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1. Introduction 

1.1 Motivation 

With the ever-increasing global population, world annual energy consumption is set to 

double from 14 terawatts (TW) in 2010 to 28 TW in 2050. This equates to 130,000 TWh or 

the equivalent of 1010 tons of oil yearly (Figure 1-1 (a)).1 Oil and coal have remained the 

dominant primary energy sources of world energy consumption followed by natural gas, 

which has also undergone considerable growth, while renewable energy showing gradual 

growth (Figure 1-1 (b)).2 Owing to the limitations of crude oil storage and global warming 

concerns, there is an increasing need to switch to alternative and renewable energy sources. 

 

Figure 1-1 (a) The world's energy needs from the past to 2050; TOE = ton of oil equivalent1 and (b) Plot 

between world energy consumption by energy source (quadrillion Btu) and year during 1990-2040.3 

Electricity is the world’s fastest growing form of end-use energy consumption, as it has 

been for many decades. World net electricity generation will increase by 69% from 21.6 

trillion kWh in 2012 to 25.8 trillion kWh in 2020 and to 36.5 trillion kWh in 2040. 

Electricity is generated from many primary energy sources, and it is expected that use of 

non-fossil resources will grow at a faster rate than fossil fuels for such means before 2040 

(Figure 1-2).2 In the recent years, there have been many efforts to reduce CO2 emission in 

order to mitigate the negative environmental impact by seeking green and renewable 

resources for the production of electricity. A major drawback of renewable energy sources 

is an uneven energy generation which strongly affects the cost and reliability of electricity. 

To overcome this problem, energy storage systems (ESSs) are required to transform power 

from renewable sources in intermediate storage and match supply with demand in different 

http://www.nature.com/nchem/journal/v7/n1/full/nchem.2085.html#f1
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consumption periods. This current research focuses on the improvement of electric energy 

storage also in part due to the key role of mobile energy applications.  

 

Figure 1-2 World net electricity generation by energy source in trillion kilowatt hours.3 

As conventional metal-based inorganic compounds in electrochemical energy storage 

systems (EESSs) normally generate toxic and heavy metal waste in processing and 

synthesis, organic materials such as conducting polymers, conjugated carbonyl, 

organosulfur, and radical compounds, being abundant, flexible, lightweight, low-cost, non-

toxic compounds, provide an excellent opportunity to further improve existing energy 

storage technologies and develop a versatile platform for novel EESSs.4 Quinone-based 

compounds, a group of carbonyl compounds, are promising organic materials due to their 

natural occurrence. Lignin is the second most abundant biopolymer isolated from wood, 

annual plants such as wheat straw, or agricultural residues. Approximately 40 or 50 million 

tons per annum are produced worldwide as a mostly non-commercialized waste product 

from numerous pulping processes in the paper and biorefinery industries. Lignin is an 

aromatic heteropolymer featuring many phenolic or phenolate moieties converted to a 

quinone/hydroquinone redox active couple. Thus, lignin may serve as organic material for 

energy storage applications since it has many respective structure motifs. 

This thesis focuses on the utilization of lignin biopolymer serving as sustainable redox 

active materials within the framework of electrochemical energy storage. A more 

sustainable way to fabricate the composite electrode than previous reports which described 

lignin composites with expensive conducting synthetic polymers, carbon nanotubes 

(CNTs),5 or graphene,6 was used. Sustainable conductive carbon additives were selected 

because they are inexpensive, safe, and involve facile production. Moreover, the 

fabrication of the electrode involves fewer steps and less toxic chemicals. To evaluate the 
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electrochemical behavior of lignin-carbon composites by studying redox and non-redox 

process contribution, composites of commercial Kraft lignin were prepared with different 

active surface areas of conductive carbon. The interplay between lignin and conductive 

carbon and the influence of the lignin-to-carbon ratio were studied. Two means of lignin 

modification were investigated to improve their electrochemical performance. Based on the 

concept of green chemistry, the crosslinking of lignin with glyoxal, which is a safe and 

halogen-free chemical, was carried out with a two-step and eco-efficient process of 

electrode fabrication to improve the stability of lignin and charge storage capacity. 

Oxidation of lignin with cerium ammonium nitrate (CAN) to enhance quinone active 

moieties was performed, and the product was tested for lithium primary battery 

performance. 

1.2 Energy storage technology 

Energy storage technologies have started to play a vital role in our lives since the discovery 

of electricity. Regarding the forms of energy storage, this can be classified into four main 

categories: electrical, chemical, mechanical, and thermal ESSs.7-12 Currently, the 

dominating energy storage device for electricity remains the battery as well as 

supercapacitor depending on their applications. The most widely used rechargeable battery 

is the lead-acid battery but the fastest growing battery market is that of the lithium-ion 

battery (LIB).7-9,11,13 One of the most common comparisons of the operational 

characteristics for various energy storage devices is the so-called Ragone plot which 

usually presents power density as a function of energy density as shown in Figure 1-3.  

Specific energy, or gravimetric energy density, defines battery capacity per weight (Wh 

kg-1); energy density, or volumetric energy density, defines battery capacity per volume 

(Wh l-1). It is a function of the cell’s voltage and capacity depends on the chemistry of the 

system. A high energy density system has the ability to store a large amount of energy. 

Specific power (W kg-1), or volumetric power density (W l-1), is the rate of energy release. 

Compared to other devices, the LIB provides relatively large power at very high energy. In 

contrast, supercapacitors are the devices with the highest power and the lowest energy 

supply in the plot. 

Electrochemical charge storage is generally based on the following electrode processes: 

faradaic and non-faradaic storage mechanisms. A faradaic process, the essential process in 
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battery-type electrodes, is involved in charge (or electron) transfer through the faradaic 

reaction or chemical redox reaction of electroactive materials according to Faraday’s laws 

related to electrode potential. The charge storage of the battery-type electrode usually 

relates to a phase transformation from an oxidation state change and an intercalation 

reaction of cation (H+ or Li+) throughout the entire bulk of electrode materials. 

Consequently, this allows for a large amount of energy to be stored with slow kinetics of 

energy uptake and delivery. Furthermore, there is invariably some degree of irreversibility 

resulting in a limited number of cycles in the range of one thousand to several thousand 

depending on the battery type.14-17 

 

Figure 1-3 Ragone plot of many rechargeable batteries used in energy storage applications.18  

A non-faradaic process stores charges through physical charge adsorption or accumulation 

by the electrostatic interaction at the electrode/electrolyte interface giving rise to an 

electrical double layer (EDL) capacitance. This process has no electron transfer across the 

electrode/electrolyte interface, and no chemical changes inside the solid phase of the 

electrode (without a phase change). The charge storage is not limited by the rate of 

chemical or electrochemical reactions and the diffusion process; hence, they have a high 

power capability, a fast energy uptake and delivery, and a great degree of cyclability. 

However, they suffer from limited energy density due to the limited charge storage on the 

surface of the electrode materials.14,16,17,19 

The capacitance of supercapacitors mainly arises from the surface reactions of the 

electrode materials including the electrosorption of charges (non-faradaic or capacitive 

behavior) and the surface faradaic redox reactions (pseudocapacitive behavior). The typical 

EDL capacitance relies on the high surface area of active materials, commonly carbon-

based materials. Pseudocapacitance is developed from a fast surface or near-surface 

faradaic charge-transfer mechanism, and a highly reversible change in the oxidation state 
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without a phase transition. Its electrochemical behavior is nearly identical with that of 

traditional capacitive behavior, which is termed pseudocapacitive behavior.6,15,20 Faradaic 

pseudocapacitance only occurs accompanied by EDL capacitance; thus, pseudocapacitance 

is the ability to store a greater amount of charge than EDL capacitance. Transition metal 

oxides (e.g., RuO2, Fe3O4, and MnO2) and conductive polymers (e.g., polypyrrole (PPy), 

polyaniline (PANI), and polythiophene) are the typical active materials for the 

pseudocapacitive behavior of supercapacitor-type electrodes.20-23 Figure 1-4 summarizes 

the electrochemical charge storage mechanisms. 

 

Figure 1-4 Different mechanisms of electrochemical charge storage. 

Supercapacitors are the preferred choice in power device applications that can be charged 

and discharged in bursts repeatedly, even if their energy density is lower than in batteries. 

In contrast, batteries supply slow and steady energy for large energy demands over longer 

periods of time. Since both batteries and supercapacitors have individual features, they can 

be ideal partners for several applications such as hybrid buses and electric cars.24 Finally, 

energy storage research generally focuses on moving every device’s performance closer to 

the upper right-hand corner of the Ragone plot to gain optimum power and energy density 

to perform similarly to a normal combustion engine or gas turbine.25  

1.3 Batteries 

A battery is defined as one or more electrically connected electrochemical cells having 

terminals/contacts to supply electrical energy. The operation of a battery is well known as 

a galvanic cell with two electrodes (an anode and cathode) placed in ionically conductive 

electrolyte solutions and connected by a salt bridge or porous membrane (Figure 1-5). 
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Batteries operate with a constant voltage defined by the potential difference between two 

electrodes based on oxidation/reduction processes. During energy conversion, one 

component (with the lower positive standard reduction potential) is oxidized and transfers 

its electrons over an external circuit to another redox-active species (with the higher 

positive standard reduction potential) that is reduced. The potential difference between two 

active electrodes is known as the operating voltage. It is used to force electrochemical 

reactions on each electrode after being connected through an external circuit. During 

discharge, the electron flows from oxidation reactions (at anode) toward reduction 

reactions (at cathode) and the reverse electron flowing takes place when charging (in case 

of rechargeable batteries). The charges formed at the electrodes are balanced by electrolyte 

ions.  

    

Figure 1-5 (a) The schematic diagram of a simple galvanic cell26 and (b) Terminal designs for cylindrical 

batteries. Reprinted by permission.10 Copyright 2015, Pergamon. 

There are two main types of batteries: primary and secondary batteries. The primary 

batteries are also known as non-rechargeable batteries because their chemical reactions are 

generally not reversible. They can be used only once to generate electricity. Due to their 

high specific energy, long storage times and low price, they have a unique advantage over 

other power sources in applications where charging is impracticable such as in military 

combat, rescue missions, and forest-fire services. Many types of primary batteries exist, 

such as alkaline batteries (Zn/MnO2 as active materials in KOH electrolyte) with energy 

density in the range of 40-100 Wh kg-1 and Li primary batteries (Li/MnO2 or Li/(CF)n) 

with energy density around 200-250 Wh kg-1.27 The secondary cells are (re)charged by 

applying electric current, which reverses the chemical reactions that occur during 

discharge. Electrons flow to the anode through the external circuit and cations from the 

cathode diffuse through the electrolyte to the anode during charging and the reverse 
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electron flowing takes place when discharging. Secondary cells can be recharged 

electrically several times after being discharged. Several different combinations of 

electrode materials and electrolytes are used and the most common are lead-acid, nickel 

cadmium (NiCd), nickel metal hydride (NiMH), sodium sulphur (Na-S), and LIBs. The 

ideal battery would not only have high power and energy density but also possess long life, 

compact size, light weight, safety, environmental compatibility, as well as be low in cost 

and distributed to consumers worldwide. Currently, no commercialized batteries can fully 

satisfy all these requirements. Furthermore, most display discharge capacities and energy 

densities far below their theoretical values.28 The main parameters of batteries are defined 

in Table1-1.  

Table 1-1 Battery characteristics.29,30 

Battery characteristics Definition  Unit 

Open-circuit voltage 
Maximum voltage in the charged state at 

zero current  Volts (V) 

Current density             

(by weight or by area) 

The electric current per unit weight or 

cross-section area of the cell  
Amperes per gram (A g-1) or 

Amperes per square meters 

(A m-2) 

Energy density              

(by weight or by volume) 

The energy that can be derived per unit of 

the weight or volume of the cell 

 
 

Watt-hours per kilogram 

(Wh kg-1) of Watt-hours per 

liter (Wh l-1) 

Specific energy density 
The energy that can be derived per unit 

weight of the cell  
Watt-hours per kilogram 

(Wh kg-1) 

Specific power density 
The power that can be derived per unit 

weight of the cell  Watts per kilogram (W kg-1) 

Specific capacity  
The theoretical capacity of the battery is 

the maximum quantity of electricity 

involved in the electrochemical reaction 
 

Ampere-hours per gram (Ah 

g-1) 

Cycle life 
The number of charge/discharge cycles 

before its capacity falls to 80%  Cycles 

Coulombic efficiency 
The ratio of the obtained discharging and 

charging capacity  Percent (%) 

 

 

 

https://en.wikipedia.org/wiki/Electrode
https://en.wikipedia.org/wiki/Material
https://en.wikipedia.org/wiki/Electrolyte
https://en.wikipedia.org/wiki/Lead%25E2%2580%2593acid_battery
https://en.wikipedia.org/wiki/Nickel%25E2%2580%2593cadmium_battery
https://en.wikipedia.org/wiki/Nickel%25E2%2580%2593cadmium_battery
https://en.wikipedia.org/wiki/Nickel%25E2%2580%2593metal_hydride_battery
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1.4 Lithium-ion batteries (LIBs) 

LIB chemistry was proposed in 1976 by M. S. Whittingham and first commercialized in 

1991 by SONY.30 The great attractiveness of the LIBs comes from the low weight of Li 

metal (6.94 g mol-1 molecular weight and 0.51 g cm-3 density). Lithium is also the most 

electropositive element found in nature and possesses the highest electro-activity. The 

specific capacity of Li metal is 3,860 mAh g-1 and its standard redox potential is 3.04 V.  

1.4.1 Anode materials 

A wide variety of chemical reactions are used in the low voltage range required for the 

anode materials in LIBs. Normally, metallic Li is an excellent anode material, and it is 

used in Li primary cells. However, Li can form dendrites in rechargeable LIBs, which may 

lead to serious safety problems. Carbonaceous materials and Sn/Si alloys have been 

proposed as viable materials.28,31-33 

1.4.2 Cathode materials 

The capacity of LIBs is based on the intercalation concept and mainly restricted by the 

cathode materials. In the early era of LIBs, metal chalcogenides (e.g., TiS2 and MoS2) and 

manganese or vanadium oxides were used as the cathodes to pair with metallic Li, Li 

alloys, or graphite anodes leading to the commercial success of rechargeable LIBs.25,28,34 

During the last decade, layered compounds such as LiCoO2, LiNiO2, and the three-

dimensional (3-D) LiMn2O4 spinel phase, were seen as promising candidates for cathode 

materials.32 Recently, considerable interest has been directed to a new class of materials 

with an olivine structure, such as LiMPO4 (M=Fe, Mn, Co), or polyanion-based 

compounds which potentially allow for low cost and high safety.31,35,36 Shifting from the 

traditional insertion-compound-based LIBs to new types of battery systems such as Li-air 

and Li-S may provide a real breakthrough in terms of performance and sustainability.4,31,36-

41 Furthermore, one research trend is renewable organic materials as strong promising and 

“green” alternatives to conventional inorganic systems; however, their development is still 

at a preliminary research level (Figure 1-6).36,42 



1. Introduction 

10 

 

    

Figure 1-6 Battery technologies: past to future trends (adapted). Reprinted and adapted by permission.42 

Copyright 2008, Nature Publishing Group 

1.5 Organic electrodes for batteries 

1.5.1 Introduction and principle 

The biggest drawback of inorganic electrode materials is the environmental impact from 

extraction, metal-refining, and recycling leading to the release of toxic materials or heavy 

metal wastes. In addition, the process often requires energy-intensive manufacturing 

including green-house gas emissions. This is why the concept of organic matter-based 

electrode materials has gained interest. Switching from inorganic to organic materials 

offers the true possibility of their preparation from renewable resources and by eco-

friendly processes coupled with simplified recycling management.43 

The cost of materials is essentially the main factor to consider during the stage of 

commercialization. As such, the cathode in LIBs can account for ~30% of the cost of the 

device. It is fairly important to develop low cost materials for applications which do not 

require high performance.4 Since 1969, organic materials have been studied as electrodes 

for EESSs with the first report using dichloroisocyanuric acid as a cathode material.44 Over 

past decades, many different organic structures and redox mechanisms have been 

investigated as regards achieving higher electrochemical performance such as various 

small organic molecules (e.g., quinones,45 dianhydrides,46 and phthalocyanines47). 

Conductive polymers such as PPy and PANI, and derivatives48,49 were later assessed. 

Nevertheless, research on organic electrode materials for energy storage diminished as 

inorganic transition metal complexes were developed. The main reason for this was due to 
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their poor electrochemical performance compared to inorganic material, particularly in 

LIBs. The solubility in the electrolyte represents a further challenge for the development of 

organic electrode materials. Dissolution of active material leads to self-discharge of the 

battery that significantly affects the cycling stability. Incorporation of the redox-active unit 

into a polymeric backbone is an approach used to overcome this issue. 

Until the 2000s, nitroxyl radical polymers and conjugated carbonyl compounds achieved 

great progress in this field.50,51 Currently, the electrochemical performance of some organic 

cathode materials is comparable to conventional inorganic cathodes including energy 

density, power density and cycling stability.52 Many organic Li battery materials have been 

studied such as carbonyl compounds,53-56 conducting polymers,48,57-59 radicals,55,60 and 

organosulfur compounds.51,61-63  

 

Figure 1-7 Development timeline of the most important polymers for batteries. Reprinted by permission.64 

Copyright 2013, Royal Society of Chemistry. 

Figure 1-7 summarizes the historical discoveries in the use of polymer electrodes in 

batteries including the future opportunities of macromolecular engineering to design redox 

polymers. In addition to structural diversity, there are several unique features of organic 

materials such as light weight, abundance, less toxicity compared to traditional materials, 

processability, and low cost.50,52,65 The basic requirements for electrode materials are the 

presence of a reversible redox reaction, high theoretical capacity (Ctheor), chemical stability, 

simple synthesis and low cost, and stable redox potential.  

Redox processes of inorganic materials are related to the valence charge of the metal and 

based on complex intercalation mechanisms which are accompanied by the transformation 

of the lattice and the layered structure. Consequently, slow kinetics and heat generation 

during the charge/discharge process occur and limit the usage of classical LIBs in high 

power applications. In contrast, organic materials are based on a change of the state of 
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charge of the electroactive groups leading to a simple and fast redox process with less 

extensive structural change. They provide high rate performances and long cycling ability. 

Nevertheless, the limiting factors of organic batteries are the migration of electrolyte ions 

and the rate constant for the electron transfer of the redox reaction.30,52,66 

Organic compounds are more often suitable as cathode than as anode materials. Their 

redox potentials are typically between 2 and 4 V vs. Li+/Li. However, the electroactive 

groups of organic compounds can be tuned by different chemical structures or functional 

groups such as electron-withdrawing and -donating groups. This produces flexible 

compounds with different redox potentials.30,52 Due to the adjustable chemical structure of 

organic compounds, their capacity can be estimated or forecast from the Ctheor which is 

calculated using the following eqn (1). 

𝐶𝑡ℎ𝑒𝑜𝑟 =
𝑛×𝐹(𝐶𝑚𝑜𝑙−1)

𝑀𝑤(𝑔𝑚𝑜𝑙−1)
=

𝑛×96485(𝐴𝑠𝑚𝑜𝑙−1)

𝑀𝑤(𝑔𝑚𝑜𝑙−1)
=

𝑛×26801

𝑀𝑤
(𝑚𝐴ℎ𝑔−1)         eqn (1) 

where Ctheor, n, F and Mw respectively mean the theoretical specific capacity, the 

transferred electron number in each structural unit, the Faraday constant and the molecular 

weight of the structural unit. Two ways to improve the Ctheor are reducing the Mw of the 

structural unit and adopting multi-electron reactions. 

1.5.2 Quinones 

The class of carbonyl compounds has been extensively studied in the field of organic 

matter since the 1970s and 1980s.30,51,52 Basically, the carbonyl compounds undergo 

reversible one-electron reduction to form a radical monoanion as displayed in Scheme 1-1. 

They can involve more electron reactions by further direct conjugating the carbonyl groups 

to form multivalent anions. Quinones and their derivatives are most widely studied 

molecules for LIBs due to their good electro-activity with two-electron reduction (Figure 

1-8).45,50,67,68 They provide a high Ctheor (up to 500 mAh g-1), and fast and reversible redox 

reactions.45,69 Quinones naturally occur, involved in the electron transport of cofactors in 

photosynthesis and respiratory processes.61  
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Scheme 1-1 Mechanism for reversible reduction of general carbonyl compounds (up) and quinone (down). 

Reprinted by permission.51 Copyright 2012, Wiley-VCH. 

 

Figure 1-8 Conjugated carbonyl groups in quinones and their Ctheor: benzoquinone (BQ), naphthoquinone 

(NQ), anthraquinone (AQ), phenanthraquinone (PQ), 2,5-dimethoxy-1,4-benzoquinone (DMBQ), 2,3,5,6-

tetrachloro-1,4-benzoquinone (chloranil), 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ), and 1,2,4-

trihydroxyanthraquinone (purpurin). Reprinted by permission.52 Copyright 2013, Royal Society of 

Chemistry. 

However, solubility in electrolytes, poor conductivity, and low voltage are the main 

drawback of small organic molecules. To address these problems, constructing organic 

molecules with a stable skeleton and good conductivity (e.g., conductive polymers and 

conductive carbons) reduce the dissolution in electrolytes of organic electrode materials. 

There have been many conducting polymers used as backbones such as PPy55,70 and 

poly(3,4-ethylenedioxythio-phene) (PEDOT)61,71 or conductive carbons55,72 coupled with 

quinone as a pendant group. Another approach is the use of quinone polymer that is always 

completely insoluble in the electrolytes.56,73 Figure 1-9 presents some polyquinone 

derivatives with their Ctheor. Many polymers (e.g., PAQs, PVAQ, PPYT) exhibit excellent 

electrochemical performance such as high capacity close to the theoretical value, good 

cycling stability, high Coulombic efficiency and high rate capability. However, there are 

disadvantages of electrodes produced from polymeric materials including their low 

electronic conductivity, since they are mostly insulating materials. To fully utilize the 

active material, sometimes a conductive carbon is incorporated during the fabrication of 

the electrode, usually amounting to 30-60%. In situ polymerization of active material with 

conductive carbon is also a choice. Well fabricated electrodes with conjugated quinone-
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based polymers are likely to achieve a high rate performance due to the fast reaction 

kinetics.74 

 

Figure 1-9 Typical polymer electrode materials based on conjugated carbonyl groups and their Ctheor: 

polymeric quinone (PQ), poly(5-amino-1,4-naphthoquinone) (PANQ), poly(2,5-dihydroxy-1,4-

benzoquinone-3,6-methylene) (PDBM), poly(anthraquinonyl sulfide) (PAQS), poly(2- vinylanthraquinone) 

(PVAQ), and polymer-bound pyrene-4,5,9,10-tetraone (PPYT).52 Reprinted by permission. Copyright 2013, 

Royal Society of Chemistry. 

Organic salts have emerged as a new class of conjugated carbonyl compounds. In order to 

reduce the solubility of organic compounds in organic electrolytes, salt formation is an 

alternative strategy through the coordination bond of Li metal (or other metal salts) with 

small organic molecules.75-78 However, the influence of additional negatively charged 

oxide functions (C-O-) induces a depletion of capacity during the charging/discharging 

process. A rearrangement of the coordination structure during the cycling process leads to 

gradual capacity loss. This is the main drawback for coordination polymer 

electrodes.30,52,79 

However the synthesis of most organic electrode materials involves expensive and toxic 

reagents.56,80 The physiological processes of ion transport and energy conversion of 

functional biomolecules, particularly quinone-based compounds, inspired researchers to 

develop green organic electrode materials. Many phenolic compounds or their derivatives 

widely occur in nature, e.g., dopamine, purpurin, flavins, tannin, and lignin. Their structure 

is mainly composed of phenolic or phenolate moieties that are well known as redox-active 

compounds. Therefore, they could be an ideal redox-active biomolecule-based electrode 

material for the next-generation of green and sustainable energy systems. 
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1.6 Lignin 

1.6.1 Introduction and chemical structure 

Wood, generally, consists of cellulose, hemicellulose, and lignin. Lignin is a plant cell wall 

component with the function of holding the cellulose/hemicellulose matrix together. It 

provides rigidity to the plant, protects against attack by microorganisms, and facilitates the 

internal transportation of nutrients and water. The chemical structure of lignin is 

constituted by an amorphous heterogeneous and highly cross-linked polymer of phenolic 

nature containing mainly three types of substituted phenols (monolignol monomers), 

namely, p-coumaryl, coniferyl, and sinapyl, alcohols (Figure 1-10). They are present in the 

form of p-hydroxylphenol (HP), guaiacyl (G) and syringyl (S) moieties in the lignin 

structure, respectively. Produced by enzymatic polymerization, lignin possesses a various 

number of functional groups and linkages between the monolignols such as ether and 

carbon-carbon bonds forming a 3-D network.81-84 

  

Figure 1-10 Three typical monolignol monomers and their corresponding structures in lignin. 

 

Figure 1-11 Common linkages found in lignin.82,83,85 
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Approximately 50% of the structure of lignin is formed by aromatic compounds with 

common linkage patterns as shown in Figure 1-11. The dominant linkage in lignin is the β-

O-4 linkage.83 The monolignol composition of lignin varies according to its original plant 

source. For instance, hardwood lignin has roughly equal amounts of coniferyl and sinapyl 

alcohol, while about 90% of softwood lignin is composed of coniferyl alcohol.85,86 Due to 

more methoxy groups on the aromatic rings the formation of 5-5 (carbon-carbon bond) or 

dibenzodioxocin (carbon-oxygen and carbon-carbon bonds) linkages may be prevented in 

the hardwood lignin structure. A more linear structure results for hardwood lignin 

compared to softwood lignin (Figure 1-12). All lignin possesses a high aromatic content, 

giving it hydrophobicity and poor solubility in water at acidic or neutral pH. However, it 

may be dissolved in an alkali solution (depending on the isolation process, see below), or 

in many organic solvents. 

 

Figure 1-12 Typical structure (left) and molecular model (right) of lignin derived from hardwood (a) and 

softwood (b). Reprinted by permission.85 Copyright 2015, Royal Society of Chemistry. 

1.6.2 Isolation processes 

During the chemical pulping processes, lignin is separated from cellulosic fibers to 

produce a suitable pulp for the paper manufactory and other related products.87-89 About 

98% of the lignin is burned onsite to provide steam for heat and power production.90 

Besides the influence from its botanical source, the physicochemical properties (e.g., 
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molecular weight distribution, solubility, thermal properties) of lignin mostly depend on 

the isolation processes, also widely known as the pretreatment method. The soluble lignin 

products obtained from the chemical isolation methods are generally known as technical 

lignins. They are formed by a partial cleavage of lignin bonds, particularly ether bonds, as 

well as the incorporation of different functional groups onto the native lignin structure. In 

addition, side reactions also occur (e.g., intramolecular condensation) further increasing the 

complexity of the structure of isolated lignin. The most common isolation processes that 

are commercially available used to recover the lignin will be described. There are other 

isolation methods of chemical treatments such as soda, organosolv, hydrolysis, ionosolv, 

and ionic liquid methods to yield different properties of technical lignins, but these exceed 

the purpose of this discussion. 

1.6.2.1 Kraft process 

The Kraft lignin process originated in the early 1930s,90 so called because of the superior 

strength of the resulting paper (Kraft meaning ‘strength’ in German).91 It is the most 

predominant chemical pulping technique (about 85% of total world lignin production) and 

based on the use of sodium hydroxide and sodium sulfite. Both act as nucleophiles to break 

lignin-carbohydrate linkages. The process is performed at a temperature of around 170 C 

for 2 hours in an alkali aqueous solution (Scheme 1-2), known as white liquor, of wood 

chips. Two main reactions take place under these conditions: the cleavage of - and -aryl 

ether bonds and condensation through the Michael addition of external sulfide and 

hydroxide anions. Another condensation occurs simultaneously by the addition of internal 

nucleophile species such as carbanions derived from phenolic structures yielding side 

reaction products.92,93 As a result, the so-called dark or black liquor is obtained, containing 

smaller water/alkali-soluble fragments.88 Kraft lignin is then precipitated by acidification. 

Normally, Kraft lignin contains a low amount of sulfur (less than 1-2%). Kraft lignin 

possesses several characteristic features which differ substantially from its native lignin 

(Figure 1-13). It contains a large amount of phenolic hydroxyl groups due to the large 

amount of -aryl bond cleavage during cooking. The amount of biphenyl and other 

condensed structures increases as a function of the cooking time.94 This process provides 

lignin with incorporated aliphatic thiols which are hydrophobic and which have a low 

molecular weight of between 1000 and 3000 g mol-1.95,96 

https://en.wiktionary.org/wiki/Kraft
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Figure 1-13 Model of the characteristic structure of the pine Kraft lignin.90 

 

Scheme 1-2 The main reactions involved in the Kraft lignin process in alkali medium.88,90,97 

1.6.2.2. Sulfite process 

Lignosulfonates are obtained as the byproduct of sulfite pulping, which is the oldest 

pulping method with the first commercial sulfite pulp mill dating back to 1874.90 The 

process is similar to the Kraft process, except it is conducted in acidic medium. It relies on 

various salts of sulfurous acid to extract the lignin from wood chips. The two main 

reactions during sulfite cooking are fragmentation and sulfonation with the temperature in 

the range of 140 ºC-160 ºC. Lignosulfonates are water-soluble, anionic polyelectrolyte 

polymers with sulfonate groups (sulfur content around 5%) present in their aliphatic side 

chains (Figure 1-14). They also have a higher molecular weight than Kraft lignin and a 

broad dispersity.89,95 
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Figure 1-14 Model structure of lignosulfonate; M is metal ions. 

1.6.3 Applications 

As mentioned earlier, a large quantity of the lignin produced yearly around the world is 

considered waste product. Lignin is normally used directly as a fuel or as an additive to 

fuels due to its remarkable heating value or as an additive in bio-mass materials. In 

artificial fire logs, the addition of lignin into the cellulose materials with propane-1,3-diol 

can improve flame properties. Lignin is able to act as a substitute for gasoline/diesel fuel 

(pyrolysis oil production from lignin).98-100 The use of lignin in various applications can 

potentially give the material higher value than simply burning it for heating energy. The 

diversity of properties of technical lignins leads to a diversity of opportunities for broad 

applications as summarized in Figure 1-15.90 As evident in the structural model of lignin, it 

possesses many hydroxyl groups, particularly phenolic hydroxyl groups. So, lignin is 

known as a scavenger for free-radicals and useful for efficient antioxidant, antibiotic, and 

antitumor activities.90,101,102 Lignin is applied in agriculture as binder for food pellets for 

feedstock, insoluble dietary fibers, additives for anti-lumping in fertilizers, and fertilizer, 

pesticides/herbicides controlled release.103,104 Being a chelating agent, the use of lignin for 

heavy-metal removal in natural water resources or wastewater from many industries is 

another potential application.105-108 

Lignin can be incorporated into polymers as a macromonomer (similar functional groups to 

the monomers used), or as an additive (no reaction with monomers). In the case of 

additives, the antioxidant properties of lignin are used to protect polymers from oxidation, 

light, or temperature, e.g., in rubbers, polyalkenes, polyesters, and other synthetic 

polymers.90 
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Figure 1-15 Various application fields of lignin.109,110 

The incorporation of lignin into other polymers or copolymers has been employed in order 

to improve the mechanical properties such as lignin-reinforced polystyrene (PS),111 

poly(ethylene terephthalate) (PET),112 polypropylene (PP),113 and polyacrylonitrile 

(PAN)114 composite for various applications, e.g., stabilizing agents, lubricants, coatings, 

plasticizers, and surfactants.81,90,115 Replacement of a reagent in polymer composites with 

lignin not only reduces price but also improves environmental friendliness. For example, 

phenol is replaced by lignin in phenol-formaldehyde (PF) polymer composites for coating 

and adhesive applications in plywood, chipboard, particleboard, and so on.90,116-118 In the 

field of bioplastic materials, lignin-polylactic acid (PLA) composites119 and lignin-poly(ε-

caprolactone)-based polyurethane120 are used as biodegradable foam materials. In order to 

operate lignin for high-chemical value products, fragmentation or depolymerization 

processes are employed to convert the native or technical lignins into useful aromatic 

compounds, particularly phenolic compounds such as cresols, catechols, resorcinols, 

quinones, vanillin, or guaiacols. These hydroxylated aromatic compounds are the effective 

starting material for the synthesis of polymers, pharmaceuticals, and additives in the food 

and beverage industry.90,96,121-123 

In the field of energy storage applications, lignin has been applied in various functions 

such as additives and active materials in electrodes (Figure 1-16). For example, 

lignosulfonates are a component of battery additive in lead-acid batteries. They improve 

battery performance at low temperature and at high discharge rate.90,124 Lignin is also used 

as binder material in LIBs.125,126 
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Figure 1-16 List of lignin’s utilization in energy storage applications. 

Lignin based carbon materials are mostly used in the synthesis of anode materials for 

LIBs127-132 and supercapacitors.133-143 Their high carbon content, availability and aromatic-

rich chemical structure, combined with low cost and sustainability allows for the 

production of activated carbons, fibers, nanostructured and highly ordered carbons from 

different types of lignins.129,143-145 Typically, there are two approaches to synthesizing 

lignin-based carbon: electrospinning136-138,140 and template135,139,146 or template-

free134,141,147 methods. There are numerous studies on lignin-based carbon materials for 

supercapacitors. For instance, Hu et al.136 reported on the preparation of lignosulfonate-

based carbon fibers through electrospinning and chemical activation. The hydrophilic and 

high surface area carbon fibers revealed large-size nanographites and good electrical 

conductivity leading to good electrochemical performance (344 F g-1 at 10 mV s-1). Saha et 

al.139 prepared mesoporous carbon using Pluronic F127 as a template coupled with 

physical and chemical activation to improve porosity and achieved capacitance in the range 

of 92-102 F g-1. Zhang et al.147 prepared lignin-based carbon via a template-free method 

using KOH particles acting as both the template and activating agent obtained a 

capacitance of 165 F g-1 at 0.05 A g-1. However, porous carbon materials have limited 

energy densities as a result of the EDL capacitive mechanism, where the charges are stored 

physically through ion-adsorption at the electrode interfaces. 

On the other hand, lignin can be combined with conducting materials such as conducting 

polymers and conductive carbon to fabricate a battery-liked electrode. Due to the poor 

electronic conductivity of lignin, constructing with conducting materials is a strategy to 

improve lignin’s electrochemical performance. Milczarek et al. first presented a new kind 

of battery cathode created from lignin by the formation of electroactive quinone 

functionalities, which can be oxidized and reduced during cycling.148 It was prepared by 
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the electrochemical polymerization of pyrrole in lignin-based solution. The synergic 

combination of conducting polymers and lignin biocomposites was described as forming 

an interpenetrating network of lignosulfonate and PPy. They proposed anion (ClO4
-) 

insertion as first occurring in PPy, converting to PPy/ClO4
- which provides a capacitive-

like behavior without pronounced peaks, suggesting only the fast insertion/de-insertion of 

the anion into/from the PPy polymer. Then the redox activity (quinone/hydroquinone 

couples) in lignosulfonate is readily accessible. The obtained specific charge capacity was 

ca. 70-75 mAh g-1. They found that the charge storage capacity was strongly influenced by 

the film thickness of composite electrodes due to diffusion limitations. Later research on 

PPy/lignin composites attempted to enhance the abundance of quinone groups through 

various strategies such as choice of alternative lignin with different S/G ratios (42 mAh 

g-1),149,150 introduction of extra quinones by using anthraquinone sulfonate (AQS) (180 

mAh g-1) during the formation of the hybrid material,151 introduction of monolignol 

phenolic units through phenolation of Kraft lignin (69 mAh g-1),152 and preparation of a 

synthetic lignin model from homopolymers and copolymers of monolignols (94 mAh 

g-1).153 Even though the addition of small quinone molecules can reach a high charge 

storage capacity, they will diffuse out of the electrode during operation resulting in 

capacity loss. The complexity of the PPy chain configuration and conformation together 

with undefined structure, reactivity, and possible impurity of lignin derivatives result in 

many uncertain parameters. These parameters such as redox species, conductivity, and 

accessibility to the phenolic groups might affect the charge storage capability of the 

PPy/lignin system.5,149-155 Other conducting polymers, such as PANI156 and PEDOT,157 

have been used as alternatives to prepare electrodes with lignosulfonates by 

electrochemical polymerization or oxidative chemical techniques.   

Due to their excellent electronic, mechanical, and electrochemical properties, and high 

specific surface area, conductive carbons have attracted attention as an alternative choice 

for the construction of a lignin electrode in order to obtain the synergetic effects between 

the redox active polymer sites and a highly conducting carbon support. Adsorption of 

organic molecules on the surface of carbon materials can take place by van der Waals, - 

stacking, and electrostatic interactions. CNTs can act as a network transporting electrons 

from the charge collector surface to redox active moieties. The interaction in CNT-lignin 

composites is non-covalent strong - stacking. With the large surface area of CNTs, the 

surface coverage with redox active species increases with the consequence of enhancing 
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the accessibility of active sites for electrolyte ions leading to the improvement of the 

charge storage capability. Milczarek et al.5 presented the use of CNTs surface-

functionalized with Kraft lignin, which resulted in a redox active biofilm of lignin 

randomly spreading throughout the surface of CNTs and thus causing an increase of 

electrode material wettability. The total charge storage was a combination of EDL charge 

storage of the CNTs and faradaic charge storage gained by lignin-derived quinone 

functionalities which showed good cycling stability. Rębiś et al.153 fabricated CNTs with a 

synthetic lignin model providing a capacity of 72 mAh g-1. The CV profile of CNTs/lignin 

exhibited a typical EDL capacitive response without pronounced redox peaks, which is 

characteristic for redox quinone moieties with different chemical environment and as such 

result of the complex nature of the parent lignin.5,153 They should not be counted as 

pseudocapacitive materials following the definition of pseudocapacitance.  

Graphene is an outstanding two-dimensional carbon material with exceptional electric 

conductivity and mechanical strength, and high specific surface area (2630 m2 g-1).158,159 

Lignin can be used to prevent the aggregation of graphene sheets by re-stacking. The 

utilization of Lignin/graphene hydrogel fabricated from a mixture of lignin and graphene 

oxide (GO) through a hydrothermal process, obtaining 3-D porous composite hydrogel was 

proposed by Xiong et al.160 The composite hydrogel electrodes showed a maximum 

specific capacitance ca. 550 F g-1 with excellent rate capacity and cycling stability. Kim et 

al.6 presented a series of lignin hybridized with reduced graphene oxide (RGO) nanosheets 

which were prepared by the reduction of amphiphilic GO sheets well-covered by lignin. 

Strong binding between lignin and RGO sheets occurs through - stacking and 

hydrophobic interactions resulting in an electron conducting hybrid electrode. They 

reported pseudocapacitor performance with a good rate and cycling stability. Due to the 

synergizing effect of the reversible redox charge transfer of quinone and the interplay with 

electron-conducting RGOs, the electrodes achieved a maximum capacitance of 432 F g-1 

which is close to Cthero ~482 F g-1. 
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2. Kraft lignin-carbon composite for sustainable cathode 

materials 

2.1 Background and objective 

As mentioned earlier, lignin is composed of phenolic groups. The electrochemistry of 

lignin is based on electroactive quinone/hydroquinone couples which can be generated by 

the demethylation of aromatic methoxy groups (Scheme 2-1). Quinone/hydroquinone 

couples are an example of organic redox systems occurring in phenolic-type compounds in 

nature (e.g., humic acids, flavonoids, tannic acid, and dopamine).  

 

Scheme 2-1 Lignin structure with redox reaction occurring on quinone/hydroquinone couples. Reprinted by 

permission.161 Copyright 2017, Wiley-VCH. 

In aqueous acidic solutions, quinone/hydroquinone couples generally provide a reversible 

single step two-electron two-proton redox reaction (2e-/2H+) in which the reduction 

potential varies with pH following the Nernstian manner.5,157,162,163 This means that two 

electrons and two protons are stored in a structure of 6 carbon and 2 oxygen atoms, giving 

a charge density of 2 Faraday per 108 g, i.e., 1787 C g-1 or 496 mAh g-1. This is a favorable 

value compared with standard electrochemical systems such as lithiated carbon materials 

(344 mAh g-1), and the olivine FePO4 system (170 mAh g-1).5 
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As mentioned in Chapter 1.6.3, lignin has insulating characteristics. In order to improve its 

applicability as an electrode material, many studies have been conducted combining lignin 

with conducting polymers to improve charge transfer. However, many drawbacks of using 

conducting polymer additives have been reported. First is the degradation of the polymer 

during cycling leading to poor cycling stability.154 The conductivity of the added polymer, 

e.g., PPy, may also be insufficient providing poor rate capabilities as well as self-discharge 

and inadequate charge storage density due to doping with small and mobile 

counteranions.153,155 Second, even though, electrosynthesis can provide an effective and 

convenient one-step approach to the incorporation of lignin into a conducting polymer 

film, the use of toxic organic solvents or high acid concentrations during the 

polymerization process may be of concern in environmental issues.149,150,152 Third, the high 

cost of monomers compared to the cost of the lignin biopolymer may limit the scalability. 

Finally, analysis of the composite materials is complicated and the mass ratio of the 

component is difficult to clarify, if not unknown, which means further improvements to 

charge storage capacity are difficult.154,157 

Carbon materials are an alternative option to facilitate the electronic conductivity of lignin 

electrodes. The use of carbon material composites with lignin also provides the possibility 

to control the composite fraction in the final hybrid material. Thus, further improvement of 

the capacity by tailoring the mass ratio of all components is facile. Owing to their excellent 

chemical stability, especially in contrast to conducting polymers, composite electrodes 

with conductive carbon materials are able to perform in high electrolyte concentrations to 

reduce the influence of ion diffusion parameters in the system. Lignin with various 

conductive carbon materials such as CNTs5 and RGO6 incorporated was prepared for 

battery-like charge storage. This faradaic process features distinct redox peaks in cyclic 

voltammetry experiments, which are sometimes mistaken for pseudocapacitance.15 

Concerning sustainable, safe, and “green” energy storage devices, uncertainty about the 

health and safety aspects of CNTs and RGO limits their applications. Not only are they 

relatively expensive, but also large scale production still remains challenging.159,164,165 

Other conductive carbon additives have been synthesized from sustainable and renewable 

resources at lower cost.166 Many researchers also reported using lignosulfonate as an 

electrode component, the production of which is gradually decreasing worldwide.9 In 

contrast, since the emergence of the modern Kraft process, Kraft lignin has become 

increasingly available as a low-cost and abundant material.167 
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The aim of this chapter is to fabricate a composite electrode from readily available Kraft 

lignin and sustainable conductive carbon with typical blending techniques, and investigate 

the contribution of non-faradaic and faradaic processes to its charge storage properties. 

This research focuses on the influence of lignin loading and the carbon surface area on 

electronic properties and the ionic conductivity of the obtained electrode material in order 

to increase understanding of the desired lignin properties for electrochemical energy 

storage and the synergistic effect between lignin and conductive carbon. The surface 

morphology and distribution of the different electrode films are evaluated by SEM coupled 

with EDX. Generally, not only capacitive charge storage but also battery-like charge 

storage often exhibits a rectangular profile as the background in cyclic voltammetry 

experiments.54,61,148,168,169 The Kraft lignin-carbon composite cathode, which combined 

both battery-like and capacitive-like charge storage behavior, is investigated by cyclic 

voltammetry and galvanostatic charge/discharge measurements to analyze the synergic 

combination of the lignin-carbon composite electrode. Cycling stability is performed to 

prove practical applicability. 

2.2 Electrochemistry of Kraft lignin-carbon composites 

The Kraft lignin-carbon composites were fabricated by mixing Kraft lignin and conductive 

carbon with different surface areas (167 m2 g-1, CL and 858 m2 g-1, CH) with 10 wt% of 

PVDF (binder) by ball-milling and film casting onto a graphite sheet (current collector). 

The obtained electrodes were used as working electrodes (WE) (Figure 2-1 (a)). For 

measurement, a three-electrode system was set up as displayed in Figure 2-1 (b) equipped 

with Ag/AgCl (KClsat) as a reference electrode (RE) and platinum wire as a counter 

electrode (CE) with 0.1-3 M HClO4 aqueous solution as an electrolyte.  

 

Figure 2-1 (a) electrode composition and (b) three-electrode system set up. 
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Two ratios of Kraft lignin and carbon were prepared, one using equal amounts of carbon 

and lignin, the other using less lignin than carbon. Compositions are listed in Table 2-1. 

The used ratios are comparable to other redox active composites for battery prototypes.30 

Table 2-1 List of Kraft lignin-carbon composite samples. 

Kraft lignin 

(wt%) 
Carbon (wt%) Binder (wt%) 

Type of carbon 
 

CL CH 
 

45 45 10 L45C45
LB10 L45C45

HB10 
 

15 75 10 L15C75
LB10 L15C75

HB10 
 

 

Their surface morphologies were analyzed by SEM as presented in Figure 2-2. All 

composite samples showed porous morphologies with unidentified individual components.  

To observe the distribution of each composition, EDX of SEM images was employed on 

the L15C75
LB10 and L45C45

LB10 samples (Figure 2-3). It was not possible to see individual 

lignin and carbon particles since both of them mix well together during electrode 

fabrication. In the case of the binder, its distribution differs from lignin and carbon to hold 

the mixed lignin-carbon particles together. 

All samples (as listed in Table 2-1) were investigated by CV measurements. Figure 2-4 

presents the total capacity of all samples increasing with HClO4 concentration. 

 

Figure 2-2 SEM micrographs showing the surface of composite electrodes a) L15C75
LB10; b) L45C45

LB10; 

c) L15C75
HB10; d) L45C45

HB10. The scale bar in d) applies to all sub-figures. Reprinted by permission.161 

Copyright 2017, Wiley-VCH. 
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Figure 2-3 EDX data for (a)  L45C45
LB10 and (b) L15C75

LB10 electrodes including the elemental distribution of 

carbon, oxygen (present mainly in lignin), nitrogen (present mainly in N-doped conductive carbon), and 

fluorine (present mainly in the binder). Reprinted by permission.161 Copyright 2017, Wiley-VCH. 

Comparing samples with the same conductive carbon, CL, both compositions show almost 

the same capacity between electrolyte concentrations of 0.1-3 M. This indicates that 

capacity is independent of the compositions. In the case of CH, a significant capacity 

difference was revealed. The low lignin content exhibits the highest capacity. Only at the 

highest electrolyte concentration, the capacity values for the low and high lignin content 

(with CH) are almost the same. This may be explained by the formation of a layer of lignin 

on the larger surface area of conductive carbon. A thin layer of lignin is formed on the 

conductive carbon surface for the less lignin composite sample. The thinner lignin film 

facilitates charge transfer by a shortened pathway from insulating lignin to conductive 

carbon. In this case, it may be possible that the accessibility of redox active sites in lignin 
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for electrolyte ions is improved. However, increasing capacity with acidic aqueous 

electrolyte concentration indicates that the electrochemical performance strongly depends 

on the concentration of ions in the system as expected for a proton-dependent process. 

 

Figure 2-4 Capacity of different composite electrodes with various concentrations of the electrolyte, 

measurements at 5 mV s-1. Reprinted by permission.161 Copyright 2017, Wiley-VCH. 

Figure 2-5 presents the CV profiles of all samples. It also reveals the similarity of the CV 

curves of neat conductive carbon and the rectangular background in the CV curves of the 

composites. This indicates that the total specific surface area in the composite systems does 

not significantly change even if lignin film forms upon the surface of the conductive 

carbon. This information also supports the assumption of the formation of a thin lignin film 

on the carbon surface. 

 

Figure 2-5 Cyclic voltammograms of composite electrodes and comparable electrodes without lignin as 

indicated. (a) Electrodes featuring low surface area conductive carbon CL; (b) electrodes featuring high 

surface area conductive carbon CH, measurements in 1 M HClO4 at 5 mV s-1. Reprinted by permission.161 

Copyright 2017, Wiley-VCH. 

Furthermore, cyclic voltammograms exhibit a clearly observable difference between 

faradaic and non-faradaic charge storage contribution, resulting from the redox active 
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groups and the electrochemically active surface of the used lignin and carbons, 

respectively. For visualization, Figure 2-6 (a), which is the resulting cyclic voltammogram 

(CV) corresponding to the L45C45
LB10 composite, shows a large separation of the oxidative 

and reductive scan with a couple of redox peaks and reveals the influence of EDL and 

faradaic charge storage. The peaks are separated from the rectangular area (see dashed 

line) indicative of EDL. The two redox peaks are revealed around 0.4 V and 0.6 V which is 

in good agreement with quinone/hydroquinone conversion in lignin. The main peak at 0.6 

V is attributed to G groups and the small peak around 0.4 V is indicated as being caused by 

S groups.150,153 As obtained from 31P NMR measurements (Figure 2-6 (c)) and listed on 

Table 2-2, the amount of S groups (0.48 mmol g-1) is lower than G groups (3.29 mmol g-1, 

included G and C5 substituted G together) which is in good agreement with their peak area 

contributing to a lower influence to charge storage in the Kraft lignin-carbon composite.  

 

Figure 2-6 Cyclic voltammogram of an L45C45
LB10 working electrode at 5 mV s-1 in 1 M HClO4 with 

indicated contributions by faradaic and non-faradaic processes to charge storage (a, reprinted by 

permission,161 Copyright 2017, Wiley-VCH) and with first and latter cycles (b). 31P NMR spectrum of Kraft 

lignin after phosphitylation showing the peaks of aliphatic hydroxyl (Ali-OH) functionalities, the internal 

standard  (IS), S, G, HP groups and carboxylic (COOH) functionalities (c). Adapted by permission.161 

Copyright 2017, Wiley-VCH. 
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The position of a given monolignol on the potential scale in CV depends on the number of 

oxygen containing groups substituted on the aromatic ring. For the S groups, which 

possess a higher substitution degree, redox couples with lower potential values are 

obtained due to the influence of electron donating groups.150,153 In the first scan an 

irreversible oxidation wave is evident at 0.7 V (Figure 2-6 (b)) which is attributed to the 

demethylation of methoxy phenol groups followed by the development of 

quinone/hydroquinone redox couples positioned at lower potentials in subsequent 

scans.153,170  

Figure 2-7 presents the total capacity and charge storage contributions of L45C45
LB10 

composites as derived from CV measurements in various electrolyte concentrations. The 

total capacity of the composite improves with increasing electrolyte concentration, 

indicating the significant proton-dependency of the process. Considering the individual 

charge storage contribution, non-faradaic contribution remains mostly unchanged with 

increasing electrolyte concentration. Most of the increase in total charge storage capacity 

results from the faradaic contribution. This might be the case due to the increasing 

accessibility of electrolyte ions to redox active sites in lignin, leading to faradaic charge 

storage improvement. 

Table 2-2 List of amount of hydroxyl functional groups in Kraft lignin calculated by 31P NMR Figure 2-6 (c).  

Amount of hydroxyl groups (mmol g-1) 

Ph-OH  Ali-OH 

S G C5 substituted G HP  Ali-OH COOH 

0.48 2.13 1.16 0.2  1.36 0.25 

 

Even though high concentrations of electrolyte provide the highest capacity, 1 M HClO4 

was selected (because a higher concentration of HClO4 may damage the electrode) to 

investigate the influence of the ratio of the lignin-carbon composite and surface area 

conductive carbon in the following experiments.  
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Figure 2-7 Capacity of L45C45
LB10 working electrodes in different electrolyte concentrations and 

contributions to the capacity by faradaic and non-faradaic processes as estimated from cyclic voltammetry 

measurements at 5 mV s-1. Reprinted by permission.161 Copyright 2017, Wiley-VCH. 

The charge storage contributions were determined from CV measurements as presented in 

Figure 2-8. Generally, using the higher surface area conductive carbon in composite 

samples exhibits higher non-faradaic charge storage (ca. 34-36 mAh g-1) compared with 

using the lower surface area conductive carbon samples (ca. 25-29 mAh g-1). For the same 

type of conductive carbon, the non-faradaic charge storage is within the same range, but 

the faradaic charge storage contributes to additional charge storage. These results indicate 

that the EDL charge storage ability of conductive carbon does not significantly decrease by 

covering the carbon surface with a thin lignin film. However, the capacity contribution of 

all composite samples using CL is the same, indicating that the higher lignin content does 

not enhance faradaic charge storage. One possible explanation is the high content of lignin 

leading a thick film of lignin in either composition which causes the insufficient 

accessibility of electrolyte ions. This means the bulk of lignin does not contribute to the 

faradaic charge storage. 

In contrast, the composite samples with CH reveal the opposite result. The lower lignin 

content of the composite sample, L15C75
HB10, provides higher faradaic capacity 

contribution. The explanation here is that the charge transfer and charge storage process 

are more efficient in the case of a composite with a thinner lignin film on a high surface 

area conductive carbon.5,6 The better electronic conductivity in the composite electrode 

fabricated using a higher content of conductive carbon promotes a better electron transfer 

process between the graphite current collector and the electroactive sites of lignin. In 

addition, a low content of lignin on a high surface area conductive carbon causes the 
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formation of a thin film inducing even better ionic conductivity as a result of interfacial 

interaction between electrolyte ions and the redox active moieties in lignin. Using higher 

content of lignin in the composite causes the formation of a thicker film on the surface of 

conductive carbon leading to a less efficient charge transfer process and a resistance of 

ionic transfer at the electrode-electrolyte interface. As a consequence, the faradaic charge 

storage is less efficient.  

 

Figure 2-8 Faradaic and non-faradaic contributions to the total capacity as estimated from cyclic 

voltammetry measurements in 1 M HClO4 at 5 mV s-1 of different composite electrodes as indicated. 

Reprinted by permission.161 Copyright 2017, Wiley-VCH. 

According to the theoretical charge density of quinones, they can store 2 Faradays per 108 

g, or 496 mAh g-1. S and G moieties in lignin give the same redox contribution as 

quinones. Thus, 1 mmol of S or G per weight of lignin gives a charge capacity of 

approximately 2 milliFaraday g-1 of lignin or 53 mAh g-1, following the eqn (2).148,150 The 

highest faradaic charge storage is obtained from the L15C75
HB10 composite electrode at 16.6 

mAh g-1 (total mass) or 111.1 mAh g-1 (lignin mass), approximately 55% Ctheor of lignin 

(3.77 mmol g-1 of S and G groups, 200 mAh g-1 theoretical capacity, calculated by eqn (2)). 

This indicates that half of the electroactive site groups of lignin contribute to faradaic 

charge storage.  

𝐶𝑡ℎ𝑒𝑜𝑟 𝑜𝑓 𝑙𝑖𝑔𝑛𝑖𝑛(𝑚𝐴ℎ𝑔−1) = 𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑆 𝑜𝑟 𝐺 × 53   eqn (2) 

 

Electrochemical impedance spectroscopy (EIS) was employed to determine the internal 

resistance and ion diffusion performance of the lignin-carbon composite. A Nyquist plot is 

shown in Figure 2-9 in the frequency range of 0.02 to 20,000 Hz, presenting the equivalent 

series resistance (ERS) which is the sum of system resistance performed at high-frequency. 
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The semicircle at the high to middle-frequency region is indicative of the charge transfer 

resistance of the electrode material, and the low-frequency region shows the Warburg 

resistance, indicative of the ion diffusion ability. 

 

Figure 2-9 A Nyquist plot of composite electrodes and carbon electrode (without lignin). The insert shows 

the high frequency region enlarged. Reprinted by permission.161 Copyright 2017, Wiley-VCH. 

Small ESR values at 0.93 and 0.98  were observed from neat CL and CH electrodes, 

respectively while the corresponding lignin-carbon composite electrodes possess higher 

ESR values of 1.09 and 1.05 , respectively. This indicates the insulating influence of 

lignin inhibiting the electric conductivity of the composite electrode. Sample L15C75B10, 

(with CH) reveals a slightly larger semicircle at high frequency than the ones with CL. This 

is attributed to the higher charge transfer resistance. In the low frequency region, the 

sloping line represents the Warburg impedance which is indicative of mass transfer. The 

composite with CH has the least sloping line and thus facilitates ion diffusion. EIS data 

provide evidence of good mass transfer through the electrode/electrolyte interface due to 

the easy accessibility of the electrode surface and good conductivity of the composite 

electrode. This further supports the assertion that the formation of a thin layer of lignin on 

a high surface area conductive carbon leads to shortened pathways of charge transfer and 

the compensation of the insulating character of lignin. To further investigate the influence 

of the surface area of conductive carbon, the L15C75B10 composite electrodes with different 

conductive carbons were subjected to galvanostatic charge/discharge performance tests at 

different current densities. Figure 2-10 summarizes the resulting curves. They significantly 

deviate from both a triangular shape and a plateau shape. This indicates the contribution of 

both redox reactions in lignin as well as the EDL charge storage of conductive carbon. 

Furthermore, the information obtained from the application of various current densities 
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exhibits a slow decrease of capacity at high current densities due to fast charge diffusion in 

electrode materials. 

 

Figure 2-10 Galvanostatic charge/discharge curves at various current densities as indicated for (a) 

L15C75
LB10 and (b) L15C75

HB10 composite electrodes. Reprinted by permission.161 Copyright 2017, Wiley-

VCH. 

The influence of the EDL charge storage of the conductive carbon is stronger than the 

battery-like charge storage of the lignin which leads to a belly slope like shape of the 

curve. These results are in good agreement with the charge storage contributions derived 

from the CV measurement described earlier. The decrease of the curve’s slope is observed 

in the potential range of 0.3-0.6 V which is in good agreement with the potential of the 

reversible redox reactions present in lignin.  

 

Figure 2-11 Galvanostatic discharge curves at a current density of 0.15 A g-1 for composite and carbon 

electrodes as indicated. Reprinted by permission.161 Copyright 2017, Wiley-VCH. 

To prove the influence of redox reaction on the charge storage capacity, the composite 

electrode without lignin was evaluated for comparison as seen in Figure 2-11. It is clear 

that a significantly lower capacity is achieved compared to the lignin-carbon composite 

electrodes which have additional charge storage by lignin. The composite samples with 
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high surface area conductive carbon as expected provide higher capacity than those with 

low surface area conductive carbon.  

To more accurately evaluate their performances, the rate and cyclic capabilities for 

practical applications were tested by stepwise galvanostatic cycling measurement at 

various current densities as demonstrated in Figure 2-12 (a). Both composite electrodes 

show good rate performance. At about half of the low-rate capacity retained at the highest 

rate, and for 10 cycles at each discharge rate the capacity remained constant except in the 

first 10 cycles at 0.075 A g-1. This may be attributed to the initial demethylation reactions 

as shown in Figure 2.6 (b). When the current density gets back to 0.075 A g-1, the capacity 

is almost the initial one after the conditioning phase (around 74-77 mAh g-1). The CV 

profile before and after stepwise galvanostatic cycling with different current density is 

presented in Figure 2-12 (b), indicating fully reversible charge/discharge behavior. It is 

found that a CV curve after cycling reveals significantly broadened redox peaks at around 

0.4 V without significant capacity loss.  

 

Figure 2-12 (a) Rate capability with cycling performance of L15C75
LB10 and L15C75

HB10 composite electrodes 

and (b) Cyclic voltammograms of L15C75
HB10 working electrode before and after 70th galvanostatic cycling. 

Reprinted by permission.161 Copyright 2017, Wiley-VCH. 

The broadened redox-peak in the CV profile may indicate enhanced coupling between 

different electrochemically active groups in lignin. During the charge/discharge cycling, 

reorganization of the phenolic groups in lignin towards a stacking feature may be 

indicated. Consequently, the charge transfer between redox active groups in lignin polymer 

becomes more efficient. The shift towards lower potential may also indicate partial 

crosslinking which can increase the average number of phenolic groups per aromatic ring. 

In order to characterize the change of functional groups after cycling performance, FTIR 

was carried out as presented in Figure 2-13.  
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Figure 2-13 FTIR spectra of an L15C75
HB10 working electrode before and after galvanostatic cycling. 

Reprinted by permission.161 Copyright 2017, Wiley-VCH. 

Because the composite electrode contains a high amount of carbon (75%), signal intensity 

is not clearly observed. Comparing the composite electrode before measurement and after 

immersion into the electrolyte, there is only one additional broad peak in the range of 

1000-1250 cm-1 which could be attributed to the Cl-O stretching of the electrolyte. After 

the cycling measurement, a peak at around 1626 cm-1 appears which corresponds to C=O 

stretching in quinones.  Aromatic stretching vibrations in the range of 1500-1600 cm-1 

remain unchanged. This result indicates the presence of quinones after charge/discharge 

cycling for at least 50 cycles. Therefore, FTIR of the composite electrodes at varying 

stages of cycling can be used to support the stability of the electrode during cycling 

performance and the continued presence of the redox active sites after cycling even though 

the CV profile shows a broadened redox peak. 

2.3 Conclusion  

In summary, biopolymer electrodes from commercial Kraft lignin and sustainable 

conductive carbon were fabricated. The combination of lignin and carbon plays a key role 

in enhancing EDL capacitance with additional faradaic charge storage contribution. Since 

EDL charge storage mainly depends on the surface area and lignin is an insulator, the 

charge storage capability of their composite devices depends on the surface area and the 

mixing ratio between lignin and conductive carbon. The highest specific capacity of up to 

80 mAh g-1 (total material mass) at discharge rate of 0.075 A g-1 from combined faradaic 

and non-faradaic capacity, is reached in the electrodes which are composed of a thin layer 

of lignin covering a high surface area conductive carbon. Therefore, we can conclude that 
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the relevant factors are high surface area, accessibility of redox active sites in lignin to the 

electrolyte, and good mixing during preparation to provide the highest charge storage 

capability of these biopolymer electrodes. These electrodes represent a promising 

alternative prototype of renewable and sustainable energy storage devices. 
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3. Modification of Kraft lignin with dialdehyde 

crosslinkers for cathode materials 

3.1 Background and objective 

As mentioned earlier, lignin can be applied as an adhesive, one of the most investigated 

industrial applications, inspired by its natural function to glue and hold cellulose fibers 

together in plants. In several studies, lignin has been added to or even replaced broad resin 

products, such as polyurethane, phenol-formaldehyde (PF) and epoxy resins171,172 in order 

to reduce health issues. 

In battery electrode processing, a binder is a necessary component for holding all electrode 

components (active materials and conductive carbon additives) together and fixating them 

on a current collector. Ideally, a high adhesion ability between the electrode materials and 

the current collectors and a good electric-network formation ability between the active 

material and conductive carbon to facilitate electron transport and ion diffusion are 

required. Thus, the binder plays a crucial role in electrode fabrication. The impact of 

binders is not only apparent in the resulting mechanical property but also highly relevant 

for the cycling stability, safety and environmental impact of the devices.173 So far, 

fluorinated polymeric binders, such as polytetrafluoroethylene (PTFE), PVDF, and 

perfluorosulfonic acid-PTFE copolymer (Nafion) are commercially available and widely 

used for LIBs and supercapacitors.96,173 They exhibit excellent electrochemical stability 

and binding capability; however, some drawbacks have been recognized such as the 

limited surface activity to bind all electrode components, defluorinating side reactions 

releasing harmful products, difficult recycling, and high price.126,174,175 In addition, their 

hydrophobicity is unfavorable for the wettability of the electrode with the electrolyte due 

to the ion-blocking property and insulating properties leading to high internal resistance.176-

178 Even the conventionally low amount of binder (ca. 5-10 wt%) often impedes porosity 

of the electrode surface. Various alternative binders such as the sodium salt of 

carboxymethyl cellulose (CMC)179,180 polyacrylic acid (PAA),180,181 poly(methyl 

methacrylate) (PMMA),181 or poly(ionic liquid)s182 have been reported as promising new 

binder systems. Among them, CMC is the most attractive due to its environmental 
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friendliness and low price. Even though its performance is comparable with that of 

electrodes based on conventional fluorinated binders,41,183 the water-solubility of CMC 

hinders the applications in an aqueous electrolyte system. On the other hand, binder-free 

electrodes perform well, but they often require expensive CNTs184,185 and specific 

processes (fibrous carbon).186 

Lignin is not only utilized as an active component (as discussed in Chapter 2), but it is also 

applicable as the binder in low-cost and environmentally friendly LIBs.125,126,187 For 

example, Lu et al.126 investigated the possibility of using lignin as the binder material in 

electrode fabrication. They reported a fairly good rate capacity with good binder 

functionality after lignin was pretreated to remove small dissoluble fractions. Domínguez-

Robles et al.187 presented lignin acting as a substitute for PVDF binder in LIBs with 

comparable performance to PVDF in terms of cycling stability.  

Reducing the amount of binder also reduces the ion blocking on the surface of the 

electrode film in addition to reducing the amount of inactive material within the electrode. 

The use of lignin acting as the electroactive materials of the electrode coupled with its 

binder functionality could be promising to improve the electrochemical performance of the 

composite electrode. The low molecular weight fractions of lignin may be dissolved 

partially during charging/discharging cycles causing capacity loss. The high molecular 

weight fraction of lignin polymer is favorable because it shows increased binder property, 

but may also limit the adsorption of a thin lignin film on the surface of conductive carbon 

which is a key role for charge transfer improvement.161 

The most reactive groups in the lignin structure, phenolic groups and noncyclic ether 

groups, are subjected to condensation reaction under acidic and alkaline conditions. Since 

another important dominant functional group in lignin is the phenolic hydroxyl groups, this 

group has also been used for crosslinking with various reagents84 such as diacids,188 

isocyanate,189 and epichlorohydrin.190 The use of laccase enzyme191,192 and 

ultrasonication193 has also been proposed. Furthermore, polymerization of lignin is also 

achieved by the crosslinking of electron-rich sites on the aromatic rings of lignin. 

Methylolation or hydroxymethylation is a conventional chemical modification method of 

lignin with crosslinking agents such as formaldehyde in alkaline solution. During the 

methylolation, hydroxylmethyl groups are introduced to the reactive positions of lignin, 

mainly in ortho positions of phenolic groups. The hydroxymethylated lignin can be further 
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crosslinked via the formation of methylene bridges (condensation reaction) in an alkaline 

medium.194 Concerning safety and health issues, the substitution of formaldehyde with 

glyoxal, a nontoxic dialdehyde obtained from several natural sources has been reported.195-

198 

The aim of this chapter is the fabrication of a halogenated-binder-free, environmentally 

friendly, and sustainable composite electrode based on high surface area carbon containing 

crosslinked Kraft lignin which is used for both the functions of electroactive compound 

and binder. The composite electrodes were fabricated by a facile two-step process; 

adsorption of low molecular weight lignin on the large surface of carbon and then 

crosslinking it with glyoxal by application of heat. The influence of temperature and the 

amount of glyoxal was studied, and the crosslinked lignin was investigated by FTIR, SEC, 

31P and 1H NMR, and TGA techniques. The electrochemical performance of binder-free 

lignin composite electrode was evaluated in terms of faradaic and non-faradaic charge 

storage contribution. 

3.2 Characterization 

The characterization of modified lignin obtained from heat treatment under air atmosphere 

was first performed by solubility and molecular weight testing (Figure 3-1). The untreated 

lignin is easily soluble in high polarity solvents such as dimethylsulfoxide (DMSO), N-

methyl-2-pyrrolidone (NMP), and dimethyl formamide (DMF) as well as tetrahydrofuran 

(THF), while it is partially soluble in acetronitrile (ACN), ethanol (EtOH), and chloroform 

(CHCl3) (Figure 3-1 (a)). The solubility slightly decreases in ACN, EtOH, and THF 

solvents after heat treatment at 60 ºC, 80 ºC, and 100 ºC for 18 h as seen in Figure 3-1 (b-

d), respectively. This may imply some minor condensation or crosslinking occurring 

during the heat treatment of lignin.195 

Figure 3-1 (e) presents the molecular weight of the heated lignin determined by size-

exclusion chromatography (SEC). Compared to the untreated lignin, both the Mw and Mn 

of 60 ºC and 80 ºC heat-treated products slightly increases, particularly at 80 ºC, while 

further increasing the temperature to 100 ºC results in a significant drop of the molecular 

weight. This may indicate that crosslinking is induced at moderate temperature and some 

decomposition starts at elevated temperature.  
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Figure 3-1 Photographs of solutions (1 mg mL-1) of the original lignin (a) and the treated lignin at different 

temperatures of 60 ºC (b), 80 ºC (c), 100 ºC (d)  for 18 h (from left to right: solution in DMSO, NMP, DMF, 

ACN, EtOH, CHCl3, and THF). Molecular weight as determined by SEC in NMP of these modified lignins 

(e). Reprinted and adapted by permission.199 Copyright 2017, Royal Society of Chemistry. 

To further understand the thermal behavior of the original lignin and its derivatives, TGA 

was measured. The thermal behavior of lignin depends on its sources and the involved 

extraction processes. The unmodified lignin thermally decomposes over a broad 

temperature range due to its complex structure with various oxygen functional groups on 

aromatic ring and side chains. The results from TGA measurement and DTG (derivative 

thermogravimetry) of the unmodified lignin are exhibited in Figure 3-2 (a-b) with three 

events taking place during measurement. The first DTG peak corresponds to the moisture 

evaporation around 50-100 C with 6% weight loss. The second DTG peak was recorded 

in the range of 100 C to 300 C. This may be attributed to the lower molecular weight 

fraction of lignin, which is less thermally stable or the elimination of volatile species (e.g., 

formic acid, formaldehyde, and carbon dioxide) from the degradation of the phenylpropane 

side chains during the solid-content test.200,201 The third DTG peak (in the range of 300-

450 C), the maximum mass loss (44%), is mainly attributed to the decomposition of the 

remaining lignin polymers.  
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Figure 3-2 TGA results of lignin after heat treatment at various temperatures for 18 h (a), the corresponding 

DTG curves (b), and TGA result of lignin while keeping the temperature at 100 ºC for 18 h under synthetic 

air (c). Reprinted and adapted by permission.199 Copyright 2017, Royal Society of Chemistry. 

After heat treatment of lignin, there is a change of thermal behavior. The amount of mass 

lost in the first step is reduced indicating a lower water content in all heat-treated lignin 

samples. The second DTG peak region shows a significant increase of mass loss. This 

might be due to some inner changes in the lignin structure after heat treatment causing 

some less thermal stable products, particularly more pronounced at 100 C. In addition, the 

main decomposition peak in the third DTG region was observed to have lower mass loss 

due to greater decomposition occurring in the second region leading to the less amount of 

material left. Figure 3-2 (c) presents the TGA result of lignin measured by keeping the 

temperature at 100 ºC for 18 h. The sample continuously loses weight during the whole 18 

h measurement indicating some modifications in the structure leding to weight loss. 

FTIR spectroscopy was also employed to characterize the change of functional groups in 

lignin after heat treatment compared to unmodified lignin (Figure 3-3 (a-b)). The 

characteristic peaks of lignin are presented by a broad band around 3430 cm-1, which 

corresponds to the hydroxyl groups in the phenolic and aliphatic structures, followed by 

the bands of C-H stretching in the aromatic methoxy groups and the methyl and methylene 

groups of the side chains (around 2942 cm-1 and 2835 cm-1). The weaker carbonyl group 
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band is located at 1704 cm-1. The aromatic skeleton C-C stretching can be seen at 1603 

cm-1, 1514 cm-1, and 1430 cm-1. The peaks of the phenolic hydroxyl groups appears at 

1370 cm-1 and 1270 cm-1. The presence of aliphatic OH and ether groups is visible at 1060 

cm-1. The last characteristic signals of lignin consist of aromatic C-H stretching at 1140 

cm-1 and aromatic C-H bending at 858 cm-1 and 805 cm-1.196,202-204 

 

Figure 3-3 FTIR spectra of lignin after heat treatment at various temperatures for 18 h (a) and FTIR 

spectrum with expansion region of the untreated sample (lignin RT) (b). Reprinted and adapted by 

permission.199 Copyright 2017, Royal Society of Chemistry. 

After heat treatment, the modified lignin samples present decreased absorption of the broad 

OH vibration at around 3430 cm-1 with an increase in the temperature of heat treatment. It 

is assumed that this is a consequence of the condensation, which causes the loss of some 

hydroxyl groups in lignin.195 The presence of the peak at 1655 cm-1 along with the increase 

in temperature indicates the formation of quinone methide by air oxidation reaction during 

heat treatment under air atmosphere.116,205 

When treating lignin with glyoxal, crosslinking can be performed between lignin and a 

dialdehyde crosslinking agent at elevated temperature.195,196,206 During the reaction of 

lignin with glyoxal, a number of different glyoxalated lignin structures may be formed. 

Some reports proposed a reaction pathway of the reaction of lignin with glyoxal as 

summarized in Scheme 3-1. First is the glyoxalation or substitution reaction of glyoxal to 

phenolic ring (i) to form a benzyl alcohol type group at the ortho site of phenolic groups (i-

a).207 At the same time, the heating of lignin in air during glyoxalation may cause the 

generation of quinone methide and incorporation of glyoxal (i-c).116,208 The subsequent 

condensation reaction with another phenolic rings is induced by temperature or pH.209,210 

The crosslinked products might be in the form of ii-a,141,207 ii-b, ii-c,198 ii-d,198 to only 

name a few possibilities. 
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Here the lignin was treated with glyoxal (0.82 mol eq. of phenolic hydroxyl (Ph-OH) in 

lignin, 2.33 mmol g-1) at elevated temperature and the solubility of the product was tested. 

It was found that treatments at 60 ºC and 80 ºC provide glyoxalated lignin products with a 

significantly decreased solubility, particularly in DMSO, NMP, DMF, and THF which are 

good solvents for untreated lignin and the lignin modified by heat treatment. However, at a 

temperature of 100 ºC, the lignin product which was treated in the presence of glyoxal 

exhibits a solubility resembling the untreated lignin with a slightly lower solubility in THF 

(Figure 3-4 (a-d)).  

 

Scheme 3-1 Possible products from the glyoxalation and condensation reaction of lignin. Glyoxalated lignin 

products with incorporation of a benzyl alcohol type group and crosslinked lignin products. 

Because of the solubility limitation of the glyoxalated lignin samples in any solvent, only 

the molecular weight of the soluble fraction in NMP was evaluated by SEC. So, the 

observed molecular weight may be lower than the actual value. The observed molecular 

weight of the glyoxal treated lignin (Figure 3-4 (e)) significantly increases with the 

increasing temperature of the heat treatment reaching a peak at 80 ºC before slightly 

dropping at 100 ºC. This may be attributed to thermal decomposition induced by heat 

treatment at 100 ºC over a long period (18 h), cf. Figure 3.2 (c). At 60 ºC and 80 ºC, 
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however, the glyoxalated lignin products demonstrate a higher Mw and Mn than those 

obtained from heat treatment in the absence of glyoxal. Thus, the observation of partial 

solubility of lignin product after glyoxalation agrees with the assumption of successful 

crosslinking at 60 ºC or 80 ºC.  

 

Figure 3-4 Photographs of solutions (1 mg mL-1) of the original lignin (a) and the glyoxal-treated lignin at 

different temperatures of 60 ºC (b), 80 ºC  (c), 100 ºC  (d)  for 18 h (from left to right: solution in DMSO, 

NMP, DMF, ACN, EtOH, CHCl3, and THF). Molecular weight as determined by SEC in NMP of these 

modified lignins (e). Reprinted and adapted by permission.199 Copyright 2017, Royal Society of Chemistry. 

A heterogeneous polymer chain length is probably the result of various possible reactions 

induced by glyoxal addition including depolymerization, cleavage of lignin units, 

condensation with glyoxal, and polymerization.207 The glyoxal treated lignin samples 

reveal a slightly higher dispersity (Đ) compared to the heat treated lignin samples. This 

observation might be caused in parts by the limited solubility in any solvent of the samples 

so only the soluble fraction was evaluated by SEC, and especially by the different possible 

reactions as described above. 

Figure 3-5 (a-b) shows the TGA and DTG curves of unmodified and glyoxal treated lignin 

prepared at different temperatures. The initial weight loss (temperature range < 100 C) is 

attributed to moisture evaporation and less intense for glyoxal treated lignin samples 
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compared to untreated lignin. The second stage occurs in the temperature range of 100 C 

to 300 C with the influence of the postcuring of glyoxalated lignin as generally occurrs in 

phenol-formaldehyde resin behavior.194,211,212 Thus, the mass loss in this region is a result 

of the loss of water, formaldehyde, or glyoxal molecules. The condensation reaction (ii) as 

shown in Scheme 3-1 of glyoxalated lignin to form crosslinked lignin contributes to a 

process of losing water molecules, while the breaking of benzyl alcohol type groups in 

glyoxalated lignin leads to the release of formaldehyde or glyoxal molecules.211,212  

 

Figure 3-5 TGA result of crosslinked lignin in the presence of glyoxal after heat treatment at various 

temperatures for 18 h (a) and the corresponding DTG curves (b). 

Mass loss in this temperature range is more intense for samples which were treated at 60 

C or 80 C. However, treatment at 100 C presents a different behavior; weight loss in 

this region is lower. This may be due to the volatility of glyoxal at elevated temperature 

leading to less glyoxalated lignin product after this heating protocol. The third thermal 

degradation step is the main weight loss of lignin. In this step, the amount of weight loss of 

the glyoxalated lignin samples is lower since greater decomposition occurs in the earlier 

stage. The influence of glyoxal on thermal behavior in this range might be more obvious 

when comparing between heat treated and glyoxalated lignin samples at the same 

annealing temperature as will be discussed later. 

The FTIR spectra of all glyoxal treated lignins are presented in Figure 3-6 in comparison to 

unmodified lignin. It was found that an increase in the absorbance intensity of the OH band 

(3430 cm-1) and C-H stretching band in aromatic and aliphatic side chains (2942 cm-1) 

correlates to an increase in the treatment temperature. This indicates the incorporation of 

CH2OH groups into the lignin polymer through a glyoxalation reaction.196 This result 

supports the TGA results shown above. The band at around 1255 cm-1 to 1081 cm-1 mainly 

arises from C-O-C stretching, and C-O vibration in primary alcohols. The two peaks at 
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1655 cm-1and 1141 cm-1 are attributed to carbonyl groups (conjugate C=O) and ether 

linkage (C-O-C) which increase similarly to the result of heated-treat lignin samples. The 

slightly increased band at 1081 cm-1 is ascribed to the out-of-plane stretching of phenols or 

C-O deformation of secondary alcohol and aliphatic ethers.155 

 
Figure 3-6 FTIR spectra of unmodified lignin (RT) and crosslinked lignin with glyoxal samples at various 

treatment temperatures for 18 h. Adapted by permission.199 Copyright 2017, Royal Society of Chemistry. 

In order to prove the existence of incorporated glyoxal in lignin after annealing in a 

vacuum oven, gravimetric experiments were performed. Figure 3-7 displays the 

photographs of lignin carbon composite without and with glyoxal coated on Al foil 

substrate after annealing at elevated temperature. It is clear that the composite film with 

glyoxal is smoother and more stable after annealing at 60 C for 18 h in vacuum; the one 

without glyoxal on the contrary is brittle. This is good indication proving the improvement 

of the stability of the composite film by glyoxal. The summarized results of the gravimetric 

determination are shown in Table 3-1. 

After 18 h in a vacuum oven at 60 C, some NMP remains in the composite electrode. 

Even after keeping the sample under vacuum conditions for 2 weeks, there is 

approximately 1.06 mg (m (14 days)-mc = 32.90-31.84 mg) NMP left in the electrode 

material made of lignin and carbon samples (31.84 mg). The amount of NMP in the sample 

containing glyoxal is higher, with 2.48 mg (m (14 days)-mc = 35.46-32.98 mg) 

remaining. This implies that the existence of glyoxal in the composite film causes the 

higher amount of mass to be present. Thus, this also indicates that the glyoxal did not 

evaporate or unbound during thermal annealing under vacuum but that it was incorporated 

into the lignin. Otherwise, the film would be lighter than the calculated initial dry mass 

(32.98 mg) due to the evaporation of glyoxal (boiling point ca. 50 C). 
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Figure 3-7 Photographs of lignin carbon composite without and with glyoxal coated on Al foil substrate after 

annealing at 60 C for 18 h. Reprinted by permission.199 Copyright 2017, Royal Society of Chemistry. 

Table 3-1 Electrode mass after annealing at 60 C for 18 h and subsequently drying in vacuum at room 

temperature in order to remove traces of remaining solvent. Reprinted and adapted with permission199 from 

The Royal Society of Chemistry. 

 

ma 

(substrate) 

/g 

mb 

(coated substrate) 

/g 

mc  

  

/mg 

mb  

(coated substrate) 

/g 

Δm  

 

/mg 

mb    

(coated substrate) 

/g 

Δm  

 

/mg 

mb  

(coated substrate) 

/g 

Δm  

 

/mg 

Time - before annealing after 18 h after 7 days after 14 days 

lignin + carbon 

(three samples) 

0.10136 0.27455 31.34 0.13910 37.74 0.13360 32.24 0.13345 32.09 

0.10200 0.27950 32.12 0.14150 39.50 0.13606 34.06 0.13585 33.85 

0.10166 0.27890 32.07 0.14050 38.84 0.13460 32.94 0.13441 32.75 

average   31.84  38.69  33.08  32.90 

lignin + carbon 

+ glyoxal (three 

samples) 

0.10225 0.28300 33.52 0.14338 41.13 0.13855 36.30 0.13815 35.90 

0.10236 0.28198 33.31 0.14348 41.12 0.13921 36.85 0.13879 36.43 

0.10123 0.27436 32.11 0.14188 40.65 0.13535 34.12 0.13529 34.06 

average   32.98  40.97  35.76  35.46 

ma: mass of Aluminium foil substrate 

mb: mass of composite coated substrate 

mc: initial dry mass of composite calculated from solid content at 120 mg in NMP 500 L which is used for slurry preparation: 

lignin+carbon (solid content: 114.1 mg in total slurry mass: 630.6 mg), lignin+carbon+glyoxal (solid content: 119.7 mg in total slurry 

mass: 645.5 mg) 

 

To further understand the change of lignin behavior after different treatments, Figure 3-8 

summarizes the results of thermal and FTIR analysis of the lignin samples with heat 

treatment at 60 C (with and without glyoxal) compared to untreated lignin. TGA and DTG 

curves are presented in Figure 3-8 (a-b). In the presence of glyoxal, the weight loss is more 

pronounced in the second region. This indicates the further curing reaction of glyoxalated 

lignins happening during measurement as mentioned before. 
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Figure 3-8 TGA (a), DTG (b), and FITR (c) spectra of different lignin samples (untreated, heat treated at 60 

ºC in the absence and presence of glyoxal). Reprinted and adapted by permission.199 Copyright 2017, Royal 

Society of Chemistry. 

Figure 3-8 (c) displays a comparison of FTIR spectra between different lignin samples: 

untreated, heat treated at 60 ºC (in the absence and presence of glyoxal). It shows that heat 

treatment leads to a strong peak at around 1655 cm-1 and an increase in the intensity of the 

peak at around 1141 cm-1 with a slight decrease of intensity of OH broad band at around 

3430 cm-1 as described above. This suggests that partial oxidation of phenolic groups 

induced by heat treatment in the air atmosphere is independent of glyoxal. In case of 

glyoxal present in the reaction, there is partial substitution of the benzyl alcohol type 

groups into free C5 positions of the lignin aromatic groups indicated by an increase of the 

OH band and CH stretching at 2942 cm-1 of the aliphatic side chains. This enhances the 

reactivity of the lignin and links the lignin molecules together.195,207,213 Furthermore, the 

intensity of the peak at around 1080 cm-1 significantly increases, suggesting secondary 

alcohols and aliphatic ethers. Therefore, the information obtained from FTIR and TGA are 

in good agreement with the assumption of successful glyoxalation under the tested 

conditions. 
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Figure 3-9 31P NMR spectrum of unmodified lignin after phosphitylation with peak analysis (a), amount of 

different hydroxyl groups (b), and total amount of hydroxyl groups (c) depending on the temperature of heat 

treatment both with and without glyoxal; calculated from the integral area of 31P NMR spectra compared with 

an internal standard (IS) as shown in Appendix C (supplementary information). Reprinted and adapted by 

permission.199 Copyright 2017, Royal Society of Chemistry. 

NMR spectroscopy is a useful technique to follow the evolution of functional groups. Two 

types of NMR technique were employed: 31P and 1H NMR. The phosphitylation method 

(see Appendix) was used to detect variations of the hydroxyl functional groups existing in 

lignin samples, providing valuable chemical structure evidence. The 31P NMR spectrum of 

an unmodified lignin sample is presented in Figure 3-9 (a). The different OH-bearing 

groups are quantified in the presence of an internal standard following previous 

reports.152,214,215 The results of all modified lignin samples are summarized in Figure 3-9 

(b-c), and 31P NMR spectra are shown in Appendix C (supplementary information). The 

amount of Ali-OH appears to slightly increase after heat treatment at 60 ºC but drops after 

treatment at higher temperatures in the absence of glyoxal compared to unmodified lignin. 

While the amount of Ph-OH first decreases after heat treatment at 60 ºC, it remains at 

almost constant value after heat treatment at higher temperature. The increase in the 

amount of the Ali-OH of the lignin sample which was heat treated at 60 ºC might be 

because of large potential errors obtained from NMR analysis and peak fitting. In general, 

the NMR technique is good enough for qualitative structural study; however, it is not good 

enough for precise quantitative work such as in the case of overlapping bands or an 

unflattened baseline. For this reason, it can be reasonably concluded that a reduced amount 
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of hydroxyl groups with increase in heat treatment temperature may be attributed to 

thermally induced condensation reactions which is consistent with FTIR and TGA results. 

The samples present different properties after heat treatment with glyoxal. The heat 

treatment was conducted in NMP solvent possessing an alkaline solvent character,216 

which should limit the formation of acetal with glyoxal. An increase of Ali-OH at 60 ºC 

treatment (more pronounced than in the samples without glyoxal) may be a result of the 

incorporation of glyoxal into lignin; however, a decrease of the amount of Ali-OH when 

annealing at a higher temperature (at 80 ºC) is explained by a condensation reaction taking 

place to form crosslinked lignin. The amount of Ph-OH is greatly reduced at high 

temperature which may indicate that crosslinking occurs through Ph-OH. In addition, 

crosslinking may occur through the free ortho-position in the phenolic ring.116 The total 

number of hydroxyl groups (Total-OH) in heat treated lignin slightly decreases with 

increasing temperature while glyoxalated lignin shows a significant decrease of Total-OH 

due to thermally induced condensation accompanied by the crosslinking reaction. The 

amount of Total-OH appears to slightly increase when further heating at 100 C, regardless 

the presence of glyoxal. This might be because some decomposition occurred or an error 

from NMR measurement as mentioned above. 

 

Figure 3-10 1H NMR spectrum of unmodified lignin after acetylation with peak analysis (a) and amount of 

aromatic protons and total hydroxyl groups depending on the temperature of heat treatment both with and 

without glyoxal (b), calculated from the integral area of 1H NMR spectrum (as shown in Appendix C 

(supplementary information)) compared with an internal standard (IS). 

Furthermore, 1H NMR yields useful information to support the 31P analysis. Figure 3-10 

(a) demonstrates the 1H NMR spectrum of unmodified lignin sample with peak analysis. 

The number of functional groups is estimated from the intensity of the proton signals 

corresponding to each functional group in reference to the internal standard (2,3,4,5,6-
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pentafluorobenzaldehyde).217 The quantitative results of all modified lignin samples are 

exhibited in Figure 3-10 (b).  

The peaks of aliphatic-acetate’s (Ali-OAc) and aromatic-acetate’s (Aro-OAc) protons, 

corresponding to Ali-OH and Ph-OH, are not separated well enough for quantitative 

analysis, and so are determined in terms of Total-OH. The decreasing number of Total-OH 

in the glyoxalated lignin samples correlates to increasing the temperature of heat treatment 

in good agreement with 31P NMR analysis. It remains almost unchanged when heating to 

60 C, then substantially decreases as the temperature further increases to 80 C. This 

might be attributed to the competitive reactions between glyoxalation and condensation 

reactions leading to nearly constant value as described above. Samples without glyoxal 

present a decrease of Total-OH, then stay approximately constant with increasing 

temperature. In addition, the 1H NMR of acetylated lignin samples could provide 

additional information concerning the amount of aromatic protons (Aro-H). Unfortunately, 

the results might be influenced by an imprecise estimation stemming from the integral area 

of overlapping peaks and unflattened baseline as a result of the uncredible results of the 

decreased amount of Aro-H independent of whether the sample contained glyoxal or not. 

Finally, only the amount of Total-OH estimated from acetylated lignin samples is in good 

agreement with 31P NMR analysis. 

Further experiment was attempted to improve the crosslinking of lignin with glyoxal by 

keeping the amount of Ph-OH as high as possible. From the crosslinking results, at 

treatment at 80 ºC the glyoxalated lignin revealed the highest molecular weight. The 

highest amount of Ph-OH was observed from the glyoxalated lignin which was annealed at 

60 ºC. Therefore, the heat treatment condition was slightly modified by adding a further 

short annealing step, 80 ºC for 2 h, after annealing at 60 ºC for 18 h. The solubility 

behavior does not significantly change as shown in Figure 3-11 (a) when comparing with 

glyoxalated lignin samples annealed at 60 ºC and 80 ºC, (Figure 3-4 (b-c)). To further 

prove the assumption of the successful crosslinking, lignin was treated with two or four 

times as much glyoxal with the modified annealing treatment (annealing at 60 ºC for 18 h 

then short annealing at 80 ºC for 2 h). As regards solubility, the obtained products were 

almost completely insoluble in any solvent (Figure 3-11 (b-c)).  However, SEC analysis 

determined only the soluble fraction which might yield significant difference between 

observed molecular weight and real molecular weight. Still, even the observed molecular 
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weight and dispersity greatly increase with an increasing of amount of glyoxal (Figure 3-

11 (d)). 

 

Figure 3-11 Photographs of solutions (1 mg mL-1) of lignin which was treated with glyoxal (a) at elevated 

temperature of 60 °C for 18 h and subsequently at 80 °C for 2 h (from left to right: solution in DMSO, NMP, 

DMF, ACN, ethanol, chloroform, and THF). The amount of glyoxal was twice (b) or four times (c) as high as 

in (a). Molecular weight as determined by SEC in NMP of these modified lignins (d). Reprinted and adapted 

by permission.199 Copyright 2017, Royal Society of Chemistry. 

 
Figure 3-12 TGA (a) and DTG (b) curves of the heat-treated lignin samples at 60 C for 18 h and 

subsequently at 80 °C for 2 h with various amounts of glyoxal. 
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The TGA and DTG curves are shown in Figure 3-12 (a-b). Increasing the amount of 

glyoxal contributes to the increasing amount of mass loss in the second region and a shift 

in the decomposition temperature of lignin in the third region to higher temperature (shift 

to above 400 C) with decreased mass loss. As described earlier, mass loss in the second 

region of mass loss is a result of the condensation and bond breaking of glyoxalated lignin. 

There is even further mass loss when increasing the amount of glyoxal. These results give 

strong support to the explanation of successful glyoxalation. The significant increase in 

decomposition temperature is due to the increase of crosslinking in the samples during 

measurement.195,198  

3.3 Charge storage properties of a binder-free lignin composite electrode 

The electrodes were fabricated from glyoxalated lignin-based materials and high surface 

area carbon. The charge storage was investigated by cyclic voltammetry including capacity 

contributions from faradaic and non-faradaic processes as described in Chapter 2. Two 

different means of electrode preparation were employed in order to investigate the 

influence of crosslinked lignin. First, electrodes were prepared from lignin that was heat 

treated in the presence of glyoxal at various temperatures prior to blending with high 

surface area carbon (equal amounts of both). In an alternative approach, a slurry of lignin, 

glyoxal and high surface area carbon (same weight ratio as in the first approach) was 

prepared and casted onto a graphite sheet and annealed at different temperatures.  

The first approach is demonstrated in Figure 3-13 (a). The result of the charge storage 

contribution is revealed in Figure 3-13 (c) and the corresponding CV curves in Figure 3-13 

(b). The samples crosslinked at 60 ºC and 80 ºC show the same charge storage behavior, 

but the capacity is higher than the samples in which lignin was crosslinked at 100 ºC or 

without heat treatment (RT). Faradaic charge storage change is found only if the lignin 

samples are crosslinked. In spite of the different amounts of Ph-OH groups (estimated from 

31P NMR), the crosslinked lignin samples annealing at 60 ºC and 80 ºC reveal 

approximately the same faradaic charge storage. The explanation is that only redox 

reactions at the electrode-electrolyte interface are attributed to charge storage. During 

crosslinking, a change in the structure of lignin may reduce the contact between 

electroactive moieties and carbon. The pathway of electron transfer from active sites of 

lignin to the current collector might be interrupted and as a consequence, faradaic charge 
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storage is less efficient. Therefore crosslinked lignin with a higher molecular weight may 

not be beneficial for charge storage in this system.  

 

Figure 3-13 Electrode fabrication with glyoxalated lignins which were synthesized at different temperatures 

before electrode preparation (a), CV curves recorded at 5 mV s1 in 1 M HClO4 (b) and capacity of the 

corresponding samples (c). Reprinted and adapted by permission.199 Copyright 2017, Royal Society of 

Chemistry. 

Nevertheless, the composite electrodes which were prepared using the same approach but 

different annealing conditions, namely room temperature and 100 ºC, present even worse 

faradaic charge storage capacity. Even though the amount of Ph-OH is higher in the lignin 

based electrode without heat treatment (RT), the faradaic charge storage capacity is lower 

than those electrodes annealed at 60 C and 80 C. One possible explanation might be the 

lignin not reacting with glyoxal under room temperature treatment. As a consequence, the 

remaining chemicals adsorbed on the electrode film such as unreacted gloxal and NMP 

cause a less efficient faradaic contribution. Similarly, there seems to be no crosslinked 

structure at 100 ºC of treatment, but the reason for yielding a low faradaic capacity might 

differ. The heat treatment at high temperature over a long period may probably lead to 

some changes in lignin structure (as discussed before) causing a lower faradaic charge 

storage capability. 
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Figure 3-14 Electrode fabrication from crosslinking lignin in the presence of glyoxal (annealing at different 

temperatures) during electrode preparation (a), CV curves recorded at 5 mV s1 in 1 M HClO4 (b), and 

capacity of the corresponding samples (c). Reprinted and adapted by permission.199 Copyright 2017, Royal 

Society of Chemistry. 

In order to prove the efficiency of crosslinking lignin for capacity improvement, another 

fabrication approach was investigated. The process sequence is displayed in Figure 3-14 

(a). The unmodified lignin was first mixed with high surface area carbon, and glyoxal was 

subsequently added into the mixture. Crosslinking was conducted via heat treatment at 

different temperatures (in a vacuum oven). The amount of glyoxal used was the same as in 

the approach utilizing crosslinking in solution, and the ratio of crosslinked lignin and 

carbon was also to the same as in the first approach. Figure 3-14 (c) exhibits the total 

charge storage capacity of all samples. Both electrodes which were crosslinked at 60 ºC 

and 80 ºC show a higher charge storage capacity compared to those using previously 

crosslinked lignin. Figure 3-14 (b) presents the CV curves of all samples. A comparison of 

the CV scans of lignin composite electrode with different electrode fabrication approaches 

annealing at 60 C with a carbon electrode (without lignin) is presented in Figure 3-15. It 

obviously reveals an additional redox peak to a capacitive background of the carbon 

electrode (black line). Particularly, a more pronounced redox couple peak appears in the 

lignin composite electrode prepared by performing crosslinking with glyoxal during 

electrode formation (red line). 
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Figure 3-15 Cyclic voltammetry scans of glyoxalated lignin based electrodes (with high surface area carbon) 

(red, blue) and comparable samples of high surface area active carbon (black). Before measurements, the 

carbon sample was heat-treated at 60 C for 18 h (black). Red: lignin was glyoxalated in solution at 60 C for 

18 h before electrode slurry formation; blue: a slurry of lignin, glyoxal, and high surface area active carbon 

was annealed at 60 C for 18 h. Reprinted by permission.199 Copyright 2017, Royal Society of Chemistry. 

As discussed in Chapter 2, a good electrical and ionic conductivity are important factors 

for the improvement of the faradaic charge storage capacity of a lignin composite 

electrode. The formation of a thin lignin film covering the carbon surface provides a good 

contact. The use of crosslinked lignin (before slurry formation) is the reason for a worse 

charge transfer process due to a reduced contact area between the high molecular weight of 

crosslinked lignin and carbon. Consequently, a lower faradaic charge storage is obtained. 

In contrast, the lignin composite electrode which was prepared by crosslinking lignin 

during electrode fabrication benefits from the adsorption of low molecular weight lignin on 

the carbon surface before crosslinking, leading to the facilitation of electron transportation 

as shown in Scheme 3-2. 

After crosslinking with glyoxal during the heat treatment, the stability of the film improves 

as a result of the high molecular weight lignin network covering the carbon particles. As 

the temperature of heat treatment is increased, capacity gradually drops in faradaic charge 

storage contribution. This may be the result of a decrease of the amount of Ph-OH groups 

in the samples which were treated at high temperature. Considering the nonfaradaic charge 

storage contribution, increasing temperature leads to a slightly lower value which is 

attributed to the greater inflexibility of the electrode film. At 100 ºC heat treatment 

condition, some decomposition compounds which occur during heat treatment might 

reduce the accessibility of the surface by the electrolyte.  
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Scheme 3-2 Schematic drawing shows the influence of the order of the processing steps on the capacity of 

the system. (a) Glyoxalated lignin with high molecular weight is used to form composite with high surface 

area active carbon. Charge transfer is limited. (b) Electrodes from the components are formed, and afterwards 

lignin is crosslinked by glyoxal. Charge transfer is facilitated. Reprinted by permission.199 Copyright 2017, 

Royal Society of Chemistry. 

Even though capacity is lower, crosslinking by glyoxal at 80 ºC results in better stability of 

sample compared to samples annealed at 60 ºC. To combine both advantages, the electrode 

formation was slightly modified by adding a further short 2 h annealing step at 80 ºC after 

18 h at 60 ºC. The modified crosslinked process (additional annealing at 80 C for 2 h) 

reveals a slight increase in charge storage capacity as shown in Figure 3-16. 

 

Figure 3-16 Capacity of glyoxalated lignin based electrodes (with high surface area carbon) in dependence 

of the annealing temperature. Reprinted by permission.199 Copyright 2017, Royal Society of Chemistry. 

Next, the amount of glyoxal is studied with varying amounts (0, 5, and 10 wt%) by 

following the 2-step electrode fabrication procedure (crosslinking in the presence of 

glyoxal during the electrode fabrication, annealing at 60 ºC for 18 h and additionally at 80 

ºC for 2 h). Another two lignin carbon composite electrodes were fabricated for 

comparison: one using PVDF as the binder and one without a binder or crosslinker (only 
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lignin and carbon). Figure 3-17 summarizes the resulting capacity. It was found that the 

electrode film without the binder or crosslinker is less stable. Even though there is 50 wt% 

of lignin, the composite film is brittle and it peels off during measurements. This indicates 

that the addition of a binder or crosslinker is necessary for the stability of the electrode. 

 

Figure 3-17 Capacity of lignin based electrodes (with high surface area carbon) in dependence on the 

annealing conditions of the electrodes and of the electrode composition. Lignin and high surface area carbon 

were blended without any additive or with PVDF (5% or 10% of the total electrode dry weight) or with 

glyoxal (5% or 10% of the total electrode dry mass) before annealing. A: Annealing at 60 °C for 18 h; B: 

additional annealing at 80 °C for 2 h. Reprinted by permission.199 Copyright 2017, Royal Society of 

Chemistry. 

All samples prepared by a further short annealing step provided similar results or an 

increase in capacity. The use of PVDF at 5 wt% and 10 wt% as binder leads to a decrease 

in charge storage capacity, particularly the faradaic charge storage contribution, in 

comparison to the electrode without additive. This is due to a loss of some active 

component (lignin) by a substitution to the inactive component (PVDF). In contrast, the 

use of 5 wt% glyoxal as a crosslinker leads to increasing capacity and stability. In the case 

of the use of 10 wt% glyoxal, the opposite behavior is observed. The capacity significantly 

decreases, possibly due to a pore blocking by the insufficient flexibility of the material. 

In order to investigate different crosslinking agents, glyoxal was replaced by 

glutaraldehyde (GA), thiophene-2,5-dicarboxaldehyde (ThA), terephthaldehyde (TA), or 5-

hydroxymethyl-2-furfuraldehyde (FA). Figure 3-18 summarizes the resulting capacity in 

comparison to the use of 5 wt% glyoxal. All samples had approximately the same value for 

non-faradaic charge storage contribution. The faradaic charge storage contribution of the 
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glyoxal sample was the highest, while the ThA sample exhibited the lowest faradaic charge 

storage contribution among the tested dialdehyde reagents. Thus, glyoxal, the most 

sustainable of the tested compounds, also provided the highest capacity. 

 

Figure 3-18 Capacity of lignin based electrodes (with high surface area carbon and a crosslinker) in 

dependence on the electrode composition and the annealing conditions of the electrodes (a). Electrode 

composition: lignin and high surface active carbon were blended with 5 wt% crosslinker: glyoxal, 

glutaraldehyde (GA), thiophene-2,5-dicarboxaldehyde (ThA), terephthaldehyde (TA), or 5-hydroxymethyl-2-

furfuraldehyde (FA) (b). Annealing conditions, A: Annealing at 60 °C for 18 h; B: additional annealing at 

80 °C for 2 h. Reprinted and adapted by permission.199 Copyright 2017, Royal Society of Chemistry. 

The rate performance and stepwise cycling stability were tested by galvanostatic charge-

discharge measurements. The electrode based on glyoxalated lignin was selected for 

comparison of two different electrode formations: lignin crosslinking with glyoxal before 

and during electrode fabrication. Figure 3-19 (a-b) presents the charge-discharge curves at 

different current densities. The curves exhibit a nonlinear potential as a function of 

capacity indicating the influence of the battery-like charge storage accompanied with the 

EDL charge storage. The hint of a slight plateau region is around 0.4 V to 0.6 V which is in 

good agreement with the redox couple peak in the CV profiles originating from the 

quinone/hydroquinone couple. The highest capacity was observed in the glyoxalated lignin 

based electrode crosslinked during electrode fabrication with approximately 80 mAh g-1 at 

a discharge rate of 0.2 A g-1. Electrodes of the same composition but different fabrication 

approach show a lower capacity of approximately 45 mAh g-1 at the same discharge rate. 

Figure 3-19 (c-d) reveals the rate performance and cycling stability for 100 cycles of the 

glyoxalated lignin based electrodes with the same composition fabricated using both 

approaches.  
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Figure 3-19 Galvanostatic charge-discharge measurements of glyoxalated lignin based electrodes, which 

were annealed at 60 °C for 18 h before electrode formation (a) and in which lignin was heat treated with 

glyoxal at 60 C for 18 h and at 80 C for 2 h during electrode formation (b). Rate performance at different 

current densities as denoted in the figures (c) and cycling stability at a current density of 0.2 A g-1. Reprinted 

by permission.199 Copyright 2017, Royal Society of Chemistry. 

The glyoxalated lignin based electrode which is crosslinked during electrode fabrication 

exhibits good rate performance at a high discharge rate of 5 A g-1 (still giving a capacity of 

44 mAh g-1) and remaining constant capacity after cycling for 100 cycles. This indicates 

the stability of crosslinked lignin with glyoxal during the electrode formation approach. 

Comparing with the other electrode fabrication approach (crosslinking lignin before 

electrode formation), an enhanced performance is clearly observed. 

To further prove the influence of the redox reaction in lignin, a comparison of charge 

storage capacity between crosslinked lignin based composite electrodes and carbon 

electrode is shown in Figure 3-20. The crosslinked lignin based composite electrode 

(crosslinking with glyoxal during electrode preparation) obviously presents a significantly 

higher capacity (62 mAh g-1 at current density of 0.5 A g-1) than the electrode without 

lignin (50 mAh g-1 at current density of 0.5 A g-1). In contrast, a substantially lower 

capacity is presented in the case of the crosslinked lignin based electrode in which lignin 

was crosslinked before electrode formation. This shows that the crosslinking the lignin 

before the electrode preparation is an inferior process due to the reduction in the efficiency 
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of charge storage on the surface of carbon. As discussed above, this is a result of 

insufficient contact of the crosslinked lignin to the carbon surface and partial pore blocking 

by the large particles of crosslinked lignin with high molecular weight. 

 

Figure 3-20 Galvanostatic discharge curves of glyoxalated lignin based electrodes with two approaches of 

electrode formation and a carbon electrode (without lignin) as indicated at current densities 0.5 A g-1. 

Reprinted by permission.199 Copyright 2017, Royal Society of Chemistry. 

 

3.4 Conclusion  

A new route to the fabrication of a binder-free lignin carbon composite electrode with a 

more benign crosslinker was successful with a facile two-step process. High molecular 

weight of lignin was achieved by crosslinking with glyoxal, a sustainable dialdehyde 

crosslinkers, under air atmosphere and mild conditions. The order of steps in electrode 

fabrication is important to improve stability and charge storage capacity. Crosslinking 

lignin during slurry formulation yields a higher charge storage capacity compared to the 

use of crosslinked lignin, which was synthesized prior to blending with carbon, since the 

use of lignin crosslinked prior to slurry formulation leads to insoluble lignin particles and 

an overall low capacity of the resulting electrode. A glyoxalated lignin composite electrode 

benefits from a combination of faradaic and nonfaradaic charge storage contributions and 

reaches a capacity of 80 mAh g-1 at a discharge rate of 0.2 A g-1 with a good rate 

performance and cycling stability over 100 cycles.   
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4. Oxidation of Kraft lignin for cathode materials 

4.1 Background and objective 

Even though lignin possesses many phenolic functional groups, most of them are not in an 

electroactive form. While hydroquinone or quinone groups contribute to charge storage, 

most functional groups in lignin are in the form of methyl phenyl ethers or even diphenyl 

ethers. Free methoxy or dimethoxy phenol groups can be converted into hydroquinone 

moieties after demethylation and can subsequently form quinone moieties by 

electrochemical oxidation (as discussed in Chapter 2 with demethylation in the first 

oxidation scan of CV). Nevertheless, not all methoxy groups are converted, depending on 

the electrolyte accessibility of lignin, leading to decreased charge storage compared to the 

theoretic capacity. Therefore, chemical oxidation of lignin before investigation of charge 

storage may be a simple approach to achieve as many electroactive sites in lignin as 

possible. The aim of this chapter is to increase the amount of active groups in lignin by 

using a direct chemical oxidation reaction and testing its practical battery application in 

lithium based systems.   

Bitenc et al. synthesized a poly(hydrobenzoquinonyl-benzoquinonyl sulfide) polymer and 

investigated the electrochemical activity in LIBs (with 1 M LiTFSI in DOL/monoglyme 

electrolyte). The results showed that the polymer contains much more hydroquinone than 

benzoquinone groups and exhibited a gradually increasing capacity after the first 20 cycles. 

As a result of the activation processes during the first 20 cycles, hydroquinone moieties are 

first lithiated and subsequently oxidized to quinone ones218 to finally reach equilibrium. 

Pirnat et al. reported an irreversible reaction occurring in the molecule of 1,2,4,5-

tetrahydroxybenzene or 1,4-dihydroxy-2,5-dimethoxybenzene structures in the first 

oxidation cycle tested in a Li battery system (1 M solution of lithium hexafluorophosphate 

(LiPF6) in a mixture of ethylene carbonate (EC) and diethylene carbonate (DEC) 

electrolyte and metallic Li as anode) (Figure 4-1 (a-b)). The original of the irreversible 

charge consumption was not entirely clear; however, the most probable explanation 

attributed it to the reaction between the electrolyte and the hydroxyl groups.219 These 

results show that hydroquinone structures, similar in structure to the G and S units in 

lignin, may undergo irreversible redox reactions in LIB systems. They also reported a 

synthesis of a benzoquinone-formaldehyde based polymer by polymerization of 
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hydroquinone and formaldehyde followed by an oxidation process (Figure 4-1 (c)) and 

determination of the electrochemical activity in a 1 M lithium 

bis(trifluoromethanesulfonyl)imide in 1,3-dioxolane/dimethoxyethane (LiTFSI DOL/DME 

electrolyte. The highest electrochemical activity was obtained with the highest ratio of 

quinone to hydroquinone in the tested polymer, although both are expected to be 

electroactive as they constitute a redox couple.169 This suggests that not only methoxy 

groups in lignin may be disadvantageous for charge storage in lithium battery systems but 

also hydroxyl groups, and polymers based on hydroquinone are less electroactive in LIBs 

compared to those based on benzoquinone.  

 

Figure 4-1 CV scans in the first of 5 cycles of samples with redox activity (a) 1,2,4,5-tetrahydroxybenzene 

and (b) 1,4-dihydroxy-2,5-dimethoxybenzene measured in 1 M LiPF6 EC/DEC 1:1 v/v electrolyte. The black 

curve corresponds to the first cycle. Reprinted by permission.219 Copyright 2013, Elsevier. (c)The reaction 

scheme and proposed structure of a benzoquinone-formaldehyde based polymer. Reprinted by permission.169 

Copyright 2013, Elsevier. 

Thus, in order to improve the electrochemical activity of lignin in LIB application, an 

increase of the quinone to hydroquinone ratio may be an important factor. Conversion of 

terminal Ph-OH groups in lignin (HP, G, and S units) to the active quinone form can be 

affected by the oxidation methods. According to the results in Chapter 3, the appearance of 

some quinone moieties after annealing at elevated temperature resulted from a partial air 

oxidation in lignin. This is a simple oxidation route without chemicals which might be 

suitable for LIB application. In general, various more powerful chemical oxidation 

methods of lignin have been reported over the years.90,110,220 Most oxidation reactions were 

utilized to generate valuable aromatic primary feedstock chemicals such as vanillin, 
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vanillic acid, syringic acid, and so on, which can be further applied in chemical industry. 

Cleavage of linkage bonds in lignin structure or even break-up of the aromatic ring is the 

result when strong oxidizing agents such as permanganate, molecular oxygen, and 

hydrogenperoxide are used.90 Furthermore, a number of strategies with different catalysts 

have also been widely studied such as organometallic catalyzed oxidation,221-225 

biomimetic oxidation methods,226-228 and enzyme-based oxidation methods.192,220,229 

A group of milder oxidizing agents has been applied as an alternative to limit oxidation to 

specific groups and keep the aromatic ring intact. For example, sodium periodate230,231 and 

Fremy’s salt reagent are normally used for the determination of free Ph-OH groups (HP, G, 

and S units) in lignin. However, these oxidizing reagents have some limitations, such as a 

ring opening to generate free acid groups of peroxidated lignin product and the high cost of 

Fremy’s salt.  

Among the various synthetic methods of quinone derivatives,232,233 oxidative dealkylation, 

especially demethylation, of hydroquinone dimethyl ethers is one of the most effective 

methods. Because the methyl ethers of phenol derivatives are quite stable under various 

reaction conditions they may require an additional demethylation step. Several oxidizing 

reagents for the oxidative demethylation reaction can generate quinone from 

dimethoxybenzene such as concentrated nitric acid (HNO3),
234 silver oxide (AgO),235,236 

cerium ammonium nitrate (CAN),233,237 and N-bromosuccinimide (NBS).238 Oxidative 

demethylation by HNO3 provides low yield and side reaction products (nitration of the 

aromatic ring) under vigorous conditions, while, AgO and NBS are expensive reagents that 

also work in strong acidic condition leading to complicated side reactions.238 CAN has 

become the most versatile oxidizing agent in the synthesis of quinones, particularly in 

terms of the effective oxidative demethylation of dimethoxybenzene. The reaction can be 

performed without strong acid media and it is generally a relatively fast reaction at room 

temperature. It is well known that oxidation of 1,4-dimethoxybenzene derivatives with 

CAN yields the corresponding quinones, and occasionally diquinones are observed as 

byproducts (or sometimes being as the major product).233,237 

This chapter aims to improve the amount of quinone moieties in lignin by oxidation of 

phenolic methoxy groups, the main type of Ph-OH functional groups in lignin, by both 

methods: simple air oxidation under elevated temperature, and using CAN as an oxidizing 

agent under mild conditions. 2-Methoxy-4-methylphenol (MMP) was used as a lignin 
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model compound to confirm the oxidation demethylation method with CAN before 

applying it to Kraft lignin. The characterization of oxidized lignin model compounds was 

performed by FTIR, 1H and 13C NMR, as well as mass spectrometry (MS). The possible 

products of lignin oxidation were estimated from the results obtained from the lignin 

model compound. Qualitative analysis of oxidized lignin samples was evaluated by various 

solid state techniques such as FTIR and UV-Vis. Electrodes were fabricated to test lithium 

battery application compared to an unmodified lignin composite electrode. 

4.2 Battery testing of the air-oxidized lignin based electrode 

As discussed in Chapter 3, the oxidation of lignin can be occurred by thermal treatment in 

the presence of glyoxal leading to a generation of some quinone moieties. Thus, it might be 

useful to test in LIB systems. First, it was tested for stability in lithium salt electrolytes 

with two conventional LIB electrolytes: 1 M lithium hexafluorophosphate in ethylene 

carbonate/diethylene carbonate (LiPF6 EC/DEC, E1) and 1 M LiTFSI DOL/DME (E2) as 

shown in Figure 4-2 (a). Since the heat treatment leads to the oxidation of lignin regardless 

of the presence of glyoxal, for a comparison, two different lignin composite electrodes 

were used. Both electrodes used the same amount of lignin (45 wt%), high surface area 

carbon (50 wt%), and binding additives (5 wt%) and were annealed under the same 

conditions (optimized conditions from Chapter 3, 60 C 18 h and then 80 ºC 2 h).  One 

electrode used PVDF as the binder, the other uses glyoxal.  

 

Figure 4-2 (a) Photographs of solubility testing in electrolyte solutions: 1 M LiPF6 EC/DEC (E1) and 1 M 

LiTFSI DOL/DME (E2) of lignin carbon composite electrodes using either 5 wt% of PVDF as binder or 

glyoxal as crosslinker (annealing at 60 C for 18 h then additionally at 80 C for 2 h). UV-Vis spectra of the 

electrolyte solution of all samples after 7 days solubility testing compared with unmodified lignin in E1 (b) 

and E2 (c) at 0.25 mg mL-1, E1 and E2 were used as background. An error from detector appears at around 

340 nm. 
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The electrode using PVDF showed partial dissolution in E1 within 2 days of testing, which 

increased over a prolonged period of testing, while the other electrode (using glyoxal) 

remained insoluble within 2 days and presented partial dissolution within 7 days. This 

proves that the glyoxalated lignin composite electrode is more stable in E1 than an 

unmodified lignin composite electrode (using as PVDF as the binder). In the case of E2, 

both were stable for a whole week of testing.  

UV-Vis spectroscopy was used to establish whether lignin did dissolve into the electrolyte. 

After testing the solubility for 7 days, the electrolyte solutions were determined and their 

UV-Vis spectra are presented in Figure 4-2 (b-c). Almost no dissolution of lignin is 

observed in E2 for both electrodes, while the presence of the absorption peak at 294 and 

480 nm in E1 becomes obvious. This might indicate the dissolution of lignin from such 

electrodes into E1 and a complexation of lithium salt and lignin.239 Moreover, a higher 

absorbance intensity is observed in the case of the lignin based electrode (using PVDF) 

compared to the glyoxalated lignin based electrode. 

  

Figure 4-3 CV curves of lignin carbon composite electrodes investigated at 0.1 mV s-1 using 5 wt% of PVDF 

as binder (black) or glyoxal as crosslinker (red) in 1 M LiTFSI DOL/DME, E2.  All electrodes were 

previously annealed at 60 C for 18 h and additionally at 80 C for 2 h. 

Next, to determine the electrochemical activity, CV was investigated in E2 as shown in 

Figure 4-3. Since both electrodes were annealed under the same conditions, the existence 

of quinone functional groups generated from air oxidation during the annealing (as 

mentioned in chapter 3) should be within approximately the same range. A reduction peak 

can be observed at 2.5 V vs. Li/Li+ but no oxidation peak appears. In the subsequent cycle, 

the reduction peak becomes less pronounced. The lignin based electrode using PVDF is 

less electroactive compared to the glyoxalated lignin based electrode. The results seem to 
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present an irreversible reduction reaction of the lignin composite electrode in lithium salt 

electrolytes. Particularly at the first oxidative scan, there is no demethylation and oxidation 

reaction occurring in the lithium salt electrolyte leading to little electroactive group 

formation. As observed in Figure 4-3, the glyoxalated lignin based electrode presents a 

higher current density at the reduction peak. The influence of pore blocking from the use of 

PVDF binder may reduce the electroactivity of this composite electrode. 

Regardless if the electrochemical oxidation does not work, the reduction reaction of 

quinone moieties in lignin occurs at a potential of about 2.5 V vs Li/Li+ (Figure 4.3). Thus, 

the glyoxalated lignin based electrode was selected for battery testing performance in terms 

of primary lithium battery (only discharge capacity from electrochemical reduction of 

quinone groups). The highest and most stable capacities obtained for benzoquinone 

polymer electrodes tested in E2 were reported in the potential window 1.5-3.5 V.169  

 

Figure 4-4 Discharge curves of lignin carbon composite electrodes which using 5 wt% glyoxal as crosslinker 

in 1 M LiTFSI DOL/DME (E2) at a discharge current density of 2 mA g-1. 

Galvanostatic discharge was performed as shown in Figure 4-4. The discharge curve 

indicates that the open circuit voltage (OCV) value for this system is around 2.8 V. Two 

voltage plateaus are presented in the range of 2.2-1.8 V and 1.5-1.0 V. This is in good 

agreement with previous reports,240-242 indicating the reaction of lithium ions and carbonyl 

groups (3.3-1.5 V) and the participation of hydroxyl groups (below 1.5 V) in the 

electrochemical reaction. The discharge capacity of 72 mAh g-1 in the potential range 

above 1.5 V is the result of the electrochemical interaction of lithium ions and the carbonyl 

groups of lignin, while the capacity of 178 mAh g-1 in the voltage range from 1.5-1 V 

during further discharge is due to the reduction of the hydroxyl groups in lignin.  
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From these results, it is assumed that to improve the discharge capacity and potential of the 

lignin based electrode in battery application, an increased amount of quinone functional 

groups in lignin is necessary. Even though the quinone functional group can be simply 

generated during heating at elevated temperature under the air atmosphere, a greater and 

more efficient oxidation would be better, as discussed in the following. 

4.3 Oxidation reaction of MMP with CAN 

The oxidative demethylation of dimethoxybenzene or methoxy phenol can be performed 

using CAN. In general, the product will not only contain quinone molecules, but also 

diquinones. During the reaction a radical cation intermediate is formed, that easily reacts 

with nucleophilic molecules such as the starting material (an aryl ether), or water.24 To 

understand the reaction of CAN with lignin, a model molecule, MMP, representing a free 

Ph-OH type main lignin structure, G units, was first carried out as shown in Scheme 4-1. 

The possible products shown have been proposed in the literature.233,237 

 

Scheme 4-1 Oxidative demethylation of MMP with CAN and possible products. 

 

Figure 4-5 FTIR spectra of two oxidized products of MMP compared to 1,4-benzoquinone and MMP 

starting material. 
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The FTIR spectra of the oxidized MMP (Ox_MMP) products (Figure 4-5) show the 

characteristic absorption bands similar to the MMP starting material. The peaks of C-H 

stretching of CH3 at 2936 cm-1, the aromatic skeleton C-C stretching in the range of 1600-

1400 cm-1, the peaks of C-O stretching in Ph-OH groups, aromatic C-H deformation in 

range of 1300-1200 cm-1 and the peaks of C-O stretching of ether groups at 1035 cm-1 

remain unchanged in Ox_MMP products. The appearance of a peak at 1650 cm-1 along 

with the increase in the amount of CAN used indicates the formation of quinone functional 

groups by oxidation (c.f. Figure 4-5, comparison with 1,4-benzoquinone spectrum). The 

increase in the intensity of the broad OH band in the range of 3300-3400 cm-1 may indicate 

the existence of water molecules. A peak at 1370 cm-1 with the increasing amount of CAN 

used indicates the OH bending of hydroxyl groups. This suggests the formation of p-

quinone (C) or p-diquinone (D) products as shown in Scheme 4-1. 

To determine the oxidation product of MMP, the crude product was analyzed by 1H and 

13C NMR techniques and mass spectrometry (MS). The mass spectrum (Figure 4-6 (a)) 

shows the probable occurrence of many products happening during the oxidation reaction. 

 

Figure 4-6 Mass spectrum (positive mode) of Ox_MMP (3 eq CAN). 
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Figure 4-7 1H NMR spectrum of MMP and Ox_MMP (3 eq CAN) in DMSO-d6 (a) and a zoom of the area 

indicated by the black dashed line (b). 

 

Figure 4-8 13C NMR spectrum of MMP and Ox_MMP (3 eq CAN) in DMSO-d6 (a) and a zoom of the area 

indicated by the black dashed line (b). 
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Scheme 4-2 Possibility of substitution on anticipated products from MMP oxidation with 3 eq CAN. 

As shown by the 1H NMR spectra of Ox_MMP (3 eq CAN) in Figure 4-7 (a), the 

appearance of significant peaks at 5.9 ppm may be attributed to the Ha of the 

monosubstituted o-quinone (Scheme 4-2). Another observed peak at 8.3 ppm might derive 

from protons in ortho position to nitrated quinone molecule (from reaction with nitrate 

groups in CAN). Both quinones might have formed. Some possible structures of the 

oxidized product regarding the MS, 1H and 13C NMR results may be presented as shown in 

Scheme 4-3 such as the molecule of hydroquinone-quinone (E), diquinone (F), and the 

molecules of quinone linked with hydroquinone molecule (G) with M 260, 274, and 396 

g mol-1, respectively. 

 

Scheme 4-3 Possible products of MMP oxidation with 3 eq CAN as estimated from the mass spectrum. 

Table 4-2 1H and 13 C NMR chemical shift of some proposed oxidized products following Scheme 4-3. 

position 

1H (ppm) 13C (ppm) 

expected* observed expected* observed 

b 6.5 6.58-6.56 111 108 

c 6.0 5.90 114 115.5-117 

d 6.7 6.64 131 130 

e 6.7 6.64 131 130 

f 6.3 6.35-6.38 109 108 

g 6.2 6.35-6.38 117 115.5-117 

C=O   180-187 184-188 

C-O   140-157 142-157 

*simulated from a ChemDraw program 
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The 1H and 13C NMR chemical shift of the proposed products are listed in a comparison 

between the simulation and observation results (Table 4-2). The main peaks from the 

quinone carbon at 188 and 184 ppm (C=O) and hydroquinone carbon at 142-152 ppm (C-

O) can be clearly seen. Most chemical shifts match with the expected molecules; however, 

this only provides an idea for the possible products. It may be composed of different ortho- 

and para- quinone moieties and a linkage between such molecules. 

Although the model compound lacks the complexity of the lignin polymer, the obtained 

data is very useful for understanding and forecasting possible reactions and products when 

conducting the same reaction with lignin.  

4.4 Oxidation reaction of lignin with CAN 

The oxidation reaction of lignin was performed the same way as with MMP. The amount 

of CAN varied using 0.8, 1, 1.5, and 3 equivalents of CAN with respect to the amount of S 

and G groups in lignin (3.25 mmol g-1 calculated from 31P NMR). The oxidized lignin 

samples are named as Ox_lignin (n eq CAN), where n refers to the equivalents of CAN 

used. The solubility of all oxidized lignin samples was tested and the results summarized in 

Table 4-1.  

Table 4-1 Solubility result of oxidized lignin samples in different solvents. 

Sample DMSO NMP DMF THF Mw Mn Đ 

Unmodified lignin +++ +++ +++ +++ 4680 3140 1.5 

Ox_lignin (0.8 eq CAN) +++ +++ +++ +++ 10800 5350 2.0 

Ox_lignin (1.0 eq CAN) ++ ++ ++ ++ 8360* 3290* 2.5* 

Ox_lignin (1.5 eq CAN) + + + + N/A N/A N/A 

Ox_lignin (3.0 eq CAN) + - - - N/A N/A N/A 

+++: completely dissolved; ++: partly dissolved; +: slightly dissolved; -: not dissolved 

  *: result obtained from the soluble fraction in NMP 

  N/A: not available, no measurement  

  Đ: dispersity (Mw/Mn) 

It can be observed that the solubility decreases with the higher amount of CAN used. This 

is due to the crosslinking of the oxidized lignin sample yielding a high molecular weight. 

Unfortunately, since most samples are poorly soluble in the solvent used for SEC 
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measurements, the molecular weight can be determined only for Ox_lignin (0.8 eq CAN) 

with Mw 10800 and Mn 5350 g mol-1 (Đ 2.02) which is higher than unmodified lignin 

(Table 4-1). The characterization result of the lignin model molecule has shown that the 

main products are molecules formed by the crosslinking of two or three aromatic 

molecules. This supports the observation of reduced solubility in oxidized lignin samples 

due to the assumedly higher amount of molecular weight of the lignin samples with the 

higher amount of CAN used. 

To determine the amount of quinone functional groups after the oxidation of lignin, FTIR, 

UV-Vis spectrophotometry and 31P NMR (after derivatization) were performed. Figure 4-9 

presents the FTIR spectrum of lignin samples with the different amounts of CAN used. It is 

clear that increasing the amount of CAN used in the oxidation reaction effects an increase 

in the intensity of the OH broad band (3500-3300 cm-1) and the conjugated C=O stretching 

band at 1650 cm-1 which can be attributed to the increase of OH and quinone functional 

groups. Moreover, the additional peaks attributed to the aromatic ring skeleton of 

methylene C-H deformation (1430 cm-1) and C-O stretching in Ph-OH groups (1370 and 

1305 cm-1) were observed. Thus the FTIR results are in good agreement with the data 

obtained from the model substrate investigated. 

Figure 4-9 FTIR spectra of all oxidized lignin samples as compared with unmodified lignin. 

Another technique which can be utilized to determine the presence of quinone functional 

groups is UV-Vis spectrometry. Since most oxidized lignin samples cannot be completely 

dissolved in DMSO solvent, only soluble samples were tested, with the UV-Vis spectra 

shown in Figure 4-10 (a). No additional absorption band for the two oxidized lignin 

samples (at 0.8 and 1.0 eq CAN) is observed. To compare all oxidized lignin samples, 

solid state UV-Vis spectrophotometry was applied as an alternative approach. The results 
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are presented in Figure 4-10 (b). A broadened peak in a range of 450-650 nm appears 

compared to the unmodified lignin and increases when higher amount of CAN were used. 

1,4-Benzoquinone, used as a standard, presents a strong absorption peak at around 450 nm 

and 650 nm. The broadened band of oxidized lignin samples might present quinone 

functional groups in a variety of structural environments. Visible absorption spectroscopy 

is not directly effective for lignin-quinone quantification because of the broad featureless 

nature of lignin absorption spectra. Thus alternative measurement options were explored.  

 

Figure 4-10 UV-Vis spectrum recorded in DMSO (a) and solid state UV–Vis spectrum (BaSO4 as used for 

background) (b) of oxidized lignin samples as compared with 1,4-benzoquinone and unmodified lignin. 

 

Figure 4-11 31P NMR spectrum of lignin samples after derivatization with trimethyl phosphite as referenced 

by tri-m-tolylphosphate (internal standard, IS). 

There have been reports of the application of trimethylphosphite (TMP) derivatization to 

quantify ortho- and para-benzoquinone structures in lignin.243-245 The stable 

dimethylphosphate ester products which are generated by the cyclization of quinone 

moieties with TMP and subsequent hydrolysis are detected by 31P NMR spectroscopy. 

Unfortunately, only Ox_lignin (0.8 eq CAN) can be completely dissolved in DMSO, so it 

was compared to unmodified lignin as shown in Figure 4-11. The quinone adduct peak is 
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observed in the range of -2.5 to -5 ppm as referenced by tri-m-tolylphosphate ( -16.3 ppm) 

for the sample Ox_lignin (0.8 eq CAN). The amount of quinone content is 0.025 mmol g-1 

quantified by an integration area of IS. This confirms the successful oxidation to yield the 

quinone functional groups in lignin. Taking into account the results of previously discussed 

measurements, it can be expected that a higher amount of quinone content results from 

increasing the amount of CAN. However, this result is not completely clear since the 

relevant peak is of fairly low intensity. As discussed earlier, 13C NMR technique is not a 

quantitative measurement method. It would be better if the other quinone content samples 

can be determined for a comparison; however, they have solubility limitations. 

4.5 Lithium battery application 

This application test is performed to test the assumption that increasing the amount of 

quinone functional groups in lignin could enhance the capacity of the resulting lithium 

batteries. Two oxidized lignin composite electrodes (using CAN at 1.5 and 3 eq) were 

assembled for a dissolution test in E2. There is no observable lignin dissolution in E2 

within 7 days (Figure 4-12 (a-b)). Also, a UV-Vis spectrum of the E2 used exhibits only a 

relatively low intensity as shown in Figure 4-12 (c). This suggests that the oxidized lignin 

composite electrode is stable in E2. 

 

Figure 4-12 Photographs of the solubility testing of oxidized lignin based electrodes (with 3.0 and 1.5 eq 

CAN) in 1 M LiTFSI DOL/DME (E2) for 3 days (a) and 7 days (b). UV-Vis spectra (c) of the electrolyte 

solution of all samples after the solubility testing for 7 days compared with unmodified lignin in E2 (at 0.25 

mg mL-1), E2 was set as a background. An error from detector appears at around 340 nm. 
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Figure 4-13 CV scans of Ox_lignin based electrodes investigated at 0.1 mV s-1 in 1 M LiTFSI DOL/DME, 

E2, using 50:50 wt% of high surface area carbon and Ox_lignin (1.5 eq CAN) (a) and Ox_lignin (3.0 eq 

CAN) (b). 

CV scans of two oxidized lignin samples with expected high quinone content were selected 

for investigation in E2 as shown in Figure 4-13 (a-b). The reduction peak appears around 

2.4-2.6 V vs. Li/Li+ with a small oxidation peak at 3.0 vs. Li/Li+ in the first scan. The 

reduction peak then becomes less pronounced and the oxidation peak almost disappears in 

the subsequent scans. The lignin based electrode using the lower amount CAN (1.5 eq) is 

less electroactive compared to the one using a higher amount CAN (3.0 eq). The amount of 

quinone groups is improved by oxidation compared to the lignin samples in chapter 3. 

However, they still exhibit an irreversible redox conversion in lithium salt electrolyte. 

In order to compare the discharge capacity in battery performance to the crosslinked lignin 

after air-oxidation upon heating (Chapter 4.2), the oxidized lignin samples were tested 

under the same conditions. The discharge curves are presented in Figure 4-14 showing 

different electrochemical behaviors. The discharge curve of the Ox_lignin (3.0 eq CAN) 

based electrode presents a well-defined and sloping plateau in the voltage range of 2.75-

2.60 V  which is consistent with the appearance of a reduction peak in CV profile. It 

indicates the reaction of lithium ions and carbonyl groups (in range of 3.3-1.5 V).240-242 As 

compared with the crosslinked lignin based electrode (glyoxal), the discharge capacity 

considerably improves to 272 mAh g-1 at a discharge rate of 2 mA g-1. This confirms the 

successful oxidation reaction with CAN that can increase the amount of quinone moieties 

more than a typical air oxidation (Chapter 3). Another, lower plateau region is revealed at 

around 1.5 V attributed to the participation of hydroxyl groups in the electrochemical 

reaction with a discharge capacity of 450 mAh g-1 (1.5-1 V) at a discharge rate of 2 mA g-1.  
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Figure 4-14 Discharge curves of lignin based electrodes recorded in 1 M LiTFSI DOL/DME (E2) at a 

discharge current density of 2 mA g-1. The figure shows lignin carbon composite electrodes (constant at 50 

wt% of high surface area carbon) with different modified lignins: using 45 wt% unmodified lignin with 5 

wt% PVDF as binder, with 5 wt% glyoxal as crosslinker annealing at 60 C for 18 h then additionally at 80 

C for 2 h, using 50 wt% Ox_lignin (3.0 eq CAN). 

4.6 Conclusion 

By oxidation of lignin with CAN under mild conditions, the quinone content is enhanced. 

The use of MMP as a lignin model compound allowed for the estimation of possible 

products from the oxidation reaction with CAN: crosslinked quinone products with the 

formation of ortho- and para-quinone functional groups. Thus the oxidation of lignin with 

CAN not only improves the quinone content leading to enhanced charge storage capacity 

but also increases the molecular weight of lignin samples leading to increased electrode 

stability in lithium salt electrolytes. The lithium battery testing revealed a higher capacity 

of 272 mAh g-1 at a discharge rate of 2 mA g-1 in the significant high potential range of 

2.75-2.5 V due to the increase of the quinone content compared to the glyoxalated lignin 

based electrode.  
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5. Conclusion and outlook 

The present thesis concerns the challenge of the utilization of lignin for sustainable energy 

storage applications through chemical modification with more environmental friendly and 

benign approaches. The aims of this thesis are to contribute to the understanding of the 

fundamental electrochemical behavior of lignin composite electrodes, as well as to study 

the influencing parameters of charge storage performance, the modification of the chemical 

structure of lignin, and the improvement of the electrode fabrication process to achieve 

high performance. 

In the second chapter, the utilization of the available and cheap Kraft lignin in combination 

with sustainable conductive carbon for energy storage devices was explored. The 

contribution of faradaic and non-faradaic charge storage in the lignin composite electrode 

fabricated from lignin and conductive carbon was studied. In addition to the electric double 

layer charge storage capacity of the high surface area conductive carbon, the characteristic 

redox reaction of the quinone/hydroquinone redox couple in lignin was observed 

contributing an additional faradaic part to the charge storage of the lignin composite 

electrode. The charge storage capacity of the lignin composite electrode is mainly based on 

the surface area of conductive carbon and the composite ratio of lignin and carbon. The 

important factors at play for achieving high faradaic charge storage capacity contribute to 

high surface area, accessibility of redox sites in lignin and their interaction with conductive 

additives. A thinner layer of lignin covering the high surface area of carbon facilitates the 

electron transfer process with a shorter pathway from the active sites of nonconductive 

lignin to the current collector leading to the improvement of faradaic charge storage 

capacity. The best capacity achieved reaches 80 mAh g-1 (at current density of 0.075 A g-1, 

mass of total material) of the electrode which is made from commercial and unmodified 

lignin and conductive carbon.  

In the third chapter, a composite electrode free of fluorinated binder was successfully 

fabricated by a combination of the advantages of lignin: the active component 

(hydroquinone motif) for the high charge storage and the binding property for the stability 

of the electrode. In order to improve the stability and performance of lignin based 

electrodes, a modification by crosslinking with glyoxal at elevated temperature has been 

introduced. A higher molecular weight and decreased solubility of crosslinked lignin was 
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observed. Moreover, the order of processing steps for electrode fabrication is important to 

enhance faradaic charge storage capacity. The use of high molecular weight crosslinked 

lignin to prepare the composite electrode causes decreased contact and pore blocking on 

the high surface area carbon leading to less efficient charge storage. However, if 

crosslinking with glyoxal is performed after establishing a good contact between lignin and 

carbon the result is that the highest capacity of both faradaic and nonfaradaic charge 

storage are achieved. Therefore, in this chapter, a new route for the fabrication of the 

binder-free lignin based electrodes was proposed through a facile two-step process: 

formation of lignin-carbon composites first and the subsequent crosslinking of lignin on 

the carbon by glyoxal by annealing at elevated temperature. The final electrodes benefit 

from the combined faradaic and nonfaradaic charge storage and the characteristic 

combination of battery-like and capacitor-like behavior reaching a capacity of 80 mAh g-1 

at a discharge rate of 0.2 A g-1. The use of sustainable glyoxal and the biopolymer lignin is 

beneficial to obtain a more environmental friendly, cheap, safe, benign, and halogen-free 

material and hence contributes to greener storage devices.  

In the fourth chapter, in order to enhance the amount of redox active functional groups in 

lignin, oxidation with cerium ammonium nitrate (CAN) was carried out under mild 

conditions. The advantage of oxidation by CAN is the direct oxidative demethylation of 

methoxy phenolic groups in lignin to quinone. A lignin model compound which is less 

complex in structure was employed to understand oxidation with CAN and to forecast the 

obtained products upon its application to lignin. As a result of the oxidation, not only is 

quinone obtained, but some crosslinked quinone products are observed and the stability is 

increased, leading to the decreased solubility of oxidized lignin based electrodes in lithium 

salt electrolyte. The lithium battery testing revealed a high capacity of 272 mAh g-1 at a 

discharge rate of 2 mA g-1 within the significantly high potential range of 2.75-2.5 V, 

superior to the performance of a glyoxalated lignin based electrode which was only partly 

air oxidized by heat treatment. This is due to a significant increase of quinone moieties in 

lignin. Thus, this result reveals good prospects for the use of Kraft lignin for lithium 

battery cathode with reasonable discharge capacity at high potential. 

Interesting further research may address the improvement of the charge storage capacity on 

the lignin based electrode by applying the oxidation of lignin in situ on the lignin based 

electrode. One-step oxidation by the direct UV irradiation of alkali lignin in THF solution 
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for lignin color fading process has been reported in literature. The mechanism occurs 

through the photo-oxidation of phenolic hydroxyl and some methoxy groups into quinone 

structures and the subsequent degradation into aliphatic acid structures.246 This method 

could probably be applied to the lignin based electrode; however, the reaction time and 

solvent should be studied in further detail. It is a greener and more effective approach for 

the oxidation of lignin, and the use of metal-free chemicals to avoid any influence of the 

remaining metal after the oxidation reaction in lignin structure is also preferable. 

Furthermore, the improvement of electrode fabrication is also important for future 

research. Electrospinning is a method of interest due to the possibility of providing thin 

fibers of sub-micrometer diameters. Lignin fiber may be decorated with conductive carbon 

to improve the conductivity of the electrode. Blending synthetic polymers (poly(ethylene 

oxide), or poly(vinyl acetate)) with lignin in solution before spinning helps to improve the 

spinning performance. So, there might be a possible approach to blending with conducting 

polymers as well. This technique might be able to improve the fabrication of the lignin 

based electrode with conductive additives by yielding a more homogeneous, porous, and 

thin film and finally leading to the enhancement of the charge storage capacity. 
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A. Materials and methods 

A.1 Materials 

All the chemicals were of reagent grade and used as received, without further purifications. 

All the deuterated solvents (DMSO-d6 and CDCl3) were purchased from Sigma Aldrich. 

All solvents used for analysis were of analytical grade.  

A.1.1 Materials for chapter 2 

Kraft lignin from southern pine trees was obtained from Domtar. Polyvinylidene fluoride 

(PVDF) was purchased from MTI Corporation. N-Methyl-2-pyrrolidone (NMP), N,N-

dimethyl formamide (DMF), cyclohexanol, and 2-chloro-4,4,5,5-tetramethyl-1,3,2-

dioxaphospholane (TMDP) were obtained from Sigma Aldrich. Chromium (III) 

acetylacetonate was purchased from Acros Organics. Pyridine was obtained from Alfa 

Aesar. Two types of conductive carbons, one with low specific surface area of 167 m2 g-1 

(CL) and one with high specific surface area of 858 m2 g-1 (CH) were synthesized from 

renewable resources as described elsewhere.247 Graphite foil as current collector was 

kindly donated by Henschke GmbH, Germany. 

A.1.2 Materials for chapter 3 

A high surface active carbon AB-520 with specific surface area of 2000 m2 g-1 was 

purchased from MTI Corporation. Glyoxal (40 wt% aqueous solution, Carl Roth), 

glutaraldehyde (50 wt% aqueous solution, Fisher Scientific), thiophene-2,5-

dicarboxaldehyde (Aldrich), 5-hydroxymethyl-2-furfuraldehyde (Acros), and 

terephthaldehyde (Acros) were used as received. 2,3,4,5,6-Pentafluorobenzaldehyde 

(Aldrich) and acetic anhydride (Alfa Aesar) were used as received.  

A.1.3 Materials for chapter 4 

Tri-m-tolylphosphate was received from TCI Chemicals. Trimethyl phosphite and Cerium 

ammonium nitrate (CAN) were purchased from Aldrich. Lithium ribbon, lithium 

bis(trifluoromethanesulfonyl)imide (LiTFSI) and lithium hexafluorophosphate (LiPF6), 

dimethyloxyethane (DME), and diethyl carbonate (DEC) were purchased from Sigma-

Aldrich. 1,3-dioxolane (DOL) and ethylene carbonate (EC) were obtained from Alfa 

Aesar. 



Appendix 

84 

 

A.2 Methods 

Electrochemical measurements 

It is a technique concerned with the interrelation of the movement of electrons and 

chemical effects which studies the change of chemical reactions by the passage of an 

electric current. Here, CV and galvanostatic charge discharge are mainly performed. These 

techniques are useful for characterizing the performance of electrodes as they most 

accurately replicate the charging and discharging processes for electrodes when used in 

practical applications.  

Cyclic voltammetry (CV) is a common technique for the investigation of electrochemical 

processes by measurement of the current response (I) during an applied potential within a 

defined potential range (E) in dependence on time (scan rate, ). CV is performed by 

applying the potential ramp to a working electrode to gradually change potential and then 

reverses the scan, returning to the initial potential. The CV graph is plotted of current 

versus the applied potential. The chemical reactions: redox reactions as well as adsorption 

phenomena (e.g., electrical double layer capacitive, EDL, behavior) can be identified by 

current change. Particularly, redox reactions which occur at an individual redox potential 

value of each redox active component can be identified by current changes. Therefore, the 

CV profile of a redox reaction is a characteristic feature displayed by a potential-dependent 

curve. In contrast, EDL and pseudocapacitive behavior present in a CV profile shows a 

potential-independent curve. CV provides useful information concerning the redox 

reactions, reversibility, and side reactions in the cells. A cyclic voltammogram featuring 

the typical behavior of the lignin carbon composite electrode (in this thesis) is depicted in 

Figure A-1. 

CV was conducted using BioLogic MPG2 potentiostats. The charge storage capacity is 

calculated from CV curve to study the charge storage contribution of faradaic and 

nonfaradaic process. In this research, a typical CV profile feature shows a large separation 

of oxidative and reductive scan with distinct redox peaks in addition to a rectangular area 

of the lignin carbon composite electrode. The overall charge storage capacity is calculated 

following eqn (3): 

𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦 =  ∫
𝐼𝑑𝐸


 ×  

1

2𝑚𝐸
 (𝑚𝐴ℎ 𝑔−1)  eqn (3) 
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where I is the current (A), E is voltage (V), m is mass of the electrode (g), ∆E is the voltage 

range (V) and 𝜈 is the scan rate (V s-1). Integration is carried out over a whole cycle of CV 

curve. For calculation of error bars, three measurements each were averaged. 

 

Figure A-1 The typical appearance of a CV curve of lignin carbon composite electrode. 

The individual charge storage contributions are roughly indicated as in Figure A-1. For 

estimating faradaic contributions of redox processes in lignin, the integrate redox peaks 

only is used for calculation following eqn (3) while EDL capacitance results from 

subtracting the peak area from the maximal integration area. However, as comparison with 

a carbon electrode (without lignin), it shows almost exactly the same CV behavior as 

obtained by estimation by the dashed line in Figure A-1. 

Galvanostatic Charge-Discharge or Cyclic Charge-Discharge is the standard technique 

used to test the performance and cycle-life of capacitors and batteries in order to estimate 

the practical cell capacity and determine the degradation processes. Most often, charge and 

discharge are conducted at constant current within the defined voltage window and 

recorded in a unit of time necessary for each cycle. A repetitive and continuous loop of 

charging and discharging is called a cycle. An example of a typical galvanostatic profile 

can be seen in Figure A-2. In this thesis, the capacity (mAh g-1) of battery-like electrodes 

(non-linear galvanostatic curve) derived from the galvanic charge/discharge curve is 

calculated following eqn (4):248 

𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦 =  
𝐼𝑡

𝑚.3.6
 eqn (4) 

where t is the charge or discharge duration (s). For calculation of error bars, three 

measurements each were averaged. 
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Figure A-2 The typical galvanostatic charge-discharge curve of lignin carbon composite electrode with 

potential window of 0.0-0.9 V at constant current density.  

Fourier transform-infrared spectroscopy (FT-IR) 

FT-IR relies on the detection of the absorption of specific wavelengths by molecules in the 

infra-red region of the electromagnetic spectrum. This absorption corresponds specifically 

to the chemical bonds in the molecule. The frequency range is measured as wave numbers 

typically over the range 4000-600 cm-1. Structural information about chemical bonds and 

functional groups of the molecules can be obtained. An attenuated total reflection (ATR) 

accessory operates by measuring the changes that occur in a totally internally reflected 

infrared beam when the beam comes into contact with a sample in which an evanescent 

wave is employed for analysis. FT-IR spectra were recorded on a Nicolet iS5-FT-IR 

spectrometer with a Single Reflection Diamond ATR support. 

Size exclusion chromatography (SEC) 

SEC measurements are performed to determine the mass average molecular weight (Mw) 

of a polymer. Mw is calculated by comparison of its hydrodynamic volume with a 

polystyrene (PS) calibration standard in the case of lignin and modified lignin. The 

analysis is performed in NMP solvent by a Thermo Separation Products apparatus 

equipped with a Shodex RI-71 detector with 0.05 mol L-1 LiBr as internal standard at 70 

°C. A column system equipped with a PSS GRAM 100/1000 column (8 × 300 mm, 7 µm 

particle size and porosity between 100-1000 Å) and a PSS GRAM pre-column (8 × 50 

mm) was used.  
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Electrospray ionization-mass spectrometry (ESI-MS) 

Mass spectrometry is an analytical technique providing both qualitative (structure) and 

quantitative (molecular mass) information. The molecules of interest are first transferred to 

ionized form (positive or negative charges) then passed through the mass analyzer and 

detector. A mass spectrum displays the relative abundance of the signals according to their 

mass to charge (m/z) ratio. Electrospray ionization is useful technique used in mass 

spectrometry to produce ionic species by an electrospray with a high voltage. ESI is a so-

called 'soft ionization' technique, since there is very little fragmentation. It is typically used 

to determine the molecular weights of macromolecules. ESI-mass spectra were recorded on 

a Thermo Scientific Velos Pro LC-MS using acetonitrile as the solvent with formic acid as 

the ionization agent.  

Nuclear magnetic resonance (NMR) 

1H-NMR spectra were recorded on a Bruker ascend400 Avance III with a Prodigy-probe in 

deuterated solvents. Acetylated lignins (5-10 mg) were dissolved in CDCl3 (0.5 mL) with 

1.5 µL of 2,3,4,5,6-pentafluorobenzaldehyde as an internal standard. Chemical shift of the 

samples are referred to the internal standard. 

31P NMR spectra were detected on a Varian 400 MR with an OneNMR-Probe.  

Determination of hydroxyl groups in lignin: chemical shift of the samples are referred to an 

internal standard (cyclohexanol) for determine hydroxyl functional groups in lignin and 

modified lignin.7,152,215 The most common phosphitylating reagent is TMDP which reacts 

with hydroxyl groups in lignin arising from aliphatic, phenolic and carboxylic acids groups 

in the presence pyridine to yield different phosphitylated products as seen in Figure A-3. 

 

Figure A-3 Phosphitylation of hydroxyl groups in lignin structural units with TMDP. 
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Determination of quinone content: the internal standard tri-m-tolylphosphate was used both 

for quantification and as a shift reference. The reaction of trimethylphosphite (TMP) is 

applied to quantify ortho- and para-benzoquinone structures in lignin.243-245 The stable 

dimethylphosphate ester products generated by cyclization of quinone moieties with TMP 

and subsequent hydrolysis (Figure A-4) are detected by 31P NMR spectroscopy. 

 

Figure A-4 Reaction of TMP with ortho-quinone derivative. 

Scanning electron microscope (SEM) 

This method is suitable for a 3-D imaging of the surface topology of sample. The 

specimens are deposited on an aluminum holder coated by carbon. During the analysis, an 

electron beam is directed onto the surface of sample and the scattered electrons are 

detected. The sample must be conductive, so normally the samples were sputter-coated 

with Au/Pd alloy before examination. SEM images were recorded on a Zeiss Leo 1550 

Gemini microscope.  

Thermogravimetric Analysis (TGA)  

TGA analysis was performed using a TG 209F1 Libra TGA209F1D-0036-L instrument, 

under nitrogen atmosphere or synthetic air as indicated in the results, with a heating ramp 

from 25 to 1000 °C and a heating rate of 10 K min-1. During TGA analysis the sample is 

heated and the loss of weight is recorded accordingly by the NETZSCH Proteus software. 

The TGA curves reveal the mass loss of the samples in relation to the temperature of 

thermal degradation, while the first derivative of that curve (DTG) shows the 

corresponding rate of mass loss. The peak of this curve (DTGmax) may be expressed as a 

single thermal decomposition temperature and can be used to compare the thermal stability 

characteristics of different samples. 

UV-Visible spectrophotometry (UV-Vis) 

Solution UV-Vis spectra were measured on a UV-Vis spectrophotometer (T70+, PG 

Instrument). All lignin samples were dissolved in DMSO with concentraion of 0.0625 mg 
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mL-1. DMSO was set as background and the samples were measured in absorbance mode 

in the range of 200-700 nm. Solid UV-Vis spectra were analyzed on a UV-Vis 

spectrophotometer (UV-2600, Shimadzu) in diffuse reflectance mode in the range of 200-

900 nm using BaSO4 as background. 

 

B. Experimental part 

B.1 Preparation of lignin-carbon composite electrodes 

While keeping the total quantity of all components constant at 60 mg, the ratios between 

lignin as active material, conductive carbon, and PVDF binder were varied. The materials 

were then mixed by ball milling with 250 µL NMP for 1 h at a frequency of 20 Hz. The ink 

slurry (10 L) was applied as a film onto graphite sheet current collectors with a geometric 

surface area of 1.5 cm2. The composite films were dried under vacuum at 60 °C for 18 h. 

The electrode compositions were denoted as Lwt% ligninCwt% carbonBwt% binder. 

B.2 Lignin phosphitylation 

In order to determine hydroxyl functional groups in lignin and modified lignin, samples 

were phosphitylated.134,214,215 Chemical shift of the samples are referenced to an internal 

standard (cyclohexanol). Lignin or modified lignins (30 mg) were dried under vacuum at 

40 C overnight and then dissolved in 200 L DMF. 100 L 1:1 (v:v) DMF/pyridine 

solution containing cyclohexanol (11 mol) and chromium (III) acetylacetonate (1.4 mol) 

as a relaxing agent was added. After stirring for 5-10 min, the phosphitylating agent TMDP 

(100 µL) and CDCl3 (300 L) were added to the mixture. The samples were recorded by 

31P NMR. 

B.3 Lignin acetylation 

Acetylation is another general technique for the interpretation of the structure of 

lignin.97,249,250 Briefly, 3 mL of 1:1 (v/v) mixture of pyridine and acetic anhydride was 

added to 100 mg of lignin or modified lignin then the mixture was stirred for 48 h at room 

temperature. The resulting product was precipitated by addition of 20 mL of 1% HCl (at 0 

ºC), filtered, washed with deionized water to neutralization, and finally dried under 
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vacuum at room temperature. Acetylated lignin samples were dissolved in CDCl3 and 

recorded by 1H NMR.  

B.4 Electrochemical measurement 

Electrochemical characterization was performed in a typical three-electrode system at 

room temperature at a scan rate of 5 mV s-1. Cyclic voltammetry was recorded in various 

concentrations of HClO4 aqueous solution electrolyte in the potential voltage window from 

-0.2 V to 0.8 V vs. Ag/AgCl KClsat. Electrochemical impedance spectroscopy (EIS) was 

conducted in the frequency range of 0.02 Hz to 20 kHz with 10 mV sinusoidal voltage. 

Galvonostatic charge/discharge was measured at various current densities (0.075-5 A g-1) 

with the potential windows ((-0.1)-0.8 V) or (0.0-0.9 V).  

B.5 Modification of lignin with dialdehyde crosslinking agents (in 

solution) 

1.35 g lignin was dissolved in 12 mL NMP, then 296 L glyoxal solution (containing 

150 mg glyoxal, i.e. the same glyoxal:lignin ratio as in the films with 5% glyoxal, 0.82 mol 

equivalent of total phenolic G and HP groups in lignin, as estimated from 31P NMR) was 

added. The mixture was heated at different temperatures (60 C, 80 C, or 100 C) for 

18 h. To precipitate the modified lignin, CHCl3 was added to the solution and the 

precipitate was then filtered and dried under vacuum at room temperature overnight. For 

heat treatment of lignin without glyoxal, the lignin concentration in NMP and the treatment 

conditions were kept the same as in the procedure above. After 18 h, NMP was removed 

under high vacuum at room temperature. The product was solidified by addition of some 

water, then filtered and dried again under vacuum at room temperature.  

B.6 Crosslinked lignin composite electrode preparation by crosslinking 

lignin before electrode formation 

Electrode fabrication was performed in the same manner as B.1 with modification. 30 mg 

crosslinked lignin (in solution as followed B.6) and 30 mg high surface area carbon were 

mixed together in 250 µL NMP by mortar mixing. The obtained slurry was applied onto 

graphite sheet current collectors with a geometric surface area of 1.5 cm2. Finally, the 

composite film was dried in a vacuum oven at room temperature for 3 days. 
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B.7 Crosslinked lignin composite electrode preparation by crosslinking 

lignin during electrode formation 

The total amount of components was kept at 60 mg in 250 µL NMP, keeping the amount 

of high surface area carbon fixed at 30 mg (50 wt%). The amount of a dialdehyde 

crosslinker was varied between 0-10 wt%. Lignin and carbon were mixed together in 

250 µL NMP by mortar mixing to obtain homogeneous ink slurry, subsequently a 

crosslinker was added into the slurry, followed by further mixing. 10 µL slurry was applied 

onto graphite sheet by drop casting with a geometric surface area of 1.5 cm2. The 

composite films were kept at various temperatures (60 C, 80 C, or 100 C) for 18 h in 

vacuum or were further heated to 80 C for 2 h. 

B.8 Battery testing 

A Swagelok-type two-electrode cell was used to test battery performance. A lithium metal 

disk (thickness: 0.1 mm; diameter: 8 mm) was used as the counter electrode. Lignin carbon 

composite electrodes (diameter: 10 mm), cut by an EQ-T06-Disc tool (MTI, USA) were 

used as working electrodes. The electrolyte was 1 M LiTFSI DOL/DME. To prevent a 

short circuit, a glass fiber separator (Whatman GF/A; diameter: 13 mm) was placed 

between the lithium anode and the cathode. The cells were assembled in a dry glove box in 

argon atmosphere (oxygen and water content < 0.1 ppm). Systems were allowed to relax 

for at least 12 h to stabilize the cells. CV was performed at a scan rate of 0.1 mV s−1 in the 

range of 3.8-1.5 V and galvanostatic discharge was performed at a constant current density 

of 3.5-1.0 V. The specific capacities were calculated per weight of total mass. 

B.9 Oxidation of 4-methyl-2-methoxyphenol (MMP) by Cerium 

ammonium nitrate (CAN) 

MMP was dissolved in 10 mL ACN/water (1:1; v/v) then CAN was added into the 

solution. After being stirred at room temperature for 30 min, the solution turned to red 

wine color and was then extracted with CHCl3. The organic phase was collected and 

evaporated to yield the crude product. The crude product was noted as Ox_MMP, x 

denoting the equivalents of CAN used with respect to the amount to MMP. 
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B.10 Oxidation of lignin by Cerium ammonium nitrate (CAN) 

Kraft lignin was first dissolved in 10 mL DMF then 10 mL CAN aqueous solution was 

added. After being stirred at room temperature for 30 min, the mixture turned to red wine 

color then it was evaporated, washed with water, filtered and dried in vacuum at 40 ºC. The 

oxidized lignin product was noted as Ox_lignin, x denoting the equivalents of CAN used 

with respect to the amount to S and G groups existing in lignin (3.25 mmol g-1). 

B.11 Quinone content determination by 31P NMR244 

In order to analyse the quinone content, dried lignin samples (30 mg) was derivatized with 

250 µL trimethylphosphite and 250 μL anhydrous DMF under an argon atmosphere at 

room temperature for 2 days. Then excess trimethylphosphite was removed under vacuum 

at 40°C for 3 hours. The treated lignins were dissolved in 450 µL of solvent consisting of 

60% DMSO-d6/pyridine (v/v) containing tri-m-tolylphosphate (0.7 mg/mL) and chromium 

(III) acetylacetonate (0.9 mg/mL). 5 µL water (0.3 mmol per 30 mg lignin) was added and 

analysis was carried out by 31P NMR. The internal standard, tri-m-tolylphosphate (δ -16.3 

ppm), was used both for quantification and as a shift reference. 
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C. Supplementary information 

 

Figure C-1 31P NMR spectra of unmodified lignin in DMSO-d6 solvent after phosphorylation (cyclohexanol 

as an internal standard,144.5 ppm). 

 

 

Figure C-2 31P NMR spectrum of heat-treated lignin at 60 C 18 h in DMSO-d6 solvent after 

phosphorylation (cyclohexanol as an internal standard,144.5 ppm). 
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Figure C-3 31P NMR spectrum of heat-treated lignin at 80 C 18 h in DMSO-d6 solvent after 

phosphorylation (cyclohexanol as an internal standard,144.5 ppm). 

 

 

Figure C-4 31P NMR spectrum of heat-treated lignin at 100 C 18 h in DMSO-d6 solvent after 

phosphorylation (cyclohexanol as an internal standard,144.5 ppm). 
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Figure C-5 31P NMR spectrum of heat-treated lignin with glyoxal at 60 C 18 h in DMSO-d6 solvent after 

phosphorylation (cyclohexanol as an internal standard,144.5 ppm). 

 

 

Figure C-6 31P NMR spectrum of heat-treated lignin with glyoxal at 80 C 18 h in DMSO-d6 solvent after 

phosphorylation (cyclohexanol as an internal standard,144.5 ppm). 
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Figure C-7 31P NMR spectrum of heat-treated lignin with glyoxal at 100 C 18 h in DMSO-d6 solvent after 

phosphorylation (cyclohexanol as an internal standard,144.5 ppm). 

 

 

Figure C-8 1H NMR spectrum of Kraft lignin in CDCl3 solvent after acetylation (2,3,4,5,6-

pentafluorobenzaldehydeas as an internal standard, 10.26 ppm). 
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Figure C-9 1H NMR spectrum of heat-treated lignin at 60 C 18 h in CDCl3 solvent after acetylation 

(2,3,4,5,6-pentafluorobenzaldehydeas as an internal standard, 10.26 ppm). 

 

 

 

Figure C-10 1H NMR spectrum of heat-treated lignin at 80 C 18 h in CDCl3 solvent after acetylation 

(2,3,4,5,6-pentafluorobenzaldehydeas as an internal standard, 10.26 ppm). 
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Figure C-11 1H NMR spectrum of heat-treated lignin at 100 C 18 h in CDCl3 solvent after acetylation 

(2,3,4,5,6-pentafluorobenzaldehydeas as an internal standard, 10.26 ppm). 

 

 

Figure C-12 1H NMR spectrum of heat-treated lignin at 60 C 18 h in the presence of glyoxal in CDCl3 

solvent after acetylation (2,3,4,5,6-pentafluorobenzaldehydeas as an internal standard, 10.26 ppm). 
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Figure C-13 1H NMR spectrum of heat-treated lignin at 80 C 18 h in the presence of glyoxal in CDCl3 

solvent after acetylation (2,3,4,5,6-pentafluorobenzaldehydeas as an internal standard, 10.26 ppm). 

 

 

Figure C-14 1H NMR spectrum of heat-treated lignin at 100 C 18 h in the presence of glyoxal in CDCl3 

solvent after acetylation (2,3,4,5,6-pentafluorobenzaldehydeas as an internal standard, 10.26 ppm). 
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Figure C-15 GPC traces in NMP of samples that were heat treated at different temperature as indicated. a) 

Neat lignin; b) lignin in the presence of glyoxal. 

 

 

Figure C-16 1H NMR spectrum of MMP in DMSO-d6 solvent. 
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Figure C-17 1H NMR spectrum of crude product of Ox_MMP (3.0 eq CAN) in DMSO-d6 solvent. 

 

 

Figure C-18 13C NMR spectrum of MMP in DMSO-d6 solvent. 
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Figure C-19 13C NMR spectrum of crude product of Ox_MMP (3 eq CAN) in DMSO-d6 solvent. 

 

 

Figure C-20 GPC traces in NMP of samples of unmodified lignin and Ox_lignin (0.8 eq CAN). 
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D. List of abbreviations 
 

1,3-dioxolane  DOL 

2-chloro-4,4,5,5-tetramethyl-1,3,2-dioxaphospholane  TMDP 

5-hydroxymethyl-2-furfuraldehde  FA 

Aliphatic hydroxy  Ali-OH 

Ampere per gram  A g-1 

Ampere-hours per gram  Ah g-1 

An Energy Dispersive X-Ray Analyser  EDX 

Attenuated total reflection  ATR 

Binder B 

Carbon  C 

Cerium ammonium nitrate CAN 

Counter electrode  CE 

Current  I 

Cyclic voltammogram  CV 

Derivative thermogravimetry  DTG 

Diethyl carbonate  DEC 

Dimethyl formamide  DMF 

Dimethyloxyethane  DME 

Dispersity  Đ 

Electrical Double layer EDL 

Electrochemical impedance spectroscopy EIS 

Electrospray ionization-mass spectrometry ESI-MS 

Equation eqn 

Equivalent eq 

Equivalent series resistance  ERS 

Ethylene carbonate  EC 

Fourier transform-infrared spectroscopy  FT-IR 

Gel permeation chromatography  GPC 

Glutaraldehyde  GA 

Guaiacyl  G 

Lignin  L 

Lithium bis(trifluoromethanesulfonyl)imide LiTFSI 

Lithium hexafluorophosphate LiPF6 

Lithium-ion batteries  LIBs 

mass to charge m/z 

Molar M 

N-Methyl-2-pyrrolidone  NMP 

Nuclear magnetic resonance NMR 

Number average molecular weight Mn 

Perchloric acid  HClO4 

Phenol-formaldehyde  PF 

Phenolic hydroxy  Ph-OH 
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p-hydroxylphenol HP 

Platinum  Pt 

Polystyrene  PS 

Polyvinylidene fluoride  PVDF 

Potassium chlorode  KCl 

Reference electrode  RE 

Room temperature  RT 

Scanning electron microscope  SEM 

Silver nitrate  AgNO3 

Size exclusion chromatography  SEC 

Syringyl  S 

Terephthaldehyde  TA 

Tetrahydrofuran  THF 

Theoretical capacity Ctheor 

Thermogravimetric Analysis  TGA 

Thiophene-2,5-dicarboxaldehyde  ThA 

Total hydroxy  Total-OH 

Trimethylphosphite TMP 

UV-Visible spectrophotometry  UV-Vis 

Volt  V 

Weight average molecular weight  Mw 

Working electrode  WE 
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