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Abstract

Today, in order to replace fossil energy sources with renewable energy sources such as solar and
wind, reliable energy storage systems that can provide power regardless of the intermittent nature of the energy sources
must be created. Especially with the future’s rising energy demands the development of such energy storage systems
from green-collar materials with the least negative environmental impact is pressing. Transforming the major cheap
and replenishable forest resource, wood, to carbon materials with desirable morphologies can potentially be used as
supercapacitors (SC) electrodes with long cycle life and higher power density than batteries today.

Forest materials are abundant, but their extraction to manufacturing hold practicality issues due to yet
not established procedures. Active research has focused on advancing lignin-based electrospun carbon fibers (ELCFs)
and activated carbons with simple, high-yielding mass production units. The ECLF is self-standing and flexible,
making them a prospective candidate for flexible and wearable electronics. As of today, the materials face
shortcomings such as low electrical conductivity and poor mechanical stability post thermal carbonization especially
if the spinning discards fossil based secondary polymers. Research on optimized fractionated high molecular weight
lignin solutions from black liquor - an industrial paper and pulp industry byproduct - have improved their spinnability.
Turning these lignin-based materials to commercial utilization requires more investigation and understanding of the
materials.

This thesis discusses the electrochemical performance of lignin fibers as highly reliable
supercapacitor electrode material. Grafting the right amount of beneficial functional groups on the ELCF surface by
low-power oxygen plasma treatment, the properties of the electrode-electrolyte interface significantly improved the
wettability, increased active sites favorable for pseudocapacitance, reduced diffusion limitation, thus enhancing its
electrochemical storage ability. Quite often, the surface functional groups have a detrimental impact on a device’s
electrochemical performance such as increased resistance, low power performance, low stability, and high self-
discharge rate. However, the non-invasive nature of the conducted plasma treatment made a remarkable improvement
in the capacitive performance in KOH aqueous medium without compromising power and energy performance
metrics. Preliminary quantification performed to understand the charge storage behavior in other aqueous electrolytes
H,SO, and Li,SO4 are also revealed. Furthermore, the observation of enhanced electrochemical performance via
applying a voltage of 1.2 V and 10 000 charge-discharge cycles is discussed.

With the competition of supercapacitors energy storage ability with batteries, efforts have been taken
to make thick electrodes to boost energy density. Electrodes with high areal mass loading in supercapacitor maximize
the packing density of the electroactive electrode materials while lowering the manufacturing cost by reducing the
number of inactive material layers. Herein, the fabrication and electrochemical performance of 180-280 um thick
activated carbon (AC) electrodes with 2 wt% of hair-like carbonized lignin carbon fibers (LCF) as conductive agent
alongside carbon black in the electrode matrix was assessed. In the resulting electrodes, the LCF inclusions into the
AC matrix increased flexibility and contributed to improved capacitances due to better conductivity in the electrodes.
The reduced resistances suggest that LCFs act as an intermediate layer among AC particles and serve as conductive
pathways, facilitating electronic conductivity of more AC particles in deeper layers. Considering the biologically
hazardous nature of other commonly used binders like polytetrafluoroethylene, and polyvinylidene fluoride,
environmentally friendly binder microfibrillated cellulose (MFC) binder was successfully used to fabricate
freestanding electrodes.

Keywords: energy storage, supercapacitor, lignin, green electrode materials
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1. Introduction

1.1. Energy storage devices

In the mid-Devonian age, about 390 million years ago, the plants began evolving into woody plants. True
wood was a requisite creation that enabled conduction of ample water and mineral from root to leaf whilst
it supported plants to grow taller for accessing light. This purpose to thrive by competition transmogrified
the wood to the more intricate and complex structure as we know it today. Approximately 1 million years
ago, our fellow species, Homo erectus exploited the firewood for thermal energy from the discovery of fire.
Even today, burning wood is the primary source of energy for about 6% of the global population [1]. But
not until the mid-20™ century did humans invest in the idea of transforming wood into components in energy
storage devices.

Table 1: Supercapacitor performance metrics compared to standard lithium batteries.

Supercapacitor

Lithium battery ®[5], [6]

Charge storage Double-layer capacitance Intercalation
(electrostatic)
Electrodes Carbon materials LiCoO; cathode and graphite anode
Electrolyte Organic Lithium salt in an organic solvent
Operating voltage Upto3V 3.0-44V
Energy density 3~5 Wh/kg 120-190 Wh/kg
Power density 9000 W/kg 1000-3000 W/kg
Thermal runaway risk No danger Yes
Operating temperature -40 °C to +65 °C 0-45 °C
Self-discharge High (weeks) Less (years)
Operation lifetime at RT 10-20 years 2-3 years
High temperature operation ° 2,000 hours Deteriorates device life
High voltage operation ° 1,500 hours Becomes unstable
Cycle life 1,000,000 cycles >500 cycles
Shelf life 10-18 years 7-15 years
Availability Commercially available Commercially available
Cost/kwWh $100-500 $100-170
Current applications Memory backup UPS, portable electronics, and so
on.
Toxic level Low High

2 The LiCoO, cathode-based LIBs, which are typically used to power portable consumer gadgets, serve as a
representative of the lithium-ion battery family in this context.

A simple discovery of rubbing amber with fur revealed the possibility to store electrical energy on the
surfaces of materials due to buildup of electrostatic charge. In 1957, H. |. Becker proposed a device model
called electrolytic capacitor showing a similar phenomenon by using porous carbon electrodes [2]. This
observation contributing to capacitance from an electrostatic double-layer occurring at an
electrode/electrolyte interface was understood by Hermann von Helmholtz as early as 1879. But not until
the early 1990s was the research in the field vitalized. When NEC in Japan created their energy storage
technology in the 1990s, they coined the term "supercapacitor” [3]. Technically, it is known as an EDLC,
or Electrochemical Double Layer Capacitor, which is presumably why the term "supercapacitor" stuck. The
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Maxwell Technology later dubbed their EDLC device also as an ultracapacitor. On better material and
device understanding the technology further broadened over the discovery of high-capacity metal oxide
electrode materials like RuO.. Trasatti and Buzzanca first recognized this type of capacitor-like
electrochemical reaction of hydrous RuO; thin films in 1971 [4]. Ever since, a plethora of so-called
pseudocapacitive materials has been identified.

Supercapacitors (SC) grew to be efficient energy storage devices in high power density applications by
delivering sufficient energy instantaneously. The absence of surface degrading Faradaic reactions in EDLC
electrodes extends the device's cycle life to almost infinite. However, SC has lower energy storage capacity
compared to the technologically more developed and advanced electrochemical energy storage device
called battery. It was in the early 1990s that lithium-ion secondary batteries gained prominence due to their
high specific or volumetric power, energy density, low self-discharge, wide temperature range of operation,
and high cycle lifetime, all of which distinguish them from other rechargeable batteries such as lead-acid
or nickel-metal hydride. Many of these performance metrics are compared for battery with supercapacitors
in Table 1. Lithium not being an infinite resource, along with environmental issues of battery materials (like
cobalt, lead, cadmium etc.) and an ever-increasing global energy demand, necessitates the search for
alternate sustainable energy materials in an effective energy storage system [7]. The present efforts in
enhancing energy density in cutting-edge lithium-ion batteries (L1Bs) is too sluggish to meet the practical
demands of portable electronic gadgets and electric cars [8], [9].

Battery applications

o“
&‘9«6
\ e"\c{:}(\'ﬁ _ Ao
e 7 \| Micro |
wot® S (Flexible)\ e

| Hybrid | Combined
TR 3 applications

Supercapacitor applications High Energy & Low Power

Figure 1. Supercapacitor and battery technology migration to close the energy gap is largely driven by a
number of important emphasis areas (corresponding technology's most notable research-focused branches
in the last 12 years). Each technique has often only been used in specialized applications. New possible
applications emerge when the technologies change and converge.

Technological advancement, improvement of traditional cell designs, and the use of alternate electrode
chemistries have been the most studied ways for boosting energy and power density. In fact, in specialized
applications SCs have been exploited to co-benefit from or even replace batteries. For instance, in electric
automobiles, the otherwise lost kinetic energy from regenerative braking is collected by power
supercapacitors to enhance the efficiency and range [10]. Likewise, SC/battery hybrid energy storage
systems (HESS) are also considered interesting to power microgrid systems from renewable power
generating sources such as solar and wind for a similar reason to avoid variable current demands taking a
toll on the battery's life [11]. However, now, a SC as a standalone device only meets small-scale energy-
power demands. Nonetheless, in some applications, it has been recognized as a viable energy storage that
is more than a battery supplementary in situations where the loss of energy is acceptable in exchange for
higher power. Sunwin, a Chinese startup company, runs a SC as a complete standalone power source to

2|Page



power short-range electric buses that require charging at each bus stop [12]. Because of its small range,
along with a high self-discharge rate over time, their specialty is not convenient for personal or other heavy
long-range vehicles. Other barriers to commercialization for SC include the device's greater material cost
and poor performance when compared to currently prevalent energy options. This, combined with the
present hurdles with material, device, and manufacturing efficiencies, means that SC technology needs
more development to be able to power our electrical appliances as a standalone device in the future.
Nevertheless, the possibility of SC to serve innumerable applications with diverse demands makes
exploration of the plethora of its materials in various manifestations for standalone or combined energy
storage applications with battery (Figure 1) worthwhile.

1.2. Why supercapacitors when there are already batteries?

Concern about the environment is one factor driving interest in alternative energy sources
and devices. It includes the increasing cost of fossil fuel and every other product that depends on it. The
increasing energy demand worldwide fulfilled so far from the fuel-based resources contributes to
greenhouse emissions. Moreover, the prolonged dependence on their resources will someday lead to
depletion of their limited reserves. As a result, climate change, pollution, and the high cost of fossil fuels
there is already a very strong demand on sustainable (environmental-, economic- and social- friendly)
energy alternatives. As one of the climate change mitigation efforts, the world is switching to battery-
powered electric vehicles. Although batteries are today the most popular and commonly utilized electrical
energy storage device, efforts to enhance them by considering critical performance and environmental
factors including cost, cyclability, environmental sustainability, recyclability/disposability, and
combustibility are already ongoing. But battery materials by themselves are condemned to being linked to
higher environmental toxicity threats [13]. Added on, their mineral sources are lean to serve all our growing
global energy consumption. So, the want for energy devices from abundant resources with an ecologically
sound footprint is compelling. This has been motivating for the research and development of green
electrodes for supercapacitors energy storage devices.

SCs are well-known to deliver high power with sufficiently high energies stored. On
representing the relation of power density and energy density of different energy storage devices in a
Ragone plot (Figure 2): the fuel cells are high-energy systems while supercapacitors are high-power
systems. Batteries come up with intermediary power and energy capabilities.

107
106
105 - Capacitor
10%

103

Supercapacitor

Power Density (W kg!)

10% -

10

1 ¢ | . :
0.01 0.1 1 10 100 1000
Energy Density (Wh kg™?)

Figure 2. Ragone plot of different electrochemical energy conversion devices
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The supercapacitors also display excellent cycle life, and rapid charge and discharge compared to
conventional batteries making them a highly open candidate for upcoming electrical energy reservoir and
harvesting requisites. Moreover, they are almost maintenance-free, clean, and the safest means of
electrochemical energy storage. Scaling SC alongside batteries could potentially be a huge scope for energy
in rural areas where power grids are unavailable due to lack of access to urban infrastructure [14]. However,
the SC fall behind in their energy densities compared to conventional batteries. To overcome this, in SC
many efforts have been focused on improving the energy output by advanced tuning of the electrode,
electrolyte material’s properties or creating innovative combinations of device configurations such as
asymmetrics and hybrids.

Equally critical, obtaining a fitting application for specific supercapacitor electrode materials has been
challenging for researchers; especially regarding the optimization challenges with the diversity of
functional materials (generally carbon, pseudocapacitive and hybrid electrode materials; aqueous, ionic,
organic electrolytes) and in attaining synergistic benefits in their hybridization with or without batteries.

(a) Supercapacitor major focus areas  (b) Supercapacitor citation trend
Number of publications — Hybrid — Asymmetric

Flexible Metal oxide
Graphene

10 = N2 doped — Ni Co
= \Wood based = Graphene
N2 doped 8
6
ther Ni Co 4
Wood based 2 ;
0

Asymmetric Hybrid
2000 2002 2004 2006 2008 2010 2012 2014 2016 2018 2020

% 10000
=
]

(c) Battery major focus areas (d) Battery citation trend
icati 14
Number of publications g ——Lithium ion
Metal Oxide § 12 m S0 clium ion
* 10 Polysulfide

Metal Oxide

8 =—='Wood and bio-based
6 (]
Other,
q
- Wood based 2 g
0

2000 2002 2004 2006 2008 2010 2012 2014 2016 2018 2020

Lithium ion

Figure 3 a) Total supercapacitor field publications during the preceding 12 years, broken down by
categories. b) Citation trends for the major subfields of supercapacitor research in the last 20 years. ¢) The
dissemination of publications for the main battery-related research areas. d) The total number of citations
for the battery sub-fields during the past 20 years.

According to web of science analytics, the key areas of attention in the battery sector during the previous
two decades have been lithium-ion, lithium-sulfur, sodium-ion, solid-state electrolytes, metal oxides,
polysulfide-based, and wood-based batteries as shown in Figure 3 ¢ and d. Their research is increasingly
focused on improving cyclability and power density toward the capabilities of supercapacitors. Similarly,
most of the supercapacitor research is centered on boosting energy density. Some of their specific research
focus areas (Figure 3 a and b) were asymmetric, hybrid, flexible designs, metal oxide electrodes, nitrogen-
doped electrodes, wood-based electrodes, and the use of nickel cobalt electrodes. Citations in the
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supercapacitor field show that more than 80% of the work is aimed at enhancing energy density, with unique
asymmetric and hybrid supercapacitor device designs accounting for more than 60% of those efforts. The
remainder of the studies have been focused on supercapacitor integration designs, such as flexible/wearable
technology and micro-supercapacitors, that are known to be useful to meet the needs of diverse digital
electronics and data storage system applications. Batteries are the topic of more diverse research, with a
focus on the device's environmental friendliness, an interest in hazardous chemicals and replacement
components in existing lithium-based batteries, and harmful replaceable sodium ion-based batteries [15].
The top citations for metal-oxide-based capacitive materials for batteries, in addition to Na-ion batteries
(Figure 3 d), indicate that efforts to produce batteries more like supercapacitors are also viewed as
promising research directions. To address expanding material sustainability issues, eco-friendly efforts to
manufacture wood-based carbon electrodes have evolved dramatically in recent years. As a result, in the
last decade, sustainable efforts to produce wood-based carbon as electrode components for both
supercapacitors and batteries have begun to advance significantly [16]-[19].

1.3. Safety, price, and environmental benignity of the devices
a. Environment/Sustainability

The introduction of electric and hybrid cars has helped to promote energy independence and
perhaps lower greenhouse gas (GHG) emissions from the transportation industry. To take sustainability,
reusability, and ethical considerations into account when choosing materials for energy storage systems is
crucial. The main issues with existing batteries are the negative effects of the materials used on the
environment, the high energy demand during manufacturing, and the depletion of natural sources of the
elements needed to make batteries. Unfortunately, lithium has a very low abundance compared to aluminum
and copper, both of which are utilized as current collectors. Additionally, several of the chemical
components utilized in electrodes today, particularly cobalt, are recognized carcinogens [20]. Considering
the various limitations of battery materials, carbon-based electrodes from renewable bioresources or even
replenishable biowastes such as agriculture wastes, or wood is a much sustainable choice. However, the
environmental impact of modern electrode materials containing metal oxide species and synthetic
production processes is still unfavorable for similar reasons to replace battery or its materials. Therefore,
opting environmentally friendly starting materials and processing with limited chemicals from extraction
to final product production is desired. For example, SC electrode binders and electrolytes are produced of
non-renewable, poisonous, and dangerous elements that are harmful for the environment. Biopolymers and
ionic liquids as alternative for replacing more harmful options [21], [22]. On the same motivation note, the
initiative to produce electrodes from wood-based derivatives is undertaken. Lignin is one of the main
components of wood and a major by-product from the paper and pulp industry. Every year, approximately
130 million tons of lignin are precipitated from black liquor, which is otherwise mostly incinerated to
generate heat [13]. With proper processing steps it can be utilized to make energy storage electrodes.

From the device point of view, ideally, SC have an infinite cycle life; unlike batteries, they do not wear out
or age from their basic mode of operation. SC, in contrast to batteries, are not consumables; instead, they
last for the entirety of a product's life cycle. When their device energy is less than 0.3 Wh, they are free
from dangerous goods requirements and can be delivered and disposed of without check [23]. These
characteristics of SC make it possible to regard them as sustainable as a device to be implanted in day-to-
day commodities.

Life-Cycle Assessment (LCA) is a well-established but continually growing approach for accounting for
and analyzing the possible environmental consequences of goods, processes, or activities [24]. Early
integrated LCA estimates provide a bleak picture, revealing that more than 400 kWh are required to
manufacture a 1 kWh Li-ion battery, resulting in the release of around 75 kg of CO,. Batteries must be
utilized beyond hundreds of cycles to have a good influence on the environment. Hybridizing it with
supercapacitors exploit the benefits of both by combining them at the cell level to create a hybrid capacitor.
A lithium-ion capacitor (LIC), also known as a hybrid capacitor, is composed of an environmentally
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sustainable activated carbon electrode and a graphitic carbon material pre-doped with lithium ions as the
anode. In addition to charging faster than batteries with the same amount of electricity (high power) and
having higher storage capacities (energy densities), LICs have the advantages of supercapacitors, allowing
them to function at temperatures ranging from -20 to 70 °C while retaining long cycle lifetimes [25].
Mining, ore transport, ore treatment, and associated operations are the major contributors to CO, emissions
and energy costs for rare earth battery and supercapacitor materials manufacture [25], [26]. The viable
solutions to these problems are: 1) recycling of electrode materials to recover rare materials [27], 2)
designing of electroactive materials with comparable performances but requiring less energy and emitting
less CO, during production than existing ones, 3) replacement of toxic elements used in electrode materials,
and 4) generation of clean, greenhouse gas-free electricity. The present research focus is on biomass and
wood-based energy storage systems. Furthermore, as potential applications for SC and LIC systems, the
sectors of wind power generation, uninterruptible power sources, solar power generation, energy recovery
systems, and automotives already encourages delivery of clean and green electricity.

b. Cost

Reducing the cost of supercapacitors is one of the key market impetuses besides the yet to be scaled market.
In commercial supercapacitors, the activated carbon (AC) material has a relatively low price which is one
of the reasons behind the supercapacitors becoming popular. Other electrode materials such as carbons with
manganese oxides have a higher energy density but metal is the most critical material from the cost
perspective and thus the current trend is to only use activated carbon electrodes to reduce the cost. Reducing
the cost of raw material sources already is a huge advantage to provoke development. For instance, by
producing carbon fibers with lignin, the price will be substantially lowered compared to the commercial
carbon fibers produced today. Besides the raw materials, the manufacturing process affects the final price
of the supercapacitors to a large extent. With the development and maturation of the fabrication technology,
the manufacturing cost is assumed to be reduced in the future.

c. Lifetime/Cyclability

The lifespan of a battery is highly dependable on the charging and discharging cycles, which makes this
one of the top issues in battery research. In the case of lithium and lead-acid batteries, the charging and
discharging are limited from 300 to 500 cycles, sometimes it can be a maximum of 1000 times. The lifespan
without charging and discharging can be up to 7 years [28]. Elevating temperatures and exceeding operation
regimes beyond the electrochemical stable window (over voltage, effective current) tend to accelerate the
process of aging [29]. Although second-life usage of batteries has been receiving attention lately they suffer
significant underperformance. On the contrary, a supercapacitor capable of almost infinite charge cycles
can be charged and discharged for between 100,000 to 1,000,000 times or even further depending on
operation environment [30]. Considering shelf lifespan, a supercapacitor can last for 10-18 years, while a
lead-acid battery can last around 3-5 years only.

d. Safety

Safety has always been a big problem for lithium-ion batteries and following the problems of Samsung's
Galaxy Note 7 and HP laptops, more attention have been given to assure their safety. Lithium-ion batteries
include lithiated elements as well as a volatile flammable electrolyte that combusts when exposed to oxygen
and humidity in the environment [31]. When mishandled, batteries burst due to overheating caused
from short-circuit; supercapacitors, on the other hand, do not heat up as much because of their low internal
resistance. Comparatively, therefore, SC are much safer energy storage devices than batteries. SCs can
operate in a wide temperature range from -25 to 85 °C. In addition, unlike batteries, there is no risk of
combustion when voltage limits and working temperature ranges are exceeded. SC with water-in-salt and
ionic electrolytes are tested safe to store and operate in various conditions. Organic electrolytes are used in
conventional commercial supercapacitors nowadays. Apart from their mobility and convenience of use,
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solid-state electrolytes minimize the safety concern offered by conventional liquid electrolytes, which are
also flammable and heavy.

1.4. Motivation

As afore motivated, annually, the paper and pulp industry produce about 260 million tons of black liquor
as a by-product [32]. It is an organic-inorganic mixture of lignin, hemicellulose, and processing chemical
residues from the pulpwood digestion unit. This non-fossil fuel has been used to power the pulp mills with
electricity and generate heat energy for boiler plants. The full potential of this material is yet to be exploited
and should be put to better use than as a mere boiler fuel. Furthermore, modern kraft pulp mills are very
energy efficient and as a consequence all lignin is not necessary to use as fuel in these pulp mills. Extracting
the excess lignin from the black has the potential to provide a functional resource to make various value-
adding products. Lignin as a carbon rich bio-component is attributed to be a suitable candidate to manifest
various carbon materials. With that interest, research, and development on lignin derived carbon fiber mats
as electrodes in energy storage devices, particularly SC, has been investigated in our work. With a better
understanding of the charge storage mechanisms and the development of their morphologies, the
supercapacitors are likely to suit applications either as a standalone power source or a battery-supported
system. Beyond their scope as supercapacitor electrodes, they can also be attempted to replace the graphite
electrodes in lithium-ion batteries. This is one of the visions of the Finland-based company Stora Enso
joining hands with NorthVolt [33].

1.5. Scope of this thesis

Efforts of developing SC materials has been to increase energy output while still maintaining their credited
power density. Typically, increasing surface area and improving accessibility to these active sites is vital
for any material’s reliable performance in devices. In order to be able to do that, increasing the mass loading
of electrodes with optimum electrode-electrolyte interface interactions will be a wise way to efficiently
utilize active material.

This thesis study focuses on discussing device performance factors, including the importance
to improve the electrode-electrolyte interface (Paper |) and regulate electrolytes accessibility to inactive
electrode layers with increasing mass loading (Paper 1) to maximize supercapacitor performance. In
addition to these, the thesis evaluates different strategies and approaches for improvements
addressing electrolyte wettability and accessibility issues for SC. The materials in focus as electrodes are
forest components, cellulose, and lignin, introduced in Chapter 2. Chapter 3 presents several types of SCs
based on these materials, followed by standard electrochemical testing techniques for testing their
performance in two-electrode cell devices. Additionally, the standard methodologies developed for
deconvoluting different charge storage behaviors in supercapacitors has been discussed. In Chapter 4, the
effect of employing basic surface treatments and incorporating lignin materials on device's performance is
discussed based on different material and electrochemical characterization of the electrodes. The key steps
followed in the journey of lignin from precursor to electrodes through the sequence of high temperature
treatments to attain efficient electrode characteristics has also been described step after step. The need for
high mass-loaded electrodes and the self-discharge effects have been briefly discussed. Finally, the thesis's
primary findings are summarized, along with future g oals.
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2. Major wood raw materials

2.1. Lignin

The global market of lignin is estimated to grow at an annual rate of 2% from 2020 to 2027 reaching over
USD 1 billion in 2027. Their market growth is due to the demand for animal food and natural products.
According to 2019 data, systematic lignin regulation procedures in Europe contributes to 40% of the
global commercial lignin production for further utilization [34]. The Norwegian company Borregaard is
one of the key players on this market. They separate lignin by a specialized Swedish patented separation
process LignoBoost that was developed by researchers from Chalmers and RISE in the 2000s [35]. In this
process the 35 - 45% of lignin in black liquor is efficiently extracted.

Hemicellulose Cellulose

Lignin o~

Hardwood Softwood Herbaceous
18-25% 27-33% 17 -24%

Figure 4. Wood is composed of lignin, cellulose, and hemicellulose. The amount of lignin varies depending
on the source of wood [36]

Lignin is a bioresource of high aromatic carbon content compared to other major wood components. When
part of the tree in the wood’s cell wall, it offers compressive mechanical strength that facilitates long
distance water transport and protection from pathogens — a key component that keeps the tree alive and
growing. This complex and highly functional biopolymer, a material of such great importance to the trees
today obtained as byproduct from the paper industry could be an engineering material of the future. From
research in the last decade, it has been identified as a possible ideal precursor to develop various derivatives
of carbon materials. There is already plenty of interest and on-going research by various groups and
industries especially in Europe and China [37]. The motivation to it is to develop sustainable
environmentally friendly materials. Already, lignin-derived chemicals and materials such as hydrogels,
carbon fibers, nanomaterials, composites, and bio-asphalt are being considered as viable replacements for
oil-based goods in the production of carbon-based compounds for use in a wide range of sectors such as
automotive, construction, coatings, plastics, and medicines. Therefore, there is more to explore; to modify
and functionalize possible lignin-based carbon materials overcoming their chemical and physical
heterogeneity challenges to make them fit in more future applications. The complexity relates to lignin’s
complex structure and heterogeneous molecular weight that is highly dependent on the wood source (Figure
4) and isolation methodology. Despite these challenges and difficulties, being a carbon-rich replenishable
bioresource, the interest for it has been worth the exploration. The possibilities of lignin derivatization and
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mass manufacture are large [38]. Some of the sustainable lignin-based value-added carbon materials are
discussed in the following chapter.

2.1.1. Extraction of lignin from black liquor

Kraft pulping is the most common type of chemical pulping, accounting for 80% of the entire industry.
Kraft pulping is the process of digesting debarked wood chips at 150-180 °C for 2 to 4 hours under high
pressure with a high aqueous solution of sodium sulfide and sodium hydroxide known as white liquor.
Various chemical bonds, mostly ether bonds, are broken and the high pH ionizing the phenolic hydroxyl
groups in lignin, chemically dissolves the lignin that binds the cellulose fibers together in the wood [39].
After the digestion operation, the liberated cellulose fibers are removed from the cooking liquor and
washed. As a product of this separation, the obtained cooking liquor rich in solubilized lignin is known as
black liquor (BL). The BL is concentrated in and evaporator train and is then used in the boilers to generate
heat.

The composition of BL varies depending on several factors such as source of wood raw material, processing
white liquor composition and even post storage conditions. The BL prior to evaporation normally consists
of an aqueous mixture solution with lignin residues, hemicellulose, and the inorganic chemical employed
in the process, and 15% w/w solids, 10% w/w of which are inorganic and 5% w/w of which are organic,
where the organic contents include 30%-45% w/w aliphatic carboxylic acids, 35%-45% w/w lignin, and
5%-15% wi/w other organic compounds [40], [41]. Inorganics include processing compounds as well as
certain ionic species.
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Figure 5. The sequence of steps conducted during lignin extraction from black liquor by LignoBoost method
[42].

To recover lignin from the BL, the pH reaching around 9-11 leads to lignin’s precipitation. The obtained
filtrate after fine filtering is free of most inorganic species. The precipitated lignin is further washed by
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undergoing acid precipitation in sulfuric acid of pH 2 (Figure 5). To increase the yield quantity of dried
lignin solids, repeated washing is avoided.

2.2. Cellulose

Cellulose is a carbohydrate polymer composed of glucose units (> 10,000) connected by B-(1-4)-glycosidic
linkages. As chains arranged in microfibril bundles, they are the most prevalent naturally occurring
polysaccharide, which serves as the principal cell wall for trees, plants (Figure 6), and even algae and fungi.
Wood-based cellulose, plant-based cellulose, bacteria-based cellulose (BC), algae-based cellulose, and
tunicate-based cellulose are the main different types. Wood (40-50%) and plant (30-75%) became the most
well-known sources of cellulose due to their high availability and low cost.

Cell wall \
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Paracrystalline
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Figure 6. Chains of cellulose molecules combine with other polymers within the plant cell wall to produce
linear structures with great tensile strength known as microfibrils. The cell wall is made up of layers upon
layers of microfibrils. Each microfibril has a diameter of 10 to 20 nm and can include up to 40 cellulose
chains [43].

The textile, construction, paper-pulp, and food industries are by far the largest users of cellulose derived
from either cotton or wood pulp. Diverse cellulose derivatives have been produced to be used in various
other subsidiary applications by undergoing chemical treatment or functionalization. Harsh chemical
treatments such as acid hydrolysis, solvent dissolution, and bacterial fermentation are used to reduce
cellulose pulp into nanofibers. The characteristics of cellulose derivatives are governed not only by the type
and degree of substitution, but also by the pattern of functionalization throughout the polymer chain. The
inability of cellulose to dissolve in organic solvents and the substantial steric hindrance caused by the stiff
and bulky cellulose main chain hinders modification. More often, the hydroxyl group is the most targeted
reactive group for derivatization by esterification or etherification. They are characterized to improve
chemical structure, moisture sorption, water interaction, surface activity, and solubility [44]. Cotton, linen,
and rayon for garments, nitrocellulose for explosives, and cellulose acetate for films are all examples of
cellulose's industrial use. Their strong biocompatibility and superior physical and chemical qualities boost
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possibilities for a wide range of bio-medical applications, including tissue engineering, wound dressing,
and drug delivery systems [44].

12| Page



3. Supercapacitors

The supercapacitors are classified broadly based on energy storage mechanism and their device
configurations. The existing types of supercapacitors in terms of energy storage mechanisms are as shown
in Figure 7. Even though activated carbon is a well-established electrode material in commercial
supercapacitors today, there is an interest in finding alternative carbon electrode solutions.
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Conducting Carbon
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- Carbon 9

Pseudocapacitors
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} Electrical Double layer
capacitors

Symmetric configuration
Electrostatic charge storage

Hybrid capacitors
Asymmetric configuration

Electrostatic and electrochemical
charge storage

" Commercial

Figure 7. Broad classification of predominant types of supercapacitors that are being explored today and
their corresponding charge storage mechanisms.

A supercapacitor's capacitance (C) is defined by the formula

C= Q (Equation 1)
v

where Q is the amount of charge stored on the electrode, and V is the working voltage window.

3.1. Classification of supercapacitors based on storage mechanism

Based on the performance metrics, SC are known to outperform common conventional energy storage
systems like batteries and fuel cells in terms of long lifespan, good reversibility, high power density, shelf
life, efficiency, operating temperatures, environmental friendliness, safety, and cost effectiveness.

Electrical energy storage in supercapacitors is based on two different principles: (1) non-Faradaic process
where anions and cations are accumulated at the electrode/electrolyte interface electrostatically; and (2)
Faradaic process where redox reactions occur by charge-transfer between the electrode and the electrolyte.
They are divided based on their electrode (given in Table 2) or cell design into: (1) electrical double layer
capacitors (EDLC), with carbon or carbon-derived electrodes, (2) pseudocapacitors, with metal oxide or
conducting polymer electrodes, and (3) hybrid supercapacitors, with asymmetric electrodes contributing
from both double-layer capacitance and pseudocapacitance storage mechanisms. Nowadays, hybrid
capacitors are primely used to describe the cell designs which have a combination of battery and
supercapacitor materials (e.g.: lithium-ion capacitors (LIC)). Moreover, the electrochemical performance
and stability in different environments or working conditions of a supercapacitor significantly depends on
the choice of its electrolyte and device design besides the choice of electrode. The higher capacitances of
carbon electrodes are dependent on the high active surface areas, pore-size distribution, good intra-, inter-
particle conductivity, and electrolyte accessibility in porous materials [12]. In the 1990s the
pseudocapacitive material ruthenium oxide was exploited for its capacitance contribution from its reversible
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surface redox reactions. Electroactive electrode materials undergo the mechanism of intercalation and
electrosorption of ions alongside reduction-oxidation reactions, contributing to the overall larger
capacitances.

Table 2: Classification of electrodes based on type of material

Type of electrode EDL capacitive Pseudocapacitive Composites (EDLC/PC)
(EDLC) (PC)
Standard materials | Carbon Metal oxides (MO) Carbon/MO
Charge storage Electrostatic Electrochemical Electrostatic and
electrochemical
Electronic High Low Intermediate
conductivity
Rate capability High Low Intermediate
Specific surface area | High Low Depends on carbon
collector
Pore size Tailorable Definite Depends on carbon
collector
Chemical/thermal High Low Intermediate
stability
Availability Abundant Limited (depends on Intermediate
MO)
Cost of raw material | Cheap High Intermediate
and production
Toxicity Low (greener) High Intermediate

A. Electrochemical double-layer capacitors (EDLC)

The electrochemical double layer capacitors (EDLC) store the energy electrostatically by the adsorption of
electrolyte ions onto the electrode’s surface. Figure 8 shows schematic diagrams of an EDLC depicting its
charge adsorption and desorption processes. On applying voltage, the charges accumulate on the surface of
the electrode. The accumulation of charge in the electrical double layer is a non-Faradaic reaction that
occurs by the depletion of oppositely charged species at the electrode-electrolyte interface. That is, the
positive working electrode electrostatically absorbs solvated anions while the negative counter electrode
attracts solvated cations, resulting in electrical double layers linked in series. Because there are no chemical
processes involved in the storing mechanism, the approach is highly reversible for over 50,000 to million
cycles, resulting in a longer life for EDLC. An EDLC's specific capacitance is calculated as

_A-e (Equation 2)
- d

where A is the electrode's electrochemically active surface area, d is the effective electrical double layer's
thickness, and ¢ is the permittivity of the dielectric. Their specific capacitance depends mainly on the
available active specific surface area in the electrode material.
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Figure 8. Schematic representation of the electrostatic charge storage mechanism during charging-
discharging cycles in an EDLC device.

Carbon-based derived materials holding high surface area is the ideal choice of source material for EDLCs.
Most standard materials are available in the form of activated carbon, carbon nanotubes and fibers from
various renewable sources such as sawdust, biowastes, seaweeds, coconut shell [45] etc. They are suitable
as electrodes owing to their high meso-porosity, high specific surface area, and high charge conductivity
[46]. However, charge storage in SC is limited only to the accessible surface causing lower capacities than
that of batteries. Their accessibility to the intra-porous surface areas is influenced by the tailoring of the
dimensions [12] (1-D, 2-D and 3-D) of the material and interconnected pore structures with nano-micro
pores enhancing capacitances and meso-macropores facilitating ion diffusion [47], [48]. Therefore, a
desirable pore size distribution of the electrode with complementing electrolyte of matching radius size is
an important factor to optimize in order to effectively utilize the carbon’s surface area[49]. Otherwise,
electrolyte ions will have difficulty to access the carbon’s smaller porous walls.

B. Pseudocapacitors

Pseudocapacitors store charge by redox reactions of surface attached ions on the electroactive electrode
material. In contrast to EDLCs which store the energy electrostatically, the pseudocapacitors store the
charges by the occurrence of surface Faradaic reactions via successive transfer of electron charges at the
electrode’s reactive sites. Metal oxides (such as, MnO,, RuO,, Fes04, V205, NiO, etc) and conducting
polymers (polypyrrole, polythiophene, polyaniline, etc.) are the commonly explored electrode materials
showing pseudocapacitive behavior. For storing charge, their surface functional groups, defects and grain
boundaries serve as effective reaction sites. Any metal oxide's theoretical pseudo-capacitance may be
calculated as

n-F (Equation 3)

C =
M-V

where n is the mean number of electrons transferred in a one-way redox reaction, F is the Faradaic constant
(96,485 C/mol), M is the metal oxide's molar mass, and V is the working potential window. Metal oxides
having a wide range of possible oxidation states and therefore a higher mean number of electrons for redox
charge transfer are ideal as supercapacitor electrodes. RuO; has a maximum theoretical capacitance of 1400
F/g involving charge storage from protonation of multiple oxides (Ru*, Ru**, and Ru** couples) for
conversion of OH to O sites on the bulk in acidic medium. While considering practicality, agglomeration
of these metal oxides considerably reduces their on-device specific capacitances. Similarly, the

15| Page



capacitances of metal oxides such as MnO- (1370 F/g) are generated only by surface processes, without
contributions from the crystal bulk. These only bulk-accessible reactions depend highly on the surface of
the metal oxide and it is important to realize that it is difficult to tailor their surface areas. The Faradaic
processes that occur on the electrodes are different depending on the type of electrolyte and may even
influence the device’s working potential window V. However, these reactions develop charge transfer
resistances which affect the materials rate capabilities at higher scan rates or current densities. Thus, their
long-term cycle stability is not as good as for EDLC electrodes.

C. EDLC/pseudocapacitor composites

As discussed before, the capacitances of pseudocapacitive metal ions are limited to contribution from the
bulk’s surface, which motivates their incorporation with high specific surface area EDLC materials. Carbon
material’s high electronic conductivity and surface area improves rate capability, and the redox reactions
of metal oxides contribute with high capacitances. The advantages are brought together by decorating metal
oxides on a carbon current collector in the form of composites. The transport channels depending on the
carbon support promotes ion charge transfer. The ion transport time constant is calculated as

L? (Equation 4)
D
where L denotes the ion transport length and D is the ion diffusion constant [50]. As a result, the carbon’s
appropriate pore size and electrolyte’s short ion diffusion length to access the metal ions lower the ion
transport barrier. Overall, the charge transport properties are enhanced in composites alongside cycle

stability in comparison with their individual counterparts.

3.2. Classification of supercapacitors based on device configuration

The predominant classification based on SC configurations is symmetric, asymmetric and hybrid
supercapacitors.

A. Symmetric and asymmetric supercapacitor

The symmetric configuration consists of a pair of capacitive or pseudocapacitive electrodes with identical
chemical composition and mass. The asymmetric configuration is typically composed of a pair of different
capacitive and pseudocapacitive electrodes (Figure 9).

Asymmetric SCs are an efficient strategy to extend the cell voltage. The main approach to extend voltage
in symmetric devices is using electrolytes with high stable potential window such as organic electrolytes;
aqueous electrolytes are usually limited by the water decomposition. However, choosing different metal
oxides with higher over-potentials for hydrogen and oxygen evolution is yet another possible strategy to
extend the potential window. Slight mass and composition imbalances between the two electrodes can cause
inequalization of capacitance values due to the difference in electrolyte ions adsorbed at the positive and
negative electrodes. This is again employed deliberately in supercapacitors of all configurations to widen
and utilize the complete operating potential windows possible for the system.
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Figure 9. Schematic representation of an asymmetric configuration with different electrode materials as
the anode and cathode.

The strategy for increasing the working voltage V by utilizing imbalanced electrode masses in an EDLC
system is shown in equation

Q,=0_ (Equation 5)
Vi _m_C (Equation 6)
V. m.C,

where Q. and Q. are the charges, V. and V. are the potential windows, C. and C. are the specific
capacitances, and m-. and m. are the masses of the positive and negative electrodes, respectively [51]. As
from the equations, the electric charges of the both the electrodes are equal as they are connected in series.
The specific capacitance and mass of the two electrodes define the potential windows for the electrodes. In
a symmetric supercapacitor, one electrode reaches the potential limit before the opposite electrode without
utilizing its full potential range. This is resolved by considering mass-balancing.

B. Hybrid supercapacitor

Combining both worlds together, the "hybrid supercapacitor” is a particularly promising battery-
supercapacitor combination in the hunt for alternative electrochemical energy storage devices for use in e-
mobility and for storing energy from renewable, abundant and cheap sources [52], [53]. Combining the
pros of both systems, they can store nearly as much energy as traditional batteries and charge-discharge as
rapidly as a SC [52].

A hybrid supercapacitor is considered a type of asymmetric supercapacitor. The configuration comprises a
battery-like electrode (to enable high energy density) and a capacitor-like electrode (to provide high power)
in the same cell. This integration benefits from the complementary capabilities of both systems as part of
the efforts to close the energy-power gap. The hybrid systems' capacity is related to the porous carbon
electrodes' EDL structure and the MO’s Faradaic pseudocapacitance. In a LIC (Figure 10 b), the anode,
which is typically the battery type electrode, has larger capacity to store energy (i.e., high energy density)
by intercalation and de-intercalation of Li* ions within its crystalline structure limiting of the
charge/discharge rate (i.e. low power density). On the other hand, the cathode is typically an EDLC material
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with a well-interconnected porous structure. The fast and nondisruptive electrostatic phenomena enable
high power and longer cycle life.
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Figure 10. Schematic representation of (a) conventional lithium-ion battery and (b) hybrid configuration
of lithium-ion capacitor.

The LICs compatibility with ionic liquids and organic electrolytes allows them to operate with much higher
voltages [54]. In addition to modifying the electrode materials, redox electrolytes are as well employed as
a technique to enhance battery-capacitor hybrids [52].

3.3. Deconvolution of different capacitive behaviors

The difference in charge storage mechanisms between supercapacitors and batteries varies largely because
of their differences in thermodynamics and Kinetics. As a result, for the convenience of evaluation numerous
electrochemical techniques for deconvoluting the contributions from basic charge storage mechanisms such
as the electrical double layer and diffusion-limited processes have been devised.

The general dependence of measured peak current (ip) from a cyclic voltammogram measurement at
different scan rates (V) is given as

ip=a-vP (Equation 7)
Pseudocapacitors conventionally undergoing fast surface or bulk redox reactions are not diffusion-
controlled and thus their peak current is known to vary linearly with scan rates as per Conway et al [55].

That is when in equation x, b is equal to or less than 1. While the storage process is diffusion-controlled, b
is equal to 1/2.

For systems exhibiting both forms of storage behavior i.e., hybrid energy storage, Dunn et al proposed
deconvolution by observing the correlation of voltage dependent current with scan rates [56].

i, =kiv+ kzvl/z (Equation 8)

ki (capacitive) and k. (diffusion controlled) are proportionality constants determined from the slope and Y-
intercept of the plot of i,/v2 versus v**2in Figure 11.
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Figure 11. Linear fitting of the anodic and cathodic CV scan rates at different voltage points.

Similarly, Trasatti et.al, proposed deconvolution on observing the relationship of CV charge with varying
scan rates [57]. A similar idea pertains to the diffusion-limited process at the bulk of even purely capacitive
electrode materials, since raising the scan rate makes the inner surface, such as pores, less accessible for
electrolyte ion diffusion. For these systems facing such kind of diffusive pattern to actively utilize the
available surface area, the dependence of surface (Q,) and bulk (Q,,) charge contributions was measured as
total charge Q;,

Qt =0Qs+Qp (Equation 9)

Considering that the voltametric charge Q at the surface of the material is independent of scan rate, charge
is given as (when v — «):

Q) =Qs + ¢ v~/ (Equation 10)
However, at lower scan rates, the charge at the surface and the bulk of the material is given as (when v —
0):
(Equation 11)

1 1 1
_1 /
0w g tev”

On an occasion when the system exhibits both forms of storage behavior it is considered as hybrid, and this
is convenient to distinguish. The method modelled is suitable only for a limited range of smaller scan rates.

Donne et al. proposed a very different method, based on the current response from each potential step as a
function of time [58]. The theory is based on the difference in equilibration time depending on the type of
material. Materials showing EDL behavior equilibrates quickly while the diffusion limited behavior
equilibrates slowly. Using the method is a good strategy to understand diffusion induced processes,
especially to study efficiency of diffusion in electrodes with higher mass loadings. The SPECS (Step
Potential Electrochemical Spectroscopy) model includes a current that represents the generation of an
EDL at the geometric (ip;;) and porous surface (ip;2), as well as a current associated with the diffusion-
limited (ip) and residual processes (iz) . The total current i of SPECS data may be calculated as follows:
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iT = iDLl + iDLZ + iD + iR (Equation 12)

Simon et al. proposed MUItiple Step ChronoAmperometry (MUSCA) [59], which was intended to decrease
the ohmic drop contribution from SPECS to accurately investigate the electrochemical kinetic evaluation
of a pseudocapacitive electrode. At various potential scan rates, ohmic drop corrected cyclic
voltammograms of a pseudocapacitive electrode were computed using the MUSCA technique. The surface
and bulk process current contributions were then recovered effectively using Dunn's methods by showing
current-voltage curves with a decreased ohmic drop at various scan speeds.

3.4. Components of a supercapacitor

Electrode — Electrodes for supercapacitors are typically thin coatings that are electrically coupled to a
conductive current collector. A material with good conductivity, high temperature stability, long-term
chemical stability and corrosion resistance, and high surface areas per unit volume or mass is a good
prospect for commercial electrode applications. Other advantageous properties include low-cost material
extraction and production as well as environmental friendliness.

Cell caps

Carbon+
conductive
additive+
binder

Electrode

Free-standing
Carbon fiber

Figure 12. Schematic representation of a coin cell and its different components with some of their different
electrode forms.

Carbon electrodes with high surface area micropores contribute more charge storage capability by forming
EDLC than a planar carbon surface. Even better EDL formation is obtained in interconnected carbon fiber
(Figure 12) or aerogel network [60] with higher migration rates of electrolyte ions into deeper layers.
Electrodes with high mass loadings with more material are supposed to deliver high capacitances due to
more available material for charge transfer. That is however not directly the case as much of the material
is inaccessible to electrolyte ions. Also, a high mass loading creates increased electrical resistances between
the electrode and current collector which may considerably affect the rate capability and specific power
performance.

Separator - A conventional supercapacitor cell is built by connecting a pair of electrodes in series
by separating them with an insulating separator. Although their primary goal is to keep the two electrodes
apart to prevent electrical short circuits, the transfer of ionic charge carriers that are required to close the
circuit during the passage of current in an electrochemical cell is its functional role. Different polymer
membranes and cellulose based separators are used for SCs today [61], [62]. Cellulose filter paper
membranes were employed as separators in Papers [I] and [11]. Their low cost, high flexibility, outstanding
thermal, mechanical, and chemical stability, surface hydroxyl groups, and strong wettability make them
suitable materials for use as separators and electrodes for SCs. When employed as a separator in a SC, the
specific capacitance, energy density, and power density were found to be superior to those of SCs using
commercially available separators [63].
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Electrolyte — The predominant types of electrolytes employed in supercapacitors today are aqueous
electrolyte, organic electrolyte, ionic liquids, and redox electrolytes. Aqueous electrolytes are the most
utilized ones because of their low cost and excellent conductivity. Although ionic liquids and organic
electrolytes are employed to broaden the potential window, they suffer from reduced conductivity and the
hazardous nature of organic electrolytes [64]. Therefore, the choice of electrolyte is as influential as
selecting a good electrode material to improve or control any SCs performance. To attain a maximum
advantage, customizing the electrolyte based on the electrode type is critical.

Binders and additives- Typically carbon powders are brought together as an electrode by using suitable
binders alongside conductive additives like carbon black (CB) to promote electrical conductivity. To
fabricate robust free-standing electrodes from an environmentally friendly binder, micro fibrillated
cellulose (MFC) material is tested (in Paper [11]) considering the environmental and biologically hazardous
nature of other commonly used binders like PTFE, NMP, and PVDF. The electrodes composed of MFC
binder are prone to cracking upon drying, especially with higher mass loadings, which leads to non-
flexibility, and poor device stability. However, the LCF inclusions (shown in Figure 13) into the AC
electrode with MFC binders not only increase flexibility but also contribute to better conductivity in the
electrodes.

LCF- 2wt%

Electrolyte ions

Electrolyte ions

@m0 g (
L.. ; ) X . . . & Electrode ions

Electrode ions

Figure 13. Comparison of electrodes with only CB additive vs LCF+CB additives (enacting as conductive
pathways) (Paper II)

Lignin-based carbon fibers synthesized under optimized stabilization and carbonization conditions are well
known for their higher graphitic nature suitable for better transport properties. On introducing them in the
AC matrix, even randomly, allows them to serve as conductive pathways. Besides, they also serve as
reinforcements to make the thicker electrodes flexible enough to handle.

3.5. Electrochemical test methods

Electrochemical testing encompasses analytical techniques to investigate cell systems by applying external
electrical stimulation. It provides qualitative and quantitative responses useful for analyzing and
understanding different behaviors of various surface and/or solution systems. For characterizing the
electrochemical properties of a supercapacitor, cyclic voltammetry (CV), electrochemical impedance
spectroscopy (EIS) and galvanostatic charge/discharge (GCD) are the commonly used analysis methods.

As a standard, electrochemical testing setups are three or two-electrode arrangements (Figure 14). A three-
electrode system is used to manage and measure potentials and currents across a cell without altering the
potential by huge currents passing through an electrode. The two-electrode setup delivers voltage across
positive and negative electrodes immersed in electrolytes from an electrochemical workstation. In this case,
the measured voltage is the whole cell voltage. In the three-electrode setup the current flows only between
the working electrode (WE), and the counter electrode (CE), while the WE are referenced to a reference
electrode (RE). In an idealistic situation, current flows only between WE and CE, and the WE's voltage is
referenced to RE's. Common CEs include Pt, Au and REs includes saturated calomel electrodes (SCE),
Ag/AgCl, and Hg/HgO electrodes with virtually constant half-reaction potentials. Three-electrode setups
measure just half of the cell (or real-time WE potential) having an experimental advantage over two-
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electrode setups. That is, potential changes in the working electrode are monitored independently of
potential changes in the counter electrode.

Three-electrode setup Two-electrode setup

G-+ S

Electrochemical workstation

Potentiostat

Figure 14. Schematic representation of an electrochemical workstation and the three and two-electrode
setups used for electrochemical testing of supercapacitor electrode materials

All the electrochemical measurements were carried out in an electrochemical analyzer (Gamry Reference
3000AE electrochemical workstation) using a coin cell device system with electrolyte solution prepared in
ambient conditions.

3.5.1. Voltammetric and galvanostatic charge-discharge methods

Cyclic Voltammetry (CV) is a potentiodynamic electrochemical technique where the potential of the
analyzed electrode is ramped linearly versus time. During CV when the set potential is reached, the working
electrode’s potential ramp is inverted. This inversion occurs multiple times during an experiment as per the
number of cycles given as input to run. The current of the working electrode is plotted versus the applied
voltage to get the CV plot. A positive current peak implies oxidation, and a negative current peak implicates
a reduction process at the working electrode.

In an EDLC, the specific capacitance is nearly linear over the full potential range showing a linear
charge/discharge behavior in its CV curve. In fact, an EDLC capacitive behavior typically has a CV curve
of rectangular shape as in Figure 15 a, whereas in pseudocapacitive materials potential-dependent redox
reactions occur showing features in the characteristic curves Figure 15 b. EDLCs show constant rate of
discharge whereas for pseudocapacitors the discharge rate depends on the redox reaction rate affected by
potentials in Figure 15 c. Differences in CV for EDLCs from pseudocapacitors are very different when
intercalation comes into the picture (Figure 15 d and €). Similarly, the slope from GCD in Figure 15 f is no
more linear for both EDLC and pseudocapacitors. During galvanostatic cycling, the supercapacitor is
charged and discharged at a constant applied current between two defined voltage points. The voltage
recorded signifies the reactivity window of the device and the time refers the rate of charge/discharge. Also,
this method in known to resemble real-world performance more closely than CV. Also, as clearly seen from
Type C type of battery materials, show two pairs of distinct peak currents at which their redox reactions
occur.
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Figure 15. Schematic CV a), b), d), e) and g) with corresponding GCD c¢), f), and i) curves for EDLC (Type
A), pseudocapacitor (Type B) and battery (Type C) materials, respectively. Capacitive trend in a
pseudocapacitive materials is mostly either from (b) surface redox reactions or (d) intercalation-type. Also,
there is a third special type with intercalation-type materials with broad redox peaks that are
electrochemically reversible.

A. Cyclic voltammetry and galvanostatic charge discharge to measure capacitance

Capacitance is a quantitative measure of how much electrical charge a parallel plate capacitor can store
when a particular voltage is applied across it. A supercapacitor's specific capacitance (C) measured in
Farads (F) where Q is the amount of charge stored on the electrode, and V' is the voltage across the electrode-
electrolyte interface is represented as in Equation 1.

In a standard supercapacitor cell, the two electrodes separated by a separator are connected in series. Adding
the 2 capacitors in series the total capacitance Cee is obtained as,

1 l N l (Equation 13)
Ccell Cl CZ

On further accounting that both the electrodes are symmetric, i.e., C1=Cy,

Ce (Equation 14)
Ceenn = 7

The capacitance under a standard electrode mass (me) is defined as specific capacitance (Csp)
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Ceent (Equation 15)
me

Cop =2 X

Accounting the mass of both electrodes (Mio):

Ceent (Equation 16)

From CV curves when the integrated charge accumulated in the scanned potential window AV is Q, the
specific electrode capacitance is obtained using the following equation:

Q (Equation 17)

Cop =4 X ——
sp mtot'AV

where Q = [V [ijav

From GCD curves when the discharge time scanned between potential window AV is t at a particular current
Iy, the specific electrode capacitance is calculated using:

Iy “tg (Equation 18)

Cop =4 X ———
sp mtot'AV

B. Energy density

The measure of energy that can be stored in a particular system, material, or region of space is referred to
as its energy density. It can be expressed in terms of energy per volume (J/1) or energy per mass (J/kg).

Csp ' Vmax2 (Equation 19)

Edevice = 2

Enhancing energy density in supercapacitors has been accomplished through a variety of approaches,
ranging from improving electrode materials to developing asymmetric or hybrid device topologies with
greater effectiveness. When energy is stated quantitatively, E indicates energy density, C represents specific
capacitance, and Vma iS a device's maximum operational voltage. It asserts that the energy in
supercapacitors is proportional to capacitance (C) and the square of the maximum operating voltage (V2
max). INcreasing Vmax is more economical for higher energy because of the quadratic connection. Using high-
voltage electrolytes and developing novel device topologies are efficient methods for raising Vmax.
Asymmetric and hybrid device topologies with complementary working potentials from positive and
negative electrodes make it easier to manufacture high voltage devices.

C. Power density

The quantity of energy delivered per unit of mass, area, volume per unit time by a particular system,
material, or region of space is expressed as power density (W /kg). Furthermore, power density and
efficiency are inextricably linked in power-delivery applications, and efficiency is still a driving factor in
current engineering.
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V2 Egevice (Equation 20)
Pievice = ﬁ = ty
s

The power density (P) and energy density (E) of supercapacitors may be enhanced by lowering the
equivalent series resistance (R) and expanding the operating potential window (V) as well as specific
capacitance (C), as given by the above two equations.

D. Electrochemical impedance spectroscopy (EIS)

Electrochemical impedance spectroscopy is the method for generating Nyquist plots that depict the
imaginary versus real components of the complex impedance of electrochemical cells. In any general
Nyquist plot such as the one given in Figure 16, the starting point in the higher frequency domain of the
Nyquist plot indicates the total ohmic resistance of the device, including ohmic resistance of the electrolyte
within the separator. The radius of the semicircle in the mid-range frequency zone represents any type of
electrolyte (or charge-transfer) resistance at the electrolyte/electrode interface. The inclined line connecting
to the semicircle in the low frequency zone represents ion diffusion into the electrode.

Charge transfer Diffusion
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Figure 16. Nyquist plots of the impedance of a Randles circuit with Warburg impedance
when the scale is orthonormal, and the low-frequency angle is 45°.
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4. Compatibility of forest materials for supercapacitor applications

4.1. Lignin based materials as supercapacitor electrodes

This chapter describes the compatibility and performance of lignin derived materials for a supercapacitor
application. Carbon fibers (CF) made from lignin precursors have a large specific surface area, decent
mechanical flexibility, moderate electrical conductivity, and beneficial surface functions compared to
particulate (such as AC) morphology counterparts. Electrospun lignin carbon fibers (ELCFs) are
freestanding and useful as both a current collector and an active material, minimizing device contact
resistance. In addition to electrostatic charge storage, which contributes to EDL capacitance, they exhibit
contributions from the Faradaic reaction of their surface functional groups, which provides
pseudocapacitance. The functional groups that contribute to capacitance are typically lost during high-
temperature carbonization, also affecting the device's electrode-electrolyte interactions. In order to improve
the electrochemical performance of the supercapacitor, the active material's surface is plasma treated to
synergistically add controlled functional groups to the carbon matrix. The dependance of electrochemical
profiles on the choice of electrolyte for lignin-based electrodes were specifically characterized in [Paper I].

Carbon fibers

There are great prospects for fibers with high carbon grade made from lignin since this is an abundant
natural resource in contrast to viscose or petroleum pitch used to produce traditional carbon fibers. Lignin
containing more carbon while holding a lower cost is yet more advantageous over the other sources to spin
CF. However, the type of pretreatment and the manufacturing methods significantly influence their final
properties and thus its suitability in various applications. The successful development of lignin technology
will allow its use as a structurally lighter material in sectors such as automotive or aerospace, replacing
existing commercial CFs derived from fossil-based derivatives. As desirable as it is, the development of
this technology is equally challenging. The carbon fibers synthesized so far are not as stiff or strong as
polyacrylonitrile (PAN) carbon fibers. However, this has not discouraged the interest to use them as carbon
fiber precursor considering their function to add stiffness and strength in otherwise malleable tree cell wall.
Therefore, with such motivations there is more to figure out on how to actively utilize this potentially
prospective carbon rich, renewable, abundance and non-toxic natural resource.

With the existing research on developing lignin carbon fiber technologies, growing the manufacturing plant
scales and production capacity will make it a cheap precursor. But still the LCFs are far from PAN-CFs
achieved desirable properties. Therefore, though the available technology is scalable the competition for a
CF with improved properties is still on.

4.2. From lignin to surface enhanced lignin carbon fibers

Spinnability of lignin is determined by the chemistry of separated lignin from its biomass. A variety of
fibers with different structures and sizes are produced by performing different spinning techniques (such as
melt-/wet-/dry-/electro-/spinning). These as-spun lignin fibers consisting mostly of organic matter has low
mechanical strength and almost no conductivity. Their ability to conduct is therefore developed by
following a sequence of thermal treatments in the order thermostabilization, carbonization, activation and
graphitization processes. Further on, additional treatments are used to modify the surface morphology or
chemistry to tailor on specific properties such as adhesion, wettability, etc. (requirements varying as per
application specifics).

Lignin fractionation

The lignin has a lower molecular weight than polymers such as PAN, which makes electrospinning of the
former challenging without co-polymerization with other major fossil-based polymers. Therefore, the
lignin is either modified or separated based on molecular weight. Lignin fractionation is the process of
dividing heterogeneous lignin into fractions with lower polydispersity, and these fractions distinct
molecular weight distributions. The fraction with a greater molecular weight is preferable for spinning into
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carbon fibers. The fractionation procedure described by Baker.et al. was practiced for electrospinning ELCF
in [Paper I] [65]. The quantified molecular weight of lignin following the procedure is 8600 g/mol with a
polydispersity index of 2.8. This high molecular weight lignin blended with polymers demonstrated
significantly stronger interface connection bonds, boosting the spinnability of lignin-based polymers that
furthermore improved the mechanical elastic modulus, tensile strength, and elongation characteristics of
the fiber [66].

Electrospinning

Lignin, as well known, is made up of randomly dispersed aromatic units separated by aliphatic chains.
Dissolving lignin in non-polymeric solvents for electrospinning does not allow for adequate chain
entanglements, resulting in particle electrospraying. For lignin to be electro-spinnable, it is either
blended with a secondary polymer, or solvent fractionated to eliminate low molecular weight fractions.
Although the primary approach improves fiber properties, it raises the product cost. Hence the latter method
involving fractionated parts of high molecular weight lignin in mixed with an organic solvent as described
in Paper [I]. In order to obtain defined morphology of carbon fibers, the optimization of processing
parameters such as the voltage, ambient humidity, needle size, needles distance from the collector, and
spinning solution feed rate are critical [67].

Thermo-stabilization

Thermo-stabilization (TS) is an essential pre-step with the purpose to eliminate the precursor fibers'
thermoplastic nature. Instead, the fibers develop thermosetting characteristics that prevent the fibers from
fusing during high-temperature carbonization treatment. The most common method is an oxidative process,
which entails a gradual increase in temperature in an open environment. The amount of oxidant,
temperature, and heating rate all affect fiber oxidative stability. A stabilization process undergoes a variety
of reeactions that decrease/eliminate the volatile compounds (such as oxidation, dehydrogenation,
cyclization, elimination, condensation, and cross-linking). During TS in lignin, the reaction starts with
hemolytic dissociation of the weakest B-O-4 linkage bond. It is followed by auto-oxidation that occurs in
the temperature range of 200-250 °C producing carbonyl and carboxyl groups on its structure. On further
increasing temperatures, these functional groups lose oxygen leading to cross-linking of the lignin structure
forming, strong aromatic carbon bonds, anhydrides and esters [68].
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Figure 17. ELCFs carbonization profile; stabilization using Nabertherm box furnace and carbonization
using Thermolyne - Open Tube/1600 °C furnace).
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Typically softwood lignin having higher cross-linking than hardwood lignin which implies lower
spinnability but achieves TS in shorter duration [69]. Regardless, lignin having higher carbon content makes
TS of lignin fibers less energy and time-intensive process than TS of PAN fibers (16 hours to less than 2
hours at 250 °C) [70].

Carbonization

Carbonization is a popular method for transforming any form of organic raw materials via pyrolysis in
temperatures typically between the range of 500 °C and 1200 °C that produces char (i.e. a bunch of cross-
linked carbon atoms) enriched with high carbon content. This usually takes place in the absence of air in
inert atmospheres. The porosity of the carbon material is controlled by influencing the heating rates,
dwelling time and the reaction atmosphere in the heat treatment chambers. Prior to establishing a thermal
treatment profile, thermogravimetric analysis (TGA) is performed by heating the organic raw material at a
constant rate to determine its thermal stability and measure the loss of volatile components by its changing
weight profile (Figure 18 a).
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Figure 18. a) Weight loss profile from TGA of the major wood components [1] and b) lignin fiber and lignin
cellulose composite nonwovens in a nitrogen atmosphere at a heating rate of 50 °C/ min

At lower temperatures reaching about waters boiling point 105 °C, moisture i.e., water that is chemically
unbound evolves and then (-OH) breaks at higher temperatures up to 600 °C. At higher temperatures
ranging from 190 to 800 °C: CO gas is produced by the thermal decomposition of carbonyl and carboxyl
groups and CO-is produced by ether cleavage and carboxyl group decarboxylation reactions [71]. Between
these temperature ranges starting about 500 °C until 1000 °C, also hydrogen gas evolves due to breakage
and depolymerization of aliphatic and aromatic hydrocarbon bonds [71]. Through these reactions, aromatic
carbon structures in biomass evolved gradually from non-condensed to condensed (aryl) structures. The
types of reactions and thus the activated carbon yield is therefore highly influenced on the source of biomass
as they contain varying amounts of lignin and cellulose. The controlling of heating rates is as important for
crosslinking the aryl structures optimally to our advantage. Above carbonization temperatures of 1000 °C,
the tensile strength decreases due to defects and a reduced fiber diameter [72]. Nevertheless, the inability
to preserve the ordered carbon structure at higher temperatures leads to formation of functional porous
morphologies with wide pore size distribution [73]. This can be used to benefit controlled pores by carefully
optimizing the carbonization profile. The choice of secondary polymer is also critical for tailoring the
carbon's porous structure with desirable pore size ranges [74]. In the ELCF spun without any fossil-based

secondary polymer had a wide range of pore distribution with predominantly meso and mocropores (Figure
19 a).
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Figure 19. a) Pore size distribution in ELCF sample, b) Different pore engineering strategies for lignin-
derived porous carbons [75].

More advanced pore engineering can be carried out by other routes such as templating and chemical
activation involving various chemicals as shown in Figure 19 b.

Activation

Activated carbon is a highly adsorptive medium, that allows easy adsorption of organic molecules in its
range of hierarchical or more ordered pores. To increase any organic raw materials adsorption capability,
it is activated using physical or chemical treatments.

Physical or thermal activation produces activated carbon in two steps: the first is carbonization, which is
the pyrolysis of carbonaceous materials at high temperatures in an inert atmosphere to remove most non-
carbon atoms; the second is extended thermal activation in the presence of an oxidizing gas such as steam,
carbon dioxide, or both. CO; activation causes etching of the carbon matrix surface developing abundant
pores [75]. Chemical activation entails impregnating raw materials with dehydrating agents such as HsPO4
[76], KOH [77], NaOH [78], or ZnCl, . Activation influencing the pyrolytic breakdown, delays char
formation and results in a highly porous carbon-enriched solid.

Graphitization

Graphitization is the process of heating amorphous carbon over an extended length of time to restructure
the atomic structure and obtain the ordered crystalline structure desirable to boost conductivity. In a fiber
morphology graphitization aligns and orients the atoms along its axis. The process is undergone at much
higher temperature ranges than activation to control atomic structuring as shown in the table below.

Less than 1300°C The amorphous carbon atom configuration has not changed significantly. Minimal
structural alterations begin to occur.

1300°C — 2000°C The crystal structure begins to form. This denotes atomic movement and
rearranging. The interlaying spacing of atoms begins to reorganize and reduce to
resemble that of graphite.

2000°C — 3000°C To simulate graphite, crystal formation accelerates, and interlaying space reduces.

In the presence of oxidizing gases, atom rearranging in amorphous carbon is accelerated. This permits bonds
to be broken in more disordered parts of the amorphous carbon. This comprises parts of the amorphous
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structure where carbon to carbon bonds can be interconnected between stacked planes or other interwoven
sections. Infact, over temperatures of 1600 °C, improved mechanical properties was observed due to the
formation of nanocrystalline graphite [72], [79].

4.3. Surface enhancement of electrode

The performance of any EDLC materials typically shows high power densities. They can however drop
considerably when there is poor accessibility for ions due to tortuous microporosity or non-graphitic carbon
wall structures that creates ionic resistance. Surface modification of porous carbon materials is a valuable
prerequisite to consider for effective adsorption and desorption of electrolyte ions both on the electrodes
surface and in its bulk quickly without any accessibility issues. Although redox processes in
pseudocapacitive materials are fast enough, the above conditions apply to utilize the surface confined
reactions more effectively. The electrode/electrolyte interface could be altered also to increase cell voltage
by designing passive layers on the carbon surface, which would move the electrolyte reduction and/or
oxidation processes to greater over-voltages [80]. A solid electrolyte interphase (SEI) naturally occurs on
the carbon surface of carbon anodes during the early cycles of a charge-discharge sequence. The SEI layer,
which is created during the first cycle, blocks electrolyte ion intercalation into the carbon layers below
while preventing further electrolyte reduction [80]. Designing, customized characteristics of the carbon
surface (hydrophobic or hydrophilic groups, for example) might result in a significant over-voltage to
expand the electrolyte's electrochemical stability window. Those techniques focused on modifying the
carbon/electrolyte interface are obviously tempting in terms of performance improvements, but they are
quite difficult. The surface modification must not modify or impede ion access to the porous carbon
structure in the electrolyte. To facilitate ion transport from the electrolyte into the carbon pores, the modified
carbon surface must be ionically conductive yet electrically insulating to reduce solvent oxidation and/or
reduction at the carbon surface. The effective development of an artificial SEI-like layer on the surface of
porous carbon would significantly improve EDLC performance.

Simple procedures like doping can help tailor the fundamental properties and improve the electrode’s
compatibility to an electrolyte. The most used heteroatoms to dope into carbon frameworks are oxygen-
functionalized nitrogen, boron, sulfur, phosphorus, fluorine, silicon, and chlorine [81]. The doping
introduces defects acting as redox centers amplifying inherent pseudocapacitive contributions. In this way,
doping also contributes to store more energy compared to a standard supercapacitor.

Nitrogen doping and oxygen functionalizing are two of the most common ways to modify a predominantly
hydrophobic surface profile to hydrophilic. This does not change the nature of the material itself but only
changes the polarity of the surface charge. The surface modification enhances the feature of electrode
wettability to electrolytes. Wettability is an important criteria as insufficient electrode wetting of
electrolytes leads to inconsistent reactions due to unsteady formation of the EDL interface. Nitrogen is
incorporated into the carbon framework either by postprocessing with nitrogen rich components (ammonia,
urea) or starting with a nitrogen rich precursor (like polyaniline, polypyrrole). Similarly, oxygen is
introduced in a carbon matrix by simple non-degradational procedures like plasma treatment as in Paper

[1].
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Figure 20. Wettability test to indicating a) hydrophobic nature of LCF mat samples before and b)
hydrophilic nature after undergoing plasma treatment for 60s with 25W power.

Treating a carbon surface with plasma even for a shorter duration has been observed effective to eliminate
hydrophobicity (Figure 20). This eventually allows access to internal surface area that otherwise goes
unutilized.

4.3.1. Effect of O-functional groups on electrochemical behavior

The characteristics of an electrode's charge storage are significantly influenced by the electrolyte used. Only
selective functional groups are redox-active in a particular type of electrolyte. For instance, only functional
groups that evolve CO (hydroxyl, carbonyl, and lactone groups) contribute positively whilst CO- evolving
groups (carbonyl, anhydride, and lactone groups) do not. Therefore, choosing the right electrolyte that
stimulates the right groups is desirable.

Advantages

As aforementioned, some oxygen functional groups are more advantageous than others. The useful
contributions may include

1. Oxygen configurations C-OH and C=0 promoting hydrophilic of surfaces

2. Pseudocapacitive contribution of the introduced functional groups which depends on the electrolyte
type. In fact, the electrochemical profile differs for the same electrode with varying electrolytes
(Figure 21).

The quinone and carbonyl type oxygen produce pseudocapacitance in H.SO, electrolyte involving the
proton induced redox reaction (Equation 22) peaks in the CV curves [82].

>c:o +H +e %5 “cuio] (Equation 22)
0 OH
Cj( + 2H" + 200 —» CI
- .
o OH
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Figure 21. Electrochemical (a) CV and (b) GCD response curves of oxygen functional group introduced
LCF in different aqueous electrolytes- KOH, Li,SO4, and H,SO4 electrolytes.

As from the X-ray photon spectra data on the oxygen configurations, the contributions here are from
carbonyl and quinone groups. But on the other hand, it is mostly the carboxyl and hydroxyl groups that act
as favorable sites for the KOH electrolyte to react (Equation 23).

0 (Equation 23)
_P on €5 ¢ +HO+e
OH o

N N
Jc-0H + oH %55 Tc-OH + HO + €

Though oxygen functionalization raises concerns of electrolyte decomposition, the PLCF electrodes
performed well without hydrogen decomposition even at an increased voltage of 1 V

Disadvantages

Too high amounts of oxygen functional groups are not beneficial. They tend to have a detrimental effect
on any electrode’s performance in ways as

1. Aggravates already existing issue of self-discharge behavior with supercapacitors.
2. Increases internal resistivity by affecting their electronic conductivity.

When the disadvantages mentioned in points 1 and 2 prevail, the efficiency of tailored high surface area
pores becomes compromised.

Metal oxide decoration

The conductivity of CNTs and the redox property of metal oxides can be exploited together as hybrid
supercapacitors. Thus, a combination of metal oxide electrodeposition on nanostructures were tested
expecting improved conductivity and electrochemical performance. As expected, their result showed
enhanced efficiencies with higher capacitive performance due to increased available surface area for
reactions to take place [15,16]. While carbon being the most explored material, efforts have also been taken
to synthesize transition metal oxides and sulphides specifically in one-dimensional geometry [83], [84].
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4.3.2. Electrochemical enhancement of capacitive behavior

As compared to other improvement strategies, electrochemical procedures are considered much simplified
and mild procedures in a regular electrochemical setup. They have the advantage to enhance the structure,
composition, property, or even morphology of materials by tuning basic parameters such as magnitudes of
applied current or voltage, types, and concentrations of salts in electrolytes, reaction durations, and solution
temperatures.

The performance of any supercapacitor is determined not only by the electrode materials but also by the
electrolyte. The conductivity and temperature coefficient of electrolytes are the most significant features,
as they influence the ESR and specific capacitance of a supercapacitor. Other characteristics include a broad
voltage window, good electrochemical stability, high ionic concentration, low solvated ionic radius, low
volatility, low viscosity, low cost, low toxicity, and high purity availability. The electrochemical potential
window of supercapacitors is determined by the thermodynamic stability of electrolytes. In general, a broad
electrochemical potential window leads to high energy and power densities. The electrolyte concentration
must be high enough to prevent electrolyte depletion (the electrolyte starvation effect) during supercapacitor
charging [85], [86]. A supercapacitor's performance will suffer if the electrolyte content is insufficient in
comparison to the electrode surface area. Normally, electrolyte values with higher molarity are adequate.
Because of the high mobility of OH- anion in water solutions, KOH has a high ionic conductivity [87].

Like the electrolyte starvation effect, inadequate range of electrode pore sizes combined with any attractive
electrolyte is pointless if not accessible. This issue becomes more critical with higher scanning rates (or
current densities) as observed from Figure 22.
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Figure 22. Pore starvation effect due to inaccessible pores in an electrode with wettability issues.

Ensuring proper interaction of electrode-electrolyte at the interface will resolve such issues enhancing
mobility and hence charge storage efficiency particularly at high rates/currents. Over continuous cycling of
charge-discharge the electrolyte ions intercalate and deintercalate repeatedly exposing available pores to
more beneficial utilization as schematically represented in Figure 23. The influence becomes more effective
on introducing beneficial heteroatoms like N and O in the carbon matrix.
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Figure 23. Schematic representation of the accessibility of solvated KOH electrolyte ions to unfit pores
(red-crossed) after cycling over a series of continuous insertions and desertions in PLCF electrodes

During cycling, the ion diffusion paths are believed to be shortened, and at the same time given access to
more EDL surface area from the opening of pores which are otherwise non-contributing. Too many or
unfavorable functional groups can have a deteriorating effect due to increased ESR. An optimum amount
of these active groups promotes good interface properties and capacitances, like the addition to
pseudocapacitance discussed earlier. This has been identified to have a positive effect by increasing the
capacitances of the samples after cycling (Figure 24).
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Figure 24. CV curves of PLCF at scan rate (a) 10 mV/s and (b) 200 mV/s

During electrochemical testing of an electrolytic cell, the electrode material undergoes a combination of
processes like oxidation, reduction, ion intercalation and so. These oxidations and reductions especially
limit the electrochemical stability window significantly for supercapacitors with aqueous electrolytes. This
also limits their energy density.

EDL capacitance of carbon materials tends to significantly improve by electrochemical activation by
extending the applied voltage [88]. Various strategies are used to increase the working voltage of aqueous
electrolytes, including the use of redox-active additives, pH control of electrolytes, the use of water-in-salt
electrolytes, and the identification of highly stable electrolyte salts [89]. Even operating a device with
aqueous electrolyte near to electrolysis modifies the original state of the cathode and anode system
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differently. This effect is identified to improve the capacitance of the device while testing at a voltage below
the level for electrolysis. The effect was observed distinctly only for the electrodes functionalized with
0Xygen groups.

4.5. Electrode commercialization

4.5.1. Goal towards thicker electrodes

For any supercapacitor design, a thick electrode with high areal mass loading is preferred due to its benefits
in increasing the supercapacitor device's energy density. Optimizing packing density of the electroactive
electrode materials, lowers the excessive inactive material cost by avoiding or somehow utilizing them.
During practical applications, a supercapacitor is made up of materials more than electrode materials such
as a current collector, electrolyte, binders, additives, separator, and package. Commercial supercapacitors
have an active electrode material coating of about 10 mg/cm? with 0.1- 0.2 pm thickness [90]. Current
collectors containing the active material are an expensive component that comprises huge weight proportion
in a device. They are available in form of graphite, aluminum, stainless steel, carbon foils and even foams
made of nickel that allows easier percolation. Secondly it is the electrolyte that is an essential component
that is needed in high dose for highly porous and thick electrodes.

Electrode materials with lower mass loading and electrode thickness store lower amount of energy per unit
device weight due to fewer active sites. Increasing them seems to be a simple way to increase the
capacitance and energy density of electrodes and/or devices. However, increased mass loading or electrode
thickness has a detrimental effect on specific capacitance rate performance, cycling and structural stability
of the electrode materials due to decreased accessible surface area (active sites), increased charge-transfer
resistance [91], sluggish ion transport channels, and even electrolyte wettability issues (Figure 25) [90].
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Figure 25. Electron and ion transport and electrolyte wetting in thin and thick electrodes are depicted
schematically. The electron and ion transport channels are severely blocked and are inaccessible to the
electrolyte in the thick electrode.

Highly porous materials lack such interconnectivity due to broken electrical conductivity networks.
Addition of conductive carbon materials is a way to re-build conductivity pathways. Materials such as
graphene quantum dots, graphene sheets (Figure 26), carbon fibers (Paper Il) have been introduced into an
activated carbon matrix and increase the capacitances and rate capability with improved charge transfer
kinetics and efficient ion migration [92]. These conductive structures in electrodes also reduce the
resistances arising from improper contact to the current collector due to poor binding and mechanical
stability.
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Figure 26. a) Graphene quantum dots and b) graphene nanosheets acting as electron transfer highways in
activated carbon matrix by significantly promoting electron transport through the particles improving the
utilization of the large surface area.

Fracturing of electrodes with high mass loading of active material is an issue. Employing robust electron
conducting interconnected structures such as carbon nanofibers is a way to achieve mechanical strength,
which is critical for long-term cycling and flexibility of the electrodes.

Although conductive materials like carbon black (CB) create electronic pathways in between particles, they
are broken as their frequency of contact with these particles is reduced at several points in thicker electrodes.
Introducing 2 wt% of longitudinal 1-D conductive carbon fibers alongside 3 wt% CB increases the surface
contact creating multiple electron transport channels. The capacitances of AC improved from 85 F/g to 97
F/g under a mass loading of 5 mg/cm? (Paper I1). With higher mass loadings the charge transfer resistance
of the electrodes considerably reduces. In thicker electrodes, these fibers act as reinforcements that could
keep larger masses of material together without falling apart. To some extent flexibility can also be induced
on these electrodes on choosing stronger binders.

4.5.2. Overcoming self-discharge

Although much research in supercapacitors focuses on improving the energy and power densities, self-
discharge is a concern where studies show that the voltage of commercial supercapacitors can decrease by
5 ~ 60% in only two weeks [93]. As a result, supercapacitors' use in long-term energy storage is severely
limited. Supercapacitor self-discharge is a thermodynamically spontaneous voltage decay process that is
monitored with discharging time after disconnecting from a power supply source. lon concentration and
potential field gradients at the electrode surfaces induce this unwanted feature in supercapacitors. It is
mostly due to inhomogeneous charge redistribution, parasitic Faradaic reaction, and ohmic leakage. The
desorption of charges from the electric double layer at the electrode surface causes charge redistribution,
resulting in continual potential decay. The oxidation or reduction of redox active species or functional
groups of electrodes or electrolytes is referred to as a parasitic Faradaic reaction. lon diffusion has a
significant impact on both charge redistribution and Faradaic processes. So far, research has mostly
centered on changing electrode materials [94], electrolytes [95], [96], and, more recently, separators for
self-discharge suppression [97], [98].

When charging carbon or metal oxide electrodes, charge distribution disparity develops because the
collector charges faster and can achieve the required voltage faster than the inner surface. Extended
charging lets the ions to distribute themselves more uniformly across the surface, reducing voltage decline
during the rest time after charging [99]. Charge redistribution is classified into two types based on the rate-
limiting process: diffusion-limited and resistance-limited. During the delay, charges diffuse on or near the
surface of the electrode materials, whereas the latter is caused by a variety of resistance factors (e.g., pore
accessibility resistance). Furthermore, the rate of self-discharge is affected by variables such as starting
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voltage, temperature, charge time, and device operation history. In (Paper 1) with the history of cycling
PLCF, the self-discharge behavior of the device reduced noticeably giving the idea of possible time for ions
to distribute across the available surface area which was previously obstructed by the introduced functional
groups.

Typically, functional groups are known to aggravate the behavior of self-discharge causing unwanted side-
reaction during supercapacitor rest time. They are classified as activation-controlled and diffusion-
controlled responses. The presence of relatively large concentrations of impurities in the electrode or
electrolyte causes the activation-controlled process where a potential-dependent redox reactions occur on
the EDL. Self-discharge reduces over repeated cycling as the impurities get consumed during the initial
cycles. When the supercapacitor is overcharged beyond the electrolyte decomposition potential limit, the
activation-controlled reaction is activated.

Infact, the self-discharge varies with differences in pH based on the active redox reactions that occur with
the surface functional groups. Therefore, their self-discharge in different aqueous electrolytes, be it basic,
acidic or neutral is going to have a different rate and needs to be tested every time a new electrode is
introduced.
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Conclusion

The performance of SC outperforms conventional energy storage systems like batteries and fuel cells in
terms of long lifespan, good reversibility, high power density, shelf life, efficiency, operating temperatures,
environmental friendliness, safety, and cost effectiveness.

Failing to optimize or access electrode surfaces largely inhibits the materials ability to perform at its best
in a SC device. This thesis gives insight on the ways to overcome these challenges by effectively
implementing strategies to efficiently reduce internal resistances caused by electrode-electrolyte interface
and increased electrode mass loading. They have been quantified as potential possibilities for improving
the SC's energy and performance. Additionally, the creation of carbon materials derived from affordable
precursors has recently piqued the interest of the research community. The experimental work in the thesis
reports a device’s electrochemical performances by overcoming electrode surface wettability issues (Paper
I) and by accessing deeper electrode layers in electrodes with high mass loading (Paper IlI) The
electrochemical outcome of the ELCF is improved by addressing the wettability issues on performing a
simple and short surface plasma treatment. On introducing desirable oxygen functional groups on the
electrode surface, the capacitance was significantly improved. A higher power density was retained in
PELCF without compromising the device’s rate capability and cycling stability. Depending on the reactive
species of the functional groups to electrolytes of different pH, their charge storage behavior was noticed
to be varied. The importance of wettability by exposing more active surface area in electrodes is quantified
by deconvoluting the capacitance contributions depending on both surface and diffusion-limited processes.
Furthermore, the possibility to enhance the electrochemical performance via applying a voltage of 1.2 V
and 10 000 cycles is described.

To approach energy storage capabilities as high as batteries, efforts have been taken to make
thick SC electrodes. Such electrodes with high areal mass loading maximize the potential surface area of
the electroactive cathode and anode materials while lowering the manufacturing cost by reducing the
number of inactive material layers. The added-on surface area from more material becomes pointless if
remains inaccessible for the electrolyte for charge storage or reaction. Herein, a new attempt to introduce
hair like lignin-derived carbon fiber (LCF) inclusions were successfully attempted. Also, the fabricated
electrodes were using the environmentally friendly binder microfibrillated cellulose (MFC), which showed
stability even under high mass loadings with decent amount of flexibility. The increased capacitance in
LCF incorporating electrodes was attributed to improved conductivity. The LCFs act as an intermediate
layer among AC particles and serve as conductive pathways, facilitating exposure of more active surfaces
to the electrolyte.
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Future work

Besides improving electrolyte wettability, the plasma treatment introduced oxygen reaction sites, which are
expected to be anchoring sites for depositing pseudocapacitive or other conductive materials. Therefore, in
order to further enhance the performance of ELCFs utilizing them as carbon support for MOs will be a
desirable step.

Further on, One of our ongoing projects with hopeful aims of electrode application concerns the extraction
of lignin from hardwood black liquor is to fabricate low cost bio-based carbon fibers (CF) combined with
cellulose. The nonlinear molecular structure of pure lignin, combined with its low flexibility, makes
spinning difficult. However, attaining a larger carbon yield by carbonization from exclusively pure
cellulose-based CFs is challenging as lignin is more carbon rich. Apart from its better thermal stability
owing to the numerous aromatics, carbon-carbon bonds, and ether groups in its structure, lignin is favorable
to carbonize at higher temperatures than cellulose. Research into the synthesis of nanomaterials from
cellulose and/or lignin separately is plentiful, but the study of combined cellulose-lignin materials is yet
not. Similarly, investigations and development of lignin-cellulose materials in different forms like carbon
fiber, activated carbon, carbon nanotubes, and porous carbon structures are potentially yet to be pursued.
Exploring them might be beneficial in order to build greener and more efficient electrodes. Furthermore,
these macroscopic hair-like inclusions by themselves are capable of being used as electrode material by
utilizing their morphology in advanced device configurations like spin yarn supercapacitors for flexible and
wearable electronics.
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Highlights

e Demonstrates carbon fibers from wood-based lignin as supercapacitor electrodes.
Low-power plasma treatment with short exposure beneficially modifies fiber surface.
Introduced surface functional groups improves aqueous wettability.
Carbonyl and hydroxyl functional groups enhance the capacitive performance.
Reduced diffusion limitation and enhanced pore surface utilization results in better
rate performance and cycle stability.

Abstract

The interaction of the electrode's surface with the electrolyte crucially determines a
supercapacitor’s capacitance, charging rate, stability, and voltage constraints. Introducing basic
functional groups containing oxygen such as COO", C-OH, C-O, and C=0 on carbon surfaces
in a controlled manner is known to be favorable for electrolyte-electrode interfacial interactions
that ultimately improve the overall capacitive performance. However, quite often the surface
functional groups negatively affect the electrochemical performance such as slow Kinetics,
increased resistance, and parasitic faradaic reactions. Therefore, in this work, we have carried
out a comprehensive material and electrochemical investigation on electrospun lignin carbon
fibers (LCF) and oxygen plasma-treated lignin carbon fibers (PLCF) to explore the potential
of supercapacitor electrodes and investigate the influence of the oxygen functional groups on
the capacitive performance. Different aqueous electrolytes, particularly KOH, have been
utilized for the electrochemical characterization of the devices containing both types of
electrodes. The investigated electrodes demonstrate highly capacitive signatures. However,
plasma treatment improves the wettability of the electrodes, facilitates increased ion
accessibility to the active surface area, and consequently demonstrates superior capacitance
(220 vs 95 F/g, at 0.5 A/g), good rate capability (68% and 60% from scan rate 10 mV/s to 1000
mV/s), high energy and power density (11 Wh/kg and 0.8 kW/kg vs 8 Wh/kg and 0.8 kW/kg,
respectively at 0.5 A/g current density) compared to the electrodes without any plasma
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treatment. Moreover, the long-term stability and self-discharge characteristics of the device are
not compromised, regardless of the presence of the surface functional groups, which could
occur due to parasitic faradaic reactions or increased resistance from the surface functional
groups. The underlying complex interaction between the functional groups and electrolyte ions
has been further studied with X-ray photoelectron spectroscopy (XPS) at different states of
health of the devices, which highlights the importance of the types and the extents of the surface
functional groups and their interactions at the electrode/electrolyte interface.

Keywords: supercapacitor, lignin, carbon fiber, wettability, surface functional groups

KOH electrolyte
o

O, plasma treatment

Lignin carbon fiber (LCF) Plasma treated LCF (PLCF)

Graphical abstract: Schematic representation of advantageous surface functional groups via oxygen
plasma treatment and the resulting increased affinity (i.e. wettability) of lignin carbon fiber electrodes
to KOH electrolyte.

1. Introduction

Carbon fibers’ exceptional tensile strength, low weight, high chemical resistance, and
temperature tolerances attract much attention to them for a variety of specialized applications.
Amongst the carbon fibers now in use, PAN or pitch-derived ones with excellent fiber
formation ability combines great mechanical strength with good electrical conductivity and
electrochemical characteristics [1]. They are viable as electrodes for high-performing
supercapacitors, which provide efficient rechargeable energy storage with more power per unit
of space than batteries of equivalent size today. However, producing these carbon fibers
demands fossil-based precursors, hazardous chemicals, and unsustainable energy use, making
them expensively unfriendly to the environment [2], [3]. This pushes the need for new,
inexpensive, accessible, and ecologically acceptable sources, like biomasses. Lignin is one of
the biomasses that is rich in carbon, with only aromatic biopolymers from abundant and
renewable solid resources such as wood. Aromatic carbon is particularly interesting as it offers
a range of available hydrocarbons with varying molecular structures for the production of
highly graphitic and porous materials [4]. Besides, lignin is an excellent choice for electrode
materials due to its intrinsic presence of a plethora of redox-active functional groups, great
biocompatibility, biodegradability, high thermal stability, and low toxicity [5], [6]. Owing to
these attractive features, lignin-derived materials have been utilized as active material or
framework substrates in different types of electrochemical storage devices like lithium-ion
batteries, sodium-ion batteries, fuel cells [7], supercapacitors, and hybrid devices.

Typically, lignin is combined with fossil-based co-polymers and harmful chemicals for
pre/during/post-processing steps to produce mechanically stronger fibers with good on-device
flexibility, and better operational stabilities [8]-[12]. However, non-fossil-based plasticizers or
solvent fractionation eliminating low molecular weight fractions is developed for more eco-
friendly materials [13]-[15]. In addition, lignin fibers can be synthesized with very efficient
techniques such as electrospinning [16] which is particularly a suitable method for producing
electrode materials with tailored structures [17]. Upon carbonization, carbon nanofibers (CNF)
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from lignin precursors possess advantageous properties as an electrode material such as high
specific surface area, mechanical flexibility, moderate electrical conductivity, and numerous
beneficial surface functional groups [18]. Moreover, due to its freestanding nature with micro-
and nano-sized fibers, electrospun lignin carbon fibers (LCF) do not require any binder
materials that result in higher content of active surface for energy storage. They could also
potentially function as both current collector and active material that minimize contact
resistance (from binders, additives, and current collectors) and prevents performance
deterioration [19].

In general, charge storage in a typical supercapacitor comprises electrical double-layer
capacitance (EDLC) through electrostatic and pseudocapacitance through surface-confined
redox reaction owing to high carbon surface area and different surface functional groups.
Functional groups containing oxygen configuration, such as hydroxyl (-OH), carbonyl (C=0),
and quinone (1,4-benzoquinone) groups are redox-active (varying dependent on the choice of
electrolyte ions) that positively contribute to the pseudocapacitance [20]. Some of these surface
functional groups also improve the interfacial properties to a large extent by increasing the
electrode wettability. Unfortunately, high-temperature treatments during the carbonization
diminish many attractive features of the lignin fibers. For example, the tensile strength and
moduli of electrospun LCF decrease significantly after temperature treatments due to the
breaking of aliphatic chains that are randomly arranged between the aromatic units [21]. In
addition, the reduction of beneficial functional groups from the carbon surface makes the
electrodes extremely hydrophobic which creates a disadvantageous effect on the
electrode/electrolyte interface, specifically with aqueous electrolytes, making the intrinsic high
ionic conductivity of aqueous electrolyte redundant. Therefore, an optimized surface treatment
of the electrode materials for a specific electrolyte is essential to enhance the overall capacitive
performance of the supercapacitors [12], [22], [23].

In this regard, heteroatom-doping, such as O, N, P, and B-doping to carbon frameworks can be
utilized to re-introduce these essential functional groups that significantly enhance the
hydrophilicity and also promote pseudocapacitive contributions in aqueous and organic
electrolytes [24], [25]. However, common treatment methods like doping or activation [12] of
carbon fibers are known to degrade or even collapse the fiber morphology [26], [27]. For
example, CO2 activation increased the meso- and micro pores of the oxygen functional group
containing electrodes, but the device performance suffered from poor cyclic stability and
reduced energy density [20]. Another study demonstrated that the addition of oxidizing salt
such as NaNOs in the electrospinning solutions enhanced the (ultra-)microporosity of the
carbonized electrodes with increased oxygen groups that resulted in high capacitance values in
alkaline media. However, the oxidizing salt also created a very dense fiber network in the
electrodes during carbonization. As a result, the capacitive performance degraded at higher
rates, and the device suffered from low rate capability and low power density [28]. Therefore,
a non-invasive treatment on the electrode or, the electrode surface is essential to keep the
material composition intact. Oxygen plasma treatment is a non-invasive technique, which can
synergistically introduce regulated oxygen functionalities to the carbon matrix. During the
process, plasma exposure alters the kind and coverage of the surface functionalities by radical
generation and adsorption. This way of oxygen functionalization by plasma as intended
improves the electrode wettability through the formation of polar groups, enables the
development of stronger chemical linkages in aqueous electrolytes (e.g. carboxylic acids
generated by carbon oxidation) [29], and may increase defects without compromising the
compositional integrity. The treatment duration and power required to produce the desired
changes in the surface fiber chemistry ranges from a few seconds to a few minutes, which



makes plasma treatment a highly promising surface enhancement strategy with lesser
processing steps during scalable industrial production [30].

Electrode functionalization with an optimum amount of functional groups is vital to take
advantage of the positive attributes of the functional groups such as improved wettability,
increased pseudocapacitive contribution and at the same time to avoid the detrimental effects
such as accelerated self-discharge and low power performance due to increased resistance [31],
[32]. Considering above mentioned requisites and concerns, in this study we have synthesized
electrospun LCF without any fossil-based secondary polymers. The surface properties of the
LCF have been modified with low-power oxygen plasma and hence assigned to plasma-treated
lignin carbon fiber (PLCF). Comprehensive material characterization and electrochemical
investigation have been carried out in combination with different aqueous electrolytes,
particularly with potassium hydroxide (6M KOH), to explore the positive influence of the
plasma treatment on the overall capacitive performance.

2. Experimental

2.1.Materials synthesis

Softwood lignin from the LignoBoost method was used as the starting precursor for the
procedure [33]. In order to extract lignin of high molecular weight, an already established
sequential solvent extraction technique was carried out by dissolving 1000 grams of the
softwood lignin in 10 L of methanol followed by agitating for 4 h at room temperature [34].
Solids recovered from the last step after filtration was followed by treating 1 part of it with 10
times 70/30 volume methanol and methylene chloride for about 4 h. The filtered lignin from
the extracted solution was concentrated using a rotary evaporator and dried in a vacuum oven
for 12 h at 80 °C before proceeding to electrospinning.

2.1.1. Electrospinning and treatment of lignin fibers

A similar method as reported by Peuvot et al. was followed for the electrospinning of the
polymer-free lignin fibers [35]. The extracted isolated lignin was dissolved in
dimethylformamide at a concentration of 47 wt%. A cylindrical Becton Dickinson plastic
syringe was filled with the dissolved lignin using a KdScientific pump which fed the solution
to the needle at a rate of 0.5 mL/h. The electrospun lignin fibers were collected on an aluminum
foil-wrapped collector rotating at 60 rpm. A continuous electric field of 17 kV was applied
between the needle and the collector which was kept 17 cm apart. The as-spun fiber mats were
vacuum-dried at 105 °C for 180 min before storing them in nitrogen desiccator cabinets to
avoid moisture contamination.

2.1.2. Carbonization of lignin fibers

For utilizing the lignin fibers as electrodes for supercapacitors, carbonization and activation are
essential to increase the mechanical strength, electrical conductivity, and surface area of the
fibers [36]. We employ a two-step method with thermostabilization before carbonization

(Fig.1).
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Fig.1. LCF carbonization profile; Stabilization using Nabertherm box furnace and carbonization using
Thermolyne - Open Tube/1600 °C furnace.

The dried as-electrospun lignin fiber mats were thermally stabilized in a Nabertherm Box
Furnace (Labotherm L15) by heating to 250 °C with a rate of 0.5 °C/min. They were allowed
to stand at that temperature for about 30 min before cooling down to room temperature. The
thermostabilized lignin fibers were then transferred for carbonization to a high-temperature
Thermolyne - Tube furnace. The temperature was increased from ambient to 600 °C at a rate
of 3 °C/min with supplied nitrogen gas flow in the reaction tube (approximately 1.5 L/min).
The fibers were allowed to stay at that temperature for 5 min to stabilize again before ramping
the temperature by 5 °C/min until the carbonization temperature of 1000 °C was reached. The
fiber mats at this point are allowed to dwell at the carbonization temperature for 20 min and
are then allowed to cool down to room temperature at 20 °C/min. Afterward, the carbonized
lignin fiber mats were vacuum-dried again for 3 h at 105 °C and stored in nitrogen desiccator
cabinets to avoid contaminations from moisture.

2.1.3. Plasma-treatment of LCF

Oxygen plasma treatment was performed to modify the surface of the LCF. The Plasmatherm
Batchtop, an RF plasma system, was used to treat vacuum-dried LCF with plasma. The
exposure periods were limited to 30 s on each side of the fiber mat with a low power of 25 W,
and the gas utilized was oxygen. Short-time exposure and low power were chosen because
prolonged exposures have been reported to result in detrimental effects on fibers” mechanical
and electrical properties [37], [38].

2.1.4. Supercapacitor cell assembly

Both the LCF and PLCF electrodes were used to prepare the symmetric supercapacitor devices.
Electrodes with identical masses (ranging between 1.7 to 2.2 mg), diameters of 10 mm, and a
commercially available glass fiber membrane (Whatman® GF) separator with a thickness of
200 um and a diameter of 12 mm were used to prepare one unit device. Different aqueous
electrolytes, such as 6M KOH, 1M H2S04, and 1M Li>SO4 with a volume of approximately
100 pL were used for different devices to investigate the compatibility of the as-prepared
electrodes with the electrolytes. The supercapacitor devices have been assembled in CR2025
coin cells. All the devices were kept idle for at least 24 h before any electrochemical
measurements for the complete penetration of the electrolyte into the electrodes. Electrode



materials have been retrieved after all the electrochemical measurements with the help of a
disassembly machine for the post-investigation of the electrode materials.

3. Characterizations
3.1.Material characterization

Surface morphology - SEM LEO Ultra 55 was used to analyze the fiber morphology of the
electrospun LCF and PLCF. The secondary electron detector was used to analyze the fiber
surface in high vacuum mode while the microscope was operating at 5 kV accelerating voltage.
A working distance of 6.4 mm was maintained for all samples.

Functional group analysis- X-ray photoelectron spectroscopy (XPS) was used to further
investigate the surface composition and chemical states of the components of interest. The PHI
5000 VersaProbe I11 Scanning XPS MicroprobeTM was used, which was equipped with a
monochromatic AIK X-ray source with a photon energy of 1486.6 eV and a beam size of 100
pm. During the experiments, dual charge correction with an electron neutralizer and an argon
ion cannon was used to compensate for the limited conductivity in non-carbonized samples.
The surface composition was determined using a survey scan with a scanning energy range of
0 eV to 1250 eV, a pass energy of 280 eV, and a step size of 1.0 eV. High-resolution regional
scans with a pass energy of 26 eV and a step size of 0.1 eV were used to examine the chemical
states of each element. The data from narrow scans were aligned with the adventitious carbon
C1s peak at 284.8 eV before qualitative analysis. The system's energy scale, on the other hand,
was calibrated using 1ISO 15472:2010, with the core levels of pure gold (Au 4f72), silver (Ag
3ds12), and copper (Cu 2p3r) set at 83.96 eV, 368.21 eV, and 932.62 eV, respectively. The
MultiPakTM program was used to perform peak deconvolution. The fitted peaks were allocated
to a specific energy peak location in the spectral envelope after the spectra were fitted above
the Shirley background. The peak shape was fitted using a Gaussian-Lorentzian function, and
the full width at half maximum (FWHM) of the peak width was less than 2.0 eV in all the fitted
curves. The area ratios of the fitted peaks in the spectral envelope were used to calculate the
contribution of each chemical state in a single element.

3.2.Electrochemical characterization

Electrochemical analysis- All the electrochemical measurements were conducted using a
Gamry Reference 3000AE  Galvanostat/Potentiostat ~ workstation.  Electrochemical
measurements such as cyclic voltammetry (CV), and galvanostatic charge-discharge (GCD)
were carried out in a wide range of scan rates (10 to 1000 mV/s) and current densities (0.5 to
15 A/g). Electrochemical impedance spectroscopy (EIS) was carried out at different states of
health of the devices. The spectrum was recorded at the frequency range of 100 kHz to 10 mHz
at 0 V with an alternating current (ac) perturbation of 10 mV at open circuit potential.
Additionally, the stability of the devices was investigated with cyclic charge-discharge (CCD)
at a current density of 2 A/g for 10000 cycles. Self-discharge characteristics of the devices
were carried out by charging the devices at the rated voltage with a constant current of 0.2 A/g
and immediately followed by monitoring the open circuit potential for 60 min. All the tests
were carried out at room temperature (25 °C).

The specific capacitance, C, ¢, (F/g) is calculated according to the following equation:

24V/vs Equation (1
CS,CV=4><1000><% a @)
where I(A) is the current response, m (g) is the mass of the cell's electrode, 4V (mV) is the
working voltage window, and v (mV/s) is the scan rate. The factor of 4 modifies the device
capacitance (normalized to the mass of two electrodes) to the capacitance of a single electrode.



The specific capacitance, Csp,cep (F/g) from GCD curves is determined as follows.

Ig-t 1
Csgep = 4 X ﬁ Equation (2)

where lq is the discharge current, tq is the discharge duration (s), and Vg4 (mV) is the discharge
voltage excluding the internal resistance (IR) drop.

The power density and energy density of the devices are calculated from GCD measurements
according to the following equations.

C, = peep Equation (3)
4
E=1yCavd Equation (4)
2 3.6 ]
Pryg = 3600 X tE Equation (5)
d

where C; is the device capacitance from the GCD measurements. E (Wh/kg) is the energy
density and Payg (W/KQ) is the average power density of the device. The numbers 3.6 and 3600
are unit conversion factors.

4. Results and discussion
4.1. Surface morphology

Fig. 2 shows the scanning electron microscope (SEM) image of the LCF and PLCF. Fig. 2 (a)
demonstrates the cross-section of the LCF.
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Fig.2. SEM images (a) cross-section of electrospun LCF, (b) as-carbonized LCF, and (c) PLCF.

It can be seen that LCF electrode is comprised of randomly oriented fibers both in the inner
and outer layers. Fig. 2 (b) and (c) shows the top view of the electrodes of LCF and PLCF,
respectively. The diameters of the fibers are around 1.1 pum. Most importantly, there is no
significant difference in the appearance between the fibers of LCF and PLCF, which
demonstrates that the plasma treatment did not visibly damage the morphology of the fibers.
In order to investigate the compatibility of these electrodes with the aqueous solution, contact
angle measurements have been carried out. As can be seen from Fig. S1, the contact angle is
around 112° for LCF and only 16° for PLCF which confirms the inherent hydrophobic nature
of LCF. Plasma treatment with a duration of just 30 seconds significantly improves the
wettability/hydrophilicity by modification of the fiber surface’s chemical state as can be
noticed from the contact angle measurements (Fig. S1). Fig. S2 shows the SEM images of both
LCF and PLCF electrodes soaked in KOH electrolyte after the devices have gone through all
the electrochemical measurements. It can be seen that the KOH electrolyte is well distributed
all along the fibers of PLCF, while in the case of LCF only limited to the walls of the electrodes.
Since there are no visible morphological surface alterations such as increased roughness, or
defects noticed in the PLCF (Fig. 2a) compared to LCF (Fig. 2b), we infer that the better



compatibility of PLCF with the electrolyte is primarily due to the modifications of the surface’s
chemical state.

4.2.Surface functional groups

Quantitative surface elemental analysis has been conducted with XPS. Fig. 3 demonstrates the
XPS survey spectra of both the LCF and PLCF.
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Fig.3. XPS results showing (a) wide scan spectrum, (b) the C-spectrum, and (c) the O-spectrum of LCF
and PLCF

Fig 3a shows that the predominant elemental composition is carbon and oxygen in both
electrodes. As can be seen, from the narrow scan for the C1s electron orbital in Fig. 3 (a), the
primary signal at 285 eV is ascribed to the existence of sp3 hybridized C bonds. The samples
detected with small traces of sodium could originate from the remnant residues from the
LignoBoost processing chemicals [39]. Most importantly, plasma treatment induced an
increased oxygen weight percentage in PLCF compared to LCF, and the increased oxygen
content is not just on the surface, but it reaches a depth of several hundred microns in the fiber
layers of the PLCF as displayed in Fig. S3.



The amount of oxygen in the LCF surface is significantly reduced following deoxygenation
during the high-temperature carbonization. Fig. 3 (b) shows that after exposure to plasma for
even a short time, the C-spectrum in the PLCF shifted to the direction of a much higher binding
energy, indicating that some C-groups in the PLCF changed from a low-energy to a high-
energy state. On the other hand, Fig. 3 (c) shows a completely different shift of the O-spectrum,
where the O-spectrum moved in the direction of the low binding energy. These findings
confirm that when fiber surfaces are treated with plasma in an oxygen atmosphere, the chemical
composition of the fiber surface changes considerably [37]. It should be noted that the effect
of plasma treatment on the fiber surface is still highly influenced by a variety of other
parameters (such as power intensity and gas atmosphere) which would be very interesting to
investigate and requires a separate study.

The C1s and O1s spectra for LCF and PLCF are deconvoluted to identify specific functional
groups and peak area ratios. As shown in Fig. 4 (a) and (b), the deconvolution of the C1s reveals
numerous peaks with different binding energies. The chemical environment of sp3 carbon (C—
C) such as CH. groups is reflected by a peak centered at 285 eV (range between 284.6 and
285.2 eV). Furthermore, the C-OH indicating hydroxyl groups peak centers at 285.5 eV (range
between 286.1 and 286.7 eV), C-O at 286.5 indicative of alcohol or ether groups, the C=0
peak indicating carbonyl groups are located at 287.5 eV (range between 288.5 and 289.5 eV),
and the O—C=0 peak for carboxyl and esters groups is centered at 289 eV. Likewise, 531.5 eV
(C=0), 532.6 eV (C-0), and 534 eV (C-OH) are the corresponding O1s peaks (Fig. 4 (b)).
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Fig. 4. The C-spectrum peaks before and after plasma treatment: (a) LCF and (b) PLCF. The
experimentally acquired spectra (dashed line), peak fits for distinct chemical states of C-atoms including
sp3 C (red curve), C—O feature (green curve), C=0 feature (purple curve), O=C—-O feature (yellow
curve), carbonates (fluoro-blue line), and the cumulative fit (black line). Top: Schematic representation
of the introduced oxygen functional groups on the carbon fiber.

It can be seen from Fig. 4 (a) and (b) that the density of carboxylic acids (O=C—O) on the fiber
slightly increased (3%) on the surface of PLCF. The prevalence of C-O and C=0 groups



increases substantially in PLCF, almost doubling and quadrupling, respectively. Similarly, the
O1s spectra validate the C1s data with C—-O groups increasing from 29% in LCF to 55% in
PLCF. Traces of some carbonates could be originated from insoluble residual carbohydrates as
impurities from the kraft lignin [20].

4.3. Capacitive properties of LCF and PLCF electrodes

Fig. 5 demonstrates the results of the electrochemical measurements of the devices containing
both LCF and PLCF-containing electrodes in a 6M KOH electrolyte. Fig. 5a displays the CV
plots of the devices with a scan rate of 20 mV/s in the voltage range of 0-0.8V.

1.0
(a) @ scan rate 20 mV/s i (b)o.s @ current density 0.5 A/g
0_8_ .................................................. Freeemn s T
PLCF 0.6
0.6 1 s 04 LCF ™ PLCF
0.4 1 =
_ 0.2
< 2
g 0.2 1 D g0
- 2 20 40 60 80 100 120
S 0.0 =
= o
5 002 > 08 @ current density 5 A/
3021 y 5 Alg
06
0.4 -
0.4
0.6
0.2
0.8
T T T T T 0.0
0.0 0.2 0.4 0.6 0.8 0 2 4 6 8 10
Voltage (V) Time (s)
(c) L (d) .
130 Rate capability 0804 Self-discharge
h
120 ;\ 0.75 1 ‘o‘
g N \¥\
L0 % ;0-70- "
7 L%
8 @ =
£ 100 {{ : 20.65 S
5 = R
5] -
] > os0 S
k] —
80 — -
LCF 0.55 o T —
T —
70 4 ——
0.50
60 T T T T T T T L] T T
0 200 400 600 800 1000 0 500 1000 1500 2000 2500 3000 3500
Scan rate (mV/s) Time (s)

Fig.5. Electrochemical performance of the LCF and PLCF containing devices (a) CV curves at a scan
rate of 20 mV/s, (b) GCD curves at a current density of 0.5 and 5 A/g, (c) self-discharge for 1 h, (d) rate
capability (10 to 1000 mV/s).

Both devices exhibit a nearly rectangular shape indicating an ideal EDLC behavior. The width
of the CV shape is considerably larger for the PLCF-containing device suggesting an improved
capacitive property compared to the LCF-containing device. Consequently, the specific
capacitance is calculated to be 26% higher for the device with PLCF than the device with LCF.

The GCD plot is shown in Fig. 5b, where a linear and symmetrical charge and discharge curve
at both the low (0.5 A/g) and high current (5 A/g) within the rated voltage of 0.8 V for both the
devices indicates a similar ideal capacitive signature as noticed in the CV plots. It can also be
seen that the internal resistance (IR) drop is large at the high current (LCF: 4.3 mV and PLCF:
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5.2 mV) for both devices while it is quite negligible at the low current (LCF: 1.2 mV and PLCF:
0.6 mV). The change of IR drop with increasing current density is expected due to the direct
proportionality of the IR drop with the current density. The device containing PLCF electrodes
shows a marginally higher IR drop compared to the device containing LCF electrodes,
particularly at the high current density of 5 A/g. This could be due to the presence of excess
oxygen functional groups on the surface of the PLCF, which tends to increase the IR drop, as
has been reported in the previous study [32]. However, the marginal difference in the IR drop
does not negatively affect the capacitive properties of the PLCF-containing device. For
instance, the specific capacitance is calculated to be 99 F/g for PLCF and 76 F/g for LCF at 5
AJ/g. At the low current density of 0.5 A/g, the specific capacitance is even higher, 120 F/g for
PLCF- and 95 F/g for LCF-containing devices which is comparable with the previous reports
[20], [40], [41].

At a very high current or scan rate, only the outer surface of the electrodes contributes to the
charge storage whereas, at a low current or scan rate both the outer and the inner layer
contribute to the overall charge storage as the electrolyte ions have enough time to penetrate to
the inner layers of the electrodes. Therefore, it is quite common to observe high capacitance at
low current densities or low scan rates as can also be noticed in the devices under the current
study. However, operating devices at extremely low currents can initiate unavoidable parasitic
reactions that are more prone in the presence of certain surface functional groups such as
carboxyl and C-O [42]. These parasitic reactions are often responsible for a high self-discharge
rate which is detrimental to the overall capacitive performance. Therefore, capacitive
measurements in a wide range of currents or scan rates are very critical to understand the true
performance of the devices. The capacitive properties at the lowest current give a hint about
the self-discharge behavior and the highest current can indicate the rate limitation. In this
regard, Fig 5¢ shows the self-discharge profile of both devices. As can be seen, voltages
retained are at 54% for LCF and at 47% for PLCF after 1 h in open circuit conditions without
any voltage holding after the devices have been charged to the rated voltage of 0.8 V at a
constant current density of 0.2 A/g (LCF:0.52 mA and PLCF:0.32 mA currents). The higher
voltage retention of the PLCF-containing device indicates that the introduced surface
functional groups do not contribute to any parasitic reactions.

Fig 5d shows the rate capability (capacitance retention from 10 mV/s to 1000 mV/s) of both
devices. It can be seen that both the devices retain a quite decent rate capability (LCF: 60%
and PLCF: 68%). The higher rate capability of the PLCF-containing devices compared to the
LCF-containing device is interesting as generally, the surface functional groups such as C-O
and —OH [43] tend to increase the resistance of the electrodes which reduces the rate
performance as observed in the previous studies [28]. The improved rate performance of the
PLCF electrodes containing device validates that the short period of plasma treatment did not
have any detrimental impact on the electrodes, moreover it improves the kinetics in the
interface.

Generally, different oxygen functional groups present on the surface evolve as CO; or CO that
directly impact the capacitive performance. CO. mainly originates from the carboxyl,
anhydrate, and lactone groups. It has been shown that the carboxylic groups can improve the
wettability of the electrodes and be in favor of the capacitance improvement. However, another
study highlights the downside of the carboxylic groups which is detrimental to the capacitive
performance as it can lead to non-capacitive diffusion-controlled faradaic reactions. The
strongly polar double-bonded oxygen atom in carboxyl tends to lose a lone-pair electron and
thus forms a positively polarized group, which then reacts with the hydroxide (OH ) in the
electrolyte solution and causes non-capacitive reactions [44]. On the other hand, CO evolves
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from the phenolic hydroxyl, carbonyl, and quinone groups. Several investigations on a variety
of carbon materials showed that the CO-type oxygen functional groups contribute positively to
the improvement of capacitance. Phenolic groups also improve hydrophilicity due to their
weaker polarity compared to the carboxylic group as it enhances the surface capacitance
without any parasitic catalytic effect [45], [46]. As can be seen from Table 1, after plasma
treatment there is only a slight increase in the carboxyl group on the PLCF. On the other hand,
the increase in the beneficial phenolic groups particularly the carbonyl group is quite
significant. In addition, the hydrophobic C-C bond [47] reduces quite significantly after the
plasma treatment both on the surface and the inner layer of the PLCF.

Table 1. Distribution of functional groups in LCF, PLCF, and inner layers of PLCF at C1s chemical
state.

Binding energy 285.0eV 286.5eV 287.5eV 289.0eVv  2855eV  289.5eV

Chemical state C-C (sp3 C-O C=0 COO C-OH COs*
carbon) (carbonyl) (carboxyl)  (hydroxyl)

LCF 7% 5% 2% 2% 13% 1%

PLCF 58% 10% 8% 5% 16% 3%

Inner layer PLCF  56% 9% 10% 6% 14% 5%

Regarding charge storage, different mechanisms concurrently occur in the electrode/electrolyte
interface and generally comprise capacitive and diffusion-controlled charge storage
mechanisms. In the presence of surface functional groups, the capacitive charge storage can
have a contribution from both EDLC and pseudocapacitance originating from fast reversible
surface-confined redox reactions. Ideally, the electrochemical signature of these charge storage
mechanisms is similar such as rectangular CV and symmetrical GCD. Depending on the types
of electrodes, pseudocapacitance could also originate from the intercalation, doping in
conductive polymers, and underpotential depositions, which typically involve the bulk of the
electrodes and consequently display a peak in the CV and non-linearity in the GCD [48]. As
this is not the case in the devices under this study, we can certainly consider that the
pseudocapacitance in the capacitive charge storage could only originate from the surface-
confined redox reaction of the introduced functional groups. Due to the very fast kinetics of
surface-confined pseudocapacitance, it is quite complex to separate it from the EDLC. The
diffusion-controlled charge storage mechanism could also originate either from the bulk-redox
reaction that results in a peak in the CV, or kinetic limitation in the interface (no peak in the
CV). Again, as there is no visible peak in the CV of the devices under study, the diffusion
limitation is most likely to originate from the kinetic limitation at the interface. Due to the
different Kinetics of diffusion-controlled charge storage and capacitive charge storage, it is
possible to distinguish and quantify their contribution through the CV scan rate dependence on
the voltammetric current according to the following equation [49]:

i(V) =k, + kzv% Equation (6)

i(V) = klv% +k, Equation (7)
V2

where, i(V) is the current response at a specific voltage, ki v, and k. v *correspond to the current
contributions from the surface capacitive effects and the diffusion-controlled process,
respectively. Consequently, the capacitive and diffusion-controlled charge storage mechanisms
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can be obtained from the slope (ki) and Y-intercept (kz) of the plot of i(V)/v¥? versus v at a
specific voltage.

Fig. 6 demonstrates the CV curves of both the devices containing LCF and PLCF electrodes at
scan rates of 10 and 500 mV/s at a voltage range of 0 - 0.8 V. The total current is obtained
experimentally, and the capacitive currents (the shadowed regions) are determined by using
equation 6. The detailed plot to extract the ki and k> values can be seen in Fig. S5.
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Fig.6. Capacitive currents (regions shaded in blue) of LCF and PLCF-containing devices at scan rates
of (a) 10 and (b) 500 mV/s.

The calculation quantitively confirms the dominance of the surface capacitive contribution.
Both the LCF and PLCF-containing devices hold around 93% of capacitive current at the low
scan rate of 10 mV/s, see Fig. 6a. These high and similar percentages of the capacitive current
in both devices suggest that the observed difference in the specific capacitance between the
devices should be from the extent of pseudocapacitance originating from the surface functional
groups. Additionally, the capacitance improvement could also be due to the enhanced
wettability of the electrodes. The impact of the wettability on the capacitive performance is
more prominent at a high scan rate compared to a low scan rate as the Kinetics is slow at the
low scan rate which could compensate for the wettability issue to some extent. Accordingly, it
can be seen from Fig. 6 b that at the higher scan rate of 500 mV/s, the capacitive contribution
increases to 96% for LCF- and 100% for the PLCF-containing device. A negligible
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contribution from the diffusion-limited process in the PLCF-containing device compared to the
LCF-containing device suggests that the kinetic limitation is reduced with the plasma treatment
to a large extent and the inner layers of the electrodes participate in the capacitive charge
storage. Owing to the improved wettability and pseudocapacitive contributions of the surface
functional groups, the device containing PLCF demonstrates a significant improvement in
energy and power density compared to the LCF-containing device. For instance, the PLCF-
containing device exhibits an energy density and power density of 11 Wh/kg and 0.8 kW/kg,
while LCF exhibits 8 Wh/kg and 0.8 kW/kg at a low current density of 0.5 A/g. At a higher
current density of 10 A/g, both PLCF and LCF exhibits a high-power density of 16 kW/kg with
an energy density of 8 Wh/kg and 6 Wh/Kkg, respectively.

At this point, it is worth mentioning the contribution of the electrolyte ions to the overall
capacitive performance of the PLCF electrodes, particularly the compatibility and reactivity of
certain surface functional groups with the electrolyte ions. For instance, it has been shown that
mainly the carbonyl and hydroxyl groups are favorable for pseudocapacitance in a basic
medium [23], such as a 6M KOH electrolyte. In order to verify the compatibility of the PLCF
electrodes with the other types of aqueous mediums such as acidic and neutral, a brief
electrochemical investigation has been carried out with 1M H>SO4, and 1M Li.SO4 as can be
seen in Fig. S4. The capacitive properties of the acidic and neutral medium are not as
impressive as the basic medium. A detailed investigation is necessary to fully understand the
complex interactions at the interface with the acidic and neutral medium and therefore requires
a separate study.

4.4.Device stability and cycling effect on capacitive performance

To verify the long-term stability of the electrodes, a new set of devices have been assembled
with fresh electrodes and repetitive GCD experiments are carried out with a current density of
2 Alg within the voltage range of 0 - 0.8V for 10000 cycles. Fig. 7 shows the capacitance
retention and coulombic efficiency of the devices containing both electrodes. The inset shows
the GCD curve at different cycles.
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Fig.7. Cyclic stability and coulombic efficiency of the devices containing LCF and PLCF: capacitance
(left axis) and coulombic efficiency (right axis) over 10 000 cycles. Inset: charge-discharge cycles in
different intervals.

As can be seen, the linear and symmetric GCD curves of both devices are intact throughout the
cycling period with a high coulombic efficiency of 99 %. Most importantly, the capacitive
performance is not degraded over the test period. The observed phenomenon of no deterioration
in the cyclic stability of the device further confirms an efficient and compatible
electrode/electrolyte interface and shows that the selection of plasma power and duration is
suitable. Introducing an adequate amount of stable functional groups is critical or else it can
cause capacitance degradation with cycling, as reported in a previous study [40].

The LCF-containing device exhibits a stable capacitance during cycling with a marginal
increase of 4%. As mentioned before, due to additional pseudocapacitance and improved
wettability, the PLCF-containing device exhibits a higher capacitance of 115 F/g compared to
the LCF-containing device of 99 F/g. An interesting behavior can be observed in the PLCF-
containing device where the specific capacitance decreases in the initial 800 cycles and then
monotonically increases up to 10 % at the end of cycling. The evolution of the capacitance in
this manner could be related to multiple underlying competing mechanisms during
charge/discharge that reach equilibrium over cycling and stabilizes the capacitance. It has been
shown that some of the surface functional groups such as acidic carboxyl are unstable and
during the initial charge/discharge cycle they go through conversion and result in a decrease in
the oxygen content [50]. Therefore, the capacitance decrease in the initial 800 cycles could be
related to the reduced pseudocapacitive contribution due to the transformation and elimination
of these unstable surface functional groups [29]. Afterward, the capacitance gradually increases
with cycling.

In order to verify the evolution of the capacitive signature, Fig. 8 shows the CV plot of both
the devices before and after 10000 cycles with a scan rate of 10 mV/s in the voltage range of 0
-0.8V.
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Fig.8. CV curves comparing the capacitive current contributions of (a) LCF- and (b) PLCF- containing
devices before and after undergoing 10000 cycles.

It can be seen that the capacitive performance of both devices has been improved as indicated
by the wider CV of the devices after cycling. Consequently, the increase of the specific
capacitance of the cycled PLCF-containing device is calculated to be 16%, and cycled LCF-

15



containing device is to be 10% higher than the non-cycled devices. The improvement is noticed
for higher scan rates as well, suggesting the rate performance is also improved after cycling.

The improved capacitive performance of both the devices after cycling could be related to the
increased surface area that is easily accessible to the electrolyte ions as noticed in a previous
study, where XPS analysis suggests that additional accumulated oxygen, CO>, and soluble
carbonates on the surface could also enhance the surface area as a result of the electrode surface
etching [51]. It could also be attributed to the repeated insertions and desertions of K ions in
the electrode that opens up more pores as shown schematically in Fig. S6, which expands the
active surface area [29] that was inaccessible for the ion penetration to the micro-sized pores
in the initial cycles. However, the extent of the capacitive improvement is quite large for the
PLCF-containing device as the strongly attached surface functional groups provide
hydrophilicity and electronegativity to the electrodes which gets further improved with
repetitive cycling and facilitates enhanced pore surface utilization. It is worth mentioning that,
in order to accelerate the process of enhanced pore surface utilization an attempt of
electrochemical activation is carried out where a new set of devices are exposed to an extended
voltage of 1.2 V for 30 cycles at a scan rate of 20 mV/s. Subsequently, the capacitive
performance is compared back at 0.8 V (Fig. S7) with the same scan rate. As can be seen, the
capacitive currents degrade by 1.5% in LCF-containing devices and improve by up to 21% in
PLCF-containing devices compared to the capacitive currents before cycling at the extended
voltage. Although the theoretical decomposition voltage of water is 1.23 V, in practice it could
shift below or above this value depending on the nature of the electrodes and electrolytes. Due
to the presence of the surface functional groups in the PLCF, the electrode potential may have
shifted away from the electrolyte decomposition voltage during the extended voltage operation
as seen in the previous study [52], while the LCF-containing device suffered from the extended
voltage operation.

Typically, during the cycling test, the device is exposed to the nominal voltage for a very short
period. Therefore, it requires a considerable amount of cycling to obtain the impact which
might be time-consuming. By electrochemical activation with an extended voltage, the process
could be accelerated, but care must be taken to make sure the prevention of complete electrolyte
decomposition. Regardless, the impact of cycling and electrochemical activation seems to have
a positive influence on the overall performance of the PLCF-containing devices, particularly
with improvement in both the capacitive and diffusion-limited charge storage mechanisms. The
evolution of this improvement could be further verified with the impedance profile of the
device at different states of health.

Fig. 9 shows the Nyquist plots from the EIS measurement.
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Fig.9. Nyquist plots of (a) LCF, and (b) PLCF-containing devices before and after 10,000 cycles.

EIS provides insight into the electrolyte transport properties in the two different electrodes. In
a Nyquist plot, the first intersection point in the higher frequency domain represents equivalent
series resistance (ESR) that predominantly originates from the bulk electrolyte and is quite
often reported as the electrolyte resistance. Commercial supercapacitors report their ESR value
at 1 kHz. The second intersection point of the semi-circle in the mid-frequency region is related
to the interfacial resistance (Riny, considering the charge storage mechanism is primarily
capacitive. Rint depends on the type of bulk electrolyte and gives a valuable understanding of
the nature of the electrolyte/electrode interface. The transition from the mid-frequency region
to the lowest-frequency region provides a qualitative measure of electrolyte diffusion to the
electrodes.

It can be seen that the electrolyte resistance values are quite similar for both the devices before
and after cycling, ranging from 0.19 to 0.27 Q. This indicates that the electrolyte properties are
not compromised during the cycling process. The ESR values extracted at 1kHz are 0.90, and
1.0 Q for the LCF and PLCF-containing device before cycling, while the values change to 0.95,
and 0.84 Q, respectively, after cycling. A very small increase of the Rin: can be seen in the LCF-
containing device, while a noticeable decrease of Rin can be seen in the PLCF-containing
device suggesting a gradual improvement of the Kinetics in the interface. A significant change
in the diffusion resistance can be noticed in both devices, where the diffusion resistance
decreases by 2.8 and 6.2 Q in the LCF-and PLCF-containing devices after cycling. At the
lowest frequency, the devices behave in a purely capacitive way where the phase angles
approach close to 90°. Both the devices exhibit phase angle ranging from 84° to 86° before and
after cycling (Fig S8), which is nearly as ideal capacitors. The observed change of the
impedance characteristics, particularly ESR, Rin, and the diffusion resistance is in agreement
with the previous electrochemical measurements and reflects the positive contribution of the
surface functional groups introduced by the plasma treatment.

5. Conclusion

We have demonstrated that electrospun LCF is a promising electrode material for
supercapacitors. The intrinsic hydrophobicity of the LCF material can be overcome by
decorating the electrode surface with different oxygen functional groups with a non-invasive
technique, such as oxygen plasma treatment. The low-power and short-duration plasma
treatment significantly improve the wettability/hydrophilicity by modifying the fiber surface’s
chemical state without compromising the compositional integrity of the electrodes. Therefore,
the device containing the PLCF electrodes demonstrates 26% higher capacitance than the LCF
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devices at scan rate 20 mV/s in an alkaline medium (6M KOH). The observed performance is
due to the improved kinetics of the electrodes where, in addition to the pseudocapacitive
contribution from the surface functional groups, the inner layers of the PLCF electrodes
significantly contribute to the capacitive charge storage mechanisms with the negligible
diffusion-limited process. XPS analysis confirms an increased amount of CO-type oxygen
functional groups, such as phenolic, hydroxyl, and carbonyl are present in the PLCF electrodes,
which favorably contributes to the capacitive performance improvement. Due to a less amount
of carboxyl group on the surface, the device demonstrates a slower voltage decay in the self-
discharge profile. The observed high cyclic stability and coulombic efficiency of the PLCF
device over 10000 cycles indicate that the introduced surface functional groups do not have
any detrimental impact on the electrodes. Rather, the capacitive performance enhancement
after cycling validates a compatible electrode/electrolyte interface, where the pore surface
utilization enhances over a repeated cycling period.

Although the charge storage of plasma-treated carbon fibers has been extensively investigated
in this work, a more detailed inquiry into the plasma treatment conditions and gases
remains. The underlying mechanisms of the role of oxygen functional groups for the boosted
capacitive performance with cycling in alkaline media need further elucidation. In addition, the
electrochemical performance of supercapacitors could be improved to a great extent by
incorporating pseudocapacitive metal oxides on the LCF and PLCF that serves as a physical
scaffold for the composite material. These are interesting venues for future work.
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Supplementary information
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water water

- _

Fig.S1. Images obtained from contact angle measurements of LCF versus PLCF mat surfaces reveal

that the latter after plasma treatment has a stronger affinity for a water droplet than the former.
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Fig.S2. Images of dried KOH electrolyte salts deposited on the surfaces of recovered (a) LCF and (b)
PLCEF electrodes after cell disassembly. It gives information about the heavily restricted accessibility
of electrolyte ions limited to the outer layers of the fiber mat in LCF vs the ability for electrolyte ions

to penetrate easily through the interlayers in the PLCF with improved wettability by plasma treatment.
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Fig. S7. GCD curves comparing the capacitive current contributions of LCF and PLCF (a) before and
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Durable Activated Carbon Electrodes with a Green Binder

Azega R. K.,* Mohammad Mazharul Haque, Agin Vyas, Pui Lam Tam,

Anderson D. Smith, Per Lundgren, and Peter Enoksson

Herein, the fabrication and electrochemical performance of thick (180—280 pm)
activated carbon (AC) electrodes with carbonized lignin-derived carbon fiber (LCF)
inclusions are reported. Efforts are taken in fabricating robust free-standing
electrodes from an environmentally friendly binder, microfibrillated cellulose
(MFC), considering the biologically hazardous nature of other commonly used
binders like polytetrafluoroethylene (PTFE), n-methyl-2-pyrrolidone (NMP), and
polyvinylidene fluoride (PVDF). Generally, electrodes composed of MFC binder are
prone to cracking upon drying, especially with higher mass loadings, which leads
to nonflexibility and poor device stability. The LCF inclusions into the AC electrode
with MFC binders not only increase flexibility but also contribute to better
conductivity in the electrodes. The LCFs act as an intermediate layer among AC
particles and serve as conductive pathways, facilitating exposure of more active
surfaces to the electrolyte. A thick electrode with high mass loading of 10 mg cm 2
is achieved. The results show that by incorporating 2 wt% LCF to the AC material,
the best device with 5 mgcm ™2 delivers a specific capacitance of 97 F g ', while

1. Introduction

Activated carbon (AC) is the predominant
commercial choice of electrode material
for charge storage in supercapacitors today.
AC has an advantageous high surface area,
and its mature manufacturing technology
makes it a convenient commercially avail-
able low-cost material. Generally, environ-
mentally unsafe fluorinated polymers
have been used as binders to fabricate
supercapacitors and battery electrodes to
bind the AC particles together alongside
conductive agents like carbon black
(CB).1" As alternatives, carboxymethyl cel-
lulose (CMC), starch, casein, and natural
polymers have been some of the green
binder material choices.””) In the interest

the specific capacitance of the reference AC device without LCF is 85Fg .
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of moving toward ecofriendly electrodes, a
trial to use a cellulose-based binder, micro-
fibrillated cellulose (MFC), is undertaken.
The good binding property of MFC facili-
tates an increased packing density of the material, which is
highly beneficial for the synthesis of thick electrodes. Utilizing
such thick electrodes is a viable strategy to increase the stored
charge per packaged device, as they contain more material com-
pared with thin electrodes. However, the capacitive contribution
from the deeper parts of the thick electrodes is insignificant if
they are limited by the through-plane conductivity or inaccessible
to the electrolyte ions in the system, which is typically the case.
Therefore, the involvement of highly packed or mass-loaded elec-
trodes risks the rate capability and specific power performance of
the device. To resolve such issues, the incorporation of engi-
neered structured materials such as quantum dots,™! carbon
nanomaterials,*® MXenes, and microspheres™ into the elec-
trode materials is a promising solution as they serve as good con-
ductive pathways aiding through-plane conductivity of the
electrodes with improved dynamics. For example, Gryglewicz
et al. demonstrated a composite material containing ACs grafted
with carbon nanofibers (CNFs) deposited by a chemical vapor
deposition (CVD) process through the decomposition of propane
with a 5% Ni catalyst. The composite material with shorter car-
bon fibers showed better electrical double layer capacitor (EDLC)
performances explained by the presence of herringbone CNFs
enacting as electronic bridges between AC particles facilitating
better diffusion of ions."!! Carbon nanotubes’ inclusions in
AC matrix provisions as channels for charge transport, improv-
ing site accessibility."”! Polyacrylonitrile precursor-based con-
ductive carbon fibers function as current collectors for
depositing AC particles for flexible supercapacitors.™?

© 2022 The Authors. physica status solidi (b) basic solid state physics
published by Wiley-VCH GmbH
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Figure 1. Schematic representation of the AC/LCF electrode depicting the
fibers as reinforcements for the AC particles to be held together and its
in-plane and through-plane conductive contribution in the AC matrix.

Likewise, lignin-based carbon fibers (LCFs) synthesized under
optimized stabilization and carbonization conditions are well
known for their higher graphitic nature contributing to higher
electrical conductivity besides their function as a superior active
material and current collector for the electrodes.' Apart from
that, the fibers synthesized by the melt-spinning process have a
high interfacial shear strength.”!

Therefore, in this work, we have synthesized electrodes of dif-
ferent mass loadings by incorporating LCF in the commercially
available AC material and characterized their initial electrochem-
ical performance. The scope is to analyze the contributions of
LCFs as a conductive agent (Figure 1) compared with the AC
electrodes with only CB as the conductive agent.

2. Experimental Section

2.1. Materials

AC from the TCI chemicals supplier was used as the main com-
ponent of electrode materials. The conductive agents, CB and LCF
(carbonized at 1000 °C), were supplied by RISE in Sweden. MFC
with 2.1% dry content was used as the electrode binder material.

2.2. Fabrication of AC/LCF Electrodes

The vacuum-dried samples of AC powder, 3 wt% CB, and 2 wt%
LCF were mixed with 5 wt% MFC to prepare a suspension that was
stirred overnight. The suspension with different mass loadings, 5,
7, and 10mgcm ™2, was transferred to glass Petri dishes in the
open air for a maximum of 2 days to prepare freestanding films.
Afterward, the freestanding films were dried in the furnace for 4 h
at 75 °C under vacuum to minimize the moisture. The reference
electrodes without LCF were prepared in a similar procedure but
with an increased CB amount of 5 wt%. Finally, the freestanding
electrodes were punched out from the films with a circular disc
cutter. The diameter of the individual electrodes was 8 mm.

Throughout this work, pure AC electrodes and LCFs that
included AC electrodes were named AC-n and AC/LCF-n, respec-
tively, where the n indicates the mass loadings, which were 5, 7, or
10 mg cm ™2 Their corresponding thicknesses were 180, 220, and
280 pm, respectively, with uncertainties lesser than +5 pm.

2.3. Materials’ Characterization

Scanning electron microscopy (SEM) LEO Ultra 55 was used to
analyze the fiber morphology of the electrospun LCF. The
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secondary-electron detector was used to analyze the fiber surface
in a high-vacuum mode of 3 kV, while the microscope operated at
1kV accelerating voltage.

The conductivity measurements of LCFs were carried out with
a Keithley 2400 conductivity analyzer. The resistivity, p, recipro-
cal of conductivity o was calculated using the standard four-point
probe formula

s

where V stands for the voltage difference, I for the current, w the
fiber width, t for the fiber thickness, and s separation between the
electrodes.

Surface composition and the chemical states of the elements of
interests were studied by means of X-ray photoelectron spectros-
copy (XPS). PHI 5000 VersaProbe III Scanning XPS Microprobe
equipped with a monochromatic Al Ka X-ray source of photon
energy 1486.6 eV was used, and the used beam size was set at
100 pm. For the insufficient sample conductivity, dual-charge com-
pensation by an electron neutralizer and argon-ion gun was
applied during the measurements. Surface composition was eval-
uated based on the survey scan with a wide scanning energy range
between 0 and 1250 eV; the pass energy was at 280 eV and step size
was at 1.0 eV. To analyze the chemical states of each element, high-
resolution regional scans were conducted with the pass energy
26 eV and step size 0.1eV. Prior to the qualitative analysis, the
results from narrow scans were aligned with the adventitious
carbon C 1s peak at 284.8 eV. The energy scale of the system,
in contrast, was calibrated with reference to ISO 15 472:2010, in
which the core levels of pure gold (Au 4f;),), silver (Ag 3ds,,),
and copper (Cu 2p;;) were aligned at 83.96, 368.21, and
932.62 eV, respectively. Peak deconvolution was conducted using
the MultiPak software. The spectra were first fit above the Shirley
background, and the fit peaks were assigned at a specific energy
peak position in the spectral envelope. Gaussian—Lorenztian func-
tion was used to fit the peak shape, and the full width at half max-
imum (FWHM) of the peak width was less than 2.0eV in all the
fitted curves. The contributions of each chemical state in a specific
element were determined with reference to the area ratios of the fit
peaks in the spectral envelope.

2.4. Electrochemical Measurements

The electrochemical performance was studied for a symmetrical
supercapacitor device containing two similar electrodes assem-
bled in a CR2025 coin cell, as shown in Figure 2. For their
construction, the two identically mass-loaded electrodes were
electrically isolated with a Whatman glass fiber membrane sepa-
rator (10 mm in diameter). The assembled sandwich structure
containing the aforementioned materials was soaked with
50 puL of 6 M KOH electrolyte before encapsulating the device.

Electrochemical measurements were carried out by cyclic vol-
tammetry (CV), galvanostatic charge—discharge (GCD), cyclic
charge—discharge (CCD), and electrochemical impedance spec-
troscopy (EIS) using a Gamry Reference 3000AE electrochemical
workstation. The specific capacitance (Cscy in Fg™") was mea-
sured from CV data using Equation (2), as follows:

© 2022 The Authors. physica status solidi (b) basic solid state physics
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Figure 2. Schematic representation of the device construction with the
prepared electrodes.'®
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where I(A) is the current, v is the scan rate, AV is the operating
voltage window, and m is the mass of both the electrodes in the
cell. The specific capacitances (C; gcp in F g~!) from GCD curves
were calculated using Equation (3) as follows:®!

Iy - ty
m~Vd

Cscep =4 % G
where I, is the discharge current, 4 is the discharge time, and V4
is the voltage from the discharge curve excluding the internal
resistance (IR) drop.

In addition, energy density (E in Wh kg™") and average power
density (Pyg in Wkg ™) of the device are calculated from GCD
curves, according to the following equations.['®!

C.
c, = Sscep 4
= (4)
1 Cq- Vg
E=-x—4 "4
2" 36
E
Pyyg = 3600 x —
ta
where the 3.6 and 3600 are unit time conversion factors. To cal-
culate the specific device capacitance Cy, the C; gcp values were
divided by a factor of 4.

3. Results and Discussion

3.1. Material Characterization

The MFC-based electrodes are freestanding and not prone to
breakage without stress. Under all mass loadings, the LCF along-
side CB and MFC binder cooperated in holding the AC particles
well, while the electrodes without LCFs were quite fragile during
device assembly. Figure 3a shows the magnified SEM image of
the AC electrode with large-sized AC particles ranging between
10 and 15 pm. The LCF fiber included in the AC matrix has a
diameter of 13pum and lengths ranging between 300 and
400 pm. The distribution of the fibers was observed to be
uniform throughout the electrode even with the small LCF inclu-
sion wt%. The low-magnification SEM image from a cracked

Phys. Status Solidi B 2022, 2100311 2100311 (3 of 6)

www.pss-b.com

middle cross section of AC/LCF-10 in Figure 3b shows the func-
tionality of LCF as reinforcement in holding the AC particles
together.

In addition, the LCF’s measurements from the four-point
probe show resistivity of 0.03 Q cm, assuring their highly con-
ductive nature that eventually facilitates good electronic conduc-
tivity to the AC particles in deeper layers, as demonstrated in
Figure 1. Moreover, the observed unfilled voids around the
AC electrode particle—LCF interface besides other voids
additionally could aid in electrolyte impregnation as remarked
for some commercial electrodes."”! For further improvement
of the electrode flexibility, the MFC binding could be
complemented with strong elastomeric materials like
styrene—butadiene—rubber (SBR).!'®**!

Figure 4a shows the survey-scan spectra from the XPS meas-
urements of the AC and AC/LCF electrodes. Both samples show
two distinct peaks. They correspond to carbon (Cls = 284.8 eV)
and oxygen (Ols 2 532.7 eV), respectively.

Results from XPS and XRD (see Figure S1, Supporting
Information) show that LCF, as an additive, does not modify
the surface composition of the AC electrode. However, in view
of chemical state analyses, the contributions from carboxylic
(COO™), hydroxyl (—OH), and ketone (C=0) groups were
altered. A slight increase in the carboxylic group and a significant
increase in quinone/ketone groups are observed for the AC
electrodes (Figure 4b). The presence of quinone/ketone groups
usually contributes to an increased pseudocapacitancel®” that
originates from the redox reaction by hydroquinone/quinone
moieties in the system. The additional quinone groups for AC
electrodes indicate the reduced availability of these redox func-
tional groups by adding LCF inclusion to AC electrode. With
corresponding conversion procedures, LCF—OH could be modi-
fied to form additional hydroquinones, which could potentially
add to AC/LCF electrodes’ pseudocapacitance.!*"!

3.2. Electrochemical Performance

The CV curves of electrodes with mass loadings of 5 and
7mgem * at 20mVs ™' scan rate, are shown in Figure 5a.
The electrode’s ability to store charge with 6 M KOH electrolyte
was found effective in the electrochemical voltage window of
0—0.8V. An EDLC-based reversible capacitive behavior is
observed for both the electrodes as the CV curves exhibit a typical
rectangular shape. The specific capacitance value for AC/LCEF-5 is
calculated to be 97Fg™', while for the AC-5, it is 85Fg "
However, with increasing mass loadings of 7 and 10 mgcm™2,
the capacitance values remain similar for both the AC and AC/
LCF electrodes, especially at higher scan rates of 100mVs™!
and above. The additional specific capacitance of the AC/LCF
electrodes at lower scan rates suggests that the LCF promotes
better ion penetration into the pores but only at a limited rate.
The GCD curves at a current density of 1 A g™" are shown in
Figure 5b. The curves are almost symmetrically triangular but
have a small IR drop for all devices regardless of their electrodes.
It is slightly larger for the electrodes with higher mass loading of
7mgcm 2, and it is higher by about 13 mV in AC electrodes
compared with AC/LCF electrodes, indicating slightly lower
IRs at 5mgcm > mass loading. The AC electrodes with
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Figure 3. SEM images of a) AC/LCF electrodes fabricated with MFC as the binder and b) LCF reaching intermediary AC layers.
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Figure 5. AC and AC/LCF electrode’s (with mass loadings of 5 and 7 mgcm™2) a) CV at 20 mV s~ ' scan rate and b) GCD curve at 1A g™ current density.

CB-LCF and only CB as conductive agent delivered an energy
density of 34 and 31 Whkg™?, respectively, at approximately
the same power density of 71 kW kg™".
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Figure 6 shows the EIS in the form of a Nyquist plot per-
formed in the frequency range from 100kHz to 10 mHz with
an alternating current (ac) perturbation of 10 mV.
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Figure 6. Nyquist plot for AC and AC/LCF electrodes at 5 and 7 mg cm 2

mass loadings (enlarged images of the high- and intermediate-frequency
region).

The second intersection of the semicircle in the x-axis repre-
sents the charge transfer resistance or interfacial resistance that
mostly originates from the electrode/electrolyte interface or elec-
trode/current collector interface. However, as the first intersec-
tion representing electrolyte resistance is similar for all the
devices, the resistances are confirmed to not originate from
electrolyte wetting. As shown, the interfacial resistance is lower
for the AC/LCF electrodes compared with pure ACs, which
further confirms the contribution of LCF in the overall enhanced
capacitance observed in CV and GCD measurements. However,
with high mass loading of 10 mg cm ™2, the interfacial resistance
increased for both electrodes, that is, the contributions from
lesser LCF mass loadings for such thicker electrodes contributed
to as much charge transfer resistance as AC electrodes devoid of
added inclusion (Figure S2, Supporting Information). The
increased charge transfer resistance is supposedly due to the lim-
ited space/volume available in the coin cell. The possibility to
accommodate electrodes with only certain thickness affects the
contact between electrode and stainless steel current collector.
Cramping the cell with high pressure could create microfractures
in thicker electrodes, decreasing the electrical conductivity con-
tributions from LCF.

Additional modifications are necessary to truly utilize the use-
ful features of LCF in the electrodes with a high mass loading.
For instance, lowering the fiber diameter to a nanometer scale
would potentially enhance the interaction between LCF and
AC particles as a consequence of the larger available surface
area.™! As realized from the LCFs’ SEM images, with a diameter
of 13 pm, the interaction of all the AC particles around the LCF is
very unlikely. Fiber diameters, lengths, and orientations are all
interesting parameters to control and observe the impact for
optimized electrode behavior, as are LCF surface modifications
or functionalization. A net increase of the LCF content would,
according to our XPS interpretation, increase the prevalence
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Figure 7. The specific capacitance of AC and AC/LCF electrodes at
5 mg cm™2 mass loading over 5000 cycles (inset: charge—discharge cycles
of the same AC/LCF electrode during different cycling intervals).

of surface functional groups in the electrode, which could be
predicted to enhance the overall pseudocapacitive contribution.
A cycling stability test for 5000 cycles is shown in Figure 7.
As seen, the AC/LCF electrodes show high capacitance retention
of 98% with negligible performance deterioration after 1000
cycles. A very similar retention rate is observed for pure AC elec-
trodes, and we thus see no reason to suspect a detrimental effect
on the device’s long-term stability from the LCF inclusions.

4. Conclusions and Future Work

A freestanding AC/LCF supercapacitor electrode is successfully
fabricated using an MFC binder. The LCF serves both as a rein-
forcement agent in binding AC particles and as a conductive
pathway in the AC matrix. The CV measurements indicate that
the device containing AC/LCF-5 electrodes has a higher specific
capacitance of 97 F g~* compared with the device containing AC-
5 electrodes with 85 F g™*. EIS analysis confirms the less-resis-
tive behavior of the AC/LCF electrodes up to 7 mgcm™> mass
loadings compared with pure AC electrodes. From the investiga-
tion with 2 wt% of LCF inclusions, the improved performances
are distinctly superior for the electrodes with a mass loading of
5 mg cm 2. For higher mass loadings (10 mgcm™2), the perfor-
mance is quite similar with and without LCF inclusions. With the
further weight optimization and the reduction of the fiber dimen-
sions along with control of their orientation in the AC matrix, the
capacitive performance could be further improved in the thicker
and highly mass-loaded electrodes. Thicker electrodes are essen-
tial for high-energy performances, and the faster charge transfer
utilizing active material from all sites offers high power.
Therefore, efficient compositing of highly conductive materials
with AC can potentially contribute to the enhancement of the
overall performances in existing commercially available superca-
pacitors. The understanding of synergy in compositing these
materials requires more research.
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