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Over the last century, almost all of the carbon materials developed for the energy industry
are derived from fossil fuels. The growing global concerns about energy needs, fossil fuels
consumption, and the related environmental issues have motived scientists to find new, green and
sustainable energy resources such as the wind, solar and biomass energy. Essentially, biomass-
derived materials can be utilized in energy storage and conversion devices such as Li-ion batteries,
fuel cells, and supercapacitors. Among the biomass resources, lignin is a high volume byproduct
from the pulp and paper industry and is currently burned to generate electricity and steam. The
pulp and paper industry has been searching for high value-added uses of lignin to improve its

overall process economics.



The importance of manufacturing valuable materials from lignin is, discussed in Chapter
2, demonstrating the need for a facile, green and scalable approach to synthesize bio-char and
porous carbon for use in Li-ion batteries. From this context, lignin is first carbonized in water at
300 °C and 103 bar to produce bio-char, which is then graphitized using a metal nitrate catalyst at
900-1100 °C in an inert gas at 1 bar. Graphitization effectiveness of three different catalysts, iron,
cobalt and manganese nitrates was examined. The obtained materials were analyzed for
morphology, thermal stability, surface properties, and electrical conductivity. Both annealing
temperature and the catalyst affects the degree of graphitization. High-quality graphitization is
obtained by using Mn(NO3), at 900 °C or Co(NOs). catalysts at 1100 °C.

Research on various energy storage materials for supercapacitors has grown rapidly in the
recent years. Various advanced materials have been shown as a promising candidate for future’s
high-energy supercapacitor electrodes. For a material in a supercapacitor electrode to be
considered, it must show promising results for its specific power and energy density, electrical
conductivity, surface properties, durability, surface area and pore-size distribution in order to
design and develop high-performance supercapacitor devices. The industrial applications of
supercapacitors have not been satisfied due to the low energy density (the commercially available
supercapacitors have between 5 to 10 times less energy density than that of batteries) and moderate
charge-discharge rate of supercapacitor electrode. Thus, chapter 3 was aimed to design and
synthesize nitrogen-doped carbon materials that show the characteristic of high-energy and high-
power density supercapacitor electrodes with a long cycle life. With this aim, organosol lignin was
successfully converted into N-doped carbon materials using a two-step conversion process. The
nitrogen content in the carbon was up to 5.6 wt.%. The synthesize materials exhibit high surface

area up to 2957 m?/g with micro/meso porosity and a sheet-like structure. The N-doped carbon
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produced at 850 °C exhibited a high capacitance value of 440 F g at a 1 mV s scan rate and
demonstrated excellent cyclic stability over 30,000 cycles in 1 M KOH. In addition, the NC-850
delivers a high energy density of 15.3 W h kg™ and power density of 55.1 W kgtat 1 mV s,
Therefore, this study suggests that N-doped carbon materials synthesized from a pulp and paper
byproduct, lignin, are promising environmentally-sustainable candidates for supercapacitor

applications.

Challenges for commercialization of fuel cells include high operation cost, inadequate
operational stability, and poisoning by H20.. To address the challenge, costly Pt-based catalysts
are needed in order to facilitate the oxygen reduction reaction (ORR) at the cathode and the
hydrogen oxidation reaction (HOR) at the anode. In chapter 4, alternative metal-free ORR catalyst
materials derived from lignin are studied in order to simultaneously enhance the catalytic activity,
lessen the Pt dependency and reduce the excessive costs associated. Calcium sulfonate lignin was
successfully converted into sulfur self-doped carbons via in-situ hydrothermal carbonization and
followed by post-annealing treatment. The sulfur content in the as-prepared porous carbons is up
to 3.2 wt.%. The resulting materials displayed high surface areas (up to 660 m? gt) with
micro/meso porosity and graphitic/amorphous carbon structure. The as-prepared sulfur self-doped
electrode materials (SC-850) were tested as a potential cathodic material for ORR. The number of
electrons transferred per molecule was measured to be ~ 3.4 at 0.8 V, which approaches the
optimum 4 electron pathway. Additionally, S-doped materials were also applied as a
supercapacitor electrode material. The SC-850 electrode exhibited a high specific and volumetric
capacitance values of 225 F g and 300 F cm™ at a scan rate of 0.5 A g*. The SC-850 electrode
also exhibited consistent response over 10,000 cycles at harsh conditions. It was shown that the

metal-free SC-850 is a promising electrode material for supercapacitors and ORR applications.
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All of the studies presented in this dissertation involve the development and application of
carbon-based materials derived from lignin and its application towards the Li-ion batteries,
supercapacitor, and fuel cell. Insight into the applicability of lignin-derived carbon materials
towards electrochemical applications is made readily available, supplemented by detailed physical,
chemical and electrochemical characterization, to examine the specific factors influencing the Li-

ion batteries, supercapacitor, and electrocatalysis of fuel cell activity.
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1.Chapter 1. General Introduction

1.1.Global energy demand

Until the 20th century, most of the industrialized materials such as fuels, solvents, and
chemical products were produced from sustainable natural resources (i.e., plant or crop).* (Figure
1-1). Unfortunately, today most of the industrial materials such as fuels, carbons polymers, packing
chemicals, pharmaceuticals, and construction are being manufactured from un-sustainable fossil
fuels. Petroleum resources still are preferred due to the production cost and convenience of
transportation. However, the world will face serious conflicts in the control and distribution of
energy due to the limited supply of fossil fuels. An additional concern is that, as long as humans
consume fossil-fuel derived products, CO, levels will continue to increase in the Earth’s
atmosphere. In the last decades, certain studies have attributed climate change and global warming
to the continued release of CO; into the atmosphere. More scientifically, the CO> level has been
increasing over the last 150 years from 228 ppm to 400 ppm as of 2016.2 It is predicted that fossil
fuel consumption will lead an ecological collapse of unprecedented scale due to the degradation
of natural capital and loss of ecosystem by 2050. Thus, we have urgent duty to overcome these
dark and worrying prospect of an ecological fiasco.

Green energy manufacturing and renewable energy are the most promising solution in
order to cure the world’s crude oil dependence. Especially, solar and wind energy will play a
crucial role in the future. However, the availability of solar and wind energy depends strongly on
the geography and local climate as its variation with the weather, time of day and season, which
causes unpredictability in production. Thus, these types of energies required another storage

system to match supply and demand imbalances. This incurs additional cost for efficient energy



storage and transportations. To help lower the cost and enhance sustainability, advance materials
in batteries, supercapacitor, solar cells, gas storage, or efficient catalysts for fuel cell need to be
developed. Utilizing of biomass-based feedstock instead of the petroleum hydrocarbons will

provide notable opportunities for production of sustainable advance materials. *
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Figure 1-1. (a) U.S. energy consumption by fuels, 1980-2040 (quadrillion Btu) (Adopted from U.S.
Energy information Administration, 2013) (b) World growth in total primary energy demand, 1987-
2035.



1.2. Biomass

Biomass is a plant-derived material, such as forestry residues, agricultural wastes, and
crops. In the context of various renewable resources, including a solar, wind energy, etc., biomass
is the only renewable carbon resource in nature for utilizing value-added products.’ 8 Today’s
worldwide energy crisis and environmental concerns have prompted widespread research and
development programs for biomass conversion.® In the context of the 2012 “International Year of
Sustainable Energy for All” (SE4ALL), the International Renewable Energy Agency has produced
a global roadmap called REMAP 2030 in order to increase the contribution of renewable energy
around two times by 2030. ” The Chinese National Energy Administration has stated a “National
Twelfth Five-Year Plan” on biomass energy.? In this project, the consumption of biofuel (mainly
ethanol and biodiesel) will reach 12 million metric tons by 2020. The U.S. Department of Energy
also has launched an extensive target to produce at least 20% of transportation fuel from biomass

2030.°

Recently, approximately 10% of the world’s energy is generated from biomass which is
the fourth largest source of energy in the world after oil, coal, and natural gas. Essentially, most of
the biomass is consumed to produce heat and power. Woody plants (lignocellulose), an annual
harvesting of the most abundant source of biomass is produced at about 170 billion metric tons
annually. Therefore, lignocellulose has been recognized as an alternative feedstock to replace
fossil fuels.** Lignocellulose consists of three main molecular components: cellulose,
hemicellulose, and lignin shown in Figure 1.2. Cellulose and hemicellulose have been industrially
used in pulp and paper, biofuel and other important chemical technologies. On the other hand, the

remaining part of biomass (lignin) is considered as a byproduct material.
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1.3.Lignin

Lignin, a complex biopolymer of aromatic alcohols, is one of the most abundant natural
polymeric material in nature.'? Lignin is responsible for building up the cell walls which support
the plant for standing. Lignin is a high volume byproduct generated in the pulp and paper industry.
Most of the lignin is currently inefficiently burned to generate steam and electricity to sustain the
needs of pulp and paper mills. Occasionally, additional power generated is sold out to the market.
In recent years, intensive research efforts have been directed toward converting lignin into high

value-added materials.%13:14



1.3.1. Structure of Lignin

Lignin is a complex, amorphous, cyclic and random natural polymer. The structure,
molecular weight, and composition of the lignin strongly depend on the source of biomass and the
extraction process. The molecular weight of lignin ranges from 6000 to 12000 g/mol. Lignin is
mainly composed of three primary units: coniferyl alcohol, sinapyl-based alcohols and with small
amounts of coumaryl alcohol derivatives.'® The monomeric units of lignin are linked to each other
mostly by ether linkages and carbon-carbon bonds. The typical structure of lignin is shown in
Figure 1-3.%° In short, lignin possesses the following structural characteristics: (1) cross-linked
structure of phenylpropane units, (2) amorphous and random structure, and (3) high molecular

weight polymer.®®

OH

Figure 1-3. Molecular structure of lignin unit [5]



1.3.2. Sources of lignin
Lignin is the second most abundant polymer after cellulose in nature. Lignin, the main

component of woody plants, and typically represents between 18-35 wt. percent of the dry
mass. The production of lignin has been estimated about 45 million tons/year.'®, The various
industrial lignin is produced in large scale depending on the isolation process. For instance, Kraft
lignin (KL), a well-known commercial lignin, is extracted from pulp mills in acidification process.
Unlike lignosulfonate lignin, KL has poor solubility in water but can be hydrolyzed and converted
to a soluble derivative. Recently, KL is majority commercial lignin which mainly manufactured in
the USA and Canada. Most of KL is consumed as a fuel for pulp industry.!” Lignosulphonate lignin
are mainly generated from dissolving of woody plant in the water by adding hydrophilic sulfonate
and hydrolytic ether groups as a soluble after hydrolytic removal of polysaccharides in the pulp
and paper industry. India is the one of the main produces for sulfonated soda lignin.'® Calcium
lignosulfonate is new developing commercial lignin which extracted by hydrogen peroxide in
alkali condition.'® Calcium lignosulfonate is a good candidate for dispersant agent. In addition,
lab-scale lignin isolation process from wood has been developed in last decade.®® For instance,
acid-catalyzed hydrolysis (HCI or HBr), organosols lignin (extracted by an organic solvent such
as acetone, phenol), oxidation of wood by ligninolytic enzymes and, ionic liquid-extracted process.
The obtained lignin generally have been produced as a pure, however, depends on pulping process,
many minerals such as calcium and magnesium may be present on the final product.?°2

1.3.3. Application of lignin

Although lignin is generated in large quantities (>45 million tons) annually, most of the
lignin is concentrated and burnt in pulp mills for steam generation. At present, only about 5 wt.%

of the lignin produced in the pulp and paper industry is commercially used 22 2. The second largest



utilizing of lignin is additives. Especially, calcium/magnesium lignosulfonates can be applied as
water reducer additives which lessen the amount of water required for proper handling and
mixing.24% Moreover, over the past few decades, commercial utilization of modified lignin have
been studied in various areas such as concrete admixtures, animal feed pellets, and roadside dust
control, wetting, binding agents, etc.26:27:27:28, 29333034 Ag the supply of the unused lignin is much
more, there has been a renewed interest in the development of new value-added products from

lignin 32,

1.4.Hydrothermal carbonization (HTC)

Hydrothermal carbonization (HTC) is a thermo-chemical processing for the conversion of
biomass solid matters in water at a relatively elevated temperature and pressure. HTC is now a
well-established technique used by many research groups for use in energy and environment
applications. The mechanism for the HTC process is very similar to the natural formation of
coal/carbon where a hundred million years is required to complete the process while the HTC
only needs a few hours in the laboratory and offers a simple and green process to produce bio-
char from biomass.*®%® Biomass (or lignin) is non-conductive and amorphous and can be
converted to carbon-rich bio-char® via pressurized water at elevated temperature and pressure.
In this dissertation, the HTC method was used to synthesize bio-char from biomass similar to
the method developed by Ramsurn and Gupta.3* The sub-critical point of water was used
for in this thesis. A high-pressure vessel equipped with sonication and temperature controller
(Columbia instruments) is used. Usually, bio-char, CO2, SO2, methane gases are produced by

the HTC process. The obtained compounds are separated from each other by different



techniques.! Schematic of a hydrothermal reactor equipped with sonicator and phase diagram of

water at elevated temperatures are shown in Figure 1-4.
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Figure 1-4 (a) Schematic of hydrothermal reactor equipped with sonicator and (b) phase

diagram of water at elevated temperature.

1.5.Specific aims

Lignin is a high volume byproduct leftover from biomass in the pulp industry after removal

of the cellulose and hemicelluloses to produce paper. Only about 5% of lignin is used in the

industry to produce a valuable product, and rest is inefficiently burned to generate electricity and

process heat. The pulp and paper industry is urgently seeking a value-added usage of their lignin

to improve the process economics. On the other hand, supercapacitor, battery, and fuel cell

manufacturers seek non-fossil fuel and low-cost sources of carbon for environmental. This



dissertation presents a pathway for the conversion of byproduct lignin into bio-char, graphitic
carbon, N-doped or S-doped carbon. The morphology, surface and conductivity properties of
lignin, bio-char, graphitic carbon and N-doped or S-doped carbon will be investigated. Also,
electrochemical activity of the N-doped or S-doped materials will be examined for application as
a supercapacitor electrode or ORR catalyst. Fundamental science questions that will be probed
include: (a) the transformation of biomass hydrothermal carbonization, (b) the mechanism of
catalytic graphitization, (c) how is surface and electrochemical properties controlled by the
morphology via heteroatom doping into a carbon framework, (d) the dependence of the
electrochemical performance of the surface and bulk properties of hetero-doped carbon materials,
(e) the dependence of the electrochemical performance of the insertion of heteroatoms such
nitrogen or sulfur for the ORR and supercapacitor application, and (f) how the conversion process
impacts the electrochemical cycling of the material. Collectively, this proposal systematically will
uncover simple and effective strategies to achieve with high conductivity and micro/mesoporous,
electrochemically active of (N/S doped) graphitic carbon on the application of Li-ion batteries,
supercapacitor, and fuel cell.

This research will be accomplished via the following aims:

(1) Morphology, surface, structural properties of lignin, bio-char graphitic carbon, and N-
doped material will be studied,

(2) The degree of crystallinity and surface properties of graphitic carbon will be investigated
by XRD and Raman spectroscopy. Also, the electrical properties of the graphitic carbon
will be tested via a single-particle conductivity test. In addition, scalable and effective
production of the graphitic porous carbon pathway will be studied in detail with variable

metal catalyst and graphitization temperature,



(3) To improve specific capacitance of lignin-based carbon material through enhancing the
affinity between the carbon and nitrogen molecules by intercalating of nitrogen atoms into
the carbon structure and to explore and understand the roles of heteroatom doping in the
electrochemical activity for supercapacitor electrode materials,

(4) Another important goal of this thesis is to synthesize sulfur-doped graphitic carbon in
which sulfur molecules will introduce high-activity sites into the carbon framework. The
S-doped carbon will be optimized regarding O reduction activity toward fuel cell
applications, then to investigate and recognize the roles of variable sulfur functional groups

in carbon framework,

1.6. The layout of the dissertation

The chapters in the dissertation have been written in the style of American Chemical
Society journal articles. As the chapters were written independently of each other, the reappearance
of some basics and experimental results will lead to some duplication. Nevertheless, this does
allow each chapter to be read independently, with each having its own introduction, experimental,

results and conclusion sections. The outline of this dissertation is given below:

Chapter 1 provides context and motivation for this research work. The information related to
global energy demand, global warming, and different eco-friendly energy source were briefly
presented in this chapter. The main objectives of the study were also discussed in this chapter.
Chapter 2 gives a literature review of graphitic carbon, Li-ion batteries, and a transition metal as a
catalyst support. Synthesizing pathway for graphitic carbon was shown in this chapter. The effect

of three transition metal for formation of graphitization was compared. Mechanism of
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graphitization by metal catalyst support was discussed. Furthermore, results from single particle
conductivity measurement were presented.

Chapter 3 describes the application of the nitrogen-doped carbon for supercapacitor. It
describes the synthetic procedure used and characterization of the nitrogen-doped carbon. In
addition, doping of nitrogen was compared with pristine (i.e., un-doped carbon).

Chapter 4 describes the utilization of sulfur-doped carbon for the application on
supercapacitor fuel cell application. Essentially, S-doped carbon was tested for the ORR catalysis
and compared with commercial Pt/carbon catalyst.

Chapter 5 describes final conclusion and future directions of dissertation.

1.7. References

1. (a) Lichtenthaler, F. W.; Peters, S., Carbohydrates as green raw materials for the chemical industry.
Comptes Rendus Chimie 2004, 7 (2), 65-90; (b) Van Wyk, J. P., Biotechnology and the utilization of biowaste
as a resource for bioproduct development. TRENDS in Biotechnology 2001, 19 (5), 172-177.

2. Titirici, M.-M., 2 Green Carbon Nanomaterials. Producing Fuels and Fine Chemicals from Biomass
Using Nanomaterials 2013, 7.

3. Green, M. L.; Espinal, L.; Traversa, E.; Amis, E. J., Materials for sustainable development. Mrs Bull
2012, 37 (04), 303-309.

4, (a) Huber, G. W.; Iborra, S.; Corma, A., Synthesis of transportation fuels from biomass: chemistry,
catalysts, and engineering. Chemical reviews 2006, 106 (9), 4044-4098; (b) Melero, J. A.; Iglesias, J.; Garcia,
A., Biomass as renewable feedstock in standard refinery units. Feasibility, opportunities and challenges.
Energ Environ Sci 2012, 5 (6), 7393-7420.

5. Tuck, C. O.; Pérez, E.; Horvath, I. T.; Sheldon, R. A.; Poliakoff, M., Valorization of biomass: deriving
more value from waste. Science 2012, 337 (6095), 695-699.

6. Quadrelli, E. A., 25 years of energy and green chemistry: saving, storing, distributing and using
energy responsibly. Green Chem 2016, 18 (2), 328-330.

7. Liu, Z.; Guan, D.; Crawford-Brown, D.; Zhang, Q.; He, K; Liu, J., Energy policy: A low-carbon road
map for China. Nature 2013, 500 (7461), 143-145.

8. Good, C.; Chen, J.; Dai, Y.; Hestnes, A. G., Hybrid Photovoltaic-thermal Systems in Buildings—A
Review. Energy Procedia 2015, 70, 683-690.

9. (a) Carpenter, D.; Westover, T. L.; Czernik, S.; Jablonski, W., Biomass feedstocks for renewable fuel

production: a review of the impacts of feedstock and pretreatment on the yield and product distribution
of fast pyrolysis bio-oils and vapors. Green Chem 2014, 16 (2), 384-406; (b) Dutta, S.; De, S.; Saha, B.; Alam,
M. 1., Advances in conversion of hemicellulosic biomass to furfural and upgrading to biofuels. Catal Sci
Technol 2012, 2 (10), 2025-2036.

11



10. (a) Ljubisa, R. R., Surface Chemical and Electrochemical Properties of Carbons. In Carbons for
Electrochemical Energy Storage and Conversion Systems, CRC Press: 2009; pp 163-219; (b) Michio, I.,
Structure and Texture of Carbon Materials. In Carbons for Electrochemical Energy Storage and Conversion
Systems, CRC Press: 2009; pp 37-76; (c) Jean-Francois, F.; Patrice, S., Principles of Electrochemistry and
Electrochemical Methods. In Carbons for Electrochemical Energy Storage and Conversion Systems, CRC
Press: 2009; pp 1-36; (d) Dolores, L.-C.; Fabian, S.-G.; Diego, C.-A.; ngel, L.-S., Porous Texture of Carbons.
In Carbons for Electrochemical Energy Storage and Conversion Systems, CRC Press: 2009; pp 115-162; (e)
Roland, G.; Hamid, G., Industrial Production of Double-Layer Capacitors. In Carbons for Electrochemical
Energy Storage and Conversion Systems, CRC Press: 2009; pp 429-467; (f) Claude, L., Fuel Cell Systems. In
Carbons for Electrochemical Energy Storage and Conversion Systems, CRC Press: 2009; pp 377-409; (g)
Front Matter. In Carbons for Electrochemical Energy Storage and Conversion Systems, CRC Press: 2009; pp
i-xii; (h) Toshiaki, E., Electronic Structures of Graphite and Related Materials. In Carbons for
Electrochemical Energy Storage and Conversion Systems, CRC Press: 2009; pp 221-262; (i) Francois, B.;
Encarnacién, R.-P.; Elzbieta, F., Electrical Double-Layer Capacitors and Pseudocapacitors. In Carbons for
Electrochemical Energy Storage and Conversion Systems, CRC Press: 2009; pp 329-375; (j) Petr, N,;
Dietrich, G.; Michael, E. S., Carbon Materials in Lithium-lon Batteries. In Carbons for Electrochemical
Energy Storage and Conversion Systems, CRC Press: 2009; pp 263-328; (k) Ralph, J. B., Carbon in Batteries
and Energy Conversion Devices. In Carbons for Electrochemical Energy Storage and Conversion Systems,
CRC Press: 2009; pp 411-428; (l) Takashi, K.; John, C.; Yury, G., Carbide-Derived Carbons and Templated
Carbons. In Carbons for Electrochemical Energy Storage and Conversion Systems, CRC Press: 2009; pp 77-
113; (m) Morinobu, E.; Yonglung, K.; KiChul, P., Advanced Battery Applications of Carbons. In Carbons for
Electrochemical Energy Storage and Conversion Systems, CRC Press: 2009; pp 469-507.

11. Gosselink, R. J. A.; Abdcherli, A.; Semke, H.; Malherbe, R.; Kauper, P.; Nadif, A.; van Dam, J. E. G.,
Analytical protocols for characterisation of sulphur-free lignin. Industrial Crops and Products 2004, 19 (3),
271-281.

12. Cecilia, M., F. Toledo, and P. M. Kuznesof, Calcium lignosulfonate chemical and technical
assessment. In 69th JECFA, Rome, ltaly, 2008; pp 40-65.

13. Gargulak, J. D.; Lebo, S. E.; McNally, T. J., Lignin. In Kirk-Othmer Encyclopedia of Chemical
Technology, John Wiley & Sons, Inc.: 2000.

14. Duku, M. H.; Gu, S.; Hagan, E. B., A comprehensive review of biomass resources and biofuels
potential in Ghana. Renewable and Sustainable Energy Reviews 2011, 15 (1), 404-415.

15. Li, C.; Zhao, X.; Wang, A.; Huber, G. W.; Zhang, T., Catalytic Transformation of Lignin for the
Production of Chemicals and Fuels. Chemical Reviews 2015.

16. Agrawal, A.; Kaushik, N.; Biswas, S., Derivatives and Applications of Lignin—An Insight. The SciTech
Journal 2014, 1, 30-36.

17. Fatehi, P.; Catalan, L.; Cave, G., Simulation analysis of producing xylitol from hemicelluloses of
pre-hydrolysis liquor. Chemical Engineering Research and Design 2014, 92 (8), 1563-1570.

18. Kong, F.; Wang, S.; Price, J. T.; Konduri, M. K.; Fatehi, P., Water soluble kraft lignin—acrylic acid
copolymer: synthesis and characterization. Green Chem 2015, 17 (8), 4355-4366.

19. Chakar, F. S.; Ragauskas, A. J., Review of current and future softwood kraft lignin process
chemistry. Industrial Crops and Products 2004, 20 (2), 131-141.

20. Carrott, P.; Carrott, M. R., Lignin—from natural adsorbent to activated carbon: a review.
Bioresource technology 2007, 98 (12), 2301-2312.

21. Smolarski, N., High-value opportunities for lignin: unlocking its potential. Paris: Frost & Sullivan
2012.

22. Laurichesse, S.; Avérous, L., Chemical modification of lignins: Towards biobased polymers.

Progress in Polymer Science 2014, 39 (7), 1266-1290.

12



23. Zhou, S.; Brown, R. C.; Bai, X., The use of calcium hydroxide pretreatment to overcome
agglomeration of technical lignin during fast pyrolysis. Green Chem 2015, 17 (10), 4748-4759.

24, Hu, X.-Q.; Ye, D.-Z.; Tang, J.-B.; Zhang, L.-J.; Zhang, X., From waste to functional additives: thermal
stabilization and toughening of PVA with lignin. Rsc Adv 2016, 6 (17), 13797-13802.

25. Stewart, D., Lignin as a base material for materials applications: Chemistry, application and
economics. Industrial Crops and Products 2008, 27 (2), 202-207.
26. Mansouri, N.-E. E.; Salvadé, J., Structural characterization of technical lignins for the production

of adhesives: Application to lignosulfonate, kraft, soda-anthraquinone, organosolv and ethanol process
lignins. Industrial Crops and Products 2006, 24 (1), 8-16.

27. Toledano, A.; Serrano, L.; Labidi, J.; Pineda, A.; Balu, A. M.; Luque, R., Heterogeneously Catalysed
Mild Hydrogenolytic Depolymerisation of Lignin Under Microwave Irradiation with Hydrogen-Donating
Solvents. ChemCatChem 2013, 5 (4), 977-985.

28. http://www.ili-lignin.com/.

29. Kadam, K. L.; Chin, C. Y.; Brown, L. W., Continuous biomass fractionation process for producing
ethanol and low-molecular-weight lignin. Environmental Progress & Sustainable Energy 2009, 28 (1), 89-
99.

30. Suhas; Carrott, P. J. M.; Ribeiro Carrott, M. M. L., Lignin — from natural adsorbent to activated
carbon: A review. Bioresource Technology 2007, 98 (12), 2301-2312.

31. (a) Fechete, I.; Wang, Y.; Védrine, J. C., The past, present and future of heterogeneous catalysis.
Catal Today 2012, 189 (1), 2-27; (b) Yu, G.; Sun, B.; Pei, Y.; Xie, S.; Yan, S.; Qiao, M.; Fan, K.; Zhang, X;
Zong, B., Fe x O y@ C spheres as an excellent catalyst for Fischer— Tropsch synthesis. Journal of the
American Chemical Society 2009, 132 (3), 935-937; (c) Qian, H. S.; Antonietti, M.; Yu, S. H., Hybrid “Golden
Fleece”: Synthesis and Catalytic Performance of Uniform Carbon Nanofibers and Silica Nanotubes
Embedded with a High Population of Noble-Metal Nanoparticles. Adv Funct Mater 2007, 17 (4), 637-643.
32. (a) Xiang, X.; Bai, L.; Li, F., Formation and catalytic performance of supported ni nanoparticles via
self-reduction of hybrid NiAl-LDH/C composites. AIChE journal 2010, 56 (11), 2934-2945; (b) Ming, J.; Liu,
R.; Liang, G.; Cheng, H.; Yu, Y.; Zhao, F., Knitting an oxygenated network-coat on carbon nanotubes from
biomass and their applications in catalysis. J Mater Chem 2011, 21 (29), 10929-10934.

33. Ramsurn, H.; Kumar, S.; Gupta, R. B., Enhancement of biochar gasification in alkali hydrothermal
medium by passivation of inorganic components using Ca (OH) 2. Energy & Fuels 2011, 25 (5), 2389-2398.
34. Titirici, M.-M. Hydrothermal Carbonisation: A Sustainable Alternative to Versatile Carbon
Materials. Universitat Potsdam Potsdam, 2012.

13


http://www.ili-lignin.com/

2.Chapter 2. Graphitic bio-carbon from metal-catalyzed hydrothermal carbonization of

lignin

2.1. Energy storage devices and Li-ion batteries

In the last century, energy storage has become very popular science area due to its
importance for humanity to balance supply and demand of energy.? Energy can be stored in
different ways such as fuels for combustion, water for hydroelectricity, or electrochemically in
batteries, supercapacitors, and fuel cells.® Li-ion batteries are most popular power storage media
since they were launched in 1981 due to due to widespread use in portable electronic devices,
electric cars, and hybrid cars.3>34

Energy storage/conversion technology devices are evaluated based on the energy and the
power density so-called Ragone plot and competition of batteries with a supercapacitor, shown
in Figure 2-1 and Table2-1.*°Ragone chart provides information for comparing of various energy
storage/conversion devices. The X-axis presents the energy density while Y -axis shows the power
density. Notably, the capacitors have very high power density and very low energy density.
Supercapacitors have the potential for optimum level power and energy densities for energy
storage device due to storing electron for short time. On the other hand, Li-ion batteries have high
specific energy density but low specific power density which chemical reaction supply electron.
Fuel cells (an energy conversion device) have even higher specific energy density with very low
specific power due to the efficiency of the electrochemical reaction.® For practical application, it

is desired that the energy device has high specific along with high power density.
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Figure 2-1. Ragone plot of energy storage/conversion technology ( a per
volume of power, b per volume of energy )1

Li-ion cell consists of two electrodes (anode and cathode) and one separator soaked in
conductive electrolyte. Metal oxide (LiCoz) has been widely used as a cathode electrode while an
anode material graphite. In a typical discharge process, Li ions are a shuttle from the negative
electrode through the electrolyte to the positive electrode, meanwhile, electrons flow in the
external circuit which creates an electrical current. In the charging process, opposite flow takes
place. In this circulation, the electrochemical redox reaction occurs in positive and negative
electrodes.”® Commercially, carbon (graphite) and metal oxide materials have been utilized as a
negative and positive electrodes, respectively. Due to the limited theoretical capacity (372 mA h
gh), poor rate and economic viability of pure graphite, novel, porous and inexpensive electrode

materials need to be studied for higher performances.®%!
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In Li-ion battery arena, much non-carbonaceous have been explored as anode materials
such as Si'? Sn*3 and transition metal oxides'* due to their high specific capacity. However, these
materials have certain drawbacks. For instance, during the charge/discharge process, significant
volumetric expansion cause a large irreversible capacity and poor cycling stability**® Therefore,
It is challenging to commercialize non-carbonaceous material in Li-ion batteries. These

disadvantages divert researchers again to focus carbon-based materials for high-capacity.

Table 2-1 Comparative Data of Batteries and Supercapacitors

Batteries Supercapacitors
Not capacitive properties.

Electrochemical reaction of

anode and cathode in electrolyte | Capacitive properties: Only

00 Reversible

The potential difference is
ideally constant throughout the | The potential difference
charge/discharge cycle which | thermodynamically depends on

leads a thermodynamic potential charge accumulation on the

Low: from 1 to

Power Density Low: Extremely High:
Poor due to the redox and Life time cyclibility
Cyclability phase-change processes

Poor, because of degradation Long

Variable depends on cell May consume due the ion

Electrolyte reaction adsorption on the surface
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Typically, carbon consists of four main allotropes (amorphous carbon, graphite, diamond,
and Ceo) shown in Figure 2-2. Graphite has low surface area and is highly conductive (both,
thermally and electrically) due to its unique electronic structure where carbon atoms covalently
bonds to the three neighbor atom. One spare electron is delocalized in the whole sheets which are
responsible for high conductivity. On the other hand, amorphous carbon contains high surface,
but poor conductivity due to the disordered bonding of carbon atoms. Graphitic carbon is a
combination of amorphous carbon with graphite sheets disordered carbon particles.'® Due to the

synergistic effect of the two, graphitic carbon has received more attention.!”®
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Figure 2-2. Basic allotropes of carbon (adapted from Wikipedia and modified)

2.2. Graphitic carbon

In the last decade, graphitic carbon materials have received much attention due to their
attractive physical and chemical properties such as high surface area, chemical resistivity, high
thermal and electrical conductivity.?® There are much potential application of graphitic carbon.
For instance, as gas storage material, catalytic support, specific adsorbents and electrode materials
for Li-ion batteries and supercapacitor.22%21 Optimum performance of carbon materials for

application in these fields rely on their physical properties, surface activities, morphology, and
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precursors used, which allows for the material to be modified for specific application 222324, A
number of methods have been developed to prepare carbon materials of controlled physical
characteristics, such as the degree of crystallinity, morphology, particle size, or porosity.>%
Specifically, the degree of crystallinity of the carbon framework plays a critical role in many
electronic applications. The ratio of graphite sheet and amorphous structure determine the degree
of crystallinity in carbon framework. Graphitic carbon has many advantages over amorphous and
graphite structure because of the well-developed crystalline structure, high electronic
conductivity and thermal stability 222°. Thus, manufacturing of graphitic carbon with a large

and accessible surface area is of great interest in the many applications.

2.3. Production of graphitic carbon from biomass

Pure graphite is conventionally produced by high heat treatment (~3000 °C) or stress
graphitization of carbon-rich feedstocks.®® Due to the severity of process conditions, this method
is expensive, complex, and limited in scalability. In addition, the as-prepared graphite has a low
surface area and poor porosity due to non-existent pore activation agent during the graphitization
process. The BET surface area of graphite is only 43 m? g% In order to reduce the severity of
process conditions, transition metals have been applied as a catalyst for conversion of amorphous
carbon into graphite sheet at relatively low temperatures. The temperature in graphitization can
be significantly reduced (down to ~1000 °C) by use of transition metals such as Fe, Ti, Co, Ni,
and Mn. 3132333435 1n addition, metal impregnation during the graphitization treatment can
enhance surface properties.?”?3363837 Many carbon-based materials have been investigated as
anode materials such as carbon nanotubes (CNTS),*® hollow nanospheres,*® graphene*® etc.

However, the severity of the process, the usage of petroleum-derived feedstock and expensive
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equipment and make them less attractive in scale-up applications. In recent years, several research
groups have utilized biomass feedstock to produce graphitic porous carbons that have a certain
graphitic order for lithium-ion batteries such as wheat straw,*! agricultural waste,*? banana
peels,*® ox horn,* peanut shells,* coconut shell,*® honey,*’ fish scales, *®*® human hair***® and
plant biomass®®. Biomass-derived carbons are attractive alternatives due to the renewability, low-
cost and low toxicity. In addition, biomass-derived carbons provide excellent porous and
conductive structure which are key factors for high lithiation capacity and cyclability in Li-ion
batteries.>* However, there has been only limited work on the utilization of lignin as a feedstock
using metal-based catalysts °2. Lignin, due to its aromatic molecular structure, presents an exciting

feedstock for graphitic carbon production.>3°4>

2.4. Experimental

2.4.1. Conversion of lignin to bio-char

Bio-char was prepared from lignin by hydrothermal treatment . Lignin (14 grams) was
mixed with de-ionized water (100 mL) and placed in a high-temperature, high-pressure Parr
reactor. The conversion was carried out at 300 °C and 103 bar for 30 minutes. The reactor was
then allowed to cool to room temperature; here bio-char, due to its hydrophobic nature, separates
easily from the aqueous media. It is important to note that we have not used any catalyst during

the bio-char synthesis step. The overall conversion scheme is shown in Figure 2-3.
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Figure 2-3: Synthesis scheme of lignin into graphitic carbon

2.4.2. Catalytic graphitization of bio-char
Metal salt catalysts were added to the bio-char by a solution impregnation method. Fe(I1), Co(ll)
or Mn(Il) nitrate solutions in ethanol, which were prepared in concentrations of 0.02 mole of
Fe(1)NOz and 0.083 Mn(I1)NOs and Co(lI)NO3z mole-metal/g, were added to bio-char. The
resultant solutions were stirred at room temperature for 6 hours, and then ethanol was removed
under vacuum. The obtained mixtures were heated under argon at a heating rate of 20 °C/min and
kept at the graphitization temperature 900-1100 °C for 3 hours in a Carbolite (MTF-250) tubular
furnace. Schematic illustration of the tubular furnace was shown in Figure 2-4. The product was
then cooled and washed with 3 M HCI to remove the catalyst. The final carbon samples were
labeled as MeGCx, where Me denotes the metal catalyst used and x graphitization temperature in
°C). For comparison, a graphitic carbonization (GC1000) sample was processed in a similar

manner but without the use of a catalyst.
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Figure 2-4: Schematic illustration of tubular furnace for annealing treantment of bio-char

2.4.3. Physical and chemical characterization

The degree of graphitization was determined by collecting X-ray diffraction (XRD)
patterns on a Siemens D5000 instrument operating at 40 kV and 40 mA, using CuKa radiation (k
= (.15406 nm) by scanning 20 ranging 10-70°. X-ray diffraction was used as a base analysis for
the degree of graphitization for experiments at all the temperature and catalyst studied; selected
promising materials were investigated by further analysis. Raman spectra were obtained with a
micro-Raman spectrophotometer (Horiba, Labram HR) applying an excitation wavelength of 32
nm as the light source. X-ray photoelectron spectroscopy (XPS) analysis was performed under an
ultrahigh vacuum (UHV) on a ThermoFisher ESCALAB 250 imaging X-ray photoelectron
spectrometer by applying a monochromatic Al Ko (1486.68 eV) X-ray source. An internal flood

gun (2 eV) and a low-energy Ar* external flood gun were applied for charge compensation during
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the data collection. Thermal stability analysis of lignin, bio-char and graphitic carbon materials
was carried out on a Perkin thermo-gravimetric analyzer. The analyzer operated at a constant
heating rate of 20 °C/min with N2 flow (ranging from 50 to 1000 °C). FT-IR spectra were collected
to observe the conversion of the reactants. A small amount of sample was placed directly on a
Smart ATR using a Nicolet Nexus 670 FT-IR spectrometer and scanned from 4000 to 400 cm?,
averaging 16 scans at 1 cm™ intervals with a resolution of 4 cm™. Scanning electron microscope
SEM (Hitachi SU-70 FE-SEM) was operated at 10 kV in order to investigate the graphitic porous
carbon structure. The BET surface area and pore size distribution of graphitic carbon materials
were deduced from the isotherm analysis in a relative pressure range of 0.04-0.20 by a NOVA
surface analyzer. Pore size distributions (PSD) were calculated using Non-Local Density
Functional Theory (NLDFT) on the adsorption branch. The high heating value (HHV) of materials
were analyzed using an IKA C 200 calorimeter. Briefly, the solid powdered sample was put in a
sample holder which is a transparent capsule include a known calorific value. The sample in the
capsule was located in a stainless steel crucible in a bomb calorimeter and pressurized with oxygen
at 34 bars. The HHV of the sample was automatically measured by the change of temperature of
water by the heat generated from total combustion of the sample. The HHV value of sample

obtained by subtracting the total HHV value from the HHV value of the capsule.

Electrical transport properties of GC1000 and MnGC1000 particles were characterized
using two-terminal current-voltage (I-V) curves. The sample preparation process involved the
dielectrophoretic (DEP) assembly of individual particles across spatially separated gold
nanoelectrode pairs (Fig. 3), which was defined on top of thin-film nitride (100 nm) coated silicon
chips using a combination of electron beam lithography and metal lift-off steps. The DEP process

employed the use of non-uniform, AC electric fields to localize single graphitic particles and yield
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their assembly at the electric-field maxima, which is located in the inter-electrode gap region near
the electrode surface. The control parameters for yielding single particle localization have been
published in detail elsewhere, as a part of previous studies involving one-dimensional constructs
derived from manganese oxide and carbon material systems >¢°7°8 Briefly, an AC bias is applied
across the nanoelectrode pair and a droplet, which contains a colloidal suspension of the graphitic
particles in ethanol, is placed on the chip. As a result of the applied electric field, the particles
become polarized and the induced dipole experiences a dielectrophoretic force. This DEP force
attracts the particles towards the electric field maxima and yields their assembly on top of the gold
nanoelectrodes. After assembly, the chip is dried using a nitrogen gun. The GC1000 particles were
assembled by applying a 4 V bias at 1 kHz for 2 minutes. On the other hand, MnGC1000 particles
were assembled using a 3 V bias at 1 kHz for 2 minutes. Representative images of the chip design

and an assembled GC1000 particle are shown in Figure 2-5 (a-b).
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Figure 2-5 (a) An optical micrograph of the chip electrode design. (b) A zoomed-in region
of the DEP assembly electrode region showing a single GC1000 particle bridging the
electrodes. The scale bar represents 200nm. (c) A schematic illustration of the assembled
particle and its resistance as a sum of the respective suspended, inter-electrode segments within
the left and right hemispherical components of the particle. (d) An illustration of the geometric

parameter definition used within the analytical model to extract particle conductivity values.
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2.5. Result and discussion:

2.5.1. Performance of the graphitic carbon

In this work, we present a new approach based on the lignin graphitization to produce
porous carbons with a graphitic framework. Our two-step conversion strategy is based on a
combination of hydrothermal treatment (HTC) and catalytic graphitization steps. In the
hydrothermal treatment step, lignin precursor is converted to bio-char. In the catalytic
graphitization step, metal nitrates are used as catalysts at low temperatures (~1000 °C). Here, the
process of graphitization is thermodynamically favorable because bio-char is thermodynamically
less stable than graphitic carbon. When thermally unstable bio-char is converted to a graphitic
material, the electrical conductivity of the material improves.>®®° The synthesized graphitic porous
carbon exhibits a range of structural characteristics depending on this ability to separate each step
during synthesis 6. The calorimetric (High Heating Value, HHV) analysis results of lignin, bio-
char and graphitic carbon materials are listed in Tables 1. The HHV content increased during the
hydrothermal treatment and catalytic graphitization step. Similar trends occur with graphitization
(non-catalyst) at 1000 °C with a value of 26 kJ/g. MnGC1000 shows the highest HHV values of

29 kJ/g, which is due to the removal of more oxygen during the catalytic graphitization steps.
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Table 2-2: High heating values of lignin
and obtained materials
Carbon sample HHV (kJ/g)

Lignin 18
GC1000 26
MnGC900 26
MnGC1000 29

The XRD patterns in the wide-angle region (10°-70°) permit an evaluation of the graphitic
nature of the synthesized carbons. The XRD patterns of the graphitic carbons are shown in Figure
2-6. As a reference, the XRD pattern of bio-char (a) and non-catalysis GC1000 sample (c) are also
shown. As expected, bio-char (a) reveals almost no diffraction peak observed and GC1000 (c)
exhibited only small characteristics of graphited carbon diffraction peak. These results are
consistent with an amorphous framework. In contrast, the metal catalyzed carbons show intense
XRD peaks at around 26 = 26° and 44°. These peaks can be assigned to the (002) and (101)
diffractions of a graphitic framework.®® These results indicate that the formation of graphitic
structures is promoted by heat treatment in the presence of metal nitrate catalysts. Similar results
have been reported previously for graphitic carbons generated from metal-impregnated polymeric
gels, aerogels and bio-source materials.?® 27 363" As shown in Figure 2-6 (a), MnGCs exhibited the
largest graphitic carbon peaks among the three types of metal nitrate catalysts. In the case of
MnGCs, MnGC900 (f) showed a sharper peak than MnGC1000 (e) and MnGC1100 (d). It is found
that the degree of bio-char graphitization by manganese (I1) nitrate impregnation is greater at the
lower temperature due to more amorphous carbon remain in the MnGCZ1000 structure. This is

attributed to the high number of oxygenated functional groups in the carbons at low carbonization
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temperatures . This presumably favors the reduction of metallic salts and formation of metal
particles at relatively low temperatures.

For the case of cobalt nitrate catalysis, the graphitization process started at 900 °C (h) and
almost stopped at 1000 °C (i) shown in Figure 2-6 (b). As a result, increasing the temperature did
not increase the graphitization. Graphitic carbon formation via iron nitrate catalysis requires a
higher temperature of around 1100 °C (k) and shows a higher XRD peak than graphitic carbon at
1000 °C (l) presented in Figure 2-6 (c). The samples before acid wash still contain the metal
originating from the catalyst; Mn, and MnO (b) particles located at around 39°, 45°, and 54°; and
Co, CoO (g) particles placed at 49° and 58°, in XRD. !

The graphitic carbon structures are formed by a series of steps in the catalytic process.
When the bio-char with a metal salt is heated, the salt decomposes to form the corresponding
metallic oxides such as MnO and CoO. With continued heating, the carbon-oxygen-metal structure
reduces to a metal-carbon structure. When the temperature reaches 900 °C or higher, the
transformation of carbon from amorphous into a more ordered graphitic structure occurs, both
catalyzed by metal and metal oxide particles.>® Moreover, according to reference®?, Group IVb to
VIIb metals on the periodic table known as graphitization metal catalysts since they have 2 to 5
electrons in the d-shell orbital which make them capable of forming strong bonds between metal
carbides and carbon-based materials. On the other hand, group VIII metals have 6 to 10 electron
in their d-shell orbital which makes them less active in terms of accepting electrons from carbon-
based materials. This is consistent with our results that manganese (in VIIb group) show higher
the degree of graphitization than cobalt and iron based catalysts (in V111 group).

The nature of graphitization of carbon materials was further evaluated by Raman

spectroscopy. The application of Raman as an evaluation degree of graphite was first reported by
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Tuinstra ®3. The D band located at around 1350 cm corresponds to the disordered graphitic lattice
(A1g symmetry).The D band which is in Raman inactive mode is related to loss of hexagonal
symmetry in the graphite structure. The G band placed at around 1578 cm™ is associated with the
vibration of the ideal graphite lattice (E2gSymmetry) & shown in Figure 2-6 (D). The G band which
is in Raman active mode is referred to 2-dimensional high crystalline network structure. The
intensity ratio of G band to D band (lg/lq) is a good indicator of the degree of graphitization for
carbon-based materials. The Ig/lqy values were 1.1 and 1 for MnGC1000 and CoGC1000,

respectively, which are higher or comparable than those reported data previously. 2°, 27, 20, 59 60,

64 65
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Figure 2-6: (a),(b), and (c) are the XRD patterns of the carbon samples: (a) bio-char, (b) MnGC1000
(before metal removal), (c) GC1000, (d) MnGC1100, (¢) MnGC1000, (f) MnGC900, (g) CoGC1000
(before metal removal), (h) CoGC900, (i) CoGC1000, (j) CoGC1100, (k) FeGC1100, and (I) FeGC1000.

(D) Raman spectrum of the MnGC9000 and CoGC1100.

The elemental analysis and the functional groups of carbon materials were detected by XPS
spectroscopy shown in Figure 2-7 and Table 2.3. The carbon content of materials were 64.1, 64.9
and 50.4 for GC1100, CoGC1100 and MnGC900, respectively. The carbon types of materials

classified such as graphitized carbon that is the C=C groups (Eg = 284.4 eV) and other natures of
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carbon (amorphous carbons) which are i.e. C—-C/CHx groups (Eg = 285.1 eV) , -C-O (Eg = 286.2
eV) and >C=0 (Eg = 287.2 eV). 1, © Although the GC1100 has higher carbon content on the
surface than the metal catalyzed graphitic carbons, the MnGC900 and CoGC1100 show a higher
ratio of the graphitized carbon to amorphous carbon than the GC1100. The ratio of the graphitized
carbon to amorphous carbon was found to be 0.45, 0.53 and 0.60 for GC1100, CoGC1100 and
MnGC900, respectively, which demonstrate that the formation of graphitic carbon enhanced by

including metal nitrate catalyst in the graphitization step.

Table 2-3: Elemental and functional group analysis of the CoGC1100, MnGC900 and

GC1100
Metal
: C(wt. O (wt Cc=C c-C -CoO
Materials catalyst
%)? %)? (Wt %)° (at. %) (at. %) (at. %)
GC1100 64 21.7 - 45.3 16.8 20.8
CoGC1100 64.9 32.3 2.1 53.7 20.8 13.7
MnGC900 50.4 39.8 9.6 60.7 21.9 9.4
a: Run by XPS
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Figure 2-7: XPS spectra of the CoGC1100, MnGC900 and GC1100

2.5.2. Morphology and pore structure

The scanning electron microscope (SEM) micrographs of bio-char, GC1000, MnGC900
(with metal), MnGC900 (without metal) are shown in Figure 2-8 (A, B, C and D). Bio-char
particles are spherical in shape and are 4 um in diameter. GC1000 are globular precipitated solids

with 1-3 pum diameters, and MnGC900 solids are also globular with 2 um diameters. Figure 2-8
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(B, C) shows SEM images of MnGC900 before acid washing, where a metal-carbon mixed
structure is prominent. From the SEM micrographs of materials, the distribution of particle sizes
within an order of magnitude is consistent with results observed for hydrothermal synthesis of
particles. Also, we do not expect any size dependence on the properties of these materials because
this is expected to occur only when their size extends within the nanometer-regime. At these size

scales, we believe that the properties are largely determined by the degree of graphitization.
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Figure 2-8: Scanning electron micrographs of (A) bio-char, (B) GC1000, (C) MnGC1000, (D)
MnGC1000 (before metal removal) (b) Nitrogen sorption isotherm and pore size distribution (insets) of

graphitic porous carbons.
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To probe porosity, nitrogen sorption/desorption isotherms were collected for CoGC1000,
FeGC900, GC1000, and MnGC1000 graphitic carbons, as depicted in Figure 2-9 (b). The
Brunauer-Emmett-Teller surface area (SAget) of graphitic carbons was found to be in the range of
150 to 250 m? g1. The surface area and pore size distributions of the GC1000 are similar to those
of MnGC1000. FeGC1000 showed higher surface area than GC1000 most likely because Fe-based
catalysis is a more effective agent as a surface activation. The pore size distribution curves (Figure
2-9 (b) inset) show that MeGCs and GC1000 have major PSD peaks in the micro-porous and

mesoporous ranges suggesting that the resulting carbons have meso- and micro-porous structures.
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2.5.3. Electrical conductivity properties

A Keithley 2636B source-meter was employed to probe the 1-V behavior of individual
particles. For instance, the I-V curves extracted from representative, single GC1000, and
MnGC1000 particles are shown in Figure 2-10. From the linear behavior of these plots, it is evident
that an ohmic contact is established between the metal electrode and the graphitic particle.
Furthermore, the MnGC1000 particle exhibits a much larger current (an order of magnitude
higher) as compared to the GC1000 particle. This substantive increase in electric currents implies
a higher electronic conductivity for the MnGC1000 particle, as compared to the GC1000 particle,
and is attributed to its higher graphitic content as observed previously within the XRD data (Fig.
6). In order to extract the electronic conductivity of the particle from its resistance value, we have
employed an analytical model for the resistance (Rp) of the particle segment, which spans the inter-
electrode gap and contributes to electric transport within this device. This is schematically shown
in Fig. 3(c-d), where the assembled particle has a radius R, and an inter-electrode suspended length
of L1 and L within the left and right hemispherical components of the particle, respectively. The
overall resistance of the particle is the sum of the individual contributions, which arise from the
suspended segments of its left-side and right-side hemispherical components. The resistance of
each hemispherical component of the particle is obtained by integrating the contributions from
infinitesimally thin circular discs that span its thickness (Fig. 3(d)). For instance, the resistance of

the suspended segment of the left-side hemispherical particle is calculated as:

L; pdx p rL; dx p R+L;
R, = — == =—1In 2.1
p1 fo A~ w’o R2-x2  2nR  \R-L; (2.1)

Thus, the overall resistance of the inter-electrode suspended segment of the particle is given as:
_ _ L R+L1 R+L2
Rp =Rp1 +Rpp = 2mR {ln (R—Ll) +In (R—Lz)} (2.2)
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While the particle resistance is obtained from the I-V curves of Fig. 9, the geometric parameters
such as R, L1 and L are extracted from the SEM image of the assembled particle (Fig. 3).
Substituting these values in Eq. (2), the values for particle resistivity and conductivity have been
obtained for representative GC1000 and MnGC1000 particles. These values, which are listed in
Table 2, point to an order of magnitude higher value for the conductivity of a MnGC1000 particle
as compared to GC1000 particle due to its higher graphitic content. It is important to note that this
electrical conductivity measurement approach involving single particles represents an
improvement over past reports, which have employed bulk-scale aggregates or powders of
particles. This is because measurements with aggregates of particles are influenced not just by the
intrinsic conductivity of the particle, but is also impacted by the inter-particle transport
impedances. On the other hand, our approach with single particles provides insights into the
conductivity of the particle while isolating the inter-particle transport impedance. Although the
electrical conductivity of MnGC1000 is lower than pure graphite, graphene and carbo nanotubes,
it is still conductivity value of obtained material is higher or comparable than metal oxides,
activated carbon, and another type of carbon reported, previously.®, 57, 88 6997070 It js worthwhile
to mention that though electrical conductivity is important criteria for Li-ion anode material, many
other properties such as surface properties (area, meso/micro structure), surface functionality, ion-

conductivity and mechanical stability.
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Figure 2-10: I-V data acquired from individual MnGC1000 and GC1000 particles

Table 2-4: Electronic conductivity results of MnGC1000 and GC1000 particles

Particle Radius Li(m) Lz (nm) Resistance Resistivity ~Conductivity
type (R, nm) ! 2 (Rp, kohm)  (ohm-m) (S-m?)
MnGC1000 430 362 81 98.8 0.094 10.6
GC1000 346 222 187 1306.8 1.04 0.96

2.6. Conclusions

Lignin can be successfully converted to graphitic carbon via hydrothermal carbonization

followed by catalytic graphitization. Cobalt and manganese have been shown higher catalytic

38



activity than iron for graphitization. In addition, the extent of graphitization is depended on the
temperature. A good quality graphitic carbon was obtained using catalysis by Mn(NOz3). at 900 °C
and Co(NO3)2 at 1100 °C. The produced material is free of lignin-functional groups, shows high

electrical conductivity, has both micro- and mesoporous structures, and is thermally stable.
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3. Chapter 3. Lignin Biomass-derived N-doped Carbon Electrode Material for

Supercapacitors

3.1.Supercapacitor

In last decade, energy storage and conversion technology have drawn a great deal of attention
due to the growing demand for sustainable and renewable energy. Electrochemical Supercapacitor
(ES), also known as electro-double layer capacitors, are high power storage devices.! In the last
decades, ES has received much attention because of high power density, fast charge-discharge
rate, and exceptional cyclability.>3 ES has been extensively implemented in variety applications
such as electronic devices, hybrid electric vehicles, memory backup etc.* ES is different than
traditional capacitor in regard to the energy and power density. The traditional capacitor has
extreme power density which releases a plenty of energy in an instant time (high power output)
however its energy density is too low to deliver energy output to accelerate vehicles constantly.
Thus, the capacitor has been combined with the battery in order to supply the sufficient power
requirements in electric vehicle systems. Because of lack of energy density in the traditional
capacitor, the aim of ES is to enhance the energy density thereby a high-powered output can be

delivered for a long period of time.

There are three types of supercapacitors classified according to the charge storage
mechanism: electric double layer capacitors (EDLCs), pseudo-capacitors and hybrid capacitors®®
as shown in Figure 3-2. EDLCs are known as electrochemical capacitors, which store the charge
electrostatically between the interface of the electrolyte and surface of active materials. The charge
storage in EDLC is non-faradaic, slow and by reversible ion adsorption. Activated carbon is a well-

known example for EDLC. In contrast, pseudo-capacitors (PC) store charge by reversible redox
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reaction which is a faradaic and fast process.”® The faradic process has been described as an

electrochemical reaction on the electrode surface. Hence, this reaction changes the oxidation state

of the surface during the charge/discharge process. For PC, the main portion of charge has been

stored by EDLC while pseudocapacitance responsible for a small portion of capacitance. °

Activated
Carbon

Carbon
nanatubes

Figure 3-1: Hierarchical classification of supercapacitors
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3.2.Performance of supercapacitor

The supercapacitor consists of an anode, a cathode and a current collector. Each electrode

immersed in an electrolyte separated by a separator. When a voltage potential is applied across the

current collectors, the negative electrode attracts positive ions in the electrolyte, while the potential
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on the positive electrode attracts negative ions. The charge accumulated at both electrode surfaces
generates energy when discharging.1®,'t Working principle of electro double layer capacitor is
depicted in Figure 3-1. Three component, including electrode, electrolyte, and separator, are key
parameters to affect the high performance of supercapacitor device. Especially, the electrodes are
an important element for charge/discharge process which is responsible for energy and power
densities of a supercapacitor. Recently, porous activated carbon (PAC),? metal oxide,®
conductive polymers,** graphene!® and carbon nanotubes'® have been utilized as a potential
electrode materials in energy storage technology.’® Desired supercapacitor electrode material

needs to have following criteria,

(1) extremely high power density,

(2) high energy density,

(3) the high surface area with hierarchical porosity(especially for EDLC) ,
(4) long cycling durability of electrodes,

(5) fast charge/discharge processes within seconds

(6) Low cost,

(7) and safe operation®®,?°

The following section discusses recent advancements in various electrode materials for

supercapacitor applications.
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Figure 3-2: Working principle of supercapacitor

3.3.Metal Oxides

Metal oxides are known as a best active electrode material for pseudo type-capacitance.
Application of metal oxide-based PC is limited due to their low surface area and high-cost
production process.??%2324 As it mentioned above, pseudo-capacitance is electrochemical
reaction faradic reaction where fast and reversible redox reactions take place between the
electrolyte and certain electro-active sites on the electrode surface. Ruthenium oxide has been
widely applied as a PC electrode material thanks to its intrinsic reversibility of surface redox

couples and high conductivity. The specific capacitance of amorphous hydrous ruthenium oxide
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(RuO2.xH20) has been found up to 720 F/g (1300 to 2200 F g™ theoretical capacitance). Following

redox reaction has been proposed for this material,

Ru0,(0H), + 8H* + 8e~ < RuO,_s(0OH),.5 (3.1)

where Ru0,(OH), and Ru0,_s(OH), s represent at higher and lower oxidation states of
ruthenium species. This reaction ensures reversible fast redox reaction due to the hydrous nature
of ruthenium surface. In a short, the well-designed metal-oxide particle exhibits an advance
electrode material for energy storage. However, the cost of precious metal oxide and harsh

manufacturing condition for large scale process hinder widely marketplace applications. -

3.4. Conductive Polymers

Conductive polymers have been explored as an electrode material in energy storage
technology. Polyaniline (PANI) is a well-known example for a conductive polymer. The specific
capacitance of modified PANI has been reached up to 100 F/g in a solid poly (vinylidene fluoride-
co-hexafluoropropylene) electrolyte. Polyaniline electrodes had been used in combination with
carbon nanotubes (CNT) that exhibited a capacitance of 328 F/g. In another example, as-
synthetized polypyrrole/nanofiber composite reached a specific capacitance of 545 F/g. However,
the most important drawback of conductive polymer electrode is their deficient cycling life due to

faradic reaction through the charge/discharge process which limits practical application.'42°
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3.5. Carbon based electrode materials

Carbon-based materials have been traditionally utilized as a supercapacitor electrodes due to the
consequently high capacitance, large BET surface area, and relatively mild manufacturing
conditions. Although commercially available carbons from such as Maxwell Technologies and
Panasonic have shown capacitances in the 5 and 10 F g%, lab-scale carbons have reached a specific
capacitance of over 200 F g. , but these materials have not yet been turned into commercially
viable products.*?> The oldest and most common of electric double layer capacitors material is
activated carbon owing to its high BET surface area, excellent stability, an abundance of raw
materials and moderate cost.>?2” However, AC still suffers from its low electron/ionic
conductivity, lack of pseudocapacitive properties which lead poor energy/power density, and low
electrochemical performance for energy storage material. Low electrical conductivity for AC is
because of its disordered structure, lacking graphene content.5"? Moreover, although the AC has
large BET surface areas, pore size distribution of AC exhibits only microporous characteristics
(micropore distributions ranging from 0.5 to 1.1 nm). This poor pore size distribution causes low
performance of ion transport due to the inadequate ionic diffusion pathway within the narrow
micropores. This limitation greatly hinders practical applications of AC in high energy/power
density supercapacitors.?®2° Therefore, it is essential to develop 3D hierarchically pore structure
with abundant micropores (responsible for the charge accumulation), interconnected mesoporous
(the role of decreasing the ion diffusion distance) and appropriate macropores (in charge of ion-
buffering reservoirs to store more electrolyte ions).3*? Recently, many methods such as silica
oxides or metallic compounds have been reported for synthesizing of hierarchically porous

carbons®*3, However, these methods still have not been in practical application due to the
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consumption of high-cost templates, and time. Thus, it is of the utmost importance to develop a

simple and inexpensive method for fabricating of 3D hierarchically porous carbon.
3.6.Heteroatom-doped carbon electrodes

Due to shortcomings of ACs, the researchers have been examining alternative ways to
enhance electrical conductivity, surface wettability and the specific capacitance of activated
carbon materials. Heteroatom-doped carbons offer a possible solution to optimizing the
performance of supercapacitors to have high surface area, high electrical conductivity and a high
number of electrochemically active sites. Heteroatom doping leads enhancing the electrical and
ionic conductivity of carbon molecules by supplying extra electron delocalization along with the
structure. Such atoms provide extra pseudo-capacitance, increase the surface wettability and
electronic conductivity of carbons, and hence increase the capacitance of the final material.
35363738 Thus, heteroatom-doped carbon structure is a promising way to enhance the
electrochemical activity of electrode materials. The possible mechanism of N-doped carbon for

pseudo-capacitance in aqueous solution was reported by following equations 3°

-CH-NH, + 20H™ & -C=NH + H,0 + 2¢” (32)

-C-NH; + 20H" +2H* & C-NHOH + H,0 + 2¢°  (3:3)

and oxygen-containing functional groups

>C-OH © >C=0 + H' +¢" (3.4)
-COOH & -CO0 + H' +¢” (3.5)
>C=0+¢e & -C-0 (3.6)
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3.7. Synthesis of heteroatom-doped carbon

There are two main techniques to prepare heteroatom-doped carbons. The first technique
involves the carbonization of heteroatom-containing precursors such as polypyrrole®,
polyaniline*!, polyacrylonitrile*? and melamine analogues® etc. The second technique involves
heteroatom introduction through annealing treatment of carbon materials with nitrogen rich agents
such as ammonia, pyrrole, nitrogen plasma or urea.**#>4¢_ Nonetheless, the reagents/chemicals
used in both techniques are mainly produced from petroleum. Materials based on environmentally
benign and sustainable renewable resources need to be produced to reduce the dependency on
petroleum in the production of these materials.*”%849, Significant research efforts have thus been
devoted to preparing heteroatom-incorporated carbonaceous materials from natural resources like
bacteria?®, fungi®®, and sucrose.?* On the other hand, practical synthesis of this carbon source is
still insufficient due to the limited resources thus, more abundant and sustainable biomass is

necessary for large-scale manufacturing.

3.8. N-doped carbon from lignin

The capacitance property of carbonaceous materials derived from above natural sources still
needs to be improved for practical applications. As such, it is important to develop high-
performance supercapacitor electrode materials from an abundant, inexpensive, sustainable and
renewable natural resource. To this end, byproduct lignin presents an excellent feedstock for
production of supercapacitor electrode material. Lignin, a complex biopolymer composed of
aromatic alcohols, is one of the most abundant materials in nature.>! Lignin is a high volume
byproduct generated in the pulp and paper industry. Most of the lignin is currently in-efficiently

burned to generate steam and electricity.>® In recent years, intensive research efforts have been
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directed toward converting lignin into high added value materials. For instance, current
applications of lignin are in concrete admixtures, graphitic carbon, animal feed pellets, road-side
dust control, and as dispersing, wetting, binding agents, etc. °3,°*,% However, since the supply of
the unused lignin is in great excess, it is highly desirable to convert lignin into additional high-

value products.

Recently, several reports documented the use of lignin to generate porous carbons in

6061 However, to the best of our knowledge, lignin-derived N-doped

supercapacitors,>6-57:58:5%:
carbon materials have not yet been reported as an electrode material for supercapacitors. In this
dissertation, lignin was converted into N-doped carbon materials using a two-step conversion
process. Lignin was first converted into bio-char by hydrothermal carbonization followed by
conversion of the bio-char into N-doped carbons via annealing treatment in the presence of adenine

and KOH. Here, it was also examined the effect of adding adenine and KOH into bio-char, and

process conditions which can further increase the capacitance over what has been achieved so far.

Here the key objectives for this work are:

1) to construct electrode materials with high surface area with micro/meso porosity,

2) to explore and understand the roles of nitrogen doping in terms of the capacitive behavior,
3) to improve the capacitance properties through enhancing the affinity between the carbon
and nitrogen molecules,

4) to construct stable electrode material which is important properties of supercapacitor
materials, and

5) to device a scalable and effective production pathway.

3.9.Experimental
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3.9.1. Materials

Organosolv Lignin was obtained from Lignol Innovation Company. Adenine (CsHsNs,
99%), potassium hydroxide (KOH), and carbon black were purchased from Alfa Aesar. Ni foam
was purchased from MTI Corporation. Polytetrafluoroethylene (PTFE, 60 wt.% dispersion in H2O)
was obtained from Aldrich. All chemicals were used as received. Deionized water (18.2 MQ-cm)

was used in the hydrothermal treatments.

3.9.2. Synthesis of bio-char

Bio-char was prepared by hydrothermal carbonization (HTC) of lignin using in-situ ultra-
sonication (photography of reactor was depicted in Figure 3-1.). The reactor equipped with
sonication increases mass transfer of solvent into the solid state materials; as a result, the removal
of the oxygen content of lignin into solvent was enhanced. In a typical synthesis, 10 g of lignin
were mixed with deionized water (80 mL) and charged into sonicated Col-Int reactor. The

temperature and pressure of the reactor were maintained at 300 °C and 103 bar, respectively, for

Sonicater
Probe

Temperature
Probe

Pressure
Gauge

Sonicator
Controller

Reactor

Heater

Temperature
Controller

Figure 3-1: Photography of the HTC reactor
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30 min soaking time.®? The reactor was then allowed to cool down to room temperature and the

resultant bio-char was removal by filtration.

3.9.3. Synthesis of N-doped carbon material

N-doped porous carbons were synthesized by the annealing treatment of the bio-char in
presence of KOH and adenine as activation agent and a nitrogen source, respectively. In a typical
procedure, KOH (6 g) was dissolved in deionized water (25 mL). Then, adenine (1.5 g) and bio-
char (1.5 g) were added to the KOH aqueous solution and stirred for 30 min. The reaction mixture
was transferred into a 50 mL Teflon-lined stainless autoclave and then heated to 90 °C for 10 h.
The obtained brown product was filtered and dried at 90 °C overnight. The dried sample was
annealed at a given temperature (700, 850 and 1000 °C) for 1 h under N2 flow at a heating rate of

5 °C/min by using a Carbolite (MTF250) tubular furnace shown in Figure 3-2.
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Figure 3-2: Photography of the tubular furnace
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3.9.4. Characterization

FTIR spectra of samples were obtained using a Smart ATR Nicolet Nexus 670 FT-IR
spectrometer. An adequate amount of sample was placed directly on a diamond tip and spectra
obtained from 4000 to 400 cm™ range with a resolution of 4 cm™ and averaging 16 scans. The
graphitic and amorphous carbon contents in the as-prepared materials were examined by Raman
spectroscopy (Horiba LABRam HR; excitation wavelength = 532 nm). The Brunauer-Emmett-
Teller (BET) specific surface area and pore size distributions were gathered by an Autosorb iQ
(Qantachrome) surface analyzer. Pore size distribution maxima calculated using N2 isotherm at 77
K on carbon model (slit/cylinder. pores, QSDFT adsorption branch). The micro pore volume was
determined by cumulative pore volume at 2 nm maxima of the PSD assuming slit/cylindrical
shaped pores and QSDFT model. Total pore volume was measured at P/Po equal 0.95. Thermal
stability test of the synthesized materials was performed using a Perkin thermo-gravimetric
analyzer. Operating conditions were fixed to a constant heating rate of 5 °C/min with N2 flow
(ranging from 50 to 800 °C). Scanning electron microscope (SEM) (Hitachi SU-70 FE-SEM)
images were obtained to examine the morphology of the N-doped materials. The SEM instrument
was operated at 5 kVV under vacuum. X-ray photoelectron spectroscopy (ESCAlab 250) was
conducted in order to examine the chemical composition (C, O, N) and nature of the functionalized

groups on the surface of the prepared materials.

3.9.5. Electrochemical measurement

The electrochemical performance of the as-synthesized N-doped carbons was investigated
by means of cyclic voltammetry (CV), galvanostatic charge-discharge measurements and
electrochemical impedance spectroscopy (EIS) on a CHI 660E electrochemical workstation at

room temperature. The supercapacitor working electrode (NC-x electrode), was fabricated as
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following: an 80 wt.% active electrode material (NC-x), 10 wt.% carbon black (Alfa Aesar) and
10 wt.% binder (polytetrafluoroethylene: PTFE, 60 wt.% dispersion in H.O, Aldrich) were mixed
together until a slurry of proper viscosity obtained.'® The viscous slurry was casted onto a current
collector (nickel foam, 1.5 cm x 3 cm) and dried at 80 °C for 12 h in vacuum. In order to achieve
a good electronic contact, the dried electrode was then uniaxially pressed at 5 tons. The geometric
surface area of the prepared electrode was 0.32 cm?. The as-prepared electrode before and after

taping was illustrated in Figure3-3.

Figure 3-3: Photography of prepared electrodes (before and after taping)
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All the electrochemical measurements were conducted in 1 M KOH aqueous solution with a
three-electrode configuration equipped with the as-prepared NC-x working electrode, Pt wire (CH
Instruments Inc.) auxiliary electrode and Ag/AgCl (1 M KCI solution) (CH Instruments Inc.) as
reference electrodes depicted in Figure 3-4. The voltage range for CV measurements was -1.0 to
0.0V (vs. Ag/AgCl) at scan rates of 1, 5, 10, 20, 50 and 100 mV s, Galvanostatic charge-discharge
tests were performed at current densities of 1, 2, 5, 8, 10, 15, and 20 A g* within the potential
range of -1.0to 0.0 V (vs. Ag/AgCl). The EIS data were collected in a frequency range of 10 MHz

to 500 kHz with a 5 mV AC amplitude.

Working electrode

Reference
electrode
Counter electrode

Figure 3-4: Scheme of a three electrode cell for electrochemical

characterization
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The gravimetric specific capacitance (Cs, F gt) of the NC-x electrodes was calculated from

the galvanostatic discharge curves according to the equation (3.3).

Cs = Iat (3.3)

mAV

where | is the discharge current (A), AV is discharging voltage, m is the mass of the active electrode
material (g) and At is the discharge time. The following equation (2) was also used to calculate the
specific capacitance (Cs, F gt) from the cyclic voltammograms:

S 1av
Ci=—— (34

mvAV
where m is the mass of the active electrode material (g), v is the scan rate (V s), AV is the
potential window for the CV measurement and f:ln 1dV is from the integration of the cyclic

voltammetry curve ®,
The volumetric specific capacitance (Cy, F/cm® was calculated by the following equation:
Cv:pCs (35)

where Cs is specific capacitance, p is particle density calculated by equation 4:

1

- Ver(Ypp) (3.6)

P

V, is total pore volume cm?® /g and p; is true density of carbon (2 g/cm?).%*

The specific capacitance (Cs, F g) from the cyclic voltammetry was used to obtain the energy

density (E, Wh kg™) and the power density (P, W kg™) as follows:

1000g 1h
1kg 3600s

E= (3.7)

ool o

C (g) AV?(muvolt?)
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Wh It\ 36005  1wolt
p= E(H) (mvso ) 1hs 1000177:“;0” (3 8)
- AV (volt) '

3.10. Results and discussion

3.10.1. Physical and chemical properties

The schematic illustration of the synthesis steps is shown in Figure 3-5. N-doped carbons
were prepared from lignin via a two-step process. First, bio-char was synthesized from lignin by
using in-situ ultra-sonication hydrothermal carbonization (HTC), then, as-prepared bio-char was
converted into an N-doped material by an annealing treatment in selected temperature. In this
process, lignin and adenine were consumed as carbon and nitrogen sources, respectively and KOH
was used as a surface activation agent. The produced N-doped porous carbon samples were labeled
as NC-x, where N denotes the nitrogen doping, C represents porous carbon and x reflects the
annealing temperature in °C. For comparison, a pristine porous carbon C-850 sample was

processed in the same manner but without the use of a nitrogen source.
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Hydrothermal Carbonization
300 °C, 100 bar, 30 min

Adenine and
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Figure 3-5 N-doped carbon synthesis scheme.

The thermogravimetric analysis of lignin, adenine, and biochar are shown in Figure 3-6(a).

The weight loss up to 150 °C was attributed to adsorb water molecules while decomposition of
lignin started at 200 °C and continued till 700 °C . The TGA analysis also shows that the residual
mass of the biochar and lignin was found to be 64.1 and 16.3 wt.%, respectively. The high
conversion yield indicates that lignin can be used as a sustainable carbon source. FTIR spectra of
bio-char, C-850, NC-850, as well as lignin, are shown in Figure 3-6(b). Vibrational bands

correspond to —OH (3418 cm™*), methoxyl -CH30 (2843 cm™), aliphatic -CH (3000-2861 cm™),
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aromatic CH (3064 cm™), and aromatic rings (1512 and 1597 cm™) were identified in the IR
spectrum of lignin. The IR peaks between 1513 and 1597 cm™ (aromatic ring vibrations) and 1470
and 1460 cm™ (CH deformation) are characteristic peaks for lignin.®® It is clear that most of the
vibrations of the oxygen functional groups such as —OH, —OCHz which are present in lignin and
biochar disappeared after the annealing treatment. However, the peaks located at 1090 C-N
(bending)®® and 1620 cm™ C=0 are still visible in IR spectrum of the annealed material which
confirms the presence of nitrogen/oxygen functional groups. N-doped carbons were also
characterized by Raman spectroscopy. The D-band located at 1346 cm™ corresponds to amorphous
sp?® hybridized carbon while the G-band at 1587 cm™ refers to the presence of a well-ordered
graphite structure as depicted in Figure 3-6(c). The intensity ratio of the D band to the G band (R=
In/lg) can be used to predict the ratio of the amorphous carbon to well-ordered graphite carbon in
the resulting materials. The closer the R value of the unit, higher the amorphous carbon content in
the material. In the present study, the intensity ratio R= Ip/lg was found to be 0.99, 0.98, 0.96 and
0.94 for NC-700, NC-850, NC-1000, and GC850, respectively. These results indicated that
amorphous carbon content decreased with the increase in annealing temperature. The presence of
both graphitic and amorphous carbons in materials are advantageous because it is presumed that
specific capacitance of the materials increases with the high amorphous carbon content due to the
high active surface while the poor electrical conductivity of the amorphous carbon can be
compensated by the high electrical conductivity of graphitic carbon sheets.®” %8 Thus, the
composition of the resulting materials was optimized by the combining the amorphous carbon and

graphite sheet structure to get the best capacitive performance.

N2 isotherms at 77 °K carried out for carbon samples revealed the mesoporous nature of

the N-doped porous carbons where the combination of type-I/1V isotherms were obtained as shown
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in Figure 2(d). The textural properties including surface area, pore volume and pore sizes of
samples were summarized in Table 1.The Brunauer-Emmett-Teller surface areas (SAger) were
found to be 1788, 2957, 1075 and 2396 m? g for NC-700, NC-850, NC-1000 and GC850,
respectively. Micro and total (in parenthesis) pore volumes were calculated to be 0.49 (0.91), 0.56
(1.79), 0.21 (0.75) and 0.73 (1.24) cm® g%, respectively. The pore size distribution of carbons
indicates the presence of micro- and meso- porosity, Figure 3-6 (d)). The pore size in the NC-850
sample is ranging from 0.85 to 3.18 nm. It is noted that surface area, pore size, micro and total
pore volume of the materials strongly depend on the annealing temperature. This resulted in the
highest surface area along with the largest mesopore structure synthesized at 850 °C annealing
temperature. At relatively low temperature, 700 °C, the formation of micro/meso porosity could
not develop due to inadequate the KOH etching of carbon. ® When annealing temperature rises
from 850 to 1000 °C, surface area and porosity properties decreased significantly due to the
collapsing of micro/meso porosity through the annealing process © It is worth noting that the
surface area and micro/meso volume of NC-850 are approximately 23 % higher than C-850
(pristine). This is likely due to the fact that nitrogen molecules open extra nano pore structure while
they discharge from carbon framework.[35] In addition, XPS results indicate that tangible amount
of oxygen-functional groups are presented in the bio-char and N-doped material. While these
oxygen-functional groups discharge from carbon structure at relatively higher temperature, they
also contribute to the formation of mesoporous with in the structure.’% 7273

Potassium hydroxide was used as a surface activating agent. The typical mechanism of
KOH activating (etching) on carbon based material was reported previously,’

= CH, + 4KOH & K,CO05 + K,0 ...(3.1)

2C + 6KOH & 2K + 3H, + 2K,C0; ...(3.2)
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The scanning electron microscope (SEM) micrographs of bio-char, NC-700, NC-850, NC-1000,
and C-850 are shown in Figure 3(a- f). Regardless of annealing temperature, the surface
topography of obtained materials exhibits sheet-like structures. The sheets, diameter ranging from
2 to 10 pm, are shed by bulky structures which consist of irregular polygons shapes. The

macroscopic pore structure caused by KOH etching can be seen on high magnification image of

NC-850 in Figure 3-7 (b,c,d).

Table 3-1 Specific capacitance, surface properties, N/C and ID/IG ratio of the obtained materials.

Capacita BET Pore Volume
P N/C surface PSD _ Total
Sample nce Io/le ; c Micro
F/q) @ ratio area (nm) g (cm® gt
( g) (m2/g) b (Cm g ) e
NC-700 240 099 012 1788 %812 0.49 (54) 0.91
NC-850 a0 o098 o007 2057 % 0.56 (31) 1.79
NC-1000 132 097  0.04 1075 03%% 0.21 (28) 0.75
C-850 375 0.94 - 2396 1.22 0.73 (59) 1.24

a Calculated at 1 m V-1 scan rate b Calculated in the partial pressure range which gives the best
linear fitting. cPore size distribution maxima calculated using N2 isotherm at 77 K on carbon model
(slit/cylinder. pores, QSDFT adsorption branch). d Determined by cumulative pore volume at 2 nm
maxima of the PSD assuming slit/cylindrical shaped pores and QSDFT model; the values in

parentheses are the percentage of micropores volume relative to total pore volume. eTotal pore volume
at P/Po = 0.95.
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Figure 3-7: SEM image of (a) NC-700, (b), (c), (d) NC-850 at variable magnification (¢) NGC100
and (f) C-850
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3.10.2. Surface chemical composition by XPS

The surface chemical composition of the materials was investigated by XPS. The survey
scan of the as-prepared materials is presented in Figure 3-10(a) and the elemental composition of
resulting materials is summarized in Table 2. The carbon content of the prepared N-doped
materials was found to be 40.4, 59.5, 64 and 50.4 for NC-700, NC-850, NC-1000 and GC850,
respectively. The carbon content increases at higher annealing temperature due to deoxygenation
or discharging of volatility molecules (nitrogen). As expected, the nitrogen content of the obtained
materials decreased by higher annealing temperature and found to be 5.6, 2.5 and 2.4 % wt. for
NC-700, NC-850 and NC-1000, respectively. These results also reflect the successful nitrogen-
doping of bio-char by introducing adenine as a nitrogen source. A small amount of nitrogen
presented in C-850 may come from reacting of N> with biochar through the annealing treatment
or naturally existing of nitrogen in lignin. Although it is not seen in survey plot because of the
small intensity of peaks, a trace amount of Ca, F were detected from the samples which exist from
lignin production process.

The high-resolution deconvolution of C sp2 is presented in Figure 4(b) with the main peak
located at 284.8 eV was assigned to C=C bonding. The other smaller fitted peaks placed at 286.3
and 288.9.6 eV were corresponding to C=0/CH,/C=N and C-C=0 bonding, respectively.’®,’® XPS
core-level scan of the O 1s is presented in Figure 3-10(c), where three types of oxygen functional
groups were identified from the spectrum. The main peak located at 531.2 eV refers to the C=0
bond while the small peaks at 531.5 and 532.9 eV correspond to O-CO/C-OH (O-1 and O-II)
bonds.””. The high resolution deconvoluted of N1s spectrum of materials was analyzed to
investigate the nature of the N atoms/functionality in the prepared N-doped materials. Three types

of nitrogen functionalities were assigned in the N-doped materials which are pyridinic-(N-6)
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(398.4 eV), pyrrolic-(N-5) (400.1 eV) and oxidized-(N-X) (402.5 eV)"?,"® exhibited in Figure 3-8.
Among the three functional nitrogen groups, a combination of pyrrolic and pyridinic functional

groups was found to be more active regarding enhancing the capacitance value.

Table 3-2. Elemental and surface composition of N-doped materials,

C Pyridinic Pyrrolic Oxidized
Sample (i, N%t' Oojo")“' GLog)  OLo6)  (at %)

%) 398.4eV 400.1eV 4025eV
NC-700 404 5.6 54 16.4 715 11.8
NC-850 595 25 38 34.8 50.8 14.1
NC-1000 64 2.2 33.8 27.5 50.7 21.7

C-850 825 0.62 11.9 - - -

Elemental analysis was run by XPS
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Figure 3-10: XPS analysis of obtained materials (a) survey spectra C-850, NC-700, NC-
850 and NC-1000 (b) C1s core level analysis of NC-850 (c) High resolution O 1s core level
analysis of NC-850 (d) N1s core level analysis of NC-700 (e) N1s core level analysis
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Figure 3-8 Schematic illustration of nitrogen and oxygen functionalities on obtained
carbon materials. Adopted and modified from Babak et al. DOI:10.1039/C6TA06251B

3.10.3. Electrochemical performance

The electrochemical characteristics of N-doped carbons have been evaluated for energy
storage applications via cyclic voltammetry (CV) and galvanostatic charge-discharge (CD)
measurements. The electrochemical behavior of a commercial carbon black sample was also tested
as a control experiment. The capacitance value was found to be 14 F/gat 1 A/g for carbon black
from the discharge curve. The CV curve of materials is presented in Figures 3-9 (a). At slow scan
rates (1 to 20 mV s?), all the prepared carbon materials displayed rectangular-like cyclic
voltammograms, indicating a nearly perfect capacitive performance. The CV profiles, in general,
demonstrated a pseudocapacitive behavior at slow sweep rates within -0.7 to -0.4 V regime as

shown in Figure 3-9 (c), an evidence that the origin of the as-prepared N-doped carbons capacitive
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response is a combination of an electric double-layer capacitance (EDLC) and pseudocapacitance.
The appearance of a pseudocapacitance peak in the CV profiles could be attributed to surface
functionalities, the presence of nitrogen functional groups and the enhanced surface wettability.
580 79 The relation between the annealing temperature and the gravimetric specific capacitance (Cs)
is depicted in Figure 3-9 (b). The specific capacitance of NC-700, NC-850 and NC-1000 were
measured as 195, 372 and 119 at 10 mV s* scan rate, respectively. The measured specific
capacitance depicts up to +/- 5 % error. This error can also be introduced by the electrode
preparation method, amount of active material on the electrode surface. The Cs of the as-prepared
N-doped carbons increased by approximately 90 % when the annealing temperature increased
from 700 to 850 °C. This increase in the Cs magnitude could be attributed to the significant
enhancement in the surface area for the NC-850 sample, almost double that of NC-700 sample,
and the obvious increase in pores size which could facilitate the mass transport through the porous
framework and so enlarge the ion-accessible surface area and the number of electroactive
sites.?68081 C, decreased significantly when the annealing temperature increased from 850 to 1000
°C, which may be due to a significant decreased in surface area, pore volume, N/C ratio and
amorphous carbon content at 1000 °C . In summary, we found that the pseudocapacitive behavior
is more pronounced in the NC-850 sample which has a high surface area, micro/meso pore volume,
appropriate N/C ratio, and proper amorphous/graphite carbon ratio (Io/lg). The volumetric
capacitance of NC-850 was found to be 193, 173, and 163 F/cm® at 1, 5, 20 mV s scan rates,
respectively. As compared to the pristine C-850 (314 F gtat 10 mV s), the specific capacitances
of NC-850 were enhanced by 17 and 18 % at 1 and 10 mV s scan rates, respectively. The observed
high Cs value in the NC-850 with respected to pristine C-850 could be attributed to the induced

pseudocapacitance, enhanced surface wettability and improved electronic conductivity, resulted in
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a better charge distribution and storage within the exposed electrode surface.®28 Another factor
that may contribute to the observed enhancement in the Cs is the higher surface area and larger
pores size in the NC-850 sample respect to the C-850 sample. The Cs enhancement further supports
the claim that N-doping enhances the capacitive response by combining the pseudocapacitance to
the EDLC.848% ® |t is worthwhile to note that Cs value of C-850 was found to be higher than NC-
700 or NC-1000, due to the higher surface area and pore volume of C-850. The following typical
reaction may take place during the faradic reactions in nitrogen-containing functional groups, &
—CH — NH, + 20H™ & —C = NH + H,0 + 2e~ ...(3.3)
—C—NH, +20H +2H" & —C — NHOH + H,0 + 2e™~ ...(3.4)

Previous work on the effect of nitrogen functionalities on pseudocapacitance previously &’
has shown that pyridinic and pyrrolic nitrogen-containing functional groups can pronounce the
faradaic reaction. This is consistent with our data as NC-850 has 34.8 and 50.8 at. % pyridinic and
pyrrolic functional groups, respectively in its structure.

The CV curves deviated from the rectangular shape at high scan rates (> 50 mV s?) in
Figure 3-9(c). This deviation may be due to the poor penetration/ distribution of the applied
potential through the material pores, the inherent resistance of the electrode material, KOH
electrolyte diffusion resistance, and the contact resistance between the Ni foam current collector
and the active electrode material. Another factor that may contribute to the observed deviation in
the CV is that the top and the bottom of pores in the electrode materials are subjected to different
Ohmic resistances from the KOH aqueous electrolyte.?

The effect of N-doping in enhancing the capacitive performance of the prepared samples
is further supported by the power density and energy density data, where the N-doped sample

displayed higher power and energy densities than the pristine sample. The NC-850 showed an
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energy density of 15.3 Wh kg™ and power density of 55.1 W kg™ at a scan rate of 1 mV s, as

compared to 13.1 Wh kg and 46.7 W kg™, respectively, for C-850.
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Figure 3-9: (a) CV curves of NC-700, NC-850, NC-1000 and C-850 at 20 mV s-1 scan rate (b)
specific capacitance of NC-700, NC-850, NC-1000 and C-850 different scan rates (c) CV curves of NC-
850 at different scan rate from 1 to 10 mV s-1 (d) CV curves of NC-850
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The charge-discharge behavior of the as-prepared N-doped carbons, NC-700, NC-850,
NC-1000 and C-850 samples at 1 A g* in the potential window of -1 to 0 V is shown in Figure 3-
10(a). Also, the charge-discharge curves for NC-850 at different current densities in the potential
window of -1 to 0 V are shown in Figure 3-10(b, c). Although the IR drop was obviously seen at
relatively higher current densities, the anodic charging and cathodic discharging segments in NC-
850 still formed symmetric triangles suggesting a fast dynamics charge-discharge process and
good capacitive characteristics. The longest discharging time recorded for NC-850 sample is an
indication of a superior capacitive performance, Figure 3-10 (a). The specific capacitance values
were found to be 274, 348, 110 and 296 F/g for NC-700, NC-850, NC-1000 and C-850 at 1 A g*
current density, respectively. The high surface area coupled with the relatively high
nitrogen/carbon ratio and proper amorphous/graphitic carbon composition could account for the
observed enhancement in the discharging time for the NC-850 sample. At the different current
densities, the specific capacitance values of NC-850 sample were found to be 324, 305, 282 and

230 at 2, 5, 10 and 20 A g, respectively, Figure 3-10 (b, c, d).

Table 3-3 Comparison of the gravimetric capacitances of various carbon materials derived from biomass

Activation SSA Capacitance Measure
Material Electrolyte Ref.
method (m2gY) (Fg™) condition
CESM KOH 221 297 1M KOH 0.2 Alg 88
Graphene
bNi(OH). - 1276 1 M KOH 5mVst &
grow
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KOH
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KOH
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KOH
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KOH
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peel hydrothermal
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KOH
seed shell
Wheat

KOH
straw
Silk

KOH
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2044~2390
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Fir wood
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shell
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According to literature and to the best of our knowledge, the NC-850 sample (348 F/g at 1
Alg and 440 F/g at 1 mV s1) demonstrates the second highest specific capacitance value among
the different lignin-derived carbon materials and also show higher or comparable capacitance
value to other type of materials shown in Table 3.3.

To examine the interfacial characteristics and the electrochemical response of the as-
prepared electrodes, electrochemical impedance spectroscopy (EIS) data were recorded in the
frequency range from 10 MHz to 500 kHz with a 5 mV AC amplitude. Three different types of
resistance could be distinguished in the Nyquist plot of the studied materials based on the
frequency (Figure 3-10 (e)). At the high-frequency region, all the studied materials displayed a
semicircular part, its diameter corresponds to the charge transfer resistance (Rct) which control the
interfacial electron transfer kinetics at the electrode surface. Although all the studied material
displayed similar equivalent series resistant (ESR) of 5.8 [] obtained from the intercept of the
Nyquist plot with Z’-real axis at the high-frequency region, the C-850 (Figure 3-10 (e)) displayed
a semicircle with a larger diameter due to a higher Rt than NC-850. The Rt of the C-850 and NC-
850, calculated from the diameter of the semicircular part in Nyquist plot, were 1.3 and 0.93,
respectively. The observed decrease in the charge transfer resistance could be attributed to the N-
doping effect. At low-frequency region, the N-doped materials displayed a more vertical line than
the C-850 sample indicating a better capacitive performance, faster ion diffusion and low
resistance (Warburg resistance) of the ions diffusion to the electrode surface. The impedance data
indicated the importance of the N-doping process in enhancing the conductivity and capacitance
characteristics of the studied carbon materials.

An important characteristic of any electrochemical supercapacitor is its cycle life. The

stability of the as-prepared N-doped carbon electrode (NC-850) was investigated by collecting
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charge-discharge over 30,000 cycles at a current density of 20 A g* within the potential window
of -1 to 0 volts. As shown in Figure 3-13 (f), the NC-850 supercapacitor electrode displayed an
outstanding cyclic stability under relatively harsh conditions. The ability of the N-C-850 electrode
to maintain ~100% capacitive performance up to 10,000 cycles reflects an excellent long-term
stability of the electrode material and proved the efficient attachment/incorporation of the nitrogen
atoms into the porous carbon framework. Although, the capacitance performance of NC-850
sample was slightly dropped to 95% of its initial value between the 10,000 and 20,000 cycles, then
(capacitive performance) enhanced again to ~100% between 20,000 to 30,000 cycles. The
observed enhancement in the specific capacitance value at higher cycle numbers may be due to the

opening of the pore clogging where more electrolyte ions can enter porous of materials.%®
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Figure 3-10: (a) Charge-discharge curves of NC-700, NC-850, NC-1000 and C-850 at 1 A g-1 (b)

Charge-discharge curves of NC-850 at from 2 to 10 A g-1 (c) Charge-discharge curves of NC-850 at
from 15 to 30 A g-1. (d) Specific capacitance of NC-700, NC-850, NC-
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3.11. Conclusions

This work reported a new method for the production of N-doped carbons as for supercapacitor
applications from lignin. The obtained N-doped materials exhibit high surface area with abundant
micro/meso porosity and sheet-like morphology. The best material NC-850 exhibited the high
specific capacitance (348 F/g at 1 A/g, and 440 F/g at 1 mV s) in the electrolyte solution, due to
co-existence of a double layer capacitance and pseudocapacitance phenomena. The NC-850
delivers a maximum energy density of 15.3 Wh kg and power density of 55.1 W kg tat 1 mV s

! In addition, the NC-850 exhibited good capacitance retention over 30,000 cycles.
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4. Chapter 4. Supercapacitive and Oxygen Reduction Characteristics of the Sulfur Self-

Doped Micro/Mesoporous Carbon Derived From Lignin

4.1. Fuel cells

Fuel cells are electrochemical devices that convert the chemical energy of fuels into electric
energy. Typically, a fuel cell consists of two electrodes (anode and cathode), a separator for proton
exchange and two electron collector for electricity flow. When protons and electrons move to
the cathode side, oxygen molecules are reduced to form water in hydrogen fuel cell.
In the full process, only electricity and water are come out as products which make it an
environmentally benign process. Each cell produces around 0.6-0.7 V. To provide a high voltage,
individual cells are combined to form a large size fuel cell. The schematic illustration of working
principle of the fuel cell is shown in Figure 4-1. There is two design mechanism for reduction of
oxygen, which is the main rate limiting reaction. The direct four electron process of O reduction
is preferred and desired for optimum energy saving and to avoid hydrogen peroxide formation.
The direct two electron process which is the competitive reaction and leads to low cell voltage,

overall efficiency losses, and formation of byproduct hydrogen peroxide in fuel cells1,2.
E, =+ 0.695 vs. NHE (2 electron pathway)
Oyg) + [H* + 7] » * 00H 44 (4.1)
* O00H()[H* + e”] » H,0, (4.2(a))
Ey, = +1.229 vs. NHE (4 electron path way)

02(9) +[HY+e7] >« OOH(aq) 4.3
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* OOH(aq) + [H+ + e_] — % O(aq) + HZO(aq) (42(b))
* O(aq) + [H+ + e‘] - * OH(aq) + HZO(aq) (4.4)

* OHqq) + [H" + 7] = * Hy0(qq) (4.5)

€t

Hydrogen

—— H2

Air

MH0—

Anod‘e/ EIectlronte Cathode  Water

Figure 4-1: The schematic illustration of working principle of fuel cell

4.2. The oxygen reduction reaction (ORR) catalyst

In the last decade, oxygen reduction reaction (ORR) studies have drawn more attention due
to their application in fuel cells, water purification, and metal-air batteries.>*. Efficient
electrocatalysts materials are important for practical applications of fuel cell because of the high

over potential caused by low activity of oxygen reduction reaction 3
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Recently, the Pt-based catalyst had been known as the best catalyst for ORR due to the
excellent oxygen reduction efficiency; however, there are many concerns using Pt-based catalyst
including high cost, poor durability, and limited transport of electrolyte on the surface.’.
Especially, efficiency loss of Pt-based catalyst (in process high potential lead to Pt degradation)
and higher cost ($32 per gram (2015)) limit commercializing of fuel cells.® Therefore, more
efficient, durable, and low-cost fuel cell catalysts are urgently needed for commercializing fuel
cells. Ongoing research has developed alternative non-metal materials for ORR application instead
of platinum-based catalysts’. For instance, Pt-based alloy materials, variable metal oxides, etc.
However, these catalysts are still not practically useful because of harsh synthesis conditions,
expensive and not durable. In terms of non-metal catalysts, carbon-derived catalysts have been
considered as inexpensive, abundant, chemically stable, highly durable and eco-friendly catalysts,
however, practical application of these catalysts are still limited toward the ORR due to the poor
electrochemical activity, less active site for O reduction and low electrical/ionic conductivity. The
chemical doping such as N or B, P, S into carbon framework has been received as an effective
method to modify the catalytic properties of carbon materials. ® Structural defects introduced by
heteroatom dopants result in more edge-active sites in the carbon structure which enhances the
electrochemical activity toward the ORR. Especially, sulfur-doped carbon could potentially replace
Pt-based catalyst in a fuel cell. Although the nature of the active sites of sulfur remains elusive,
sulfur has been generally identified as an essential element for catalytic sites in carbon structure
because of six valence electrons in sulfur available to form strong covalent bonds with carbon
atoms?, °. When O, molecules adsorbed on the surface, breaking of O-O bond is one of the most
challenge steps for oxygen reduction reaction. Existing of C-S bond opens new active in the edge

or defect sites which help to break O-O bonding on the surface. Contrary to N, B, P molecules, it
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is believed that spin density is a more leading factor for regulating ORR activity than charge
distribution in the S-doped carbons due to the less electroneutrality in C-S bond (electronegativities
of 2.58 and 2.55, for C and S, respectively) . Moreover, sulfur atom has a larger atomic radius
(100 pm(picometre)) than nitrogen (65 pm) and carbon (70 pm). This large differences in atomic
radius help the disruption of the carbon connection pattern. In another word, sulfur-doping will
induce more defect sites and strain in the carbon framework, which may couple
chemisorption of oxygen and facilitate charge localization. In addition, the lone pairs of sulfur
atoms may easily interact with the surrounding electrolyte molecules due to the large polarizable
d-orbitals in a sulfur atom (sulfur groups are known as soft nucleophiles). °, ® This effect is

estimated to be much more pronounced in sulfur than that for nitrogen.

4.3. Lignin-derived ORR catalyst

Many groups have already reported the electrochemically active catalysts in the different
forms of sulfur-doped carbon, however, it still needs to develop state-of-the-art, inexpensive,
sustainable sulfur-doped catalyst for practical ORR application. In this dissertation, a novel and
the simple synthetic pathway have been developed for sulfur-doped carbon derived from lignin.
The electrochemical activity and durability of sulfur-doped carbon from lignin precursor are
investigated. Following properties are desired in the sulfur-doped carbon from lignin: (i) high
specific surface area with micro/mesoporosity which enhances oxygen interaction sides, (ii) high
electrical/proton conductivity, (iii) high electrochemical sites with variable sulfur functional
groups (sulfide(C-S-C)/oxidized sulfur(C-SO«-C)) in the resulting material responsible for

O2 reduction, and (iv) high electrochemical stability under fuel cell operating conditions.

4.4. Supercapacitor application of S-doped carbon
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Electrochemical capacitors (ESs), also called electro-double layer capacitors, are
electrochemical devices in which an ion adsorption/desorption process is used to store the
charge.!1? ESs have attracted a lot of attention over the past decades as energy storage devices
due to their fast charge/ discharge rates and high power density.'® These have a wide range of
applications in hybrid electric vehicles, electronic devices, memory backup, etc. However, pure
electrical double layer capacitors (EDLCs) based on a non-faradic process to store the charge are
suffering from poor specific capacitance values, which limits their applications and wide spread
use.**1> Many EDLCs are made of carbon materials such as activated carbon, carbon nanotubes,
graphitic carbon, graphene, etc. An appealing route to enhance the capacitance of EDLC-based
materials involves the addition of N, O, S or P heteroatom and/or MaXb (where M is a transition
metal ion and X are O, S or OH-).16171810 The add-atom is designed to enhance the capacitance of
a material via the pseudocapacitive effect, which depends on storing the charge through a
reversible faradic redox reaction.®® In particular, sulfur atoms have been considered an interesting
heteroatom dopant of carbon materials for energy applications.?®?! First, the difference in
electronegativity between carbon (2.55) and sulfur (2.58) facilitates the charge transfer in the C-S
bonds which enhances the electrochemical performance and conductivity of unmodified carbon.
109 Second, sulfur molecules modify the electronic structure (e.g. electron density balance) of the
carbon atoms and thus generates electroactive centers on the material surface or defects to enhance

the electrocatalytic and capacitive performance of the carbon materials.® 2%

4.5. Key goals

A large number of carbon-based materials for energy storage and fuel cell applications have

been produced from fossil fuels. However, there are many concerns associated with using
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petroleum-derived materials such as environmental pollution and unsustainable sources. Hence, It
is urgent to develop environmentally friendly, sustainable and inexpensive carbon materials.®
There are several studies reported on the application and utilization of nitrogen- and sulfur-doped
biomass-derived carbon materials in supercapacitors and fuel cells,® 23242526 include only a few
derived from lignin biomass.?”?® Moreover, to the best of our knowledge, there is no report of self-
sulfur doped carbon from lignin activated by in-situ experiment. In addition, to Lignin, a complex
biopolymer, is a byproduct of pulp and paper industry.?® Approximately 50 million tons of lignin
are generated per year, out of which only 5% is converted into valuable products. 30313233
Therefore, there is a need to develop value-added products from lignin. This work examines lignin-
derived sulfur self-doped carbon electrodes for use in supercapacitors and fuel cells. A simple,
eco-friendly and scalable synthetic pathway has been chosen. Impacts of hydrothermal
carbonization and thermal annealing on the capacitance of the final material have also been

studied.
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4.6. Experimental
4.6.1. Chemicals
Commercially available calcium lignosulfonate lignin (Norlig A) was received from

Lignotech company.3* Organosolv lignin (sulfur-free lignin) was obtained from Lignol
Innivations, Inc.®® Potassium hydroxide (KOH) and polytetrafluoroethylene (PTFE, 60 wt. %
dispersion in H>O) were obtained from Sigma-Aldrich. Carbon black was received from Alfa
Aesar. Ni foam was purchased from MTI Corporation. Commercial 10 wt % Pt/carbon was bought
from Sigma-Aldrich. Chemicals were used as received unless it is mentioned in the text. Deionized
water (18.2 MQ.cm) was used as a solvent in the hydrothermal treatments.

4.6.2. Bio-char synthesis from lignin
Bio-char was synthesized via the hydrothermal carbonization (HTC) process which is easy and
low-cost process.® For a typical synthesis, lignin (10 g) was mixed with 80 mL deionized water.

The solution was placed into a 300 mL ultrasonic high-pressure reactor (Col-Int). The reactor was
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equipped with sonication to enhance the mass transfer from the solid phase into the solvent phase
and to increase the removal of oxygen from lignin during the hydrothermal treatment.®” The
reaction was carried out at 300 °C and 98 bar for 30 minutes.® Water in this reaction was under
sub-critical conditions which had both liquid and vapor phases in equilibrium. After the HTC, the
reactor was allowed to cool down to ambient temperature. The obtained brown aqueous suspension

was filtered to isolate the produced bio-char from the solvent.

4.6.3. Preparation of sulfur self-doped carbon from bio-char

S-doped carbons were directly synthesized by the post-annealing process at elevated
temperatures. In a typical procedure, 1 g bio-char was heated to the desired temperature (700 to
1000 °C) for 1 h under N2 flow at a heating rate of 5 °C/min in the tubular furnace (Carbolite MTF-
250). The obtained material was washed with 3 M HCI following by dilute water in order to remove
calcium and other minerals. The produced S-doped carbons were labeled as SC-x, where S denotes
the sulfur doping, C refers to carbon and x refers to the carbonization temperature in °C. Graphitic
carbon C-850 (pristine) were obtained for comparison by applying the same procedures on bio-

char derived from the sulfur-free lignin (Organosolv).

4.6.4. Physical characterization
Thermogravimetric (TGA) analysis was recorded by a Perkin Elmer thermo-gravimetric
analyzer with a constant heating rate of 5 °C/min under N2 flow and temperature ranging in 30 °C
to 1000 °C. FTIR spectra of materials were collected by Nexus 670 FTIR spectrometer which uses
a Smart ATR Nicolet. Operating conditions were fixed to average 16 scans at 1 cm™ intervals and
a resolution of 4 cm™ scanned from 4000 to 400 cm™. Raman spectra of materials were collected
on Horiba LABRam HR spectroscopy with excitation of 532 nm light source in order to detect

graphitic carbon formation. The morphology of the synthesized materials was examined by
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scanning electron microscope (SEM) (Hitachi SU-70 FE-SEM). The operation condition was 5 kV
acceleration voltage under a vacuum atmosphere. The Brunauer-Emmett-Teller (BET) specific
surface area and porosity properties were determined by applying N2 adsorption/desorption
isotherm with a NOVA surface analyzer. The X-ray photoelectron spectroscopic (XPS) analysis
was performed on X-ray photoelectron spectrometer (ESCALAP250) with a monochromatic Al K
alpha source (1486.6 eV, 20 kV, 250 W). The sp? carbon peak was adjusted to 284.6 eV to calibrate

the XPS energy scale. Thermo Advantage software was applied for processing the XPS data.

4.6.5. Electrochemical Measurements

All electrochemical measurements in this study were performed on a CHI 660E electrochemical
workstation (CH Instruments, Inc.) in a conventional three-electrode electrochemical cell in 1 M
KOH aqueous electrolyte under ambient conditions. Silver/Silver chloride (Ag/AgCl) and
platinum wire were used as a reference and counter electrodes, respectively. The working electrode
was obtained by mixing the active material, carbon black, and PTFE binder with a weight ratio of
80:10:10. The resulting slurry was spread on a nickel foam current collector (1.5 cm x 3 cm) then
dried at 80 °C overnight and pressed under a high pressure of 20 MPa. Geometric surface area of
0.32 cm? for the working electrode was achieved by using UHMW tape (CS-Hyde). Cyclic
voltammetry (CV) measurements were conducted at different constant scan rates (1-100 mV s?)
within the potential window -0.6 to 0.2 volts. Galvanostatic charge/discharge measurements were
carried out to evaluate the capacitance and cyclability of the as-prepared electrodes at a range of
constant current densities (5 to 20,000 mA/g) between -1.0 to 0.0 volts. Electrochemical
impedance spectroscopy (EIS) analysis for the supercapacitor electrodes was conducted by

applying an AC amplitude of 5 mV within the 10 MHz to 0.5 MHz frequency range. The
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gravimetric specific capacitance (Cs, F g™) of electrodes was calculated from the galvanostatic

discharge curves according to the equation (1):

Cs = 1At (4.6)

mAV

where | is the discharge current (A), AV is discharging voltage, m is the mass of the active electrode
material (g) and At is the discharge time. The volumetric capacitance (Cy, F/cm® was calculated
by the following equation:

Cv= ,OCs (47)

where Cs is specific capacitance, p is particle density calculated by equation 33940

_ 1
Vet (Ypp)

p (4.8)

V, is total pore volume cm®/g and p; is true density of carbon (2 g/cm?).

The energy density (E, Wh kg) and the power density (P, W kg) were calculated as follows:

2) 1000g 1h

E =
1kg 3600s

ool Mo

C (g) AV2(muvolt (4.9)

Wh muvolt) 3600 s 1volt
E(E)v( s ) 1h 1000 mvolt (4 10)
AV (volt) '

pP=

For the ORR measurements, the working electrode was prepared from an ink solution
composed of 5 mg active material, 100 [JL Nafion binder, and 300 (1L ethanol. The mixture was
sonicated for 30 min and 8 []L of the resulting ink were dropped onto a freshly cleaned rotational
disc glassy carbon electrode (RDE, 3 mm diameter, CH Instruments Inc.). The prepared RDE was

warmed to 70 °C to improve adhesion of the active material on the glassy carbon electrode surface.

96



0.1 M (80 mL) KOH solution was used as an electrolyte in a three-electrode cell with RDE. The
obtained current was normalized by the geometric area of the active surface (mA/m?). For kinetic
measurement, the Koutecky-Levich equation (6) was applied at the potential from 0.4 and -0.8 V

and for rotational speed range from 500 and 2500 rpm as follows.*!

%:i+; (4.11)

Jk = Bw®3

where, J is the current density, Jk is kinetic current density, « was rotational speed, and B is the

slope of K-L curve. The theoretical value of n can be calculated from following equation (7)

2 _
B = 0.2nF(Dy,) / 3Co,v Y6 (4.12)

where n is the number of electrons transferred per O> molecule during the oxygen reduction
reaction, B is the slope of K-L curve, F is the faraday constant (96,485 C mol™), Do,(1.9x10-5
cm? ™) is the diffusion coefficient of Oz in KOH electrolyte, C,,(1.2*10°°) is concentration of Oz
in the electrolyte and v (0.01 cm? s?) is the kinematic viscosity of the electrolyte). The obtained
graphs were normalized to the area of the active surface area (mA/m?). Scheme of a three electrode

cell for ORR characterization depicted in Figure 4-4.
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Figure 4-3: Photography of rotational disc electrode
instrument
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Figure 4-4 Scheme of a three electrode cell for ORR

characterization

4.7.Results and discussion

4.7.1. Physical and chemical properties

The pathway for the synthesis of sulfur self-doped carbons is illustrated in Figure 4-5. The
production of S-doped carbons has been designed to be simple, inexpensive, environmentally
friendly, and easy to scale-up process. The as-prepared S-doped carbons were labeled as SC-x,
where S denotes the sulfur self-doping, C refers to carbon and x refers to the carbonization
temperature in °C. Carbon C-850 (pristine) was also synthesized by following the same procedures
from sulfur-free (organosolv) lignin.

In this study, we used two types of lignin. First, Norlig A (calcium lignosulfonate) lignin

which is separated from woody plants in H2SO4 solution to form black liquor and then, lignin was
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precipitated by the addition of lime (CaO). ?° The elemental composition of Norlig A is 36.8 wt.%
C,37.3wt.% O, 6.7 wt.% S, and 2.5 wt.% Ca as shown in Table 1. The sulfur and calcium contents
originate from the manufacturing process. The presence of calcium and sulfur atoms enhances the
electrochemical and surface activation properties of the as-prepared carbon materials, as discussed
in following sections. The second type, signal (organosolv) is a lignin lacking sulfur and calcium
atoms in its structure due to the use of organic solvents in the separation process.?*3 Organosolv
lignin contains 65.4 wt.% C and 35.6 wt.% O. Absence of sulfur and calcium atoms in the
organosolv lignin limits the electrochemical and surface activation properties in the resulting
carbon material (C-850). It is important to bear in mind that both the surface activating agent
(calcium catalyst) and sulfur molecules (origin of lignin process) were used by in-situ synthesis

process.

S-doped graphitic carbon

, | Hydrothermal Carbonizatio
3 300 °C, 100 bar, 30 min

Figure 4-5 Synthesis pathway of S-doped carbon
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TGA was used to investigate the thermal decomposition of lignin, bio-char and the as-
prepared sulfur self-doped carbon materials as shown in (Figure 4-6(a)). Lignin, bio-char and SC-
850 desorb water up to 150 °C. Lignin started to decompose at 200 °C and continued the
decomposition up to 725 °C. The residual ash content of lignin is calculated to be 16 wt.% at 1000
°C. Approximately 41 wt.% of bio-char remains at 850 °C as shown in Figure 6(a). The TGA of

the as-prepared SC-850 reflects its high thermal stability.

Lignin, biochar and S-doped carbons were analyzed by FTIR in order to determine the
transformation of the functional groups during the preparation (Figure 4-6(b)). Several functional
groups, characteristic of the lignin structure, are found. For instance, the IR peaks located at 1032,
1420, 1450, 1507, and 1593 cm* correspond to the C-H bonds and aromatic ring groups of lignin.
The peak located at 2939 cm™ is due to the vibration of the C-H bond of aliphatic carbon in the
lignin structure. %3 The —OH functional group of lignin displayed a peak around 3300 cm™. The
characteristic IR peaks of the lignin such as —OH group disappeared in the IR spectra of the
corresponding bio-char and as-synthesized carbon due to the breaking of the hydroxyl groups

during the HTC and heat treatment steps*2.

Raman spectroscopy is a crucial technigue to investigate the degree of graphitization for
carbon materials. Figure 4-6 (c) displays two characteristic peaks in Raman spectra of the samples.
The G band located at 1580 cm™ corresponds to the graphitic carbon (sp?) structure while the D
band at 1360 cm™ is associated with the disordered structure of the carbon-based materials.*® The
appearance of G and D bands in Raman spectra of the as-prepared sulfur self-doped carbons
indicates that the structure consists of a combination of graphitic and disordered (amorphous)
carbons. The intensity ratio of the D band (Ip) to G band (lg) is an indicator of the formation of

graphitization and disordered structure.***® The lower Ip/lg ratio corresponds to the higher degree
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of graphitization in the resulting materials. The Ip/lc ratios were found to be 0.83, 0.89, 0.97 and
1.01 for the SC-700, SC-850, SC-1000 and C-850, respectively confirm a high degree of
graphitization. The slight enhancement in the Ip/lc ratio may be attributed to destruction of well
ordered-graphitic structures at the higher annealing temperatures.*® It is assumed that the specific
capacitance of a carbon-based material increases with the amorphous carbon content due to the
large surface area of the disordered structure. However, the electrical conductivity of amorphous
carbon is low. On the other side, graphitic carbon possesses an outstanding electrical conductivity
because of its well-ordered crystalline structure, however, its surface area and pore size distribution
are limited.** Thus, the graphitic/amorphous composition of carbon materials has been examined
to obtain the optimum sample in point of electrochemical activity. In the present study, the SG850

(Io/lg of 0.89) displayed the highest electrochemical activity.

The N2 adsorption/desorption isotherms and pore size distributions of the sulfur self-doped
carbons are presented in Figure 4-6 (d,e). The BET surface area of the SC-700, SC-850, SC-1000,
and C-850 were found to be 78, 660, 260, and < 20 m?/g, respectively, as listed in Table 2. The
total pore volume of SC-700, SC-850 and SC-1000 was found to be 0.05, 0.25 and 0.12 cc/qg,
respectively. It is worthwhile to mention that the surface area and pore sizes distribution of the as-
prepared carbon samples were significantly influenced by the annealing temperature. Annealing
temperature at 850 °C was found at an optimum temperature with regard to the high the BET
surface area of the sample. At the low annealing temperature (700 °C), surface activation was not
completed due to the insufficient thermal energy. The lower the BET surface area of SC-1000
caused by collapsing of the micro/meso pore at the higher annealing temperature and evaporation
of the heteroatoms. 4“8 We further compared the BET surface area of SC-850 with respect to C-

850 (calcium free lignin). The surface area of C-850 (< 20 m?/g) is significantly lower than SC-
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850. It is important to point out the synthetic strategy of both C-850 and SC-850 did not include
any surface activation agent. As it mentioned in the previous section, the carbon material derived
from the organosolv lignin does not present any calcium content while the carbon materials derived
from the calcium lignosulfonate lignin displayed up to 2.5 wt.% calcium content. The high BET
surface area of SC-850 imply that the calcium molecules may act as a surface activating agent
during the annealing treatment. This observation is in accord with our previous finding that many
metal catalyst (e.g., Mn, Fe) activates carbon surface.*® The pore size distributions of samples
displayed micro/meso porous structure shown in Figure 4-6(¢). The pore size of SC-850 was found

to be 1.5 nm (micropore) and 15 nm (mesopore).

The SEM micrographs of the synthesized sulfur self-doped carbon materials are presented
in Figure 4-7. All the sulfur self-doped carbon samples displayed a similar morphology composed
of spherically shaped particles that stick to each other in a random fashion with a size ranging from
0.5to 3 um. The main dissimilarity in the samples morphology was the size of the spherical shapes.
The morphology of C-850 is different from SC-850 where microstructure of the C-850 is non-

porous and consists of fused carbon spheres that form a compact structure
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Figure 4-7: SEM image of (a) SC-700, (b), (c), (d) SC-850 at variable magnification (e)
SGC100 and (f) C-850
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4.7.2. XPS results

The surface chemical composition of sulfur self-doped carbons materials was investigated by
X-ray photoelectron spectroscopy (XPS). The surface elemental composition and the
corresponding functional groups are listed in Table 1. The survey scans of the sulfur self-doped
carbon materials are shown in Figure 4.8. Carbon, oxygen, and sulfur peaks are located at 288.4,
532 and 164.7 eV, respectively. The carbon content has been significantly increased during the
HTC and annealing processes to be ~1.6 times that in pure lignin as shown in Table 1. The
observed enhancement in the carbon content of S-doped carbons reflects the efficiency of the
carbonization process and could be attributed to the low volatility of the carbon
molecules/compounds compared to those of the dopant such as oxygen and sulfur. In particular,
the oxygen content has been significantly decreased through the HTC and thermal annealing steps
being 5 to 6 times less than that before the treatment, due to the deoxygenation of many functional
groups (e.g., hydroxyl and carboxyl groups) which is consistent with FTIR results.>® The S/C ratio
slightly decreased with the increase of the annealing temperature due to the volatility of sulfur
compounds. The bulk elemental composition of lignin was compared with surface composition
XPS data (e.g. 5-10 nm) as shown in Table 1. The variation between the XPS and bulk elemental
analysis data arises from the fact that XPS detects the surface of the materials (e.g. 5-10 nm), while
C/H/S elemental analysis examines the bulk composition.®! %2 The C 1s, O 1s and S 2p high-
resolution core-level spectra of the as-prepared samples are depicted in Figure 8. For XPS
deconvolution of the C 1s, the main peak located at 284.4 eV in Figure 8b is attributed to the C=C
group. The two small overlapped peaks observed at 285.6 eV and 286.5 eV are attributed to C-O,
C=0 and O-C=0 functional groups. >> Another peak located at 283.9 eV is assigned to C-S

groups>®>*, which is consistent with the high-resolution core-level sulfur spectrum. The high-
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resolution XPS core-level scan of the O 1s is presented in Figure 8(c). Three types of oxygen
functional groups can be identified from the spectrum. The main peak located at 531.2 eV refers
to the C=0 bond while the small peaks at 531.5 and 532.9 eV correspond to O-CO/C-OH bonds®®.
Careful examination of the S 2p high-resolution core-level spectra indicates the presence of three
types of sulfur functional groups as shown in Figure 8 (d, e, f). The two core peaks located at 164
and 165.3 eV are assigned to sulfide (-S-C-S) and sulfoxide groups.**?* The relatively small peak
seen at higher energy 168.6 eV is ascribed to -C-SO--C bonds (sulfone bridge)®*°. The effect of

variable sulfur functional groups is discussed in the electrochemical results (see below).
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Figure 4-8: XPS analysis (a) survey spectra of lignin, SC-700, SC-850 and SC-1000, (b)
High resolution C 1s core level analysis of SC-850, (c) High resolution O 1s core level
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4.7.3. Electrochemical results

Galvanostatic charge/discharge measurements were conducted in a three-electrode
configuration to evaluate the electrochemical performance of the S-doped carbons as electrode
materials in supercapacitors. As shown in Figure 4-9(a), all the S-doped carbons displayed nearly
isosceles triangular-shaped galvanostatic charge/discharge. Furthermore, the galvanostatic charge-
discharge measurements were performed at different current densities (5 to 20,000 mA/g). The
SC-850 maintained the triangular-shaped galvanostatic charge/discharge curves even at high
current densities (up to 10,000 mA/g) as shown in Figure 4-9(c). These interesting findings
indicate that the S-doped carbons possess a near ideal EDLC behavior with a fast charge
propagation. The specific capacitance (Cs, F/g) of the S-doped carbons was calculated according
to equation (1). Although SC-700 displayed the highest sulfur content as indicated by the XPS
data, its specific capacitance value (124 F/g at 1 A/g) is smaller than that of the SC-850 (202 F/g
at 1 A/g) as shown in Table 2. The reason for the pronounced high specific capacitance of the SC-
850 sample could be attributed to its high surface area (660 m?/g) which is 8 times higher than that
of SC-700 sample. The high surface area in conjunction with the enhanced micro/mesoporosity
contents facilitate mass transport through the pores of the electrode material and provide more
active sites for the electrosorption of electrolyte ions and thus could account for the observed high
specific capacitance for the SC-850 sample, which is 1.6 times greater than SC-700. Another factor
that may contribute to the observed high capacitance of the SC-850 sample is that the higher
amorphous carbon content. The SC-850 sample displayed higher Ip/lg ratio than the SC-700
sample as shown in Table 2. It is already addressed before that it is assumed that amorphous carbon
possesses larger specific capacitance value while the graphite exhibits more conductivity.

Although the specific capacitance of SC-700 is the lowest, the conductivity of the SGC700 is
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higher than other samples. This finding is consistent with EIS data and is examined in depth. The
higher capacitance of the SC-850 compared with the SC-1000 (146 F/g at 1 A/g) may be due to
the synergistic effect of higher surface area, larger microspore volume and higher S/C ratio.
Moreover, the specific capacitance of the SC-850 (225 F/g at 0.5 A/g) is about 5 times that of the
un-doped C-850 (organosolv-derived carbon) which is found to be 44 F/g at 0.5 A/g. The higher
capacitance for the SC-850 compared with that of the C-850 could be attributed to the higher
surface area with accessible porosity and the presence of sulfur atoms which contribute to
pseudocapacitance, facilitate/ improve the ion transport and increase the number of the
electroactive centers. The proposed faradaic reaction of sulfur-containing functional groups was

reported previously with following reactions®’

” ~No—

—S— +2e + H,0 —— ﬁ + 20H (1)
Il o

~No— H
T+ e +HOo — \§/ + OH  (2)
o OH

The first and second faradaic reactions contribute to sulfone and sulfoxide functional groups,
respectively. In addition, the sulfide functional groups contribute to enhancing the charge transfer
on the surface. The sulfide functionalities may affect the further polarization of carbon surface by
a combination of electron-rich sulfide groups with carbon structure.’” These statements are
consistent with our data that SC-850 has 65.7 sulfides, 27.5 sulfoxides and 6.6 at. % sulfone
functional groups in its structure. At variable current densities, the specific capacitances of the SC-
850 sample were found to be 185, 147, and 95 F/g at 2, 5 and 10 A/g, respectively. The outstanding
performance even at high current densities is caused by fast ion transfer on the electrode surface.
We further measured the volumetric specific capacitance of SC-850 from equation (3). The

volumetric capacitance of SC-850 was found to be 300, 269, and 195 F/cm? at 0.5, 1 and 10 A/g
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current densities, respectively. The obtained specific capacitance value was compared with
literature. Although the specific capacitance of SC-850 electrode is lower than many heteroatom-
doped/templated carbon derived materials, °8°%0%! the specific capacitance value, 225 F/g at 0.5
Alg, is still higher or comparable with reported capacitance values for many biomass-based carbon

electrodes.2:6364
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850 at 2, 5, 10, 20 A g-1, (d) Specific capacitance of obtained materials (all experiments were

conducted in 1 M KOH electrolyte solution).

112



To examine the presence of pseudocapacitance in the as-prepared S-doped carbon
materials, cyclic voltammetry measurements were performed using a three-electrode system. The
CV data of the S-doped carbons revealed that SC-850 has the highest CV area and SC-700 has the
lowest CV area, which is consistent with the galvanostatic charge/discharge measurements. The
SC-850 sample displayed nearly perfect rectangular shaped CV curve at 20 mV s scan rate as
shown in Figure 4-10 (a) which indicates ideal double layer capacitor behavior. Close examination
of the SC-850 sample’s CVs at slow scan rates indicated the presence of pseudocapacitive behavior
where redox peaks appeared around -0.3 volts as shown in Figure 4-10 (b). This peak could be
attributed to the reversible Faradaic redox reaction of the sulfone and sulfoxide surface
functionalities. The XPS data showed the presence of some oxygen functionalities which may also
be contributed to the observed pseudocapacitance. The increased electrical resistance and poor
penetration of the electrolyte into the electrode material pore at fast scan rates could account for
the observed slight distortion of the CVs of the SC-850 sample from the rectangular shape as
shown in Figure 4-10(c).

Electrochemical impedance spectroscopy (EIS) measurements were conducted via
applying an AC amplitude of 5 mV in the frequency range from 10 MHz to 500 kHz to examine
the interfacial properties and electron transfer kinetics of the as-prepared S-doped carbon materials
and to understand their electrochemical behavior. Nyquist plots of the S-doped carbon materials
are shown in Figure 4-10 (d). They are similar, consisting of a semicircular part in the high-
frequency region and a linear part in the low-frequency region. In the high-frequency region, the
intercept of the semicircular part of the Nyquist plot with the real impedance axis (Z’-real axis)
gives the equivalent series resistance (ESR). For an electrochemical capacitor, the ESR governs

the rate of the charged—discharge process and it is a combination of the electrolyte ionic resistance,
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intrinsic and contact resistances of the nickel foam current collector and the electrode material.
The SC-700 and SC-850 electrodes displayed almost the same ESR of ~ 5.7 Q with the SC-850
electrode being slightly more conductive than the SC-700 electrode as shown in the inset of Figure
4-10 (d). The observed relatively high resistance (6.3 Q) for the SC-1000 electrode with respect to
the other electrodes could be attributed to the poor accessibility of the electrolyte to the electrode
material which resulted in slow electron and ion transfer rates. In the high-frequency region, the
diameter of the semicircular part of the Nyquist plot gives the charge transfer resistance (Rct) which
originates from the electron transfer process (e.g. Faradic reactions) at the electrode surface. The
SC-700 sample displayed smaller Rt value (0.5 Q) than that of the SC-850 sample (0.7 Q). This
slight change in the conductivity may be assigned to the presence of higher graphitic carbon
content in the SC-700 as compared to SC-850. These findings are in agreement with the Raman
data which showed that SC-700 has the lowest Ip/Ig ratio. In the low-frequency region, the linear
part of the Nyquist plot for the SC-850 sample is obviously more vertical than that for the other S-
doped materials, which is indicative of a lower ionic diffusion resistance, resulting in enhanced
capacitive performance and faster ionic diffusion through the electrode material facilitated by its
high surface area and mesoporous nature. It is clear that the EIS measurements support the
assumption that the observed high specific capacitance for the SC-850 sample is due to a
synergistic effect of the high surface area, mesoporous nature, and chemical and structural
compositions.

It is important to test the cycling degradation of the supercapacitor electrode materials. The
SC-850 sample displayed excellent cycling stability after 10,000 cycles at 5 A/g with a retention
of specific capacitance ~100% as shown in Figure 4-10 (e, f). Interestingly, the specific

capacitance slightly increased during the charge-discharge cycling as shown in Figure 4-10(a).
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This increase in capacitance could be explained by the physical opening of clogged pores upon
cycling. % The long cycle life of the tested electrodes reflects the reversibility of the Faradic redox
process and high chemical and structural stability of the S-doped carbons, which make them

potential candidates as a highly stable electrode material for supercapacitors.
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Figure 4-10: CV curves of SC-700, SC-850 and SC-1000 at 20 mV s-1 scan rate, (b) CV
curves of SC-850 at scan rates of 1 to 10 mV s-1, (c) CV curves of SC-850 at different scan rate
from 50 to 100 mV s-1, (d) Nyquist plot of SC-700, SC-850 and SC-1000, (e) The cycling

performance of SC-850 (all experiments were performed in 1 M KOH electrolyte solution)
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4.7.4. ORR results
We further investigated the capability of the SC-850 sample as a potential ORR electrocatalyst.
The SC-850 sample was selected among the as-prepared sulfur self-doped carbon materials
because of the optimum sample in point of supercapacitors. For comparison, commercial 20 %
Pt/C catalyst was tested under the same conditions. The CV and linear sweep voltammetry (LSV)
measurements were conducted in Oz or N> saturated 0.1 M KOH aqueous electrolyte in order to
assess the electrocatalytic activity of the SC-850 sample toward the ORR. As can be seen in Figure
11-(a), the collected CV curves using SC-850 as a working electrode material within the potential
window +0.4 to -0.8 volts in Oz-saturated 0.1 M KOH solution, exhibited well-defined oxygen
cathodic reduction peaks centered around -0.33 volts while the CV recorded in N»- saturated 0.1
M KOH solution did not display any characteristic redox peaks (i.e., is featureless). The observed
enhancement in the CV area demonstrates the electrochemical activity of the SC-850 towards the
oxygen reduction reaction. This may be explained by the fact that sulfur doping provides extra
catalytic sites for the ORR and ensures efficient electrolyte ion migration and electron transport.
In addition, it is well known that the catalytic active sites in the N, P, B doped carbon are
predominantly caused by atomic charge density due to the higher electroneutrality of N, P, B
respect to carbon. On the other hand, because of close electroneutrality between C-S bonding , the
defined redox cathodic peak in S-doped carbon may be caused by tailor spin density as it reported
before by Huang et al.% In order to compare the CV plot of SC-850 with that of the commercially
available Pt/C catalyst, the CV plot of 20 wt.% Pt/C was recorded under the same conditions as
shown in Figure4-11 (b). The area under the CV curve of the commercial Pt/C catalyst is enhanced
in the O saturated electrolyte with respect to that obtained in the N saturated electrolyte, and a

characteristic oxygen reduction peak was observed around -0.37 V. The ORR peak for the SC-850
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sample appeared at a more positive potential with respect to that recorded on the commercial Pt/C
catalyst. In addition to the CV measurements, an LSV experiment was also carried out on rotational
glassy carbon disk electrode at speeds from 500 to 2500 rpm in the potential range from 0.4 to -
0.8 V at 5 mV s scan rate. The LSV response of the SC-850 and Pt/C 20 wt.% at 5 mV s scan
rate is shown in Figure 4-11(d, €). The onset potentials are observed to be -0.17 and -0.06 V
(Ag/AgCI) for the SC-850 and Pt/C, respectively. The SC-850 sample displayed a comparable
limiting current to the Pt/C catalyst at the potential of -0.45 V and higher limiting current at a more
negative potential. This finding indicates that the SC-850 sample has an excellent ORR activity.®
The current density is directly proportional to rotational speed and the corresponding K-L curve
shows good linearity between J* and the inverse of square root of rotational speed which indicates
a first-order reaction toward O reduction (Figure 4-11(f)).%” Four-electron pathway for reducing
02 is highly desirable to obtain optimum energy capacity for the ORR applications and to avoid
hydrogen peroxide, which is poisonous to the catalyst, as an intermediate. The number of electrons
transferred per amount O during the oxygen reduction reaction was calculated from Equations 6
and 7. The transferred electron number (n) is calculated to be 3.4 to 2.7 in the potential range from
-0.8 to -0.7 mV, respectively, which implying a four-electron oxygen reduction reaction. As
previously reported, owing to an asymmetric atomic spin density between carbon and sulfur atoms,
the resulting doped structure provides extra active sites for O, surface adsorption.®® These
favorable active sites for diatomic adsorption could efficiently weaken O-O bonding and enable

the direct reduction of oxygen into OH via a four-electron process.%%
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Figure 4-11: CV curves of (a) SC-850 (b) 20 wt.% Pt/C in N 2/O 2-saturated 0.1 M KOH electrolyte at 10 mV
scan rate, (¢) CV curve of SC-850 in N 2/O 2-saturated 0.1 M KOH electrolyte at variable scan rate, (d) RDE

voltammograms for SC-850 and 20 wt.% Pt/C in Oz-saturated 0.1 M KOH electrolyte rotation speed of 1600

rpm, (¢) RDE voltammograms in O 2-saturated 0.1 M KOH electrolyte (rotation speed from 500 to 2500 rpm,

sweep rate 5 mV s-1), and (e) K—L plots derived from the RDE measurements at the potential between -0.6 to -

0.8V.



4.8. Conclusions

In this work, we have shown that sulfur self-doped carbon materials were successfully
synthesized from commercially available lignin via hydrothermal carbonization followed by
thermal annealing. A simple, inexpensive and environmentally benign synthesis pathway has been
developed. The as-prepared SC-850 sample exhibits the high BET surface area (660 m?/g) with
abundant micro/meso porous structure. The SC-850 demonstrates an excellent capacitive behavior
of 225 F/g at 0.5 A/g current density in 1.0 M KOH) and high durability up to 10,000 cycles at a
harsh condition of 5 A/g current density. Furthermore, the SC-850 exhibited a well-defined
cathodic peak and high electrochemical activity toward the ORR process in 0.1 M KOH
electrolyte. In conclusion, the inexpensive and sustainable byproduct lignin has been easily
converted into porous carbon, and the obtained material can further be utilized for energy storage

and fuel cell application.
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5. Chapter 5. Conclusion and Future Direction

The energy storage or converting devices such as Li-ion batteries, supercapacitor, and fuel cell
has been used to store or convert such energy electrochemically so that the supply and demand are
matched. Thus, developing inexpensive, sustainable, high-performance, durable electro active
materials are the main set of priorities for energy storage and fuel cell research. In this context,
this dissertation attempted to develope advance carbon materials derived from low cost and
sustainable biomass precursors. The as-prepared carbon materials have been evaluated in the
application of Li-ion batteries, energy storage, and fuel cells. The results and contributions of the
dissertation are condensed below, and certain personal opinions and recommendations for future
work are also provided.

The second chapter was targeted to develop lignin-derived carbon using a transitional metal
as a supporting catalyst in relatively low temperature. The following outcomes were reported in
this chapter. It was shown that byproduct lignin is successfully converted into porous carbon via
simple and green method via hydrothermal carbonization (HTC) process following by annealing
treatment. The as-prepared graphitic carbon exhibited micro/mesoporosity along with the BET
surface area that was up to 256 m?/g. Also, resulting carbon exhibits high electrical conductivity
facilitating the rapid movement of electrons which can be utilized in anode material for Li-ion
batteries. It is hypothesized that the formation of high graphitization carbon is thanks to transition
metal catalyst. Specifically, It was found that manganese based catalyst is favorable for a higher
degree of graphitization due to the d-shell orbital which is capable of forming strong bonds
between metal catalyst and carbon. In addition, the FeNO3 is more capable of forming the high

surface area carbon with larger pore volume. In short, chapter 2 concluded that the obtained lignin-
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derived graphitic carbon exhibits high electrical conductivity which can be used for anode material

for Li-ion batteries and can be extended other energy storage/conversion technology application.

Supercapacitors drastically enhance the energy density of traditional capacitors and offer
practical solutions to energy storage and transfer problems in the system. This chapter attempted
to modify energy storage materials in an effort to increase the specific capacitance of recent
supercapacitor electrodes. In addition, the aim of this section was to illustrate the positive effect
of nitrogen doping on lignin-derived biochar. With this aims, the following scientific outcomes
were reported in chapter three. The HTC and annealing treatment has been found as versatile
methods to develop nitrogen-doped carbon materials. The as-synthesized N-doped carbon reached
a capacitance of 440 F/g at 1 mV s scan rate and demonstrated excellent cyclic stability over
30000 cycles in 1 M KOH 267 F g*. It is hypothesized that the induced specific capacitance is due
to two different phenomena. One contributor arises from the BET surface area -as high as 2957
m?/g- with micro/meso pore structure which responsible for the charge accumulation, the role of
decreasing the ion diffusion distance and in charge of ion-buffering reservoirs to store more
electrolyte ions on the surface. The second contributor caused by a combination of EDLC with
pseudo-capacitor which adds extra electrolyte storage in the surface. It has been thereby concluded
that the proposed methodology offers a more efficient and economical utilization of lignin, and
resulting N-doped carbon can be readily applied in the energy storage technology.

The primary objective of chapter 4 is to exploit the unique structural, surface and electronic
properties of sulfur-doped carbon and reduced or eliminated Pt dependence catalyst for fuel cells.
The following scientific outcomes were reported in this chapter, we have shown that sulfur self-
doped carbon materials were successfully synthesized from commercially available lignin via

hydrothermal carbonization followed by thermal annealing. The as-prepared SC-850 sample
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exhibits the high BET surface area (660 m?/g) with abundant micro/meso porous structure. The
SC-850 demonstrates an excellent capacitive behavior of 225 F/g at 0.5 A/g current density in 1.0
M KOH) and high durability up to 10,000 cycles at a harsh condition of 5 A/g current density.
Furthermore, the SC-850 exhibited a well-defined cathodic peak and high electrochemical activity
toward the ORR process in 0.1 M KOH electrolyte. It is hypothesized that excellent performance
of S-doped carbon as an electrode and ORR catalyst caused by electron distribution of sulfur

molecules in the carbon framework.

Collectively, this thesis systematically unveils simple and effective strategies to achieve
high-performance carbon materials derived from byproduct lignin. The obtained carbon materials

were tested for Li-ion batteries, supercapacitors, and fuel cell.
Recommendations for future work

Several results reported here need further investigation for commercializing of lignin-derived

carbon materials. Future work can potentially encompass the following suggestions;

> Investigate the recovery of metal nitrate catalyst after the graphitization.

> Investigate the effect of different metal nitrate ratios in bio-char/graphitic carbon in order
to enhance the degree of graphitization.

> Investigate the duel hetero-doped atom effect which potentially may improve
electrochemical activity for supercapacitor electrode and the ORR electrocatalyst. This will
be in an effort to tailor the specific structural, electronic and atomic properties of the carbon
framework in order to obtain a higher electrochemical activity.

> Investigate electrochemical activity of N-doped carbon in the acidic media.

> Investigate electrochemical activity of N-doped carbon in two electrode cell.
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> Investigate the durability testing in order to investigate the stability of S-doped carbons
toward the ORR in fuel cell systems. This will provide further insight into their
applicability as cathodic electrocatalysts and moreover will elucidate potential degradation

mechanisms.
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