupled to
a mass spectrometer (Thermostar, Balzers, GSD 300 T3) by heating the samples (~ 4 mg) up
to 950 °C (heating rate: 20 °C/min) under helium atmosphere (flow rate: 100 ml/min). The ther-
mobalance was purged for 2 h under helium atmosphere prior to the heating of the sample. The
calibration of the equipment for H>O, CO and CO; evolved gases was carried out using the

decomposition of a calcium oxalate (99.999%, Sigma Aldrich) standard.

9.2.11. Helium pycnometry

Helium gas displacement pycnometry was carried out with an AccuPyc 1330 V2.04N system
(Micromeritics) in order to determine the skeletal density of the LCNFs. The resulting skeletal
density was determined as an average value of ten consecutive measurements. The sample
weight was 8 mg and the sample cell volume was 3.044 cm®. Prior to the measurement, the

sample cell was calibrated.
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9.3. Electrochemical characterization

The Kraft lignin-derived carbon nanofibres were tested as electrodes in symmetric supercapac-
itor (SC) cells. Most measurements were performed in a two-electrode set-up consisting of two
similar carbon electrodes (symmetric SC type). A third reference electrode (saturated calomel
reference electrode) was inserted in the cell during the measurement, where indicated in the
text. The SCs were assembled in a Swagelok-type cell. It consisted of a perfluoralkoxy-polymer
(PFA) cell body and Hastelloy C276 heat resisting alloy rods which was connected to a SP300-
potentiostat (Biologic, France). An image of the cell set-up can be seen in Figure 9-2. 6 M
KOH@q) was used as the electrolyte and standard glass microfibre filter as the separator (What-
man, GE Healthcare Life Sciences, UK, Grade GF/D). Before the actual measurements, the
cells were galvanostatically charged and discharged for 500 cycles at 5 A/g to ensure good
wetting of the electrodes with the electrolyte. Subsequently, cyclic voltammetry and galvanos-
tatic charge-discharge with potential limitation (GCD) measurements were carried out at dif-
ferent rates. Impedance spectroscopy was conducted at open circuit potential and with an am-
plitude of 5 mV in a frequency range of 10 mHz to 1 MHz. Finally, the capacitance retention

was measured at a current density of 10 A/g for 6000 cycles.

a
LCNF electrode

Separator

Current  Current Screw cap
collector collector Celibody

Figure 9-2 Cell components of the Swagelok-type cells used in this project (a) and assembled Swagelok-

type cell connected to the galvano-/potentiostat (b).
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Capacitance calculation:

CIF/e] = 4xQ=*3.6
F/8] = (U =1R) » meey

Where Q = discharge capacity [mAh] determined by EC Lab
software, dU = potential difference [V], IR = IR drop meas-
ured in the discharge curves [V], mcen = total weight of car-
bon in the supercapacitor cell [g]

Energy density calculation (gravimetric):

05xQ=xU

E [Wh/kg] = S~
ce

Where Q = discharge capacity [Ah], U = potential window
[V], mcen = total weight of carbon in the supercapacitor [g]

Power density calculation (gravimetric):

05xQ=*U

PIW/kg] = =
ce

Where Q = discharge capacity [Ah], V = potential window
[V], mcen = total weight of carbon in the supercapacitor [g],
t = discharge time [s]

The capacitance, energy and power densities in volumetric measures were calculated analo-
gously except that “meen” was replaced by “Veer” in cm?®. The areal capacitance (F/cm?) was

calculated by replacing “mcen” by the electrode’s cross-sectional area “Acen” in cm?.
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The concept of the L(ignin) number is still immature. However, it is worth mentioning it here.

Lignin characterization and its representation are highly complex tasks, which has been

described on numerous occasions in this thesis. A vast array of methods can be applied to

lignins to gather data such as purity, chemical composition, molar mass, functional groups and

thermal properties. The lignin property polygon (LPP) introduced in chapter 3 of this thesis is

an attempt to depict the most important information for a specific context in a concise way
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rather than in lengthy tables spanning several pages. To further facilitate the communication of
the properties of a lignin precursor, the L(ignin) number has been developed by me. This integer
number can be regarded as a means of transport for important information about the lignin
precursor sent from a lignin seller to a lignin buyer - in a scenario where an active lignin market
exists. This number is constructed based on the Gddel mapping established by one of the
greatest mathematicians of the 20s century, Kurt Godel. The mapping within the concept of the
L(ignin) number works as follows:
o Each lignin property is mapped onto a prime number:
Ty, — 2; D (dispersity) — 3; My (weight average molar mass) — 5 etc.

o Based on the value that the property has, a scale factor between 1 and 10 is assigned

with the help of the table below:

Scale factor | Tg Mw/Da | D carb+ash/% | Sulfur/%
1 90 500 1 0.1 1
2 100 1000 2 0.3 2
3 110 1500 3 0.5 3
4 120 2000 4 0.7 4
5 130 2500 5 0.9 5
6 140 3000 6 1.1 6
7 150 3500 7 1.3 7
8 160 4000 8 1.5 8
9 170 4500 9 1.7 9
10 180 5000 10 1.9 10

o The scale factor is then used to calculate a new unique prime factor (PF) by using it as

the exponent of the prime number that represents the property. For example:
The Ty — 2 and the value of e.g. HKL in this thesis for the T, was 154 °C. According
to the table the scale factor is 8. Hence, the specific prime factor (PF) in this case is:
PF(T,) = 28 = 256.
This is then done for several other parameters:

o D - 3, scale factor(D=1.5) =2; PF(D)= 32 =9

o Mw - 5, scale factor (Mw=1.9 kg/mol) = 4; PF(My) = 5% = 625

o S (sulfur content) - 7 , scale factor (S=2.3%) = 3; PF(S) = 73 = 343
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o Carbohydrate + ash content — 11 , scale factor (carb+ash=0.67%) = 4;
PF(carb+ash) = 11*% = 14641

The L(ignin) number is defined as:

L = PF(Ty) * PF(D) * PF(My) * PF(S) * PF(carb+ash)
L =256 * 9 * 625 * 343 * 14641 = 7231482720000

This is per definitionem a unique integer number assigned to this lignin precursor which bears
a lot of information, that can be extracted easily by simple prime factorization for which appli-

cations are available online: e.g. https://www.wolframalpha.com/input/

One could ask: Is there any use for this L(ignin) number?

A lignin seller could print the number generated based on the procedure just explained on the
package with the lignin batch that he/she sends to a buyer somewhere else. Once the buyer
receives it, he/she can decompose the lignin number into its prime factor components with the
help of the link above. By doing so, he/she gets a lot of information about the lignin batch just
received assuming that there is a universal system in place that defines which property is
mapped onto which prime number. This might also be a means of quality control of lignin
properties from batch to batch. However, there is still a single flaw in this concept. The expo-
nents, which are the specific values of the properties, have to be integers in order to generate
an integer as L(ignin) number that is easily decomposable into its prime factors. Hence, a mean-
ingful universal scale factor system (table shown above) needs to be found that is applicable to

a wide range of lignins. This is a task which shall be performed in the future, hopefully.
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